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Abstract

Cancer stem cells (CSC) are a very small subset of all cancer cells and possess characteristics very
similar to normal stem cells, in particular, the capacity for self-renewal, multipotency and relative
quiescence. These chemo- and radiation resistant cells are responsible for maintaining tumor
volume leading to therapy failure and recurrence. In glioblastoma multiforme (GBM), the most
common primary intracranial malignancy, glioma stem cells have been implicated as one of the
key players in treatment failure. Many novel treatment modalities are being investigated to
specifically target this small group of cells. In this review, we shed light on one such targeted
therapy, specifically, oncolytic virotherapy, and review the literature to highlight the advances and
challenges in designing effective oncolytic virotherapy for glioma stem cells.
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Introduction

Accumulation of genetic and epigenetic alterations affecting cellular machinery controlling
cell division, cell proliferation, DNA damage, and signal transduction pathways leads to
carcinogenesis by activating proto-oncogenes and inactivating tumor suppressor genes [1].
Stem cells, a long-lived small population of self-renewing and differentiating cells, are
preferential targets of these genetic alterations since they are exposed to more genotoxic
stress compared to their shorter lived differentiated progeny [2].

Malignant gliomas are a subset of glial cell derived malignancies known as gliomas, the
most common primary intracranial malignancy in adults. Even though clonally derived, they
are characterized by histological heterogeneity; expressing both differentiated and
undifferentiated neural markers. Malignant gliomas (WHO grade 111 and IV) exhibit great
genomic instability and are subject to constant genotypic and phenotypic alterations leading
to treatment resistance and failure. For practical purposes, this group of tumors is incurable
and resistant to current standard of care, which includes gross total resection followed by
adjuvant temozolomide (TMZ) and radiation. Even though we have made progress in terms
of increasing survival (Refer to Table 1), the current median survival from the time of
diagnosis is only approximately 14 months [3].

Correspondence to: Maciej S. Lesniak, m esni ak@ur gery. bsd. uchi cago. edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dey et al.

Page 2

Deeper understanding of glioma biology, gliomagenesis and scrutiny of the pattern of
therapy failure has opened up many different avenues for tailoring therapy of this ever
evolving and devastating disease. One of the many upcoming and promising strategies for
treating gliomas consists of oncolytic therapy against cancer stem cells.

Cancer Stem Cell Hypothesis

Solid tumors are a caricature of their normal tissue counterpart. Just like normal tissue, solid
tumors consist of heterogeneous mix of cells and structures, such as neoplastic cells, stromal
cells, inflammatory cells and vascular structures. There also exists a cellular hierarchy in the
tumor where a small group of slowly replicating cells with unique property of self-renewal
and differentiation carry the burden of maintaining tumor volume. Although tumor
heterogeneity can be explained by continuous and ongoing mutagenesis, the observation that
only a small group of cells isolated from the tumor are capable of growing in vitro and can
reproduce the original tumor with all the complexity and features of the original tumor when
transplanted into an immunodeficient host [4] led to the evolution of cancer stem cell (CSC)
theory (Fig. 1). Normal tissues contain a small population of stem cells, which are
responsible for tissue maintenance and are characterized by their ability to self-renew and
differentiate into mature phenotype. Drawing from the same concept, the CSC hypothesis
implicates that neoplastic clones are exclusively maintained by a very small fraction of
transformed stem cells or progenitor cells with acquired stem cell like properties such as
self-renewal and differentiation [2]. This small group of CSC defines tumor behavior like
proliferation, infiltration, progression and response to therapy [5]. A major limitation of
current cancer treatment modalities is the fact that most therapies treat tumors as a
homogeneous entity. However, evolution of CSC theory has led to a paradigm shift in our
thinking strategy for designing effective anti-tumor treatment modalities.

