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Abstract

Background: The olfactory ensheathing cells (OECs) migrate from the peripheral nervous system to the central nervous
system (CNS), a critical process for the development of the olfactory system and axonal extension after injury in neural
regeneration. Because of their ability to migrate to the injury site and anti-inflammatory properties, OECs were tested against
different neurological pathologies, but were never studied in the context of cancer. Here, we evaluated OEC tropism to glio-
mas and their potential as a “Trojan horse” to deliver therapeutic transgenes through the nasal pathway, their natural route

to CNS.

Methods: OECs were purified from the mouse olfactory bulb and engineered to express a fusion protein between cytosine
deaminase and uracil phosphoribosyltransferase (CU), which convert the prodrug 5-fluorocytosine (5-FC) into cytotoxic
metabolite 5-fluorouracil, leading to a bystander killing of tumor cells. These cells were injected into the nasal cavity of mice
bearing glioblastoma tumors and OEC-mediated gene therapy was monitored by bioluminescence imaging and confirmed
with survival and ex vivo histological analysis. All statistical tests were two-sided.

Results: OECs migrated from the nasal pathway to the primary glioma site, tracked infiltrative glioma stemlike cells, and
delivered therapeutic transgene, leading to a slower tumor growth and increased mice survival. At day 28, bioluminescence
imaging revealed that mice treated with a single injection of OEC-expressing CU and 5-FC had tumor-associated photons
(mean [SD]) of 1.08E + 08 [9.7E + 07] vs 4.1E + 08 [2.3E + 08] for control group (P < .001), with a median survival of 41 days vs

34 days, respectively (ratio = 0.8293, 95% confidence interval = 0.4323 to 1.226, P < .001) (n =9 mice per group).

Conclusions: We show for the first time that autologous transplantation of OECs can target and deliver therapeutic transgenes to
brain tumors upon intranasal delivery, the natural route of OECs to the CNS, which could be extended to other types of cancer.

Gliomas are the most common primary tumors that arise in the
adult central nervous system (CNS). Glioblastoma (GBM), the
most aggressive form, is resistant to current modalities of treat-
ment and has one of the worst 5-year survival rates (<10%) of
all human cancers (1). Standard-of-care treatment includes
maximal surgical resection followed by radiation and chemo-
therapy (temozolomide). The neoplastic growth of malignant
gliomas is thought to be maintained by a rare population of
neural stemlike cells that undergo self-renewal and are resis-
tant to therapy (2). Thus, developing novel therapeutics that
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target glioma cells and, more importantly, these cancer stem-
like cells would be highly beneficial for GBM patients.

The mammalian olfactory epithelium has a unique capacity
to replace its olfactory receptor neurons by physiological turn-
over and following injury throughout life (3,4). The ability to
grow axons in the mature CNS milieu has been attributed to the
presence of olfactory ensheathing cells (OECs), a glial cell type
that closely accompanies the axons as they grow from the olfac-
tory epithelium into the olfactory bulb. OECs are known to mi-
grate from the peripheral nervous system (PNS) to the CNS, a
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critical process for the development and maintenance of the
olfactory system. During neural regeneration, OECs migrate into
the injury site and enhance the axon growth because of their per-
missive environment (5). Recently, OECs were shown to have tro-
pism to astrocytes dissociated from GBM tissue in culture (6).
Owing to their strong ability to interact with astrocytes, as well as
their immunomodulatory and phagocytic properties, accumulat-
ing evidence has led to investigations of the therapeutic potential
of OECs in animal models as well as in the clinic for different pa-
thologies, including chronic spinal cord injury and amyotrophic
lateral sclerosis (7-10); but OECs were never studied in the context
of cancer in vivo. Here, we evaluated the potential of OECs as a
Trojan horse to deliver therapeutic transgene to brain tumors
through the nasal pathway, their natural route to CNS.

