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Treatment options of glioblastoma multiforme are lim-
ited due to the blood-brain barrier (BBB). In this study,
we investigated the utility of intranasal (IN) delivery as
a means of transporting stem cell-based antiglioma
therapeutics. We hypothesized that mesenchymal
stem cells (MSCs) delivered via nasal application could
impart therapeutic efficacy when expressing TNF-related
apoptosis-inducing ligand (TRAIL) in a model of human
glioma. ""In-oxine, histology and magnetic resonance
imaging (MRI) were utilized to track MSCs within the
brain and associated tumor. We demonstrate that MSCs
can penetrate the brain from nasal cavity and infiltrate
intracranial glioma xenografts in a mouse model. Fur-
thermore, irradiation of tumor-bearing mice tripled the
penetration of '"'In-oxine—labeled MSCs in the brain with
a fivefold increase in cerebellum. Significant increase in
CXCL12 expression was observed in irradiated xenograft
tissue, implicating a CXCL12-dependent mechanism of
MSCs migration towards irradiated glioma xenografts.
Finally, MSCs expressing TRAIL improved the median
survival of irradiated mice bearing intracranial U87 gli-
oma xenografts in comparison with nonirradiated and
irradiated control mice. Cumulatively, our data suggest
that IN delivery of stem cell-based therapeutics is a fea-
sible and highly efficacious treatment modality, allowing
for repeated application of modified stem cells to target
malignant glioma.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common and aggres-
sive form of primary brain tumor. Patient prognosis is poor even
with aggressive interventions including surgical resection and radia-
tion. Tumors typically recur after treatment and the median sur-
vival time following diagnosis is ~15 months."? The blood-brain
barrier (BBB) limits the ability of systemically delivered anticancer

pharmaceuticals to reach the brain, hence complicating the treat-
ment of GBM due to lack of accessibility to the tumor bed. Direct
delivery of chemotherapeutic drugs to the tumor site, through meth-
ods such as convection-enhanced delivery, allows for high concen-
tration of the drug at the appropriate location. However, this method
is invasive, risks damaging surrounding normal brain tissue, and at
present, remains to be fully optimized for clinical applications.?

Previous work has demonstrated that stem cells, specifically
neural stem cells (NSCs) and mesenchymal stem cells (MSCs),
have a tropism for brain tumors.** This property has generated
much interest in utilizing stem cells as vehicles for targeted drug
delivery. As is the case in CNS drug delivery, stem cell delivery is
also hampered by the presence of the BBB. Because of the BBB,
few stem cells reach the brain following intravenous delivery and
have a propensity to accumulate in the lungs or other organs.®”
Intra-arterial delivery has been shown to deliver larger numbers
of cells to the brain compared with intravenous delivery;~* how-
ever, this method has also been associated with a high incidence
of mortality and impaired cerebral blood flow in rats.”'® Attempts
have been made to increase the efficiency of systemic delivery by
disrupting all or portions of the BBB," but this could potentially
leave the CNS vulnerable to toxins or infection.

Recent publications have explored the nasal system as a novel
stem cell delivery route to the brain. MSCs delivered into the nasal
cavity have been shown to migrate through the cribriform plate
and into brain tissue via the olfactory and trigeminal pathways.'
Not only were stem cells located in varying and relatively remote
regions of the brain such as the cerebellum, but the delivery of
MSCs appeared to have a therapeutic effect in animal models of
Parkinson’s disease and ischemic brain injury.”>'* NSCs have also
been shown to penetrate into mouse brain and reach the tumor
bed in experimental glioma models after intranasal (IN) appli-
cation."” Thus, accumulating evidence suggests that IN delivery
of stem cells might be a viable approach for treatment of CNS
pathology. Moreover, complications associated with intravascu-
lar delivery, such as obstruction by the BBB, pulmonary embo-
lism and infarctions could also be avoided using this approach.
In addition, IN delivery offers a practical advantage over direct
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intracranial application of stem cells into resection cavity during
surgery or convection-enhanced delivery, since it might allow for
multiple treatment regimens and can also be utilized in patients
with inoperable tumors.

In this study, we examined if MSCs delivered via the nasal cav-
ity can reach intracranial human glioma xenografts in mice and
be therapeutically relevant when expressing TNF-related apopto-
sis-inducing ligand (TRAIL). TRAIL has been shown to promote
apoptosis in a variety of cancers including glioma,'¢ with minimal
or no effect on normal cells.”” The therapeutic efficacy of stem cells
modified to express TRAIL has been previously demonstrated in
glioma.’® However, in these studies the delivery method of the
stem cells to the brain was limited either to injection via tail vain
or to direct intracranial inoculation. IN delivery of therapeu-
tic stem cells is a potentially advantageous treatment modality
because it represents a noninvasive, nontoxic delivery method;
once optimized, it can allow for repeated application of therapeu-
tic stem cells alone or in combination with traditional treatment
methods such as radiation and chemotherapy.