Prospective Isolation of Cancer Stem Cells

As early as 1960s, a well designed experiment by McCulloch et al., where intravenous
injection of bone marrow cells in fully irradiated host led to colony formation of
proliferating cells in the spleen, provided the essential framework for defining and isolating
normal stem cells [6]. Just like normal stem cells, CSCs were first defined in the context of
hematological malignancies [7] and Bonnet et al., first prospectively isolated a small group
of CD34+ CD38-hematopoietic stem cells in acute myeloid leukemia (AML). These cells
were capable of initiating human AML in non-obese diabetic mice with severe combined
immunodeficiency disease (NOD/SCID mice). Similar to normal hematopoietic stem cells,
these CD34+ CD38- cells exhibited differentiative and proliferative capacities, and the
potential for self-renewal as all the cells derived from these CD34+ CD38- cells were not
CD34+ CD38- but a heterogeneous mix of differentiated and undifferentiated cell types [8].
In breast cancer xenograft model Al-Hajj et al., prospectively identified and isolated a small
population of CD44(+)CD24 (—/low)Lineage(—) tumorigenic cells that possess the capacity
of self renewal and the ability to differentiate into mature phenotype and were able to
generate original tumor in immunocompromised mice when injected in small number [9]. Li
et al., isolated pancreatic adenocarcenoma cells of CD44(+)CD24(+)ESA(+) phenotype with
stem cell like properties of self-renewal, the ability to produce differentiated progeny, and
increased expression of the developmental signaling molecule sonic hedgehog [10]. In head
and neck squamous cell carcinoma (HNSCC), Prince et al., identified tumorigenic CD44+
cells, with primitive morphology that costained with the basal cell marker Cytoker-atin 5/14
and expressed high levels of nuclear BMI1, which has been demonstrated to play a role in
self-renewal in other stem cell types and to be involved in tumorigenesis [11]. Using similar
techniques, a small population of tumorigenic cells with stem cell like properties has been
prospectively identified in bladder cancer, melanoma and ovarian cancer [12-14].
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Defining Cancer Stem Cells

Even though many cell surface markers have been used for identification and prospective
isolation of CSCs, like CD44, CD24, CD20, epithelial cell adhesion molecule (EpCAM),
THY1, ATP binding cassette B5 (ABCB5) and Hoechst 33342 [15], the CD133 antigen, a
pentaspan membrane glycoprotein and a marker of normal hematopoietic stem cells, has
been shown to be present on stem cells identified from many solid tumors like colon [16],
pancreas [17], lung [18], osteosarcoma [19], and brain tumors [20]. In these solid tumors,
CD133+ cells represent a small subpopulation of cells with capabilities to recapitulate the
original tumor when serially transplanted in SCID mice and ability to self-renew and
differentiate into mature phenotype lacking stem cell like properties. Evidence suggests that
these cells are not only involved in tumor progression but also metastasis [17]. These CSCs
bare many similarities with normal stem cells such as self-renewal, multipotency, relative
quiescence and cytoprotective mechanisms like activation of DNA repair mechanisms and
expression of drug transporters. Presence of these cytoprotective mechanisms renders
immunity to CSCs from cytotoxic therapy, making these CSCs very attractive targets for
future cancer therapy.

