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Abstract: Olfactory ensheathing cells (OECs) are a promising candidate therapy for neuronal tissue
repair. However, appropriate priming conditions to drive a regenerative phenotype are yet to be
determined. We first assessed the effect of using a human fibroblast feeder layer and fibroblast
conditioned media on primary rat olfactory mucosal cells (OMCs). We found that OMCs cultured
on fibroblast feeders had greater expression of the key OEC marker p75NTR (25.1 + 10.7 cells/mm?)
compared with OMCs cultured on laminin (4.0 + 0.8 cells/mm?, p = 0.001). However, the addition of
fibroblast-conditioned media (CM) resulted in a significant increase in Thy1.1 (45.9 + 9.0 cells/mm?
versus 12.5 + 2.5 cells/mm? on laminin, p = 0.006), an undesirable cell marker as it is regarded to be a
marker of contaminating fibroblasts. A direct comparison between human feeders and GMP cell line
Ms3T3 was then undertaken. Ms3T3 cells supported similar p75NTR levels (10.7 + 5.3 cells/mm?)
with significantly reduced Thy1.1 expression (4.8 + 2.1 cells/mm?). Ms3T3 cells were used as feeder
layers for human OECs to determine whether observations made in the rat model were conserved.
Examination of the OEC phenotype (51003 expression and neurite outgrowth from NG108-15 cells)
revealed that co-culture with fibroblast feeders had a negative effect on human OECs, contrary to
observations of rat OECs. CM negatively affected rat and human OECs equally. When the best
and worst conditions in terms of supporting S100p expression were used in NG108-15 neuron
co-cultures, those with the highest S1003 expression resulted in longer and more numerous neurites
(22.8 £ 2.4 pm neurite length/neuron for laminin) compared with the lowest S100p3 expression
(17.9 £ 1.1 pm for Ms3T3 feeders with CM). In conclusion, this work revealed that neither dual
co-culture nor fibroblast-conditioned media support the regenerative OEC phenotype. In our case,
a preliminary rat model was not predictive of human cell responses.
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1. Introduction

Spinal cord injury (SCI) is a devastating injury to the central nervous system (CNS) that affects
250,000-500,000 new people worldwide every year. People with an SCI are 2-5 times more likely to die
prematurely [1], and lifetime costs are estimated between US$1 and US$5 million, excluding indirect
costs such as a loss in wages [2]. The majority of patients will suffer partial or complete paralysis [3]
and can also suffer from chronic neuropathic pain syndromes, which have a serious effect on the
quality of life [4]. Following SCI, inflammation and cell death ensue, and eventually, scar tissue forms,
which is the main impediment to spontaneous regeneration, as the axons that do sprout and re-grow
are unable to path-find through the scar to reach their target [5-9].
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Unlike the rest of the body, the CNS does not regenerate. An exception is the olfactory system,
which retains its ability to regenerate throughout adult life, due to the presence of a special type of glial
cell, the olfactory ensheathing cell (OEC) [10]. These cells have been studied for potential use in spinal
cord repair [11] due to their natural role in regenerating and guiding olfactory receptor neurons from
the peripheral nervous system (PNS) into the CNS. Mucosal OECs can be biopsied via a minimally
invasive intranasal approach, and although mucosa OECs tend to have lower yields and purity, they
are more clinically attractive than their counterparts, bulb OECs, which are found in the lining of the
brain [12].

Characterisation of OECs is commonly based on the expression of the neurotrophic receptor,
P75NTR, in cell populations isolated from the olfactory mucosa or bulb [11,13-15]. p75NTR is a receptor
that induces neurite outgrowth and cellular survival [16]; however, it is not a definitive marker for
OECs [17]. In addition to p75NTR, glial cell marker S100(3 is commonly used as a positive marker for
OECs [18], and Thy1.1 and fibronectin (Fn) are used as markers for contaminating fibroblasts [11,19-21].

For an OEC therapy to be developed, more understanding is needed of how to control the growth
of functional subsets that express glial markers p75NTR and 51003 and also how accurately these
putative identity markers are predictive of function. If we better understand the markers that predict
regenerative potential, we can then make strides toward enriching cells expressing those markers.

Due to the rapid onset of damage that occurs during an SCI, surgical options have to be enacted
within 24 h of the injury [22], and by three weeks, the majority of the damage has occurred, so it is
important to administer any cell therapy before this point [23]. A key issue with OECs is that their
yield and purity variance cannot be predicted. Due to this, allogeneic cell therapy is seen as the
most promising option as an off-the-shelf therapy that can be administered in the vital period before
severe secondary damage sets in [24,25]. With the variability between patients, there would be no
guarantee that enough functional cells could be produced in the required time frame, let alone all the
release testing carried out to ensure the patient’s safety. Previously, our group generated conditionally
immortalised human mucosa-derived OEC cell lines [26] toward the goal of producing an off-the-shelf
therapy for SCI. In this study, we aim to compare our human cell line against primary rat cells to
determine the best conditions for OEC culture and identify the relevance of animal studies in this area.

2. Materials and Methods

2.1. Primary Cell Isolation and Culture

Mucosae were isolated following the optimum protocol previously identified [27]. The mucosae
were dissected from three adult female Sprague-Dawley 200-250g rats, which were euthanized by carbon
dioxide asphyxiation (Schedule 1 method [28]) according to the U.K. Animals (Scientific Procedures)
Act 1986. Each rat provided two mucosae. Each mucosa was placed in DMEM/F12 media to be
transported to the laboratory. The mucosae were placed in Hanks’ Balanced Salt Solution (HBSS, Gibco
Life Technologies, Gaithersburg, MD, USA) with 1% P/S (10,000 units penicillin, 10 mg streptomycin/mL)
in a petri dish and washed by gently wiping each mucosa across a spatula. After washing, the mucosae
were placed on a petri dish and cut up into small pieces, then placed in a 5 mL dispase II (2.4 units/mL,
Sigma-Aldrich, UK) solution for 45 min at 37 °C in order to digest the tissue enzymatically.

The mucosa and dispase solution was placed in the centrifuge for five minutes at 400x g.
The supernatant was discarded, and the cells and tissue were re-suspended in 5 mL collagenase
(Type I solution, 0.05%, Sigma-Aldrich, UK) for 15 min at 37 °C. Every five minutes, the collagenase
was taken out of the incubator and mechanically triturated briefly before being placed back in the
incubator. At the 15 minute point, the collagenase suspension was placed in the centrifuge for five
minutes at 400x g. The cells were re-suspended in 7 mL DMEM/F12 media (2% FBS, 1% P/S) in a T25
flask at 37 °C in 5% CO, for 24 h. All cell cultures were carried out at 37 °C and 5% CO,.

The cells were placed in a tissue culture flask for 24 h as a differential adhesion step. The purpose
of this step was to decrease the amount of contaminating fibroblasts in the culture. Fibroblasts have
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a faster adhesion time than OECs. After 24 h, most fibroblasts will adhere to the tissue culture
plastic, whereas OECs will still be in suspension [27]. After 24 h, the suspension was replated onto
laminin-coated (20 ug/mL, Sigma-Aldrich, UK) wells. The wells were coated for four hours at 37 °C.
The laminin was then removed, and the cells were plated while the matrix was still wet.

2.2. Cell Line Generation and Culture

The feeder layer (HuG418) was prepared from cells isolated from the human olfactory mucosa.
The cells used were thawed from a pre-existing cell line prepared by Dr. Melanie Georgiou (UCL).
The protocol followed by Dr. Melanie Georgiou was summarised in the paper by Pollock et al. [29].
The human mucosa OEC line was generated using the same technology; however, the purification
steps were carried out before immortalisation to ensure a purer OEC population. The generation
and culture conditions of this line (PA5) were covered by Santiago-Toledo et al. [26], and the culture
conditions remained the same for HuG418.