RESULTS

MCSs migrate in the brain of animals bearing
intracranial glioma xenograft

It has been previously shown that MSCs display tropism to solid
tumors.” In this study, we first confirmed that MSCs are capable
of migrating towards intracranial glioma xenografts. Figure la
shows that MSCs-fluc injected in the left hemisphere are capable
of migrating quickly towards the right, tumor-bearing side of the
brain. On average, 11% of implanted MSCs were detected in the
right hemisphere as soon as 2 hours following MSC inoculation.
Number of MSCs remained steady at the 24-hour time point but
significantly decreased in both hemispheres through day 11 (P <
0.05). Migration of MSCs towards the tumor-bearing side of the
brain was further confirmed using live animal imaging. Figure 1b
shows distinct pattern of MSCs migration from the injection (left)
site toward the right side of the brain in tumor bearing but not
control animals. Thus, collectively this data demonstrate that
MSCs are capable of migrating towards intracranial tumor in a
mouse model.

MSCs penetrate into mouse brain after IN inoculation
Next, we investigated if MSCs could penetrate and be tracked in the
brain after IN administration. Live animal imaging was performed
after application of MSCs-fluc into the nasal cavity of the animals.
Figure 2a shows the presence of a fluc signal in the nasal cavity
of both control and tumor-bearing animals. A significant decrease
in signal intensity in the nasal cavity was observed from day 0 to
day 1, and therefore, imaging required longer exposure times for
detection of MSCs on following days. No significant advancement
of MSCs into the brain beyond the orbital arches was detected at
various time points either in control or tumor-bearing animals
using this technique. Taking into consideration the limitations of
this method and in order to demonstrate that MSCs are able to
advance in the brain of the animals after IN application, the brains
of animals were removed 3 hours after IN inoculation of MSCs-fluc
and imaged for the presence of fluc and green fluorescent protein
(GFP) signal (tumors expressed GFP). Figure 2b shows images of
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Figure 1 MCSs migrate in the brain of animals towards intracra-
nial glioma xenograft. (a) Quantitative luciferase assay of migration
of hMSCs-fluc in the brain of nude mice. MSCs-fluc were inoculated
into the left hemisphere of brain of animals with U87 glioma xenografts
established in the right hemisphere of brain. Luciferase activity in the left
and right hemispheres of brain was measured at various time points to
determine dynamics of MSCs migration toward the tumor-bearing side
of the brain. (b) Imaging of MSCs-fluc migration within the brain of
control and tumor-bearing mice. Arrow shows site of injection of MSCs
in the left hemisphere of the brain. T-tumor injection site. Data are pre-
sented as mean + SEM. Paired t-tests were applied to examine differ-
ences in relative luciferase activity between the left and right side of the
brain at each time point (n = 4/group). Unpaired t-tests were utilized to
examine changes in luciferase activity from day O to day 11 in each side
of the brain. * P < 0.05, ** P < 0.01. MSCs, mesenchymal stem cells.

MSCs in the nasal cavity of the (panel A) live animal and lucifer-
ase signal over the olfactory bulbs and frontal lobes of the (panel
B) brain of tumor-bearing animal. No signal was detected in con-
trol, phosphate-buffered saline (PBS)-treated animals. Figure 2b
(panel C) shows the localization of xenograft tumors in the right
hemisphere of both animals. Finally, panels D and E in Figure 2b
show that MSCs are also capable of rapid penetration into the brain
of mice after IN inoculation in control, nontumor-bearing animals
in agreement with a previous report showing penetration MSCs in
the brain after IN application in rats.'*"®

Distribution of '"'In-oxine-labeled MSCs in the brain
after IN delivery

This part of the study was designed to quantitatively evaluate the
ability of MSCs to penetrate into the brain of tumor-bearing ani-
mals after IN delivery. Figure 3a shows that MSCs treated with
"In-oxine for 10, 20, and 30 minutes were labeled at a similar
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Figure 2 MSCs penetrate into mouse brain after IN inoculation. (a)
Live animal imaging after intranasal inoculation of MSCs-fluc. Control
(no tumor) and U87 glioma-bearing animals were imaged live at various
time points after IN application of MSCs-fluc. (b) Imaging of MSCs-fluc
in the brain of the control and tumor-bearing animals after intranasal
inoculation. In order to demonstrate the advancement of MSCs into the
brain after IN application, the brains of animals were removed 3 hours
after IN inoculation of MSCs-fluc and imaged for the presence of fluc
and GFP signal corresponding to U87 cells. (A) live animal imaging with-
out (left) and with inoculated MSCs (right); (B) imaging of brain without
(left) and with inoculated MSCs (right); (C€) imaging of U87-GFP tumor
in the right hemisphere of the brain; (D) imaging of MSCs in control,
nontumor-bearing animals; (E) imaging of brain of nontumor animals
for GFP signal. MSCs, mesenchymal stem cells.

level, therefore a 20 minutes labeling time point was chosen for
following experiments. Taking into consideration the short half-
life of "'In-oxine (2.8 days), we determined the sensitivity at
which MSCs could be potentially detected within the brain 24
hours after labeling. Figure 3b shows that radioactivity corre-
sponding to as little as one labeled cell could be detected using
this method. It has previously been shown that MSC tropism to
tumor is increased following irradiation of the tumor.***' With
this in mind, we next investigated the distribution of '"'In-oxine-
labeled MSCs in the brain of tumor-bearing control and irradiated
animals. Figure 3¢ shows the distribution of '''In-oxine-labeled
MSCs in the olfactory bulbs; the left, nontumor-bearing hemi-
sphere of the brain; the right, tumor-bearing hemisphere of the
brain, and in the cerebellum of control and irradiated animals. No
difference in the presence of MSCs was detected in the olfactory
bulbs of control and irradiated animals, whereas the presence of
MSCs was two- (P = 0.03, n = 4) and threefold (P = 0.057, n =
4) higher in the left and right hemispheres of irradiated animals
respectively. Furthermore, we observed approximately a fivefold
(P =0.03, n = 4) increase in the presence of MSCs in the cerebel-
lum of irradiated animals. On average, the total number of MSCs
penetrating in the brain of irradiated animals was 2.8 times higher
(P = 0.028, n = 4) than in control nonirradiated tumor-bearing
animals (Figure 3d). '"'In-oxine was also detected in other organs
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(Figure 3e); specifically, the highest quantities were in the lung
and stomach. Thus, these data quantitatively validate and further
indicate that MSCs are capable of penetrating into the brain of
mice after IN inoculation and their penetration is significantly
enhanced by irradiation.

