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Macrophage polarization in nerve injury: do Schwann 
cells play a role? 

Introduction
It has long been accepted that Schwann cells are a primary 
force behind the efficient regenerative capacity of the pe-
ripheral nervous system (PNS) following injury (Gaudet 
et al., 2011; Zochodne, 2012). It comes as no surprise that 
Schwann cells have this reputation, given that they have been 
shown time and time again to act directly to aid axonal out-
growth and remyelinate the regenerating axon in vivo and in 
vitro (Gaudet et al., 2011; Zochodne, 2012). What is less of-
ten discussed is the complex role that Schwann cells play in 
regulating the immune response (Stratton et al., 2015). Here 
we review previously published studies, in addition to previ-
ously published microarray datasets (Painter et al., 2014; Jha 
et al., 2015), to describe the inflammatory gene expression 
profile following peripheral nerve injury (PNI) and hypoth-
esize potential mechanisms of macrophage polarization by 
Schwann cells. 

In the healthy adult nerve, the inflammatory response fol-
lowing injury is, aside from an early wave of neutrophils, al-
most entirely comprised of infiltrating macrophages (Gaudet 
et al., 2011; Nadeau et al., 2011). Like most other inflamed 
injury sites, this process is initiated by chemoattractants, 
such as monocyte chemoattractant protein 1 (MCP-1), being 
released from local cells, including Schwann cells (Tofaris et 
al., 2002). Thereafter, circulating immune cells are attracted 
to the injury site, whereby they play a well-established and 
indispensable role in engulfing debris, including inhibitory 
myelin debris (Kang and Lichtman, 2013), a clearing process 
that is important for efficient axonal regeneration (Barrette 
et al., 2008; Gaudet et al., 2011). In addition, however, the 
macrophage’s pro-regenerative role involves direct regulation 

of several other cellular events, including but not limited to 
the regulation of neurotrophin production and angiogenesis 
(Barrette et al., 2008; Gaudet et al., 2011; Bastien and Lac-
roix, 2014; Cattin et al., 2015). 

It is clear that macrophages are highly plastic and exist in 
a spectrum of activation states as dictated by their microen-
vironment. In recent years, the complexities of mammalian 
macrophage activation have been elegantly described in 
vitro (Xue et al., 2014). Using a genomics approach to study 
macrophage-activation gene signatures in response to 29 
stimulation conditions, Xue et al. (2014) demonstrated that 
there are at least 9 subtypes of macrophage-activation pat-
terns, and at least 5 distinct clusters of biological processes 
that lead to various macrophage activation states. Such 
datasets nicely illustrate the shift away from traditional lin-
ear polarization models of macrophage activation to one 
that appreciates the true spectrum of macrophage activa-
tion. Nevertheless, and at least in the context of the nerve, 
macrophages are generally, and usefully, conceptualized 
into two opposing but complementary activation states: ei-
ther proinflammatory (often referred to as M1) – involved 
in free radical production and pathogen protection; or 
anti-inflammatory (often referred to as M2) – considered 
to play reparative roles in inducing wound healing and 
mediating the resolution of inflammation (Xue et al., 2014; 
Franco and Fernández-Suárez, 2015; Gensel and Zhang, 
2015). 

Macrophage Polarization in PNI  
In response to PNI, neutrophils and monocytes infiltrate the 
injury site within 6–12 hours post-injury (Figure 1) (Nadeau 
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et al., 2011; Bastien and Lacroix, 2014). Proinflammatory 
macrophages derived from infiltrating monocytes, char-
acterized by Ly6Chi/Ly6G–, peak at 1–2 days post-injury 
(Nadeau et al., 2011; Bastien and Lacroix, 2014). This is 
accompanied by increased expression of proinflammato-
ry-associated factors, including tumor necrosis factor-α 
(Tnfa), interleukin 1β (Il1b), interleukin 6 (Il6), pro-plate-
let basic protein (Ppbp), chemokine (C-X-C motif) ligand 
2 (Cxcl2), chemokine (C-C motif) ligand 8 (Ccl8), serum 
amyloid A 3 (Saa3), secretory leukocyte peptidase inhibitor 
(Slpi) and immune receptor expressed on myeloid cells 1/
CD300f (CD300lf) at 1 day post-injury (Table 1) (Nadeau 
et al., 2011; Ydens et al., 2012; Painter et al., 2014; Jha et al., 
2015). This closely parallels the proinflammatory profile of 
macrophages analyzed acutely at the injury site, after skel-
etal muscle injury (Arnold et al., 2007; Cheng et al., 2008) 
and central nervous system (CNS) injury (Kroner et al., 
2014; Gensel and Zhang, 2015). Interestingly, prototypical 
proinflammatory-associated genes such as interferon-γ 
receptor (Ifngr), and in some cases inducible nitric oxide 
synthase/iNOS (Nos2), are not routinely detected at early or 
late-stages following PNI (Ydens et al., 2012; Painter et al., 
2014; Peluffo et al., 2015). This is in contrast to traumatic 
injury in the CNS, where there is delayed but persistent 
expression of Ifngr and other proinflammatory proteins 
including iNOS, CD16/32, and CD86 (Kigerl et al., 2009; 
Kroner et al., 2014). 

