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Abstract

Olfactory ensheathing cells (OECs), the glial cells of the primary olfactory nervous system, support the natural regeneration of
the olfactory nerve that occurs throughout life. OECs thus exhibit unique properties supporting neuronal survival and growth.
Transplantation of OECs is emerging as a promising treatment for spinal cord injury; however, outcomes in both animals and
humans are variable and the method needs improvement and standardization. A major reason for the discrepancy in functional
outcomes is the variability in survival and integration of the transplanted cells, key factors for successful spinal cord regen-
eration. Here, we review the outcomes of OEC transplantation in rodent models over the last 10 years, with a focus on
survival and integration of the transplanted cells. We identify the key factors influencing OEC survival: injury type, source of
transplanted cells, co-transplantation with other cell types, number and concentration of cells, method of delivery, and time of
transplantation after the injury. We found that two key issues are hampering optimization and standardization of OEC
transplantation: lack of (1) reliable methods for identifying transplanted cells, and (2) three-dimensional systems for OEC
delivery. To develop OEC transplantation as a successful and standardized therapy for spinal cord injury, we must address
these issues and increase our understanding of the complex parameters influencing OEC survival.
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they detect odorant molecules. Primary olfactory axons
extend basally into the lamina propria, where they fascicu-
late to form the many branches of the olfactory nerve, which,
after traversing the cribriform plate, terminates in the

Introduction

Olfactory ensheathing cells (OECs) are the glial cells of the
primary olfactory nervous system, which consists of
the olfactory nerve (cranial nerve I), which extends between
the olfactory epithelium at the roof of the nasal cavity
and the olfactory bulb in the anterior cranial fossa, and the

outer layer of the olfactory bulb termed the nerve fiber layer
(NFL) (Fig. 1). The primary olfactory nervous system is
unique in that it continuously undergoes regeneration. Even
after large-scale injury, it can regenerate as long as the
deeper layers of the olfactory bulb, internally to the NFL,
remain intact' . Primary olfactory neurons live for an aver-
age of approximately 30 days in rodents (the exact life-span
of human primary olfactory neurons is not known), and new
neurons continuously arise from progenitors in the olfactory
epithelium®. The cell bodies of these neurons remain in the
epithelium; their dendrites extend into the nasal cavity where
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Nasal Cavity

Figure |. Organization of the olfactory system. Schematic of a sagittal sectional view of (A) the human and (B) rodent nasal cavity with the
olfactory nerve and bulb highlighted in green. (C) A histological schematic showing the key cell types of the olfactory system. AOB: accessory
olfactory bulb (only present in rodents); CP: cribriform plate; GM: glomeruli; LP: lamina propria; NFL: nerve fiber layer; OB: olfactory bulb;
OE: olfactory epithelium; OEC: olfactory ensheathing cells (shown in red); OM: olfactory mucosa (area within the dotted line); ON:
olfactory neurons (shown in green): ONF: olfactory nerve fascicles: SC: sustentacular cells.

olfactory bulb (Fig. 1)'. OECs are considered crucial for
the regenerative capacity of the primary olfactory nervous
system (reviewed elsewhere® ).

OEC:s are present throughout the entire primary olfactory
nervous system and are in direct contact with the axons of
primary olfactory neurons all the way from the lamina pro-
pria to the olfactory bulb™'® (Fig. 1). OECs are in fact not a
homogenous population of cells; sub-populations of OECs
exist with distinct anatomical location and functions. In the
olfactory nerve, OECs organize primary olfactory axons into
fascicles. The axons are not myelinated; instead, relatively
large bundles of axons are surrounded by OECs which create
a tunnel-like structure'®. OECs provide structural, neuro-
trophic, and axonal guidance support for the axons as they
extend toward the olfactory bulb™''"'*. In the NFL of the
olfactory bulb, OECs are thought to be crucial for the sorting
of axons to olfactory bulbar targets termed glomeruli, which
is dictated by the type of odorant receptor expressed by each
axon. Here, OECs are considered to mediate a complex array

of de-fasciculation, sorting, and re-fasciculation of axon fas-
cicles according to odorant receptor profile”'®. Furthermore,
OECs are the main phagocytes in the primary olfactory ner-
vous system, eliminating the large amounts of cellular debris
resulting from the constant neuronal regeneration'>'°, as
well as eliminating invading microorganisms'>*%?!. OECs
also exhibit a high capacity for migration. During develop-
ment, OECs migrate ahead of olfactory axons en route to the
olfactory bulb?*?*, and after large-scale olfactory bulb
injury, the cells migrate into the injury site within the central
nervous system (CNS)*>. Thus, phagocytosis, migration to
injury site, axonal guidance, and structural remodeling
(reviewed elsewhere'*) are some of the direct roles that
OECs play in axonal regeneration. In addition, OECs have
been found to have some indirect effects promoting neural
repair and regeneration such as secretion of growth factors,
neurotrophins, and basement membrane components'*.
Owing to their ability to promote neural regeneration, as
well as their unique migratory properties, transplantation of
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Table I. Summary of Cell Survival Reporting and Quantification. This Table Summarizes the Reporting and Quantification of Cell Survival.

(i) Summary of survival reporting

Complete quantification Semi-quantitative analysis

Discussed without quantification No mention of survival

428—3I 232,33

30 30

(ii) Summary of cell survival quantification

Study Reported OEC Survival Quantified at time post treatment
13 0.6 + 0.148% | week
0.473 + 0.138% 2 weeks
0.357 + 0.122% 13 weeks
2% 6.5 + 2.5% 4 weeks
328 2.85 + 0.73% 4 weeks
430 0.34 - 1.72% 8 weeks

OEC:s has been trialed for spinal cord injury repair in animals
and humans with promising but highly variable outcomes.
Animal models of spinal cord injury, most of which are
rodent models, are invaluable for evaluating and optimizing
OEC transplantation toward a therapy. However, the large
variability in methodology and outcomes must be addressed
to better inform the future directions of the therapeutic use of
these cells. The two main issues that warrant attention are (1)
cell purity, as OECs are notoriously difficult to purify, in
particular OECs isolated from the olfactory mucosa which is
the favorable clinical approach (reviewed elsewhere®’),
and (2) survival of the transplanted OECs, which is the focus
of the current review.