Detection of MSCs in the tumor bed after IN
inoculation

In order to further localize MSCs within the brain, MSCs were
labeled with micron-size paramagnetic iron oxides (MPIOs)
before IN delivery to tumor-bearing mice. Supplementary Figure
Sla demonstrates the efficiency of MSCs labeling with MPIOs at
various cell-to-particle ratios. The ratio of 1:15 generated about
60% of positive cells in allophycocyanin channel in the absence
of toxicity (data not shown) and, therefore, was chosen as opti-
mal for stem cell labeling. Supplementary Figure S1b shows the
presence of flash red fluorescent beads in labeled MSCs counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI) (right panel);
the left panel shows control, nonlabeled cells. Next, we IN inocu-
lated MPIOs labeled MSCs in control and tumor-bearing mice.
Prussian blue staining was performed to detect iron particles in
multiple brain tissue sections from animals collected at day one
and three following IN stem cell inoculation. Prussian blue stain-
ing was detected in all animals that had received MPIOs-labeled
MSCs (Figure 4a; panels B-F). The vast majority of the posi-
tive signal was detected in immediate proximity to or within the
tumor bed of control and irradiated animals. Single clusters of
positive staining were detected in other brain regions (data not
shown). Collectively, these data indicate that stem cells are capable
of migrating to intracranial tumor when delivered IN in control
and irradiated animals.

Tracking of MSCs in the brain after IN injection using
magnetic resonance imaging

MPIOs were previously utilized to track the migration of vari-
ous cell types in vivo, including stem cells.”?** In order to achieve
sufficient resolution to visualize labeled MSCs within the mouse
brain, multi-slice high resolution T, weighted, Rapid Acquisition
with Relaxation Enhancement spin echo images and multi-slice T,
weighted a Fast Low Angle Shot (FLASH) gradient echo sequences
were acquired in both coronal (Figure 4b; panel B) and axial planes
of the mouse brain (panel C). Figure 4b demonstrates the path of
migration of MPIO-labeled MSCs towards the tumor (red arrows)
on sequential T1-weighted images of nonirradiated (panels C,D)
and irradiated animals (panels E-G). In order to identify the tumor
mass, sequential T2-weighted images of an irradiated animal were
taken and presented in Figure 4b (panels H-J). The signal induced
by MPIOs is shown by red arrows. The yellow arrow indicates the
tumor mass. MPIO-induced signal was more apparent in irradi-
ated animals. This signal appeared in the basal region and sequen-
tially extended toward the tumor. This result was confirmed on
T2-weighted images. On axial images of the brain of an irradiated
animal (Figure 4c; panels A-E and Supplementary Video S1), the
MPIO-induced signal appears as a dark spot in the basal region of
the brain, visualized in all sequential images and finally appears
in the area corresponding to the location of the tumor (Figure 4c;
panel E). Animals undergoing magnetic resonance imaging (MRI)
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Figure 3 Radiolabeling of MSCs with '"'In-oxine and their distribution in the brain and other organs after IN delivery. (a) Labeling of MSCs
with ""In-oxine. MSCs were incubated with '""In-oxine at 10, 20, and 30 minutes in CO, incubator at 37 °C in order to determine an optimal label-
ing time. (b) Sensitivity of assay. In order to determine if the level of MSCs labeling with '"'In-oxine is sufficient to detect low number of cells, MSCs
were titrated from 1 to 10¢ cells per tube and the radioactivity in corresponding samples was measured using a gamma counter. (c) Distribution of
MSCs through varying parts of the brain of control and irradiated tumor-bearing animals. '"'In-oxine-labeled MSCs were inoculated in the brain of
nonirradiated and irradiated tumor-bearing animals. Animals were killed 24 hours after IN inoculation and the brain and other organs were collected
for measurement of '"'In-oxine activity. OB-olfactory bulbs, LB-left hemisphere of the brain, RB-right hemisphere of the brain, CEREB-cerebellum.
(d) Comparison of MSC presence in the whole brain of control and irradiated animals. (e) Distribution of MSCs through the organs of control and
irradiated tumor-bearing animals. Data are presented as mean + SEM. Two-way analysis of variance followed by Bonferroni’s post hoc test has been
applied to examine the effect of incubation time on labeling efficiency of MSCs. The presence of '"'In-oxine-labeled MSCs in each organ has been

compared between control versus irradiated animals using Mann-Whitney tests. *P < 0.05. MSCs, mesenchymal stem cells.

were killed and their brains collected for Prussian blue staining.
Positive Prussian blue staining in the tumor region confirmed the
results of the MRI (data not shown). These findings further con-
firmed the direct migration of IN delivered MSCs towards the
tumor through brain parenchyma in control and irradiated animals.

