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Abstract
Treatment of glioblastoma remains a challenge in neuro-oncology. We investigated if treatment
with neural stem cells engineered to express membrane-bound TRAIL (NSCs-mTRAIL) alone or
in combination with proteasome inhibitors is a feasible therapeutic approach for experimental
glioma. Glioma cells showed resistance to soluble TRAIL and proteasome inhibitors alone, but
responded well to their combined treatment. In co-culture with NSCs-mTRAIL, glioma cells
appeared to be more prone to apoptosis than to treatment with soluble TRAIL, which was
enhanced by proteasome inhibitor bortezomib. In vivo, the survival of animals bearing intracranial
glial xenografts was significantly improved by NSCs-mTRAIL. The addition of bortezomib
further enhanced the efficacy of NSCs-TRAIL treated group in one of examined tumor models.
These data demonstrate that therapy with NSCs-mTRAIL is a potent cell based approach for
treatment of glioma. Such an approach warrants further search for therapeutics capable of
increasing sensitivity of glioma cells to mTRAIL in vivo.
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1. INTRODUCTION
Glioblastoma multiforme (GBM) represents a unique challenge in neuro-oncology. These
tumors are characterized by their resistance to apoptotic mechanisms and their ability to
widely disseminate throughout normal brain parenchyma, thus rendering a surgical solution
virtually impossible and contributing to high recurrence rate of tumors. Advances in
adjuvant therapies (chemotherapy and radiotherapy) have indeed impacted patient outcome
[1], but the median survival after diagnosis of GBM is still only 14 to 15 months [1–3]. With
this in mind, new therapies are urgently needed to target glioma cells in the primary mass as
well those that accomplish distant migration.

An emerging means of meeting this challenge is the use of neural stem cells (NSCs). It has
been well established that stem cells show tropism for glioma cells and will migrate to
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tumors in a predictable fashion after both intracranial and systemic administration [4–6].
Additionally, this migratory ability has been experimentally exploited for the delivery of
cytotoxic therapeutics [7–9]. The aforementioned studies confirmed the strong tropism of
NSCs for intracranial glioma, making them attractive vehicles for the delivery of a wide
variety of therapeutic gene products directly to tumor cells.

One promising therapeutic agent is the TNF-related apoptosis-inducing ligand (TRAIL). It is
well established that TRAIL can selectively induce apoptosis in a variety of neoplastic cells,
including glioma cells [10–12]. TRAIL interacts with 5 receptors, 4 of which are located at
the cell surface: (i) TRAIL-R1/death receptor 4 (DR4); (ii) TRAIL-R2/death receptor 5
(DR5); (iii) TRAIL-R3/decoy receptor 1(DcR 1) and (iv) TRAIL-R4/decoy receptor 2
(DcR2) [13]. The binding of TRAIL to TRAIL-R1 and TRAIL-R2 results in recruitment of
the Fas-associated death domain (FADD), which recruits initiator caspases and triggers the
formation of the Apo2L/TRAIL Death Inducing Signaling Complex (DISC). The formation
of this complex culminates in downstream activation of the pathways of apoptosis [14, 15].
TRAIL-R1 and TRAIL-R2 differentiate between soluble (sTRAIL) and membrane-bound
TRAIL (mTRAIL) for their activation [16, 17]. The decoy receptors, on the other hand, are
unable to transmit an apoptotic signal: DcR1 lacks cytoplasmic and transmembrane
domains, while DcR2 has a truncated death domain and hence is unable to trigger
downstream signaling. DcR1 and DcR2 are thought to act as decoys, antagonizing TRAIL-
apoptotic signaling. Decoy receptor expression is higher in normal tissue than in the
majority of tumors [18] and can provide protection from TRAIL-mediated apoptosis [19,
20].

Despite the fact that many glioma cells exhibit TRAIL receptors, some have proven resistant
to sTRAIL [15, 21]. Recently, much effort has been made to determine new methods for
combined treatments with TRAIL to improve the efficacy TRAIL-based therapeutic
approaches. Hetschko and others demonstrated that TRAIL-induced apoptosis could be
enhanced in both TRAIL-sensitive and TRAIL-resistant glioma cell lines by combined
treatment with proteasome inhibitors. The role of DR5 upregulation is implicated in this
TRAIL sensitization [15]. Subsequent studies have confirmed that a combination of the
proteasome inhibitor bortezomib with sTRAIL can overcome TRAIL-resistance in vitro in a
wide variety of cancer cells [22–25] including glioma [26]. In addition, it has been reported
that resistance of other cancer cells to sTRAIL can also be overcome by treatment with full
size TRAIL expressed on the cell surface [27, 28]. Although the therapeutic efficacy of
NSCs modified to secrete TRAIL was previously established in vitro and in vivo [29],
nothing is known about the efficacy of NSCs expressing mTRAIL. In this study, we took a
novel approach using NSCs-mTRAIL alone and in combination with proteasome inhibitors
for treatment of intracranial experimental glioma in mice, which to our best knowledge has
never been examined in vivo before.

