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Adult Human Nasal Mesenchymal-Like Stem Cells
Restore Cochlear Spiral Ganglion Neurons
After Experimental Lesion
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A loss of sensory hair cells or spiral ganglion neurons from the inner ear causes deafness, affecting millions of
people. Currently, there is no effective therapy to repair the inner ear sensory structures in humans. Cochlear
implantation can restore input, but only if auditory neurons remain intact. Efforts to develop stem cell-based
treatments for deafness have demonstrated progress, most notably utilizing embryonic-derived cells. In an effort
to bypass limitations of embryonic or induced pluripotent stem cells that may impede the translation to clinical
applications, we sought to utilize an alternative cell source. Here, we show that adult human mesenchymal-like
stem cells (MSCs) obtained from nasal tissue can repair spiral ganglion loss in experimentally lesioned cochlear
cultures from neonatal rats. Stem cells engraft into gentamicin-lesioned organotypic cultures and orchestrate the
restoration of the spiral ganglion neuronal population, involving both direct neuronal differentiation and sec-
ondary effects on endogenous cells. As a physiologic assay, nasal MSC-derived cells engrafted into lesioned
spiral ganglia demonstrate responses to infrared laser stimulus that are consistent with those typical of excitable
cells. The addition of a pharmacologic activator of the canonical Wnt/-catenin pathway concurrent with stem
cell treatment promoted robust neuronal differentiation. The availability of an effective adult autologous cell

source for inner ear tissue repair should contribute to efforts to translate cell-based strategies to the clinic.

Introduction

EARING LOSS AFFECTS ~ 36 million adult humans in the

United States. Many forms of sensorineural hearing
impairment are due to loss of receptor hair cells and/or spiral
ganglion neurons, which carry afferent input from the co-
chlea. The quest to restore damaged inner ear tissue remains a
major challenge. At present, for profound loss that is not
helped by hearing-aid amplification, cochlear implantation
surgery remains the only treatment option to restore input.
However, intact spiral ganglion neurons are required for co-
chlear implantation or conventional hearing amplification to
be useful. Treatment strategies to replace the loss of spiral
ganglion neurons are, therefore, needed.

We sought to examine the possibility of utilizing an adult
stem cell to treat experimentally lesioned rat cochlear cul-
tures; in principle, an efficacious autologous cell source could
translate to clinical use rapidly. We hypothesized that nasal
mesenchymal-like stem cells (nasal MSCs) could repair the
spiral ganglion, by either directly replacing neurons or via
activation of endogenous cells to do so. MSCs from bone
marrow have been shown to regulate other stem cell niches

while also maintaining a capacity for multilineage differen-
tiation [1,2]. These properties have led to experimental
models utilizing various MSCs for tissue repair [2,3]. The
nasal MSC is an especially attractive cellular candidate for
the repair of neural tissue, because it is an easily obtained
autologous source, and the nasal mucosa supports ongo-
ing neurogenesis throughout life to maintain the olfactory
neuroepithelium.

The nasal MSC-like cell has been characterized by several
groups [4-6]. Importantly, this cell is obtained from the
lamina propria, and it differs markedly from the basal cells in
the olfactory epithelium, which act as stem cells for the
neuroepithelial lineages [7-11]. The precise function of the
nasal MSC in the nose remains to be defined; however, these
cells are easily cultured from adult human nasal turbi-
nate tissue, while the olfactory basal cells are challenging
to propagate from adults. Moreover, nasal MSCs display a
transcriptional profile overlapping that of bone marrow
MSCs and neural progenitor cells, consistent with their lo-
calization within a sensory organ [12]. These properties likely
reflect a neural crest origin of mammalian nasal lamina
propria cells [13-15], from which the nasal MSCs arise. Nasal
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MSCs have, thus, been tested in models of neural injury,
including hippocampal lesions [16], age-related hearing loss
[17], and a rat Parkinsonian model [18].

Previous efforts to use various nasal stem cells specifically
for auditory repair have shown promise. A mouse nasal
neurosphere culture has been demonstrated to have an
ability to produce hair cell-like cells under certain culture
conditions [19]. However, the origin of the hair cell-like cells
may be olfactory epithelial keratin (+) progenitors or lamina
propria MSCs, as the nasal neurospheres were prepared
from a mixture of both cell types. In addition, using human
nasal MSCs in a mouse model of progressive sensorineural
deafness, hearing improvement was demonstrated despite a
lack of stem cell engraftment, suggesting a beneficial para-
crine mechanism of action [17]. These exciting results indi-
cate a need to further define the potential for certain nasal
stem cells for inner ear repair. Specifically, conditions pro-
moting stem cell engraftment into damaged inner ear tissue
and the possibility for restoration of auditory neurons by
nasal stem cells remain to be studied.

More broadly, other sources of stem cells have also dem-
onstrated the principle that a cell-based inner ear therapy is
feasible [20,21]. With appropriate induction, a bone marrow
MSC can engraft and contribute to auditory neuron repair in
certain models [20]. In addition, embryonic stem cells, after
precise culture conditions promoted an otic progenitor phe-
notype, demonstrated remarkable reparative properties
when delivered to the gerbil inner ear [21]. Due to potential
limitations with other stem cell sources, and the promising
characteristics of the nasal stem cells, we focused here on the
use of adult human nasal MSCs.

To test our hypothesis, adult human nasal MSCs were
obtained, expanded in vitro, and used to treat gentamicin-
lesioned postnatal rat organotypic cochlear cultures. Cul-
tures were analyzed by immunochemical staining and con-
focal microscopy, as well as by voltage-sensitive calcium dye
imaging utilizing infrared laser stimulation.

