
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Xusheng Wang,
University of Tennessee Health Science
Center (UTHSC), United States

REVIEWED BY

Yuhuan Xie,
Yunnan University of Traditional Chinese
Medicine, China
Rosalia Pellitteri,
National Research Council (CNR), Italy

*CORRESPONDENCE

Wen-jun Zhang

ndefy22057@ncu.edu.cn

RECEIVED 19 August 2023
ACCEPTED 05 October 2023

PUBLISHED 17 October 2023

CITATION

Zhang L-p, Liao J-x, Liu Y-y, Luo H-l and
Zhang W-j (2023) Potential therapeutic
effect of olfactory ensheathing cells in
neurological diseases: neurodegenerative
diseases and peripheral nerve injuries.
Front. Immunol. 14:1280186.
doi: 10.3389/fimmu.2023.1280186

COPYRIGHT

© 2023 Zhang, Liao, Liu, Luo and Zhang.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 17 October 2023

DOI 10.3389/fimmu.2023.1280186
Potential therapeutic effect of
olfactory ensheathing cells in
neurological diseases:
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Neurological diseases are destructive, mainly characterized by the failure of

endogenous repair, the inability to recover tissue damage, resulting in the

increasing loss of cognitive and physical function. Although some clinical

drugs can alleviate the progression of these diseases, but they lack therapeutic

effect in repairing tissue injury and rebuilding neurological function. More and

more studies have shown that cell therapy has made good achievements in the

application of nerve injury. Olfactory ensheathing cells (OECs) are a special type

of glial cells, which have been proved to play an important role as an alternative

therapy for neurological diseases, opening up a new way for the treatment of

neurological problems. The functional mechanisms of OECs in the treatment of

neurological diseases include neuroprotection, immune regulation, axon

regeneration, improvement of nerve injury microenvironment and myelin

regeneration, which also include secreted bioactive factors. Therefore, it is of

great significance to better understand the mechanism of OECs promoting

functional improvement, and to recognize the implementation of these

treatments and the effective simulation of nerve injury disorders. In this review,

we discuss the function of OECs and their application value in the treatment of

neurological diseases, and position OECs as a potential candidate strategy for the

treatment of nervous system diseases.
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1 Introduction

The ability of nerve regeneration and tissue repair is limited after the occurrence of

neurological diseases, which can usually lead to permanent disability. Neurological

diseases, especially neurodegenerative diseases, describe a clinical condition

characterized by selective and progressive neuronal loss. Neurological diseases caused by
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progressive loss of neuronal structure or function, and lead to

varying degrees of paralysis and cognitive and sensory loss (1).

Neurological diseases such as Parkinson’s disease (PD), Alzheimer’s

disease (AD), Huntington’s disease (HD), and amyotrophic lateral

sclerosis (ALS), characterized by progressive loss of the structure,

function, or number of neurons in the brain or spinal cord (2, 3).

Although the clinical use of some drugs can alleviate the

progression of these diseases. New drugs for the treatment of

neurological diseases have become urgently needed. Clinicians,

patients and their families are waiting for the development

of effective drugs for neurological diseases that are basically

untreatable at present. The drug development process is complex

and expensive, the clinical use of these diseases is limited.

Unfortunately, the treatment currently available are not sufficient

to prevent neurodegeneration. Therefore, it is necessary to find and

explore prospective therapeutic method to repair neurological

function and improve symptoms.

With the exploration of treatment methods, researchers have

found that cell therapy have developability and broad prospects,

and have become the savior of many diseases. The use of cell

therapy to treat neurological diseases is based on the assumption

that these therapies will mimic the normal process of cell repair and

development in the nervous system to eliminate the causes of the

disease (4, 5). Cell therapy, also known as regenerative therapy, uses

special types of active cells or their derivatives to improve the repair

response of dysfunctional and damaged tissue (6, 7). OECs are

special glial cells, which can survive and renew in the central

nervous system, and have been widely used in nerve regeneration

and tissue repair (8, 9). OECs therapy usually focuses on cell

substitution or environmental enrichment. Application of OECs

therapy provides a valuable and attractive choice for neurological

diseases. Transplantation of OECs to the injured nerve can promote

regeneration and reconstruct the nerve function (10). The function

of OECs in the treatment of neurological diseases includes secreted

active biomolecules, such as neurotrophic factors, VEGF, NT-3 and

extracellular matrix. The production of these secretions provides a

good nutritional basis for axonal regeneration and myelination (11,

12). Moreover, OECs can exert neuroprotection and immune

regulation to improve the activity of immune cells in nerve

injury, reduce nerve injury and nerve inflammation, and play a

therapeutic role (11, 13, 14). All these reflect the potential and

sustainability of OECs in the treatment of neurological diseases.

Therefore, we focus on the functional role of OECs in neurological

diseases and the existing problems as a cell therapy.
2 A brief introduction to the biological
characteristics of OECs

OECs are glial cells of the primary olfactory nervous system,

which are composed of the olfactory nerve and the outer nerve fiber

layer of the olfactory bulb (Figure 1). The olfactory nerve is located

between the olfactory epithelium at the top of the nasal cavity and the

olfactory bulb of the anterior cranial fossa (Figure 1). The primary

olfactory nervous system is unique in that it can constantly regenerate.

Even after injury, as long as the deeper olfactory bulb inside the
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olfactory bulb remains intact, it can regenerate (15, 16). It is now

possible to remove olfactory bulb tissue and olfactory mucosa

(outermost layer and lamina propria, which belong to the central

nervous system and peripheral nervous system, respectively), which

also suggests the potential value of OECs therapy in central nervous

system and peripheral nervous system diseases. OECs can be

successfully cultured in vitro, which lays a foundation for the study

of OECs in nerve regeneration and tissue repair (17). It is worth

mentioning that OECs derived from olfactory mucosa and olfactory

bulb express different characteristics, have heterogeneity, and play

different roles in the repair of nerve injury (11, 18). OECs derived from

olfactory mucosa can regulate the process of inflammation and the

formation of extracellular matrix, but the ability of regeneration is

poor. While OECs derived from olfactory bulb can promote

functional recovery by inducing targeted axonal regeneration (19).

Differentially expressed genes and proteins of OECs derived from

olfactory bulb play a key role in nerve regeneration, axon regeneration

and extension, transmission of nerve impulses and response to axonal

injury. Differentially expressed genes and proteins of OECs derived

from olfactory mucosa are mainly involved in inflammatory response,

defense response, cytokine binding, cell migration and positive

regulation of wound healing (20). All these reflect the functional

differences of OECs derived from different sites.

During the development of the primary olfactory system, the

axons are inaccurately located and inappropriately projected to the

target layer or over-projected to the deeper layer of the olfactory

bulb. Therefore, there is a large number of apoptosis of primary

olfactory neurons during embryonic and postnatal development,

and the axons of degenerated neurons need to be removed (21).

Phagocytosis of axonal fragments in adult and postnatal animals is

known to be essential for the regeneration of the primary olfactory

nervous system (21, 22). Studies have shown that the phagocytosis

of axonal fragments in postnatal animals. It has been found that

macrophages often appear near OECs, but they only play a small

role in clearing axonal fragments (23). It is considered that OECs

are the primary phagocytes of primary olfactory nerve from the

early stage of embryonic development (23, 24).

The regeneration and repair of neurological diseases is a

complex process, involving many steps and factors. On the one

hand, the key to the repair of nerve injury lies in the survival and

function of neurons. On the other hand, the injured axon has the

function of bridging the damaged site or the broken end (25, 26).

Axon regeneration requires myelin regeneration and functional

synaptic reconstruction, neurotrophic delivery, improvement of

inflammation and regulation of immune response, which is

essential for nerve injury repair (27). Different studies have

confirmed that the functional role of OECs in nerve regeneration

and tissue repair, and their biological characteristics have been

recognized in the following aspects (Figure 2).

1. OECs can produce immune function, secrete immune

regulatory molecules and exert their phagocytic activity, maintain

the homeostasis of microenvironment and support neuronal

survival and axonal growth (28, 29). OECs reduce the infiltration

of immune cells and secondary tissue damage, protect neurons and

axons in the diseased core, and help remove myelin fragments (30).

2. OECs exert their characteristics of promoting axon growth and
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provide structural support by extending the thin processes

enclosing the axon group as insulators (22, 31). 3. OECs have the

ability of migration and movement. OECs can migrate under the

physiological and pathological conditions of nervous system, such

as inflammation, hypoxia and neurodegenerative diseases, which

are closely related to the cytoskeleton of OECs. Analysis of OECs

actin cytoskeleton revealed the stress fibers, membrane spinous

process, folded membrane and layered fat deposition during cell

migration, as well as the distribution and migration ability of a-
actin in the membrane process (32–34). 4. Phagocytic activity of

OECs. OECs can remove axonal fragments and microorganisms

through phenotypic changes, enhance their cytoskeleton

hypertrophy and rearrangement, transition from resting state to

phagocytic activity, and protect the stability of nervous system
Frontiers in Immunology 03
microenvironment (35, 36). Studies have shown that OECs have

higher phagocytosis and transport capacity than Schwann cells and

produce lower amounts of proinflammatory cytokines (37). 5.

