REVIEW
Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1961-1973

Published online 5 June 2022 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.13024
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Abstract

Sarcopenia is a progressive loss of muscle mass and strength with a risk of adverse outcomes such as disability, poor
quality of life, and death. Increasing evidence indicates that diminished ability of the muscle to activate satellite
cell-dependent regeneration is one of the factors that might contribute to its development. Skeletal muscle regenera-
tion following myogenic cell death results from the proliferation and differentiation of myogenic stem cells, called sat-
ellite cells, located beneath the basal lamina of the muscle fibres. Satellite cell differentiation is not a satellite
cell-autonomous process but depends on signals provided by the surrounding cells. Infiltrating macrophages play a
key role in the process partly by clearing the necrotic cell debris, partly by producing cytokines and growth factors that
guide myogenesis. At the beginning of the muscle regeneration process, macrophages are pro-inflammatory, and the
cytokines produced by them trigger the proliferation and differentiation of satellite cells. Following the uptake of dead
cells, however, a transcriptionally regulated phenotypic change (macrophage polarization) is induced in them resulting
in their transformation into healing macrophages that guide resolution of inflammation, completion of myoblast differ-
entiation, myoblast fusion and growth, and return to homeostasis. Impaired efferocytosis results in delayed cell death
clearance, delayed macrophage polarization, prolonged inflammation, and impaired muscle regeneration. Thus, proper
efferocytosis by macrophages is a determining factor during muscle repair. Here we review that both efferocytosis and
myogenesis are dependent on the cell surface phosphatidylserine (PS), and surprisingly, these two processes share a
number of common PS receptors and signalling pathways. Based on these findings, we propose that stimulating the
function of PS receptors for facilitating muscle repair following injury could be a successful approach, as it would en-
hance efferocytosis and myogenesis simultaneously. Because increasing evidence indicates a pathophysiological role
of impaired efferocytosis in the development of chronic inflammatory conditions, as well as in impaired muscle regen-
eration both contributing to the development of sarcopenia, improving efferocytosis should be considered also in its
management. Again applying or combining those treatments that target PS receptors would be expected to be the most
effective, because they would also promote myogenesis. A potential PS receptor-triggering candidate molecule is milk
fat globule-EGF-factor 8 (MFG-E8), which not only stimulates PS-dependent efferocytosis and myoblast fusion but also
promotes extracellular signal-regulated kinase (ERK) and Akt activation-mediated cell proliferation and cell cycle pro-
gression in myoblasts.
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Introduction

Contrary to many tissues that repair after an injury, skeletal
muscle is capable of complete regeneration, leading to full
recovery of its function. Though recently a new
myonuclei-driven regeneration process has been described
to handle sarcomere injuries generated during microtraumas,*
this remarkable regenerative capability is also due to the exis-
tence and function of satellite cells, the myogenic stem cells.?
In the latter case, the regeneration processes begin with
degeneration of myofibres and infiltration of inflammatory im-
mune cells (Figure 1). The initial inflammation creates an envi-
ronment for the activation, proliferation, and differentiation
of the satellite cells. Specific depletion of circulating mono-
cytes prior to muscle injury results in a very severe impairment
of muscle regeneration demonstrating the crucial involvement
of these cells in the muscle repair.® The very first studies con-
ducted on muscle regeneration have already indicated that
macrophages that are present at the beginning of muscle re-
generation (characterized by inflammation, dead cell clear-
ance, and satellite cell differentiation) differ from those that
accompany the late phases of the process (characterized by
myoblast fusion and myofibre growth).* Later it was demon-
strated that the late phase healing macrophages are gener-
ated from the early phase pro-inflammatory macrophages®
and guide the resolution of inflammation, myoblast fusion
and growth, fibrosis, vascularization, and return to homeosta-
sis (reviewed in detail in reference®). A recent detailed analysis
of these macrophages by determining their mRNA expressions
on a single cell level demonstrated the complexity of this
transformation process.”

