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ABSTRACT

Glioblastoma (GBM), a fatalmalignant brain tumor, contains abundant hypoxic regions that provide
a “niche” to promote both the maintenance and enrichment of glioblastoma stem-like cells (GSCs)
and confer resistance to chemo- and radiotherapy. Since GSCs, with an ability to resist conventional
therapies, may be responsible for tumor recurrence, targeting GSCs located in such a hypoxic envi-
ronment may be critical to improving the therapeutic outcome for GBM patients. Oncolytic viral
therapies have been tested in the clinic as a promising therapeutic approach for GBM. In this study,
we analyzed and compared the therapeutic effects of oncolytic herpes simplex virus (oHSV) type 1
G47� (�34.5−ICP6−LacZ��47−) in patient-derived GSCs under normoxia (21% oxygen) and hypoxia
(1% oxygen). GSCs cultured in hypoxia showed an increased ability to form neurospheres and ex-
pressed higher levels of the putative stem cell marker CD133 compared with GSCs cultured in
normoxia. G47� exhibited a comparable ability to infect, replicate, and kill GSCs in normoxia and
hypoxia in vitro. Importantly, G47� could counteract hypoxia-mediated enhancement of the stem-
like properties of GSCs, inhibiting their self-renewal and stem cell marker expression. Using ortho-
topic humanGSC xenografts inmice,wedemonstrated that intratumoral injection ofG47�Us11fluc,
a newly developed G47� derivative that expresses firefly luciferase driven by a true late viral
promoter, led to an equivalent frequency of viral infection and replication in hypoxic and non-
hypoxic tumor areas. These findings suggest that oHSV G47� represents a promising therapeutic
strategy to target and kill GSCs, not only in normoxic areas of GBM but also within the hypoxic
niche. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:322–332

INTRODUCTION

Glioblastoma (GBM; World Health Organization
grade IV astrocytoma) is the most frequent and
malignant type of primary brain tumor in adults,
and despite the combined use of all currently
available treatments (maximal surgical resec-
tion, radiotherapy, and chemotherapy), the me-
dian survival remains about 15 months after di-
agnosis [1].

Histologically, GBM is characterized by cellular
pleomorphism, nuclear atypia, mitotic activity, mi-
crovascular proliferation, and/or necrosis. The ab-
errant vasculature and rapidly dividing tumormass
induce the establishment of a hypoxic microenvi-
ronment with poor oxygen diffusion across the
growing lesion, leading to necrosis [2–4]. The ma-
jority of examined GBMs exhibit low oxygen con-
centrations ranging from2.5% to 0.1% (pO2 from2
to 0.75mmHg) [5]. The presence of severe hypoxia
in gliomas is associated with an early, mostly local
recurrenceof the tumoranddecreasedpatient sur-
vival [6, 7]. Hypoxia has been thought, at least in
part, to contribute to increased tumor invasion,

loss of apoptosis, geneexpression alteration, onco-
gene activation, angiogenesis induction, and
chemoradiation resistance [8]. A reduction in radi-
ation-induced free radicals in hypoxic regions di-
minishes the effectiveness of radiotherapy,
whereas hypoxic cells distally located from blood
vessels are less exposed to systemically adminis-
trated chemotherapy. In addition, hypoxia indi-
rectly modifies GBM phenotypes and mediates
chemoradiation resistance through the regulation
of transcription factors such as the hypoxia induc-
ible factors (HIFs) [6]. There is a significantdecrease
in survival in glioma patients with high HIF2� ex-
pression compared with patients expressing mod-
erate or low levels of HIF2�mRNA [9].

The identification of a subpopulation of tumor
cellswith efficient tumorigenicity and stemcell-like
propertieswas firstly describedbyBonnet andDick
inhumanacutemyeloid leukemia [10] and then for
various solid tumors, includingGBM[11, 12]. These
cells have been called glioblastoma stem-like cells
(GSCs) [12,13].GSCssharesome,althoughnotnec-
essarily all, of the characteristics of adult neural
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stem cells (NSCs) including the expression of neural stem cell mark-
ers (i.e., CD133, Nestin, etc.), the ability to self-renew, the capacity
to differentiate into different nervous system cell lineages, and re-
sponses to hypoxia [14–17]. Physiologically, NSCs are located in the
brain in relatively hypoxic niches where neural precursorsmaintain
their undifferentiated state and self-renewal capacity [3, 18]. Simi-
larly, a hypoxicmicroenvironment has beendemonstrated tomain-
tain the stem-like status of GSCs, blocking their differentiation and
modulating tumorigenicity mostly via HIF transcriptional pathways
[3, 5, 7, 9, 19–21]. HIFs are involved in promoting clonogenicity,
increasing theexpressionof stemcellmarkers suchasCD133, SOX2,
Nestin, and Oct4, and are required for GSC growth and survival [9,
20–22]. Accordingly, knockdown of HIFs impairs neurosphere for-
mation, reduces VEGF promoter activity, decreases GSC tumor for-
mation, and increases survival in mice bearing intracranial GSC-de-
rived tumors [9].

CD133 has been considered a putative GSCs marker. CD133�
gliomacells survived radiation treatmentbetter thanCD133� cells,
both in vitro and in vivo, and had increased expression of anti-
apoptotic genes [23, 24]. There is a correlation between CD133 ex-
pression and patient outcomes [25–27]. However, controversy ex-
ists regarding the role and specificity of CD133 since GSC
populations with no CD133 expression have been described [28,
29]. The observation that GSCs contribute to GBM resistance to
chemotherapy (temozolomide, etoposide, and paclitaxel) and radi-
ation supports the concept that GSCsmay be responsible for tumor
recurrence and poor clinical outcome [24, 26]. Since hypoxia is
strongly related toGSCmaintenance and enhances the potential to
escape conventional therapies, developing ways to target GSCs in
hypoxic regions is critical to improving GBM therapy.

