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ABSTRACT

Crosstalk of Glucocorticoid Receptor and AMP-activated protein kinase in macrophages
during skeletal muscle regeneration.

Skeletal muscle regenerates ad integrum after a sterile acute injury thanks to satellite cells
(muscle stem cells). Inflammation, and notably macrophages, plays important roles during this
process. Just after injury, monocytes infiltrate the tissue from the blood and convert into pro-
inflammatory damaged associated macrophages. Macrophages phagocyte muscle debris and
promote the proliferation of muscle stem cells. Then, macrophages switch their phenotype
toward an anti-inflammatory restorative profile and promote muscle stem differentiation,
fusion and myofiber growth. This sequence of macrophage profile is essential for an efficient
skeletal muscle regeneration. The lab has shown that this phenotype switch is dependent of
AMP kinase (AMPK)al, a major energetic sensor in the cell controlling cellular metabolism.
Besides, glucocorticoids have been used for decades for their anti-inflammatory effects on
inflammation. Their actions are mediated by the Glucocorticoid Receptor which induces or
represses gene expression by direct or indirect binding to DNA. As AMPKal and
glucocorticoids induce similar anti-inflammatory effects on macrophages, we hypothesized
that these 2 pathways could be interconnected in macrophages to allow the resolution of
inflammation and muscle repair. Data from an in vitro model of skeletal muscle injury using
bone marrow derived macrophages showed that: i) glucocorticoids induced AMPKal
phosphorylation; ii) AMPKal was required for the functional acquisition of the anti-
inflammatory phenotype induced by glucocorticoids. Indeed, AMPKa1-deficient macrophages
did not switch their phenotype and did not sustain myogenesis. In vivo experiments using
LysM&*:AMPKal1"f mice in which AMPKal is depleted only in myeloid cells, showed that
macrophagic AMPKa1l drove the beneficial effects of glucocorticoids during skeletal muscle
regeneration. Inversely, in the absence of AMPKal in macrophages, glucocorticoids induced
a delayed muscle regeneration and modifications in myofiber maturation, assessed by the
alteration of the expression of myosin heavy chain isoforms. Altogether, these data show that
AMPKal is required in macrophages for the glucocorticoid-induced resolution of

inflammation and an efficient skeletal muscle regeneration.
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RESUME

Interactions entre le Récepteur aux Glucocorticoides et ' AMP-activated protein kinase dans
les macrophages au cours de la régénération du muscle strié squelettique.

Le muscle strié squelettique régénére ad integrum apres une lésion aiglie stérile grace aux
cellules satellites qui sont les cellules souches du muscle strié squelettique. L'inflammation, et
notamment les macrophages, joue un role important durant ce processus. En effet, aprés une
lésion, les monocytes sanguins infiltrent le tissu et deviennent des macrophages avec un
phénotype pro-inflammatoire associé a la lésion. Ces macrophages phagocytent les débris
cellulaires et promeuvent la prolifération des cellules souches musculaires. Ensuite, les
macrophages changent leur phénotype vers un phénotype anti-inflammatoire associé a la
restauration du tissu. lls promeuvent la différenciation, puis la fusion des cellules souches
musculaires et la croissance des myofibres. Cette séquence de phénotypes inflammatoires est
essentielle pour une régénération musculaire efficace. Le laboratoire a montré que ce
changement de phénotype est dépendant d'un senseur énergétique majeur de la cellule qui
contréle le métabolisme cellulaire, I'AMP kinase (AMPK)al. Par ailleurs, les glucocorticoides
sont utilisés depuis des décennies pour leurs effets anti-inflammatoires sur I'inflammation.
Leur action est médiée par le Récepteur aux Glucocorticoides qui induit ou réprime
I’expression de genes par interaction directe ou indirecte a ’'ADN. Comme '"TAMPKal et les
glucocorticoides induisent des effets anti-inflammatoires similaires sur les macrophages, nous
avons posé I'hypothese que ces 2 voies de signalisation pourraient étre interconnectées dans
les macrophages afin de permettre leur changement de phénotype et la régénération
musculaire. Les données issues d’'un modele in vitro de lésion musculaire utilisant des
macrophages dérivés de la moelle osseuse de souris ont montré que : i) les glucocorticoides
induisaient la phosphorylation de 'AMPKal ; ii) 'AMPKal était requise pour |'acquisition
fonctionnelle du statut anti-inflammatoire des macrophages induit par les glucocorticoides
puisque des macrophages déficients pour I'AMPKal ne modifiaient pas leur phénotype et ne
stimulaient pas la myogenése. Les expériences in vivo utilisant des souris LysM<¢/*;AMPKa17/f
dans lesquelles I'AMPKal est invalidée uniquement dans les cellules myéloides ont montré
gue 'AMPKal dans les macrophages régulait les effets bénéfiques des glucocorticoides au

cours de la régénération du muscle strié squelettique. En effet, en absence d’AMPKal dans
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les macrophages, les glucocorticoides induisaient un retard de régénération et une
modification de la maturation des fibres attestée par une modification de I’expression des
isoformes des chaines lourdes de myosines. En conclusion, ces données montrent que
I’AMPKal est requise pour le changement de phénotype des macrophages induit par les

glucocorticoides et une régénération musculaire efficace.
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ABBREVIATIONS

AICAR: 5-Aminoimidazole-4-carboxamide ribonucleotide
ACC: Acetyl CoA Carboxylase

ADP: Adenosine di-phosphate

AMP: Adenosine mono-phosphate

AMPK: AMP- activated Kinase

ATP: Adenosine tri-phosphate

BSA: Bovine serum albumine

CAMKK: Calcium/Calmodulin-dependent protein Kinase Kinase
C/EBPB: CCAAT/enhancer-binding protein

CCL: C-C motif ligand

CCR: C-C chemokine receptor

CDK9: Cyclin-Dependent Kinase 9

CD163: Cluster of differentiation 163 = scavenger receptor for hemoglobin-haptoglobin
CD206: Cluster of differentiation 206 = mannose receptor
CRE: cre recombinase

CX3CR1: chemokine (C-X3-C motif) receptor 1

DAMPs: Damaged associated molecular patterns

DEX: Dexamethasone

DT: Diphtheria Toxin

DTR: Diphtheria Toxin Receptor

ECM: extra-cellular matrix

EDL: Extensor digitorum longus

ERK: Extracellular signal-regulated kinase

FAP: Fibro-Adipogenic precursor

FGF: Fibroblast growth Factor

FRP: Formyl peptide Receptor

GC: Glucocorticoid

GILZ: Glucocorticoid-Induced Leucin Zipper

GR: Glucocorticoid Receptor

GRE: Glucocorticoid Response Element
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GRIP1: Glutamate receptor-interacting protein 1
HMG-CoA: 3-hydroxy-3-methyl-glutaryl-coenzyme A
IFN: Interferon

iNOS: inducible Nitric Oxide Synthase

KO: Knock out

IL: Interleukine

LPS: Lipopolysaccharide

LXR: Liver X receptor

LysMA: LysMe¢/*;AMPKa1%/f

Ly6C: Lymphocyte antigen 6 complex

MCP-1: Monocyte chemoattractant protein 1 (=CCL2)
MerTK: Mer tyrosine kinase

MHC: Myosin heavy chain

MKP1: Mitogen-activated protein kinase phosphatase-1
MRF: Myogenic Regulatory Factor

MuSCs: Muscle stem cells

NFEL: Negative elongation factor

NFkB: Nuclear factor kappa-light-chain-enhancer of activated B cells
Pax: Homeodomain paired box

PPAR: Peroxisome proliferator-activated Receptor
RXRo: Retinoid X receptor a

Ser: Serine

TA: Tibialis anterior

TAK1: Transforming growth factor-B-activated kinase 1
TGF: Transforming growth factor

Thr: Threonine

TNFou:: Tumor necrosis factor a

TLR: Toll like receptor

VEGF: Vascular endothelial growth factor

WT: Wild Type
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Inflammation is a very important process that is activated after injury or infection, in
order to contain the damage/infection, cleanse the tissue debris and return to homeostasis.
This complex process can be divided in 2 main steps which are the mounting of the
inflammation and the resolution of inflammation. This last step is crucial to stop the
inflammatory process, so the tissue/organ is not further damaged by inflammation. When the
inflammatory response cannot be resolved, chronic inflammation is observed associated with
tissue damage. This process is driven by immune cells including lymphocytes, neutrophils or
macrophages. In most tissues, macrophages are shown to orchestrate tissue repair thanks to
their phagocytic activity (to clean debris) and their ability to stimulate regeneration and
healing of the tissue. Thus, macrophages participate to both the mounting of the inflammatory
response and the resolution of inflammation that allows tissue repair. The molecular
mechanisms that drive the resolution of inflammation by macrophages are not completely
understood.

Post-injury skeletal muscle regeneration provides a good model to study the
inflammatory response. This is a model of sterile inflammation without immune challenge
allowing to analyze the role of innate immunity and especially the role of macrophages. During
skeletal muscle regeneration, macrophages have several sequential roles and interact with
various cell types to drive regeneration. After the injury, monocytes infiltrate the tissue and
become pro-inflammatory macrophages that phagocyte cell debris, which makes them to
switch their phenotype toward an anti-inflammatory status. In this context, the lab
demonstrated that a main metabolic regulator of the cell, AMPK, is required for macrophage
phenotype switch and is therefore necessary for skeletal muscle regeneration. Functionally,
AMPK is required in macrophages so they stimulate myogenesis. In a previous study, the lab
used glucocorticoids to induce an anti-inflammatory profile in macrophages, and showed that
similarly, they induce a stimulating phenotype on in vitro myogenesis.

That was the situation when | arrived in the lab. My project was to decipher the
interactions between AMPK and glucocorticoids pathways in macrophages in an in vitro model
of inflammation, then, in vivo. My thesis work is therefore focused on several topics including
macrophages in the resolution of inflammation, glucocorticoids in macrophages, AMPK

activation and inflammation, and skeletal muscle regeneration.
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l. Skeletal muscle tissue

I.1 Skeletal muscle functions

The word “muscle” comes from the latin word “musculus” meaning “little mouse” that
refers to the movement of muscle during contraction that is similar to a mouse moving under
a fabric. One of the first descriptions of skeletal muscle is the organ allowing locomotion, that
refers to the contractile property of the tissue. Muscles are joint attached to the bones by
tendons and allow the movement by contraction.

Skeletal muscle tissue is one of the three muscle tissues including cardiac and smooth
muscles (Figure 1A). Skeletal muscle is present in all parts of the body and can represent more
than 50% of the total body mass in Human (Figure 1B). The main function of skeletal muscle
is to transform chemical energy into mechanical energy and to confer to the organism the
capacity to move and to interact with the environment. However, skeletal muscle is more than
a contracting tissue. Indeed, skeletal muscle is sensitive to metabolic signals in the body and
actively participates to homeostasis. By shaking when it is cold, muscle products warmth to
keep the body temperature stable. Skeletal muscle also exerts an important role in the control
of the global metabolic status of the body. Muscle is used by the body to control glycemia.
This is the only tissue with liver that can store glucose as glycogen. Moreover, skeletal muscle

is the organ of the human body that consumes the most glucose (Homsher and Kean, 1978).
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Cardiac muscle tissve Skeletal muscle tissue Smooth muscle tissue
(Iavoluntary control) (Voluntary control) {Involuntary control)

Figure 1. The muscle tissues

(A) The 3 types of muscles. Cardiac muscle tissue (left) is only found in heart. It is composed
of cardiomyocytes, which contract simultaneously to allow blood circulation. Skeletal muscle
tissue is the most abundant muscle tissue in the body (middle). It is composed of myofibers,
which contract to allow the movement by voluntary control. Smooth muscle tissue (right) is
associated with involuntary contraction in a lot of tissues (intestine, skin, vessels...).
(www.biology101.com) (B) The anatomy of whole-body skeletal muscle tissue in Human.
(www.anatomy.asktrainer.com).

|.2 Skeletal muscle composition

Skeletal muscle is a very well-organized tissue (Figure 2). Each muscle is attached at
both ends to the bones by tendons. Muscle has several levels of architecture. The organ is
itself enveloped in a connective tissue called epimysium. Muscle is composed of fascicles that
are enveloped in perimysium and the fascicles are themselves composed of a set of muscle
cells, the myofibers. Each myofiber is surrounded by a connective tissue, which is the
endomysium. Myofibers may be among the biggest cells of the body, up to dozens of
centimeters. These cells are syncytia containing hundreds of nuclei. The contractile apparatus
occupies the main part of the myofiber cytoplasm and is composed of an arrangement of
myofilaments organized in sarcomeres, the structural units allowing contraction (Figure 2).
Contraction is under the control of a motoneuron. Each myofiber is innervated by a

motoneuron and forms a specific synapse called the neuromuscular junction. This cholinergic
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synapse induces the depolarization of the myofiber plasma membrane and therefore, the

contraction of the sarcomere.
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Figure 2. Skeletal muscle tissue composition
Skeletal muscle tissue is composed of fascicles and myofibers. Myofibers contain the
contractile apparatus, which is composed of sarcomeres. The contraction of each myofiber is
under the control of the motoneuron. Skeletal muscle tissue is also composed of other cells
and especially satellite cells, the muscle stem cells, which are around the myofibers under the
basal lamina surrounding the myofibers (Tajbakhsh, 2009).
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Because all skeletal muscle structures are delineated by connective tissue, fibroblasts
have an important role in muscle homeostasis although their role has been poorly
investigated. The precursors of fibroblasts in skeletal muscle are the Fibro-Adipogenic
Precursors (FAPs) (Joe et al., 2010). Muscle fibroblasts secrete molecules which compose the
extra-cellular matrix (ECM). ECM in muscle is composed of a large number of molecules
including collagens (1V and Vl), dystroglycans, laminin, etc. ECM forms a scaffold for myofibers
and it is essential for muscle contraction to produce force (Chapman et al., 2016). In
degenerative myopathies, proteins belonging to the Dystro Glycan Complex (DGC) are
mutated. DGC allows the link between cytoskeleton and ECM, its disruption leading to
myofiber fragilization and damage (Parsons et al., 2002; Ibraghimov-Beskrovnaya et al., 1992).
These diseases show that the link between myofibers and ECM is crucial for muscle function.

Myofibers also require another cell partner to work properly: endothelial cells that
compose the vessels in association with other cell types such as pericytes. Vascularization is
crucial for skeletal muscle function since it ensures metabolite exchanges. There are at least
5 to 10 blood capillaries for 3-4 myofibers (Latroche et al., 2015).

Thus, skeletal muscle is composed of various cell types beside myofibers (Figure 3).
These cells interact, communicate and exchange molecules to allow movement, posture and
adaptation of the body to its environment and to maintain homeostasis of the tissue and the

body.
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Figure 3. Various cell types in the muscle tissue
Skeletal muscle is composed of endothelial cells, fibroblasts and immune cells such as
monocytes/macrophages or neutrophils. Endothelial cells form the vessels necessary for
metabolic exchanges with blood. Fibroblasts secrete ECM essential for muscle contraction.
Immune cells control the maintenance of the tissue integrity (Yin et al., 2013).

I.3 Skeletal muscle plasticity: composition and phenotype of myofibers

Myofiber cytoplasm contains the contractile apparatus. This structure is complex and
composed of repetitions of the structural unit, which is the sarcomere. Sarcomere is mainly
composed of 2 types of filaments: thin actin filaments and thick myosin filaments. Actin
filaments measure about 7 nm length and contain tropomyosin and troponin. Thick filaments
are composed of myosin, including myosin heavy chain and myosin light chain. Myosin heavy
chain is the structure able to bind the actin filament to induce the contraction. The incoming
signaling that induces the contraction comes from the motoneuron. One motoneuron can

innerve several myofibers and the bunch of myofibers innerved by the same motoneuron is
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called the motor unit. Motoneuron induces membrane depolarization thanks to the
cholinergic synapse. Depolarization induces calcium release in the cytoplasm of the myofiber
via the sarcoplasmic reticulum (a specific endoplasmic reticulum in the myofiber). Calcium
binds to troponin, inducing the rotation of tropomyosin and the release of the binding site on
actin filament. Then, myosin binds to actin. Myosin also contains an ATP binding site. When
myosin and actin are bound, myosin releases ADP+Pi, which induces the slide of the 2
filaments to allow the shortening of the sarcomere and the contraction of the myofiber (Figure
4). Later, calcium is pumped back to the sarcoplasmic reticulum and ATP binding to myosin

induces the relaxation of the sarcomere and of the myofiber.

Thick filament
Thin filaments

Thin filament @ Cross-bridge

m formation; release
of P,

Myosin head (high-energy
configuration)

; Troponin
—\ complex

Thick filament

O ATP hydrolysis
occurs, cocking
myosin head
9 Power stroke;
ADP is released,

myosin undergoes
m Myosin head a conformational
< (low-energy change
configuration)

Toward center

of sarcomere

myosin from actin;
cross-bridge dissociates

© ATP binds myosin,

causing detachment of

yosin head /
(low-energy

confiuration

Figure 4. Molecular aspects of muscle contraction
Contraction of sarcomere requires ATP. ADP and Pi are bound to the myosin head. The release
of Piinduces the cross-bridge formation between actin and myosin. The release of ADP by the
myosin head induces a conformational change of myosin and sliding of the 2 filaments, leading
to contraction. ATP binding on myosin head leads to the detachment of actin and myosin
myofilaments that induces the relaxation of the sarcomere and of the muscle (www.mun.ca).
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Another level of complexity exists in skeletal muscle as various types of myofibers are
present. Myofiber type is associated with the myosin heavy chain (MHC) content, actin
content being not different. In 1962, Engel proposed a classification based on the ATPase
staining and Henneman proposed the following nomenclature for the adult MHC:

- Myosin Heavy Chain Type | (MHCI) enriched myofibers are slow-twitch myofibers, have a
high content of mitochondria and a very oxidative metabolism. A higher number of vessels is
observed nearby the myofibers. Slow-twitch myofibers do not develop high level of strength
but they are resistant to fatigue that is required for endurance exercise.

- Myosin Heavy Chain Type IIB (MHCIIB) enriched myofibers are fast-twitch myofibers. They
have a glycolytic metabolism with a low number of mitochondria. These fibers are able to
develop high level of strength but are rapidly fatigable. This myofiber type is not found in
Human.

- Myosin Heavy Chain Type IIA (MHCIIA) enriched myofibers are fast-twitch myofibers. They
have a higher number of mitochondria than MHCIIB myofibers. These fibers exhibit a mixed
phenotype between MHCI and MHCIIB myofibers. MHCIIA fibers produce energy using
oxidative metabolism thanks to mitochondria. They develop strength (less than MHCIIB but
more than MHCI) and resist more to fatigue (less than MHCI but more than MHCIIB).

- Myosin Heavy Chain Type 11X (MHCIIX) enriched myofibers are also fast-twitch myofibers.
These myofibers have a poor content of mitochondria. They produce ATP by the glycolytic
pathway and are rapidly fatigable. Like MHCIIB, these cells develop high level of strength.
MHC composition (Figure 5A) is specific for each muscle and is different between species.
During development, another type of MHC is observed, i.e., embryonic Myosin Heavy Chain.
This embryonic MHC is not found in adult muscle except during the regeneration process
where it is the first one to be expressed in newly formed myofibers before being replaced by
the adult MHC at the end of the regeneration process (Figure 5B).

Although myofibers may exhibit various types, they are all derived from the same cells in adult

muscle, the satellite cells, which are the muscle stem cells.
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Figure 5. Myofiber types in skeletal muscle
(A) Immunofluorescent analysis of human Vastus Lateralis muscle shows that the muscle is
composed of myofibers expressing MHCI (blue), MHCIIA (green) and MHCIIX (red). (B)
Embryonic MHC expression analyzed by immunofluorescence of a human muscle biopsy with
muscle disease. The presence of embryonic myosin in adult muscle is a hallmark of myofiber
regeneration (Schiaffino, 2018).
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Il. Skeletal muscle regeneration

[1.1 Adult muscle stem cell: the satellite cell

I1.1.1. Muscle stem cell characterization

Skeletal muscle stem cells were highlighted in 1961 thanks to the development of
electronic microscopy. Alexander Mauro found in frog and rat muscles that small cells were
located very close to the adult myofiber. Actually, these cells are between the plasma
membrane of the myofiber and the basal lamina. They were named “satellite cells” because
of their position around the myofiber (Figure 6A) (Mauro, 1961). At this time, they were
suggested to be “dormant myoblasts” that can be activated after a trauma to repair myofibers.
In the next half century, satellite cells were better characterized. They were first isolated by
enzyme dissociation in 1974 (Bischoff, 1974). More recently, isolation of satellite cells and
histological analyses allowed the discovery of the marker Pax7 (homeodomain Paired box 7),
which is highly specific of satellite cells in muscle (Seale et al., 2000). Pax7 belongs to the family
of homeodomain paired box transcription factors that are involved in development. In
constitutive Pax7 null mice, satellite cells completely disappear and muscles show several
defects (Seale et al., 2000). Thus, the expression of Pax7 is crucial for the establishment of
satellite cell population in muscle (Figures 6B, 6C). Pax7 is often used to identify satellite cells.
However, other markers are expressed by satellite cells such as CD34, CXCR4, syndecan4,
Vcam1 and Bl-integrin, a7-integrin (Figure 6D) (Beauchamp et al. 2000; Seale et al.; 2000,
Kuang and Rudnicki, 2008).
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Figure 6. Satellite cells express the homeodomain paired box 7 (Pax7)
(A) First picture of a satellite cell in electron microscopy of a rat muscle (Mauro, 1961). (B) In
situ hybridization of Pax7 mRNA (blue staining, left picture) reveals that few isolated nuclei
present around the myofibers express this transcription factor as compared with the total
number of nuclei in the tissue section (red staining, right picture) (Seale et al., 2000). (C)
Immunofluorescence of Pax7 indicates that Pax7°° (highly red cell, right picture) are located
around the myofiber. DAPI staining (left picture), which stains all the nuclei of the myofiber,
shows the small proportion of nuclei expressing Pax7 (Pasut et al., 2013). (D) Satellite cells
express several markers, which are used for their identification and isolation (Yin et al., 2013).
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In resting condition, satellite cells are located around the myofibers in the so-called
satellite cell niche (Figure 7). Although not well-characterized yet, this structure is essential for
the maintenance of satellite cell quiescence. Indeed, protein interactions between the muscle
fiber and satellite cells were identified to maintain satellite cells in quiescent state such as M-
cadherin and Notch pathway (Kuang and Rudnicki 2008; Bjornson et al., 2012; Mourikis et al.,
2012; Baghdadi et al., 2018; Evano and Tajbakhsh 2018). Interactions between satellite cells
and ECM, which composes the basal lamina, also participate to maintain satellite cells
quiescent thanks to integrins (Labarge et Blau 2002; Evano and Tajbakhsh, 2018). Other cell
types participate to the homeostasis of the satellite cell niche. Endothelial cells are found to
be very close to satellite cells in resting condition (Christov et al., 2007). After an injury,

satellite cell niche alteration is critical for satellite cell activation (Yin et al, 2013).
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Figure 7. The satellite cell niche
In resting muscle, quiescent satellite cells are located in a niche. Myofiber itself is involved in
the maintenance of the quiescence by Notch and cadherin signaling. Other factors are
implicated in the maintenance of the quiescence such as angiopoietin or Fgf2. Macrophages,
mesenchymal stromal cells and endothelial cells are close neighbors of the niche (Evano and
Tajbakhsh, 2018).
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11.1.2 Functions of muscle stem cells

In 1975, regeneration of a single myofiber was analyzed in vitro for the first time
(Bischoff, 1975). By contrast microscopy, it was possible to see in vitro the proliferation of cells
at the surface of the isolated myofiber. In 1977, a first analysis done by electron microscopy
of the satellite cells during muscle regeneration showed that satellite cells are activated and
differentiate into myoblasts to repair the myofiber (Sakai, 1977). More recently, Pax7 marker
was highlighted thanks to an inducible cre-lox system. When Pax7-positive cells (satellite cells)
are depleted, skeletal muscle regeneration is impaired (Figure 8) (Sambasivan et al., 2011;
Lepper et al., 2011; Murphy et al., 2011; Von Maltzahn et al., 2013). These results show the
essential role of satellite cells during adult muscle regeneration.
Moreover, few weeks after injury, satellite cells are present in the muscle, back to their
location under the basal lamina, indicating that cells do participate to skeletal muscle
regeneration, as well as return to quiescence in order to reform the pool of stem cells (Sacco
et al., 2008; Montarras et al., 2005; Collins and Partridge, 2005). This phenomenon of self-

renewal is essential for the long-term maintenance of muscle homeostasis.
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Figure 8. Pax7P° satellite cells are required for skeletal muscle regeneration

(A) Skeletal muscle regeneration is dependent of Pax7°° cells. In a Pax7°™/* mouse model in
which cells expressing Pax7 are depleted after injection of diphtheria toxin (DT), skeletal
muscle regeneration is completely altered after exercise induced injury as shown by
Hematoxylin and Eosin staining. Moreover, muscle mass of the tibialis anterior muscle was
drastically decreased in exercised mice injected with DT (B). Scale bars 150 um in main panels;
1 mm in insets. These results indicate that satellite cells are essential for skeletal muscle
regeneration (Sambasivan et al., 2011).

11.2 Myogenesis and myogenic regulators

Myogenesis is the process that allows the formation of muscle fibers during embryonic
development or during adult regeneration. We here focus only on adult myogenesis. This

process starts from the activation of satellite cells toward the complete reformation of
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myofibers (Figure 9). Each step of the process is tightly controlled by intrinsic and extrinsic
myogenic regulators. Myogenesis is mainly driven by the family of the Myogenic Regulatory
Factors (MRFs). This family is composed of 3 main factors: Myf5, MyoD and myogenin. These

markers are differentially expressed during myogenesis (Figure 10).

Day 14 Day 21

Figure 9. Skeletal muscle regeneration

Skeletal muscle regenerates at integrum after an injury thanks to satellite cells. Before injury
(day 0), all the myofibers present peripheral nuclei and no inflammation is observed. At day
2, after cardiotoxin injury, Hematoxylin and eosin staining shows myofiber necrosis and
infiltration of immune cells in the tissue. At day 4 after cardiotoxin injury, a large number of
immune cells are still present in muscle and newly formed myofibers appear (arrow). At Day
7 after injury, few immune cells are present in the muscle and a lot of regenerating myofibers
are observed. These myofibers exhibit centrally located nuclei. At day 14 and day 21, immune
cells are barely observable and regenerating myofibers are growing. They still present
centrally located nuclei (pictures from Mounier et al., 2013). Scale bar: 50 um.

11.2.1 Activation and proliferation

In resting muscle, muscle stem cells are quiescent. The cell cycle is arrested in Gophase.
This quiescent state is maintained by the niche. When the niche is altered by muscle injury,
muscle stem cells emerge from quiescence to activate (Yin et al, 2013) and give rise to
myoblasts or myogenic precursor cells. An intermediate state between the quiescent state
and the activated state was recently described and called the Gaert, in non-injured muscles of
a mouse that was injured in a remote muscle. Muscle stem cells in Gaert State activate faster
than Go state after aninjury (Rodgers et al., 2014). Activated muscle stem cells expressed Pax7.
Quickly after activation, they also express the MRF Myf5 (Figure 10). Myf5 was shown to be

expressed by quiescent stem cells but the mRNA is sequestrated in a structure called
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messenger ribonucleoprotein granules. During activation state, these granules are dissociated
and allow the rapid translation of the Myf5 mRNA (Crist et al., 2012). Myf5 is required for
proliferation of myoblasts. Indeed, in the myf57" mouse model, the rate of myoblast
proliferation is decreased (Ustanina et al., 2007). Myf5 is a transcription factor that controls
gene expression that is required for proper myogenesis (Conerly et al., 2016). The MRF MyoD
is also expressed by proliferating cells and this factor is important for the differentiation step.
Moreover, other signaling pathways are required for proliferation of muscle stem cells such
as Notch signaling pathway (Conboy and Rando, 2002). At the end of the
proliferation/expansion phase, muscle stem cells differentiate. However, not all the cells
differentiate. Indeed, a subset returns to quiescence in order to replenish the muscle stem
cell pool (Yin et al., 2013; Sacco et al., 2008; Montarras et al., 2005; Collins and Partridge,
2005). This phenomenon, called self-renewal, is partly mediated by AMPKal (Théret et al.,
2017).
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Figure 10. MRF expression during myogenesis
During myogenesis, several myogenic regulated factors are expressed by myogenic cells.
Quiescent cells expressed Pax7. Activated satellite cells expressed Pax7 and MyoD.
Differentiated myoblasts express myogenin. MRFs are sequentially expressed and regulate
specific gene expression at each step of adult myogenesis (Olguin et al., 2007).
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1.2.1 Differentiation and fusion

The end of proliferation is marked by differentiation of myogenic cells (Figure 11).
Differentiating cells shutdown the expression of Pax7. Cells start to express the MRF MyoD
during proliferation and continue to express it during differentiation (Tedesco et al., 2010).
Actually, a ratio between Pax7 and MyoD was implicated for the induction of the
differentiation (Olguin et al., 2007). A low Pax7/MyoD ratio was suggested to induce the
commitment of proliferating cells to differentiation (Olguin et al., 2007). Studies have shown
that satellite cells deficient for MyoD do not differentiate properly (Yablonka-Reuveni et al.,
1999; Wood et al.,, 2013; Yamamoto et al., 2018) showing the essential role of this
transcription factor in myogenic cell differentiation. While MyoD appears to be necessary for
the early state of differentiation, the MRF myogenin is expressed at the end of the
differentiation process, when cells definitively escape from cell cycle, to specifically trigger the
expression of myogenic genes (Bentzinger et al., 2012). Myogenin was originally discovered in
1989 to allow the expression of myogenic markers in mesenchymal cells after transfection
(Wright et al., 1989). Moreover, myogenin null-mice show a defect in embryonic myogenesis
showing the importance of this factor for myogenesis (Hasty et al., 1993). The sequential
expression of the myogenic regulators is primordial for muscle stem cell differentiation and

skeletal muscle regeneration.
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Figure 11. Differentiation of muscle stem cells
After an injury, Pax7P° quiescent cells (green cells) are activated. These activated cells express
Myf5 and MyoD (green and red cells). After proliferation, cells differentiate into myocytes and
stop to express Pax7 (red cells). Then, they fuse to repair myofibers. A proportion of myogenic
proliferating cells (green and red cells) returns to quiescence in order to replenish the pool of
muscle stem cells (back to green cells) (Tedesco et al., 2010).

