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Abstract. While skeletal muscle remodeling happens throughout life, diseases that result in its dysfunction are accountable
for many deaths. Indeed, skeletal muscle is exceptionally capable to respond to stimuli modifying its homeostasis, such as
in atrophy, hypertrophy, regeneration and repair. In particular conditions such as genetic diseases (muscular dystrophies),
skeletal muscle’s capacity to remodel is strongly affected and undergoes continuous cycles of chronic damage. This induces
scarring, fatty infiltration, as well as loss of contractibility and of the ability to generate force. In this context, inflammation,
primarily mediated by macrophages, plays a central pathogenic role. Macrophages contribute as the primary regulators of
inflammation during skeletal muscle regeneration, affecting tissue-resident cells such as myogenic cells and endothelial cells,
but also fibro-adipogenic progenitors, which are the main source of the fibro fatty scar. During skeletal muscle regeneration
their function is tightly orchestrated, while in dystrophies their fate is strongly disturbed, resulting in chronic inflammation.
In this review, we will discuss the latest findings on the role of macrophages in skeletal muscle diseases, and how they are
regulated.
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CCL C-C chemokine ligand
CCR C-C chemokine receptor
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MHC Myosin Heavy Chain
MKP-1 Mitogen-activated protein kinase

phosphatase 1
MMP Matrix Metalloproteinase
MD Muscular dystrophy
MSA Myositis-specific antibody
NAMPT Nicotinamide phosphoribosyl-

transferase
Nfix Nuclear Factor I X
NFκB Nuclear Factor kappa B
NSAID Nonsteroidal anti-inflammatory drugs
OPN Osteopontin
PDGFR Platelet Derived Growth Factor

Receptor
RANKL receptor activator of nuclear factor

NF-κB ligand
RANTES Regulated upon Activation, Normal

T Cell Expressed and Presumably
Secreted

SC Satellite Cell
SCG sarcoglycan
TGF� Transforming growth factor beta
TIMD4 T Cell Immunoglobulin And Mucin

Domain Containing 4
TNF Tumor Necrosis Factor
Treg regulatory T cell
uPA urokinase plasminogen activator
VEGF Vascular endothelial growth factor
WT Wild Type

INTRODUCTION22

Disruption of homeostasis in skeletal muscle tis-23

sue can be triggered by many variables, including24

changes in diet or exercise, local injury, systemic25

infection, genetic disease, and ageing. In most of26

these cases, inflammation and in particular macro-27

phages play a primordial role in the pathology.28

Macrophages, along with neutrophils, are part of29

the leukocyte family first described in 1908 by Elie30

Metchnikoff. In addition to their immunoprotective31

role against pathogens, macrophages have a num-32

ber of additional roles during development and tissue33

remodeling, in particular in skeletal muscle [1–3].34

Skeletal muscle regeneration is made possible by a35

population of adult muscle stem cells called satellite36

cells (SC) [4]. After damage or microenvironment37

changes, SCs activate, proliferate, and differenti-38

ate into myoblasts/myocytes before fusing with one39

another or with surrounding myofibers. As fitting40

their definition as a stem cell, SCs are capable of 41

self-renewal which maintains a potent pool of cells 42

throughout life (reviewed in [5, 6]). Despite the essen- 43

tial role SCs play in muscle regeneration, these events 44

won’t happen without the help of other cells harbored 45

in the interstices between the myofibers: endothe- 46

lial cells, pericytes [7], fibro/adipogenic progenitors 47

(FAP) [8–10], and foremost, macrophages [11–16]. 48

Specifically, following damage, macrophages are 49

responsible for the release of a pool of cytokines, 50

chemokines and alarmins called damage-associated 51

molecular pattern (DAMPs). These molecules are 52

part of a coordinated response that initiates ster- 53

ile inflammation and induction of blood-circulating 54

monocytes’ infiltration into the tissue. 55

In healthy tissue, successful skeletal muscle regen- 56

eration is typically complete within 3 weeks, and 57

without any need for external intervention (anti- 58

inflammatory drugs for example) [17]. However, 59

when disrupted, the process can take months and is 60

often associated with fibrotic deposition (scarring) 61

and adipogenesis. Examples of such disruptions in 62

muscle homeostasis include repeated injures, vol- 63

umetric mass injuries, modification in homeostasis 64

during ageing (sarcopenia), prolonged immobil- 65

ity/atrophy (e.g. cancer: cachexia), genetic diseases 66

that directly affect the muscle (e.g. Duchenne and 67

Becker Muscular Dystrophies (DMD, BMD), and 68

Limb-girdle muscular dystrophy (LGMD)). 69

In this review, we briefly describe the roles of 70

macrophages in skeletal muscle regeneration, then 71

turn our focus to their roles in muscular dystrophies 72

(MD) and how current treatments act on their func- 73

tions. 74

MACROPHAGES, DEFINITION AND 75

FUNCTION IN SKELETAL MUSCLE 76

REMODELING 77

To study muscle regeneration and inflammation, 78

injury models that make use of toxins (notexin, car- 79

diotoxin), chemicals (barium chloride) and mechani- 80

cal trauma (crush, freezing, ischemia, laceration) are 81

used to stimulate a response. Depending on the type 82

of damage the kinetics of the inflammatory response 83

will vary, however the overall regenerative process 84

of the tissue remains the same (for more information 85

about injury models, please read [18]). 86

The study of macrophages in vitro is usually 87

conducted using bone marrow-derived macrophages 88

(BMDM). Macrophage polarization in vitro is 89

required to induce the secretion of specific cytokines 90
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Table 1
Monocyte/Macrophage populations

Population Markers Functions References

Blood circulating
monocytes

Ly-6C+ Ly6C+, CCR2+, CD11blow, F480low,
CX3CR1low

- Patrol blood system and
infiltrate tissues

[38, 39]

Ly-6C- Ly6C-, CCR2-, CD11b+, F480+,
CX3CR1+

- Patrol blood system

Tissue resident
Macrophages

Embryonic liver-
derived

Ly6C-CCR2-F4/80hi CD11blow
Lyve1high

- unknown [26, 31]

Adult bone
marrow-derived

Ly6C-CCR2-F4/80low CD11bhigh
Lyve1low

- unknown

Acute damage Ly-6C+ Ly6C+, CCR2+, CD11blow, F480low,
CX3CR1low, CD11c+

- Activate MuSC
proliferation.

[17, 52, 56, 59]

- Phagocyte debris and dead
myofibers

- Kill FAPs
Ly-6C- Ly6C-, CCR2-, CD11b+, F480+,

CX3CR1+, CD11c+
- Support myogenesis and

myofiber growth
- Support FAP survival

Chronic damage Ly-6Chigh Ly6Chi, CCR2+, CD11blow, F480low,
CX3CR1low, CD11c+

- Activate MuSC
proliferation.

[56, 59]

