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ABSTRACT

Olfactory ensheathing cells (OECs) join olfactory axons in their entrance to the central nervous system, representing a unique

population of glial cells with functions in olfactory neurogenesis, axonal growth and olfactory bulb formation. Olfactory en-

sheathing cells have a great potential to induce repair for neural injuries, in central nervous system and peripheral nervous

system, existing numerous experimental and clinical studies lately, reporting beneficial effects in anatomical and functional

recovery. Studies are also conducted in order to establish possible pro-regenerative effects of the OECs, their potential in tissue

repair and ability to modulate the immune system. The aim of this paper was to review the properties of olfactory ensheathing

cells and their potential therapeutic role in regenerative medicine.
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INTRODUCTION

The olfactory system represents a special area in
the human body where neurons are replaced, neuro-
genesis being possible during the lifetime. Olfactory
ensheathing cells (OECs), also known as Olfactory
ensheathing glial cells or Olfactory ensheathing glia,
represents the glial cells of the olfactory nervous sys-
tem that ensheath the non-myelinated axons of olfac-
tory neurons in a similar manner of Schwann cells that
ensheath non-myelinated peripheral neurons. OECs
represent an unique glial cell type which distributes
in both central nervous system and peripheral nerv-
ous system (migrating from the peripheral nervous
system into the central nervous system), characteristic
that distinguishes those cells from typical glia'.

The property of OECs to create a favourable micro-
environment for neurogenesis justifies their use for
cellular transplantation in injuries of the central nerv-
ous system and peripheral nervous system in order to
obtain nerve recovery and increasing the axonal re-
growth?®?,

In addition to their role in stimulation of neural
repair, there are also other properties of the olfactory
ensheathing cells which are investigated for the po-
tential usage in regenerative medicine: modulation
of critical aspects of tissue repair through structural

remodelling and support, implication in glial scars re-
organization, remyelination, angiogenesis properties,
phagocytic role, metabolizing toxic macromolecules,
enhancement of neurotrophic and antigenic stimuli,
and modulation of the immune response*.

THE ROLE OF THE OECs IN OLFACTORY
SYSTEM

Primary olfactory receptor neurons originate from
stem cells residing in the epithelium of the nasal cav-
ity. Their axons extend through the basal side of the
epithelium and gather into fascicles (axon bundles)
and form the olfactory nerve, highly branched, which
ends in the olfactory bulb within the brain®. During the
lifetime, in the olfactory epithelium, neurogenesis rep-
resents a continuous process: the new formed axons
grows and repair the first cranial nerve after injuries,
not the axons that regenerate from mature cells®. The
life span of olfactory neurons is around 1-3 months.
Then, neurogenesis occurs, apoptotic neuronal cells
being replaced by new sensory neurons originating
from the basal layer of the olfactory epithelium’.

An important role in neurogenesis is attributed to
olfactory ensheathing cells, glial cells that arise from
neural crest (derived from the olfactory placode dur-
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ing development)®. Olfactory ensheathing cells of the
olfactory epithelium accompany the axons of primary
olfactory neurons in their path to the olfactory bulbs.
OECs have the ability to guide axonal outgrowth:
trough their migration, OECs influence the axon
motility; increasing the motility of olfactory ensheath-
ing cells results in improving extension of the axons
and stimulates the activity of the growth cone®. The
ability of OECs to migrate from the peripheral nerv-
ous system into the central nervous system is critical
for the development of the olfactory system and also
for the neural repair after injuries. When the olfac-
tory neuroepithelium is damaged, stem cells from the
mucosa differentiate and repair it, accompanying the
glial cells up to the level of the olfactory bulb. Being
ensheathed by the OECs, the olfactory axons can grow
and access the central nervous system; this property is
not seen in axons that regenerate after injuries of the
dorsal roots; they fail to enter too far into the nervous
tissue of the spinal cord'. It was shown that adhesion
molecules L1/neuron—glia cell adhesion molecule
(L1/Ng-CAM) and neural cell adhesion molecule
(N-CAM), both present in the plasma membranes of
ensheathing cells and immature olfactory receptor
neurons, help the olfactory axons to use the glial cell
surfaces as a growth substratum®. OECs have the abil-
ity to synthesize different proteins: laminin, protein
involved in cell adhesion, nexin and nerve growth fac-
tor, both being involved in promoting neural growth®.
In the structure of the olfactory nerve OECs surround
large bundles of axons. The olfactory nerve passes
from the peripheral nervous system through the cri-
briform plate to enter the central nervous system. The
primary olfactory axons defasciculate, separates into
specific subtypes and then project to their correct top-
ographical targets. The OECs are intermixed with the
axons, having different arrangement and morphology
compared to OEGCs in the peripheral nerve. The nerve
fiber have an outer and an inner layer, in both layers
we can find OEGCs. OECs have different role in nerve
fiber layers: in the outer layer, OECs permit defascicu-
lation in the mixed bundles of axons, while in the in-
ner nerve fiber layer OECs are involved in segregation
of axons and refasciculation, depending on their type
of odorant receptor. In the peripheral nervous sys-
tem, OECs induce adhesion of cells and fascicular or-
ganisation of axons, while in the olfactory bulb those
cells promote different cellular functions™'"'*. Regen-
eration of the olfactory system occurs continuously
during adulthood, which is a different situation from
what it happens in the central nervous system. OECs
play key roles in this regeneration, through releasing
of diffusible factors to attract neural progenitors and
regulate their proliferation and differentiation®.
Glial cells of the peripheral nervous system have
phagocytic properties, being involved in protection

