Chapter 10
Stem Cell and Peripheral Nerve
Regeneration

Chengbin Xue, Sheng Yi and Xiaosong Gu

Abstract The application of stem cells has always attracted great interest in the
field of peripheral nerve regeneration. In recent years, the rapid development of
neural tissue engineering makes it possible to use stem cell transplantation to
repair peripheral nerve injury. Seed/support cell or cellular source from stem cell
has been known as one of the components for neural tissue engineering. The tis-
sue-engineered nerve grafts (TENGs) support the regeneration of longer peripheral
nerve gaps than scaffold alone. A number of TENGs have been used experimen-
tally to bridge long peripheral nerve gaps in various animal models, where the
desired outcome is peripheral nerve regeneration and functional recovery. Stem
cells may improve the local microenvironment in nerve injury sites, providing nec-
essary conditions for axonal regeneration. Nowadays, the types of stem cells and
their application tend to diversify. Stem cells are more effective in providing nec-
essary factors that promote peripheral nerve regeneration. So far, the application of
stem cells for peripheral nerve regeneration is limited mainly because of the low
survival rate of transplanted stem cells due to host immune rejection and changes
in the local microenvironment. Here, we summarize the latest research progress
and application strategies of stem cells in peripheral nerve regeneration. To push
the translation of stem cell application for peripheral nerve regeneration into the
clinic, we anticipate that a TENG with a close proximity to the regenerative micro-
environment of the peripheral nervous system (PNS) will be developed.
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10.1 Introduction

Peripheral nerve injury is a global clinical problem and causes a devastating
impact on patients’ quality of life (Noble et al. 1998; Robinson 2000; Taylor et al.
2008; Asplund et al. 2009). In the USA, about 360,000 people suffer from upper
extremity paralytic syndromes annually, and 44,000 upper extremity procedures
involved the nervous system during the period of 1989-1991 (Kelsey et al. 1997);
over 300,000 cases of peripheral nerve injury occur annually in Europe (Mohanna
et al. 2003). Although the peripheral nervous system (PNS) has a greater capacity
of axonal regeneration than the central nervous system (CNS) after injury, sponta-
neous repair of peripheral nerve is nearly always unsatisfied with poor functional
recovery. Various types of medical therapy have been carried out for several hun-
dred years with the intention of improving outcomes (Artico et al. 1996; Battiston
et al. 2009). Peripheral nerve repair consequently represents a unique challenge
and opportunity to clinical and translational neurosciences. Various grafts between
the nerve stumps are required to bridge the gap and support axonal regeneration
in a substantial nerve gap of peripheral nerve injury. An autologous nerve graft,
which is usually a functionally less important nerve segment from another site of
the body (Johnson and Soucacos 2008), is accepted as the gold standard therapy
for peripheral nerve injury. However, there are inherent disadvantages, including
the limited supply of donor nerves, a second surgery, donor site morbidity, and a
mismatch between the donor nerve and the recipient site (Ortiguela et al. 1987;
Mackinnon and Hudson 1992). These collectively have encouraged the develop-
ment of alternatives to autologous nerve grafts.

As is known, the microenvironment surrounding an injury site in PNS is often
more permissive to axonal regeneration as compared to that in the CNS (Gu et al.
2011). Although peripheral nerve regeneration is ultimately determined by qual-
ity and speed of axonal outgrowth (Malin et al. 2009), Schwann cells (SCs) also
play a critical role in the establishment of the regenerative microenvironment. It
is the special importance of SCs in PNS that is responsible for the effectiveness
of using SCs as support cells for the generation of TENGs (Johnson et al. 2005).
Myelination of axons seems to be the most basic function of SCs because myelin
sheath, as a unique component of the nervous system, can increase axonal con-
duction, especially salutatory conduction, thus allowing fast and efficient salu-
tatory propagation of action potentials along the nerve (Honkanen et al. 2007;
Salzer et al. 2008; Rumsey et al. 2009). On the other hand, the development of
myelinated nerve fibers in PNS depends on complex interactions between SCs
and axons. Axons can in turn promote the deposition of the basal lamina by SCs,
which is required for the ensheathment of axons and the subsequent differentia-
tion of SCs, and the maturation of fully myelinating SCs depends on contact and
signaling from axons (Muir 2010; Wanner et al. 2006). Based on the insights into
the interactions between SCs and axons, in this study, a unique scheme for incor-
porating biochemical cues into neural scaffold was adopted to establish an optimal
regenerative microenvironment.
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With progress in regenerative medicine, especially when tissue engineering
and a subfield of neural tissue engineering has emerged, various biological and
artificial nerve grafts, which are generally named tissue-engineered nerve grafts
(TENGs), have been produced in attempts to supplement or even substitute for
autologous nerve grafts. The typical TENGs involve both physiochemical and
biological cues, which are provided by a biomaterial-based structure, as well as
a multitude of cellular or molecular components. In recent years, many excellent
review articles discuss the clinical applications and future directions of TENGs
(Johnson and Soucacos 2008; Gu et al. 2011; Schmidt and Leach 2003; Chalfoun
et al. 2006; Johnson et al. 2008; Seidlits et al. 2008; Deumens et al. 2010; Jiang
et al. 2010; Khaing and Schmidt 2012; Rajaram et al. 2012; Zochodne 2012).

The application of various stem cells has always attracted much interest in the
field of peripheral nerve regeneration. In recent years, the rapid development of
neural tissue engineering makes it possible for the use of stem cell transplanta-
tion to repair peripheral nerve injury. Seed/support cell which usually is, or source
from stem cell has been known as one of the components for neural tissue engi-
neering. The TENGs can support longer peripheral nerve regeneration than the
scaffold alone. A number of TENGs have been used experimentally to bridge long
peripheral nerve gaps in various animal models, where the desired outcome is
peripheral nerve regeneration and functional recovery. The stem cell may improve
the local microenvironment in nerve injury sites, providing necessary conditions
for axonal regeneration. Nowadays, the type of stem cell and their application
tend to diversify. Stem cells are more effective to provide the necessary factors
that promote peripheral nerve regeneration. So far, the application of stem cell for
peripheral nerve regeneration is limited mainly because of the less survival rate
of transplanted stem cell due to host immune rejection and changes in the local
microenvironment. This chapter summarizes the latest research progress and appli-
cation strategy of stem cells for peripheral nerve regeneration. To push the transla-
tion of stem cell application for peripheral nerve regeneration into the clinic, we
anticipate that a TENG with a close proximity to the regenerative microenviron-
ment of the PNS will be developed.