- Kill FAPs
Ly-6C- Ly6C-, CCR2-, CD11b+, F480+,

CX3CR1+, CD11c+
- Activate MuSC

proliferation.
- Kill FAPs

associated to their functions such as phagocytosis of91

apoptotic cells, cell growth and tissue repair promo-92

tion, or fighting bacterial infections. Like T cells,93

macrophages can acquire two main inflammatory94

profiles: classically activated M1 (related to type 195

inflammation – Th1) and alternatively activated M296

(related to Type 2 inflammation – Th2). The Th1/Th297

paradigm in macrophage has been extensively dis-98

cussed and we encourage reading the following99

reviews [19, 20]. BMDM are stimulated with IFN�,100

IL-4/IL-13, or IL-10, to respectively mimic either the101

pro-inflammatory/classically activated state “M1”,102

the alternative activation state “M2a”, or the anti-103

inflammatory state “M2c” [21]. Other M2 states104

have been proposed, such as M2b (immune com-105

plex activation [22]) and M2d (TLR antagonist [23,106

24]), but are not relevant in muscle biology. More-107

over, Lipopolysaccharide (LPS) alone or together108

with IFN�, can be used to induce a stronger pro-109

inflammatory activation state. However, in the case110

of tissue regeneration and sterile inflammation, the111

use of LPS and of these in vitro methods in general112

might push macrophages into state not representative113

of that found in vivo.114

The understudied tissue-resident macrophages115

Skeletal muscle resident macrophages are quies-116

cent cells, occupying space within the connective tis-117

sue that surrounds myofibers and in close proximity118

to blood vessels [25, 26]. As in other tissues, dis- 119

tinct subsets of resident macrophages arise from 120

either developmental origins (yolk sac-, aorta-gonad- 121

mesonephros- (AGM), or liver-derived hematopoie- 122

sis) or from the adult bone marrow (BM) [27]. It has 123

been shown that tissue-resident macrophages acquire 124

tissue specific functions. For example, Kupffer cells 125

(liver) play a crucial role in the clearance of blood 126

toxins, and alveolar macrophages (lung) will actively 127

clean pathogens and microorganisms from the air- 128

ways [28–30]. In skeletal muscle, so far the only 129

proposed role of tissue resident macrophages is the 130

attraction of circulating blood monocytes to the site 131

of damage [26]. Yet, tissue resident macrophages are 132

still heterogeneous, with a sub-type expressing stress- 133

response genes such as Klf2 or Fos [31]. 134

It has been established that tissue-resident macro- 135

phages derive from primitive hematopoiesis in the 136

liver and definitive hematopoiesis in the BM [32, 137

33]. As of now, the muscle research community 138

lacks a specific marker to distinguish skeletal muscle 139

resident macrophages from infiltrating monocytes. 140

However, it seems that a proportion of resident 141

macrophages are embryonically derived, while ano- 142

ther subpopulation is maintained by blood-derived 143

monocytes [31, 32, 34]. The embryonic-derived tis- 144

sue-resident macrophages are Ly-6C−CCR2−
145

F4/80hiCD11blow, while the BM-derived tissue- 146

resident macrophages are Ly-6C−CCR2−F4/80low
147

CD11bhigh [32] (Table 1). More recently, the marker 148
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Lyve1 has been added to the list of the markers for149

tissue resident macrophages [31, 35]. Wang et al.,150

also suggest that Lyve1 expression (high versus low)151

could differentiate between the embryonic-derived152

(Lyve1low) and the blood-derived (Lyve1high) tissue153

resident macrophages (Table 1). [31] In the heart,154

tissue-resident macrophages can be distinguished by155

expression of the marker T cell Immunoglobulin and156

Mucin Domain containing 4 (TIMD4). TIMD4+
157

macrophages are able to locally self-renew, while158

TIMD4− cells are replaced by blood-derived cells159

[36]. Moreover, cardiac resident macrophages160

seem to have very specific functions depending on161

their location. For example, resident macrophages162

present in the atrioventricular nodes are required to163

maintain cardiac contraction via the formation of gap164

junctions with cardiomyocytes [37]. The regulation,165

self-renewal, and function of skeletal muscle-166

resident macrophages at homeostasis and during167

regeneration is not yet understood. The charac-168

terization (ontology and specific markers) of this169

population should be definitively one of the focus170

points for better understanding of their function at171

steady state, during tissue remodeling (mild or acute172

damage), ageing, and in disease [2, 30].173

Infiltrating monocytes and their function as174

macrophages175

Circulating blood-monocyte infiltration176

In blood, monocytes separate into two subsets177

[38]. The first, which is CCR2−Ly-6C−CX3CR1high
178

CD11b+F4/80+ functions to patrol the vasculature179

in search of pathogens [39] (Table 1). The other sub-180

set is CCR2+Ly-6C+CX3CR1lowCD11blowF4/80low
181

and homes to damaged tissues primarily through the182

CCL2(MCP1)-CCR2 axis [40–44]. This cytokine-183

receptor interaction was one of the first described to184

induce monocytes infiltration into tissues after dam-185

age and has been observed as indispensable in liver,186

heart, and skeletal muscle [43, 45–47]. Since then,187

other chemokines have been described, such as: RAN188

TES/CCL5, MIP3/CCL3, MIP4/CCL4, MCP-3/189

CCL7, MCP-4/CCL8 [48]. Sources of these chemoat-190

tractant can vary by tissue and context. For example,191

deletion of tissue resident FAPs using the PDGFR�-192

CRE:DTA mouse model induced a strong reduction193

in infiltrating CD45+ cells after damage in skele-194

tal muscle [49]. While this has not been backed195

up with migration assays in vitro, FAPs are known196

to produce and secrete MCP-1 and CSF1, which197

are known chemoattractant for leucocytes [50].198

Alternatively, cells such as SCs and myofibers have 199

also been shown to attract monocytes/macrophages 200

[51, 52]. Currently, only CCR2+Ly-6C+CX3CR1low
201

CD11blowF4/80low monocytes are known to infil- 202

trate damaged muscle [11, 17, 53, 54]. One of the 203

best pieces of supportive evidence comes from the 204

use of the Nur77-KO mouse model. Nur77 (also 205

known as NR4A1) is an orphan transcription factor 206

involved in cell proliferation. Depletion of Nur-77 207

induces a block in S phase, leading to apoptosis of 208

Ly6C− MO in the bone marrow [55]. Interestingly, 209

while Nur77-KO animals lack the Ly-6C− blood- 210

circulating monocyte population, Ly-6C− macro- 211

phages are found in the muscle after acute damage 212

in similar numbers to control littermates [53]. 213

Blood-derived macrophage functions 214

The infiltration of monocytes and their differ- 215

entiation into macrophages is essential for proper 216

skeletal muscle regeneration [11, 16, 17, 40, 56–58]. 217

Once extravasated, blood monocytes differentiate 218

into inflammatory macrophages and lose CCR2 219

expression. Of note, this differentiation step is not 220

fully understood yet and may be independent of the 221

process leading to the appearance of alternatively 222

activated and pro-regenerative macrophages (skew- 223

ing), which is associated with the downregulation 224

of Ly-6C [11, 53] (Fig. 1). Ly-6C+ and Ly-6C–
225

macrophages are observed in a temporally precise 226

sequence and are efficiently coordinated for skeletal 227

muscle regeneration. 228

Pro-inflammatory macrophages (Ly-6C+F4/80+
229

CD11b+CX3CR1low) secrete cytokines and growth 230

factors that support SC proliferation but induce 231

death in FAPs [52, 56, 59]. Following the clear- 232

ance of debris, dead cells, and necrotic myofibers, 233

macrophages slowly activate a program that skews 234

them towards a pro-regenerative phenotype (Ly- 235

6C–F4/80+CD11b+CX3CR1high), which supports 236

myogenic cell differentiation and fusion [17, 52, 60– 237

62], and FAP survival [56, 59]. Knockout murine 238

models have demonstrated the importance of this 239

phenotypical skewing for efficient muscle regenera- 240

tion and identified several actors guiding this process, 241

including AMP-activated Kinase (AMPK), Mitogen- 242

activated protein kinase (MAPK) phosphatase 1 243

(MKP-1), CCAAT-enhancer-binding proteins (C/ 244

EBP�), and Nuclear Factor I X (Nfix) [17, 63– 245

65]. To note, in addition to Ly-6C, F4/80 and CD 246

11b, other markers can also be used to distin- 247

guish pro-inflammatory macrophages from the pro- 248

regenerative type and are highlighted in Fig. 1 and 249



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

T. Marine et al. / Macrophages in Skeletal Muscle Dystrophies, An Entangled Partner 5

Table 2
Markers for ma macrophages involved in skeletal muscle regeneration

Markers Population Functions References

CCR2 Infiltrating monocyte CCL2 receptor [15, 40–42, 45, 58]
iNOS Pro-Inflammatory (Ly-6C+) Transform Arginine in Nitric Oxid [21]
Cox-2 Pro-Inflammatory (Ly-6C+) Catalyzes the conversion of arachidonic acid to prostaglandins [16, 21]
CD163 Pro-regenerative (Ly-6C-) Scavenger Receptor [11, 17]
Arginase 1 Pro-regenerative (Ly-6C-) Transform Arginine in Ornithine [21, 231]
Fizz1/RELMa Pro-regenerative (Ly-6C-) Pro-fibrotic secreted cytokine [21, 231]
CD206/MRC-1 Pro-regenerative (Ly-6C-) Mannose Receptor, specific function unknown [11, 17, 21]

Fig. 1. Temporal expression of macrophage and inflammatory
markers. After damage, infiltrated monocytes differentiate into
macrophages, up-regulate CD11c, CD11b, F4/80, and CX3CR1
(top graph) and express pro-inflammatory markers such as Ly-6C,
CCR2, iNOs, and Cox-2 (middle graph). After 1-2 days in the
tissue, they downregulate pro-inflammatory markers and start to
express anti-inflammatory proteins such as CD206, CD163, and
Arginase 1 (bottom graph).