Once differentiated, myogenic cells (or myocytes) fuse with each other to form new
multinucleated myofibers. To fuse, cells first move and contact each other. The recognition of
partner to fuse is highly specific since myogenic cells fuse only with myogenic cells. Moreover,
fusion events induce cytoskeletal reorganization and implicate the regulation of the plasma
membrane tension between the two-fusing partner-cells depending on actin and myosin
(Figure 12) (Kim et al., 2015). Membrane protein content isimportant to allow fusion. Integrins
and cadherins are essential in this process (Schwander et al., 2003; Chargé and Rudnicki,
2004). Recently, a master protein involved in fusion was identified, myomaker. Myogenic cells
depleted for myomaker are not able to fuse and in myomaker null mice, embryos die
perinatally due to absence of muscle fusion (Millay et al., 2013).

Finally, the myogenesis process is well-orchestrated to induce proliferation of muscle

stem cells in order to obtain a substantial pool of cells able to further differentiate and fuse to
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form new myofibers. Each step of this process is tightly regulated. If one step is altered, the

whole myogenesis is compromised and leads to skeletal muscle regeneration defects.
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Figure 12. Mechanism of myoblast fusion
The fusion of differentiated myoblasts is essential to form new myofiber syncytia or to fuse
with existing myofibers. Fusion requires specific apposition of the cells. Reorganization of the
cytoskeleton is essential. Moreover, specific proteins are crucial for myoblast fusion, such as
myomaker, a transmembrane protein (Sampath et al., 2018).
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lll. Macrophages

I11.1 Origin of macrophages

Macrophages were first discovered in the late 19t by Elie Metchnikoff. They were
originally identified by their phagocytic activity of bacteria. In the next century, scientists tried
to identify more precisely this cell population. In the 1960’s, “mononuclear phagocytes” were
defined as “cells which are able to adhere to glass and phagocyte”. At this time, two main
populations of mononuclear phagocytes were known, circulating monocytes in blood and
tissue macrophages in organs. But the origin of these cells was still unknown. First evidence
was given in 1968. Ralph van Furth and Zanvil Cohn used macrophage labelling by thymidine-
8H, irradiated mice and cell culture experiments to show that the major population of
circulating monocytes derives from the bone marrow. They identified a progenitor cell in the
bone marrow called the promonocyte (van Furth and Cohn, 1968). Furthermore, they showed
that the major population of tissue macrophages observed during inflammation derives from
blood circulating monocytes (van Furth and Cohn, 1968). Thus, bone marrow progenitors give
rise to blood circulating monocytes that in turn give rise to tissue macrophages. In 1972, a
classification of the “mononuclear phagocyte system” was proposed by van Furth and
colleagues. This classification was more restrictive than the previous one and included only
monocyte/macrophages and their progenitors (van Furth et al., 1972). Moreover, a new
hierarchy of the mononuclear phagocyte system was proposed (van Furth et al.,, 1972).
Although well accepted for decades, the model of mononuclear phagocyte system was
recently questioned because it appeared to be an oversimplification of the origin of all
macrophages. Indeed, the persistence of macrophages in many tissues at steady state in the
adulthood questioned their origin. To understand the origin of macrophages, it is necessary
to look at the embryonic development. Actually, macrophages were described during early
vertebrate embryo development, even before the blood circulating system appears. These
macrophages are generated during the primitive phase of hematopoiesis in the yolk sac
(Rieger and Schroeder, 2012; Orkin and Zon, 2008). At E10.5 in the mouse, definitive
hematopoiesis takes place in the aorta-gonad-mesonephros of the embryo, before to move
to fetal liver. Finally, hematopoiesis moves definitively to the bone marrow between E14.5

and E18.5 where it still occurs in the adulthood (Figure 13A, 13B) (Rieger and Schroeder, 2012;
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Orkin and Zon, 2008). In adulthood, two main types of macrophages are found, resident
macrophages which are persistent macrophages residing in tissues at steady state and
macrophages derived from circulating blood monocytes. These two macrophage subsets do

not have the same origin and do not have exactly the same functions.
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Figure 13. Origins of monocytes/macrophages

(A) Macrophages are observed at the beginning of the life span in the embryo, where they
derived first from the yolk sac that corresponds to the primitive hematopoiesis. Then the
definitive hematopoiesis moves to the aorta-gonad-mesonephros and to the fetal liver. EMP:
erythro-myeloid precursor; CSF: Colony Stimulating Factor (Ginhoux and Guilliams, 2016). (B)
Macrophages sequentially derive from the yolk sac to fetal liver in embryo and to bone
morrow in adulthood. The graph shows the time line of hematopoiesis location in human and
mice. d/wpc: days/weeks post conception (Rieger and Schroeder, 2012).
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I11.2 Bone marrow-derived macrophages

As proposed in 1972 with the mononuclear phagocyte system, macrophages derive
from circulating monocytes, themselves deriving from the hematopoietic stem cells in the
bone marrow (Fogg et al.,, 2006). Blood circulating monocytes present two main
subpopulations in mouse: Ly6CP>*CX3CR1'°" and Ly6C"8CX3CR1"8", Ly6C (Lymphocyte antigen
6 complex) is expressed by monocytes giving rise to pro-inflammatory macrophages whereas
CX3CR1 (CX3C receptor 1) is higher expressed by anti-inflammatory macrophage-derived
monocytes. These two subpopulations of monocytes derive from the myeloid precursor in the
bone marrow (Figure 14). Ly6CP® monocytes are able to give rise to Ly6C"8 monocytes
(Geissmann et al., 2010). These two subtypes of monocytes present different functions.
Ly6CP* monocytes infiltrate injured tissues, in all the tissues studied so far. For example,
Ly6CP° monocytes are the only one infiltrating the muscle after injury, and they give rise to
pro-inflammatory macrophages (Varga et al., 2016; Varga et al., 2013; Arnold et al., 2007).
Within the tissue, Ly6CP* macrophages change their phenotype to become anti-inflammatory
macrophages, that lose the expression of Ly6C. Tracing studies showed that Ly6C"8 are never
recruited in regenerating muscle (Arnold et al., 2007) as in other tissues (Chazaud, 2016). This
was confirmed in a genetic model lacking circulating Ly6C"®® monocytes (nur77 KO) that shows
a completely normal inflammatory response and muscle regeneration (Varga et al., 2013).
Ly6C"® monocytes do not infiltrate damaged tissues. They have a patrolling function in
vessels. In resting tissue, they control endothelium integrity by crawling thanks to specific
adhesion molecules which are CX3CR1 and integrins (Auffray et al., 2007). They are involved
in endothelium repair, together with neutrophils by replacing damaged endothelial cells
(Carlin et al., 2013). Thus, the two subpopulations of circulating monocytes have specific roles,

Ly6C"e8 patrolling in vessels and Ly6CP° monocytes infiltrating the damaged tissues.
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Figure 14. Different subtypes of circulating monocytes

Two monocyte subpopulations derive from monocyte progenitors, issued from hematopoietic
stem cells: Ly6CP°® monocytes and Ly6C"*® monocytes. Ly6CP° monocytes are involved in the
inflammation process whereas Ly6C"® monocytes present a patrolling behavior in vessels.
Abbreviations: HSC: Hematopoietic Stem Cell; MP: Myeloid Progenitor; LP: Lymphoid
Precursor; MDP: Monocyte/Macrophage and Dendritic Cell Precursor; TipDC: TNF and iNOS-
producing Dendritic Cell; Md: Macrophage; MDSCs: Myeloid-Derived Suppressor Cell; CDP:
Common Dentritic cell Precursor; cDC: classical Dendritic Cell; PDC: Plasmacytoid Dendritic
Cell. Dashed arrow: susceptive to give rise (Geissmann et al., 2010).

I11.3 Resident macrophages

Resident macrophages are present within the tissues at steady state. They are found
in almost all tissues, for instance in liver as Kupffer cells, in lung as alveolar macrophages, in
bone as osteoclasts, in central nervous system as microglia, in skin as Langerhans cells (Figure
15A). Resident macrophages are associated with specific functions of their tissue (Figure 15B)
(Davies et al., 2013). After birth, resident macrophages are coming from embryogenesis as
described above and depending on the tissue, they come from yolk sac or fetal liver. Then,
after birth, they are more or less replaced by circulating monocyte-derived cells. The extent
of embryo-derived tissue macrophages by monocyte-derived macrophages depends on the

tissue. Two paradigmatic situations are the central nervous system, where 100% of microglia
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comes from embryo-derived macrophages and the gut, where these cells are quickly replaced
by circulating monocytes that constitute 100% of residing macrophages (Ginhoux and
Guilliams, 2016). Considering the M1-M2 paradigm, resident macrophages are classified as
“M2-like” macrophages (Davies et al., 2013). While specific roles of resident macrophages are
reported in several tissues, only few information is available on these cells in skeletal muscle.
In resting muscle, macrophages reside mainly in the epimysium (the conjunctive tissue
surrounding the whole muscle) and perimysium (conjunctive tissue surrounding each muscle
fascicle) (Brigitte et al., 2010; Saclier et al., 2013b). They exhibit a F4/80P°*Ly6C"8CX3CR1'*"
phenotype. Concerning their function, it was suggested that resident macrophages have a role
after muscle injury by attracting neutrophils and monocytes. When resident macrophages are
depleted (using chimeric CD11b-DTR mice transplanted with WT bone-marrow), muscle
inflammation after injury is strongly reduced (Brigitte et al., 2010). Highly severe phenotypes
are observed in C-C chemokine receptor 2 (CCR2) KO mice (receptor required for monocyte
infiltration), were an almost total inhibition of macrophage entry into the regenerating tissue
is observed, associated with strongly impaired muscle regeneration (Shireman et al., 2007;
Ochoa et al., 2007). This indicates that skeletal muscle regeneration after a toxic injury is
mainly driven by monocyte-derived macrophages that bear CCR2 (on the contrary to resident

macrophages).
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Figure 15. Origin and function of resident macrophages.
(A) Resident macrophages come from different origins depending on the tissue (Ginhoux and
Guilliams, 2016). (B) In each tissue, macrophages display specific functions (Davies et al.,

2013)
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IV. Glucocorticoids and Macrophages

This section IV will be part of a review entitled “Glucocorticoids shape macrophage

phenotype for tissue repair” submitted in Frontiers in Immunology.

Inflammation is a complex process which is conserved among species. Inflammation is
required to face abnormal situations (injury, infection, cancer, ..) and to allow the
maintenance of the tissue/organ integrity. Excessive inflammation is associated with
numerous diseases; thus, it is often considered as a negative event that has to be fought. Anti-
inflammatory drugs were therefore developed to switch inflammation off. However, the
inflammatory process may be beneficial for the organism, such as the inflammatory response
that occurs after a sterile tissue injury. Inflammation can be divided in several sequences. The
first step is the mounting of the inflammatory response itself. This stage is characterized by
the presence of pro-inflammatory cytokines and the infiltration of immune cells into the
injured area. The second step is the resolution of inflammation which is characterized by the
switch of the phenotype of immune cells toward an anti-inflammatory status and the decrease
of the secretion of pro-inflammatory cytokines. The last stage consists of the regeneration
process to rebuild the tissue. Innate immune cells are major actors of the inflammatory
response where macrophages take an important role. Macrophages are highly sensitive to a
large number of stimuli coming from their environment. They can adapt their phenotype and
their function on demand and are involved in all steps of post-damage tissue repair.

Because of their central role in inflammation, macrophages appear to be an ideal
target of anti-inflammatory drugs. Glucocorticoids (GCs) are the most used anti-inflammatory
drugs in the world. GCs have been used for decades to treat a variety of diseases such as
rheumatoid arthritis, skin irritation or pulmonary diseases. Since the first GC therapies during
the 50’s, various synthetic GCs have been developed to optimize their action and new
molecules are still under development to modulate therapeutic effects versus the adverse
effects of these drugs (see below). Surprisingly, given the importance of macrophages in the
inflammatory response, the direct effects of GCs on macrophages are less-well documented.

The present review aims at recapitulating the knowledge on macrophage functions during the
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post-injury inflammatory response, on GC signaling pathways operative in macrophages and

finally on the specific action of GCs on macrophages.

IV.1 Macrophages and tissue repair — example of skeletal muscle regeneration

IV.1.1 Similar macrophage subtypes are found in various tissues during repair

Macrophages are cells of innate immunity. In the late XIX™" century, Metchnikoff
originally described and named these cells as phagocytes, meaning big “macro” eaters
“phage”. During the next century, scientists have found that macrophages are not only
phagocytic cells. Indeed, they secrete a large number of factors and play diverse roles in
various systems. Different macrophage subtypes were described, first in in vitro experiments.
Based on the main cytokinic activation of lymphocytes, they were called “classically activated”
macrophages when stimulated by the Thl cytokine IFNy and “alternatively activated”
macrophages when stimulated by the Th2 cytokine IL-4 (Gordon, 2003). These two activation
states were also called M1 (or pro-inflammatory macrophages) and M2 (or anti-inflammatory
macrophages), respectively. It was demonstrated that beside the paradigmatic M1/M2 status,
macrophages adopt a very large panel of phenotypes depending on the inflammatory cues
they encounter, even in vitro (Mosser and Edwards, 2008; Sica and Montovani, 2012; Martinez
etal., 2009; Xue et al., 2014). In vivo, the situation is more complex and the terms M1 and M2,
although widely used, are not appropriated to describe specific and dynamic inflammatory
status (Murray et al., 2014; Varga et al., 2016). Thanks to the Ly6C (Lymphocyte antigen 6
complex is a membrane protein expressed by monocytes and macrophages) and CX3CR1
(chemokine (C-X3-C motif) receptor 1 is a transmembrane protein involved in the adhesion
and migration of leukocytes) antigens, one can observe pro-inflammatory and anti-
inflammatory macrophages in the context of post-injury inflammatory response. During
sterile inflammation, it was described in various tissues that Ly6CP>*CX3CR1"8 cells (that are
also CCR2P% F4/80'°% CD64P%) infiltrate the injured tissue, and exhibit a pro-inflammatory
status. Then, these cells switch their phenotype toward a Ly6C"®8CX3CR1P° (CCR2'ow/nes
F4/80Meh CD64P) status, corresponding to the anti-inflammatory status (Juban and Chazaud,
2017; Saclier et al., 2013b). This sequence of events from the infiltration of pro-inflammatory
macrophages to the phenotype switch toward an anti-inflammatory phenotype appears to be

universal since it was described after injury in heart (Nahrendorf et al., 2010), central nervous
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system (Michelucci et al., 2009; Fumagalli et al., 2011), liver (Pellicoro et al., 2014), kidney
(Ricardo et al., 2008; Rogers et al., 2014) and skeletal muscle (Arnold et al., 2007; Saclier et
al., 2013, Mounier et al., 2013).

IV.1.2 Skeletal muscle regeneration

Skeletal muscle tissue is composed of myofibers, which are multinucleated cells.
Skeletal muscle has a high regenerative capacity. Indeed, after injury, muscle regenerates ad
integrum thanks to the satellite cells, which are the muscle stem cells (MuSCs). Therefore,
skeletal muscle regeneration represents an ideal paradigm to study the biological events
sustaining tissue repair/regeneration, notably thanks to highly reproducible experimental
models in mouse (Hardy et al., 2016). Satellite cells are localized under the basal lamina
surrounding each myofiber, in a quiescent state. After an injury, damaged myofibers undergo
necrosis that triggers alteration of the satellite cell niche, which leads to their activation (Yin
et al., 2013). Activated MuSCs proliferate, in order to produce a critical pool of cells necessary
to repair muscle. After the expansion phase, MuSCs differentiate into myocytes, that
eventually fuse to form new myofibers. While myogenesis takes place, other biological
processes occur during muscle regeneration. Angiogenesis is required for efficient muscle
regeneration. Endothelial cells and MuSCs communicate through secreted factors to mutually
induce myogenesis and angiogenesis (Latroche et al.,, 2015). Also, extracellular matrix
remodeling is observed during muscle regeneration, controlled by the number and activation
of Fibro-Adipogenic Precursors (FAPs) (Joe et al., 2010; Lemos et al., 2015). Thus, muscle
regeneration is a complex process where multiple cell types interact in a coordinate way to
reconstruct the tissue (Figure 16).

Each step of muscle regeneration is linked to the inflammatory response, which is
mainly mediated by macrophages. They were shown to modulate myogenesis driven by
MuSCs, as well as angiogenesis and matrix remodeling that occur concomitantly. Although
macrophages represent more than 75% of leukocytes in regenerating muscle, other immune
cells are present in lower numbers (Mounier et al., 2013) and their role was analyzed during
the early steps of muscle regeneration. Neutrophils are transiently present during the very
first days after injury and their role in muscle regeneration has not been deciphered yet.

Eosinophils are involved through the secretion of IL-4 that acts on FAPs (Heredia et al., 2013)

-51-



and TReg lymphocytes through the secretion of amphiregulin that also acts on FAP biology
(Burzyn et al., 2013).
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Figure 16. Interactions between cell types involved in myogenesis
Macrophages, satellite cells, fibroblasts, endothelial cells and others interact with each other
to sustain myogenesis in order to reconstruct the tissue (Mounier et al., 2011).
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IV.1.3 The inflammatory phase

Tissue injury triggers the release of chemoattractant molecules in the bloodstream,
that recruit circulating leukocytes. The main axis of monocyte entry into the injured muscle is
the chemokinic CCL2 (MCP1)/CCR2 axis. In models depleted for either CCR2 or CCL2, muscle
regeneration is severely altered (Shireman et al., 2007; Sun et al., 2009). Circulating Ly6CP°s
monocytes, that bear CCR2, are the only monocytes to be recruited (Arnold et al., 2007; Varga

et al., 2013; Varga et al., 2016). Indeed, CCR2"6Ly6C"*¢ monocytes are not recruited in injured
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muscle and their absence (in the nur77KO mouse) does not alter muscle regeneration (Varga
et al., 2013; Arnold et al. 2007). Once in the tissue, monocytes become pro-inflammatory
macrophages. Their functions are very specific. First, macrophages allow the clearance of
debris by phagocytosis. They also induce survival and growth of MuSCs by establishing direct
cell-cell contacts (Chazaud et al., 2003, Sonnet et al., 2006). Moreover, pro-inflammatory
macrophages secrete factors such as IL-6, IL-13 or VEGF that stimulate MuSCs proliferation
(Arnold et al., 2007; Saclier et al., 2013). Finally, pro-inflammatory macrophages induce FAP
and fibroblast apoptosis to avoid excess of matrix deposition (Lemos et al., 2015; Juban et al.,

2018).

IV.1.4 Macrophage phagocytosis and the resolution of inflammation

At the time of resolution of inflammation, pro-inflammatory macrophages shift their
inflammatory status toward an anti-inflammatory phenotype. Signaling pathways involved in
this switch start to be documented. For now, 3 main intracellular pathways have been
described: AMPK, p38/MKP1, CREB-C/EBP[ (see below). While the activation of these
pathways is required, the upstream cues are not known. However, it was shown that
phagocytosis is essential for the acquisition of an anti-inflammatory phenotype. The
expression of pro-inflammatory markers is reduced and the expression of anti-inflammatory
markers is increased in macrophages that have ingested apoptotic cells (Fadok et al., 1998;
Freire-de-Lima et al., 2006; Weigert et al., 2006). Anti-inflammatory macrophages exert
various roles on several cell types in regenerating skeletal muscle. They induce both
differentiation and fusion of MuSCs as well as growth of the newly regenerated myofibers
(Arnold et al. 2007; Saclier et al., 2013; Mounier et al., 2013). Anti-inflammatory macrophages
promote extracellular matrix remodeling by inducing fibroblast survival and collagen
production through the secretion of TGF-B (Juban et al., 2018). They also induce angiogenesis:
in vitro experiments showed that anti-inflammatory macrophages induce endothelial cell
sprouting and differentiation, triggering to vessel formation concomitantly to myogenesis,
through the delivery of specific effectors, such as Oncostatin M (Latroche et al., 2017).
Accordingly, CCR2 KO mice exhibit defect of vascularization in regenerating muscle (Ochoa et
al, 2007). Thus, anti-inflammatory macrophages act on various cell types by promoting
simultaneously growth of newly formed muscle cells, remodeling of extracellular matrix and

revascularization in order to obtain a complete functional recovery of the muscle tissue.
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IV.1.5 Time and space orchestration of the inflammatory response

The inflammatory response needs to be tightly orchestrated to be efficient.
Modulation of the macrophage inflammatory status is highly time-dependent. It was shown
that the time, more than the subtype of macrophages (Ly6CP° or Ly6C"®8) is the driving force
controlling the expression of inflammatory genes in macrophages during skeletal muscle
regeneration (Varga et al., 2016). Resolution of inflammation is a key step in that process, that
must occur timely. Indeed, when the pro-inflammatory phase is blunted by the inhibition of
the expression of the pro-inflammatory cytokine IFNy (Cheng et al., 2008) or reduced by the
early administration of anti-inflammatory cytokine IL-10 (Perdiguero et al., 2011), muscle
regeneration is altered, with the formation of smaller myofibers. Moreover, blunting the
inflammatory phase by administrating anti-inflammatory drug or icing to prevent entry of
monocytes into the injured area is detrimental for muscle regeneration (review in Chazaud,
2016). Therefore, the regulation of the macrophage phenotype switch is crucial for an efficient
muscle regeneration. AMP-activated protein kinase (a key metabolic regulator in the cell) is
an important regulator of the macrophage phenotype switch. AMPK activation is required for
the acquisition of an anti-inflammatory status that is necessary for muscle regeneration
(Mounier et al., 2013). Similarly, p38/MKP1 pathway (MAP kinase pathway) modulates the
phenotype switch of macrophages. Inhibition of MKP1 induces an early activation of AKT,
leading to a too early acquisition of the anti-inflammatory status, triggering impairment of
muscle regeneration (Perdiguero et al., 2011). Finally, blocking the CREB-C/EBPJ cascade
prevents the acquisition of the anti-inflammatory phenotype of macrophages, that also
impairs muscle regeneration (Ruffell et al., 2009). Given the importance of the process of the
resolution of inflammation for tissue homeostasis, it is likely that other pathways are also

involved in the switch of the inflammatory status of macrophages.

IV.2 Glucocorticoids

IV.2.1 Origins of GCs

The hypothalamic-pituitary-adrenal axis is very important in the body as it is involved
in the control of a variety of biological processes: stress, feeding, circadian rhythms, growth
and reproduction... GCs are under the control of this axis (Figure 17). Under the control of the

nervous system and circulating hormones, hypothalamus secretes the corticotropin release

-54 -



hormone (CRH). CRH acts on the pituitary gland to induce the secretion of the Adreno Cortico
Trophic Hormone (ACTH) into the bloodstream. ACTH binds to cells within the adrenal cortex
to induce secretion of diverse hormones and especially GCs. GCs are synthetized from the
cholesterol molecule in a specific area of the adrenal gland cortex called zona fasciculata. The
natural GCs observed in Human is cortisol or hydro-cortisone (corticosterone in the mouse).
Investigations on GCs started in the 30’s by Philip Hanch, Edward Kendall and Tadeus
Reichstein, who showed the large potential of these molecules as anti-inflammatory drugs and
received the Nobel prize for their work in 1950. From that point, GC therapies spread all

around the world and are still used today to counter inflammation.
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Figure 17. The Hypothalamic-Pituitary-Adrenal axis
Glucocorticoids are synthetized by the adrenal gland under the control of the Hypothalamus
and the Pituitary gland (adapted from Spadaro et al., 2017).

IV.2.2 The GC Receptor
GCs act on target cells through the Glucocorticoid Receptor (GR). The human GR,
cloned in 1985, was found to be a member of the nuclear receptor superfamily (Hollenberg et

al., 1985). The gene encoding GR is located on the locus 5g31.3 in the human genome and
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comprises 9 exons. GR expression gives rise to the expression of 2 isoforms: GRa. (777 amino
acids) and GRP (742 amino acids). The 2 isoforms are similar between amino acid 1 and amino
acid 727 (Hollenberg et al., 1985). GRa is the active isoform that directly binds GCs and that
regulates target gene expression. GRB isoform acts as a dominant negative regulator of the a
isoform (Leung et al., 1997; Caratti et al., 2015). The 3D structure of GR shows several
domains: the N-terminal domain, the DNA Binding Domain (DBD), the Hinge, the Ligand
Binding Domain (LBD) and the C-terminal domain (Figure 18A) (Kumar and Thompson, 1999;
McMaster and Ray, 2008; Nicolaides et al., 2010, Baschant et al., 2011). GR regulates gene
expression by 2 main mechanisms (Figure 18B, 18C):

- Transactivation: after GC binding in the cytoplasm, GR homodimerizes, translocates to the
nucleus and directly binds specific palindromic regions on DNA called Glucocorticoid Response
Elements (GRE). GRE are present in the promoter of target genes (such as gilz and dusp1) and
binding of GR dimer induces the transcription of these genes (positive GRE). Transactivation
can also be induced by a tethering mechanism. GR associates with other transcription factors
that positively drive gene expression. Transcription can also be induced by monomeric GR that
binds DNA to a half-site motif.

- Transrepression: transrepression is the mechanism that represses transcription of genes by
GR. It can be induced by several mechanisms. GR can directly act as a monomer in association
with other transcription factors such as NFkB (Ray and Prefontaine, 1994) or AP-1 (Miner and
Yamamoto, 1992) to repress gene expression by a tethering mechanism. GR monomer
sequestrates transcription factors to prevent their binding to promoters and so to prevent
transcription. Moreover, GR dimer can directly bind GRE to repress gene expression (negative
GRE).

Thus, GR is a transcription factor that regulates gene expression through several pathways
(reviewed in Scheschowitsch et al., 2017; Xavier et al., 2016; Caratti et al., 2015; McMaster
and Ray, 2008) and in a tissue dependent manner (Whirledge and DeFranco, 2018). Non-
genomic effects of GCs have been described in several tissues and that were very recently

reviewed in (Panettieri et al., 2019).
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Figure 18. The glucocorticoid receptor (GR)

(A) The gene encoded the GR comprises 9 exons. The structure of the GR protein is divided in
several domains: N-terminal domain, the DNA Binding Domain (DBD), the Hinge, the Ligand
Binding Domain (LBD) and the C-terminal domain (McMaster and Ray, 2008). (B) After binding
with Glucocorticoid (GC), GR translocate to the nucleus to induce (transactivation) or repress
(transrepression) gene expression by several mechanisms: as a monomer (a) or as a dimer (b)
(Baschant et al., 2012). (C) GR monomer bound to GC is able to bind other pro-inflammatory
transcription factors to inhibit their activity (left). GR dimer can bind Negative Glucocorticoid
Response Element (NGRE) in association with corepressors (e.g. NCOR1/2) (middle) or GRE (in
association with cofactors) to induce gene expression (right) (Baschant et al., 2012). TF:
transcription factor; GBS: glucocorticoid receptor binding site.
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IV.2.3. Side effects

During the 60’s, studies showed that GC exposure induces side effects. In 1970, David
and colleagues reviewed 20 years of GC utilization (David et al., 1970). They discussed side
effects that were observed in almost all tissues of the body. In 1970, it was already known that
long exposure to GCs was responsible for several metabolic disturbances such as diabetes (due
to increased gluconeogenesis, decreased insulin sensitivity and decreased glucose
consumption), skin thinning, muscle atrophy and bone mass reduction (both due to induction
of catabolism and/or reduction of anabolism). Moreover, free fatty acids are increased in the
bloodstream and abnormal lipid deposition are observed (well-known in Cushing’s syndrome),
mainly localized in the face, trunk and neck. Although literature concerning GC side effects is
very abundant, the molecular mechanisms involved in their regulation are not completely
elucidated.

Because GR monomer can be associated with the pro-inflammatory molecule NFkB to
downregulate the expression of pro-inflammatory cytokines, anti-inflammatory effects of GCs
were historically associated with the monomer form of GR and the adverse effects were
assigned to the GR dimer. However, thanks to the use of a model in which GR dimerization is
impaired (GRY™), several laboratories showed that GR dimerization is also required for the
anti-inflammatory properties of GCs in several contexts, such as rheumatoid arthritis
(Baschant et al., 2011), septic shock (Kleiman et al., 2012) or inflammatory bowel disease
(Ballegeer et al., 2018). Therefore, both anti-inflammatory and side effects of GCs may be
driven by the two GR isoforms depending on the cell type, the tissue and the pathology

considered.

IV.2.4. GC resistance

Beside side effects, another problem which could be encountered when treating
patients with GC is GC resistance. GC resistance is characterized by a loss of efficiency of GC
therapies. As mentioned above, two main isoforms of GR exist, GRa. and GR. GRa is known
to be the functional isoform of GR with transcriptional activity. GRB isoform is reported to be
associated with GC resistance. Indeed, GR[3 can bind to GRa. into the nucleus to modulate GRa
transcriptional activity, as a negative dominant (Caratti et al., 2015; Lewis-Tuffin and

Cidlowski, 2006; Leung et al., 1997). Moreover, it was reported that cytokines such as TNFa,
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or IFNy can affect GC responsiveness by modulating the expression of GR isoform in smooth
muscle cells (Tliba et al., 2005). Other cytokines such as IL-17 or IL-23 can also modulate GRj3
expression and GC sensitivity (Vazquez-Tello et al., 2012). However, the exact mechanism of

GC resistance is not completely understood.