10.1.1 Types and Sources of Stem Cell for Peripheral Nerve
Regeneration

10.1.1.1 Mesenchymal Stem Cells (MSCs)

The application of stem cells from different sources in the field of neural tissue
engineering has attracted much interest, the bone marrow mesenchymal stem cells
(also named bone marrow stromal cells, BMSCs) being undoubtedly the most
important. MSCs are featured by their abilities to: (1) differentiate into mature
cells and populate the resident tissue, having a therapeutic potential for regenera-
tive medicine; (2) secrete growth factors or other soluble mediators; and (3) serve
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as a vehicle for protein drug delivery, namely perform gene therapy (Horwitz
and Dominici 2008). They localize in the stromal compartment of the bone mar-
row, where they support hematopoiesis and differentiate into mesenchymal line-
ages (Johnson and Dorshkind 1986; Deryugina and Muller-Sieburg 1993; Bianco
et al. 2001; Abdallah and Kassem 2008; Phinney and Prockop 2007; Franchi et al.
2012). Unorthodox plasticity of MSCs, however, has recently been described in
that they have ability to cross oligolineage boundaries, in other words, to trans-
differentiate into nonmesenchymal cells. Several in vitro studies have reported
that MSCs can be induced to differentiate into neural lineages including neurons,
astrocytes, oligodendrocytes, microglia, and SCs-like cells (Chen et al. 2006;
Lu et al. 2008; Munoz-Elias et al. 2003; Sanchez-Ramos et al. 2000; Suzuki
et al. 2004; Wislet-Gendebien et al. 2005; Woodbury et al. 2000), and specific
approaches to induce transdifferentiation of rodent or human MSCs toward neu-
ral lineage cells have been established (Dezawa et al. 2001, 2004; Mimura et al.
2004). On the other hand, in vivo studies have also reported that after implanted
into the brain, MSCs generate neural phenotypes specific to the injury site (Kocsis
et al. 2002; Kopen et al. 1999; Lu et al. 2006). These results motivate explorations
into the possibility of using MSCs as an alternative to SCs for peripheral nerve
repair (Dezawa 2006). The MSCs are easily obtained through the aspiration of the
bone marrow and expanded in a large scale by in vitro culture; BMSCs have found
increasing applications in cell-based therapies for various diseases, including neu-
ral injury and disorders (Horwitz et al. 2002; Fickert et al. 2003; Ortiz et al. 2003;
Kunter et al. 2006; Lee et al. 2006; Minguell and Erices 2006; Ringden et al.
2006). Despite the indispensable value of SCs for the construction of TENGs,
autologous SCs are difficult to obtain in large number, and allogeneic SCs are
involved in immunological rejections. Therefore, BMSCs have become a promis-
ing alternative to SCs for using as support cells within TENGs, showing consider-
able success in experimental studies (Hu et al. 2013; Ding et al. 2010; Yang et al.
2011).

MSCs pre-labeled with bromodeoxyuridine (BrdU) were injected into the
distal stump of transected rat sciatic nerves. Dual immunofluorescence labe-
ling showed that BrdU-reactive MSCs survived in the injected area for at least
33 days after implantation, and almost 5 % of BrdU cells exhibited Schwann cell-
like phenotype (S-100 immunoreactivity). Walking track test at 18 and 33 days
after implantation indicated that MSC implantation promoted functional recov-
ery of injured nerves (Cuevas et al. 2002). GFP-labeled undifferentiated MSCs
were seeded in a Matrigel-containing chitosan NGC to bridge a 5-mm rat sci-
atic nerve gap. After 6 weeks, the growth and myelination of axons and the sci-
atic functional index were significantly improved as compared to MSC-free
NGC. Moreover, confocal microscopy confirmed that implanted MSCs adopted
the Schwann cell-like phenotype (Zhang et al. 2005). Transdifferentiated MSCs,
which had been transformed into Schwann cell-like cells under induction of a
cocktail of cytokines, were implanted into devitalized muscle conduits for bridg-
ing a 20-mm rat sciatic nerve gap. The examinations at 6 weeks after implanta-
tion indicated that the transplanted MSCs were able to support peripheral nerve
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regeneration to a certain extent. Although the enhancement of nerve regenera-
tion by MSC-containing NGCs was inferior to that by Schwann cell-containing
NGC:s or by autologous nerve grafts, such deficit in regenerative outcomes could
be compensated by combining MSCs with muscle-derived allografts (Keilhoff
et al. 20064, b). Differentiated MSCs were suspended in Matrigel and transferred
into hollow fibers, which were implanted across a 10-mm rat sciatic nerve gap.
After 6 months, significant improvements in motor nerve conduction velocity and
sciatic functional index were observed in the differentiated MSC-implanted ani-
mals, and GFP labeling clearly showed the trace of implanted MSCs within the
regenerated nerves (Mimura et al. 2004). In a rhesus monkey model, an acellular
allogeneic nerve graft seeded with autologous MSCs was implanted into a 10-mm
radial nerve gap. After 8 weeks, nerve regeneration and functional restoration were
observed, and the implanted MSCs exhibited Schwann cell-like phenotype as evi-
denced by double immunostaining for S-100 and BrdU (Wang et al. 2008).

The aforementioned observations lead to a transdifferentiation mechanism of
MSCs, which assumes that the actions of MSCs on nerve regeneration, at least
in part, stem from their ability to replace damaged neural cells via cellular dif-
ferentiation; however, the mechanisms are also believed to be due to spontaneous
fusion of MSCs with host cells rather than real transdifferentiation (Weimann et al.
2003a, b). The exact mechanisms behind the enhanced nerve regeneration in the
presence of undifferentiated MSCs remain to be elucidated. The undifferentiated
MSCs may contribute to nerve regeneration possibly by secreting growth factors
and depositing basal lamina components (Chen et al. 2007; Wang et al. 2009). The
production of neurotrophic molecules by MSCs can delay cell death and restore
neural tissues (Borlongan et al. 2004; Chopp and Li 2002; Chopp et al. 2000;
Crigler et al. 2006; Gu et al. 2010; Hofstetter et al. 2002; Munoz et al. 2005).
Searching for undescribed mediators generated by MSCs will probably reveal a
new array of important signaling secreted molecules (Horwitz and Dominici
2008). These results, together with the finding that local differentiation of MSCs
is an uncommon event, suggest a new general paradigm for the neural activities
of MSCs. Systemically infused MSCs exert a therapeutic effect primarily through
the release of growth factors or other soluble mediators, which act on local even
distant target tissues. Rather than serving as stem cells to replace neural cells and
repair nerve tissues, MSCs behave as a small molecular factory secreting growth
factors or other bioactive molecules to stimulate the reconstruction of nerve tissues
or to establish a favorable microenvironment for nerve regeneration (Chopp and Li
2002; Caplan and Dennis 2006; Chen et al. 2002; Liu and Hwang 2005; Neuhuber
et al. 2005). Some researchers propose that MSCs promote peripheral nerve regen-
eration not only via their direct release of growth factors, but also through indirect
modulation of cellular behaviors of SCs (Wang et al. 2009). To sum up, the molec-
ular mechanisms that are responsible for the favorable effects of MSCs on periph-
eral nerve regeneration seem to involve many aspects, including cell replacement,
growth factor production, ECM molecule synthesis, microenvironment construc-
tion, and immune modulation, and they need further exploration.
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Adipose tissue has also been identified as a niche for multipotent stem cells that
have a phenotypic profile comparable to that of BMSCs and can differentiate into
a myelinating Schwann cell-like phenotype in culture with lineage-specific stimuli
(Kingham et al. 2007; Xu et al. 2008). In consequence, adipose-derived mesen-
chymal stem cells (AMSCs), also named adipose-derived stem cells (ADSCs), are
potentially valuable because of their capability of multilineage differentiation in a
manner resembling that of BMSCs. Importantly, AMSCs are superior to BMSCs
in some aspects, such as the convenient harvesting of AMSCs through liposuction,
a much less invasive method than bone marrow aspiration, and the greater avail-
ability of adipose tissue than bone marrow (Rider et al. 2008). To apply AMSCs
for neural tissue engineering, many experimental studies in diverse animal mod-
els have been accomplished, in which different neural scaffolds containing either
undifferentiated or differentiated AMSCs have bridged peripheral nerve gaps of
different lengths (Yang et al. 2011; Erba et al. 2010; Zhang et al. 2010; di Summa
et al. 2011; Scholz et al. 2011; Sun et al. 2011; Wei et al. 2011; Gu et al. 2012;
Orbay et al. 2012; Shen et al. 2012; Tomita et al. 2012, 2013; Carriel et al. 2013;
Mohammadi et al. 2013; Suganuma et al. 2013). All these studies indicate the
favorable effects of AMSCs on peripheral nerve reconstruction and open a new
approach for the use of support cells for constructing TENGs.

