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ABSTRACT

Glioblastomamultiforme (GBM) remains fatal despite intensive surgical, radiotherapeutic, and che-
motherapeutic interventions. Neural stem cells (NSCs) have been used as cellular vehicles for the
transportation of oncolytic virus (OV) to therapeutically resistant and infiltrative tumor burdens
throughout the brain. The HB1.F3-CD human NSC line has demonstrated efficacy as a cell carrier for
the delivery of a glioma tropic OV CRAd-Survivin-pk7 (CRAd-S-pk7) in vitro and in animal models of
glioma. At this juncture, no study has investigated the effectiveness of OV-loaded NSCs when ap-
plied in conjunction with the standard of care for GBM treatment, and therefore this study was
designed to fill this void. Here, we show that CRAd-S-pk7-loaded HB1.F3-CD cells retain their tumor-
tropic properties and capacity to function as in situ viral manufacturers in the presence of ionizing
radiation (XRT) and temozolomide (TMZ). Furthermore, for the first time, we establish a logical
experimental model that aims to recapitulate the complex clinical scenario for the treatment of
GBM and tests the compatibility of NSCs loaded with OV. We report that applying OV-loaded NSCs
together with XRT and TMZ can increase the median survival of glioma bearing mice by approxi-
mately 46%. Most importantly, the timing and order of therapeutic implementation impact thera-
peutic outcome. When OV-loaded NSCs are delivered prior to rather than after XRT and TMZ treat-
ment, themedian survival ofmice bearing patient-derived GBM43 glioma xenografts is extended by
30%. Together, data from this report support the testing of CRAd-S-pk7-loaded HB1.F3-CD cells in
the clinical setting and argue in favor of amultimodality approach for the treatment of patientswith
GBM. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:000–000

INTRODUCTION

Glioblastoma multiforme (GBM) is the most
common and fatal of all primary brain tumors
and is considered largely incurable [1, 2]. The
prognosis for GBM patients remains uniformly
poor because of the infiltrative nature and high
rate of recurrence [3]. Despite the aggressive
standard of care consisting of surgical resection,
radiation (XRT), and temozolomide (TMZ)-based
chemotherapy, median survival is still 14.6
months [4], with only 26% of patients alive at 2
years [5]. Although current therapy options pro-
vide a modest increase in survival, many factors,
including GBM’s intrinsic ability to effortlessly
permeate surrounding brain tissue and acquire
resistance to conventional therapies, limit cur-
rent therapeutic efficacy [6–8]. Because of these
barriers, there is an overwhelming need for the
development of novel therapies.

In the last decade, stem cells have been eval-
uated as therapeutic agents in a wide variety of
central nervous system diseases, including glio-
mas [9, 10]. The human neural stem cell (NSC)
line HB1.F3-CD has been approved by the Food
and Drug Administration for use in clinical trials,
and our laboratory has used it as a cell carrier to
achieve targeted delivery of CRAd-Survivin-pk7
(CRAd-S-pk7), a conditionally replicating adeno-
virus that confers glioma selectivity through the
tumor-specific survivin promoter and fiber mod-
ification, to GBM [11–16]. We have shown that
HB1.F3-CD cells act as in situ virus factories by
supporting replication and release of antitu-
moral viral progeny while also protecting the
therapeutic viral load from the host antiviral im-
mune response [13]. Furthermore, intratumoral
delivery of NSCs loaded with CRAd-S-pk7 im-
pedes tumor growth and increases median sur-
vival by �50% in an orthotopic xenograft model
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of human glioma when compared with animals treated with
CRAd-S-pk7 virus alone [13]. Importantly, CRAd-S-pk7-loaded
HB1.F3-CD cells injected intracranially in nude mice bearing hu-
man glioma xenografts retain their tumor-tropic properties, rep-
licate and release viral progeny formore than aweek after reach-
ing the tumor site, and hand off CRAd-S-pk7 to glioma cells in
vivo. These data support both the efficacy and safety of this cell
carrier-based anti-glioma oncolytic virotherapy.

In order to advance ourNSC-based virotherapy toward a clin-
ical trial, it is prudent to characterize the safety profile and effi-
cacy of the novel therapy in an adjuvant setting with the current
standard of care for GBM, radio- and chemotherapy (XRT-TMZ).
There have been several reports that suggest virus-based gene
therapies may be compatible and beneficial to use in combina-
tionwith standard surgery, radiation, and chemotherapy. In pre-
clinical models, the oncolytic virus (OV) G47� acts synergisti-
cally with TMZ in effectively killing glioma stem cells, an
important population of glioma cells believed to be significant
for disease initiation, advancement, recurrence, and resis-
tance to conventional therapy [17]. In the clinical setting, on-
colytic reovirus given to patients in combination with chemo-
therapy was well tolerated in a phase I/II clinical trial for
treatment of head and neck cancers [18]. Furthermore, in a
phase II/III clinical trial that enrolled 36 patients with glioma,
patients who received the experimental arm consisting of ad-
enovirus encoding HSV-Tk and intravenous ganciclovir injec-
tions followed by postoperative radiotherapy survived 24.7
weeks longer than patients who received standard postoper-
ative radiotherapy alone [19].

Therefore, because of the promising interactions between
viruses and conventional therapy, it becomes prudent to inves-
tigate the three-way cooperation between cell carrier, oncolytic
adenovirus, and conventional XRT-TMZ for the treatment of gli-
oma. To date, no one has previously investigated the interac-
tions of these three therapies, and a detailed understanding is
crucial before this novel approach can be evaluated in a phase I
clinical trial. Therefore, for the first time, we report on the ther-
apeutic efficacy and safety monitoring of CRAd-S-pk7-loaded
NSCs in the presence of XRT-TMZ for the treatment of human
GBM. The goals of this study were to mimic the clinical situation
in an experimental model and develop a clinically relevant pro-
tocol for combining stem cell-based oncolytic therapy with con-
ventional treatment for GBM patients. Here we demonstrate
that combining stem cell-based oncolytic therapy with XRT-TMZ
does not negatively impact the properties of stem cells as a virus
carrier or manufacturer in situ. Furthermore, in an orthotropic
xenograft model of human glioma established with a patient-
derived GBM line, CRAd-S-pk7-loaded NSCs administered intra-
cerebrally in concurrencewith XRT-TMZ treatment extended the
median survival of mice when compared to treatment with XRT-
TMZalone.Moreover, NSCs should be administeredprior to XRT-
TMZ treatment because of the possible radiosensitizing effect of
oncolytic adenovirus to glioma cells. Thus, data presented in this
study will allow us to evaluate an NSC-based cell carrier for the
targeted delivery of anti-glioma oncolytic virotherapy and de-
velop a rational clinical protocol for the filing of a future investi-
gational new drug (IND) application for a human clinical trial
involving recurrent andnewly diagnosedpatientswithmalignant
glioma.