Prospective Isolation of Glioma Stem Cells

Nestin is an intermediate filament cytoskeletal protein found in neuroepithelial stem cells
and progenitor cells [21]. It has been shown that glial derived neoplasms also express nestin,
and the level of expression is elevated in high grade gliomas compared to low grade tumors
[22]. Using the neurosphere assay, Ignatova et al., prospectively isolated nestin expressing
cells capable of forming clones and the expression of neural lineage-specific proteins [23].
Subsequently, when Singh et al., cultured glioma cells in serum free medium, it was
observed that a small percentage of all glioma cells ranging from 0.3% to 25.1%, were
capable of self-replication, formed non-adherent neurospheres and maintained tumor culture
overtime via multiple passages [20]. These self-renewing and tumor culture maintaining
cells not only stained positive for undifferentiated neural stem cell marker nestin, they also
stained positive for CD133, a hematopoietic stem cell marker present on normal human
neural stem cell [24,25]. However, they lacked expression of beta tubulin 111 and GFAP
markers for differentiated neuronal lineage. In stark contrast to this small group of CD133+
cells, the majority of the glioma cells were CD133- and were incapable of forming self-
sustaining neurospheres. As a general observation, the fraction of CD133+ glioma stem cells
(GSC) increased with the grade of the tumor as well as GSCs from more aggressive tumors
exhibited increased self renewal capacity compared to less aggressive tumors. In the
presence of differentiating conditions, GSCs lost the expression of primitive markers like
CD133 and nestin and instead expressed differentiated markers for the cell of origin. When
serially transplanted in the brain of NOD-SCID (non-obese diabetic, severe combined
immunodeficient) mice, these GSCs were able to produce exact phenocopy of the patient's
original tumor with all the histopathological features and cell surface markers of the original
tumor. Immunohistological staining of these GBM xenografts demonstrating differential
staining for CD133 and GFAP underlines the fact that GSCs can differentiate into mature
progeny. Even though the presence of GSCs can clearly account for inherent heterogeneous
nature of gliomas, cellular and genetic analysis of GSCs showed that these cells were
genetically transformed with enhanced self-renewal properties and possessed abnormal
karyotype, which was not only limited to CD133+ cells, but was present in both CD133+
and CD133- cells, suggesting that all the cancer cells were clonally derived. [26].
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Chemo and Radioresistance of Glioma Stem Cell

Even though the jury is still out on the exact mechanism of gliomagenesis, our new found
understanding of the presence of functional hierarchy in glioma makes the slow growing
mutated GSC a key player in our understanding of the mechanisms of treatment failure.
GSCs are reported to be resistant to a wide variety of chemotherapeutic agents and possess
remarkable ability of recovering from cytotoxic therapy [27]. Kang et al., reported that upon
exposure of GBM cells to a lethal dose of carmustine (BCNU), a small population of
multipotent CD133+ cancer cells survived and proliferated. When transplanted into severe
combined immunodeficient (SCID) mouse brain, the original tumor was able to be
reproduced [28]. Significantly higher level of CD133+ cells are reported to be present in
previously treated GBM when compared with newly diagnosed GBM [29]. Gene profile of
CD133+ cells showed high level of expression of antiapoptotic genes and chemotherapy
resistance genes like BCRP1, MDR1, MRP1 and MGMT [29-31] rendering these cells
resistant to many commonly used chemotherapeutic agents including temozolomide,
carboplatin, paclitaxel (Taxol) and etoposide (VP16). In the same tumor, genes like multi
drug resistance-associated proteins 1 and 3 were found to be markedly elevated in GSCs
when compared to non-GSCs [32] emphasizing their role in chemoresistance. GSCs not only
play a crucial role in chemoresistance, but they are vital to the failure of radiation therapy
since tumors surviving radiotherapy are found to be enriched in CSCs. In the study by Bao
et al., irradiation of in vivo glioma xenograft led to 3-5 fold increase in CD133+ cell
population as compared to untreated xenografts, suggesting that IR leads to enrichment of
CD133+ cells in the tumor and subsequent formation of more aggressive tumors with
decreased latency on serial transplantation [33]. Given the pattern of treatment failure seen
with current standard therapy, selectively targeting of this functionally distinct chemo- and
radiation resistant group of GSCs might provide better success in treating this deadly
disease.

History of Oncolytic Virotherapy

Viruses are strictly intracellular organisms that replicate inside host cell using cellular
machinery. Oncolytic virotherapy manipulates this lytic property to achieve tumor cell lysis
by intra-neoplastic virus replication. The anti-tumor effect of oncolytic virus is a delicate
balance between anti-tumor immune response and anti-viral immune response [34,35]. A
viral vector must possess certain characteristics to achieve effective oncolytic activity such
as:

» It must selectively target the tumor and have minimal brain and systemic toxicities.
» It should reach all neoplastic foci beyond tumor resection border.
*  The viral vector has to remain active despite evoking an immune response.