10.1.1.2 Embryonic Stem Cells (ESCs)

After peripheral nerve injury, many neurons die of insufficient nutrition. Because
the number of neurons cannot be easily expanded by in vitro culture, there is a
big difficulty to apply primary cultured neurons in nerve tissue engineering. ESCs
have a great potential to proliferate unlimitedly and differentiate into neurons
under various protocols; hence, they become a good candidate of support cells in
cell-based therapies for neural injuries and disorders.

ESCs are undifferentiated, pluripotent cells derived from the inner cell mass of
blastocyst-stage embryos and possess a nearly unlimited capacity for self-renewal
and an ability to virtually differentiate into any kind of cell type in the body (Jakob
1984). The differentiation of ESCs can be modulated by the stimulation of growth
factors (Schuldiner et al. 2000). Retinoic acid (RA) and nerve growth factor have
been found to be potent enhancers of neuronal differentiation, eliciting extensive
outgrowth of processes and expression of neuron-specific molecules (Schuldiner
et al. 2001).

Extensive research has focused on the implantation of ESCs for treating the
CNS disorders, while the potential of ESC-based therapy for the PNS injuries is
largely unknown. Based on the assumption that implantation of neuronal cells
derived from ESCs into denervated muscle would replace lost neurons or non-
neuronal cells and prevent muscle atrophy in a peripheral nerve injury model,
ESCs were differentiated into cholinergic motor neuron progenitors and labeled
with florescence, followed by injection into gastrocnemius muscle of rats after
denervation by ipilateral sciatic nerve transection. The observation showed that
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motor neuron progenitors prevented muscle atrophy after denervation for a brief
time (Craff et al. 2007). In another study, ESC-derived neural progenitor cells
were implanted into a 10-mm rat sciatic nerve gap, resulting in substantial axonal
regrowth and nerve repair. The implanted cells survived until 3 months and dif-
ferentiated into myelinating cells. Nerve stumps showed nearly normal diameter
with longitudinally oriented, densely packed Schwann cell-like cell arrangement.
Electrophysiological recordings confirmed that functional activity recovered
across the nerve gap (Cui et al. 2008). As reported by Yohn et al. (2008), ESC-
derived motor neurons could form functional synapses with denervated host
muscle after implantation into transected tibial nerves, thereby attenuating the
denervation-induced muscle atrophy.

Furthermore, it is believed that neuronal cells derived from ESCs provide new
choices of support cells for incorporation to neural scaffolds, promoting peripheral
nerve regeneration.

10.1.1.3 Neural Stem Cells (NSCs)

NSCs are multipotent cells that reside within paramedian generative zones present
along the entire neuraxis throughout all stages of neural development and also dur-
ing adult life (Gokhan and Mehler 2001). NSCs have the potential to differentiate
into three major cellular elements of the nervous system, including neurons, astro-
cytes, and oligodendrocytes, and they can proliferate unlimitedly and undergo rapid
cellular expansion in response to nerve injuries. The properties of NSCs, including
multipotential differentiation, strong plasticity, high immigration ability, easily isola-
tion and culture in vitro, and low immunogenicity, make NSCs an attractive source
of support cells for the construction of TENGs (Alessandri et al. 2004). Chitosan
NGCs seeded with NSCs were used as a tissue-engineered nerve graft to bridge
10-mm facial nerve gaps in rabbits. Nerve regeneration at 12 weeks after implan-
tation was similar to that by autologous nerve grafting (Guo and Dong 2009). By
GFP labeling, Hsu et al. (2009) found that 85 % of seeded NSCs were successfully
aligned on the micropatterned poly (D,L-lactic acid) (PLA) NGC within 72 h, and
the cells expressed the genes that are related to the production of neurotrophic fac-
tors and thus facilitated nerve repair and functional recovery in a 10-mm rat sciatic
nerve injury model during a period of 6 weeks. Genetically modified NSCs can
also serve as a source of neurotrophic factors. NSCs engineered to overexpress glial
cell line-derived neurotrophic factor, which is known to protect motoneurons, were
implanted to chronically denervated distal tibial nerve. There was a better regenera-
tion of peroneal axons into tibial nerve with a reduction of chondroitin sulfate pro-
teoglycan immunoreactivity in the ECM (Heine et al. 2004). Implantation of NSC
overexpressing glial cell line-derived neurotrophic factor could significantly increase
the nerve action potential amplitude, axonal area, and axonal number, as well as the
labeling for S-100, NF, and beta III tubulin (Shi et al. 2009). After NSCs transfected
with neurotrophin-3 or its receptor were incorporated into a PLGA NGC followed
by 14-day culture, the viable NSCs were widely distributed within the NGC. This
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construct permitted the NSCs to differentiate toward neurons and to exhibit synaptic
activities (Xiong et al. 2009).

10.1.1.4 Olfactory Ensheathing Cells (OECs)

Olfactory ensheathing cells (OECs) are neural crest cells which allow growth and
regrowth of the primary olfactory neurons. Indeed, the primary olfactory system is
characterized by its ability to give rise to new neurons even in adult animals. This
particular ability is partly due to the presence of OECs which create a favorable
microenvironment for neurogenesis (Guerout et al. 2014).