The timed switch between the two main subsets of macro-
phages, the inflammatory ones that produce pro-
inflammatory cytokines and the healing ones that produce
growth and angiogenic factors and anti-inflammatory media-
tors, is a key to the proper regeneration process, and it is
thought to be induced by the efferocytosis process itself.
This idea came from many previous observations that
demonstrated that uptake of apoptotic cells induces an
anti-inflammatory phenotype in macrophages.®® Accordingly,
mice in which macrophage efferocytosis is impaired due to
the deletion of a macrophage efferocytosis receptor demon-
strate a delayed macrophage phenotypic switch during mus-
cle regeneration leading consequently to an impaired muscle
repair.”*°

It has been known for a long time that efferocytosis is a
phosphatidylserine  (PS)-dependent  process.***?*  Mer
proto-oncogene tyrosine kinase (Mer) is a PS recognizing
efferocytosis receptor belonging to the TAM kinase family.*®
While we were investigating the impact of impaired
efferocytosis on muscle regeneration by studying Mer null
mice,*® to our surprise, we found that during muscle repair,
TAM kinases are required not only for the proper phagocyto-
sis of dead cells by macrophages but also, expressed in myo-

blasts, for the proper myogenesis.'® We were aware that two
other phagocytic receptors, Brain angiogenesis inhibitor 1
(BAI1) and stabilin-2, have already been associated with myo-
blast fusion'*'®> and hypothesized that participation of three
independent PS-dependent efferocytosis receptors in the
myogenesis cannot be an accidental event.

The appearance of phosphatidylserine
on the cell surface

Phosphatidylserine is a glycerophospholipid, which is located
exclusively in the cytoplasmic leaflet of the plasma mem-
brane, where it is involved in forming protein recruitment
sites needed for the activation of several key signalling path-
ways, such as protein kinase C, Rapidly Accelerated
Fibrosarcoma-1 (Raf-1), or Akt signalling.*®™*# The asymmetri-
cal membrane distribution of PS is mediated by
ATP-dependent flippases that translocate PS from the outer
to the inner leaflet of the lipid bilayer.® When, however,
ATP is used up (during necrotic cell death), or when
scramblases, enzymes that can randomly distribute PS in
the membrane in an ATP-independent manner, are activated
and/or flippases are inactivated, PS can appear in the outer
leaflet as well. A number of flippases and scramblases have
been identified, and their activity is regulated individually in
various cell types.?° For example, it was shown that the ones
that regulate PS exposure during apoptosis are activated by
caspase-mediated cleavage, while the ones that are involved
in thrombocyte activation respond to increases in the cyto-
solic Ca®* concentration.?® Increasing evidence indicates that
in addition to thrombocyte aggregation and activation, where
cell surface PS serves as a docking site for the binding of
blood coagulation factors,>* the appearance of PS on the cell
surface is sensed by a group of PS recognition receptors lo-
cated on the surface of several cell types.?? All these recep-
tors were reported to control various biological processes in
those cells, which express them.*?

Phosphatidylserine located on the
apoptotic cell surface is a determinant
recognition signal for their uptake by
professional or non-professional
phagocytes

After the early discovery that PS is exposed on the surface of
apoptotic cells,?® it was quickly found that PS serves as a deter-
minant recognition signal for the apoptotic cell uptake. This
was indicated by the observation that uptake of apoptotic cells
can be efficiently inhibited by both PS vesicles and annexin V, a
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Figure 1 The schematic view of the contribution of macrophages to the myoblast differentiation during skeletal muscle regeneration. Upon induction
of necrotic cell death in the skeletal muscle, peripheral monocytes infiltrate the injury site and differentiate into pro-inflammatory macrophages, and
by secreting various pro-inflammatory cytokines [such as interleukin (IL)-1pB, IL-6, tumour necrosis factor (TNF)a, or interferon (IFN) y], they drive the
proliferation and differentiation of quiescent satellite cells into myoblasts. In addition, they clear the dead cell debris. Interaction with the apoptotic
neutrophils that come first to the injury side but die within hours, and uptake of the dead cells’ material during efferocytosis reprogram these
pro-inflammatory macrophages to polarize transcriptionally into healing macrophages. Healing macrophages produce anti-inflammatory molecules (cy-
tokines and resolvins) to facilitate the resolution of inflammation and growth factors (such as growth differentiation factor 3 and insulin-like growth
factor) to drive the formation of myotubes by promoting both the fusion of myoblasts and the growth of myofibres.

