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Abstract

nervous system.

The glial cells of the primary olfactory nervous system, olfactory ensheathing cells (OECs), are unusual in that they
rarely form tumors. Only 11 cases, all of which were benign, have been reported to date. In fact, the existence of

OEC tumors has been debated as the tumors closely resemble schwannomas (Schwann cell tumors), and there is no
definite method for distinguishing the two tumor types. OEC transplantation is a promising therapeutic approach

for nervous system injuries, and the fact that OECs are not prone to tumorigenesis is therefore vital. However, why
OECs are so resistant to neoplastic transformation remains unknown. The primary olfactory nervous system is a highly
dynamic region which continuously undergoes regeneration and neurogenesis throughout life. OECs have key roles
in this process, providing structural and neurotrophic support as well as phagocytosing the axonal debris resulting
from turnover of neurons. The olfactory mucosa and underlying tissue is also frequently exposed to infectious agents,
and OECs have key innate immune roles preventing microbes from invading the central nervous system. It is possible
that the unique biological functions of OECs, as well as the dynamic nature of the primary olfactory nervous system,
relate to the low incidence of OEC tumors. Here, we summarize the known case reports of OEC tumors, discuss the
difficulties of correctly diagnosing them, and examine the possible reasons for their rare incidence. Understanding
why OECs rarely form tumors may open avenues for new strategies to combat tumorigenesis in other regions of the
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Types of glial cells and tumors arising from glial
cells

Tumors consisting of glial cells can occur within the
central and peripheral nervous system (CNS and PNS,
respectively), with those occurring within the CNS
referred to as glioma while those within the PNS are
referred to as peripheral nerve sheath tumors. Within the
CNS, gliomas are the most common intracranial tumors
observed in adults and account for 80% of all malignant
brain tumors [1, 2]. The main types of CNS glial cells
are astrocytes, oligodendrocytes and ependymal cells,
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whereas the main PNS glial cells include Schwann cells
that populate most peripheral nerves, satellite cells in
peripheral ganglia and olfactory ensheathing cells (OECs)
which are present in the primary olfactory nervous sys-
tem. The 2016 WHO classification of tumors speci-
fies that tumors are classified according to the genetic
profile and histology of the tumor which are more rel-
evant to patient management and treatment options [3].
For example, diffusely infiltrating gliomas are grouped
together regardless of whether they are astrocytic or oli-
godendrocytic. In contrast, within the PNS, peripheral
nerve sheath tumors most commonly involve Schwann
cells (and are thus termed schwannomas). There are no
reports in the literature of tumors from satellite glial cells.
In fact, relatively little is known about the function of sat-
ellite cells except that they are likely crucial for cell—cell
signaling and transmission in sensory ganglia (reviewed
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in [4]). An extremely rare type of benign peripheral nerv-
ous system tumor has been described to arise from OECs
[5]. OECs share developmental origin as well as many
functional and morphological similarities with Schwann
cells (reviewed in [6]), but appear less prone to tumori-
genesis than Schwann cells. Indeed, OEC tumors are not
mentioned in the WHO classification of tumors of the
central nervous system [3] even though OECs are pre-
sent in the outer layer of the olfactory bulb of the CNS.
The existence of OEC tumors is in fact subject to debate
as it is very difficult to distinguish OEC tumors from
schwannomas.

Biological functions of OECs in the primary
olfactory nervous system

The primary olfactory nervous system consists of [1] the
olfactory nerve extending from the nasal cavity to the
olfactory bulb in the brain, and [2] the outermost layer
of the olfactory bulb termed the nerve fibre layer (NFL)
(Fig. 1a). Olfaction exhibits the strongest association with
memory and emotions amongst the senses in humans,
and has an important role in distinguishing favourable
from non-favourable or potentially dangerous surround-
ings in other mammals and lower vertebrates. Therefore,
olfaction has had massive impact on survival throughout
evolution. However, primary olfactory sensory neurons
are constantly exposed to irritants, toxins and pathogens
entering the nasal cavity. Most likely for this reason, the
primary olfactory nervous system has evolved to con-
stantly regenerate itself, and is unique in that it under-
goes lifelong neurogenesis. Olfactory sensory neurons
live for approximately 1 month in rodents (the exact
life-span of human olfactory sensory neurons remains
unknown), and 1-3% of neurons are turned over daily
[7]. The olfactory sensory neurons are continually replen-
ished from progenitors in the olfactory epithelium. The
continuous regeneration of the primary olfactory nerv-
ous system is thought to be highly dependent on OECs,
which are specialised glial cells with unique neurotrophic
properties (reviewed in [6, 8—10]).

