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Abstract
Injury to the peripheral nerve causes potential loss of sensory and motor functions, and peripheral nerve repair (PNR) 
remains a challenging endeavor. The current clinical methods of nerve repair, such as direct suture, autografts, and acellular 
nerve grafts (ANGs), exhibit their respective disadvantages like nerve tension, donor site morbidity, size mismatch, and 
immunogenicity. Even though commercially available nerve guidance conduits (NGCs) have demonstrated some clinical 
successes, the overall clinical outcome is still suboptimal, especially for nerve injuries with a large gap (≥ 3 cm) due to the 
lack of biologics. In the last two decades, the combination of advanced tissue engineering technologies, stem cell biology, 
and biomaterial science has significantly advanced the generation of a new generation of NGCs incorporated with biologi-
cal factors or supportive cells, including mesenchymal stem cells (MSCs), which hold great promise to enhance peripheral 
nerve repair/regeneration (PNR). Orofacial MSCs are emerging as a unique source of MSCs for PNR due to their neural 
crest-origin and easy accessibility. In this narrative review, we have provided an update on the pathophysiology of periph-
eral nerve injury and the properties and biological functions of orofacial MSCs. Then we have highlighted the application 
of orofacial MSCs in tissue engineering nerve guidance for PNR in various preclinical models and the potential challenges 
and future directions in this field.
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Abbreviations
MSC  mesenchymal stem cells
BMSC  bone marrow-derived mesenchymal stem cells
ADSC  adipose derived stem ells
NGC  nerve guidance conduit
PNI  peripheral nerve injury
PNR  peripheral nerve repair/regeneration
DPSC  dental pulp stem cell
SHED  exfoliated deciduous teeth derived stem cell

SCAP  apical papilla derived stem cells
TGSC  tooth germ derived stem cell
PDLSCs  periodontal ligament stem cells
GMSCs  gingiva-derived mesenchymal stem cells
DFSCs  dental follicle stem cells
CNS  central nervous system
PNS  peripheral nervous system
SC  Schwann cell
NC  neural crest
NCSC  neural crest derived stem cell
CFU-F  fibroblast-like colony-forming units
TE/RM  tissue engineering/regenerative medicine
TENGs  tissue engineered nerve grafts
EngNT  engineered neural tissues

Introduction

Peripheral nerve injury (PNI) quickly becomes permanent if 
immediate action for repair is not taken, occurring in around 
2.8% of trauma patients in which the natural peripheral nerve 
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repair (PNR) process exhibits poor results [9, 111]. Accord-
ing to the statistics from the whole year of 2014, the average 
cost of nerve injury repair for patients is about $5779 US 
dollars, with digital nerve damage being the most expen-
sive at an average of $8931 US dollars [105]. Therefore, 
due to the long-term disability, subsequent sick-leave and 
permanent disability pension, PNI has a significant impact 
on health care costs.

The type and severity of PNI usually determine the treat-
ment modalities, either non-surgical or surgical treatment. A 
mild injury, such as neurapraxia, may be able to heal natu-
rally or completely be treated by non-operative means, while 
neurotmesis and the resulting nerve gap usually requires sur-
gical techniques to repair via direct end-to-end coaptation 
or bridging the gap defect with nerve grafts [42]. Currently, 
nerve autograft remains to be the “gold-standard care” 
for severe PNI treatment because it provides native ECM, 
autologous Schwann cells and growth factors to promote 
and sustain nerve regeneration [85]. However, several disad-
vantages exist for nerve autografts, including limited avail-
ability, mismatch of the donor nerve, donor site morbidity 
and possible complications like neuroma. Therefore, there 
is an increasing clinical demand of generation and commer-
cialization of acellularized allografts and tissue-engineered 
nerve guidance conduits (NGCs) [76, 85, 110].

In recent years, the progress in stem cell biology, bioma-
terial science, and tissue engineering technologies have shed 
light on the development of cell-based NGCs as potential 
alternatives for nerve autografts. Due to their critical roles 
in nerve regeneration, primary Schwann cells harvested from 
nerve tissues are considered the optimal source of support-
ing cells for generation of engineered NGCs. However, har-
vesting, isolating, and expanding Schwann cells face similar 
challenges and shortcomings as harvesting nerve autografts 
[8, 35, 99], Mesenchymal stem/stromal cells (MSCs), a 
unique subpopulation of adult stem cells, have been identi-
fied and isolated from almost all tissues of the body, e.g. 
bone marrow, adipose and umbilical cord tissues, etc., and 

are emerging as a good source of stem cells for nerve regen-
eration due to their self-renewal, multipotent differentiation, 
and immunomodulatory capabilities [6, 7, 12, 35]. MSC 
have also been identified and isolated from various dental 
and orofacial tissues, such as dental pulp (DPSC), periodon-
tal ligament (PDLSC), gingiva/oral mucosa (GMSC), and 
dental follicle (DFSC). These orofacial/dental MSCs possess 
similar phenotypical and functional properties, e. g. self-
renewal, multipotency and immunomodulatory effects, to 
other sources of MSCs, but have a unique neural crest origin 
and propensity to differentiate into neural cells, particularly, 
Schwann-like cells, making them a superior source of MSCs 
for nerve regeneration [64, 112, 113]. To date, the incorpora-
tion of MSCs in various types of bio-engineered tissue and 
scaffolds has shown great promise for the development of 
the new generation of functionalized NGCs with potential 
application in clinic [16, 22, 36]. In this review article, we 
focus on the recent progress in orofacial MSC-based tissue 
engineering for PNR.

Anatomy and Physiology

The examination of the anatomy and physiology of the 
peripheral nerve will show the parallel between its structure 
and the layers within an ideal conduit design and demon-
strate the necessity for biomimetics (Fig. 1).

Axon

The axon conducts signals from the cell body to the axon 
terminal, the signal traveling to the next neuron’s dendrites 
or the target organ’s effector cells via neurotransmitters. 
Axons are unmyelinated in the CNS and myelinated in the 
PNS, each myelin sheath separated by a node of Ranvier for 
conducting saltatory conduction, allowing nerve impulses to 
jump from one node of Ranvier to the next [17].

Fig. 1  Anatomy of the periph-
eral nerve
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Endoneurium

Surrounding the axons is the endoneurium which contains 
micro-capillaries and vessel networks to provide nutrients 
to the cells inside, and this layer is fragile and suscepti-
ble to trauma damage [59]. The endoneurium supports 
the Schwann cells (SC) that produces the myelin sheath, 
degrades the degenerated axons, cells, and debris during 
PNR, and create the “track” called the Bands of Büngner 
for the regenerating axon to grow along [40, 67].