Ca’*-dependent PS binding protein that can mask exposed PS  ous phagocyte types, all recognize PS on the surface of apopto-
on the cell surface.*>** With time, more and more phagocytic tic cells either directly or indirectly by using bridging molecules
receptors were discovered that though are expressed by vari-  that link them to the apoptotic cells’ PS.
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Integrin receptors recognize
phosphatidylserine via
thrombospondin or MFG-E8 bridging
molecules and use coreceptors

The first receptor that was recognized to serve as a phago-
cytic receptor for the uptake of apoptotic cells was the vitro-
nectin receptor.?* The vitronectin receptor is the oyB3
integrin, a member of the integrin superfamily of adhesion
proteins.?® It was found to work together with its coreceptor
CD36, a receptor belonging to the B class of scavenger recep-
tors, and to use thrombospondin as a bridging molecule in
the uptake of apoptotic cells.?® While thrombospondin recog-
nizes PS via its heparin-binding domain,?” CD36 was shown to
be an oxidized PS receptor.?® In addition, o,B5 integrins can
use also another bridging molecule, milk fat globule-EGF-fac-
tor 8 (MFG-E8), which also binds PS.?° It uses its RGD motif
within its EGF-like domain to bind to the integrin and con-
tains gamma carboxylated glutamate side chains to link PS
in a Ca**-dependent manner. The binding of MFG-E8 to the
vitronectin receptor is stabilized by transglutaminase 2
(TG2), another coreceptor of the vitronectin receptor re-
quired for the proper phagocytosis of apoptotic cells, but
which itself cannot bind PS.3° MFG-E8 serves also as a bridg-
ing molecule for the o,Bs integrin, another integrin that has
been shown to contribute to the uptake of apoptotic cells.
In addition to integrin B3 and Ps, B1 integrins were also re-
ported to participate in the efferocytosis process by mediat-
ing the signalling initiated by the T-cell immunoglobulin mu-
cin receptor 4 (Tim4) tethering receptor.? Tim4 possesses a
metal ion-dependent pocket that selectively binds PS, but
its cytosolic domain is devoid of recognizable intracellular sig-
nalling motifs. An integrin B, ligand has not been identified in
this set-up so far, but TG2 acts as a coreceptor also for
integrin py.>

TAM kinase receptors recognize
phosphatidylserine via the GAS6 or
protein S bridging molecules

The TAM kinases (Tyro3/Axl/Mer) form a family of tyrosine
kinase receptors.®> None of them bind PS directly, but they
participate in efferocytosis by recognizing PS on the surface
of dying cells in a growth arrest-specific gene 6 (Gas6)-depen-
dent or protein S-dependent manner. Their tyrosine kinase
domain is required for their function to promote
efferocytosis.>* Gas6 can bind to all three receptors, while
protein S does not bind to Axl. Despite a high degree of ho-
mology between TAM kinases and their ligands, the
ligand-inducible TAM kinase activation follows a biochemical

hierarchy whereby Gas6 preferentially activates Axl with
100-1000x higher binding affinity over Mer, while protein S
preferentially activates Tyro3 in both mice and humans.*®
Similar to MFG-E8, both Gas6 and protein S use y-carboxyl-
ated glutamic acid side chains to recognize PS.®

Several scavenger receptors recognize
phosphatidylserine in a protein
complex with Clq