OECs are a unique type of glial cells that wrap olfactory axons and support
their continual regeneration from the olfactory epithelium to the bulb (Su et al.
2013). OECs develop from a peripheral origin, the olfactory placode, and retain
the ability to self-renew and differentiate, and are considered as peripheral nerve
progenitor cells (Tohill and Terenghi 2004; Fairless and Barnett 2005). OECs that
share both Schwann cell and astrocytic characteristics have been shown to pro-
mote axonal regeneration after transplantation. The tissue-engineered poly (lactic-
co-glycolic acid) (PLGA) seeded with OECs was verified to improve peripheral
nerve regeneration in a long sciatic nerve defect (Tan et al. 2013).

OECs have been studied in the context of enhancing repair of peripheral nerve
by direct transplantation in different peripheral nerve lesion models for enhancement
of axonal nerve regeneration by providing a scaffold for the regenerating axons as
well as trophic factors and directional cues (Deumens et al. 2006). OECs are known
to provide trophic factors conducive to axonal regeneration and survival. They may
promote endogenous SCs mobilization possibly by a trophic influence (Cao et al.
2007; Au et al. 2007). Experimental studies performed in rodents show that trans-
plantation of OECs into injured nerve or implantation of OEC-seeded conduits
leads to an enhancement in axonal regeneration and improved functional outcome
under some experimental conditions. Axonal dieback of the proximal nerve stump
is reduced in the OEC transplanted nerves suggesting that the OECs provided early
trophic support leading to earlier onset of regeneration. This could be critical for
allowing the regenerating axons to navigate across the injury site before impeding
scar tissue develops. However, OECs share many properties with SCs such as their
production of neurotrophic factors and extracellular matrix (ECM) molecules as well
as their ability to form peripheral myelin. Transplanted identified e GFP-expressing
OEC:s integrate into the nerve injury site and remyelinate the regenerated axons, sug-
gesting direct participation of OECs in the repair process (Radtke and Kocsis 2012).

OECs-containing silicone tubes were noted to support an improved axonal
regeneration in 50 or 79 % of rats with a 15- or 12-mm sciatic nerve injury gap
(Verdu et al. 1999). Another case showed that bridging of 15-mm nerve gap in
rat sciatic nerve injury model with muscle-stuffed vein seeded with OECs as a
substitute for autologous nerve graft. Neurophysiological recovery, as assessed by
electrophysiological analysis, was faster in the constructed biological nerve con-
duit compared to that of autologous nerve graft (Lokanathan et al. 2014). Although
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the therapeutic potential of OECs in peripheral nerve repair is yet far from conclu-
sive, there have been later studies reporting on the treatment of peripheral nerve
injury by direct injection of OECs to the injured site (Andrews and Stelzner 2004;
Dombrowski et al. 2006; Radtke et al. 2009; Guerout et al. 2011).

10.1.1.5 Induced Pluripotent Stem (iPS) Cells

Cell source is a major issue for tissue engineering and regenerative medicine. An
exciting breakthrough in stem cell biology is that adult somatic cells (e.g., skin fibro-
blasts) can be reprogrammed into induced pluripotent stem cells (iPSCs) by the acti-
vation of a limited number of genes (transgenes) such as Oct3/4, Sox2, c-Myc, and
KLF4 (Takahashi et al. 2007; Park et al. 2008) or Oct3/4, Sox2, Nanog, and Lin28
(Yu et al. 2007). The iPSCs derived from somatic cells make it possible for patient-
specific cell therapies, which bypass immune rejection issue and ethical concerns
of deriving and using ESCs as a cell source. The unlimited expansion potential of
iPSCs also makes them a valuable cell source for tissue engineering. However, to
use iPSCs as a cell source, many important issues remain to be addressed, such as
the differences among various iPSC lines in differentiation and expansion and the
appropriate differentiation stage of the cells for specific tissue engineering appli-
cations. In general, most of iPSC lines, as ESCs, can differentiate into neural crest
stem cells (NCSCs), although the differentiation efficiency was different. NCSCs
can differentiate into cell types of all three germ layers and represent a valuable
model system to investigate the differentiation and therapeutic potential of stem cells
(Rao and Anderson 1997; Morrison et al. 1999; Crane and Trainor 2006; Lee et al.
2007; Sauka-Spengler and Bronner-Fraser 2008). The adult cell sources are limited
by the number of cells that can be obtained and complicated by the need to sacrifice
additional nerves and tissues. Moreover, there is a lack of efficiency and consistency
in cell isolation and expansion, which causes variability in therapeutic efficacy. In
contrast, NCSCs derived from iPSCs can be immune compatible, expandable, and
well characterized as a valuable cell source for the regeneration of peripheral nerve
and other tissues (Wang et al. 2011).

Stem cells from sources other than the bone marrow are now getting more
attention. The gliogenic secondary neurospheres derived from iPS cells have the
ability to differentiate into SCs. The iPS cells were added to a PLC-based NGC,
followed by implantation across a sciatic nerve gap in mice, showing regeneration
of peripheral nerves and functional recovery (Uemura et al. 2012). iPSCs and their
derivatives are valuable cell sources for tissue engineering.

10.1.1.6 SKkin-Derived Precursors (SKPs)

Skin-derived precursors (SKPs) are stem cells found in the dermis (Fernandes
et al. 2004; Blazejewska et al. 2009). These stem cells persist into adulthood,
as they can be isolated from adult skin (Toma et al. 2001). In their endogenous
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environment, the dermis, they instruct hair follicle growth and contribute to main-
taining the dermis and repairing it after injury. One niche where SKPs are found is
at the base of hair follicles, in the dermal papilla (DP) and surrounding the follicle
in the dermal sheath (DS) (Fernandes et al. 2004). The DP is the control center
for hair growth (Jahoda et al. 1984), as such SKPs found in the DP instruct hair
growth. SKPs can also migrate out of the DP. Upon injury to the dermis, SKPs
migrate to the site of injury and differentiate into dermal fibroblasts, thereby
replenishing the interfollicular dermis.

The skin dermis contains neural crest-related precursor cells, and the SKPs can
be cultured to differentiate into neural crest cell types with the characteristics of
neurons and SCs in the PNS (Fernandes et al. 2004; McKenzie et al. 2006). Both
rodent and human SKPs are differentiated into SCs when transplanted into the
brains of shiverer mice (McKenzie et al. 2006), which have a genetic deficiency in
MBP and hypomyelination of the CNS (Dupouey et al. 1979). Both whisker pad
SKPs and dorsal back SKPs differentiate into SCs with similar efficiency (Jinno
et al. 2010). Of note, dorsal trunk SKPs are somite derived but can still differ-
entiate into SCs, which are neural crest derived during development (Jinno et al.
2010).