IV.3. Glucocorticoids, macrophages and tissue repair

First investigations on the action of GCs on macrophages during tissue repair started a
few decades ago. One of the side-effects of GCs is loss of bone mass (osteopenia). Bone
resorption is more efficient when macrophages are in direct contact with the bone.
Macrophages treated with cortisol are more adherent to bone, which enhances the bone
resorption process (Bar-Shavit et al., 1984) and release more calcium useable for bone
resorption (Teitelbaum et al., 1981). More recently, a mouse model based on the cre/lox
system was designed to specifically deplete GR in the myeloid lineage where the cre
recombinase gene is located at the Lysozyme M locus. Thus, LysM<¢;GR"f mice show GR
deletion in macrophages and neutrophils. In a mouse model of contact hypersensitivity, anti-
inflammatory effects of GCs are shown to be operated through GR in macrophages and involve
the repression of the cytokines IL1-B, MCP1, MIP2 and IP10. In addition, GRY™ mice are not
sensitive to GCs, indicating that GR dimerization is required in this context (Tuckermann et al.,
2007). In a model of myocardial infarction, LysM¢;GR™"f mice dye earlier after infarction than
non-depleted animals, probably due to the persistence of Ly6CP° macrophages into the
infarcted area that leads to a deregulation of the resolution of inflammation and a defect in
wound healing. Consequences are alteration of angiogenesis, abnormal production of TGF,
decreased production of IL-1a and finally deregulation of myofibroblast differentiation leading
to scar formation (Galuppo et al., 2017). Moreover, in a mouse model of inflammatory bowel
disease, macrophages from LysM¢;GR"f animals show a defect in the acquisition of anti-
inflammatory status. After 10 days, IL-13 and IL-6 expression is not repressed and expression
of anti-inflammatory genes (CD163, CD206 and IL-10) is not induced, triggering a defect in
tissue repair (Meers et al., 2018). On the contrary, no effect of the GC beclomethasone is
observed in the migratory capacity of macrophages towards the wounding area in an
amputation model in zebrafish (Chatzopoulou et al., 2016). Thus, in most tissue injuries, GC-
GR axis appears to be a central pathway in macrophages to regulate the resolution of

inflammation and to proceed to tissue repair after injury.
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IV.4. GCs and macrophages — cellular aspects

IV.4.1. GCs regulate survival, migration and proliferation of macrophages

Maintenance of living immune cells in appropriate number is essential to modulate the
inflammatory response, where GCs appear to play several roles. GCs exert anti-apoptotic
effects on macrophages: macrophages treated with dexamethasone are more resistant to
lipopolysaccharide (LPS)-induced apoptosis (Luedke and Cerami, 1990). Similar results were
obtained with other apoptotic stimuli (staurosporine, actinomycinD or cyclohexine) where GC
effects are mediated through ERK1/2 phosphorylation in an adenosine receptor A3-
dependent-manner (Barczyk et al., 2010; Ehrchen et al., 2007). Moreover, macrophages
treated with dexamethasone are smaller with less cytoplasmic extensions (Norton et Munck,
1980), that could be related to altered migratory capacity. The capacity of macrophages to
move towards the injured area also shapes the inflammatory response. Macrophages treated
with hydrocortisone (cortisol) show a decreased capacity to migrate in vitro (Balow and
Rosenthal, 1973; Prokic and Vilic, 1983). In vivo, a similar effect was observed in a model of
lung injury induced by bleomycin. GCs inhibited macrophage infiltration in the lung (Khalil et
al., 1993). GCs also decrease proliferation of macrophages in vitro (Miller et Melnykovych,
1982; Shezen et al., 1985), adding another anti-inflammatory property. Thus, GCs decrease
motility and proliferation of macrophages and promote their survival in order to switch off
inflammation and to sustain late phase of healing. In the following decades, studies have

focused on the understanding of the molecular aspects of GC signaling pathways.

IV.4.2. GCs and phagocytosis

During inflammation, damaged tissue produces cell debris and release cytoplasmic
proteins in the environment due to cell lysis. Before tissue repair can start, debris must be
clean up. Cleansing is mainly operated by macrophages through phagocytosis. Since
phagocytosis is a major function of macrophages and is an essential trigger of their
inflammatory switch (see above), the action of anti-inflammatory treatments on this process
is of importance. GCs were detected very early to have an impact on phagocytic activity of
macrophages (Spain et al., 1950). Later on, studies showed in in vitro models using a variety

of particles (zymosan, heat-kill yeast, apoptotic neutrophils, latex beads, bacteria) that
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dexamethasone induces the phagocytic activity of monocytes/macrophages (Lombardi et al.,
1978; Shezen et al., 1985; Liu et al., 1999; van der Goes et al., 2000; Giles et al., 2001; Heasman
et al., 2003; Heasman et al., 2004; Gratchev et al., 2005; Ehrchen et al., 2007; Michlewska et
al., 2009). Some of these studies have also shown, using a GR antagonist (RU486), that GC-
induced phagocytosis is GR dependent (Liu et al., 1999; van der Goes et al., 2000). The
increased macrophage phagocytic activity by dexamethasone is annexin 1-FRP1 dependent.
Annexin 1 is a member of annexin protein superfamily. They are proteins which bind acidic
phospholipids in presence of Ca?* (Gerke and al., 2005) and annexin Al is described to be pro-
resolving molecules during inflammation (Perretti and D’Acquisto, 2009). Indeed, when FRP
(annexin receptor) is antagonized by the Bocl compound or in annexin 1-null macrophages,
dexamethasone loses its effect on phagocytosis (Maderna et al., 2005).

On closer examination of the phagocytic process, it was shown that dexamethasone
induces the up-regulation of several membrane receptors such as the scavenger receptor
CD163, required to detect and bind haptoglobin, a product from hemoglobin degradation,
(Schaer et al., 2002; Giles et al.,, 2001; Heasman et al., 2004; Gratchev et al., 2005). The
mannose receptor CD206, required for the detection of specific oligosaccharides on the
bacterial wall, is also upregulated in macrophages treated by GCs (Shepherd et al., 1985).
Moreover, dexamethasone induces the upregulation of the membrane receptor Mer tyrosine
kinase (MerTK) (Zahuczky et al., 2011), in a C/EBP} dependent-manner (Garabuczi et al.,
2015). When mertk is silenced, dexamethasone-induced phagocytosis is reduced (Zahuczky et
al., 2011). MerTK belongs to the Tyro3, Axl, Mer (TAM) family of tyrosine kinase receptor. It
binds to phosphatidyl serine exposed on the surface of apoptotic cells (Zahuczky et al., 2011;
Garabuczi et al., 2015; Roszer, 2017). MerTK is also responsible for the phagocytosis of protein
S-opsonized apoptotic neutrophils by dexamethasone-treated macrophages (McColl et al.,
2009). Finally, dexamethasone induces the C/EBPB-dependent expression of the nuclear
receptors (liver X receptor [LXR], retinoid X receptor a. [RXRa] and peroxisome proliferator-
activated receptor 6 [PPARS]), which are required for prolonged phagocytosis of macrophages
(Garabuczi et al., 2015). Thus, GCs act on several steps of phagocytosis and their effects on

this process are regulated by various signaling pathways.
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IV.5. GCs and gene expression in macrophages — molecular aspects

IV.5.1. Anti-inflammatory effects on macrophages

Although the first effects of GCs on macrophages were reported in 1950, the literature
about their specific effects on this cell type is not abundant. In 1950, Dougherty and colleagues
showed in a model of local inflammation in mice that cortisone treatment induces a reduction
of macrophage number in the inflamed area (Dougherty and Schneebeli, 1950). In another
model of skin inflammation induced by injection of turpentine, Spain and colleagues showed
that cortisone inhibits the formation of granulation in the inflamed area (granulations
corresponding to macrophages according to the authors) and a decrease of carbon particle
phagocytosis when administrated early during the inflammatory response (Spain et al., 1950).
However, the experiments done by Gell and Hinde on intraperitoneal macrophages exposed
to bacteria showed that cortisone does not alter either the number of macrophages or their
phagocytic capacity (Gell and Hinde, 1953). In another aspect, it is well-known that
macrophages exert their various functions by secretion of factors. Because of their high
versatility, they may secrete pro-inflammatory, anti-inflammatory or other factors necessary
at each step of the inflammatory response. For instance, dexamethasone induces in
macrophages a decrease of the secretion of the pro-inflammatory cytokines TNFo. (Luedke
and Cerami, 1990; Franchimont et al., 1999), IL-1, IL-6 that are induced by IFNy exposure
(Heasman et al.,, 2004; Khalil et al., 1993). Accordingly, monocytes treated with
dexamethasone express high level of the anti-inflammatory markers CD206 (Shepherd et al.,
1985), CD163 (Schaer et al., 2002; Giles et al., 2001; Heasman et al., 2004; Gratchev et al.,
2005; Ehrchen et al., 2007; Van de Garde et al., 2014) and other markers such as CD16, CD169,
CXCR4 or IL-10 (Franco et al., 2019; Heideveld et al., 2018; Ehrchen et al., 2007). GC anti-
inflammatory effects are partly mediated by Mitogen-activated protein kinase phosphatase-1
(MKP-1) in macrophages, such as the inhibition of IL-6 expression (Pemmari et al., 2018). GCs
may act on either GR monomer or GR dimer functions, depending on the gene considered. For
example, in dermatitis, GR dimerization is required to shut down the expression of the pro-
inflammatory cytokines IL-13 or MCP-1 whereas TNFa downregulation induced by GCs does
not require GR dimerization (Tuckermann et al., 2007). Another mechanism could be also

involved in gene regulation by GCs in macrophages. Indeed, GCs modulate chromatin
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compaction where GR binds to DNA, allowing chromatin reorganization for transcription of
the target genes, although chromatin decompaction is observed even if no increase of
transcriptional activity was observed (Jubb et al., 2017). Furthermore, macrophages exposed
to GC secrete molecules having direct functions on the extracellular matrix and participate to
matrix remodeling during the inflammatory response. The production of elastase, collagenase
and plasminogen activator (which secretion is elevated in pro-inflammatory macrophages and
which are required to degrade extracellular matrix) is reduced in macrophages treated with
dexamethasone (Werb, 1978a; Werb et al., 1978b). On the contrary, macrophages exhibiting
an alternatively activated status (i.e., IL-4 driven) secrete more fibronectin when treated with

dexamethasone (Gratchev et al., 2001; Armbrust et al., 2004; Gratchev et al., 2005).

IV.5.2. The GC effector Gilz in macrophages

GC-mediated anti-inflammatory effects are known to be partly mediated through the
regulation of the expression of specific proteins that in turn modulate the activity or
expression of pro- or anti-inflammatory effectors. A very well-studied protein is the
Glucocorticoid-Induced Leucin Zipper (Gilz). Originally found expressed in lymphoid tissues
(thymocyte, spleen, lymph nodes) treated by dexamethasone (D’Adamio et al., 1997), Gilz is
a major regulator of GC effects in a variety of cells. Gilz was also found to be expressed by
macrophages in liver and lung treated by dexamethasone. In the THP-1 macrophage cell line,
dexamethasone induces the expression of Gilz only after 30 min of treatment. Gilz binds p65
on NFkB to shut down its activity. Gilz also inhibits the expression of the Toll like receptor 2
(TLR2), which is used for the recognition of bacterial components (Berrebi et al., 2003).
Furthermore, GC-induced Gilz expression is annexin Al-dependent. In annexin Al KO
macrophages, dexamethasone-induced Gilz expression is reduced, preventing the
downregulation of the pro-inflammatory cytokines IL-1, IL-6, and TNFa (Yang et al., 2009;
Hoppstddter and Kiemer, 2015). This regulation is not dependent of the annexin receptor FRP
(Yang et al., 2009), thus, the exact mechanism by which annexin regulates gilz expression

remains to be elucidated.

IV.5.3. New high throughput analyses
Recent technological advances allow the analysis of the modulation of gene expression

in macrophages by GCs/GR. First experiments were CHIP-seq analyses. It was shown that
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depending on the activation state of macrophages, GCs do not regulate the same set of genes.
Indeed, more than 10,000 genomic GR binding sites are induced by dexamethasone in resting
macrophages with more than 5,400 known GR target genes. In LPS-stimulated macrophages,
dexamethasone induces more than 13,000 binding sites with more than 6,400 GR target genes
(Uhlenhaut et al., 2013). Furthermore, GCs do not regulate similar set of genes in macrophages
activated with LPS or IFNy indicating that GC target genes are related to the inflammatory
stimulus (Van de Garde et al., 2014). To go further, GR was shown to bind DNA with less
efficiency without LPS stimulation indicating that pro-inflammatory stimulation potentializes
GC effects (Oh et al., 2017). LPS stimulation induces NFkB signaling, which is inhibited by GCs
whether given before or after LPS stimulation (Oh et al., 2017). These results confirm other
studies showing that the regulation of genes by GCs is cell type- and context-dependent.
Indeed, 9 primary human cell types (B cells, CD4+ T cells, monocytes, neutrophils, endothelial
cells, osteoblasts, myoblasts, fibroblasts and preadipocytes) were shown to have a specific
response to GCs. Genes with same baseline of expression are differentially regulated by GCs
(Franco et al., 2019). Moreover, other studies showed that GR regulates gene expression in
combination with several other partners. Transcriptomic and CHIP-seq approaches identified
an increase of the expression of the KLF transcription factors (which are known to inhibit
NFkB) in LPS-stimulated macrophages treated with dexamethasone (Chinenov et al., 2014).
Other genes encoding for transcription factors such as ATF3, EGR1, CEBP8 or IRF are also up
regulated by dexamethasone in macrophages (Chinenov et al., 2014). Interestingly, some
promoters present a PPARy binding site near the GR binding site, indicating that these 2
transcription factors could be associated to regulate the expression of a set of genes (Chinenov
et al., 2014). Another genome wide analysis in macrophages showed the role of the factor
NFEL (negative elongation factor) in GR-mediated decreased expression of pro-inflammatory
factors such as NFkB (Sacta et al., 2018). Furthermore, another GR partner, the Glutamate
receptor-interacting protein (GRIP) 1 (a protein that mediates trafficking of proteins and
membrane organizations of proteins), is required for the acquisition of the anti-inflammatory
phenotype of macrophages (Coppo et al., 2016). GRIP1 and GR colocalize at the promoter of
FKBP5, PER1, DUSP1, KLF9 genes. GRIP1 can be phosphorylated by Cyclin-Dependent Kinase 9
(CDK9) in a GR dependent-manner. Phosphorylated GRIP1, in association with GR, binds GRE
to induce expression of the above anti-inflammatory genes. On the contrary, phosphorylated

GRIP1 is never observed in co-repressing sites such as of /L1a or IL1b sites, indicating that
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phosphorylated GRIP1 only acts on positive transcription of anti-inflammatory genes (Rollins
et al., 2017). The authors suggested that the phosphorylated state of GRIP1 could modulate
GR transcriptional activity (Rollins et al., 2017). As GC-GR signaling in macrophages is more
and more investigated, studies reveal a high degree of complexity, mainly due to the
involvement of different coregulators according to the context and inflammatory status of
macrophages. Moreover, even inducing an anti-inflammatory phenotype in both species, GCs
modulate the expression of a different set of genes in mouse and human (Jubb et al., 2016),

adding another level of complexity.

CONCLUSION

GCs induce numerous processes in macrophages that lead to the acquisition of the
anti-inflammatory status. GCs regulate the secretion of a plethora of molecules by
macrophages such as cytokines and enzymes. GCs enhance macrophage phagocytosis by
regulating the expression of genes involved in the recognition of molecules harbored by cells
or bacteria that have to be eliminated. GCs act in association with several partners including
other transcription factors (C/EBPJ3, PPARs, NFkB) or proteins that modulate its activity
(GRIP1). Finally, GCs regulate the expression of a huge number of genes that are essential to
relay their anti-inflammatory properties such as gilz and annexin al. Because GCs differently
regulate the expression of thousands of genes according to the context of inflammation,
further investigations are necessary to decipher, for each situation, how GCs operate to

regulate gene expression in macrophages, and therefore their functions.
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V. AMP-activated protein kinase

[11.1. Structure and functions

Originally, it was suggested in 1973 by 2 groups that a sensitive-enzyme to the ATP
level could regulate the activity of the rat liver Acetyl-CoA Carboxylase (ACC) (Carlson and Kim,
1973) and the 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase (Beg et al., 1973) by
phosphorylation. But, the evidence of the existence of AMP-activated protein kinase (AMPK)
was done in 1986 by Hardie and colleagues. They showed in vitro that a protein with a kinase
activity regulates ACC after stimulation with Ca?*(Hardie et al., 1986). In the same time, it was
also shown that the same kinase regulates HMG-CoA reductase activity (Carling et al., 1987).
Finally, it was assumed that AMPK is an important metabolic regulator of the cell metabolism
(Hardie et al., 1986).

AMPK is the main metabolic sensor of the cell (Hardie, 2008). This protein is very
conserved between species as it is also present in yeast (Townley and Shapiro, 2007). AMPK
is composed of 3 subunits: the catalytic a-subunit, the scaffolding B-subunit and the regulatory
y-subunit (Figure 19). These subunits present several isoforms al, a2, B1, B2, y1, y2 and y3,
each encoded by a different gene (Figure 19). The various combinations of these isoforms
enable the formation of 12 heterotrimers (Mounier et al., 2015). AMPK is mainly activated by
phosphorylation at the Threonine (Thr) 172 residue present in the a subunit. The B subunit
can be glycosylated at several sites and binding to carbohydrates inhibits AMPK activity
(McBride et al., 2009). AMPK is sensitive to the energy status of the cell and especially to the
rate of AMP in the cytoplasm, which can bind directly to the y subunit. The AMPK subunit
composition is different between cell types and confers various levels of sensitivity to AMP.
The y subunits have different sensitivity to AMP, y2 is higher sensitive to AMP than y1, which
is higher sensitive than y3 (Cheung et al., 2000). Combined effects of phosphorylation and
allosteric regulation by y-subunit bound to AMP is responsible of a change of AMPK activity
by 1000-fold (Suter et al., 2006). Thus, the presence of several combinations of AMPK allows
the detection of small energy changes in the cell.

AMPK is activated by high AMP/ATP ratio when ATP store decreases due to high
consumption. AMP induces conformational changes when it binds to y-subunit, uncovering

Thr172 for phosphorylation by upstream kinases (Cheung et al., 2000) and protecting it from
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dephosphorylation (Davies et al., 1995). Some kinases are known to phosphorylate AMPK such
as Liver Kinase B1 (LKB1) (Hong et al., 2003; Hawley et al., 2003; Woods et al., 2003; Shaw et
al., 2004) and the Ca?*/Calmodulin-dependent protein kinase kinase (CaMKK) B (Hawley et al.,
2005; Woods et al., 2005). Other kinases such as Transforming growth factor-B-activated
kinase 1 (TAK1) may activate AMPK (Neumann, 2018). When activated, AMPK phosphorylates
target proteins to induce energy production (i.e., catabolic pathways) and to inhibit anabolic

pathways in order to maintain stable the energy status.
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Figure 19. AMPK
(A) AMP activated protein kinase is composed of 3 subunits. AMPK is activated by
phosphorylation and low energy ratio (binding of AMP). AMPK is activated by upstream
kinases, such as CaMKK B and LKB1. (B) Each subunit is encoded by separate genes (Mounier
et al., 2015).

111.2. AMPK and cellular metabolism

Metabolism can be defined as the entire biochemical modifications suffered by the
components of an organism/organ/cell in order to maintain homeostasis by degradation
(catabolism) and biosynthesis (anabolism) mechanism. The key cellular functions of

metabolism are energy production, macromolecule synthesis such as lipids, elimination of
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degraded macromolecules/organelles, substrate production and extraction, and renewal of
cell components. AMPK acts on several pathways to modulate macromolecule synthesis. The
first identified targets of AMPK are part of the lipid metabolism: ACC and HMG-CoA reductase
(Carlson and Kim, 1973; Beg et al., 1973). ACC acts in lipid biosynthesis pathway, whereas
HMG-CoA has a role in cholesterol biosynthesis. When ACC or HMG-CoA are phosphorylated
by AMPK, they become inactive, inhibiting the formation of lipids and cholesterol,
respectively, in order to spare energy (lipid synthesis or cholesterol synthesis are processes
requiring energy). Moreover, AMPK directly acts on substrate extraction. For example, AMPK
regulates glucose uptake. During skeletal muscle contraction, increase of glucose uptake
induced by exercise is associated to AMPK (Jensen and Richter, 2012). AMPK induces the
translocation of the glucose transporter GLUT-4 to the plasma membrane leading to an
increase of glucose uptake (Jensen et al., 2014). Furthermore, regarding energy production,
mitochondria play an important role, biogenesis and degradation of this organelle being well-
regulated. AMPK is crucial for the regulation of biogenesis/degradation of mitochondria. In
skeletal muscle, it was shown that AMPK can induce mitochondrial biogenesis through
activation of the peroxisome proliferator-activated receptor y coactivator 1 (PGC1) a (Iwabu
etal., 2010). On the other hand, AMPK can also regulate mitophagy. After endurance exercise,
oxidative stress induces mitochondria damages. Damaged mitochondria have to be eliminated
by the cell. For this purpose, AMPK regulates lysosome formation and fusion with
mitochondria through Ulk1 phosphorylation (Laker et al., 2017). Whether AMPK or Ulk1 are
absent, mitophagy does not occur properly (Laker et al., 2017). In a model of fasting, AMPK is
shown to regulate metabolism of hepatocytes (Ratman et al., 2016). When hepatocytes are
submitted to long-term fasting, phosphorylated AMPK is recruited on the promoter of genes
that are co-controlled by the glucocorticoid receptor and PPARa. These genes are implicated
in the regulation of lipid metabolism in response to fasting (Ratman et al., 2016). Thus, AMPK

is the main energy sensor of the cell that regulates metabolism and energy (Figure 20).

-68 -



Exercise

Fatty acid oxidation

-

Mitochondrial genes
o

Gene transcription L, Auphagv genes

TRENDS in Endocrindlogy & Meitabolism

Figure 20. AMPK regulates cellular metabolism
AMPK is the main energy sensor of the cell. Once activated, AMPK is able to regulate various
pathways. AMPK increases glucose uptake by increasing GLUT4 translocation. AMPK induces
mitochondria biogenesis. AMPK acts also on lipid metabolism by inhibiting lipid synthesis and
activation of fatty acid oxidation in order to produce more ATP and maintain cell homeostasis
(Mounier et al., 2015).

I11.3. AMPK, macrophages and skeletal muscle

During skeletal muscle regeneration, several cell types are involved such as endothelial
cells, fibroblasts or immune cells. Among immune cells, macrophages were shown to have a
crucial role. Deletion of monocytes using the CD11b-DTR mouse impaired skeletal muscle
regeneration (Arnold et al., 2007). Furthermore, after an injury, monocyte-derived pro-
inflammatory macrophages phagocyte cell debris and induce myoblast proliferation and
fibroblast apoptosis. Then, they switch their phenotype toward an anti-inflammatory

phenotype to induce differentiation and fusion of myoblasts, ECM remodeling and
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angiogenesis (Juban et al., 2018; Latroche et al., 2017; Mounier et al., 2013, Arnold et al.,
2007). Because each macrophage inflammatory status is associated with specific functions, it
appears that the phenotype switch of macrophages is an essential event during regeneration.
Some pathways were shown to regulate the phenotype switch such as C/EBPB (Ruffell et al.,
2009) and p38/MKP1 (Perdiguero et al., 2011). Moreover, AMPK is shown to regulate
macrophage function. AMPK activation by berberine (an antibacterial compound also used to
treat metabolic disorders) downregulates the expression of pro-inflammatory cytokines in
macrophages exposed to LPS (Jeong et al., 2009). Activation of AMPK by several compounds
(AICAR and metformin) also increases the phagocytic activity of macrophages (Bae et al.,
2011). On the other hand, when AMPK phosphorylation is prevented by deletion of the B1
subunit in bone marrow, macrophages keep their pro-inflammatory profile in high fat diet
mouse model (Galic et al., 2011). Furthermore, the lab showed few years ago that AMPK is
required for the phenotype switch of macrophages after skeletal muscle injury (Mounier et
al., 2013). Macrophages express only the al isoform of AMPK (Mounier et al., 2013; Sag et al.,
2008). In AMPKa1”- global KO and in a tissue specific KO LysM*/<¢; AMPKa1%f mice (AMPKa1
is only deleted in myeloid lineage including macrophages), the phenotype switch from pro to
anti-inflammatory status does not occur properly during skeletal muscle regeneration
(Mounier et al., 2013). Moreover, AMPKa17-macrophages do not sustain myogenesis in vitro
(Mounier et al., 2013). This result is correlated by a delayed skeletal muscle regeneration
observed in vivo (Mounier et al., 2013). Similar results are obtained in a mouse model of
ischemia in which AMPK is demonstrated to drive polarization of macrophages toward an anti-
inflammatory phenotype (Vaibhav et al., 2018). All these results give evidence for the central
role of AMPKal in the functional acquisition of the anti-inflammatory profile of macrophages

(Figure 21).
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Figure 21. AMPK activation induces phenotype switch of macrophages
AMPK activation is required for phenotype switch of macrophages during skeletal muscle
regeneration. If AMPK is missing, macrophages do not acquire the anti-inflammatory status
and skeletal muscle regeneration is altered (Mounier et al., 2015).
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Macrophages are crucial for skeletal muscle regeneration. Depletion of monocytes at
the time of injury impairs regeneration and their depletion in the second phase of
regeneration alters muscle repair. During this process, macrophages sequentially present two
main phenotypes: a pro-inflammatory phenotype and then an anti-inflammatory phenotype.
These two status are associated with specific functions. Pro-inflammatory macrophages are
associated with myoblast proliferation whereas anti-inflammatory macrophages are
associated with myoblast differentiation and fusion, angiogenesis and ECM remodeling. Thus,
the phenotype switch of macrophage, that drives the resolution of inflammation, is crucial for
skeletal muscle regeneration.

On one hand, the lab showed that AMPK activation (by AICAR compound) induced the
anti-inflammatory status of macrophages, since AICAR-treated macrophages stimulated the
fusion of myoblasts (Figure 22A). On the other hand, the lab showed that the GC
dexamethasone (DEX) treatment induced the anti-inflammatory status of macrophages as the
fusion of myoblasts was stimulated when cultured in conditioned medium from DEX-treated

macrophages (Figure 22B).
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Figure 22. AMPK activation and Glucocorticoids induce same anti-inflammatory effects on
macrophages. (A) Macrophages treated with AMPK activator induce the fusion of myoblasts
(Mounier et al., 2013). (B) Macrophages treated with the glucocorticoid DEX induce the fusion
of myoblasts (Arnold et al.,, 2007). None: control medium without macrophages. NT:
conditioned medium from untreated macrophages. AICAR/DEX: conditioned medium from
macrophages treated by AICAR/DEX.
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Given that AMPK activation and GCs induce both the switch of macrophages toward
an anti-inflammatory profile, we investigated the question whether these 2 pathways could
be interconnected in macrophages to resolve inflammation. More specifically, we asked
whether AMPK is required for driving the anti-inflammatory signaling pathways of GCs in
macrophages. This question was addressed in the context of sterile inflammation provided by
post-injury skeletal muscle regeneration. This work constitutes the first and main study of my

thesis.

Meanwhile, we investigated the role of another factor, annexin A1, in the resolution
of inflammation and especially its role in macrophage polarization during skeletal muscle
regeneration. As annexin A1 and AMPK activation both induce the anti-inflammatory profile
of macrophages, the purpose of this second study was to decipher whether annexin Al and
AMPK are linked to induce macrophage phenotype switch during skeletal muscle

regeneration.

In both studies #1 and #2, measurement of the myofiber size was performed to
evaluate the efficiency of skeletal muscle regeneration. However, myofiber size measurement
is currently performed manually and it is time-consuming. In a third study, we developed and
validated an Imagel macro to semi-automatically measure myofiber size. This new tool was

used for both studies #1 and #2.
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Crosstalk of Glucocorticoid Receptor and AMP-activated protein kinase in

macrophages during tissue repair

Thibaut Desgeorges*, Giorgio Caratti*, Bénédicte Chazaud, Jan Tuckermann and Rémi

Mounier

We hypothesized that AMPKal and GR pathways are connected in macrophages to promote
the shift from pro- to anti-inflammatory status. This work is done in collaboration with the
group of Jan Tuckermann in Ulm, Germany. This project was co-funded by the French agency
“Agence Nationale de la Recherche” (ANR, projets de recherche collaborative — International,
PRCI) and German agency Deutsche ForschungsGemeinschaft (DFG).

To decipher whether these 2 molecular pathways are interconnected, we used 2 models of
inflammation provided by each lab. We first deciphered AMPK-GR crosstalk in a model of
sterile inflammation which is post-injury skeletal muscle regeneration. This part was
developed by our team and constituted my main PhD project. The second model of
inflammation is an acute lung inflammation induced by bacterial infection monitored by the
German team. This will not be described here.

This work is still ongoing (see Perspectives section). We expect to submit the study, including
both models, for publication during the next fall in a high rank journal since this work could

be of interest to improve glucocorticoid therapy.
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MATERIAL AND METHODS

Animal models

Experiments were performed on AMPKal”" (Mounier et al.,2009), AMPKa1™"f (Miller et al.,
2011) and LysM<¢*;:AMPKal1"/f adult male mice (8 to 14-week-old), according to French
legislation. For injury experiments, mice were anesthetized with isoflurane and Tibialis
Anterior (TA) muscle was injected with cardiotoxin (Latoxan) at 12 uM (50 pl per muscle) as
previously described (Mounier et al., 2013). Muscles were harvested at different time points
after injury (8, 14 and 28 days post-injury).

Mouse treatment: mice were treated by intraperitoneal injection of either dexamethasone

(0.05 or 0.1 mg/kg/day, D2915, Sigma-Aldrich) or vehicle at various time points after injury.