OECs can produce bioactive substances such as platelet-derived

growth factor, glial-derived connexin, ciliary neurotrophic factor

(CNTF), neurotrophic factor Y and cell adhesion molecules (such as

L1-nerve cell adhesion molecule (L1-NCAM) and nerve cell

adhesion molecule-1 (NCAM1)). These secreted bioactive

substances provide a good basic environment for nerve

regeneration and repair (10, 38, 39). The secretory group

produced by OECs also includes paracrine exosomes and

extracellular vesicles, which can protect neurons, reduce

neurotoxicity and play a key role in the repair of nerve injury (40,

41). Studies have shown that OECs-derived exosomes can inhibit
B

C

A

FIGURE 1

Anatomical localization of olfactory bulb and immunofluorescence staining of OECs. (A) Anatomical diagram of olfactory bulb tissue, source site of
OECs. (B) Schematic diagram of olfactory bulb tissue in rats. Olfactory bulb tissues were lysed and digested in vitro, and OECs were obtained by
culture system in vitro. (C) Immunofluorescence staining of OECs. GFAP: glial fibrillary acidic protein), p75: a marker for OECs.
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the polarization of pro-inflammatory macrophages/microglia,

increase the number of anti-inflammatory cells, promote neuronal

survival and functional recovery after spinal cord injury (42).

3 OECs and neurological diseases

Neurological diseases, including PD, AD, HD and ALS, are

caused by disorders of protein homeostasis, characterized by the

loss of specific groups of neurons and inclusion bodies consisting of

insoluble and unfolded proteins. This pathogenic process leads to the

gradual loss and paralysis of sensory, cognitive and motor neurons

(43, 44). Although great progress has been made in the mechanisms

of neurological diseases, including the identification of mutated genes

that cause these diseases, but the exact mechanism of neuronal death

is still unclear and there are still no effective method to slow the

progression of these diseases. With the research and exploration of

the treatment of neurological diseases, cell therapy has been

introduced into the field of vision of researchers and has been

greatly encouraged. These applied bioactive cells, including OECs,

can protect neurons, reconstruct neural networks and exert

therapeutic functions by producing special bioactive factors at the

injured site (45–47). The goal of cell therapy in neurological diseases

includes obtaining specific neuronal subtypes and rebuilding neural

networks similar to those lost in the disease. Another way to treat

neurological diseases is to create environmental enrichment to

support host neurons by producing neurotrophic factors and

removing toxic factors or by establishing auxiliary neural networks

around the affected areas (48, 49). Although the application of cell

therapy is still in its infancy, it has become a safe and effective new

strategy for the treatment of neurological diseases.

3.1 OECs and Alzheimer’s disease

AD is associated with selective damage to brain areas and neural

circuits critical to cognition and memory, including neurons in the

neocortex, hippocampus, amygdala, basal forebrain cholinergic

system and monoaminergic nucleus of the brainstem. The

pathological process of AD has two typical pathological features: b-
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amyloid plaque deposition and hyperphosphorylated tau nerve fiber

tangles (50). The existing research theory shows that the production of

long A b peptide, especially in the form of highly toxic oligomer, leads

to the accumulation and deposition of A b in the brain. Aggregated A

b causes to neurotoxicity, degeneration of neurofibrils, activation of

microglia and ultimately leads to the loss of synapses and neurons (51,

52). Diagnosis of AD is based on compliance with clinical

manifestations and other auxiliary examinations, including imaging

and biomarkers. The current treatment is symptomatic treatment to

alleviate the progression of the disease.

OECs may have certain effects on the potential pathophysiology

of nervous system diseases, including neuroplasticity and natural b-
amyloid peptide. b-amyloid peptide is the main component of

senile plaque peculiar to the brain of AD. The precursor protein

of amyloid b protein (A b) is cut into amyloid polypeptide. Ab 25-

35 is considered to be the functional domain of A b and is

responsible for its neurotoxic properties (53). In vitro studies

found that A b may affect the molecular conformation of OECs

(54, 55). After OECs were exposed to A b (1-42) fragments, the

expression level of transglutaminase Tg2 in OECs increased, and

the expression patterns of their subtypes (Tg2-long and Tg2-short)

were also different. A b may stimulate nerve regeneration in AD by

changing the conformation of Tg2 in OECs (54). Another in vitro

study showed that A b (1-42) or A b (25-35) increased the

expression of Tg2, vimentin and caspase cleavage in OECs. Basic

fibroblast growth factor or glial cell line-derived neurotrophic factor

can restore the protein level in OECs and play a key role in AD (56).

In vitro studies have shown that OECs conditioned medium can

improve A b (25-35)-induced oxidative damage of cells by

inhibiting mitochondrial pathway, increase cell survival rate and

produce protective function (53). These studies suggest the

relationship between OECs and AD, but more studies are needed

to confirm the usefulness of OECs as a treatment for AD.

3.2 OECs and Parkinson’s disease

PD caused by loss of dopaminergic neurons in the midbrain. Its

pathological features are selective loss of dopaminergic neurons in

substantia nigra pars compacta of ventral midbrain and ubiquitin

deposition in residual neurons (57, 58). Although PD cannot be

cured, there are a variety of pharmacological treatments that can

alleviate some of the functional defects caused by dopamine

depletion. Similarly, researchers have received consistent

recognition through the application and transplantation of special

bioactive cells (such as neural stem cells and mesenchymal stem

cells) to treat and improve PD. In view of the biological

characteristics of OECs, the treatment of transplanted OECs in

PD has also achieved exciting results. Indeed, in vivo studies have

shown that transplantation/injection of OECs into the body can

improve the amount of dopamine in the striatum and restore

dopaminergic activity, and play a therapeutic role in PD (59). In

vivo studies have shown that combined transplantation of

OECs and vascular endothelial cells results in a significant

increase in [3H]-spirocyclone binding rate, dopamine and 3-

dihydroxyphenylacetic acid levels in rats, which supports the

activity of dopaminergic cells and contributes to PD-induced
FIGURE 2

OECs play the functional characteristics of promoting nerve
regeneration and tissue repair.
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functional recovery (59). In vivo studies have shown that the

transplantation of OECs into the striatum can improve the

survival of neurons in the dopaminergic and inhibit the immune

response of the transplantation site to improve the survival rate of

striatal grafts (60). In addition, OECs can restore the nigra striatal

pathway in PD and play a therapeutic role. An in vivo study found

that OECs could improve the survival rate of grafted ventral

mesencephalic tissue and promote the recovery of motor function

by promoting the prolongation of dopaminergic and serotonergic

axons in bridged grafts (61).

OECs express a variety of factors, such as nuclear receptor

related factor 1 (Nurr1), neurogenic protein 2 (Ngn2), NGF, bFGF,

GDNF, and NT3, which have neuroprotective effects on PD (59, 62,

63). in vivo and in vitro studies have shown that transplantation of

OECs-Nurr1-Ngn2 can improve behavioral disorder in rats with

PD (62). OECs-Nurr1-Ngn2 have significant neuroprotective,

antioxidant and anti-apoptotic effects on PD by up-regulating

neurotrophin-TrkB pathway (62). In the study of in vivo model,

these growth factors and adhesion molecules expressed and secreted

by OECs can also improve the survival rate of graft-derived

dopaminergic neurons, facilitate communication between host

and graft, and promote axonal growth (64, 65). In vivo studies

have shown that OECs not only significantly increase the survival

and neurite growth of dopaminergic neurons derived from neural

stem cells, but also have a protective effect on 6-OHDA

neurotoxicity under co-culture conditions (65).

Although these studies have revealed the role of OECs in the

treatment of PD, but OECs transplantation has been challenged.

Heterotopic transplantation of cells is unlikely to integrate into

normal brain circuits. Even if OECs are transplanted into the

primitive sites of PD, such as substantia nigra and striatum, new

dopaminergic neurons will not regenerate the axons of striatum.

Another challenge is that an obstacle to PD cell replacement therapy

is the lack of abundant, reliable and renewable sources of

dopaminergic neurons.

3.3 Cell therapy and Huntington’s disease

HD is a dominant inherited neurodegenerative disease caused

by abnormal amplification of CAG repeats (36 or more) in exon 1 of

the Huntington protein gene located on chromosome 4p16.3.

Patients with HD mainly showed neuronal degeneration in

striatum and cerebral cortex (66, 67). The most important new

discovery is the highly variable nature of brain degeneration (68).

