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Abstract: Neurotrauma injuries are notoriously difficult to deal with both clinically as well as experi-
mentally, as the cellular and molecular events ensuing after injury complicate the neuroinflammatory
processes. Spinal cord injuries are further complicated by the formation of scars at the injury sites,
which can provide a physical barrier to repair. The lack of effective clinical therapy for spinal cord
injury underscores the need for experimental approaches to generate effective therapies. To repair
the injury, cell transplantation offers the potential to replace lost cells and create a permissive bridge
to promote neural regeneration across the injury site. Olfactory ensheathing cells (OECs), which are
the glia of the olfactory nerve, stand apart from other candidate cell types due to their innate natural
abilities to manage nerve injury and promote repair and regeneration. This is evidenced by their
physiological role in the daily repair and maintenance of the olfactory nerve. Here, we explain their
properties in relation to their physiological role and their most relevant cellular attributes, including
cellular interactions, phagocytosis, migration, axonal guidance and support, and modulation of
neuroinflammation. We highlight some critical drawbacks in the current approaches and identify
some ways to address them.
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1. Spinal Cord Injury Can Be Devastating but There Is a Promising Way Out

According to a recent survey, over 20,000 Australians are living with spinal cord injury
(SCI). Globally, between 250,000 and 500,000 new cases of SCI are recorded every year. A
third of SCIs result in severe injury with motor, sensory and autonomic dysfunctions. In
addition to dealing a devastating blow to a person’s quality of life, and that of their families,
SCI also places a huge economic burden for the country itself. The total life cost of SCIs in
Australia is currently over AUD 75 billion per year [1].

There is no definitive cure for SCIs; however, cell transplantation approaches show
promise in experimental settings. Olfactory ensheathing cells (OECs), which are the resident
glial cells of the human olfactory nervous system, are one such candidate [2,3].

2. Olfactory Ensheathing Cells: From the Nose to the Cord

The mammalian primary olfactory system is the only part of the nervous system that
regenerates every day as part of its normal process, with 1–3% of its sensory neurons
turning over each day. OECs are strongly implicated for this unique ability of the primary
olfactory system [4]. The OECs are located both in the olfactory bulb and the olfactory
mucosa, where they form continuous tunnel-like structures through which the olfactory
axons travel from the nose to the brain. Importantly, they not only offer physical support
to the axons, but they are also considered the “immunocytes” of the primary olfactory
system, with both phagocytic and immunomodulatory capacities, enabling them to clear
the axonal debris and tweak the inflammatory profile of the olfactory mucosa in favor of
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nerve regrowth [4]. These characteristics have attracted significant attention to the OECs,
making them potential candidates to repair other neural tracts, such as the spinal cord after
an extensive injury.

Autologous OEC-based transplantation therapies have been the focus of many ex-
periments in the past decades. Several successful outcomes have been reported in animal
models (murine, canine, and feline as well as primate) [3,5,6], showing variable partial
functional recovery. A human clinical trial in 2002 in Australia established the safety and
feasibility of the approach [7,8]. This paved the path for several subsequent trials over
the last two decades, which have resulted in functional regain, ranging from minor to
significant.

3. OECs: What Makes Them Highly Suitable

Other cell-based therapies are being investigated as well, such as bone marrow mes-
enchymal stem cells, umbilical mesenchymal stem cells, adipose-derived mesenchymal
stem cells, neural stem cells, neural progenitor cells, embryonic stem cells, and induced
pluripotent stem cells [9]. Unlike other cell types, there are very few, if any, reports of OECs
forming tumors within the olfactory nerve [10], which gives them a better safety profile.
Thus, the option of using OECs is clinically feasible, ethically uncomplicated, relatively
safe, and accessible with concurrent scientific and technological approaches.

4. OECs: Integrate, Modulate, and Manipulate

OECs are arguably the most promising candidate for a cell-based transplantation
therapy for SCI due to their peculiar cellular characteristics [11].

First, OECs are already in a mature, fully differentiated state, with well-established
physiological roles and cellular abilities. Within the olfactory nerve, the primary role
of OECs is to provide physical guidance to the axons of olfactory nerves. To do this,
OECs closely interact with fibroblasts, forming tunnel-like structures which ensheathe the
axons to guide them from the olfactory mucosa to the olfactory bulb [12]. At the interface
between the peripheral and central nervous systems within the olfactory bulb, the OECs
interact with astrocytes. Within the spinal cord, OECs can physiologically integrate well,
as the cord’s internal milieu is very similar to the OECs’ natural habitat, with the same
accompanying cells: fibroblasts and astrocytes, the main cells forming the astro-fibrotic
scar. With a similar environment, the OECs are able to continue their physiological role,
where, instead of the olfactory axons, they interact and stabilize the axons in the spinal
cord, guiding them to close the gap at the injury site.

Additionally, it has been shown that OECs actively contribute to inflammatory modu-
lation in the primary olfactory system, secreting TNF-a, CXCL1, CXCL2 and IL1-RA, which
is similar to the immune cells present in the CNS. Thus, the OECs are a major cell type
involved in the regulation of inflammation and regeneration within the primary olfactory
nerve, and these characteristics can be applied to the repair of spinal cord injury [4].