Histological analysis and in vivo immunostaining

Once harvested, TA muscles were mounted on piece of cork and fixed with tragacanth gum
before being frozen in isopentane cooled by liquid nitrogen. Muscles were stored at -80°C. TA
muscles were sectioned with cryomicrotome (NX50, Microme) in 10 um thick sections and
slides were kept at -80°C. Slides were first stain with Hematoxilin and Eosin to check
cardiotoxin injection and immunofluorescence was performed only on muscles that showed
at least 85% of their area with regenerating myofibers (i.e., with central nuclei). For
immunofluorescence experiments, slides were dried for 10 min at room temperature before
encircling sections with a hydrophobic pen (Dako). They were incubated with Triton x100 0.5%
for 10 min and then washed 3 times with PBS. They were incubated with bovine serum
albumin (BSA) 2% for 1 h at room temperature and were incubated overnight with a rabbit
anti-laminin antibody (1:200, L9393, Sigma-Aldrich), a mouse anti-embryonic myosin (1:100,
sc-53091, Santa Cruz), a mouse anti-myosin | (1:100, BA-D5, DHSB), a mouse anti-myosin IIA
(1:200, sc-71, DHSB) or a mouse anti-myosin IIB (1:100, BF-F3, DHSB). Slides were washed 3
times with PBS and incubated with secondary antibodies (see Tablel). Sections were soaked
for 10 s in Hoechst solution H 33342 (1:1000, B2261, Sigma-Aldrich) and washed once with
PBS before mounting with antifading Fluoromount G medium (FP-483331, Interchim). Slides
were stored at 4°C protected from light until picture acquisition. For adult myosin

immunostaining, triton was not used and slides were blocked with Mouse on Mouse
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(M.0.M™) Blocking Reagent (MKB-2213, Vector Laboratories). All samples of the same
experiment were recorded in similar conditions (microscope, magnification, exposure time
and binning). For whole section analysis, slides were automatically scanned at x10 or x20 of
magnification using an Axio Observer.Z1 (Zeiss) connected to a CoolSNAP HQ2 CCD Camera
(Photometrics) using Metavue software. The whole muscle section was automatically
reconstituted by Metavue software. Cross sectional analysis was performed using Open-CSAM

Imagel) macro (Desgeorges et al., 2019).

Primary Secondary antibody (Jackson Immuno
Myosin antibody reseach)
I BA-D5 Alexa Fluor 405 anti-lgG2b 115-475-07
1A SC-71 Alexa Fluor 488 anti-lgG1 115-545-205
1B BF-F3 Rhodamine anti-IgM 115-295-020
embryonic Sc-53091 Alexa Fluor 488 anti-lIgG1 115-545-205

Table 1. Antibodies used for immunostaining of myosins.

Bone marrow-derived macrophage culture

Macrophages were obtained from bone marrow precursors as previously described (Mounier
et al. 2013). Total bone marrow was isolated from mice by flushing the femur and tibiae bone
marrow with culture medium. Extracted bone marrow was cultured in DMEM high glucose
high pyruvate (11995065, Gibco) containing 20% of FBS, 1% of peni/streptomycin, 1% of
fungizone and 30% of L929 conditioned medium for 5 to 7 days. L929 secrete high levels of
Macrophage Colony-Stimulating Factor (MCSF) that triggers macrophage differentiation. L929
conditioned medium was obtained after 7 days of L929 cells culture with DMEM containing

10% FBS.

DAMPs — Damaged associated molecular patterns from muscle

DAMPs were obtained from injured muscles. Briefly, mice hindlimb underwent an ischemia
for 2 h. After 20 h of reperfusion, all the muscles of the hindlimb were harvested. 3 mice were
pooled for each substrate. Once harvested, muscles were digested with Mammalian cell lysis

buffer (MCL1, Sigma-Aldrich). 2 tungsten beads were added in samples to homogenize the
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muscle extract with a Tissue lyser. After centrifugation, samples were sonicated and

supernatant was recovered, pooled, and stored at -80°C.

Macrophage polarization

Macrophages were seeded at 54000 cells/cm? in DMEM containing 10% of FBS on glass
coverslips in 12-well plates. Cells were treated with 0.1 mM of AICAR (Tocris), 1x10% M of
dexamethasone (DEX) (D4902, Sigma-Aldrich) or 1 ug/ml of muscle DAMPs. Cells were treated
in DMEM 10 % FBS with muscle DAMPs for 24 h and then AICAR and/or DEX were directly
added in the well for 6 h. After treatment, cells were fixed with PFA 4% for 10 min and washed.
Then, they were permeabilized for 10 min with Triton x100 0.5% and washed. Cells were
incubated for 1 h with BSA 4% before staining for CCL3 (1:50, sc-1383, Santa Cruz), iNOS (1:50,
ab3523, Abcam), CD206 (1:50, sc-58987, Santa Cruz), CD163 (1:50, sc-33560, Santa Cruz),
TGFB1 (1:50, ab64715, Abcam). All samples of the same experiment were recorded in similar
conditions (microscope, magnification, exposure time and binning). At least 10 pictures per
condition were acquired at x20 magnification on an Axio Imager.Z1 microscope (Zeiss)
connected to a CoolSNAP MYO CCD camera (photometrics) using MetaMorph Software.
Quantification of macrophage markers was done by manual quantification on Imagel

software.

Muscle precursor cell (MPC) - macrophage coculture

Macrophages were seeded at 54000 cells/cm? in 12-well plates in DMEM 10% FBS (Gibco,
Thermofisher scientific). They were treated for 3 days with 1x107 or 1x10%® M of
dexamethasone (DEX) (Sigma-Aldrich). DMEM free serum was added for 24 h to obtain
conditioned medium. MPCs were obtained from TA muscles and were cultured in DMEM/F12
containing 20% FBS and 2% ultroserG (Pall Inc) as previously described (Mounier et al., 2013).
For proliferation studies, MPCs were seeded at 10000 cells/cm? on Matrigel (1:10) and
incubated for 1 day with macrophage-conditioned medium + 2.5% FBS. MPCs were then
washed, fixed and incubated with anti-Ki67 antibody (1:100, 15580, Abcam) visualized using
cy3-conjugated secondary antibody (Jackson Immunoresearch). For differentiation
experiments, MPCs were seeded at 30000 cells/cm? on Matrigel (1:10) for 3 days with

macrophage-conditioned medium containing 2% HS. Cells were washed, fixed and stained
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with anti-desmin antibody (1:200, 32362, Abcam) and visualized by cy3-conjugated secondary

antibody (Jackson immunoresearch)

Glucocorticoid receptor localization

Macrophages were seeded at 54000 cells/cm? in DMEM containing 10% of FBS on glass
coverslips in 12-well plates. Cells were treated with 0.1 mM of AICAR (Tocris) and/or 1x108 M
of dexamethasone (DEX) (Sigma-Aldrich). After treatment, cells were fixed with PFA 4% for 10
min and washed. Then, they were permeabilized for 10 min with Triton x100 0.5% and
washed. Cells were incubated for 1 h with BSA 4% before staining for the Glucocorticoid
Receptor (1:500, #3660, Cell Signaling) or Phalloidin-Atto 488 (49409, Signa-Aldrich). All
samples of the same experiment were recorded in similar conditions (microscope,
magnification, exposure time and binning). At least 10 pictures per condition were acquired
at x40 magnification on an Axio Imager.Z1 microscope (Zeiss) connected to a CoolSNAP MYO
CCD camera (photometrics) using MetaMorph Software. The quantification of GR localization
was done using a home-made Imagel) macro and based on the ratio of the mean fluorescent

intensity of the GR staining evaluated in the cytoplasm and in the nucleus.

Western blot

Macrophages were seeded at 208000 cells/cm? for western blot experiments. Cells were
treated with 0.1 mM of AICAR (Tocris), 1x107 or 1x10®% M of dexamethasone (DEX) (Sigma-
Aldrich), 1 mM of 991 (Spirochem). Cells were treated for 0.5 to 1 h in DMEM containing 10%
of charcoal stripped serum (Gibco, Thermofisher scientific). Total protein extract was obtained
in cell lysis buffer containing 50 mM Tris-HCL (pH 7.5), 1 mM EDTA, 1 mM EGTA, 0.27 M
sucrose, 1% triton, 20 mM glycerol-2-phosphate disodium, 50 mM NaF, 0.5 mM PMSF, 1 mM
benzamidine, 1 mM NazVOs and 1% cocktail phosphatase inhibitor 3 (Sigma, P0044). Twenty
micrograms of proteins were subjected to SDS-PAGE (100V) and transferred onto a
nitrocellulose membrane overnight at 4°C, 30V. Blots were probed with antibodies against p-
AMPKa (1:1000, Cell signaling, #2535), AMPKa (1:1000, Cell signaling, #2532), p-ACC (1:1000,
Cell signaling, #3661), ACC (1:1000, Cell signaling, #3662), p-Raptor (1:1000, Cell signaling,
#2283), Raptor (1:1000, Cell signaling, #2279) or B-actin for loading control (1:2000, Sigma-
Aldrich, A5316).
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Quantification of AMPK deletion

Quantification of AMPK deletion in macrophages was done by PCR analysis after isolation of
myeloid cells. Bone marrow was extracted from mice. After lysis of erythrocytes with ACK lysis
buffer (Lonza), cells were stained with FcyRII/Ill (Miltenyi Biotec), then with biotin coupled-
CD11b antibody. Cells were purified using anti-biotin magnetic beads (Miltenyi biotec).
Genomic DNA from CD11b+ cells was extracted using cell lysis buffer containing 100 mM Tris-
HCI (pH 8), 5 mM EDTA, 200 mM NaCl, 0.2% SDS and 0.1 mg/ml proteinase K (Roche) for 2 h
at 55°C. Extracted DNA was precipitated with isopropanol and glycogen. DNA was washed with
ethanol 70% and finally dried and solubilized in water. PCR was performed using Phire Hot
Start Il DNA Polymerase (Thermofisher Scientific) as previously described (Mounier et al.,

2013).

Statistical analysis

All experiments were performed at least with three independent primary cultures (except for
GR localization where two experiments were done). For in vivo experiments, at least 4 mice
were analyzed from three independent experiments for each group. Statistic tests were
performed with GraphPad Prism software. Normality was tested with Shapiro-Wilk test.
Depending on the experiment and the normality, parametric (Student t test or ANOVA) or
non-parametric (Mann-Whitney or Kruskal-Wallis) tests were used. P < 0.05 was considered

significant.
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RESULTS

GCs induce AMPK activation in resting macrophages

AMPK is a kinase that is activated when the a-subunit is phosphorylated on threonine (Thr)
172. Investigation of AMPK activation by GCs requires the analyze of the phosphorylation state
of the Thrl172 in al-subunit, which is the only AMPK isoform expressed in macrophages
(Mounier et al., 2013; Sag et al., 2008). First, resting WT macrophages were treated with AICAR
at 0.1 mM and/or DEX at 10 M or 107 M for 30 or 60 min and AMPK phosphorylation was
analyzed by western blot. At 30 min of treatment, no differences were observed on AMPK
phosphorylation upon AICAR or DEX treatment (Figures 1A, 1B). As expected, at 60 min of
treatment, AMPK phosphorylation was induced by AICAR (+111% as compared with untreated
condition at 60 min, p<0.05) (Figure 1B). DEX at 10% M tended to induce AMPK
phosphorylation (+45 %) whereas DEX at 10”7 M significantly increased AMPK phosphorylation
(+47 %, p<0.001). Combined 60 min-treatment of AICAR and DEX induced AMPK
phosphorylationin a higher rate than each compound did separately (+177 %, p<0.001) (Figure
1B). These data showed that GCs induced AMPK phosphorylation.

AICAR being an AMP mimetic, it is not a specific activator of AMPK. We then decided to use
the 991 compound, which is an allosteric activator of AMPK (Xiao et al.,, 2013). WT
macrophages were treated with 991 compound (1 uM) and/or DEX (10® M). As expected,
AMPK phosphorylation was increased by 36 % (p<0.05) in WT macrophages treated with 991
compound for 60 min (Figures 1C, 1D). As shown above, DEX induced a significant increase of
AMPK phosphorylation (+86 %, p<0.01). However, combined treatment of 991 and DEX did
not show a synergistic effect on AMPK phosphorylation as compared with each compound
used separately (+ 66 %, p<0.05) (Figures 1C, 1D).

Because AMPK can be phosphorylated and dephosphorylated quickly (in few minutes), we
checked if the increased phosphorylation observed upon DEX treatment also induced the
phosphorylation of 2 AMPK targets: Acetyl-CoA Carboxylase (ACC) and Raptor. After 60 min of
treatment, 991 induced ACC phosphorylation in macrophages (+123 %, p=0.079), as expected
(Figures 1C, 1D). Interestingly, DEX also increased ACC phosphorylation by 32 % (p<0.05)
(Figures 1C, 1D). Note that the second AMPK target, Raptor, was not responding to treatment,
keeping similar level of phosphorylation rate as in untreated condition, even upon 991

compound treatment, suggesting that Raptor is not an AMPK target in resting macrophages
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(Figures 1C, 1D). Altogether, these data showed that GCs induced AMPKal phosphorylation

and activation in macrophages.
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Figure 1. GCs induce phosphorylation of AMPKal in macrophages. (A) Western blot
experiments were performed on WT macrophages. Macrophages were treated with AICAR (a
non-specific AMPKal activator) and with the glucocorticoid (GC) dexamethasone (DEX) at 30
and 60 min. Phosphorylation of Thr172 of AMPKa was measured. (B) Quantification of
western blot shown in (A). (C) AMPKal phosphorylation in WT macrophages was measured
after 991 (an allosteric activator of AMPK) and DEX treatment for 30 and 60 min.
Phosphorylation of the AMPK target proteins Acetyl CoA Carboxylase (ACC) on Ser79 and
Raptor on Ser792 was analyzed after 991 and DEX at 30 and 60 min of treatment. (D)
Quantification of AMPKal phosphorylation, ACC phosphorylation and Raptor
phosphorylation. Quantification results show ratio between the phospho-protein on B-actin
and total-protein on B-actin. £ p<0.05, £££ p<0.001 versus the untreated condition of each
time of treatment.

AMPKal is required for the GC-induced acquisition of an anti-inflammatory profile by
resting macrophages

It was previously shown that AMPK activation in macrophages leads to the acquisition of the
anti-inflammatory status (Mounier et al., 2013). Because DEX induced AMPK phosphorylation
(Figure 1), we analyzed whether AMPK is required for the acquisition of the anti-inflammatory
status by macrophages upon DEX treatment. Bone marrow-derived macrophages isolated
from WT and AMPKal” mice were treated for 6 h with AICAR and/or DEX. The expression of
inflammatory markers was analyzed by immunolabelling as the lab showed few years ago that
immunolabelling gave more accurate results than RT-gPCR (e.g., the number of positive cells
for Transforming Growth Factor B (TGFB) immunolabelling was increased after anti-
inflammatory polarization whereas no effect was measured by RT-qPCR (Mounier et al., 2013).
Inducible Nitric Oxyde Synthase (iNOS) is a pro-inflammatory marker in macrophages. The
number of cells expressing iNOS was not different in the several conditions tested in both WT
and AMPKa1”-macrophages (Figure 2A). Then, cells expressing the anti-inflammatory markers
mannose receptor (CD206) and TGFB was quantified. As expected in WT macrophages, AICAR
and DEX treatment increased the number of cells expressing both CD206 and TGFB as
compared with untreated condition (Figure 2B). The number of CD206 positive cells in WT
macrophages treated by AICAR, DEX and AICAR+DEX increased by +26 % (p<0.01), +23 %
(p<0.05) and +25 % (p<0.01), respectively (Figure 2B). Similarly, the number of TGFB positive
cells was increased in WT macrophages upon AICAR, DEX and AICAR+DEX treatment by +12.5
% (p<0.01), +13.7 % (p<0.01) and +15.6 % (p<0.05), respectively, as compared with untreated

condition. No additional effect was measured in WT macrophages treated with both AICAR
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and DEX (Figure 2B). On the contrary, AMPKal”- macrophages treated with AICAR did not
show a higher number of cells positive for either CD206 or TGFB immunostaining. These
results were expected as AICAR acts mainly through AMPK activation. Interestingly, DEX did
not increase the number of positive cells for these 2 anti-inflammatory markers in AMPKal”-
macrophages (Figure 2B), suggesting that DEX treatment did not induce the expression of
these markers in AMPKal” macrophages. These results indicate that AMPKa1l was required
for the acquisition of the anti-inflammatory profile of macrophages induced by GCs.

In a first attempt to understand how AMPKal and GR could interact, we analyzed the
subcellular localization of GR in WT and AMPKal”" macrophages under AICAR and DEX
treatments. Indeed, GR is localized in the cytoplasm and translocates into the nucleus when
bound to GCs, to regulate gene expression. So, GR localization gives information about its
potential transcriptional activity. GR localization was quantified using a home-made Image)
macro that evaluated the mean fluorescence value of GR staining either in the cytoplasm or
in the nucleus of macrophages. Results showed that only DEX induced the translocation of GR
into the nucleus after 30 min (in a lesser extent) and after 60 or 180 min (in a larger extent),
in a similar way in both WT and AMPKa1”- macrophages (Figure 2C, N=2). This result shows

that GR translocation after GC binding was not dependent of AMPKal in macrophages.

Figure 2. GCs require AMPKal to induce anti-inflammatory profile of resting macrophages.
Immunofluorescence analysis of the expression of the pro-inflammatory marker iNOS (A) and
the anti-inflammatory markers CD206 and TGF( (B) after 6 h of treatment with AICAR [0.1
mM] and DEX [10® M]. Graphs show the number of positive cells. (C) The sub-cellular
localization of the GR was quantified after immunofluorescence experiment. Imagel macro
indicated the mean fluorescence intensity of GR staining either in cytoplasm or in nucleus of
each cell. Graph indicates the ratio between intensity of GR staining between cytoplasm and
nucleus after 30 min, 60 min or 180 min of treatment with AICAR and DEX. On the right,
representative immunofluorescent pictures of GR staining (red), actin network stained by
phalloidin (green) represents the cytoplasmic fraction of the cell and DAPI staining (blue)
shows nucleus. Blue bars represent WT macrophages whereas red bars represent AMPKa1”"
macrophages. £ p<0.05, ££ p<0.01 versus the untreated condition. # p<0.05, ## p<0.01 versus
AMPKa1” macrophages in each condition of treatment.
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AMPKal is required for the GC-induced acquisition of an anti-inflammatory profile by pro-
inflammatory macrophages

To better mimic sterile inflammation of skeletal muscle in vitro, a model was developed using
muscle Damaged Associated Molecular Patterns (DAMPs) to activate macrophages. Muscle-
DAMPs are protein lysate extracted from early ischemia/reperfusion injured muscle. We
validated this model by analyzing the number of macrophages expressing inflammatory
markers after muscle-DAMPs treatment of WT macrophages. As shown in Figure 3A,
macrophages expressing the pro-inflammatory marker iNOS were more numerus after

muscle-DAMPs treatment (+13 %, p<0.001). Similarly, the number of macrophages expressing
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another pro-inflammatory marker, C-C motif chemokine ligand 3 (CCL3), was increased by
muscle-DAMPs treatment (+6,5 %, p<0.05) (Figure 3A). Conversely, the number of
macrophages expressing the anti-inflammatory marker CD206 was decreased by muscle-
DAMPs (-10.5%, p<0.06) (Figure 3A).

Then, in this context of pro-inflammatory activated macrophages, the acquisition of an anti-
inflammatory status of WT and AMPKal”" macrophages was assessed as in Figure 2.
Macrophages were treated with AICAR and/or DEX after muscle-DAMPs exposition for 24 h.
iNOS and CCL3-expressing macrophages were increased by muscle-DAMPs treatment in both
WT and AMPKa1”- macrophages (Figure 3B). As expected, AICAR and DEX treatment in WT
macrophages significantly decreased the number of macrophages expressing iNOS (AICAR: -
16 %, p<0.05; DEX: -15 %, p<0.05; AICAR+DEX: -23 %, p<0.01 as compared with WT DAMPs
condition) and CCL3 (AICAR: -19 %, p<0.05; DEX: -19.5 %, p<0.05; AICAR+DEX: -18.5 %, p<0.05)
(Figure 3B). On the contrary, in AMPKa1l”" macrophages, AICAR and DEX treatment induced
no effect on the expression of iNOS and CCL3, that remained high (Figure 3B). AICAR and DEX
treatment in WT macrophages significantly increased the number of macrophages expressing
the anti-inflammatory markers CD206 (AICAR: +13.8 %, p<0.01; DEX: 25.6 %, p<0.05;
AICAR+DEX: 24.4 %, p<0.05 as compared with WT DAMPs condition), TGFB (AICAR: +17 %,
p<0.05; DEX: 25 %, p<0.05; AICAR+DEX: 20.3 %, p<0.001 as compared with WT DAMPs
condition) and CD163 (AICAR: +16.1 %, p<0.01; DEX: 19.9 %, p<0.001; AICAR+DEX: 17.6 %,
p<0.05 as compared with WT DAMPs condition) (Figure 3C). In AMPKal”- macrophages, the
expression of these 3 markers was not changed by AICAR and DEX treatments and remained
low (Figure 3C).Altogether, these data show that AMPKal was required in pro-inflammatory

activated macrophages for GC signaling in the acquisition of the anti-inflammatory status.

Figure 3. GCs require AMPKal to induce anti-inflammatory profile of activated
macrophages. To mimic sterile inflammation, macrophages were first activated by muscle
Damaged Associated Molecular Patterns (DAMPs) for 24 h. (A) Number of cells expressing the
pro-inflammatory markers iNOS and CCL3 and the anti-inflammatory markers CD206 was
measured by immunofluorescence experiments. Untreated condition (black bars) and DAMPs
treated condition (grey bars). The number of cells expressing the pro-inflammatory markers
iNOS and CCL3 (B) and the anti-inflammatory markers CD206, TGFB and CD163 (C) was
analyzed by immunofluorescence on DAMPs-activated macrophages after AICAR and DEX
treatment for 6 h. Graphs show the number of positive cells. Blue bars represent WT
macrophages, red bars represent AMPKa1”- macrophages. & p<0.05, &&& p<0.001 versus NT.
f p<0.05, £f p<0.01 and £££ p<0.001 versus DAMPs condition. # p<0.05, ## p<0.01 and ###
p<0.001 versus AMPKal”- macrophages for each condition. The scale bar represents 10 pm.
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AMPKal is required for the GC-induced acquisition of functional anti-inflammatory status
by macrophages

The inflammatory status of macrophages is associated with specific functions during skeletal
muscle regeneration (Varga et al., 2016; Mounier et al., 2013; Saclier et al., 2013; Arnold et
al., 2007). Pro-inflammatory macrophages promote myoblast proliferation whereas anti-
inflammatory macrophages stimulate myoblast differentiation and fusion into myotubes.
Using co-culture experiment, we addressed the functional properties of WT and AMPKa1l”/
macrophages on myogenesis upon DEX treatment (Figure 4).

Myoblast proliferation was measured by Ki67 immunostaining using conditioned medium
from WT and AMPKal”- macrophages previously treated by DEX at 107 M or 108 M (Figure
4A). Conditioned-medium from DEX-treated WT macrophages decreased the number of Ki67
positive (cycling) myoblasts as compared with conditioned-medium from untreated WT
macrophages, by 20 % (p<0.001) and 18.6 % (p<0.05) for 10”7 M or 10® M concentrations,
respectively (Figure 4B). Conversely, DEX-treated AMPKal” macrophages increased the
number of Ki67 positive myoblasts by +22 % (p<0.01) and +16 % (p<0.001) for 107 M or 10
M concentrations, respectively. Myoblast differentiation was evaluated using similar co-
culture experiments (Figure 4C). Myoblasts cultured with conditioned medium from WT
macrophages previously treated with DEX showed an increased number of myotubes (by 37
% (p<0.05) and 41 % (p<0.05) at 107 M or 108 M, respectively). However, myoblasts cultured
with conditioned medium from DEX-treated AMPKal”" macrophages did not show
modification of myogenesis as compared with myoblasts treated with conditioned medium
from untreated AMPKal7-macrophages (Figure 4D).

Thus, these data indicate that AMPKal”/- macrophages treated by DEX did not acquire the

functional phenotype of anti-inflammatory macrophages that sustain myogenesis.

Figure 4. Functional acquisition of macrophage anti-inflammatory status induced by GCs
requires AMPKal. (A) Experimental procedure used to analyze the effects of macrophage-
conditioned medium on myoblast proliferation (Ki67 staining). (B) Quantification of
proliferating myoblasts (Ki67 positive cells) exposed to conditioned medium from WT and
AMPKa1l” macrophages treated with DEX at 107 M or 108 M. Graph represents the number
of Ki67* myoblasts normalized to untreated condition. (C) Experimental procedure used to
analyze the effects of macrophage-conditioned medium on myoblast differentiation (desmin
staining and DAPI to count multinucleated cells). (D) Quantification of myotubes exposed to
conditioned medium from WT and AMPKal”- macrophages treated with DEX at 107 M or 10
8 M. Graph represents the percentage of myotubes normalized to untreated condition. Blue
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bars represent myoblasts exposed to conditioned medium from WT macrophages, red bars
represent myoblasts exposed to conditioned medium from AMPKa1”- macrophages. £ p<0.05
and £££ p<0.010 versus the WT NT condition. ## p<0.01 and ### p<0.001 versus AMPKal”" NT
condition. $ p<0.01, $S$ p<0.01 and $$$ p<0.001 versus AMPKal”  macrophages for each
condition. The scale bar represents 10 um.
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GC treatment timing has to be tightly controlled during skeletal muscle regeneration

After skeletal muscle injury, anti-inflammatory molecules are often prescribed for accelerating
tissue repair. In order to analyze muscle regeneration upon GC treatment, we used the model
of cardiotoxin injury as previously described (Mounier et al. 2013). Cardiotoxin is a snake
venom that is injected in the Tibialis Anterior (TA) muscle of mice to cause myofiber necrosis
due to depolarization and contraction of myofibers (Hardy et al., 2016). Muscles are then
collected at different time points for histological analysis. In a first series of experiment, DEX
was administrated by intra-peritoneal injection from various time points after injury until day
7 and skeletal muscle regeneration was analyzed at day 8. When DEX was administrated at
the time of injury, skeletal muscle regeneration was strongly impaired with the persistence of
necrotic myofibers as shown by Hematoxylin & Eosin staining, as compared with vehicle
(Figure 5A). When DEX was administrated 1 day after injury, skeletal muscle regeneration was
still impaired but in a lesser extent since small regenerating myofibers were observed with
presence of inflammatory cells (Figure 5A). When DEX was administrated at day 2 after injury,
skeletal muscle regeneration was also impaired with the appearance of small myofibers
(Figure 5A). These results indicate that too early DEX injection after injury was deleterious for
skeletal muscle regeneration.

Macrophage phenotype switch occurs between day 2 and day 3 in vivo after cardiotoxin injury
(Mounieretal., 2013). Thus, we decided to treat mice from day 3 after injury until day 7 (Figure
5B) in an attempt to reinforce the anti-inflammatory status of macrophages until the drop of
macrophage number in the regenerating muscle at day 8 (Arnold et al., 2007; Mounier et al.,
2013). Moreover, to understand the role of AMPKal in GC signaling in macrophages, we
investigated muscle regeneration in LysM<¥*;AMPKa1?® (LysMA) mouse model where
AMPKal is specifically depleted in the myeloid lineage, including macrophages (Mounier et
al., 2013). Skeletal muscle regeneration was analyzed at day 14 (middle time point) and day
28 (late time point) after cardiotoxin injury which allowed us to analyze newly formed
myofibers (day 14) and the maturation of myofibers (day 28). No differences were observed
in TA muscle mass at day 14 or day 28 between PBS-treated and DEX-treated WT mice (Figure
5C). However, at day 14, muscle mass was decreased in DEX-treated LysMA mice when
compared with PBS-treated WT (-11%; p<0.05) and LysMA (-10%; p<0.05) mice. Cross
sectional area (CSA) was measured since it is a reliable output of skeletal muscle regeneration.

At day 14, mean CSA tended to decrease in WT DEX and LysMA PBS groups as compared with
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WT PBS group (by -600 um? and -600 um? respectively) (Figure 5E). The mean CSA decrease
was even more important in LysMA DEX group as compared with WT PBS group (-940 um?
p<0.01) (Figure 5E). Myofiber size distribution indicated a significant increase of small
myofiber number (<200 um?) between WT PBS and LysMA PBS confirming, the results showed
by Mounier et al. in 2013 (Figure 5G). Moreover, an increased number of smaller myofibers
was observed both in WT DEX and LysMA DEX groups as compared with PBS condition (Figure
5G). Day 28 after cardiotoxin injection, no significant differences were observed between the
groups concerning the mean CSA (Figure 5F). However, DEX treatment significantly increased
the number of smaller myofibers in both WT and LysMA groups. Furthermore, the amount of
small myofibers was drastically increased in LysMA DEX-treated group as compared with WT
DEX (Figure 5H). Moreover, DEX treatment also decreased the number of bigger myofibers in
LysMA group as compared with the WT DEX condition (p<0.01) (Figure 5H).

Thus, DEX treatment in WT mice impaired skeletal muscle regeneration if administrated to
early after the injury. Moreover, 5 days of treatment in WT mice seemed to delay skeletal
muscle regeneration as the size of myofibers was decreased at day 14. Altogether, these
results show that DEX treatment for 5 days delayed skeletal muscle regeneration in both in
WT and in LysMA groups but in a more significant way in LysMA mice. This may be explained
by the combined effect of AMPK deficiency in macrophages and an effect of GCs on myofiber

size, long-term GC treatment inducing myofiber atrophy (Schakman et al., 2013).
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Figure 5. Timing of GC treatment has to be tightly controlled during skeletal muscle
regeneration. (A) Hematoxylin and eosin staining of Tibialis Anterior (TA) from mice treated
with DEX from day O, day 1 and day 2 after cardiotoxin injury until day 7. Muscles were
harvested at day 8 after cardiotoxin injury. (B) Experimental procedure of mice treatment with
DEX. After cardiotoxin, mice were treated with PBS (control) or DEX for 5 days at day 3, day 4,
day 5, day 6 and day 7. Muscles were harvested at day 14 and day 28. (C, D) Muscle mass of
mice at day 14 (C) and day 28 (D) after cardiotoxin injury. Graphs represent ratio of muscle
mass on the total mass of mouse body. (E, F) Mean cross sectional area (CSA) of myofibers
from AMPKa1"f (WT) and LysM<¢*;AMPKa1?/® (LysMA) mice treated either with PBS or DEX
at day 14 (E) and day 28 (F) after cardiotoxin injury. (G, H) Graphs represent the distribution
of myofiber size at day 14 (G) and day 28 (H). * p<0.05, ** p<0.01, *** p<0.001. WT PBS versus
WT DEX (€ p<0.05, €€ p<0.01, €€€ p<0.001); WT PBS versus LysMA PBS (# p<0.05, ## p<0.01,
### p<0.001); LysMA PBS versus LysMA DEX ($ p<0.05, $$ p<0.01, $$$ p<0.001); WT DEX
versus LysMA DEX (£ p<0.05, £f p<0.01, £££f p<0.001). The scale bar represents 10 um.