2. MATERIALS AND METHODS
2.1. Reagents

DMEM, antibiotic-antimycotic were purchased from Invitrogen (Carlsbad, CA). Trypsin-
EDTA was purchased from Mediatech Inc. (Manassas, VA). Bortezomib (LC laboratories,
Woburn, MA), epoxomicin (EMD, Gibbstown, NJ), recombinant human SuperKillerTRAIL
(sTRAIL) (Alexis Biochemicals, Lausen, Switzerland), rabbit anti-cleaved caspase-3
antibody (Cell Signaling, Danvers, MA), mouse anti-human DR5 conjugated with
phycoerythrin (PE) antibody (eBioscience, San Diego, CA), anti-rabbit AlexaFluor 647,
lipofectamin 2000, competent One Shot Top10 cells (Invitrogen, Carlsbad, CA), laminin
(Sigma-Aldrich, St. Louis, CA), human neural progenitor cells (RenCells), RenCell media,
human epidermal growth factor (EGF) (Millipore, Temecula, CA), human basic fibroblast
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growth factor (bFGF) (Sigma-Aldrich, St. Louis, Mo), Caspase-Glo 3/7 kit and CytotoxOne
Homogeneous membrane integrity Assay kit (Promega, Madison, WI), fluoromount-G
(Southern Biotech, Birmingham, Alabama). Quantikine ELISA based immunoassay of
human TRAIL was obtained from R&D Systems (Minneapolis, MN). iScript cDNA kit was
purchased from Bio-Rad (Hercules, CA). Athymic nu/nu mice were purchased from Harlan
Laboratories (Indianapolis, IN). Human oligodendroglioma cell line (HOG) was kindly
provided by Dr. Campagnoni (UCLA Semel Institute for Neuroscience, Los Angeles, USA).
Plasmid pLERNL encoding EGFRvIII was kindly provided by Dr. Furnari (University of
California, San Diego, USA).

2.2. Cell cultures
It is established that gliomas expressing EGFRvIII are more invasive and more resistant to
chemoradiation therapy [30]. Taking into consideration that (i) the EGFRvIII mutation is
present up to 60% of EGFR-overexpressing GBMs [31, 32], and (ii) human GBMs are
highly invasive and show resistance to soluble TRAIL [15, 21], we chose EGFRvIII
expressing cells as a model relevant to human GBMs for our in vitro and in vivo studies. The
U87MG glioma cells expressing EGFRvIII were grown in MEM media supplemented with
10% heat inactivated FBS and 200 μg/ml of geneticin. Neural progenitor cells (NSCs) were
grown on laminin coated plates in RenCell media supplemented with 20 ng/ml of bFGF and
20 ng/ml of EGF. Accutase was used to disintegrate cell monolayer for their passaging.
HOG cell line was transfected with a plasmid pLERNL encoding EGFRVIII using
lipofectamin 2000 and selected with antibiotic geneticin to generate population of cells
stably expressing EGFRvIII.

2.3. Cloning of human TRAIL
Jurkat cells were used to obtain total RNA for subsequent cloning of human full size TRAIL
cDNA. Total RNA was obtained from 1×106 cells and converted in cDNA using iScript
cDNA kit. The cDNA for full size TRAIL was generated by PCR using following primers:
forward 5′-GCACGTCGACCAGGATCATGGCTATGATGG-3′ and reverse 5′-
CGTGAGCGGCCGCCAGGTCAGTTAGCCAACT-3′ [33]. Resulted PCR product was
amplified with pair of primers for its directional topo cloning in pLenti6/V5 vector: forward
5′-CACCATGGCTATGATGGAGGTCCAG-3′ and reverse 5′-CAG
TTAGCCAACTAAAAAGGCCCC-3′. Obtained cDNA was sub-cloned into pLenti6/V5
vector per manufactures recommendation. Chemically competent cells were transformed
and bacterial clones were screened by PCR for the correct size insert. In-house sequencing
of selected clones was performed using CMV forward 5′-
CGCAAATGGGCGGTAGGCGTG-3′ and V5 reverse 5′-
ACCGAGGAGAGGGTTAGGGAT-3′ primers provided by manufacturer.

2.4. Generation of lentiviral particles
HEK293T cells (ATCC) were transfected with a mixture of plasmids encoding β-
galactosidase protein (control) or TRAIL, viral gag-, pol- and VSV-G envelope protein
using lipofectamine 2000. After 48 hours, supernatants were collected, centrifuged and
filtered for subsequent infection of NSCs carried out for 6 hours. NSCs, which stably
incorporated TRAIL or β-galactosidase cDNAs were selected with the antibiotic blasticidin.

2.5. Analysis of TRAIL and TRAIL receptor’s expression
Expression profile of mRNA for TRAIL receptors in glioma cells, primary GBM tissues, or
in U87-EGFRvIII xenograft tissues were evaluated by PCR or qPCR using a set of
previously published primers [34]. Expression of DR5, on the surface of control and 24
hours bortezomib treated U87-EGFRvIII glioma cells, was analyzed using isotype control
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mouse IgG1-PE and anti-human DR5-PE antibody by flow cytometry. In order to determine
level of TRAIL protein expression, control and modified NSCs cells (1×106) were plated in
a T25 flask. After 48 hours, supernatant and cells were collected and processed for
measurement of TRAIL protein using quantitative sandwich enzyme immunoassay
technique (kit from R&D Systems). All measurements were performed per manufacturer’s
recommendations.