Perineurium and the Fascicles

Made of layers of perineurial cells and collagen, the peri-
neurium maintains endoneurial fluid homeostasis, the fluid 
surrounding the myelinated and unmyelinated nerve fibers 
inside [100]. The fluid is also a blood-nerve barrier and 
gives the nerve a degree of elasticity with the endoneurium 
[78]. The perineurium surrounds the fascicles which are 
bundles composed of axons, Schwann cells, endoneurium, 
and related cells and structures [78]. These bundles form the 
fascicular plexus that rapidly changes in the cross-sectional 
topography traveling along the nerve due to division and 
union of fascicles [51]. Because of the frequently changing 
topography, fascicular structure becomes critical in periph-
eral nerve biomimetics. Techniques such as micro-CT and 
micro-MRI create 3D images of the damaged nerve to pro-
vide a guide for accurate nerve conduit designs, streamlin-
ing the method for creating NGCs with high-resolution and 
accurate fascicular matching [118, 119, 133].

Epineurium

The epineurium is the most outer layer of the peripheral 
nerve, made of two layers: the inner epifascicular epineu-
rium, the loose connective tissue layer that directly sur-
rounds the fascicles, and the outer epineurial epineurium, 
the outside sheath [100]. The epineurium has nutrient blood 
vessels on the surface and serves as a crucial shock absorber 
for the nerve to dissipate the forces of impact [102].

Pathophysiology of Peripheral Nerve Injury

The Sunderland Classification ranks injuries from minor to 
major as  1st (neuropraxia) to  5th degree (complete neurotme-
sis) [4]. A detailed display is shown in Fig. 2 (Fig. 2).

Injuries limited to the axon alone are usually self-repaired 
due to the presence of intact endoneurium, perineurium, 
and epineurium serving as the architecture for PNR guid-
ance [78]. Compression injury results in neurapraxia, the 
 1st degree of injury characterized by focal demyelination or 
ischemia resulting from mild compression and nerve traction 

[10]. Thus, the recovery is expected to be via spontaneous 
myelination [5].

Axonotmesis, the  2nd degree of injury, results in damages 
to the axon itself (example: severing of the axon), requiring 
axonal regeneration to replace the damaged sections [102]. 
Invasive surgery may not be required for  1st and  2nd degree 
due to the preservation of the architecture for natural nerve 
regeneration guidance [78].

A  3rd degree of injury represents a more severe type with 
the endoneurium damaged, whereby direct repair may be dif-
ficult. If there is a gap present in the injury site, direct repair-
ing can cause unwanted tension that can disrupt capillaries 
to reduce axonal function. The possibility of tension-derived 
devascularization makes nerve graft a sound alternative [31].

Type 4 injury involves damage to the perineurium along 
with the fascicle, endoneurium, and axons that is more dif-
ficult to treat, requiring invasive surgery to remove scar tis-
sue in the injury area [112, 113]. The difficulty lies in the 
diagnosis as well, involving a “wait-and-see period” over 
3 months when signs of natural injury repair may show in 
Type 2 and 3 injuries. If the natural repair does not show, 
then the injury is likely type 4 or above, but the long “wait-
and-see period” may have decreased the chances of rescuing 
the damaged nerves [78]. Invasive exploration could damage 
the nerve even further.

Epineurium damage indicates the most severe type 
of nerve injury, classified as a  5th degree of injury called 
neurotmesis. The epineurial suture physically connects the 
severed peripheral nerve by aligning the blood vessels that 
are visible on the surface. Although this procedure is mini-
mally invasive to the nerve itself, it may not connect the 
severed inner fascicles, which are important for the guid-
ance of successful axon repair [4]. Tension of the sutured 
epineurial nerve in large gaps is a big drawback due to the 
resulting scarring that can block the regeneration occurring 
at the injury site. To repair these larger gaps, nerve grafts or 
synthesized/engineered nerve guidance conduits (NGCs) are 
appropriate options [9].

A 6th degree nerve injury involves a combination of 
different degrees of nerve injury together on a continuous 
nerve, which may require microsurgery to repair [4].

Natural Nerve Repair: What Happens?

The natural nerve repair process includes three overlapped 
phases: Wallerian degeneration (the clearance of the mye-
lin sheath debris), axonal regeneration, and end-organ 
reinnervation.

After axons are heavily injured, the axonal cytoskel-
eton and the neurofilaments all degrade. This massive 
amount of degeneration sends out signals in response to 
the damage, to alter the glial cell behavior and recruit mac-
rophages to the injury site [30]. Debris from myelin and 
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axonal breakdown can serve as axon regrowth blockers 
and axonal growth inhibitory signals [13]. Upon injury, 
Schwann cells at the site undergo demyelination/dedif-
ferentiation and acquire repair phenotypes characterized 
by increased proliferation, migration, and secretion of 
various factors to recruit macrophages that help with 
the clearance of debris through phagocytosis [134]. The 
resident macrophages also engage in the early phagocy-
tosis of the debris, and then both types of macrophages 
polarize into M1 proinflammatory phenotype contribut-
ing to acute inflammatory response at the injury site [18, 
134]. Later, macrophages transform to the M2 phenotype 
to release soluble factors contributing to axonal regen-
eration and remyelination process. The modulation of the 
macrophages throughout the entire repair process involves 

the regulation of their inflammatory and anti-inflammatory 
responses [134].

After successful debris clearance, the Schwann cells 
migrate to form the Bands of Bunger, the injured axon 
creates a growth cone to begin PNR. Depending on the 
amount of time has passed since the injury, the microen-
vironment that supports the regeneration, and the distance 
the axon has to traverse, axons may successfully recon-
nect with the other axonal stump across the injury site, 
completing the regeneration process Without the continual 
environmental support across the gap and the correct for-
mation of the bands of Bunger, the process of regeneration 
is slow, and the chance of failure remains high [29, 89]. 
This depends on the type of injury as well: types 1 and 
2 both have endoneurium, perineurium and epineurium 

Fig. 2  A schematic representation of increasing levels in severity of 
peripheral nerve injury (PNI). The Sunderland Classification (in red) 
increases from level I to V, level I as a minor, recoverable injury to 

V as a complete sever of the peripheral nerve that requires surgical 
intervention. The Seddon Classification (bottom right) classifies PNI 
into three classes: neurapraxia, axonotmesis, and neurotmesis
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intact, which can provide that structure for regeneration. 
Types 3 or above results in damages to any of the three 
layers, which lowers the probability of successful PNR 
[112, 113].

Orofacial Mesenchymal Stem Cells

Mesenchymal Stem Cells

In the last two decades, much progress has been made in the 
development of various types of biomimetic NGCs by incor-
porating various types of growth factors and/or supporting 
cells for the repair/regeneration of severe PNIs with a large 
gap [106]. Due to their potent self-renewal, multipotent dif-
ferentiation, and immunomodulatory capabilities, MSCs, 
particularly, orofacial tissue-derived MSCs, represent a good 
candidate source of supporting cells for generating the new 
generation of functionalized NGCs [50, 109].