Table 2. Through this process, macrophages are250

sensitive to and secrete various cytokines required251

for efficient skeletal muscle regeneration, briefly252

described here (Fig. 2):253

Annexins are known for their role in resolv-254

ing inflammation by inducing neutrophil apoptosis255

and activating monocyte phagocytosis. Specifically,256

Annexin A1 has long been studied in vitro in models257

of tumor growth and arthritis [66, 67]. While 258

Annexin A1 is expressed by a number of cell types 259

(FAPs, SCs, and macrophages), its receptor FFPR2 260

is expressed only by macrophages [68] and acti- 261

vates AMPK, promoting phagocytosis and inducing 262

macrophage skewing toward a pro-regenerative phe- 263

notype [17, 61]. 264

IGF-1 (Insulin-like Growth Factor 1) has been 265

thoroughly described for its anabolic effect on skele- 266

tal muscle [69–72]. However, only more recently 267

has it been shown to also be macrophage-derived. 268

Indeed, deletion of IGF-1 in leukocytes using the 269

LysozymeCRE mice induces a delay in muscle regen- 270

eration due to a defect in pro-regenerative phenotype 271

switching [73]. 272

Interferon gamma (IFN�) is a pleiotropic 273

cytokine produced by various cell types and seems 274

to have a dual role on myogenesis. So far, IFN� 275

has been described as expressed by myogenic cells 276

and NK cells, but not in macrophages [74,75]. How- 277

ever, macrophages are sensitive to IFN�’s effects 278

as a pro-inflammatory cytokine. Consequently, IFN� 279

signaling has to be quickly downregulated by regula- 280

tory T cells (Treg: FoxP3+CD4 T cells) in order for 281

macrophages to resolve the inflammation and skew 282

toward a pro-regenerative profile [75]. Interestingly, 283

IFN� has been shown to have pro-myogenic func- 284

tions as IFN�-KO mice display impaired skeletal 285

muscle regeneration [74]. However, over-stimulating 286

human myoblasts with IFN� in vitro also leads to 287

a defect in myogenesis, independently of myoblast 288

apoptosis [76]. Moreover, IFN� has been shown to 289

antagonize TGF� signaling in FAP-like cells. Indeed, 290

IFN� treatment reduces fibrosis in skeletal muscle 291

after laceration injury, which is probably due to FAP 292

apoptosis [77, 78]. 293

Interleukin 1 beta (IL-1�) is part of the IL-1 294

superfamily (with IL-1� and IL-33) and is mostly 295

expressed by pro-inflammatory macrophages imme- 296

diately after damage [11, 79]. IL-1� receptors 297

(IL-1R1 and IL-1R2) are not only expressed by 298

macrophages but also in SCs and FAPs [68]. In vitro, 299
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Fig. 2. Macrophages orchestrate muscle-resident cell behaviour during tissue repair. Left panel: after injury, Ly-6C+ macrophages secrete
CCL3, NO, TNFa and IL-1b, clear fibro-adipogenic progenitors (FAPs) from the tissue, and support myogenic cell proliferation. Once
skewed to an anti-inflammatory profile, macrophage produce IL-6, GDF3, TGFb, and VEGF, which participate into the support of the
myogenic program and myofiber growth. Macrophage content within the tissue returns to basal around 2 weeks after damage by either
re-circulation or local apoptosis. Right panel: in case of repeated trauma, the number of macrophages present in the tissue rises, which could
be due to continuous infiltration, or to local proliferation. Both Ly-6C+ and Ly-6C– macrophages are present within the tissue, which causes
the accumulation of both pro- and anti-inflammatory cytokines in the damaged area. FAPs are activated, differentiate into fibroblast and
adipocytes and myogenesis is delayed.

stimulation of C2C12 cells or primary myoblasts300

with IL-1� induces cell proliferation [79]. This effect301

is probably due to the activation of NFκB signal-302

ing, which is key for cell proliferation and survival.303

Of note, adding IL-1� blocking antibody in human304

myogenic cell culture with macrophage-conditioned305

medium induced myotube formation [52]. This sug-306

gests that IL-1� also has an anti-myogenic role,307

protecting from early differentiation.308

Interleukin 10 (IL-10) is required for macro-309

phages to acquire a pro-regenerative function [80,310

81]. However, early delivery of IL-10 will prema-311

turely induce macrophage skewing, delaying ske-312

letal muscle regeneration [80]. This confirms that313

macrophage skewing needs to be precisely tempo-314

rally regulated as faster resolution of inflammation315

does not always induce better recovery. This is316

supported by observations following the use of317

ice or anti-inflammatory compounds such as nons-318

teroidal anti-inflammatory drugs (NSAIDs) [2, 82].319

Indeed, studies have reported that the use of NSAIDs320

1) did not reduce soreness after exercise, 2) negatively 321

affected SC fate, and 3) reduced muscle protein syn- 322

thesis post exercise. However, in > 65-year-old adults, 323

as well as in old rats, NSAIDs help in the gain of mus- 324

cle mass. Altogether, mouse, rat, and human studies 325

report conflicted results in the use of NSAIDs, thus 326

their use should be consciously done [83]. 327

Interleukin 6 (IL-6) production has been observed 328

in almost all cells present in skeletal muscle (FAPs, 329

endothelial cells, smooth muscle cells, myofibers, 330

and various immune cells such as eosinophils and 331

macrophages). Like TGF� and TNF�, IL-6 has both 332

pro and anti-inflammatory functions [84], making 333

understanding its role in regeneration complicated. 334

To note, IL-6 is produced at a high level after exer- 335

cise, but the source seems to be myofibers rather than 336

infiltrating immune cells [85]. However, the concen- 337

tration of IL-6 peaks at day 6 after acute injury, and 338

delivery of IL-6 in vitro has interestingly no effect on 339

proliferation of the myogenic cell line C2C12 [79]. 340

However, as observed with IL-1�, blocking IL-6 341
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Fig. 3. mdx-macrophage specific functions. Via the production of many cytokines and proteins, macrophages present in mdx muscle are able
to simultaneously stimulate and inhibit various cellular processes such as monocyte infiltration, satellite cell (SC) proliferation, myofiber
growth, fibro-adipogenic progenitor (FAP) proliferation and differentiation.

in human macrophage conditioned medium induces342

myotube formation in vitro, suggesting an anti-myo-343

genic function of macrophage-derived IL-6 [52].344

Interleukin 13 (IL-13) and Interleukin 4 (IL-4)345

are type 2 cytokines usually secreted by eosinophils,346

T cells, and Innate Lymphoid Cells (ILCs). Both have347

been described to induce macrophage skewing [86,348

87]. To note, IL-4 treated FAPs support SC differ-349

entiation in vitro [86]. Plus, the IL-4/IL-13 axis also350

blocks FAP differentiation into adipocytes, allowing351

efficient regeneration [86]. In adipose tissue, it has352

been suggested that the IL-4/IL-13 axis is required353

for tissue resident mesenchymal stromal cells (FAP-354

like cells) to produce CCL11 (Eotaxin1) and attract355

eosinophils to maintain a type 2 inflammatory envi-356

ronment [87–89]. This chain of events has not been357

demonstrated in skeletal muscle, but represents a358

potential mechanism for eosinophil recruitment and359

the resolution of inflammation.360

Nicotinamide phosphoribosyltransferase (NA361

MPT, also known as Visfatin or PBEF) is secreted by362

a specific population of macrophages during regen-363

eration and acts on SCs via CCR5 to induce their364

proliferation [62]. In a zebrafish model, NAMPT+365

macrophages appear to assume a pro-regenerative366

role similar to that observed in mouse and human,367

where they appear 2 days after injury and express368

arg2, mmp13, and mmp9 [62].369

Transforming growth factor beta (TGF�) is 370

a complex cytokine known to affect the behavior 371

of most cells through disparate signaling pathways. 372

The TGF� superfamily is composed of 50 mem- 373

bers, with TGF�1 and myostatin being the most 374

highly expressed in skeletal muscle [90]. One of 375

the best known functions of TGF� is its potent 376

effect on fibrogenesis [8, 9, 91]. For example, TGF� 377

induces FAP survival (counteracting the IFN�/TNF� 378

pro-apoptotic effect) and differentiation into myofi- 379

broblast [59]. TGF� is also known for its inhibitory 380

effect on myogenesis [92–95]. As TGF� ligands 381

(TGF�1, 2, and 3) are secreted by multiple sources, 382

it is difficult to discern paracrine and autocrine 383

function. Interestingly, macrophage-secreted GDF3, 384

which is a ligand of the TGF� superfamily, has 385

been shown to promote SC commitment to myo- 386

genesis [60]. Lastly, TGF� is known to be secreted 387

in a non-active form (called latent TGF�), which is 388

sequestered in the ECM in complex with latent TGF� 389

binding proteins (LTBP) [96]. Thus, its activity and 390

action on SCs and FAPs can temporally differ from 391

its secretion. 392

Tumor Necrosis Factor alpha (TNF�). TNF� 393

is another complex cytokine, which can have differ- 394

ent effects that are dependent upon its concentration. 395

Interestingly, when secreted at high concentrations 396

by inflammatory macrophages, it has anti-myogenic 397
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properties. However, when TNF� is secreted at low398

