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Interaction between Schwann cells and other cells 
during repair of peripheral nerve injury

Wen-Rui Qu1, Zhe Zhu1, Jun Liu1, De-Biao Song2, Heng Tian1, *, Bing-Peng Chen3, *, 
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Abstract  
Peripheral nerve injury (PNI) is common and, unlike damage to the central nervous 
system injured nerves can effectively regenerate depending on the location and severity 
of injury. Peripheral myelinating glia, Schwann cells (SCs), interact with various cells in 
and around the injury site and are important for debris elimination, repair, and nerve 
regeneration. Following PNI, Wallerian degeneration of the distal stump is rapidly initiated 
by degeneration of damaged axons followed by morphologic changes in SCs and the 
recruitment of circulating macrophages. Interaction with fibroblasts from the injured 
nerve microenvironment also plays a role in nerve repair. The replication and migration 
of injury-induced dedifferentiated SCs are also important in repairing the nerve. In 
particular, SC migration stimulates axonal regeneration and subsequent myelination of 
regenerated nerve fibers. This mobility increases SC interactions with other cells in the 
nerve and the exogenous environment, which influence SC behavior post-injury. Following 
PNI, SCs directly and indirectly interact with other SCs, fibroblasts, and macrophages. 
In addition, the inter- and intracellular mechanisms that underlie morphological and 
functional changes in SCs following PNI still require further research to explain known 
phenomena and less understood cell-specific roles in the repair of the injured peripheral 
nerve. This review provides a basic assessment of SC function post-PNI, as well as a 
more comprehensive evaluation of the literature concerning the SC interactions with 
macrophages and fibroblasts that can influence SC behavior and, ultimately, repair of the 
injured nerve.
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Introduction 
As many as 3% of trauma patients, including those with combat-
related injuries, experience nerve injury alone or in polytrauma 
to the extremities and body (Noble et al., 1998; Yegiyants et 
al., 2010). Peripheral nerve injury (PNI), as a medical condition, 
encompasses numerous forms of nerve injury in highly variable 
peripheral tissue microenvironments (Namgung, 2014; 
Bombeiro et al., 2020). After PNI, the microenvironment of 
the damaged nerve and the Schwann cells (SCs) associated 
with the nerve are exposed to cells in the surrounding tissue 
to varying degrees. Such contact can be direct, whereby cells 
physically interact with other cells, or can be indirect, whereby 
SC responses to biochemical cues are communicated by nerve-
associated cells (e.g. fibroblasts and infiltrating macrophages) 
and the surrounding tissue (Namgung, 2014; Wood and 
Mackinnon, 2015). Many cells, including SCs, are immediately 
killed at the site of primary injury. However, surviving SCs 
adjacent to the injured nerve stump take part in a massive 
systemic and local initiative to repair the nerve depending on 
the type and severity of injury. Such repairs can range from 
mild trauma management with minimal affected tissue to 

complete regeneration of a nerve following transection. In 
the latter form of injury, a major multicellular effort is waged 
by SCs, macrophages, lymphocytes, fibroblasts, and even 
astrocytes if the injury is close to the spinal cord root exit or to 
the spinal cord itself. This effort requires extensive SC contact 
with different cells involved in the process. These interactions, 
as well as the chaotic nature of the nerve environment and 
associated cleanup of debris after injury, are extremely complex 
and not fully understood. This review attempts to establish 
a more complete understanding of SCs and their cellular 
responses and intercellular interactions involved in migration for 
repair following PNI and myelination of regenerating damaged 
axons. We provide an overview of the SC response to injury and 
describe the responses and interactions of macrophages and 
fibroblasts with SCs in the repair and regeneration processes 
post-PNI. These cells were selected as they are either involved 
in PNI or have well-documented interactions and effects on SCs, 
including repair post-nerve injury and SC migration.

Literature Search Strategy
To obtain relevant literature related to SC involvement and 
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its intercellular interactions in nerve repair and regeneration 
for this review, we searched the PubMed database (https://
pubmed.ncbi.nlm.nih.gov/) for work that had been published 
between 1950 to 2020. Search term combinations included 
“Schwann cells” (MeSH terms) AND “nerve repair” OR 
“macrophages” OR “fibroblasts” OR “repair Schwann cells” OR 
“axon regeneration”. We further narrowed down the obtained 
search results using publication titles and abstracts retrieved 
using the stated search terms. We excluded literature that did 
not address PNI, nerve-associated cells, or neural regeneration.