from infection with different bacterial species. The
nose is usually exposed to infections with different
pathogen germs, which may affect also the fibers of
the trigeminal and olfactory nerves found in the nasal
cavity'®. The olfactory nerve may be a more suscep-
tible route because primary olfactory neurons are in
direct contact with the external environment. It was
shown that olfactory ensheathing cells and Schwann
cells are involved in responding to the bacterial inva-
sion, human OECs being able to phagocyte E. coli',
OECs are an essential component of the innate im-
mune response against bacterial aggression of the
central nervous system via olfactory nerve, being able
to detect and respond to bacterial challenge via the
synthesis of nitric oxide'®. These findings may contrib-
ute to the understanding of the mechanisms of dif-
ferent infections, and also can help in evaluating the
perspective of using olfactory cells for regenerative
therapies after neural damage*.

CHARACTERISTICS OF OLFACTORY
ENSHEATING CELLS

The glial cells of the olfactory bulb were first iden-
tified by the histologists Golgi and Blanes at the end
of the nineteenth century', being thought to be in-
cluded in Schwann cells family, but further studies
demonstrated that they are a distinct glial cell type'®
1718 In the early studies another terminology was
used, defining two different terms depending of the
source of cell isolation: olfactory bulb ensheathing
cells -cells isolated from olfactory bulbs and olfac-
tory nerve ensheathing cells. This classification is no
longer relevant, in present the proper term for these
cells being olfactory ensheathing cells (olfactory en-
sheathing glia)'®. Olfactory ensheathing glia shares
some properties with Schwann cells and astrocytes®,
although because of their different pattern of mark-
ers and properties are classified as a different type of
glial cells. There are differences in the interactions
between astrocytes and either Schwann cells or OECs
observed in tissue culture models and reveal one as-
pect of the complex biology of creating regeneration-
promoting environments by cell transplantation while
transplanted OECs have favourable properties com-
pared to transplanted Schwann cells™.

OECs present a large heterogeneity in culture with
respect to their cellular morphology and expressed
molecules. Studies made in vivo identified a series of
markers expressed by OECs that are useful for their
identification'. For research purpose, the cells are usu-
ally isolated from the olfactory bulb of rodents, but
OECGCs have also been purified from dogs, pigs, pri-
mates and humans. A dissection is practiced to the ol-
factory bulb, separating the components and isolation
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of the nerve fiber layer. OECs from both peripheral
and central olfactory tissue can be purified and cul-
tured'®. A variety of purification methods have been
implemented, including the sorting of cells based on
their expression of different molecules, such as sul-
fatide O4, and not expressing others, like galactocer-
ebroside?, immunopurification techniques, selection
of positive cells for different receptors, and methods
based on differential adhesion of OECs. It was dem-
onstrated that OECs are very heterogeneous regarding
their morphology and markers expressed in culture,
also after purification®**#. Feron et al. established a
clinical therapeutic protocol: olfactory ensheathing
cells are prelevated from nasal biopsies, cells were
grown and purified in vitro and injected into the re-
gion of damaged spinal cord of selected patients®.

In order to use OECs for cell therapy, it is neces-
sary to produce enough purified cells quickly prior to
transplantation. This may take several weeks following
cell purification. It is important to know that if the pu-
rification of OECs from the olfactory mucosa or bulb
is not carried out, a large number of other cell types
(“contaminating cell types”) will be isolated and prop-
agated in culture, including fibroblast-like cells, mes-
enchymal stem cells, connective cells, immune cells
and pericytes® **%". The conditions of cell culture are
very important in obtaining rapid and stable prolif-
eration and also to maintain cellular morphological
characteristics and antigenic properties'®.