Olfactory sensory neurons extend dendrites, on which
odorant receptors are localised, to the mucosal surface
of the olfactory epithelium, and axons basally into the
lamina propria. The axons of olfactory sensory neurons
form fascicles (“bundles”), which together constitute the
olfactory nerve, extend through the cribriform plate and
reach their targets in the olfactory bulb [11-14] (Fig. 1la—
c). When the fascicles reach the NFL in the olfactory
bulb, the axons defasciculate, sort out and then refas-
ciculate with axons expressing the same odorant recep-
tor [15]. These now uniform fascicles extend to specific
targets (glomeruli) in the olfactory bulb; each glomeru-
lus is the target for axons expressing an individual type of

Page 2 of 16

odorant receptor [16] (Fig. 1a, b). Thus, throughout life,
new axons are continuously finding their way from the
cell bodies in the olfactory epithelium all the way to their
targets in the olfactory bulb. OECs are present in direct
contact with olfactory sensory axons all the way from
the lamina propria in the periphery to the NFL of the
olfactory bulb. OECs give the olfactory axons structural
support and have crucial roles in guiding and regulating
the behaviour of the axons, which differ depending on
anatomical location [17, 18] (Fig. 1a, b). In the olfactory
nerve, OECs ensheath olfactory axon fascicles. The OECs
do not myelinate olfactory axons; the fascicles instead
consist of many unmyelinated axons surrounded by
OECs [18] (Fig. 1c). This contrasts with most peripheral
nerves which consist of both myelinated and unmyeli-
nated fibers supported by myelinating and unmyelinating
Schwann cells (Fig. 1d, e, respectively); discussed below.
In the NFL of the olfactory bulb, OECs are also intimately
associated with olfactory axons and are thought crucial
for axon defasciculation, sorting and refasciculation [17,
18]. OECs secrete many neurotrophic factors, such as
nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), various neuregulins and other neurotro-
phins (reviewed in [6, 19-22]). Furthermore, OECs are
the primary phagocytes in the olfactory nerve, respon-
sible for clearing axonal debris resulting from the turno-
ver of olfactory neurons and after injury to the olfactory
nerve [23-27]. OECs also have important innate immune
functions preventing pathogens from invading the CNS
via the olfactory nerve [23, 28—31]. Due to their ability to
promote growth and survival of neurons, as well as their
unique ability to migrate long distances, OECs have been
investigated as viable candidates for cell therapies for
spinal cord injuries [32—-43], neurodegenerative diseases
[44—46] and peripheral nerve repair [47-50] with prom-
ising but highly variable outcomes.

Similarities and differences between OECs

and Schwann cells

Schwann cells are the glial cells of most peripheral
nerves, including the trigeminal nerve which innervates
the nasal cavity; many small trigeminal nerve branches
are present in the same anatomical location as the olfac-
tory nerve fascicles (Fig. 2; discussed below). OECs and
Schwann cells share developmental origin (the neural
crest [51]), as well as many similar morphological and
molecular characteristics and functions; both cell types
supply structural and neurotrophic support to axons.
OECs and Schwann cells have both been considered for
cell transplantation therapies, but OECs are considered
preferable due to their ability to continuously promote
neural regeneration of the olfactory nerve, their superior
migratory and phagocytic properties and their ability to
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Fig. 1 Location of OECs in the primary olfactory nervous system. a Schematic of the olfactory nervous system. Olfactory axons extend from

cell bodies of olfactory sensory neurons in the olfactory epithelium of the nasal cavity to the olfactory bulb. OECs are present in close contact
with these axons in all the way from the periphery to the olfactory bulb in the CNS. In the lamina propria, OECs contribute to axon fasciculation.

In the olfactory nerve, fascicles extend towards the bulb, OECs surround axon fascicles. In the outer nerve fibre layer (NFL), OECs contribute

to axon defasciculation. In the inner NFL, OECs are involved in axon sorting, refasciculation and targetting to glomeruli based on odorant

receptor expression. b Shown is an image of a cryostat section from the olfactory epithelium (OE) and lamina propria (LP) of a transgenic mouse
(S100BDsRed-OMPZsGreen) in which primary olfactory neurons and OECs express a green and red fluorescent protein, respectively. Primary
olfactory neurons (green) within the olfactory epithelium send their axons into the lamina propria where axon fascicles are ensheathed by OECs
(red). Scale bar: 35 pm. Blue: nuclei (4’,6-Diamidine-2"-phenylindole dihydrochloride; DAPI). ¢ Schematic of an olfactory axon fascicle ensheathed by
several OECs surrounding numerous axons. d, e Arrangement of Schwann cells and axons in peripheral nerves for comparison. d A large-diameter
axon myelinated by Schwann cells. @ A Remak bundle in which non-myelinating Schwann cells support small-diameter unmyelinated axons

interact with astrocytes (reviewed in [6]). The fact that In their natural environment, OECs and Schwann
OECs appear more resistant to tumor formation than cells display strikingly different interactions with axons.
Schwann cells is another very important reason for why ~ Myelinating Schwann cells form insulating membra-
OECs may be more suitable than Schwann cells for trans-  nous myelin sheaths around individual axons with a
plantation into damaged neural tracts. diameter larger than 1 pum (Fig. 1d). Non-myelinating