Oncolytic virus (OV) therapy represents apromising strategy for
treating GBM, including the GSC component. Among OVs engi-
neered to selectively infect and kill tumor cells, oncolytic herpes
simplex virus (oHSV) type 1 vectors have been tested in phase I and
II clinical trials, with demonstrated safety; however, improved effi-
cacy is still needed [30–32]. In previous studies, we demonstrated
that the replication of G207, a multimutated oHSV, can be en-
hanced by hypoxia in the U87MG glioma cell line [33]. We also
showed that oHSV, such as G47�, exhibited significant antitumor
activity against GSCs, depending upon the specific viral mutations
[15]. However, it was not known whether GSCs are susceptible to
oHSV when exposed to low oxygen levels (1% O2). Furthermore,
G207 does not replicate well in human GSCs, whereas G47� does
[15].Thus,wesought tocharacterize theefficacyofG47�onhuman
GSCs under hypoxia versus normoxia. We show for the first time
thatG47�canreplicateandkill humanGSCscultured inhypoxiaand
that G47� infection counteracts hypoxia-related GSC enrichment
in vitro. Direct intratumoral injection of newly developed
G47�Us11fluc in orthotopic humanGSCxenografts inmice showed
thatoHSV infectionand replicationoccur inhypoxic areasof tumors
in vivo.

MATERIALS AND METHODS

Cell Culture
Human GSC cultures GBM4, GBM6, and GBM8, derived from
primary GBM surgical specimens, have been described [15]. The
cells were cultured as spheres in EF20 medium: neurobasal me-
dium (Invitrogen, Carlsbad, CA, http://www.invitrogen.com)
supplemented with 3 mmol/l L-glutamine (Mediatech, Manas-

sas, VA, http://www.cellgro.com), 1� B27 supplement (Life
Technologies, Rockville, MD, http://www.lifetech.com), 0.5�
N2 supplement (Life Technologies), 2 �g/ml heparin (Sigma-Al-
drich, St. Louis, http://www.sigmaaldrich.com), 20 ng/ml recom-
binant human EGF (R&D Systems Inc.,Minneapolis, http://www.
rndsystems.com), 20 ng/ml recombinant human FGF2
(Peprotech, Rocky Hill, NJ, http://www.peprotech.com), and
0.5� penicillin G-streptomycin sulfate-amphotericin B complex
(Mediatech). The cultures were fed every 3 days with one-third
volume of fresh medium. Cell passaging was performed by dis-
sociation of spheres using NeuroCult chemical dissociation kit
(StemCell Technologies, Vancouver, BC, Canada, http://www.
stemcell.com). Primary adherent cultures fromGBM4andGBM8
were obtained by growing cells in Dulbecco’s modified Eagle’s
medium (Mediatech) supplemented with 10% fetal calf serum
(FCS) as previously described [15]. The medium was changed
every 4 days, and passaging was performed by trypsinization.
Hereafterwe refer to these cells as 4FCS and 8FCS. The cells were
cultured under either normoxic (5% CO2, 21% O2, 74% N2) or
hypoxic (5%CO2, 1%O2, 94%N2) conditions at 37°C in humidified
Heraeus incubators (Hera Cell; Thermo Scientific, Asheville, NC,
http://www.thermoscientific.com).

Viruses
G47�, derived from G207, contains deletions of both copies of
�34.5 and �47, and a LacZ insertion inactivating ICP6 [34].
G47�BAC was derived by homologous recombination between
G47� DNA and pBAC-ICP6EF and contains a cytomegalovirus
promoter driving expression of the enhanced green fluorescent
protein (EGFP) in place of LacZ [34, 35].

G47�Us11fluc was derived from G47� with the addition of
the firefly luciferase gene driven by the true late Us11 gene pro-
moter of herpes simplex virus 1 (HSV-1). The Us11 promoter was
polymerase chain reaction (PCR)-cloned from the genome of
wild-type HSV-1 strain F using the following primers: forward
primer, CCGGATCCTGAGATCAATAAAAGGGGGCGTGAG, and re-
verse primer, CCGCCATGGTCCGCCCAGAGACTCGGGTGATG. This
promoter sequence contains the following cis-acting regulatory
elements of HSV-1 late promoters: the TATA box and the cap/
leader sequences (initiator element), which together confer true
late regulation, as well as the downstream activation sequence
that allows transcriptional activation [36, 37]. The Us11 pro-
moter and the luciferase gene codon-optimized for mammalian
expression (from pGL4.10[luc2]; Promega, Madison, WI, http://
www.promega.com) were subcloned into shuttle plasmid pFLS-
IE4-Express, removing the HSV IE4 promoter. This pFLS-Us11luc
shuttle plasmid was recombined with pG47�-BAC using Cre re-
combinase as described [38]. The resulting bacterial artificial
chromosome (BAC) plasmid and an FLPe-expressing plasmid
were cotransfected to Vero cells to remove BAC-derived se-
quences and the EGFP gene, which enables efficient HSV pack-
aging [38]. The resulting virus progeny was plaque-purified, and
clones selected based on luciferase expression were expanded.

Limiting Dilution Sphere Formation Assay
GSC single-cell suspensions were seeded in uncoated 96-well
plates at three dilutions (100, 10, and 1 cells perwell) in 100�l of
EF20 medium. The plates were fed weekly with 100 �l of fresh
medium, and spheres were counted when an adequate size
(�80–100 �m) was achieved (12 days for GBM4 and 16 days for
GBM6 and GBM8). Limiting dilution assays were also performed
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with infected GSCs. GBM4 and GBM8 single-cell suspensions
were infected with G47� at a multiplicity of infection (MOI) of
0.2 or mock (vehicle only, 10% glycerol in phosphate-buffered
saline [PBS]) for 1 hour at 37°C. The inoculumwas removed, and
the cells were seeded at 10 cells per well in 100�l and incubated
in normoxia or hypoxia for 12 days for GBM4 and 16 days for
GBM8. Sphere numbers were counted for each condition, and
the results were normalized to the normoxic mock condition.

Cell Growth Curves
After sphere dissociation, 2� 104 GBM4, GBM6, and GBM8 cells
were seeded in a 24-well plate and cultured in normoxia or hyp-
oxia. Viable cells (trypan blue-excluding) were counted on days 3
and 6 on a hemocytometer. For cell proliferation from a clono-
genic density, dissociatedGBM4cellswere seeded at one cell per
�l in 4 ml (T25 flask), kept in culture for 12 days in normoxia and
hypoxia, and then counted on a hemocytometer after trypan
blue.