Materials and Methods

Cell Culture of Olfactory Ensheathing Cells

Olfactory ensheathing cells were purified from the olfactory
bulbs of C57BL/6 male adult mice following our and others’ pre-
viously described protocol (11-15). Briefly, the mice were killed
by isoflurane. The olfactory bulbs were dissected and sliced us-
ing a Tissue Chopper (Mickle Laboratory, Gomshall UK) in cold
Hank’s solution (HBSS, Thermo Fisher Scientific, Waltham,
USA). The tissue was dissociated with a TrypLE (Thermo Fisher
Scientific) reagent and quenched with Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; Thermo
Fisher Scientific) containing 10% fetal bovine serum (FBS). Cells
were then centrifuged at 350xg for 5min, the supernatant was
discarded, and the cell pellet was resuspended in complete
DMEMY/F-12 supplemented with 10% FBS and 100 U/mL penicil-
lin-streptomycin (Thermo Fisher Scientific), plated onto an
uncoated 60-mm dish, and incubated at 37°C in CO, incubator
for 18 hours in preparation for fibroblast removal. Next, floating
cells in cell suspension were transferred to a second uncoated
dish for astrocyte removal, and incubated using the same condi-
tions for 36 hours. Finally, OECs in the cell suspension were ad-
hered onto a precoated laminin (40 ug/mL, Life Technologies)
60-mm cell dish in DMEM/F-12 complete medium. OECs were
maintained in 5% CO, at 37°C, and the medium was refreshed
every three days. Once confluency was reached, OECs were de-
tached using TrypLE and used in the proposed experiments.

OECs were then transduced with a lentivirus vector carrying
an expression cassette for the naturally secreted Gaussia lucifer-
ase (Gluc) and green fluorescent protein (GFP) separated by an
internal ribosomal site (IRES), under the control of cytomegalo-
virus promoter at a multiplicity of infection of 10 transducing
units per cell by adding the virus directly to the cell culture (16).
Similarly, OECs were engineered to express a fusion between
yeast cytosine deaminase (CD) and uracil phosphoribosyltrans-
ferase (UPRT; CU) under the control of cytomegalovirus (CMV)
promoter using a previously described lentivirus construct (17).
OECs expressing CU are referred to as OCU.

Detailed methods for in vitro luciferase cell proliferation/via-
bility analysis, OEC migration assay, apoptosis detection in cocul-
tured cells, bioluminescence imaging, and immunofluorescence
experiments are in the Supplementary Methods (available online).

Patient-Derived GBM Stemlike Cells and Cell Lines

MGG6, MGG8, and MGG23 primary glioblastoma stemlike cells
(GSCs) were derived from surgical specimens obtained from

glioblastoma  patients undergoing treatment at the
Massachusetts General Hospital (Boston, MA), in accordance
with the appropriate institutional review board approval, and
have been previously characterized (17,18). More details can be
found in the Supplementary Methods (available online). GSCs
were engineered by a lentivirus vector to express firefly lucifer-
ase (Fluc) and mCherry fluorescent protein (mCherry) separated
by an IRES, under control of CMV promoter (Fluc-mCherry).

Mouse Studies

All mouse studies were performed in accordance with the
Massachusetts General Hospital Subcommittee on Research
Animal Care following guidelines set by the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Athymic female mice, 8-10 weeks old, were anesthe-
tized with 3% isoflurane under oxygen and stereotactically
implanted with 50 000 GBM cells or GSCs (as small spheres)
expressing Fluc-mCherry in 2ul phosphate-buffered saline
(PBS) using a 30-gauge Hamilton syringe and the following
coordinates: 2.5mm lateral, 0.5mm anterior to bregma, and
2.5mm depth from the skull surface. One week (for therapeu-
tic studies; n=9 per group) or three weeks (for tropism analy-
sis, n=3 per experiment) after tumor implantation, mice
received 10° OEC-GFP (in 10 uL PBS) via intranasal administra-
tion by carefully dropping the cells onto their nostrils, allow-
ing cells to be snorted in drop by drop. One week post-OEC
injection, mice were treated with a daily intraperitoneal injec-
tion of 5-FC (500mg/kg) for 7 days. Tumor volume was moni-
tored over time by bioluminescence imaging as detailed in
the Supplementary Methods (available online).