2.6. Cytotoxicity assay
Control and mTRAIL expressing NSCs, U87 or HOG glioma cells were plated at 5 ×103

cells per well in 96 well plates. The following day, media was replaced with fresh media
containing sTRAIL alone or in combination with proteasome inhibitors in glioma cells or
with media containing bortezomib in NSCs. After 24 hours, a cytotoxicity assay was carried
out using CytotoxOne Homogeneous membrane integrity assay kit according to the
manufacturer’s recommendations and measured using Tecan Safari 2 microplate reader.

2.7. Immunocytochemistry
U87-EGFRvIII cells alone or in co-culture with NSCs were grown on glass cover slips.
Methanol-fixed cells were stained for human cleaved caspase-3 using rabbit polyclonal
antibodies and goat anti-rabbit AlexaFluor 647 secondary antibodies at dilution 1:500.
Cover slips were mounted in fluoromount-G containing 1 μg/ml DAPI. Cleaved caspase-3
expression was analyzed using Olympus IX70 inverted microscope and MetaMorph
software. Flash frozen brain tumor tissues were cut to a thickness of 8 μm and stained with
hematoxylin and eosin for their histological evaluation.

2.8. Flow cytometry
U87-EGFRvIII cells expressing GFP were co-cultured with control NSCs or NSCs
expressing mTRAIL (NSCs-mTRAIL). After for 48 hours cells were collected, fixed,
permeabilized using BD cytotox/cytoperm kit and stained with rabbit antibodies raised
against cleaved caspase-3 and goat anti-rabbit AlexaFluor 647 secondary antibodies at
dilution 1:500. Samples were analyzed using BD FACSCanto flow cytometer and
FACSDiVa™ software.

2.9. Caspase-3/-7 activity assay
U87-EGFRvIII cells were plated at density of 10×103 cells per well in 96 well plate. Next
day, 10×103 of control NSCs and NSCs-mTRAIL or sTRAIL were added to each well.
Caspase-3/-7 activity was measured at 24 hour time point by adding equal volume of
Caspase-Glo 3/7 substrate in each well per manufacture’s recommendations. Luciferase
activity was recorded in each sample using GliomaX Lumonometer 20/20. Background of
caspase-3/-7 activity in media and in control NSCs and NSCs-TRAIL was subtracted from
each experimental measurement and from the data collected from co-cultures of U87 glioma
cells and NSCs, respectively.

2.10. Animal studies
All animals were maintained and cared for in accordance with the Institutional Animal Care
and Use Committee protocol and regulations. The animals used in the experiments were 6–8
weeks old male athymic nu/nu mice. Mice were anaesthetized with an intraperitoneal
injection of ketamine hydrochloride (25 mg/ml)/xylazine (2.5 mg/ml) cocktail.

To establish intracranial tumors, a midline cranial incision was made and a right-sided burr
hole was placed 2 mm lateral to the sagittal sinus and approximately 2 mm superior to the
lambda. Animals were positioned in stereotactic frame and a Hamilton needle was inserted
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into the burr hole and advanced 3 mm. Intracranial penetration was followed by injection of
1×105 U87-EGFRvIII glioma cells in 2.5 μl of sterile PBS. In one set of experiments, U87-
EGFRvIII cells were injected alone or mixed with 0.5 ×105 or 1×105 NSCs. Two weeks
later, bortezomib (in sterile PBS or respective amount of solvent) was injected into the tail
vein at 0.8 mg/kg (equal to 20 μg per 25 g of animal weight) twice a week for of four weeks.
All mice were followed to assess survival. Animal’s brains were harvested for microscopic
analysis.

In order to assess the therapeutic effect of NSCs-mTRAIL on established tumors, 5×105

control NSCs or NSCs-mTRAIL were injected in the same burr hole 7 days after inoculation
of 1×105 U87-EGFRvIII glioma cells. Bortezomib injections were performed as described
above. All mice were followed to assess survival. The brains were harvested for analysis of
RNA or frozen sectioning.

2.11. Statistical analysis
The differences between groups were evaluated by calculating Student’s t-value, one way
ANOVA with post-hoc comparison Tukey’s test. For the in vivo survival data, a Kaplan-
Meier survival analysis was used and statistical analysis was performed using a Logrank
test. P< 0.05 was considered statistically significant.

3. RESULTS
3.1. Sensitivity of glioma cell lines to sTRAIL, proteasome inhibitors and combination
treatment

We investigated the sensitivity of two glioma cell lines, U87 and HOG (both expressing
EGFRvIII), to hrTRAIL. Fig. 1 (upper panel) shows that sTRAIL causes toxicity in the
HOG cell line at a concentration of 0.3 ng/ml (146±11.5 % of untreated control, p<0.001,
n=3). In U87 cells, a similar effect was observed at an sTRAIL concentration of 27 ng/ml
(139± 4 percent of untreated control, p<0.001, n=3). The HOG cell line demonstrated a
substantial increase in toxicity (361± 14.7% of control) compared to U87 cell line (172±
3.2% of control) at the maximum concentration of sTRAIL used in this assay (81ng/ml).