MSCs-expressing TRAIL kill glioma cells in vitro

and improve survival of irradiated animals after IN
delivery

To investigate if IN delivered MSCs could be therapeutically ben-
eficial, MSCs modified to express TRAIL and irradiation were
utilized as therapeutic modalities. Figure 5a shows that MSCs-
TRAIL, but not control MSCs (vector control), express TRAIL
protein at ~100ng in a cell-bound fraction per 1x10° cells, and
about 80 ng of protein is released into the culture media during
a 24 hours incubation. Next, we investigated the sensitivity of
various glioma cell lines to MSCs-TRAIL. For this, U87, GBM43,
GBM12, and GBM39 glioma cells expressing fluc were cocultured
either with control or MSCs-TRAIL at the range of 1:0.05-1:1 of
glioma cells to MSCs ratios for 24 hours. Figure 5b shows that gli-
oma cell lines possess different sensitivity to MSCs-TRAIL and are
not affected by control MSCs. The IC_ is expressed as the ratio of
glioma cells to MSCs-TRAIL and was calculated to be 0.049, 0.38,
0.66, and 1.19 for GBM43, GBM39, U87, and GBM12, respec-
tively. Next, U87 and GBM43 glioma cell lines were chosen to
further confirm that MSCs-TRAIL can cause apoptosis in glioma
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cells. Figure 5¢ demonstrates a 2.5- to 3-fold increase in cleaved
caspase-3 expression in U87 and GBM43 glioma cell lines cocul-
tured with MSCs-TRAIL compared with control MSCs, whereas
no change in cleaved caspase-3 expression was detected between
untreated (PBS) and control MSCs treated glioma cells. Lastly,
we investigated the effect of IN delivered MSCs-TRAIL on the
survival of animals bearing intracranial U87 glioma xenografts.
The MSCs-TRAIL group (n = 10) demonstrated 11% improve-
ment in survival in comparison with PBS (n = 8, P < 0.05), but
not with control MSCs group of animals (Supplementary Figure
§2). Irradiation treatment of control animals resulted on average
in 28% improvement in median survival. The MSCs-TRAIL plus
irradiation group of animals demonstrated 45% and on average
13% improvement in median survival compared with control
nonirradiated and control irradiated animals respectively (n = 6,
P < 0.001) (Figure 5d). These data indicate that MSCs delivered
IN could be therapeutically beneficial in intracranial glioma ani-
mal models. However, various treatment modalities and glioma
models need to be further investigated to validate this approach.

Changes in CXCL12 expression in U87 glioma
xenograft tissue as a potential mechanism for
increased penetration of MSCs in the mouse brain
after gamma irradiation

In this set of experiments, we attempted to uncover potential
mechanisms governing the therapeutic effect of the combined

143



Therapeutic Effect of Intranasally Delivered Stem Cells in Mouse Model of Glioma

a
- A
Q
s -
o P
g e Rz e
c q.\'l"
o
z
' D
8 pre
£ AEETY
S e
= ® |
Day 1 Day3
b No tumor Non irradiated Irradiated
No MSCs tumor, MSCs tumor, MSCs

Figure 4 Tracking MPIO-labeled MSCs in the brain of the mice after
IN injection using MRI. (@) Prussian blue staining of brain tissue sections
from (a—c) control nonirradiated or (d—f) treated with irradiation mice
bearing U87 xenografts at day 1 and 3 after IN administration of MPIO-
labeled MSCs. a represents a negative control staining of tissue sections
from the brain of the animals treated with PBS. f represents higher mag-
nification of e (scale bar is 50 pm). The tumor mass is outlined. Arrows
indicate positive Prussian blue staining. Scale bar for a—e is 200 pm.
(b—c) T1- and T2-weighted MRI images of control animals (no MSCs),
nonirradiated or irradiated tumor-bearing animals were taken at day 2
after IN inoculation of MPIO-labeled MSCs. b shows coronal images.
(A,B) No MPIO-labeled MSC-induced signal was detected in the brain
of control mouse (no MSCs, no tumor). Sequential T1-weighted images
demonstrate the path of migration of MSCs towards the tumor in (C,D)
nonirradiated animal and (E-G) irradiated animal. (H,1,J) T2-weighted
sequential images of irradiated animal were taken to visualize the tumor
and MPIO-induced signal. Red arrows show signal corresponding to the
migrating MSCs. Yellow arrow shows tumor on T2-weighted image (J).
(c) Axial T1-weighted brain images in (A-E) irradiated tumor-bearing
animal. MSCs, mesenchymal stem cells.

treatment of irradiation and MSCs-TRAIL following IN deliv-
ery. The expression of TRAIL receptors, DR4 and DR5, was ana-
lyzed in control and irradiated U87 glioma xenograft tissues. GFP
expressing U87 glioma tissues were removed from the brain of
animals 24 hours after irradiation under the guidance of a fluo-
rescent microscope and samples were processed and analyzed for
DR4 and DR5 expression by quantitative PCR and flow cytom-
etry. Figure 6a shows that the expression of DR4 and DR5 mRNA
remained unchanged in xenograft tissue after irradiation in our
experimental setting. Similarly, no change in the expression
of DR4 and DR5 was found on the surface of U87 glioma cells
obtained from the glioma xenografts (Figure 6b).