Statistical Analysis

GraphPad Prism v6.01 (GraphPad Software, Inc, Lajolla, CA) was
used for statistical analysis of all data. Data were expressed as
mean (SD). An unpaired two-tailed t test was used for the com-
parison of two samples. A P value less than .05 was considered
statistically significant. One-way (for in-culture work) or two-
way (for in vivo work) analysis of variance (ANOVA) followed by
the Bonferroni multiple comparison post hoc test was per-
formed to compare differences between groups. All of the mice
included in the survival curve were followed to their natural
death, and survival was analyzed using Kaplan-Meier curves
and log-rank (Mantel-Cox) tests. All statistical tests were two-
sided.

Results

Isolation and Characterization of OEC Cultures

We purified the olfactory ensheathing cells from the olfactory
bulbs of C57BL/6 male adult mice following previously estab-
lished protocol (11-15) (summarized in Figure 1A). Costaining of
OECs for 2/,3' cyclic nucleotide 3’-phosphodiesterase, smooth
muscle z-actin, glial fibrillary acidic protein, and calcium-
binding protein f, specific markers for OEC (13), revealed that
our cultures displayed neither unlabeled cells nor cells labeled
with only one marker, confirming that our method is highly ef-
fective for OEC purification (Figure 1B).


Deleted Text: due to
Deleted Text: -
Deleted Text: v
Deleted Text: a
Deleted Text: in
Deleted Text: ng
Deleted Text: OECs
Deleted Text: ,
Deleted Text: culture 
Deleted Text: . 
Deleted Text: animals
Deleted Text: euthanized
Deleted Text: 's
Deleted Text: <italic>x</italic>
Deleted Text: &ndash;
Deleted Text: , USA)
Deleted Text: &thinsp;
Deleted Text: rs
Deleted Text: of
Deleted Text: ,
Deleted Text: r
Deleted Text: -
Deleted Text: &thinsp;
Deleted Text: -
Deleted Text: i
Deleted Text: (CMV) 
Deleted Text: the virus 
Deleted Text: CMV 
Deleted Text: In 
Deleted Text: -
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djy138#supplementary-data
Deleted Text: , 
Deleted Text: -L
Deleted Text: . 
Deleted Text: -
Deleted Text: Institutional 
Deleted Text: Review 
Deleted Text: Board 
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djy138#supplementary-data
Deleted Text: , 
Deleted Text: . 
Deleted Text: Eight-to-ten <?A3B2 thyc=10?>week-old<?thyc?> athymic 
Deleted Text: post-
Deleted Text: -
Deleted Text: -
Deleted Text: i
Deleted Text:  (i.p.)
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djy138#supplementary-data
Deleted Text: ,
Deleted Text:  
Deleted Text: a
Deleted Text:  software
Deleted Text:  &plusmn; standard deviation 
Deleted Text: -
Deleted Text:  
Deleted Text: &acute;s
Deleted Text: c
Deleted Text:  
Deleted Text:  our and others
Deleted Text: -
Deleted Text:  CNPase
Deleted Text: SMA
Deleted Text: GFAP
Deleted Text:  S100b
Deleted Text: neither 

L. A. Carvalhoetal. | 285

6mice C57BI Olfactory Bulb (OB) slices
(1mm thickness)
36h 18h
@ @ @ infresh growth media
Transfer cell suspension Transfer cell suspension Plate cell suspension
baﬂi“':;ishprmd toasecond dish inadish
laminin

Overlay

— | Overlay

' e’ | Overlay

Figure 1 (spelling of Resuspend; suspension; define ONL). Isolation and characterization of olfactory ensheathing cells (OECs) from the mice olfactory bulb. A)
Schematic overview of OEC isolation from the mouse olfactory bulb. B) Phenotypic characterization of OECs by co-immunostaining for 2',3" cyclic nucleotide 3'-phos-
phodiesterase (CNPase), calcium-binding protein f (S100b) (green), smooth muscle «-actin (SMA), and glial fibrillary acidic protein (GFAP) (red). Nuclei were also stained
with 6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 50 um. ONL = olfactory nerve layer.