Based on this principle, many different viral vectors have been tested with variable degree of
success. In a phase I/11 clinical trial Freeman et al., demonstrated that administration of
lentogenic NDV-HUJ virus, a single-stranded RNA virus whose natural host is poultry,
systemically through peripheral or central line in GBM patients is well tolerated. [36-38].
However the biggest limitation of this viral vector was the non-specificity for cancer cells
since analysis of blood, saliva, urine, tumor tissue and tumor cyst fluid from 5 of the 14
patients showed presence of infectious NDV particles. Many glioma cells express PDGFR
[39] or EGFR [40], which in turn lead to stimulation of the RAS pathway and as a
consequence the inhibition of RNA-activated protein kinase activation. Reovirus, which
selectively replicates in cells with activated ras signaling, has been shown to demonstrate
tumor regression in intracranial human glioma xenografts in mice [41]. A phase | trial by
Forsyth et al., showed that administration of live, replication competent and genetically
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unmodified reovirus directly into the tumors of patients with malignant glioma is safe and
well tolerated with no evidence of clinical encephalitis [42]. HSV naturally targets human
brain and causes necrotizing hemorrhagic encephalitis. A genetically engineered HSV vector
G207, with deletion of y34.5 gene at both loci and a disabling insertion of lacZ in U 39, the
gene encoding for the large subunit of viral ribonucleotide reductase, was proven to be
completely non-virulent even when directly inoculated into CNS in high titers [43,44]. In
phase I and Ib trial, Markert et al., demonstrated that this vector is safe when administered
directly to the enhancing portion of glioma [45] and directly into the brain surrounding the
tumor [46] and preferentially targeted cancer cells while sparing normal brain. However, the
main limitation of this vector was the fact that the mutation that rendered mutant HSV-1
more selective for replication in human gliomas also attenuated the viral progeny, thus
decreasing its treatment power [43,47,48]. A recombinant replication deficient retrovirus
(RV) vector with HSV thymidine kinase transgene insert, when tested in a multicenter
randomized controlled phase 111 trial, showed no significant benefit in the treatment group
when compared to untreated group [49]. In vivo, modified measles virus (MV) with
insertion of carcinoembryonic antigen (CEA) proved efficacious leading to regression of
glioma in nude mice and increased survival; however, its efficacy in humans still needs to be
tested [50].

Adenovirus is an attractive candidate for virotherapy because it is not very pathogenic in
humans. It does not integrate in host cell genome and can be grown in high titers. To limit
viral vector exposure in normal tissue, the initial strategy of developing adenoviral gene
therapy vectors involved rendering them replication defective. However, the biggest
limitation of this strategy seemed to be the limited biodistribution of these vectors. In a
study by Puumalainen et al., a replication deficient adenoviral vector was used to transfer 8-
galactosidase gene in malignant gliomas and the study reported that transegene expression
was unevenly distributed around the injection site, and there were significant differences in
the anatomical distribution of the marker gene [51]. Adenovirus vector (Ad-p53, INGN 201)
designed to deliver p53 gene locally to glioma cells by intratumoral injection was also tested
in a phase | trial and results showed that the cells expressing p53 were only limited to within
5 mm of the injection site [52]. Due to low infectivity and poor therapeutic gene
transduction limited to very short distance from the site of injection, replication deficient
adenoviral vectors lost their appeal as a desirable viral vector.

Conditionally Replicative Adenoviruses (CRAd)

The challenge imposed by replication deficient viral vectors was addressed by evolution of
replication competent viral vectors that have oncolytic potential. Conditionally replicative
adenoviruses, or CRAdS, are naturally selected or genetically engineered adenoviruses that
preferentially replicate in neoplastic cells and release many progenies by lysis of the
malignant cells, which in turn infect neighboring neoplastic cells and the process continues
[53-56] leading to both widespread infection and tumor lysis. However, one of the biggest
challenges for CRAdSs is to design vectors with high specificity for neoplastic cells in order
to limit toxicity to normal brain. The tropism of CRAd's can be improved by mainly
modifying three events in the viral replication pathway:

a. Deletion of viral genomic regions that are not required for replication in cancer cell
with specific cell cycle checkpoint pathway alterations [57-62]