The pathology of HD includes massive atrophy of the striatum and

degeneration of cortical pyramidal neurons. As the development of

disease, the loss of neurons becomes more comprehensive, affects

many brain regions. Severe cortical loss followed, eventually leading

to death (69, 70). Therefore, the use of some special graft

replacement therapy to improve these striatum and neuronal

degeneration can produce certain protective and therapeutic effects.

Although there are few reports on OECs in the application and

treatment of HD. But some studies have found that the

transplantation of functional active cells can be used as a

potential treatment of HD. The therapeutic mechanisms of these

transplanted cells include secreting neurotrophic factors, reducing
Frontiers in Immunology 05
neuroinflammation, enhancing neuronal plasticity and cell

substitution. Importantly, transplanted cells (such as neural stem

cells) must properly migrate to the central nervous system and

integrate with host neurons to form circuits to enhance

neuroplasticity (71, 72). In vitro studies have shown that neural

stem cells/early neural progenitor cells can be cultured on a large

scale and differentiated into neurons, which paves the way for the

treatment of HD (73). Some in vivo and in vitro studies have found

that human embryonic or fetal neural stem cells are transplanted

into the striatum of HD mice or rats to survive, in some cases,

improve functional status (74, 75). Despite these encouraging

results, there is a lack of direct evidence and reports on OECs

transplantation in the treatment of HD. Therefore, the role of OECs

transplantation in HD needs more research to explore. However,

cell therapy in the treatment of HD has been recognized by many

studies, which is a prospective treatment strategy for the treatment

of HD.
3.4 OECs and amyotrophic lateral sclerosis

ALS is a rapidly progressive and fatal neurodegenerative disease.

In sporadic ALS, both upper motoneurons (in the cortex) and lower

motoneurons (in the spinal cord) degenerate for unknown reasons.

Its pathological feature is that it affects motor neurons in the motor

cortex, brainstem and spinal cord, resulting in paralysis and death.

Mutations were found in familial ALS cases, but these mutations

accounted for only about 10% of all cases (76–78). At present, some

studies have proposed several pathological mechanisms of ALS-

induced motoneuron death, including glutamate-induced

excitotoxicity, abnormal cytoskeleton, protein aggregation,

oxidative stress, mitochondrial dysfunction and extracellular

SOD1 toxicity. Currently, there is no effective treatment for this

devastating disease. In recent years, researchers have proposed a

therapeutic strategy of reconstructing neural function by

transplanting special types of cells to replace these lost or

degenerative motor neurons. For example, a clinical trial reported

that mesenchymal stem cell transplantation can delay the

progression of ALS and improve survival (79). In vivo studies

have shown that transplantation of motoneurons derived from

human umbilical cord mesenchymal stem cells with high

expression of BDNF can improve the motor ability and prolong

the survival time of mice with ALS (80). Although cell therapy for

motor neuron replacement, support or as a carrier of

neuroprotective molecules is in preliminary exploration and there

are many challenges and problems, however, the beneficial effects of

transplantation therapy observed in animal models of motor

neuron disease have raised hopes (81).

The application and exploration of OECs transplantation in

ALS has also achieved some exciting results. A clinical trial reported

that OECs transplantation can reduce the amplitude of motor unit

action potential, increase the number of motor unit action potential,

and effectively control or reverse the physiological deterioration

caused by ALS (82). In vivo studies have shown that transplantation

of OECs can protect the survival of motor neurons, repair the

injured axons with myelin sheath through pyramidal tract, and
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improve motor nerve function (83). In vivo studies found that OECs

could prolong and increase the survival of animals with ALS by

giving full play to their ability of neuroprotection and myelin

regeneration (84). In vivo studies have shown that transplantation

of OECs into the brain of rats with ALS can increase the survival

and prolong the survival time of motor neurons in the motor cortex

and ventral horn of the spinal cord. Behavioral tests, including

screen tests, hindlimb stretching, rotating sticks and gait control,

have shown that OECs transplantation can improve these

symptoms (85). These studies have revealed the therapeutic role

of OECs in the progression of ALS and may be used as a potential

candidate cell replacement therapy for ALS therapy. But,

unfortunately, people soon realized that this is an extremely

difficult task because new motor neurons have to project to

distant axons and connect with host neurons through neural

networks to reconstruct function. The white matter in the central

nervous system can produce resistance to supporting axonal growth

and some evidence suggests that the toxic environment in the

degenerated spinal cord may not support new transplantation

substitutes, which is also the key problem to be overcome.
3.5 OECs transplantation and peripheral
nerve injury

The process of peripheral nerve injury regeneration is a

dynamic process of multicellular regulation, which involves

neurons, Schwann cells and immune cells. The interaction

between these cells and the molecules regulates the process of

peripheral nerve regeneration. It is understood that the peripheral

nervous system maintains the same inherent lack of regeneration as

the central nervous system, but the difference is that after peripheral

nervous system injury, neurons (which can undergo growth

phenotypic changes) can produce regenerative axons. this process

involves phagocytosis, clearance, secretion of factors including

growth and chemokines and myelination of Schwann cells and

macrophages (47). The main obstacles to the repair and

regeneration of peripheral nerve injury are axonal degeneration,

nerve inflammation and demyelination. Therefore, the axons that

promote the repair of peripheral nerve injury mainly leads the

regeneration to form a new neural connection with the axons at the

distal end of the host injury, form a new neural network. Therefore,

exploring and finding effective ways to change these pathological

processes and make progress in a favorable direction for the repair

of nerve injury. Despite the progress of microsurgical technology

and the improvement of the understanding of nerve regeneration,

there are still some challenges in the repair of peripheral nerve

injury (86).

More and more studies have revealed that cell transplantation

has been proved to play a great role in the treatment of peripheral

nerve injury, which encourages people to explore the broad

application and prospect of cell transplantation therapy. As

described in the previous biological function of OECs, the

mechanism of OECs promoting nerve regeneration is by secreting

multiple neurotrophic factors, protecting neurons, inhibiting

inflammatory response, and promoting axonal regeneration (10,
Frontiers in Immunology 06
87). OECs can guide the establishment of new axons through the

injured microenvironment to reach both ends of nerve injury and

produce bridging function (26, 88). In addition, OECs

transplantation has the ability to migrate and penetrate glial scar

(26, 88). In vivo studies have shown that the transplantation of

OECs effectively promotes the axon regeneration of recurrent

laryngeal nerve injury and improves the function of laryngeal

muscle (17). In vivo studies have shown that OECs are

transplanted into the injured sciatic nerve, it is found that OECs

can form Ranvier nodules of regenerated axonal myelin sheath,

increase nerve conduction velocity and improve function (89). In

view of the biological characteristics of OECs and the role of

repairing injured nerves. Some researchers have made some

achievements by combining OECs with other functional active

cells or biomaterials to improve the function of OECs in

peripheral nerve injury. In vivo experiments, the application of

PCL catheter or PLGA catheter containing OECs to the site of

sciatic nerve resection promoted nerve regeneration and

angiogenesis (90, 91). In vivo and in vitro studies found that

OECs were co-cultured with exosomes of human umbilical cord

mesenchymal stem cells, these exosomes could promote the survival

and migration of OECs under hypoxia, and effectively increased the

gene expression and secretion of brain-derived neurotrophic factor

(92). Co-transplantation of them into the injured sciatic nerve could

promote the regeneration of the injured sciatic nerve and restored

the motor and sensory function (92) (Table 1).

It is understood that Schwann cells (SCs) form the myelin

sheath of the peripheral nerve, protect and nourish neurons, and

play an irreplaceable role in the repair of peripheral nerve injury.

There is no transcriptional difference between OECs and SCs. OECs

is highly similar to SCs and expresses the biomarker of SCs (94). In

vivo studies have shown that the transplantation of OECs can

regulate the changes of SCs and enhance the repair function of

SCs in peripheral nerve injury, and the co-transplantation of the

two can play a synergistic role in promoting nerve regeneration

(93). It is worth mentioning that OECs have higher phagocytosis

and transport abi l i ty and produce lower amounts of

proinflammatory cytokines than SCs in vitro, which may be

better than SCs transplantation in the damaged nervous system

(37). These studies have confirmed that the functional role of OECs

in peripheral nerve injury and may be used as an alternative cell

therapy for peripheral nerve injury.

4 Clinical application and current
challenges of OECs transplantation in
neurological diseases

With the aging of the population and the participation of many

factors, the disability and lethality of neurological diseases are

increasing, but the clinical treatment of neurological diseases has

always been a thorny problem. Therefore, delaying or stopping the

progression of these diseases is a major but unmet urgent need.

Unfortunately, due to the lack of a considerable amount of direct

evidence to explain the pathological process of these diseases and to

mine reliable biomarkers, this hinders the study of effective
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TABLE 1 Preclinical study on the application of OECs in neurological diseases.