OECs can also manipulate the surrounding extracellular matrix by releasing tropic
factors (nerve growth factor, brain-derived neurotrophic factor, glial-cell-line-derived neu-
rotrophic factor) and ECM proteins (laminin, fibronectin, and collagen IV) [4], which can
further aid repair mechanisms.

5. Olfactory Ensheathing Cells: Phagocytic and Migratory Abilities

The OECs’ innate ability to migrate and phagocytose add further value to their favor-
able therapeutic profile for treating SCI [2,13].

OECs are inherently migratory cells, and therefore are able to quickly reach where
they are needed after injury in the primary olfactory system. Their ability to exhibit the
same after transplantation into the SCI site has been tested and confirmed. Interestingly,
OECs prefer cellular contact and therefore are able to migrate in bundles to form “bridges”
across the injury site to better guide the regrowing axons. Furthermore, OECs are the main
phagocytic cells in the primary olfactory system: their role is to clear the environment from
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any debris that would inhibit the regrowth of the axons and raise the inflammation [4].
Similarly, following their transplantation into the injury site, OECs can migrate in the
surrounding environment and phagocytose any debris of myelin and necrotic axons,
promoting neuronal regrowth after transplantation [4,6]. The OECs’ post-transplantation
roles are depicted in Figure 1.
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Figure 1. Cellular events following spinal cord injury and how OECs can modify them favourably to
induce neural repair.

6. Cellular Programming and Reprograming: Integrating Futuristic Technologies

Being glial cells, OECs naturally interact with other glial cells and neurons. The recent
advances in genetic modifications, transgenics and our understanding of developmental cell
fate open a new avenue to enhance the functions, utility, and efficacy of the OECs for nerve
repair. Research has been conducted to genetically improve the therapeutic potential of
OECs by overexpressing prostacyclin synthetase [14], Nogo receptors and Chondroitinase
ABC enzyme [15], for example. Additionally, recent development of techniques into the
cell fate specifications of fibroblasts [16] and glial cell reprogramming [17] provide novel
ways to purify OECs in culture and improve the cell yield, as well as enhancing the
transplantation outcomes using OECs. These potential advances open up the possibility
of transplanting genetically modified OECs to target different stages of injury to combat
inhibitory molecules and to introduce new cell types to replace lost cells.

7. The Downsides That Need to Be Addressed

Even though an OEC-based transplantation therapy seems a promising option and
has shown some efficacy, the outcomes are not yet consistently reproducible. Some trials
have reported patients who have had no improvement at all and there have even been
some catastrophic outcomes [6,18]. This inconsistency is mainly due to OECs being a
heterogenous cell population [4], which is notorious to purify [6].
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OECs can be obtained from either the olfactory bulb or the lamina propria of the
olfactory mucosa. The latter can be easily collected through a safe, minimally invasive
biopsy procedure, making them the preferred candidates for clinical purposes [6], whereas
obtaining them from the olfactory bulb requires invasive surgery into the cranial cavity.
These two different sub-populations of OECs (bulb and mucosa) inhabit different anatomi-
cal areas and based on their different roles in their environments, they express different
behaviors both in vitro and in vivo [4]. Importantly, OECs also co-exist with other cell
types, which can be present within preparations of cells from the biopsies. Thus, the cell
culture expanded from the biopsies are typically not a pure OEC population [19]. Currently,
it is difficult, if not impossible, to purify these cells to a 100% pure population since no
reliable specific marker has been identified yet [4,19]. However, there are ways to mitigate
this and even use this to our advantage with cutting edge novel technologies, such as 3D
cultures.

Interestingly, two schools of thought exist regarding their optimal purity: some pursue
ways to obtain purest possible OEC population, whilst others subscribe to a multicellular
environment approach [6]. The latter posits that OECs exist with other cell types and work
synergistically with them, and hence, OECs might need the accompanying cells to optimally
perform their tasks [20]. The best combination of cells still needs to be determined.

8. Conclusions

In physiological conditions OECs are responsible for supporting and guiding the axons
of olfactory nerves. OECs, being glial cells, not only offer physical guidance, but they also
modulate their environment favorably through the secretion of a range of factors. Being the
main phagocytic cells, they also maintain the inflammatory balance. Upon transplantation
into a spinal cord injury site, OECs replicate the same processes to modulate the local
environment and aid the repair of neural connections in the injured area by forming
permissive glial bridges [6].

Despite the highly promising prospects, further improvements can be made to enhance
the reproducibility and therapeutic efficacy of OECs [3,4,19]. Improving cell survival and
integration post-transplantation, and augmenting and enhancing the cellular properties of
migration, phagocytosis and axonal repair, as well as optimizing the purification process
are some of best ways to do so.

To conclude, OECs are a unique cell type which may lead to the establishment of a
clinically safe therapy for SCI. Hopefully, scientists working in this field can overcome the
present issues soon and open the way to future OEC transplantation clinical trials that will
improve outcomes for people living with spinal cord injury.
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