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Benefits and pathologies associated with the inflammatory response

Adult skeletal muscle regenerates completely after a damage, thanks to the satellite cells, or muscle stem cells (MuSCs), that implement the adult myogenic program. This program is sustained by both robust intrinsic mechanisms and extrinsic cues coming from the close neighborhood of MuSCs during muscle regeneration. Among the various cell types present in the regenerating muscle, immune cells, and particularly macrophages, exert numerous functions and provide sequential transient niches to support the myogenic program. The adequate orchestration of the delivery of these cues ensures efficient muscle regeneration and full functional recovery. The situation is very different in muscular dystrophies where asynchronous and permanent microinjuries occur, triggering contradictory regenerating cues at the same time in a specific area, that lead to chronic inflammation and fibrogenesis. Here we review the beneficial effects that leukocytes, and particularly macrophages, exert on their neighboring cells during skeletal muscle regeneration after an acute injury. Then, the more complicated (and less beneficial) roles of leukocytes during muscular dystrophies are presented. Finally, we discuss how the inflammatory compartment may be a target to improve muscle regeneration in both acute muscle injury and muscle diseases.

Introduction

Adult skeletal muscle has the remarkable capacity to regenerate ad integrum after a damage (except volumetric muscle loss). This is achieved thanks to the satellite cells, or muscle stem cells (MuSCs), that exit quiescence upon injury and enter the adult myogenesis program. The myogenic program encompasses MuSC proliferation/expansion, their commitment into terminal myogenic differentiation and finally their fusion to form new myofibers that will become mature and functional within a few weeks. The properties of MuSCs are due to both robust cell-autonomous capacity to implement the adult myogenesis program, and cues they receive from their close environment during this process. Indeed, interstitial cells, such as fibroadipogenic precursors (FAPs) and fibroblastic cells, as well as vascular cells (endothelial cells and perivascular cells) exert direct effects on MuSCs and cross-interact with each other. Shortly, FAPs promote myogenesis and are involved in matrix production and remodeling, endothelial cells also stimulate myogenesis at the time of angiogenesis while perivascular cells are involved in the return to quiescence of MuSCs [START_REF] Bentzinger | Cellular dynamics in the muscle satellite cell niche[END_REF][START_REF] Dumont | Intrinsic and extrinsic mechanisms regulating satellite cell function[END_REF]. Together with these non-muscle cells, immune cells, which are almost absent in normal resting muscle but are quickly recruited after injury, provide transitory niches supporting the sequential steps of myogenesis.

Like any vascularized tissue, skeletal muscle mounts an inflammatory response after injury.

The inflammatory response consists in the activation of resident immune cells, such as mast cells and resident macrophages, that starts the recruitment of circulating leukocytes, including first neutrophils, then monocytes that operate the leukodiapedesis to the injured area. Since muscle injury is a sterile phenomenon, lymphocytes account for only a little part of the leukocytes entering the inflammatory response. The vast majority of the hematopoietic cells present in regenerating muscle (after a toxic injury) are monocytes/macrophages (70-75%) [START_REF] Mounier | AMPKalpha1 Regulates Macrophage Skewing at the Time of Resolution of Inflammation during Skeletal Muscle Regeneration[END_REF]. Blocking monocyte entrance into the injured muscle invariably and definitively prevents muscle regeneration [START_REF] Arnold | Inflammatory monocytes recruited after skeletal muscle injury switch into antiinflammatory macrophages to support myogenesis[END_REF][START_REF] Wang | Altered macrophage phenotype transition impairs skeletal muscle regeneration[END_REF], while depleting neutrophils or lymphocytes only delays muscle regeneration [START_REF] Pizza | Neutrophils contribute to muscle injury and impair its resolution after lengthening contractions in mice[END_REF][START_REF] Teixeira | Neutrophils do not contribute to local tissue damage, but play a key role in skeletal muscle regeneration, in mice injected with Bothrops asper snake venom[END_REF][START_REF] Burzyn | A special population of regulatory T cells potentiates muscle repair[END_REF]. Once in the tissue, monocytes mature (or differentiate) into macrophages that exhibit a pro-inflammatory profile, supporting the inflammatory response.

Then, upon efferocytosis, which is the phagocytosis of cell and tissue debris, macrophages rewire their transcriptional program to acquire a recovery/restorative/anti-inflammatory profile that supports the regenerating/healing phase by delivering cues to extinguish inflammation, together with effectors promoting angiogenesis and matrix remodeling [START_REF] Watanabe | The role of macrophages in the resolution of inflammation[END_REF].

Several studies have shown that during skeletal muscle regeneration, macrophages do not harbor the so-called M1/M2 inflammatory profiles but express first a milder pro-inflammatory status that is highly dynamic and quickly evolves with time [START_REF] Varga | Highly Dynamic Transcriptional Signature of Distinct Macrophage Subsets during Sterile Inflammation, Resolution, and Tissue Repair[END_REF][START_REF] Wang | Infiltrating macrophages are broadly activated at the early stage to support acute skeletal muscle injury repair[END_REF][START_REF] Le Moal | Macrophage-derived superoxide production and antioxidant response following skeletal muscle injury[END_REF][START_REF] Giannakis | Dynamic changes to lipid mediators support transitions among macrophage subtypes during muscle regeneration[END_REF]. Nevertheless, a key moment is the resolution of inflammation when the pro-inflammatory response is stopped and the tissue repair starts. In skeletal muscle as in other tissues, macrophages play a key role in that process, through efferocytosis and the rewiring of their inflammatory profile.