Schwann cells instead enwrap several small-diameter
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Fig. 2 Anatomical location of the trigeminal nerve branches that innervate the nasal cavity. The schematics show sagittal views of a the nasal cavity
and anterior cranial fossa (ACF), and b the nasal cavity with a reflected view of the nasal septum. The olfactory nerve and bulb are shown in green,
whereas trigeminal nerve branches are blue. The region of the nasal mucosa in which the cell bodies of olfactory sensory neurons are localised

is termed the olfactory epithelium (dotted line). The highly branched olfactory nerve (green) extends from the olfactory epithelium at the roof of
the nasal cavity to the olfactory bulb in the anterior cranial fossa. The nasal mucosa is innervated by the nasal branches of the ophthalmic (V1) and
maxillary (V2) divisions of the trigeminal nerve (blue). V1 innervates the roof and anterior aspect of the nasal cavity (to the left in both a and b), and
V2 innervates the posterior and lateral aspects of the nasal cavity (to the right in a/b). The trigeminal fibers are found throughout the epithelium,
also interspersed with olfactory nerve fascicles, and convey sensory information (chemosensory, nociceptive, touch, temperature) to the brainstem.
The V1 branch innervating the nasal cavity is the anterior ethmoidal nerve ((1) in a). The anterior ethmoidal nerve passes closely by the olfactory
bulb in the anterior cranial fossa, and gives rise to the external (2) and internal nasal nerves (medial and lateral branches, shown in b only). The V2
branches which innervate the nasal cavity are the lateral nasal nerve (posterior superior and posterior inferior branches, (4) and (5), respectively) and
the nasopalatine nerve (shown in b only). Due to the close proximity of these trigeminal branches with the olfactory nerve/bulb, it is very difficult to
distinguish between OEC tumours and schwannomas which arise from, to date, immunologically indistinguishable cells
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axons in a bundle termed a Remak bundle (reviewed in
[52]) (Fig. 1e). OECs do not myelinate axons but instead
ensheathe axon bundles that are typically much larger
than a Remak bundle (Fig. 1c) [53]. Furthermore, while
OECs continuously phagocytose axonal debris dur-
ing olfactory nerve regeneration, Schwann cells only do
so after injury [54]. Thus, there are crucial differences
between OECs and Schwann cells. Differences in glial
cell-axon structural arrangement, migratory properties,
responses to injury and innate immune functions may
be reasons for why OECs appear more resistant to tumor
formation than Schwann cells.

OEC tumors

OEC tumors are found in the anterior cranial fossa, spe-
cifically in the olfactory groove, the sagittal sulcus on the
inferior surface of each frontal lobe which contains the
olfactory bulb and olfactory tract (Fig. 2). These tumors
are thought to originate from OECs in the NFL of the
olfactory bulb, or from OECs in the olfactory nerve at the
merge with the olfactory bulb (see Fig. 1a, b) [5, 55-63].
There is also one report of an OEC tumor originating

from the terminal region of the olfactory nerve near the
olfactory mucosa [64]. Since their initial identification in
2006 [5], there have been only 10 other reported cases
of OEC tumor (Table 1) [5, 55-64]. The average age of
patients was 35.6 years, and seven out of the 11 patients
were female. The tumors were in general large (the larg-
est reported was 6.5 cm in diameter), and it is likely that
the masses can grow to such size before causing severe
symptoms due to the large space available in the anterior
cranial fossa [60]. Olfactory dysfunction is a common
clinical manifestation; seven out of 11 patients reported
anosmia or hyposmia (uni- or bilateral), two patients had
normal olfaction and two of the studies did not men-
tion olfactory function prior to surgery. Some of the
patients had bone erosion of the skull base or ethmoid
bone (Table 1). Seizures (5/11 patients) and/or headaches
(4/11 patients) were also reported. No signs of neurofi-
bromatosis or cutaneous stigmata were observed in
any of the cases. The tumors varied in appearance with
some described as greyish-white [56, 58], firm/solid [56,
58, 63], greyish-red/vascular [59, 60], cystic or cystic-
solid [5, 55, 57, 59, 61, 64] or with cystic necrosis [60].
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Surgical excision was performed as the main treatment.
Excision of the tumor appeared curative with short fol-
low-up times and no metastasis reported; outcomes were
in general uneventful with 4/11 patients reporting new
or recurring anosmia/hyposmia [56, 60, 62, 63]. Typical
pathological characteristics of the excised tumors include
spindle-shaped cells in fascicles [5, 57, 60—62] adjacent
to looser paucicellular areas [61], similar to Antoni A
and Antoni B areas, respectively, in schwannoma tumors
[65], fibrous cords [56, 57, 60] and distorted nuclei [5,
59, 60, 64]. (Antoni A areas are highly cellular areas with
nuclear palisades and associated Verocay bodies; Vero-
cay bodies constitute two stacked rows of elongated
palisading nuclei alternating with zones containing cyto-
plasmic schwannoma cell extensions. Antoni B areas
are localised adjacent to Antoni A areas and consist of
loosely arranged cells in myxomatous tissue (tissue with
mucoid substance) and microcysts [66]). Overall, very lit-
tle is known about the clinical and immunohistochemi-
cal characteristics of OEC tumors, which makes it very
difficult to give a definite diagnosis. The immunohisto/
cytochemical markers identified in the known cases are
summarised in Table 1.

Why is it difficult to distinguish between OEC
tumors and schwannomas?