OEC Tropism to Brain Tumors via the Nasal Pathway

We first evaluated whether OECs can travel their natural route
from the olfactory bulb to CNS and target brain tumors. MGG8
patient-derived GSC neurospheres (10° cells) expressing
mCherry (Figure 2A) were intracranially injected into the left
forebrain. Three weeks after GSC injection, mice received 10°
OECs (in 10 uL PBS) expressing GFP via intranasal administration
(Figure 2, B and C). One week later, mice were killed and the
brains were removed, sectioned, and stained for GFP, as an indi-
rect measure of OEC. OECs migrated from the nasal cavity not
only toward the primary tumor site, but also along invasive tu-
mor borders far from their initial site of transplantation
(Figure 2, D-H). Costaining with anti-CD133 antibody, a marker
for GSCs, revealed that OEC can also target these subpopula-
tions of GBMs, known to invade the brain (Figure 2, E-H). These
results were also reproducible in another GBM cell line model
(Supplementary Figure 1, available online).

Because OECs are known to have tropism to soluble mole-
cules associated with inflammation, we evaluated the migratory
potential of OECs to the conditioned medium of GBM cells and

GBM stemlike cells in a Transwell assay in culture. Indeed, OECs
migrated toward the conditioned medium from GSCs and U87
GBM cells and not control medium (Figure 2, I and J;
Supplementary Figure 2, available online). To understand the
potential mechanism responsible for this tropism, we explored
two major cytokines, the tumor necrosis factor alpha (TNFz) and
interleukin 6 (IL-6), previously shown to mediate neural or mes-
enchymal stem cell tropism to tumors/gliomas (18,19). Indeed,
knocking down (using short hairpin RNA [shRNA]) either of
these cytokines in GSCs and the U87 GBM line inhibited OEC mi-
gration to their conditioned medium (Figure 2, I and J,
Supplementary Figures 2 and 3, available online). Quantification
analysis revealed a statistically significant increase in OEC mi-
gration to conditioned medium from GSCs expressing shCTRL as
compared with DMEM-F12 control (13.90 [2.85] OECs per mm? vs
2.0[1.00] OEC per mm?, P <.001); however, OEC migration was
statistically significantly less to the conditioned medium from
GSCs expressing either shTNFu (4.4[2.16] OECs per mm?, P < .001)
or shiL-6 (2.6[1.06] OECs per mm?, P <.001) (Figure 2, I and ).
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Figure 2. Olfactory ensheathing cell (OEC) tropism to glioma stem cells (GSCs) in culture and in vivo upon intranasal administration. A) GSCs expressing mCherry were
injected into the striatum of nude mice brain. B, C) Three weeks after GSC injection, mice received 10° OECs expressing green fluorescent protein (GFP) (B) via the intra-
nasal cavity (C). D-H) One week after OEC injection, brain sections were analyzed for mCherry showing infiltration of GSCs throughout the brain (D). Brain sections at
the GSC injection site (*in D) were costained for GFP (OEC) and CD133; OEC-GFP (green) were colocalized with CD133 (purple) or GSCs (red) (E, F). OEC also migrated to
the infiltrative glioma cells and CD133+ GSCs (arrow) at the contralateral side (*in D) (G, H). I, J) Conditioned medium collected from GSCs expressing nontargeted short
hairpin RNA (shRNA) control (shCTRL) or against interleukin 6 (shIL-6); tumor necrosis factor alpha (shTNF«) or DMEM-F12 control medium were placed in the lower
chambers and OECs in the upper chambers of a Transwell. Twenty-four hours later, lower chambers were analyzed for the presence of OECs by microscopy (). J)
Quantification analysis of results obtained in (I); representative mean (SD), n =3 independent experiments, P value from two-sided Student t test is shown. Scale bar =

1mm (D), 150 um (E, F); 50 um (A, B; G, H).

These results indicate the potential role of these two secreted in-
flammatory molecules in OEC tropism to glioblastomas.