Although proinflammatory factors are often referred to 
as detrimental (Arnold et al., 2007; Aurora and Olson, 2014; 
Kroner et al., 2014; Gensel and Zhang, 2015), it is clear that 
certain proinflammatory cytokines and chemokines, such 
as MCP-1, macrophage inflammatory protein-α (MIP-α), 
TNF and IL1-β, are pivotal for efficient regeneration in PNI, 
with multiple studies suggesting these cytokines play im-
portant roles in the recruitment/activation of immune cells 
to clear myelin debris and the regulation of Schwann cells 
(Perrin et al., 2005; Lu and Zhu, 2011). More generally, it 
seems the role of proinflammatory macrophages, with their 
complex cytokine profile, in the context of nerve injury is 
less clear. In vitro, it appears that the exposure of Schwann 
cells and neurons to M1-primed macrophage conditioned 
media enhances Schwann cell proliferation, reduces axonal 
outgrowth and compromises neuronal survival (Kigerl et 
al., 2009; Mokarram et al., 2012). In vivo, however, there is a 
suggestion that M1 macrophages are necessary for efficient 
regeneration, given a recent study which interfered with the 
function of proinflammatory macrophages in PNI, found 
that recovery was compromised (Peluffo et al., 2015). By 
interfering with the CD300f receptor – highly expressed by 
M1-associated macrophages and thought to play a role in 
regulating inflammation and debris clearance – the authors 
demonstrated a shift in macrophage phenotypes towards 
an anti-inflammatory profile with an increase in propensity 
to clear debris (Peluffo et al., 2015). Interestingly, although 
this macrophage profile would usually suggest a pro-growth 
supportive phenotype, the authors described a reduction 

in axonal regrowth and compromised behavioral outcomes 
compared to controls. Such findings demonstrate the com-
plex orchestration of the proinflammatory response in PNI 
(Bastien and Lacroix, 2014), and the contextual effects that 
influence overall tissue repair.  

Following the initial proinflammatory response in PNI, 
there is a transition to an anti-inflammatory macrophage 
phenotype, characterized by Ly6Clo/Ly6G– cells that begin 
to prevail the nerve by 3 days post-injury (Nadeau et al., 
2011). At the same time, anti-inflammatory genes, such 
as arginase-1 (Arg1), chitinase-like 3/YM1 (Chil3) and 
mannose receptor C type 1/CD206 (Mrc1), are expressed 
(Painter et al., 2014; Jha et al., 2015). Interestingly, as 
described above, the M1-associated macrophage is the 
predominant macrophage phenotype present at 1 day 
post-injury (Bastien and Lacroix, 2014), yet it seems some 
of the most highly upregulated genes at 1 day after PNI 
are, in fact, those that encode for enzymes, such as Arg1 
and Chil3, associated with an anti-inflammatory response 
(Painter et al., 2014). This observation has also been 
made in other tissues (Novak and Koh, 2013a, b; Gensel 
and Zhang, 2015). Thereafter, it seems that between 7–14 
days post PNI, a different anti-inflammatory macrophage 
subtype wave dominates the nerve, characterized by the 
expression of interleukin 10 (Il10) and receptors such as 
interleukin 10 receptor (Il10r), interleukin 4 receptor (Il4r), 
interleukin 13 receptor alpha 1 (Il13ra1) and triggering 
receptor expressed on myeloid cells 2 (Trem2) (Be’eri et al., 
1998; Ydens et al., 2012; Bastien and Lacroix, 2014). These 
kinetics of macrophage polarization at later stages of nerve 
injury are similar to what is observed at sites of injury 
in tissues such as skin and skeletal muscle (Arnold et al., 
2007; Daley et al., 2010; Novak and Koh, 2013b) but in-
triguingly, different from what occurs in spinal cord injury 
where it is believed the expression of M2-associated genes 
and proteins are only transient (Kigerl et al., 2009; Bastien 
and Lacroix, 2014). Taken together, in recent years, the 
spectrums of genetic profiles regulating the inflammatory 
response elicited by PNI are becoming better characterized, 
but the outcome or role of this genetic profile on cellular 
function, for the most part (Chen et al., 2015), still remains 
poorly understood. 