GC treatment delays muscle regeneration in the absence of AMPKal in macrophages

It was recently shown that a single weekly DEX treatment was enough to induce an anti-
inflammatory effect and to avoid adverse effects on muscle wasting in a dystrophic mouse
model, when compared with a daily administration of GCs (Quattrocelli et al, 2017). We
therefore investigated the impact of a single injection of DEX at day 3 in skeletal muscle
regeneration, once the macrophage switch is operated, in both WT and LysMA mice (Figure
6A). No differences were observed for muscle weight at day 8 between each group (Figure
6B). At day 14, muscle mass from DEX-treated LysMA mice decreased as compared with DEX-
treated WT mice (-7%, p<0.07). Accordingly, CSA in DEX-treated LysMA mice was significantly
lower than in all the other groups (Figure 6C). This result was confirmed by the myofiber size
distribution indicating that the number of smaller myofibers was increased in DEX-treated
LysMA mice (Figure 6D). At day 28, muscle mass was decreased in PBS-treated LysMA mice as
compared with both PBS- and DEX-treated WT groups (vs WT PBS: -9.5%, p<0.05; vs WT DEX:
-11.8%, p<0.01) indicating that the impairment of muscle regeneration in LysMA mice
observed in 2013 by Mounier et al. at day 14 was persistent at later time point (Figure 6B). No
differences were observed between each group for the mean CSA at D28 (Figure 6E, 6F). Thus,
in the absence of AMPKal in macrophages, DEX treatment seemed to delay skeletal muscle

regeneration in vivo.
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Figure 6. GCs treatment delays skeletal muscle regeneration in the absence of AMPKal in
macrophages. (A) Experimental procedure of mice treatment with DEX. After cardiotoxin,
mice were treated with PBS (control) or DEX at day 3. Tibialis anterior muscles were harvested
at day 8, day 14 and day 28. (B) Muscle mass of mice at day 0, day 8, day 14 and day 28 after
cardiotoxin injury. Graphs represent ratio of muscle mass on the total mass of mouse body.
(C) Mean cross sectional area (CSA) of myofibers from AMPKal®® (WT) and
LysMere/+>AMPKa1?/® (LysMA) mice treated either with PBS or DEX at day 14 after cardiotoxin
injury. (D) Graph represents myofiber distribution at day 14. (E) CSA of muscles from WT and
LysMA mice treated either with PBS or DEX at day 28 after cardiotoxin injury. (F) Graph
represents myofiber distribution at day 28. * p<0.05, ** p<0.01, *** p<0.001. LysMA PBS
versus LysMA DEX (S p<0.05, SS p<0.01, SSS p<0.001); WT DEX versus LysMA DEX (£ p<0.05,
££ p<0.01, £££ p<0.001).

GC treatment impacts the maturation of myofibers by modulating the expression of Myosin
Heavy Chains in a macrophage-AMPKal way

One valuable indicator to analyze the efficiency of skeletal muscle regeneration is to measure
the number of necrotic myofibers. Usually, a persistence of necrotic myofibers is a hallmark
of an impaired regeneration. No differences in the number of necrotic myofibers were
observed at day 8 between the groups. However, the number of necrotic myofibers was
increased by 3-fold in PBS-treated LysMA mice as compared with PBS-treated WT mice at day
14 after injury (p<0.05) (Figure 7A), confirming the results of Mounier et al. in 2013.
Sarcoplasm contains myosin heavy chains (MHC), which compose the contractile apparatus.
During skeletal muscle regeneration, the first MHC expressed in new regenerating myofibers
is the embryonic MHC, an immature form of MHC (embMHC). embMHC is replaced later by
mature forms of MHCs such as MHCI (slow-twitch, oxidative), MHClla (fast-twitch, oxidative),
MHClIb (fast-twitch, glycolytic) and MHClIIx (fast-twitch, glycolytic), which are associated with
muscle function (Schiaffino, 2018). We first measured the number of myofibers expressing
embMHC. While no differences were found at day 8 between LysMA PBS-treated group as
compared with WT PBS-treated group, at day 14, a 2-fold increase of embMHCP® myofibers
was measured as compared with WT PBS (p=0.058) indicating that maturation of myofibers
was slower in LysMA PBS animals. This result confirmed data from Mounier et al. in 2013
showing that regeneration is delayed in LysMA mice. At day 8 after injury, the number of
embMHCP® myofibers was decreased by DEX treatment in WT mice (-13%, p<0.01), while at
day 14 no differences were observed between WT PBS and WT DEX (Figure 7B), suggesting

that DEX may have accelerated myofiber maturation. In LysMA, we did not find a decrease of
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embMHCP® myofibers between LysMA PBS and LysMA DEX groups (Figure 7B), suggesting that
DEX had no effect on myofiber maturation when AMPKal is absent in macrophages. At day
14, the number of embMHCP? myofibers was higher in LysMA DEX as compared with WT PBS-
treated group (+10%, p<0.05) and WT-DEX treated group (+8.5%, p<0.05), indicative of higher
number of immature myofibers. These data show that a single DEX injection induced the
maturation of muscle fibers during skeletal muscle regeneration in a macrophage AMPKal-
dependent manner. At day 28, embMHCP® myofibers were barely detectable in all groups
(Figure 7B).

Then, we investigated the distribution of adult myosins in TA muscle at day 28 after injury
(Figure 7C). MHClla, MHCllb and MHCIIX were detected in TA muscle in each group whereas
almost no MHCI myofiber was observed. No effect of DEX treatment was observed on WT
mice. A decrease of the expression of MHClla (-5 %, p<0.05) and an increase of MHCIIb (+9 %,
p<0.001) was observed in LysMA mice as compared with WT (Figure 7C). DEX treatment
reversed the phenotype and triggered an increase of the expression of MHClla (+11 %,
p<0.001) and a decrease of the expression of MHClIb (-12 %, p<0.001) in LysMA mice (Figure
7C). These results suggest that DEX treatment modulated maturation of myofibers via

AMPKal in macrophages.

Figure 7. GC treatment modulates the maturation of myofibers by altering the expression of
myosins through AMPKa1l in macrophages. (A) Percentage of necrotic myofibers at day 8 and
day 14 after cardiotoxin in Tibialis Anterior (TA) muscles assessed by immunofluorescence. (B)
Percentage of myofibers expressing embryonic myosin heavy chain (embMHC) at day 8, day
14 and day 28 after cardiotoxin injection in TA muscle. (C) Percentage of myofibers expressing
the adult MHCI, MHClla, MHCIIb or MHClIx in section of TA muscles at day 28 after cardiotoxin
injection. * p<0.05, ** p<0.01, *** p<0.001
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DISCUSSION

In this study, the results showed that AMPKal was required to induce the phenotype switch
of macrophages from the pro-inflammatory status toward the anti-inflammatory status
induced by GCs. AMPKal”- macrophages exposed to GCs did not acquire the anti-
inflammatory profile in vitro. Moreover, AMPKal was required in macrophages to drive GC
signaling in vivo. Mice lacking AMPKal in macrophages treated with DEX presented an
increased number of small myofibers with modifications of myosin heavy chain composition
indicating an altered skeletal muscle regeneration (Figure 9).

AMPKal activation is essential for the macrophage transition phenotype (Mounier et al.,
2013). We first demonstrated in this study that GCs induced AMPKa1l phosphorylation, which
is a sine qua non requirement for AMPKa1l activation and, for a part, the phenotype transition
of macrophages. While activation of AMPKal by GCs was shown for the first time in
macrophages at the cellular level, our results are in accordance with other studies reporting a
similar effect of GCs in tissues. Indeed, GC exposure induces AMPKal phosphorylation in
tissues such as hypothalamus (Liu et al., 2014; Christ-Crain et al., 2008), liver (Christ-Crain et
al., 2008), arcuate nucleus (Shimizu et al., 2008) and skeletal muscle (Liu et al., 2016).
However, our results did not give evidence about the mechanism by which GCs induced AMPK
activation. AICAR treatment suggested a synergistic mechanism with DEX but we were not
able to confirm this synergistic mechanism by cotreating the cells with 991 (specific AMPK
activator) and DEX. Moreover, immunofluorescence experiments of the inflammatory status
of macrophages did not show any synergistic effects of AICAR and DEX. AICAR is not a specific
activator of AMPK. It is an AMP mimetic, which simulates an increase of AMP level in cell.
Because 991 and AICAR do not act by the same mechanisms, it could explain the different
results obtained with these 2 compounds. For immunofluorescence experiments of the
inflammatory status of macrophages, several hypotheses can explain the absence of synergy.
The phenotype characterization of macrophages by immunofluorescence is a robust method
to characterize the number of macrophages expressing inflammatory markers but with a poor
sensibility. Only the positive cells were counted, therefore excluding cells expressing markers
to a lesser extent, i.e., under the threshold of detection. If the number of cells expressing
markers at a low level was increased but not that of the highly positive cells, this technic could
miss variations of expression between AICAR or DEX alone and AICAR+DEX conditions. On the
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other hand, the absence of synergy between AICAR and DEX is also a possibility. These 2
pathways could be involved in the same final common pathway that regulates the phenotype
switch. In this way, the activation of this common signaling pathway by one or the other
compound would be sufficient to trigger the switch and no additive effects are therefore
observed. Furthermore, it was suggested in muscle cells that GCs induce ATP deprivation after
several hours, which consequently activates AMPK (Liu et al., 2016). However, the Liu study
did not present experiments using shorter time points (e.g., 1 h). So, deeper investigations are
required to explain the mechanistic pathway.

We demonstrated that AMPK activation and GCs both induced the phenotype switch of
macrophages toward an anti-inflammatory phenotype in resting macrophages. WT
macrophages treated either with DEX or 991 increased the expression of the anti-
inflammatory markers CD206 and TGFp (Figure 2). However, to mimic physiological conditions
in vitro, we developed the model of muscle-DAMPs. Muscle-DAMPs are protein lysates from
ischemia/reperfusion injured muscle before the massive infiltration of immune cells. While
the exact composition of muscle-DAMPs is not known, one can suggest that alarmins
molecules are present in this lysate. Indeed, molecules released from damaged cells are
known to activate macrophages such as HMGB1 (Su et al.,, 2016). We confirmed by
immunofluorescence analysis of inflammatory markers that muscle-DAMPs acted as a pro-
inflammatory signal on macrophages. In this model of sterile inflammation, our study
demonstrated that the acquisition of the anti-inflammatory phenotype of macrophages
induced by DEX was regulated by AMPKal (Figures 2, 3). Furthermore, the function of
macrophages was also affected. We showed that the functional acquisition of the anti-
inflammatory properties of macrophages treated by DEX was also AMPKal-dependent as
AMPKa17 macrophages treated with DEX did not sustain myogenesis. Moreover, we can also
note that AMPKal”" macrophages treated with DEX induced myoblast proliferation as
compared with untreated condition, revealing not a partial failure but a complete incapacity
of AMPKal” macrophages to switch into anti-inflammatory macrophages upon DEX
treatment. Thus, these data on functional role of macrophages treated with DEX are in
accordance with the phenotypic analysis of macrophages. In the absence of AMPKal,
macrophages were not able to switch their phenotype upon DEX stimulation and did not
acquire their functional properties. These results showed a central role of AMPKal in GC

signaling pathway in macrophages.
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We can note that GR localization was not affected by the absence of AMPKal in macrophages
treated with DEX. The translocation of GR into the nucleus is necessary for transcriptional
activity of this receptor/transcription factor. However, this is not the only requirement for its
transcriptional activity. GR can be phosphorylated on several residues by several kinases and
the phosphorylation state can modulate its activity and its target genes (Kino, 2018). Jan
Tuckermann’s lab investigated the phosphorylation of GR in WT and AMPKal”- macrophages
upon DEX treatment. They showed that phosphorylation of GR on Ser211 upon DEX treatment
was reduced in AMPKal”" macrophages (Figure 8). Thus, even if GR translocated to the
nucleus in AMPKal”/-macrophages, its phosphorylation state was affected by the absence of
AMPKal suggesting that its transcriptional activity could be modified. To confirm this
hypothesis, RNAseq experiments are ongoing to analyze the genes expressed by WT and
AMPKa17- macrophages upon 991 and DEX treatment. These experiments should give us more

information about GR transcriptional activity in AMPKal7- macrophages.
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Figure 8. AMPKal is required for GR phosphorylation on Ser211 induced by DEX in
macrophages. AMPKal”" macrophages (=AMPKe®) were less sensitive to DEX-induced
phosphorylation on Ser211. Experiment performed by Giorgio Caratti from Jan Tuckermann’s
lab (Ulm, Germany).

We focused on the role of GCs in sterile inflammation, i.e., during skeletal muscle
regeneration. Cardiotoxin injury provides an excellent model to study inflammation as it is
well-characterized and reproducible (Hardy et al., 2016). In this model, the phenotype switch
of macrophages occurs mainly between day 2 and 3 after injury. We demonstrated that DEX
treatment administrated before day 3 after cardiotoxin injury was deleterious for skeletal
muscle regeneration. These results are in accordance with previous studies showing that

blunting the pro-inflammatory phase impairs skeletal muscle regeneration (Perdiguero et al.,
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2011; Cheng et al., 2008). At day 3, most macrophages have switched toward an anti-
inflammatory status. We decided to treat the mice from this time point to avoid blunting the
pro-inflammatory phase and to sustain the resolution of inflammation. Mice were treated for
5 days until the end of the inflammatory phase, i.e., at day 8. We confirmed that regeneration
was delayed in LysMA PBS group as compared with WT PBS (Mounier et al., 2013). Moreover,
the results indicated that daily DEX treatment delayed skeletal muscle regeneration,
associated with a decreased in muscle mass and an increase of the number of small myofibers.
GC long exposure is known to induce muscle atrophy by a direct effect on myofibers
(Schakman et al., 2013). For example, GCs inhibit anabolism by inhibition of Pi3K/AKT/mTOR
pathway and induce catabolism by induction of FOXO1, 3a transcription factors, which
stimulate the expression of atrogenes (such as Murfl) in muscle cells (Schakman et al., 2013).
A recent study also showed that GC treatment administrated during regeneration impairs
skeletal muscle regeneration (Otrocka-Domagata et al., 2019). We suggest that GC treatment
as short as 5 days directly impact muscle cells. Interestingly, LysMA mice treated with DEX
presented a higher number of small fibers than other groups even at D28 suggesting additional
effects of AMPKal deficiency in macrophages and DEX-driven atrophy of myofibers. Thus, 5
days-DEX treatment drastically impaired skeletal muscle regeneration in absence of AMPKal
in macrophages.

Therefore, in order to push the phenotypic switch of macrophages while avoiding adverse
effects of GCs on myofibers, we treated the mice with a single injection of GCs at day 3 after
injury. A recent study showed in dystrophic mice that single weekly dose of DEX was sufficient
to keep anti-inflammatory properties of GCs and to avoid GC side effects when compared with
daily GC administration (Quatrocelli et al, 2017). First, at day 28, muscle mass of LysMA PBS-
treated animals was significantly lower than WT confirming the results of Mounier et al. in
2013. Muscle mass was decreased in LysMA DEX-treated animals with a higher number of
small myofibers indicating that DEX induced deleterious effects on LysMA mice. Second, we
guestioned other parameters than CSA as indicators of muscle fiber regeneration and
maturation. We investigated the expression of embMHC in muscle, which reflects the number
of immature regenerating myofibers. The number of embMHCP* myofibers was higher in
LysMA PBS mice as compared with WT PBS as well as the number of necrotic myofibers
confirming the results of Mounier et al. in 2013 indicating an impairment of regeneration. The

number of embMHCP® was decreased in WT mice treated with DEX at day 8, suggesting that
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regeneration was improved by DEX treatment. A decreased number of embMHCP® myofibers
at day 8 was an evidence of accelerated regeneration with DEX in WT mice as the number of
“immature” myofibers was decreased. Kinetics of embMHC expression was different in LysMA
mice treated with DEX. The decreased number of embMHCP* myofibers was not observed in
LysMA treated by DEX at day 8, and higher embMHCP® myofibers were observed at day 14.
These results indicate that GCs improved regeneration in a macrophagic AMPKal dependent
manner.

Finally, we found that macrophages modulated the expression of adult myosin heavy chain
(MHC) in TA muscle after muscle injury in an AMPKal-dependent manner. Moreover, DEX-
treated macrophages differentially regulate the expression of MHC through AMPKal. To our
knowledge, there is no report in the literature indicating that macrophages are able to
regulate myosin expression in skeletal muscle, directly or indirectly. Few molecules were
shown to trigger changes of the composition of MHCs in skeletal muscle. For example,
injection of TGFB in the slow-twitch soleus muscle during regeneration upregulates the
expression of MHClla and decreases the expression of MHCI (Noirez et al., 2005). However, in
the fast-twitch extensor digitorum longus (EDL) muscle, inhibition of TGFB induced similar
effects by increasing the number of MHClla myofibers (Noirez et al., 2005). Thus, depending
on which muscle type is considered, either injection or inhibition of TGFB modulate MHC
expression, but the mechanism by which TGFB acts remains to be elucidated. It is to note that
TGFP expression was not modified by DEX treatment in our in vitro experiments in AMPKa17-
macrophages (Figures 2, 3) indicating that TGFB may not be the candidate to explain the
difference in MHC expression in LysMA regenerating muscle. Supplemented food with
arginine was also found to modulate myosin expression in normal muscle toward a slow twitch
phenotype (Chen et al., 2018). But, to our knowledge, no study demonstrated that
macrophages secrete arginine during regeneration. More generally, the literature about the
regulation of myosin expression is scant, and concerns only the MHCI versus the MHCII
balance and not MHClla versus MHCIlb. The main difference between MHClla and MHClIb
myofibers is their metabolism. MHClla myofibers have a more oxidative metabolism whereas
MHCIlIb myofibers have a glycolytic metabolism. We were not able to find a study reporting
balanced or unbalanced expression between MHCIIb and MHClla in skeletal muscle. Finally,
expression of adult myosins being modulated by the motoneuron which innervates each

myofiber (Schiaffino and Reggiani, 2011), another hypothesis could be that macrophages
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differently modulate re-innervation of the myofiber by acting directly on motoneurons. One
study shows that macrophages are found close to neuro-muscular junction in amyotrophic
lateral sclerosis and could play a role in motoneuron survival (Van Dyke et al., 2016). Also, in
peripheral nerve repair, several macrophages profiles were described (pro- and anti-
inflammatory) associated with secretion of specific factors required for nerve repair
(Tomlinson et al., 2016). Macrophages could play a role in re-innervation of myofibers after
injury, which could modulate myosin expression in the myofiber. However, here again, there
is no study showing a role of macrophages on the re-innervation during skeletal muscle
regeneration. Thus, further investigations are required to explain the link between
macrophage inflammatory status and MHC expression by the myofiber.

To conclude, our in vitro results clearly demonstrated that AMPKal was required in
macrophages for anti-inflammatory signaling induced by GCs for the acquisition of both the
anti-inflammatory phenotype and function towards myogenesis. We have also shown that
DEX induced adverse effects in the regenerating skeletal muscle in the absence of AMPKal in
macrophages, as reported by myofiber alteration. While our study demonstrates the
requirement of AMPKa1l for GC-induced effects in macrophages, the molecular mechanisms
linking the 2 pathways are still unresolved. We are currently investigating several hypotheses
(see Perspectives section). Nevertheless, a link between GCs and AMPKa1l for the resolution
of inflammation during tissue repair is of interest for muscle physiopathology. Our study
indicates that GC treatment must be operated at a specific time after injury to be beneficial.
Also, both GC treatment (Quattrocelli et al., 2017) and AMPK activation (Juban et al., 2018)
are beneficial for muscle dystrophies, though reduction of chronic inflammation. This suggests
the possibility of combining the 2 treatments in order to reduce GC dosage, and then side

effects.
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Figure 9. AMPKal is required for anti-inflammatory glucocorticoid (GC) signaling in
macrophages during skeletal muscle regeneration. GC treatment on WT macrophages induce
the anti-inflammatory status which increase myoblast differentiation and maturation of
myofiber (e.g. decrease embMHC expression). Conversely, GC does not induce the anti-
inflammatory status of AMPKal”" macrophages. Myoblast fusion is not induced and
maturation of myofiber is altered.
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Annexin Al drives macrophage skewing towards a resolving phenotype to

accelerate the regeneration of muscle injury through AMPK activation

Simon McArthur# Thomas Gobbetti®#, Gaétan Juban®#, Thibaut Desgeorges?, Marine

Theret3, Julien Gondin3, Juliana E Toller-Kawahisa? Mauro Perretti>>* and Rémi Mounier3”

During my PhD, we developed other aspects of macrophage phenotype skewing. The group
of Mauro Perretti showed few years ago that annexin Al is important for macrophage
polarization (Perretti and D’Acquisto, 2009). Few years later, our lab highlighted the role of
AMPKal in the phenotype switch of macrophages (Mounier et al., 2013). Because annexin Al
and AMPK activation both induce the anti-inflammatory status of macrophages, it was
hypothesized that annexin A1 and AMPK could be linked to induce the phenotype switch of
macrophages. | was involved in this project to perform: i) immunofluorescence on
macrophages to analyze their phenotype after annexin Al treatment; ii) co-culture
experiments to analyze the effect of molecules secreted by macrophages after annexin Al
treatment on myogenesis; and iii) in vivo experiments of muscle injury in the Mauro Perretti’s
lab in London. Interestingly, the promoter of annexin Al gene contains a Glucocorticoid
Response Element site and so, the expression of this gene can be regulated by Glucocorticoids

(see Perspectives section).
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Summary

Understanding the circuits that promote an efficient resolution of inflammation is crucial to
deciphering the molecular and cellular processes required to promote tissue repair. Macrophages
play a central role in the regulation of inflammation, resolution and repair/regeneration. Using a
model of skeletal muscle injury and repair, herein we identify Annexin Al (AnxAl) as the
extracellular trigger of macrophage skewing towards a pro-reparative phenotype. Brought into the
injured tissue initially by migrated neutrophils, and then over-expressed in infiltrating macrophages,
AnxAl activates FPR2/ALX receptors and the downstream AMPK signalling cascade leading to
macrophage skewing, dampening of inflammation and regeneration of muscle fibres. Mice lacking
AnxAl in all cells or in myeloid cells only display a defect in this reparative process. In vitro
experiments recapitulated these properties, with AMPK null macrophages lacking AnxAl-mediated
polarization. Collectively, these data identify the AnxA1l/FPR2/AMPK axis as a novel pathway in

skeletal muscle injury regeneration.

Keywords: macrophage switch, resolution of inflammation, skeletal muscle homeostasis
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Introduction

An efficient inflammatory response is a necessary component of the reaction to injury or infection,
but it is equally critical for this inflammatory response to be terminated in a timely and appropriate
manner, enabling the restoration of tissue homeostasis (Perretti et al., 2017; Serhan, 2014). Indeed,
chronic inflammation that results from failure of resolution represents a major contributing factor to
a multitude of pathologies, from arthritis to sepsis to dementia (Perretti et al., 2015; Tabas and

Glass, 2013).

An inflammatory reaction consists of the co-ordinated activity of numerous cells and soluble
mediators, but a central role is played by macrophages. These cells, whether resident in the tissue or
recruited from circulating monocyte populations, are amongst the first responders to pathogen- or
damage-associated molecular patterns, initiating endothelial activation and neutrophil recruitment
(Davies and Taylor, 2015). Beyond their roles as sentinels, macrophages are important drivers of the
progression of an inflammatory response, acting to clear pathogens, effete cells and debris by
phagocytosis (Mantovani et al., 2013), serving as antigen presenting cells to recruit the adaptive arm
of the immune response (Motwani and Gilroy, 2015), and ultimately enabling processes of tissue
repair and resolution (Lucas et al., 2010; Troidl et al., 2009). That one cell type is able to achieve this
diverse array of functions is due in large part to their remarkable degree of phenotypic plasticity,
with macrophages existing in a wide variety of forms along a spectrum running from a largely pro-
inflammatory state, often indicated as M1, to a primarily non-phlogistic and pro-resolving

phenotype, termed M2 (Murray et al., 2014).

A number of factors promoting this phenotypic transformation have been studied including
exposure to anti-inflammatory cytokines such as interleukin (IL)-10 and IL-4, and the phagocytic
removal of cell debris, although a complete description of the underlying mechanisms is lacking
(Martinez and Gordon, 2014). We and others have identified a key role for the intracellular signalling
pathway governed by AMP-activated protein kinase (AMPK) (Chan et al., 2015; Mounier et al., 2013;
Park et al., 2017). Activation of this pathway is required for efficient conversion of pro- to anti-
inflammatory-type macrophages, and inhibition of such a response significantly attenuated recovery
in a model of inflammatory skeletal muscle injury (Mounier et al.,, 2013). Whilst AMPK is
undoubtedly important in the phenotypic conversion of macrophages during the course of an

inflammatory reaction, the nature of the extracellular trigger(s) for its stimulation remain unclear.
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The protein annexin A1 (ANXA1) (Lim and Pervaiz, 2007; Perretti and D'Acquisto, 2009), is a major
driver of inflammatory resolution, promoting neutrophil apoptosis (Solito et al.,, 2003), non-
phlogistic monocyte recruitment (McArthur et al., 2015) and macrophage efferocytosis (Dalli et al.,
2012; Scannell et al., 2007). We have recently reported that endogenous ANXA1 is critical for the
time-dependent regulation of macrophage phenotype in a murine model of fatty liver disease
(Locatelli et al., 2014): animals lacking ANXA1 expression exhibited enhanced liver inflammation and
fibrosis, associated with prolonged macrophage pro-inflammatory phenotype. Similarly, ANXA1
promotes an anti-inflammatory macrophage phenotype in an in vitro model of tumour growth

(Moraes et al., 2017).

Against this background, we applied a well-characterised model of skeletal muscle injury (Arnold et
al., 2007; Varga et al., 2013; Varga et al., 2016a) to test the hypothesis that ANXA1 and its receptor
FPR2/ALX could be the upstream trigger of AMPK activation, and hence be a major driver of the pro-
to anti-inflammatory macrophage phenotype shift, promoting inflammatory resolution and the

restoration of skeletal muscle tissue homeostasis.
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Results

Annexin A1 and Fpr2/3 null mice show impaired recovery from skeletal muscle injury

To investigate the role of ANXA1 and its receptor FPR2/ALX (in humans, or the orthologue Fpr2/3 in
mice) in the control of macrophage phenotype we first utilised the murine model of cardiotoxin-
induced Tibialis Anterior (TA) injury, a model characterised by necrotic tissue damage and extensive
macrophage activity (d'Albis et al., 1988; Mounier et al., 2013). Analysis of immune cell infiltration in
lesioned wild-type mice revealed a typical inflammatory profile, dominated by Ly6G" neutrophils for
the initial post-lesioning period, supplanted by F4/80" macrophages from day 2 onwards (Suppl! Fig
1A-B). Monitoring ANXA1 expression in the tissue revealed that while absent in uninjured tissue, the
protein was primarily restricted to immune cells until day 2 post-lesioning, with regenerating muscle
fibres displaying weak immunostaining from Day 7 (Suppl Fig 1A-B), as reported previously (Bizzarro
et al., 2012). Whilst F4/80" murine macrophages expressed AnxA1 at all time-points examined (Suppl
Fig 1B-C), the proportion of macrophages expressing its primary receptor, Fpr2/3, decreased over
time, from approximately 95% at day 2 to 70% at day 7 and just 5% two weeks post-lesioning, even
though significant numbers of macrophages were still detected in the tissue (Suppl Fig 2A-B).
Importantly, expression of Fpr2/3 on muscle fibers was not apparent at any time-point examined

(Suppl Fig 2A).

Whilst uninjured TA muscle weights were comparable between wild-type, AnxA1” and Fpr2/3'/' mice
(Fig 1A-B, Suppl Fig 3A), recovery of muscle mass following administration of cardiotoxin was
significantly reduced in AnxA1”" and Fpr2/3"/' mice than in wild-type animals (Fig 1B). Histological
analysis of muscles 28 days post-injury revealed significantly reduced myofiber cross-sectional area
(CSA) and myonuclei per fiber (i.e. the result of differentiation and fusion of muscle stem cells) in
AnxA1” and Fpr2/3'/' animals (Fig 1C-E). These outcomes are suggestive of impaired skeletal muscle
regeneration, a notion confirmed by marked lipid accumulation in AnxA1”" mice (Fig 1F). Analysis of
immune cell infiltration by flow cytometry revealed that 2 days following cardiotoxin administration,
approximately 60% of macrophages expressed a pro-resolving, anti-inflammatory phenotype
(CD45*Ly6C/G"8F4/80™) in wild-type mice, whilst AnxA1” and Fpr2/3”" animals showed comparable
levels of pro- (CD45*Ly6C/G"F4/80"°") and anti-inflammatory (CD45'Ly6C/G"°"F4/80") cells (Fig 1G,
Suppl Fig 3B). Consequently, the resolution index (ratio of anti- to pro-inflammatory macrophages)
of AnxA1”" and Fpr2/3'/' mice was significantly lower than that of wild-type animals, indicative of a

prolonged inflammatory response (Fig 1H). These results indicate that a proportion of pro-
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inflammatory macrophages fail to convert to an anti-inflammatory phenotype at the time of

resolution in the absence of AnxA1 or Fpr2/3.