Overview of Schwann Cell Responses to Nerve 
Injury
Following PNI, the cellular and structural components of 
the nerve experience a rapid shift in environmental cues 
and physical interactions that shape the behavior of the cell 
constituents in the repair and regeneration process. Wallerian 
degeneration (WD) involves many components of the nerve, 
as well as exogenous participants induced by injury, and 
is initiated by the degradation of damaged axons. Axonal 
breakdown triggers physical SC dissociation from the axons, 
which induces a dedifferentiation of SCs toward an immature 
repair phenotype and an influx and activation of macrophages 
for debris cleanup (Waller, 1851; Lunn et al., 1989; Gaudet et 
al., 2011; Rotshenker, 2011; Chen et al., 2015). These series of 
events are necessary for successful axonal regeneration and 
repair of the damaged peripheral nerve, which is a beneficial 
characteristic that differentiates the peripheral and central 
nervous systems. In a normal, uninjured peripheral nerve, 
mature SCs serve to myelinate larger diameter fibers, while 
non-myelinating SCs, also referred to as Remak SCs, wrap 
themselves around small sensory and autonomic axons (Jessen 
and Mirsky, 2019). Myelinating SCs are larger than Remak 
cells, owing to the extensive area of myelin that wraps around 
axons (Jessen and Mirsky, 2016, 2019). Despite the differences 
in these two SC types, both play important roles in the 
protection and repair of the injured nerve and their neuronal 
components. Perineurium and epineurium connective tissue 
encapsulate SCs and their associated nerve fibers, and are 
composed of fibroblasts. In peripheral nerve crush injuries, 
the surrounding epineurium of the nerve remains intact, and 
is thus easier to regenerate post-injury, while injuries that 
physically disrupt the integrity of the nerve and its epineurium 
(e.g., nerve transection) cause more severe nerve damage 
and require a more extensive repair response. As such, 
functional recovery is relatively fast in crush PNI. For example, 
considerable functional improvement can be observed after 
only several days to 2 weeks in rat facial nerve crush injury (Lal 
et al., 2008; Rivera et al., 2017).

For more common nerve transection injuries, the surrounding 
peri- and epineurium, blood vessels, and myelinated and 
unmyelinated axons are severed, which leaves a proximal and 
distal nerve stump that require reconnection to allow for repair 
and regeneration of damaged axons and associated cells within 
the nerve. Although nerves can undergo repair and regeneration 
following surgical reconnection of the nerve endings, functional 
recovery is slow and nerve function is often sub-optimal 
compared with pre-injury functional ability (Brown et al., 2019). 
Owing to the various cell types involved in the injury, as well 
as the influx of cells that are not intrinsic to the nerve (i.e., 
circulating macrophages), the SC functional interplay between 
these cells is important during the repair and regeneration 
process. Indeed, SCs can recruit such cells to the injury site 
through cytokine secretion, and infiltrating macrophages and 
other cells release factors that, in turn, influence SC responses. 
For example, increased nuclear factor-kappa beta in SCs and 
localized T-cells in the injured nerve can promote macrophage 
recruitment, potentially through elevated tumor necrosis 
factor-alpha-mediated activation of nuclear factor-kappa beta 
(Shubayev and Myers, 2000; Smith et al., 2009).

Much of the behavior of SCs following PNI is guided by intrinsic 
physiological changes in the SC in response to environmental 
cues produced by SCs, infiltrating immune cells, axons, and 
other cells in the surrounding region. Debris cleanup and 
WD occur rapidly after nerve injury. Shortly following PNI, 
dedifferentiated SCs begin to migrate from either the proximal 
or distal nerve stump, or both, to begin forming a connective 
tissue cable between the remaining nerve endings that will 
bridge a nerve gap and support axonal regeneration in the 
post-injury nerve (Torigoe et al., 1996, 1999). This also supports 
neovascularization of the regenerating nerve (Torigoe et al., 
1999), which promotes a change in SCs toward a phenotype 
known as repair SCs (Jessen and Mirsky, 2016).