levels by anti-inflammatory macrophages, it instead399

functions as a pro-myogenic cytokine [52]. This dif-400

ferential effect is probably compounded by a globally401

changing cytokine milieu in the regenerative process.402

It would be interesting to study if the dual function403

of TNF� is only due to its concentration, or to its404

cooperation with other cytokines (e.g. IL-1�).405

Vascular endothelial growth factor (VEGF).406

While VEGF is mostly known for its pro-angiogenic407

functions, its effects on myogenic cell behavior have408

recently been explored [97, 98]. Indeed, inhibition409

of VEGF induces myotube formation in vitro, sug-410

gesting an anti-myogenic function of macrophagic411

VEGF [52]. However, Verma et al., showed that412

SC-derived VEGFA helps to maintaining the niche413

micro-environment and encourages their own quies-414

cence [98]. Interestingly, quiescent SCs do not appear415

to express detectable levels of VEGF receptors (Kdr416

(VGFR2) or Flt1 (VGFR1)). Thus, further studies417

into how VEGFA acts on SC behavior is warranted.418

HISTOPATHOLOGY AND ANIMAL419

MODELS OF MUSCULAR DYSTROPHIES420

MDs are a heterogeneous group of inherited dis-421

orders characterized by progressive wasting and422

weakness of muscle tissue that compromises patient423

mobility, leading to wheelchair dependency. In severe424

cases, patients with MDs die prematurely due to res-425

piratory and cardiac failure [99]. Many MDs are426

caused by mutations in the genes coding for pro-427

teins of the dystrophin-glycoprotein complex (DGC)428

or required for the correct assembly of the DGC.429

The main components of this multiprotein complex430

are dystrophin and sarcoglycan subunits. Struc-431

turally, the DGC links the F-actin cytoskeleton of432

myofibers to the ECM. The absence of even one433

protein of the DGC often causes the disassembly434

of the entire complex, causing sarcolemmal (the435

myofiber plasma membrane) fragility and leading436

to myofiber damage and necrosis that is aggra-437

vated by contractile activity [100–102]. Damaged438

myofibers are repaired or replaced by SCs, but as they439

share the same genetic mutation, the newly formed440

myofibers are destined for the same degenerative441

fate. Consequently, muscle tissue enters into a con-442

tinuous cycle of degeneration and regeneration that443

results in chronic inflammation and substitution of444

contractile muscle tissue with adipose and fibrotic445

tissue. At the histological level, dystrophic muscle is446

characterized by necrotic myofibers, desynchronized 447

centrally-nucleated regenerative myofibers, immune 448

cell infiltration, and the presence of fatty/fibrotic 449

lesions in place of muscle tissue [103]. 450

The most common MD is the Duchenne muscular 451

dystrophy (DMD), an X-linked autosomal recessive 452

disease caused by a mutation in the ∼2.4 Mb dys- 453

trophin gene that results in complete loss of the 454

dystrophin protein and affects approximately 1 in 455

3,500–6,000 boys [104, 105]. The first signs of dis- 456

ease are usually observed around 2 to 3 years of 457

age, followed by progressive muscle wasting, grad- 458

ually leading to wheelchair use and eventual death 459

caused by respiratory and cardiac complications [99, 460

106, 107]. In DMD 60% of dystrophin mutations are 461

large insertions or deletions that lead to frameshift 462

errors downstream, whereas approximately 40% are 463

point mutations or small frameshift rearrangements 464

[108]. Becker-type muscular dystrophy (BMD) is 465

also caused by a mutation to the dystrophin gene, 466

but one that permits the synthesis of an internally 467

truncated and partially functional protein, leading to 468

a milder phenotype in affected boys [99]. MDs are 469

particularly difficult to treat due to the post-mitotic 470

nature of cardiac and skeletal muscle, as well as the 471

abundancy of muscle tissue across the body. Different 472

animal models are used to understand the develop- 473

ment of the dystrophic disease as well as molecular 474

and cellular pathways involved in this process [109]. 475

Here are some of the main mouse models: 476

mdx mice: the mouse model for DMD is called 477

mdx and is the main animal model used to study MDs. 478

The mdx mutant came from a spontaneous mutation 479

in a colony of C57BL/10ScSn mice, first reported in 480

1984 by Bulfield. Myofiber necrosis appears in the 481

limbs of mdx mice at 3 weeks of age and a first peak 482

of inflammation and necrosis occurs at 4 weeks. From 483

this point forward, the muscle enters a cycle of degen- 484

eration and regeneration. At 8 weeks of age, 80% of 485

myofibers are centrally-nucleated and myofiber size 486

is highly heterogeneous [110–113]. Due to the lack of 487

the DCG, mdx myofibers are fragile, and damage can 488

be easily induced through muscle contraction (similar 489

to eccentric exercise). Unlike human DMD muscles 490

that are progressively replaced by fat and fibrosis, 491

limb muscles of young mdx mice develop only mild 492

fibrosis and no fat infiltration, suggesting that mdx 493

muscles have a higher capacity for regeneration com- 494

pared to human dystrophic muscle. At 12 months of 495

life, mdx muscle is still regenerative [111, 112] and 496

it is not until 18 and 24 months of age that fibro- 497

sis and adipose infiltration are observed, respectively 498
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[110]. The only mdx muscle that faithfully recapitu-499