2.3. Feeder Layer Generation

Feeder layers were prepared by removing the media from the T75 flask and replacing with 4 mL
mitomycin C (MMC) (Sigma-Aldrich, UK) for 2 h at 37 °C to inactivate the cells. After two hours,
the MMC was removed from the cells, and the cells were washed with PBS (Lonza). The cells were
removed from the flask using Trypsin/EDTA (Sigma) and placed in the centrifuge for five minutes at
400x g. After discarding the supernatant, cells were re-suspended in DMEM/F12 and plated up at
12 x 103 cells/cm?. This density was used as it gave a good coverage of the well whilst allowing space
for the OECs on the well surface. Feeders remained in the incubator for two days before any cells were
plated on them.

2.4. Collection of Conditioned Media

Conditioned media (CM) was collected from HuG418 cells after two days of culture. The media
was centrifuged for five minutes at 400x g. CM was mixed at 1:1 with fresh media and added to the
required conditions.

2.5. Culture of PA5 Cells

For the experiments involving PA5 cells, wells were coated either with Ms3T3 feeders, poly-l-lysine
(PLL), or laminin. PA5 cells were plated at 6000 cells/cm? and cultured for five days. After five days,
cells were fixed and stained for S100p3 and fibronectin. Neurotrophic factor 3 (NT-3) was added to
some media conditions at 50 ng/mL as the literature indicated that NT-3 encourages the neurological
repair phenotype in OECs [27].

2.6. In Vitro Co-culture with NG108-15 Neurons

NG108-15 neurons were either grown alone on Ms3T3 feeders (as a control) or on a layer of
PAS cells that were seeded onto either laminin or Ms3T3 feeders. NG108-15 neurons were seeded at
500 cells/cm? onto the laminin-coated plates or feeder layers. Co-culture was carried out for five days
with a media change occurring on Day 3 following the protocol laid out by Santiago-Toledo et al. [26].
Cells were fixed with 4% PFA at room temperature (RT), and cells were stained to detect 3-III tubulin.

2.7. Immunocytochemistry (ICC)

Cells were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, UK) for 20 min at RT. The
PFA was removed, and the cells were washed three times with PBS. Three washes with PBS were
carried out in between every step of the immuno-staining in order to remove and dilute any traces
of the previous reagent. One wash was defined as filling the well with PBS and leaving for five
minutes. Zero-point-two-five percent Triton-X (Sigma-Aldrich, UK) was added to each well and left for
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20 min at RT. All solutions were made up in PBS. Five percent goat serum solution (Dako) was used as
the blocking solution for 30 min at RT. Primary antibodies were prepared at a dilution of 1:200 and
added for 90 min at RT. The primary antibodies used were as follows: rabbit anti-p75NTR (Millipore),
mouse anti-Thyl.1 (Millipore), rabbit anti-S1003 (Dako), mouse anti-fibronectin (Sigma-Aldrich, UK),
and mouse anti-BIII tubulin (Sigma-Aldrich, UK). The negative control was subjected to the same
treatment as other wells, the exception being the exclusion of the primary antibody. The secondary
antibodies (DyLight® 488 or 594, goat anti-rabbit IgG (H + L) and goat anti-mouse IgG (H + L), Vector
Laboratories, Burlingame, CA, USA) were prepared at 1:200 and Hoechst (Sigma-Aldrich, UK) at
1:1000 and incubated for 45 min at RT. Fluorescent imaging was carried out on an EVOS FL microscope
(Life Technologies).

Five images were taken per well and were taken in a cross formation around the centre of the well.
Two to three wells were stained per condition. After imaging, each channel was examined to assess
whether the images taken were representative of the well. Brightness and shutter speed were set by
identifying a cell that was determined to be positive and ensuring the background was dark to prevent
overexposure of the cells. These settings were held constant between images for an experiment to
ensure the images could be directly compared.

Images were analysed using Image]. A colour threshold was set to identify a positive cell, and
only cells that were identified to be above this threshold were counted as positive. Positive cells were
counted, and the results were calculated as the proportion of cells positive for the marker and the yield
of positive cells over the imaged area.

2.8. Circularity Analysis

A macro was written in Image] in order to analyse the morphology of the cells. Circularity was
used as the defining value. The macro was written in JavaScript to automate a calculation method
that already exists in Image]. The “adjust threshold” window opens automatically when the macro
is run and can be adjusted to select the area of interest. Any cell that was larger than a set threshold
(this value can be adjusted depending on whether the nucleus or the whole cell is being analysed) was
discarded to prevent cell clusters being included in the calculation. In addition to this, any cells on the
boundary of the image were discarded so they did not contribute to false readings. The circularity was
calculated as in Equation (1), where A is the area (pixels?) and P is the perimeter (pixels).

) ) 4AT
Circularity = SR 1
A circularity of 1 indicates a perfect circle, and a circularity of 0 indicates a straight line. When the
macro was run, a printout of the circularities was displayed. These data were exported to GraphPad®

and plotted as a histogram.

2.9. Neuronal Growth Analysis

According to the literature, five days of co-culture are optimal for observing enhanced neurite
outgrowth compared with three days of co-culture [27]. After five days of co-culture, cells were
labelled with antibodies against fIlI-tubulin. Neuron number, neurite number, and neurite length
were quantified using the Neuron] plugin in Image] [30]. Neurites were traced and measured within
the software and exported to GraphPad® for analysis.

2.10. Statistical Analysis and Data Accessibility

Data are presented as the mean + standard error of the mean (SEM). For the majority of the
data, one-way ANOVA was used to determine statistically significant differences, and the Bonferroni
correction was carried out using GraphPad® software to calculate p-values. When there were only
two sets of data to compare, the Shapiro-Wilk test was used to test for normality. When data were
normally distributed, the Tukey test was used to test for significance. When data were not normally
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distributed, the Kruskal-Wallis test was used. The Bonferroni correction was not used for sets of data
that only compared two conditions as there was no need to correct for multiple comparisons. For the
comparison of histograms, the Kolmogorov—-Smirnov test was carried out.

In this work, one experimental repeat (n) was defined as cells taken from different flasks/groups
of animals.

Statistics are only reported in the text when there are significant differences at « = 0.05. In all figures,
a single asterisk (*) indicates p < 0.05, two asterisks (**) p < 0.01, and three asterisks (***) p < 0.001.

The datasets generated and analysed during this study are available from the corresponding
author upon reasonable request.

3. Results and Discussion

3.1. Human Feeders Encourage an Increase in p75SNTR and Spindle-Shaped Cells in Rat OECs

The ICC was quantified using yield (positive cells per mm?), but not purity, as the presence
of the feeders in only some conditions would make any assessment of purity misleading. It can be
observed from Figure 1B,E,H,K,M that the addition of CM significantly increased the expression of
Thy1.1. When CM was added to OECs cultured on feeders, an increase in Thy1.1 over and above the
higher expression induced by feeders with standard media was observed (25.7 + 12.4 cells/mm? on
feeders with CM from 14.5 + 4.8 cells/mm? on feeders with standard media). The increase in Thyl.1
expression observed on laminin with CM (45.9 + 9.0 cells/mm?) indicated that HuG418-derived CM
affected Thy1.1 expression more when the feeders themselves were not present. This could be due
to the feeders supporting themselves. Where feeders were present, those cells could uptake some of
the soluble factors present in the CM, leaving a lower concentration of soluble factors for the OECs.
This would mean that there were more soluble factors in the media when the feeders were not present.
Fibroblasts participate in paracrine signalling [31,32], and therefore, it follows that if they are not
present to receive the factors, the factors present can significantly assist other cells present.

p75NTR was present in all conditions at a similar level, with the exception of laminin with
standard media, which was significantly lower at 4.0 + 0.8 cells/mm?. The presence of CM increased
the expression of p75NTR on laminin (19.7 + 7.6 cells/mm?). An increase in p75NTR expression
without the presence of the feeders would imply that there was some form of paracrine signalling
occurring. Whether this was due to FGF2 expression or a combination of other factors would require a
deeper examination of the components in the CM. Without the higher expression of Thyl.1, CM with
laminin would be a promising condition to take forward. Thy1.1, historically an undesirable marker
of fibroblast phenotype in the OEC field, negated the positive effect of the increase in putative OEC
marker p75NTR as it implied a higher level of fibroblast impurities that would need to be removed
from the culture.