Several signaling pathways and transcription factors were identified to control the resolution of inflammation during muscle generation. When those pathways are blunted, muscle regeneration is strongly impaired [START_REF] Mounier | AMPKalpha1 Regulates Macrophage Skewing at the Time of Resolution of Inflammation during Skeletal Muscle Regeneration[END_REF][START_REF] Ruffell | A CREB-C/EBPbeta cascade induces M2 macrophage-specific gene expression and promotes muscle injury repair[END_REF][START_REF] Perdiguero | p38/MKP-1-regulated AKT coordinates macrophage transitions and resolution of inflammation during tissue repair[END_REF][START_REF] Saclier | The Transcription Factor Nfix Requires RhoA-ROCK1 Dependent Phagocytosis to Mediate Macrophage Skewing during Skeletal Muscle Regeneration[END_REF][START_REF] Baht | Meteorin-like facilitates skeletal muscle repair through a Stat3/IGF-1 mechanism[END_REF][START_REF] Mcarthur | Annexin A1 drives macrophage skewing to accelerate muscle regeneration through AMPK activation[END_REF]. The reader will refer to recent reviews for information on the resolution of inflammation by macrophages during skeletal muscle regeneration [START_REF] Chazaud | Inflammation and Skeletal Muscle Regeneration: Leave It to the Macrophages![END_REF][START_REF] Juban | Transcriptional control of macrophage inflammatory shift during skeletal muscle regeneration[END_REF].

Here we review the beneficial effects that leukocytes, and particularly the most studied macrophages, exert on their neighboring cells during skeletal muscle regeneration after an acute injury. We describe how immune cells participate to the establishment of adequate and transient niches for the multiple processes at work, and particularly the myogenic program.

Then, the more complicated (and less beneficial) roles of leukocytes during muscular dystrophies are presented. Finally, we discuss how the inflammatory compartment may be a target to improve muscle regeneration in both acute muscle injury and muscle diseases.

Leukocytes provide transient niches to support cell progression during skeletal muscle regeneration

Supportive roles of macrophages on myogenic cells

Macrophages provide an expansion niche for MuSCs. After injury, the first steps of myogenesis are MuSC activation, i.e. exit from quiescence, and proliferation. One study recently reported the involvement of macrophages in MuSC activation, through the delivery of Adamts1, that targets Notch signaling, which maintains MuSCs into quiescence [START_REF] Du | Macrophage-released ADAMTS1 promotes muscle stem cell activation[END_REF]. On the contrary, the positive effect of macrophages on MuSC proliferation is known for 27 years.

In vitro analyses, using mouse cell lines or murine of human primary MuSCs, identified that macrophages stimulate MuSC growth and proliferation [START_REF] Cantini | Macrophages regulate proliferation and differentiation of satellite cells[END_REF][START_REF] Cantini | Macrophage-released factor stimulates selectively myogenic cells in primary muscle culture[END_REF][START_REF] Cantini | Human satellite cell proliferation in vitro is regulated by autocrine secretion of IL-6 stimulated by a soluble factor(s) released by activated monocytes[END_REF][START_REF] Merly | Macrophages enhance muscle satellite cell proliferation and delay their differentiation[END_REF][START_REF] Chazaud | Satellite cells attract monocytes and use macrophages as a support to escape apoptosis and enhance muscle growth[END_REF][START_REF] Sonnet | Human macrophages rescue myoblasts and myotubes from apoptosis through a set of adhesion molecular systems[END_REF]. More precisely, and given the dynamics of the inflammatory profile of macrophages during regeneration, macrophages with a pro-inflammatory profile stimulate MuSC proliferation, this property being lost or decreased when they acquire a restorative profile [START_REF] Arnold | Inflammatory monocytes recruited after skeletal muscle injury switch into antiinflammatory macrophages to support myogenesis[END_REF][START_REF] Saclier | Differentially activated macrophages orchestrate myogenic precursor cell fate during human skeletal muscle regeneration[END_REF] (Figure 1). A study reported that IL-10 treated macrophages (thus anti-inflammatory cells) stimulate C2C12 proliferation; however, the extent of proliferation, that was assessed in differentiation medium, was not provided [START_REF] Deng | IL-10 Triggers Changes in Macrophage Phenotype That Promote Muscle Growth and Regeneration[END_REF].

C2C12 may behave differently than primary MuSCs. Indeed, IL10-treated macrophages stimulate the differentiation of the myogenic precursors mesangioblasts [START_REF] Bosurgi | Transplanted mesoangioblasts require macrophage IL-10 for survival in a mouse model of muscle injury[END_REF]. A series of growth factors and cytokines secreted by macrophages were shown to participate in the stimulation of MuSC proliferation, such as VEGF, IL6, IGF1, high TNF, IL1; IL13 [START_REF] Baht | Meteorin-like facilitates skeletal muscle repair through a Stat3/IGF-1 mechanism[END_REF][START_REF] Saclier | Differentially activated macrophages orchestrate myogenic precursor cell fate during human skeletal muscle regeneration[END_REF][START_REF] Zhang | Interleukin-6/signal transducer and activator of transcription 3 (STAT3) pathway is essential for macrophage infiltration and myoblast proliferation during muscle regeneration[END_REF]. Macrophages are the main producers of IGF1, and IGF1 is required for muscle regeneration [START_REF] Lu | Macrophages recruited via CCR2 produce insulin-like growth factor-1 to repair acute skeletal muscle injury[END_REF][START_REF] Tonkin | Monocyte/Macrophage-derived IGF-1 Orchestrates Murine Skeletal Muscle Regeneration and Modulates Autocrine Polarization[END_REF]. It is worth here mentioning that macrophages also exert a protective effect towards myofibers through the delivery of IGF1 (in the unloading/reloading muscle injury model) [START_REF] Tidball | Macrophages promote muscle membrane repair and muscle fiber growth and regeneration during modified muscle loading in vivo[END_REF][START_REF] Dumont | Macrophages protect against muscle atrophy and promote muscle recovery in vivo and in vitro: a mechanism partly dependent on the insulin-like growth factor-1 signaling molecule[END_REF]. More recently, new players secreted by macrophages were identified to stimulate MuSC proliferation such as NAMPT [START_REF] Ratnayake | Macrophages provide a transient muscle stem cell niche via NAMPT secretion[END_REF] and glutamine [START_REF] Shang | Macrophage-derived glutamine boosts satellite cells and muscle regeneration[END_REF], widening the spectrum of the macrophage-derived MuSC expansion niche to metabolic regulators.