Reverse Transcription-PCR
GBM8 cells were grown in hypoxia or normoxia for 24 hours and
then harvested. Total RNA was extracted using TRIzol (Invitro-
gen). Reverse transcriptionwas performed using the SuperScript
III first-strand synthesis system for reverse transcription (RT)-
PCR (Invitrogen). PCRwas performed on a Peltier Thermal Cycler
(PTC 200; MJ Research, Watertown, MA, http://www.mjr.com)
using human CD133 (forward: CAGGTAAGAACCCGGATCAA; re-
verse: TCAGATCTGTGAACGCCTTG) and human glyceraldehyde-
3-phosphate dehydrogenase (forward: CAATGACCCCTTCATT-
GACC; reverse: GACAAGCTTCCCGTTCTCAG) primers combined
with the HotStarTaq Plus kit (Qiagen, Hilden, Germany, http://
www1.qiagen.com). All of the reactions began with 5 minutes at
95°C for the polymerase activation; followed by 35 cycles at 95°C
for 15 seconds (denaturation), 55°C for 10 seconds (annealing),
and 72°C for 15 seconds (extension); and then a 10-minute final
extension at 72°C.

Virus Yield Assay
GBM4 and GBM8 cells were dissociated, seeded in EF20medium
at 2 � 104 cells per well in 24-well plates, infected with G47� at
an MOI of 1.5 and incubated in normoxia or hypoxia. The cells
were harvested with supernatant at 12, 24, and 48 hours after
infection and processed with three freeze/thaw cycles and son-
ication. The virus titer was then determined by plaque assay on
Vero cells (American Type Culture Collection, Manassas, VA,
http://www.atcc.org).

For GBM4, additional experiments were performed. A total
of 2 � 104 cells seeded per well in 24-well plates were infected
with G47� (MOI � 1.5), incubated for 1 hour in normoxia to
allow the virus to enter cells, and then incubated in normoxia or
hypoxia. To test whether hypoxic pretreatment changes virus
yield, an equal number of cells were incubated 24 hours in nor-
moxia and hypoxia before infection with G47� (MOI � 1.5) and
immediately incubated under the same oxygen concentrations
after infection. The cells were harvested with supernatant at 12,
24, and 48 hours after infection and processed for plaque assay
as described.

To characterize G47�Us11fluc, Vero cells were seeded in 96-
well plates, infected at anMOI of 0.5 in the presence or absence
of acyclovir (10 �M; Sigma-Aldrich), and cultured in normoxia.
After adding D-luciferin (Gold Bio, St. Louis, http://goldbio.com)

to cells to 2 mM, bioluminescence was immediately detected
using a microplate reader (Synergy-HT; Bio-Tek, Winooski, VT,
http://www.biotek.com) at different time points. The virus titer
fromG47�Us11fluc-infected Vero cells (MOIs of 0.01, 0.1, and 1)
was determinedbyplaque assay and correlatedwith biolumines-
cence emission.

To assess the impact of hypoxia on late viral gene expression,
dissociated GSCs were seeded at a density of 8,000 cells per well
in 96-well plates, incubated overnight in normoxia and hypoxia,
infected with G47�Us11fluc at MOI of 1 or mock, and incubated
in the respective oxygen concentrations. At 24 and 48 hours
postinfection, bioluminescence was measured as described
above. The experiments were done in triplicate.

Cell Killing Assay
Single-cell suspensions of GBM4, GBM6, andGBM8were seeded
in 24-well plates at a density of 2 � 104 cells per well and incu-
bated in normoxia or hypoxia overnight. Theywere then infected
with G47� at an MOI of 0.2 and incubated again in normoxia or
hypoxia, respectively. The cells were harvested at days 3 and 6
and dissociated with trypsin/EDTA, and viable trypan blue-ex-
cluding cells were counted on a hemocytometer.

Flow Cytometric Analysis
GSCs grown in normoxia or hypoxia for 48 hours were dissoci-
ated, stained with allophycocyanin (APC)- or phycoerythrin-con-
jugated anti-CD133/2 (Miltenyi Biotec, Bergisch Gladbach,
Germany, http://www.miltenyibiotec.com) following the manu-
facturer’s protocol, and then analyzed using a FACSCalibur (BD
Biosciences, San Diego, http://www.bdbiosciences.com ). 4FCS
and 8FCS cells grown in normoxia or hypoxia for 48 hours were
treated with Versene (Gibco, Grand Island, NY, http://www.
invitrogen.com) and subjected to the same procedures.

CD133 expression, oHSV-1 infection, and cell death were si-
multaneously analyzed using a three-color flow cytometric anal-
ysis. GSCs were cultured in hypoxia for 48 hours, infected with
G47�BAC (EGFP�, MOI 0.2) or mock (vehicle only, 10% glycerol
in PBS), and incubated in hypoxia again. The cells were collected
72 hours after infection and stained with APC-conjugated anti-
CD133 antibody and 7-aminoactinomycin D (7AAD; BD Biosci-
ences) before fluorescence-activated cell sorting (FACS) analysis.
The data were analyzed using FlowJo software (Tree Star, Ash-
land, OR, http://www.treestar.com).

Western Blots
Following treatment, the cells were washed once with PBS, re-
suspended in RIPA buffer (Boston BioProducts, Ashland, MA,
http://www.bostonbioproducts.com) with protease inhibitors
(Complete Mini; Roche Diagnostics, Mannheim, Germany,
http://www.roche-applied-science.com), lysed on ice for 30
minutes, and centrifuged for 10 minutes to separate cell debris.
Protein concentrations of each sample were determined by
modified Bradford assay (Bio-Rad, Hercules, CA, http://www.
bio-rad.com). Twentymicrograms of proteinswere separated on
a 7.5% or 12% SDS-polyacrylamide gel electrophoresis gel, trans-
ferred to polyvinylidene difluoride membrane (Bio-Rad), and in-
cubated with primary antibodies overnight at 4°C. The next day
membranes were incubated with secondary peroxidase-conju-
gated antibodies for 1 hour at room temperature. The proteins
were visualized using the ECL Plus Western blotting detection
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system (GE Healthcare, Little Chalfont, U.K., http://www.
gehealthcare.com) on Kodak films.

