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ABSTRACT
Much of the focus in muscle regeneration has been placed on the
identification and delivery of stem cells to promote regenerative
capacity. As those efforts have advanced, we have learned that
complex features of the microenvironment in which regeneration
occurs can determine success or failure. The immune system is an
important contributor to that complexity and can determine the extent
to which muscle regeneration succeeds. Immune cells of the myeloid
lineage play major regulatory roles in tissue regeneration through two
general, inductive mechanisms: instructive mechanisms that act
directly on muscle cells; and permissive mechanisms that act
indirectly to influence regeneration by modulating angiogenesis and
fibrosis. In this article, recent discoveries that identify inductive
actions of specific populations of myeloid cells on muscle
regeneration are presented, with an emphasis on how processes in
muscle and myeloid cells are co-regulated.

KEY WORDS: Muscle regeneration, Macrophage phenotype,
Signaling systems

Introduction
Acute trauma, chronic disease or disruption of vascularization cause
rapid death of skeletal muscle. Functional recovery of the damaged
tissue is determined by interacting cellular responses, including stem
cell activation, proliferation and differentiation, vascular repair, and
tissue fibrosis during healing. Experimental approaches to improve
muscle regeneration have focused on identifying stem cell
populations that promote regeneration and refining their delivery,
while using genetic or pharmacological manipulations to influence
angiogenesis and fibrosis. However, those approaches are sensitive
to the presence of myeloid cells in the injured muscle, suggesting
that manipulations of myeloid cells can provide novel strategies to
potentiate muscle regeneration. As knowledge of myeloid cell
involvement in muscle regeneration has grown, we have come to
appreciate that multiple subpopulations interact in complex and
delicately balanced ways to influence regeneration. Perturbations in
myeloid cell number, phenotype or the stage of regeneration at
which they are present can yield vastly different outcomes in the
regenerative process. As these complexities become better
understood, there is hope that knowledge can be exploited to
improve muscle regeneration therapy.

In this Review, inductive processes through which myeloid cells
influence muscle regeneration are presented, including instructive
processes that directly influence developmental gene expression in
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muscle and permissive processes that modify the environment in
which regeneration occurs. Here, muscle ‘regeneration’ refers to
processes in damaged muscle tissue that lead to the restoration of
normal structure and homeostasis, especially those events that
influence the differentiation and growth of muscle cells that replace
damaged tissue (Box 1). In addition, we emphasize discoveries that
have contributed to understanding the mechanisms that coordinate
phenotypic switches in myeloid cell populations with progressive
stages of muscle regeneration.

Muscle structure and regeneration following injury
Fully differentiated skeletal muscle is composed of large,
multinucleated cells called muscle fibers, which can be centimeters
in length and contain a cytosolic volume that is tens of thousands of
times greater than that of most cells. Because muscle fibers are
superficially located in the body and routinely subjected to direct
trauma, their capacity for repair is essential for normal, life-long
function. However, muscle fibers are post-mitotic cells, incapable of
replacing lost or damaged tissue by proliferation of the muscle fibers
themselves. Instead, most of the regenerative capacity of injured or
diseased muscle is attributable to mononucleated myogenic cells
called satellite cells (Mauro, 1961), which normally reside in a
quiescent state on the surface of muscle fibers.

Upon activation by injury or disease, satellite cells enter the cell
cycle and divide. Daughter cells can then follow two developmental
fates, either returning to quiescence to renew the satellite cell
population or withdrawing from the cell cycle to begin terminal
differentiation (Fig. 1) (Shafiq et al., 1968; Moss and Leblond,
1971). As differentiation proceeds, the cells fuse with neighboring
myocytes to form multinucleated myotubes that undergo terminal
differentiation to become muscle fibers (Füchtbauer and Westphal,
1992; Grounds et al., 1992; Yablonka-Reuveni and Rivera, 1994).
This latter stage of development is characterized by extensive
growth of individual muscle fibers, as proteins necessary for
regulation of muscle contraction accumulate. Many stages of
satellite cell activation and differentiation are functionally coupled
with changes in the expression of transcription factors. Quiescent
satellite cells express Pax7 but not MyoD, whereas following
activation the cells express both Pax7 and MyoD (Grounds et al.,
1992; Yablonka-Reuveni and Rivera, 1994; Seale et al., 2000). If
they continue to differentiate, Pax7 expression ceases, while
myogenin and then MRF4 (also known as Myf6) expression is
elevated (Cornelison and Wold, 1997). Although the sequence of
changes in gene expression in developing muscle is largely
regulated by mechanisms intrinsic to muscle cells, extrinsic factors
are also important in determining the duration of each
developmental stage. Extrinsic factors can be derived from multiple
sources, including endocrine and nervous tissues, but the presence
of large numbers of inflammatory cells in injured muscle suggests
that the immune system might also play a role in influencing the
repair and growth of muscle following injury.

Shared signaling systems in myeloid cell-mediated muscle
regeneration
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Cells of the myeloid lineage dominate the inflammatory
infiltrate in regenerating muscle
Early observations implicated inflammatory cells in forming new
muscle by removing debris (Waldeyer, 1865) and possibly by
promoting myogenesis (Volkmann, 1893). However, decades passed
before the vast majority of invading cells were identified as
belonging to the myeloid lineage (Kellner and Robertson, 1954)
(Fig. 2). Following injury, these cells invade in large numbers with
scant involvement of cells of the lymphoid lineage, regardless of
whether muscle damage is caused by acute injury or chronic
damage, such as in Duchenne muscular dystrophy (DMD) (Box 2).
For example, in the mdx mouse model of DMD, myeloid cells can
exceed 50,000 cells/mm3 of muscle (Wehling et al., 2001), meaning
that a kilogram of muscle would contain more than 108 myeloid
cells, the great majority of which are macrophages. However, other
myeloid cells, such as neutrophils and eosinophils are also present
in regenerative muscle, suggesting that they might also influence
regeneration (Snow, 1977; Heredia et al., 2013), even though their
numbers are relatively low during periods when muscle regeneration
is most active.

Among the myeloid lineage cell types that enter muscle following
injury, macrophages are most clearly demonstrated as positive
regulators of regeneration (Table 1). A reduction in the number of
circulating macrophages slows the return of normal histology to
muscle following acute injury caused by freezing (Summan et al.,
2006). In addition, null mutation of the gene encoding chemokine
ligand 2 (CCL2), which is a chemoattractant of macrophages to
injured tissue, or mutation of its receptor CCR2 reduced
macrophage invasion into muscle, delayed recovery of normal
muscle architecture and slowed muscle growth following damage
caused by toxin injection or ischemia (Contreras-Shannon et al.,
2007; Shireman et al., 2007). Importantly, these defects in
macrophage invasion and muscle regeneration in Ccr2 null mice
were rescued by transplantation of bone marrow from wild-type
mice (Sun et al., 2009). Finally, targeted ablation of cells expressing
CD11b (also known as Itgam), which include neutrophils,
monocytes and macrophages, similarly reduced growth of muscle

fibers following acute injury caused by injection of toxin (Arnold et
al., 2007).