Macrophages provide a physical niche for MuSCs. Macrophages are potent "cellular factories" that deliver cues in their close environment. Therefore, the soluble factors they secrete target the neighboring MuSCs. However, physical contacts between macrophages and MuSCs have been demonstrated in several models. The establishment of cell-cell contact between MuSCs and macrophages was first established in vitro in human cells. Cellcell contacts increase MuSC growth in a macrophage dose-dependent way [START_REF] Chazaud | Satellite cells attract monocytes and use macrophages as a support to escape apoptosis and enhance muscle growth[END_REF]. Moreover, these contacts protect MuSCs from apoptosis through at least four cell-cell adhesion systems (VCAM-1(CD106) / VLA-4(CD49d), ICAM-1(CD54) / LFA-1(CD11a), CX3CL1 / CX3CR1, and PECAM-1(CD31) / PECAM-1(CD31)) that are present in vivo during skeletal muscle regeneration [START_REF] Sonnet | Human macrophages rescue myoblasts and myotubes from apoptosis through a set of adhesion molecular systems[END_REF]. Interestingly, these anti-apoptotic contacts still operate with differentiated myotubes [START_REF] Sonnet | Human macrophages rescue myoblasts and myotubes from apoptosis through a set of adhesion molecular systems[END_REF], suggesting long term interactions between macrophages and myogenic cells. Contacts between macrophages and MuSCs were also demonstrated in vivo. In zebrafish, sustained contacts between MuSCs and macrophages are required for MuSC division during the early steps of muscle repair [START_REF] Ratnayake | Macrophages provide a transient muscle stem cell niche via NAMPT secretion[END_REF]. In mouse muscle, electronic microscopy coupled to electron tomography and 3D modeling identified the very close interactions between the two cell types during muscle regeneration [START_REF] Ceafalan | Skeletal muscle regeneration involves macrophage-myoblast bonding[END_REF]. The cell-cell contacts account for about 30% of their membrane surface along the heterocellular apposition that reaches the molecular range, i.e. less than 20 nm. Macrophage-MuSC contacts are observed from the time of MuSC activation until the formation of myotubes, confirming long term interactions during myogenesis [START_REF] Ceafalan | Skeletal muscle regeneration involves macrophage-myoblast bonding[END_REF]. The intimacy between macrophages and MuSCs was furthermore evidenced in human, using isolated myofibers of post-injury (exercise-induced) regenerating muscle. Macrophages are abundant in swelling areas where MuSC proliferation takes place and are also observed in close apposition along young myotubes in differentiating sections of the regenerating myofibers [START_REF] Mackey | The breaking and making of healthy adult human skeletal muscle in vivo[END_REF].

Restorative macrophages provide a differentiation niche for MuSCs. Contacts between macrophages and MuSCs observed in vivo at the time of the formation of multinucleated structures suggest that they are involved in the late steps of myogenesis. During muscle regeneration, macrophages express the metabolic regulator PPAR once they have switched to the restorative inflammatory status. PPAR controls the expression of Growth Differentiation Factor (GDF)3, that specifically stimulates the fusion of differentiated myocytes into myotubes [START_REF] Varga | Macrophage PPARgamma, a Lipid Activated Transcription Factor Controls the Growth Factor GDF3 and Skeletal Muscle Regeneration[END_REF]. In human cell coculture system, anti-inflammatory macrophages, through the secretion of TGF and low concentrations of TNF, stimulate both the commitment of MuSCs into myocytes (terminal myogenesis) and their fusion into myotubes [START_REF] Arnold | Inflammatory monocytes recruited after skeletal muscle injury switch into antiinflammatory macrophages to support myogenesis[END_REF][START_REF] Saclier | Differentially activated macrophages orchestrate myogenic precursor cell fate during human skeletal muscle regeneration[END_REF] (Figure 1). Blocking TGF in the cocultures with anti-inflammatory macrophages decreases MuSC fusion by 27% [START_REF] Saclier | Differentially activated macrophages orchestrate myogenic precursor cell fate during human skeletal muscle regeneration[END_REF], but recent investigations in mouse showed that TGF inhibits MuSC fusion during musce regeneration [START_REF] Girardi | TGFbeta signaling curbs cell fusion and muscle regeneration[END_REF]. Further investigations are required to delineate the mechanisms of actions of TGF in myogenesis.

TGF may act differently depending on its concentration, similarly to TNF which has opposite effects on MuSC proliferation and differentiation at high and low concentrations [START_REF] Chen | TNF-alpha regulates myogenesis and muscle regeneration by activating p38 MAPK[END_REF].

Moreover, the two steps of TGF activation, first its secretion as a latent propeptide then its activation to get a fully active molecule [START_REF] Lodyga | TGF-beta1 -A truly transforming growth factor in fibrosis and immunity[END_REF], makes the deciphering of its role in the macrophage-MuSC interplay more complex.