The morphology of 51003-positive cells was analysed using an automated circularity macro
in Image] (Figure 1N-Q). Numerical analysis revealed that there was no significant difference
between the distributions for feeders versus feeders with CM, and both conditions had a left skew
(skew = 0.4 and 0.5, respectively). The laminin condition had a skew value of 0.3 and a kurtosis
value of —0.8. When CM was added to the laminin condition, the distribution was significantly
different from the standard laminin condition (Kolmogorov-Smirnov, p = 0.01). The distribution
with CM had a less flattened distribution (kurt = —0.3 compared to —0.8) and a more pronounced
left shift (skew = 0.7 compared to 0.3). This was a stronger shift than the feeder conditions. This was
significant as this was the condition with the most Thyl.1-positive cells. The most likely option
was that spindle-shaped OECs were also expressing Thy1.1, as well as 51003. Co-labelling of these
antibodies was not carried out in this study due to the lack of consistency experienced with the separate
5100 antibody, which meant the Thyl.1 and S100f3 antibodies used were raised in the same species.
The literature indicated that it is possible that OECs do co-express p75NTR and Thy1.1 [33-36] and
Thy1.1 and GFAP [34], so the assumption that Thy1.1 is a contaminating cell marker may need to be
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re-examined. Due to the lack of putative OEC markers [37,38], these cells are poorly characterised, and
this presents one of the major challenges of OEC research.

7Z2 Feeders

A Laminin Laminin | C Laminin M EH Laminin
N\ Feeders + CM
-tM -M 80 - %X Laminin + CM

Yield (cells/mm?)
» -3
=] o

[N
o

Laminin Laminin ¢ Laminin
+CM +CM +CM

" Wzzzzzzr—

,\t? & %
Q
=25
£ 25 Laminin+CM s Laminin
>
Feeders =20 T2
H o
-3 3
-CM Z1s g1
w w
:':, 10 %10
g s S s
g 8
& g,
SOEY S SF 15 8 X (B (9 o
; SRS o”s”.@?:”.h”»’”””"
Circularity Circularity
Feeders Feeders Feeders |8 Q
A “ 4 525 Feeders+CM
+CM +CM A5+ CM B - Feeder
i H | B 2 eeders
) ¢ e =
B 20
3 [ 3
T 15 H
® 10 s
? g, 10
£ g
e £
a 0 o
N BB .S K & 6 N TP P P,
SRS SS9 85 SN o0 S o ® 9w°'5°>? ’“«, «””“
RSP A N oY o¥ o
Circularity Clroularity,

Figure 1. Fluorescent micrographs of primary rat olfactory mucosal cells (OMCs) cultured on laminin
(A-F) and HuG418 feeders (G-L) in the presence (D-F, J-L) and absence (A-C, G-I) of HuG418
conditioned media and stained for olfactory ensheathing cell (OEC) biomarkers p75NTR and 51003
and fibroblast marker Thy1.1. Positive cells were counted in Image] and calculated as the number of
positive cells over the image area (M). OMCs cultured on laminin with standard media had the lowest
yield for p75NTR, and the addition of conditioned media caused an upregulation of undesirable marker
Thy1.1. Circularity was used as a measurement of morphology, and positive S100f cells were analysed
for their circularity (N-Q). Cells on laminin with standard media and feeders with conditioned media
gave more enlarged cell morphologies. The scale bars represent 400 um. Data are the means + SEM.,
n = 3. CM, conditioned media.

Although a differential adhesion step was used to remove rapidly adherent cells, leaving the slow
attaching OECs in culture, the primary culture could still harbour contaminating cell types. This is
demonstrated in Figure 2, where an entire well of OECs on feeders was imaged at 10x objective
magnification (EVOS Life Technologies AMF4300) and the resulting images merged together using
PanoramaPro2 in order to gain an understanding of the culture as a whole. It was observed that
there were distinct areas of Thy1.1-positive colonies. When images were taken for counting, these
images could yield data from 100% p75NTR-positive to 0% p75NTR-positive. This wide range of
values resulted in a large standard deviation and therefore a large standard error of the mean across
independent experiments (seen Figure 1M). These large errors were due to stochastic variability in
the cultures due to the different cell subsets present, and these different cells could predominate in
different regions of a single dish. From a cell manufacturing perspective, this created a significant
challenge for creating a robust and well-characterised product.



Bioengineering 2020, 7, 37 7 of 16

D =15.6mm

Figure 2. Assembled fluorescent micrograph of a cell population derived from rat olfactory mucosa
cultured on a human feeder layer of olfactory fibroblasts. Images were taken at 100x total magnification
in a 24 well plate (diameter = 15.6 mm) and stitched together using PanoramaPro2. It can be seen from
this stitched image that there are definite populations present in the well plate. There are distinct areas
of Thy1.1 (red) that do not appear to be dispersed with the areas of p75NTR (green). This variety in
present populations explains the large error bars found in the cell counts. When multiple views were
taken for counting, the purity could range from 0-100%, which relates to a large standard deviation.

After staining, there was also a red/yellow ring around the periphery of the plate that was not
associated with any positive cells. On close inspection of the well plates used, it was found that the
bottom of the wells was rarely smooth, and often, there were circular scratches, presumably as a result
of the manufacturing process. It was postulated that the antibody interacted with this non-smooth
surface or was trapped in ECM deposited as a consequence of cell responses to the surface scratches
and gave the circular staining [39]. This pattern was observed in several images; however, it was not
until the full well was imaged that it was noticed that it made a complete circle.

3.2. Comparison of Different Feeder Layers

One striking observation in the S100f (detecting OECs) and Fn (fibroblasts) staining condition
comparing Ms3T3 and HuG418 feeders (Figure 3) was that the OECs did not appear to grow directly
over the feeder layer. Instead, they grew close to the fibroblasts (Figure 3C,D). This placement made
sense if the cells were gaining benefits from cell-to-cell contact. If paracrine factors were involved,
the OECs would not necessarily border the fibroblasts so closely [40].

No differences in p75NTR expression were observed on the different feeder layers (Figure 3A,B,G)
with yields of 15.9 + 6.8 cells/mm? and 10.7 + 5.3 cells/mm? on Ms3T3 and HuG418, respectively.
This may indicate that the OECs were benefitting from general cell-to-cell contact, not specifically
anatomically-matched HuG418 cells. However, as both lines were comprised of fibroblasts, there could
also be a common paracrine factor involved. OECs have been well documented to grow poorly in
isolation, and when a low yield is obtained, they do not proliferate [41-43]. Additionally, they have
been observed to survive better in a culture with a mixed population (normally OECs and olfactory
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fibroblasts) [10,44—47]. This would also explain why the HuG418 CM did not have the anticipated
beneficial impact on OECs” p75TNR expression as hoped as the cells themselves may be required.
In the literature, it has been observed that there is a close relationship between OECs and olfactory
fibroblasts. However, it does appear that this relationship is due to the physical contact as opposed to
any paracrine factors present [48].
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Figure 3. Cells were fixed after 14 days of culture and stained for OEC biomarkers p75NTR and
51008 and fibroblast biomarkers Thy1.1 and Fn (A-D). Positive cells were quantified in Image] and
graphed as the yield of positive cells in the image area (E-G). Circularity was used as a measurement of
morphology, and positive S100p3 cells were analysed for their circularity (H,I). The scale bars represent
400 um. Data are the means + SEM, n = 3.