Cell source Type Disease
model

Animal Therapeutic effect. Refs

Olfactory mucosa
or olfactory bulb

In vivo Recurrent
laryngeal nerve
injury model

Fischer
rats

OECs transplantation can effectively promote axonal regeneration of recurrent laryngeal
nerve injury and improve laryngeal muscle function.

17

Olfactory bulbs In vivo
and in
vitro

6-
hydroxydopamine
(6-OHDA)-
lesioned rat model
of PD

Rats OECs can maintain dopaminergic activity in striatum, restore D-amphetamine-induced
rotational behavior and spontaneous activity, and promote functional recovery in rats.

59

Olfactory bulbs In vivo PD rat model Rats OECs reduced the immune response (mediated by CD3+T cells and OX-6+ microglia) and
increased the survival rate of dopaminergic neurons in the striatum.

60

Olfactory bulbs In vivo PD rat model Rats OECs can improve the survival rate of transplanted ventral mesencephalic tissue and
promote the recovery of motor function. OECs can promote the prolongation of
dopaminergic and serotonergic axons in bridged grafts.

61

Olfactory bulbs In vivo
and in
vitro

PD rat model SD rats In vitro, it was found that OECs-Nurr1-Ngn2 increased the vitality of PC12 cells and
inhibited oxidative stress and apoptosis. Transplantation of OECs-Nurr1-Ngn2/VMCs into
vivo can improve the behavioral disorder of PD rats, and has significant neuroprotective,
antioxidant and anti-apoptotic effects on PD.

62

Olfactory bulb
tissue of SD rats

In vivo
and in
vitro

6-
hydroxydopamine
lesion rat model
of PD

SD rats OECs and transplanted fetal ventral mesencephalic tissue can enhance the functional
recovery of dopamine cell survival, striatal reinnervation and rotation induced by
amphetamine and apomorphine. Only in the case of combined transplantation of OECs can
dopamine neurons extend to astonishingly long processes and reach the surrounding striatal
septum.

64

Olfactory bulb
tissue of adult
rats

In vivo
and in
vitro

6-OHDA lesioned
PD rats

Rats OECs significantly increased the survival, neurite growth and dopamine release of
dopamine neurons derived from neural stem cells, and had a protective effect on 6-OHDA
neurotoxicity under co-culture conditions, promoted the recovery of motor function and
neurochemistry.

65

Mouse olfactory
bulb

In vivo ALS mice model Mice The neural progenitor cells derived from the transplanted olfactory ensheathing tissue-
neurospheres can differentiate into choline acetyltransferase positive large spinal cord
neurons, intermediate neurons and glial cells, reduce the loss of motor neurons and
promote the recovery of motor function in ALS mice.

83

olfactory bulb of
neonatal “green”
rats

In vivo ALS rat model SD rats OECs transplantation can reduce the loss and collapse of motor neurons in the anterior
horn of spinal cord, promote myelin regeneration and change the microenvironment of
ALS.

84

olfactory bulb of
approximately 7-
day-old neonatal
“green” male rats

In vivo Adult SOD1
mutant rats with
ALS

SD rats OECs transplantation increased the survival of motor neurons in the motor cortex and
ventral horn of spinal cord, prolonged survival time and behavioral tests (including screen
test, hindlimb extension, rotating stick and gait control) in rats.

85

Olfactory bulbs
of transgenic SD
rats

In vivo Rat model of
sciatic nerve
injury by
transection

SD rats Footprint analysis showed that OECs could survive and integrate into the repaired nerve.
OECs can transform the regenerated axonal myelin sheath into Ranvier nodules, increase
the sciatic nerve conduction velocity and improve the function of rats.

89

Allogenic
neonatal rats

In vivo Rat model of
sciatic nerve
injury by
transection

F344
inbred
rats

The transplantation of PCL catheter containing OECs increased the sciatic nerve
conduction velocity, wet muscle weight and nerve density, and promoted the regeneration
of sciatic nerve injury.

90

2 to 7 day old
neonatal Wistal
rats

In vivo Rat model of
sciatic nerve
injury by
transection

Wistal
rats

OECs can migrate along the nerve axis after transplantation. The transplantation of PLGA
catheter filled with OECs increased the nerve conduction velocity and the amplitude of
compound muscle activity potential. However, 12 weeks after operation, the sciatic nerve
function index was not improved due to the injury model.

91

Olfactory bulb
tissue of SD rats

In vivo
and in
vitro

Rat model of
sciatic nerve
injury by
transection

SD rats Exosomes derived from umbilical cord mesenchymal stem cells can promote the vitality and
proliferation of OECs and promote the motor and sensory function of injured sciatic nerve.
Co-transplantation of OECs and exosomes can better promote nerve regeneration and
functional recovery.

92

Olfactory bulb
tissue of neonatal
SD rats

In vivo Rat model of
sciatic nerve
injury by
transection

SD rats Compared to OECs transplantation, co transplantation of SCs and OECs can increase
axonal regeneration by 28%. The gastrocnemius muscle has significantly recovered and has
a synergistic effect on the repair of the sciatic nerve.
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treatment and brings great challenges to clinical treatment (95).

Although some drugs or other physiotherapy are used to delay or

improve the progression of neurological diseases, the results are still

not satisfactory or even failed. Drug therapy cannot change these

pathological changes and reconstruct the neural network, which

leads to the limitation of long-term clinical application.

The expected effect of OECs transplantation was confirmed in

the disease model, and these studies revealed the value of OECs in

neurological diseases. On the basis of the results of animal model

research, some researchers have risen to the observation of clinical

trials and made some progress, but most studies have focused on
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OECs in ALS clinical trials (Table 2), while other neurological

diseases have not been reported. These studies suggest that OECs

transplantation is safe and feasible, has therapeutic value for

neurological diseases, and can improve neurological function and/

or reduce progressive deterioration in patients (98, 101). OECs

transplantation may play a role in the treatment of patients with

ALS. A clinical trial showed that fetal OECs were transplanted into

the bilateral corona radiata of the pyramidal tract of the frontal lobe

in 15 patients with ALS. After 4 months of follow-up, the functional

deterioration of the patients was significantly slower and the total

score of ALS was increased, and the neurological function was
TABLE 2 Study on OECs in ALS clinical trial.

OECs
origin

Transplant
method
and loca-
tion

Transplant
dose

follow-
up
time

Treatment results Side effect Refs

Olfactory
bulb tissue
of human
fetus

Injected into
the bilateral
radiation
corona of the
frontal
pyramidal tract

Two million cells. 4 months A total of 15 patients received OECs
transplantation, the total score of ALS-FRS
increased and the deterioration of
neurological symptoms slowed down.
Improvement of neurological function in 7
patients

No obvious side effects and
complications were found, and no
death after OECs transplantation
was found.

96

Human
embryonic
OECs

Spinal cord.
Radiation
corona of spinal
cord and
bilateral frontal
lobe.
Double frontal
lobe radiation
crown

50 ml (1x106) OECs
was transplanted
into the spinal cord,
and 50 ml OECs (2
x106) was injected
into the radiation
corona of both sides
of the brain,

4 weeks A total of 327 patients received OECs
transplantation, neurological function was
improved in 252 cases. In 261 cases, the
spontaneous potential decreased or
disappeared, the EMG amplitude decreased
during contraction, and the potential
density increased.

Postoperative adverse reactions
occurred in 16 cases, including
headache, short-term fever, major
seizures, central nervous system
infection, pneumonia, respiratory
failure, urinary tract infection, heart
failure and pulmonary embolism, of
which 4 cases died.

82

Fetal OECs Cerebral
injection

2000000 of cells
(100ml)

12-24
months

There are obvious glial and inflammatory
reactions around the transplanted cells.
There was no evidence of axonal
regeneration, neuronal differentiation and
myelin formation. Transplantation of OECs
did not change the neuropathological
changes in patients with ALS.

There was no clinical adverse
reaction after operation, but the
patient died of respiratory
insufficiency in the later stage.

97

Fetal OECs Corona radiata 100ml (about 2
million)

An
average of
47.2
months

OECs transplantation could not prevent the
progression of disease in patients with ALS.

No obvious adverse events were
observed.

98

Olfactory
ensheathing
tissue of
female fetus
born at 12-
16 weeks

Brain
parenchyma

100ml (about
2000000)

2 weeks Seven patients with ALS were treated with
OECs transplantation, of which 2 patients’
ALSFRS score increased and their
neurological symptoms and EMG were
improved. OECs improved the symptoms of
the patients in a short time. and the other 5
patients remained stable.

No obvious adverse reactions were
reported.

99

Embryonic
olfactory
bulb tissue

Unreported 1 year Symptoms of 7 patients were not improved
objectively after receiving OECs treatment.
OECs had no beneficial effect on the
treatment of patients with ALS.