Rb and p53 are tumor suppressors that play key role in cell cycle regulation by
regulating cell entry to S-phase from G1 phase. Transition of a cell from G1to S
phase is crucial for adenovirus replication in a cell. Thus virus genome encodes for
proteins like E1A and E1B that interfere with Rb and p53 and induce G1to S
transition (Fig. 2). However, to our advantage, most glioma cells have mutated or
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altered p53 and Rb function [63,64]. Hence, deletion of the viral genome
responsible for encoding E1A and E1B proteins helps viral vectors to be able to
replicate only within cancer cells with disrupted p53 and Rb protein but not in
normal cells. One such genetically altered virus is ONYX-015, which replicates
more efficiently in cells with defective p53 pathway due to deletion of viral
genomic region coding for E1B 55K. In a phase | trial of ONYX-015, Chiocca et
al., injected 1010 plaque forming units of ON'YX-015 virus into brain tissue
adjacent to a freshly excised glioma and showed that it was well tolerated [65].
Ad5-Delta24 is another vector that carries a 24-bp deletion in the Rb binding region
of the E1A protein, which leads to removal of Rb inhibition on E2F, and can
replicate in and lyse cancer cells with defective Rb function with great efficiency.
Most human glioma cells went through cell lysis within 10-14 days after infection
with Ad5-Delta24 at 10 PFU/cell. A single dose of the Ad5-Delta24 virus, in vivo,
induced a 66.3% inhibition of tumor growth and multiple injections showed an
83.8% inhibition of tumor growth in nude mice with no evidence of infection in
normal fibroblasts or cancer cells with restored Rb [59].

Facilitation of viral transduction in malignant cells [57,66—68]

Viral transduction is the process of virion entry into the host cell and one way of
enhancing CRAd tropism for glioma cells is by facilitating this process.
Interactions between specific cell surface receptors and viral proteins lead to entry
of adenoviral particle into the cell. Neoplastic astrocytes express a variety of
receptors like PDGFR, EGFR, or avp3 and avf35 integrins, which can be targeted
for viral transduction. Expression of CAR, an adhesion protein, widely expressed in
most tissues but with limited expression in glioma [57,67,69-72] is required to
achieve transduction of adenovirus serotype 5 into a cell. One way of overcoming
this obstacle is to design vectors that are capable of CAR independent transduction.
Ad5-Delta24RGD, which was obtained by incorporation of Arg-Gly-Asp (RGD)
motif, known to interact with avp3 and avps integrin (abundant expression in
glioma), in the HI loop of fiber knob of Delta24 adenovirus [58], showed stronger
oncolytic effect than the non-RGD-expressing variant in a broad panel of primary
glioma [57]. Intratumoral injections of Ad5-Delta24RGD in glioma xenograft in
nude mice resulted in complete tumor regression in 9 of 10 mice and long-term
survival in all treated mice [57]. Epidermal growth factor receptor (EGFR) has
negligible expression in normal non-proliferating neural tissue but is highly
expressed in high grade gliomas and this expression is associated with EGFR gene
amplification [40,73,74]. Upon binding its ligand, EGFR is internalized and leads
to activation of PI3K [75], which is required for adenovirus entry into host cells
[76]. Miller et al., used a bispecific antibody conjugate to ablate adenoviral binding
to fiber receptors and retargeted binding to the epidermal growth factor receptor
(EGFR) to significantly enhance adenoviral gene delivery to established glioma
cell lines and cultured primary gliomas in EGFR specific and fiber-fiber receptor
independent fashion [67]. Wang et al. demonstrated that gene transfer using FGF2
as a targeting ligand to redirect adenoviral infection to neoplastic cell is effective in
gliomas with low or deficient levels of CAR [77].