The first type of MSCs to be found was bone marrow 
derived MSCs (BMSCs), which was initially described 
by Friedenstein et al. as the stromal cells characterized by 
self-renewal or fibroblast-like colony-forming units (CFU-
F) [26]. Since then, a similar subpopulation of MSCs has 
been identified and isolated from various parts of the body, 
e. g. adipose and skin etc. [7, 12]. Other sources of MSCs 
include peripheral blood, muscles, and perinatal and fetal 
sources like amniotic fluid, umbilical cord, and placental 
MSCs [6]. The minimum criteria to define MSCs set by the 
International Society for Cellular Therapy (ISCT) included: 
1) the expression of characteristic surface markers like clus-
ter of differentiation (CD)73, CD90, CD105 should be in 
more than 95% of the population, while less than 2% of 
the population is positive for the hematopoietic markers, 
CD14, CD34, CD45, CD79α, CD19, and HLA class II [23, 
74]; 2) Plastic adherence and forming fibroblast-like colony 
unit (CFU-F); 3) multi-lineage differentiation potential into 
mesodermal cell lineages, e. g. osteocytes, chondrocytes, 
and adipocytes [20, 23]. In addition, MSCs should also be 
very flexible in converting from quiescence to proliferation 
and reversing differentiation [12]. MSCs of different ori-
gins may exhibit some different characteristics. For example, 
BMSCs can not only differentiate into mesodermal cell line-
ages (adipogenic, osteogenic, chondrogenic) but also other 
types of cells, e. g. vascular smooth muscle cells, tenocytes, 
and even cells of neuro-ectodermal origins [12]. In addition 
to these properties, it is commonly observed that MSCs from 
different tissues are immunotolerant and have potent pleio-
tropic, immunomodulatory, and anti-inflammatory functions 
through their paracrine secretion of a myriad of bioactive 
factors, making them good candidates in the application in 
tissue engineering/regenerative medicine (TE/RM) [47].

Orofacial MSC: A Unique Cell Population 
with a Neural Crest‑Origin

Origin and Characteristics

Up to date, several distinct types of MSCs have been identi-
fied and isolated from human orofacial tissues, such as den-
tal pulp (DPSCs) [32], exfoliated deciduous teeth (SHED) 
[70], gingiva (GMSCs) [129], apical papilla (SCAPs) 
[98], periodontal ligament (PDLSCs) [91], dental follicle 
(DFSCs) [72], and tooth germ (TGSCs) [114]. Similar to 
other sources of MSCs, orofacial MSCs also possess multi-
potent differentiation and immunomodulatory capabilities 
and express a panel of MSC-related cells surface markers, 
e. g. CD90, CD146, CD73, and STRO-1 [91], but lack the 
expression of hematopoietic cell markers, CD45, CD14, and 
CD34 [23, 32]. Embryonically, neural crest (NC) composed 
of a unique population of ectomesenchymal progenitor cells 
gives rise to various types of body tissues, including most of 
orofacial and cranial tissues [64]. In recent years, a unique 
population of MSCs has been isolated and characterized 
from different NC-derived tissues, called NC-derived MSCs 
[95]. It has been well recognized that orofacial MSCs share a 
common embryonic neural crest-origin and maintain certain 
properties of neural cells, making orofacial tissues a reser-
voir of NC-derived MSCs [112, 113] (Fig. 3).

Neural Differentiation of Orofacial MSCs

Compared to mesoderm-derived MSCs, orofacial MSCs 
constitutively express a relatively high level of neural pro-
genitor markers and neurotrophic factors, such as Nestin, 
S100-beta, GFAP, BDNF, and GDNF, even under standard 
culture conditions [32, 38, 70], and possess intrinsic abil-
ity to differentiate towards neural types of cells due to their 
NC-origins [1, 52, 112, 113, 132]. For instance, DPSCs 
can directly differentiate into neural cells evidenced by 
the expression of neurogenic cell markers and NGF [108]. 
GMSCs have been shown to express Nestin in addition 
to other neural crest stem cell (NCSC)-related genes like 
Twist1, Pax3, Sox9, and FoxD3 [25]. PDLSCs and TGSCs 
are shown to express Nestin and β3-tubulin, suggesting that 
both of them have characteristics of neuro-progenitor cells 
and immature neurons [24, 43]. Under 3D-neural sphere 
culture conditions, most of the orofacial MSCs, including 
DPSC, SHED, GMSCs. SCAPs, PDLSCs, and DFSCs, can 
aggregate into 3D spheroids with increased expression of 
neural crest cell markers, e. g. nestin, GFAP, CD271 and 
SOX-10, and a strong differentiation propensity towards 
neurons and glial cells [46, 71, 79, 94, 126–128]. The neu-
ral differentiation capacity of TGSCs has been shown to be 
unwavering in differentiation quality after cryopreserva-
tion, able to retain its level of pluripotency associated gene 
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expression (i.e. Nanog, Oct4, Sox2) [114]. Taken together, 
these studies support the notion that orofacial MSCs of a 
NC-origin represent a superior source of stem cells for 
cell-based regenerative therapy of PNI due to their intrin-
sic neurogenic potentials [80, 112, 113].

Immunomodulatory Function of Orofacial MSCs

In addition to their multipotent differentiation capabilities, 
MSCs derived from different tissues, including orofacial 
MSCs, possess potent anti-inflammatory and immunomod-
ulatory effects on both innate and adaptive immune cells 

Fig. 3  A schematic of the origins of orofacial mesenchymal stem 
cells (orofacial MSCs) and their neurogenic capabilities. a The devel-
oping nervous system of the embryo. b The formation of the neural 
tube releases migrating neural crest cells. c neural crest cells proceed 
to various differentiation lineages, including neural differentiation, 

which develops into peripheral glial cells and neurons, and odonto-
genic differentiation, which develops into dentition. d The stages of 
tooth development. e The various types of orofacial MSCs found in 
the teeth at different stages of development. f Orofacial MSC charac-
terization and markers of neurogenic capabilities
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through direct cell–cell contact or their secretion of vari-
ous soluble bioactive factors [107]. Upon the activation of 
Toll-like receptors (TLR), DPSCs exert the immunosuppres-
sive effects on lymphocytes by upregulating the production 
of anti-inflammatory cytokines such as IL-10 and TGF-β1 
[107]. They also recruit monocytes and skew their differen-
tiation into anti-inflammatory M2 macrophages and cause 
apoptosis in activated T-cells via cell-to-cell interactions 
[63]. It has been shown that SHEDs can directly interact 
and inhibit  CD4+ T helper (Th) cells, including T helper 17 
(Th17) cells that produces inflammatory cytokine IL-17, but 
promote the generation and function of anti-inflammatory 
regulatory T cells (Tregs) [115]. SHED can directly pro-
mote the M2 macrophage polarization or the shift of M1 to 
M2 macrophages, and/or directly suppress M1 macrophage 
activation [27, 54]. It has been reported that DFSCs promote 
M2 macrophage polarization through the secretion of throm-
bospondin-1 (TSP-1) and TGF-B3 [14]. Similarly, GMSCs, 
SCAPS, and PDLSCs have been shown to suppress lympho-
cyte activation or converting pro-inflammatory T cells to 
anti-inflammatory Tregs through INF-γ-induced upregula-
tion of indoleamine 2,3-dioxygenase (IDO) and TGF-β [21, 
58, 83, 115, 129]. Zhang et al. reported that GMSCs potently 
suppress M1 macrophage activation and promote M2 polari-
zation partially through the secretion of soluble factors, IL-6 
and granulocyte macrophage colony-stimulating factor (GM-
CSF) [130]. Taken together, these studies have demonstrated 
that orofacial MSCs possess potent anti-inflammatory and 
immunomodulatory functions on both innate and adaptive 
immune cells, which may add another layer of beneficial 
effects on repair/regeneration of PNIs [92].