OEC as a Delivery Vehicle of Therapeutics to Glioma
Cells and Stemlike Cells

We evaluated OECs as a vehicle to deliver therapeutic transgenes
to brain tumors. We first engineered OECs to express a fusion pro-
tein between CD and UPRT under the control of cytomegalovirus
promoter (OCU), as a proof-of-concept transgene. The CD con-
verts, on the tumor site, the prodrug 5-FC into the cytotoxic agent
5-fluorouracyl (5-FU), which is further converted to its metabolites
5-fluorodeoxyuridine-5'-monophosphate and 5-fluorouridine-5'-
triphosphate intracellularly. These active metabolites are then in-
corporated into DNA and RNA leading to the inhibition of nucleo-
tide synthesis and cell death. The advantage of this strategy is
that the generated 5-FU can be transferred to neighboring non-
transduced cells via gap junctions and other mechanisms,
leading to a bystander killing of tumor cells. In addition, we
chose CU fusion as the transgene because UPRT has been

shown to have a synergistic antitumor effect with CD where
the 5-FU generated through CD (upon addition of prodrug 5-
FC) is further metabolized into 5- fluorodeoxyuridine-5'-
monophosphate by UPRT (20-22). Also, CD has been recently
evaluated in the first neural stem cell-based gene therapy in
humans against malignant gliomas (23).

To assess the potential use of OEC for glioma gene therapy,
we used a dual luciferase reporter system to monitor cell viabil-
ity in both OEC and GSC/GBM cells, simultaneously in the same
well (24). OCU or OEC (not expressing transgene as a control)
were engineered to express the Gluc (coelenterazine as sub-
strate), which will report for OEC viability. GSCs/GBM cells (three
different cultures), on the other hand, were engineered to ex-
press Fluc (D-luciferin as substrate). We either cultured each
cell type separately or cocultured OECs and GSCs/GBM cells to-
gether in the presence or absence of 500 uM 5-FC or 500 uM 5-FU
(a positive control). Nine days after treatment, OEC and GSCs/
GBM cell viability were assessed by measuring Gluc level in an
aliquot of conditioned medium and intracellular Fluc activity,
respectively. As expected, in each monoculture, all cells were
sensitive to 5-FU, but only OCU were killed by 5-FC, proving the
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Figure 3. Olfactory ensheathing cells (OECs) as a delivery vehicle of therapeutic transgenes to glioma stem cells (GSCs) or glioblastoma (GBM) cells in culture. A)
Different GBM cells or GSCs expressing firefly luciferase (Fluc), OECs expressing Gaussia luciferase (Gluc), or OECs expressing the fusion between cytosine deaminase
and uracil phosphorybosyl transferase (OCU) and Gluc were treated with 5-fluorocytosine (5-FC) or 5-fluorouracyl (5-FU) and cell viability was measured 9 days later. B,
C) MGG8 and MGG23 GSCs and U87 GBM cell line expressing Fluc were cocultured with OEC-Gluc or OCU-Gluc and treated with or without 5-FC. Nine days post treat-
ment, cell viability was analyzed by microscopic evaluation (B) and by measuring Fluc and Gluc activities, respectively (C). Data in (A) and (C) are shown as mean % cell
viability(SD) in which the untreated monoculture cells are set at 100% (n =8, P value from two-sided Student t test is shown). D) Apoptosis detected in MGG6, MGG8,
and MGG23 GSCs cocultured with OCU and treated with or without 5-FC by annexin V/propidium iodide (PI) staining and analyzed by flow cytometry. Representative
dot plots (left) for annexin V—/PI— (alive), annexin V+/PI— (apoptotic), annexin V—/PI+ (necrotic), and annexin V+/PI+ (late apoptotic or dead), and the percentage of
cells (mean [SD]) in each quadrant (right), representative from n =3 independent experiments, P value from two-sided Student t test is shown. E) Caspase-3/7 activity
(mean [SD]) was detected in MGG6, MGG8, and MGG23 GSCs cocultured with OCU with and without 5-FC (n =5, P value from two-sided Student t test is shown). Scale
bar =10 um.