Transcriptional targeting of viral genes or transgenes using tumor specific
promoters [78-82]

To enhance tumor growth and invasion, malignant glioma cells express many
different promoters, such as tissue specific promoters like GFAP [83] and myelin
basic protein (MBP) [80] and tumor specific promoters like nestin [57], human
telomerase reverse transcriptase ("nTERT) [84], E2F1 [82], CXCR4 [85,86],
midkine [87], and survivin [88]. One strategy of developing successful tumor
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specific oncolytic viral vectors is to incorporate these tumor specific promoters into
viral genome to drive the expression of viral genes and transgenes, thus limiting
infection to only neoplastic cells bearing the specific promoter. Using this
principle, Post et al., developed a hypoxia/HIF-dependent replicative adenovirus
(HYPR-Ad) to target hypoxic glioma cells, which displayed hypoxia-dependent
E1A expression and conditional cytolysis of hypoxic but not normoxic cells [89].
Telomerase, an enzyme that adds “TTAGGG” sequence to the 3’ end of DNA
strand to stabilize chromosome, renders cells the ability to avoid death and continue
infinite number of cell divisions. Telomerase has no expression in normal brain;
however, it is heavily expressed in glioma cells [90]. To induce apoptosis in glioma
cell lines, Komata et al. constructed an expression vector consisting of the
constitutively active caspase-6 (rev-caspase-6) under the hTERT promoter,
regulator of telomerase activity, (NnTERT/rev-caspase-6) and showed that the
hTERT/rev-caspase-6 construct not only induced apoptosis in hTERT-positive
malignant glioma cells but also suppressed the growth of subcutaneous tumors in
nude mice [84].

Another gene that is commonly mutated in glioma cells is Rb. The ICOVIR-5
adenovirus, which encompasses a delta-24 mutation in the retinoblastoma (Rb)
protein-binding CR2 region of E1A, substitution of the E1A promoter for E2F-
responsive elements, and an RGD-4C peptide modification of the fiber HI loop to
enhance adenoviral tropism, showed a potent antiglioma effect [91]. Chemokine C-
X-C motif receptor 4 (CXCR4), the inhibitor of apoptosis protein (IAP) survivin,
and the heparin binding growth factor midkine are tumor specific promoters that
play important role in tumor growth and survival and are up-regulated in majority
of all gliomas [85-88]. A midkine promoter-based conditionally replicating
adenovirus (Ad-MK) showed strong oncolytic effects in midkine-positive glioma
cells but did not exhibit cytotoxicity in midkine-negative primary normal brain
cells, and in vivo completely eradicated midkine-positive glioma xenografts [81].
We compared the feasibility of transcriptional targeting of glioma cells by
examining the activity of survivin, midkine and CXCR4 and showed that of the
three promoters, only survivin exhibits 10,000-fold increased expression in tumor
cells compared to normal tissue. We tested the cytolytic activity of CRAd-
Survivin-pk7, a chimeric vector containing a pk7 fiber modification and a survivin
promoter driving E1A replication, and showed that it effectively replicates in many
glioma cell lines like U-87MG, U-251MG, A172, Kings-1, No. 10 and U-118MG
and leads to tumor oncolysis in these cell lines with minimal viral replication and
toxicity in normal human brain. Intratumoral injection of CRAd-S-pk7 in U-87MG
glioma xenograft showed inhibition of tumor growth by more than 300% with 67%
of the mice surviving long term (>120 days).

Oncolyitc Virotherapy Against Glioma Stem Cells

With better understanding of tumor sustaining glioma stem cells, there are many new
emerging therapeutic options for GBM that specifically target this small group of slow
growing cells instead of the entire tumor bulk. One such therapeutic strategy has shown
promising results in recent studies (Fig. 3). As discussed earlier, one of the major limitations
of oncolytic viral vectors is limited biodistribution, poor replication and poor transduction of
neighboring tumor cells following intracranial injection. E1B in ONYX-015 and deletion of
v34.5 (RL1) in G207 resulted in decreased viral replication [92]; consequently clinical trials
of these vectors failed to show much efficacy [45,65]. One of the ways to circumvent around
this problem is to design vectors that can specifically target the small population of chemo-
and radiation resistant GSCs instead of the entire tumor mass. This can be achieved by use
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of GSC specific promoters or by modification of viral capsids to specifically target GSC
surface receptors to enhance viral transduction.