MATERIALS AND METHODS

Cell Culture
HB1.F3-CD, a v-myc immortalized human NSC line, originated
from the human fetal brain and was modified to constitutively
express cytosine deaminase (CD) [20, 21]. Glioma cell lines
U87MG and U251MG were purchased from the American
Type Culture Collection (Manassas, VA, http://www.atcc.org),
whereas GBM43-Fluc and GBM39, both primary human glioma
specimens isolated from patients, were kindly provided by Dr. C.
David James of the University of California, San Francisco. All
adherent cultures were maintained in Dulbecco’s modified Ea-
gle’s medium (Cellgro, Manassas, VA, http://www.cellgro.org)
supplemented with 10% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA, http://www.atlantabio.com), 2 mmol liter�1

L-glutamine, 100 units ml�1 penicillin, 100 �g ml�1 streptomy-
cin, and 0.25 �g ml�1 amphotericin B (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com). For more details regarding subcul-
ture and in vivo passaging, please refer to supplemental online
data.

Viral Vectors
The replication-competent adenoviral vector CRAd-S-pk7 is
made up of two genetic mutations to confer tumor selectivity
and replication: (a) a fiber modification by the insertion of seven
polylysine (pk7) into the C terminus of thewild-type fiber protein
and (b) a survivin promoter inclusion upstream of the viral E1A
gene [11]. CRAd-S-pk7 was used for viral loading of NSCs at 50
infectious units (IU) per cell for 1.5 hours at �23°C in a suspen-
sion of 1 � 106 cells per 100 �l of phosphate-buffered saline
(PBS) or as adherent cells for all experiments [12–14]. ONYX-015
adenovirus was used only in immunoblotting experiments at the
infectious dose of 50 IU per cell.

Chemotherapy and Radiotherapy
For all studies, the cells and mice received XRT in accordance
with the University of Chicago’s radiation safety guidelines and
protocols. All cells received a single dose of 2 Gy XRT. For animal
studies, 10 Gy fractioned dose radiotherapy (2 Gy for 5 consec-
utive days) was used. The animals were irradiated with a lead
cover shielding their entire body, with only their heads exposed.
For in vitro studies, cells were administered TMZ based on their
IC50 values when also treated with XRT simultaneously, which
were as follows: HB1.F3-CD� 15�M; U251� 44�M; U87� 25
�M;GBM43� 37�M; and GBM39� 50�M. For in vivo studies,
themice received 2.5, 5, 10, or 30mg/kg TMZ via intraperitoneal
injection. TMZ preparation and dilution are described in the sup-
plemental online data.

Flow Cytometry
For detection of surface antigens, the cells were stained with
primary antibodies for 1 hour at 4°C in fluorescence-activated
cell sorting (FACS) buffer (0.5% bovine serum albumin � 0.05%
sodium azide) in PBS. After the cells were washed, secondary
antibodies were added in FACS buffer for 0.5 hour at 4°C. After
fluorescent labeling, the samples were washed and acquired on
a BD FACSCanto cytometer (BD Biosciences, Franklin Lakes, NJ,
http://www.bdbiosciences.com) and analyzed using FlowJo
(Tree Star, Ashland, OR, http://www.treestar.com). The follow-
ing primary antibodies were used: fluorescein isothiocyanate
(FITC)-conjugated anti-Oct4 (Millipore, Billerica, MA, http://
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www.millipore.com), phosphatidylethanolamine (PE)-conjugated
anti-Nestin (BD Biosciences), biotinylated Sox2 (R&D Systems,
Minneapolis, MN, http://www.rndsystems.com), and PE-conju-
gated active caspase-3 (BD Biosciences). For a secondary anti-
body, streptavidin conjugated to Alexa 647 (Invitrogen) was
used. All antibody dilutionswere used according to themanufac-
turer’s recommendation.

Evaluation of Relative Gene Expression by Quantitative
Real-Time Polymerase Chain Reaction
Relative expression of mRNA transcripts was evaluated for the
human receptors vascular endothelial growth factor receptor 2
(VEGFR2), CXCR4, CD44, and urokinase plasminogen activator
receptor (uPAR) after exposure to 2Gyof XRT and15�MTMZ for
12 and 24 hours. Transcript levels were measured and analyzed
using quantitative real-time polymerase chain reaction (qRT-
PCR) as explained in the supplemental online data.

Assessment of NSC Migration
To analyze the migratory capacity of loaded HB1.F3-CD cells to
tumor cells in the presence of XRT-TMZ treatment, a wound
healing assay was carried out using cell culture inserts (catalog
no. 80209; Ibidi, München, Germany, http://www.ibidi.de). The
specific protocol is defined in the supplemental online data. Mi-
gration analysis was conducted by measuring the average dis-
tance traveled as compared with that of mock cells.

Analysis of Viral Replication
To detect the level of viral replication, NSCs were infected with
50 IU of CRAd-S-pk7 and treated with XRT-TMZ. Cells were col-
lected, and the total DNAwas isolated from cultured cells using a
DNeasy tissue kit (Qiagen, Valencia, CA, http://www.qiagen.
com). Adenoviral E1A gene expression was quantified via qRT-
PCR using iQ SYBR Green supermix (Bio-Rad, Hercules, CA,
http://www.bio-rad.com), using primers and protocol described
elsewhere [22]. The analysis of samples is described in the sup-
plemental online data. Thequantification of infectious viral prog-
eny of NSCs was conducted using the Adeno-X rapid titer kit
protocol (Clontech, Mountain View, CA, http://www.clontech.
com) as described elsewhere [12]. The titration unit (IU/ml) val-
ues quantified through this protocol are similar to plaque-form-
ing units.

In Vitro Glioma Cell Toxicity Studies
A green fluorescent protein (GFP) expressing HB1.F3-CD cell line
was generated as described elsewhere [13]. GBM43-Fluc cells
were plated in 12-well plates and cocultured with HB1.F3-CD-
GFP cells loaded with CRAd-S-pk7 in the following NSC to glioma
cell ratios: 1:0, 1:2, 1:5, 1:10, and 1:50. After 96 hours, the cells
were collected, lysed with reporter lysis buffer (Promega,
Madison, WI, http://www.promega.com), and added to lu-
ciferase assay reagent (Promega) according to the manufactur-
er’s protocol. Following lysate preparation, the mean fluores-
cence intensity (MFI)was estimated for each group of cocultured
cells using the GloMax 20/20 Luminometer (Promega). The
mean luciferase intensity values were represented as the per-
centage of cells viable compared with mock cells.

U251, U87, and GBM39 cell viability was determined using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
cell proliferation kit (Roche Diagnostics, Mannheim, Germany,
http://www.roche-applied-science.com). The viability was subse-

quently determined by MTT as described by the manufacturer’s
protocol. Cell viabilitywas expressed as thepercentageof cells alive
compared with the dimethyl sulfoxide-treated control.