Materials and Methods
Human nasal MSC cultures

Adult human nasal MSCs were prepared as previously
described [6,12,22]. Briefly, turbinate tissue was obtained
from patients undergoing endoscopic nasal or sinus surgery,
following a protocol approved by the Institutional Review
Board of the University of Miami. For experiments described
here, nasal MSCs obtained from a middle turbinate sample
were utilized. Turbinate tissue was held on ice and promptly
transported to the lab. Tissue was processed by treatment
with dispase II (Roche, Indianapolis, IN) to separate the
epithelium from lamina propria. Epithelium was then peeled
away and discarded. Lamina propria was then minced, and
individual pieces were placed under a glass round cover slip
in a 24-well plate with Dulbecco’s-modified Eagle’s medium
(DMEM)/F12 with 10% fetal bovine serum and penicillin
(100U/mL) and streptomycin (100 pg/mL; all from Invitro-
gen, Grand Island, NY). After adherent cells migrated out
and approached confluence, they were treated with trypsin
and passaged to culture flasks in the same medium. Cells
were then expanded as loosely adherent spheres by seeding
1-5x 10° cells per polylysine-coated T25 flask in 5mL serum-
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free medium supplemented with fibroblast growth factor 2
(50ng/mL) and epidermal growth factor (50ng/mL; both
from R&D Systems, Minneapolis, MN) for 3-5 days. Sphere
phenotype was assessed by fixing cultures in 4% parafor-
maldehyde in phosphate buffer solution (PBS), and staining
with antibodies to nestin, CD90, CD 105, or Strol, followed
by appropriate fluorescent-conjugated secondary reagents,
as previously described [6]. Subsequent experiments were
performed using spheres harvested by trituration and brief
trysinization, pelleted at 500 g, and rinsed in DMEM/F12.

Cochlear cultures

All animal studies were conducted with the approval of
the Animal Care and Use Committee of the University of
Miami (protocol 11-086) and fully complied with the NIH
guidelines for the care and use of laboratory animals. Organ
of Corti (OC) explants were harvested from 3 day-old rats.
Explants were placed in serum-free media consisting of
DMEM supplemented with glucose (final concentration 6 g/
L), N-1 supplement (1%), and penicillin G (500 U/mL). OC
explants were treated with either gentamicin (10 pM) or PBS
vehicle and incubated at 37°C in 95% humidified atmosphere
and 5% CO,. After 4 days, the medium was exchanged for
fresh medium (without gentamicin) containing human nasal
MSCs; the controls received plain medium without MSCs.

Nasal MSC cochlear treatment

Human nasal MSC spheres at passage 4-6 were labeled
with either green fluorescent protein (GFP) or fluorescent
nano particles, Qtracker 655 dots (Invitrogen), to permit
subsequent detection. For GFP labeling, lentiviral vector
encoding GFP (Qiagen, Germantown, MD) was used to
transfect the cells, as per the manufacturer’s protocol. Briefly,
replication-incompetent Cignal GFP control lentiviral parti-
cles (catalog number CLS-PCG) were incubated for 24 h with
adherent cells at a multiplicity of infection of ~20, with
Qiagen SureEntry transduction reagent used at 4pg/mL.
Cells were washed, maintained in normal growth medium
for 2 days, and re-seeded in sphere-forming medium before
use. Since cells were promptly used for experiments without
subsequent passage, puromycin selection was not necessary.
For QDot label, sphere-forming cells were harvested, briefly
trypsinized to break up spheres, rinsed, and then labeled
with Qtracker 655 particles (Invitrogen) as per the manu-
facturer’s instructions. Either GFP-labeled or QDot-labeled
sphere-forming cells were centrifuged and washed twice
with DMEM/F12, and they were then resuspended in 0.5 mL
medium. Approximately 10° cells were applied to gentamicin-
lesioned cochlear cultures, or control un-lesioned cultures,
seeding the cell suspension onto the area of the sensory
epithelium in a defined gentamicin-free medium. The medium
was changed every 3 days. In a subset of cultures, LiCl (Sig-
ma, St. Louis, MO; 2 mM final concentration) was added to the
medium at the time of stem cell treatment, and maintained in
subsequent medium changes. Cultures were then analyzed at
10 days post-MSCs treatment.

Immunochemistry and analysis

The tissues were fixed in 4% paraformaldehyde in 0.1 M
PBS for 48 h at 4°C. The explants were washed thrice in PBS
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and subsequently incubated in 5% normal goat serum, 1%
Triton X-100 in PBS for 30 min at 25°C. They were then in-
cubated with Tuj-1 (1:100, MMS-435P; Covance, Princeton,
NJ), anti-Synapsin (1:100, 2312; Cell Signaling Technology,
Danvers, MA), or anti-Glutamate Receptor 2 and 3 (1:50,
AB1506; Millipore, Billerica, MA) in blocking solution at 4°C
overnight. After washing, the OC explants were incubated
for 90 min at room temperature in blocking solution con-
taining appropriate species-specific fluorescent-conjugated
secondary antibodies (Invitrogen). After washing, the ex-
plants were counter-stained with 4’,6-diamidino-2-pheny-
lindole (Sigma), washed again, transferred to glass slides
with anti-fading mounting medium, and cover slipped. The
slides were observed under a Zeiss Axiovert 700 confocal
microscope. Image ] 1.45h software (NIH, Bethesda, MD)
was used for processing and analyzing the images. Cells
were considered co-labeled if there was convincing staining
with either GFP or QDots in the soma and surrounding
immunostaining with appropriate cellular localization on
confocal images. For instance, TuJ-1 labels neuron-specific -
tubulin, localizes to the soma, and neurites with a filamen-
tous pattern. By scrolling through z-stacks acquired at 0.5 pm
thickness, the accurate distribution and assessment of cell
labeling was obtained for purposes of quantification. A re-
gion of interest (ROI) of 320 %320 um was used in each case
corresponding to the acquired field of vision. ROIs were
defined to cover the spiral ganglion region in quantified
samples. The investigator was not blinded, as lesioned or un-
lesioned cultures were markedly different in their staining
appearance; however, counts, including ROIs throughout the
spiral ganglion regions, were obtained to minimize bias.