lates human DMD progression is the diaphragm. In500

this tissue, the first histopathological muscle lesions501

appear at 1 month of life and over time myofibers are502

replaced by fibrotic tissue [114, 115]. Thus, while503

human DMD patients and mdx mice both lack dys-504

trophin, mice do not progress to the same level of505

pathophysiological severity, which limits their use506

for modelling human DMD. Since the mdx mouse507

model does not adhere to the general symptoms of the508

human disease, some variations of the mouse model509

have been generated in order to better mimic DMD510

pathology:511

Micro-damage: a mechanical strategy entailing512

repeated daily microneedle stabs, inducing fibrosis513

and myofiber size heterogeneity 1-week post-injury514

in the tibialis anterior of mdx mice. Asynchronous515

regeneration is linked to appearance of fibrotic tissue516

and failed regeneration [116, 117].517

mdx:utrn+/– mouse model: a genetic strategy518

used to create mdx models that develop fibrosis519

earlier. It is based on the hypothesis that some struc-520

tural proteins, such as UTROPHIN could compensate521

the lack of dystrophin in mdx mice. Double knock-522

out mdx:utrn−/− mice show severe progressive MD,523

leading to premature death, although haploinsuffi-524

ciency of the utrn gene is enough to induce early525

fibrosis in limb muscles in mdx mice [118, 119].526

D2-mdx: another hypothesis advanced to explain527

histological differences between mdx mice and DMD528

muscle was a higher regenerative capacity inherent529

to the murine genetic background. In fact, after sev-530

eral rounds of cardiotoxin injury, C57BL10 mouse531

strain muscles regenerate efficiently while muscles532

of DBA/2 mice display fibrosis and fat infiltration533

[120]. This impaired regeneration is due to a decrease534

in SC proliferation, leading to a decrease in myo-535

genic cells available for fusion and consequently536

smaller regenerated myofibers. The most commonly537

used mdx murine model is on the C57BL10 back-538

ground, while mdx mice backcrossed with the DBA/2539

background (or D2-mdx) exhibit more rapidly pro-540

gressing dystrophic pathology [120–122]. D2-mdx541

display muscular atrophy and an increase in fibrotic542

area in tibialis anterior, gastrocnemius and quadriceps543

muscles compared to mdx mice [120, 121, 123].544

mdxbetageo: Recently, Young et al., generated a545

model of mdx with complete loss of dystrophin by546

introducing a disruption in the reading frame down-547

stream of exon 63: mdxbetageo [124]. These dystrophic548

mice do not express the full length Dp427 isoform549

of dystrophin but do express the truncated Dp71550

isoform. The total absence of the long dystrophin 551

isoform induces a decrease in myofiber size, and an 552

increase of fibrosis and calcification in the tibialis 553

anterior. Calcification was also observed in other limb 554

muscles and in the heart of mdxbetageo mice. Inter- 555

estingly, high numbers of macrophages were found 556

around calcified myofibers [124]. This model is often 557

compared to the DMD-null mouse model that lack the 558

full length of the dystrophin protein (both Dp71 and 559

DP427 isoforms) [125, 126]. 560

�-sarcoglycan deficiency: the mouse model for 561

�-sarcoglycan deficiency (sgca(−/−) mouse) was 562

designed to model an existing sarcoglycan human 563

mutation, found in patients of LGMD type 2D/R3 564

[132]. Necrotic myofibers are observed at 3 weeks of 565

age and more than 70% of myofibers are centrally- 566

nucleated in limb muscles and diaphragm at 8 weeks. 567

The sgca(−/−) mouse exhibits a decrease in muscle 568

function and, importantly, fibrosis occurs earlier in 569

limb muscles and the diaphragm [132–134]. So even 570

while the genetic origin of the disease is different 571

between mdx and sgca(−/−) mice, the development 572

of DM pathology in the latter more closely captures 573

that observed in human MDs. 574

In mdx, sgca(−/−), GRMD, and DMD, a highly 575

inflammatory environment (in terms of cell infiltra- 576

tion and cytokine detection) is observed compared to 577

WT, non-damaged muscles [111, 115, 128, 134–137]. 578

While macrophages are required and beneficial for 579

efficient muscle regeneration after acute injury (see 580

chapter above), chronic inflammation leads to tissue 581

damage. In the case of skeletal muscle, the deleterious 582

effect of macrophages during periods of chronic dam- 583

age is hypothesized to be attributed to: 1) a sustained 584

inflammatory environment that promotes muscle tis- 585

sue damage, and 2) fibrosis induced by abnormal 586

persistence of wound-healing macrophages. Indeed, 587

in the last decades, many studies thoroughly inves- 588

tigated the phenotype and functions of macrophages 589

in MDs. 590

ROLE OF MACROPHAGES IN CHRONIC 591

INJURY: FRIENDS OR FOES? 592

Muscle regeneration following acute injury can be 593

impaired by genetically or pharmacologically affect- 594

ing macrophage’s capacity to infiltrate the tissue [11, 595

57, 58, 138–140]. However, in dystrophic muscle the 596

decreased inflammation associated with modifying 597

macrophage’s infiltrative capacity often correlates 598

with improved tissue functionality. In both human 599
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Table 3
Depletion of monocyte/macrophage in mdx mouse model

Mouse model Result References

mdx injected with anti-F4/80 antibody - Improved soleus muscle at 1- and 4-weeks of age [141]
mdx:TLR4-KO - Improved TA and diaphragm muscle histopathology at 6- and 12-weeks

of age
[142]

mdx:CCR2-KO - Improved diaphragm muscle histopathology and function at 6- and
12-weeks of age

[143, 145]

- No improvement of diaphragm muscle histopathology and function at
6-months of age

mdx injected with CCR2/CCR5 antagonist - Decreased macrophage infiltration at 2- and 6-weeks of age with no effect
on diaphragm muscle histopathology

[144]

- No changes in macrophage polarization (iNOs/CD206 ratio)
mdx:CD11b-DTR - Worsening TA muscle histopathology at 12-weeks of age [147]

DMD, and mouse models like in sgca(−/−) and mdx,600

the number of macrophages correlate with expression601

of fibrotic markers [56].602

Depletion of blood-circulating monocytes in603

young mdx mice using an anti-F4/80 antibody604

reduces the number of damaged myofibers, presum-605

ably because it delays the peak of inflammation that606

normally occurs in mdx mice at early time point607

[141] (Table 3). Preventing macrophage infiltration608

by deleting the TLR4 receptor also attenuates MD609

progression in 6 and 12-week-old mdx mice by lim-610

iting muscle damage and fibrosis, while also limiting611

loss of force [142] (Table 3). Likewise, deleting612

the CCR2 receptor in mdx mice (mdx-CCR2−/−)613

decreases macrophage infiltration in the diaphragm at614

6 weeks of life. Interestingly, at 12 weeks of age, mdx-615

CCR2−/− mice have the same number of intramus-616

cular macrophages compared to mdx control mice,617

suggesting a role for tissue-resident macrophages618

in disease progression. Furthermore, there are more619

CD206+ (pro-regenerative) macrophages and fewer620

iNOS+ (pro-inflammatory) macrophages in the621

diaphragm of mdx-CCR2−/− mice at 6 weeks of age.622

Again, this may be due to contribution of tissue-623

resident macrophages, which may not be able to624

efficiently acquire a pro-inflammatory phenotype. No625

difference in terms of histopathology is observed626

between mdx and mdx-CCR2−/− mice at 6 weeks of627

age, but at 12 weeks of age a decrease in the number628

of necrotic myofibers and area of fibrosis is observed629

in the diaphragm of double mutant mice. Functional630

improvement in the diaphragm is observed at both 6631

weeks and 12 weeks of age [143] (Table 3).632

Consistent with these results, the use of a pharma-633

cological antagonist of CCR2/CCR5 receptor (CVC634

or cenicriviroc) in mdx mice from 2- to 6-weeks of age635

decreased macrophage infiltration of the diaphragm636

in treated mice without any effect on myofiber637

necrosis and fibrosis. However, no changes in the ratio 638

of CD206+ or iNOS+ macrophage were observed 639

[144] (Table 3). Analysis of mdx mouse pathology 640

at 1 year shows that these animals approach a similar 641

disease state to that of human DMD patients (force, 642

regenerative capacity, central nuclei, muscle hyper- 643

trophy, and myofiber branching). Similarly, the early 644

improvements observed in the diaphragm and quadri- 645

ceps of mdx-CCR2−/− is lost by 6 months of age in 646

these animals [145]. As in the study by Mojumbar 647

et al., the diminution of macrophage infiltration at an 648

early time point (4 weeks of age) disappears by 14 649

weeks and 6 months [143, 145], It remains unclear 650

whether the regression in histological and functional 651

improvement is due to re-infiltration of macrophages 652

or from an effect on their inflammatory profile and 653

function. 654

When mdx mice are crossed with a urokinase 655

plasminogen activator (uPA) deficiency model the 656

progeny exhibit an increase in the degenerative 657

muscle phenotype, including increased fibrosis and 658

decreased muscle function. This phenotype also cor- 659

relates with a decrease in macrophage infiltration in 660

the dystrophic muscle [146] (Table 3). Interestingly, 661

the transplantation of WT-BM into the mdx-uPA−/−
662

mice increased macrophage infiltration in dystrophic 663

muscle and reversed the deleterious effect of uPA 664

knockout, suggesting a pro-regenerative role of 665

infiltrating, uPA-expressing macrophages within the 666

dystrophic muscle. Of note, muscular regeneration 667

after acute injury is also observed in uPA−/− mice 668

and is rescued by WT BM transplantation as well 669

[146]. Another study demonstrated that the depletion 670

of macrophages in mdx mice (using a mouse model 671

expressing the Dipheteria Toxin Receptor under the 672

CD11b promotor) compromises muscle regeneration 673

at 12 weeks of age by promoting adipogenic fate in 674

SCs [147]. 675
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In conclusion, the functional phenotype of macro-676