In response to the proteasome inhibitor epoxomicin, the HOG cell line showed only a slight
(39% of control cells) increase in toxicity, whereas U87 cells did not respond at all.
However, the combination of epoxomicin at 50nM and sTRAIL at low concentration (1 ng/
ml) drastically increased the toxicity in HOG cell line in comparison with sTRAIL or
epoxomicin alone (499± 56 % of untreated control, p<0.001, n=3). No combined cytotoxic
effect of sTRAIL at 1 ng/ml and epoxomicin was observed in U87 cells (data not shown).
However, when we used the minimum effective dose of sTRAIL (27 ng/ml) in combination
with epoxomicin, significant increase in cytotoxicity was observed (669± 32 % of untreated
control, p<0.001, n=3) (Fig. 1 middle panel). Cytotoxic effect of combined treatment
significantly exceeded the effect observed with each of these agents alone (290±20 and 808±
8 % of untreated control, p<0.001 for HOG and U87 glioma cell lines respectively) (Fig 1
lower panel)

These data demonstrate that the U87 glioma cell line is more resistant to sTRAIL than HOG.
However, combined treatment with sTRAIL and proteasome inhibitors overcome this
resistance in U87 glioma cells.

3.2. Proteasome inhibitors cause increase in DR5 expression in glioma cell lines
Next, we investigated if the combined effect of proteasome inhibitors and sTRAIL is
mediated by an increase in the expression of TRAIL receptors in HOG and U87 glioma cell
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lines. Fig 2A shows the expression profile of mRNA for TRAIL receptors in U87 and HOG
glioma cell lines as wells as in two GBM samples. The expression of DR5 and DcR2 mRNA
prevailed in both U87 and HOG glioma cell lines. In addition, the HOG cell line showed a
relatively high expression of DcR1. The level of mRNA expression for DR4 was weak in
both cell lines. In primary GBMs, the expression of mRNA for DR4, DR5, DcR1 and DcR2
was detected at various levels. Both, U87 and HOG cell lines responded to treatment with
epoxomicin at a concentration 50 nM and bortezomib at 25 nM by time dependent up-
regulation of DR5. This was not observed in DR4, DcR1 and DcR2 receptors. Fig 2B shows
a sample PCR of mRNA expression of TRAIL receptors in HOG cell line treated with
epoxomicin. Changes in the mRNA level and DR5 protein expression on the cell surface in
response to proteasome inhibitors were confirmed by quantitative PCR and flow cytometry.
Both, U87 and HOG glioma cell lines responded to treatment with epoxomicin (Fig 2C) and
bortezomib (Fig 2D) by up-regulation of mRNA (upper panel) for DR5 and the increase in
the expression DR5 on the cells surface of U87 glioma cells (lower panel). The mRNA
levels for DR5 were significantly increased at 8 hours and continued to increase at 24 hours
post-treatment. The increase in expression of DR5 on the cell surface (expressed as percent
of positive cells) in response to proteasome inhibitors was recorded at 8 hours and was 2.7
and 3 times higher in bortezomib and epoxomicin treated cells than in control cells at 24
hours, respectively.

3.3. Expression of mTRAIL by NSCs
In order to achieve stable expression of mTRAIL in NSCs, cells were infected with VSV-G
pseudotyped lentivirus encoding either LacZ gene or full-size TRAIL. After infection, NSCs
expressing mTRAIL were further selected with antibiotic blasticidin. The presence of
TRAIL transcripts in NSCs was confirmed by PCR reaction with TRAIL specific primers.
Fig 3A shows the absence of TRAIL in control NSCs, whereas a band corresponding to full
size TRAIL was detected in NSCs-mTRAIL cells. Next, we evaluated the expression of
mTRAIL on the surface of NSCs by flow cytometry using anti-TRAIL-PE antibody. A
detectable expression of TRAIL on the cell surface was revealed in about 50% of NSCs
(Fig. 3B). We also estimated the actual amount of TRAIL expressed by NSCs by
quantitative ELISA. Fig. 3C shows that TRAIL is detected in cell fraction at about 340 pg
per 1×106 cells and about 47% of total TRAIL (320 pg) was detected in supernatant
collected over 48 hours. These experiments indicate that infection of NSCs with lentiviral
particles encoded mTRAIL, followed by subsequent antibiotic selection, allowed generation
of NSCs stably expressing mTRAIL. Both, control and NSCs-mTRAIL demonstrated
similar sensitivity to bortezomib at concentration 25nM (Fig 3D). Intriguingly, we observed
up-regulation of TRAIL expression in NSCs-mTRAIL induced by bortezomib at both
mRNA and protein levels (Fig 3E, F). The increase of TRAIL expression in cell fraction was
accompanied by an increase of soluble TRAIL fraction in the culture media.