Infrared laser stimulation

Multiple studies have highlighted the intracellular calcium
[Ca%*]; responses evoked by pulsed infrared radiation (IR)
that result in the activation of spiral and vestibular ganglion
neurons, vestibular hair cells, and cardiomyocytes [23-31]. In
the present study, pulsed IR and Ca>* imaging was used to
test functionality of the cells with a neural fate. We used
cochlear explants that were co-cultured with the nasal MSCs.
The specimens were loaded and incubated at 37°C for 10 min
with 50 uM Ca**-sensitive dye Fluo-4 AM (Life Technolo-
gies, Grand Island, NY) dissolved in dimethylsulfoxide
(Sigma) and mixed with 20% Pluronic F-127 (Life Technol-
ogies). After incubation, the dye was washed and replaced
with artificial perilymph solution (125mM NaCl; 3.5mM
KCL 25mM NaHCO;; 1.2mM MgCly,; 1.3mM CaCly;
0.75mM NaH,PO,; 5mM glucose). A confocal microscope
(SP5 upright; Leica, Wetzlar, Germany) with a resonant
scanner was used to image the live human nasal MSC-de-
rived cells labeled with Qtracker 655 particles (red) and the
IR-induced changes in [Ca®*]; measured by the Fluo-4 AM
(green). Image sequences (2,56,256 pixels frame ') with
varying IR stimulation parameters were recorded (14 fps). IR
stimulation was delivered with a multimodal 400 pm diam-
eter optical fiber (Ocean Optics, Dunedin, FL) that was
connected to a Capella laser (Lockheed Martin Aculight,
Bothell, WA). The fiber was held and controlled with a mi-
cromanipulator, enabling IR to be focused roughly 300-
500 pm away from the target cells. A pilot light was used as a
guide to position and focus the laser beam onto the cells of

BAS ET AL.

interest. The laser source was configured to emit 4 ms pulses
with a frequency of 0.5-1 pps using a wavelength of
1,863 nm. The energy output from the fiber, measured in air,
was of 1-1.017m]. The parameters were chosen based on
previous studies that have shown effective and safe stimu-
lation of auditory neurons in vivo [32-34]. Image sequences
were processed using Image] (NIH) to adjust brightness and
contrast. Average fluorescence value of the cells in each
frame was computed using an ROI analysis. Here, the ROIs
are the areas corresponding to each cell. The QDot positive
and negative cells were used as a reference to select ROIs.
The normalized fluorescence variations of the cells (F—Fy/F,
where Fj is the fluorescence intensity value in the first frame
of the sequence) stimulated by the pulsed IR were plotted
using a custom-written program in MATLAB (MathWorks,
Natick, MA).

Statistical analysis

Analysis of variance (ANOVA) followed by Tukey’s Mul-
tiple-Comparison Test was applied for the engrafted MSC cell
study (Fig. 2; n=6 independent specimens/group), for the
Tuj-1-positive cell quantification (Fig. 4; n=8-14 independent
specimens/group), and for Tuj-1-positive areas (Fig. 7D; n=10
independent specimens/group). To compare the percentage
of Tuj-1 positive versus negative LentiGFP human nasal
mesenchymal stem cells, an unpaired two-tailed f-test was
applied (Fig. 6H; n=6 independent specimens/group).

Results
Human nasal MSC characterization

The isolation of human nasal MSC-like cells in our lab has
been previously reported [6]. The cells used in the present
experiments were studied to confirm an appropriate phe-
notype, before using these cells to treat cochlear cultures.
After the processing of adult human lamina propria cells
from turbinate tissue and expansion in culture, sphere-
forming cells were harvested for passage, discarding the
adherent populations, to enrich for nasal MSC-like cells. Cell
samples were then characterized immunochemically. Stain-
ing results confirm that the sphere-forming cellular pheno-
type is characterized by the expression of surface proteins
which are common to nasal MSC-like cells [6,35], including
STRO-1, CD90, CD105, and the intermediate filament nestin
(Fig. 1). By fluorescence-activated cell sorting analysis, 100%
of nasal MSC sphere cells express CD90 [6]; all sphere-
forming cells are nestin (+), although some adherent non-
sphere cells do not express nestin (Fig. 1A), and STRO-1 and
CD105 expression appears heterogenous. Importantly, cells
do not express markers typical of olfactory epithelium, such
as cytokeratins, or of hematopoietic lineage, such as CD34
and CD45 (not shown). Human nasal MSCs were labeled
with QDot fluorescent nanosphere beads or lentivirus GFP
before co-culture experiments, to permit tracking of the cells,
and were found to be well labeled (Fig. 1E, F).