phages and more specifically, their trophic function677

toward other cells within the muscle, impacts dis-678

ease progression more than the overall number of679

macrophages present in dystrophic muscle, and this680

parameter should be taken in consideration when ana-681

lyzing muscle histopathology (Table 3).682

Trophic functions of macrophages toward muscle683

homeostasis in mdx mice684

During healthy muscle regeneration, two function-685

ally distinct populations of macrophages are observed686

in a temporally precise sequence. Together, these687

pro-inflammatory Ly-6C+ and pro-regenerative Ly-688

6C– macrophages efficiently coordinate to help heal689

the damage and return the affected muscle tissue690

back to homeostasis. However, the situation becomes691

more complex in dystrophic muscles, where gauging692

the functional status of the macrophages within the693

affected tissue using simple markers such as Ly-6C694

may be less reliable (Fig. 1 and Tables 1 and 2). In695

fact, a recent work suggests that this method fails to696

accurately capture the nuances of macrophage tran-697

scriptional status within these situations [56]. During698

muscle regeneration, macrophages simultaneously699

express pro- and anti-inflammatory programs, and700

their function is ultimately determined by the balance701

of these programs [17, 54, 56] (Fig. 1 and Table 1).702

Gene expression analyses of Ly-6C+ and Ly-6C–
703

macrophages sorted from non-fibrotic and fibrotic704

dystrophic muscle (mdx and sgca(−/−) mice) show705

that the canonically pro-regenerative Ly-6C– popula-706

tion actually express high levels of pro-inflammatory707

markers, suggesting the presence of a mixed-function708

population of macrophages within dystrophic mus-709

cle [56]. Indeed, nearly 50% of macrophages present710

in mdx mice express both TNF� and TGF� [59].711

Future studies that incorporate single cell and spa-712

tial RNA-sequencing technologies allow us to better713

understand macrophage polarization and function in714

dystrophic muscles and particularly, how they inter-715

act with other cell types. Nevertheless, numerous716

studies have helped to identify general functions of717

macrophages in chronic muscle injury.718

Genetic ablation of IFN� in mdx mice (mdx:IFN�-719

KO) does not affect macrophage infiltration in 4720

and 12 month-old mice, but does lead to a de-721

crease in iNOS production and reduced damaged722

myofibers in hindlimb muscles [148]. The loss of723

IFN� also increased MyoD and Myogenin expression,724

which are markers of proliferating and differentiating725

myoblasts whose expression is linked with regen- 726

eration. Indeed, mdx:IFN�-KO mice have more 727

centrally-nucleated myofibers and exhibit improved 728

muscle function, suggesting enhanced tissue repair 729

[148]. 730

Deletion of iNOS in mdx mice (mdx:iNOS-KO) has 731

no effect on macrophage infiltration, but decreases 732

myofiber lysis [149]. In DMD and mdx muscles, 733

a local increase in TNF� has been observed, and 734

leads to the activation of NFκB signaling [150, 151]. 735

Consistently, NFκB activity increases in diaphragm, 736

gastrocnemius and tibialis anterior of 5-week-old 737

mdx mice compared to WT mice. In mdx mice, NFκB 738

is present in nuclei of both regenerating myofibers 739

and immune cells. 740

Macrophage-specific deletion of NFκB in mdx 741

mice decreases the number of necrotic myofibers 742

and results in reduced expression of TNF� and IL- 743

1� in 4-week-old animals. Interestingly, the specific 744

deletion of NFκB in myofibers stimulates muscle 745

regeneration and leads to an increase in embryonic 746

myosin heavy chain positive (eMHC+) myofibers. 747

Furthermore, an increase in cells expressing Pax7 748

and MyoD is observed in 4-week-old mdx-NFκB- 749

KO mice, suggesting a negative role of NFκB on 750

SC behaviour. Finally, pharmacological inhibition 751

of IKK/NFκB pathway reduces muscle necrosis and 752

improves muscle regeneration, supporting the notion 753

that this pathway is active in several cell types present 754

in dystrophic muscle which act synergistically to res- 755

cue myopathic progression [151]. 756

Weekly intra-peritoneal injections of TNF�- 757

blocking antibodies in mdx mice during the first 90 758

days of life decrease the number of necrotic myo- 759

fibers and have a positive effect on treadmill run- 760

ning time. Unfortunately, neither the inflammatory 761

profile, nor possible mechanisms of action were 762

investigated in this study [152]. The use of anti- 763

IL-6 antibody on mdx:utrn−/− from 2 to 13 weeks 764

of age, was shown to significantly improve skeletal 765

muscle histopathology by reducing Creatine Kinase 766

(CK) levels, fibrosis deposition, increasing regenerat- 767

ing myofiber size [153]. However, these effects were 768

not seen in the diaphragm. Paradoxically, while IL-6 769

has been shown to participate to the DMD pathology 770

[154], the inflammatory response, quantified by q-RT- 771

PCR was unchanged [153]. Moreover, Kostek et al. 772

treated mdx mice with IL-6 blocking antibodies for 773

5 weeks with no functional or histological improve- 774

ments, but rather an increase in their “inflammation 775

score” (quantified by the number of mononuclear 776

cells observed on muscle slides) [155]. 777
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In a related recent study, 4-month-old mdx:utrn+/–
778

mice were injected intra-peritoneally every 3 days,779

for 28 days, with blocking antibody against RANKL780

(receptor activator of nuclear factor NFκB lig-781

and) [156]. While muscle damage and fibrosis782

were decreased, and associated with an increase in783

myofiber size, the number of infiltrated macrophages784

did not change after treatment. Nevertheless, a rela-785

tive increase of CD206+ macrophages was observed786

in muscle of mdx/utrn+/– mice injected with RANKL787

blocking antibody [156]. Similarly, the frequency of788

CD206+ cells increased in muscles of mdx:IFN�-KO789

mice [148].790

Mdx:IL-10-KO mice have elevated numbers of791

necrotic myofibers and perform poorly in treadmill792

performance tests at both 4 and 12 weeks of age, when793

compared to mdx mice. These mice have a lower fre-794

quency of CD163+ pro-regenerative macrophages in795

muscle, but quantification of total macrophage infil-796

tration was not performed [81]. Thus, IL-10 secretion797

seems to be beneficial for dystrophic muscle.798

Finally, the beneficial effect of depleting specific799

pro-inflammatory cytokines or signaling pathways in800

MD pathology could be due to the fact that dystrophic801

myofibers are more sensitive to oxidative stress [157,802

158].803

Overall, the above studies suggest that decreasing804

macrophage pro-inflammatory signals and pushing805

them to an anti-inflammatory phenotype could be806

beneficial for dystrophic muscle [156]. However,807

most studies have focused on the first few weeks808

of life in mdx mice, which unlike human patients is809

known to peak in inflammation at 4-weeks of age810

[141, 159]. Thus, further detailed studies and criti-811

cal evaluation of these datasets will be required to812

assess the potential of macrophage modulation as a813

therapeutic option for MD patients.814

The role of macrophages in the formation of815

fibrosis in muscular dystrophies816

At steady state, muscle ECM is a three-dimen-817

sional network that represents around 5% of tissue818

volume. The ECM is primarily composed of collagen819

type I, with myofibers being surrounded by collagen820

IV [160]. ECM’s function as a structural substrate821

capable of supporting muscle fibers, blood vessels,822

and nerves must not eclipse its critical role as a regula-823

tor of cell fate. For example, it has been demonstrated824

that Collagen V and VI are intimately linked to SC825

quiescence [161, 162]. After muscle injury, ECM is826

degraded by inflammatory cells, which permits their827

infiltration into the damaged tissue, while concomi- 828

tantly facilitating effective migration of SCs [163, 829

164]. Specifically, the ECM is degraded by matrix 830

metalloproteinases (MMPs), secreted by inflamma- 831

tory cells and damaged myofibers [165–167]. A 832

transient partially degraded ECM participates in 833

myoblast differentiation and provides a scaffold for 834

regenerative myofibers [168]. As such, the balance 835

between ECM degradation and production is impor- 836

tant for efficient regeneration. Fibrosis, which is a 837

characteristic feature of MD pathology, is caused 838

by excessive accumulation of ECM components 839

resulting from ECM over-production, a defect in 840

its degradation, or both [168, 169]. Among the 841

factors that promote ECM remodeling, TGF� is 842

believed to be the most important. TGF� not only 843

induces collagen I, connective tissue growth factor 844

(CTGF/CCN2) and fibronectin expression by FAPs/ 845

fibroblasts, but also inhibits MMP expression in 846

fibroblasts through SMAD pathway activation [90, 847

170–172]. While macrophages and SCs do express 848

some collagen proteins, FAPs are the primary source 849

of ECM component secretion [162, 173, 174]. FAPs 850

were identified in 2010 and are defined as SCA- 851

1/PDGFR�+, CD31/CD45/�7int– cells. FAPs are 852

located in the skeletal muscle interstitial space and 853

proliferate upon injury [8, 9]. In both in vitro and 854

in vivo conditions, FAPs are capable of spontaneously 855

differentiating into fibroblasts and adipocytes, but 856

they do not differentiate into myogenic cells [8, 857

9, 50]. They stimulate myogenic differentiation in 858

SCs, which once differentiated into myofibers, block 859

FAP adipogenic differentiation [8, 175, 176]. In 860

mdx mice, the number of PDGFR�+ cells positively 861

correlates with fibrosis and addition of TGF�1 to 862

FAPs in vitro induces a dose-dependently increase in 863

fibrotic markers (such as collagen I and CTGF [8, 9, 864

59]), supporting the importance of this factor in fibro- 865

sis development. Importantly, the balance between 866

proliferation and apoptosis of FAPs is directly deter- 867

mined by macrophage-derived TGF�1 868

The unforgettable TGFβ 869

During skeletal muscle regeneration, pro-inflam- 870

matory macrophages first secrete TNF�, which 871

induces FAP apoptosis bringing their numbers 872

back to pre-damage levels. Next, pro-regenerative 873

macrophages secrete TGF� to stimulate the sur- 874

vival of remaining FAPs and the production of a 875

regenerative provisional matrix. Proper balance and 876

coordinated expression of these cytokines is thus crit- 877

ical for reestablishment of the ECM [56, 59, 177] 878
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(Fig. 2). For more background on the role of FAPs879