SCs differentiated from SKPs express typical Schwann cell markers and can
myelinate DRG axons in vitro. When transplanted into rodent models of periph-
eral nerve injury, SKP-SCs are able to myelinate axons in vivo and aid in injury
repair (McKenzie et al. 2006; Walsh et al. 2009, 2010). The first experiment using
SKP-SCs transplantation into the PNS used a crush model. Here, the sciatic nerve
of a mouse was crushed with forceps (but not transected), and SKP-SCs were
immediately transplanted distal to the crush site. SKP-SCs were able to myeli-
nate the regenerating axons (McKenzie et al. 2006). SKP-SCs can also be used to
repair transected nerves (Shakhbazau et al. 2014). In an acute model of peripheral
injury, SKP-SCs were transplanted into an acellular nerve graft and used to bridge
a 12-mm gap in the sciatic nerve. SKP-SCs promoted axon regeneration, myelina-
tion, and electrophysiological recovery (Walsh et al. 2009).

SKP-SCs were also able to regenerate chronic peripheral nerve injury. More
motor neurons regenerated into the chronically denervated nerve with SKP-SCs
transplantation compared with media controls, and these regenerated axons were
larger. The compound muscle action potential (CMAP) amplitude in the gastroc-
nemius muscle and its muscle weight were larger with SKP-SCs transplanta-
tion, suggesting better muscle reinnervation. The reparative ability of SKP-SCs
approached that of nerves that were immediately sutured and were not chroni-
cally denervated (Walsh et al. 2010). SKP-SCs therapy also improves behavioral
recovery after acute, chronic, and nerve graft repair beyond the current standard of
microsurgical nerve repair (Khuong et al. 2014).

The SKPs with neurotropic function show a full capacity of differentiating into
SCs and promoting axon regeneration in vivo (Chen et al. 2012). In one study,
SKPs were injected into neural scaffolds (NGCs) that had been prepared with
L-lactide—trimethylene carbonate (L-lac/TMC) copolymer or type I collagen,
respectively, to generate a TENG, which was then used to bridge a 16-mm sciatic
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nerve gap in rats. The results of the study confirmed the beneficial effects of SKPs
on nerve regeneration (Marchesi et al. 2007). In another study, porcine SKPs
were found to induce prominent nerve regeneration in porcine peripheral nerve
injury sites after SKPs were added to a collagen/fibrin NGC for bridging a 10-mm
femoral nerve gap in pigs (Park et al. 2012). More studies demonstrated further
evidence for the effectiveness of using SKPs as support cells in TENGs (Walsh
et al. 2009; Chen et al. 2012).

10.1.2 Application Strategy of Stem Cells for Peripheral
Nerve Regeneration

10.1.2.1 Transplantation of Stem Cells Combined with Scaffolds
for Repairing Peripheral Nerve Injury

It is reported in a recent study that evaluated the long-term safety of using support
cells-containing TENGs to repair a 50-mm-long median nerve gap in monkeys in
terms of the data from blood test, immunological and tumor marker detection, and
histopathological examination of organs and glands (Hu et al. 2013). They also
directly transplant MSCs combined with chitosan/PLGA scaffold to successfully
repair the 50- and 60-mm sciatic nerve gap in dogs (Ding et al. 2010; Xue et al.
2012), and they developed a new design of TENGs by introducing bone marrow
mesenchymal stem cells (MSCs) of rats, as support cells, into a silk fibroin (SF)-
based scaffold, which was composed of an SF nerve guidance conduit and oriented
SF filaments as the conduit lumen filler. The biomaterial SF had been tested to pos-
sess good biocompatibility and noncytoxicity with MSCs before the TENG was
implanted to bridge a 10-mm-long gap in rat sciatic nerve. Functional and histolog-
ical assessments showed that at 12 weeks after nerve grafting, TENGs yielded an
improved outcome of nerve regeneration and functional recovery, which was better
than that achieved by SF scaffolds and close to that achieved by autologous nerve
grafts. During 1-4 weeks after nerve grafting, MSCs contained in the TENG signifi-
cantly accelerated axonal growth, displaying a positive reaction to S-100 (a Schwann
cell marker). During 1-3 weeks after nerve grafting, MSCs contained in the TENG
led to gene expression upregulation of S100 and several growth factors (brain-
derived neurotrophic factor, ciliary neurotrophic factor, and basic fibroblast growth
factor). The cell behaviors and neurotrophic functions of MSCs might be responsible
for their promoting effects on peripheral nerve regeneration (Yang et al. 2011).

Several papers showed the xenogeneic or allogenic acellular nerve grafts
implanted with MSCs promote nerve regeneration effectively in rats or even mon-
keys (Wang et al. 2008; Zhang et al. 2010; Hu et al. 2007; Jia et al. 2012). So far,
most studies directly implant stem cells together with biomaterials for repairing
peripheral nerve injury. Other types of stem cells are also mostly implanted in the
same way as MSCs mentioned above (Guerout et al. 2014; Lokanathan et al. 2014;
Wang et al. 2011; Uemura et al. 2012; Walsh et al. 2009; Ikeda et al. 2014).
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10.1.2.2 Joint Use of Stem Cells, Cytokines, and Scaffolds
for Repairing Peripheral Nerve Injury

Upon injury to peripheral nerves, the local presence of growth factors at the injury
sites plays a vital and complex role in modulating phenotypic changes of a variety
of neural and nonneural cells. Although the endogenous growth factors secreted by
neural cells in the distal nerve stump can support axon regeneration, the supportive
action may not be sustained indefinitely due to an obvious decline with time in
cellular production of growth factors, and hence, the continuous supply of growth
factors is critically required, which is mainly dependent on the addition of exog-
enous growth factors. To date, the most commonly used growth factors belong to
two classes: (1) neurotrophins, including NGF, brain-derived neurotrophic factor
(BDNF), and neurotrophin-3 (NT-3); and (2) growth factors with neurotrophic
actions, including glial cell line-derived neurotrophic factor (GDNF), ciliary neu-
rotrophic factor (CNTF), and fibroblast growth factors (FGFs). The details about
their application for neural tissue engineering are available in review papers (Gu
et al. 2011; Jiang et al. 2010).

The cell-based delivery of growth factors has been developed. A silicone-based
NGC seeded with genetically modified SCs overexpressing fibroblast growth
factor-2 (FGF-2) was used to bridge a 15-mm sciatic nerve gap in adult rats.
Different FGF isoforms overexpressed by implanted SCs improved both lengths
and number of regenerating myelinated axons over different time periods post-
grafting (Timmer et al. 2003; Haastert et al. 2008). Likewise, the design of GDNF-
transduced Schwann cell grafts for enhancing regeneration of erectile nerves
represents the same attempt of cell-based delivery of neurotrophic factors (May
et al. 2008, 2013). In addition, a combination of iPSc-derived neurospheres and
basic fibroblast growth factor (bFGF)-containing gelatin microspheres was incor-
porated into a neural scaffold (a synthetic polymer-based, double-layered NGC),
and the constructed TENG was used to bridge 5-mm-long sciatic nerve gaps in
mice, achieving regenerative outcomes to some degree (Ikeda et al. 2014). The
above-mentioned are typical examples of the combined use of support cells and
growth factors as biochemical cues within TENGs.