At least in vitro, it seems that the myelin-ingested, phago-
cytic macrophage shows a strikingly enhanced M2 pheno-
type, where these cells are not only growth-promoting, but 
also incapable of producing a proinflammatory macrophage 
profile when stimulated with prototypical proinflammatory 
stimuli (Kroner et al., 2014). Anti-inflammatory macro-
phages, and associated M2-cytokines, are clearly crucial in 
several injury environments given that this phenotype pro-
motes muscle and myelin cell maturation and differentia-
tion, and, in vitro at least, appears to provide trophic support 
to enhance axonal outgrowth in neurons (Kigerl et al., 2009; 
Miron et al., 2013; Novak and Koh, 2013b; Aurora and Ol-
son, 2014; Kroner et al., 2014). Interestingly, given that Laza-
rov-spiegler et al. (1998) demonstrated that macrophages 
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stimulated with sciatic nerve explants are far more phagocyt-
ic than those left unstimulated or stimulated by optic nerve 
explants, it seems likely that macrophages subjected to the 
PNS microenvironment have a particularly robust capacity 
to be M2-like. Indeed, Lazarov-spiegler et al. (1998) demon-
strated that the transplant of nerve-stimulated macrophages 
into CNS injury accelerated axonal regeneration compared 
to unprimed macrophage transplants. 

Macrophage-Schwann Cell interactions 
What could be disparate about the immune response in 
injuries of the peripheral nerve compared with other sys-

tems, such as the CNS, is the key involvement of Schwann 
cells, a tissue-specific cell that is known to express particular 
growth factors at extremely high levels post-injury (Painter 
et al., 2014). When assessing PNI over time, the expression 
of growth factors such as glial cell line-derived neurotrophic 
factor (Gdnf), fibroblast growth factor-5 (Fgf5) and sonic 
hedgehog (Shh), but not classic M2-inducing cytokines (Il4, 
Il10, Il13), seem to dominate the nerve during peak stages of 
debris clearance (Painter et al., 2014). With this in mind, giv-
en that we have recently shown in vitro that Schwann cells do 
not secrete high levels of classic M2-associated cytokines, but 
are potent inducers of M2-phenotypes in macrophages (as 

Figure 1 Schematic of the macrophage and Schwann cell response in peripheral nerve 
injury.
(A) Neutrophils and monocytes infiltrate the injury site within hours post-injury. This pro-
cess is initiated by chemokines being released from local cells, including dedifferentiating 
Schwann cells. (B) Recruited monocytes differentiate into phagocytic macrophages whereby, 
among other things, they play a well-established and indispensable role in engulfing debris. 
We hypothesize that the dedifferentiated Schwann cell plays a substantial role in regulating 
macrophage function, via the secretion of cytokines/factors, although the mechanisms that 
underlie this regulation remain undetermined. (C) The macrophage’s pro-regenerative role 
involves direct regulation of several cellular events via the secretion of anti-inflammatory/ 
growth supportive cytokines. We hypothesize this includes the regulation of Schwann cell dif-
ferentiation, the promotion of Schwann cell remyelination, axonal support and angiogenesis. 

Table 1 Temporal profile of the expression of M1-and M2-associated genes as defined by Jha et al. (2015) in peripheral nerve injury

M1/M2 Day 1 Day 3/4 Day 7/14 

Jha et al. (2015) 

Nadeau et al. (2011);
Ydens et al. (2012);
Painter et al. (2014) 

Nadeau et al. (2011); 
Ydens et al. (2012);
Painter et al. (2014)

Nadeau et al. (2011);
Ydens et al. (2012) 

Tumor necrosis factor-α (Tnfa) M1 + + -

Interleukin 1β (Il1b) M1 + - + 

Interleukin 6 (Il6) M1 + - + 

Pro-platelet basic protein (Ppbp) M1 + + ? 

Chemokine (C-X-C motif) ligand 2 (Cxcl2) M1 + + ? 

Chemokine (C-C motif) ligand 8 (Ccl8) M1 + + ? 

Serum amyloid A 3 (Saa3) M1 + + ? 

Secretory leukocyte peptidase inhibitor (Slpi) M1 + + ? 

Immune receptor expressed on myeloid cells 1/CD300f 
(CD300lf) 

M1 + + ? 