Repair Schwann Cells in Nerve Injury and 
Regeneration
Following PNI, the interaction of myelinating and non-
myelinating SCs with axons is disrupted, which alters the 
environmental cues that modulate SC differentiation status. 
As such, the SCs at and near the site of injury dedifferentiate 
toward a precursor cell phenotype that is similar to that 
observed during development (Jessen and Mirsky, 2008), while 
also exhibiting marked transcription changes that are unique to 
SCs responding to acute injury (Jessen and Arthur-Farraj, 2019). 
At this stage, the response of SCs to various environmental 
cues initiated by injury facilitates their transition toward a 
repair phenotype, called repair SCs. Specific modulations 
of SC transcription in response to PNI include alterations in 
c-Jun expression, epigenetic histone modifications, increased 
expression of signal transducer and activator of transcription 
3, and increased cytokine/chemokine secretion for the 
recruitment of macrophages and other immune cells to the 
injury site (Gaudet et al., 2011; Arthur-Farraj et al., 2012; Hung 
et al., 2015; Ma et al., 2016; Stratton and Shah, 2016), which 
facilitates a multi-cellular framework for cleanup and repair. 

Acutely following injury, reprogrammed SCs release cytokines 
that assist in the infiltration of numerous macrophages to the 
injury site, where they begin secreting various neurotrophic 
factors. These neurotrophic factors include brain-derived 
neurotrophic factor, glial cell-line neurotrophic factor, and 
fibroblast growth factor (FGF), all of which have potential a 
pro-regenerative influence on damaged and regenerating 
axons (Namgung, 2014). Immature SCs affected by injury 
upregulate c-Jun, part of the activator protein-1 transcription 
factor, which induces the expression of trophic factors and 
promotes establishment of the repair SCs (Arthur-Farraj et al., 
2012; Fontana et al., 2012; Huang et al., 2015). This injury-
induced upregulation of c-Jun expression has been shown 
to be mediated through mitogen-activated kinase signaling, 
and in particular, extracellular-related kinase 1/2 (Blom et 
al., 2014). Upregulation of activating transcription factor 3 
(ATF3) is also triggered acutely in SCs near and along the 
extent of the nerve following transection injury (Blom et 
al., 2014), and is considered a key marker of PNI. ATF3 is a 
transcription factor that has been reported to be upregulated 
by both repair SCs and neurons post-PNI, and is important 
for proper axonal re-generation and subsequent nerve repair 
(Stenberg et al., 2012; Blom et al., 2014; Gey et al., 2016; 
Wahane et al., 2019). Aside from axonal regeneration, a 
recent electromyography study reported that ATF3 plays a 
role in improving the functional outcome, whereby target 
musculature is functionally preserved or reinnervated (Holland 
et al., 2019). Much like the increase in c-Jun observed in 
SCs following PNI, ATF3 upregulation has also been shown 
to be dependent on mitogen-activated kinase signaling/
extracellular-related kinase 1/2 signaling, and may be involved 
in acute SC proliferation in the injured nerve (Blom et al., 
2014). However, because the SC and the neuron affected by 
PNI are both influenced by ATF3 expression and function, 
their overall or combined mechanism in promoting nerve 
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regeneration remains unclear. 

Repair SCs migrate toward the site of injury to construct a 
bridge across the injury gap in support of axon regeneration 
into the distal portion of the nerve; simultaneously, EphrinB2/
EphB2 signaling via the sex determining region Y-box 2 
promotes presentation of the cell adhesion molecule 
N-cadherin on the membrane surface of the SC (Parrinello 
et al., 2010; Torres-Mejía et al., 2020). The expression of 
N-cadherin allows for an SC-SC interaction that is necessary 
for SC organization into the nerve bridge and appropriate axon 
regeneration (Parrinello et al., 2010; Torres-Mejía et al., 2020). 
Nerve fibroblast secretion of EphrinB and its interaction with 
the EphB receptor on the SC surface have also been shown to 
play a role in promoting SC-induced nerve bridge formation 
and axonal regeneration (Dun and Parkinson, 2020).