Addressing cell survival is important because increasing
the number of OECs that survive the transplantation is likely
to directly or indirectly facilitate the regeneration process,
and reducing the number of OECs that die will minimize the
deleterious effects of the necrotic cells at the transplantation
site. But which parameters affect survival of the transplanted
OECs? This question has to date been difficult to answer, as
quantification of OEC survival at the injury site is compli-
cated because of the lack of specific OEC markers needed to
track the transplanted cells. There are, however, certain key
factors that are particularly likely to influence cell survival,
which we review here. For the review of the literature, pub-
lications spanning the last 10 years were searched for the
keywords “spinal cord injury” with a combination of the
phrases “olfactory ensheathing cells,” “OECs,” “olfactory
ensheathing glia,” “OEGs,” and “olfactory glia.” It is not
possible to evaluate OEC survival in living humans who
have received an OEC transplant; thus, this review is limited
to information arising from animal studies. To date, most
animal studies have been performed using rodent spinal cord
injury models. Therefore, only studies conducted in rodents
were included in this review, while studies involving human
trials or other animal models were excluded. Studies limited
to in vitro experiments, peripheral nerve repair, and review
articles were also excluded. It is our belief that the most
recent studies would also reflect the collectively generated

knowledge of the previously published works, along with the
recent most developments in the field, which is why this
study only focuses on the studies published over the last
10 years. Studies published more than 10 years before were
referred to in cases where the included studies referred to
them for specific methodologies.

A total of 66 studies that met the inclusion criteria were
included in this review. For each study, details regarding
injury model, transplanted cell type (OECs alone, OECs in
comparison with or together with other cells), transplanta-
tion method, number of transplanted cells, percentages of
surviving cells, and survival duration are summarized in
Tables 1 and 2, with full details presented in Table 3.

Reporting of Cell Survival

Background. Reporting of cell survival is a crucial parameter
to be assessed for evaluating cell transplantation-based
therapies, including OEC-mediated spinal cord repair.
Although some authors have suggested that the reparative
effects of OECs may not require the cells to be permanently
present at the injury site*’, more widely discussed properties
of OECs such as physically bridging the injury site gap’* and
phagocytosing debris at the injury site’* do require the OECs
to survive after transplantation. While several studies do not
quantify cell survival, a few of the studies published before
the period mentioned in the inclusion criteria have analyzed
the cell survival in depth. One such study reported 2.3 +
1.4% cell survival after 3 months of transplantation®. In this
study, two million OECs were injected in a 6 pl suspension
over a period of 3 min, at 2 months following a contusion-
type injury. Another study analyzed survival of OECs trans-
planted directly into the injury site as well as at a spinal cord
site distant from the injury site in contusion-type injury”®.
According to this study, only 3.1 + 1.4% of the OECs
survived at the injury site at 3 weeks post transplantation
when they were injected by themselves. However, when they
were injected in the intact spinal cord away from injury site
and Schwann cells (SCs) injected in the injury core, the OEC
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Table 2. Summary of Transplantation Parameters and Outcomes. This Table Summarizes the Number of Reviewed Publications Across

Different Transplantation Parameters, and Their Key Outcomes.

(i) Injury model

Contusion Crush Transection Hemisection Other N/M
20 7 21 6 I |
(ii) OECs Sources
OB Alone OM Alone Both OB + OM Cell line Xenograft N/M
40 16 2 | 6 |
(iii) Co-transplantation with other cell types

MSCs SCs NSCs ESMNs ASCs FBs
Used separately 5 5 | I 7
Co-transplanted with OECs 2 3 | I 0

(iv) Cell number/concentration
total cell number not mentioned

less than 100,000

100,000-500,000 more than 500,000

10 9 34 13
Concentration not mentioned less than 50,000 50,000-100,000 more than 100,000
cells/pl 12 14 30 10
(v) Summary of Transplant methods
Injection Other™" Both compared
51 13 2
(vi) Summary of transplantation time post injury "
0 Days I week 2 weeks 4 weeks 8 weeks Other N/M
40 13 6 3 2 7 |

+ Other methods include transplantation of cells encased/embedded in hydrogels; MBL: mucosal pieces, gel sponges or spherical aggregates.
+-+ out of the 66 studies, 62 performed treatments at one timepoint, two studies did treatments at two timepoints, and two more studies performed
treatments at three timepoints, which is why the total number of here appears as 72 here instead of 66.

survival was reported to be 48 + 6.3%. This indicates that
transplanted OECs can survive in healthy spinal cord, while
the harsh environment of the injury site reduces survival.
The study also reported similar survival rates at 9 weeks
after the transplantation.

Recent evidence. Only 36 out of the 66 reviewed studies
reported that they assessed cell survival. Out of these 36
studies, only six quantitatively analyzed cell survival, with
four studies reporting a fully quantified survival outcome of
transplanted cells** ', One study quantified surviving OECs
by determining the pixel intensity as seen on fluorescent
imaging®?, while another study determined the proportion
of surviving cells within the lesion site in relation to the
remaining tissue>>. The remaining 30 studies did not quan-
tify the numbers or percentages of surviving cells. A few
studies reported “drastic reduction in survival” or “very low
cell survival” 2—8 weeks after transplantation without report-
ing the quantitative measurements**-**®, and in one case the
authors reported that none of the transplanted cells survived
7 months after transplantation®®. Overall, OEC survival was
determined at a time post transplantation ranging from 1
week>>010486 16 1 year®!, with most studies assessing OEC
survival between 3 weeks and 3 months after transplantation.
Some studies included longer-term determination of survival
up to 6 months, 7 months’”¥7, or 8 months®®%%®%, The
results regarding cell survival are summarized in Table 1.