The primary antibodies used were as follows: 1:500 rabbit
anti-CD133 monoclonal (Cell Signaling Technology, Beverly, MA,
http://www.cellsignal.com); 1:500 mouse anti-HIF1� monoclo-
nal (BD Biosciences); 1:2,000 mouse anti-vinculin monoclonal
(Thermo Scientific); 1:2,000 rabbit anti-actin polyclonal (Sigma-
Aldrich); and 1:2,000mouse anti-ICP4monoclonal (United States
Biological, Swampscott, MA, http://www.usbio.net). Secondary
antibodies were 1:2,000 horseradish peroxidase-conjugated
anti-rabbit IgG and anti-mouse IgG (Promega).

In Vivo Studies: Immunohistochemistry
Fifty thousand GBM4 cells resuspended in 3 �l were stereotac-
tically implanted in the right striatum (2.5 mm lateral from
bregma and 2.5 mm deep) of SCID mice (National Cancer Insti-
tute) under anesthesia with pentobarbital as previously de-
scribed [15]. Forty days later, 2 � 106 plaque-forming units of
G47�Us11fluc (in 4 �l) (three mice) or 4 �l of PBS (three mice)
were stereotactically injected using the same coordinates as for
tumor cell implantation. Twenty-four hours after viral/PBS injec-
tions, the animals received 60 mg/kg Hypoxyprobe (pimonida-

zole; Hypoxyprobe, Burlington, MA, http://www.hypoxyprobe.
com) i.p. andwere sacrificed 1 hour later. Brainswere embedded
in Tissue-Tek OCT Compound (Sakura Finetek, Torrance, CA,
http://www.sakura.com), and frozen sections were obtained (7
�m). The sections were fixed with 4% paraformaldehyde (PFA)
and stained with hematoxylin and eosin and 5-bromo-4-chloro-
3-indolyl-�-D-galactopyranoside (X-gal) to visualize the lesion
and the viral infection, respectively.

For immunohistochemistry, the sections were fixed with 4%
PFA and cold acetone, washed with PBS, blocked with 10% goat
serum for 30minutes at room temperature, and incubated over-
night at 4°C with anti-HP (mouse, 1:50) and/or fluorescein iso-
thiocyanate-conjugated anti-luciferase (goat, 1:500; Lifespan
Biosciences, Seattle, WA, http://www.lsbio.com) antibodies.
Cy3-conjugated anti-mouse IgG antibody (1:150; Jackson Immu-
noresearch Laboratories, West Grove, PA, http://www.
jacksonimmuno.com) was applied at room temperature for 90
minutes. The nuclei were stained with 4�,6-diamidino-2-phe-
nylindole (DAPI). Fluorescence microscopic pictures were cap-
tured from four to six randomly chosen slides, and approxi-
mately 1,000–2,000 cells were counted from each tumor.

Figure 1. Effect of hypoxia on in vitro growth of glioblastoma stem-like cells. (A): Phase contrast microscopic images of GBM4 spheres
cultured in EF20 medium in normoxia (left panel) and in hypoxia (right panel). Both are �10 magnification. Scale bar � 100 �m. (B): Sphere
diameter of GBM4 and GBM8 cells cultured at clonogenic density in normoxia (white bars) or hypoxia (black bars). (C): Sphere forming assay
with GBM4, GBM6, and GBM8 cells plated at 10, 100, or 1,000 cells permilliliter and cultured in normoxia (white bars) or hypoxia (black bars).
Spheres were measured 12 days after plating GBM4 and 16 days after plating GBM6 and GBM8 for both normoxic and hypoxic cells. (D):
Dissociated GBM4 cells were plated at clonal density and cultured in normoxia and hypoxia, and viable cells were counted 12 days later. (E):
Dissociated GBM4 (left panel) and GBM8 (right panel) cells were plated at nonclonal density, and viable cells were counted on days 3 and 6 of
culture. The error bars represent standard deviations. �, p � .05; ��, p � .01. Abbreviation: GBM, glioblastoma.
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Statistics
Differences between normoxia and hypoxia in cell growth, limit-
ing dilution, sphere size, viral yield, and virus killing assays were
compared using a two-tailed unpaired t test. p values�.05 were
considered significant. Prism (GraphPad Software, Inc., San Di-
ego, http://www.graphpad.com) and Excel (Microsoft, Red-
mond, WA, http://www.microsoft.com) were used for analysis.

RESULTS

Hypoxia Enhances GSC Self-Renewal, Proliferation, and
CD133 Expression
We first studied the effects of hypoxia on the stem-like charac-
teristics of our GSCs in vitro. Neurospheres of GBM4, GBM6, and
GBM8 GSC were dissociated and cultured in normoxia or hyp-
oxia, and we noted that the average size of the resulting spheres
was significantly larger when grown in hypoxia than in normoxia
(Fig. 1A, 1B), suggesting that hypoxia promotedGSCproliferation
[9, 16]. To assess the impact of oxygen concentrations on self-
renewal of GSCs, a limiting dilution clonogenicity assay was per-
formed. When compared with normoxia, hypoxia significantly
increased the fraction of cells capable of forming spheres in the
three different GSC cultures at three clonogenic cell densities
(Fig. 1C). These data suggest that hypoxia promotes GSC self-
renewal, which is consistent with the observations published
previously [21, 22].

Cell counting assay confirmed that hypoxic culture led to a
higher number of viable cells than normoxic culture when GBM4
GSCs were seeded at a clonogenic density (Fig. 1D). However,

there was no significant difference in cell number between hyp-
oxic and normoxic conditions when cells were seeded at a non-
clonogenic density (Fig. 1E). Thus, hypoxia-enhanced GSC prolif-
eration may be cell density-dependent.