Supportive role of macrophages on non-myogenic cells

With the discovery of the involvement of various non-myogenic cells in the regulation of myogenesis and in skeletal muscle regeneration, a series of studies investigated their relationships with immune cells.

After an acute injury, FAPs activate, expand rapidly, then their number rapidly decreases after a couple of days, due to apoptosis [START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF]. In CCR2 KO mice, where almost no monocyte enters into the injured muscle, the number of FAPs remains high during the regenerative phase, associated with an excessive collagen deposition [START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF]. Similar results were obtained in CD11b DTR mice, in which monocytes/macrophages are specifically depleted upon diphtheria toxin injection [START_REF] Malecova | Dynamics of cellular states of fibro-adipogenic progenitors during myogenesis and muscular dystrophy[END_REF]. In vitro analyses showed that pro-inflammatory macrophages induce FAP and fibroblast apoptosis through TNF while restorative macrophages stimulate their production of collagen through TGF signaling [START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF][START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF] (Figure 1).

Still in the CCR2 KO mouse model, a strong delay in angiogenesis was observed in the regenerating muscle, suggesting a direct effect of macrophages on vascular cells [START_REF] Ochoa | Delayed angiogenesis and VEGF production in CCR2-/-mice during impaired skeletal muscle regeneration[END_REF]. In vitro investigations using human cells showed that restorative macrophages stimulate the coupling of angiogenesis and myogenesis (Figure 1), notably through the production of oncostatin M [START_REF] Latroche | Coupling between Myogenesis and Angiogenesis during Skeletal Muscle Regeneration Is Stimulated by Restorative Macrophages[END_REF]. Macrophage-endothelial cell interactions involve the Wnt signaling pathway, which inhibition leads to smaller myofibers, through a decreased VEGF production by macrophages [START_REF] Tusavitz | Macrophage-derived Wnt signaling increases endothelial permeability during skeletal muscle injury, Inflammation research : official journal of the European Histamine Research Society[END_REF]. Interestingly, VEGF production by macrophages is under the control of endothelial cell-derived lactate, that promotes the acquisition of the restorative phenotype by macrophages in a post-ischemic model of skeletal muscle regeneration [START_REF] Zhang | Endothelial Lactate Controls Muscle Regeneration from Ischemia by Inducing M2-like Macrophage Polarization[END_REF]. Another impact of macrophages during muscle regeneration is to prevent endothelial to mesenchymal transition (EndoMT), that gives rise to mesenchymal cells producing excessive matrix.

Macrophage depletion impairs capillarization of the regenerating muscle and increases

EndoMT, through the TGF/BMP pathway [START_REF] Zordan | Macrophages commit postnatal endothelium-derived progenitors to angiogenesis and restrict endothelial to mesenchymal transition during muscle regeneration[END_REF]. Restorative macrophages act through the delivery of Cripto, which acts as a coreceptor for members of the TGFβ superfamily [START_REF] Iavarone | Cripto shapes macrophage plasticity and restricts EndMT in injured and diseased skeletal muscle[END_REF].

General supportive role of macrophages on muscle regeneration

The above mentioned studies illustrate the intimate interactions between macrophages and MuSCs, fibroblastic cells and vascular cells, and their pleiotropic effects to timely support muscle regeneration. In the present section, we present molecules that are secreted by macrophages during skeletal muscle regeneration, and that participate to the dynamic regenerating niche, although no specific cell targets were identified. The overexpression of the urokinase type plasminogen activator by macrophages increases muscle regeneration, notably through the increase of the activation of HGF, a factor involved in MuSC activation, proliferation and in angiogenesis [START_REF] Novak | Macrophage-specific expression of urokinase-type plasminogen activator promotes skeletal muscle regeneration[END_REF]. Pro-inflammatory and restorative macrophages have distinct iron metabolism, with the latter exhibiting iron recycling in their environment through the expression of ferroportin [START_REF] Cairo | Iron trafficking and metabolism in macrophages: contribution to the polarized phenotype[END_REF]. Selective disruption of ferroportin in macrophages results in iron accumulation within macrophages and in impaired muscle regeneration [START_REF] Corna | The Repair of Skeletal Muscle Requires Iron Recycling through Macrophage Ferroportin[END_REF].

Interestingly, iron chelation in MuSC cultures leads to decreased proliferation and differentiation [START_REF] Corna | The Repair of Skeletal Muscle Requires Iron Recycling through Macrophage Ferroportin[END_REF]. More recently, the lipidomic profile of macrophages was established during skeletal muscle regeneration and the resolvin D2 was shown to peak at day 2, i.e. at the time of the resolution of inflammation. Treating mice with resolvin D2 increases the proportion of restorative macrophages and the functional improvement of the regenerating muscle [START_REF] Giannakis | Dynamic changes to lipid mediators support transitions among macrophage subtypes during muscle regeneration[END_REF]. These three studies exemplify well the variety of effectors secreted by macrophages that support skeletal muscle regeneration, by providing cues at the right time and the right place.