MSCs not only enhance functional outcomes of nerve repair through production
of various growth factors, but also act as gene delivery vehicles of growth factors
that are released to nerve injury sites for augmenting axonal growth (Lu et al. 2009).
For example, it has been reported that transduction of MSCs to overexpress a cer-
tain factor, for example, brain-derived neurotrophic factor, could result in significant
increase in the extent and diversity of axonal growth in the host nerves (Chen et al.
2005; Lu et al. 2005). Although gene transfer to SCs, MSCs or other stem cells, even
to nerve tissues usually facilitates a continuous release of growth factors to encour-
age peripheral nerve regeneration, it has also found that lentiviral vector-mediated
overexpression of glial cell line-derived neurotrophic factor causes trapping of
regenerating axons and failure of appropriate target reinnervation during nerve
regeneration in a rat sciatic nerve injury model (Tannemaat et al. 2008). It seems that
the possible side effects are not negligible in gene-based therapy.
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10.1.2.3 Construction of Tissue-Engineered Nerve Grafts In Vitro
for Repairing Peripheral Nerve Injury

TENGs are considered as a promising alternative to autologous nerve grafts used
for peripheral nerve repair. The differences between these two types of nerve
grafts are mainly in the regenerative microenvironment established by them. To
construct ideal TENG:s, it is therefore required to develop a better way to introduce
biochemical cues into a neural scaffold, as compared to single or combined use of
support cells and growth factors.

Tang et al. (2012) have reported that a coculture system of dorsal root ganglia
(DRGs) and SCs could give rise to an in vitro cultured nerve equivalent that was
likely to mimic the native nerve microenvironment. Their TENGs consisted of
an in vitro cultured nerve equivalent residing in a SF-based scaffold were used
to bridge a 10-mm sciatic nerve defect in rats. At 12 weeks after nerve grafting,
a series of measurements were performed to evaluate the regenerative capacity
of these TENGs. The recovery in the motor function of the injured hindlimb in
TENG group, as indexed by the SFI value, was close to that in autograft group
without significant difference between each other, and prevailed over that in
scaffold group. The restoration of electrophysiological properties for 3 grafted
groups was reflected in detectable CAMP data, which represented an important
measure for the conduction function of peripheral nerves. The comparison in the
CMAP amplitude between 3 grafted groups provided further evidence that func-
tional recovery in TENG group was more close to that in autograft group than
that in scaffold group. Histological analysis showed that either the regenerated
nerve or target gastrocnemius muscle achieved the similar reconstruction, both
in qualitative and quantitative aspects, between TENG and autograft groups,
and these similar results were significantly better than those in scaffold group.
Their findings suggested that more axons might successfully grow through our
developed TENG to reach the distal stumps for reinnervation of target muscle.
In other words, the incorporation of a nerve equivalent into SF-based scaffold
led to an enhanced repair capacity for peripheral nerve injuries. Successful
myelination of PNS depends on induction of major protein components of
myelin including PMP22, and myelin stability is also sensitive to PMP22 levels
(Wrabetz et al. 2006). The high expressions of N-cadherin and PMP22 meant
that in their developed nerve equivalent, as in the autologous nerve, dynamic
interactions between axons and SCs contributed to the establishment of an ideal
microenvironment for nerve regeneration via the increased expression of several
bioactive molecules. The introduction of an in vitro cultured nerve equivalent
into a scaffold might contribute to establishing a native-like microenvironment
for nerve regeneration.

This culture system in vitro is also the same applies in candidate stem cells of
the TENG for repairing peripheral nerve injury. The stem cells cocultured with
DRGs or seeded onto the biomaterial scaffold in vitro for a period of time provide
chance for cells in TENG to communicate with each other or establish a native-
like microenvironment effectively.
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The rotary bioreactors could influence major cellular events such as differ-
entiation, proliferation, viability, and cell cycle. Introduced by the National
Aeronautics and Space Administration (NASA) of the USA in 1987, simulate
microgravity (SMG) cultures seem to be ideal for overcoming some draw-
backs associated with static culturing systems (Vunjak-Novakovic et al. 1999;
Goodwin et al. 1993). For instance, SMG conditions allow the cells to well pro-
liferate in a rotary cell culture system (RCCS) of microgravity environment but
at low shear stress and low turbulence environment. SMG culture conditions
can provide appropriate microenvironments which have proven advantageous
for intercellular communication on tissue-specific cell assembly, cell adhesion,
signal transduction, glandular structures, and function (Meyers et al. 2005;
Goodwin et al. 1993). In addition, when cells are maintained in a 3D growth
environment, they tend to aggregate. SMG culture can enhance cell-cell inter-
actions and supply such 3D growth microenvironment. So, the aggregating
growth of cells is an important effect of SMG on some cell lines (Unsworth and
Lelkes 1998). SMG promoted porcine liver cells to grow into 3D cell aggrega-
tion, which displayed that SMG culture system was suitable for long-term and
expanding cell culture (Dabos et al. 2001). The dynamic flow of RCCS might
improve nutrient supply and increase metabolic waste removal for the cells in
the interior cellular spheres. Thus, comparison with the static culture, rotating
simulated microgravity culture environment can show better cellular vitality and
function for some cultivated cells. There is also specific application in the con-
struction of TENG in vitro recently (Luo et al. 2014).

Nowadays, for the construction of neural tissue engineering, it needs to be
addressed how to obtain adequate and unified standardized conditions to promote
the peripheral nerve regeneration. A series of problems should be solved before
wide clinical application of the RCCS in tissue engineering technology.

10.1.2.4 Construction of Acellular Tissue-Engineered Nerve Grafts
In Vitro for Repairing Peripheral Nerve Injury

The field of stem cells and regenerative medicine offers considerable promise as a
means of delivering new treatments for a wide range of diseases. In order to maxi-
mize the effectiveness of cell-based therapies—whether stimulating expansion of
endogenous cells or transplanting cells into patients—it is essential to understand
the niche signals that regulate stem cell behavior. One of those signals is from the
ECM. New technologies have offered insights into how stem cells sense signals
from the ECM and how they respond to these signals at the molecular level, which
ultimately regulate their fate (Watt and Huck 2013).

To date, however, cellular and molecular therapies directed at peripheral nerve
repair have not yet gone beyond the laboratory stage, and their translation to the
clinic has been beset with numerous challenges, such as the type and quantity
of cells or factors, their delivery, cell viability or factor activity, cell phenotypic
stability, timing of treatment, regulatory issues, and high costs (McAllister et al.
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2008; Burdick et al. 2013). Therefore, alternate approaches are being developed to
substitute an inclusion of support cells or growth factors in a nerve graft.