In has been previously shown that certain chemokines and
cytokines secreted from the tumor bed can act as chemo-attrac-
tant for stem cells.>”” Based on this, we next used an array-based
RT-PCR approach to evaluate the effects of the radiation therapy
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on the chemokines and cytokines milieu at the tumor sites that can
enhance the migratory capacity of the implanted MSCs. For this,
glioma tissue from three control or irradiated animals was pooled
together and processed for array analysis per manufacturer’s recom-
mendations. Supplementary Table S1 summarizes changes in gene
expression above threefold in U87 xenograft tissue after irradiation.
The CXCL12 or stromal cell-derived factor-1 a (SDF-1 a) has been
shown to contribute to tropism of MSC towards glioma.?** In our
study, CXCLI12 was identified as a chemokine potentially involved
in enhanced migration of MSCs towards glioma tissue after irra-
diation. The changes in expression of mRNA in U87 glioma xeno-
grafts after irradiation were confirmed in a separate qPCR reaction
(Figure 6¢). ELISA was utilized to confirm the changes of CXCL12
expression in U87 glioma xenograft tissue obtained from three
control and three irradiated animals (Figure 6d). In summary, our
data identify CXCL12 as a chemokine potentially responsible for
enhanced migration of MSCs in the brain of irradiated animals.
However, further studies validating the role of CXCL12 in driving
the migration of IN delivered MSCs towards intracranial glioma
xenografts still need to be performed.

DISCUSSION

The BBB hampers many therapeutic agents from reaching the
tumor bed, thus making treatment of GBMs a challenging task.
Additionally, the invasive nature of GBMs allows them to escape
localized therapies such as surgery. Recently, stem cells have gained
significant interest as therapeutic carriers for the targeted treatment
of brain tumors due to their inherent tumor tropism. However, cur-
rent clinical method for delivery of stem cells relies on the place-
ment of cells in the resection cavity during surgery. In that respect,
IN delivery of therapeutic stem cells to the CNS is an attractive,
noninvasive, alternative method, allowing stem cells to bypass the
BBB. Therefore, in the present study, we investigated if IN delivery
of MSCs is a viable approach for the treatment of brain tumors in
an experimental mouse model. We showed for the first time that IN
delivery of TRAIL expressing MSCs can prolong median survival in
an animal model of orthotropic human glioma xenograft.

In this study, we employed several methods to demonstrate the
feasibility of IN delivery of MSCs to the brain in tumor-bearing
animals. First, we showed that MSCs are capable of migrating
within the brain towards tumor in agreement with previously pub-
lished reports.>***! Next, using bioluminescent imaging we dem-
onstrated penetration of MSCs from the nasal cavity into the brain
of mice. It is worth noting that luciferase signal was easily detect-
able in the nasal cavity and in the brain within several hours after
injection, but detection of MSCs in nasal cavity at later time points
required longer exposure, suggesting rapid elimination of MSCs.
Similarly, the fast disappearance of signal corresponding to labeled
MSCs from the nasal cavity was observed in a rodent model of
Parkinson’s disease.*? It is likely that fast penetration of MSCs from
the nasal cavity into brain tissue is due to direct passage of MSCs
through the cribriform plate via the olfactory and trigeminal path-
ways.'? 'In-oxine-labeled MSCs were also detected in the brain
of mice. Moreover, radiation treatment of tumor-bearing animals
enhanced MSCs penetration into the brain. As proliferation and
clearance of MSCs could differ in control and irradiated animals,
it is unlikely that it contributed to the observed effect at 24 hours
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Figure 5 Effect of MSCs expressing TRAIL on various glioma cells in vitro and survival of animals bearing intracranial glioma xenografts after IN
delivery. (a) The level of TRAIL expression in MSCs was measured using ELISA as described in Materials and Methods section. (b) Killing effect of MSCs-
TRAIL on various glioma cell lines. Control or MSCs-TRAIL were cocultured with U87, GBM39, GBM43, and GBM12 expressing fluc at 1:0.05 to 1:1 of
glioma to MSC ratios. At 24 hours, luciferase activity in glioma cells was measured in triplicates. Two-way analysis of variance followed by Bonferroni
post hoc test was utilized to evaluate the difference between control MSCs and MSCs-TRAIL on the toxicity in glioma cell lines. () Changes in caspase-3
expression in U87 and GBM43 glioma cell lines followed by 8-hour coculture with control or MSCs-TRAIL were evaluated by flow cytometry using rabbit
anti—caspase-3 antibody. Samples were run in triplicates. Statistical difference among groups was evaluated using two-way analysis of variance followed
by Bonferroni post hoc test. (d) Effect of intranasally administered MSCs-TRAIL on survival of mice bearing intracranial U87 glioma xenografts and treated
for 5 days with 2 Gy gamma irradiation (total dose 10Gy), n = 6/group. Survival curves were generated by the Kaplan-Meier method, Logrank test was
applied to determine statistical difference on survival time distribution between groups. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P
< 0.001. MSCs, mesenchymal stem cells; RLU, relative luciferase units.
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Figure 6 Effect of irradiation on expression of TRAIL receptors and the CXCL12 in U87 glioma xenografts. (a) Expression of mRNA for DR4 and
DR5 in U87 glioma xenograft tissue of control and irradiated mice. (b) Expression of DR4 and DR5 receptors in U87 glioma xenograft tissue of control
and irradiated mice was analyzed using flow cytometry, and expressed as mean fluorescence intensity (MFI). Samples were analyzed in triplicates. (c)
Expression of mRNA for CXCL12 in U87 glioma xenograft tissue of control and irradiated mice. (d) Expression of CXCL12 protein in U87 glioma xeno-
graft tissue of control and irradiated mice was analyzed by ELISA. Samples were analyzed in duplicates from each control and irradiated mice (n = 3).
Student’s t-tests have been utilized to evaluate the difference between groups. Data are presented as mean + SEM. *P < 0.05.
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after MSCs delivery, and rather can be explained by higher pen-
etration of MSCs in the brain of irradiated animals. Interestingly,
we also found a fivefold increase in accumulation of "'In-labeled
MSCs in the cerebellum of irradiated animals. This finding is of
importance given the high frequency of cerebellar brain tumors in
children® and warrants the evaluation of IN delivery of therapeutic
stem cells in experimental model of medulloblastoma and other
cerebellar tumors. Histological evaluation of the brain tissues fur-
ther confirmed the presence of MSCs in the glioma xenograft and
adjacent tissue of control and irradiated animals. The accumulat-
ing evidence of the ability of stem cells to penetrate the brain via
the nasal cavity'>>*? makes it prudent that we are able to under-
stand the mechanism underlying this phenomenon. Elucidating
this mechanism may allow us to increase the number of stem cells
that reach the brain after IN delivery.