Two patients developed venous
thrombosis and respiratory
insufficiency

100

Embryonic
olfactory
bulb tissue

Spinal cord and
brain

Unreported 2-8 weeks Transplantation of OECs into the brain and
spinal cord is feasible and safe. They have
good therapeutic value for central nervous
system diseases such as chronic spinal cord
injury, ALS, cerebral palsy and stroke
sequelae, and can improve patients’
neurological function and/or reduce
progressive deterioration.

Among the 1255 patients with ALS,
4 patients died of heart failure,
pulmonary embolism, respiratory
failure and severe pneumonia.
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improved in 7 cases (96). The clinical condition of 2 patients was

stable, and the ALS-FRS score of the other 5 patients decreased by

4.4 points on average (96). This means that OECs transplantation

seems to slow down the clinical progress of ALS. OECs were

transplanted into the spinal cord and/or bilateral radiation

coronary lesion areas of 327 patients with ALS and were

evaluated by using the ALS functional rating scale (ALSFRS). The

results showed that the spontaneous potential decreased or

disappeared, the amplitude of motor unit action potential

decreased, and the number of motor unit action potential

increased significantly (82). Among them, 16 cases had various

complications including headache, short-term fever, seizures,

central nervous system infection, pneumonia, respiratory failure,

urinary tract infection, heart failure and possible pulmonary

embolism, and 4 cases died (82). This study suggests that OECs

transplantation may effectively control or reverse the physiological

deterioration caused by ALS, but it also means that there are some

side effects and security risks in OECs transplantation. In other

clinical trials, 7 patients with ALS received OECs transplantation, of

which 2 cases showed significant improvement in short term after

OECs transplantation (99).

However, OECs transplantation is not very satisfactory in

human trials of neurological diseases, and it has always been

controversial. Some studies have found that OECs transplantation

is not beneficial to patients with ALS (100). A case report showed

that female patients with ALS who received frontal lobe injection of

OECs, found that ALS progressed faster after surgery and suffered

crippling side effects (102). Although this case shows that OECs

transplantation has achieved poor results in the treatment of ALS,

this is only a case and does not represent the feasibility of OECs

transplantation treatment. More case data are needed to support

this result. Another clinical trial found no evidence of axonal

regeneration, neuronal differentiation and myelin formation after

transplantation of fetal OECs (97). It was further found that the

transplanted cells did not change the neuropathological changes in

patients with ALS (97). There are many factors leading to these

results, which may be related to the differences in symptoms and

signs of patients, time of nerve injury, operation, time and dose of

OECs transplantation and evaluation index.

Although animal experiments have recognized the value of

OECs transplantation in the treatment of neurological diseases,

the inherent variability and diversity of human patients have been

ignored. Therefore, it is not clear whether these transplanted cells

will produce similar results when used in patient populations, and

there is a lack of more direct data support in clinical trials. At this

stage, it is not feasible to extrapolate the results of these in vivo

studies directly to human patients. Therefore, the results and

functional effects of transplanted OECs in animal experiments

need to be verified in clinical trials. But at present, the application

of OECs in clinical trials is greatly restricted, this may be due to

some problems that need to be solved to hinder its development and

application in clinical trials.

The first problem is the stability and safety of transplanted

OECs. Studies have shown that transplantation of OECs into the

body can produce some side effects, such as headache, short-term

fever, seizures and even aggravate the progression of the disease (96,
Frontiers in Immunology 09
102). Due to the differences between animals and humans, the

active therapeutic effects of OECs in animals and produce favorable

results, but these may not be significant in humans or even the

opposite results. A major obstacle to the progress of OECs therapy

is to understand how OECs work in the body and how they

integrate with the target tissue/organ to overcome tissue and

environment-specific barriers. Therefore, the extensive use of

OECs in clinical trials requires more animal research to fully

understand the characteristics and safety of OECs therapy and

reduce the risk of additional injury.

The second major problem is that OECs can be derived from

olfactory mucosa or olfactory bulb tissue. however, it takes a long

time to prepare OECs, and the purification system of OECs in vitro

is still not perfect, which may miss the key treatment window.

Porcine OECs changed systematically with time in vitro, resulting in

decreased expression of p75, decreased proliferation and decreased

myelin regeneration ability (103). This means that it takes a

relatively short time for the expanded culture and purification of

cells in vitro to enhance the viability and proliferation of cultured

cells. Therefore, it is very important to obtain safe and efficient cells

in a short time. However, the technology and instruments currently

used are difficult to achieve, although the task is arduous, but with

the continuous efforts of researchers will eventually be solved.

The third problem is that transplantation of autologous or

allogeneic OECs into the body will produce a certain degree of

immune rejection, which can reduce the success rate and survival

rate of cell transplantation, reduce the therapeutic effect and even

cause immune injury. The microencapsulated cell technology has

good biocompatibility, can exert immune barrier and anti-

inflammatory effects, increase the survival rate of transplanted

cells, and contribute to the therapeutic effect of transplanted cells

in the field of treatment (104–106). We previously explored the

effect of transplantation of microencapsulated OECs into sciatic

nerve injury in pain relief. The results showed that compared with

OECs alone, microencapsulated OECs could bitter promote the

myelination of sciatic nerve and relieve pain (107, 108). Although

this technique has been recognized by researchers and feasible in

the basic field, but clinical trials based on cell encapsulation have

not produced any approved treatments. Progress in this area has

been slow, in part because of the complexity of technology and

possible uncertain risk factors such as biodegradability, toxicity and

metabolism. Therefore, exploring a safe and feasible method to

reduce the immune response and inflammatory response of OECs

transplantation into the host, and improve the survival rate and

survival time may improve the therapeutic effect.

The fourth problem is that the methods of OECs

transplantation into the body including intracranial injection,

intramedullary injection and intravenous injection. Different

transplantation methods will produce different therapeutic effects.

At present, there is no tracking method to determine whether the

transplanted cells can accurately locate and gather in the injured

site, especially for vein transplantation or subarachnoid

transplantation, the cells will disperse and move in the blood or

brain effusion. It is possible that only a few transplanted cells will be

colonized in the trauma site, which will significantly reduce the

therapeutic effect and increase other additional potential risks. We
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believe that using image guidance, puncture or minimally invasive

surgery to accurately implant cells into the injured site or the site

that needs treatment may be the best solution at present. In

addition, different doses and time of transplantation of OECs

have different effects. At present, there is no unified application

standard for the best time and quantity of cell transplantation.

The fifth challenge is that for peripheral neurodegenerative diseases,

OECs transplantation can protect injured neurons, promote axonal

regeneration and repair injured nerves by secreting neurotrophic

factors. However, these factors such as BDNF and NGF can also be

used as pain-related molecules (11, 47). It may lead to pathological pain

in the process of repairing injured nerve. Therefore, it is necessary to fully

understand the characteristics of transplanted cells and the specific

mechanism by which transplanted cells mediate secretory factors to

regulate nerve injury.

Although cell transplantation is a promising choice in current

and future clinical applications, the natural limitations of cell source

and in vitro expansion are still the main challenges to the

development of autologous cell transplantation. This difficulty

may be overcome by immortalizing primary cells, allowing

unlimited expansion and reprogramming of somatic cells to

produce a large number of induced pluripotent stem cells.

Although cell transplantation therapy is in the primary stage of

exploration, there are many uncertain factors and many problems

that need to be solved, but these will not prevent researchers from

carrying out in-depth exploration and intensified work.
5 Conclusion

The pathological mechanism of neurological diseases is

complex, and treatment has always been a thorny problem at

present, but the clinical effect of traditional medicine is not good,

and even has devastating sequelae. The development of a cell-based

therapy for the treatment of neurological diseases is a prospective

exploratory method. As many studies have shown, considerable

progress has been made in the direction of cell therapy. OECs are

characterized by their unique biological characteristics, lifelong

survival and continuous renewal, and play a favorable role in

nerve regeneration and tissue repair. The possible mechanisms of

OECs in the treatment of neurological diseases include the secretion

of neurotrophic factors, immune regulation, axonal regeneration,

myelination and neuroprotection, thus improving and delaying the

progress of neurological diseases. However, the results obtained in
Frontiers in Immunology 10
clinical trials are not very satisfactory, and the effectiveness of these

cell-based therapies remains to be proved by more studies. Before

OECs may be used in clinical trials to treat neurological diseases,

many existing problems need to be solved, and more in-depth

studies on the practical application of cell therapy strategies are

needed. Despite these unresolved issues, with the continuous efforts

of researchers, the cell transplantation strategy is expected to be

successfully applied to clinical treatment in the future.
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Transplantation of olfactory ensheathing cells to evaluate functional recovery after
peripheral nerve injury. J Vis Exp (2014) 84):e50590. doi: 10.3791/50590