Macrophages are the major source of AnxA1l in lesion recovery

The more pronounced effects of cardiotoxin in AnxA1” and Fpr2/3'/’ mice indicate the existence of
important regulatory functions for this pathway in skeletal muscle injury. However, while Fpr2/3
expression appears restricted to immune cells infiltrating the TA muscle (Suppl Fig 2), AnxAl is
expressed markedly by immune cells and to a lower extent by regenerating muscle fibres (Suppl Fig
1). As such, we deemed it important to define the primary cell source of this mediator in the repair
process, a question we addressed using chimeric mice bearing wild-type muscle but AnxA1”" bone
marrow-derived leukocytes. Therefore, CX3CR1-GFP mice, which harbour GFP-expressing
monocytes/macrophages were irradiated and transplanted with wild-type or AnxA1”" derived bone
marrow cells, prior to injection of cardiotoxin in the TA muscle (Fig 2A). Analysis of bone marrow
populations at the time of euthanasia showed less than 1% of monocytes (CD115° cells) expressed
GFP, suggesting >99% engraftment efficiency with either wild-type or AnxA1”" bone marrow (Fig 2B-
C). Weight recovery was similar after wild-type or AnxA1”" transplant (Suppl Fig 3C), but histological
analysis of TA muscles 28-days post-CTX injury revealed that animals receiving AnxA1”" bone marrow
cells displayed a significantly reduced myofiber cross-sectional area than animals receiving wild-type
bone marrow cells (Fig 2D-E). These data indicate that the defective regeneration quantified in

AnxA1” muscle is a consequence of an intrinsic defect in myeloid, rather than stromal, cells.

Exogenous ANXA1 can induce human macrophage phenotype conversion in vitro

As our murine analyses indicate a potential role for AnxA1l in the polarization of macrophages from a
pro-inflammatory to a pro-resolving/reparative phenotype, we investigated these effects in vitro
using human PBMC-derived macrophages. An M1-like macrophage phenotype was induced by 24 h
incubation with bacterial lipopolysaccharide (LPS) and y-interferon (IFNy), prior to addition of human
recombinant ANXA1 (hrANXA1). Following hrANXA1l treatment, analysis of cell surface markers
revealed a significant reduction in expression of the M1 marker protein major histocompatibility
complex Il (MHCII) (Fig 3A), accompanied by a significant increase in expression of the M2 marker
protein CD206 (Fig 3B). These surface marker changes were mirrored by changes at the
transcriptional level, with hrANXA1 treatment inducing a reduction in mRNA expression for the pro-
inflammatory species Tnfa and Nos2 paired with increased message of //-10 (Fig. 3C-E). No significant

changes in Tgfbl expression were quantified (Fig. 3F). Together, these in vitro data support our in
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vivo findings, providing evidence that ANXA1l application favours a pro-resolving macrophage

phenotype.

The specificity of hrANXA1 action through its human receptor FPR2/ALX was then determined, to
complement the in vivo observations made with Fpr2/3'/' mice lacking the orthologue of the human
FPR2/ALX (Dufton et al., 2010). Intriguingly, we observed significant FPR2/ALX surface expression
both in unstimulated human PBMC-derived macrophages and M1-phenotype cells, yet cell surface
expression of the receptor was lost on cells stimulated towards an M2 phenotype with IL-4 (Suppl
Fig. 4). These data are in agreement with the in vivo observation that Fpr2/3’/' is absent from
macrophages that have infiltrated the injured muscle at Day 7 and beyond, that is, when a
reparative cell phenotype has been acquired (Suppl Fig 2B-C). The functional engagement of
FPR2/ALX was then confirmed through use of the selective antagonist WRW,. The modulatory
effects of hrANXA1 on pro-inflammatory PBMC-derived macrophages (i.e. reduced surface MHCII
expression and augmented surface CD206 expression) were lost in the presence of WRW, (Fig. 3G-

H).

Together these experiments represent a clear in vitro counterpart to the effects observed in the
muscle injury model, showing the key role of ANXA1 acting through FPR2/ALX to drive a shift in

macrophage phenotype towards a pro-resolving and reparative polarization.

Exogenous ANXA1 treatment stimulates AMPK activation through FPR2/ALX

The enzyme 5'-adenosine monophosphate-activated protein kinase, AMPK, plays a critical role in
macrophage phenotype skewing and is necessary for efficient regeneration after skeletal muscle
damage (Mounier et al., 2013). We queried whether this signalling pathway would underlie the

effects of hrANXA1 upon human macrophage phenotype and indeed muscle repair in vivo.

Exposure of human PBMC-derived macrophages to hrANXA1 activated a number of components of
the AMPK signalling pathway, promoting phosphorylation of Ca”**/calmodulin-dependent protein
kinase Il, AMPKal itself and its downstream effector acetyl-CoA carboxylase (Fig 4A-B). Interestingly,
the phosphorylation of these proteins in macrophages only occurred to an appreciable degree
following exposure to hrANXA1 for 30-60 min (Fig 4B-D), in contrast to early MAP kinase signalling
previously reported in human monocytes (McArthur et al., 2015). That activation of AMPKal
depended upon binding of hrANXA1 to FPR2/ALX was confirmed through analysis of the effects of
the antagonist WRW,, which abrogated hrANXAl-evoked AMPKal phosphorylation in human
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macrophages (Fig 4E). Analyses of murine bone marrow-derived macrophages from wild-type and
Fpr2/3'/' animals confirmed the pivotal role of this receptor: whilst treatment with hrANXA1 induced
phosphorylation of AMPKal in wild-type cells, this response was absent in macrophages from

Fpr2/3” mice (Fig 4F).

AMPK activation is required for macrophage phenotype conversion induced by ANXA1

We investigated the relationship between FPR2/ALX-mediated AMPK activation and the shift in
macrophage phenotype induced by hrANXA1 treatment through analyses in primary bone marrow-
derived macrophages taken from wild-type mice and animals lacking the key catalytic a; subunit of
AMPK (Jorgensen et al., 2005). Whilst treatment of wild-type macrophages with hrANXA1 (10nM,
24h) reduced the percentage of macrophages positive for the pro-inflammatory markers iNOS and
CCL3, this response was notably absent in cells from AMPKal” mice (Fig 5A). Correspondingly,
hrANXA1 treatment augmented the proportion of wild type cells expressing the anti-inflammatory
markers TGFB1 (notably at variance from human macrophages), CD163 and CD206, but this did not
occur in cells lacking AMPKa1l (Fig 5B). Together, these data indicate activation of AMPKal as a key

step in the macrophage phenotype shift induced by ANXA1.

To confirm these findings in human cells, we employed an RNA interference approach, transfecting
primary PBMC-derived macrophages with three distinct siRNA constructs targeting the AMPKal
subunit (Fig. 5C). Treatment of M1-like pro-inflammatory macrophages for 6 h with 10 nM ANXA1
reduced expression of MHCII and augmented CD206 in mock transfected cells and in cells bearing a
non-targeting siRNA construct; this effect was absent in cells transfected with any of three different

siRNA constructs targeting human AMPKal (Fig. 5D-E).

Adult myogenesis is ANXA1-AMPK signalling dependent in vitro

Together, these data from human and mouse macrophages make a compelling case that
macrophage phenotype shifting can be induced through an ANXA1/FPR2/AMPK cascade. To
investigate whether this process underlies differences in recovery from cardiotoxin-induced muscle
lesions seen between wild-type and AnxA1”" and Fpr2/3’/’ mice, we made use of an established

model of in vitro muscle repair (Mounier et al., 2013; Varga et al., 2016b).

We employed an in vitro model of adult myogenesis in which conditioned medium from primary
bone marrow-derived macrophages was used to stimulate primary murine myoblasts for 72h,

quantifying the proportion of multinucleated myotubes (Fig. 5F). As such this in vitro setting
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recapitulates the processes of adult myogenesis (activation, differentiation, migration and fusion of
muscle cells) that occur during skeletal muscle regeneration (Mounier et al., 2013; Varga et al.,
2016b). Conditioned medium from ANXA1l-treated wild-type macrophages induced an increase in
myotube fusion index (Fig 5G-I). This response was absent when myotubes were treated with

conditioned medium from ANXA1-treated AMPKal” macrophages (Fig 5G-1).
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Discussion

The timely resolution of inflammation is a fundamental requirement for restoring homeostasis
following infection or damage, with its failure being a significant contributory factor to numerous
chronic inflammatory pathologies. Macrophages are key players in this process, given their ability to
transition from generally pro-inflammatory to anti-inflammatory phenotypes (Motwani and Gilroy,
2015). Substantial effort has gone into deciphering the complex signals underpinning macrophage
plasticity, with numerous soluble mediators having been implicated (Martinez and Gordon, 2014),
but the mechanistic link between these factors and changes in phenotype remains poorly
understood especially when investigated in specific tissue-restricted settings. In the current study,
we have employed a well-characterised model of muscular injury and recovery (Mounier et al.,
2013) to identify the ability of myeloid cell-derived ANXA1l to promote an anti-inflammatory
macrophage phenotype, promoting resolution and tissue repair. Moreover, we show the actions of
this protein to be mediated through the cell surface receptor FPR2/ALX and consequent activation of
the intracellular signalling molecule AMPK, mechanistically linking external and intracellular pro-

resolving signals governing macrophage phenotype.

These data reinforce the status of the ANXA1-FPR2/ALX pair as a major endogenous driver of
inflammatory resolution, and add to its known roles in regulating neutrophil apoptosis (Solito et al.,
2003), efferocytosis (Maderna et al., 2005; Scannell et al., 2007), and the recruitment of monocytes
to inflammatory sites (Gobbetti et al., 2014; McArthur et al., 2015). Notably, despite muscle tissue
itself beginning to express ANXA1 during tissue repair, as noted previously (Bizzarro et al., 2012),
experiments with chimeric mice confirmed that the most important source of the protein to enable
muscle repair remains the myeloid cells themselves. While the current studies do not permit
conclusive determination of whether neutrophils or macrophages are the primary source of
endogenous ANXA1 in the injured tissue, neutrophils contain substantial quantities of ANXA1l
(Francis et al., 1992), which we have previously shown to be a major monocyte chemoattractant
(McArthur et al., 2015) suggesting that the protein - produced at an early stage by and released from
infiltrating neutrophils (Damazo et al., 2006) - may act to both recruit monocytes and promote a pro-
resolving phenotype in resulting macrophages. Whatever the ultimate cellular source of ANXA1
however, the dependency upon the presence of ANXAl-expressing leukocytes for efficient
macrophage phenotypic conversion is another example of how “the beginning programs the end” in
resolution (Serhan and Savill, 2005), emphasising the finely tuned nature of the acute inflammatory

response and its ability to encode its own termination.
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Besides highlighting the role of ANXA1 as a regulator of inflammatory resolution (Leoni and Nusrat,
2016), these new data add further weight to the importance of its principal receptor FPR2/ALX in
this process, identifying it as a conduit for induction of a pro-resolving macrophage phenotype
through AMPK activation. It is notable that macrophage FPR2/ALX expression declined during the
course of the response to muscular injury in our study; similarly, FPR2/ALX expression was
significantly lower on M2 when compared with M1 phenotype cells in vitro. This change in receptor
expression may reflect a strategy whereby once the macrophage is polarised towards a reparative

phenotype, the utility of the FPR2/ALX signalling is then limited or unnecessary.

There is considerable redundancy in the mediators known to induce the conversion of macrophage
phenotypes, as is perhaps to be expected given the importance of this process to the restoration of
homeostasis after infection or damage, including immune complexes, apoptotic cells and a number
of cytokines (Amici et al., 2017). Notably however, a significant proportion of the soluble pro-
resolving mediators so far identified derive from the adaptive arm of the immune response,
particularly from T2 lymphocytes (Martinez and Gordon, 2014). Our data however, highlight the
ability of signalling components derived from the innate side of the immune system to promote
resolution in the absence of significant activation of adaptive mechanisms. Moreover, these results
support the concept of how it is crucial to decipher which mediator and signal(s) are operative in
specific tissues and organs to control macrophage polarization and the overall process of resolution

and repair.

Our data are the first to associate activation of FPR2/ALX and the major regulator of cellular
metabolism, AMPK, showing the central involvement of FPR2/ALX-stimulated AMPK activation in the
induction of a pro-resolving macrophage phenotype. The precise mechanism linking AMPK activation
with a change in phenotype is as yet unclear, but there is increasing evidence that changes in the
metabolic status of immune cells can affect their inflammatory activity (O'Neill et al., 2016; Pearce
and Pearce, 2013). Pro-inflammatory dendritic cells and T lymphocytes are characterised by high
levels of glycolysis, akin to the Warburg shift described in cancer (Rodriguez-Prados et al., 2010),
whereas immune cells with an anti-inflammatory or pro-resolving profile tend to exhibit greater
mitochondrial respiration (Jha et al., 2015; Mounier et al., 2013; Tannahill et al.,, 2013). The
mechanistic details of how such changes in metabolic phenotype relate to immune function, and
indeed whether these differences reflect or drive immunophenotype is unclear (Van den Bossche et
al., 2017), but it is notable that AMPK is a significant promoter of mitochondrial respiration and a

regulator of glycolysis through the modulation of lactate dehydrogenase activity (Theret et al.,
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2017), driven by its ability to respond to energy debt and an increased AMP:ATP ratio (Mounier et
al., 2015). Activation of this pathway would therefore seem ideally placed to induce the metabolic
phenotype most closely associated with anti-inflammatory macrophage activation, but this

hypothesis requires further investigation.

AMPK is involved in different cellular mechanisms that regulate skeletal muscle homeostasis
(Kjobsted et al., 2018). Our previous findings highlight the importance of crosstalk between AMPK
and the mTOR signaling pathway for the control of muscle cell size in the adaptive response of
skeletal muscle (Lantier et al., 2014; Lantier et al., 2010; Mounier et al., 2011; Mounier et al., 2009).
Moreover, we have recently shown that AMPKal, activated following phagocytosis, is crucial for
macrophage skewing from a pro- to an anti-inflammatory phenotype during resolution (Mounier et
al.,, 2013), demonstrating that the CAMKKII/AMPKal pathway within macrophages is required for
proper and complete skeletal muscle regeneration. Anti-inflammatory macrophages promote
myogenic differentiation and fusion (Saclier et al., 2013a; Saclier et al., 2013b; Varga et al., 2016b), a
finding of importance for skeletal muscle muscle regeneration where a sequential presence of pro-
then anti-inflammatory cells is necessary for efficient regeneration process (Arnold et al., 2007,
Varga et al., 2013). Therefore, the pro-resolving effect of ANXA1-AMPK signalling in macrophages is
likely to be beneficial for skeletal muscle regeneration, as suggested by the positive effect of

conditioned medium from ANXA1-treated macrophages on adult myogenesis in vitro.

In summary, we present here a novel mechanism governing the conversion of pro-inflammatory
macrophages to a pro-resolving phenotype, linking leukocyte-derived ANXA1, FPR2/ALX and
intracellular AMPK activation. This finding reinforces the position of the ANXA1-FPR2/ALX pathway
as a pivotal regulator of inflammatory resolution, and suggests that it may represent a suitable
target for therapeutic exploitation for the innovative treatment of pathologies characterised by

chronic, non-resolving inflammation.
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Figure Legends

Figure 1. Non-redundant role of ANXA1 in cardiotoxin-induced muscle injury and repair.

(A) Experimental set-up. Acute injury was induced by cardiotoxin (CTX) injection in the Tibialis
Anterior (TA) of Wild-Type, AnxA1” and Fpr2/3'/’ mice. Muscles were analysed 0, 7 and 28 days after
injury. (B) TA mass normalised to mouse body weight. (C) Hematoxylin-eosin (HE) staining of muscles
28 days after injury. White bar = 50 um. (D-E) Myofiber cross-sectional area (D), number of nuclei
per myofiber (E) and lipid accumulation (F) in muscles 28 days post-CTX injury. (G-H) Macrophage
subtypes analysis 2 days post-CTX injury. Shown are the percentage of pro- and anti-inflammatory
macrophages within the F4/80" population (G) and the resolution index (H). Results are mean + SEM

of at least three animals. *p<0.05, **p<0.01 and ***p<0.001 versus Wild-Type.

Figure 2. Infiltrating myeloid cell-derived ANXA1 controls muscle repair.

(A) Experimental set-up. CX3CR1-GFP mice were irradiated and then transplanted with bone marrow
cells isolated from Wild-Type or AnxA1” mice. Bone marrow engraftment was checked on a blood
sample after around 5 weeks. Then animals were injured in their Tibialis Anterior by cardiotoxin
(CTX) injection and muscles analysed 0 or 28 days later. Engraftment was confirmed on the bone
marrow of each animal on the day of sacrifice. (B-C) Representative FACS plots (B) and quantification
(C) of the GFP* monocytes in the bone marrow of the sacrificed animals. (D-E) HE staining (D) and
myofiber cross-sectional area (E) of TA muscles 28 days post-CTX injury. White bar = 50 um. Results

are mean + SEM of at least four muscles. *p<0.05 versus Wild-Type.

Figure 3. Exogenous hrANXA1 controls human and mouse macrophage polarization in vitro.

Human PBMC-derived macrophages were incubated for 24 hours with LPS+IFNy to promote an M1-
like phenotype, prior to addition of human recombinant ANXA1 (hrANXA1, 10nM) for further 6
hours. (A-B) Mean Fluorescent Intensity (MFI) units measured by flow cytometry of MHCII pro-
inflammatory (A) and CD206 anti-inflammatory (B) markers. Shown are MFI quantification (left
panel) and representative FACS plots (right panel). (C-F) RT-gPCR analysis of Tnfa (C) and Nos-2 (D)
pro-inflammatory genes, and 1I-10 (E) and Tgfbl (F) anti-inflammatory genes. (G-H) MFI units as
measured by flow cytometry of MHCII pro-inflammatory (G) and CD206 anti-inflammatory (H)
markers after treatment by hrANXAL1 in the presence or absence of the FPR2/ALX antagonist WRW,
(10 uM). Results are mean = SEM of at least three independent experiments. *p<0.05 versus Vehicle.

#p<0.05 versus Control.
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Figure 4. The ANXA1/FPR2/ALX pathway activates the AMPK signalling cascade in human and
murine macrophages.

(A) Schematic representation of the ANXA1/FPR2/ALX signalling cascade. (B-D) Western blot analysis
of pCaMK, pAMPKal and pACC in human PBMC-derived macrophages treated with hrANXA1. Shown
are representative blots (B) and quantification of pAMPKal to AMPKal (C) and pACC to ACC (D)
ratios. (E) Representative western blot (top panel) and quantification (bottom panel) of pAMPKal to
AMPKal ratio in human PBMC-derived macrophages treated by hrANXA1l in the presence or
absence of 10 uM WRW,. (F) Representative western blot (top panel) and quantification (bottom
panel) of pAMPKal to AMPKal ratio in Wild-Type or Fpr2/3'/' murine bone marrow derived
macrophages treated with hrANXA1l. Results are means + SEM of at least three independent

experiments. *p<0.05, **p<0.01 versus Vehicle.

Figure 5. Null or reduced AMPK expression affects ANXAl-mediated macrophage polarization.

(A-B) Primary macrophages derived from Wild-Type or AMPKal”" mice were treated with 10nM
hrANXA1 and the percentage of cells expressing the pro-inflammatory markers iNOS and CCL3 (A)
and the anti-inflammatory markers TGFB1, CD163 and CD206 (B) was determined by
immunofluorescence. (C-E) Human PBMC-derived macrophages were transfected by a non-targeting
or three different AMPKal-targeting siRNAs and treated with 10 nM hrANXA1 for 24 h. AMPKal
protein level was determined by western blot (C) and the MFI units of the pro-inflammatory MHCII
(D) and anti-inflammatory CD206 (E) markers were measured by flow cytometry. (F-1) Conditioned
medium produced by murine macrophages was transferred onto murine primary myoblasts and
their fusion was measured by immunofluorescence. (F) Experimental set-up. (G) Representative
images of desmin (red) and Hoechst (blue) labelling of myoblast cultures. White bar = 50 um. (H-I)
Fusion index calculated after desmin labelling. Shown are the means +/- SEM of the independent
experiments (H) and the results of each individual replicate (I). Results are mean + SEM of at least

three independent experiments. *p<0.05 versus Mock or Control. *

p<0.01 versus Wild-Type.

Suppl Fig 1. Related to Figure 1. Immune cell recruitment and pattern of AnxAl expression in
cardiotoxin-induced muscle injury and repair.

Immunofluorescence analysis of ANXA1 protein in Tibialis Anterior muscle after cardiotoxin injury.
Images show co-localisation of ANXA1 protein with Ly6G" (A) and F4/80" (B) cells. White bar = 50
pum. (C) Quantification of F4/80" ANXA1" cells in Tibialis Anterior (TA) muscle after cardiotoxin (CTX)

injury.
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Suppl Fig 2. Related to Figure 1. Immune cell recruitment and Fpr2/3 expression in cardiotoxin-
induced muscle injury and repair.

Quantification of F4/80" ANXA1" cells in Tibialis Anterior (TA) muscle after cardiotoxin (CTX) injury
(A), representative immunofluorescence analysis of Fpr2/3 protein in TA muscle after cardiotoxin
(CTX) injury (B) and quantification of the percentage of F4/80" cells expressing Fpr2/3 (C). White bar

=50 um. Results are means + SEM of three animals. *p<0.05 and ***p<0.001 versus Day 0.

Suppl Fig 3. Related to Figure 1 and 2.

(A) HE staining of non-injured Wild-Type and AnxA1” Tibialis Anterior (TA) muscles. White bar = 50
um. (B) Representative FACS plots of F4/80 and Ly6C/G markers in TA of Wild-Type, AnxA1”" and
Fpr2/3'/' mice 2 days post-cardiotoxin injury. (C) Weight follow-up, represented as percentage of Day
0, of mice after irradiation and bone marrow transplantation. Results are means + SEM of at least six

animals. *p<0.05 versus Day 0

Suppl Fig 4. Related to Figure 3. FPR2/ALX expression varies following human macrophage
polarization.

Human primary macrophages were polarised into M1 or M2 macrophages with IFNg and IL-4,
respectively (A-C) Flow cytometry analysis of FPR2/ALX expression. Shown are representative FACS
plots (A), percentage of cells expressing FPR2/ALX (B) and FPR2/ALX MFI (C). (D) RT-qPCR analysis of
FPR2/ALX mRNA level. Results are means +/- SEM of at least four independent experiments. *p <

0.05 versus MO (non-activated).
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STAR Methods

Animals

All procedures were performed under the UK Animals (Scientific Procedures) Act, 1986 in the UK or
in compliance with European legislation in France. Animal facilities are fully licensed by relevant
national authorities and protocols have been validated by ethical committee. Male C57BI/6 mice,
male alx/fpr2/3GFP/GFP mice (referred to as Fpr2/3'/') bearing a knocked-in green fluorescent protein
(Dufton et al., 2010) and male anxA1”" mice (Hannon et al., 2003), aged 10 weeks were used for in

vivo experiments. Both transgenic strains were fully backcrossed onto a C57BI/6 genetic background.

Production of Recombinant Human Annexin Al

Human recombinant annexin A1 (hrANXA1) was produced by a prokaryotic expression system and
purified essentially as described previously (Kusters et al, 2015). Briefly, cDNA for human ANXA1 was
inserted into the expression vector pQE30Xa (Qiagen) and transfected into E.coli (#5G13009 pREP4,
Novagen) which were then grown in Luria-Bertani broth medium supplemented with ampicillin (50
pg/ml, Roche), kanamycin (30 ug/ml, Thermofisher) and 0.5% glycerol. Protein overexpression was
initiated by addition of 5mM isopropyl B-D-1-thiogalactopyranoside (Eurogentec) and proteins were
purified by IMAC. Purity and homogeneity were assessed by SDS-PAGE, western blotting and MALDI-
TOF/TOF analysis. Endotoxin was determined with the Endosafe-PTS (FDA-licensed LAL cartridge
from Charles-River) according to the manufacturer’s protocol. HrANXA1 contained < 0.2 unit

endotoxin per mg hrANXA1 protein.

Skeletal Muscle Injury

Skeletal muscle injury was caused by intramuscular injection of cardiotoxin (Latoxan) in the Tibialis
Anterior (TA) muscle of male animals, as described previously (Mounier et al., 2013). Left TA muscles
were injected with cardiotoxin (50 pl per TA, 12 uM); 1, 2, 7, 14 or 28 days post-lesioning animals
were killed by exposure to CO,. TA were isolated and snap-frozen in liquid nitrogen-cooled

isopentane for storage and later analysis.

Murine Bone Marrow-Derived Macrophages

Bone marrow-derived macrophages (BMDMs) were prepared from adult male wild-type
sv129/C57BI6 and Prkaal” mice (referred to as AMPKal”" (Jorgensen et al., 2005)). Mice were killed
by cervical dislocation under isofluorane anaesthesia, and marrow was flushed from tibiae and
femurs. Cells were plated, washed and grown for 6-7 days in DMEM High Glucose High Pyruvate,

20% heat inactivated fetal calf serum (ThermoFisher), 30% L929-cell conditioned medium, 1%
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Amphotericin B (2.5 pg/ml, ThermoFisher) and 100 pg/ml streptomycin (ThermoFisher). For
phenotypic characterisation, BMDMs were fixed for 10 minutes in 4% formaldehyde, permeabilized
for 10 minutes in PBS with 0.5 % Triton X-100 and blocked for 1 hour in PBS with 4 % BSA. They were
then labeled overnight at 4°C with anti-NOS2 (#ab15323, Abcam), anti-CCL3 (#ab32609, Abcam),
anti-TGFB1 (#ab64715, Abcam), anti-CD163 (#sc-20066, Santa-Cruz) and anti-CD206 (#sc-58987,
Santa-Cruz), followed by incubation for 1 hour at 37°C with FITC- or Cy3-conjugated secondary
antibodies (Jackson Immunoresearch Inc). Cells were stained with Hoechst (Sigma) and mounted in
Fluoromount (Interchim) and pictures were taken on an Axio Imager.Z1 (Zeiss) at 20X of

magnification connected to a CoolSNAP MYO CCD Camera (Photometrics).

In vitro model of adult myogenesis

Macrophages were obtained from bone marrow (BM) precursor cells that were cultured in DMEM
containing 20% FBS and 30% conditioned medium of L929 cell line (enriched in CSF-1) for 7 days.
Macrophages were activated with human recombinant annexin Al for 3 days (10 nM) in DMEM
containing 10% FBS. After the washing steps, serum-free DMEM was added for 24 hr to obtain
macrophage-conditioned medium. Murine myogenic precursor cells (MPCs) were obtained from TA
muscle and cultured using standard conditions in DMEM/F12 medium (Gibco Life Technologies)
containing 20% heat inactivated Foetal Bovine Serum (FBS) and 2% G/Ultroser (Pall Inc). MPCs were
seeded at 30,000 cell/cm?® on Matrigel (diluted 1:10) and incubated for 3 days with conditioned
medium containing 2% heat inactivated horse serum. Cells were then incubated with an anti-desmin
antibody (#ab32362, Abcam), followed by a Cy3-conjugated secondary antibody (Jackson
Immunoresearch Inc) (Mounier et al, 2013; Varga et al, 2016). Cells were stained with Hoechst
(Sigma) and mounted in Fluoromount (Interchim) and pictures were taken on Axio Observer.Z1

(Zeiss) at 20X of magnification connected to a CoolSNAP HQ2 CCD Camera (Photometrics

Bone Marrow Transplantation

Total bone marrow cells were isolated by flushing the tibiae and femurs of 8- to 20-week-old donor
mice (wild-type or AnxA1” males) with RPMI-1640 / 10% FBS. They were transplanted into 8- to 12-
week-old recipient CX3CR1-GFP*" males (monocytes/macrophages expressing GFP) previously
lethally irradiated for 10 min with a dose of 0.85 Gy/min in an X-RAD 320 (Precision X-Ray). Total
bone marrow cells were injected (10’ cells diluted in 100 pL of RPMI-1640 / 50 % mouse serum) into
the retro-orbital vein of recipient mice. After transplantation, mice were fed with ciprofloxacin (10
mg/kg/day) in the drinking water for 3-weeks. Engraftment efficiency was determined on peripheral

blood 5 weeks after the transplantation and on bone marrow when mice were sacrificed by FACS
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analysis. Briefly, red cells were lysed with ACK buffer and leukocytes were incubated with FcR
Blocking Reagent (Miltenyi Biotec) for 20 min at 4°C. Finally, cells were labeled with an APC-
conjugated anti-CD115 antibody for 30 min at 4°C and analysed on a BD FACS Canto Il (BD
Biosciences). DAPI was used as viability marker. Engraftment was determined as the percentage of

monocytes not expressing GFP.

Human Peripheral Blood-Derived Macrophages

Human cells were prepared according to an approved protocol (East London & the City Local
Research Ethics Committee; no. 06/Q605/40; P/00/029). Peripheral blood was collected from
healthy volunteers by intravenous withdrawal in 3.2% sodium citrate solution (1:10). Peripheral
blood mononuclear cells were isolated by density centrifugation on a Histopaque-1077 gradient
(Sigma) according to the manufacturer’s instructions, and were plated in RPMI 1640 for 1 hour. Cells
were washed three times with ice-cold PBS without Ca**/Mg** to remove lymphocytes, and adherent

cells were incubated in RPMI 1640 containing 20% heat inactivated fetal calf serum for 14 days.

Histological and Immunohistochemical Analysis

For histological analysis, muscles were harvested, snap frozen in liquid nitrogen-chilled isopentane
and kept at -80°C until use. Cryosections (10um) were prepared for hematoxylin-eosin (HE) or Sudan
Black staining. Fluorescence immunohistochemical analysis was performed according to standard
procedures. Briefly, transverse muscle cryosections (10 um) were post-fixed by incubation for 15
minutes in 4% formaldehyde, blocked and immunostained using primary antibodies directed against
Ly6G (1:100; #127602, Biolegend), F4/80 (1:200, #123102, Biolegend) ANXA1 (1:1,000; #71-3400,
ThermoFisher) or Fpr2/3 (1:100, #sc-18191-R, SantaCruz). Secondary antibodies were Alexa Fluor
488- or 594-conjugated goat anti-rabbit or anti-rat 1gG (1:300; Invitrogen). Sections were
counterstained with DAPI, mounted and examined using a TCS SP5 confocal laser scanning
microscope (Leica Microsystems) fitted with 405 nm, 488 nm and 594 nm lasers, and attached to a
Leica DMI6000CS inverted microscope fitted with a 40x objective lens (NA 0.75 mm; working
distance, 0.66 mm). Images were captured with Leica LAS AF 2.6.1 software and analysed using

Imagel) 1.51w software (National Institutes of Health).