Animal Experiments
All of the animals were cared for according to a study-specific
animal protocol certified by the University of Chicago Institu-
tional Animal Care and Use Committee. The animals underwent
intracranial stereotactic surgery, and 3.5 � 105 GBM43 cells
were implanted in a 2.5-�l volume of PBS. For a detailed animal
surgery and treatment protocol, please refer to the supplemen-
tal online data. For measurement of tumor volume on day 5, the
mice were imaged for Fluc activity following intraperitoneal in-
jection of D-luciferin (Gold Biotechnology, St. Louis, MO, http://
www.goldbio.com) (4.5 mg per animal in 150 �l of saline), and
photon counts were recorded 10 minutes after D-luciferin ad-
ministration by using a cryogenically cooled high-efficiency
charged-coupled device camera system (Xenogen IVIS200 opti-
cal imaging system; Caliper Life Sciences, Mountain View, CA,
http://www.caliper.com) [13]. Representative hematoxylin- and
eosin-stainedmouse brain tissue pictureswere capturedwith an
AxioCam Color MR digital camera attached to an Olympus BX41
microscope and rendered in AxioVision version 3.0 software.

Western Blot
For protein analysis, U87 or U251 cells were cultured in 100-mm
plates. The cells were harvested, washed, and lysed by the addi-
tion of 200 �l of mammalian protein extraction reagent (Pierce,
Rockford, IL, http://www.piercenet.com) supplemented with
protease andphosphatase inhibitor cocktail. 40�gof protein per
lane was run on 10% Tris-HCl gel and was transferred by semidry
electrophoretic transfer onto a polyvinylidene difluoride mem-
brane. The membrane was blocked with 2% nonfat dry milk and
stained with anti-Mre11 (Cell Signaling Technology, Danvers,
MA, http://www.cellsignal.com), anti-Rad50 (Cell Signaling
Technology), and anti-�-actin (Santa Cruz Biotechnology, Dallas,
TX, http://www.scbt.com) antibodies, followed by the second-
ary anti-rabbit antibody conjugated with HRP (Cell Signaling
Technology). All antibodies were diluted according to the manu-
facturer’s recommendation. ImmunStar WesternC was used to
develop the reaction. Images were captured using Bio-Rad’s
ChemiDoc imaging system.

Immunofluorescence
GBM43 cellswere growndirectly in four-well chamber slide (Lab-
Tek, Hatfield, PA, http://www.labtek.net) cell culture dishes. The
cellswere fixed and stained according to themanufacturer’s pro-
tocol. The anti-phosphohistone H2A.X (Cell Signaling Technol-
ogy) primary antibody was used at a 1:600 dilution overnight at
4°C. For immunofluorescence of animal tissue, the brains were
embedded in optimal cutting temperature compound (Tissue-
Tek) and frozen in a dry ice-2-methylbutane bath. Sections of 8
�m, spanning �2 mm of tissue, were stained according to the
manufacturer’s protocol. The anti-cleaved caspase-3 (Cell Signal-
ing Technology) primary antibody was used at a 1:600 dilution
overnight at 4°C. The cells and tissues were washed, and goat
anti-rabbit antibody conjugated with FITC (Santa Cruz Biotech-
nology) secondary antibody was added for 2 hours at �23°C in
the dark. Secondary antibody was diluted according to the man-
ufacturer’s recommendation. After incubation with secondary

3Tobias, Thaci, Auffinger et al.

www.StemCellsTM.com ©AlphaMed Press 2013

http://www.millipore.com
http://www.rndsystems.com
http://www.ibidi.de
http://www.qiagen.com
http://www.qiagen.com
http://www.bio-rad.com
http://www.clontech.com
http://www.clontech.com
http://www.promega.com
http://www.roche-applied-science.com
http://www.goldbio.com
http://www.goldbio.com
http://www.caliper.com
http://www.piercenet.com
http://www.cellsignal.com
http://www.scbt.com
http://www.labtek.net


antibody, the cells and tissues were washed and mounted with
ProLong Gold antifade reagent with 4�,6-diamidino-2-phenylin-
dole (Molecular Probes). All images were captured on a Zeiss
Axiovert 200M inverted fluorescent microscope.

Statistical Analysis
All of the statistical analyses were performed using GraphPad
Prism 4 (GraphPad Software Inc., San Diego, CA, http://www.
graphpad.com). The data represent the results for assays per-
formed in triplicate or more, and all values were calculated as
means � SE. For continuous variables, comparisons between
groups were made using Student’s t test or analysis of variance
with Bonferroni or Dunnett’s post hoc test. Survival curves were
generated by the Kaplan-Meier method, and the log-rank test
was used to compare the distribution of survival times. All re-
ported p valueswere two-sided andwere considered statistically
significant at a p value of	.05 (���, p	 .001; ��, p	 .01; �, p	
.05).

RESULTS

Neural Stem Cells Retain Their Migratory Properties in
the Presence of Irradiation and Temozolomide
NSCs have an inherent pathotropism toward glioma, which is
critical for their utility as cell carriers. Therefore, it is critical that
such intrinsic molecular properties and phenotypes of NSCs are
maintained during radio-chemotherapy (XRT-TMZ). Thus, we
first evaluated whether general stem cell characteristics would
be altered during therapy. Pharmacokinetic studies have re-
vealed that the peak concentration of TMZ measured in a pa-
tient’s blood is 50 �mol/l [23–26] and 5 �mol/l in the cerebral
spinal fluid [26], and we speculate that the intratumoral concen-
tration of TMZ may be in the range of 5–50 �M. Therefore, we
set out to evaluate NSC properties after exposure to 15�MTMZ,
the IC50 for HB1.F3-CD cells in vitro (data not shown), in combi-
nationwith 2 Gy of ionizing radiation [27]. As shown in Figure 1A,
at 24 hours after exposure to conventional therapy, the NSC