In one of the four studies that fully quantified the survival
percentages of transplanted OECs*®, female Wistar rats were
injured using crush injury and were treated with an allograft
of cells obtained from olfactory bulbs of donor Wistar rats
with/without embryonic stem-derived motor neurons
(ESMN). Quantification of surviving cells at 4 weeks post
transplantation reported 2.8 + 0.73% in OEC only treatment
group, and 2.6 + 1.2% in OECs + ESMN treatment group.
It should be noted that these animals were under immuno-
suppression induced by cyclosporine, to mitigate the chances
of rejection of the allograft.

Another study>° reported on OEC survival in a crush-type
injury model in male Wistar rats. Cells for transplantation
were obtained from the olfactory mucosa of 4-week-old
transgenic Sprague Dawley (SD) rats expressing enhanced
green fluorescent protein (GFP) in OECs as well as
mesenchymal stem cells (MSCs). Thus, this transplant was
an allograft (between rats of different strains). Rats were
treated with microinjections of cell suspensions of OECs
with/without MSCs 7 days after the injury, and by 8 weeks
post-transplantation survival of OECs was estimated to be
between 0.34% and 1.72%, while survival of MSCs was
estimated to be 0.41-0.96%. These animals also received
cyclosporine to prevent graft rejection.

A third study used contusion-type injury in SD rats as
injury model*', into which OECs from the olfactory bulbs
of transgenic GFP-expressing SD rats were transplanted
(constituting an allogenic graft) using microinjections 1
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week after injury. The surviving cell proportion was reported
to be a fairly constant 0.4-0.6% from 1 week to 13 weeks.
No use of immunosuppression was reported.

The last of these four studies reported the use of crush
injury in male athymic nude rats?®. This transplant was a
xenograft; the OECs used for treatment were isolated from
olfactory mucosa of a euthanized canine. Immediately after
the injury, lentiviral-transfected GFP-expressing OECs
were injected rostrally and caudally to the injury site. Cell
survival analysis was carried out 4 weeks after transplanta-
tion; the proportion of surviving cells was estimated to be
6.5 + 2.5%. No additional immunosuppression was used in
this study as the experimental animals were innately
immune deficient.

Another study quantified the relative distribution of sur-
viving transplanted cells within the injured spinal cord,
rather than determining percentages of surviving cells®>. In
this study, a transection model in female SD rats was used.
OECs for treatment were prepared from olfactory bulbs of
GFP-expressing transgenic SD rats (allograft) with cells
microinjected immediately after transection into four mid-
line injection sites per spinal cord stump. For quantification
of OEC distribution, the volume occupied by GFP-labeled
cells at the injury site was calculated and divided by the total
volume occupied by GFP-labeled cells in the entire spinal
cord, which was then reported as a percentage. At 1 week
post transplantation, 79 4+ 4% of the surviving cells were
seen at the injury site, at 2 weeks cell survival was 14 + 7%
and at 4 weeks 23 + 14%. None of the cells were traced at
the injury site at 8 weeks’ time post transplantation, except
for the group of animals that received immunosuppression.
The animals were given cyclosporine for prevention of a
graft rejection response. While this study did not assess cell
survival in a conventional manner, this was only study
among the 66 reviewed studies here that assessed cell distri-
bution over time.

One study quantified OEC survival indirectly by deter-
mining the pixel intensity of transplanted cells that
expressed a fluorescent tag®?. In this study, a contusion
injury model in female Fischer rats was used. OECs were
isolated from olfactory bulbs, also from Fischer rats and
transplanted in a suspension containing 100,000 cells/ul, 2
weeks after injury. For the semi-quantitative analysis of
cell survival, DsRed pixel density was calculated. The
authors observed a 74% decline in the pixel density
throughout the rostral-caudal axis of the injury site from
2 weeks to 4 months post transplantation.

None of the studies in which OEC survival was calculated
assessed or analyzed the inflammatory status of the injury
site. Two studies mentioned intermingling of surviving
OECs with reactive astrocytes at the injury site?*2. Only
one of the studies discussed migration of OECs away from
site of injection into the cord tissue and disappearance of the
transplanted cells from the lesion site at 8 weeks following
transplantation™.

Most of the studies included in this review did not discuss
the survival of transplanted OECs. The reason for this may
have been that it can be difficult to track the cells after
transplantation, unless a xenograft is transplanted which can
be detected with antibodies raised against the donor ani-
mal*®. OECs and SCs are largely indistinguishable from
each other immunologically and morphologically using
immunohistochemistry in tissues (reviewed elsewhere®).
After spinal cord injury, endogenous SCs migrate into the
injury site (reviewed elsewhere®”). In addition, a recent study
has reported that following a spinal cord injury oligodendro-
cytes give rise to myelinating cells that they have identified
as “Schwann-cell like cells””®. Therefore, it is not currently
possible to distinguish transplanted OECs from SCs using
peripheral glial markers, such as the p75 neurotrophin recep-
tor (p75ntr), which are expressed by both cell types. The
only marker sometimes used to distinguish between the two
cell types is Leu7, also known as CD57 or HNK-1, which has
been suggested to be expressed by SCs but not OECs”*!%,
However, non-myelinating SCs do not express Leu7'°!. The
SCs that enter the spinal cord do have the capacity to mye-
linate axons, but many may have a non-myelinating pheno-
type. Therefore, Leu7 is not an appropriate marker for
distinguishing between OECs and SCs.