Macrophage phenotypes: a continuous spectrum
Macrophages display a broad spectrum of phenotypic diversity,
determined primarily by the environment in which they are activated.
At one end of the spectrum, macrophages can be activated to the M1
(F4/80+/CD68high/CD206–) phenotype by constituents of bacterial cell
membranes [e.g. lipopolysaccharides (LPS)] or by proinflammatory
cytokines generated by T helper 1 (Th1) cells or other myeloid cells
(Mills et al., 2000) (Fig. 1). Interferon gamma (IFNγ) and tumor
necrosis factor alpha (TNFα) are well-characterized proinflammatory
Th1 cytokines that activate macrophages to the M1 phenotype (Pace
et al., 1983; Philip and Epstein, 1986). At the opposite end of the
spectrum, macrophages can be activated to the M2
(F4/80+/CD68low/CD206+) phenotype by anti-inflammatory Th2
cytokines, including interleukin 4 (IL-4), IL-10 and IL-13 (Stein et al.,
1992; de Waal Malefyt et al., 1993; Mills et al., 2000). Although
macrophages shift between the M1 and M2 phenotype with changes
in cytokine exposure, at least in vitro, the phagocytosis of cellular
debris is sufficient to switch macrophages from an M1 to an M2
phenotype without changes in the activation by cytokines (Fadok et
al., 1998; Fadok et al., 2001; Arnold et al., 2007; Mounier et al.,
2013). Furthermore, M1 and M2 macrophages can originate from
distinct monocyte populations, suggesting that some specification of
phenotype can occur in relatively undifferentiated, circulating myeloid
populations (Nahrendorf et al., 2007).

Typically, M1 macrophages amplify inflammation by releasing
chemoattractants for inflammatory cells. They also express high
levels of inducible nitric oxide synthase (iNOS; also known as
Nos2), generating nitric oxide (NO) that can ‘tag’ cellular debris for
removal by phagocytosis or contribute to cytolysis of neighboring
cells (Hibbs et al., 1988). M2 macrophages serve primarily to
attenuate inflammation through the release of anti-inflammatory
cytokines that deactivate M1 macrophages. They also express
enzymes that can promote repair by increasing connective tissue
production. Transforming growth factor beta (TGFβ) is a
particularly potent pro-fibrotic cytokine, produced by M2
macrophages that can induce the expression of connective tissue
proteins (Roberts et al., 1986). M2 macrophage-derived TGFβ can
also induce arginase 1 expression (Mills et al., 2000). Arginine
metabolism by arginase yields polyamines that can stimulate
fibroblast proliferation and increase proline synthesis, leading to
increased connective tissue production (Modolell et al., 1995; Hesse
et al., 2001; Wehling-Henricks et al., 2010).

Distinct macrophage populations have differential effects
on muscle regeneration
Early histological observations (St Pierre and Tidball, 1994)
demonstrated that distinct macrophage populations are associated
with separate phases of muscle regeneration. Provocatively, the
CD68high/CD163– M1 macrophages reached peak numbers at ~1 to
2 days post-injury, coinciding with the activation and proliferation
of satellite cells during early regeneration. Conversely, the
CD68low/CD163+ M2 macrophages reached peak numbers by 4 days
post-injury, coinciding with early stages of muscle differentiation
and were closely associated with the surfaces of regenerative
myotubes and nascent muscle fibers (St Pierre and Tidball, 1994).
In vitro observations showed similar relationships between
macrophage phenotype and stages of myogenesis. Cultures of
satellite cells with M1 macrophages increased satellite cell
proliferation (Bencze et al., 2012), but decreased the proportion of

Box 1. Indices of muscle regeneration
Muscle regeneration can be assessed based on the extent or rate at
which damaged muscle recovers its normal structure and function.
Routinely used indices of muscle regeneration include the following.
Growth of muscle cells. The most commonly used morphological
indicator is the change in size of nascent, multinucleated muscle cells as
they differentiate and grow following injury. In mice, cross-sectional areas
are typically ~100 μm2 at the onset of regeneration and ~3000 μm2 when
regeneration is complete.
Gene and protein expression. Assays for relative levels and
timecourse of expression of muscle-specific transcription factors also
provide an index of myogenesis following injury.
Translational activity. Increased binding of basophilic dyes in individual
muscle fibers is associated with high levels of cytosolic mRNA, providing
a surrogate readout for translational activity.
Position of nuclei. During regeneration of damaged muscle, the nuclei
of nascent muscle fibers are located at the center of the cells, moving to
a location subjacent to the cell membrane at the end of myogenesis.
Thus, measuring the percentage of muscle fibers that have centrally
located nuclei can serve as an index of regeneration. However, this is
limited as an index of regeneration because other variables can influence
the proportion of fibers that show central nucleation.
Functional assays. Force production in regenerating muscle in
response to a single action potential (peak twitch tension) or maximally
activated by a rapid series of stimuli (tetanic tension) is a particularly
valuable assay to measure muscle regeneration.
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satellite cells expressing myogenin (Arnold et al., 2007). By
contrast, culturing satellite cells with macrophages activated to the
M2 phenotype increased myogenin expression and elevated fusion
of satellite cells to form myotubes (Arnold et al., 2007).

In vivo observations have now established that perturbations in
the normal shift of macrophages from an M1-biased population to
an M2-biased population can have major effects on muscle
regeneration. F4/80 (also known as Emr1) antibody depletion of
macrophages at the time of M1 to M2 transition reduced muscle
growth, repair and regeneration and perturbed the expression of
muscle-specific transcription factors that drive muscle regeneration
(Tidball and Wehling-Henricks, 2007). Similarly, growth of
regenerative muscle fibers was slowed when CD11b-expressing
inflammatory cells were depleted at the time of peak regeneration
following injury by toxin injection (Arnold et al., 2007). Alternative
strategies to prevent the M1 to M2 shift in macrophage phenotype
during muscle regeneration produced similar effects. Mutation of the
Cebpb promoter, which impairs the expression of genes associated
with the M2 macrophage phenotype, yielded defects in the growth
of nascent, regenerative fibers and slowed the restoration of normal
muscle histology following acute injury, without affecting the