3.4. NSCs-mTRAIL cause apoptosis in U87-EGFRvIII cells
We next evaluated the therapeutic potential of NSCs-mTRAIL on glioma cells in co-culture
experiments. For all following in vitro and in vivo experiments, U87-EGFRvIII glioma cell
line was chosen because of its greater resistances to sTRAIL in comparison with HOG cells
(Fig 1). U87-EGFRvIII cells previously modified to express GFP [32] were co-cultured with
control or NSCs-mTRAIL at various ratios for 48 hours. In order to distinguish between
U87-EGFRvIII cells and NSCs, only the GFP positive fraction of cells was analyzed for the
expression of cleaved caspase-3 by flow cytometry (Fig 4). Interestingly, we observed a
drastic decrease in the GFP signal in U87-EGFRvIII cells co-cultured with NSCs-mTRAIL,
which indirectly indicates an apoptotic process in glioma cells (Fig 4A). The number of GFP
positive U87-EGFRvIII glioma cells in co-culture with NSCs-mTRAIL was 1.5, 3 and 7
times less than the number of GFP positive glioma cells in co-culture with control NSCs at
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1:0.5, 1:1 and 1:2 glioma cell to NSCs ratios, respectively. In GFP positive fraction of U87-
EGFRvIII cells, the number of cleaved caspase-3 positive cells was about 8 to 13 times
higher than that in U87-EGFRvIII cells cultured alone or in presence of control NSCs at
various glioma-to-NSCs ratios (Fig 4B). These experiments indicate that NSCs- mTRAIL
possess therapeutic potential toward U87-EGFRvIII glioma cell line defined here as loss of
GFP signal in glioma cells and the expression of cleaved caspase-3.

Next, we directly compared the effects of mTRAIL expressed by NSCs and sTRAIL in
inducing apoptosis in U87-EGFRvIII glioma cells. For that reason, the activity of
caspase-3/-7 was measured in U87-EGFRvIII cells treated for 24 hour either with sTRAIL
or control NSCs and NSCs-mTRAIL. Fig. 4C shows that 1×104NSCs-mTRAIL (which
equals to 6.6 pg of TRAIL protein measured by quantitative TRAIL ELISA, Fig 3C) were as
efficient as 12 ng of sTRAIL in activating caspase-3/-7 in glioma cells. These data indicate
that about 1800 times less mTRAIL expressed on the cell surface is required to induce
apoptosis in glioma cells in comparison with sTRAIL.

All together, our data demonstrate that NSCs-mTRAIL are potent cell-based apoptosis-
inducing reagent in glioma model cell line.

3.5. Combined therapeutic effect of NSCs-mTRAIL and bortezomib in vitro
Next, we investigated whether the combined treatment of NSCs-mTRAIL and bortezomib
would result in enhanced apoptosis in U87-EGFRvIII glioma cells. For these experiments,
U87 cells were co-cultured with NSCs at 1:1 ratio for 18 hours followed by 24 hours
treatment with 25nM bortezomib. The presence of cleaved caspase-3 in the GFP-positive
fraction of U87 cells was analyzed. The number of cleaved caspase-3 positive cells per
several fields of view was calculated and divided by the total number of cells in each field
(Fig 5A and B). A very low number of cleaved caspase-3 positive cells were detected in
culture of U87 glioma cells alone (panel a in Fig 5A). Treatment with bortezomib
significantly increased (about four times) the number of apoptotic U87 cells (panel b in Fig
5A and Fig 5B). Note that U87 glioma cells were not affected by control NSCs (panel c in
Fig 5A and Fig 5B), however the number of apoptotic cells was significantly increased after
the treatment with bortezomib (panel d in Fig 5A and Fig 5B). Co-culture with NSCs-
mTRAIL cells alone tripled the number of apoptotic U87 glioma cells (panel e in Fig 5A
and Fig 5B). Lastly, the combined treatment of glioma cells with NSC-mTRAIL and
bortezomib together significantly increased a number of cleaved caspase-3 positive cells
(panel f in Fig 5A and Fig 5B). These data were further confirmed by flow cytometry (Fig
5C–D). Importantly, treatment of U87 glioma cells with bortezomib alone resulted in a
significant loss of the population GFP positive glioma cells (Fig. 4D). The effect of
bortezomib was amplified in glioma cells co-cultured with control NSCs and NSCs-
mTRAIL. Thus, our in vitro experiments demonstrated the ability of NSCs-mTRAIL alone
and in combination with bortezomib to cause the apoptosis in U87 glioma cell line.
Therefore, in our following experiments we set to investigate if the combined treatment of
NSCs expressing mTRAIL and bortezomib could improve the survival of mice with
intracranial glioma xenografts.

3.6. Combined therapeutic effect of NSCs-mTRAIL and bortezomib on survival of mice with
intracranial glial tumors

First, we evaluated the toxicity of bortezomib in animals at 0.2–1.6 mg/kg of body weight.
Bortezomib at 0.8 mg/kg (20 μg per 25 g of animal weight) was chosen for all in vivo
experiments. At this dose bortezomib did not negatively affect the survival of animals and
no changes in the body weight were noted in comparison with animals injected with PBS
(data not shown). Treatment of tumor bearing animals with bortezomib alone at 0.2–0.8 mg/
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kg did not improve animal survival. Thus, we next questioned if bortezomib can produce
therapeutic effect in combined therapy with NSCs-mTRAIL in animals with intracranial
glial tumors.