THERAPEUTIC IMPLICATIONS OF
OLFACTORY ENSHEATING CELLS

Central Nervous System Disorders

Central nervous system-brain and spinal cord repre-
sent a unique structure, with limited capacity of repair
after different injuries, with consequences in severe
functional disability. Researchers are looking for “the
ideal cell type” in order to transplant it in the nervous
system and obtain neural recovery; transplantation
of autologous cells represents an advantage, to avoid
immunological aspects involved and also the risk of
transmissible diseases®. Based on its capacity for re-
generation, olfactory tissue represent a promising do-
nor site of cells. Scientists are already using olfactory
cells, in animal models or early clinical studies, for the
treatment of central nervous system damage, from
different injuries and neurodegenerative diseases?.
The possibility of using OECs for neural repair after
injuries demonstrates an important property of those
cells: the ability to manifest a substantial plasticity®.

Spinal Cord Injuries
Different cell types have been used in attempting
to treat spinal cord injuries, including Schwann cells,

OEGs, neural stem/progenitor cells, fate-restricted
neural and glial precursors and bone marrow stromal
cells®. Due to the ability of OECs to support continu-
al outgrowth of olfactory receptor axons throughout
life, their potential benefits in cell transplantation to
repair the injured spinal cord have been the subject
of a considerable amount of research over the past
two decades. OECs can be harvested from the olfac-
tory bulb or from olfactory mucosa. The donor site
morbidity is higher for the olfactory bulb source (bulb
source is frequently used in animal models worldwide)
and less invasive for olfactory mucosa, this approach
being better and recommendable as cell source for
autologous transplantation®. Iwatsuki transplanted
the whole olfactory mucosa containing olfactory epi-
thelium, lamina propria, and OECs and showed im-
provement in functional recovery after spinal cord
injury®.

There are several clinical trials that support the
use of OECs based therapy for spinal cord lesions®.
Usually, biopsies are taken from the olfactory mu-
cosa, than olfactory ensheathing cells are cultured
from these biopsies for 4-10 weeks. After appropri-
ate testing, transplantation of the cells into the in-
jured spinal cord is performed; the procedure re-
quires microscopic control and using of a purpose-
designed injector device?*. A phase I/IIa trial trans-
plantation from Australia, including a small number
of patients, propose the use of autologous olfactory
ensheathing cells transplanted into the injured spi-
nal cord as a feasible and safe procedure at 3 years
postimplantation, with promising functional recov-
ery®*. Similar results were published by Tabakow et
al., after a phase I-clinical trial including six patients
with chronic thoracic paraplegia®. Zheng and Liu
analyzed the nerve recovery after OECs transplanta-
tion for chronic spinal cord injury, using sympathetic
skin response, a test that is a simple, safe, noninva-
sive electrophysiological detection method, and can
objectively assess autonomic nerve functions. Their
study demonstrated improvements in sympathetic
skin responses, findings indicating that olfactory
ensheathing cell transplantation restore motor, sen-
sory and autonomic nerve functions in patients with
chronic spinal cord injury®.

Transplantation of olfactory ensheathing cells into
the injured spinal cord demonstrates neuroprotective
effects and promotes functional recovery, OECs exert-
ing modulator effects, decreasing inflammatory reac-
tion, probably by earlier, higher and shorter duration
of microglia/macrophage and astrocyte responses af-
ter injury®’. As was shown, olfactory ensheathing cells
transplantation is a novel therapeutic possibility for
patients with injuries of the spinal cord, with a large
number of scientific publications reporting promising
results of this treatment option®.
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Brain Injuries

Olfactory ensheathing cells may have a potential
therapeutic role in recovery after ischemic insults
of the brain, as is seen in stroke, with the ability to
protect the white matter from ischemic injury. In a
rat model of ischemic stroke, OECs transplantation
reduced the infarct volume, decreased mortality and
improved neurological deficits, indicating that the re-
myelination and axonal regeneration in OEC trans-
planted rat were significant®. In animal model-stroke
was shown that the olfactory cells transplanted intrac-
erebral can determine functional recovery of neural
tissue and also a reversibility of destructive process*”*..
Several studies demonstrated that olfactory ensheath-
ing cells are able of synthesize neurotrophic factors
for the transplanted neural cells promoting their
long-term survival. The results obtain in rodent model
of cognitive dysfunction confirm the hypothesis that
co-transplantation of olfactory ensheathing cells and
neural progenitor cells may be a better approach for
functional restoration®.

Neurodegenerative Diseases

Amyotrophic lateral sclerosis (ALS) is a degenera-
tive disease determining the loss of motor neurons
in the motor cortex, the brain stem, and the spinal
cord. It represents a very severe condition, decreasing
life-expectancy and affecting quality of life. A clinical
study projected to analyze if transplantation of fetal
olfactory ensheathing cells will influence the evolu-
tion of disease in patients with ALS, showed that trans-
plantation of olfactory cells are capable to slow, based
on clinical findings, the rate of progression within the
first four months after transplantation®. The authors
of another study found that seriate treatment involv-
ing multiple injection is safe and feasible, despite the
fragility of spine in ALS with observation of functional
improvement after treatment**.