Harnessing Extracellular Vesicles (EVs) of Orofacial MSCs 
for Nerve Regeneration

It has been well recognized that MSCs, including orofacial 
MSCs, exert their therapeutic effects mainly through their 
secretomes composed of a spectrum of soluble bioactive 
factors such as cytokines, growth factors, and extracellular 
vesicles (EVs) or exosomes, which exert immunomodula-
tory/anti-inflammatory, anti-apoptotic, anti-oxidant, anti-
fibrotic, proangiogenic, and pro-regenerative functions. 
Due to the relative stability, safety, and equivalent bio-
logical effects, the use of MSC secretome can circumvent 
the drawbacks of the administration of viable cells, thus 
considered as a new paradigm for the development of cell-
free therapeutics in TE/RM [48], including in regenerative 
therapy of PNI. The conditioned media from SHED and 
DPSC contained a variety of neurogenic factors, such as 
NGF, BDNF, CNTF, and VEGF, showing the possibil-
ity to use the secretomes of orofacial MSCs instead of 
cells themselves for regenerative therapy of PNI [101, 
112, 113]. Interestingly, a comparative study showed that 

SCAP-derived secretomes had stronger neuroregenera-
tive capabilities, while BMSC-derived secretomes pos-
sessed stronger proangiogenic capabilities, suggesting that 
SCAPs do have a stronger pro-regenerative effect on PNI 
than that of BMSCs in a comparable environment [121].

EVs or exosomes are nano-sized vesicles enclosed by 
a lipid bilayer membrane and loaded with cargos contain-
ing various types of bioactive factors such as lipids, DNA, 
miRNA, non-coding RNA, cytokines, and growth factors, 
etc., which play critical roles in cell–cell communications 
or interactions through the horizontal transfer of these 
bioactive cargo contents [81]. Accumulating evidence 
supports that EVs contribute to orofacial MSC-mediated 
therapeutic effects in different preclinical disease models, 
including PNIs [54]. For instance, it has been reported 
that GMSC-derived EVs can promote proliferation and 
migration and the expression of repair phenotype-related 
genes in cultured Schwann cells and facilitate functional 
recovery of crush-injured sciatic nerves of mice [62]. Rao 
F et al. also reported that GMSC-EVs could significantly 
promote Schwann cell proliferation and the outgrowth of 
ex vivo cultured DRGs [84]. In vivo, they demonstrated 
that GMSC-EVs implanted with chitin conduit signifi-
cantly promoted axonal regeneration, remyelination, and 
functional recovery in a rat sciatic nerve defect model 
[84]. Meanwhile, Shi Q et al. reported that application 
of a chitosan/silk hydrogel sponge loaded with GMSC-
derived EVs promotes skin wound healing in a diabetic rat 
model through multiple mechanisms, including enhancing 
neuronal outgrowth in skin [93]. In addition, a recent study 
showed that DPSC-derived exosomes can inhibit activa-
tion of M1 macrophages and exert therapeutic effects on 
spinal cord injury (SCI) [56, 57]. Taken together, these 
findings have shed light on the application of orofacial 
MSC-derived secretomes, particularly EVs/exosomes, 
as cell-free platforms for neuroprotective treatment or 
regenerative therapy of PNIs, including the development 
of bioengineered nerve guidance conduits (NGCs) laden 
with orofacial MSCs or their cell-free EVs [33] (Fig. 4).

Bioengineering Orofacial MSC‑laden Nerve 
Guidance Conduits (NGC)

Due to their potent neurogenic and immunomodulatory 
capabilities through the production of secretomes com-
posed of extracellular vesicles/exosomes and various solu-
ble bioactive factors, orofacial MSCs represent excellent 
sources of MSCs for the development of the next genera-
tion of cell-based NGCs as potential alternatives of nerve 
autografts to facilitate for PNR.
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Progress in the Construction of NGCs

As a common surgical treatment method, direct suturing is 
a relatively simple procedure for nerve injuries with a small 
gap (< 1.0 cm) where two ends of the injured nerve are con-
nected to allow for natural regeneration. However, for nerve 
injuries with a large gap (≥ 2 cm), the tension presented at 
the direct suturing site often leads to poor clinical outcomes 
[110]. Nerve autografts and allografts have been shown to 

yield good clinical outcomes for PNR of large gap nerve inju-
ries because of the existing native scaffold and biological ele-
ments. However, nerve autografts, the current “gold standard” 
for PNR, can cause donor site morbidity due to excision of a 
nerve from another part of the body, risk of infection due to 
multiple invasive surgeries required, and size mismatching 
when donor nerves of a different size is transplanted [49]. 
Nerve allografts have similar disadvantages, including size 
mismatching and immunogenicity, although the latter can 

Fig. 4  A diagram of the use of orofacial MSCs for peripheral nerve 
repair (PNR). Orofacial MSCs can differentiate into neural-like cells 
(neuron-like, neural progenitor-like, or Schwann-like cells), produce 
conditioned medium (CM) containing extracellular vesicles and bio-

active factors with immunomodulatory and/or pro-nerve regenerative 
potentials, or be applied directly into the injury site alone or in com-
bination with a scaffold. The bottom represents the two types of oro-
facial MSC-facilitated PNR by stem cells or their secretomes
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be mitigated via decellularized nerve grafts [110, 116]. The 
scarcity of implantable allografts for PNR presents another 
dimension of disadvantages that can make procedures and 
clinical care less efficient than optimal [116].