Thy1.1 expression was found to be significantly different between the two feeders (Kruskal-Wallis,
p =0.01). As observed in the ICC images and quantification, the presence of Ms3T3 downregulated the
expression of Thy1.1 (yield of 14.6 + 4.1 cells/mm? on HuG418 and 4.8 + 2.1 cells/mm? on Ms3T3). This
was important as it indicated that the Ms3T3 feeders were superior to the HuG418 when it came to
supporting OEC growth and expression of p75NTR. OECs appeared to be supported by cell-to-cell
contact and did not gain any benefit from paracrine factors. These results suggested that Ms3T3 feeders
were superior to HuG418 cells as they resulted in fewer Thy1.1-positive cells whilst maintaining similar
p75NTR expression levels.

These results, together with the results obtained with CM, indicated that OECs benefitted from
cell-to-cell contact rather than paracrine signalling by HuG418 cells. Ms3T3 cells are commercially
available as a GMP cell line (Sigma-Aldrich, UK). Therefore, their application as a feeder layer to
enhance OEC phenotype during scalable manufacture is attractive to advance OECs towards the clinic.
Potential safety concerns around the purity of the final clinical preparation could be addressed by
purifying OECs with affinity-based removal of the mouse feeders. From this initial work with primary
rat OECs, it was found that rat OECs have a more promising regenerative function when cultured
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with feeders. However, there was no difference between human olfactory mucosa-derived feeders and
mouse 3T3 cells in their ability to support OEC marker expression.

3.3. Human OECs Behave Differently to Rat OECs in Culture

Studies in small animals are important to generate pre-clinical data and to gain an understanding
of responses in physiologic systems before moving into humans. However, there are concerns that
OECs in different animals behave differently [49-51], and animal cells and tissue do not accurately
reflect the function or behaviour of human material. This is especially important when the length
of the injury is considered. The gap to be bridged by the neurons in an SCI is much smaller in a rat
compared to a human [50], and the ability of OECs to support neurons over this small distance may
not be relevant on the human scale. Therefore, we generated conditionally immortalised cell lines from
the human olfactory mucosa [26] and tested these under the same conditions in order to determine
how translatable animal studies are.

ICC micrographs in Figure 4 revealed that Fn staining on laminin occurred in a completely different
pattern from the other matrix conditions. In Ms3T3 and PLL conditions, the Fn deposition could be
more easily traced back to the individual cells producing it. In contrast, on laminin, the staining pattern
was more widely distributed. These distinct differences in the pattern were unexpected. Due to this
staining pattern, cell counts and yield were not carried out for Fn due to the inaccuracy of determining
the original cell responsible for the Fn. The reason for the different staining pattern on laminin is not
known, and no references to similar occurrences could be found in the literature.
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' 4
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Figure 4. PA5 cells cultured on laminin or Ms3T3 feeders, in standard media or HuG418 conditioned
media. Cells were cultured for five days and stained for S1003 and Fn (A-L). S1003-positive cells
were quantified in Image] and graphed as yield of positive cells in the image area (M). Conditioned
media constantly gave lower yields of S100f3, and laminin with standard media gave the highest yield.
The scale bars represent 400pum. Data are the means + SEM, n = 3.

51003 expression appeared to be more prominent in conditions with NT-3 compared with those
conditions cultured in its absence and CM did not have any positive impact on S100(3 expression
(Figure 4). From the three matrix conditions, it was found that the presence of Ms3T3 feeders
was less beneficial for glial marker expression compared with PLL and laminin, which contrasted
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what was observed for rat OECs (yield of 133.7 + 24.0 cellsymm? on Ms3T3 with standard media
compared to 184.8 + 27.7 cells/mm? and 235.9 + 31.0 cells/mm? for PLL and laminin with standard
media, respectively). This was not necessarily surprising, as it has been found that there are several
differences between the rat and human olfactory system [52] including in vitro growth, spontaneous
immortalisation, and morphology [53,54]. Additionally, in terms of implantation and isolation, the
olfactory mucosa in rats is yellow, whereas in humans, it cannot be discerned from the respiratory
tissue [55]. This leads to a higher level of non-OECs being present in the implant, which may or may
not assist in regeneration. It does cause concern that any previous work that has been carried out in rat
is not translatable to human scale up [24,49].

Another difference between the rat and human OECs is that the human OECs do not appear
to benefit from the presence of NT-3. Although the study was not carried out as part of this work,
previous studies have shown that N'T-3 significantly increased the expression of glial markers in rat
cells [27]. For our human cell line, the presence of NT-3 seemed to increase the level of expression
slightly, but not significantly.

The differences that occurred between rat and human OECs in regard to neurotrophic factors and
matrix preference showed that more in depth study and understanding of human OECs are necessary
to be able to predict cell behaviour. It also indicated that care needs to be taken when translating
results from rat to human OECs. Two human cell lines were investigated (data not shown from the
second cell line), and they both followed the same pattern with laminin being the highest performing
condition in terms of yield and significantly higher than most of the conditions with CM. Due to this,
human OECs were carried forward into the future work to ensure the conditions investigated were
relevant to the clinic.

3.4. Human OEC Co-culture with Neurons

Neurite outgrowth in cultured neurons is considered an indication of neuro-regenerative
potential [56-60], and therefore, neurite outgrowth was quantified to compare the cultures. Neurite
number and length were normalised to the number of neurites and neurons. Neurons were cultured in
isolation to ensure any neurite extension we observed could be related to the presence of the OECs.

Cells co-cultured on laminin with standard media had a higher number of neurites with longer
extensions (Figure 5). Cells co-cultured on laminin and feeders with CM did not perform as well as
cells cultured with standard media. No difference was observed between the neuron-only conditions
on the different matrices for all measurements. This indicated that the neurons were responding to the
PA5s as opposed to the culture conditions (matrix and media).

The conditions cultured with OECs performed best in regard to average neurite length (Figure 55,
one-way ANOVA, Bonferroni post-hoc, p < 0.001). Although co-culture on laminin with standard
media performed better than those co-cultured with CM (49.7 + 3.7um versus 40.4 + 1.6 um), this did
not result in any significant difference.

When the neurite length per neuron was examined (Figure 5T), the co-culture on laminin with
standard media showed significantly longer neurites per neuron (76.0 + 11.2 um) compared with every
other condition (43.6 + 5.5 pm on laminin with CM and 41.0 + 10.6 um on Ms3T3 with CM, one-way
ANOVA, Bonferroni post-hoc, p < 0.01). All conditions without OECs performed similarly to each
other (22.8 + 2.4 um, 17.8 + 2.3 um and 17.9 + 1.1 um on laminin with standard media, laminin with
CM and Ms3T3 with CM, respectively).