Co-injection model—In the first experiment, U87 glioma cells were co-injected with
NSCs at a ratio of 1:0.5. Animals treated with control or NSCs-mTRAIL demonstrated an
improvement in survival of the animals versus the PBS only group. Specifically, in the
NSCs-mTRAIL group, 20% of animals survived over 100 days. Treatment with bortezomib
had no effect on animal survival in the PBS group, but 20 and 40% animals in control NSCs
and NSCs-mTRAIL groups respectively survived over 100 days (Fig 6A). Similar
improvement in survival of animals treated with bortezomib was observed in the experiment
where glioma cells were co-injected with NSCs at a 1:1 ratio (Fig. 6B). In NSCs-mTRAIL
group, 80% of animals survived over 100 days. Again, treatment with bortezomib did not
result in improvement of survival in the PBS group of animals, but 20% of animals in
control NSCs group survived over 100 day period. A similar 20% improvement was
observed in the NSCs-mTRAIL group treated with bortezomib, thus increasing survival of
animals from 80% to 100% (Fig. 6B). Again, none of the survived animals showed any sign
of developing tumors as evaluated by H&E staining (Fig. 6C).

Taken together, these survival experiments demonstrate that (i) the effect of NSCs-mTRAIL
on the survival of nude mice with intracranial glioma xenografts is specific and
concentration dependent; (ii) the effect of bortezomib is additive to the treatment of animals
with NSCs and independent of effect of mTRAIL.

Based on the obtained data, we questioned if bortezomib up-regulated the expression of
DR5 in vivo. For that reason, mRNA obtained from the tumors of control animals and
treated with bortezomib was analyzed for TRAIL receptors expression profile (Fig. 6D). The
expression of TRAIL receptors from control and bortezomib treated glioma was similar to
that in cultured U87-EGFRvIII cells (Fig. 2A). Specifically, no change in the expression of
DR5, which is known to interact with mTRAIL, was observed in tumor samples from mice
treated with bortezomib (Fig. 6D).

Established tumors—To investigate the effect of NSCs-mTRAIL and bortezomib in the
setting of an established intracranial xenograft, 1×105 of U87-EGFRvIII glioma cells were
injected into the brain of nude mice as described above. PBS or NSCs (5×105) were
inoculated into the same burr hole 7 days later (n= 5 per group) followed by treatment with
bortezomib in another 3 days. Based on obtained data, we hypothesized that the therapeutic
effect of bortezomib could be achieved when injected early in tumor development.
Therefore, in an additional PBS group, treatment with bortezomib was initiated in 7 days
after inoculation of glioma cells. Mice in the NSCs-mTRAIL group displayed an increased
median survival in comparison with the control NSCs group (37 days vs 46 days, p=0.027)
and 20% of mice survived for 77 days (Fig 7A). Treatment with bortezomib improved the
median survival of animals in all groups. Moreover, mice in the group in which bortezomib
injection was initiated at day 7 showed additional improvement in median survival from 39
to 47 days (p=0.0256)(Fig 7B). The effect of NSCs-mTRAIL was not further amplified in
bortezomib treated mice, however, bortezomib prolonged the survival of animals in all
experimental groups (Fig. 7C–D). Thus, these experiments confirmed results obtained in co-
injection model and demonstrated the improvement in survival of animals treated with
NSCs-mTRAIL.
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4. DISCUSSION
Resistance of human GBMs to radiation and chemotherapy treatments (1, 34, 35) demands
development of novel approaches that increase the sensitivity of glioma cells to apoptosis.
Human primary astrocytoma cells, WHO grade I to IV, have been shown to be resistant to
sTRAIL but demonstrate increased sensitivity after treatment with bortezomib [26].
Moreover, several studies indicate that resistance of other cancer cells to sTRAIL can also
be overcome by treatment with full size TRAIL expressed on the cell surface [27, 28]. In
this study, we investigated the effect of NSCs expressing mTRAIL alone or in combination
with proteasome inhibitors on glioma cells in vitro and in vivo.

In our study, two glioma cell lines demonstrated different sensitivity to sTRAIL in
agreement with previous studies [26, 36]. RNA interference has shown that proteasome
inhibitors are able to reactivate sensitivity of glioma cells in vitro to sTRAIL by up-
regulation of DR5 [15]. Similarly, in our study treatment of glioma cells with proteasome
inhibitors up-regulated the expression of DR5 at both mRNA and protein levels and
drastically enhanced the response of glioma cells to both sTRAIL and mTRAIL.