Figure 1. Characterization of surface markers and migration of loaded NSCs treated with XRT-TMZ. (A): Surface marker expression of
irradiated and chemotherapy-treated NSCs at 24 hours as analyzed by fluorescence-activated cell sorting (FACS). Shown are representative
FACS plots (left) and the percentage of positive and mean fluorescent intensity of the surface markers of untreated compared with treated
neural stem cells (right). (B): Transcription level of surface receptors associated with NSC migration at 12 and 24 hours after XRT-TMZ
treatment. RelativemRNA transcripts were analyzed by quantitative real-time polymerase chain reaction andwere comparedwith untreated
NSCs. (C): Functional migration of XRT-TMZ-treated NSCs at 48 hours after treatment. The percentage of distance change was greater for
XRT-TMZ-treated NSCs than untreated control NSCs. �, p 	 .05; ���, p 	 .001. Abbreviations: APC, allophycocyanin; FITC, fluorescein
isothiocyanate;MFI, mean fluorescence intensity; NSC, neural stem cell; PE, phosphatidylethanolamine; Rx, radiation therapy-temozolomide
therapy; SSC, side scatter; TMZ, temozolomide; uPAR, urokinase plasminogen activator receptor; VEGFR, vascular endothelial growth factor
receptor; XRT, radiation therapy.
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markers Nestin and Sox2 were found present in almost all the
adenovirus-loaded control cells (97.4 � 0.8% and 99.8 � 0.2%,
respectively). Oct4, amarker of self-renewal for undifferentiated
cells, was expressed in 87.6 � 1.1% of the loaded NSCs. We
observed that Sox2 expression levels were not significantly al-
tered from XRT-TMZ therapy; however, Nestin and Oct4 de-
creased slightly. The percentage of Oct4 positive cells decreased
to 81 � 2% (�, p 	 .05), whereas the MFI was not reduced. For
Nestin, we observed the reverse: the percentage of positive cells
remained unchanged, whereas the MFI was reduced by 27%
(���, p 	 .001) (Fig. 1A). Because of the high priority of safety
when working with the undifferentiated v-myc immortalized
HB1.F3-CD stem cell line [20], we performed an in vivo safety
monitoring experiment to test the effect of XRT-TMZ on loaded
HB1.F3-CD cellular transformation. CRAd-S-pk7-loaded NSCs
were implanted in the brains of nude mice with no tumor bur-
den. Subsequently, 1 day after implantation mice received 30
mg/kg of TMZ and 2 Gy of radiation for 5 consecutive days. The
miceweremonitored for weight loss and survival, and at the end
of
4months, themice that were injectedwith loadedNSCs and
treatedwith XRT-TMZ showed no significant weight loss or other
symptoms of malignant transformation (supplemental online
Fig. 1).

Furthermore, the capacity of NSCs to home to glioma cells
has been linked to the expression of chemoattractant receptors
expressed on their surface [28]. Therefore, we next evaluated
the transcription level of various chemokine receptors that have
been attributed to themigration of NSCs both in the absence and
presence of XRT-TMZ at 12 and 24 hours after treatment. We
noticed that VEGFR2 and uPAR transcription was inhibited tran-
siently at 12 hours (�, p 	 .05) and recovered at 24 hours in the
presence of XRT-TMZ. Moreover, CD44 and CXCR4 expression
was found reduced only after 24 hours of treatment, �, p 	 .05
(Fig. 1B). To evaluate whether these fluctuations in transcription
of chemokine receptors had any effect on the functional patho-
tropism of loaded carrier cells, we performed a wound healing
assay. We found that XRT-TMZ did not reduce but rather in-
creased themigration of loadedNSCs in vitro (���, p	 .001) (Fig.
1C). Taken together, we conclude that the exposure to conven-
tional anti-glioma therapies exerts a minimal effect on the phe-
notypic and chemoattractant markers of NSCs but does not alter
their tumor-tropic migration.

Radio-Chemotherapy Minimally Reduces Oncolytic
Virus Replication Within Carrier Cells
In order for a stem cell to be an effective carrier of OV, it must
support viral replication. To determine the impact of XRT-TMZ
treatment on the ability of NSCs to replicate CRAd-S-pk7, viral
replication was quantified by viral E1A DNA copy number or in-
fectious progeny present in NSCs. As shown in Fig. 2A, TMZ had a
bimodal effect on the adenoviral E1A gene copies (E1A per nano-
gram of DNA). On days 1 and 2, we noticed that TMZ at 100 and
50 �M, respectively, increased the E1A copies per nanogram of
DNA between 2.5- and 4.5-fold (�, p 	 .05). No difference was
noted on day 3, whereas there was a 3-fold decrease in E1A
copies per nanogram of DNA on day 4 at the highest TMZ con-
centration of 100 �M (�, p 	 .05).

Similar to TMZ, 2 Gy irradiation showed a trend toward in-
creased E1A copy number on day 1, followed by a significant
reduction of E1A copy on day 3 (�, p 	 .05) (Fig. 2B). In order to
quantify the effect of concurrent XRT-TMZ on viral replication,

we assessed viral progeny titers 96 hours after infection and
noted that high-dose TMZ (50–100 �M) and radiation reduced
production of infectious progeny in NSCs from 1.03 � 108 �
2.2 � 106 IU/ml in untreated NSCs to 5.1 � 107 � 9.4 � 106

IU/ml in NSCs treated with 2 Gy XRT and 50 �MTMZ (�, p	 .05)
(Fig. 2C). At the same time, NSCs treated with TMZ concentra-
tions more closely related to those found to accumulate in the
cerebral spinal fluid of patients (�5 �M) [24, 26], and 2 Gy radi-
ation had no significant effect on adenoviral progeny titers (Fig.
2C). Based on these data, we conclude that conventional therapy
caused minimal interference with the ability of HB1.F3-CD cells
to support therapeutic virus replication but did not increase
CRAd-S-pk7 titers.

Loaded NSCs in Addition to Conventional Therapy
Increase Glioma Cell Cytotoxicity In Vitro
We have previously shown that loaded NSCs can deliver the viral
payload to glioma cells that are grown continuously under in
vitro conditions [12]. Because long-term passage in vitro can al-
ter glioma cell phenotype and molecular profile, we tested the
sensitivity of the patient-derived glioma line GBM43 toward our
adenovirus-loaded NSCs. GBM43 cells are passaged in mouse
flanks and used for experimentswithout any in vitro passaging to

Figure 2. Evaluation of CRAd-Survivin-pk7 (CRAd-S-pk7) replication
in neural stem cells (NSCs) treatedwith XRT-TMZ. Viral replication of
CRAd-S-pk7 was measured by quantitative real-time polymerase
chain reaction and presented as a number of viral E1A copies per
nanogram of DNA from infected NSCs. (A, B): Viral replication was
evaluated daily up to 96 hours after treatment with 0, 10, 50, or 100
�M TMZ (A) and 0, 2, or 4 Gy of XRT (B). (C): CRAd-S-pk7 viral titer
levels 96 hours after XRT-TMZ treatment of infected NSCs. Treat-
mentwith both XRT and TMZ slightly reduced viral titer levels at high
doses of TMZ, but no change was observed when treated with TMZ
concentrations closer to physiologically relevant levels. �, p 	 .05.
Abbreviations: DMSO, dimethyl sulfoxide; IU, infectious units; TMZ,
temozolomide; XRT, radiation therapy.
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retain their original glioma characteristics [29, 30]. First, we
tested whether loaded NSCs can induce toxicity to GBM43 when
cocultured at different glioma to NSC ratios and found that ade-
novirus-loaded NSCs can induce significant toxicity up to a ratio
of 1 NSC per 10 glioma cells at 96 hours after treatment (��, p 	
.01) (Fig. 3A).