Most of the studies that did report cell survival relied on
fluorescent proteins expressed by cells taken from geneti-
cally modified animals or by cells transfected by lenti-
virus?*2243-349 One older study (not included in this
review) reported the use of a nuclear probe, which can be
used to specifically identify the transplanted cells’®. The use
of transgenic animals as a source of fluorescence tagged
cells for transplantation is not without its own set of issues
and challenges, such as variable expression of fluorescent
proteins among different cells, differential levels of expres-
sion depending in the developmental stages of the animals,
possibility of non-specific expression of the protein in
closely related cell types, inconsistent fluorescence depend-
ing on the environmental changes such as temperature and
pH, and variable intensities of expressed fluorescent pro-
teins'®?. These issues may pose a serious question about the
reliability of the fluorescent protein for identification of a
certain cell type altogether. Using a fluorescent protein can
lead to erroneous results as fluorescence can also be
expressed from cell debris after a cell has died, or after such
debris has been phagocytosed by other cells'”'®. In some
cases, the authors chose to use fluorescence intensity to
quantify the surviving OECs*”*2. This can also further result
in false positives as the debris and dead cells tend to express
high-intensity fluorescence'®*'*>. Use of multiple markers
such as a nuclear marker along with a fluorescent protein®®
in combination with high-resolution microscopy to demon-
strate that fluorescent cells are alive and exhibit the expected
morphology can avoid such issues. Quantification of the
correctly identified cells presents another challenge. Many
study designs do not specify the details of the quantification
method. In some cases, a representative sampling of
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sectioned tissue was done by collecting every sixth consec-
utive section®®. Here an extrapolation is conducted based on
the assumption that the distribution of OECs in situ is uni-
form, which may not occur as the transplanted cells may
migrate along discrete tracts within the spinal cord. A
three-dimensional reconstruction of the tissue around injury
site”® could prove useful in avoiding such issues. A more
frequent sampling can be done to reduce the extrapolation
needed. Furthermore, if cells are transplanted from a male to
female animal, labeling for the Y chromosome may be
feasible”®.

Cell Survival Depends on Injury Model

Background. Many transplanted cells die due to inflammation
in the injured spinal cord, as the inflammatory process that
ensues after an injury creates a hostile environment®>. Injury
disrupts the blood—brain barrier and allows macrophages to
enter the injury site, and tissue damage at the injury site
activates local microglia. The increased macrophage activity
makes survival and integration of grafted cells even more
challenging'®®. Astrocytes react to spinal cord injury by
actively proliferating and migrating to the lesion to form a
scar known as the astroglial (astrocytic) scar. The scar aides
the injured cord by securing it structurally, but it also
impedes axonal outgrowth and repair mechanisms owing
to its dense configuration and hostile microenviron-
ment'?”'%_ The intraspinal cell transplantation process itself
warrants further manipulation of the scar at the injury site,
which may trigger another inflammatory reaction further
elevating the hostility of host tissue and thus adversely
affecting the survival of transplanted cells. For these reasons,
the injury model used strongly influences survival of the
transplanted cells and functional outcomes. Transection-
type injury is caused by a sharp cutting trauma and results
in little peri-lesional secondary injuries. In contrast,
contusion-type injuries are caused by blunt compressing
trauma to the cord, and results in widespread secondary
injuries, ultimately leading to a substantially more pro-
nounced immune response involving macrophages and
microglia'®. In addition to the type of injury, level of injury
can also affect the cell survival post transplantation. Similar
to the types of injury, the inflammatory responses differ

between cervical and thoracic injuries''°.

Recent evidence. All the 66 papers reviewed here have used
rats as the experimental injury model and transplant recipi-
ent. Compression- or contusion-type injury was the most
commonly used injury mode, comprising 27 out of the 63
studies. Transection injury models were used in 21 studies,
and hemisection in six out of the 66 studies. Three more
studies used partial transection to induce spinal cord
injury®"*#°_and another study employed unilateral ablation
of cortico-spinal tract®>. Two studies used X-irradiation of
the spinal cord along with ethidium bromide-induced
demyelination®**°. One study used rhizotomy as the injury

model®. Two more studies described the use of dorsal root

avulsion®***. Another paper used radiofrequency-induced
heat ablation of the cord tissue*. One further study investi-
gated the role of OECs for their possible beneficial effects in
a genetically induced amyotrophic lateral sclerosis (ALS)
model”. One paper did not describe the details regarding
injury model or the transplantation method®. These results
are summarized in Table 2, section (i).

The host immune system plays a critical role in the fate
of transplanted cells. This is particularly important in
spinal cord injury where the innate and adaptive immune
systems are activated in response to an injury, creating an
environment that is hostile for the transplanted cells.
Transection-type injuries are more precise and cause mini-
mal accumulation of cell debris in comparison to contusion
and crush injuries. Due to a wider range of tissue damage and
ruptured blood vessels, contusion and crush-type injuries
lead to a more severe activation of immune system than
transection®>!' !, The best survival percentage as reported
following a crush injury in the reviewed literature was 6.5 +
2.5% out of the 80,000 transplanted cells at 4 weeks post
transplantation®”. In contrast, another study using a similar
injury model also assessed at 4 weeks post transplantation
reported ~3% survival out of one million transplanted
cells®®. Another study using crush injury reported a mere
~ 1% survival out of 300,000 transplanted cells at 8 weeks
post transplantation®®. The lowest survival rates were
reported following a contusion-type injury, which were less
than 0.5% at 2 weeks (and declining further at 13 weeks)
from the originally transplanted 90,000 cells®'. The only
study that reported on cell survival after a transection-type
injury used a semi-quantitative analysis>>. Instead of quan-
tifying percentages of surviving cells, this study reported on
the relative distribution of transplanted cells between the
injury site and surrounding tissue. As outlined earlier, at 1
week post injury, approximately 80% of the surviving cells
were found directly within the injury site. This percentage
was drastically reduced to ~ 15% after 2 weeks, followed by
a small but significant increase again at 4 weeks post trans-
plantation. It is possible that cells either migrated back into
the lesion core over time, or that cells exhibited better sur-
vival or proliferation at the injury site than within surround-
ing areas. The reported enhancement in survival of OECs
following cyclosporine treatment®> would suggest that the
host immune response is a key factor for survival of OECs
after transplantation. The inflammatory environment at the
injury site, which changes over time, may correlate with
survival or migration of transplanted cells.