Marcato et al., treated immunocompromised nude mice with breast cancer xenograft with
oncolytic reovirus and showed that CSC population was equally reduced and was as
susceptible to reovirus treatment as the non-CSC population [93]. In the setting of
esophageal cancer, Zhang et al., established preferential CSC targeting with a viral vector by
treating mice bearing stem cell enriched, radioresistant esophageal cancer xenograft with a
telomerase-specific oncolytic adenoviral vector carrying apoptotic tumor necrosis factor-
related apoptosis-inducing ligand and E1A gene (Ad/TRAIL-E1) and showed significant
tumor growth suppression and longer survival with no significant toxicity [94].

In the setting of malignant glioma, Fueyo at al., used Delta-24-RGD, an oncolytic
adenovirus with enhanced tropism for GSCs and selective replication in cells with abnormal
p16INK4/Rb pathway, to target GSCs. He showed for the first time that brain tumor stem
cells are susceptible to adenovirus mediated cell death, both in vivo and in vitro, via
autophagy as evident by presence of cytoplasmic autophagic vacuoles and remarkable
induction of endogenous ATG5, a key molecule in the conversion of LC3-1to —II and
essential for autophagosome formation and autophagic cell death [95]. Bao et al., used
lentiviral-mediated short hairpin RNA (shRNA) interference to target LLCAM, a neuronal
cell adhesion molecule, in CD133(+) glioma cells and showed potent disruption of
neurosphere formation, induction of apoptosis, and inhibition of growth specifically in
glioma stem cells. LICAM knockdown decreased expression of the basic helix-loop-helix
transcription factor Olig2 and up-regulated the p21(WAF1/CIP1) tumor suppressor in
CD133(+) glioma cells. When tested in vivo, the viral vector showed tumor growth
suppression and increased survival of tumor-bearing animals [96]. Wakimoto et al., isolated
neurosphere forming GSC from human glioma sample and implanted them in the brain of
immunodeficient mice where they formed highly invasive and vascular tumors. These
immunodeficient mice with stem cell enriched intracerebral glioma xenograft were then
treated with oncolytic herpes simplex virus oHSV G47Delta (ICP6(—), gamma34.5(-),
alpha47(-)). Results showed that the viral vector not only killed GSCs but also inhibited
their self-renewal as evidenced by the inability of viable cells to form secondary tumor
spheres. Despite the highly invasive nature of the intracerebral tumors generated by GSCs,
intratumoral injection of G47Delta significantly prolonged survival [97].

Radiation therapy has been shown to increase CD133+ cells in glioma cell cultures
implicating their increased proliferative capacity following radiation. Survivin is a tumor
specific radiation inducible promoter [98,99], and an adenoviral vector carrying the survivin
promoter and binding to heparan sulfate proteoglycans (CRAd-Survivin-pk7) has been
shown to greatly enhance antitumor efficacy in experimental glioma model [100]. In a
recent study, we treated glioma cell lines, primary tumor samples and nude mice with stem
cell enriched glioma xenograft with CRAd-S-pk7 and found significant tumor growth
inhibition in nude mice compared to the untreated group. Of note, the combination of
CRAd-S-pk7 treatment with radiation therapy led to a 100-fold increase in viral replication
compared to CRAd-S-pk7 treatment alone [101]. Same synergistic effect was reported when
CRAd-S-pk7 was combined with chemotherapeutic agent temozolomide, which is known to
induce glioma cell death via autophagy [102]. All these studies convincingly prove that even
though tumor sustaining GSC successfully escape conventional therapy like chemo- and
radiation, they can be successfully targeted with oncolytic viral vectors.
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Future Challenges

Optimal strategy for specifically targeting glioma stem cells with a successful viral vector
will involve transduction of viral vectors in only CD133+ GSCs and transcription of viral
gene driven by glioma specific promoter. Some of the biggest challenges in the way of
developing an ideal vector are:

1.