To circumvent the disadvantages of nerve grafts, about 
twenty different types of NGCs have been developed and 
commercially available [77]. NGCs are any types of struc-
tures made of natural or synthetic materials or a combination 
of both and capable of providing mechanical and biochemi-
cal support to facilitate PNR [44, 110]. NGCs are applied to 
connect the proximal and distal ends of the injured nerves, 
thus providing a “bridge” or “channel” to guide the outgrow-
ing axons and prevent the adverse influence from outside the 
injury area, such as the surrounding tissues or cells which 
can invade the space [44]. Generally, an ideal NGCs should 
meet the following criteria: 1) Biocompatible with minimal 
host immune responses; 2) Biodegradable but with an opti-
mal degrading rate to provide sufficient time for axon growth 
guidance; 3) Optimal mechanical properties (e.g., perme-
ability, tensile strength, elasticity, compression resistance, 
inner wall stability, biomimetic architecture) [44, 86, 110, 
116]. Therefore, NGCs have demonstrated the benefits of 
low immunogenicity thus lower risk of complications during 

and after PNR, often attributed to the materials that allow for 
biocompatibility, biodegradability, and structural integrity 
[44, 86, 110, 116] (Fig. 5).

A representative of the first-generation of NGCs is a hol-
low nerve tube made of silicone in 1982 [60], which possess 
a favorable structural strength and can provide the space and 
area for the growing axons. However, obvious disadvantages 
exist for such a type of NGCs, e. g. chronic nerve compres-
sion, neuroma formation, nerve pain, and the requirement of 
a “follow-up” surgery to remove the tube because of their 
non-biodegradable property [36, 65]. In the last two dec-
ades, much progress has been made in the construction of 
NGCs with various types of biocompatible and biodegrad-
able synthetic materials, such as poly (lactic acid) (PLA), 
poly(lactic-co-glycolic acid) (PLGA), poly(ε-caprolactone) 
(PCL), and poly(glycolide-co-caprolactone) (PGC), allow-
ing for the avoidance of a “follow-up” surgery after PNR 
[36, 110]. In addition, NGCs made of these synthetic materi-
als can maintain the needed structural strength while being 
biodegradable over time, suitable for controlled release of 
compounds, cell products, and factors for promoting PNR 
[36]. Natural polymers or scaffolds, such as collagen, chi-
tosan, gelatin, cellulose, silk, hyaluronic acid, alginate, and 

Fig. 5  A diagram of peripheral 
nerve repair methods. a Direct 
repair is a simple method but 
requires tensionless repair. b 
Biological grafts, including 
autograft and acellular nerve 
graft (ANG), demonstrate 
disadvantages of donor site 
morbidity, size mismatch, and 
complication risks. ANGs, 
however, can be repopulated 
with orofacial MSCs to become 
functionalized. c Bio-engi-
neered nerve grafts incorporate 
orofacial MSCs or orofacial 
MSCs secretomes. Cells can 
be filled into the graft during 
transplant or incorporated into 
tissue-engineered nerve graft 
(TENG) before transplant. d A 
comparison of the process of 
using autograft or TENG for 
PNR
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laminin, have a common advantage of high biocompatibility, 
thus compatible for the use with cells and tissues. However, 
natural biomaterials usually lack the structural stability, so 
they are frequently combined with synthetic materials to 
balance the biocompatibility, structural stability, and bio-
degradability for the construction of the second-generation 
of NGCs [77].

In the last decade, the advancement in tissue engineer-
ing technology and stem cell biology has significantly 
advanced the fabrication of the third generation of func-
tionalized NGCs loaded with biological factors and/or sup-
portive cells, particularly, MSCs [77]. Even though there are 
still no FDA-approved supplemental biological factors nor 
cells loaded with NGCs for PNR, accumulating preclinical 
studies have observed significant beneficial effects of sup-
plemental bioactive factors or MSCs in facilitating PNR 
when they are combined with NGC implantation. Gener-
ally, supportive cells can be combined with NGCs through 
various approaches, including but not limited to random or 
organized encapsulation in different carriers (e. g. hydro-
gels) as the filler of NGCs, even coating on the inner NGC 
surface, or incorporation into the wall matrix of NGCs [77]. 
The incorporated supportive MSCs improve the functional 
ability of NGCs through multiple mechanisms, such as their 
differentiation capability into Schwann-like cells and their 
immunomodulatory and neurogenic effects via their parac-
rine secretion of a variety of bioactive factors, thus sup-
porting and maintaining a regenerative microenvironment 
to facilitate axon growth, protect neurons from further dam-
age, promote neovascularization, suppress inflammation and 
fibrosis, all of which can contribute to improving clinical 
outcomes [11, 120].

Application of Orofacial MSCs Combined 
with NGCs

In the last decades, MSCs of different origins, including 
orofacial MSCs, particularly DPSCs and GMSCs, have 
been widely explored to be used in combination with NGCs 
through different approaches with significantly improved 
beneficial effects on PNR. Herein, we focus on how orofacial 
MSCs are combined with NGCs to facilitate PNR (Table 1).

Orofacial MSCs Filled within NGCs

Various studies have demonstrated that orofacial MSCs 
are compatible and functional when they were premixed in 
either culture medium or different types of hydrogels and 
then directly filled into the tube of NGCs. Beigi MH et al. 
have reported the fabrication of nanofibrous NGCs made of 
electrospun poly(ε-caprolactone)/gelatin, which were subse-
quently filled with 3 µL culture medium containing 1 ×  105 

SHED cells. In a sciatic nerve defect (10-mm) model in rats, 
implantation of nanofibrous NGCs seeded with SHED sig-
nificantly support axonal regeneration [3]. Recently, Luo L 
et al. have fabricated a cellulose/soy protein isolate compos-
ite membrane (CSM) conduit filled with bioactive GelMA 
hydrogels encapsulated with recombinant human basic fibro-
blast growth factor and DPSCs (CSM-GFD conduits) [61]. 
In a long sciatic nerve defect model (15-mm) in rats, they 
have demonstrated that implantation of CSM-GFD conduits 
significantly promoted axonal regeneration, remyelination, 
and functional recovery, which are comparable to the thera-
peutic effect achieved by implantation of nerve autografts. 
Interestingly, they have shown that almost all newly formed 
nerve tissue at defect site was originated from the direct dif-
ferentiation of exogeneous DPSCs in CSM-GFD [61].

Using a popular facial nerve defect model in rats, whereby 
a 7-mm gap is created in the buccal branch of the facial 
nerve, Sasaki R et al. have demonstrated that implantation of 
a degradable poly-DL-lactide-co-glycolide (PLGA) conduit 
filled with 10 µl type I collagen solution mixed with 5 ×  105 
DPSCs promoted axonal regeneration and remyelination, 
while the PLGA conduits were readily resorbed 2 months 
after the implantation [88]. In a facial nerve defect (7-mm) 
model in rabbits, implantation of chitosan tubes filled with 
40 µL of DPSC suspension (3 ×  106/each) supplemented with 
stem cell factor (SCF) significantly promote axonal regen-
eration, remyelination, functional recovery, and angiogenesis 
compared with implantation with chitosan tubes alone [73].