in muscle homeostasis, we suggest the following880

reviews [178, 179].881

In DMD patients, TGF�1 is elevated in both882

blood plasma and muscle, and is correlated with883

fibrosis [91, 180, 181]. In addition, treatment of884

WT mice with recombinant TGF�1 stimulates the885

expression of collagen I and induces muscle fibro-886

sis independently of injury or disease [182]. It has887

been demonstrated that asynchronous myofiber dam-888

age and regeneration, such as that observed in DMD,889

directly induces fibrosis through the TGF�1 pathway890

[117]. However, the induction of a fibrogenic pro-891

gram in FAPs is not the only way in which TGF�1892

can modulate muscle homeostasis. The binding of893

TGF�1 and/or myostatin to their specific cell-surface894

receptors (TGFBR1/ALK5 and TGFBR2 dimer for895

TGF�1; activin receptor types IIA and IIB dimer, or896

TGFBR1/ALK5 and ALK4 receptor dimer for myo-897

statin) can lead to a decrease in the expression of the898

muscle fiber hypertrophic factor IGF-1 [93, 183].899

TGF�1 is expressed by multiple different cell types900

such as FAPs/fibroblasts and endothelial cells, but901

mainly by macrophages: over 75% of these cells in902

the mdx diaphragm express TGF� [90, 171, 184]. One903

important feature of TGF�1 signaling is that ligand904

gene expression may not directly lead to downstream905

signaling activation. This has been demonstrated in906

animal models where TGF� expression levels do not907

correlate with the amount of fibrosis observed [185,908

186]. Indeed, secreted TGF�1 is often found bound909

to LTBP and is stabilized but kept inactive until LTBP910

cleavage [187]. Notably, DMD muscles exhibit ele-911

vated LTBP4, regulating TGF�1 availability [188].912

Treating mdx mice with Nilotinib (which inhibits913

p38-like kinases downstream of TGF�) rescues the914

dystrophic phenotype by decreasing FAP numbers915

and the associated fibrosis [56, 59]. The dys-916

trophic environment alters the effect of macrophages917

toward FAPs. Inflammatory macrophages (Ly-918

6C+CX3CR1low) isolated from fibrotic mdx muscle919

have lost their ability to induce fibroblast apoptosis920

and instead stimulate collagen I expression [56]. This921

effect is reversed by anti-TGF� antibody treatment.922

Moreover, inflammatory macrophages from fibrotic923

mdx muscle express more LTBP4, which allows for924

more latent TGF�1 to be stabilized within the ECM925

compared to non-fibrotic mdx muscle. In mdx mus-926

cle, FAPs secrete MMP14 and BMP1 proteases to927

release TGF�1 from LTBP4 [56].928

Treatment of mdx mice with the AMPK acti-929

vating compound metformin (otherwise used for930

the treatment of type 2 diabetes) promotes pro- 931

inflammatory to pro-regenerative macrophage phe- 932

notype skewing, reduces fibrosis, and improves 933

muscle morphology [56]. In mdx:IL-10-KO mice, 934

macrophages increase their expression of pro- 935

inflammatory cytokines and an increase in mature 936

TGF� and collagen I secretion within muscle tissue is 937

observed [189]. Similarly, fibrinogen (a soluble pro- 938

tein released into the blood in response to stress which 939

accumulates in mdx and DMD muscles)-activated 940

BMDMs treated with blocking IL-1� antibodies 941

exhibit a decrease in Tgfb gene expression. On the 942

other hand, mdx fibroblasts treated with conditioned 943

medium of fibrinogen activated BMDM increases 944

collagen I (Col1a1) expression, and this pro-fibrotic 945

effect can be reverted with TGF�1 blocking anti- 946

body [190]. Together, these studies demonstrate that 947

the atypical pro-inflammatory macrophages found in 948

dystrophic muscle not only act on myofiber damage 949

and repair, but are also capable of directly inducing 950

fibrosis. Thus, in dystrophic conditions, the dysregu- 951

lation of macrophage phenotype induces a vicious 952

cycle between macrophage LTBP4-TGF� expres- 953

sion, FAP survival and ECM component expression 954

that leads to fibrosis. 955

It should be noted that the effects of TGF� are not 956

limited to FAP/fibroblasts. SCs and endothelial cells 957

also express receptors for this molecule. In vitro treat- 958

ment of SCs and endothelial cells with TGF� results 959

in decreased myotube and angiotube formation and is 960

associated with an increase in fibrotic gene expression 961

[174]. By using specific endothelial cell and SC track- 962

ing mice, this phenomenon has been replicated in vivo 963

in 6-month-old mdx mice. Specifically, approxi- 964

mately 12% of SCs downregulated a myogenic fate 965

marker (loss of �7-integrin) and showed elevated 966

Col1a1 and fibronectin extra domain A (Eda-Fn1) 967

expression. Similarly, 30% of the original endothe- 968

lial cell population reduced CD31 expression, with a 969

concomitant increase in Col1a1 and Eda-Fn1 [174]. 970

Within dystrophic muscle, infiltrating macrophages 971

also become pro-fibrotic expressing more collagen 972

I and less CD45. These “fibrotic” SCs, endothelial 973

cells and macrophages represent only 1-2% of the 974

total fibrogenic population, and while they may not 975

have a major impact on fibrosis per se, they may no 976

longer be capable of participating in muscle and ves- 977

sels formation. Indeed, myogenic cells, endothelial 978

cells and macrophages must communicate for effec- 979

tive muscle regeneration and it has been observed that 980

mdx mice also exhibit impaired vessels formation and 981

functional vascular defects [98, 191, 192].
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Other proteins expressed by macrophages that982