Cancer stem cells show marked similarity with normal stem cells in terms of
cellular and genetic architecture. Even though designing viral vectors that drive
transgene expression using stem cell specific promoters represents an attractive
proposition, special attention should be paid to the fact that the same promoter that
will drive viral gene expression in CSC, if present in normal stem cell, will also
drive same viral gene expression in normal stem cells leading to normal stem cell
lysis. Thus, we not only have to identify promoters that are specific for stem cells
but they have to be exclusively present in CSCs.

Modifying viral fiber knob to specifically bind to CSC surface receptor can
optimize viral transduction. One such cell surface receptor is CD133, which is
expressed in many CSC. Designing a viral vector that will specifically bind to
CD133 will provide increased specificity in targeting these cells for virotherapy.
However, one of the main challenges in using this technique is the fact that CD133
is expressed not only in glioma stem cells but also in other parts of the body.
Human AC133 gene has at least 9 distinctive 5’-untranslated region (UTR) exons,
resulting in the formation of at least 7 alternatively spliced 5’-UTR isoforms of
AC133 mRNA, which are expressed in a tissue-dependent manner. Transcription of
these AC133 isoforms is controlled by five alternative promoters, P1-P5 depending
on their location relative to different exons, and in vitro methylation of P1 and P2
completely suppresses their activity, suggesting that methylation plays a role in
their regulation [103]. Thus, finding the brain specific isoform of AC133 and
directing vectors to that specific isoform will increase the specificity of these
vectors.

Given the heterogeneous and evolving nature of malignant gliomas, the optimal treatment
strategy will encompass a well planned interplay of several distinct treatment modalities.
Hence, the synergistic effect between virotherapy and other currently established therapies
like chemo- and radiation needs to be further evaluated to attain the optimal outcome.
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Cancer Stem Cell Hypothesis. Solid tumors are maintained by a small group of chemo and
radiation resistant cell. These cells possess stem cell like properties such as self-replication
and differentiation. Conventional therapy helps with debulking the tumor, however,
presence of CSCs in the residual tumor leads to recurrence. Goal of novel stem cell targeted
therapy is to eradicate the population of CSC and the absence of tumor sustaining CSCs will

lead to tumor eradication
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p53 and Rb alteration by adenoviral genome. Adenoviral E1A protein binds to Rb and

releases Rb inhibition of E2F. E2F starts G1 to S transition of the cell, directly activates E2
viral gene and activates p14ARF, an inhibitor of the oncoprotein MDM2. MDM2 targets
tumor suppressor p53 for destruction. Adenovirus E1B targets p53 for destruction, because

in the presence of p53, viral replication cannot occur
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Fig. 3.

Stem cell targeted virotherapy. Adenoviral vectors are genetically modified to recognize and
multiply only in CSCs. Viral replication in CSCs leads to destruction of CSCs and release of
viral progeny, which in turn further infect neighboring stem cells. Repetition of this cycle
leads to eradication CSCs. Thus targeted therapy in addition to conventional therapy can
lead to eradication of the tumor
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Table 1
Advances in glioma therapy
Year Type of trial Treatment Strategy Conclusion Reference
1991  2:1randomized trial ~ Gross total resection plus radiation at 45 Gy Median survival increases from 9 months to 12 [104]
Vs 60 Gy months
2002  Meta-analysis Gross total resection plus radiation vs. Addition of chemo led to absolute improvement [105]
radiation plus chemotherapy of 6% at 1 year and 5% at 2 years leading to
increased overall survival from 40 to 46% and
15 to 20%, respectively
2003  Phase Il trial Gross total resection plus placebo wafer vs. Median survival increases from 11.6 months to [106]
gliadel wafer plus radiation 13.9 months
2005  Phase Il trial Gross total resection plus radiation +/— TMZ  Median survival increases from 12.1 months to [3]
14.6 months
2005  Phase Il trial Analysis of MGMT methylation status in Median survival increases from 15.3 to 21.7 [30]

Gross total resection plus radiation +/— TMZ

with TMZ iin the group with methylated MGMT
promoter
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