18. Guérout N, Derambure C, Drouot L, Bon-Mardion N, Duclos C, Boyer O, et al.
Comparative gene expression profiling of olfactory ensheathing cells from olfactory
bulb and olfactory mucosa. Glia. (2010) 58(13):1570–80. doi: 10.1002/glia.21030

19. Paviot A, Guérout N, Bon-Mardion N, Duclos C, Jean L, Boyer O, et al. Efficiency
of laryngeal motor nerve repair is greater with bulbar than with mucosal olfactory
ensheathing cells. Neurobiol Dis (2011) 41(3):688–94. doi: 10.1016/j.nbd.2010.12.004

20. Lan YX, Yang P, Zeng Z, Yadav N, Zhang LJ, Wang LB, et al. Gene and protein
expression profiles of olfactory ensheathing cells from olfactory bulb versus olfactory
mucosa. Neural Regener Res (2022) 17(2):440–9. doi: 10.4103/1673-5374.317986

21. Reshamwala R, Shah M, St John J, Ekberg J. Survival and integration of
transplanted olfactory ensheathing cells are crucial for spinal cord injury repair:
insights from the last 10 years of animal model studies. Cell Transplant. (2019) 28
(1_suppl):132S–59S. doi: 10.1177/0963689719883823

22. Barton MJ, John JS, Clarke M, Wright A, Ekberg J. The glia response after
peripheral nerve injury: A comparison between schwann cells and olfactory
ensheathing cells and their uses for neural regenerative therapies. Int J Mol Sci
(2017) 18(2):287. doi: 10.3390/ijms18020287

23. Nazareth L, Lineburg KE, Chuah MI, Tello Velasquez J, Chehrehasa F, St John
JA, et al. Olfactory ensheathing cells are the main phagocytic cells that remove axon
debris during early development of the olfactory system. J Comp Neurol (2015) 523
(3):479–94. doi: 10.1002/cne.23694

24. Amaya DA, Wegner M, Stolt CC, Chehrehasa F, Ekberg JA, St John JA. Radial
glia phagocytose axonal debris from degenerating overextending axons in the
developing olfactory bulb. J Comp Neurol (2015) 523(2):183–96. doi: 10.1002/
cne.23665

25. Min Q, Parkinson DB, Dun XP. Migrating Schwann cells direct axon
regeneration within the peripheral nerve bridge. Glia. (2021) 69(2):235–54. doi:
10.1002/glia.23892

26. Radtke C, Kocsis JD. Peripheral nerve injuries and transplantation of olfactory
ensheathing cells for axonal regeneration and remyelination: fact or fiction? Int J Mol
Sci (2012) 13(10):12911–24. doi: 10.3390/ijms131012911

27. Chen JF, Liu K, Hu B, Li RR, Xin W, Chen H, et al. Enhancing myelin renewal
reverses cognitive dysfunction in a murine model of Alzheimer's disease. Neuron.
(2021) 109(14):2292–2307.e5. doi: 10.1016/j.neuron.2021.05.012

28. Su Z, Chen J, Qiu Y, Yuan Y, Zhu F, Zhu Y, et al. Olfactory ensheathing cells: the
primary innate immunocytes in the olfactory pathway to engulf apoptotic olfactory
nerve debris. Glia. (2013) 61(4):490–503. doi: 10.1002/glia.22450

29. He BR, Xie ST, Wu MM, Hao DJ, Yang H. Phagocytic removal of neuronal
debris by olfactory ensheathing cells enhances neuronal survival and neurite outgrowth
via p38MAPK activity.Mol Neurobiol (2014) 49(3):1501–12. doi: 10.1007/s12035-013-
8588-2

30. Khankan RR, Griffis KG, Haggerty-Skeans JR, Zhong H, Roy RR, Edgerton VR,
et al. Olfactory ensheathing cell transplantation after a complete spinal cord transection
Frontiers in Immunology 11
mediates neuroprotective and immunomodulatory mechanisms to facilitate
regeneration. J Neurosci (2016) 36(23):6269–86. doi: 10.1523/JNEUROSCI.0085-
16.2016

31. Roet KC, Verhaagen J. Understanding the neural repair-promoting properties of
olfactory ensheathing cells. Exp Neurol (2014) 261:594–609. doi: 10.1016/
j.expneurol.2014.05.007

32. Grassi S, Giussani P, Mauri L, Prioni S, Sonnino S, Prinetti A. Lipid rafts and
neurodegeneration: structural and functional roles in physiologic aging and
neurodegenerative diseases. J Lipid Res (2020) 61(5):636–54. doi: 10.1194/
jlr.TR119000427

33. Campos FSO, Piña-Rodrigues FM, Reis A, Atella GC, Mermelstein CS, Allodi S,
et al. Lipid rafts from olfactory ensheathing cells: molecular composition and possible
roles. Cell Mol Neurobiol (2021) 41(3):525–36. doi: 10.1007/s10571-020-00869-4

34. Santos-Silva A, Piña-Rodrigues FM, Mermelstein CDS, Allodi S, Barradas PC,
Cavalcante LA. A role for gangliosides and b1-integrin in the motility of olfactory
ensheathing glia. J Anat. (2019) 235(5):977–83. doi: 10.1111/joa.13057

35. Li Y, Huo S, Fang Y, Zou T, Gu X, Tao Q, et al. ROCK inhibitor Y27632 induced
morphological shift and enhanced neurite outgrowth-promoting property of olfactory
ensheathing cells via YAP-dependent up-regulation of L1-CAM. Front Cell Neurosci
(2018) 12:489. doi: 10.3389/fncel.2018.00489

36. Hao DJ, Liu C, Zhang L, Chen B, Zhang Q, Zhang R, et al. Lipopolysaccharide
and curcumin co-stimulation potentiates olfactory ensheathing cell phagocytosis via
enhancing their activation. Neurotherapeutics. (2017) 14(2):502–18. doi: 10.1007/
s13311-016-0485-8

37. Nazareth L, Shelper TB, Chacko A, Basu S, Delbaz A, Lee JYP, et al. Key
differences between olfactory ensheathing cells and Schwann cells regarding
phagocytosis of necrotic cells: implications for transplantation therapies. Sci Rep
(2020) 10(1):18936. doi: 10.1038/s41598-020-75850-8

38. Witheford M, Westendorf K, Roskams AJ. Olfactory ensheathing cells promote
corticospinal axonal outgrowth by a L1 CAM-dependent mechanism. Glia. (2013) 61
(11):1873–89. doi: 10.1002/glia.22564

39. Gu M, Gao Z, Li X, Guo L, Lu T, Li Y, et al. Conditioned medium of olfactory
ensheathing cells promotes the functional recovery and axonal regeneration after
contusive spinal cord injury. Brain Res (2017) 1654(Pt A):43–54. doi: 10.1016/
j.brainres.2016.10.023

40. Tu YK, Hsueh YH. Extracellular vesicles isolated from human olfactory
ensheathing cells enhance the viability of neural progenitor cells. Neurol Res (2020)
42(11):959–67. doi: 10.1080/01616412.2020.1794371

41. Chen Z, Fan H, Chen ZY, Jiang C, Feng MZ, Guo XY, et al. OECs prevented
neuronal cells from apoptosis partially through exosome-derived BDNF. J Mol Neurosci
(2022) 72(12):2497–506. doi: 10.1007/s12031-022-02097-5

42. Fan H, Chen Z, Tang HB, Shan LQ, Chen ZY, Wang XH, et al. Exosomes derived
from olfactory ensheathing cells provided neuroprotection for spinal cord injury by
switching the phenotype of macrophages/microglia. Bioeng Transl Med (2021) 7(2):
e10287. doi: 10.1002/btm2.10287

43. Liao YZ, Ma J, Dou JZ. The role of TDP-43 in neurodegenerative disease. Mol
Neurobiol (2022) 59(7):4223–41. doi: 10.1007/s12035-022-02847-x

44. Fayazi N, Sheykhhasan M, Soleimani Asl S, Najafi R. Stem cell-derived
exosomes: a new strategy of neurodegenerative disease treatment. Mol Neurobiol
(2021) 58(7):3494–514. doi: 10.1007/s12035-021-02324-x

45. Assinck P, Duncan GJ, Hilton BJ, Plemel JR, Tetzlaff W. Cell transplantation
therapy for spinal cord injury. Nat Neurosci (2017) 20(5):637–47. doi: 10.1038/nn.4541

46. Gilmour AD, Reshamwala R, Wright AA, Ekberg JAK, St John JA. Optimizing
olfactory ensheathing cell transplantation for spinal cord injury repair. J Neurotrauma.
(2020) 37(5):817–29. doi: 10.1089/neu.2019.6939

47. Zhang WJ, Wu CL, Liu JP. Schwann cells as a target cell for the treatment of
cancer pain. Glia. (2023) 71(10):2309–22. doi: 10.1002/glia.24391