Engrafted nasal MSCs migrate to the lesioned spiral
ganglion region

Gentamicin treatment is an established technique that is
used to experimentally lesion the sensory apparatus of the
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inner ear [36-39]. Using this paradigm, we tested the hy-
pothesis that nasal MSC treatment could help repair exper-
imentally lesioned sensory tissue in the cochlea. MSCs are
attracted to sites of inflammation or tissue injury [40]. Ac-
cordingly, we found that concentrations of labeled nasal
MSCs were clustered in the spiral ganglion region of lesioned
cultures when stem cells were applied. Cochlear cultures
were examined by confocal microscopy, and engrafted stem
cell-derived cells were detected by visualization of GFP or
fluorescent bead labeling and by immunochemical labeling
with Tuj-1 (Fig. 2A-D). No differences were observed
between GFP-transfected cells and QDot-labeled cells. Al-
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FIG. 1. Human nasal mesenchy-
mal-like stem cells (nasal MSCs)
express an appropriate MSC phe-
notype. (A) Under sphere-forming
conditions, cells express the inter-
mediate filament Nestin (green); ar-
row indicates a large nestin (+)
sphere. The surface markers char-
acteristic of MSCs are also ex-
pressed, including CD90 (B), CD105
(C), and STRO1 (D). Nuclei are
counterstained with 4’,6-diamidino-
2-phenylindole (DAPI) (blue). (E, F)
Live nasal MSCs were labeled with
either fluorescent nanospheres (E,
Qtracker 655; Molecular Probes
Eugene, OR, USA) or green fluo-
rescent protein (GFP) via lentiviral
tranfection (F) to facilitate tracking
cells in a co-culture with rat cochlea.
Bar=50 pm. Color images available
online at www liebertpub.com/scd

though it is difficult to completely exclude the possibility of
rare uptake of QDots by neighboring cochlear cells from
dead stem cells, similar findings from GFP- or QDot-labeled
experiments strongly suggest that such non-specific labeling
is not sufficient to explain our findings. Moreover, QDot
passive uptake from either extracellular space or via gap
junctions has been carefully studied and previously excluded
[41]. Labeled cells were found to localize largely in the spiral
ganglion region (Fig. 3). Occasional non-integrated clusters
of labeled cells were found attached to cochleae. Rare labeled
cells were noted in the OC beneath or adjacent to the hair cell
sensory epithelium. However, labeled stem cell-derived hair

>

FIG. 3. Engrafted nasal MSCs migrate to the spiral ganglion region and promote an increase in spiral ganglion neurons.
GM-lesioned cochleae in culture were either untreated (A) or treated with nasal MSCs [(B-D), red]. An analysis after 14 days
shows that cultures which did not receive nasal MSCs have largely absent Tuj-1 neuronal staining in the spiral ganglion (A);
in MSC-treated cultures, the nasal MSCs tend to cluster in the lesioned spiral ganglion [(B), arrows]; this is readily apparent on
orthogonal views in (B), where the Deiter’s cells and inner hair cells are identified in the sensorineural epithelia area, and the
red labeled MSCs engraft in the spiral ganglion area. There are prominent Tuj-1-labeled neuronal processes extending from
this region in MSC-treated cultures. Nuclei are counterstained with DAPI (blue); bar=50 um in Z-stack views and 25 pum in
orthogonal views. (C, D) A three-dimensional view from a boxed region in (B) (C) and a similar region from a different
specimen (D) show how some neurons with Tuj-1 (+) processes (green) are labeled with Qdot beads (red), indicating that they
are human nasal MSC derived; bar=>5pm; 40xoil immersion objective. (E) Eosin-stained histologic section through the
cochlea, labeled to provide orientation for confocal figures. SGNS, spiral ganglion neurons; IHC, inner hair cell. Arrowheads
indicate TuJ-1 (+) nasal MSC-derived cells. Color images available online at www.liebertpub.com/scd
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FIG. 2. Human nasal MSCs engraft in lesioned rat cochleae. Co-cultures with lentiGFP-transfected MSCs are shown in
(A-C) (green); cultures with QDot 655-labeled MSCs are shown in (D) (red). The specimens were co-stained with Tuj-1 [red in
(A-C) and orange in (D)] as a neuron-specific class Il beta-tubulin marker and DAPI to visualize nuclei (blue). (A) Un-lesioned
cultures without stem cell treatment show remnants of neurites after a total of 14 days in culture. (B) Gentamicin (GM)-
lesioned cochlear cultures in which nasal MSCs were not added show absence of neurons and shrunken nuclei. (C, D) GM-
lesioned explants co-cultured with nasal MSCs show healthy neurons and engrafted nasal MSCs. The sensorineural epithelia
area (SNEA) and spiral ganglion area (SGA) are indicated in each photograph. Very few nasal MSCs were identifiable into
control, un-lesioned cultures that were stem cell treated [(E), microphotograph not included], indicating that injury or lesion
permits stem cell engraftment: 38.5+4.2 QDot-labeled MSCs and 26.2+2.3 LentiGFP-transfected MSCs were identifiable in
lesioned cultures; 3.2+2.3 MSCs were identifiable in un-lesioned cultures (1 =6 independent specimens/group). Plotted data
correspond to the meanz*standard deviation (SD). Analysis of variance (ANOVA) followed by Tukey’s test was used for
statistics. **P <0.05, ***P <0.005, ns, not significant. Bar=50 um. Color images available online at www .liebertpub.com/scd

Z-stack view Orthogonal view

T
Seala vntibuli

Vestibular membrane
= =" (Raissner)

{ Innar hair Toctorial Limbus tpiraky At
DS Owmer hair  egll ;t'"‘""’" i

m" \

3D view

506



NASAL STEM CELL TREATMENT OF THE INNER EAR

cells were not identified, by position and morphology as-
sessed by orthogonal views on confocal microscopy (Fig. 3B,
E). Importantly, little to no nasal MSC engraftment was
identified in control un-lesioned cochlear cultures (Fig. 2E).
We identified only 3.2+2.3 [standard error of the mean
(SEM)] engrafted labeled cells per ROI in control un-lesioned
cochlear cultures, after nasal MSC treatment, while we found
38.5+4.2 (SEM) QDot-labeled MSCs and 26.2+2.3 (SEM)
LentiGFP-transfected MSCs in lesioned stem cell-treated
cultures (Fig. 2E; n=6 independent specimens/group).
Therefore, we conclude that tissue injury creates an envi-
ronment which is permissive to stem cell engraftment and
that the different cell labeling methods are equivalent.