Overlapping anatomical location of the primary olfactory
nervous system and trigeminal nerve branches
Schwannomas (nerve sheath tumors originating from
Schwann cells) can arise from any peripheral or cranial
nerve in which the glial cells are Schwann cells. The spo-
radic schwannomas, which are compared to OEC tumors
in this review, are distinct to nerve sheath tumors seen
in the genetic conditions neurofibromatosis and schwan-
nomatosis which are caused by germline mutations [67].
The most common location for schwannomas is the head
and neck; approximately 3—4% of humans exhibit head or
neck schwannomas on autopsy [68]. Schwannomas com-
prise approximately 8% of all intracranial tumors [69].
Malignant schwannomas are uncommon but aggressive
and comprise 2% of all sarcomas with a high metastatic
potential and poor prognosis [70]. It is very difficult to
distinguish OEC tumors from schwannomas and men-
ingiomas, which can be present in the same anatomical
areas as OEC tumors (Fig. 2) and cause similar symp-
toms to OEC tumors, including anosmia [5, 58—60, 64].
In particular, it is difficult to distinguish between OEC
tumors and schwannomas, since both tumors arise from
glial cells with a shared developmental origin (the neu-
ral crest, [51]), as well as many similar morphological and
molecular characteristics (reviewed in [6]). The schwan-
nomas that are so easily confused with OEC tumors
are usually termed anterior cranial fossa schwannomas
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or olfactory groove schwannomas (OGS) but can also
occasionally be found in the nasal cavity and parana-
sal sinuses (nasoethmoid schwannomas) [71-75]. These
schwannomas are rare; to date, approximately 45 cases
(without neurofibromatosis/schwannomatosis) have
been reported in the literature [76, 77]. They are thought
to originate from Schwann cells of the nasal branches of
the ophthalmic (V1) and maxillary (V2) divisions of the
trigeminal nerve (Fig. 2) [63, 78, 79]. These branches
innervate the olfactory epithelium and underlying lam-
ina propria, and pass closely to the olfactory bulb in the
anterior cranial fossa, regions in which OECs are present
(Fig. 2).

It has also been suggested that schwannomas can arise
from the terminal nerve (cranial nerve zero) [78, 80, 81],
a bilateral plexus of unmyelinated fascicles extending
from the nasal epithelium via the cribriform plate and
medial surface of the olfactory bulbs towards the preop-
tic hypothalamic area [60]. The terminal nerve branches
closely follow and intermingle with olfactory nerve fas-
cicles, and the terminal nerve is often mistaken for the
olfactory nerve in post-mortem humans. Whilst this
nerve is well documented in many vertebrates, and it
has been reported to exist in human embryos since the
early 1900s, its existence in the adult human brain was
not confirmed until the 1990s [82]. It is thought to have
roles in gonadotropin-releasing hormone (GnRH) sign-
aling and the hypothalamic-pituitary—gonadal (HPG)
axis, but has also been suggested to be vestigial in adult-
hood (reviewed in [83]). To date, the cellular nature of
the glial cells of this nerve has not been studied, but as
the nerve resembles many peripheral nerves, the termi-
nal nerve glial cells are most likely Schwann cells [82, 83].
Further, developmental theories suggest that schwanno-
mas in the nasal cavity/anterior cranial fossa arise from
mesenchymal pial cells which transform into Schwann
cells, or from aberrant neural crest cells [78, 80, 81, 84,
85]. In summary, OECs and Schwann cells share many
similarities and are found in the same anatomical region
(Fig. 2); thus, it is very difficult to distinguish between
OEC tumors and schwannomas. This has led to specula-
tion on the true origin and identity of schwannomas and
OEC tumors.

Lack of OEC-specific markers

The clinical and radiological features of OEC tumors
and trigeminal nerve schwannomas are indistinguish-
able. Instead, the two types of tumors are usually classi-
fied immunocytochemically based on the expression of
the marker Leu7 (reviewed in [78]). Leu7, also known as
CD57 or HNK-1, is expressed by Schwann cells in sci-
atic and trigeminal nerves [86, 87], but not by OECs. It
has also been reported that cultured human [39, 88] and
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rat [19] Schwann cells are Leu7-positive whilst OECs
are Leu7-negative. Thus, gliomas of the nasal cavity
and anterior cranial fossa/olfactory groove that do not
express Leu7 are considered to be OEC tumors [5]; in
all (11/11) case reports of OEC tumors, the lack of reac-
tivity to Leu7 was used to conclude the diagnosis to be
OEC tumor. Lack of Leu7 expression, however, does not
necessarily mean that the tumor is definitely an OEC
tumor, as~20% of schwannomas are negative for Leu7
[89]. Recently, two cases of schwannoma-like tumors in
the anterior cranial fossa were described to be immunon-
egative for Leu7 but immunopositive for Schwann/2E,
a marker for myelinating Schwann cells [90] and some
schwannoma tumors [91]. Leu7 is expressed by Schwann
cells in early development and then lost; when Schwann
cells myelinate axons their expression of Leu7 is again
up-regulated (reviewed in [78]). In addition to being
expressed by myelinating Schwann cells, Leu7 is present
in Schwann cells that have ingested myelin during Wal-
lerian degeneration [86, 92]. However, cultured Schwann
cells lose the expression of Leu7 once phagocytosed
myelin debris becomes degraded [93]. To date, Leu7
expression has not been detected in human non-myeli-
nating Schwann cells. A study in the adult canine trigem-
inal nerve showed that whilst myelinating trigeminal
Schwann cells express Leu7, non-myelinating Schwann
cells do not [93]. One report shows expression of Leu7
in cultured rat non-myelinating Schwann cells [19], but
these cells may have been exposed to myelin debris and
thus the Leu7 immunoreactivity may have been label-
ling phagocytosed material. Overall, it is likely that Leu7
expression by non-myelinating Schwann cells is low or
non-existent. Thus, tumors arising from non-myelinating
Schwann cells may very well be Leu7-negative. The per-
centage of unmyelinated axons in the various branches
of the human trigeminal nerve is not well characterized,
except that the majority of axons are myelinated [94].
Counts of unmyelinated fibres are difficult as the axons
are closely packed together in groups and it is difficult to
distinguish individual axons [95]. Studies from the 1920s
show that the trigeminal nerve contains ~10% unmyeli-
nated axons in the cat [96], and ~20—40% in the dog [95].
The percentage of unmyelinated fibres is estimated to be
12-20% in human motor root [97], but may very well be
higher in the sensory root which contains small, nocicep-
tive unmyelinated C-fibers [98]. Regardless, the number
of non-myelinating Schwann cells in the trigeminal nerve
is significant and it can thus be expected that a significant
proportion of schwannomas arise from these cells.
Expression of Leu7 may, conversely, also not necessar-
ily mean that a tumor is a schwannoma and not an OEC
tumor. One study shows that some OEC populations in
the olfactory bulb of rats are in fact Leu7-positive [19],
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further rendering Leu7 immunoreactivity as an inap-
propriate marker to distinguish between the two types
of tumors. Therefore, the identification of OEC tumors
based solely on the absence of Leu7 immunoreactivity is
inconclusive, and diagnostic tests should involve multiple
markers rather than reliance on the absence of a single
marker. To date, no markers that definitely distinguish
between OECs and Schwann cells have been identified
(reviewed in [6]). Schwann/2E expression has not yet
been characterized in OECs, and regardless, Schwann/2E
appears to be, like Leu7, a marker specific for myelinating
Schwann cells [90].