48. Lunn JS, Sakowski SA, Hur J, Feldman EL. Stem cell technology for
neurodegenerative diseases. Ann Neurol (2011) 70(3):353–61. doi: 10.1002/ana.22487

49. Dantuma E, Merchant S, Sugaya K. Stem cells for the treatment of
neurodegenerative diseases. Stem Cell Res Ther (2010) 1(5):37. doi: 10.1186/scrt37

50. Weller J, Budson A. Current understanding of Alzheimer's disease diagnosis
and treatment. F1000Res (2018) 7:F1000Faculty Rev–1161. doi: 10.12688/
f1000research.14506.1

51. Peng J, Zeng X. The role of induced pluripotent stem cells in regenerative
medicine: neurodegenerative diseases. Stem Cell Res Ther (2011) 2(4):32. doi: 10.1186/
scrt73

52. Bertram L, Tanzi RE. Thirty years of Alzheimer's disease genetics: the
implications of systematic meta-analyses. Nat Rev Neurosci (2008) 9(10):768–78. doi:
10.1038/nrn2494

53. Fu QQ, Wei L, Sierra J, Cheng JZ, Moreno-Flores MT, You H, et al. Olfactory
ensheathing cell-conditioned medium reverts Ab25-35-induced oxidative damage in
SH-SY5Y cells by modulating the mitochondria-mediated apoptotic pathway. Cell Mol
Neurobiol (2017) 37(6):1043–54. doi: 10.1007/s10571-016-0437-1

54. Chiu SC, Hung HS, Lin SZ, Chiang E, Liu DD. Therapeutic potential of olfactory
ensheathing cells in neurodegenerative diseases. J Mol Med (Berl). (2009) 87(12):1179–
89. doi: 10.1007/s00109-009-0528-2
frontiersin.org

https://doi.org/10.1111/cns.13813
https://doi.org/10.1016/j.bjorl.2018.07.006
https://doi.org/10.1159/000330895
https://doi.org/10.3390/neuroglia3010001
https://doi.org/10.3389/fcell.2023.1147242
https://doi.org/10.3389/fcell.2023.1147242
https://doi.org/10.1089/neu.2006.23.468
https://doi.org/10.1017/S1740925X05000037
https://doi.org/10.1097/WNR.0000000000001839
https://doi.org/10.1007/BF01206454
https://doi.org/10.1111/j.1749-6632.1985.tb20802.x
https://doi.org/10.1111/j.1749-6632.1985.tb20802.x
https://doi.org/10.3791/50590
https://doi.org/10.1002/glia.21030
https://doi.org/10.1016/j.nbd.2010.12.004
https://doi.org/10.4103/1673-5374.317986
https://doi.org/10.1177/0963689719883823
https://doi.org/10.3390/ijms18020287
https://doi.org/10.1002/cne.23694
https://doi.org/10.1002/cne.23665
https://doi.org/10.1002/cne.23665
https://doi.org/10.1002/glia.23892
https://doi.org/10.3390/ijms131012911
https://doi.org/10.1016/j.neuron.2021.05.012
https://doi.org/10.1002/glia.22450
https://doi.org/10.1007/s12035-013-8588-2
https://doi.org/10.1007/s12035-013-8588-2
https://doi.org/10.1523/JNEUROSCI.0085-16.2016
https://doi.org/10.1523/JNEUROSCI.0085-16.2016
https://doi.org/10.1016/j.expneurol.2014.05.007
https://doi.org/10.1016/j.expneurol.2014.05.007
https://doi.org/10.1194/jlr.TR119000427
https://doi.org/10.1194/jlr.TR119000427
https://doi.org/10.1007/s10571-020-00869-4
https://doi.org/10.1111/joa.13057
https://doi.org/10.3389/fncel.2018.00489
https://doi.org/10.1007/s13311-016-0485-8
https://doi.org/10.1007/s13311-016-0485-8
https://doi.org/10.1038/s41598-020-75850-8
https://doi.org/10.1002/glia.22564
https://doi.org/10.1016/j.brainres.2016.10.023
https://doi.org/10.1016/j.brainres.2016.10.023
https://doi.org/10.1080/01616412.2020.1794371
https://doi.org/10.1007/s12031-022-02097-5
https://doi.org/10.1002/btm2.10287
https://doi.org/10.1007/s12035-022-02847-x
https://doi.org/10.1007/s12035-021-02324-x
https://doi.org/10.1038/nn.4541
https://doi.org/10.1089/neu.2019.6939
https://doi.org/10.1002/glia.24391
https://doi.org/10.1002/ana.22487
https://doi.org/10.1186/scrt37
https://doi.org/10.12688/f1000research.14506.1
https://doi.org/10.12688/f1000research.14506.1
https://doi.org/10.1186/scrt73
https://doi.org/10.1186/scrt73
https://doi.org/10.1038/nrn2494
https://doi.org/10.1007/s10571-016-0437-1
https://doi.org/10.1007/s00109-009-0528-2
https://doi.org/10.3389/fimmu.2023.1280186
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2023.1280186
55. Campisi A, Sposito G, Grasso R, Bisicchia J, Spatuzza M, Raciti G, et al. Effect of
astaxanthin on tissue transglutaminase and cytoskeletal protein expression in amyloid-
beta stressed olfactory ensheathing cells: molecular and delayed luminescence studies.
Antioxidants (Basel). (2023) 12(3):750. doi: 10.3390/antiox12030750

56. Pellitteri R, Bonfanti R, Spatuzza M, Cambria MT, Ferrara M, Raciti G, et al.
Effect of some growth factors on tissue transglutaminase overexpression induced by b-
amyloid in olfactory ensheathing cells. Mol Neurobiol (2017) 54(9):6785–94. doi:
10.1007/s12035-016-0152-4

57. Dauer W, Przedborski S. Parkinson's disease: mechanisms and models. Neuron.
(2003) 39(6):889–909. doi: 10.1016/S0896-6273(03)00568-3

58. Raza C, Anjum R, Shakeel NUA. Parkinson's disease: Mechanisms, translational
models and management strategies. Life Sci (2019) 226:77–90. doi: 10.1016/
j.lfs.2019.03.057

59. Agrawal AK, Shukla S, Chaturvedi RK, Seth K, Srivastava N, Ahmad A, et al.
Olfactory ensheathing cell transplantation restores functional deficits in rat model of
Parkinson's disease: a cotransplantation approach with fetal ventral mesencephalic
cells. Neurobiol Dis (2004) 16(3):516–26. doi: 10.1016/j.nbd.2004.04.014

60. Weng SJ, Chen CF, Huang YS, Chiu CH, Wu SC, Lin CY, et al. Olfactory
ensheathing cells improve the survival of porcine neural xenografts in a Parkinsonian
rat model. Xenotransplantation. (2020) 27(2):e12569. doi: 10.1111/xen.12569

61. Weng SJ, Li IH, Huang YS, Chueh SH, Chou TK, Huang SY, et al. KA-bridged
transplantation of mesencephalic tissue and olfactory ensheathing cells in a Parkinsonian
rat model. J Tissue Eng Regener Med (2017) 11(7):2024–33. doi: 10.1002/term.2098

62. Liu Q, Qin Q, Sun H, Zhong D, An R, Tian Y, et al. Neuroprotective effect of
olfactory ensheathing cells co-transfected with Nurr1 and Ngn2 in both in vitro and in
vivo models of Parkinson's disease. Life Sci (2018) 194:168–76. doi: 10.1016/
j.lfs.2017.12.038

63. Shukla A, Mohapatra TM, Parmar D, Seth K. Neuroprotective potentials of
neurotrophin rich olfactory ensheathing cell's conditioned media against 6OHDA-
induced oxidative damage. Free Radic Res (2014) 48(5):560–71. doi: 10.3109/
10715762.2014.894636

64. Johansson S, Lee IH, Olson L, Spenger C. Olfactory ensheathing glial co-grafts
improve functional recovery in rats with 6-OHDA lesions. Brain (2005) 128(Pt
12):2961–76. doi: 10.1093/brain/awh644

65. Shukla S, Chaturvedi RK, Seth K, Roy NS, Agrawal AK. Enhanced survival and
function of neural stem cells-derived dopaminergic neurons under influence of
olfactory ensheathing cells in parkinsonian rats. J Neurochem (2009) 109(2):436–51.
doi: 10.1111/j.1471-4159.2009.05983.x

66. Barnat M, Capizzi M, Aparicio E, Boluda S, Wennagel D, Kacher R, et al.
Huntington's disease alters human neurodevelopment. Science. (2020) 369(6505):787–
93. doi: 10.1126/science.aax3338

67. Virlogeux A, Scaramuzzino C, Lenoir S, Carpentier R, Louessard M, Genoux A,
et al. Increasing brain palmitoylation rescues behavior and neuropathology in
Huntington disease mice. Sci Adv (2021) 7(14):eabb0799. doi: 10.1126/sciadv.abb0799