Source of OECs can Affect Cell Survival In Vivo

Background. The second important factor is the source of the
transplanted cells. OECs can be acquired from the olfactory
mucosa (which contains the olfactory epithelium and under-
lying lamina propria with OECs), or from the olfactory bulb
(which contains the NFL with OECs). When cultured in
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vitro, the different subtypes of OECs can retain their func-
tions; OECs from the peripheral nervous system direction-
ally organize axons in fascicles, whereas OECs from the
olfactory bulb induce a disorganized axonal growth, consis-
tent with their in vivo roles''>. This indicates that mucosal
OECs may be better for spinal cord injury repairs, as orga-
nized axonal extension is favorable. Obtaining cells from the
mucosa is also favorable from a clinical point of view, as
the mucosa is easy to access and there is no damage to the
olfactory bulb in the CNS.

Most studies to date have been conducted on rodent ani-
mal models, using either human or rodent OECs for trans-
plantation. The transplanted cells were an allograft (donor
and recipient are the same species but may or may not be the
same strain) in most of the cases, and a xenograft (donor and
recipient are different species) in some cases. Most, but not
all, of the transplantations performed in humans to date have
used autologous transplanted cells from the olfactory
mucosa''"*1?°. Despite the risks, olfactory bulb OECs have
also been transplanted in humans with spinal cord injury;
these cells were autografts'?!, or allografts'**'?*. In one of
these studies, autologous transplantation of olfactory bulb-
derived OECs led to a remarkable functional improvement in
a patient with complete spinal cord injury'?'. Using autolo-
gous OECs drastically reduces the risks related to graft
rejections. Expansion of OECs from biopsies is, however,
time-consuming and therefore donor cell transplantation
may be warranted for immediate use in acute-phase treat-
ment for spinal cord injury. Thus, it is essential to take into
account graft-versus-host responses in understanding why
OECs sometimes do not survive.

Recent evidence. The sources of OECs can be discussed from
two aspects: the species of origin, and the anatomical loca-
tion of their origin. The reviewed papers report multiple
sources of OECs. In 42 of the review papers, OECs were
isolated from the rat olfactory bulb (OB), while 18 studies
used OECs from the rat olfactory mucosa (OM). Two of
these papers compared olfactory bulb- and mucosa-derived
OECs?"°. One recent study used a cell line (TEG3 cell line)
as the source of OECs*:. Thus, 59 of the studies used allo-
genic transplants (58 studies used primary cells; one study
used cell line). Two studies using OB-OECs out of the 42
reported cell survivals to be ~2.85% at 4 weeks*® and
~0.6% at 1 week’', respectively, as previously detailed.
Two more studies using OB-OECs performed semi-
quantitative survival analysis, one of which reported cell
surviving up to 4 weeks without immunosuppression and 8
weeks with immunosuppression®>, whereas the other study
detected fluorescent signal emanating from OECs for up to
4 months after transplant in 64% of the animals®?. Another
15 studies out of the 42 OB-OEC studies observed cell
survival without statistical quantification, with the longest
recorded survival time of 8 months after transplant®®. The
information regarding sources of cells is summarized in
Table 2, section (ii).

The one study that quantified OM-OEC survival reported
the survival between 0.34% and 1.72% at 8 weeks>’.
Another 13 studies out of the 18 using OM-OECs also
reported presence of OECs qualitatively for up to 10 weeks
after transplantation®’. Among the six xenograft studies, one
paper used mouse OB as OEC source®®, another used canine
OECs purified from the OM*’. Four studies used primate-
sourced cells. OECs from the OBs from macaques (Cerco-
pithecinae primates) were used in one study”, and in two
studies, the authors transplanted human OECs purified from
the OM into rat injury models*'”’?, while another study
reported using human OB-derived OECs>*. In the latter case,
cells were taken from 15 patients who had undergone sur-
geries for anterior skull base fractures due to trauma or can-
cer, and whose OBs were not salvageable. The remaining
one study did not describe the source of OECs’®. In sum-
mary, the transplantations were most commonly allogenic,
and the OB was the most common anatomical source of
OECs. It is notable that all the studies that transplanted
xenografts either used immunosuppressive drugs or used
athymic nude rats as recipients**°. Some studies conduct-
ing allogenic transplantation also used immunosuppression.

As reviewed here, 59 of the 66 included studies have used
allogenic transplants, but six of the studies have reported the
use of xenografts along with the use of immunosuppression
to prevent or mitigate graft rejection. Xenografts, though not
without their benefits, do present with new complications,
especially for assessment of cell survival and requirement
for immunosuppression. In the animal studies performed to
date, the OB was the most common source of OECs (42 out
of 66 studies). Only two of the papers compared olfactory
bulb- and mucosa-derived OECs*”>°. One of the two studies
used a dorsal root rhizotomy model in rat, and found that
bulb-derived OECs demonstrated greater clinical benefit at
bridging the injury site to help regenerate severed axons
across the gap, than mucosa-derived OECs*°. However, the
other study”’ concluded that mucosa-derived OECs exhibit
better survival and integration in the transection injury site
than bulb-derived OECs. This finding may be attributed to
the different intrinsic functional properties of OECs isolated
from distinct anatomical regions’''°.

In the light of this recent evidence, more studies compar-
ing OB-derived and OM-derived OECs for repair of spinal
cord injuries may be required. Studies comparing the two
populations side by side, on the same injury model, would
provide more robust conclusions to determine if one of the
populations is better than the other, or if a mixture of the two
is optimal. However, the accumulated evidence suggests that
OM-derived OECs appear to be surviving and inducing
spinal cord repair. This may be the most important point
from a clinical aspect, as mentioned before, since OM-
derived cells can be harvested from the patients for an auto-
logous transplant or can be harvested from donors without
risking intrusive brain surgeries which are needed to harvest
the OB-derived OECs.
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Co-transplantation with other Cell Types
may be Beneficial

Background. In their native environment, mucosal OECs are
in close proximity with a number of other cell types such as
primary olfactory neurons, olfactory fibroblasts, and SCs,
whereas bulbar OECs are mostly close to astrocytes and
OB neurons. Intercellular dynamics between OECs and
other cell types may, therefore, have a large impact on their
survival, proliferation, and neuro-reparative function post
transplantation, as shown in several past studies'**'?%,
Older studies have also shown that co-transplantation with
SCs may have a beneficial effect on OEC survival®®. Fibro-
blasts, the commonly found contaminating cells with OM-
OECs, can also have some effect on cell survival in vivo
since their survival time differs from that of OECs>>. Hence,
different culture conditions prior to transplantation may
result in unintentional co-transplantation of cells affecting
their survival. However, due to high variance in the reported
culture protocols®, it is not practical to comment on their
impact on cell survival in this review.