activity of phagocytic cells (Ruffell et al., 2009). Similarly,
administering neutralizing antibodies to macrophage colony
stimulating factor (M-CSF; also known as Csf1) to mice following
muscle damage by snake cardiotoxin (CTX) injection reduced the
number of macrophages in muscle and slowed growth of
regenerative muscle fibers (Segawa et al., 2008). M-CSF can bias
cells in the myeloid lineage toward an M2 phenotype (Fleetwood et
al., 2007), suggesting that the reduction of total macrophages in the
muscle of mice with impaired M-CSF signaling reflects a
preferential decrease in M2 macrophages. Furthermore,
perturbations of the normal timing of the M1 to M2 transition
following injury disrupt regeneration. This was clearly demonstrated
by Dr Munoz-Canoves and colleagues, who administered IL-10,
which deactivates the M1 phenotype and promotes the M2
phenotype, during the period of muscle regeneration that is normally
dominated by M1 macrophages. Following injury by CTX injection
and subsequent administration of IL-10, the authors observed greatly
slowed growth of regenerative fibers in the damaged muscle
(Perdiguero et al., 2011). Collectively, these findings show that both
the sequence and the timing of the M1 transition to M2 macrophage
populations are necessary for normal muscle regeneration.
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Fig. 1. Changes in macrophage phenotype and stages of myogenesis in regenerative muscle following injury. During the initial stages of inflammation,
Pax7+ satellite cells are activated, proliferate and begin expression of MyoD, initiating transcription of muscle-specific genes necessary for early differentiation.
These events coincide with the activation of macrophages from the M0 phenotype to the CD68high/CD206– M1 phenotype, when they express elevated levels
of TNFα, IFNγ and iNOS. As myogenesis proceeds, some activated satellite cells return to quiescence and renew the satellite cell reserve population, while
others exit the cell cycle to undergo further differentiation. Those post-mitotic myocytes display a shift in gene expression that enables their fusion to form
multinucleated myotubes that are able to undergo terminal differentiation. The progress of muscle cells into early regenerative stages coincides with a shift of
macrophages to an M2 phenotype that expresses IL-10, IL-4, arginase 1 (Arg1) and TGFβ. As muscle regeneration and growth proceed to restore normal
homeostasis, the inflammatory response is slowly resolved. However, in the case of chronic injury or repeated acute injuries, prolonged activity of M2
macrophages can exacerbate muscle dysfunction by driving the excessive accumulation of connective tissue, which is attributable to prolonged production of
the pro-fibrotic cytokine TGFβ and to increased metabolism of arginine by Arg1.
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The complexity of shared signaling systems in muscle
regeneration and inflammation
Given the strong evidence that M1 and M2 macrophages are
functionally coupled to distinct stages of myogenesis in muscle
regeneration, it is tempting to formulate a model in which each
macrophage population emerges sequentially and mediates its
regenerative effects. However, such a linear scheme is too simplistic
because it does not incorporate the simultaneous actions of
cytokines on multiple cell types that in turn stimulate the production
of additional autocrine and endocrine factors that influence
regeneration (Table 1). This complexity in the co-regulation of
inflammation and regeneration is particularly well illustrated by
focusing on three cytokines, TNFα, IFNγ and IL-10, that play key
roles in muscle regeneration (Fig. 3).

Role of TNFα-mediated signaling
Satellite cells are major targets of TNFα signaling, which can
influence their proliferation and differentiation in regenerating
muscle. TNFα signaling for this purpose is likely to be mediated
primarily by activation of the classical pathway of NFκB signaling,
although signaling can also occur via the p38 MAPK (also known

as Mapk14) and JNK pathways (see Fig. 3 and Table 1). NFκB is a
transcription factor that is normally localized in the cytoplasm in an
inactive state as a p50/p65 heterodimer. TNFα binding to its receptor
initiates an IKKγ-dependent signaling cascade that causes p50/p65
activation and translocation to the nucleus, where it increases the
expression and stability of proteins that influence cell proliferation
(Bakkar et al., 2008), increases the degradation of the mRNA for
transcription factors that promote muscle differentiation (MyoD)
(Guttridge et al., 2000), and decreases the expression of
transcriptional repressors that upregulate genes expressed late in
muscle regeneration (Wang et al., 2007). Collectively, these TNFα-
mediated effects keep satellite cells in the early, proliferative stages
of myogenesis, inhibit differentiation and thereby perturb
myogenesis. However, once TNFα is removed, muscle may proceed
with differentiation and growth founded on an expanded population
of satellite cells. Thus, TNFα/NFκB signaling through the classical
pathway may yield a net increase in muscle regeneration in some
scenarios if the activation by TNFα were transient.

An additional role for TNFα in muscle regeneration might lie in
the co-regulation of macrophage phenotype and myogenesis via
TNFα-induced activin A release from muscle fibers. Activin A is a
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Fig. 2. Lineage of myeloid cells that can influence muscle regeneration. Common myeloid progenitors (CMPs) differentiate from multipotent hematopoietic
stem cells to give rise to the numerous lines of myeloid cells. CMPs first differentiate into megakaryocyte and erythroid progenitor cells (MEPs) or granulocyte
and macrophage progenitor cells (GMPs), with the latter lineage giving rise to the myeloid cell populations that have been most clearly associated with muscle
regeneration. GMPs in circulating populations differentiate into either monocyte precursors (MPs) or granulocyte precursors (GPs), which can then undergo
terminal differentiation into committed populations that can influence muscle injury, growth or regeneration. MPs give rise to monocytes that release a vast
number of soluble factors that modulate the inflammatory response. Monocytes undergo further differentiation to become macrophages, the best characterized
population of myeloid cells that influence muscle regeneration. GPs give rise to other populations of myeloid cells that can also influence regeneration.
Eosinophils that derive from GPs can either promote muscle damage or muscle regeneration, which varies according to the injury or disease that initiates the
inflammatory response. Neutrophils also play a dual role and have the capacity to either amplify muscle damage or promote repair by contributing to the
removal of damaged tissue and increasing revascularization. Basophils, which are also derived from GPs, are present in regenerating muscle, although it is not
clear whether they have a specific role in muscle regeneration. FAPs, fibro/adipogenic progenitors.
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mutifunctional growth factor produced by macrophages and muscle.
Recent findings showed that stimulation of muscle with TNFα
caused activation of TGFβ-activated kinase that induced the release
of activin A via two pathways: one requiring NFκB activation and
a second requiring activation of p38 MAPK (Trendelenburg et al.,
2012). Activin A then mediated autocrine signaling by binding its
receptor on the surface of muscle cells, activating SMAD2/3
signaling to inhibit muscle differentiation and fusion (Trendelenburg
et al., 2012). Thus, the pathway provides a mechanism through
which TNFα can inhibit muscle differentiation and retain muscle
cells in the proliferative stage of myogenesis.

Increased release of activin A can also promote the M1 phenotype,
at least in vitro. Human monocytes that were biased toward the M1
phenotype by treatment with granulocyte-macrophage colony
stimulating factor (GM-CSF; also known as Csf2) produced high
levels of activin A and subsequent activin A-mediated signaling via
SMAD2/3 resulted in further polarization to the M1 phenotype. In
addition, activin A stimulation of macrophages biased toward the M2
phenotype reduced IL-10 production (Sierra-Filardi et al., 2011),
which would further reinforce a role for activin A signaling in
mediating shifts towards a proinflammatory, M1 phenotype. Together,
these results suggest that induction of activin A expression and release
via the TNFα/NFκB signaling pathway in muscle provides a
mechanism to coordinate the M1 macrophage phenotype with the
early proliferative stage of muscle regeneration.