Next, we tested whether CRAd-S-pk7 could enhance the
therapeutic efficacy of conventional XRT-TMZ. U251 or U87 gli-
oma cells were treatedwith conventional therapy consisting of 2
Gy XRT and varying concentrations of TMZ (0–1 � 103 �M) or
conventional treatment plus 50 IU of CRAd-S-pk7, and cell viabil-
ity was measured by MTT at 96 hours. In both cell lines, combi-
nation therapy was more cytotoxic to glioma cells compared
with conventional XRT-TMZ alone. The IC50 values for TMZ de-
creased from 44 and 25 �Mwithout oncolytic adenovirus infec-
tion to 13 and 10 �M when oncolytic virotherapy was added to
the treatment of U251 and U87 glioma cells, respectively (���,
p 	 .001) (Fig. 3B).

Oncolytic Adenovirus-Loaded NSCs Extend Survival of
Glioma-Bearing Animals Treated With Conventional
Chemo-Radiotherapy
In order to evaluate the therapeutic efficacy of OV-loaded NSCs
(NSC-OV) in combination with XRT-TMZ therapy as compared
with XRT-TMZ therapy alone, we first established a suboptimal
treatment protocol for XRT-TMZ in vivo. This would allow us to
assess whether our loaded NSCs could work jointly with conven-
tional XRT-TMZ to increase the survival of animals bearing ortho-
tropic human glioma xenografts. To test the combination ther-
apy, we established a tumormodel as described inMaterials and
Methods. The intracranial implantation of 3.5� 105GBM43 cells
results in an established tumor burden by day 1 of treatment (5
days after injection) as demonstrated by bioluminescence imag-
ing and histological sections of mouse brains (supplemental on-
line Fig. 2). We found that when mice bearing GBM43 were ad-
ministered TMZ intraperitoneally at a dose of 30 mg/kg, the

majority of animals (four out of five) survived long term (
75
days), whereas, at the doses of 5 and 10 mg/kg, animals suc-
cumbed to the disease despite a significant increase in their sur-
vival when compared with mock-treated animals (���, p 	 .001
(Fig. 4A). We next looked at survival of mice receiving both XRT
and TMZ simultaneously.

As shown in Figure 4B, 10 Gy fractionated radiotherapy (2 Gy
per day for 5 days) alone prolonged median animal survival by
50% (16–24 days) when compared with mock-treated animals
(��, p	 .01). The addition of 2.5 mg/kg of TMZ proved no better
than radiation alone, whereas 5 mg/kg of TMZ in combination
with XRT increased animal survival by 7 days (from 24 to 31 days)
when compared with XRT-treated animals (��, p 	 .01). When
higher doses of TMZ (10 and 30 mg/kg) were administered in
combination with XRT, most mice lived long term. Based on
these results, we selected the suboptimal treatment regimen of
5mg/kg of TMZ and 10 Gy of fractionated radiotherapy (2 Gy per
day for 5 days) to test whether our CRAd-S-pk7-loaded NSCs
added an additional survival benefit in an animal model of
glioma.

Finally, to test the in vivo efficacy of the multimodality
anti-glioma therapy, we first established intracranial GBM43
xenografts in nude mice. Five days after establishing intracranial
glioma xenografts, the animals were injected with CRAd-S-pk7-
loaded NSCs at two different doses: 5 � 105 or 3 � 106 (the
maximum number of NSCs that could fit in a 2.5-�l injection
volume) adenovirus-loaded NSCs. The next day, the animals be-
gan the previously established 5-day regimen of XRT-TMZ. As
shown in Figure 4C, the intratumoral injection of 5 � 105 loaded
NSCs in combinationwith XRT-TMZ increasedmedian survival by
29% over mice treated with XRT-TMZ alone. Furthermore, we
observed a dose-dependent increase in the median survival
time. When the number of OV-loaded NSCs was increased from
5 � 105 to 3 � 106, the median survival was increased by an
additional 13% (5 � 105 NSC-OV�XRT-TMZ-treated group � 31
days median survival; 3 � 106 NSC-OV�XRT-TMZ-treated

Figure 3. Antitumor effects of CRAd-Survivin-pk7 (CRAd-S-pk7)-loaded NSCs and their combination with XRT-TMZ against glioma cell lines in
vitro. (A): Cytotoxicity of patient-derived GBM43 tumor cells 96 hours after coculture with CRAd-S-pk7-loaded NSCs at the NSC to GBM43 cell
ratios of 1:0, 1:2, 1:5, 1:10, or 1:50. Top: Representative lightmicroscopepictures ofGBM43 viability. Bottom:Mean luciferase intensity values
represented as the percentages of viable glioma cells compared with control. (B): U251 and U87 glioma cell viability measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide at 96 hours after treatment. The addition of CRAd-S-pk7 (50 infectious units) to
conventional XRT-TMZ therapy reduced the percentage of glioma cell viability in both tested cell lines. The IC50 values of TMZ for U251 and
U87 cells when treated with XRT-TMZ decreased by 31 and 15 �M, respectively, when OV was added. ��, p 	 .01; ���, p 	 .001. Abbrevia-
tions: NSC, neural stem cell; OV, oncolytic virus; TMZ, temozolomide; XRT, radiation therapy.
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group� 35 daysmedian survival). Comparedwith XRT-TMZ treat-
ment alone, the addition of 3� 106 NSC-OV significantly increased
the median survival by approximately 46% (XRT-TMZ-treated
group � 24 days median survival; 3 � 106 NSC-OV�XRT-TMZ-
treated group� 35-daymedian survival) (��, p	 .01) (Fig. 4C).

Administration of Loaded NSCs Prior to Chemo-
Radiotherapy Demonstrates the Greatest Survival
Benefit
In the clinical setting there are two possible schedules when
loaded NSCs could be realistically administered to patients: (a)
before XRT-TMZ therapy and into the resection cavity during the
time of surgery or (b) after XRT-TMZ therapy via an alternative
clinical delivery approach if protocol specified. Depending on the
mechanismof interaction, the relative timingandorderof the treat-
ment regimen could have a differential outcome on treatment effi-
cacy, and therefore it is an important clinical consideration [31]. To
determinewhichwould provide the greatest benefit, wemimicked
these scenarios both in vitro and in our animal model.