Recent evidence. Many of the studies used other cell types
either for co-transplantation with OECs or as a comparison
to OECs. For co-transplantation studies, SCs (peripheral
nerve glia) and neural stem cells (NSCs) were the most
commonly used cells, followed by MSCs. Three studies used
SCs for co-transplantation with OECs*”***’_ two of which
also used SCs as a separate treatment group® **, whereas
three more studies used SCs separately, for a comparison
between the two cell types®>3>>°. Only one of the three
studies co-transplanting OECs and SCs discussed cell sur-
vival*’, mentioning that the cells were observed for up to 6
weeks following transplantation in the injury site. The same
study also concluded that this co-transplantation showed
some synergistic effects on cell migration and reduced reac-
tive astrogliosis. Two studies co-transplanted MSCs with
OECs*** and three studies transplanted the two cell types
separately and compared the outcomes**>"®°. One of these
studies observed 0.34-1.72% cell survival (discussed in
detail above) which did not improve upon co-
transplantation with MSCs*’. The other study reported the
transplanted cells surviving up to and beyond 2 weeks (no
quantification was reported), and proposed a synergistic ben-
efit of co-transplanting OECs with MSCs®’. Three studies
reported co-transplantation of OECs together with
NSCs*79%8% one study used ESMNs?®, and one adipose
tissue-derived stromal/stem cells** (ASCs). Only one out
of the three studies that co-transplanted NSCs with OECs
commented on cell survival, and concluded that co-
transplantation could improve cell survival for NSCs®. The
study the co-transplanted ESMNs and OECs performed a
detailed quantification of cell survival and is discussed
above®®. This study also concluded that co-transplantation
with OECs improved cell survival for ESMNSs significantly.
None of the other studies listed above discussed effects of

co-transplantation on cell survival. Seven studies used fibro-
blasts (FBs) as a separate comparison treatment group, five
of which used isolated and cultured FBs33’36’43’46’52, while
the other two studies used pieces of respiratory lamina pro-
pria to deliver the FBs*>%°. Fibroblasts have been often
included as a comparison group since they are one of the
commonly found contaminating cells in OM-OEC cul-
tures. In summary, six studies used peripheral glia (SCs),
seven studies used connective tissue supporting cells
(FBs), and 10 studies reported using various stem cells
(MSCs five studies, NSCs three studies, ESMNs one study,
and ASCs one study). These details are summarized in
Table 2, section (iii).

Overall, the reviewed literature does not conclusively
suggest that the co-transplanted cell types have any signifi-
cant influence over OEC survival in vivo. Conversely, how-
ever, the studies using stem cells such as MSCs3%-89,
NSCS47’58’80, and ESMNs?® reported some benefit from co-
transplantation with OECs in comparison to being trans-
planted alone. However, most of these studies focused more
on the effects of OECs on the survival of the co-transplanted
stem cells rather than the other way around, given the natural
function of OECs as the supportive cells in the olfactory
system. Some of the studies concurred that co-
transplantation of these stem cells along with OECs resulted
in a synergistic effect leading to better stem cell survival and
improved functional outcomes with less undesirable side
effects such as hyperalgesia?®~**** However, one of the
studies did not find any added advantages of co-
transplanting OECs and MSCs*’. Due to the low number
of studies reporting on cell survival, a conclusion regarding
the potential benefit of co-transplantation cannot currently
be drawn.

Cell number and Concentration Affect OEC Survival

Background. As OECs are dependent on cell—cell contact for
survival and neural regeneration''?'2%!3% cell density
becomes another important factor for cell survival following
transplantation in an injured cord. In vitro studies of OEC
behavior suggest that these cells also need intercellular con-
tact to survive'*®, migrate''*'*°, and promote axonal exten-
sion'?’. Widespread cell—cell contact can only be established
if there are enough cells in the transplant, which is therefore
a key factor regulating OEC survival and integration into the
host tissue. Cell concentration can have an effect on disper-
sion and survival of the transplanted cells. Under such con-
ditions, cells are likely to be damaged physically, drastically
reducing cell survival'?'.

Recent evidence. The number of transplanted cells ranged
from 15,000 cells® in total to as high as 10 million cells®.
Most of the studies (34 out of 66), however, reported the total
number of transplanted cells in the range of approximately
100,000-500,000 cells. Nine studies in total reported less
than 100,000 cells for treatments, whereas 11 studies



1528

Cell Transplantation 28(1S)

reported having used more than one million cells for treat-
ment. In addition to the total number of cells transplanted,
the concentration of cells in suspension is also a very impor-
tant factor to consider. The reported concentration ranged
between 1,000 cells/ul*” to 3,000,000-6,000,000 cells/pl’".
Most studies (30 studies), however, used a cell concentration
of 50,000-100,000 cells/pl. Several studies used pieces of
lamina propria from OM, or a matrix embedded with cells,
and were hence unable to report either the total number or
the concentration of cells®*4230:5:69.76.92 " Apother study
only reported the transplanted volume to be 30 pl but did
not mention the concentration or the total number of trans-
planted cells®. Three studies only reported the total number
of cells, without reporting the concentration and the trans-
planted volume®®7”%3. One study reported transplanted cell
number per injection®”. A summary of these parameters can
be found in Table 2, section (iv).