Moreover, neoplastic transformation and tumorigen-
esis is a dynamic process where cells within a tumor may
no longer retain the same cellular properties or molecu-
lar signature as the cells of origin. In the case of schwan-
nomas, abnormal or lost axon-Schwann cell interactions,
including myelination, has been suggested as being impli-
cated in tumorigenesis [99-102] (discussed in more detail
below). This, again, highlights the fact that Leu7, or other
markers for myelinating Schwann cells, are not appropri-
ate for diagnosis of schwannomas, as loss of expression of
these markers is likely to accompany loss of myelination
[93]. Due to the difficulties in using Leu7 as a marker of
OEC versus Schwann cell tumors, and the lack of a suit-
able panel of other markers to distinguish between OECs
and Schwann cells, the possibility exists that some of
the tumors diagnosed as OEC tumors may in fact have
originated from Schwann cells. Thus, OEC tumors may
be even rarer than the few cases to date reported in the
literature.

Why are OEC tumors so rare?

Local environment, plasticity and proliferation

Two-way communication between cells and their micro-
environment is critical for tissue homeostasis and for
tumor growth. According to the seed and soil cancer
hypothesis, the fate of tumor-initiating cells (seed) is
guided by the presence of favourable microenviron-
ments (soil) [103]. The olfactory nerve is a neurogenic
niche where olfactory neurons are replaced throughout
life, and where axons continuously extend towards the
olfactory bulb [7, 11-14]. The environment is frequently
exposed to external insults and there is constant turnover
of neurons; thus, this is a uniquely plastic region of the
nervous system. Furthermore, OECs effectively respond
to widespread injury of the olfactory nerve or olfactory
bulb by proliferating [104, 105]. One may assume that a
niche so permissive for proliferation is likely to have a
higher probability of developing transformed cells, pre-
cancerous lesions and tumors. Contrary to this expecta-
tion, OEC tumors are extremely rare. It is plausible that
the threshold for tumor initiation is higher in this niche
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(either due to the environment or intrinsic properties
of OECs), than in other nervous system regions, so the
olfactory nerve can remain permissive for axon growth
throughout life. This is to date a speculation, and the cel-
lular and molecular mechanisms involved that may ren-
der OEC:s less susceptible to cancer than other glial cells
are unknown. Whilst it is clear that OEC proliferation
and differentiation must be tightly regulated, the normal
life-span of OECs, and the mechanisms regulating OEC
proliferation/differentiation, has not been characterized.
In the case of Schwann cell tumors, the local environ-
ment appears to influence tumorigenesis, as schwanno-
mas are more common in the vestibular division of the
vestibulocochlear nerve (vestibular schwannoma) than
in other peripheral nerves [68, 106—108], reasons for
which remain unknown. The anatomy of olfactory ver-
sus trigeminal nerve fascicles may also be of importance.
Olfactory nerve fascicles traverse perpendicularly deep
“downwards” into the underlying tissue from the olfac-
tory mucosa. In contrast, trigeminal nerve fibers traverse
more or less parallel to the nasal mucosal layer (Fig. 2).
Therefore, it is possible that Schwann cells exhibit more
contact with the superficial lamina propria layer which
is exposed to inhaled carcinogens or irritants than
OEC:s. This, in combination with the fact that OECs have
evolved to be constantly phagocytic due to the turnover
of the olfactory nerve (discussed below) may contribute
to the resistance to tumor formation in OECs.