Arginase-1 (Arg1) M2 +++ ++ -

Chitinase-like 3/YM1 (Chil3) M2 ++ + -

Mannose receptor C type 1/CD206 (Mrc1) M2 + + -

Interleukin 10 receptor (Il10r) M2 - - + 

Interleukin 4 receptor (Il4r) M2 - - + 

Interleukin 13 receptor alpha 1 (Il13ra1) M2 - - + 

Triggering receptor expressed on myeloid cells 2 (Trem2) M2 - + ++ 

 A    B    C   

Anti-inflammatory/growth cytokine

Monocyte/macrophage

Proliferative Schwann cell

Myelinating Schwann cell

Debris 
Dedifferentiated Schwann cell
Chemokines

Neutrophil

Promyelinating Schwann cell
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evidenced by a >1,000-fold increase in Arg1 expression) and 
that these macrophages promote axonal outgrowth (Stratton 
et al., 2015), the question arises as to what drives macrophages 
to be M2-like in the PNS. Interestingly, following Schwann 
cell-targeted knockout of c-Jun expression – a transcription 
factor that regulates the transition of myelinating Schwann 
cells into a dedifferentiated state, and regulates the expression 
of neurotrophic factors such as Gdnf and brain-derived neu-
rotrophic factor (Bdnf) – there is a decrease in the clearance 
of myelin debris after nerve injury (Arthur-Farraj et al., 2012). 
The authors attributed this to a malfunction in the myelin-
ophagic capacity of the c-Jun-null Schwann cell to degrade 
myelin (Gomez-Sanchez et al., 2015). However, and to their 
surprise, they also made the observation that macrophages, 
although genetically normal, contained 7 times more lipid 
droplets per macrophage and were substantially larger com-
pared to wild-type controls. It was not determined whether 
this observation was simply a compensatory mechanism (i.e., 
the macrophage had more debris to clear given the impaired 
capacity of the Schwann cell to clear debris) or whether a 
given macrophage could no longer efficiently digest debris. It 
is possible that these findings indicate that c-Jun, in Schwann 
cells, regulates the expression, and subsequent secretion, of 
yet-to-be identified ligand(s) that interact with macrophages 
to modulate their function. Given GDNF is one such factor 
which is strikingly reduced following c-Jun knockout, and giv-
en that macrophages have the capacity to express the GDNF 
receptor, Gfra2 (Jha et al., 2015), it would be interesting to 
assess whether this ligand enhances the phagocytic capacity of 
macrophages. 

Relevance
Following severe nerve injury, delayed surgical repair or 
when patients are either aged or diseased (Zochodne, 2012; 
Painter et al., 2014), regeneration is often incomplete and 
permanent disability can occur. Usually it is unclear as to 
what underlying mechanisms are responsible for this lack 
of regeneration, but some suggest it may be 1) a diminished 
capacity of Schwann cells to promote regeneration over 
time; 2) axonal misdirection; 3) the vast distances an axon 
must grow to reinnervate target organs/tissues (Sulaiman 
and Gordon, 2000; Gordon et al., 2011; Zochodne, 2012). 
Another possible contributing mechanism is that the typi-
cal macrophage response is compromised. Indeed, in other 
tissues, including, for example the aged CNS, it seems that 
improper macrophage responses following injury might be 
a key factor contributing to inefficient regeneration (Ruckh 
et al., 2012; Natrajan et al., 2015). Moreover, dysregulated 
macrophage responses are also believed to contribute to the 
pathology of PNS and CNS autoimmune diseases (Shin et 
al., 2012, 2013a, b). With this in mind, it is possible that, in 
certain circumstances where regeneration is inadequate in 
PNI, there is potential to therapeutically modulate the im-
mune response to be more growth supportive, ultimately 
improving regenerative outcomes. Indeed, it has been shown 

that macrophages become more M2-like following IL-4 
recombinant therapy delivered at the injury/repair site in 
PNI (increased ratio of CD206+:CD68+ cells) and that this 
results in enhanced axonal regeneration (Kigerl et al., 2009; 
Mokarram et al., 2012). It has also been shown, recently, us-
ing Schwann cell transplant in PNI, that macrophage mod-
ulation may be one of the contributing mechanisms leading 
to enhanced regeneration following Schwann cell transplant 
therapy (Stratton et al., 2015). Together, although only a few 
studies to-date have demonstrated the potential of macro-
phage-directed therapies to improve regenerative outcomes 
in PNI, we believe that such an approach holds potential for 
patients who suffer from chronic disability following PNI. 

Conclusion 
The immune response in PNI has several features common 
to any injury site in the body - a rapid influx of immune 
cells, an early proinflammatory response followed by an 
anti-inflammatory response. Even so, there appears to be 
distinct features of macrophages in PNS microenviron-
ments suggesting that this microenvironment may induce a 
unique, and as-of-yet largely uncharacterized macrophage 
phenotype, with a particular propensity to clear debris and 
contribute to regenerative cascades. Although largely unex-
plored, several studies hint that one of the underlying cel-
lular interactions, which have the potential to regulate this 
unique macrophage response in PNI, involves the Schwann 
cell. Further research is required to fully unravel the poten-
tial contribution of macrophages in efficient PNI recovery. 
Gaining such insight could lead to more targeted immu-
nomodulatory treatments not only for patients who suffer 
from chronic disability following PNI, but also for patients 
suffering from other diseases and injury states where the 
macrophage-response is suboptimal. 
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