Neural and mesenchymal stem cells have been explored as a carriers of therapeutic TRAIL
for treatment of glial tumors [29, 37–40]. In this study, we engineered NSCs to express full
size TRAIL on the cell surface. The expression of TRAIL in NSCs was confirmed on
mRNA and protein level and was in agreement with previously published data [36]. Due to
the preferential expression of DR5 in U87 glioma cells line, the interaction of mTRAIL with
DR5 most likely accounts for the therapeutic effect of NSCs-mTRAIL on U87 glioma cells
in vitro and in vivo. Our data is in agreement with previously published reports regarding the
ability of mTRAIL to delay the progression of glial and other tumors [27, 28, 39, 41].
Moreover, direct comparison of ability of soluble and mTRAIL to activate apoptosis in U87
glioma cells demonstrated high potency of mTRAIL expressed by NSCs over the sTRAIL.
In support, it has been shown that resistance of prostate cancer cells to sTRAIL is overcome
after expression of full-size TRAIL in cancer cells [27]. CD34+ cells expressing mTRAIL
demonstrated cytotoxicity against tumor cells that were resistant to soluble TRAIL [28]. One
possibility is that stem or other cell types expressing TRAIL on the surface are highly avid,
and this high avidity might be crucial for activation its receptors. Recently, Kohlhaas and
co-authors reported that no receptor mediated endocytosis is required for TRAIL-induced
apoptosis. Moreover, blockade of receptor internalization amplified TRAIL-induced
apoptosis signal [42]. It is likely that TRAIL expressed on the surface of NSCs may generate
amplified apoptotic signal due to the absence or lower internalization in comparison with
sTRAIL. Interestingly, we observed upregulation of TRAIL expression on the mRNA and
protein levels in NSCs-mTRAIL treated with bortezomib. This effect, together with
upregulation of DR5 in U87 glioma cells, can also contribute to enhanced toxicity in glioma
cells in combined treatment. However, the exact mechanism by which mTRAIL overcomes
the resistance of cancer cells to soluble TRAIL remains to be elucidated.

Analysis of TRAIL receptor expression in primary GBMs found that DR4 and DR5 are
expressed in 75% and 95% of tumor samples [43]. In our study, the expression of DR5 at the
mRNA level surpassed DR4 expression in glioma cell lines, but transcripts for both DR4
and DR5 were found in primary GBM samples. Taking in consideration that in contrast to
sTRAIL, mTRAIL can activate both DR4 and DR5 [16, 17], further investigations of
therapeutic effect of NSCs-mTRAIL alone and in combination with other therapies on
primary GMB samples in vivo are warranted. At this point however, very little is known
about the effect of combined therapy mTRAIL and bortezomib in vivo. In our study, NSCs-
mTRAIL alone significantly improved the survival of animals in both co-injection and
established intracranial glioma models. However, studies optimizing the level of expression
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of mTRAIL on the surface of NSCs, time of inoculation and number of injected NSCs in
established glioma model are warranted for further investigations of therapeutic applicability
of NSCs-mTRAIL.

Originally, bortezomib (Velcade) was approved by Food and Drug administration for
treatment of multiple myeloma [44]. Currently, there are completed and ongoing clinical
trails investigating combined therapy of bortezomib with temozolomide [45] or avastin in
patients with a new or recurrent malignant glioma. No effect of bortezomib on tumor growth
in experimental flank glioma and renal cell adenocarcinoma models has been previously
reported [46, 47], but it improved the survival of rats with established intracranial
gliosarcoma [48]. In our study, mice with established intracranial xenografts demonstrated
an increase in median survival only when therapy with bortezomib was initiated on day 7
following inoculation of glioma cells into the brain. Therapy initiated on day 10 or 14 was
beneficial only to mice treated with control or mTRAIL expressing NSCs and resulted in
20% increase of survival in both groups. The fact that treatment with bortezomib resulted in
therapeutic effect suggests that bortezomib was able to reach tumor site. We observed no
increase in DR5 expression in tumor samples from mice treated with bortezomib, which
could be accounted for low intra-tumoral concentration of bortezomib. In support, low intra-
tumoral and normal brain concentration of 14C-labeled bortezomib (0.074 ± 0.015 nM and
0.021 ± 0.02 nM, respectively) has been found in rats with intracranial gliosarcoma 1 hour
after systemic administration at a dose of 0.2 mg/kg [48]. It also can not be excluded that the
expression of DR5 in tumor cells from the brain samples was not affected by bortezomib
treatment at the time when samples were harvested for analysis. Therefore, the kinetics of
DR5 expression and other downstream effectors [26, 36, 49, 50] involved in the increased
sensitivity glioma cells to TRAIL in brain tumors from animals treated with bortezomib
warrants further investigation. The absence of up-regulation of DR5 in vivo may be
responsible in part for the absence of TRAIL specific effect of bortezomib, which in contrast
to in vitro data, was rather additive in animals bearing intracranial gliomas treated with
NSCs. Perhaps an intra-tumoral route of administration may overcome bortezomib’s limited
penetration of the blood-brain barrier, toxicity and enhance its local concentration hence
improving its therapeutic effects.

In summary, our data indicate that therapy of glioma cells with NSCs-mTRAIL is potent cell
based approach for treatment of U87 glioma in vitro and in vivo. Soluble TRAIL as well as
NSCs expressing mTRAIL generated a synergistic effect in combined therapy with
proteasome inhibitor bortezomib in vitro. Treatment with NSCs-mTRAIL significantly
improved the survival of animals with intracranial glioma. In vivo, bortezomib failed to up-
regulate expression of DR5, and improved survival of animals without restriction to NSCs-
mTRAIL treated groups. Our in vitro data indicate that TRAIL expressed on the cell surface
of NSCs is a more potent reagent than soluble TRAIL. Taking in consideration that a limited
number of NSCs expressing either soluble or membrane-bound TRAIL can be injected into
the mouse brain, this approach using NSCs-mTRAIL seems to be preferential to soluble
TRAIL. These data suggest that further search for agents that increase the sensitivity of
glioma cells to mTRAIL in vivo is necessary in order to further validate this approach.
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Research highlights

• NSCs engineered to express membrane-bound TRAIL induced apoptosis in
glioma cells.