modulate MD progression983

Several studies have pointed out additional pro-984

teins expressed by macrophages that exacerbate or985

attenuate muscular dystrophy progression.986

MMPs are expressed by macrophages and support987

cell migration to injured tissue. MMP expression is988

increased in dystrophic mouse muscle. mdx:MMP9-989

KO mice not only show reduced macrophage990

infiltration, but also a switch toward a pro-regenera-991

tive macrophage phenotype, characterized by an992

increase in CD206+. Moreover, mdx::MMP9-KO993

mouse muscle structure is improved and correlates994

with a decrease in serum Creatine Kinase levels,995

which is a marker of myofiber damage [193, 194].996

Lastly, depletion of MMP9 increases SC prolifer-997

ation and improves the engraftment potential of998

myoblasts in recipient mouse muscle pre-injured with999

cardiotoxin [194]. However, MMPs also play a ben-1000

eficial role in the regenerative process that follows1001

acute damage. For example, MMP-10 is expressed1002

by macrophages and endothelial cells in response to1003

injury, and its deletion increases macrophage infiltra-1004

tion, myofiber necrosis and interstitial fibrosis [195].1005

Batimastat is a broad spectrum MMP inhibitor that1006

acts on MMP-1, MMP-2, MMP-3, MMP-7, MMP-8,1007

MMP-9, and MMP-14 activity by mimicking the site1008

in the collagen substrate that is cleaved by MMPs1009

[196, 197]. Treatment of mdx mice with Batimas-1010

tat increases the levels of DGC protein components,1011

improves muscle structure and force, and reduces1012

the number of damaged myofibers. A decrease in1013

the number of infiltrating macrophages, as well as1014

in fibrosis (decreased Col3a1 expression and smaller1015

proportion of Picrosirius red stained area) was also1016

observed [198].1017

IGF-1 induces muscle hypertrophy in mice and1018

rats by promoting SC proliferation and myofiber1019

anabolism [199–201]. Treating mdx mice with IGF-1020

1 for 8 weeks, starting from 5-6 weeks of age,1021

improves fatigue resistance in EDL and soleus mus-1022

cles [202]. Similarly, overexpression of IGF-1 in1023

mdx mice induces muscle hypertrophy, increases1024

muscle force and reduces fibrosis [71]. Deplet-1025

ing macrophages in injured muscle significant1026

decreases IGF-1 levels, showing that macrophages1027

are a primary source of IGF-1 within this context.1028

Moreover, deletion of macrophage-specific dele-1029

tion of IGF-1, as in the LysMCRE mouse strain,1030

induces a defect in pro-regenerative phenotype1031

acquisition and, consequently, delayed muscle regen-1032

eration [73]. Overexpression of IGF-1 in myofibers1033

down-regulates the expression of pro-inflammatory 1034

cytokines and rapidly stimulates tissue remodeling 1035

[203]. This suggests an autocrine effect of IGF-1 on 1036

macrophages and a paracrine effect on myogenic cells 1037

that appears beneficial within the context of MD. 1038

Leukemia inhibitory factor (LIF) is expressed by 1039

myoblasts and macrophages and has a positive effect 1040

on SC proliferation [204, 205]. In mdx mice, treat- 1041

ment with LIF decreases fibrosis, stimulates muscle 1042

regeneration, and increases myofiber size [206, 207]. 1043

In 2019, Welc et al., studied the effect of LIF overex- 1044

pression in macrophages using a transgene controlled 1045

by the human CD11b promoter [208]. 1–12-month- 1046

old mdx mice overexpressing LIF in CD11b+ cells 1047

showed a reduction in collagen deposits in TA 1048

and diaphragm muscle. Bone marrow transplanta- 1049

tion (BMT) of transgenic CD11b+/LIF+ cells into 1050

1-month-old mdx mice decreases macrophage infil- 1051

tration with a decreased collagen I, IV and V 1052

deposit area in tibialis anterior muscles 4 months 1053

after transplantation. Interestingly, TGF� secretion 1054

by macrophages is decreased in the presence of LIF, 1055

which also decreases FAP numbers. While TGF� 1056

induces CTGF/CCN2 expression in the C2C12 cell 1057

line, co-stimulation with LIF abrogates this increase 1058

after 24 h in culture. In vivo, while SCs from LIF 1059

BMT/mdx express less ECM related genes, mice do 1060

not present any changes in their histopathology [208], 1061

consistent with the notion that SCs do not play a major 1062

role in collagen deposition. 1063

Klotho is a transmembrane protein that can be 1064

cleaved and released as a hormone, or alternatively 1065

expressed in a truncated form capable of being 1066

secreted [209, 210]. It modulates multiple signal- 1067

ing pathways, including FGFs, IGF1, TGF� and Wnt 1068

[211]. At 2 weeks of age, mdx mice display no differ- 1069

ence in Klotho expression compared to WT mice. As 1070

inflammation peaks later during disease progression, 1071

Klotho expression drops, remaining low until at least 1072

3 months of age. The overexpression of Klotho in mdx 1073

mice decreases fibrosis, increases myofiber size at 24 1074

months, and increases treadmill running time [212]. 1075

Interestingly, it has been demonstrated that Klotho 1076

signaling is suppressed by TNF� in the kidney [213]. 1077

Injection of recombinant Klotho protein decreases 1078

pro-inflammatory signals in both kidney and heart 1079

tissue [214, 215]. The increase of TNF� and IFN� 1080

observed in mdx muscles coincides with a decrease 1081

in Klotho [216]. In vitro TNF� treatment decreases 1082

Klotho expression in C2C12 myotubes but activates 1083

its expression in macrophages. This phenomenon is 1084

also observed in the presence of IL-10 [216]. Of 1085
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note, BMT of cells overexpressing Klotho into mdx1086

mice hosts increases Pax7+ SCs and myofiber size.1087

Conditioned media co-culture experiments demon-1088

strate that overexpression of Klotho by macrophages1089

directly stimulates proliferation of SCs [216]. Rescue1090

of Klotho expression by macrophages in mdx mice1091

improves MD histopathology by acting on myogenic1092

cell proliferation [216].1093

Osteopontin (OPN) is up-regulated in both1094

DMD patients and in mdx mice. OPN, also known1095

as Secreted Phosphoprotein 1 (SSP1) has been1096

described as an upstream activator of NFκB signaling1097

[217, 218]. Depletion of OPN in mdx mice does not1098

modify the total number of infiltrated macrophages1099

but skews their phenotype to a less inflammatory1100

profile (from iNOS+ to CD206+/CD163+). Lack of1101

OPN in mdx mice increases LIF, IGF-1 and uPA, and1102

is associated with increased muscle mass, myofiber1103

diameter, and improvement in muscle function [219].1104

OPN affects both immune and myogenic cells, but it1105

is not clear which cell is responsible for its secre-1106

tion, or whether its effect on muscle tissue is direct1107

or indirect.1108

TREATMENT OF MUSCULAR1109

DYSTROPHIES: WHAT ABOUT1110

MACROPHAGES?1111

Excessive inflammation within dystrophic muscle1112

is demonstrably more deleterious than beneficial. The1113

only treatment that has shown a delay in disease1114

progression is the use of glucocorticoids. Unfortu-1115

nately, these potent anti-inflammatory drugs have1116

significant side effects. Prednisone, one of the most1117

widely used glucocorticoids, decreases inflamma-1118

tion and delays the progression of DMD, prolonging1119

ambulation and modestly improving muscle strength1120

and cardiopulmonary function. Side effects include1121

bone fragility, weight gain, mood changes, and even1122

muscle weakness [220–224]. Glucocorticoids stim-1123

ulate the AKT1/FOXO1 pathway, which decreases1124

protein synthesis and increases protein catabolism1125

and is responsible for the seemingly contradictory1126

muscle weakness and atrophy observed in patients1127

treated with this drug [225]. Another potent glucocor-1128

ticoid is Dexamethasone, but side effects are severe,1129

making it an unappealing candidate for long-term1130

treatment. Deflazacort is a less potent glucocorti-1131

coid that has a similar effect to prednisone but1132

with a reduced number of side effects [224, 226].1133

In the end, a combination of the different drugs1134

seems the most appropriate way to delay MDs pro- 1135

gression [227]. The main concern stays the poor 1136

knowledge of long-term effects. For example, mdx 1137

mice treated with prednisone for 50 days showed an 1138

improvement in early disease progression, which was 1139

subsequently lost when treatment was continued to 1140

100 or 150 days [221]. In addition, whether the effects 1141

of corticosteroids are mainly through abatement of 1142

inflammation or though one of the other pleiotropic 1143

effects of these compounds is not yet clear. 1144

Therapeutic approaches that harness macrophages 1145

are beginning to emerge. 24 hours after an acute 1146

ischemia/reperfusion injury, intra-muscular injection 1147

of pro-inflammatory macrophages has been shown 1148

to improve muscle regeneration, characterized by 1149

increased muscle force, myofiber diameter and by 1150

decreasing collagen deposition at 14 days post- 1151

reperfusion [228]. At 5 and 7 days after reperfusion, a 1152

decrease in damaged muscle area is observed (prob- 1153

ably via improved removal of dead cells). While 1154

the total number of macrophages was unchanged 1155

between control and the macrophage-injected mus- 1156

cles, an increase in the number of CD206+ macro- 1157

phages was observed 5 days post-perfusion in the 1158

macrophage-injected muscle, demonstrating that the 1159

injected pro-inflammatory macrophages switched 1160

toward a pro-regenerative phenotype within the 1161

treated muscle [228]. Injection of human macro- 1162

phages into damaged muscle of immuno-suppressed 1163

mice, together with human myoblasts, improved 1164

myoblast proliferation and led to better host cell inte- 1165

gration within the myofibers [229]. As observed in 1166

mice, five days after their injection pro-inflammatory 1167

human macrophages expressed anti-inflammatory 1168

markers, further demonstrating their capacity to 1169

locally change phenotype during progression of mus- 1170

cle regeneration [229]. Of note, one of the main 1171

causes of failure of cell therapy for MDs is the poor 1172

survival and migration capacity of SCs and myoblasts 1173

after intramuscular injection. Co-injection of BMDM 1174

and SCs into mdx muscle increases their proliferation, 1175

survival and migration [51]. Thus, “non-dystrophic” 1176

macrophages seem to support injected myoblasts in 1177

their regeneration of muscle tissue. Modification of 1178

macrophage phenotype could be beneficial to dys- 1179

trophic muscle not only because macrophages act 1180

negatively on fibrogenic cells within the progression 1181

of MD, but also because of the evidence support- 1182

ing their use in these cell therapies. Interestingly, 1183

Novak et al. demonstrated that myoblasts are not 1184

the only cells capable of delivering phosphorodiami- 1185

date morpholino oligomers to myofibers, and that 1186
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macrophages are also potent releasers of these ther-1187

apeutics, making them an attractive candidate for in1188

situ delivery to myoblasts and myofibers [230].1189

CONCLUSION1190

Macrophages have been studied for decades and1191

most of their functions are now understood. Indeed,1192

their role beyond infection response, specifically as1193

tissue resident cells involved in the remodelling of tis-1194

sues (development, regeneration and repair) are well1195

understood within the research community. How-1196

ever, the manipulation of their inflammatory state in1197

order to direct their trophic functions toward tissue-1198

resident cells is far from being defined. MDs, and1199

especially DMD are multifactorial diseases where1200

necrosis, chronic inflammation, defects in angiogen-1201

esis, fibrofatty infiltration, and tissue remodelling1202

occur asynchronously within the tissue. The defect in1203

macrophage function in these diseases could be one1204

of the reasons for poor outcome of cell and gene ther-1205

apies. It is therefore important that further efforts be1206

made to safely manipulate macrophage dynamics so1207

that they might be used to therapeutic effect as part of1208

a MD rescue approach. Today, single cell technology1209

such as CITE-seq (Cellular Indexing of Transcrip-1210

tomes and Epitopes by Sequencing) should allow the1211

community to link macrophage function, polarization1212

state and gene expression, to find appropriate thera-1213

peutic gene and protein targets. We imagine a future1214

where “re-booting” or resynchronizing the inflamma-1215

tory system would allow improvements to the muscle1216

repair cycle, by delaying fibrosis apparition, and the1217

loss of muscle function; or as synergistic tools used1218

alongside gene and cell therapies to improve their1219

efficacy.1220
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