OECs are dependent on cell—cell contact for survival and
many biological functions relating to neural regenera-
tion''*12%13% Thuys, it is highly likely that when transplanted
in vivo, the number of cells and the cell concentration in the
injected suspension are important factors for OEC survival
and integration into the host tissue. Too low density would
cause the cells to disperse throughout the tissue, resulting in
cell loss from the injury site and lack of cell—cell interaction.
On the contrary, very high density can result in increased
shear stress and physical damage to the cells during injection
procedure, as shown for other cell types'>'*'*2. Studies using
higher cell suspension densities have reported very low sur-
vival rates. In the study with the highest reported survival
rate to date (6.5 4+ 2.5% at 4 weeks), a cell density of 40,000
cells/ul was used. However, in another study a lower cell
concentration of 30,000 cells/pl resulted in a much lower
survival rate of 0.473 + 0.138% at 2 weeks’'. At higher
densities, survival appears to be lower; in one study, a cell
density of 200,000 cells/ul resulted in 1.03 4+ 0.35% cell
survival after 8 weeks, and another report showed that a
density of 100,000 cells/pl resulted in 0.6 + 0.148%,
0.473 4+ 0.138%, and 0.357 + 0.122% at 1 week, 2 weeks,
and 13 weeks. All these three studies have used crush injury
as their injury model.

Method of Transplantation: A Three-dimensional
Construct may be Warranted

Background. Another important factor is the transplantation
method. The majority of the studies published so far have
transplanted OECs in suspension via injections. Due to the
very fragile nature of the cord tissue and constant flow of the
cerebrospinal fluid, cells injected in a suspension are likely
to be washed away or migrate to the wrong location and
therefore have less chance to integrate into the host tissue™”.
However, cells transplanted with a scaffold or nerve bridge
formation may have a better chance of remaining at the
transplantation site and integrating within the injured cord
tissue'?1+133.

Recent evidence. Out of the 66 studies included in this review,
51 used injections of cell suspensions for transplantation.
Another 13 studies used some form of a three-dimensional
construct or scaffold to transplant the cells, such as mucosal
pieces’>%%7%%2 ‘matrix**° (unspecified, endogenous in ori-
gin), gelatin sponge”®’®", muscle basement lamina*’, col-
lagen scaffold***°, or hydrogel* (unspecified). One more
study used lamina propria as well as cell suspension injec-
tions for comparison’', and another study reported the use of
a spherical cell aggregate in comparison with suspension
injections®®. The reported volumes for transplantation ran-
ged from 1 pI>*>8:86:13% 45 g 137496273 "ex cept two studies,
in which the volume injected was 30 pI®* and 7-20 pl®’,
respectively. Most of these studies used injections of cell
suspensions at multiple sites and/or depths, except for three
studies where the cells were injected via a single injec-
tion***8¢_ All the different methods used are summarized
in Table 2, section (V).

Most of the studies included in this review used cells
injected into the injury site in a suspension. Since the spinal
cord is a highly fragile structure lacking in mechanical
strength, cells injected in a suspension form are likely to
“leak away” from the cord tissue, or to migrate to a location
distant from the injury site. A single injection containing the
cells causes minimal manipulation of the injury site, limiting
collateral damage; however, injections given at multiple
sites provide a controlled method for disseminating the treat-
ment to a wider injury site and allow for a larger volume to
be injected. Either way, cells injected in a suspension form
depend entirely upon the OECs’ ability to migrate toward the
injury site to arrive at the lesion, integrate, and survive. To
date, cell survival has not been compared between single and
multiple OEC injections, and thus the benefit of multiple
injections remains unknown. Another important difference
is that the single injections are usually made in the lesion
core and multiple injections are usually made at and around
the lesion site. Cells injected directly in the injury core face
the hostile environment and may migrate away or die (as
implied in Khankan et al.**), whereas cells injected around
the injury site need to migrate toward the injury site, which
may cause delay in the reparative changes and reduce the
number of surviving cells that manage to ultimately reach
the injury site. A three-dimensional structure or a scaffold
such as a nerve bridge may resolve these issues, and use of a
matrix that can hold the cells in place would likely result in
an increased survival rate>+4%°, Yet, the use of matrices
also has obstacles that need to be overcome, in particular
the ability of cells to receive sufficient growth-supporting
factors deep within the matrix/scaffold. Perhaps creating a
system in which cells can form stable cell—cell contacts prior
to transplantation will aid cell survival. As an example, we
have recently developed a novel a self-assembling
three-dimensional cell construct termed a naked liquid
marble, in which cells rapidly form stable cell-cell contacts
and the cells aggregate into stable three-dimensional struc-
tures'>. Thus, the naked liquid marble culture of OECs, or
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other three-dimensional constructs, may improve cell sur-
vival and functional outcomes after transplantation. Future
experimental works are needed to confirm this hypothesis.

Time Between Injury and Transplantation is Important
for OEC Survival

Background. The final factor to consider is the time post
injury at which OECs are transplanted. After a spinal cord
injury, the inflammatory environment within the injury site
varies significantly depending on the time elapsed; several
phases of immune and inflammatory responses have been
thoroughly described in the literature'%®''%!3¢ The direct
mechanical spinal cord injury is rapidly followed by second-
ary injury (within 30 min of injury in humans), caused by
free radicals, glutamate excitotoxicity, and inflammation.
The secondary injury, which consists of several phases each
characterized by distinct hemodynamic and inflammatory
characteristics, leads to pronounced death of neural cells and
often causes the injury to extend to higher spinal seg-
ments'?’. The inflammatory response subsides over time
(the exact time-frame varies between species'>’) and chronic
inflammation gradually takes over. The acute inflammatory
response is mediated by innate immune cells (invading
macrophages, neutrophils, and resident microglia137’l38).
These cells specialize in phagocytosis and removal of debris,
and secrete a range of pro-inflammatory cytokines. Acute
inflammation in spinal cord injury is directly correlated with
apoptotic cell death and impairment of regeneration
(reviewed elsewhere'®?). The chronic inflammatory
response is primarily mediated by adaptive immune cells
(B and T lymphocytes) and induces further degeneration and
death of neural cells'>”'3® but also has roles in repair'*°.
Chronic inflammation in spinal cord injury is also accompa-
nied by immune and endocrine dysfunction (reviewed else-
where®). The constant turnover of the inflammatory cells
creates a dynamic internal milieu at the injury site, which has
a profound influence over survival of the transplanted cells.
OECs, however, are thought to be immunomodulatory and

. . 141
may reduce harmful inflammation™™".