First, we tested both treatment approaches and measured
cell toxicity in both U251 and U87 glioma cell lines. As shown in
Figure 5A, glioma toxicity was dependent on the timing of OV
administration. Both U87 and U251 cells showed greater toxicity
at 96 hours when treated with oncolytic adenovirus (50 IU) 24
hours prior to treatment with TMZ (respective IC50 for each cell
line) and 2Gy XRT (�, p	 .05; ��, p	 .01, respectively). Likewise,
the patient-derived GBM39 cell line demonstrated more robust
toxicitywhen treatedwith oncolytic adenovirus 24 hours prior to

XRT-TMZ (Rx) (���,p	 .001). Furthermore,at48hoursafter treat-
ment, GBM43 cells that were treated with CRAd-S-pk7 virus 24
hours before XRT-TMZ resulted in a higher percentage of cells that
stained positive for the active form of the caspase-3 protein (XRT-
TMZ then OV� 8.7� 0.4% vs. OV then XRT-TMZ� 13.99� 0.8%)
(��, p 	 .01) (Fig. 5B). Together, this indicates that upfront treat-
ment with OV induces higher levels of cellular apoptosis and cyto-
toxicity as compared with the alternative treatment approach.

We next considered a preclinical scheduling protocol to test
whether the relative timing of loaded NSC administration had an
effectonanimal survival. To test this,weestablishedGBM43glioma
xenografts in nudemice 5 days prior to the beginning of treatment.
The mice were split into two treatment groups, and all mice re-
ceived5�105 loadedNSCsand5daysof treatmentwith5mg/kgof
TMZ and 2 Gy of XRT. To test timing as a variable for therapeutic
outcome, we applied the following treatment schedules: (a) intra-
tumoral (IT) injectionofCRAd-loadedNSCs followedbya full cycleof
conventional therapy starting 24 hours later or (b) a full cycle of
conventional therapy followed by an IT injection of CRAd-loaded
NSCs following its completion. What we observed in the animal
model was consistent with the in vitro findings. As shown in Figure
6A, when animals received loadedNSCs before XRT-TMZ, theirme-
dian survival was 9 days longer compared with the animals that
received the reverse treatment schedule (�, p	 .05). Furthermore,
33% ofmice who received loaded NSCs before TMZ-XRT compared
with9%ofmicewhoreceived theopposite treatment regimen lived
long term (
70 days). In addition, the level of apoptosis in the
mouse brain tumors corresponded to the increased survival

Figure 4. In vivo efficacy of CRAd-Survivin-pk7 (CRAd-S-pk7)-loaded NSCs and XRT-TMZ treatment against human-derived glioma xenografts.
Intracranial GBM43 (3.5� 105 cells per animal) was established, and the animals were treated for 5 consecutive days beginning on day 6 after
tumor cell implantation. (A): Survival of animals treated with escalating doses of intraperitoneally administered TMZ (0, 5, 10, or 30 mg/kg).
(B): Survival of animals treatedwith XRT (2Gy) or a combination of XRT (2Gy) and TMZ (2.5, 5, 10, or 30mg/kg). (C): Survival of animals treated
with the optimized dose of 2 Gy XRT and 5 mg/kg TMZ in addition to 5 � 105 or 3 � 106 NSCs loaded with 50 infectious units of CRAd-S-pk7.
The addition of 5� 105 or 3� 106 loadedNSCs to XRT-TMZ treatment increased themedian survival of glioma-bearingmice by 7 and 11 days,
respectively. �, p 	 .05; ��, p 	 .01; ���, p 	 .001. Abbreviations: ND, not determined; ns, no significance; NSC, neural stem cell; TMZ,
temozolomide; XRT, radiation therapy.
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Figure 6. Scheduling of CRAd-Survivin-pk7 (CRAd-S-pk7)-loaded NSC administration in vivo. (A): Survival of animals treated with both
therapeutic scheduling protocols. Intracranial GBM43 (3.5� 105 cells per animal) was established, and the animals received an intratumoral
(IT) injection of loaded NSCs (5� 105) on day 5 followed by 5 consecutive days of XRT-TMZ (2 Gy and 5 mg/kg) therapy beginning on day 6 or
alternatively XRT-TMZ therapy starting on day 6 for 5 consecutive days followed by an IT injection of loaded NSCs on day 12. A 9-day
preferential median survival was observed in mice that received upfront NSC-based oncolytic therapy. (B): Fluorescent microscopy of mouse
brain tissue bearing GBM43 xenografts (left). Top: Anti-cleaved caspase-3 (green). Bottom: Overlay; anti-cleaved caspase-3 (green) and
anti-4�,6-diamidino-2-phenylindole (blue). Magnification, �20. Scale bar � 50 �m. For each treatment group, five images were taken using
the�20objective, and thenumber of positive cellswas quantified per field of view (right).�,p	 .05;��,p	 .01;���,p	 .001. Abbreviations:
FOV, field of view; NSC, neural stem cell; OV-Rx, XRT-TMZ therapy 24 hours after oncolytic virus-loaded NSCs; Rx-OV, oncolytic virus-loaded
NSCs 24 hours after XRT-TMZ therapy; TMZ, temozolomide; XRT, radiation therapy.

Figure 5. Optimizationof combination therapy in vitro. (A):Cytotoxicity ofU251 andU87glioma cell lines andGBM39patient-derived cell line
treated with Rx-OV or OV-Rx. Left: The percentage of viability of glioma cells measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide 96 hours after treatment. Right: Representative light microscope pictures of U87 glioma cell viability (magnification, �10).
(B):Percentage of apoptotic GBM43 cells at 48 hours after treatmentwith Rx-OVorOV-Rx treatment protocols asmeasured by the expression
of active caspase-3-positive tumor cells by FACS (bottom). Top: Representative FACS plots. �, p 	 .05; ��, p 	 .01; ���, p 	 .001. Abbrevia-
tions: DMSO, dimethyl sulfoxide; OV-Rx, ionizing radiation-temozolomide therapy 24 hours after oncolytic virus; PE, phycoerythrin; Rx-OV,
oncolytic virus 24 hours after ionizing radiation-temozolomide therapy.
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observed in mice treated with loaded NSCs prior to receiving XRT-
TMZ. Immunohistopathological examination of the mouse brains
from the two treatment groups revealed a significantly higher num-
ber of caspase-3-positive cells in the brain tumors of mice that re-
ceived treatmentwith loadedNSCs 24hours before treatmentwith
standard therapy (Rx). The number of caspase-3-positive cells was
counted per �20 objective field of view (FOV), and brain tumors
treated with upfront loaded NSCs showed 19.40 � 1.860 caspase-
3-positive cells per FOV as comparedwith 4.800� 0.5831 caspase-
3-positive cells per FOV in the brain tumors treated with the alter-
native treatment schedule (���, p	 .001) (Fig. 6B). Based on these
observations, we conclude that OV-loaded NSCs should be admin-
istered prior to conventional therapy.