• Bortezomib enhanced response of glioma cells to NSCs expressing TRAIL.

• TRAIL expressed on the cell surface of NSCs is a more potent reagent than
soluble TRAIL.

• Bortezomib upregulated expression of DR5 in glioma cells in vitro but not in
vivo.

• Survival of animals with intracranial glioma was improved in combined
treatment.
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Fig. 1. Combined cytotoxic effect of sTRAIL and proteasome inhibitors in human glioma cell
lines
U87 and HOG glioma cell lines were treated with hrTRAIL for 24 hours followed by
measurement of cytotoxicity (upper panel). The combined cytotoxic effects of epoxomicin
and bortezomib and sTRAIL are presented in middle and lower panel, respectively. Data are
shown as mean±SD, * p<0.05.
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Fig. 2. Expression of TRAIL receptors in glioma cell lines. Response to proteasome inhibitors
A. Expression of mRNA for TRAIL receptors in U87, HOG glioma cell lines and samples
from patients with primary GBM. B. Changes in expression of TRAIL receptors at the
mRNA level in response to treatment with proteasome inhibitors was evaluated by PCR. C
and D. Upper panels show changes in the expression mRNA of DR5 in U87 cells treated
with proteasome inhibitors, evaluated by qPCR using pairs of specific primers. Lower
panels show changes in the expression of DR5 on the surface of U87 cells treated with
epoxomicin (C) and bortezomib (D) respectively, evaluated by flow cytometry. Data are
shown as mean±SD, * p<0.05.
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Fig. 3. Expression of mTRAIL by NSCs
A. Control and NSCs-mTRAIL were analyzed for TRAIL mRNA expression by PCR of
cDNA with a pair of specific primers. B-Surface expression of mTRAIL by NSCs was
evaluated by flow cytometry. C. Quantitative measurement of mTRAIL expression in NSCs
was analyzed in plate ELISA. D. Effect of bortezomib on toxicity of NSCs was studied
using membrane integrity permeability assay. E–F. Changes in the expression of mTRAIL
in NSCs-mTRAIL cells treated with bortezomib for 24 hours at mRNA (E) and protein level
(F) analyzed by RT-PCR and quantitative ELISA. Data are shown as mean±SD, * p<0.05.
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Fig. 4. Therapeutic effect NSCs-mTRAIL in U87-EGFRvIII glioma cells line
U87 cells expressing GFP were co-cultured with control NSCs or NSCs-mTRAIL at various
ratios. At 48 hours, U87 cells were analyzed for: A. GFP expression; B. cleaved caspase-3
expression by flow cytometry. C. Activity of caspase-3/-7 in U87 cells co-cultured with
NSCs-mTRAIL or treated with sTRAIL. Data are shown as mean±SD, n=3.
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Fig. 5. Co-culture of NSCs-mTRAIL and U87 cells treated with bortezomib results in apoptosis
in glioma cells
A. NSCs were co-cultured overnight with U87 (GFP) cells followed by treatment with
bortezomib and stained to detect cleaved caspase-3. Images of GFP (green) and cleaved
caspase-3 expression (red) were overlayed. Arrows indicate cleaved caspase-3 positive cells
in the GFP-positive fraction of U87 cells. B. The number of cleaved caspase-3 positive cells
was counted in 5 fields and equilibrated per total cell number present in field. C. U87(GFP)
cells alone or in co-culture with NSCs were treated with bortezomib and analyzed for the
number of cleaved caspase-3 positive or GFP positive cells by flow cytometry. D. Changes
in the population of GFP-positive U87 cells treated bortezomib and NSCs-mTRAIL. Data
are presented as mean± SEM.
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Fig. 6. The effect of combined therapy of NSCs-mTRAIL and bortezomib on the survival of mice
with intracranial glioma in a co-injection model
A. U87 cells (1×105) were co-injected with 5×104 of control NSCs or NSCs-mTRAIL. B.
U87 cells alone (1×105) were co-injected with equal amount of control NSCs or NSCs-
mTRAIL (n=5). C. A representative microphotograph of an 8μm tissue section from a
surviving animal that received NSCs-mTRAIL therapy. H&E staining. D. Profile of mRNA
expression for TRAIL receptors from tumor tissues of control and bortezomib treated
animals. * p<0.05.

Balyasnikova et al. Page 21

Cancer Lett. Author manuscript; available in PMC 2012 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7. The effect of combined therapy of NSC-mTRAIL and bortezomib on the survival of mice
with intracranial glioma in established tumor model
A. The effect of NSCs-mTRAIL on the survival of animals. B. The effect of bortezomib on
the survival of tumor bearing animals. C. The effect of bortezomib on the survival of
animals treated either with control NSCs or D. NSCs-mTRAIL. * p<0.05, ** p<0.005.
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