In vivo Macrophage Phenotype Analysis
Macrophage phenotype was analyzed as previously described (Mounier et al., 2013). Briefly, CD45"
cells were isolated from regenerating muscle TA using magnetic beads conjugated to anti-CD45

antibody (Milteny Biotec) and then incubated with Fc-block (Milteny Biotec) for 30 min at 4°C.
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Finally, CD45" cells were stained with antibody against Ly-6C/G (#17-5931-82, eBioscience) and
against F4/80 (#12-4801-82, eBioscience). Percentages of Ly-6C/G"F4/80"" and Ly-6C/G"¢F4/80"
cells were calculated among total F4/80°* cells following analysis by flow cytometry with a
FACSCalibur instrument (Becton Dickinson, UK) and FlowJo v.9.2 analysis software as described

below.

AMPKal siRNA

Primary human PBMC-derived macrophages were transfected with one of three different
commercial siRNA sequences designed to target AMPKal or an Allstars negative control siRNA
sequence using Hiperfect transfection reagent according to the manufacturer’s instructions (final
concentration 2 nM; all Qiagen GmbH, Hilden, Germany), alongside mock transfected cells. After 48
hours, cells were analysed for phenotypic conversion following hrANXA1 treatment (6 hours, 10
nM). A proportion of cells were analysed for AMPKal expression by western blot using a rabbit
polyclonal antibody raised against human the AMPKal subunit (1:1,000, #2795, Cell Signalling
Technology) and for B-actin expression using a mouse monoclonal antibody (1:10,000; #A5316,

Sigma).

Human Macrophage Flow Cytometry Analysis

Primary human PBMC-derived macrophages were labelled with FITC-conjugated mouse monoclonal
anti-MHCII (#11-9956-42, Thermofisher) and APC-conjugated mouse monoclonal anti-CD206 (#17-
2069-42, Thermofisher) or isotype controls (all Thermofisher) according to manufacturer’s protocols.
In all cases, 20,000 events were acquired using a FACSCalibur flow cytometer (Becton Dickinson),
and analysed using FlowJo analysis software (Version 9.2, Treestar Inc). In some cases, macrophages
were analysed for surface expression of FPR2/ALX; surface FcyR were blocked by incubation for 20
minutes at 4°C with 1gG block (ThermoFisher Scientific, UK), followed by incubation for 30 minutes at
4°C with mouse monoclonal anti-FPR2/ALX (1ug/106 cells; GM1D6, Aldevron, Freiburg, Germany)
then incubation for 30 minutes at 4°C with secondary antibody (AF488-conjugated goat anti-mouse

1:300; ThermoFisher Scientific, UK).

Western Blot Analysis

Samples boiled in 6x Laemmli buffer were subjected to standard SDS-PAGE (10%) and
electrophoretically blotted onto Immobilon-P polyvinylidene difluoride membranes (Millipore,
Watford, UK). Membranes were incubated with antibodies raised against human phospho-

Ca2+/caImodulin-dependent kinase (#12716, Cell Signalling Technology), phospho-AMPKal (#2531,
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Cell Signalling Technology), AMPKal (#2795, Cell Signalling Technology), phospho-acetyl-CoA
carboxylase (#3661, Cell Signalling Technology), acetyl-CoA carboxylase (#3662, Cell Signalling
Technology, all 1:1000) or B-actin (1:10,000; #A5316, Sigma) in Tris-buffer saline solution containing
0.1 % Tween-20 and 5 % (w/v) non-fat dry milk overnight at 4 °C. Membranes were washed for 30
minutes with Tris-buffer saline solution containing 0.1 % Tween-20, with the solution being changed
at 10 minute intervals; membranes were then incubated with secondary antibody (horseradish
peroxidase—conjugated goat anti-mouse 1:5000; ThermoFisher), for 2 hours at room temperature.
Proteins were then detected using the enhanced chemiluminescence detection kit and visualized on
Hyperfilm (Amersham Biosciences). Films were digitised and analysed using ImageJ 1.51w software

(National Institutes of Health).

Quantitative RT-PCR

Total RNA was prepared from primary human PBMC-derived macrophages using TRIzol reagent (Life
Technologies Ltd), and then reverse transcribed with superscript Ill reverse transcriptase (Life
Technologies Ltd) according to the manufacturer’s protocols. Resultant cDNA was then analysed by
real-time PCR in duplicate, using the Quantitect primer system (Primer sets: FPR2/ALX QT00204295,
IL-10 QT00041685, NOS-2 QT00068740, TNF-a QT00029162 and TGFB1 QT00000728; all Qiagen Ltd.)
and Power SYBR Green PCR Master Mix (Applied Biosystems). Reactions were performed in 384 well-
format using the ABI Prism 7900HT Sequence Detection System. The PCR conditions consisted of 95
°C 15 min, [95 °C 15s-55°C30s-72 °C 30 s] x 40, with a dissociation step [95 °C 15 s/60 °C 15 s/95
°C 15 s] included after the PCR reaction to confirm the absence of non-specific products. Data was

acquired and analyzed with SDS 2.3 (Applied Biosystems); fold change was calculated as 27",

Statistical Analysis

All quantified in vitro data are derived from at least three independent donors, with experiments
performed in triplicate, and are expressed as mean = SEM. Murine in vivo experiments were
performed with a group size of n=6, sufficient to identify a 20% effect size with a power of 0.8, and
are expressed as mean = SEM. Data were analyzed by one- or two-way ANOVA as appropriate, with
post hoc comparison using Tukey’s HSD test. For murine in vitro experiments, at least 3 independent
experiments were performed and statistical significance was determined using Student’s t test. In all

cases, a P<0.05 was taken as indicating statistical significance.
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Open-CSAM, a new tool for semi-automated analysis of myofiber cross-

sectional area in regenerating adult skeletal muscle

Thibaut Desgeorges?, Sophie Liot?, Solene Lyon?, Jessica Bouviére?!, Alix Kemmel!, Aurélie
Trignol?, David Rousseau?, Bruno Chapuis?, Julien Gondin?, Rémi Mounier?!, Bénédicte

Chazaud!" and Gaétan Juban®”

To analyze the efficiency of muscle regeneration, myofiber size is the main parameter studied
as myofiber size is correlated with muscle force. For my PhD project, | had to measure
myofiber size on muscle sections. This was usually done manually and was time-consuming,
since no reliable software was available. Thus, | developed a program using ImagelJ software
to automatically analyze the size of myofibers in order to spare time. | also evaluated the
accuracy, robustness and conditions of use of that program. The development of the Image)
macro, published in Skeletal muscle journal, allowed the analyze of in vivo data of my thesis

project, especially for Figures 6 and 7 of the Study #1 and Figures 1 and 2 of Study #2.
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Abstract

regenerating muscle.

Adult skeletal muscle is capable of complete regeneration after an acute injury. The main parameter studied to
assess muscle regeneration efficacy is the cross-sectional area (CSA) of the myofibers as myofiber size correlates
with muscle force. CSA analysis can be time-consuming and may trigger variability in the results when performed
manually. This is why programs were developed to completely automate the analysis of the CSA, such as SMASH,
MyoVision, or Muscle] softwares. Although these softwares are efficient to measure CSA on normal or hypertrophic/
atrophic muscle, they fail to efficiently measure CSA on regenerating muscles. We developed Open-CSAM, an
Image) macro, to perform a high throughput semi-automated analysis of CSA on skeletal muscle from various
experimental conditions. The macro allows the experimenter to adjust the analysis and correct the mistakes done
by the automation, which is not possible with fully automated programs. We showed that Open-CSAM was more
accurate to measure CSA in regenerating and dystrophic muscles as compared with SMASH, MyoVision, and
Muscle) softwares and that the inter-experimenter variability was negligible. We also showed that, to obtain a
representative CSA measurement, it was necessary to analyze the whole muscle section and not randomly selected
pictures, a process that was easily and accurately be performed using Open-CSAM. To conclude, we show here an
easy and experimenter-controlled tool to measure CSA in muscles from any experimental condition, including

Background

Skeletal muscle is capable of complete regeneration after
an acute injury [1]. Skeletal muscle integrity is usually
assessed by histological analyses, consisting of staining
and/or immunofluorescent labeling of various cellular or
molecular structural components of the tissue. Among
these analyses, myofiber cross-sectional area (CSA) is
widely used because it reflects the regenerative capacity
of the muscle, i.e., the formation of new myofibers from
the activation, proliferation, differentiation, and fusion of
muscle stem cells [1]. CSA measurement is usually per-
formed after immunofluorescent staining of laminin, a

* Correspondence: benedicte.chazaud@inserm.fr; gaetan juban@univ-lyon1 fr
'Institut NeuroMyoGéne, Univ Lyon, Université Claude Bernard Lyon 1, CNRS
UMR 5310, INSERM U1217, 8 Avenue Rockfeller, F-69008 Lyon, France

Full list of author information is available at the end of the article

B BMC

component of the basal lamina surrounding each myofi-
ber, or of dystrophin that is located at the inside face of
the sarcolemma.

Analysis methods range from manual quantification to
programs showing various levels of automation. Manual
quantification is potentially the most accurate method as
the experimenter keeps total control over the myofibers
being analyzed. However, the manual procedure is highly
time-consuming and may present variability between
experimenters. This is why automated programs were
developed to limit the experimenter input and save time
[2-7]. For example, SMASH [7] is a semi-automated
open source MATLAB script allowing the assessment of
several parameters, including CSA. MyoVision, a Win-
dows program [2], was developed to fully automate the
quantification process. This program combines several

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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algorithms that were previously used separately in other
programs, thus reducing the errors in the fiber identifi-
cation and leading to a more accurate CSA measure-
ment compared to SMASH on uninjured muscle [2].
Recently, Muscle], a fully automated plug-in in Image]
described the fully automated quantification of various
skeletal muscle parameters, including CSA [8].

Most of the automated softwares were tested on nor-
mal muscle or under conditions triggering atrophy/
hypertrophy. In this context, the shape of the myofibers
keeps polygonal and angular, myofibers keeping their
contact with each other. On the contrary, regenerating
muscle is characterized by the presence of round-shaped
regenerating myofibers of highly variable size that, for
the smallest ones, do not regularly contact surrounding
fibers. Thus, variable myofiber shape, size, and extrafiber
space characterize the regenerating muscle, rendering
the automated quantification more difficult.

Here, we present a semi-automated CSA quantifica-
tion method for skeletal muscle images applicable on
any type of muscle and under any condition, including
early and late regenerating muscle and dystrophic
muscle. This method, named Open-CSAM (for Open
[free]-Cross Sectional Area Measurement), is based on
an Image] macro designed to automatically quantify
CSA on immunofluorescent picture of the whole skeletal
muscle section. It also includes some level of flexibility
for the experimenter, allowing manual correction of the
mistakes made by the automation. Moreover, it allows
the analysis of the size of the myofibers on the whole
muscle section, which we show here to be necessary to
obtain an accurate measurement.

Methods

Animals and tissue preparation

C57BL/6 and mdx mice were used according to the
French legislation. All experiments were performed on
mice between 8- and 12-week-old, except for old mice,
which were 2-year-old. In injury experiments, Tibialis
Anterior (TA) muscles were injected with 50 pl of cardi-
otoxin (Latoxan) at 12 uM as previously described [9].
Fibrotic dystrophic mice (Fib-mdx) were generated as
previously described [10] and mice were analyzed
1 week after the last injuries. TA muscles were
mounted on pieces of cork and fixed with tragacanth
gum. Then, they were frozen in isopentane cooled by
liquid nitrogen and further stored at — 80°C. TA mus-
cles were sectioned thanks to a cryomicrotome
(CM3050s, Leica), and the thickness of cryosection was
8 to 10 pm. The slides were then stored at — 80 °C until
immunostaining. TA muscles showing more than 15%
of uninjured area (i.e., without centrally located nuclei),
indicating that CTX did not spread into the entire
muscle, were excluded from the study.
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Immunofluorescence

Slides were dried for 10min at room temperature.
Muscle cryosections were encircled with a hydrophobic
pen (Dako) and were incubated with PBS containing
Triton 0.5% for 10 min and then washed three times
with PBS. They were incubated with BSA 2% for 1h at
room temperature and then incubated overnight with a
rabbit anti-laminin antibody (1:200, L9393, Sigma-Al-
drich) at 4°C in a moist chamber. Slides were washed
three times with PBS and incubated with FITC-conju-
gated donkey anti-rabbit secondary antibody (1:200;
711-095-152, Jackson Laboratories) at 37 °C for 45 min.
Sections were soaked for 10s in Hoechst solution H
33342 (1:1000, B2261, Sigma-Aldrich) and were washed
once with PBS before mounting with antifading Fluoro-
mount G medium (FP-483331, Interchim). Slides were
stored at 4°C protected from light until picture
acquisition.

Image acquisition and quantification
As much as possible, the various conditions to be
compared (e.g, WT vs. KO, normal vs. dystrophic
muscle) should be recorded in similar conditions (micro-
scope, magnification, exposure time, binning). For
Open-CSAM validation and comparison with other
softwares, at least 10 images were acquired manually at
x 20 of magnification on an Axio Imager.Z1 microscope
(Zeiss) connected to a CoolSNAP MYO CCD camera
(photometrics) using MetaMorph Software (molecular
devices). For whole cryosection analysis, slides were
automatically scanned at x 10 of magnification using an
Axio Observer.Z1 (Zeiss) connected to a CoolSNAP
HQ2 CCD Camera (photometrics). The image of the
whole cryosection was automatically reconstituted in
MetaMorph Software. Open-CSAM was able to analyze
images up to 110 Mo in 8 bit or 220 Mo in 16 bit. In
case the final picture was too big to be analyzed at once
because of limitation of Image] capacities, the picture
was split into several parts (two to four) for the auto-
mated analysis. Between 2000 and 4000 fibers were
analyzed in a few seconds. Open-CSAM workflow is
presented in Fig. 1. The detailed macro code and expla-
nations of the various functions are given in
Additional file 1: Figure SI1. If necessary, at the end of
the automated measurement, manual correction is
performed using ImageJ. The selection tools in the ROI
Manager were used to remove “false” myofibers created
by the automation, and the “Freehand selections” tool
was used for hand-drawing “lacking” myofibers missed
by the automation. These tools were used for full
manual quantification. A tutorial is provided in
Additional file 2: Figure S2.

MyoVision and Muscle] analyses were performed as
described [2, 8]. SMASH analysis was implemented with
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1. Open original image -
Laminin staining

A
3. Open fonction +
Fill holes

5. CSA Measure of
entire myofibers

2. Threshold "Huang" -
Binarization

4. Selection of
entire myofibers

6. Overlay for visual
checking

Fig. 1 Open-CSAM workflow. Step 1: When the macro starts, a window automatically opens to select the image to be analyzed (here muscle
cryosections immunostained for laminin). Step 2: Open-CSAM applies the ImageJ threshold “Huang” on the image. Huang threshold was chosen
by empiric assays. Threshold application allows image binarization. Step 3: open function allows to adjust the myofiber contours. Myofibers are
filled by the function “fill holes.” Step 4: Only the entire myofibers are selected to be analyzed. Other selected parameters as circularity and the
size are used to avoid the inclusion of too many false myofibers. Step 5: The area of the selected myofibers is measured. Step 6: At the end of
the measurement, all the region of interests (ROI, here the myofibers) are automatically superimposed for visual checking. It is then possible to
manually delete or add new myofibers. Bars = 25 um

a segmentation filter set to 11 [7]. This was empirically
determined by testing values between 5 and 12 and visu-
ally inspecting the results. For MuscleAnalyzer analysis,
the TIFF pipeline was tested following recommendations
provided in the tutorial video [11]. Several threshold
values were tested from 1 to 0.955 with no difference on

Table 1 Recommended size and circularity thresholds
Size threshold

Muscle type Circularity threshold

o D [ 2 - 4

the results. In all analyses, the applied size filter was the 0 {young and old) o0 WS . 0
same as the one used for Open-CSAM (Table 1). D8 50 um” then adjust 04
D14 100 um? then adjust’ 04

Statistical analyses

All images were acquired from at least two independent
TA muscles per experimental condition and at least five
randomly selected images per muscle were analyzed.

D28 (young and old)
Fib-mdx

150 um? then adjust’ 04
50 pm? 04

“If too many small myofibers are missed, progressively decrease the size
threshold by testing on 2-3 representative pictures
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The Student ¢ test, two-way ANOVA, or Spearman cor-
relation test were used for statistical analyses. P < 0.05
was considered significant.

Results

Open-CSAM is more accurate than previously described
softwares

In order to test the accuracy of Open-CSAM, its
performance was compared with a fully manual
quantification, a semi-automated software (SMASH),
as well as two fully automated softwares: MyoVision
and Muscle] (Fig. 2). We analyzed TA muscle from
various conditions, including uninjured muscle,
regenerating muscle at several time points after
acute injury (D8 and DI14) in young and old mice,
and a model of fibrotic dystrophy (Fib-mdx). Quanti-
fication was performed on cryosections immuno-
fluorescently labeled with anti-laminin antibody,
which labels the myofiber basal lamina. Immunola-
beling against dystrophin or sarcolemal proteins was
not used as this precludes the analysis in dystrophies
where these proteins are lacking or altered. As previ-
ously described [2], MyoVision produced significantly
higher mean CSA values as compared with manual
quantification (Fig. 2a, between 4.3 and 47.7%
increase depending on the experimental condition).
Mean CSA values obtained with Muscle] were simi-
lar to the manual quantification for uninjured young
as well as 14 and 28days post-injury muscles.
However, it gave higher mean CSA values in 8 days
post-injury regenerating muscles, old muscles (unin-
jured and 28days post-injury), and dystrophic
muscles (Fig. 2a, between 3.2 and 19.4% increase).
Mean CSA values obtained with SMASH were very
close to the manual quantification in uninjured old
and young 8- and 28-days post-injury muscles.
However, SMASH produced higher mean CSA values
in uninjured muscles (young and old) (+3 and + 1%,
respectively), and lower mean CSA values in 14 days
post-injury muscles (-4%) (Fig. 2a). On the other
hand, Open-CSAM without manual correction gave
mean CSA values close to those obtained manually,
with a slight underestimation (between 2 and 7.3%
decrease as compared with manual quantification),
except in Fib-mdx muscles where it was slightly
overestimated (+4.4%) (Fig. 2a). This was explained
by the fact that Open-CSAM measured the area
inside the basal lamina staining, which corresponds
to the true area of the myofiber. With manual quan-
tification, the experimenter tends to draw the limits
of the myofibers more on the laminin staining, thus
including a small part of the basal lamina, therefore
slightly overestimating the myofiber area (Fig. 2a). In
the case of Fib-mdx muscle, the overestimation by
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Open-CSAM was explained by an oversight of small myofi-
bers (see below). During the revision process of this manu-
script, MuscleAnalyzer, a customized pipeline within the
CellProfiler program allowing fully automated CSA meas-
urement, was released [11]. We tested this pipeline on the
same samples as above (Additional file 3: Figure S3). As it
strongly overestimated mean CSA as compared with man-
ual quantification (between 384% and 254.8% increase
depending on the condition), this software was not consid-
ered for further analysis.

Despite an increased CSA value obtained using
MyoVision, the correlation between MyoVision and
manual quantification for each picture was strong in
uninjured muscles (young and old mice), as well as
14 and 28days post-injury regenerating muscles
(Fig. 2b and Additional file 4: Figure S4A, R*>0.95),
suggesting that in these conditions, CSA overesti-
mation by MyoVision was similar on all the pictures
and did not introduce a specific bias. On the contrary,
the correlation was much lower on muscles at 8 days
post-injury, 28 days post-injury in old mice and in fibrotic
muscles (Fig. 2b and Additional file 4: Figure S4A, R* < 0.89),
which represent conditions exhibiting smaller myofi-
bers and/or defects in regeneration. Similarly, overall
correlation between Muscle] and manual quantifica-
tion was very strong in uninjured muscles (young and
old mice, Fig. 2b and Additional file 4: Figure S4A,
R?>0.97). Although this correlation was lower on
young 8days and old 28 days post-injury as well as
on fibrotic muscles, it was better than MyoVision. Fi-
nally, correlation was lower with Muscle] than with
MyoVision for the 14 and 28 days post-injury condi-
tions. Correlation between SMASH and manual quan-
tification was strong in uninjured young muscles
(Fig. 2b, R*=0.97). However, correlation was less
good when compared with MyoVision and Muscle] in
28 days post-injury muscles (young and old mice,
Additional file 4: Figure S4A, R*=0.8352 for young
and 0.9278 for old). For all other conditions, SMASH
accuracy compared with manual quantification was
intermediate between that of MyoVision and of
Muscle] (Additional file 4: Figure S4A, 0.8489 < R <
0.9364). These data indicate that the differences
observed between manual quantification and MyoVi-
sion, Muscle], or SMASH are condition-dependent,
thus introducing a bias. We then used Open-CSAM,
first without applying any manual correction. The
correlation between Open-CSAM and manual quanti-
fication was better or equivalent to that of MyoVision,
Muscle], or SMASH in all the analyzed experimental
conditions (Fig. 2b and Additional file 4: Figure S4A,
R®>0.9454). This suggests that Open-CSAM perform-
ance was more consistent through the various experi-
mental conditions.
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Fig. 2 Open-CSAM comparison with MyoVision, MuscleJ, and SMASH softwares. The same pictures were analyzed either by manual measurement
or using Open-CSAM (with or without manual correction), MyoVision, MuscleJ, or SMASH softwares. a Mean cross-section area (CSA) obtained on
various Tibialis Anterior (TA) muscles. Muscles were isolated from 8- to 12-week-old mice uninjured (DO) or 8 days (D8), 14 days (D14), and 28 days
(D28) post-cardiotoxin (CTX) injury, from 2-year-old mice uninjured (DO old) or 28 days post-CTX injury (D28 old) and from dystrophic fibrotic
mice (Fib-mdx). Results are mean + SEM of 10 images from 2 muscles (Fib-mdx), 20 images from 2 muscles (D0 and DO old), 30 images from 3
muscles (D28 and D28 old), 40 images from 4 muscles (D8), and 45 images from 4 muscles (D14). b Correlation between manual measurement (X
axis) and Open-CSAM (without manual correction), MyoVision, MuscleJ, or SMASH (Y axis) measurements performed on the same images used in
a. Fach dot represents a picture. The dotted line represents the identity line. ¢ Representative images measured manually, by Open-CSAM (before
and after correction), MyoVision, MuscleJ, or SMASH softwares. Red fibers were false myofibers identified by the softwares, and green fibers were
myofibers not considered by the Open-CSAM software and manually drawn. Lacking myofibers using MyoVision, Musclel, or SMASH softwares are
shown by red asterisks. d Distribution of the CSA obtained with the six methods using the Fib-mdx samples used in a. Results are mean + SEM of
10 images from 2 muscles (Fib-mdx). White bar =25 um. *p < 0.05, **p < 0.01, and ***p < 0.001 as compared with manual quantification
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Manual correction is necessary for best accuracy

Figure 2c shows two examples of quantification per-
formed on a single image from an uninjured muscle (left
panel) and a dystrophic fibrotic muscle (right panel). In
the uninjured muscle picture, Open-CSAM and Muscle]
identified two false myofibers (red lines), which were
manually removed with Open-CSAM (Open-CSAM cor-
rected). On the other hand, MyoVision missed two myo-
fibers (red asterisks) while SMASH both identified three
false myofibers and missed two myofibers. However, as
the myofiber size was quite homogeneous in this picture,
this did not really impact the calculated CSA value. In
the fibrotic muscle picture (Fig. 2c, right panel),
Open-CSAM identified 7 false myofibers (red lines) and
missed 16 myofibers that were manually corrected after-
wards (green lines). MyoVision missed 33 myofibers (red
asterisks) and identified 1 false fiber, which could be
excluded by size filter in MyoVision software (red line),
inducing a 29% artificial increase in CSA, as compared
with manual quantification. Similarly, Muscle] identified 7
false myofibers (red lines) and missed 14 fibers (red aster-
isks), leading to a 12.3% increase as compared with man-
ual quantification. Finally, SMASH missed 14 myofibers
and misidentified 9 fibers, leading to an 8.2% decrease of
mean CSA compared to manual quantification. The distri-
bution of the myofiber CSA in Fib-mdx muscles (same
samples as in Fig. 2a) clearly showed that MyoVision and
Muscle], and to a lower extent, Open-CSAM, preferen-
tially missed the small myofibers (<500 pmz) (Fig. 2d),
thus artificially overestimating the mean CSA. On the
contrary, SMASH overestimated the proportion of small
myofibers. Taken together, these results show that Open-
CSAM accuracy is more consistent as compared with
other softwares through various experimental conditions.
However, despite its performance, manual correction is
necessary for best accuracy. Open-CSAM was designed to
enable easy manual correction, allowing the user to directly
draw missing fibers and delete the false ones at the same
time in Image] (Additional file 2: Figure S2). As shown in
Additional file 4: Figure S4B, manual correction applied to
Open-CSAM improved the measurement accuracy in all
conditions (R*>0.97) except in old mice 28 days post-in-
jury (R*=0.9665 before and 0.962 after correction). In
Fib-mdx muscle, this was associated with a conver-
gence of the overall myofiber size distribution towards
the distribution obtained with manual quantification
(Fig. 2d), notably with a better consideration of small
myofibers (< 500 um?).

Whole section analysis is necessary for best accuracy

CSA analysis is usually performed on a subset of images
randomly taken throughout the muscle section. Depending
on the experimenter, the number of images and thus the
number of analyzed myofibers can be variable. Moreover,
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within the same muscle, myofiber size can be quite hetero-
geneous and a bias can be introduced depending on the
choice of the pictures. Figure 3a shows an example of an
entire reconstituted muscle picture. We measured CSA on
individual images, calculated the mean CSA on several
subsets of images, and compared the results with the CSA
obtained on the whole section. When the measurement
was made only using a subset of pictures, the myofiber
CSA differed from 5 to 28% to that measured on the whole
muscle (Fig. 3b). We particularly observed that CSA was
overestimated when the left half of the muscle was mea-
sured, that corresponded in this example to the peripheral
part of the muscle where regeneration is ended. Inversely,
measuring the right part of the muscle, here corresponding
to smaller regenerating myofibers localized at the center of
the muscle, underestimated CSA value. Thus, because TA
regeneration after a toxic injury is a centripetal process that
ends first at the periphery of the muscle, the whole muscle
section should be analyzed when measuring CSA of regen-
erating muscle in order to obtain an unbiased picture of
the process. Moreover, as in diseased muscle, foci of fiber
damage or remodeling can occur anywhere, analyzing the
whole section also insures an accurate measurement in this
context.

Use of Open-CSAM is robust among users

In a whole muscle section, the number of manual correc-
tions can be variable depending on the quality of the
muscle section and of the immunostaining. Considering a
high quality of both, we found that the amount of false
plus lacking fibers, which needed to be manually removed
or re-drawn, ranged from 5% in non-damaged muscles to
10 to 25% in damaged muscles (Fig. 4a). As the manual
corrections after Open-CSAM analysis can represent up
to 25% of the myofibers, thus potentially introducing vari-
ability among users, we tested the robustness of this
method. To do so, three independent experimenters ana-
lyzed the same image taken from an adult TA muscle 28
days post-CTX injury, where the majority of the muscle
has fully regenerated and some central areas are still
regenerating (Fig. 4b, c). This muscle was chosen because
of the high number of required manual corrections. Using
a 100 um? size filter and a 0.4 circularity threshold (see
Additional file 1: Figure S1 and Table 1), Open-CSAM
identified 3757 fibers (Fig. 4c, left images), resulting in a
CSA of 1566.8 um? (Fig. 4b, left). As shown in Fig. 4c, two
areas showed a large number of fibers missed by Open-
CSAM. The first area (blue box) was composed of fibers
showing a high variability in size where Open-CSAM
missed mainly very small fibers. The second area (red box)
was composed of medium- to large-sized fibers but with a
lower laminin staining intensity. In this area, Open-CSAM
failed to identify most of the fibers. Depending on the user,
50 to 145 false fibers were deleted and 860 to 1019 fibers
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Fig. 3 Whole muscle analysis by Open-CSAM. a Whole reconstitution of a laminin-stained cryosection of a TA muscle 28 days post-CTX injury (30
pictures were automatically recorded and assembled by MetaMorph software). The position of each individual image is highlighted by the red
lines. White bar = 250 um. b Mean cross-section area obtained after various subsettings of pictures in a

\

were manually added (Fig. 4b, right). Despite this variability
in the number of manual corrections performed by each
user, the corrected CSA reached 1454, 1437, and 1456 pm?,
meaning that variability between users was below 1%.
Altogether, these results show that despite the manual cor-
rections required by Open-CSAM, there is no bias intro-
duced by the experimenter.