Stem cell treatment of lesioned cochleae restores
the spiral ganglion neuron population

Lesioned and subsequently stem cell-treated cultures were
found to contain numerous spiral ganglion neurons (Fig. 4),
in striking contrast to gentamicin-lesioned cochlea cultures
that did not receive stem cells (Figs. 2A, B, and 4). Postnatal
rat cochlea cultures (n=8) were incubated with medium
containing the ototoxic drug gentamicin (10 uM), a well-
established technique that causes loss of hair cells as well as
subsequent degeneration of spiral ganglion neurons [36,38].
This treatment, as expected, resulted in extensive loss of
sensory hair cells and spiral ganglion neurons, when exam-
ined 10 days after a 4-day treatment period (Figs. 2—4); at this
time point, even the un-lesioned control explants exhibit some
degree of degradation of neurites. To test the effect of stem cell
treatment, cultures were seeded with nasal MSCs (n=14) or
control medium without cells (#=8), and they were analyzed
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FIG. 4. Human nasal mesenchymal stem cell (hMSC)
treatment restores spiral ganglion cell population. Quantifi-
cation of TuJ-1-expressing neurons in the spiral ganglion
from GM-lesioned cultures with no stem cell treatment
(GM +No hMSCs), GM-lesioned cultures with human nasal
MSC treatment (GM+hMSCs), or un-lesioned cultures (No
GM+No hMSCs) indicates that there is an ongoing loss of
neurons from 4 to 14 days after GM lesion in cultures not
treated with stem cells, and that hMSC treatment results in a
restoration of the neuronal population. Mean neuronal
counts are markedly increased in GM-lesioned cultures
that received hMSCs (17.8%5.1; n=14 cultures) versus GM-
lesioned cultures which did not receive hMSCs (2.0+1.8;
n=8 cultures, ***P<0.005). Plotted data correspond to the
mean+SD. ANOVA followed by Tukey’s test was used for
statistical analysis.
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by confocal microscopy with cell type-specific staining after
10 days. Quantification of TuJ-1-labeled neurons indicates a
mean of 7.4+4.5 spiral ganglion neurons per field at 4 days
after cultures were lesioned with gentamicin. When lesioned
cultures were maintained another 10 days but were not stem
cell treated, this number dropped to 2.0+1.8. However, in
stem cell-treated cochleae, the number of Tuj-1-positive cells
was 17.8+5.1, where ~45% were host neurons and 55% were
stem cell-derived neurons, based on QDot label (Figs. 2—4).
Using lentiGFP-labeled nasal MSCs, 64.4+3.7% of the GFP
(+) cells were also Tuj-1 (+) (n=5 independent specimens/
group; please also see Fig. 6 graph). These data indicate that
adult human nasal stem cell treatment of experimentally le-
sioned cochlear cultures results in a significant preservation
and restoration of spiral ganglion neurons (P <0.005, ANOVA
followed by Tukey’s Multiple-Comparison Test).

In the nasal MSC-treated cultures, the spiral ganglion cells
labeled with neuron-specific Tuj-1 were noted to bear long
neurite-like processes (Figs. 2, 3, and 6). Many of the labeled
neurites appear to extend toward the sensory epithelium,
and to form synapse-like connections with other cells (Figs. 2,
3, and 6). Although not all MSC-derived TuJ-1 (+) cells had
such morphology, we commonly found cells that, when
studied by high-resolution confocal Z-stack images, clearly
extended labeled neurites to contact other cells, highly sug-
gestive of efforts to establish connections (Fig. 3D).

Spiral ganglion cells in stem cell-treated cultures
are excitable

Short pulses of optical IR stimuli (A=1,863 nm) have been
shown to evoke controllable, pulse-by-pulse [Ca®*]; tran-
sients in the cultured spiral and vestibular ganglion neurons,
neurotransmitter release from vestibular hair cells, and con-
tractions in cardiomyocytes [23-26,28-31]. IR stimulation
delivered to the QDot-positive cells engrafted in the lesioned
spiral ganglion region of neonatal rat cochlear cultures con-
sistently evoked similar, pulse-by-pulse [Ca®*]; transients,
indicating that these cells are excitable (n1=6 cochlear cul-
tures, 394 QDot-positive cells analyzed). The evoked changes
in [Ca®*]; by 1 pps optical IR in QDot-positive and -negative
cell ROIs are shown in Fig. 5. Before optical stimulation, the
extracellular media containing Fluo-4 AM used for incuba-
tion was replaced with fresh artificial perilymph. Thus, the
measured responses reflected the changes in intracellular
Ca”" transients and were not affected by background fluo-
rescence. The responses observed were identical among all
cochlear cultures stimulated with IR between 0.5 and 1 pps.