Molecular interactions between SCs and axons are also 
integral for axon regeneration, as well as for maturation of 
the SC toward a myelinating phenotype and the targeting of 
regenerating axons (Chen et al., 2007; Chang et al., 2012; Glenn 
and Talbot, 2013). To support axonal growth during the repair 
process, proteins on the axon and SC promote their interaction 
and trigger SC maturation and the myelination program (Lemons 
and Condic, 2008). Integrins are a major protein involved in 
this interaction. Studies have indicated that the expression of 
one particular integrin, β1 integrin, increases in SCs following 
nerve injury and stimulates the regeneration of damaged axons 
(Chang et al., 2012). In addition, α6 and β1 integrin subunits 
produced by SCs distal to the injury site in the injured nerve 
have been shown to be important for axon growth through and 
beyond the site of nerve damage (Chang et al., 2018). Axon-
SC interaction has long been a topic of interest, and it is clear 
that SCs are required to dedifferentiate and migrate toward the 
injury site, build a bridge for axonal regeneration, and myelinate 
the regenerating nerve fibers during the repair process. 
Meanwhile, many molecular processes, including epigenetic 
modifications, serve key functions in peripheral axons and 
their cell bodies; changes in these processes influence their 
interaction of peripheral axons and cell bodies with SCs and 
their regenerative potential (Shin and Cho, 2017; Tedeschi and 
Bradke, 2017; Hahn et al., 2019; Wahane et al., 2019; Shen et 
al., 2020). Many cell types play a role in the response to PNI 
via their interaction with SCs, which involves their activation, 
migration, and organization for nerve injury repair.

Macrophages
Macrophages rapidly enter the damaged nerve site in large 
numbers following insult due to nerve vascular disruption, but 
they are also recruited to aid in clearing debris following the 
onset of WD of the distal nerve segment. SCs play a role in 
the recruitment of macrophages to the injury site through the 
expression of monocyte chemoattractant protein-1 (Stratton 
and Shah, 2016) and leukemia inhibitory factor (Tofaris et 
al., 2002), among other factors and cytokines (Martini et 
al., 2008; Rotshenker, 2011). Modulation of macrophage 
polarity to that of an anti-inflammatory M2 macrophage has 
also been linked to monocyte chemoattractant protein-1 
expression and secretion by SCs in an animal model of facial 
nerve injury (Stratton and Shah, 2016; Kano et al., 2017). In 
turn, the recruited M2 polarized macro-phages promote the 
development of an SC bridge rather than having a fibrotic 
contribution to nerve reparation, and ultimately improve 
regeneration and functional recovery. 

FGF9 is expressed in SCs. Recent research has shown that 
FGF9 is downregulated in SCs of the injured nerve for as long 
as 1 month post-injury, and that this FGF9 dowregulation in 
SCs affects the macrophage response to injury via increased 
proinflammatory cytokine expression at the injury site (Lv et 
al., 2019). FGF9 was also recently demonstrated to play an 
integral role in SC maturation, myelination, and inflammation 

following nerve injury (Deng et al., 2018). In that study, knock-
out of Fgf9 limited SC morphological changes and decreased 
inflammatory cytokine secretion, and subsequently delayed 
macrophage infiltration. Specifically, FGF9 appears to be 
important for the proliferative and differentiation capacity 
of SCs and the corresponding effects on macrophages; in 
one study, more repair SCs accumulated and debris cleanup 
was reduced with a loss of FGF9 (Lv et al., 2019). Part of this 
macrophage influence may also be due to improved stability 
of the blood-nerve barrier under these conditions, which 
possibly results from SC physiological modifications (Lv et 
al., 2019). Nevertheless, providing exogenous FGF9 reverses 
these alterations to the nerve injury responses, and this effect 
may be mediated by a mechanism involving FGF9-mediated 
stimulation of extracellular related kinase 1/2 activation in SCs 
(Deng et al., 2018; Lv et al., 2019). 

If the immune response affecting macrophages and SCs is 
suppressed, regeneration is sub-optimal (Scheib and Höke, 
2016). Age plays a role in the influence of macrophage and SC 
functions in debris clearance and WD, with more remaining 
debris observed in the distal portion of the nerve due to 
an age-related reduction in SC- and macrophage-mediated 
cleanup, which hinders axon regeneration (Tanaka et al., 1992; 
Kang and Lichtman, 2013). Such studies have demonstrated 
that both the infiltration of macrophages and the migration 
and dedifferentiation of SCs are essential for effective axon 
regeneration after nerve injury, although our understanding 
of the influence of macrophages on the migration of SCs post-
injury has only improved in recent years.