The number of neurites extended by each neuron revealed a similar pattern (Figure 5U) where the
co-culture on laminin with standard media produced more neurites per neuron (1.54 + 0.20) than the
majority of the other conditions (one-way ANOVA, Bonferroni post-hoc, p < 0.001) with the exception of
co-culture on laminin with CM (1.08 + 0.14). Collectively, these data showed that the matrix and media
condition that gave the highest S1003 expression in OECs resulted in the best neuronal growth support.
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Figure 5. PA5 cells were co-cultured with NG108-15 neurons for five days under different matrix and
media conditions. NG108-15 cells were also cultured in isolation to ensure that any improvement
observed could be reliably attributed to the PA5 cells as opposed to the matrix and media conditions.
After five days of NG108-15 culture, cells were fixed and stained for BIII-tubulin and p75NTR (A-R).
The Neuron] plugin in for Image ] was used to quantify the neurite outgrowth, and measurements were
made for neurite length/neurite (S), neurite length/neuron (T), and neurites/neurons (U). The scale bars
represent 200 um. Data are the means + SEM, n = 3.

The formation of neurites from neurons is vital to the functionality and development of the
nervous system [61]. From these results, it can be seen that co-culture on laminin with standard
media was the condition that provided the most support to the development of neurons in regard to
the longest average neurite. In the absence of co-culture, the development of neurons was not well
supported, and as a result, shorter neurites were observed. Previously, it was found that laminin with
standard media was a promising condition for OEC proliferation and S1003 expression. This suggested
that when OECs were expressing higher levels of S1003 and that they were able to provide better
support to neurons. When S1003 expression was lower, the presence of the OECs was still able to
benefit the neurons.

When Schwann cells support peripheral nerve repair, it has been observed that an upregulation of
51003 leads to identification of so-called “reactive” Schwann cells, which are responsible for axonal
sprouting [62]. If OECs followed a similar behavioural pattern, it could be that the conditions with
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higher S100p3 were more capable of allowing axonal sprouting and therefore resulted in increased
neurite numbers.

It has been observed in several studies that laminin is an extracellular matrix that is able to
stimulate rapid neurite growth and has been directly linked to neurite outgrowth in vitro [63-65].
Studies have also shown that enhanced neurite outgrowth and preferred attachment was observed
when neurons from the CNS were plated on laminin [66], and it is thought that the presence of laminin
starts to create a more permissible environment for axonal extension [67]. The hostile environment
present after SCI is a key part of why nerve regeneration does not happen spontaneously [24,68,69].
There was no significant difference observed between neurons cultured in isolation on laminin and
on Ms3T3 feeders. This suggests there is more to the interaction than the preference for laminin.
The combined effect of the favourable matrix and support cells could explain why laminin with
standard media was the highest performing condition.

CM collected from HuG418 had a lesser effect on the average neurite length per neuron compared
to standard media. This may be initially related to the lower S100 expression in the OECs in this
condition. It would indicate that the CM from HuG418 does not have any beneficial soluble paracrine
factors for the neurons. This lack of factors and therefore interaction between these two populations
is not necessarily unexpected as although studies have shown a benefit in transplantation with a
mixed population of OECs and fibroblasts (Keyvan-Fouladi et al., 2003 [44], Ramén-Cueto et al.,
2000 [10], Raisman and Li, 2007 [47], Teng et al., 2008 [46]), it has been under the understanding that
the fibroblasts support the OECs, not the neurons. Fibroblasts have not been pursued as a cell therapy
option for nerve regeneration, and they are not believed to have specific properties that enhance the
function of neurons [70,71]. Therefore, standard media resulting in longer neurites than conditioned
media can be seen as an expected output.

4. Conclusions

We established that the behaviour of rat and human OECs did not follow the same patterns, and
therefore, caution needs to be engaged when using pre-clinical data that have been carried out using
rat models. When focusing on human OECs, we found that out of the conditions investigated, laminin
with NT-3 was the best condition for protein expression and neurite extension. It would be valuable to
investigate the components of the fibroblast conditioned media to further understand what aspects
resulted in Thyl upregulation and how the population reacts when Thy1 positive cells are removed.

Author Contributions: Conceptualization, R.W. and I.W.; data curation, R.W. and P.D.; formal analysis, R.W.
and P.D,; funding acquisition, I.W.; investigation, R. W. and P.D.; methodology, R.W. and P.D.; project administration,
R.W. and L.W,; supervision, LW.; visualization, R.W.; writing, original draft, R.W. and L.W.; writing, review and
editing, RW., P.D. and L.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Biotechnology and Biological Sciences Research Council (BBSRC;
Grant Number BB/K011154/1), the Bioprocessing Research Industry Club (BRIC), the UCL Overseas Research
Scholarship, and the New Zealand Federation for Graduate Women (NZFGW).

Acknowledgments: We would like to thank the Biological Services Unit (BSU) at UCL for their help with culling
the animals.

Conflicts of Interest: The authors declare no conflicting interest in this work.

References

1. World Health Organization. International Perspectives on Spinal Cord Injury; WHO: Geneva, Switzerland, 2013;
p- 16.

2. National Spinal Cord Injury Center; National Spinal Cord Injury Statistical Center. Fact Sheet; National
Spinal Cord Injury Center; National Spinal Cord Injury Statistical Center: Glasgow, UK, 2006.

3. Willerth, S.M.; Sakiyama-Elbert, S.E. Cell therapy for spinal cord regeneration. Adv. Drug Deliv.Rev. 2008, 60,
263-276. [CrossRef]


http://dx.doi.org/10.1016/j.addr.2007.08.028

Bioengineering 2020, 7, 37 13 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

Gwak, Y.S.; Kang, ].; Unabia, G.C.; Hulsebosch, C.E. Spatial and temporal activation of spinal glial cells: Role
of gliopathy in central neuropathic pain following spinal cord injury in rats. Exp. Neurol. 2012, 234, 362-372.
[CrossRef] [PubMed]

Fawcett, ].W.; Asher, R.A. The glial scar and central nervous system repair. Brain Res. Bull. 1999, 49, 377-391.
[CrossRef]

Ronaghi, M.; Erceg, S.; Moreno-Manzano, V.; Stojkovic, M. Challenges of stem cell therapy for spinal cord
injury: Human embryonic stem cells, endogenous neural stem cells, or induced pluripotent stem cells?
Stem Cells 2010, 28, 93-99. [CrossRef] [PubMed]

Kigerl, K.A.; de Rivero Vaccari, ].P.; Dietrich, W.D.; Popovich, P.G.; Keane, R.W. Pattern recognition receptors
and central nervous system repair. Exp. Neurol. 2014, 258, 5-16. [CrossRef] [PubMed]

Yang, H.; He, B.R;; Hao, D.J. Biological Roles of Olfactory Ensheathing Cells in Facilitating Neural
Regeneration: A Systematic Review. Mol. Neurobiol. 2015, 51, 168-179. [CrossRef]

Fraher, J.P. The transitional zone and CNS regeneration. J. Anat. 2000, 196, 137-158. [CrossRef]
Ramoén-Cueto, A.; Cordero, M.I1; Santos-Benito, EE.; Avila, J. Functional Recovery of Paraplegic Rats and
Motor Axon Regeneration in Their Spinal Cords by Olfactory Ensheathing Glia. Neuron 2000, 25, 425-435.
[CrossRef]

Kawaja, M.D.; Boyd, J.G.; Smithson, L.J.; Jahed, A.; Doucette, R. Technical strategies to isolate olfactory
ensheathing cells for intraspinal implantation. J. Neurotrauma 2009, 26, 155-177. [CrossRef]

Thuret, S.; Moon, L.D.F.; Gage, EH. Therapeutic interventions after spinal cord injury. Nat. Rev. Neurosci.
2006, 7, 628-643. [CrossRef]