The ECM is composed of diverse molecules, including proteins, glycoproteins,
and glycosaminoglycans, produced by the resident cells in tissues or organs. The
composition and structure of ECM are dependent on the phenotype of the resident
cells and the function of the tissues or organs. In turn, ECM affects the pheno-
type and behavior of the resident cells (Bissell et al. 1982; Boudreau et al. 1995;
Ingber 1991). It is clear that ECM contains sufficient biological cues to regulate
cell phenotype and function in tissues or organs. Based on this knowledge, the
mimicking of the native ECM of peripheral nerves within a nerve scaffold seems
to be a promising strategy to replace cellular or molecular components added to
the scaffold. As an early attempt, nerve scaffolds were prepared with purified indi-
vidual ECM components, such as collagen, fibrin, laminin, fibronectin, and hya-
luronan (Gu et al. 2011; Schmidt and Leach 2003; Deumens et al. 2010; Jiang
et al. 2010; Khaing and Schmidt 2012). Some of these scaffolds (e.g., NeuraGen®,
NeuroMatrix™, Neuroflex™, NeuraWrap™, and NeuroMend™) have been com-
mercially available and approved by FDA (Kehoe et al. 2012; Meek and Coert
2008). Unfortunately, individual ECM components fail to create an extracellular
environment similar to that in vivo within a scaffold in a comprehensive man-
ner because various ECM components have different functions and any individ-
ual component cannot substitute for the complete ECM (Ravindran et al. 2012).
Indeed, an ECM scaffold can be engineered by using acellular biomaterials, which
have been considered a feasible alternative to cellular and/or molecular therapy
(Khaing and Schmidt 2012; Burdick et al. 2013). Allogeneic and xenogeneic nerve
(or nonnerve) tissues are treated with chemical or thermal decellularization to pro-
duce a tissue-derived ECM, which represents one of acellular biomaterials suit-
able for preparing nerve scaffolds. The resulting tissue-derived ECM scaffolds,
commonly called acellular nerve grafts, have been well studied, and some of them
are of considerable commercial interest with a FDA-approved product on the mar-
ket (e.g., Avance®) (Kehoe et al. 2012). As compared to scaffolds prepared with
individual ECM components, tissue-derived ECM scaffolds (also called acellu-
lar nerve grafts) have a better ability to retain the basic structure of native nerves
and promote peripheral nerve regeneration (Whitlock et al. 2009). Mounting evi-
dence indicates that although tissue-derived ECM scaffolds recapitulate biochemi-
cal and biophysical cues intrinsic to tissues (Gilbert et al. 2006; Lu et al. 2011;
Badylak et al. 2009; Hoshiba et al. 2010; Wolchok and Tresco 2010), they may
suffer from several drawbacks, including tissue scarcity, host responses, pathogen
transfer, insufficient mechanical properties, and uncontrollable degradation kinet-
ics (Badylak et al. 2009; Cheng et al. 2009; Liao et al. 2010; Skora et al. 2012).
In contrast, cultured cell-derived ECM scaffolds have recently attracted attention.
They are similar to or even better than tissue-derived ECM scaffolds because the
former excludes pathogen transfer when cultured and expanded under pathogen-
free conditions and maintains the desired geometry and flexibility when reconsti-
tuted with common biomaterials either of synthetic or natural origin (Wolchok and
Tresco 2010; Lu et al. 2011; Cheng et al. 2009; Narayanan et al. 2009; Volpato
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et al. 2013). In consequence, cultured cell-derived ECM scaffolds have been used
in some fields of tissue engineering (Wolchok and Tresco 2010; Liao et al. 2010;
Lu et al. 2011; Choi et al. 2010). The application of this type of ECM scaffolds,
however, has not been fully studied in nerve tissue engineering.

As discussed in detail elsewhere (Williams 2008, 2014), these paradigms move
away from the search for biomaterials and structures that passively allow cells
to express new ECM; instead, these materials have to be actively involved in the
delivery of cues to cells. Indeed, it should be borne in mind that a tissue engineer-
ing template should replicate, as far as possible, the niche of those target cells.
ECM plays a prominent role in establishing and maintaining an ideal microenvi-
ronment for tissue regeneration, and ECM scaffolds are used as a feasible alterna-
tive to cellular and molecular therapy in the fields of tissue engineering. Because
of their advantages over tissue-derived ECM scaffolds, cultured cell-derived ECM
scaffolds are beginning to attract attention, but they have been scarcely studied for
peripheral nerve repair.

10.1.3 Outlook on Stem Cells for Peripheral Nerve
Regeneration

The research of peripheral nerve regeneration dates back to many years ago, and
the past century has witnessed the accelerated development in peripheral nerve
repair strategies, especially a significant progress from early artificial tubular
NGC:s to current TENGs, but clinical applications of state-of-the-art approaches
are still limited and the relevant functional outcomes are not completely satisfac-
tory, largely depending on many factors including the size and location of injured
nerves as well as the age of patients. As has been repeatedly indicated by previ-
ous literature (Fields et al. 1989), only a clear and thorough understanding of the
fundamental events, which occur after nerve injury and during nerve regeneration,
could result in a medical breakthrough for peripheral nerve repair. The challenges
and possibilities facing surgical management of peripheral nerve injuries are likely
to be summarized as two main aspects: (1) survival of the damaged neurons and
establishment of the microenvironment that facilitates the neurite outgrowth; (2)
accurate pathfinding that guides axons to their targets for appropriate reinnerva-
tion. Obviously, peripheral nerve regeneration is determined by the large quantity
and high speed of axonal outgrowth, the remyelination of axons by SCs, and the
maturity of regenerating nerve fibers. Incorporation of support cells and/or growth
factors has proven effective for modulating the above cellular behaviors as evi-
denced by a wide range of animal experiments, but it has not come to clinical use
due to multiple barriers.

Target reinnervation is another pivotal cellular event that predetermines func-
tional recovery following peripheral nerve repair. When a nerve is transected with
a damage of basal lamina tubes, axonal sprouts are not restrained to their origi-
nal basal lamina tubes and axons become unable to grow faithfully along original
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pathways to their target regions. The mismatch of regenerated axons to their tar-
gets may contribute, at least in part, to unsatisfactory functional recovery after
nerve grafting. Further elucidation of the pathfinding mechanisms of axons is
necessary for developing more efficient methods that will enable nerve regenera-
tion to better mimic natural process of neurogenesis. To conclude, nerve regen-
eration, even in the simpler PNS (as compared to CNS), is also a quite complex
phenomenon that is, to date, still far from being fully understood. However, with
the advancement of tissue engineering and regenerative medicine and with an
accumulated knowledge in the neuroscience field, one can expect that TENGs with
a close similarity to native nerve tissues, both in structure and function, will be
eventually developed.