Neurons arise both from engrafted nasal MSCs
and from rescue of endogenous cells

Cells in the spiral ganglia of stem cell-treated cultures that
express neuronal proteins and have a neuronal morphology
were often found to also bear the nasal MSC QDot label (Fig.
3). In experiments using a lenti-GFP technique to label MSCs,
similar labeling patterns and results were also obtained,
confirming the utility of the QDot marker (Figs. 2 and 6).
Many of these MSC-derived cells have a neuronal mor-
phology, are labeled by the neuron-specific marker TuJ-1,
and appear to extend neurite-like processes toward other
cells, often toward the sensory epithelium (Figs. 3 and 6). The
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FIG. 5. MSC-derived cells display excitable responses to in-
frared laser stimulus. (A) Shows QDot-positive and -negative
cells after loading with Ca®*-sensitive dye Fluo-4 AM. Two
QDot-positive (ie, nasal MSC-derived) cells and one QDot-
negative cell were selected to analyze their responses to in-
frared radiation (IR) stimulation for 1min at 1,893nm, 1 pps,
and 1,017 mJ of radiant energy. Normalized fluorescence val-
ues were plotted over time. Traces (B) and (C) show the IR-
evoked [Ca?"]; transients in the two selected QDot-positive
cells. Trace (D) shows the response of a QDot-negative en-
dogenous cell, which can be a spiral ganglion neuron or a glial
cell. Responses obtained in traces (B-D) are similar to the ones
obtained in excitable cells such as neurons or cardiomyocytes.
Color images available online at www liebertpub.com/scd

efficiency of the QDot label is estimated to be in the 50%
range, based on an examination of nasal MSCs in vitro
(Fig. 1). Although mitoses can dilute the nanoparticle con-
centration in cells, we have found that the label remains
fluorescently detectable despite proliferation, as have other
investigators [41]. Nonetheless, not all spiral ganglion neu-
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rons in our stem cell-treated cultures are co-labeled by the
fluorescent QDot marker. Approximately 45% of spiral
ganglion neurons in MSC-treated cultures were not clearly
bead labeled, but were generally seen in areas with sur-
rounding labeled MSC-derived cells. These data strongly
suggest that an important mechanism by which adult nasal
MSCs repair the spiral ganglion is by a paracrine-type effect
on endogenous spiral ganglion cells, in addition to a capacity
to directly differentiate into new neurons.

Indeed, the morphology of non-bead-labeled (ie, endoge-
nous) neurons in the spiral ganglia of nasal MSC-treated
cultures was different from many QDot-labeled or GFP-la-
beled neurons. These endogenous neurons have large, round
cell bodies, typical of spiral ganglion neurons seen in un-
lesioned control cultures (Fig. 2D). That large, round, QDot
(=) TuJ-1 (+) cells are essentially absent from gentamicin
lesioned cultures which were not stem cell treated, and are
found in stem cell-treated cultures in areas with surrounding
bead-labeled cells, suggests a paracrine mechanism of action
by which nasal MSCs are promoting the survival of endog-
enous cells. Neurons were not labeled by the S-phase mitotic
marker 5-bromodeoxyuridine (BrdU, not shown), when
BrdU was maintained in medium from the time of stem cell
addition. Since nasal MSC-driven neurogenesis does not
appear to be a proliferative regeneration, we conclude that
stem cells are promoting the survival of endogenous neurons
in gentamicin-lesioned cultures, although we cannot exclude
the possibility of the differentiation of neurons from other
precursor cells, to account for the numbers of Tuj-1 (+) cells
identified at 10 days after stem cell treatment (Fig. 4). We
conclude from these data that both survival promotion and
the differentiation of neurons from MSCs are contributory.

Spiral ganglion neurons in stem cell-treated cultures
exhibit evidence of appropriate differentiation,
enhanced by activation of Wnt/p-catenin signaling

To further characterize neuronal cells in nasal MSC-trea-
ted cultures, samples were probed for expression of synapsin
and glutamate receptors (Figs. 6 and 7). Synapsins are a
family of phosphoproteins; types I and II are localized
mainly in minor processes and in axons, while type III has
been found in the cell bodies, axons, and growth cones in
developing neurons [42,43]. The antibody used here recog-
nizes all three forms of synapsins and, therefore, labels the
cell somata in many of our images. Glutamate receptor is a
neurotransmitter receptor that is expressed in the spiral
ganglion and sensory neuroepithelium [44,45]. Lesioned
controls, not treated with stem cells, again exhibited almost
no neurons and minimal synapsin labeling (Fig. 6C, D). Stem
cell-treated cultures had, in contrast, robust clusters of TuJ-1
(+) neurons with large, round cell bodies, with synapsin
expression overlapping their cell bodies and neurites (Fig.
6E-G), such as the spiral ganglia neurons of the 1 day post-
explant un-lesioned control group (Fig. 6A, B).

Wnt signaling has been shown to promote olfactory stem
cell neurogenesis [46], and it has broad roles in neuronal
development, stem cell niche maintenance, and synapse
assembly [47,48]. Moreover, Wnt/p-catenin activation en-
hances neurogenic gene activation in bone marrow MSCs
[20]. Accordingly, we examined a role for Wnt pathway ac-
tivation in the promotion of neurogenesis in the stem cell-
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FIG. 6. Differentiation of spiral ganglion neurons in human nasal MSC-treated cochlear cultures. (A, B) Un-lesioned control at 1
day post-explantation shows extensive synapsin (magenta) and Tuj-1 (orange) labeling. (C, D) Neuron-specific Tuj-1 labeling and
synapsin staining is absent in GM-lesioned cochlea without stem cell treatment. (E-G) GM-lesioned stem cell-treated cultures
exhibit robust Tuj-1 labeling (orange) of neurons and synapsin labeling (magenta) among lentiGFP-transfected nasal MSCs (green);
SNEA and SGA are indicated in the figures. A cluster of ectopically-located nasal MSC-derived cells is visible in this field (G), with
extensive synapsin expression and several prominent TuJ-1 (+) processes extending toward the sensory epithelium. Arrows
indicate GFP (+)/TuJ-1 (+) cells. (A, C, E) Bar=50 um. (B, D, F, G) Bar =25 pm. (H) Graph showing the percentage of GFP-labeled
MSCs that are positive and negative for Tuj-1 staining. Plotted data correspond to mean+SD. Unpaired two-tailed t-test was