Intercellular communication between the two cell types 
has been shown to influence SC behavior post-nerve injury. 
In 2015, one study reported that macrophage-derived 
microvesicles, specifically M2 macrophage microvesicles, 
promoted SC proliferation and migration in vitro and in a rat 
model of sciatic nerve transection (Zhan et al., 2015). The 
physiological response of SCs to these microvesicles was shown 
to include upregulated nerve growth factor (NGF) and laminin, 
which has therapeutic implications for the promotion of axonal 
regeneration. That study indicated that anti-inflammatory 
M2 macrophages secrete microvesicles that carry a specific 
microRNA, miR-223, and that this was associated with 
modified proliferative and migratory capabilities of SCs. This 
evidence was supported by transfection of M2 microvesicles 
with miR-223 inhibitor and subsequent incubation with SCs, 
whereby downregulation of the SC functions was observed 
(Zhan et al., 2015). As such, the activation and inflammatory 
status of present macrophages can influence SC effects, and, 
potentially, axon regeneration and nerve repair. However, 
experimental evidence is needed to confirm a connection 
between miR-223 and modulation of SC physiology, such as 
the increase in c-Jun expression or function. 

As described earlier, c-Jun activation promotes the expression 
of trophic factors that are important for axon growth, including 
glial cell-line neurotrophic factor and its related family 
member, artemin (Fontana et al., 2012). Injury itself induces 
upregulation of c-Jun (Shy et al., 1996) and the production of 
these trophic factors, as well as NGF (Heumann et al., 1987) 
and brain-derived neurotrophic factor (Heumann et al., 1987). 
Given that injury causes an upregulation of the NGF receptor in 
SCs (Taniuchi et al., 1986), NGF could be supportive for SCs as 
well as axons. Glial cell-line neurotrophic factor administration 
has been found to enhance SC dedifferentiation, migration, and 
myelination in the injured peripheral nerve (Höke et al., 2003). 
NGF has also been shown to significantly enhance SC migration 
in vitro and ex vivo (Anton et al., 1994). Neurotrophin-3 has 
also been shown to promote SC migration (Yamauchi et al., 
2004) and peripheral axon regeneration (Carvalho et al., 
2019), and evidence indicates that SC migratory behavior 
is mediated via the c-Jun pathway in SCs (Yamauchi et al., 
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Figure 1 ｜ Schematic showing the general sequence of events following 
PNI involving fibroblasts, macrophages, and SCs to promote SC migration 
and nerve repair.
(A) Example of injury to a motor nerve projecting from the ventral horn 
of the spinal cord to target muscle tissue in the periphery. The cell body is 
located in the spinal cord, while the SC myelinated axon projects toward a 
target, where it synapses and initiates its action. (B) Nerve injury damages 
the integrity of the peripheral axon and induces Wallerian degeneration. (C) 
In response to injury, debris clearance and repair is initiated by activated 
SCs, recruited macrophages, and disrupted fibroblasts. Paracrine signaling 
involving MCP-1, LIF-1, and FGF-9 that is secreted from these cells facilitates a 
multicellular response to the injured nerve. (D) There is a fibroblast influence 
on SC behavior, which is partly mediated through direct binding of TNC 
to SC-expressed β1 integrin. Likewise, microvesicles released by activated 
macrophages also affect SC function in the repair process and depend on the 
inflammatory status of macrophages recruited to the injury site. (E) These 
cellular interactions contribute to the promotion of SC establishment of a 
bridge across the injury site for supporting axon regeneration and eventual 
myelination. (F) A repaired and regenerated peripheral nerve. FGF-9: 
Fibroblast growth factor 9; LIF-1: leukemia inhibitory factor-1; MCP-1:  
monocyte chemoattractant protein-1; PNI: peripheral nerve injury; SC: 
Schwann cell; TNC: tenascin-C.

2003). Interestingly, the loss of c-Jun in SCs also decreases 
macrophage density in the injured peripheral nerve, which 
indicates that there is a close intercellular communication 
network between SCs and macrophages for promoting debris 
cleanup and WD progression. 