TNFα-mediated signaling can also contribute to coordinating the
regulation of macrophage phenotype and muscle regeneration
through activation of p38 MAPK. Ablation of TNFα expression
prevented the activation of p38 MAPK that normally occurs in
muscle following injury caused by CTX injection. This disrupted the
recovery of normal muscle architecture while causing persistent
elevation of CD11b+ cell numbers, suggesting a prolonged Th1
inflammatory response (Chen et al., 2005). In addition, CTX-injured
muscle showed coinciding peaks of p38 MAPK activation and
TNFα expression at early stages of muscle inflammation and
regeneration followed by coinciding peaks of Th2 cytokines (IL-10
and TGFβ) and activation of MAPK1 phosphatase (MKP1; also
known as Dusp1) as regeneration proceeded (Perdiguero et al.,
2011). Because MKP1 is a negative regulator of p38 MAPK, the
findings suggest that suppression of p38 MAPK signaling in
regenerative muscle could cause a switch in macrophage phenotype,
as well as regulating myogenesis. Null mutation of Mkp1 also

disrupted the timing and magnitude of expression of both Th1 and
Th2 cytokines in injured muscle, while slowing the growth of
regenerative fibers, further supporting a role for p38 MAPK in
coordinating stages of inflammation and regeneration. However, in
vitro observations show that MKP1-mediated functions in muscle
are more complex than simply promoting muscle differentiation. For
example, overexpression of MKP1 in myogenic cells in vitro
inhibited differentiation (Bennett and Tonks, 1997), whereas Mkp1
null mutation in cultured myoblasts slowed proliferation and
accelerated differentiation of the cells (Shi et al., 2010).

Although many of the features of the complex and apparently
conflicting roles of p38 MAPK/MKP1 signaling still await
discovery, the work of Dr Puri and colleagues has provided
important insights (Palacios et al., 2010). They observed that
administration of neutralizing antibodies to TNFα to mdx mice
reduced inflammation-activated p38 MAPK signaling and increased
the numbers of Pax7-expressing cells while slowing the growth of
the regenerating fibers. They also found that the increase in Pax7
expression was due to inhibition of p38 MAPK-mediated
phosphorylation of EZH2, which is the enzymatic subunit of
polycomb repressive complex 2 (PRC2), and prevention of the
formation of a repressive complex on the Pax7 promoter (Palacios
et al., 2010). This evidence has provided an epigenetic link between
inflammation-activated p38 MAPK signaling and the control of
Pax7 expression in satellite cells during muscle regeneration.

Role of IFNγ-mediated signaling
During the early stages of muscle regeneration, elevated expression
of IFNγ in myeloid cells, lymphoid cells or perhaps in muscle cells
themselves (Cheng et al., 2008) can promote the M1 phenotype and
directly influence muscle regeneration. When regenerative muscle
transitions from the proliferative stage to early differentiation, IFNγ
levels decline as regeneration and growth proceed. However, the
mechanisms through which modulating IFNγ levels influence
muscle regeneration by direct actions on muscle are only beginning
to be understood. Although proliferative muscle cells in vitro
experience reduced cycling time when IFNγ-mediated signaling is
blocked with neutralizing antibodies to the IFNγ receptor (Cheng et
al., 2008), addition of exogenous IFNγ to muscle cell cultures also
reduces cell proliferation (Villalta et al., 2011). These apparently
conflicting findings might reflect dose-dependent differences in how
IFNγ affects myoblast cycling. Relatively low levels of IFNγ
increase myoblast proliferation (Kelić et al., 1993), whereas high
concentrations inhibit proliferation (Fisher et al., 1983). However,
IFNγ also influences post-mitotic myocytes by inhibiting their
differentiation, as shown in vitro by reductions in satellite cell
fusion, lower expression levels of genes associated with terminal
differentiation and lower levels of transcription factors that drive
terminal differentiation (Kalovidouris et al., 1993; Villalta et al.,
2011; Londhe and Davie, 2011). In particular, myogenin expression
by muscle cells is greatly decreased by IFNγ treatments, which
contributes to the inhibition of differentiation (Villalta et al., 2011;
Londhe and Davie, 2011). However, IFNγ also slows differentiation
at later stages of myogenesis, after the myocytes have fused to form
myotubes and express myogenin. At this later stage of development,
IFNγ induces expression of the major histocompatibility complex
class II transactivator (CIITA), which in turn interacts with
myogenin to repress its activation of muscle-specific genes required
for differentiation (Londhe and Davie, 2011). Together, these
observations show that the decline in IFNγ in regenerative muscle
could play a role in coordinating the shift in macrophage phenotype
with the elimination of a block to muscle differentiation.

Box 2. Duchenne muscular dystrophy (DMD): a case of
chronic muscle injury
DMD is a progressive, lethal, muscle wasting disease caused by null
mutation of the dystrophin gene, which encodes a membrane-associated
structural protein (Hoffman et al., 1987; Matsumura and Campbell,
1994). In the absence of dystrophin protein, muscle membranes are
weaker, causing a lifetime of muscle fiber injury and repair. Although
chronic muscle damage in DMD produces an inflammatory response that
largely resembles the myeloid cell populations in acutely injured muscle
(Villalta et al., 2009; Villalta et al., 2011; Deng et al., 2012), lymphoid cells
are also recruited to the inflammatory infiltrate in chronically injured DMD
muscle. Furthermore, cytotoxic T-lymphocytes in muscles of multiple
DMD patients show T-cell receptor rearrangements that indicate that they
recognize a common antigen (Gussoni et al., 1994). Whether this
potential autoreactivity of T-cells in dystrophic muscle reflects a
breakdown of peripheral tolerance and represents an immune response
to chronically injured muscle rather than to DMD muscle per se is
unexplored and highlights some of the fundamental questions that
remain concerning interactions between injured muscle and the immune
system.
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Role of IL-10-mediated signaling
Although a function for IL-10 in suppressing M1 activation and
promoting activation to the M2 phenotype has been long
established, we have learned more recently that IL-10 can act
directly on muscle cells to affect their response to stimulation with
proinflammatory cytokines and thereby influence their
differentiation. For example, treating myoblasts with IL-10
prevented the induction of JNK phosphorylation by TNFα-activated
pathways (Strle et al., 2007). Because TNFα can promote satellite
cell proliferation and inhibit differentiation through a JNK-mediated
pathway in addition to the NFκB and p38 MAPK pathways (Alter

et al., 2008), IL-10 may contribute to the transition from the
proliferative stage of myogenesis to early differentiation by
inhibiting TNFα induction of JNK in myogenic cells.