ARTICLE




>
]
=
0
=
£

288 | JNCIJ Natl Cancer Inst, 2019, Vol. 111, No. 3

validity of our system (P < .001, Figure 3A). Under the coculture
conditions, 5-FC treatment did not cause any cell deaths in
either GSCs or OEC (not expressing the transgene; Figure 3, B
and C); however, a statistically significant lower number of via-
ble GSCs/GBM cells and OCU (>80%; P <.001) was observed after
treatment with 5-FC when cocultured together (Figure 3, B and
C). Surprisingly, we observed around a 40% decrease in GSCs/
GBM cell proliferation when cocultured with OEC or OCU, even
without 5-FC, as compared with the untreated monoculture
control, showing that OECs could have an intrinsic antitumor
activity on their own. These results, which were reproducible in
two different patient-derived GSC cultures and U87 GBM cell
line, show that OEC can be used to deliver CU therapeutic trans-
gene to tumor cells, converting prodrug 5-FC to an active agent
5-FU, leading to bystander tumor cell killing.

The ability of 5-FC to induce apoptosis in GSCs cocultured
with OCU cells was further analyzed by flow cytometry using
annexin V/propidium iodide (PI) staining. In three different
GSCs cocultured with OCU, the addition of 5-FC induced a statis-
tically significant increase in the percentage of early apoptotic
cells (PI-/annexin V+) and/or late apoptotic cells (PI+/annexin
V+). For instance, for MGG23, early apoptosis was increased
from 16% [0.7%] (MGG23-+0CU) to 60.4% [1%] (MGG23+OCU-+5-
FC; P <.001); for MGG6, late apoptosis was increased from 5%
[2.3%] (MGG6+0CU) to 12.3% [2.3%] (MGG6+0CU+5-FC; P < .001);
and for MGGS8, late apoptosis was increased from 13.6% [2.4%]
(MGG8+0CU) to 22.3% [14%] (MGG8+OCU+5-FC; P<.001,
Figure 3D). OCU on its own (with no 5-FC) also showed some in-
crease in early/late apoptosis in all three GSCs confirming the
viability assays above. Similarly, caspase-3/7 activity was also
statistically significantly increased (P<.001) in all three GSCs
cocultured with OCU when treated with 5-FC (Figure 3E).

OEC as a “Trojan Horse” for Glioma Gene Therapy

OECs are known to travel along with newly generated olfactory
axons from the PNS neurons of the nasal mucosa to their target
in the olfactory bulb in CNS. We therefore exploited the natural
route of OECs to CNS to deliver CU therapeutic transgene to
brain tumors. We injected MGG8 patient-derived GSCs express-
ing Fluc and mCherry in the striatum of nude mice brains. One
week after tumor implantation, mice were divided into two
groups (n = 9/group) receiving a single intranasal administration
of OCU or PBS (control). One week later, both groups of mice
were treated with daily intraperitoneal injection of 5-FC
(500 mg/kg) for 7 days. Bioluminescence imaging revealed that
mice treated with a single injection of OCU and in combination
with 5-FC had a statistically significant reduction of tumor
growth compared with the control group treated with 5-FC
alone; at day 28, mean (SD) Fluc activity was 1.08E+08
(9.7E+07) as compared with 4.1E+08 (2.3E+ 08), respectively
(P<.001; Figure 4, A and B). Ex vivo histological analysis for
mCherry expression in the tumor as well as hemotoxylin and
eosin and cleaved caspase-3 staining confirmed these results
and showed that the OCU+5-FC group had a smaller tumor size
at the injection site and less invasion/migration throughout the
brain, along with increased apoptosis (Figure 4, C and D).
Importantly, survival analysis showed that a single injection of
OCU and treatment with 5-FC led to a statistically significant in-
crease in the median survival of the mice (41 days for OCU + 5-
FC vs 34 days for control, ratio =0.8293, 95% confidence interval
= 0.4323 to 1.226, P < .001, Figure 4E). Taken together, our results
indicate that upon intranasal delivery, OCU migrate their

natural route toward glioblastomas in a specific manner, and
can convert prodrug 5-FC into an active 5-FU drug at the tumor
site, leading to an efficient therapeutic bystander effect.