Macrophage-derived slit guidance ligand 3 (Slit-3) also has 
an influence on fibroblasts through its interaction with 
roundabout guidance receptor 1 (Robo-1). Robo-1 is a cell 
surface receptor for Slit family proteins and a known modulator 
of axonal guidance in the peripheral nervous system (Blockus 
and Chédotal, 2016). It has also been recently shown to 
influence SC migration and function in repairing nerve damage 
and promoting regeneration (Dun et al., 2019). Expression 
of Slit and Robo proteins are known to be upregulated in the 
injured nerve (Carr et al., 2017; Chen et al., 2020), and the 
production and secretion of Slit-3 by macrophages in the 
injured nerve signals to migrating SCs via binding to the SC-
expressed receptor Robo-1 (Dun et al., 2019). This effect is 
believed to be mediated via SC-expressed sex determining 
region Y-box 2, as a loss of this transcription factor has been 
found to reduce SC migratory ability and reparation of the 
damaged nerve. Likewise, the loss of Slit-3 and Robo-1 can lead 
to abnormal fibroblast and SC migration and aberrant axon 
regeneration (Dun et al., 2019), which strongly supports the 
idea that there is a critical connection between macrophage 
Slit-3 and SC influence in the repair of the damaged peripheral 
nerve. Along with communication and interaction, SCs and 
macrophages have been shown to cooperate in the process 
of myelin debris clearance through SC-mediated upregulation 
of TAM (Tyro3, Axl, Mer) receptor-mediated phagocytosis 
and autophagy post-nerve injury (Brosius Lutz et al., 2017). A 
recent study also reported that other immune cells, such as 
neutrophils, play a critical role in myelin debris clearance after 
PNI; this further highlights the complexity of this multicellular 
process and the role of immune and inflammatory processes 
in peripheral nerve repair (Lindborg et al., 2017). Despite 
such developments in the field, the relationship between 
nervous system cells and immune cells remains complicated, 
and additional research will be required to shed light on the 
interactions between macrophages and SCs in PNI.

Fibroblasts
Fibroblasts are a key cell type within the peripheral nerve 
microenvironment. However, their role in nerve injury 
and regeneration, as well as in SC function, has not been 
extensively studied. Upon transection injury, fibroblasts are 
not only damaged, but, along with SCs, also respond to the 
damage for an initial clearing of tissue debris. As SCs rapidly 
dedifferentiate and migrate to begin the repair process and 
form Bands of Büngner to initiate the regenerative response, 
fibroblasts contribute to this process both by interacting 
with SCs and producing and secreting extracellular matrix 
molecules (ECMs) (Li and Wang, 2011; Zhang et al., 2016). 
The use of fibroblast-derived ECMs has even been shown to 
support the production of a decellularized nerve graft (Harris 
et al., 2017). The involvement of fibroblasts in the nerve 
repair process is particularly important in transection injures 
in which nerve sheaths are damaged, which allows fibroblasts 
to infiltrate the site of damage (Bobarnac Dogaru et al., 2018). 

One method that fibroblasts use to respond and communicate 
with local cells following injury is their release of ECMs 
called tenascins (Zhang et al., 2016). Tenascins are large 
ECM glycoproteins in vertebrates, one of which, tenascin-C 
(TNC), plays a role in the modulation of neurite extension and 
directionality (Chiquet-Ehrismann et al., 1988; Meiners et al., 
1999). It has been shown that TNC is increased in the proximal 
nerve segment post-injury, and that fibroblasts overexpressed 
TNC after PNI (Zhang et al., 2016). This upregulation of TNC 
by fibroblasts was shown to promote SC migration, but not 
proliferation, in response to nerve injury, and the influence 

of TNC on SCs was achieved via direct binding of TNC to 
SC-expressed β1 integrin (Zhang et al., 2016). The study’s 
evidence further suggests that fibroblast-mediated SC 
migration via a TNC-β1 integrin interaction enhanced axon 
regeneration. Much like SC-SC interactions, fibroblasts and SCs 
appear to require a physical interaction if they are to promote 
the necessary migration of SCs for bridging the injury site and 
enhance axon regeneration after PNI. Fibroblasts have also 
been shown to promote vascularization of tissue through 
trophic factor and cytokine expression and secretion (Sorrell 
and Caplan, 2009; Dun and Parkinson, 2020). Given that SC 
bridge formation and vacularization are important in the 
repair and survival of the damaged nerve and associated cells, 
these processes likely involve complex fibroblast-mediated cell 
migration within and into the injured nerve tissue (Figure 1). 
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Additional research will hopefully reveal more about the role 
of fibroblasts in SC behavior and nerve repair.