applied (1 =6 independent specimens/group, ***P <0.001). Color images available online at www liebertpub.com/scd

treated cochlea. When cultures were treated with addition of
the canonical Wnt pathway activator LiCl [49], the density,
branching, and complexity of dendritic processes were
grossly increased (Fig. 7). We quantified the area of Tu]-1-
labeled neurites, indicating 33,679 +7,432 pm? labeled in the
presence of LiCl versus 3,629 +596 um?* without LiCl (n=10;
P<0.001, ANOVA), in stem cell-treated cultures (Fig. 7D).
LiCl alone did not have a significant effect. Moreover, intense
expression of the neurotransmitter receptors GluR2/R3 was
immunochemically identifiable in the stem cell-treated cul-
tures in which LiCl was added (Fig. 7). Taken together, these
data indicate that neuronal differentiation occurs in nasal

MSC-treated cochlear cultures after gentamicin lesion. In
addition, modulation of the Wnt/f-catenin signaling path-
way promotes nasal MSC-activated cochlear neurogenesis.

Discussion

We demonstrate here for the first time that a nasal stem
cell harvested from adult humans is efficacious in the repair
of spiral ganglion neuron loss in experimentally lesioned
cochlea. Efforts to develop a cell-based therapy for deafness
have recently witnessed significant advances [21,50,51].
These breakthroughs have demonstrated the ability to
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FIG. 7. Pharmacologic activation of Wnt signaling pathway alters the neurite morphology in stem cell-treated cultures at 14
days. (A) Control un-lesioned cultures show typical Tuj-1 labeling, along with low levels of glutamate receptor GluR2/3
when maintained in vitro for 14 days. (B) In GM-lesioned cultures treated with human nasal MSCs alone, both TuJ-1 (+)
neurons (orange) and faint GluR2/3 staining (green) are evident. (C) In GM-lesioned cultures treated with stem cells and LiCl
(a Wnt/B-catenin pathway activator), TuJ-1 (+) cells exhibit pronounced density of staining and dendritic arborization
(orange label, middle column); GluR2/3 staining is also more robust (green) in adjacent areas; SNEA and SGA are labeled;
bar=50 pm. (D) Measurement of the TuJ-1 labeled area, which labels neurites, indicates a significant increase in stem cell-
treated cultures that are maintained with LiCl. The TuJ-1 label reflects the increased complexity and density of neurite
outgrowth. **P <0.05, ***P <0.005, ns, not significant. Color images available online at www. liebertpub.com/scd

generate replacement cells for inner ear sensory structures, the use of these cell types, an effective autologous adult cell
including hair cells and spiral ganglion neurons. However, a  source offers advantages in terms of efforts to translate these
major limitation is that many of these techniques required techniques into clinical trials.

the use of either embryonic stem cells or induced pluripotent What are the properties of MSCs in general, and nasal
stem cells. Given the inherent ethical or safety concerns with MSC-like cells in particular, enabling these cells to repair



NASAL STEM CELL TREATMENT OF THE INNER EAR

tissue? The best-characterized MSC is, by far, the bone
marrow MSC [52]. Utilizing both autologous and allogeneic
bone marrow MSCs to repair damaged tissue in other organs
in human clinical trials has shown promising results in terms
of safety and efficacy [53]. Mechanistically, MSCs have
properties that make them ideal candidates for use in re-
generative medicine: they can home to sites of tissue injury
or inflammation, communicate with epithelial cells and in-
flammatory cells, appear to regulate other stem cell niches,
and maintain the ability for multilineage differentiation [1-
3,40]. Multiple lines of evidence have shown a reparative
potential for nasal MSCs in the brain [16,18] and, at least, via
a paracrine effect, in a mouse hair cell degeneration model
[17]. The results presented here extend these studies to
demonstrate an ability of adult human nasal MSCs to dra-
matically restore the spiral ganglion population of the ex-
perimentally lesioned cochlea in vitro.

Two previous studies have reported efforts to use nasal-
derived stem cells to repair inner ear tissues [17,19]. It is of
interest to discuss our new findings with regard to the earlier
data. Among the most critical factors to be considered when
comparing results is the type of stem cells utilized, because
olfactory mucosa contains multiple types of stem and pro-
genitor cells, with differing growth characteristics and dif-
ferentiation capacities [8,35]. Potential progenitor or sphere-
forming cells may arise from the lamina propria (MSCs, glial
cells, and hematopoietic cells) or from olfactory epithelium
(horizontal basal cells, globose basal cells). In addition, hu-
man and rodent olfactory cultures may not necessarily give
rise to progenitors with identical growth characteristics.
Barnett and colleagues have described in great detail that
spheres can arise from both olfactory epithelium and lamina
propria cells, at least when propagated from embryonic ro-
dent tissue [35].