Recent reports indicate that stem cells modified with iron
particles can be tracked in the brain using MRI.*** In our study,
MSCs were labeled with MPIOs in order to visualize their migra-
tion towards tumor following IN delivery. Using MRI, we were
able to detect MPIO-induced signals extending from the basal
frontal lobe towards the tumor in control and irradiated animals
after IN inoculation of MSCs. To our knowledge, this is the first
report utilizing MRI to confirm migration of IN delivered MSCs
towards glioma xenografts. Previously, methods of fluorescent
microscopy, [H3]-thymidine and near-infrared live imaging were
utilized to track MSCs in the brain after IN delivery."*'*** In addi-
tion to the fact that each of these methods has relatively limited
sensitivity, more notably there is a lack of clinical relevance and
applicability. MRI studies monitoring the distribution of stem
cells in the CNS will be necessary to evaluate the feasibility of IN
delivery of therapeutic stem cells for treatment of brain tumors
and other CNS disorders on a clinical level.

In our study, we demonstrated that IN delivered MSCs express-
ing TRAIL improved survival of the animals bearing intracranial gli-
oma xenografts in combination with irradiation. It has been shown
that radiation treatment can sensitize cancer cells to TRAIL treat-
ment and upregulation of TRAIL receptors, DR4 and DR5, has been
implicated in this process.”>* However, no change in the expression
of DR4 and DR5 in U87 glioma tissue upon radiation treatment was
detected suggesting that a different mechanism is responsible for the
therapeutic effect of MSCs expressing TRAIL. Enhanced migration
of MSCs towards irradiated tumors has been demonstrated by sev-
eral groups,”* but the exact mechanism of this tropism remains
unknown. We found that along with other factors, CXCL12 (e.g.,
SDEF-1) is upregulated after the radiation treatment suggesting that
the SDF-1/CXCR4 axis and other mechanisms may contribute to
migration of MSCs into the brain and towards the glioma tissue in
irradiated animals. Recently, Kim and coauthors demonstrated that
IL-8 is involved in migration of umbilical cord blood-derived MSCs
towards irradiated U87 glioma cells in vitro.?' In contrast, no upregu-
lation in IL-8 gene expression in irradiated glioma xenograft tissue
was found in our study, which might relate to differences in experi-
mental setting. Future studies should be carried out to elucidate the
mechanisms regulating the migration of stem cell into the brain of
tumor-bearing animals via the nasal cavity.

IN delivery of stem cells appears to be promising approach
for therapy of CNS disease. This approach shows a clinical and
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practical advantage over the intracranial application of stem cells
into resection cavity during surgery and the convection-enhanced
delivery, since it is not associated with the time of the surgery,
is noninvasive in nature, and allows for multiple treatment regi-
ments. It also can avoid complications associated with intravas-
cular delivery as well as increase number of stem cells delivered
to the tumor site through the repeated application of stem cells in
nasal cavity. Moreover, this method could be also potentially uti-
lized to treat patients with inoperable brain tumors. Recently, two
groups reported a beneficial effect of unmodified MSCs deliv-
ered via nasal cavity in rat models of ischemia and Parkinson
disease.”** NSCs have been shown to accumulate in intracra-
nial glioma xenografts after IN delivery,”” but the authors did
not evaluate preclinical efficacy of IN delivered NSCs. Here, we
demonstrated the therapeutic effect of MSCs-TRAIL in combina-
tion with radiation treatment in intracranial orthotopic glioma
model. We found that only a low number of MSCs can penetrate
the brain via nasal cavity in mice, which could be the limiting
factor for treatment of brain tumors via IN delivery of stem cells.
To overcome this limitation, stem cells could be manipulated
to increase their migration from nasal cavity into the brain by
various means. The overexpression of CXCR4 in MSCs has been
shown to enhance in vivo mobilization and engraftment of MSCs
into ischemic area of myocardium.*** Hypoxic preconditioning
of MSCs has been shown to improve their homing in ischemic
area of the brain after IN delivery.** Treatment of rat MSCs with
insulin-like growth factor-1 (IGF-1) has been shown to induce
an increase in MSCs migration in response to SDF-1 via CXCR4
receptor signaling.*' Thus, understanding the mechanisms which
drive the migration of stem cells will allow for the development of
new strategies to enhance penetration of stem cells into the brain
via the nasal cavity and ultimately efficient migration towards
the tumor where they can execute their therapeutic effect. In
our study, we did not investigate the dynamics of the presence of
therapeutic MSCs in the tumor burden. This knowledge would
be necessary for development of approaches enhancing the hom-
ing of therapeutic MSCs in the tumor tissue after their IN appli-
cation. Additionally, nasal delivery of therapeutic stem cells for
treatment of brain tumors has to be evaluated in solid and infil-
trative glioma models closely resembling patient tumors as well
as in primates, given a known difference between the rodent’s and
the human olfactory systems,* to make this approach clinically
sound.