68. Waldvogel HJ, Kim EH, Tippett LJ, Vonsattel JP, Faull RL. The neuropathology
of huntington's disease. Curr Top Behav Neurosci (2015) 22:33–80. doi: 10.1007/
7854_2014_354

69. Ross CA, Tabrizi SJ. Huntington's disease: from molecular pathogenesis to
clinical treatment. Lancet Neurol (2011) 10(1):83–98. doi: 10.1016/S1474-4422(10)
70245-3

70. Hong EP, MacDonald ME, Wheeler VC, Jones L, Holmans P, Orth M, et al.
Huntington's disease pathogenesis: two sequential components. J Huntingtons Dis
(2021) 10(1):35–51. doi: 10.3233/JHD-200427

71. De Gioia R, Biella F, Citterio G, Rizzo F, Abati E, Nizzardo M, et al. Neural stem
cell transplantation for neurodegenerative diseases. Int J Mol Sci (2020) 21(9):3103.
doi: 10.3390/ijms21093103

72. Kim SU, Lee HJ, Kim YB. Neural stem cell-based treatment for
neurodegenerative diseases. Neuropathology. (2013) 33(5):491–504. doi: 10.1111/
neup.12020

73. D'Aiuto L, Zhi Y, Kumar Das D, Wilcox MR, Johnson JW, McClain L, et al.
Large-scale generation of human iPSC-derived neural stem cells/early neural
progenitor cells and their neuronal differentiation. Organogenesis. (2014) 10(4):365–
77. doi: 10.1080/15476278.2015.1011921

74. Aubry L, Bugi A, Lefort N, Rousseau F, Peschanski M, Perrier AL. Striatal
progenitors derived from human ES cells mature into DARPP32 neurons in vitro and
in quinolinic acid-lesioned rats. Proc Natl Acad Sci U S A. (2008) 105(43):16707–12.
doi: 10.1073/pnas.0808488105

75. Cho IK, Hunter CE, Ye S, Pongos AL, Chan AWS. Combination of stem cell and
gene therapy ameliorates symptoms in Huntington's disease mice. NPJ Regener Med
(2019) 4:7. doi: 10.1038/s41536-019-0066-7

76. Pasinelli P, Brown RH. Molecular biology of amyotrophic lateral sclerosis:
insights from genetics. Nat Rev Neurosci (2006) 7(9):710–23. doi: 10.1038/nrn1971

77. Norris SP, Likanje MN, Andrews JA. Amyotrophic lateral sclerosis: update on
clinical management. Curr Opin Neurol (2020) 33(5):641–8. doi: 10.1097/
WCO.0000000000000864

78. Iguchi Y, Katsuno M, Ikenaka K, Ishigaki S, Sobue G. Amyotrophic lateral
sclerosis: an update on recent genetic insights. J Neurol (2013) 260(11):2917–27. doi:
10.1007/s00415-013-7112-y
Frontiers in Immunology 12
79. De Marchi F, Mareschi K, Ferrero I, Cantello R, Fagioli F, Mazzini L. Effect of
mesenchymal stromal cell transplantation on long-term survival in amyotrophic lateral
sclerosis. Cytotherapy. (2023) 25(8):798–802. doi: 10.1016/j.jcyt.2023.02.005

80. Wang J, Hu W, Feng Z, Feng M. BDNF-overexpressing human umbilical cord
mesenchymal stem cell-derived motor neurons improve motor function and prolong
survival in amyotrophic lateral sclerosis mice. Neurol Res (2021) 43(3):199–209. doi:
10.1080/01616412.2020.1834775

81. Gowing G, Svendsen CN. Stem cell transplantation for motor neuron disease:
current approaches and future perspectives. Neurotherapeutics. (2011) 8(4):591–606.
doi: 10.1007/s13311-011-0068-7

82. Chen L, Huang H, Zhang J, Zhang F, Liu Y, Xi H, et al. Short-term outcome of
olfactory ensheathing cells transplantation for treatment of amyotrophic lateral
sclerosis. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi. (2007) 21(9):961–6.

83. Martin LJ, Liu Z. Adult olfactory bulb neural precursor cell grafts provide
temporary protection from motor neuron degeneration, improve motor function, and
extend survival in amyotrophic lateral sclerosis mice. J Neuropathol Exp Neurol (2007)
66(11):1002–18. doi: 10.1097/nen.0b013e318158822b

84. Li Y, Bao J, Khatibi NH, Chen L, Wang H, Duan Y, et al. Olfactory ensheathing
cell transplantation into spinal cord prolongs the survival of mutant SOD1(G93A) ALS
rats through neuroprotection and remyelination. Anat Rec (Hoboken). (2011) 294
(5):847–57. doi: 10.1002/ar.21362

85. Li Y, Chen L, Zhao Y, Bao J, Xiao J, Liu J, et al. Intracranial transplant of olfactory
ensheathing cells can protect both upper and lower motor neurons in amyotrophic
lateral sclerosis. Cell Transplant. (2013) 22 Suppl 1:S51–65. doi: 10.3727/
096368913X672208

86. Kubiak CA, Grochmal J, Kung TA, Cederna PS, Midha R, Kemp SWP. Stem-
cell-based therapies to enhance peripheral nerve regeneration.Muscle Nerve. (2020) 61
(4):449–59. doi: 10.1002/mus.26760

87. Yang H, He BR, Hao DJ. Biological roles of olfactory ensheathing cells in
facilitating neural regeneration: a systematic review. Mol Neurobiol (2015) 51(1):168–
79. doi: 10.1007/s12035-014-8664-2

88. Radtke C, Wewetzer K, Reimers K, Vogt PM. Transplantation of olfactory
ensheathing cells as adjunct cell therapy for peripheral nerve injury. Cell Transplant.
(2011) 20(2):145–52. doi: 10.3727/096368910X522081

89. Radtke C, Aizer AA, Agulian SK, Lankford KL, Vogt PM, Kocsis JD.
Transplantation of olfactory ensheathing cells enhances peripheral nerve
regeneration after microsurgical nerve repair. Brain Res (2009) 1254:10–7. doi:
10.1016/j.brainres.2008.11.036

90. Lee JY, Kim YH, Kim BY, Jang DH, Choi SW, Joen SH, et al. Peripheral nerve
regeneration using a nerve conduit with olfactory ensheathing cells in a rat model.
Tissue Eng Regener Med (2021) 18(3):453–65. doi: 10.1007/s13770-020-00326-9

91. Li BC, Jiao SS, Xu C, You H, Chen JM. PLGA conduit seeded with olfactory
ensheathing cells for bridging sciatic nerve defect of rats. J BioMed Mater Res A. (2010)
94(3):769–80. doi: 10.1002/jbm.a.32727

92. Zhang Y, Wang WT, Gong CR, Li C, Shi M. Combination of olfactory
ensheathing cells and human umbilical cord mesenchymal stem cell-derived
exosomes promotes sciatic nerve regeneration. Neural Regener Res (2020) 15
(10):1903–11. doi: 10.4103/1673-5374.280330

93. You H, Wei L, Liu Y, Oudega M, Jiao SS, Feng SN, et al. Olfactory ensheathing
cells enhance Schwann cell-mediated anatomical and functional repair after sciatic
nerve injury in adult rats. Exp Neurol (2011) 229(1):158–67. doi: 10.1016/
j.expneurol.2010.08.034

94. Ulrich R, Imbschweiler I, Kalkuhl A, Lehmbecker A, Ziege S, Kegler K, et al.
Transcriptional profiling predicts overwhelming homology of Schwann cells, olfactory
ensheathing cells, and Schwann cell-like glia.Glia. (2014) 62(10):1559–81. doi: 10.1002/
glia.22700

95. Stanzione P, Tropepi D. Drugs and clinical trials in neurodegenerative diseases.
Ann Ist Super Sanita. (2011) 47(1):49–54. doi: 10.4415/ANN_11_01_11

96. Huang H, Chen L, Xi H, Wang H, Zhang J, Zhang F, et al. Fetal olfactory
ensheathing cells transplantation in amyotrophic lateral sclerosis patients: a controlled
pilot study. Clin Transplant. (2008) 22(6):710–8. doi: 10.1111/j.1399-
0012.2008.00865.x

97. Giordana MT, Grifoni S, Votta B, Magistrello M, Vercellino M, Pellerino A, et al.
Neuropathology of olfactory ensheathing cell transplantation into the brain of two
amyotrophic lateral sclerosis (ALS) patients. Brain Pathol (2010) 20(4):730–7. doi:
10.1111/j.1750-3639.2009.00353.x

98. Gamez J, Carmona F, Raguer N, Ferrer-Sancho J, Martıń-Henao GA,Martı-́Beltrán
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