In vivo observations show that stages of inflammation and stages
of muscle regeneration can be synchronized by IL-10 that is likely
to be derived from macrophages. For example, ablation of IL-10
expression disrupts the normal transition of macrophages from an
M1 to M2 phenotype and diminishes muscle fiber growth during
increased muscle use after periods of atrophy (Deng et al., 2012).
Although the apparently beneficial effects of IL-10 on muscle
regeneration might reflect direct actions of IL-10 on macrophages

Table 1. Potential sources and targets of inflammatory cell-derived mediators that influence muscle regeneration 
Cytokine/chemokine Potential sources Targets Potential effects References 

CCL2 Monocytes, macrophages Monocytes, macrophages, 
dendritic cells 

Chemoattraction Yoshimura et al., 1984; Xu et al., 
1996 

IL-17 Neutrophils, Th17 cells, 
monocytes 

Neutrophils, monocytes Chemoattraction Ferretti et al., 2003; Starnes et al., 
2001; Jovanovic et al., 1998 Macrophages Promote M1 phenotype 

IFN  Th1 cells, macrophages Monocytes Activate M1 phenotype Pace et al., 1983; Cunha et al., 
1993; Darwich et al., 2009; 
Fisher et al., 1983; Kelic et al., 
1993; Kalovidouris et al., 1993 

Macrophages Activate M1 phenotype, 
increase iNOS expression 

Muscle Increase proliferation, decrease 
proliferation, decrease 
differentiation 

TNF  Macrophages, neutrophils, 
Th1 cells 

Neutrophils  Chemoattraction Beutler et al., 1985; Bazzoni et al., 
1991; Miller et al., 1988; Li, 
2003; Szalay et al., 1997 

Monocytes Promote M1 phenotype 
Macrophages Promote M1 phenotype, 

increase iNOS expression 
Muscle Increase proliferation, decrease 

differentiation 

IL-4 Th2 cells, muscle cells, 
dendritic cells, 
eosinophils, M2 
macrophages 

Monocytes, macrophages  Activate M2 phenotype Maroof et al., 2006; La Flame et 
al., 2012; Essner et al., 1989; 
Mills et al., 2000; Piehler et al., 
2011; Heredia et al., 2013; 
Horsley et al., 2003 

FAPs Increase activation, increase 
proliferation 

Muscle Increase differentiation, 
increase growth 

IL-13 Th2 cells, M2 
macrophages, 
eosinophils 

Monocytes, macrophages  Activate M2 phenotype McKenzie et al., 1993; Kim et al., 
2008; Woerly et al., 2002 

IL-10 Macrophages, Th2 cells, 
Th1 cells 

M1 macrophages Suppress M1 phenotype, 
decrease iNOS expression 

Del Prete et al., 1993; Villalta et 
al., 2011; Deng et al., 2012; 
Cunha et al., 1992; Oswald et 
al., 1992 

Monocytes, M2 macrophages Promote M2 phenotype 
Muscle Increase differentiation, 

increase growth 

TGF  Macrophages, eosinophils, 
monocytes, neutrophils, 
Th cells 

Monocytes  Chemoattraction, activate to M1 
phenotype 

Oswald et al., 1992; Vodovotz et 
al., 1995; Boutard et al., 1995; 
Narayanan et al., 1989; Wahl et 
al., 1987; Wiseman et al., 1988; 
McCartney-Francis et al., 1990; 
Fargeas et al., 1992; Massagué 
et al., 1986; Bassols and 
Massagué, 1988; Allen and 
Boxhorn, 1989; Zentella and 
Massagué, 1992; Robertson et 
al., 1993; Wong et al., 1991; 
Postlethwaite et al., 1987; 
Grotendorst et al., 1989; Kehrl et 
al., 1986 

M1 macrophages Suppress M1 phenotype, 
decrease iNOS expression 

M2 macrophages Promote M2 phenotype, 
increase arginase expression 

Fibroblast  Increase connective tissue, 
chemoattraction 

Muscle Inhibit differentiation, increase 
connective tissue, reduce 
proliferation, promote 
differentiation, 
chemoattraction 

In most cases, each chemokine or cytokine that can influence muscle regeneration following injury or disease derives from more than one cellular source. 
Although macrophages are most prevalent in regenerative muscle and they have the capacity to produce the majority of inflammatory mediators that 
influence regeneration, other myeloid cells, including eosinophils and neutrophils, can be rich sources of some key inflammatory mediators in injured muscle. 
Much less frequently encountered in regenerative muscle are helper T-lymphocytes (Th1, Th2 and Th17), which may also contribute to the production of 
soluble mediators that influence muscle regeneration, although there is currently no evidence that their role in regenerative muscle in vivo is significant. In 
addition, muscle cells themselves have the capacity to express at least two cytokines, IFN  and IL-4, that can modulate their own regeneration through an 
autocrine route. 
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or myogenic cells (Villalta et al., 2011), recent findings
demonstrated that macrophage-derived IL-10 can affect muscle
regeneration by promoting mesoangioblast differentiation into the
myogenic lineage (Bosurgi et al., 2012). Mesoangioblasts are a
population of stem cells associated with the walls of the
microvasculature in skeletal muscle that can contribute to
regeneration (Sampaolesi et al., 2003). When mesoangioblasts were
transplanted into muscle that had been injured by CTX injection,
their differentiation was significantly reduced when IL-10 signaling
was blocked by an IL-10 receptor (IL-10R)-neutralizing antibody
(Bosurgi et al., 2012). Similarly, culturing mesoangioblasts in the
presence of M2 macrophages increased the differentiation of
mesoangioblasts into myotubes, an effect that was blocked by
antibodies to IL-10R. Although these findings support a positive role
for macrophage-derived IL-10 in muscle regeneration, the timing of
increased IL-10-mediated signaling in muscle might be important.

Injecting IL-10 into regenerative muscle before the stage at which
endogenous IL-10 was upregulated disrupted the inflammatory
response and caused impaired regeneration, as assessed by histology
(Perdiguero et al., 2011).

The role of other myeloid cells in regeneration
Most attention to the role of myeloid cells in muscle regeneration
has focused on macrophages and their monocyte precursors because
they constitute the vast majority of myeloid cells in regenerating
muscle. However, eosinophils are also significantly elevated in
injured muscle and can reach concentrations as high as 8000
cells/mm3 of skeletal muscle in dystrophic mice (Wehling-Henricks
and Tidball, 2011). In the context of chronic muscular dystrophy,
eosinophils exacerbate muscle damage through direct cytotoxic
effects on the muscle cells, as well as promoting cellular immune
responses involving cytotoxic T-cells that can further increase
damage (Wehling-Henricks et al., 2008). But in the acute injury
setting, eosinophils might play a role in the early stages of muscle
regeneration, possibly by secreting IL-4. This is supported by a
recent study by Heredia and colleagues, who reported a population
of CD11b+/Siglec-F+ (also known as Siglec5) eosinophils that
invaded injured muscle and expressed high levels of IL-4 following
CTX injections into muscle (Heredia et al., 2013). Ablation of IL-4
expression slowed the recovery of normal muscle architecture
(Heredia et al., 2013), at least during the first 8 days following toxin
injection. Furthermore, the investigators found that mutation of the
IL-4 receptor in macrophages did not affect muscle histology at 8
days following CTX injection, suggesting that the role of M2
macrophages in driving muscle regeneration following CTX-
induced damage does not require their activation by IL-4 or IL-13.
However, phagocytosis of muscle debris by macrophages is
sufficient to induce M1 to M2 phenotype switching in the absence
of IL-4 or IL-13 (Arnold et al., 2007; Mounier et al., 2013). In
addition, IL-10 signaling is sufficient for transition to the M2
macrophage phenotype that drives muscle regeneration in other
injury models (Deng et al., 2012), and there might be a similar IL-
10-mediated role in muscle regeneration following injury by toxins.