Cell migration

Cell migration is an essential process during develop-
ment and throughout life. It is crucial for wound healing,
immune surveillance and in pathological processes such
as metastasis. The process of cancer metastasis is gen-
erally accepted to be due to the detachment and migra-
tion of individual cells from a primary tumor that enter
the bloodstream or lymphatic vessels and invade distant
organs (reviewed in [109, 110]), and in the case of gastro-
intestinal and ovarian tumors, directly invade the perito-
neum [111]. OECs are unique amongst glial cells in that
they can migrate along olfactory axons from the PNS into
the olfactory bulb (reviewed in [8]). After olfactory nerv-
ous system injury, one of the main responses by OECs is
to migrate towards the injury site [104, 105]. OECs can
also migrate considerable distances into scar tissue after
transplantation into the injured spinal cord; this is one
of the reasons OECs are such attractive candidates for
transplantation therapies [36, 38]. On the cellular level,
OEC migration rate is strongly correlated with the num-
ber and activity of motile lamellipodia, which are crucial
for contact-mediated migration [112—-114]. Thus, OECs
naturally exhibit strong capacity for migration. To date,
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the migratory behaviour of neoplastic OECs has not been
characterized.

Several factors have been identified to influence OEC
migration (reviewed in [8]), in particular glial-derived
neurotrophic factor (GDNF), fibulin-3, slit homolog 2
protein (Slit2) and Nogo-66. GDNF is a neurotrophic
factor which stimulates OEC lamellipodia and migra-
tion [113], and subsequently enhances axon extension
[115]. GDNEF is positively correlated with malignancy and
affects cancer cell metastasis [116, 117]. In contrast, Slit2
and Nogo-66 inhibit migration of OECs [118, 119]. Inter-
estingly, it is reported that Slit2 inhibits neural invasion
in cancer [120, 121] and Nogo-66 inhibits the migration
of human glioma cells [122]. Fibulin-3 is an extracellu-
lar matrix protein and its overexpression inhibits OEC
migration and promotes cell proliferation [123]. Fibulin-3
is reported to be upregulated in malignant gliomas and
promote glioma growth [124, 125]. While the significance
of these factors in the context of OEC tumor formation is
unknown, it is possible that the synergism between the
different factors and/or the cellular response to the fac-
tors may have critical roles in the low incidence of OEC
tumors.

Innate immune functions and inflammation

The olfactory nerve constitutes a direct link between
the nasal cavity and the brain, and is therefore a poten-
tial route by which microorganisms can enter the CNS.
Despite this, microbial CNS invasion via this nerve is
rare (reviewed in [126]). We generated transgenic mice
in which olfactory neurons and their axons (OMP-
ZsGreen mice; [127]) and glial cells (S100B3-DsRed mice)
[113] express bright fluorescent proteins (Fig. 1b), which
allowed us to in detail investigate the cellular arrange-
ment in olfactory nerve fascicles. We also crossed these
mice with MacBlue mice [128], in which macrophages,
the immune cells of hematopoietic origin that are profes-
sional phagocytes, express a fluorescent blue protein. To
our surprise, we found that olfactory nerve fascicles were
almost completely devoid of macrophages, and we never
detected macrophages in direct contact with olfactory
axons [27]. Even after olfactory nerve injury [27, 105] or
infection with Burkholderia pseudomallei, one of the few
pathogens capable of infecting the olfactory nerve [129],
we found that the number of macrophages in the olfac-
tory nerve was very limited. Instead, we found that OECs
are the primary phagocytes responsible for continuously
removing cellular debris resulting from olfactory neuron
turnover or injury [27, 130]; this has also been shown by
others [26, 27]. In addition, OECs also rapidly respond
to and phagocytose bacteria, and are now considered
essential for the innate immune response against bacte-
rial invasion of the CNS via olfactory nerve fascicles [23,
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30]. Thus, OECs are constantly phagocytosing material,
mainly debris resulting from regeneration of the olfactory
nerve, and also microorganisms. Despite different devel-
opmental origins (neural crest versus yolk sac myeloid
[51, 131, 132]), OECs and microglia appear to share some
innate immune functions (constant phagocytic activity,
responses to pathogens, cytokine profile [11, 23, 27-30]),
which is interesting since microglia rarely form primary
tumors. This raises the possibility that the innate immune
functions of both OECs and microglia somehow are
counteractive to tumor formation.

Interestingly, most of the growth factors and cytokines
secreted by CNS glial cells with known implications
in tumorigenesis (such as interleukin 6 (IL-6), matrix-
metalloproteinase 9 (MMP9), transforming growth fac-
tor p (TGE-P), basic fibroblast growth factor (bFGF),
epidermal growth factor (EGF) and tenascin-C) are also
expressed by OECs [133]. These factors modulate cancer
progression via upregulation of tumor cell proliferation,
increased migration and immune protection of tumor
cells. In this context, it is also surprising that the inci-
dence of OEC tumors is so rare. It is possible that, from
an evolutionary perspective, this microenvironment
has adapted to preserve olfaction by employing mini-
mal immune response during pathogen clearance. This
is clearly reflected in the limited macrophage infiltra-
tion of the olfactory nerve. Macrophages are implicated
in tumor cell migration, invasion and metastasis making
them an integral part of tumorigenesis and tumor-asso-
ciated inflammation [134]. It is therefore also tempting
to speculate that the absence of macrophages from olfac-
tory nerve fascicles could contribute towards the low
incidence of OEC tumors. Compartmentalized immune
responses within the nasal mucosa of teleost fish have
been reported as a strategy to optimize local immune
responses without affecting olfactory function [135].
The OEC secretome may have a local protective effect
and eliminate the need for infiltration of inflammatory
cells, minimizing tissue damage. Efficient clearance of
debris, invading microbes and highly regulated immune
responses are integral to sustain and preserve olfactory
function. However, the cellular and molecular mecha-
nisms that protect the primary olfactory nervous system
against infection, whilst limiting inflammation, remain
unknown.