Orbay, H.; Little, C.J.; Lankford, L.; Olson, C.A.; Sahar, D.E. The Key Components of Schwann Cell-like
Differentiation Medium and their Effects on Gene Expression Pattern of Adipose-Derived Stem Cells.
Ann. Plast. Surg. 2015, 74, 584-588. [CrossRef]

Tong, L.; Ji, L.; Wang, Z.; Tong, X.; Zhang, L.; Sun, X. Differentiation of neural stem cells into Schwann-like
cells in vitro. Biochem. Biophys. Res. Commun. 2010, 401, 592-597. [CrossRef] [PubMed]

Niapour, A.; Karamali, F.; Karbalaie, K.; Kiani, A.; Mardani, M.; Nasr-Esfahani, M.H.; Baharvand, H. Novel
method to obtain highly enriched cultures of adult rat Schwann cells. Biotechnol. Lett. 2010, 32, 781-786.
[CrossRef] [PubMed]

Chen, Y.; Zeng, J.; Chen, Y,; Wang, X.; Yao, G.; Wang, W.; Qi, W.; Kong, K. Multiple roles of the p75
neurotrophin receptor in the nervous system. J. Int. Med. Res. 2009, 37, 281-288. [CrossRef] [PubMed]
Chen, C.R.; Kachramanoglou, C.; Li, D.Q.; Andrews, P; Choi, D. Anatomy and Cellular Constituents of the
Human Olfactory Mucosa: A Review. . Neurol. Surg. Part B 2014, 75, 293-300. [CrossRef]

Chong, Z.Z. S100B raises the alert in subarachnoid hemorrhage. Rev. Neurosci. 2016, 27, 745-759. [CrossRef]
Wu, X,; Bolger, W.E.; Anders, ].]J. Fibroblasts isolated from human middle turbinate mucosa cause neural
progenitor cells to differentiate into glial lineage cells. PLoS ONE 2013, 8, €76926. [CrossRef]

Ebel, C.; Brandes, G.; Radtke, C.; Rohn, K.; Wewetzer, K. Clonal In Vitro Analysis of Neurotrophin Receptor
p75-Immunofluorescent Cells Reveals Phenotypic Plasticity of Primary Rat Olfactory Ensheathing Cells.
Neurochem. Res. 2013, 38, 1078-1087. [CrossRef]

Ramon-Cueto, A.; Perez, ].; Nieto-Sampedro, M. In vitro enfolding of olfactory neurites by p75 NGF receptor
positive ensheathing cells from adult rat olfactory bulb. Eur. J. Neurosci. 1993, 5, 1172-1180. [CrossRef]
Rath, N.; Balain, B. Spinal cord injury-The role of surgical treatment for neurological improvement. J. Clin.
Orthop. Trauma 2017, 8, 99-102. [CrossRef]

Raisman, G.; Carlstedt, T.; Choi, D.; Li, Y. Clinical prospects for transplantation of OECs in the repair of
brachial and lumbosacral plexus injuries: Opening a door. Exp. Neurol. 2011, 229, 168-173. [CrossRef]
[PubMed]

Ahuja, C.S.; Wilson, J.R.; Nori, S.; Kotter, M.R.N.; Druschel, C.; Curt, A.; Fehlings, M.G. Traumatic spinal
cord injury. Nat. Rev. Dis. Primers 2017, 3, 17018. [CrossRef] [PubMed]

Bramlett, H.M.; Dietrich, W.D. Progressive damage after brain and spinal cord injury: Pathomechanisms and
treatment strategies. In Progress in Brain Research; John, TW., Andrew, LR.M., Eds.; Elsevier: Amsterdam,
The Netherlands, 2007; Volume 161, pp. 125-141.

Santiago-Toledo, G.; Georgiou, M.; dos Reis, J.; Roberton, V.H.; Valinhas, A.; Wood, R.C.; Phillips, ]J.B.;
Mason, C.; Li, D,; Li, Y;; et al. Generation of c-MycERTAM-transduced human late-adherent olfactory mucosa
cells for potential regenerative applications. Sci. Rep. 2019, 9, 13190. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.expneurol.2011.10.010
http://www.ncbi.nlm.nih.gov/pubmed/22036747
http://dx.doi.org/10.1016/S0361-9230(99)00072-6
http://dx.doi.org/10.1002/stem.253
http://www.ncbi.nlm.nih.gov/pubmed/19904738
http://dx.doi.org/10.1016/j.expneurol.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25017883
http://dx.doi.org/10.1007/s12035-014-8664-2
http://dx.doi.org/10.1046/j.1469-7580.1999.19420161.x
http://dx.doi.org/10.1016/S0896-6273(00)80905-8
http://dx.doi.org/10.1089/neu.2008.0709
http://dx.doi.org/10.1038/nrn1955
http://dx.doi.org/10.1097/SAP.0000000000000436
http://dx.doi.org/10.1016/j.bbrc.2010.09.107
http://www.ncbi.nlm.nih.gov/pubmed/20920478
http://dx.doi.org/10.1007/s10529-010-0230-z
http://www.ncbi.nlm.nih.gov/pubmed/20213527
http://dx.doi.org/10.1177/147323000903700201
http://www.ncbi.nlm.nih.gov/pubmed/19383220
http://dx.doi.org/10.1055/s-0033-1361837
http://dx.doi.org/10.1515/revneuro-2016-0021
http://dx.doi.org/10.1371/journal.pone.0076926
http://dx.doi.org/10.1007/s11064-013-1023-2
http://dx.doi.org/10.1111/j.1460-9568.1993.tb00971.x
http://dx.doi.org/10.1016/j.jcot.2017.06.016
http://dx.doi.org/10.1016/j.expneurol.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20488179
http://dx.doi.org/10.1038/nrdp.2017.18
http://www.ncbi.nlm.nih.gov/pubmed/28447605
http://dx.doi.org/10.1038/s41598-019-49315-6
http://www.ncbi.nlm.nih.gov/pubmed/31519924

Bioengineering 2020, 7, 37 14 of 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Georgiou, M.; Reis, ].N.D.; Wood, R.; Esteban, P.P.; Roberton, V.; Mason, C.; Li, D.; Li, Y.; Choi, D.; Wall, I.
Bioprocessing strategies to enhance the challenging isolation of neuro-regenerative cells from olfactory
mucosa. Sci. Rep. 2018, 8, 14440. [CrossRef]

Stationery Office. Animals (Scientific Procedures) Act 1986: Guidance on the Operation of the Animals (Scientific
Procedures) Act 1986; Stationery Office: London, UK, 2000.

Pollock, K.; Stroemer, P.; Patel, S.; Stevanato, L.; Hope, A.; Miljan, E.; Dong, Z.; Hodges, H.; Price, J.;
Sinden, J.D. A conditionally immortal clonal stem cell line from human cortical neuroepithelium for the
treatment of ischemic stroke. Exp. Neurol. 2006, 199, 143-155. [CrossRef]

Meijering, E.; Jacob, M.; Sarria, J.C.; Steiner, P.; Hirling, H.; Unser, M. Design and validation of a tool for
neurite tracing and analysis in fluorescence microscopy images. Cytom. Part A 2004, 58, 167-176. [CrossRef]
Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molecular Biology of the Cell, 4th ed.;
Garland Science: New York, NY, USA, 2002.