Much of the beneficial effect of eosinophil-derived IL-4 in
regeneration appears to be mediated through a population of stromal
cells called fibro/adipogenic progenitors (FAPs), which normally
reside in mature muscle in a quiescent state. FAPs derive from a
non-myogenic lineage and do not form muscle fibers, but they can
nonetheless have a tremendous influence on myogenesis following
injury by modulating the microenvironment (Joe et al., 2010).
Muscle injury activates FAPs, causing their rapid proliferation
within 3 days of the injury, followed by a rapid return to pre-damage
levels. Activated FAPs produce high levels of IL-6 and insulin-like
growth factor 1, either of which can promote myogenesis (Joe et al.,
2010). The study by Heredia et al. (Heredia et al., 2013) suggests
that IL-4 activates FAPs, which in turn promote muscle
regeneration. However, IL-4-mediated effects on muscle
regeneration might also occur through direct actions on muscle cells
via autocrine signaling. Muscle cells express IL-4 and IL-4 receptor
α (IL-4Rα) throughout myogenesis (Horsley et al., 2003) and IL-4
treatment of muscle cells in vitro increased myocyte fusion and
muscle growth. Furthermore, systemic ablation of IL-4Rα
expression produced defects in the growth of regenerative muscle
fibers that were significant at 25 days post-injury, although
undetectable at 10 days post-injury. These observations contrast with
the more recent report (Heredia et al., 2013) in which an inducible
mutation of IL-4Rα in satellite cells and their progeny produced no
detectable defects in histology at 8 days following CTX injection.

M1 macrophage
activation   

Satellite cell
proliferation 

  

TNFα

Hypoxia

 
IL-10

M2 macrophage
activation

Muscle regeneration
and growth  

NFκB

HIF1α

SMAD2/3

p38 MAPK  

IL-10

TNFα, IFNγ Activin

KLF4, PPARγ    

Activin

IFNγ

TNFα
p38 MAPK

SMAD2/3

NFκB

HIF1α

IL-4

Fig. 3. Coordination of macrophage-mediated signaling and muscle
regeneration. Expression of TNFα and IFNγ is elevated during the proliferative
stage of myogenesis during muscle regeneration and can contribute to
coordinating the inflammatory and myogenic processes by activating
macrophages to the M1 phenotype while increasing satellite cell proliferation
and inhibiting differentiation. TNFα activation of NFκB in M1 macrophages can
promote these effects by further activating TNFα and IFNγ expression in M1
macrophages. Additional positive feedback for M1 activation and satellite cell
proliferation can occur through TNFα activation of activin A expression by
muscle cells. Increased expression and release of activin A by muscle cells,
which has an autocrine effect on muscle cells, inhibits differentiation and
maintains muscle cells in the proliferative stage of myogenesis. The released
activin A also promotes TNFα expression in macrophages through a SMAD2/3
signaling pathway, maintaining the M1 phenotype. Finally, hypoxia, which is
secondary to vascular damage in the injured tissue, activates the expression of
genes under the transcriptional control of HIF1α, which promotes the M1
phenotype in macrophages and drives the proliferation of satellite cells.
However, TNFα signaling via p38 MAPK can promote the M2 macrophage
phenotype, in contrast to the NFκB-mediated activation of the M1 phenotype.
As the inflammatory response transitions to a milieu dominated by Th2
cytokines, IL-10 further promotes the M2 phenotype and deactivates M1
macrophages. IL-10 can also act directly on muscle cells through mechanisms
that may promote regeneration. IL-4, a Th2 cytokine that is expressed by
eosinophils and muscle cells in regenerative muscle, further increases M2
activation through signaling that may be mediated by Kruppel-like factor 4
(KLF4) or PPARγ signaling (Alder et al., 2008; Bouhlel et al., 2007; Bouhlel et
al., 2009; Liao et al., 2011). IL-4 can also drive muscle regeneration and growth
by direct actions on muscle or by acting through FAPs.
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Whether differences between the findings in the two investigations
are attributable to differences in the injury model, sampling times or
other variables remains to be determined.

Neutrophils are also prominent constituents of the inflammatory
infiltrate of injured muscle, invading within hours of injury (Fielding
et al., 1993). Neutrophils produce high levels of free radicals that
can lyse muscle membranes and exacerbate damage caused by M1
macrophages (Nguyen and Tidball, 2003). Neutrophils may also
contribute to muscle regeneration by phagocytosis of tissue debris
and by releasing cytokines that regulate the inflammatory response.
Depletion of neutrophils from mice by injections of antibodies to
Gr1 (also known as Ly6g) before muscle injury by toxin injection
slowed phagocytosis of the damaged muscle and disrupted muscle
regeneration, as assessed by the recovery of normal histology
following injury (Teixeira et al., 2003). However, the apparent
disruption of histology might be attributable in part to the reduced
recruitment of macrophages to the injured tissue, secondary to the
neutrophil depletion (Teixeira et al., 2003). Neutrophils are rich
sources of chemokines and cytokines, such as IL-17 (Ferretti et al.,
2003), that can attract and activate macrophages that modulate the
regenerative process. Neutrophils also have the capacity to regulate
tissue repair more directly; for example, by the release of cytokines
that act on muscle cells to influence growth and differentiation.
Although this possibility has not been tested explicitly, neutrophils
do express and release TNFα (Bazzoni et al., 1991), showing that
they might potentially promote the early, proliferative stage of
myogenesis. In fact, they reach their highest concentrations in
injured muscle during that early stage of myogenesis.

Myeloid cells can modulate muscle regeneration by
interactions with the muscle vasculature
Injuries can cause severe damage to the blood supply of muscle,
which further exacerbates muscle damage, attributable in part to the
reduction in tissue oxygenation that is required to maintain
homeostasis. Several experimental findings have demonstrated a
relationship between the presence of myeloid cells in injured muscle
and revascularization of the tissue, which can thereby influence
regeneration through indirect, permissive processes. For example,
null mutation of Ccl2 or its receptor Ccr2 reduced macrophage
invasion into skeletal muscle following ischemic injury, which
delayed restoration of normal vascular perfusion and slowed
regeneration (Shireman et al., 2007; Ochoa et al., 2007). Feasibly,
the defect in angiogenesis might be due to a reduction in the number
of myeloid cells that contribute to revascularization via
transdifferentiation. This possibility is supported by the finding that
Gr1low/CD11b+ macrophages were observed in the vascular wall
following their direct injection into muscle experiencing ischemic
injury, and that this was accompanied by improved vascular
perfusion (Kim et al., 2010). By contrast, other investigators
observed no detectable donor-derived bone marrow cells in the
vascular wall of new blood vessels formed in host muscle injured
by ischemia (Zentilin et al., 2006) or by CTX injection (Ieronimakis
et al., 2012). The discrepancies might be partly attributable to
differences in the method of delivery of the cells to the injured
muscle or perhaps to differences in the stage of differentiation of the
cells at the time of delivery. Regardless of the extent to which donor-
derived cells became located in the vascular wall, the studies
reported a beneficial effect of the transplanted cells on angiogenesis
in vivo (Kim et al., 2010) and in vitro (Ieronimakis et al., 2012).