Conclusions

Our study has demonstrated for the first time that noninvasive
IN delivery of MSCs is a promising approach for the therapeu-
tic treatment of experimental glioma. Using complementing
methods, we were able to demonstrate (i) migration of MSCs
into the brain and towards glioma xenografts after IN applica-
tion, (ii) MSC presence in the tumor by histological evaluation
and by MRI, and (iii) improvement in survival of animals using
TRAIL modified MSCs in combination with radiation treatment.
Ultimately, further studies utilizing various therapeutic modali-
ties in different animal models are necessary to validate IN deliv-
ery of stem cells as a recognized approach for the treatment of
experimental brain tumors.
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MATERIALS AND METHODS

Cell lines. U87MG glioma cell line expressing EGFRVIII (mutant Epidermal
growth factor receptor) was kindly provided by Dr Frank Furnari (the
University of California at San Diego, San Diego, CA) and is designated
elsewhere in the text as U87 glioma cell line. GBM43, GBM12, and GBM39
patient derived glioma cell lines expressing firefly luciferase (fluc) were
kindly provided by Dr David James (the University of California at San
Francisco, San Francisco, CA). Human bone marrow derived MSCs were
provided by Dr Michael Mathis (the Louisiana Health Sciences Center,
New Orleans, LA). Modifications of MSCs to express fluc (MSCs-fluc)*
and membrane-bound TRAIL (MSCs-TRAIL) were performed as previ-
ously described for NSCs.**

Luciferase assay. Killing effect of MSCs-TRAIL on glioma cells was mea-
sured using a luciferase assay. Briefly, 5x 10° of fluc-expressing glioma cells
were cocultured with MSCs-TRAIL, and in 24 hours, cells were lysed. To
quantify migration of MSCs towards tumor xenografts, U87 cells were
implanted in the right hemisphere of nude mice. One week later, MSCs-
fluc were inoculated in the left hemisphere of the brain and mice were
killed at various time points. The left and right hemispheres of the brain
were homogenized in equal volume of lysis buffer and cleared by centrifu-
gation. Luciferase activity in the cell lysates and homogenates was mea-
sured per manufacturer’s recommendation (Promega, Madison, WT).

MSC labeling with """In- oxine. The procedure for labeling MSCs was
performed as previously described” with slight modifications. MSCs at
10°/ml were mixed with 50 uCi of '"'In-oxine (GE Healthcare, Pittsburgh,
PA) and incubated for 10, 20 and 30 minutes at 37 °C in 5% CO,. After two
PBS washes, cells were counted in a gamma counter. The efficiency of the
"'In-oxine labeling was calculated as a percentage of the label retained by
the cells relative to the total added radioactivity.

MSCs labeling with MPIOs. For labeling of MSCs, a MPIO particles (Bangs
Laboratories, Fishers, IN) were added to about 80% confluent MSC’s cul-
ture in the presence of Fugene reagent (Roche Applied Science, Indianapolis,
IN) for overnight incubation. For fluorescent microscopy, cells grown in
Lab-Tek chamber (Thermo Scientific, Rochester, NY) slides were fixed with
4% paraformaldehyde and counterstained with DAPI nucleic acid stain
(Invitrogen, Grand Island, NY). Slides were analyzed using Olympus IX70
inverted microscope and images were obtained using MetaMorph software
(Molecular Devices, LLC, Sunnyvale, CA). The efficiency of MSCs labeling
with flash red labeled MPIOs was determined by flow cytometry as percent
of positive cells.

Detection of MPIO-labeled MSCs with Prussian Blue staining. For Prussian
blue staining, frozen 16 um brain sections were fixed in 4% paraformalde-
hyde and after three washes with PBS were stained with potassium ferro-
cyanide trihydrate (Sigma-Aldrich, St Louis, MO) and counterstained with
nuclear Fast Red stain (Vector Laboratories, Burlingame, CA) as described.*

Flow cytometry. Glioma cells cocultured with control or MSCs-TRAIL
for 8 hours were stained for cleaved caspase-3 as previously described.*
Samples were analyzed using BD FACSCanto-A flow cytometer
(BD Biosciences, San Jose, CA) and FACSDiVa software version 6.3 (BD
Biosciences, San Jose, CA).