Effects of other leukocytes on muscle regeneration

While less numerous than macrophages, other leukocytes, including neutrophils, eosinophils and lymphocytes enter the damaged muscle area. Only few studies have reported specific supportive effects or effectors during muscle regeneration. Eosinophils activate FAP proliferation and inhibit their differentiation toward the adipogenic lineage through IL4 signaling [START_REF] Heredia | Type 2 innate signals stimulate fibro/adipogenic progenitors to facilitate muscle regeneration[END_REF]. In vitro, TRegs stimulate MuSC proliferation and inhibit their differentiation [START_REF] Castiglioni | FOXP3+ T Cells Recruited to Sites of Sterile Skeletal Muscle Injury Regulate the Fate of Satellite Cells and Guide Effective Tissue Regeneration[END_REF]. In vivo, TReg depletion delays muscle regeneration, due to a sustained inflammation via an increased expression of IFN by several leukocytes, that stimulates macrophage proliferation [START_REF] Panduro | Treg cells limit IFN-gamma production to control macrophage accrual and phenotype during skeletal muscle regeneration[END_REF]. Indeed, non-macrophage leukocytes play their part through the establishment of interactions with other immune cells, including macrophages [START_REF] Panduro | Treg cells limit IFN-gamma production to control macrophage accrual and phenotype during skeletal muscle regeneration[END_REF][START_REF] Kohno | Rantes secreted from macrophages disturbs skeletal muscle regeneration after cardiotoxin injection in Cbl-b-deficient mice[END_REF].

Further investigations are required to estimate their impact on middle/long term muscle recovery and on muscle functional outcome.

Leukocytes in muscular dystrophies

In muscular dystrophies, such as Duchenne Muscular Dystrophy (DMD), the mutation of one of the proteins composing the DystroGlycan Complex linking the myofiber cytoskeleton to the extracellular matrix, leads to repeated myofiber damages. Therefore dystrophic muscles are characterized by permanent attempts of regeneration, together with a great heterogeneity of their histology homeostasis, encompassing both almost normal, inflammatory, fibrotic and regenerating areas [START_REF] Desguerre | Endomysial fibrosis in Duchenne muscular dystrophy: a marker of poor outcome associated with macrophage alternative activation[END_REF]. DNA microarray in the mdx mouse model of DMD revealed the molecular signature of a chronic inflammatory response, including cytokine and chemokine signaling, leukocyte adhesion and diapedesis, immune cell markers, and complement system activation, together with the upregulation of extracellular matrix genes [START_REF] Porter | A chronic inflammatory response dominates the skeletal muscle molecular signature in dystrophin-deficient mdx mice[END_REF]. The chronic inflammation is likely due to the repeated and asynchronous myofiber injuries occurring in dystrophic muscle. This situation was mimicked experimentally, by inducing focal asynchronous bouts of microinjuries in wild-type muscle. When the two bouts are induced the same day, the muscle regenerates well, but when the two microinjuries are separated by 10 days, a chronic inflammatory and profibrotic state installs, reminiscent of the one observed in DMD [START_REF] Dadgar | Asynchronous remodeling is a driver of failed regeneration in Duchenne muscular dystrophy[END_REF].

The presence of various immune cells, which number is strongly increased as compared with healthy resting muscle, was described in mdx and DMD muscle, including T lymphocytes (CD4, CD8, and TReg), NK cells, neutrophils, eosinophils and macrophages [START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF][START_REF] Pinto-Mariz | Differential integrin expression by T lymphocytes: potential role in DMD muscle damage[END_REF][START_REF] Villalta | Regulatory T cells suppress muscle inflammation and injury in muscular dystrophy[END_REF]. In two dystrophic models (a fibrotic model of mdx and sarcoglycan deficient mouse), macrophages remain the most important immune cell population, accounting for about 70% of CD45 pos cells, although the number of neutrophils, eosinophils, NK and lymphocytes is increased [START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF].

Macrophages are permanently recruited from circulating monocytes (and the splenic reservoir) in the mdx model, via the CCR2 axis as observed after acute injury. Thereafter, recruited pro-inflammatory macrophages shift to become recovery macrophages [START_REF] Mojumdar | Inflammatory monocytes promote progression of Duchenne muscular dystrophy and can be therapeutically targeted via CCR2[END_REF][START_REF] Rizzo | Splenic Ly6Chi monocytes are critical players in dystrophic muscle injury and repair[END_REF].

However, because of the permanent recruitment of new pro-inflammatory cells, the dystrophic muscle is characterized by the presence of several macrophage populations bearing various inflammatory status [START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF][START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF][START_REF] Villalta | Shifts in macrophage phenotypes and macrophage competition for arginine metabolism affect the severity of muscle pathology in muscular dystrophy[END_REF][START_REF] Vidal | Fibrinogen drives dystrophic muscle fibrosis via a TGFbeta/alternative macrophage activation pathway[END_REF], together with the presence of "mixed" populations that cannot be defined as pro-or as anti-inflammatory cells according to the canonical markers [START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF][START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF]. In human DMD muscle, as well as in a fibrotic mdx mouse model, macrophages are more numerous in fibrotic areas [START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF][START_REF] Desguerre | Endomysial fibrosis in Duchenne muscular dystrophy: a marker of poor outcome associated with macrophage alternative activation[END_REF]. Correlation analyses in both human and mouse showed that, as observed after an acute injury, the myogenic process is associated with macrophages expressing anti-inflammatory markers. Inversely, fibrosis (collagen deposition) is associated with macrophages expressing pro-inflammatory markers [START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF]. Therefore, chronic inflammation can be considered as a secondary mechanism in muscular dystrophies and one of the key contributors to pathogenesis. Because of the complexity of the phenotypes of the immune cell populations that are present in the dystrophic muscle, and the lack of specific markers, investigation of immune cell functions in muscular dystrophies is only emerging. Future investigations will take advantage of the sc-RNASeq technology, that has been recently developed in normal skeletal muscle [START_REF] De Micheli | Single-Cell Analysis of the Muscle Stem Cell Hierarchy Identifies Heterotypic Communication Signals Involved in Skeletal Muscle Regeneration[END_REF][START_REF] Giordani | High-Dimensional Single-Cell Cartography Reveals Novel Skeletal Muscle-Resident Cell Populations[END_REF], to unravel the diversity and functions of immune cells in muscle diseases.