Recent evidence. The timepoint post injury at which trans-
plantation is performed also constitutes a significant factor
for variability in outcome. The inflammatory status, and
therefore also the immune response that the grafted cells are
likely be exposed to, varies greatly with time post injury,
ultimately affecting cell survival. Of all the reviewed studies,
39 studies reported to have transplanted cells immediately
following spinal cord injury (within 30 min) and one study
reported a lag period of 12 h”. The treatment period in these
40 studies is considered as acute phase in this review. A
further 13 studies reported a waiting period of 1 week, 6
studies reported 2 weeks’ delay before treatment, 3 studies
reported 4 weeks,*>*>*> and 2 more studies reported 8
weeks*>® of waiting period before treatment. Out of these,
two studies compared treatments at the same day as injury

(zero days) and 1 week**~". One of the studies®' focused on
gene expression analysis of the injury site, and observed a
rapid rejection of transplanted cells over the first few days
after transplantation. The other study49, however, observed
some cell survival (not quantified) at 1 week after the trans-
plantation which reduced markedly after the second week.
At the same time, the reduction in cell survival during the
second week after transplantation was observed to be greater
in the acute-phase treatment animals. Two more studies
compared treatments across zero days, 2 weeks and 4
weeks’>*?. Both these studies did not assess cell survival
but rather focused on functional outcome in terms of beha-
vioral recovery, and structural repairs. Other studies reported
variable waiting periods between injury and treatments such
as 1-2 daysS4, 9 dayszg, 15 days65, 3 weeks41, 1 month and 4
months®!, and 6 weeks’'. One of these studies®® quantified
cell survival in depth, which is discussed previously. Two of
these studies observed cells surviving at the injury site*'""".
The remaining three did not comment on the cell survival.
The study investigating OEC transplantation in genetically
induced ALS treated the rats at 100 days of age to allow the
lesions characteristic of ALS to develop prior to transplanta-
tion’’. The studies suggest that overall cell survival and
desirable effects of transplants are best if the transplantation
is done sooner rather than later following an injury, and cell
survival drops drastically in the initial days after treatment.
However, the sub-acute transplantation may provide some
protection against the rapid cell death following transplanta-
tion. The information regarding treatment timings after
injury is provided in Table 2, section (vi).

The literature describes several phases of immune and
inflammatory responses in a spinal cord following a spinal
cord injury'%®!''?, with an acute inflammatory response fol-
lowing the injury, which is replaced by a chronic inflamma-
tory reaction over time. Cells transplanted in the acute phase
of spinal cord injury must survive through the acute inflam-
matory response, but survival can also be limited in the
chronic phase. Lymphocytes, the primary mediators of
chronic inflammation, are also the cells responsible for graft
rejection. Perhaps, cells transplanted in the sub-acute injury
phase (4-14 days in mice'*?) have a better chance of long-
term survival than cells transplanted in the acute**' or
chronic phase®. Despite this, many studies focus entirely
on acute-phase transplantation (36 out of 63 studies, four
more studies focus on a range of treatment phases including
the acute phase), which may be due to practical reasons.
Acute-phase treatments can be performed during the same
surgical procedure as the injury, whereas delayed treatments
require a second set of invasive surgery. However, the need
to generate clinically relevant therapies means that animal
studies should attempt to reflect the likely human scenario.
In humans, the earliest time that cells could be transplanted
into the injured spinal cord would be at a minimum several
hours after injury, since the patient would need transport to
the hospital and stabilization of the injury site. This is assum-
ing, of course, that a bank of donor cells was available and
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could be prepared within hours of notification. However, in
most hospital settings it is more likely that cell transplanta-
tion would occur some days after injury. If using autologous
cell transplantation, then sufficient cells number could not be
generated for several weeks after injury. While studies
examining efficacy of OEC transplantation immediately
after injury may provide critical information about the biol-
ogy of the injury system, perhaps delayed transplantation
may provide more clinically relevant outcomes.

Conclusion

To date, a limited number of studies of OEC transplantation
into the CNS have assessed or quantified cell survival. Sur-
vival of the transplanted cells is crucial for successful out-
comes following OEC transplantation into the injured spinal
cord. It is therefore essential to define the factors that are
most critical for survival of the transplanted cells. Many of
the reports on OEC transplantation into the injured CNS do
not report on cell survival, or do not quantify surviving cells.
The reason for this is that it can be very difficult to track the
transplanted cells over time. Tracking and quantification
methods must be improved; for example, it is essential to
determine differences in protein expression between OECs
and SCs and to use new innovative methods for labeling
transplanted cells such as nuclear probes, in combination
with advanced microscopy. Review of the literature on all
studies of OEC transplantation into the injured rodent spinal
cord over the last 10 years revealed the following factors to
likely influence OEC survival after transplantation: (1)
injury type, (2) OEC source, (3) co-transplantation with
other cell types, (4) number/concentration of transplanted
cells, (5) transplantation method, and (6) time between
injury and cell transplantation. To determine the influence
of each of these factors on the ability of transplanted cells to
survive over time, robust and reliable quantification of cell
survival is necessary in the future. Out of these, injury type,
time between injury and transplantation, and OEC source (in
particular allografts versus xenograft) relate to immune
responses and inflammation. OEC source and cell number/
concentration are likely to be crucial for cell-cell interac-
tions, which promote survival.

Overall, the likely survival of transplanted OECs into
various models of spinal cord injury is low, and new
approaches to improve cell survival are needed. If cell sur-
vival and integration can be enhanced, then improved func-
tional outcomes could be achieved. Therefore, new
methodologies in which cells are transplanted in three-
dimensional constructs which protect the transplanted cells
and/or provide stable cell-cell contracts are likely to
enhance the therapeutic potential of OEC transplantation.
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