In addition to the aforementioned bridging molecules, Clq,
the first member of the complement cascade pathway, has
also been recognized as a PS binding bridging molecule for
apoptotic cells.’” Clq is a 460 kDa hexameric protein com-
prising six heterotrimeric collagen-like triple-helical fibres,
each prolonged by a C-terminal globular region (GR) that
supports most, if not all, of the C1 recognition activities.
First, it has been demonstrated that Clq mediates
efferocytosis through a receptor complex assembled from
CD91 and calreticulin, with CD91 being the transmembrane
part and calreticulin acting as the Clg-binding molecule.?’
Later, however, direct interaction between CD91 and Clq
has also been demonstrated,*® and calreticulin was also
found to recognize PS.*°

In addition, Clqg acts as a bridging molecule also for two
additional scavenger receptors belonging to the F family,
and which also participate in the efferocytosis process.
SCARF1 is a single-pass type 1 transmembrane protein con-
taining five epidermal growth factor (EGF)-like cysteine-rich
repeats in its extracellular domain that are used for ligand
binding.*® Another member of this receptor family, multiple
EGF-like domains-10 (MEGF10), was also found to contribute
to the efferocytosis process in a Clg-dependent manner at
least in astrocytes.**

Phagocytic receptors recognizing
phosphatidylserine directly

In addition to phagocytic receptors that require bridging
molecules to bind PS, a number of receptors were discov-
ered that themselves recognize PS. With the exception of
Tim4, which alone cannot initiate a signalling pathway,
and Tim3 that has to be tyrosine phosphorylated first to re-
cruit signalling molecules,**** following PS binding, all
these PS-recognizing receptors induce a signalling pathway
that contributes to the efficient phagocytosis of apoptotic
cells.

Brain angiogenesis inhibitor 1 (BAl1) is a member of the
adhesion G protein-coupled receptor subfamily B. As all
members of this receptor family, it consists of a conserved
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seven-transmembrane structure and an N-terminal extracel-
lular domain,** but unlike others, it is not a guanine nucleo-
tide exchange factor (GEF) itself. BAI1 recognizes PS via
thrombospondin type 1 repeats located in its extracellular
domain.*

Gpr56 is another adhesion G protein-coupled receptor in-
volved in efferocytosis specifically expressed by microglial
cells but not by other types of macrophages.*® Similar to
other members of this receptor family, it also contains an ex-
tensive N-terminal extracellular domain followed by a classi-
cal seven-transmembrane region and a cytoplasmic tail.
Within the long extracellular domain, there are two func-
tional domains, named pentraxin/laminin/neurexin/sex-hor-
mone-binding-globulin-like (PLL) and GPCR autoproteolysis
inducing (GAIN) domains. Gpr56 was first shown to bind
TG2 in melanoma cells.*” Later it was demonstrated that it
works together also with TG2 in controlling developmental
myelination and myelin repair by microglial cells.*® These
cells express a spliced isoform of Gpr56 in which the free
GAIN domain recognizes PS.%®

Stabilin-2 is a multifunctional receptor with a large extra-
cellular domain that consists of seven FAS1 domains, one
X-link domain, and four EGF-like domain repeats (EGFrps).
The latter are responsible for PS binding*®° and thus initiat-
ing the efferocytosis process.

Class B scavenger receptor B type 1 (SR-B1), a member of
the scavenger receptor family, has two transmembrane do-
mains and is localized to the caveolae. In addition to binding
several other ligands, it is also a PS binding receptor
expressed specifically by testicular Sertoli cells responsible
for the phagocytosis of spermatogenic cells undergoing
apoptosis®* and also by infiltrating macrophages engulfing
dying muscle cells.’

In addition to these relatively well-characterized receptors,
three other PS-recognizing receptors have been recognized
to participate in efferocytosis. Receptors of the CD300 family
are type | transmembrane proteins that contain a single
IgV-like extracellular domain with two disulfide bonds and in-
tracellular immunoreceptor tyrosine-based inhibition motifs
(ITIMs).>> Among the seven members of this family, CD300f
and CD300b are associated with efferocytosis by promoting
the phagocytic capacity of myeloid cells in a PS-dependent
manner.>?