The heterogeneity of the stem cell population could also pose a problem, which
may be exacerbated if cell manipulation and growth in culture introduce additional
genomic variants, which may affect normal functioning. Culture systems can add
heterogeneity to the phenotype and genotype, thus complicating selection criteria
for transplantation (Bara et al. 2014). Incorrect or incomplete differentiation can
also be a concern, as in the case of improperly differentiated endothelium from
transplanted PSCs, which can lead to maladapted fibrosis and affect organ func-
tion (Ginsberg et al. 2012). Although these potential risks can be partly investi-
gated and addressed by transplantation of cells into suitable immunosuppressed
animals, these models may only approximate the human disease and often do not
account for the intact human immune system.

Despite the gold standard for peripheral nerve gap repair, autologous nerve
grafts fail to achieve an entirely satisfactory restoration of function after they are
implanted. Intended to supplement and replace autologous nerve grafts, TENGs
should be able to compete with or even surpass autologous nerve grafts in the
outcomes of nerve regeneration and functional recovery. Therefore, although the
past several decades have witnessed great advance from the earliest nerve tube
to the state-of-the-art TENG, neural tissue engineering needs further significant
progress toward the development of ideal TENGs and their translation to clinical
applications.

It has to be recognized that many materials have been tested and used for
TENGs without clear resolution of the optimal structure, a fact by itself which
indicates that there is much to learn about their performance. We have deline-
ated here the experimental use of various inorganic and indeed metallic materials,
which go beyond the framework of traditional biomaterials, for neural template
fabrication. We have also addressed the favorable features of some nanostructured
neural scaffolds due to their topographical resemblance of natural ECM architec-
ture. This is a key issue in light of the need for the template to replicate the niche
of the target cells. It is unlikely that conventional materials, including most syn-
thetic polymers, will meet the strict requirements of this cell niche concept; the
use of decellularized natural tissues and various forms of biopolymers, including
hydrogel forms of both proteins and polysaccharides, are clearly very important
here. We have described the incorporation of SKPs and AMSCs (as support cells)
into neural templates in the construction of TENGs and illustrate newly developed
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delivery systems for growth factors within them. Certainly, there are still other
prospective cues that can be integrated within TENGs, such as molecular inflam-
matory mediators (Kiefer et al. 2001; Wang et al. 2012; Camara-Lemarroy et al.
2010; Tang et al. 2013), bioactive peptides (Schense et al. 2000; Cheng et al.
2014), and antioxidant reagents (Shen et al. 2007; Wilson et al. 2007). These
extra cues are ready to demonstrate their promising applications in neural tissue
engineering.

Although the promise of cell therapy for tissue regeneration is exciting, trou-
blesome details persist, such as cell selection, delivery, viability, and phenotypic
stability, in addition to timing of treatments, regulatory issues, and high costs
(McAllister et al. 2008; Mummery et al. 2010). Nowadays, TENGs used in the
clinic, however, are limited to those composed of a neural scaffold alone without
any biochemical components due to the presence of various barriers. The con-
struction of an effective TENG should be considered as a complex scientific and
engineering problem that involves multifaceted interactions between a diverse
array of physicochemical and biological cues, which have been and are still being
elucidated within the constantly updated knowledge of peripheral nerve injury
and regeneration. The various cues have distinctive effects on the performance of
TENGs, but it is necessary to understand and implement the orchestration of the
different cue-induced effects. A considerable number of comparative studies must
be conducted to decipher. For example, which are more prominent cues, whether
and how different cues are interrelated to and interfere with each other. Obviously,
the research on these issues will benefit from an improved insight into the molec-
ular events and mechanisms that underlie peripheral nerve injury and regenera-
tion (Navarro et al. 2007; Raimondo et al. 2011; Napoli et al. 2012; Fricker et al.
2013). So far, not only animal models that have TENGs achieved good results,
but clinical trials with TENGs to treat human patients with peripheral nerve injury
have also met with a certain degree of success (Kehoe et al. 2012; Meek and Coert
2008; Lin et al. 2013; Rinkel et al. 2013; Zhang et al. 2013). Especially, many
commercial available products of neural scaffolds have been used in the clinic
with promising outcomes (Gu et al. 2011; Kehoe et al. 2012; Meek and Coert
2008).

Although it may be possible to promote the activity of endogenous stem cells
to enhance tissue repair, it is becoming increasingly clear that as much attention
needs to be paid to the environment in which the cells reside as to the nature of the
cells themselves (Watt and Hogan 2000).

The physical niche for any somatic stem cell is composed of two basic com-
ponents: an acellular ECM and local cellular constituents. The molecular com-
ponents of the matrix have a profound effect on the biology of stem cells in
regulating their quiescence, proliferation, symmetric and asymmetric divisions,
and fate (Watt and Huck 2013); conversely, stem cells typically produce con-
stituents of their own matrix. The cells found in the niche, such as differentiated
cells of the tissue, interstitial mesenchymal cells, and cellular components of the
vasculature, may influence stem cell functionality by direct contact or by locally
secreted paracrine factors. Despite considerable success of acellular nerve grafts
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in supporting peripheral nerve regeneration (Khaing and Schmidt 2012; Krekoski
et al. 2001; Kim et al. 2004), they are still associated with several drawbacks,
which inspire the emergence of cultured cell-derived ECM scaffolds. The devel-
oped nerve scaffolds might have not these drawbacks because (1) the isolated SCs
can be in vitro expanded, and even commercially available SC cell lines are also
used to obtain ECM; (2) SCs can be cultured in a pathogen-free medium; and (3)
the joint use of SC-derived ECM and natural biomaterials allows our developed
scaffolds to have robust mechanical properties and exhibit tailored degradation
profiles. The safety examination indicated that adverse effects, including adverse
immune responses, were not observed in animals after bridging rat sciatic nerve
gap with different scaffolds, which provided a necessary basis for the translation
of our developed scaffolds to the clinic. Targeted activation of endogenous stem
cells to repair the tissues in which they reside requires an understanding of the
molecular pathways that normally control stem cell function and how those signals
might have changed in the setting of injury or disease, perhaps rendering the stem
cells less responsive to extrinsic cues.

A major challenge for the development of targeted therapeutics to enhance
endogenous stem cell function is the modeling, in vitro, of the environment that
sustains the stem cells in a state of reduced responsiveness in vivo. Typically, plat-
ing stem cells in culture induces them to begin dividing and differentiating, thus
altering the cellular state that would be the therapeutic target (Dimmeler et al.
2014). To push the translation of stem cell application for peripheral nerve regen-
eration into the clinic, we anticipate that the most appropriate stem cells and other
biological cues with a close proximity to the regenerative microenvironment of the
PNS will be developed.
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