In addition to non-differentiated orofacial MSCs, neural 
types of cells pre-differentiated from orofacial MSCs have 
also been explored as supportive cells in combination with 
NGCs for PNR. A study by Takaoka S et al display owed 
that implantation of NGCs (composite seamless tube; Atree, 
Tokyo, Japan) filled 1 ×  105 neural lineage cells (NLCs) 
differentiated from DPSCs mixed in Matrigel to bridge a 
10-mm sciatic nerve defect in immunodeficient rats displays 
enhanced beneficial effects on axon growth, remyelination, 
electrophysiological activities, and muscle atrophy improve-
ment compared with NGCs filled with Matrigel only. Inter-
estingly, they found that numerous transplanted DPSC-
derived NLCs differentiated into platelet-derived growth 
factor receptor alpha (PDGFRα +) oligodendrocyte pro-
genitor cells (OPCs) and a few PDGFRα + /p75 + Schwann 
cell-like cells at 2 weeks post-transplantation [103]. A 
research group has differentiated hDPSCs into neuronal 
or cholinergic neuronal cells (DF-chN), mixed them with 
0.1 mL of fibrin glue (1 ×  106), and then filled the mixture 
into the biodegradable bovine collagen dura mater (Lyo-
plant®). At 8 weeks following implantation of the NGCs 
filled with DF-chNs into the transected sciatic nerve defect 
of rats, enhanced motor nerve regeneration as evidenced by 
a notable increase in behavioral activities detected with an 
open-field test [39]. Recently, we showed that GMSCs could 
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be readily converted into neural crest stem-like cells (NCSC) 
under defined cultured conditions without introduction of 
exogeneous gene expressions. Implantation of Axoguard 
nerve conduits filled with GMSC-derived NCSCs mixed in 
Matrigel to a 7-mm facial nerve defect in rats significantly 
promoted axonal regeneration, remyelination, and the func-
tional recovery [127, 128].

Orofacial MSCs‑Repopulated Acellular Nerve Grafts 
(ANGs)

Acellular nerve grafts (ANGs) can provide native nerve scaf-
folds and certain types of neurotrophic factors, thus they 
serve as “alternative natural NGCs” for PNR. Studies have 
shown that ANGs repopulated with MSCs can improve their 
functions to promote PNR. Recently, a study by Qiao W 
et al. fabricated xenogenic ANGs harvested from the sciatic 
nerves of SD rats and then repopulated the ANGs by micro-
injection of a total volume of 30 μl of allogenic rat DPSC 
cell suspension (6 ×  105 cells per graft). ANGs loaded with 
DPSCs (ANG-DPSCs) were further cultured in complete 
culture medium for three days before they were implanted 
to bridge a 10-mm sciatic nerve gap defect in New Zealand 
White Rabbits. They found that ANGs loaded with DPSCs 
significantly facilitated the nerve regeneration and functional 
recovery compared with an ANG without DPSCs and allo-
grafts in rabbits as determined by electrophysiological and 
histological analysis [82].

NGCs Loaded with Orofacial MSCs‑Derived 
Secretomes

To date, it has been well accepted that the therapeutic and 
regenerative actions of MSCs, including orofacial MSCs, are 
attributed, at least in part, to their secretomes containing all 
the bioactive molecules released in the conditioned medium 
(CM) or in extracellular vesicles (EVs)/exosomes [33]. Sev-
eral studies have explored the combined use of NGCs and 
orofacial MSC-derived conditioned medium (CM) or EVs 
in PNR. For instance, Sugimura-Wakayama Y et al. have 
shown that implantation of silicone conduits loaded with 
SHED-CM significantly enhanced axonal regeneration, 
remyelination, and functional recovery in a 10-mm sciatic 
nerve gap model in rats compared with implantation of the 
empty conduits [101]. Recently, Rao F et al. have explored 
the combined use of the biodegradable chitin conduit and 
GMSC-derived exosomes to repair rat sciatic nerve defect. 
They found that GMSC-exosomes significantly promote 
Schwann cells proliferation and DRG axon growth in vitro. 
In a 10-mm sciatic nerve gap model in rats, implantation 
of the hollow chitin conduits loaded with 10 µg of GMSC-
exosomes significantly increased the number and diameter 
of nerve fibers and myelin formation along with a significant 

improvement in muscle function, nerve conduction func-
tion, and motor function compared with animals receiving 
implantation of empty conduits [84]. These studies have 
shed light on the application of orofacial MSC-derived 
secretomes as cell-free products in combination with NGCs 
for novel therapeutic intervention in PNR.

Fabrication of Orofacial MSC‑Laden Tissue 
Engineered Nerve Grafts (TENGS) or Engineered 
Neural Tissues (EngNT) for PNR

In recent years, several studies have demonstrated the feasi-
bility to fabricate MSC-laden tissue engineered nerve grafts 
(TENGS) or engineered neural tissues (EngNT) to facili-
tate PNR [37]. For instance, different types of allogeneic 
supportive cells, including Schwann cells (SCs), adipose-
derived adult stem cells (ASCs), dental pulp stem cells 
(DPSCs), or their combinations (1 ×  106 cells/graft), were 
filled into PLA nerve conduits and dynamically cultured at 
37 °C on a roller for three days, allowing the uniform attach-
ment of cells on the inner surface of the NGCs [15]. Overall, 
cell-laden PLA NGCs were superior to the cell-free NGCs 
in term of facilitating nerve regeneration after they were 
implanted to bridge a 15-mm long sciatic nerve gap defect 
of rats, whereby the group of animals implanted with NGCs 
seeded with a combination of SCs and ASCs showed the 
greatest axonal regeneration and functional recovery while 
rats receiving NGCs seeded with SCs and DPSCs had better 
values in term of NCV and neovascularization than those 
seeded with DPSCs only [15].

A previous study has demonstrated the generation of 
EngNT laden with differentiated ADSCs (EngNT-dADSCs), 
which promoted nerve regeneration when implanted as the 
filler within NeuraWrap conduits [28]. Using the similar 
approach, Sanen K et al. fabricated a tethered type-1 colla-
gen gel mixed with Schwann cells differentiated from hDP-
SCs in which the cells underwent self-alignment, followed 
by stabilization to generate 40-μm-thick sheets of EngNT 
d-hDPSCs [87]. The EngNT-d-hDPSC sheets were rolled up 
to form rods (~ 200 μm in diameter × 15 mm in length), two 
of which were used as the filler of NeuraWrap™ conduits 
and transplanted to repair a 15-mm rat sciatic nerve defects. 
Eight weeks following transplantation, newly regenerated 
nerves from rats receiving NeuraWrap™ filled with EngNT-
d-hDPSCs showed ingrowing neurites, myelinated nerve fib-
ers, and blood vessels along the construct as evaluated by 
immunohistochemistry and ultrastructural analysis [87]. In 
addition, human dental follicle stem cells (hDFSCs) have 
also been combined with aligned electrospun PCL/PLGA 
material (AEM) to generate DFSC-seeded AEM constructs, 
wherein DFSCs could stretch along the oriented fibers and 
maintain their proliferative ability and implantation of 
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DFSC-seeded AEM constructs contributed to the restora-
tion of spinal cord injury in rats [53].