The receptor for advanced glycation end products (RAGE) is
a member of the immunoglobulin superfamily of cell-surface
molecules.®® Although RAGE is primarily a pattern-
recognition receptor, it was shown to recognize also PS and
to promote the uptake of apoptotic cells via activating Rac.”®

And finally, lectin-like oxidized low-density lipoprotein re-
ceptor 1 (LOX-1) is a type Il membrane protein with a C-type
lectin-like domain that is able to bind to various ligands, in-
cluding negatively charged phospholipids such as PS.>® It
was shown to mediate phagocytosis of aged red blood cells
by endothelial cells.®”

Phagocytic receptors form a phagocytic
synapse to activate Racl for
efferocytosis

Phagocytes in different tissues express different sets of these
receptors, but all of them assemble and work together in the
phagocytic synapse to mediate tethering and to generate suf-
ficient engulfment signalling once they are exposed to apo-
ptotic cells.>® Mouse macrophages are able to generate two
such engulfment portals simultaneously, and once it is
formed, it will be used for the continuous uptake of apoptotic
cells.?® So far, two parallel evolutionarily conserved
efferocytosis signalling pathways have been discovered in
the initiation of the apoptotic cell uptake, and both converge
on the activation of the small GTPase Rac1.>® One involves
the bipartite guanine nucleotide exchange factor (GEF)
protein for Racl named dedicator of cytokinesis 180
(DOCK180)/engulfment and cell motility protein (ELMO),5%6?
while the other is initiated by the adapter protein GULP.%? Be-
cause GULP does not interact with either the GTP-bound or
the GDP-bound Rag, it is believed that it might regulate a
so far unknown Rac-GTPase activating protein (GAP), espe-
cially that it is known to inhibit the GAP protein for Arf.%®
For the functioning of the phagocytic signalling pathway,
simultaneous activation of phosphoinositide-3 kinases
(PI13K) is also required to induce the formation of
phosphoinositides in the inner leaflet of the plasma mem-
brane. Phosphoinositides guide the recruitment of GEFs for
small GTPases including Dock180/ELMO into the phagocytic
cup.®*®° Based on the existing literature, the receptors and
signalling pathways coupled to the activation of Racl are il-
lustrated in Figure 2.

In addition to Racl, the involvement of other GTPases,
such as RhoA and Cdc42, has also been demonstrated in
the efferocytosis process. These small G proteins function in
a temporally controlled fashion in which Racl and Cdc42
are activated early to facilitate phagocytic cup formation
through actin polymerization followed by RhoA activation,
which drives mechanical retraction and phagosome
internalization.®® In addition to the Rho/Rac family of pro-
teins, dynamin-2, a large GTPase, has also been linked to
the phagocytosis process participating in the CD91 and
MEFG10-initiated GULP-dependent signalling pathways.
Dynamin was shown to organize an intracellular vesicle pool
and to promote vesicle delivery to phagocytic cups, thus to
support pseudopod extension.®¢7%®