Open-CSAM is an accurate tool for whole muscle CSA
analysis in regenerating muscle

As we showed that CSA quantification with Open-CSAM
was highly accurate on individual images in various

experimental conditions and that whole muscle analysis
was necessary, we tested its performance on several whole
muscle images and compared it to fully automated quanti-
fication by MyoVision and Muscle], as well as to SMASH.
We analyzed whole muscle images from young uninjured,
8 days post-injury and 28 days post-injury mice (Fig. 5 and
Additional file 5: Figure S5). As we showed for x 20
individual pictures in uninjured muscle (Fig. 2), MyoVi-
sion, Muscle], and SMASH modestly overestimated the
CSA as compared with corrected Open-CSAM (Fig. 5a, +
11.7%, + 16.5%, and + 13.9%, respectively) (Fig. 5a). On the
same muscle, manual correction had negligible impact on
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CSA obtained by Open-CSAM, highlighting its high
performance on uninjured whole muscle section
(Fig. 5a, —-1.1% before correction). Corroborating
this observation, CSA distribution was identical for

Open-CSAM before and after correction (Fig. 5d).
On the contrary, MyoVision, Muscle], and SMASH
overlooked small fibers (<1000 pmz) and overesti-
mated bigger fibers (>3000um?). In the D8
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Fig. 5 Comparison of Open-CSAM, MyoVision, Musclel, and SMASH CSA quantification on whole muscle sections. CSA was measured using
Open-CSAM (with or without manual correction), MyoVision, Musclel, or SMASH on whole TA muscle images obtained from uninjured (DO) or 8
days (D8) and 28 days (D28) post-CTX injury. a Mean CSA measured by the different softwares. b Number of fibers identified by the softwares. ¢
Total analysis time required by the softwares. d Distribution of CSA obtained by the five methods on DO (top graph), D8 (middle graph), and D28

condition, where small fibers represent an important
part of the whole muscle section area and the D28
condition, where small myofibers are still concentrated
in specific areas (see Fig. 4), MyoVision (+24 and +
32.1%, respectively), Muscle] (+71.2 and +92.3%, re-
spectively), and SMASH (+ 22 and 26.8%, respectively)
accounted for a much higher CSA than Open-CSAM.
This is mainly due to the non-detection of the small
myofibers (Fig. 5d) and, in the case of Muscle], to the
merging of several myofibers into one (Additional file 5:
Figure S5B, Fig. 5b). Again, correction in Open-CSAM
induced a negligible change in CSA measurement on
day 8 post-injury muscle (Fig. 5a, + 0.3% before correc-
tion). Finally, manual correction of Open-CSAM in
day 28 post-injury muscle corrected a slight underesti-
mation of small fibers (Fig. 5d), leading to an artificial
increase in CSA (Fig. 5a, + 7.8% before correction).

The main defect of Open-CSAM is the time of ex-
perimenter that is required for the complete imple-
mentation of CSA measurement. Although running
Open-CSAM macro in Image] took less than 1 min
(even for the whole muscle pictures), which was fas-
ter compared to other softwares (4 to 10 min for
Muscle], 5 to 17 min for SMASH, and 166 to 340 min
for MyoVision), the post-automation manual correc-
tions lasted between 10 and 60 min in the examples
provided (Fig. 5c, Additional file 5: Figure S5). How-
ever, those corrections are required for achieving a
full analysis of the whole muscle in order to provide
an accurate CSA value. Taken together, these results
show that Open-CSAM is a highly accurate tool to
measure myofiber CSA on whole muscle section im-
ages from different experimental conditions, including
regenerating muscle.
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Discussion

Histology is the gold standard technique to assess some
characteristics of skeletal muscle. Measurement of myofi-
ber CSA is classically used as a parameter of normal and
pathological skeletal muscle regeneration after labeling
with anti-laminin or anti-dystrophin antibodies. However,
there are various strategies to analyze images and CSA
measurement that can give highly heterogeneous results.
On the one hand, manual quantification, consisting in
manually drawing the myofiber contour to measure the
area, is extremely time-consuming and potentially variable
between experimenters as it is meticulousness-dependent.
According to our experience, it takes about 1h to draw
1000 fibers. On the other hand, automated programs that
were developed to reduce the impact of the experimenter,
and to save time, give satisfactory results in uninjured
muscle [2-8] but fail to be accurate in regenerating
muscle.

Among the recent described softwares are SMASH,
MyoVision, and Muscle]. SMASH is a MATLAB applica-
tion which is also available as a free Windows program
(SMASH Stand Alone). MyoVision is a program operating
in Windows environment whereas Muscle] is a macro
working in Image] program (Table 2). They were devel-
oped to automate, with various levels of flexibility, the
quantification of several muscle parameters including fiber
number, CSA, myonuclei number and fiber type distribu-
tion. As previously described [2], MyoVision showed a
significant CSA overestimation as compared with manual
quantification. This could be explained by the stronger
overlapping of MyoVision outlines with the laminin stain-
ing (Fig. 2c), thus integrating a part of the basal lamina
into the myofiber area. Despite this overestimation of the
mean CSA as compared with manual quantification,
MyoVision performed accurately on isolated images from

Table 2 Comparison of software characteristics
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uninjured muscles. However, regenerating, old and dys-
trophic muscles are characterized by high myofiber size
heterogeneity. In this context, MyoVision measurement
was still good at day 14 and 28 after injury, ie. at time
points when regenerating myofibers are already formed. On
the contrary, correlation with manual estimation was much
lower in muscles at 8 days post-injury in young mice, at 28
days post-injury in old mice and in muscles of dystrophic
fibrotic mice. These three conditions are characterized by a
lower mean CSA and the presence of high numbers of very
small myofibers, which are not considered by MyoVision,
thus overestimating the mean CSA. Muscle] software was
efficient in measuring mean CSA in individual x 20 pictures
from uninjured young as well as 14 and 28 days post-injury
muscles. However, it measured higher mean CSA values in
8 days post-injury regenerating muscles, old muscles (unin-
jured and 28 days post-injury) and dystrophic muscles, even
though the values were closer to manual quantification
than that calculated by MyoVision. Here again, this was
due to an oversight of small myofibers. Finally, SMASH
showed high accuracy in uninjured young muscles. For the
other conditions, even though mean CSA was relatively
close to manual quantification, the accuracy was very vari-
able between images, leading to overestimation of small
myofibers in Fib-mdx (Fig. 2d) and oversight of these same
small fibers in regenerating muscles (Fig. 5d), making it not
reliable to analyze and compare various conditions.

In order to provide a tool usable in various biological
conditions, we developed Open-CSAM, an Image] macro
allowing the automatic measurement of CSA with the
possibility for the experimenter to apply manual correc-
tions afterwards. CSA values obtained with Open-CSAM
were very close to the values obtained manually in all
tested conditions. Generally, Open-CSAM omitted only
few myofibers in muscles containing small fibers

Program Software base OS Minimal configuration tested Manual correction
PC MAC
Open-CSAM  Image) Mac OS/ Windows 10-Intel core i3 CPU ~ Mac OS 10.12/Intel core  Yes—during the analysis
plugin Windows 550 3.2 GHz-4 Go RAM i3-3.2 GHz/12 Go RAM = Draw/delete ImageJ tools
MyoVision  Windows Windows Windows 10-Intel core i3 CPU Not applicable No
application 550 3.2 GHz-4 Go RAM (single
image analysis)/Windows 7-Intel
core i5 vpro 3.1 GHz/16 Go RAM
(whole muscle analysis)
Muscle] Image) Mac OS/ Windows 10-Intel core i3 CPU ~ Mac OS 10.13/Intel core Yes—after the analysis
plugin Windows 550 3.2 GHz-4 Go RAM i5-2.7 GHz/16 Go RAM  => Open picture
= Import ROI file on the picture
- Draw/delete ImageJ tools
SMASH Windows Windows Windows 10-Intel core i3 CPU Not applicable Yes—during the analysis
Stand application 550 3.2 GHz-4 Go RAM -> Step 1 draw—uvalidate
Alone = Step 2 delete—validate

(cumbersome: small screen, no back
and forth allowed between steps 1 and 2)
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(regenerating muscle, old muscle, dystrophic muscles).
Then, lacking myofibers are easily manually drawn and
incorporated into the analysis using Image], which is not
possible using the fully automated softwares. The main
drawback of Open-CSAM is that it identifies some false
myofibers in the interstitial space between myofibers, not-
ably when this space is large in early regenerating and
fibrotic muscles. This issue can be overcome by increasing
the size and the circularity thresholds but this also
increases the risk of omitting real myofibers. Because it is
faster to delete false myofibers than manually drawing
lacking myofibers, we recommend to keep thresholds as
low as possible to reduce the number of lacking myofibers.
We therefore provided starting thresholds for the different
conditions we have tested, that have to be adjusted
depending on the specific experiment (Table 1). According
to our experience, the false fibers identified by Open-
CSAM represented less than 5% of the total fibers in all
the muscles we have analyzed so far.

CSA measurement is usually performed on a subset of
images randomly taken throughout the muscle section.
However, myofiber size is quite heterogeneous within
the same muscle, and we showed that considering only a
part of the muscle section led to the introduction of bias
depending on the image selection, potentially hiding a
relevant phenotype or artificially creating a non-relevant
one. Of note, image acquisition and reconstitution of the
whole muscle section is automatically performed, saving
time, as compared with manually recording random
pictures. Then, Open-CSAM is capable of measuring the
myofiber CSA on the whole section in a few seconds.
Depending on the size of the image, it may be necessary
to split it in two or four parts. This may be also useful
when the laminin labeling intensity is not homogenous
on the entire section since Open-CSAM may omit faint
labeled areas.

When measuring CSA on whole muscle section pictures,
using uninjured or 8-day and 28-day regenerating muscles,
we found that Open-CSAM (including the manual
post-automation corrections) was the most accurate way to
measure myofiber CSA. Muscle] program was efficient at
implementing CSA from uninjured muscle (still with over-
estimated values) but failed to accurately measure myofiber
CSA of regenerating muscle, due to failure to detect small
fibers and to merging of several myofibers into one. Even
though Muscle] was built as a ready-to-use toolbox to avoid
experimenter intervention, post-automation corrections are
possible. Indeed, the user may generate a file containing the
ROIs analyzed that can be imported back into Image] to
perform manual corrections in a similar way as Open-
CSAM. However, given its poor performance on whole
regenerating muscle section as compared with Open-
CSAM, the amount of manual corrections and thus the
time spent would be not competitive towards Open-CSAM
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measurement. SMASH and MyoVision gave similar results,
as they moderately overestimated mean CSA in uninjured
muscle, an overestimation that was amplified in 8-day and
28-day regenerating muscles which contain a higher pro-
portion of small rounded-shape myofibers. MyoVision was
very slow in implementing the analysis of the whole muscle
images (between 166 and 340 min), making it not competi-
tive towards manual measurement. Moreover, it does not
allow manual correction. SMASH was faster (between 5
and 17 min), and it was designed to allow the user to per-
form manual corrections during the analysis. However, the
correction process has several drawbacks. First, the applica-
tion cannot be displayed into full screen, which makes in-
convenient to easily detect the myofiber delimitations.
Second, after the segmentation, the correction process is
composed of 2 sequential steps. The first step allows to
manually split merged fibers or draw the missed ones.
After validation of the drawing, the second step allows
manual deletion of the false fibers identified by the pro-
gram. Unfortunately, at this point, it is not possible any-
more to come back to correct merged or missed fibers
that would have appeared after the second step. Given this
lack of flexibility, performing manual correction in
Open-CSAM is much easier and faster.

According to our experience with Open-CSAM, the
amount of manual corrections required after the automatic
measurement depends on the status of the muscle, the
quality of the cryosection, and the quality of the immunola-
beling. We recommend performing a new cryosection and/
or labeling rather than trying to analyze poor quality im-
ages. Typically, if we consider a high-quality image, the ana-
lysis of an uninjured TA lasts less than 15 min to process
2000 to 3000 myofibers. In the worst condition we experi-
enced, processing of a regenerating TA can last from 15
min to 1h for the experimenter to obtain an accurate
measurement of myofiber CSA (as compared with 1 h per
1000 fibers in the case of a full manual quantification, thus
2-3h per muscle). Moreover, we showed that despite the
relatively high level of manual correction required for some
muscles, the difference in corrected CSA obtained by inde-
pendent experimenters was negligible (less than 1%),
highlighting the robustness of this method.

Conclusion

The use of Open-CSAM program on whole muscle
sections is a powerful strategy to measure myofiber CSA of
muscles from various experimental conditions in an easy,
highly accurate, and reproducible way, providing values
very close to the absolute values. This user-friendly (tutorial
in Additional file 2: Figure S2) method is semi-automated
and therefore requires the commitment of the experi-
menter (who is still the best expert to define what a myofi-
ber is), allowing the most accurate CSA measurement of
regenerating muscle so far.
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Additional files

Additional file 1: Figure S1. Macro to be run for the implementation
of Open-CSAM program (left) and related explanations of the functions
(right column). (PDF 31.1 kb)

Additional file 2: Figure S2. Tutorial for the use of Open-CSAM.
(PDF 785 kb)

Additional file 3: Figure S3. The same pictures as in Fig. 2 were analyzed
either by manual measurement or using MuscleAnalyzer. The mean CSA
obtained with the two methods is shown. ***p < 0.001 as compared with

manual quantification by two-way ANOVA analysis. (PDF 80 kb)

Additional file 4: Figure S4. Mean CSA was measured manually and
with Open-CSAM, MyoVision, Musclel, or SMASH softwares on the same
samples as described in Fig. 2a. Muscles were isolated from 8- to 12-
week-old mice 8 days (D8), 14 days (D14), and 28 days (D28) post-CTX
injury, from uninjured (DO old) or 28 days post-CTX injury (D28 old) 2-
year-old mice. A The correlation between manual measurement (X axis)
and Open-CSAM (without manual correction), MyoVision, MuscleJ, or
SMASH (Y axis) measurements is presented. B Correlation between
manual measurement (X axis) and Open-CSAM (Y axis) before and after
manual correction. Each dot represents a picture. The dotted line
represents the identity line. (PDF 833 kb)

Additional file 5: Figure S5. CSA was measured using Open-CSAM,
MyoVision, MuscleJ, or SMASH softwares on whole TA muscle images
obtained from uninjured (D0) or 8 days (D8) and 28 days (D28) post-CTX
injury. A Pictures showing the myofibers (yellow shapes except for
SMASH which is in gray) detected by Open-CSAM, MyoVision, SMASH,
and Muscle). The white dotted lines show where the images were split
for Open-CSAM and MyoVision analysis. B Red boxes represent zoom-in
examples of specific areas obtained by Muscle). Red asterisks show
examples of group of myofibers that are merged. White bar =250 um.
(PDF 12792 kb)
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Tutorial
Open-CSAM works with Imagel or Fiji software.

Drag the Open-CSAM macro on Imagel) window to open it (Open-CSAM.ijm downloaded from
Image J website), or create the macro (copy paste the macro program (in red in Supplemental
Figure 1) in the macro-record function of Imagel).
Adjust the pixel size depending on the pixel/camera of the microscope used to record pictures:
run("Set Scale...", "distance=1 known=0.645 unit=um");

(in the above example, 0.645 in bold is the pixel camera)
Open-CSAM uses a size and a circularity filter to exclude extra-cellular spaces from the
analysis. Depending on the experimental condition, it can be relevant to adjust the size and
the circularity of the selected myofibers that have to be analyzed in the following section of
the program in bold:
run("Analyze Particles...", "size=100-Infinity circularity=0.4-1.00 show=Masks display exclude
summarize add in_situ");
Run Open-CSAM (Macros = Run macro).
A window automatically opens to choose the picture to be analyzed (Open-CSAM can read
several formats: TIFF, JPEG, PNG but we preferentially use TIFF format).
Let Open-CSAM analyzing the picture.
At the end of the analysis, myofiber shapes analyzed by Open-CSAM are shown in the original
picture for a visual check of the analysis.
If the analysis is perfect, results can be exported into excel.

If corrections are required:

a- deleting false fibers: select and delete the false
fibers directly on the picture (example in blue in
the picture), they will be deleted from the ROI
Manager.

b- drawing missing fibers: with the freehand tool,
draw missing fibers. When you have finished to
draw one fiber, press Command+T (Mac.0S) or
CTL+T (Windows) to add the new myofiber to the
ROl manager.

When all the corrections are §@® ~ ImageJ

made, close the previous Results mifelfai[> EAPAEIENVARNLvI[v S
A A x=5818, y=5342, value=151

window and in the ROl manager,

select all the ROIs and click on Measure to measure the area of all the fibers/ROIl. Results (see

a screenshot below) can be exported into excel.

VIEIACTNES

[Label [Area [Circ. [Feret [%Area [FeretX [FeretY [FeretAngle [MinFeret
Al6-79 TAD.tif 2792.360 0.596 82.343 100 2248.470 81.270 95.845 48.627
Al6-79 TAD.tif 2303.946 0.451 78.300 100 2503.245 131.580 11.402 44272
Al6-79 TAD.tif 1027.998 0.556 52.002 100 2660.625 118.035 136.005 30.407
A16-79 TAD.tif 1735.240 0.457 80.003 100 2636.115 118.680 119.458 35.962
Al6-79 TAD.tif 1985.271 0.641 65.403 100 2465.190 185.760 84.908 38.329
Al6-79 TAD.tif 2236.134 0.452 74.161 100 2712.225 133.515 139.939 47.792
Al16-79 TAD.tif 2694.594 0.663 71.830 100 2254920 198.015 4.635 54.807
Al6-79 TAD.tif 2143.777 0.649 65.078 100 2342.640 207.045 50.631 46.751
A16-79 TAD.tif 4374.919 0.683 97.256 100 2500.665 157.380 111.801 59.757
0 Al6-79 TAD.tif 1374.131 0.571 63.358 100 2792.205 161.250 144.530 35572
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PERSPECTIVES
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The results obtained during my PhD program gave evidence of a crosstalk between AMPK and

GR. However, the exact mechanism remains to be elucidated.

AMPK and GR crosstalk: involvement of other molecular partners?

Interestingly, it was shown in hepatocytes that the transcription factor C/EBPB co-
regulates at least 60% of the genes regulated by GR (Grontved et al., 2013). C/EBPB modulates
chromatin accessibility at GR binding sites. When C/EBPB cannot bind these sites, GR binding
was altered (Grontved et al., 2013). Furthermore, AMPK activation was shown to inhibit the
C/EBPB protein in cardiomyocytes (Zhang et al, 2018) and in hepatoma cells (Choudhury et al.,
2011). In macrophages, AMPKal activation induces the inhibition and the degradation of
another C/EBP protein member, C/EBP homologous protein (CHOP) (Dai et al., 2016).
Following that logic, the absence of AMPKal in macrophages could lead to active C/EBP
protein, that allows chromatin accessibility to GR on DNA after DEX binding. This seems
counterintuitive to our results showing that GR requires AMPK activation for shifting
macrophage phenotype. Moreover, the mechanism is likely much more complex as C/EBPB
was shown to induce macrophage phenotype switch (Ruffell et al., 2009), which seems again
contradictory with the above described mechanisms.

Beside C/EBP, several molecular links have already been made between AMPKal and
GRin other cell systems. AMPK induces the phosphorylation of MAPKinase p38, which induces
the phosphorylation of GR in hepatocytes at serine 211 (Nader et al., 2010). Finally, it was
recently shown in epithelial cells that AMPK phosphorylation is very dynamic. AMPK activation
is oscillatory: the more there are oscillations, the more AMPK is active (Hung et al., 2017). The
frequency of AMPK activation seems to be an important parameter that could differently
regulate downstream targets. In macrophages, the frequency of AMPK activation could also
be important to regulate phenotype switch and GC effect.

Another partner potentially implicated in the interaction between AMPK and GR is
annexin Al. Annexin Al belongs to the family of annexin proteins which are Ca**dependent
phospholipid-binding proteins. The expression of annexin Al is induced by GCs (annexin Al
gene promoter has a GRE domain) (Perretti and D’Acquisto, 2009). We recently showed (see
Study #2) that i) annexin Al is required for proper skeletal muscle regeneration; ii) annexin Al

induces AMPKal phosphorylation; iii) AMPKal is required for annexin Al-induced anti-
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inflammatory profile of macrophages and in vitro myogenesis. Thus, annexin Al seems to be
a good candidate for AMPK-GR crosstalk.

In macrophages, all these molecules could interact to each other to induce the
phenotype switch of macrophages thereby forming a super network (Figure P1). Because the
resolution of inflammation is very important for the maintenance of the tissue homeostasis,
is it is likely that several redundant, and may be interconnected, pathways are at work to

ensure that shift in macrophages.

Figure P1. Signaling pathways that may regulate the phenotype switch of macrophages
through AMPK and GR crosstalk. Glucocorticoids (GCs) induce Glucocorticoid Receptor (GR)
translocation into the nucleus, which subsequently regulates gene expression. GR is
associated with other transcription factors such as CEBP/B to modulate gene expression (in
hepatocyte). GCs also induce AMPK phosphorylation and AMPK inhibits CEBP/B (in
cardiomyocyte, hepatoma cells, macrophage) which may modify GR-regulating gene as
CEBP/B is not able to associate with GR. Moreover, phosphorylation of GR modulates its
transcriptional activity. The MAPK p38 phosphorylates GR at serine 211 that can modulate GR
activity (hepatocyte). AMPK also induces p38 phosphorylation thereafter changing GR
transcriptional activity. Furthermore, expression of Annexin Al is induced by GC-GR (Annexin
Al promoter gene has Glucocorticoid Response Element). Annexin Al induces AMPK
phosphorylation (in macrophage).
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AMPK and GC crosstalk: metabolic regulation?

GCs and AMPK both regulate cell metabolism. Moreover, metabolic regulation in
macrophages is crucial for their phenotype switch (Juban and Chazaud, 2017). The lab showed
that metabolic shift of macrophages precedes the phenotype shift from pro- to anti-
inflammatory profile (Varga et al, 2016). Indeed, genes associated with oxidative
phosphorylation and TCA cycle are upregulated between day 1 and day 2 after cardiotoxin
injury whereas genes associated with glycolysis are downregulated between day 2 and day 4
after injury (Varga et al, 2016). Thus, the investigation of metabolism in macrophages upon
DEX and 991 treatment could give clues on how these pathways interact. This work is ongoing
in collaboration with the group of Julien Courchet at INMG. We just finished to set up the
technique to transfect macrophages with FRET-sensors, which detect several molecules
involved in the glycolytic or oxidative/phosphorylation pathways such as lactate, pyruvate,
glucose or AMPK activity (Figure P2) (Tsou et al., 2011). By live imaging, we aim to identify
what kind of metabolic changes are induced upon AMPK activator and GC treatments and
whether these changes are similar in WT and AMPKal deficient macrophages. These

experiments will determine whether AMPK and GR interact though metabolic regulations.

A
_— FHA1 Subst.rate — FHA1
ECFP ) Peptide AMPK ECFP A )
), ' Substrate
oH ) —_— Venus peptide
Phosphatase
Venus FRET
B
ECFPy.227 173\/enus 172

N
GSGEGSTKMRRVAT*LVDLGTGGSEL...

Figure P2. FRET-sensor for AMPK activity. The substrate peptide will be phosphorylated by
AMPK on a specific threonine (Thr). Then, the phospho-Thr will bind the FHA1 domain (which
specifically recognizes phospho-Thr). This binding will change the conformation of the
molecules allowing FRET signal (Tsou et al., 2011).
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Regulation of gene expression

Another perspective of our results is to understand how macrophages may regulate
myosin expression in myofibers. Regulation of MHCII myosin locus is still not understood. We
attempted to model in vitro the expression of adult myosin in primary highly differentiated
myotube cultures. Myotubes were differentiated between 2 layers of Matrigel for 3 to 14 days
in differentiating medium (DMEM F12, 2 % horse serum). Unfortunately, whatever the time
point considered, we did not detect MHCI, MHCIla or MHCIlb expression by
immunofluorescence assay in differentiated myotubes in culture, even when contracting.
Thus, we were not able to develop an in vitro model to study myosin expression and to analyze
the impact of macrophages on this phenomenon, which remains a quite puzzling issue.

Finally, as mentioned in the discussion, RNA sequencing experiments from WT and
AMPKal7 macrophages treated with DEX and 991 are ongoing and should provide a list of
genes differentially expressed between WT and AMPKal” cells, to further investigate how
AMPK and GR interact in macrophages. Thanks to this experiment, we expect to define more
precisely the mechanism involving AMPK and GR in macrophages to submit this work in a high
rank journal the next fall. | will be first co-author of this work with Giorgio Caratti, our

collaborator in this project who is working in Jan Tuckermann’s lab.

AMPK and GR crosstalk: on the GR side

My PhD project focused on the role of AMPK in GC signaling pathway. Another
perspective is to investigate whether GR is required for AMPK signaling in macrophages.
Because at the beginning of the project, we did not know how AMPK and GR were linked, we
performed in vitro experiments to phenotype the inflammatory status of GR deficient
macrophages upon AMPK activation. The results showed that the AMPK activator AICAR did
not induce the acquisition of the anti-inflammatory profile of macrophages deficient for GR
(Figure P3A). We also asked the question if the dimerization of GR is required. GRY™ mouse
model was designed to avoid GR dimerization by a mutation on DNA-Binding Domain of the
GR protein (Reichardt et al., 1998). Using GRY™ bone marrow-derived macrophages, we
showed that neither AMPK activator nor DEX induced the phenotype switch of macrophages
in vitro (Figure P3B). These results show an additional level of complexity of the molecular
network for the phenotype shift in macrophages since they suggest that GR dimerization was
also required for AMPK induced phenotype switch of macrophages. We started in vivo
experiments in collaboration with the group of Jan Tuckermann using LysM<¢*;GR™"fl mice,

that are ongoing.
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Figure P3. Acquisition of macrophage anti-inflammatory status induced by AICAR requires
GR and its dimerization. To mimic sterile inflammation, macrophages were first activated by
muscle Damaged Associated Molecular Patterns (DAMPs) for 24 h and then treated with
AICAR and DEX treatment for 6. (A) Immunofluorescence of macrophages deficient for the
glucocorticoid receptor (GR) (LysM<¢*;GR"f). The percentage of cells expressing the pro-
inflammatory markers iNOS and CCL3 or the anti-inflammatory markers CD206, TGFB and
CD163 was analyzed. Graphs show the number of positive cells. Blue bars represent WT
macrophages, green bars represent LysM<®*;GR"fl macrophages. (B) Immunofluorescence of
macrophages deficient for the dimerization of the GR (GRY™). The percentage of cells
expressing the pro-inflammatory markers iNOS and CCL3 or the anti-inflammatory markers
CD206, TGFB and CD163 was analyzed. Graphs show the number of positive cells. Blue bars
represent WT macrophages, orange bars represent GRY™ macrophages. £ p<0.05, ££ p<0.01
and £££ p<0.010 versus the DAMPs-treated condition. # p<0.05, ## p<0.01 and ### p<0.001
versus LysM¢+;GR"f or GRY™ macrophages in each condition of treatment.
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SCIENTIFIC PUBLICATIONS AND
COMMUNICATIONS
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Scientific publications

Desgeorges T., Liot S., Lyon S., Bouviere J., Kemmel A., Trignol A., Rousseau D., Chapuis B.,
Gondin J., Mounier R., Chazaud B. and Juban G. “Open-CSAM, a New Tool for Semi-Automated
Analysis of Myofiber Cross-Sectional Area in Regenerating Adult Skeletal Muscle.” Skeletal
Muscle 9, no. 1 (January 2019). https://doi.org/10.1186/513395-018-0186-6.

McArthur S., Gobbetti T., Juban G., Desgeorges T., Theret M., Gondin J., Toller-Kawahisa J.,
Reutelingsperger C., Perretti M., and Mounier R. “Annexin Al Drives Macrophage Skewing
towards a Resolving Phenotype to Accelerate the Regeneration of Muscle Injury through
AMPK Activation.” BioRxiv, August 29, 2018. https://doi.org/10.1101/375709. In revision at

Journal of Clinical Investigation.

Faes C., Juban G., Aufradet E., Desgeorges T., Charrin E., Connes P., Mury P., Matte A., De
Franceschi L., Martin C. and Pialoux V., “Effects of hypoxia/reoxygenation stimuli on renal
redox status and nuclear factor 1 erythroid2-related factor 2 pathway in sickle cell SAD mice.”

Submitted at British Journal of Haematology

Desgeorges T., Caratti G., Mounier R., Tuckerman J. and Chazaud B. “Glucocorticoids shape

macrophage phenotype for tissue repair”. Review, submitted at Frontiers in Immunology.

Communications

Oral communications

Gordon Research Seminar (GRS) (Lucca / Barga, Italy —June 2019) “Crosstalk of Glucocorticoid
Receptor and AMP-activated protein kinase in macrophages during skeletal muscle

regeneration”.

Club metabolism of Lyon (Lyon, France — December 2018) “The role of macrophage AMPKa1l

for anti-inflammatory effects of glucocorticoids during skeletal muscle regeneration.”
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Days of the French Society of Myology (Brest, France — November 2018) “The role of
macrophage AMPKa1l for anti-inflammatory effects of glucocorticoids during skeletal muscle

regeneration.”

Seminar at the Institute of Comparative Molecular Endocrinology (CME) (Ulm, Germany —
February 2018) “Crosstalk of Glucocorticoid Receptor and AMP-activated protein Kinase in

macrophages during skeletal muscle regeneration.”

PhD School day (Villeurbanne, France — October 2017) “Crosstalk of Glucocorticoid Receptor

and AMP-activated protein Kinase in macrophages during skeletal muscle regeneration.”
Internal seminar of the Institut NeuroMyoGéne (Lyon, France - December 2016) “Crosstalk of
Glucocorticoid Receptor and AMP-activated protein Kinase in macrophages during skeletal

muscle regeneration.”

Poster communications

Gordon Research Conference (GRC) (Lucca / Barga, Italy — June 2019) “Crosstalk of
Glucocorticoid Receptor and AMP-activated protein kinase in macrophages during skeletal

muscle regeneration”.

Annual Day of Young Researchers of the Institut NeuroMyoGéne (Lyon, France — February
2019) “Crosstalk of Glucocorticoid Receptor and AMP-activated protein Kinase in

macrophages during skeletal muscle regeneration.”
3" European workshop on AMPK (Porquerolles, France — September 2017) “Crosstalk of

Glucocorticoid Receptor and AMP-activated protein Kinase in macrophages during skeletal

muscle regeneration.”
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Teaching

During the 3 first years of my PhD, | taught 192 h to 1% year Bachelor students in practical
courses of Cell Biology.

During the 4™ year of my PhD, | taught 40 h to 1% year of Master degree students in practical
courses of cell culture. | also gave lecture for 33.5 h to 1% year Bachelor students on Kidney

Physiology.
Mentoring
During my PhD, | supervised 2 students:
- Astudent in 2" year of Bachelor degree for 3 months (Roxane Cuzin)

- Astudent in 1°t year of Master degree for 2 months (Emilie Charles)

Other activities

| was vice-treasurer for 1 year and treasurer for 1 year of the association of the young

researchers of the institute Neuromyogéne (YRIN).
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