Most recently, we have shown that GMSCs undergo spon-
taneous conversion into Schwann cell precursor (SCP)-like 
cells when they were encapsulated in soft methylated 3D 
collagen hydrogel [125, 131]. Interestingly, GMSCs encap-
sulated in methylated 3D collagen hydrogel are capable of 
migrating and incorporating into the wall matrix of Axog-
uard nerve connectors or protectors made of porcine small 
intestine submucosa matrix (SIS). In vivo, implantation 
of functionalized NGCs laden with GMSC-derived SCPs 
remarkably improved the functional recovery and axonal 
regeneration in the segmental facial nerve defects and the 
crush-injured sciatic nerves in rats [124, 125, 131]. Taken 
together, these studies have demonstrated the feasibility to 
generate cell-based functionalized NGCs by incorporating 
orofacial MSCs into the scaffolds of NGCs with enhanced 
pro-regenerative potentials in preclinical models of tran-
sected nerve defects.

3D‑Bioprinting of Orofacial MSC‑Laden Nerve Grafts 
for PNR

Traditionally 3D-printed nonbiological NGCs could support 
PNR through providing the anatomic and geometric guid-
ance for injured nerves, but their outcomes of functional 
restoration are limited, thus prompting the fabrication of 
biomimetic nerve grafts by incorporating cellular and bio-
logical components via 3D bioprinting technologies [90]. 
One of the key components for 3D-bioprinting is the selec-
tion and formulation of appropriate “bio-inks” composed of 
cells and biologics such as signaling molecules and growth 
factors [96, 122]. Various methods can produce 3D struc-
tures via bio-printing, including but not limited to extrusion-
based, inkjet, stereolithography, bioplotting, and the Kenzan 
method which involves the use of a needle array to arrange 
cell spheroids to allow self-aggregation to form the 3D con-
struct [122]. Currently, there exist two approaches, scaffold-
based and scaffold-free, to 3D-bioprint biomimetic nerve 
grafts as described below.

Scaffold‑Based Biofabricated Nerve Grafts

Bio-inks used for 3D-bioprinting of scaffold-based nerve 
grafts are usually composed of various types of hydrogels/
scaffolds or ECMs encapsulated with different types of cells 
[90]. For instance, neural stem cells (NSCs) encapsulated 
with different types of hydrogels/scaffolds, such as conduc-
tive composite hydrogel (CCH) scaffolds [97], GelMA/
HAMA hydrogels [117], sodium alginate/gelatin scaf-
folds [56, 57], collagen/silk fibroin scaffold [41], have been 

fabricated into nerve-like grafts by 3D bioprinting, which 
show positive effects on repairing of spinal cord injury 
(SCI).

Scaffold‑Free Biofabricated Nerve Grafts

In 2013, Owens CM et al. was the first to report a novel 
approach to biofabricate a fully cellular nerve graft through 
3D bioprinting (NovoGen MMX Bioprinter™; Organovo) 
with 90% of BMSCs and 10% of Schwann cells (SC) as the 
cellular bio-ink [75]. In a rat sciatic nerve gap injury (10-
mm) model, the biofabricated nerve grafts exhibited similar 
functional motor and sensory recoveries to nerve autografts 
and might be superior to the hollow collagen tube (Neura-
gen) [75]. Later on, Yurie H et al. utilized a Kenzan method-
based bioprinter system (Regenova®; Cyfuse, Tokyo, Japan) 
and biofabricated a scaffold-free Bio 3D nerve conduit with 
3D-spheroids of human dermal fibroblasts as the cellular 
“bio-ink” [123]. In a rat sciatic nerve gap injury (5-mm) 
model, implantation of the scaffold-free Bio 3D nerve 
conduit significantly promoted both motor and sensory 
functional recovery and remyelination compared with the 
silicone NGC control group [123]. To extend their studies, 
the same group of researchers used the same approach to 
biofabricate scaffold-free Bio 3D nerve conduits from nor-
mal human dermal fibroblasts (NHDF) and tested their pro-
nerve regenerative potentials in a larger 10-mm sciatic nerve 
defect model in immune deficient F344 rats [104]. In the 
distal regions, the number of myelinated axons, the myeli-
nated axon diameter, and the myelin thickness (MT) of the 
regenerated axons in the Bio 3D group were significantly 
higher/larger than those of the control silicone conduit group 
[104]. In a 5-mm canine ulnar nerve defect model in Beagle 
dogs, transplantation of biofabricated scaffold-free Bio 3D 
conduits developed from autologous dermal fibroblasts also 
showed significant supportive effects on axonal regrowth, 
remyelination, and Schwann cell migration [68]. In addition 
to dermal fibroblasts, human induced pluripotent stem cell-
derived mesenchymal stem cells (iMSCs) have also been 
utilized for biofabrication of scaffold-free Bio 3D conduits, 
which displayed pro-angiogenic and neurotrophic effects 
after transplantation in vivo. In a 5-mm sciatic nerve defect 
model in immunodeficient rats, functional, histological, 
and morphometric assessments indicated that the regener-
ated nerve in the Bio 3D group was significantly superior to 
that in the silicone group [69]. Similarly, scaffold-free 3D 
nerve constructs have been biofabricated with human GMSC 
spheroids as the cellular “bio-ink”. In a 5-mm facial nerve 
defect model in rats, transplantation of GMSC-based scaf-
fold-free 3D nerve construct resulted in functional (CMAP) 
recovery of facial nerve to a degree similar to the autograft 
group and better axonal regeneration and remyelination than 
the silicon control group [127, 128]. Taken together, these 
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studies have shed light on the application of 3D bioprinting 
as a promising approach to nerve graft fabrication and nerve 
regeneration.