The redundancy of the phagocytic receptors makes it pos-
sible that efferocytosis is maintained in the organism, even if
at a lower rate when one of these receptors is missing. This
lower rate of efferocytosis is sufficient to remove the apopto-
tic cells generated under steady-state conditions; however,
when a high rate of apoptosis is induced, apoptotic cells are
accumulated, converted to secondary necrotic cells, and in-
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Figure 2 Collaboration between various phagocytosis receptors in the uptake of apoptotic cells. In the initiation of engulfment, increasing the amount
of the GTP-bound Racl plays the central role. This is achieved by either enhancing the GDP/GTP exchange on Racl catalysed by the Dock180/ELMO
complex, the guanine nucleotide exchange factor (GEF) for Racl, or by attenuating the GTPase activity of Racl (which would hydrolyse GTP back to
GDP) achieved by the GULP pathway. GULP inhibits very likely the GTPase activating protein (GAP) of Racl. Some of the phagocytic receptors promote
the assembly of the Dock180 and ELMO proteins to generate the functional GEF complex, while others interact with GULP. Sequentially, GTP loading of
RhoA and dynamin needs also to be enhanced as they contribute to later phases of efferocytosis. To promote Racl activation, integrins trigger simul-
taneously three distinct signalling pathways involving activation of focal adhesion (FAK), src (SRC), and phosphoinositide-3 (not shown on the figure)
kinases, respectively, leading to the assembly of Dock180/ELMO complex. FAK and SRC do so by activating both the UNC-73/RhoG and the plSOCAs/
Crkll pathways via tyrosine phosphorylating the proteins participating in them. Sequential enrichment of phosphoinositides generated by the
phosphoinositide-3 kinases in the inner leaflet of the plasma membrane will then guide the recruitment of the assembled Dock180/ELMO to the
phagocytic cup via the phosphoinositide recognizing domains of both proteins. CD36, TG2, and Tim4 act as coreceptors for the integrin receptors, while
the TAM kinases Mer and Axl act via enhancing the integrin-mediated signalling pathways. Simultaneously, following PS binding a trimeric complex is
also formed that includes BAI1, ELMO, and DOCK180 that further promotes Racl activation (GTP loading). To enhance the effectiveness of all the
aforementioned receptors, both CD300f and CD300b act as activators of phosphoinositide-3-kinase pathway. Many other phagocytic receptors, on
the other hand, contribute to increasing the amount of GTP-loaded Racl via the GULP adaptor protein pathway. These include CD91, SCARF1,
stabilin-2, MEGF10, and SR-B1. Interestingly, while the bridging molecule Clq links PS only to those phagocytic receptors that are coupled to GULP,
the bridging molecules MFG-E8, protein S (ProtS), Gas6, and thrombospondin (TSP) activate receptors that promote the Dock180/ELMO assembly.
GULP, in addition, is also associated with dynamin activation, while spliced Grp56 functions very likely coupled to the G5 13/RhoA signalling pathways.
The signalling pathways induced by LOX-1 and RAGE in the context of efferocytosis have not been investigated yet.

duce inflammation due to the delayed clearance. Inflamma-
tion is prolonged or maintained then due to the fact that
proper efferocytosis would also be required for proper mac-
rophage polarization, which normally initiates the resolution
of inflammation. As a result, delayed clearance of apoptotic
cells in humans leads to the development of various chronic
inflammatory diseases.®*"°

Phosphatidylserine externalization and
Rac activation are also required for
proper myoblast fusion

Skeletal muscle fibres are syncytia that are generated via the
fusion of myoblasts, to form multinucleated myotubes. On a
cellular level, myoblast fusion is initiated by an alignment of

myoblast and/or myotube membranes, followed by rear-
rangements of the actin cytoskeleton at the contact sites
and then completed by the fusion of the cellular membranes.
In mammals, it occurs during embryogenesis and in the adult,
promoting generation, growth, and repair of muscle fibres.”*

The fact that PS might also be required for myoblast differ-
entiation and fusion was suggested first by a report, in which
by using the PS binding protein annexin V, the transient ap-
pearance of PS was observed at the cell surface of apparently
viable myoblasts in the developing heart and skeletal
muscle.”? Later it was demonstrated that during myoblast fu-
sion, PS appears at the fusing cell—cell contact areas indepen-
dently of caspase activation and almost exclusively only on
mononucleated myoblasts in contact with other mononucle-
ated cells or small myotubes containing only a few nuclei.*>”®
The need for caspase activation in inducing PS exposure also
in myoblasts was recently demonstrated.”* The formation of
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multinucleated myotubes from individual differentiating
myoblasts could be specifically inhibited by blocking PS via
annexin V binding proving a signalling role of PS in the myo-
blast fusion as well.”