PCR-based array. Glioma xenograft tissue was processed for total RNA
purification using the RNeasy Plus kit (Qiagen, Valencia, CA). For com-
parison of control and irradiated samples, 2 ug of total RNA was treated to
remove genomic DNA and reverse transcribed using SABiosciences proto-
col developed for PCR-based arrays. Human Cytokines/Chemokines array
was used in this study (SABiosciences, Valencia, CA). PCR array reaction
was performed using Bio-Rad Opticon 2 system and data were analyzed
using SABioscience software (SABiosciences). In order to verify upregula-
tion of gene of interest, quantitative PCR was repeated using primers pur-
chased from RealTimePrimers (Real Time Primers, LLC, Elkins Park, PA).
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ELISA. CXCL12 expression in glioma xenograft tissue was determined
using human CXCL12/SDF-1 a Quantikine ELISA Kit (R&D Systems,
Minneapolis, MN). Shortly, glioma xenograft tissue was lysed in M-Per
protein extraction reagent (Thermo Scientific, Hanover Park, IL) in the
presence of halt protease inhibitors cocktail (Pierce, Rockford, IL). All
samples were equilibrated to apply equal amount of protein to ELISA
plates and bound CXCL12 was revealed per manufacturer’s recommenda-
tion. The amount of CXCL12 in the samples was measured using a cali-
bration curve and the concentration of CXCL12 per mg of protein was
determined. TRAIL expression in MSCs was measured as previously
described.*

Bioluminescent imaging of MSCs in vivo. In order to visualize MSCs-
fluc in animals, mice were injected intra peritoneally (ip.) with 200 pul
(4.5mg per animal) D-luciferin sodium salt (Gold Biotechnology, St Louis,
MO). In addition, 3 pl of substrate was placed in each nostril to help with
detection of MSCs in the animal’s nasal cavity. Signal was recorded as pho-
ton counts using Xenogen IVIS 200 system. Localization of glioma cells
expressing GFP was also detected using Xenogen IVIS 200 system.

Tracking MPIO-labeled stem cells in the brain of tumor-bearing mice
using MRI. MPIO-labeled MSCs (1% 10°) were IN inoculated in control
and tumor-bearing mice as described in the “animal studies” section. Two
days later, MR images were acquired on a 33 cm horizontal bore Bruker 9.4
T small animal scanner with a Bruker console (Bruker-Biospin, Billerica,
MA) equipped with a 12cm shielded gradient set with a maximum
strength of 600 mT/m available through the University of Chicago Core
Facility. Mice were anesthetized with 2% isoflurane in oxygen and fixed
in a prone position during scanning. In order to achieve sufficient resolu-
tion to visualize-labeled MSCs within the mouse brain, multi-slice high
resolution T, weighted, Rapid Acquisition with Relaxation Enhancement
(RARE) spin echo images (TR/TE ;. . . =4000/26.6 ms, field of view (FOV)
= 2.56.cm, matrix size = 256 x 256, slice thickness = 0.5mm, number of
excitation (NEX) = 2, RARE factor = 4) were acquired in axial and coro-
nal planes. Then multi-slice T -weighted A Fast Low Angle Shot (FLASH)
gradient echo sequence (TR/TE = 340/3.7ms, flip angle = 20°, FOV =
2.56 cm, matrix size = 128 x 128, slice thickness = 0.5 mm, NEX = 4) were
also acquired in axial and coronal planes.

Animal studies. All animals were maintained and cared for in accordance
the NIH Guide for the Care and Use of Laboratory Animals and the
Institutional Animal Care and Use Committee protocol. The U87-EGFRVIII
glioma xenografts are known to be more aggressive than parental US7MG
glioma cells in an in vivo model*** and, therefore, were used as glioma
model. Intracranial xenografts were established as previously described.*
One week later, anesthetized animals were placed in a supine position and
nasal cavity of each animal was treated with total of 100U of hyaluroni-
dase'? as four repeated inoculations with 5-minute intervals (3 pl in each
nostril) after which either sterile PBS, or 5x 10° of MSCs (3 pl in each nostril
with 5-minute intervals) were applied for four times. This treatment was
repeated weekly for a total four times through the course of experiment. For
irradiation, the entire body of animals excluding the head was covered with
lead shields and exposed to 2 Gy of daily dose of radiation for 5 consecu-
tive days. Twenty four hours later, animals were treated either with sterile
PBS, or 5x 10° of MSCs as described above. All mice were followed to assess
their survival. In order to understand distribution of MSCs in control and
irradiated animals, animals were killed 24 hours later after IN application
"""In-oxine-labeled MSCs (10° per animal); brain and other organs were
extracted and radioactivity was measured using a gamma counter.

Statistical analysis. Differences between groups were evaluated using
parametric or nonparametric Student’s ¢-test or two-way analysis of vari-
ance followed by Bonferroni’s post hoc correction as appropriate. For the
in vivo data, survival curves were generated by the Kaplan-Meier method
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and the log-rank test was applied to compare the distributions of survival
times. All reported P values were two-sided and were considered to be sta-
tistically significant at <0.05.

SUPPLEMENTARY MATERIAL

Figure S1. Labeling of MSCs with MPIOs.

Figure $2. Effect of MSCs-TRAIL on survival of mice bearing intracra-
nial U87 glioma xenografts.

Table $1. Changesin mRNA expression for selected cytokines and che-
mokines in U87 glioma xenograft tissue of nude mice after irradiation.
Video S1. Migration of MPIO-labeled MSCs towards the tumor
through brain parenchyma.
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