Future and Challenges

Due to their neural crest-origin and easily accessibility, oro-
facial MSCs as a unique source of MSCs hold great prom-
ise for the development of cell-based TE/RM products for 
the treatment of a variety of pathological conditions, par-
ticularly, peripheral injuries [112, 113]. However, several 
major challenges have been identified in the application of 
orofacial MSCs in peripheral nerve repair/regeneration. 1) 
Similar to other sources of MSCs, orofacial MSCs are het-
erogeneous in their properties and biological functions, and 
there are either no standard protocols for their isolation and 
ex vivo expansion or no consistent markers for their char-
acterization [2, 125, 131]. Future studies should optimize 
the isolation and culture conditions, and consequently, the 
establishment of standardized procedures for ex vivo expan-
sion of orofacial MSCs that can be translated into large scale 
production of orofacial MSCs with good manufacturing 
practice (GMP) quality [66]. 2) Even though many stud-
ies have implicated that the secretomes or paracrine fac-
tors contribute to MSC-based therapeutic effects on various 
diseases [34], to date, the mechanism of action of orofacial 
MSC-based regenerative therapies of PNR, remains largely 
unknown. For instance, it is less known about the immu-
nomodulatory effects of orofacial MSCs in the treatment of 
PNI, wherein the interaction of immune cells, particularly 
macrophages, and Schwann cells, play a critical role in Wal-
lerian degeneration and axonal regeneration. Moreover, the 
various pathways involved in the mediation of MSC-derived 
benefits remain to be explored. 3) In most studies, the fate of 
MSCs following transplantation in combination with vari-
ous types of scaffolds or NGCs in injured nerves remain 
largely unknown. In the future, it is critical to develop novel 
approaches for the long-term track of transplanted orofacial 
MSCs in injured nerves, thus enabling reliable evaluation 
of the therapeutic outcome conferred by the transplanted 
cells. 4) Even though the therapeutic efficacy of orofacial 
MSCs combined with various types of NGCs has been 
demonstrated in various rodent models of peripheral nerve 
injury with a small gap (usually 5-15 mm), it is worthy to 
further evaluate the pro-nerve regenerative potentials of oro-
facial MSCs in larger animal models with critical gap nerve 
injuries [55] in the hope to obtain substantial evidence sup-
porting the application of orofacial MSCs in translational 
clinical studies. 5) 3D-bioprinting is emerging as a novel 
platform for fabricating cell-based functionalized NGCs. 
However, little has been explored for the use of orofacial 
MSCs in 3D bioprinting nerve grafts. Further studies are 

necessary to extend the application of orofacial MSCs as 
unique “bio-inks” for biofabrication of nerve grafts and test 
their regenerative potentials in different pre-clinical mod-
els of PNI. In summary, the optimization and standardiza-
tion of the procedures for isolation and ex vivo expansion 
of orofacial MSCs, the combination of biomaterial science 
and advanced tissue engineering technology for generation 
of new generation of orofacial-MSC based functionalized 
NGCs, and the employment of larger animal models of PNIs, 
will pave the way for translational application of orofacial 
MSCs in PNR.

Future Implementation

Although there are numerous orofacial technologies in devel-
opment for treatment of peripheral nerve injuries, successful 
clinical implementation will require a paradigm-shift in surgical 
workflow. The proposed technologies in this article will likely 
be regulated as a combined therapeutic (i.e. medical devices 
and biologic). In the United States, FDA-regulated medical 
products must comply with current Good Manufacturing Prac-
tice (cGMP) for advanced clinical trials and eventual commer-
cialization. The FDA cGMP guidelines are designed to ensure 
safety and reliability of the final clinical product.

Implementing orofacial MSCs for PNR requires MSC 
isolation, expansion, and modification usually in vitro, 
then incorporation into constructs or scaffolds for implan-
tation. This is unlike the process for obtaining minimally 
modified cells such as BMSCs and ADSCs in bone marrow 
aspirate concentrate (BMAC) and adipose-derived stromal 
vascular fraction (SVF), respectively. BMSCs and ADSCs 
are extracted via needle aspiration and liposuction, respec-
tively, then centrifugated (instead of expanded and modified) 
to obtain the MSCs to be transplanted back into the target 
area in the patient [19]. Minimally modified cells circum-
vent the strict regulations regarding cell expansion. Thus, 
conditions remain challenging. Notably, autologous cGMP-
grade Schwann cells have previously been transplanted into 
patients with spinal cord or peripheral nerve injury [45]. 
Schwann cells were isolated and expanded from autologous 
donor nerves that were enzymatically dissociated over the 
course of 21 days. Similar protocols will be necessary to 
generate cGMP-compliant orofacial stem cells at scale for 
clinical implementation.

Our interdisciplinary team of oral surgeons, dentists, scien-
tists, and bioengineers have been pioneering several regenera-
tive therapies using orofacial stem cell products. We envision a 
future workflow where a patient with a nerve injury is referred 
by surgeon to their local dentist for a relatively minor tissue 
extraction (e.g. gingiva biopsy, tooth extraction, etc.). Over the 
next few weeks, autologous orofacial stem cells will be isolated 
at cGMP facility and subsequently engineered into replacement 
nerve tissue. The final engineered tissue will be delivered to 
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the clinician who will be responsible for ensuring quality prior 
to transplantation into the patient. Additionally, adequate non-
destructive quality control metrics (e.g. biomarkers) and tissue 
preservation strategies will be necessary. The time between 
peripheral nerve injury and nerve graft implantation should 
be minimal to maximize therapeutic outcome. Thus, a future 
solution could be a tissue bank of pre-made TENGs, with a 
variety for different injury types, severity, and nerve sizes ready 
to be transplanted in the case of an emergency [55]. Overall, 
success of orofacial MSCs for PNR will need the expertise and 
disciplines of a variety of fields to improve the PNR clinical 
outcomes (Fig. 6).

Conclusion

A more effective method of peripheral nerve injury repair 
is an urgent clinical need, one that surpasses the perfor-
mance of current biological nerve grafts. The use of a 
functionalized tissue-engineered nerve graft (TENG) 
incorporated with orofacial MSCs presents a sound solu-
tion because of their superior qualities for nerve regen-
eration, due to their neural crest origins, demonstrated by 
their neurogenic markers and neural differentiation capa-
bility. In addition, they possess immunomodulatory func-
tions for regulating immune cells during PNR and produce 
secretome that shows similar neurogenic and immunomod-
ulatory qualities, presenting an option for acellular repair 
method. Practically, orofacial MSC extraction presents a 

non-invasive option, rivaling the invasiveness of extract-
ing BMSCs and ADSCs from the body. In recent years, 
various types of orofacial MSCs or their product-ladened 
nerve grafts have demonstrated promising results for PNR 
in vitro and in vivo. In conclusion, their strong neurogenic 
and immunomodulatory properties, as well as the ease of 
harvesting and incorporation, make orofacial MSCs a 
promising cellular component for future application in 
peripheral nerve injury repair.
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Fig. 6  A potential future pro-
cess for producing and imple-
menting orofacial-MSC-ladened 
tissue-engineered nerve grafts. a 
Neurosurgeon refers the patient 
with peripheral nerve injury 
to a dentist for orofacial tissue 
extraction. b Patient under-
goes minor tissue extraction. 
c Tissues are transported to a 
GMP facility for further pro-
cessing. d Orofacial MSCs are 
obtained from the tissues. e The 
cells are isolated and expanded 
in the GMP facility over a time 
period. f Cells are incorporated 
into pre-made nerve conduits 
or grafts, allowed for matura-
tion for a time period. g The 
tissue-engineered nerve graft 
(TENG) is shipped to the 
operating room. h The TENG 
is transplanted into the patient’s 
injured nerve
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