Given the phagocytic ability of OECs, it is possible
that they also target and phagocytose transformed cells.
Microglia and astrocytes can phagocytose glioma cells
[136, 137], but this activity is not necessarily very effec-
tive (reviewed by [138]). The region comprising the olfac-
tory mucosa, lamina propria and terminal part of the
olfactory nerve is continuously exposed to pathogens.
The link between pathogens, in particular viruses, and
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cancer is becoming increasingly evident as pathogens
are thought to cause~16% of all cancers [139]. Whilst
the specific link between glioma and pathogens remains
largely unknown, the possibility exists that OECs may
phagocytose not only pathogens but also infected cells
(both OECs and other cell types) before the cells can
undergo neoplastic transformation as a result of infec-
tion. Cells infected with certain viruses, for example,
change their expression of “eat me” signals and become
phagocytosed by macrophages and neutrophils [140],
and it is possible that OECs can also respond to and
phagocytose such cells. Oncolytic viruses, which can
target and promote apoptosis of glioma cells, also signifi-
cantly increase microglia-mediated phagocytosis of the
tumor cells [141].

Comparison with Schwann cells and schwannomas

Whilst this review focusses on the differences between
OECs and schwannomas not associated with neurofi-
bromatosis/schwannomatosis, it must be mentioned
that schwannomas, including sporadic tumors, do have a
strong genetic component. It is to date unknown if this
is also the case for OEC tumors. In schwannomas asso-
ciated with neurofibromatosis type 2 (NF2) or schwan-
nomatosis, the Nf2 gene, which encodes the tumor
suppressor protein moesin-ezrin-radixin-like protein
(merlin), is mutated [68]. Mutations in the Nf2 gene
also contribute significantly to sporadic schwannomas;
66% of sporadic vestibular schwannomas were found to
have mutations in this gene (such mutations are non-
germline mutations, occurring in the tumor but not in
the germline) [142]. To date, no information is available
regarding Nf2 mutations in spontaneous schwannomas
occurring in the same region as OEC tumors. Similarly,
the role of merlin in OEC tumors, and in normal OEC
biology, remains unknown. In Schwann cells, merlin is
involved in a variety of intracellular signaling pathways
and cellular functions (proliferation, migration, differ-
entiation and tumorigenesis) [143]. Merlin has crucial
roles in peripheral nerve regeneration after injury [144]
and mediates interactions between axons and Schwann
cells by regulating neuregulin-ErbB signaling [102, 145].
The ErbB receptor tyrosine kinase family is a group of
receptor tyrosine kinases (RTKs) consists of four cell
surface receptors (ErbB1/EGFR/HER1, ErbB2/HER2,
ErbB3/HER3, and ErbB4/HER4). ErbB receptors are
mutated or overexpressed in many cancers [146]. In the
rat, OECs show distinctly higher expression of ErbB2
and ErbB4, while Schwann cells express primarily ErbB2
and ErbB3 [147-150]. ErbB3, specifically, has been iden-
tified as a biomarker for facial schwannomas in Tasma-
nian devils [151]. In humans, vestibular schwannoma
tissues have been shown to exhibit much higher levels of
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phosphorylated ErbB3 in comparison to healthy paired
nerves, and ErB inhibitors have been identified as a novel
therapy for malignant schwannomas [152]. Furthermore,
ErbB3/HER3 is now emerging as a novel selective thera-
peutic cancer target [153]. Thus, differences in expression
of ErbB receptors, in particular ErbB3, between OECs
and Schwann cells may therefore contribute to differ-
ential tendency to tumorigenesis between the two types
of glial cells. Investigating the roles of merlin in normal
OEC biology and in OEC tumor formation, as well as fur-
ther characterizing the roles of ErbB receptors in periph-
eral gliomas, is therefore important for understanding
potential differences between the two types of tumors.

It is also possible that the reason OEC tumors are
rarer than schwannomas are related to differences in the
biology of OECs and Schwann cells, or to the microen-
vironment in which the cells exist. The fact that the olfac-
tory nerve continuously regenerates, whilst peripheral
nerves only regenerate after injury, may also be crucial;
peripheral nerve injuries, which lead to accumulation
of myelin debris, have been implicated in tumorigenesis
[99-102]. As discussed earlier, the olfactory nerve is a
highly plastic environment in which OECs constantly
phagocytose debris and respond to microorganisms.
In contrast, peripheral nerves populated by Schwann
cells do not undergo regeneration unless they have been
injured, and Schwann cells in their natural environment
do not often encounter microorganisms. After peripheral
nerve injury, Schwann cells lose their contact with axons,
become phagocytic “repair” Schwann cells [54] and pro-
liferate [154]. Disrupted axon-Schwann cell contact has
been implicated in schwannomagenesis [99-102]. Axonal
injury has been shown to contribute towards a persistent
regenerative “repair Schwann cell” response promoting
schwannomagenesis, in particular in combination with
mutations in the Nf2 gene [101]. As OECs continuously
play an active role in neural regeneration, it is possible
that they are less prone to pathological injury-related
responses than Schwann cells. Again, this may be due to
intrinsic cellular properties, or to the local environment
of the olfactory nerve. We have demonstrated that the
phagocytic activity of OECs but not Schwann cells can be
strongly stimulated with curcumin [155, 156]. This sug-
gests that the phagocytic machinery in the two cell types
is regulated by different mechanisms, and perhaps OECs
exhibit much greater scope for up-regulation of phago-
cytic activity in response to nerve injury or infections
than Schwann cells.