In terms of previous reports using nasal stem cells for
cochlear repair, Doyle et al. describe the significant achieve-
ment of the production of sensory hair cells from mouse
nasal stem cells [19]. However, in the results reported here
using human cells, we did not find new hair cell production,
likely explained by differences in nasal cell types utilized.
The spheres described by Doyle et al. [19] contained cells
derived from the olfactory epithelium, rather than purely the
lamina propria, evidenced by the expression of cytokeratins.
In olfactory tissue, cytokeratins 5 and 14 are specifically ex-
pressed by horizontal basal cells in olfactory mucosa, and
they are not produced by nasal MSCs from the lamina pro-
pria. In addition, their spheres contained cells expressing the
transcription factor Pax 6. Pax 6 is expressed by several ol-
factory cell types, including horizontal basal cells, susten-
tacular cells, a subset of globose basal cells, and rare
Bowman'’s gland acinar cells [54,55]. Their culture technique
prepared olfactory cells from mice and included a mixture of
epithelium and lamina propria; thus their neurospheres
comprised a mixture of both olfactory epithelial-derived
basal cells and lamina propria-derived MSCs. Using these
neurospheres, the investigators altered culture conditions to
induce the differentiation of a small percentage of nasal-de-
rived cells into a hair cell-like phenotype. We found no evi-
dence of new hair cells produced from our nasal MSCs. In
fact, we found that nasal MSC-derived cells were generally
not found in the sensory epithelium when engrafted into rat
cochlea cultures. Our technique utilized adult human turbi-
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nate tissue and carefully excluded the epithelium, in an effort
to propagate nasal MSCs. It will be of interest to determine
whether human nasal cytokeratin (+) spheres might have a
capacity to produce hair cells under certain conditions.

In another report, nasal-derived cells were used to treat
progressive sensorineural hearing loss in a mouse model
[17]. In that work, the investigators used a human nasal
MSC, likely quite similar to the cells we have utilized. The
mouse model exhibits a progressive loss of hair cells, causing
hearing decline. Interestingly, the treatment of this mouse
model with nasal MSCs improved hearing, but the cells did
not engraft into the OC sensory epithelium. This is in
agreement with our results, in which we found MSC en-
graftment in the damaged spiral ganglion region, but rarely
in the sensory epithelium. In addition, their findings were
interpreted as evidence of a paracrine effect from MSCs,
which is consistent with the rescue or induction of endoge-
nous spiral ganglion neurons noted in our results, likely via
paracrine mechanisms. It is possible that future experiments
using alternate delivery techniques or the use of specific in-
duction agents may promote cell engraftment in the hair cell
epithelium.

Our results demonstrate several key findings regarding
nasal MSC cochlear treatment. Importantly, the nasal MSCs
engrafted into the explant. As discussed, engrafted cells lo-
calized preferentially to the damaged spiral ganglion region,
and we found a large increase in spiral ganglion neuronal
numbers after stem cell treatment, which involved both di-
rect differentiation of nasal MSCs into neurons and second-
ary effects on endogenous cells. Our data provide evidence
that nasal MSCs stimulate secondary endogenous responses,
leading to spiral ganglion survival or replacement, consistent
with observations on the effects of nasal MSCs on neuro-
genesis in other systems such as the hippocampus [16]. Such
secondary effects from engrafted MSCs have also been
demonstrated in careful analyses of experiments in which
bone marrow MSCs were used to treat experimentally in-
duced cardiac injury in pigs [3]. In those experiments, along
with a small number of cardiomyocytes emerging directly
from MSCs, MSC-host cell interactions led to activation of a
population of endogenous progenitors and subsequent tissue
repair.

Our results also revealed that the responses to optical IR
stimulation of differentiated MSCs engrafted in the cochlea
were similar to those elicited by spiral ganglion neurons.
Previous experiments have shown similar responses in ex-
citable cells [23-26,28-31]. This suggests that engrafted MSC-
derived cells are, indeed, excitable and may be functionally
similar to spiral ganglion neurons. It will be of importance, in
future experiments, to focus on further electrophysiological
characterization of these cells. Other data have shown that
specific electrophysiological features differ between neurons
which innervate the high- and low-frequency regions [56].
Whether the differentiated MSCs replicate these character-
istics remains to be investigated.

The overall reparative effects of nasal MSC treatment, as
evidenced by neurotubulin labeling in the spiral ganglia,
were enhanced by the addition of lithium chloride to cultures
as a conditioning agent. Lithium chloride is a pharmaco-
logic activator of the Wnt/p-catenin pathway. In spiral
ganglion neurons, lithium selectively promotes the phases
of neuritogenesis that are associated with microtubule
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reorganization, such as sprouting and branching of neurites
[49]. Manipulation of this signaling pathway was chosen,
because MSCs from bone marrow can be induced toward
neuronal differentiation by f-catenin activation, which
drives the production of basic helix-loop-helix neurogenic
transcription factors, including Ascll (Mashl), Neurogenin,
and NeuroD [20]. Our MSCs are obtained from nasal mu-
cosa, and in olfactory tissue, Wnt/B-catenin signaling pro-
motes neurogenesis through activation of olfactory epithelial
basal cells [46]. Moreover, engraftment of bone marrow
MSCs in the gerbil inner ear is increased on pre-induction of
the cells with Wntl, likely due to induction of the neurogenic
transcription factors [20]. Ultimately, successful clinical im-
plementation of stem cell inner ear therapies will benefit
from optimal conditioning of the cells, and lithium chloride
is a pharmacologic agent already in clinical use, making this
an attractive conditioning candidate.

Hypotheses regarding the regenerative effects of MSCs
have been a subject of debate. A number of paracrine and
autocrine mechanisms likely contribute to tissue repair. Our
results are consistent with a model in which nasal MSCs
likely modulate multiple reparative actions after gentamicin-
induced cochlear damage. Future steps toward the im-
plementation of translational experiments will include intact
animal experiments with nasal MSCs, utilizing recently
proven cellular delivery methods to the cochlea [20,21,57].
Our demonstration of the ability of an easily obtained and
autologously available adult human stem cell to repair au-
ditory neuron loss should enhance progress toward the es-
tablishment of cell-based therapies for certain forms of
deafness.
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