Impact of macrophages on the dystrophic muscle

Only a few pathways have been identified in macrophages in dystrophic muscle. The NF-B pathway is active in macrophages in mdx muscle. Conditional deletion of IKK in macrophages improves the muscle histology, notably through an increase of myogenesis [START_REF] Acharyya | Interplay of IKK/NF-kappaB signaling in macrophages and myofibers promotes muscle degeneration in Duchenne muscular dystrophy[END_REF]. Overexpression of the Klotho protein in macrophages also improves the mdx dystrophic phenotype, through an increase of MuSC proliferation via TNF [START_REF] Wehling-Henricks | Macrophages escape Klotho gene silencing in the mdx mouse model of Duchenne muscular dystrophy and promote muscle growth and increase satellite cell numbers through a Klotho-mediated pathway[END_REF]. In the other way around, is was recently shown that isolated mdx myofibers induce the expression of proinflammatory markers by macrophages in vitro, suggesting that damaged myofibers sustain the inflammation in DMD [START_REF] Saclier | Interplay between myofibers and pro-inflammatory macrophages controls muscle damage in mdx mice[END_REF]. Since macrophages are involved in fibrosis in other tissues, this axis has been investigated in muscular dystrophies. Fibrosis is also a secondary mechanism involved in the pathogenesis of muscle dystrophies. Indeed, the amount of the endomysial fibrosis in the muscle of DMD patients at the time of diagnosis predicts their motor outcome, a high endomysial fibrosis being a bad prognosis [START_REF] Desguerre | Endomysial fibrosis in Duchenne muscular dystrophy: a marker of poor outcome associated with macrophage alternative activation[END_REF]. TGF is the main profibrotic cytokine and is elevated in DMD muscle [START_REF] Chen | Early onset of inflammation and later involvement of TGFbeta in Duchenne muscular dystrophy[END_REF]. The TGF pathway is active in mdx macrophages to promote the expression of collagen by FAPs and fibroblasts [START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF][START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF][START_REF] Vidal | Fibrinogen drives dystrophic muscle fibrosis via a TGFbeta/alternative macrophage activation pathway[END_REF].

Functional experiments showed that, on the contrary to the pro-inflammatory macrophages present in the acutely injured muscle, the pro-inflammatory macrophage population present in the fibrotic mdx muscle (which exhibits a "mixed phenotype" if considering the canonical inflammatory markers) does not induce FAP and fibroblast apoptosis, but stimulate their maturation into myofibroblasts, and stimulate their expression of collagen 1 [START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF][START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF] (Figure 1).

Impact of non-macrophage immune cells on the dystrophic muscle

A few studies reported the role of other immune cells in muscular dystrophies. Depletion of either T4 or T8 lymphocytes in the mdx model for 4 weeks does not modify the collagen deposition in the diaphragm muscle [START_REF] Morrison | Effects of Tlymphocyte depletion on muscle fibrosis in the mdx mouse[END_REF]. On the contrary, when TRegs are depleted in the mdx model, the dystrophic phenotype is exacerbated, with more damaged myofibers, an increase in IFN and in the number of macrophages expressing a pro-inflammatory phenotype [START_REF] Villalta | Regulatory T cells suppress muscle inflammation and injury in muscular dystrophy[END_REF]. Inversely, increasing TReg numbers (via IL2 complexes) ameliorates mdx diaphragm muscle, decreases myofiber injury, this being associated with an increased expression of IL10 and a reduced expression of cyclooxygenase-2 [START_REF] Villalta | Regulatory T cells suppress muscle inflammation and injury in muscular dystrophy[END_REF].

In mdx, eosinophils release major basic protein (MBP), through which they induce muscle cell lysis in vitro. Eosinophil depletion in mdx mice (using anti-chemokine receptor-3) reduces muscle cell lysis. MBP1 null mdx mice exhibit reduced fibrosis, while having an increased number of cytotoxic lymphocytes present in the muscle [START_REF] Wehling-Henricks | Major basic protein-1 promotes fibrosis of dystrophic muscle and attenuates the cellular immune response in muscular dystrophy[END_REF].

Management of inflammation in skeletal muscle regeneration

Management of the inflammatory response after an acute injury: the timing is important

As mentioned above, muscle regeneration after an acute injury follows a strict schedule with the pro-inflammatory phase, the resolution of inflammation and the restorative phase.

Any disturbance in this progression leads to an impaired regeneration. For instance, blunting IFN during the early phase or providing too early anti-inflammatory cues such as IL10 both prevent muscle regeneration and lead to small myofibers [START_REF] Perdiguero | p38/MKP-1-regulated AKT coordinates macrophage transitions and resolution of inflammation during tissue repair[END_REF][START_REF] Cheng | ENDOGENOUS INTERFERON-{gamma} IS REQUIRED FOR EFFICIENT SKELETAL MUSCLE REGENERATION[END_REF]. Icing and medication with anti-inflammatory drugs (NSAIDs) are commonly applied after acute exercise-induced muscle damage in human. Icing prevents monocyte entry into the muscle [START_REF] Miyakawa | Inhibition of the migration of MCP-1 positive cells by icing applied soon after crush injury to rat skeletal muscle[END_REF]. Experimental investigations indicated that these treatments are either detrimental, or at least inefficient on skeletal muscle regeneration [START_REF] Takagi | Influence of icing on muscle regeneration after crush injury to skeletal muscles in rats[END_REF][START_REF] Singh | Effects of Topical Icing on Inflammation, Angiogenesis, Revascularization, and Myofiber Regeneration in Skeletal Muscle Following Contusion Injury[END_REF][START_REF] Kawashima | Icing after eccentric contraction-induced muscle damage perturbs the disappearance of necrotic muscle fibers and phenotypic dynamics of macrophages in mice[END_REF][START_REF] Shen | NS-398, a cyclooxygenase-2-specific inhibitor, delays skeletal muscle healing by decreasing regeneration and promoting fibrosis[END_REF][START_REF] Bryant | Effects of delayed NSAID administration after experimental eccentric contraction injury -A cellular and proteomics study[END_REF][START_REF] Dalle | Ibuprofen does not impair skeletal muscle regeneration upon cardiotoxin-induced injury[END_REF].