There are different experimental models using
OECs for Parkinson’s disease. The co-transplatation
of olfactory cells from the olfactory bulb and the fe-
tal ventral mesencephalic cells in striatal region, in
6-hydroxydopamine (6-OHDA)-lesioned murine mod-
el of Parkinson’s disease suggested good outcomes for
functional restoration, enhancing the survival of the
dopaminergic neurons and promoting striatal rein-
nervation*.

Peripheral Nervous System Injuries

Peripheral nerves injuries occur frequently after
traumatic events, often affecting young people, with
serious functional repercussion over the quality of
life of the individual. Regeneration of the axons is
better in the peripheral nervous system than in the
central nervous system, but it is never complete and
the searching for methods to improve peripheral

nerve regeneration is an important research area. Dif-
ferent cell types, Schwann cells, OECs derived from
the olfactory mucosa or olfactory bulb, stromal cells
from bone marrow- or adipose tissue-derived cells,
have been used in order to repair peripheral nerve
injuries*?. In association with microsurgical repair
of a rat sciatic nerve, the application of OECs at the
time of nerve injury enhances regeneration and im-
proves functional outcome. OECs have been used to
promote peripheral nerve regeneration, due to their
properties: ability to migrate and to penetrate glial
scars, increasing axon regeneration, myelination, and
nodal formation®’.

After peripheral nerve injury, in cases of complete
sections, axonal regrowth may be impaired by misrout-
ing, aspect studied by Guerout and his team in experi-
mental models of transection of facial and laryngeal
nerve. Complete section of the recurrent laryngeal
nerve determines abnormal regrowth of axons with
clinical evidence being synkinesis of the vocal cords.
In the model described by the authors, after section
and anastomosis of the recurrent laryngeal nerve, it
was showed that OEGs transplantation efficiently in-
creases axonal regrowth, EMG analyses proving rich-
ness and synchronization of muscular activities and
histological findings, based on quantification of the
number and characteristics of myelinated fibers after
toluidine blue coloring?®.

POTENTIAL IMMUNOMODULATORY ROLE
OF OECs

The immune system has a crucial role in promot-
ing wound healing. Immune cells are involved in in-
nate immunity, inflammation being the fundamental
regulators of tissue repair and wound healing, based
on their secretion of growth factors and cytokines*.

Researchers try to understand better the wound
healing process, with its mechanisms of regulation by
different factors of the immune system in order to elu-
cidate the pathogenesis of the wide spectrum of im-
mune and inflammatory disorders*.

Recent research suggests that OECs have immu-
nomodulatory properties, being able to reduce the
intensity of neuroinflammation when they are trans-
planted into damaged areas of the central nervous
system. The anti-inflammatory effects of the cultivat-
ed OECs may appear due to the presence, as soluble
factor, of insulin-like growth factor 1 (IGF-1). Also, it
seems that OEGCs, in their interactions with astrocytes,
moderate the inflammatory activation of astrocytes,
being able to overcome the harmful effects of the glial
scar®.

Multiple sclerosis and others demyelinating dis-
eases affecting the central nervous system, are inten-



Grosu-Bularda et al

The role of olfactory ensheating cells in regenerative medicine: review of the literature 79

sively studied, representing invalidating disorders af-
fecting the patients as well as their families. Recently,
investigators with experience in cell therapy recom-
mended the olfactory ensheathing cells isolated from
olfactory mucosa as a valuable option of treatment for
these diseases, based on the potential immunomodu-
latory properties and improvement of myelination.
Comparing with other cell types studied for the ca-
pacity to promote remyelination, it has been shown
that olfactory precursor cells are the most efficient
cells at recovery the demyelinated axons®. Regenera-
tion of myelin sheath following OECs transplant is
like sheath formation after combined transplantation
of Schwann cells and astrocytes® 2. Following OECs
transplant, a relatively thick myelin is formed, accom-
panied with a large amount of cytoplasm and nucleus
surrounding the demyelinating axons, a result from a
single OECs forming myelin sheath for a single neu-
raxon segment®. Further studies are needed in terms
of understanding the immunoregulatory role for the
inflammatory demyelinating disease.

CONCLUSIONS

Olfactory ensheathing cells are distinct glial cells
that possess unique characteristics that make them an
eligible source in developing therapeutic strategies
for neural injuries in central nervous system, periph-
eral nervous system, neurodegenerative diseases such
as Amyotrophic Lateral Sclerosis and Parkinson Dis-
ease, and also demyelinating disorders. An emerging
field is represented by the implication of the OECs in
modulation of the immune response. Thus, further
studies are needed for a thorough and extensive un-
derstanding of the biological and molecular proper-
ties of OEGs, interactions with other cell populations
and their mechanism of action in different patholo-
gies, in order to ensure the clinical efficacy after cell
transplantation.
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