To further characterize a possible hypoxia-induced enrich-
ment of GSCs, we analyzed the expression of the putative GSC
marker CD133. RT-PCR analysis showed an increase of CD133
mRNA levels when GBM8 cells were incubated in hypoxic condi-
tions (1%oxygen for 24 hours) (Fig. 2A). InGBM4andGBM8cells,
CD133 protein expression progressively increased over a 24-
hour period in hypoxia, whereas the expression of HIF1� in-
creased and peaked at 12 hours (Fig. 2B). Western blot analysis
of GBM4 cells grown under normoxia and hypoxia and collected
at the same time points showed significant upregulation of
CD133 expression only in hypoxic conditions (Fig. 2C). Flow cyto-
metric analysis demonstrated different levels of CD133 expres-
sion in GBM4 (64.6%), GBM6 (0.5%), and GBM8 (73.7%) in nor-
moxia. When cells were cultured in hypoxia for 48 hours, the
fractions of CD133-positive cells rose in all of the three GSC cul-
tures to 79.7% (GBM4), 3.35% (GBM6), and 90.4% (GBM8) (Fig.
2D and supplemental online Fig. 1A). In contrast, flow cytometric
analysis of established 4FCS and 8FCS cells (the non-GSC tumor
cell counterparts of GBM4andGBM8GSCs) cultured for 48 hours
at 21% or 1% of oxygen did not reveal any change in CD133
expression (supplemental online Fig. 1B). Taken together, these
results demonstrate the increased stem-like properties of GSCs
cultured at 1% as opposed to 21% oxygen, as illustrated by en-
hanced self-renewal and stem cell marker expression and de-
scribed by others [9, 16, 19, 22].

Figure 2. Effect of hypoxia on CD133 in glioblastoma stem-like cells. (A): Reverse transcription-polymerase chain reaction showing hypoxia-
induced CD133 mRNA expression in GBM8 (24-hour incubation in hypoxia). (B):Western blot showing the expression of CD133 and HIF1�
following the initiation of hypoxic culture of GBM4andGBM8.Note the difference in upregulation kinetics between the two proteins. Vinculin
was used as a loading control. (C):Western blot showing time course of CD133 protein expression in GBM4 cells cultured in normoxia and
hypoxia. �-Actin was used as loading control. (D): Hypoxia-related CD133 upregulation quantified by fluorescence-activated cell sorting
analysis in GBM4, GBM6, and GBM8 incubated in hypoxia for 48 hours (right panel). In the left panel is the normoxic control. Abbreviations:
APC, allophycocyanin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GBM, glioblastoma; H, hypoxia; HIF, hypoxia inducible factor; N,
normoxia; PE, phycoerythrin.
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G47� Infects, Replicates in, and Kills GSCs in Hypoxia
We previously showed that oHSV-1 G47� (ICP6�, �34.5�, and
ICP47�) was able to infect, replicate, and spread in human GSCs
[15]. Herein, we characterized the effect of hypoxia on the effi-
cacy of G47� in GSCs. We first tested whether normoxic and
hypoxic conditions influence G47� replication in GSCs. Virus
yields were comparable in normoxic and hypoxic GBM8 cells at
12–48 hours after infection, whereas there was a significant de-
crease in viral yield in hypoxic versus normoxic GBM4 cells (1.9–
2.1-fold) and at 24 hours (2.1-fold) with GBM6 cells (Fig. 3A). To
understand how low oxygen levels reduced virus yield in GBM4,
additional experiments were performed. To test whether hyp-
oxia during infection inhibited virus entry or early infection
events, the cells were infected and incubated for 1 hour in nor-
moxia followed by incubation in hypoxia (Fig. 3B, left panel). This
1-hour normoxic incubation following infection did not change

the profile of virus replication in hypoxic GBM4, suggesting that
the reduced virus yield in hypoxia is due to slightly suppressed
viral replication and not early events in infection.We next exam-
ined whether prior exposure to hypoxia, as would occur in a
tumor, would further reduce virus yield. The cells were pre-
treated for 24 hours in hypoxia before infection and then cul-
tured in hypoxia postinfection (Fig. 3B, right panel). This also did
not further reduce virus yields in GBM4 cells, indicating that hyp-
oxic preincubation of GBM4 cells, with an increase in the GSC
population (Fig. 1), does not affect virus replication (Fig. 3B, right
panel). In 4FCS cells, virus yield was not significantly reduced in
hypoxia but overall was similar toGBM4 (Fig. 3C left). In contrast,
the virus yields in 8FCS were significantly reduced in hypoxia
(2.3–4.3-fold) compared with GBM8 (Fig. 3C, right panel).

Productive infection of HSV involves a regulated cascade of
expression of � (immediate early), � (early), and � (late) genes,

Figure 3. Effect of hypoxia on G47� replication and late herpes simplex virus gene expression in glioblastoma stem-like cells. (A): G47�
(MOI � 1.5) replicates in GBM4 (left panel), GBM6 (middle panel), and GBM8 (right panel) in the hypoxic condition (1% O2; black bars), as
comparedwith normoxia (white bars). (B):Virus yield in GBM4 cells did not varywith timing of hypoxia: incubated in normoxia for 1 hour after
infection and then cultured in hypoxia for 48 hours (left panel) or preincubated in hypoxia for 24 hours before infection and then incubated
for 48 hours after infection (right panel). (C):G47� virus yield in 4FCS (left panel) and 8FCS (right panel) cells, in hypoxia (black bars) compared
with normoxia (white bars). (D): Luciferase activity in GBM4 (left panel), GBM6 (middle panel), and GBM8 (right panel) cells infected with
G47�Us11fluc (MOI� 1) in hypoxia (black bars) and normoxia (white bars). The error bars represent standard deviations. �, p� .05; ��, p�
.01. Abbreviations: FCS, fetal calf serum; GBM, glioblastoma; MOI, multiplicity of infection.

327Sgubin, Wakimoto, Kanai et al.

www.StemCellsTM.com



with the expression of true late genes (�2) strictly requiring rep-
lication of viral DNA. To follow oHSV replication in vivo andmea-
sure the impact of hypoxia on late gene expression, we con-
structed recombinant oHSVG47�Us11fluc that carries the firefly
luciferase gene driven by the true late Us11 promoter. Measure-
ment of bioluminescence after G47�Us11fluc infection of Vero
cells was detectable only after 16 hours postinfection, and
bioluminescence intensity correlated with virus yield (supple-
mental online Fig. 2). GBM4, GBM6, and GBM8 GSCs were in-
fected with G47�Us11fluc and cultured in normoxia and hyp-
oxia, and bioluminescence was measured at 24 and 48 hours
after infection. In the GSCs, bioluminescence level profiles reca-
pitulated those of the G47� virus yield determined by plaque
assay (Fig. 3D); bioluminescence, representing true late pro-
moter activity, was significantly decreased in hypoxic GBM4 cells
compared with normoxic cells (2.1-fold), whereas there was no
difference between normoxic and hypoxic GBM8 cells, and over-
all levels were lower in GBM6, with a 49% decrease in hypoxia at
24 hours after infection.