Discussion

The unique ability of the mammalian olfactory epithelium to
continuously replace its olfactory receptor neurons by physio-
logical turnover and following injury throughout life has been
attributed to the olfactory ensheathing cells, a glial cell type
that closely accompanies the axons as they grow from the olfac-
tory epithelium into the olfactory bulb (3,4). OECs share proper-
ties with astrocytes and Schwann cells (25) and are distributed
in both the PNS and CNS, which distinguishes them from typical
glia (26). OEC migration from PNS to CNS is critical for the devel-
opment of the olfactory system and axonal extension after in-
jury in neural regeneration. OECs migrate into the injury site
and enhance the axon growth because of the permissive OEC
environment (27). In stroke, OECs reverses the neurological defi-
cit, protecting the white matter from ischemic injury and im-
proving neurological function (28). OECs combined with
olfactory nerve fibroblasts overcome the inhibitory fibrotic scar,
increasing the regeneration of the lesioned nigrostriatal dopa-
minergic neurons in models of Parkinson’s disease (29). OECs
remyelinate axons after spinal cord lesion (30-33), and induce a
less severe host astrocyte response after implantation, downre-
gulating inflammation (34-36). The promising results obtained
with OEC transplantation in animal models led to investigating
their therapeutic potential in the clinic for different pathologies,
including chronic spinal cord injury and amyotrophic lateral scle-
rosis (7-10), but they were never studied in the context of cancer.
Here, we took advantage of these characteristics and, for the first
time, evaluated OEC tropism to brain tumors and their potential
use as a Trojan horse” to deliver therapeutic transgenes upon in-
tranasal delivery, the OECs natural route to CNS. We showed that
OECs navigate the nasal pathway to the primary glioma site and
infiltrative GBM stemlike cells and deliver CU therapeutic protein,
which could convert the prodrug 5-FC into an active agent 5-FU
leading to a strong on-site bystander killing of glioblastomas,
even with a single intranasal administration.

Because of their tropism to the tumor site, different stem
cell types, including mesenchymal, neural, and embryonic,
have been used as a vehicle to deliver therapeutics to gliomas
(37). Although these cells have shown some promise, several
challenges persist with respect to their isolation and use. For in-
stance, neural stem cells could potentially be harvested from
the adult brain, but this process is complicated and time con-
suming. As an alternative, most studies use stable cell lines of
immortalized neural stem cells obtained from embryonic cells,
which often makes their use controversial, similar to embryonic
stem cells, because of ethical, regulatory, and political concerns.
Mesenchymal stem cells are obtained from bone marrow, adi-
pose tissue, peripheral blood, umbilical cord blood, or the
placenta; however, as in the case with neural stem cells, local
immunosuppression can be observed upon implantation (38).
Further, spontaneous tumor formation in long-standing mesen-
chymal stem cell cultures has been reported, and, after implan-
tation, a small fraction of immortalized neural stem -cells
continue to proliferate (39-41). Aside from malignant transfor-
mation of stem cells, the secretion of growth factors and che-
mokines, and the direct local immunosuppressive effect of
stem cells, may modify the tumor microenvironment such that
it promotes tumor growth/metastasis (42-45). OECs, on the
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Figure 4. Olfactory ensheathing cells (OECs) as a Trojan horse for glioma gene therapy via the nasal pathway. A total of 50 000 MGG8 glioma stem cells expressing firefly
luciferase (Fluc) and mCherry were implanted in the striatum of athymic mice brain. One week later, mice were randomized into two groups (n = 9/group) receiving ei-
ther a single intranasal administration of 10° OECs expressing the fusion between cytosine deaminase and uracil phosphorybosyl transferase (OCU) or phosphate-buff-
ered saline (control). One week later, both groups of mice were treated with intraperitoneal injection of 5-fluorocytosine (5-FC, 500 mg/kg) for 7 days. Tumor growth
was monitored over time by Fluc imaging and survival was recorded. A) Images of a representative mouse from each group are shown at different time points. B)
Tumor-associated bioluminescence signal was quantified (mean total flux [SD] is shown, n=9, at day 28, P <.001 from two-way ANOVA with a Bonferroni post hoc
test). C, D) Hematoxylin and eosin staining and mCherry analysis on brain sections (C), as well as nuclei staining with 6-diamidino-2-phenylindole (DAPI, blue) and
cleaved caspase-3 staining (green) colocalized with tumor cells (red, D) at the primary tumor site from a representative mouse from the control (*) and OCU + 5-FC (**)
group at day 28. E) Kaplan-Meier survival analysis (median, n=9, P <.001 from log-rank [Mantel-Cox] test). Scale bar = 1 mm (C) and 100 ym (D).