CRAd-S-pk7 Radiosensitizes Glioma Cells by Inhibiting
Radiation-Induced DNA Damage Responses
To elucidate the molecular mechanism responsible for the pref-
erential survival observed in animals receiving loaded NSCs prior
to conventional glioma therapy, we considered two possible ex-
planations: (a) therapy is enhanced through an increase in onco-
lysis caused by a chemotherapy- and/or radiation-mediated in-
crease in viral replication rates [32], or conversely, (b) OV
induces a molecular change in tumor cells that leads to an im-
proved response to chemo- or radiotherapy [33, 34]. Currently,
the interaction between oncolytic adenovirus and conventional
therapies for glioma remains unclear [35, 36]. Based on previ-
ously published data, in addition to evidence from our prelimi-
nary results that showed no significant increase in viral titers
upon exposure to XRT-TMZ (Fig. 2C), we selected to investigate
how CRAd-S-pk7 affects the DNA repair machinery of glioma
cells. It has been shown that adenovirus oncoproteins, such as
the E1B 55-kDa gene product, can inactivate the Mre11-Rad50-
NBS1 (MRN) DNA repair complex in infected cells and suppress
the hosts’ DNA damage responses during viral DNA replication
[33]. Based on this, we hypothesized that OV infection prior to
conventional treatment can sensitize the infected glioma cells to
radiotherapy.

To test this, we measured MRN complex protein levels by
Western blot over time after infection with adenoviruses CRAd-
S-pk7 and ONYX-015. As shown in Figure 7A, the levels of Rad50
and Mre11 protein gradually decreased over time after CRAd-S-
pk7 infection in bothU87 andU251 glioma cell lines. At 36 and 48
hours after infection, when the levels of Rad50 and Mre11 pro-
tein were at their lowest, the expression of MRN complex pro-
teins remained unchanged in both U87 and U251 glioma cells
infected with the E1B attenuated ONYX-015 adenovirus.

Furthermore, to investigate whether the observed decrease
in MRN proteins after CRAd-S-pk7 infection could abrogate the
DNA repair process in glioma cells in response to ionizing radia-
tion, we measured the cells’ ability to resolve �H2AX foci, a sen-
sitive indicator of DNA double-stranded breaks (DSBs), over
time. GBM43 cells were treated with OV either 24 hours prior to
or after XRT treatment and collected 24, 48, and 72 hours rela-
tive to the time when cells received irradiation. Immunofluores-
cent staining for �H2AX foci revealed that at 72 hours, there
were a greater number of �H2AX foci in cells treated with OV
before XRT compared with cells treated with XRT before OV or
XRT alone (number of �H2AX foci per cell: red arrows, 0–50 foci;
yellow arrows, 51–100 foci; blue arrows, 101–200 foci; and or-
ange arrows, 
200 foci) (Fig. 7B, 7C). To quantify the rate of
�H2AX foci resolution over time, the number of foci per cell at

each consecutive time point was counted, and the effect over
time was analyzed by ordinal logistic regression. Figure 7C re-
veals, in glioma cells that were irradiated 24 hours prior to re-
ceiving OV, a decreasing number of �H2AX foci over time as the
DNA DSBs were repaired (negative time effect; coefficient:
�0.024 � 0.01; p � .020). Furthermore, glioma cells that were
treatedwithOV24hours before irradiation had static�H2AX foci
levels over time (no significant time effect; coefficient: 0.009 �
0.01; p � .386). These results indicate that infection with CRAd-
S-pk7 may increase the sensitivity of glioma cells to XRT treat-
ment by compromising the cells’ ability to repair DNA damage
induced by ionizing radiation.

DISCUSSION

The investigation and development of superior treatment ap-
proaches for highly invasive and therapy-resistant glioblastoma
are necessary. Over the past few years, our laboratory has devel-
oped the HB1.F3-CD NSC line into a cell carrier for specific deliv-
ery of the glioma tropic OV CRAd-S-pk7 in the preclinical setting
[12]. At this stage we are currently conducting the necessary
preclinical studies required to file for an IND application for the
evaluation of NSC-based anti-glioma virotherapy in patients with
newly diagnosed or recurrent malignant glioma.

Translating novel therapies from the laboratory to clinical
trials is a complex path with many challenges [37]. Every day,
promising gene therapy translational research is being con-
ducted, but the outcomes of many phase III clinical trials fail to
meet expectations. “Preclinical robustness” is the term coined to
refer to how well preclinical studies are designed to accurately
predict the efficacy of novel treatments in human patients. It is
thought that in order to improve the success rate of novel ther-
apies in clinical trials, preclinical studies need to become more
robust. In order to increase the robustness of preclinical data, a
novel therapy should be evaluated in a model that is most rep-
resentative of the human disease and tested in conjunction with
the standard of care treatment [38]. Although a challenging task,
we feel that our studies and preclinical animal model meet sev-
eral standards of preclinical robustness and therefore stringently
support the application of OV-loaded NSCs for treatment of gli-
oblastoma.

We first tested the function of our NSC carrier in the pres-
ence of conventional GBM therapies. A major advantage of a
carrier cell-based system to deliver OV is the capacity of stem
cells to transport therapeutics to their intended targets located
at a distance from the original tumor site. It is critical that
HB1.F3-CD cells retain theirmigratory capacity under an environ-
ment influenced by XRT-TMZ. Many signaling molecules have
been implicated in the regulation of stemcellmigration including
CXCR4, CD44, VEGFR2, and uPAR [39]. Even though the CXCR4
and CD44 transcript levels were decreased in HB1.F3-CD cells
upon XRT-TMZ exposure in vitro, we did not observe any altera-
tion in the tumor-tropic migratory capacity of NSCs (Fig. 1). Al-
though the mechanism is not yet proven, a wealth of convincing
data exist showing that vascular endothelial growth factor
(VEGF) is copiously expressed in glioma cells and is a strong che-
moattractant mediating NSCmigration [13, 40–42]. As shown in
Figure 1B at 24 hours after XRT-TMZ therapy, NSCs retain their
level of VEGFR2 gene expression compared with untreated cells.
Taken together, conventional radio- and chemotherapy did not
alter the VEGFR2 mRNA expression of NSCs or their migratory
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capacity, and therefore VEGF-VEGFR2 receptor signaling may be
critical for maintaining the tumor pathotropism of HB1.F3-CD
cells.