Denervated Schwann cells produce chemotactic cues
that attract macrophages [157], which infiltrate peripheral
nerve injury sites and have an essential role in Wallerian
degeneration and regeneration [158]. As macrophages
are strongly involved in tumorigenesis (reviewed in
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[159]), it is possible that macrophages also have a role
in schwannoma formation. One study shows a strong
correlation between schwannomagenesis and the pres-
ence of macrophages, in particular M2-polarised mac-
rophages [101]. Interestingly, aspirin intake, which limits
inflammation and macrophage infiltration, has been cor-
related with slowed growth of schwannomas [160]. As
discussed earlier, macrophages are mostly absent from
the olfactory nerve fascicles, and macrophage invasion
is very limited even after widespread injury. It is possible
that differences in inflammatory responses between the
olfactory nerve and other peripheral nerves populated by
Schwann cells are crucial determinants of the likelihood
of tumor formation. Furthermore, significant differences
between OECs and Schwann cells in responses to bac-
teria have been identified: OECs, but not Schwann cells,
respond to gram-negative bacteria or lipopolysaccharide
(LPS) with nuclear translocation of NFxp and secre-
tion of the chemokine Gro [30], suggesting that OECs
exhibit more pronounced innate immune functions
than Schwann cells. Interestingly, schwannoma cells are
characterized by abnormal activation of NF«p, which is
normally suppressed by merlin, resulting in secretion of
pro-inflammatory cytokines and macrophage recruit-
ment (reviewed in [161]). Thus, it is possible that unique
regulatory mechanisms in OECs, but not Schwann cells,
allow the cells to respond to pathogens, clear cell debris
and secrete pro-inflammatory cytokines without caus-
ing excessive inflammation, macrophage infiltration and
increased risk of tumor formation.

Conclusions

OEC tumors are difficult to distinguish from schwanno-
mas, as the two types of tumors are found in the same
anatomical location, cannot be distinguished radiologi-
cally (CT/MRI) and originate from cells with numerous
similarities. Currently, OEC tumors and schwannomas
are classified based on Leu7 expression [5, 55—64]; how-
ever, this marker is not suitable for distinguishing
between the two glial cell tumor types. It is therefore
essential to further characterize molecular differences
between OECs/OEC tumors and Schwann cells/schwan-
nomas. Regardless, OEC tumors are rare. The reasons
for this are currently unknown but may relate to the fact
that the primary olfactory nervous system constantly
undergoes regeneration. OECs have evolved to support
this regeneration by becoming a dynamic and respon-
sive population of cells which perform distinct physi-
ological functions in a context-dependent manner. OECs
have unique functions in maintaining homeostasis in the
olfactory system and they rapidly adapt and respond to
new environmental cues. OECs are active phagocytes
and innate immune cells, constantly removing cellular
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debris and protecting the olfactory nerve against micro-
bial invasion. Schwann cells, on the other hand, are not
continuously phagocytosing debris or responding to
microorganisms. Injury to peripheral nerves populated
by Schwann cells leads to demyelination and macrophage
attraction, processes suggested to contribute to schwan-
noma. In contrast, the olfactory nerve is not myelinated,
macrophages are largely absent from nerve fascicles and
macrophage invasion after injury or infection is highly
limited. These differences between peripheral nerves
and the primary olfactory nervous system may be related
to the likelihood of tumor formation. It is also possible
that the local environment near the olfactory epithelium,
nerve and bulb is not very permissive to tumor forma-
tion, which would also explain why schwannomas in
this region are rarer than, for example, in the vestibular
nerve. Regardless, the fact that OECs appear resistant to
neoplastic transformation is a further indication for using
these cells in transplantation therapies for nervous sys-
tem injuries.

In summary, the reasons for why OEC tumors are so
rare remain unknown. Possible reasons include intrinsic
cellular and molecular properties in OECs that (1) pre-
vent transformation into tumor cells or limit responses
to oncogenic stimuli, (2) tightly regulate proliferation
and migration, and (3) allow phagocytosis of debris and
microorganisms whilst limiting inflammatory responses.
The local dynamic environment and structure of the
olfactory nerve (in particular, lack of myelin) may also
contribute. Future studies investigating interactions
between OECs and immune cells, in particular mac-
rophages, will shed more light on the role of OECs in
inflammation and cancer. Understanding the functions
of OECs under normal physiological conditions, as well
as how they behave in inflammatory and tumor environ-
ments, can offer insights into mechanisms initiating glio-
magenesis. If there are unique factors that render OECs
more resistant to tumor formation than other glial cells,
these can be exploited in the future to provide therapeu-
tic benefits to non-OEC microenvironments in the fight
against cancer.
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