These data demonstrate that hypoxia does not interfere to a
great extent with G47� replication in GSCs. Interestingly, GSCs
and FCS cells derived from the same tumors can display different
G47� replication profiles in normoxia versus hypoxia.

G47� Kills GSCs and Reduces Their Sphere-Forming
Ability in Hypoxia
We next sought to determine whether G47� is capable of killing
GSCs cultured in hypoxia as well as in normoxia. G47� killing of
normoxic or hypoxic GSCs was evaluated at 3 and 6 days after
infection (MOI of 0.2) (Fig. 4A). Although cytotoxicity was com-
parable on day 3 between the two oxygen concentrations, the
fraction of GBM4 GSCs killed 6 days after infection was some-
what less in hypoxia, likely because of reduced viral replication in
GBM4 (as shown in Fig. 3). GBM8 was more susceptible to G47�
killing on day 3 than GBM4, possibly because of increased virus
spread in GBM8, and nearly 95% killing was observed in both
normoxia and hypoxia.

Because self-renewal represents one of the paramount char-
acteristics of GSCs, we asked whether oHSV infection has an im-
pact on self-renewal enhanced by hypoxia. To test this, a limiting
dilution assay of GBM4 and GBM8 was performed using 100
GSCs per milliliter in normoxia and hypoxia after either mock or
G47� infection. G47� infection at a relatively low MOI (0.2) sig-
nificantly suppressed the ability of GSCs to form spheres in nor-
moxia (Fig. 4B). Importantly, G47� infection resulted in a similar
degree of clonogenicity suppression in both normoxia and hyp-
oxia in GBM4 (28% reduction in normoxia vs. 33% hypoxia) and
GBM8 (50% reduction in normoxia vs. 47% hypoxia) (Fig. 4B).
Thus, G47� efficiently kills GSCs and inhibits their sphere-form-
ing ability in both normoxic and hypoxic conditions.

G47� Infects and Kills CD133� Enriched Population and
Mediates CD133 Downregulation
We next determined whether oHSV infection could counteract
the hypoxia-induced upregulation of stem cell marker CD133
and alter the proportion of CD133� cells. GBM4 and GBM8 cells
were dissociated, incubated for 48 hours in hypoxia, and then
infected with green fluorescent protein (GFP)-expressing
G47�BAC (MOI of 0.2) or mock. Hypoxic culture was continued
for 72 hours, and flow cytometric analysis was performed to

measure GFP� (infected cells) and CD133� and 7AAD� (cell
death) cells (Fig. 5A). G47�BAC infection of GBM4 and GBM8
cells yielded 64% and 59% GFP positivity, respectively, and re-
duced the fraction of CD133-positive cells (alive and dead) by
39% (from 83% to 44%) in GBM4 and 52% (from 77% to 25%) in
GBM8. Virus infection also resulted in cell death as demon-
strated by 7ADD positivity in 39% of GBM4 cells (compared with
5% in mock) and 72% of GBM8 cells (compared with 15% in
mock) (Fig. 5A), confirming the difference in G47� sensitivity
between the two GSCs demonstrated in Figure 4A (day 3). As a
result, the percentage of viable (7AAD-negative) CD133� cells
remaining in infected sampleswasmarkedly reduced to 28% and
12%, as opposed to 78% and 68% in mock-infected samples, in
GBM4 and GBM8 cells, respectively.

We also examined CD133 protein expression under differ-
ent assay conditions, with dissociated GBM4 and GBM8 cells
cultured in normoxia or hypoxia for 24 hours, then infected
with G47� at MOI 1.5, and then incubated in the same oxygen
conditions for an additional 24 hours. Western blot analysis
showed that G47� infection, evidenced by viral ICP4 expres-
sion, abrogated the CD133 overexpression mediated by hyp-
oxia in the GSCs (Fig. 5B). Taken together, these data indicate
that CD133� cells expanded via hypoxia are susceptible to
infection and killing by G47�, which is associated with a con-
comitant reduction in CD133 levels and the proportion of
CD133� cells.

Figure 4. G47� kills glioblastoma stem-like cells (GSCs) and sup-
presses GSC sphere formation in hypoxia. (A): G47� mediates
killing of normoxic (white bars) and hypoxic (black bars) GBM4
(left panel) and GBM8 (right panel) cells. The data from each
infected condition were normalized to those of the correspond-
ing mock control. (B): Sphere forming assay (100 cells per millili-
ter) performed in normoxia and hypoxia with GBM4 (left panel)
and GBM8 (right panel) cells uninfected (mock; white bars) or
infected with G47� (MOI � 0.2; black bars). Sphere numbers
were counted 12 days after plating GBM4 and 16 days after plat-
ing GBM8 in both normoxic and hypoxic samples. The data of
normoxic-infected, hypoxic-mock, and hypoxic-infected condi-
tions were normalized to the normoxic-mock condition, which
was considered 100%. There was no significant difference in vi-
rus-mediated reductions between normoxia and hypoxia. The er-
ror bars represent standard deviations. �, reduction, indicating
the effect of G47� normalized to mock for both normoxia and
hypoxia. �, p � .05; ��, p � .01. Abbreviations: GBM, glioblas-
toma; H, hypoxia; MOI, multiplicity of infection; N, normoxia.