other hand, can be easily obtained from the olfactory epithe-
lium, a simple procedure typically done for patients with spinal
cord injury allowing autologous transplantation, overcoming
both ethical issues and host graft rejection (46,47). Further, the
unique properties of OECs, including tissue repair by affecting
structural remodeling and support, modulation of the immune
system, and clearance of toxic macromolecules, make them an
excellent candidate as a delivery vehicle for brain tumor gene
therapy. Note that no toxic or tumorigenic potential with OEC
transplantation has been reported to date (9,48).

The intranasal pathway has been proposed as a noninvasive
alternative route to deliver therapeutics to the brain. This route
will bypass the blood-brain barrier, one of the major concerns in
delivering any therapeutic to the CNS, and limit systemic side
effects. Upon presentation at the nasal cavity, pharmacological

agents reach the brain via the olfactory and trigeminal nerves
(49,50). Nose-to-brain transport is not exclusively reserved for
small molecules and viruses. NSCs and progenitor cells as well as
MSCs were shown to target the tumor environment upon intra-
nasal administration in mice bearing brain (and other types)
tumors (51-55). In this context, OECs have an advantage over
these cells for intranasal delivery, the natural route of OEC from
PNS to CNS during olfactory neuron receptor turnover, as well as
autologous transplantation, lack of tumorigenicity, restorative
potential, and inherent pathotropism toward inflammatory cues.

Aside from their use as a Trojan horse, OECs share several
interesting properties that could be an advantage in the context
of cancer in general and gliomas in particular. For instance,
OECs carry immunomodulatory properties (9,56), are able to
phagocytose cellular debris and bacteria (5,57,58), and promote
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neuroprotection in different CNS disease models (59,60). Our in-
culture experiments showed that OECs on their own inhibited
GSCs/GBM cells proliferation, potentially having an intrinsic
anticancer effect. Recently, the brain-derived neurotrophic
factor (BDNF) (61,62), and low-dose curcumin (63), as well as
TNFo (64), have been shown to enhance OEC migration to the
injury site. Our data revealed that OEC migration decreased
upon inhibition of TNFx secretion in glioma cultures, support-
ing the role of this cytokine in OEC tropism to GBM. It would be
interesting to evaluate these OEC properties, together with
one of these factors, in our GBM models and their potential
use for adjuvant therapy, in combination with radiation and/
or temozolomide.

Some limitations of this study should be highlighted, includ-
ing the choice of the CU transgene, which also kills the OEC
upon production of 5-FU at the tumor site. Because our in-
culture studies showed that OECs on their own inhibited tumor
cell proliferation, it would be worthwhile to use a therapeutic
transgene that induces tumor cell killing, but not OEC, which
might lead to a more efficient therapy. An example could be sol-
uble TRAIL (tumor necrosis factor apoptosis-inducing ligand),
which can be secreted by OEC to bind to death receptors specifi-
cally on tumor cells, similar to our published work with neural
stem cells (65). Furthermore, the intranasal delivery route could
also be limited to the treatment of brain/CNS tumors; however,
systemic injection might be more useful for the treatment of
other types of cancers.

In conclusion, we show for the first time that OECs can tar-
get and deliver therapeutic transgenes to brain tumors upon in-
tranasal administration, the natural route of OEC to CNS. The
use of OEC-based gene delivery is not limited to the CU trans-
gene, used here as a proof of concept, but could also be ex-
tended to other transgenes and other types of cancer and
should not be limited to intranasal administration.
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