Inversely, increasing the number of recruited macrophages (here by hyperbaric oxygen treatment) after a contusion injury increases myogenesis through the stimulation of the IL6/STAT3 pathway, therefore accelerating muscle regeneration and muscle function recovery [START_REF] Oyaizu | Hyperbaric oxygen reduces inflammation, oxygenates injured muscle, and regenerates skeletal muscle via macrophage and satellite cell activation[END_REF]. Therefore, a strategy to improve muscle regeneration would be to support inflammation and not to thwart it [START_REF] Chazaud | Inflammation and Skeletal Muscle Regeneration: Leave It to the Macrophages![END_REF][START_REF] Urso | Anti-inflammatory interventions and skeletal muscle injury: benefit or detriment?[END_REF]. In that context, recent studies showed that treatment of regenerating muscle with specialized pro-resolving mediators (SPMs) such as Resolvin D1, Resolvin D2 or Annexin A1 promotes muscle regeneration through their action on the promotion of the resolution of inflammation by macrophages and of tissue repair, offering a new alternative to the above cited anti-inflammatory treatments [START_REF] Giannakis | Dynamic changes to lipid mediators support transitions among macrophage subtypes during muscle regeneration[END_REF][START_REF] Mcarthur | Annexin A1 drives macrophage skewing to accelerate muscle regeneration through AMPK activation[END_REF][START_REF] Markworth | Resolvin D1 supports skeletal myofiber regeneration via actions on myeloid and muscle stem cells[END_REF].

Management of the chronic inflammation in muscular dystrophies

Since inflammation is deleterious in dystrophic muscle, a basic strategy would be to eliminate immune cells. Indeed, in the mdx model, CCR2 deficiency decreases the number of macrophages present in the dystrophic muscle and restores their inflammatory balance, improving both muscle phenotype and function [START_REF] Mojumdar | Inflammatory monocytes promote progression of Duchenne muscular dystrophy and can be therapeutically targeted via CCR2[END_REF]. However, these beneficial effects are no longer observed after 6 months of treatment [START_REF] Zhao | CCR2 deficiency does not provide sustained improvement of muscular dystrophy in mdx5cv mice[END_REF], confirming that macrophages are also necessary for muscle repair in the dystrophic context. At the cellular level, MuSCs isolated from macrophage-depleted mdx muscles (using the CD11b DTR model described above), exhibit less proliferative and differentiation capacities, these being rescued by the presence of mdx-derived macrophages or by IL10 [START_REF] Madaro | Macrophages fine tune satellite cell fate in dystrophic skeletal muscle of mdx mice[END_REF]. Moreover, in macrophage-depleted mdx muscle, MuSC molecular signature shows a shift from myogenic to adipogenic lineage, together with the appearance of a 7integrin pos Sca1 pos population, which accumulates lipids [START_REF] Madaro | Macrophages fine tune satellite cell fate in dystrophic skeletal muscle of mdx mice[END_REF]. All these results indicate, in accordance with the positive correlation between macrophages and myogenesis observed in DMD muscles [START_REF] Juban | Transcriptional control of macrophage inflammatory shift during skeletal muscle regeneration[END_REF], that macrophages are required to maintain the myogenic program in the dystrophic context. Thus, knowing that some anti-inflammatory/recovery macrophages are "good" for myogenesis while others, that exhibit a pro-inflammatory/mixed profile, are "bad" by triggering fibrosis, a strategy would be to induce the shift of macrophages that are present in the dystrophic muscle towards an anti-inflammatory profile. At the muscle level, indeed, it was shown that IFN worsens the dystrophic phenotype while IL10 is beneficial [START_REF] Villalta | IFN-gamma promotes muscle damage in the mdx mouse model of Duchenne muscular dystrophy by suppressing M2 macrophage activation and inhibiting muscle cell proliferation[END_REF][START_REF] Villalta | Interleukin-10 reduces the pathology of mdx muscular dystrophy by deactivating M1 macrophages and modulating macrophage phenotype[END_REF].

Several studies showed that targeting specific immune molecular pathways improves mdx muscle histology and function and is associated with a shift of macrophage inflammatory profile. For instance, blockade of the ATP/P2X purinergic signaling pathway (extracellular ATP being a damage associated molecular pattern, DAMP) is beneficial for the mdx muscle.

A four week treatment of mdx mice with periodate-oxidized ATP dampens the inflammatory response including IL6 expression, increases the number of TRegs, decreases the expression of the profibrotic genes TGF and connective tissue growth factor (CTGF), associated with a better myofiber regeneration and functional muscle improvement [START_REF] Gazzerro | Enhancement of Muscle T Regulatory Cells and Improvement of Muscular Dystrophic Process in mdx Mice by Blockade of Extracellular ATP/P2X Axis[END_REF].