Neutrophils might also have a role in influencing angiogenesis
during muscle repair. Pharmacological inhibition of plasminogen
activator inhibitor 1 (PAI1; also known as Serpine1) was recently

found to promote angiogenesis in muscle injured by ischemia and
reperfusion (I/R) and this was accompanied by elevation of Gr1+

neutrophils in circulation and in muscle (Tashiro et al., 2012).
Surprisingly, transplantation of neutrophils from PAI1-inhibited
mice to control mice with I/R injury improved revascularization and
muscle histology in the recipients (Tashiro et al., 2012), suggesting
that the transplanted neutrophils mediated the improved
regeneration. In part, the beneficial effect mediated by neutrophils
was attributed to increased production of MMP9, which increased
angiogenesis. However, the transplanted neutrophils also showed
increased levels of expression of vascular endothelial growth factor
(VEGF), which is of pre-eminent importance in driving
angiogenesis in injured muscle (Tang et al., 2004; Kamba et al.,
2006).

The hypoxic environment of injured muscle can also change
patterns of gene expression in muscle and myeloid cells that
influence the course of muscle repair and regeneration. A key
component in this pathway is hypoxia inducible transcription factor
1 (HIF1), which is a heterodimer of α and β subunits (Semenza,
2001). Whereas HIF1β is constitutively expressed, HIF1α is
inducible and oxygen responsive, with low oxygen tension
increasing its stability. Although HIF1 can activate the expression
of hundreds of genes that influence metabolism, its strong induction
of VEGF is expected to be particularly important in improving
angiogenesis and regeneration (Forsythe et al., 1996).

Evidence from muscle and other tissues indicates that HIF1α-
mediated signaling can provide an additional mechanism to
coordinate the inflammatory process with aspects of regeneration.
Recent findings show that ablation of HIF1α specifically in myeloid
cells, but not muscle cells, delayed the invasion of macrophages into
regenerating muscle and slowed muscle growth and repair following
contusion injury (Scheerer et al., 2013). HIF1α-mediated signaling
may also regulate macrophage phenotype. Null mutation of Hif1a
increased the expression of M2 macrophage markers and reduced
expression of M1 markers, indicating that HIF1α supports the M1
phenotype (Werno et al., 2010). Interestingly, M1 macrophages
might also promote vascularization through effects on stem cell
differentiation, as suggested by the finding that the differentiation of
embryonic stem cells into CD31+ (also known as Pecam1)
endothelial cells was decreased in co-cultures with Hif1a−/−

macrophages, compared with co-cultures with wild-type
macrophages (Werno et al., 2010). However, this effect of M1
macrophages on adult stem cell populations has not yet been
explored. Collectively, these findings indicate that reduced oxygen
tension in injured muscle results in activation of HIF1α signaling,
which then has multiple downstream effects, such as increased
inflammation, promotion of the M1 macrophage phenotype and
possibly increased vascularization, all of which can affect
regeneration.

Myeloid cells contribute to fibrosis during muscle
regeneration
Muscle injury followed by regeneration is invariably accompanied
by turnover of the extracellular matrix (ECM) as tissue debris is
removed and replaced. The accumulation of fibrinogen or its
proteolytic fragment fibrin (both forms are collectively referred to
herein as fibrin) in injured muscle may play a key role in
determining whether subsequent regeneration is facilitated or
impaired by connective tissue production. Excessive accumulation
of the fibrin matrix or defects in its removal lead to increased
fibrosis in both the acute and chronic injury settings, causing defects
in muscle regeneration (Suelves et al., 2002; Suelves et al., 2007). D
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Furthermore, perturbation of fibrin turnover also affects the
inflammatory response to muscle injury, which may in turn
influence regeneration. Initial reports showed that the loss of
plasmin activity that caused fibrin accumulation in acutely injured
muscle also decreased Mac1+ (CD11b) myeloid cell invasion into
the muscle (Suelves et al., 2002). By contrast, reversal of fibrin
accumulations in mdx muscle by treatments with a fibrinolytic agent
also reduced myeloid cell numbers in muscles (Vidal et al., 2008).
The apparent incongruity of the findings might result from
differences in the relative importance of different fibrin-mediated
functions in the response of muscle to acute injury versus chronic
injury. Increased accumulation of fibrin in acutely injured muscles
of plasmin null mice might reflect impaired myeloid cell migration
into injured muscle. Alternatively, reduced myeloid cell activation
in fibrin-depleted mdx mice might reflect the loss of
proinflammatory effects of fibrin on myeloid cells. Observations
supporting this latter possibility include the finding that stimulation
of mdx muscle macrophages with fibrinogen in vitro biases them
toward the M1 phenotype, increasing the expression of TNFα and
IL-1β (Vidal et al., 2008). However, prevention or reversal of fibrin
accumulation in mdx muscle reduces M2 macrophage numbers in
muscle (Vidal et al., 2008), suggesting that the net effect of fibrin-
mediated signaling on macrophage phenotypes in vivo might be
under more complex regulation.

The finding that accumulations of fibrin in mdx muscle can cause
elevations in M2 macrophages suggests the underpinnings of a feed-
forward mechanism through which pathological fibrosis impedes
muscle regeneration. Activated M2 macrophages express TGFβ and
arginase 1, either of which can play important roles in driving
fibrosis and thereby impede muscle regeneration. Thus, driving
macrophages to the M2 phenotype in regenerating muscle might
improve tissue growth and repair, as noted above, or impede the
regenerative process by increasing ECM production. This
overinduction of M2 macrophages in injured muscle can have
significant pathological consequences. For example, during the late,
progressive stages of muscle or cardiac pathology in mdx mice,
fibrosis is a major pathological feature that contributes substantially
to lethality. In these mice, the muscles and heart show continuously
elevated populations of M2 macrophages expressing arginase 1 at
progressive stages of the disease (Wehling-Henricks et al., 2010).
However, ablation of arginase 1 expression greatly attenuates mdx
muscle fibrosis, showing that the beneficial effects of M2
macrophage functions on muscle regeneration can also have
significant negative consequences in chronic disease states
(Wehling-Henricks et al., 2010).

Perspectives and conclusions
Although it has been recognized for decades that myeloid cells are
present in regenerative muscle, the crucial role they play in the
regenerative process is a relatively recent observation. Despite this,
progress in the field has been dramatic and the role of specific
myeloid populations and the factors that regulate their activity is
becoming increasingly understood. For example, a key observation
is that the roles played by various myeloid cells can vary greatly
over the course of muscle regeneration, with cells that promote
damage at one stage of the regenerative process contributing to
repair at other stages. Evidence is also accumulating to show that
the roles played by myeloid cells in muscle regeneration can vary
with the injury or with the disease context in which injury occurs.