Wojtowicz, A.M.; Oliveira, S.; Carlson, M.W.; Zawadzka, A.; Rousseau, C.F.; Baksh, D. The importance of
both fibroblasts and keratinocytes in a bilayered living cellular construct used in wound healing. Wound Rep.
Regen. 2014, 22, 246-255. [CrossRef]

Hayat, S.; Thomas, A.; Afshar, F; Sonigra, R.; Wigley, C.B. Manipulation of olfactory ensheathing cell
signaling mechanisms: Effects on their support for neurite regrowth from adult CNS neurons in coculture.
Glia 2003, 44, 232-241. [CrossRef]

Nash, H.H.; Borke, R.C.; Anders, ].J. New method of purification for establishing primary cultures of
ensheathing cells from the adult olfactory bulb. Glia 2001, 34, 81-87. [CrossRef]

Nash, H.H.; Borke, R.C.; Anders, ].]. Ensheathing cells and methylprednisolone promote axonal regeneration
and functional recovery in the lesioned adult rat spinal cord. . Neurosci. 2002, 22, 7111-7120. [CrossRef]
Sonigra, R.J.; Brighton, P.C.; Jacoby, J.; Hall, S.; Wigley, C.B. Adult rat olfactory nerve ensheathing cells are
effective promoters of adult central nervous system neurite outgrowth in coculture. Glia 1999, 25, 256-269.
[CrossRef]

Ulrich, R.; Imbschweiler, I.; Kalkuhl, A.; Lehmbecker, A.; Ziege, S.; Kegler, K.; Becker, K.; Deschl, U.;
Wewetzer, K.; Baumgartner, W. Transcriptional profiling predicts overwhelming homology of Schwann cells,
olfactory ensheathing cells, and Schwann cell-like glia. Glia 2014, 62, 1559-1581. [CrossRef] [PubMed]
Barbacid, M. The Trk family of neurotrophin receptors. J. Neurobiol. 1994, 25, 1386-1403. [CrossRef] [PubMed]
Stephens, P.; Genever, P.G.; Wood, E.J.; Raxworthy, M.]. Integrin receptor involvement in actin cable formation
in an in vitro model of events associated with wound contraction. Int. J. Biochem. Cell Biol. 1997, 29, 121-128.
[CrossRef]

Li, Y,;Sauve, Y.; Li, D.; Lund, R.D.; Raisman, G. Transplanted olfactory ensheathing cells promote regeneration
of cut adult rat optic nerve axons. J. Neurosci. 2003, 23, 7783-7788. [CrossRef] [PubMed]

Lakatos, A.; Smith, PM.; Barnett, S.C.; Franklin, R.J.M. Meningeal cells enhance limited CNS remyelination
by transplanted olfactory ensheathing cells. Brain 2003, 126, 598-609. [CrossRef] [PubMed]

Blumenthal, J.; Cohen-Matsliah, S.I.; Levenberg, S. Olfactory Bulb-Derived Cells Seeded on 3D Scaffolds
Exhibit Neurotrophic Factor Expression and Pro-Angiogenic Properties. Tissue Eng. Part A 2013, 19,
2284-2291. [CrossRef]

Kachramanoglou, C.; Law, S.; Andrews, P; Li, D.; Choi, D. Culture of Olfactory Ensheathing Cells for Central
Nerve Repair: The Limitations and Potential of Endoscopic Olfactory Mucosal Biopsy. Neurosurgery 2013, 72,
170-178. [CrossRef]

Keyvan-Fouladi, N.; Raisman, G.; Li, Y. Functional repair of the corticospinal tract by delayed transplantation
of olfactory ensheathing cells in adult rats. J. Neurosci. 2003, 23, 9428-9434. [CrossRef]

Tabakow, P.; Raisman, G.; Fortuna, W.; Czyz, M.; Huber, ]J.; Li, D.; Szewczyk, P; Okurowski, S.;
Miedzybrodzki, R.; Czapiga, B.; et al. Functional Regeneration of Supraspinal Connections in a Patient with
Transected Spinal Cord Following Transplantation of Bulbar Olfactory Ensheathing Cells with Peripheral
Nerve Bridging. Cell Trans. 2014, 23, 1631-1655. [CrossRef]

Teng, X.; Nagata, I.; Li, H.-P; Kimura-Kuroda, J.; Sango, K.; Kawamura, K.; Raisman, G.; Kawano, H.
Regeneration of nigrostriatal dopaminergic axons after transplantation of olfactory ensheathing cells and
fibroblasts prevents fibrotic scar formation at the lesion site. J. Neurosci. Res. 2008, 86, 3140-3150. [CrossRef]
[PubMed]


http://dx.doi.org/10.1038/s41598-018-32748-w
http://dx.doi.org/10.1016/j.expneurol.2005.12.011
http://dx.doi.org/10.1002/cyto.a.20022
http://dx.doi.org/10.1111/wrr.12154
http://dx.doi.org/10.1002/glia.10299
http://dx.doi.org/10.1002/glia.1043
http://dx.doi.org/10.1523/JNEUROSCI.22-16-07111.2002
http://dx.doi.org/10.1002/(SICI)1098-1136(19990201)25:3&lt;256::AID-GLIA6&gt;3.0.CO;2-Y
http://dx.doi.org/10.1002/glia.22700
http://www.ncbi.nlm.nih.gov/pubmed/24889922
http://dx.doi.org/10.1002/neu.480251107
http://www.ncbi.nlm.nih.gov/pubmed/7852993
http://dx.doi.org/10.1016/S1357-2725(96)00123-9
http://dx.doi.org/10.1523/JNEUROSCI.23-21-07783.2003
http://www.ncbi.nlm.nih.gov/pubmed/12944507
http://dx.doi.org/10.1093/brain/awg055
http://www.ncbi.nlm.nih.gov/pubmed/12566281
http://dx.doi.org/10.1089/ten.tea.2012.0090
http://dx.doi.org/10.1227/NEU.0b013e31827b99be
http://dx.doi.org/10.1523/JNEUROSCI.23-28-09428.2003
http://dx.doi.org/10.3727/096368914X685131
http://dx.doi.org/10.1002/jnr.21767
http://www.ncbi.nlm.nih.gov/pubmed/18615647

Bioengineering 2020, 7, 37 15 of 16

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Raisman, G.; Li, Y. Repair of neural pathways by olfactory ensheathing cells. Nat. Rev. Neurosci. 2007, 8,
312-319. [CrossRef] [PubMed]

Jani, H.R,; Raisman, G. Ensheathing cell cultures from the olfactory bulb and mucosa. Glia 2004, 47, 130-137.
[CrossRef]

Wewetzer, K.; Radtke, C.; Kocsis, J.; Baumgartner, W. Species-specific control of cellular proliferation and the
impact of large animal models for the use of olfactory ensheathing cells and Schwann cells in spinal cord
repair. Exp. Neurol. 2011, 229, 80-87. [CrossRef]

Li, Y.; Decherchi, P.; Raisman, G. Transplantation of olfactory ensheathing cells into spinal cord lesions
restores breathing and climbing. J. Neurosci. 2003, 23, 727-731. [CrossRef]

Hahn, C.-G.; Han, L.-Y.; Rawson, N.E.; Mirza, N.; Borgmann-Winter, K.; Lenox, R.H.; Arnold, S.E. In vivo
and in vitro neurogenesis in human olfactory epithelium. J. Comp. Neurol. 2005, 483, 154-163. [CrossRef]
Krudewig, C.; Deschl, U.; Wewetzer, K. Purification and in vitro characterization of adult canine olfactory
ensheathing cells. Cell Tissue Res. 2006, 326, 687-696. [CrossRef]

Omar, M.; Hansmann, F,; Kreutzer, R.; Kreutzer, M.; Brandes, G.; Wewetzer, K. Cell Type- and Isotype-Specific
Expression and Regulation of 3-Tubulins in Primary Olfactory Ensheathing Cells and Schwann Cells In Vitro.
Neurochem. Res. 2013, 38, 981-988. [CrossRef]