328 Oncolytic HSV Targets Hypoxic GSCs

STEM CELLS TRANSLATIONAL MEDICINE



G47�Us11fluc Infects and Replicates in Hypoxic Cells In
Vivo
Lastly, we sought to determine whether the in vitro ability of
oHSV to infect and replicate in hypoxic GSCs is translatable to an
in vivo setting. Orthotopic engraftment of GBM4 GSCs in mice
produced a discrete nodular tumor (Fig. 6A, left) [15]. A single
intratumoral injection of G47�Us11fluc resulted in widespread
viral infectionwithin the tumor, as visualized by X-gal histochem-
istry (LacZ-expressing cells; Fig. 6A, right). In mock-treated tu-
mors, hypoxic areas, as visualized by Hypoxyprobe immunofluo-
rescence, were scattered and frequently situated in the central
core of tumors, whereas no immunoreactivity was detected in
the contralateral, non-tumor-bearing hemisphere (Fig. 6B, CTRL
and PBS). G47�Us11fluc infection seemed to change the distri-
bution pattern of hypoxic lesions, possibly through alterations in
vascularity and/or immune responses, leading to less circum-
scribed Hypoxyprobe-positive areas compared with the PBS-
treated tumors (Fig. 6B). There was no significant difference in
the proportion of Hypoxyprobe-positive cells between mock-
and G47�Us11fluc-treated tumors (Fig. 6C). Immunofluorescent
staining of firefly luciferase demonstrated that a significant frac-
tion of the tumor cells were immunopositive in virus-injected
tumors, with no signal in PBS-treated tumors (Fig. 6B, Lu-
ciferase). Double immunofluorescent staining for Hypoxyprobe
and luciferase revealed the presence of tumor cells that were
positive for both Hypoxyprobe and luciferase (Fig. 6D, white ar-
rows). The percentage of luciferase� cells in nonhypoxic (Hyp-
oxyprobe-negative) versus hypoxic (Hypoxyprobe-positive) ar-
eas was comparable in different animals (Fig. 6E, left panel) and
not statistically different (Fig. 6E, right panel). Since luciferase
expression is driven by the late Us11 promoter, the results indi-
cate that oHSV replication takes place in vivo in hypoxic areas of
GBM and that G47� does not discriminate between normoxic
and hypoxic cells within the tumor.

DISCUSSION

Hypoxia is a well-characterized feature of many solid tumors,
including GBM [4, 8]. The role of hypoxia in promoting the ex-
pansion of the GSC compartment andmaintaining its undifferen-
tiated state has recently beendescribed, and itmay beoneof the
factors contributing to chemotherapy and radiotherapy resis-
tance in hypoxic tumor cells [9, 16, 18, 22]. Therefore, the effect
of hypoxia on GSC populations poses an unsolved challenge, and
developing new therapeutic strategies to counteract the hypox-
ia-enhanced pathological potency of GSCs is important.

Following on our previous demonstration of the ability of
oHSV-1 to kill GSCs in normoxia, we evaluated the efficacy of
G47� in hypoxic GSCs in vitro and in vivo [15, 39]. First we tested
whether hypoxia induces enrichment in theGSC compartment in
our patient-derived GBM neurosphere cultures in vitro. Next we
investigated the replication and cell killing properties of oHSV
G47� in hypoxic GSCs in vitro and the effects of G47� on GSC
self-renewal and CD133 expression, which are enhanced by hyp-
oxia. Lastly we examined G47� replication in hypoxic tumor cells
in vivo, using a newly developedoHSV vector, G47�Us11fluc.We
found the following: (a) established GBM neurosphere cultures
respond to hypoxia by increasing the GSC compartment in terms
of self-renewal and CD133 expression; (b) G47� can infect, rep-
licate, and kill GSCs in hypoxia and in normoxia; (c) G47� infec-
tion reduces sphere-forming ability and CD133 expression in
GSCs cultured in hypoxia; and (d) G47�Us11fluc effectively in-
fects and replicates in vivo in hypoxic tumor areas.

Our established cultures of humanGSCswere tested for their
response to hypoxia. Hypoxic culture of GSCs resulted in larger
sphere size and enhanced self-renewal, which is reported to be
an independent outcome predictor in GBM [40]. Although
CD133 is controversial as a GSC identification marker and was
shown to be a marker for bioenergetic stress in U251MG human

Figure 5. G47� infection counteracts hypoxia-induced enrichment of CD133� glioblastoma stem-like cells. (A): After 48-hour hypoxic
culture, GBM4 (left panels) andGBM8 (right panels) cellsweremock-infected (upper panels) or oncolytic herpes simplex virus (oHSV)-infected
(enhanced green fluorescent protein-expressing G47�BAC; MOI � 0.2; lower panels) and cultured for 72 hours in hypoxia. CD133, GFP
(infection), and 7AAD (cell death) were quantified by flow cytometry, and the values in each quadrant are the percentages of cells. (B):
Western blot showing G47�-mediated abrogation of hypoxia-induced upregulation of CD133 protein in GBM4 (left panel) and GBM8 (right
panel) cells. ICP4 (HSV immediate-early protein) bands demonstrate oHSV infection, and vinculin served as loading control. �, mock cell
culture conditions (24 hours); �, G47� cell culture conditions (MOI � 1.5 for 24 hours). Abbreviations: 7AAD, 7-aminoactinomycin D; GBM,
glioblastoma; GFP, green fluorescent protein; H, hypoxia; MOI, multiplicity of infection; N, normoxia.
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glioma cell lines cultured at 1% oxygen, the link between its ex-
pression and clinical outcome in glioma patients suggests a role
for CD133� cells in GBMprogression and therapeutic resistance
[22, 27, 28, 41–44]. Studies have shown that hypoxia promotes
the expansion of CD133� populations through the activation of
HIFs [21, 22]. We show that GSCs cultured in hypoxia have in-
creased expression of CD133 at both the mRNA and protein lev-
els in a time-dependent manner. In accord with what we have
reported, we found no clear correlation between the proportion
of CD133 positivity and sphere-forming ability in the GSCs cul-
tures we tested, because CD133-lowGBM6had higher efficiency
of sphere formation than CD133-high GBM8 [15]. We speculate
that a fraction of CD133-negative cells have a clonogenic poten-
tial, as described by other investigators [14, 28, 29]. CD133 may
not be a marker of GSCs but may respond to in vitro conditions
that foster GSCs. In vivo, CD133-high GBM4 and GBM8 GSCs are
more efficient in generating aggressive orthotopic tumors than
CD133-low GBM6 GSCs, suggesting a possible correlation of
CD133 and tumorigenicity [15]. Hypoxic culture resulted in a con-
comitant increase in CD133 levels and clonogenicity in the tested
GSCs, irrespective of their basal CD133 levels, but a possibility

remains that hypoxia-induced stem-like cells contain both
CD133� and CD133� fractions. Our findings demonstrate that
hypoxia enhances the GSC compartment in GBM neurosphere
cultures and provide the basis for investigating the effect of hyp-
oxia on oHSV replication and the ability to target GSCs in the
hypoxic niche.