Another benefit of stem cell-based oncolytic virotherapy is
the ability of OV-loaded stem cells to serve as in situ factories for
viral replication. For this approach to work in conjunction with
the standard of care for GBM, NSCs must retain their ability to
support therapeutic virus replication. Despite our results that
show a slightly diminished viral titer when NSCs are treated with
radiation and high-dose chemotherapy on day 4, at lower doses
of TMZ the viral titer was unaffected and remained consistent
with the titer produced by untreated NSC carriers. Interestingly,
although we did not see increased viral replication, we did ob-

serve an increased cytotoxic effect in both U251 and U87 glioma
cell lineswhen cells were treatedwithOV in addition to XRT-TMZ
(Fig. 3B), which we later attributed to the possible radiosensitiz-
ing effect of OV. To test the efficacy of CRAd-loaded NSCs in
combination with conventional therapy in vivo, we established a
preclinical model. In developing our model we considered fac-
tors thatwould influence the preclinical robustness of our exper-
iments and addressed the shortcomings of previous animalmod-
els. Treating a tumor in its natural environment can significantly
influence therapeutic outcome. Many previous studies evaluat-
ing the combination of OV and conventional therapy have been
limited to subcutaneous tumor models [31] or intracranial mod-
els established from cell lines passaged in vitro. Therefore, we

Figure 7. Radiosensitizing effect of CRAd-Survivin-pk7 (CRAd-S-pk7) infection on glioma. (A): Protein expression of the Mre11-Rad50-NBS1
complex proteins Rad50 (153 kDa) and Mre11 (81 kDa) at 12, 24, 36, and 48 hours after infection with 50 infectious units of CRAd-S-pk7 or
ONYX-015.Western blots show that Rad50 andMre11protein expression are reduced at both 36 and 48hours after infectionwith CRAd-S-pk7
but not ONYX-015. (B): Immunofluorescent staining of radiation induced �H2AX foci under a confocal laser microscope. Top: Anti-�H2AX
(green); bottom: Dapi (blue). Magnification, �63. Scale bar � 20 �m. (C): Quantification of �H2AX foci resolution over 72 hours after XRT
treatment. The number of �H2AX foci per cell was counted and grouped according to the following range of foci per cell: 0–50 (red arrows),
51–100 (yellow arrows), 101–200 (blue arrows), and 
200 (orange arrows). Left: Time effect was determined by ordinal logistic regression
analysis. The number of �H2AX foci was significantly resolved over time in XRT-OV-treated cells (p � .020), whereas there was no significant
change in the number of foci over time in OV-XRT-treated cells (p � .386). Right: Representative overlay images of each range of foci per cell
(anti-�H2AX, green, and anti-DAPI, blue). Magnification, �63. Scale bar � 20 �m. Abbreviations: Dapi, 4�,6-diamidino-2-phenylindole;
OV-XRT, radiation therapy 24 hours after oncolytic virus; XRT-OV, oncolytic virus 24 hours after radiation therapy.
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chose to establish intracranial orthotopic xenografts that were
derived from an explanted patient GBM and serially passaged in
vivo. Furthermore, because GBM patients receive surgery, fol-
lowed by radiotherapy and temozolomide, it is crucial that novel
therapies retain their utility when used with this treatment ap-
proach. To incorporate this aspect of the clinical scenario into
our preclinicalmodel, we tested the efficacy of concomitant TMZ
and fractioned XRT [27] for 5 consecutive days in combination
with stem cell-based oncolytic virotherapy (Fig. 4C). We believe
that thismodelmay capture some of the complexities of treating
a human GBM in the clinic and contribute to the preclinical ro-
bustness of our results. Additionally, the extent of the disease
burden during the time of administration may dictate the treat-
ment effectiveness and therefore should be considered as a vari-
able that may impact outcome. As we show in supplemental
online Figure 2, the disease burden is established prior to treat-
ment on day 5 after implantation. Moreover, in the clinical set-
ting, we propose to administer CRAd-loaded NSCs after tumor
resection and before the patient receives XRT and TMZ. During
this time, depending on the extent of resection, approximately
95% of the original tumor volume has been removed [43]. In this
case, the therapy is intended to treat the minimal volume of
residual disease. Thus, because of the careful consideration
while developing the xenograft model used in this study, we
consciously attempted to mimic the clinical scenario with re-
spect to disease burden at the proposed time of NSC-based anti-
glioma oncolytic virus administration.

Finally, the timing of loaded NSC administration is an addi-
tional clinical variable that we explored because the relative
timing of treatment could be important both logistically and
therapeutically. We considered that loaded NSCs could be ad-
ministered to patients before receiving the standard of care or
afterward [38]. We concluded that loaded NSCs delivered up-
front to conventional therapy may be the optimal time for their
administration (Figs. 5, 6) in order to take advantage of their
potential radiosensitizing effects. It is established that ionizing
radiation produces a wide variety of lesions in the host DNA,
including single- and DSBs, base damage, and cross-linking of
DNA-DNA and DNA-protein [44]. DSBs play an important role in
radiation-induced cell death and are considered to be a critical
factor for the therapeutic efficacy of anti-cancer radiotherapy.
Upon detection of DNA damage, cells activate the DNA repair
pathway by initiating cell cycle arrest and inducing expression of
various genes associated with DNA repair mechanisms. MRN is
one protein complex that can act as a DSB sensor by rapidly
binding to damaged DNA and serving as the link between DNA
repair and the cell cycle regulatory pathway [45]. It has been
reported that adenovirus 5 can effectively inactivate the MRN
complex in infected cells that would otherwise inhibit viral DNA
replication and packaging [46]. The viral E1B 55-kDa protein,
with cooperation from the E4orf6 viral protein, sequesters the
MRN complex in infected cells and induces proteasome-de-
pended degradation [33]. Expression of these viral genes in hu-
man colorectal carcinoma and GBM cell lines inhibits DNA DSB
repair and induces a radiosensitizing effect in infected cells [47].

Based on this, we speculate that the advantage of administering
OV-loaded NSCs prior to radiotherapy is the sensitizing effect of
CRAd-S-pk7 on glioma cells toward radiotherapy, which onemay
not observe if OV-loaded NSCs are administered after XRT treat-
ment. As shown in Figure 7A, the degradation ofMRN proteins is
most pronounced at 36–48 hours after adenoviral infection in
vitro, but it is yet to be determined whether delivery of loaded
NSCs 24 hours before the start of conventional therapy is the
adequate amount of time to achieve a maximal survival advan-
tage in vivo. Furthermore, although we show that loaded NSCs
are compatible with TMZ both in vitro and in vivo, a further
investigation into possible mechanisms of interaction is war-
ranted.

CONCLUSION
In summary, we have demonstrated that stem cell-based onco-
lytic therapy is well suited to be administered with chemo-radio-
therapy. We have shown that the increased efficacy observed
with combination therapy is dependent on the relative timing of
administration and that NSCs loaded with CRAd-S-pk7 should be
given prior to XRT-TMZ therapy. The potential radiosensitization
induced by adenovirus infection may be a powerful tool for tar-
geting therapeutically resistant tumor cells, a hallmark of GBM’s
malignancy. Furthermore, the use of carrier cells can distribute
oncolytic viruses throughout the brain to target disseminated
tumor burdens. The future of GBM therapy is dependent on
novel therapies, and this investigation has set the foundation for
the clinical protocol of stem cell-based oncolytic therapy and
brought it one step closer to clinical trials.
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