Clinical Relevance
From a clinical perspective, SCs are well known to be critical 
players in repairing damaged nerves via the mechanisms 
described in this review. As such, SCs have been utilized and 
manipulated in a variety of ways to improve nerve repair 
and regeneration, with hopes of promoting better functional 
outcomes. The timing of nerve repair post-injury is a major 
consideration in the prognosis of outcome, and influences 
SC responses and other integral nerve components that are 
involved in the nerve repair process (Höke, 2011; Ronchi et 
al., 2017). Delayed nerve repair has been demonstrated to 
negatively affect SC function that are associated with modified 
expression of characteristic SC markers (Ronchi et al., 2017). 
In addition, when peripheral nerve repair is delayed, axon 
regeneration is diminished and functional outcomes are poor. 
Downregulated expression of ATF3 in both SCs and neurons 
following delayed PNI repair is correlated with reduced 
regeneration and functional recovery (Saito and Dahlin, 2008); 
however, further research is necessary to establish a causative 
connection between these events. In addition, various 
factors concerning the type of repair need to be taken into 
consideration. Direct reconnection of the two severed ends of 
a nerve are not usually amenable to direct reconnection, so 
nerve grafts are used to bridge the gap between the proximal 
and distal stumps. Which of these grafts are used, how they 
have been modified, and the patient’s response to them can 
potentially affect regenerative and functional outcomes that 
involve SCs and other cellular functions.

Recent research has focused on the modifications of different 
nerve grafts and scaffolds to improve axonal regeneration 
and related benefits to nerve repair. The promotion of axon 
regeneration and nerve repair by neurotrophic factors has 
long been studied, and we have performed studies integrating 
stem cells, SCs, and engineered versions of these to either 
overexpress trophic factors or other intracellular proteins to 
improve trophic factor production and secretion (Wang et al., 
2017; Li et al., 2019). Krüppel-like factor 7, a zinc-finger DNA-
binding protein family member, promotes axonal regeneration 
following nerve injury (Wang et al., 2017). When Krüppel-
like factor 7 was virally transfected into SCs that were then 
seeded into an acellular nerve allograph and engrafted in a 
rodent sciatic nerve gap, trophic factor NGF, as well as growth-
associated protein-43 and trophic factor receptors, were 
upregulated in the transplanted SCs. Alongside these changes, 
axon regeneration and myelination into and through the 
graft were enhanced (Wang et al., 2017). In a similar animal 
model, bone marrow-derived stem cells were transfected 
with Krüppel-like factor 7 and seeded into an acellular 
autologous nerve allograft in rats; motor axon regeneration 
and neuromuscular innervation were also enhanced (Li et 
al., 2019). Preclinical studies such as these demonstrate 
that a patient’s own SCs could be harvested, expanded, and 
engineered to potentially improve outcomes following PNI.

Although nerve grafts are not new in clinical practice, the 
modification of grafts with engineered cells to promote 
regeneration and function has been limited. However, one 
recent study utilized a canine ansa cervicalis to culture 
autologous SCs, and seeded them into a collagen scaffold 
(Chitose et al., 2017). Transplantation of this SC-seeded 
scaffold into a 20-mm recurrent laryngeal nerve lesion in 
canines promoted axon regeneration, with evidence of 
myelination in the graft. In addition, partial vocal fold function 
was observed (Chitose et al., 2017). Alignment of the SCs in 
the scaffold was important, and use of this technique is not 
consistent in animal models of nerve grafts. While this was 
not a human study, it presents promising findings for the 
application of this nerve grafting approach in the repair of 

injured human peripheral nerves, and highlights its potential 
to enhance axonal growth, myelination, and functional 
recovery. 

Conclusion
In this review, we have discussed several key cell types that 
play a role in mediating or modulating SC migration following 
PNI. We have also highlighted interesting related findings 
to provide some context and contrast with our focus on SC 
migration in PNI. Concerning a macrophage- and fibroblast-
mediated influence on SC migration following PNI, there 
is crosstalk, chemically and/or physically, between these 
cell types that are ultimately beneficial for nerve repair 
and regeneration. This is most evident in the acute stages 
following PNI. Despite the complexities of the cellular makeup 
and reaction to injury in peripheral nerves, the multitude of 
ways SCs interact with macrophages and fibroblasts supports 
our knowledge of the pro-regenerative aspect of the peripheral 
nervous system versus the central nervous system. Further 
research is required to better understand all the cellular 
interactions discussed in this paper. Nevertheless, the current 
review of the literature serves as a valuable overview and 
assessment of the studies to date on intercellular interactions 
that affect SC migration in PNI.
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