The studies to date have relied extensively on observing the
effects of manipulating single cells or molecules with a binary
‘readout’ as either good or bad for regeneration. Although this

approach might be simplistic, it has nevertheless been useful in
identifying a role for various myeloid cells in muscle regeneration.
Such approaches might still be valuable for providing insights into
the poorly understood role of non-macrophage/monocyte myeloid
populations, such as eosinophils and neutrophils, in muscle growth
and regeneration. More information is also needed regarding the role
played by other, non-myeloid effector populations. In this regard,
the discovery that FAPs, a cell type identified only recently, could
play a key role in regeneration suggests that other as yet unknown
players might emerge as centrally important in regeneration.

This Review provides an overview of some of the signaling
pathways that are activated by myeloid cells as they mediate their
degenerative or regenerative functions. However, we have only
scratched the surface in terms of signaling complexity, and much
more must be learned before targeted approaches to activate or
inactivate specific pathways in selected cell types can be
contemplated. Ultimately, the challenge, which is not unique to the
field of muscle regeneration, is to develop systems and/or analytical
tools that will allow us to delineate the cascade of events and
intricate intercellular interactions involved in a complex biological
process. With regard to muscle regeneration, this means that systems
to probe complex interactions between different myeloid effectors,
soluble mediators and regenerating muscle cells are needed. It might
not be possible to achieve this using a single model. Instead, results
from in vitro and in vivo approaches will probably need to be
employed and the results integrated.

The goal of the research reviewed here is to translate the reported
findings into treatments for muscle pathologies and injuries. The
discoveries that have been outlined have illuminated new potential
strategies through which the hematopoietic system may be
manipulated to improve muscle regeneration. Of these, several
approaches are worth particular consideration, as discussed below.

Administration of soluble factors
Although there are beneficial effects of inflammation in the short
term, a chronic inflammatory response can be deleterious. Thus, the
systemic administration of soluble factors that affect the duration of
inflammation could have a salutary effect on muscle regeneration.
This strategy has been tested in preclinical models for the treatment
of DMD by attempting to reduce the activation of cytolytic
inflammatory cells, such as M1 macrophages, via ablation of TNFα
signaling (Grounds and Torrisi, 2004; Hodgetts et al., 2006). Such
treatments have mitigated inflammation-associated tissue damage in
other conditions such as rheumatoid arthritis. However, a particular
caution for blocking TNFα signaling in chronic muscle diseases is
that TNFα also plays important positive roles in myogenesis.
Although short-term administration to reduce inflammatory cell-
mediated damage may be beneficial, these effects might be
outweighed by long-term negative effects on muscle regeneration,
as well as off-target effects that result from systemic delivery.

Direct injection of macrophages
The direct injection of select populations of myeloid cells into
injured or diseased muscle at the site of damage could modulate the
inflammatory response and minimize off-target effects. This strategy
has shown some promise in recent pre-clinical work, again using the
mdx mouse model. Here, incorporation of GFP-labeled Pax7+ cells
into mdx muscles was significantly greater if the Pax7+ cells were
co-injected with F4/80+ mature macrophages (Lesault et al., 2012).
The co-injection of macrophages also improved dispersal of the
transplanted muscle cells in the recipient muscles. These
observations suggest that the presence of elevated numbers of D
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macrophages improves the survival or proliferation of the
transplanted muscle cells, which could help overcome a major
obstacle to some cell-based strategies for the treatment of muscle
disease. Interestingly, at 5 days post-injection, the great majority of
the transplanted macrophages were CD206+ (also known as Mrc1)
M2 macrophages, suggesting that bias toward the M2 phenotype
might be beneficial. However, an additional investigation showed
that co-injection of muscle cells with human M1 macrophages into
immunodeficient [Rag2−/− γC−/− (also known as Il2rg)] mdx mice
improved the proliferation and dispersal of transplanted muscle
cells, although co-injection with M2 macrophages did not affect
these outcomes (Bencze et al., 2012). In that study, macrophages
were activated to the M1 phenotype with LPS and IFNγ or to the
M2 phenotype with dexamethasone and IL-10, prior to injection.
Together, the two sets of findings support the possibility that
amplification of myeloid populations can improve the delivery of
cells for therapeutic use, although the contexts in which M1 or M2
macrophages are most beneficial need to be determined.

Manipulation of cellular phenotype
Recent findings indicate that the manipulation of myeloid cell
phenotypes might also be exploited to improve the viability of
transplanted materials following the large-scale loss of muscle tissue
due to trauma or presence of a tumor. This type of muscle loss,
called volumetric muscle loss, can be partially overcome using
implants of biological origin consisting largely of ECM scaffolding
materials that support the growth of restorative tissues. However,
implantation of these materials frequently induces a foreign body
reaction that causes destruction or encapsulation of the transplanted
material. Because macrophages are the major effector cell type in
foreign body reactions, recent investigations have assessed whether
differences in macrophage phenotype during engraftment of
scaffolding materials can reduce the foreign body reaction and thus
improve muscle regeneration. Indeed, the success of implantation of
a biological scaffold to replace skeletal muscle was strongly
influenced by whether the inflammatory response to the implant was
biased toward M1 or M2 macrophages (Brown et al., 2009). The
investigators had previously shown that apparently minor features
of the preparation of the scaffolding material could determine the
macrophage phenotype that predominated in the inflammatory
response and the success of the implant. For example, when using
porcine small intestinal submucosa (SIS) as a transplanted material,
they found that crosslinked SIS-ECM elicited an inflammatory
response dominated by M1 macrophages, whereas non-crosslinked
SIS-ECM generated an infiltrate that was primarily M2
macrophages and produced a superior regenerative response
(Badylak et al., 2008). However, the extent to which the improved
histology was attributable to the predominance of M2 macrophages
and the underlying mechanisms through which different scaffolds
yield distinct inflammatory responses await discovery.

Injection of non-macrophages into muscle
Although their in vivo numbers are limited, additional myeloid cells,
such as eosinophils, might have therapeutic potential. For example,
signaling initiated by eosinophil-derived IL-4 is associated with
improved muscle regeneration following toxin injection (Heredia et
al., 2013), but whether interventions to increase eosinophil numbers
in diseased muscle would have a net beneficial effect is unknown.
Notably, depletion of eosinophils from dystrophic muscle reduced
pathology rather than impairing regeneration, suggesting that the
role of eosinophils in muscle injury and repair might vary with the
severity or type of injury or disease (Wehling-Henricks et al., 2008).

Similarly, neutrophils have the capacity to contribute to
regeneration, suggesting that amplification of their functions in
muscle injury or disease could have a beneficial effect, although
they can also promote injury in at least some injury models.

Future challenges
The above interventions are well within the realm of possibility. It
is now possible to produce unlimited volumes of various cytokines,
and the engineering of hematopoietic cells that express specific
receptors to mediate a desired function is an active area of
investigation. Thus, continued progress in how myeloid cells affect
muscle regeneration and how to translate this information can be
expected. Of course, progress might not be linear: we have limited
knowledge of how the activities of regenerating muscle cells
themselves can modulate myeloid cell functions. We also know little
about whether feedback from other systems, such as the nervous or
endocrine systems, plays a role in regulating muscle interactions
with inflammatory cells during muscle regeneration. Therefore,
while optimism that progress will be made is warranted, there is also
little doubt that surprises lie ahead.
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