Similar results are obtained when targeting TLR4, which recognizes patterns associated with microbial pathogens (PAMPs) or tissue damage (DAMPs). In TLR4 deficient mdx mice or mice treated with an inhibitor of high mobility group box (HMGB1, the endogenous TLR4 ligand), muscle force is improved, associated with a reduced fibrosis and a shift of the inflammatory markers expressed by macrophages towards an anti-inflammatory profile [START_REF] Giordano | Toll-like receptor 4 ablation in mdx mice reveals innate immunity as a therapeutic target in Duchenne muscular dystrophy[END_REF].

Another example is provided by the depletion of osteopontin (OPN), an immunomodulator highly expressed in dystrophic muscles, that leads to increased myofiber size, reduced fibrosis, improved muscle force and a skewing of macrophages toward a pro-regenerative phenotype, including the expression of IGF1, LIF and uPA [START_REF] Capote | Osteopontin ablation ameliorates muscular dystrophy by shifting macrophages to a pro-regenerative phenotype[END_REF].

Direct attempts to shift macrophage inflammatory status were shown to be beneficial in mdx muscle. Treatment of mdx mice with eicosapentaenoic acid (EPA), which is metabolized in resolvins (described above as beneficial for accelerating muscle regeneration in an acute injury context), shifts macrophages towards a recovery macrophage status and improves myogenesis [START_REF] De Carvalho | EPA protects against muscle damage in the mdx mouse model of Duchenne muscular dystrophy by promoting a shift from the M1 to M2 macrophage phenotype[END_REF][START_REF] Apolinario | Long-Term Therapy With Omega-3 Ameliorates Myonecrosis and Benefits Skeletal Muscle Regeneration in Mdx Mice[END_REF]. In the same vein, treating mdx mice with NaHS, a donor of the gaseous mediator hydrogen sulfide (H2S) reduces the number of pro-inflammatory macrophages in skeletal muscle, which was associated with a decreased number of nuclei per fiber, as well as reduced myofiber branching and fibrosis [START_REF] Saclier | Interplay between myofibers and pro-inflammatory macrophages controls muscle damage in mdx mice[END_REF]. Similarly, targeting AMPK, which activation is required for macrophage inflammatory shift during acute post-injury muscle regeneration, is also an efficient way to improve the dystrophic muscle. Treatment of fibrotic mdx mice with the antidiabetic drug metformin, which is an indirect activator of AMPK, shifts the inflammatory status of macrophages, increases myogenesis and myofiber size, reduces fibrosis and improves muscle strength [START_REF] Juban | AMPK Activation Regulates LTBP4-Dependent TGF-beta1 Secretion by Pro-inflammatory Macrophages and Controls Fibrosis in Duchenne Muscular Dystrophy[END_REF].

Conclusions and perspectives

Immune cells are necessary for muscle regeneration, both after acute injury and during muscular dystrophies. The general picture of the inflammatory response is almost drawn for acute post-injury muscle regeneration. However, the mostly used models are toxic muscle injuries which are very reproducible as well as highly inflammatory, both convenient parameters to study inflammation during muscle repair. However, the nature and extent of the inflammatory response after a physiological muscle damage, for instance a damage caused by exercise, is still not known, although observations made after severe injuries in human are similar to what is observed in mouse [START_REF] Paulsen | Leucocytes, cytokines and satellite cells: what role do they play in muscle damage and regeneration following eccentric exercise?[END_REF][START_REF] Peake | Muscle damage and inflammation during recovery from exercise[END_REF].

Concerning chronic inflammation observed in muscular dystrophies, there is still much to do. A big challenge is to define the various subsets of immune cells that are present in the dystrophic muscle, and to understand their specific functions. Indeed, the goal will be to target specific subsets of macrophages or other immune cells, in order to inhibit the ones involved in fibrosis, and to boost the ones involved in tissue repair and myogenesis. Finally, inflammation may be useful in the delivery of therapies: morpholino antisense oligonucleotides accumulate into inflammatory areas of dystrophic muscle, where they are stored in macrophages and further delivered to myoblasts and newly formed myotubes [START_REF] Novak | Myoblasts and macrophages are required for therapeutic morpholino antisense oligonucleotide delivery to dystrophic muscle[END_REF], again emphasizing the link between inflammation and myogenesis and the need for targeting specific immune cell populations in muscular dystrophies. To conclude, dampening inflammation and fibrosis will not cure muscular dystrophies, but a muscle alleviated of chronic inflammation and fibrosis will respond better to cell and gene therapies. Chronic inflammation may then be considered as a secondary event in muscular dystrophies that worsens the disease.

Figure 1 .

 1 Figure 1. Interactions of macrophages with the other muscle cell types during normal skeletal muscle regeneration and during muscular dystrophies. Left panel: after an acute injury (toxic injury), monocytes from the blood enter into the injured muscle area and become pro-inflammatory macrophages that stimulate MuSC activation and proliferation, and induce FAP apoptosis. After the resolution of inflammation via efferocytosis, recovery macrophages stimulate MuSC differentiation, fusion and myofiber growth, stimulate FAPs to produce and remodel extracellular matrix, and stimulate angiogenesis. The coordination between pro-inflammatory and repair phases leads to the complete recovery of the muscle function after acute injury. Right panel: on the contrary to acute muscle injury, the repeated injuries in dystrophic muscle lead to permanent recruitment of pro-inflammatory monocytes and the presence of pro-inflammatory macrophages in the muscle. Because of the asynchronicity of the injuries and of the regenerative cues that are present, macrophages adopt a mixed phenotype that makes them less efficient in promoting myogenesis while they stimulate FAP and fibroblastic cells to produce extracellular matrix, leading to fibrosis.
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