G47� is able to infect hypoxia-induced GSC-enriched cul-
tures and to replicate to a relatively similar extent at different
oxygen levels (1% vs. 21%). In GBM4, there was a reduction of
virus yield in hypoxia compared with normoxia, which was not
due to impaired viral entry in hypoxia. Upon virus infection, the
cells activate double-stranded RNA-dependent protein kinase
(PKR) and endoplasmic reticulum-resident kinase (PERK) that
phosphorylate eukaryotic translation initiation factor (eIF) 2�,
leading to inhibition of protein synthesis, as part of a natural host
response [45]. HSV encodes two proteins to overcome this re-
sponse: �34.5, which dephosphorylates phospho-eIF2�, and
Us11, which inhibits PKR activation [46]. During hypoxia, both
PERK and the amino acid starvation-dependent general control
of amino acid biosynthesis kinase GCN2 are activated to phos-
phorylate eIF2�, which would not be blocked by G47�, possibly

Figure 6. G47�Us11fluc infects and replicates in hypoxic GBM cells in vivo. (A): Brain coronal sections of GBM4 xenografts stained with
hematoxylin and eosin (left) and 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (blue; right), showing the nodular tumor (left) and viral
spread in the tumor (right). (B): Immunofluorescent staining of contralateral non-tumor-bearing brain hemisphere (left panel) and GBM4
xenografts treated with PBS (middle panel) or G47�Us11fluc (right panel). Hypoxic areas (Hypoxyprobe, red; upper row), luciferase immu-
nopositivity (green; middle row), and cellular nuclei (DAPI, blue; lower row) (magnification, �10). (C): Percentages of hypoxic cells within
tumors treated with PBS (white bar) and G47�Us11fluc (black bar). The percentages represent the number of Hypoxyprobe� cells among
total number of nucleated (DAPI-positive) cells. (D): Double immunofluorescence (merged images) using anti-Hypoxyprobe (red) and anti-
luciferase (green) antibodies, with double positive cells (yellow, white arrows) (magnification, �10 in the left panel and �20 in the right
panel). Scale� 100�m (B, D). (E):Percentages of luciferase� cells in normoxic (white bar) andhypoxic (black bar) tumor regions. Results from
individualmice are shown in the left panel, and the averages of the threemice are shown in the right panel. The error bars represent standard
deviations. Abbreviations: CTRL, contralateral; DAPI, 4�,6-diamidino-2-phenylindole; GBM, glioblastoma; n.s., not significant; PBS, phosphate-
buffered saline.
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contributing to decreased replication in hypoxia [47, 48]. Further
investigation is needed to clarify the role of phospho-eIF2� in
viral infection of hypoxic GSCs. Aghi et al. reported that hypoxia
enhanced the replication of the oHSVG207 inU87MGglioma cell
lines because of increased GADD34 expression, which comple-
ments the lack of �34.5 [33]. Fasullo et al. similarly found that
hypoxia enhanced HSV-1 R3616 (�34.5-deleted) replication in
MDA-MB-231 breast cancer cells [33, 49]. In contrast to G207,
we found that G47� replication was somewhat reduced in
U87MG cells in hypoxia compared with normoxia (data not
shown). In comparing GSC versus non-GSC-cultured tumor cells,
it is interesting that viral replication in 4FCS cells, in contrast to
GBM4,was not decreased in hypoxia, whereas viral replication in
8FCS cells, in contrast to GBM8, was decreased, revealing a dif-
ferent profile of oHSV replication in these two related cultures
derived from the same GBM patient specimens. Cell differentia-
tion status may affect cellular responses to hypoxia and suscep-
tibility to virus in a way that has still to be determined. In accord
with comparable replication, oHSV G47� killing of GSCs was sim-
ilar in normoxia and hypoxia in vitro. Because hypoxia causes
resistance to common therapies such as chemotherapy and ra-
diotherapy, our results highlight a unique and promising prop-
erty of oHSV G47� [8, 33].

G47� infection at lowMOI (0.2) prior to seeding cells in wells
reduced the proportion of cells capable of forming spheres. This
occurred with the same efficiency in normoxia and hypoxia (Fig.
4B). G47� also counteracts the increase of CD133� cells induced
by hypoxia (Fig. 5). Thus, G47� infection inhibits the “stemness”
of the hypoxia-enriched GSCs. This is in contrast to radiation
therapy, from which CD133� cells were better able to survive,
generating tumors with nearly the same efficiency as nonirradi-
ated cells [23]. CD133 expression was higher in recurrent GBM
tumors, following radiation and chemotherapy, than in primary
pretreatment tumors from the same patients [24, 26]. Because
hypoxia induces the proliferation of GSCs and GSCs are consid-
ered as possibly responsible for tumor recurrence, the G47�
efficacy in reducing the GSCs population in hypoxia may be use-
ful to impede the potential of GSCs to cause recurrence [8, 9, 16,
21, 22, 50]. Further investigations are needed to clarify mecha-
nisms involved, such as the role of HIFs in the “stemness” prop-
erties of GSCs and HIF responses to oHSV infection.

In this article, we introduce a new vector, G47� Us11fluc,
derived from G47� that expresses firefly luciferase only during
the late phase of virus infection (i.e., after viral DNA replication).

With a linear correlation between luciferase activity and virus
yield, this virus provides a fast and quantitative reagent to mea-
sure virus replication, which was used to compare infected GSCs
in normoxia and hypoxia. Importantly, this also allowedus to test
whether G47� replicates in tumor hypoxic areas in vivo. Visual-
ization of luciferase expression with an anti-luciferase antibody
revealed its presence in hypoxic cells inside the tumor with the
same frequency as in nonhypoxic tumor cells. Our finding that
normoxic and hypoxic tumor cells are similarly permissive to
G47� in this GSC orthotopic xenograft model suggests that hyp-
oxia does not influence viral activity in vivo.

CONCLUSION
G47� can infect and replicate in GSCs in hypoxic conditions in
vitro and in vivo and counteract the hypoxia-enhanced stem cell-
like properties of GSCs. Treatment with G47� should be an ef-
fective strategy to eliminate hypoxic GSCs resistant to conven-
tional therapies and to improve therapeutic outcomes for GBM
patients. G47� is currently in a clinical trial for recurrent GBM
[51]. Further studies to better understand and enhance this ef-
fect are indicated for GBM and other cancers.
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