Rubio, M.-P.; Munoz-Quiles, C.; Ramon-Cueto, A. Adult olfactory bulbs from primates provide reliable
ensheathing glia for cell therapy. Glia 2008, 56, 539-551. [CrossRef]

Bianco, J.I; Perry, C.; Harkin, D.G.; Mackay-Sim, A.; Feron, F. Neurotrophin 3 promotes purification and
proliferation of olfactory ensheathing cells from human nose. Glia 2004, 45, 111-123. [CrossRef]

Lozano, A.M.; Schmidt, M.; Roach, A. A convenient in vitro assay for the inhibition of neurite outgrowth
by adult mammalian CNS myelin using immortalized neuronal cells. J. Neurosci. Methods 1995, 63, 23-28.
[CrossRef]

Encinas, M.; Iglesias, M.; Liu, Y.; Wang, H.; Muhaisen, A.; Cena, V.; Gallego, C.; Comella, ].X. Sequential
treatment of SH-SY5Y cells with retinoic acid and brain-derived neurotrophic factor gives rise to fully
differentiated, neurotrophic factor-dependent, human neuron-like cells. J. Neurochem. 2000, 75, 991-1003.
[CrossRef]

Lehmann, M.; Fournier, A.; Selles-Navarro, I.; Dergham, P.; Sebok, A.; Leclerc, N.; Tigyi, G.; McKerracher, L.
Inactivation of Rho signaling pathway promotes CNS axon regeneration. J. Neurosci. 1999, 19, 7537-7547.
[CrossRef]

Fournier, A.E.; Gould, G.C,; Liu, B.P,; Strittmatter, S.M. Truncated soluble Nogo receptor binds Nogo-66 and
blocks inhibition of axon growth by myelin. J. Neurosci. 2002, 22, 8876-8883. [CrossRef]

Simpson, P.B.; Bacha, ].I.; Palfreyman, E.L.; Woollacott, A.J.; McKernan, R.M.; Kerby, J. Retinoic acid-evoked
differentiation of neuroblastoma cells predominates over growth factor stimulation: An automated image
capture and quantitation approach to neuritogenesis. Anal. Biochem. 2001, 298, 163-169. [CrossRef]

Lai, P-L.; Naidu, M.; Sabaratnam, V.; Kah Hui, W.; David, P.; Kuppusamy, U.R.; Abdullah, N.; Abd
Malek, S.N. Neurotrophic Properties of the Lion’s Mane Medicinal Mushroom, Hericium erinaceus (Higher
Basidiomycetes) from Malaysia. Int. J. Med. Mushrooms 2013, 15, 539-554. [CrossRef] [PubMed]

Son, Y.-J.; Trachtenberg, ].T.; Thompson, W.]. Schwann cells induce and guide sprouting and reinnervation of
neuromuscular junctions. Trends Neurosci. 1996, 19, 280-285. [CrossRef]

Menager, C.; Arimura, N.; Fukata, Y.; Kaibuchi, K. PIP3 is involved in neuronal polarization and axon
formation. J. Neurochem. 2004, 89, 109-118. [CrossRef] [PubMed]

Chen, Z.-L.; Yu, W.-M,; Strickland, S. Peripheral regeneration. Annu. Rev. Neurosci. 2007, 30, 209-233.
[CrossRef]

Kuhn, T.B.; Schmidt, M.E; Kater, S.B. Laminin and Fibronectin Guideposts signal sustained but opposite
effects to passing growth cones. Neuron 1995, 14, 275-285. [CrossRef]

Liesi, P,; Dahl, D.; Vaheri, A. Neurons cultured from developing rat brain attach and spread preferentially to
laminin. J. Neurosci. Res. 1984, 11, 241-251. [CrossRef] [PubMed]

di Summa, P.G.; Kalbermatten, D.F,; Raffoul, W.; Terenghi, G.; Kingham, P.J. Extracellular Matrix Molecules
Enhance the Neurotrophic Effect of Schwann Cell-Like Differentiated Adipose-Derived Stem Cells and
Increase Cell Survival Under Stress Conditions. Tissue Eng. Part A 2013, 19, 368-379. [CrossRef] [PubMed]
Hagg, T.; Oudega, M. Degenerative and spontaneous regenerative processes after spinal cord injury.
J. Neurotrauma 2006, 23, 264-280. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrn2099
http://www.ncbi.nlm.nih.gov/pubmed/17342173
http://dx.doi.org/10.1002/glia.20038
http://dx.doi.org/10.1016/j.expneurol.2010.08.029
http://dx.doi.org/10.1523/JNEUROSCI.23-03-00727.2003
http://dx.doi.org/10.1002/cne.20424
http://dx.doi.org/10.1007/s00441-006-0238-9
http://dx.doi.org/10.1007/s11064-013-1006-3
http://dx.doi.org/10.1002/glia.20635
http://dx.doi.org/10.1002/glia.10298
http://dx.doi.org/10.1016/0165-0270(95)00081-X
http://dx.doi.org/10.1046/j.1471-4159.2000.0750991.x
http://dx.doi.org/10.1523/JNEUROSCI.19-17-07537.1999
http://dx.doi.org/10.1523/JNEUROSCI.22-20-08876.2002
http://dx.doi.org/10.1006/abio.2001.5346
http://dx.doi.org/10.1615/IntJMedMushr.v15.i6.30
http://www.ncbi.nlm.nih.gov/pubmed/24266378
http://dx.doi.org/10.1016/S0166-2236(96)10032-1
http://dx.doi.org/10.1046/j.1471-4159.2004.02302.x
http://www.ncbi.nlm.nih.gov/pubmed/15030394
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094337
http://dx.doi.org/10.1016/0896-6273(95)90285-6
http://dx.doi.org/10.1002/jnr.490110304
http://www.ncbi.nlm.nih.gov/pubmed/6737517
http://dx.doi.org/10.1089/ten.tea.2012.0124
http://www.ncbi.nlm.nih.gov/pubmed/22897220
http://dx.doi.org/10.1089/neu.2006.23.263
http://www.ncbi.nlm.nih.gov/pubmed/16629615

Bioengineering 2020, 7, 37 16 of 16

69. Franssen, E.H.P; de Bree, EM.; Verhaagen, J. Olfactory ensheathing glia: Their contribution to primary
olfactory nervous system regeneration and their regenerative potential following transplantation into the
injured spinal cord. Brain Res. Rev. 2007, 56, 236-258. [CrossRef]

70. Pizzi, M.A.; Crowe, M.]. Transplantation of fibroblasts that overexpress matrix metalloproteinase-3 into the
site of spinal cord injury in rats. J. Neurotrauma 2006, 23, 1750-1765. [CrossRef]

71. Kisselbach, L.; Merges, M.; Bossie, A.; Boyd, A. CD90 Expression on human primary cells and elimination of
contaminating fibroblasts from cell cultures. Cytotechnology 2009, 59, 31-44. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.brainresrev.2007.07.013
http://dx.doi.org/10.1089/neu.2006.23.1750
http://dx.doi.org/10.1007/s10616-009-9190-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Primary Cell Isolation and Culture 
	Cell Line Generation and Culture 
	Feeder Layer Generation 
	Collection of Conditioned Media 
	Culture of PA5 Cells 
	In Vitro Co-culture with NG108-15 Neurons 
	Immunocytochemistry (ICC) 
	Circularity Analysis 
	Neuronal Growth Analysis 
	Statistical Analysis and Data Accessibility 

	Results and Discussion 
	Human Feeders Encourage an Increase in p75NTR and Spindle-Shaped Cells in Rat OECs 
	Comparison of Different Feeder Layers 
	Human OECs Behave Differently to Rat OECs in Culture 
	Human OEC Co-culture with Neurons 

	Conclusions 
	References