Studies carried out on the Drosophila muscle development
indicated surprisingly that the key intracellular components
that control cytoskeletal and particularly actin rearrange-
ments during myoblast fusion similar to efferocytosis are
the Rac GTPases, dRacl, and dRac2, and the Rac GEF, dimeric
guanine nucleotide exchange factor encoded by dElmo, and
myoblast city, a homologue of the vertebrate DOCK1.”®””
Later these proteins were identified as controllers of the ver-
tebrate myoblast fusion process as well.®* What is more,
GULP and dynamin have also been demonstrated to be asso-
ciated with myoblast fusion.'>’® These data indicated that a
common signal triggers and common signalling pathways me-
diate efferocytosis and myoblast fusion.

Phosphatidylserine recognizing
efferocytic receptors guide also
myoblast fusion

The aforementioned findings prompted us to search the liter-
ature on how general it is that a PS recognizing receptor
known to be involved in efferocytosis is also associated with
myotube formation or myogenesis. We searched (1) whether
the loss of the PS-dependent phagocytic receptor is known to
be associated with defects of myogenesis, especially with
muscle fibres characterized by smaller cross-sectional areas
that indicate myotube fusion deficiency during embryogene-
sis; (2) whether it is known to be associated with impaired
muscle repair; and (3) whether down-regulation of it affects
the myoblast fusion of C2C12 or other myoblast cells in the
in vitro models of myogenesis.'* We searched also whether

Table 1 Involvement of phosphatidylserine binding receptors or bridging molecules in efferocytosis, skeletal muscle development and repair, and
in vitro myoblast fusion

Involvement in

Receptor

or bridging embryonal skeletal in vitro

molecule efferocytosis myogenesis muscle repair myoblast fusion

Myoferlin n.d. Yes® Yes® Yes®

Integrin p1 Yes>? Yes'% Yes'%® Yes,105 no'%

Integrin B3 Yes* n.d. Yes'%® Yes,?! but has to be down-regulated®?

Integrin 5 Yes®! n.d. n.d. Yes

CD36 Yes?*?8 No effect'*® Both SCs and macrophages Yes'%®

are affected’

TG2 Yes* Yes®' Yes®! Crosslinking activity is not
needed,’® but the protein yes®'

TIM3 Yes®? n.d. n.d. n.d.

TIM4 Yes™® n.d. n.d. n.d.

MFG-E8 Yes?® n.d. n.d. Promotes myoblast differentiation
and possibly fusion

Tsp-1 Yes** No effect’'® Macrophage-dependent effect’"’ Promotes adhesiorggf3
but inhibits fusion

Mer Yes Not exeressedmn Macrophage-dependent effect'® Not expressed®

Axl (Gas6) Yes® Yes®0® Yes®’ Promotes myoblast and
myotube survival and growth'®

Tyro-3 Yes®® Not expressed'® n.d. Not expressed

Protein S Yes?>3¢ n.d. n.d. Secreted by myoblasts''?

CD91 Yes®’38 n.d. n.d. n.d.

Calreticulin Yes?”39 n.d. n.d. Secreted by myoblasts''?

37,38 . 113

Clq Yes40' n.d. Negative effect n.d.

SCARF1 Yes41 n.d.114 n.d.115 n.d.116

MEGF10 Yes Yes Yes Yes

BAI1 Yes™ Yes'” Yes'” 1

BAI3 Not involved Yes'"’ Yes'"’ Yes'!7118

Gpr56 No effect’'® n.d. 1o

Stabilin2 Yes?20 Yes'? Yes'® Yes'> '

SR-BI 951 No effect’ Macrophage-dependent effect’ n.d.

CD300 Yes>>> n.d. n.d. n.d.

RAGE Yes®#°° Increased Yes'?° Myoblast differentiation,121

56 number of SCs'*° fusion was n.d.

LOX-1 Yes n.d. n.d. n.d.

Annexins Yes'?? No effect'? Yes'?? Yes’®

Piezo n.d. n.d. n.d. Yes'?

n.d., not determined.
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a known PS receptor contributing to myogenesis is also in-
volved in efferocytosis.

The results of our search are summarized in Table 1. To our
surprise, we found that nearly all the PS recognizing
efferocytosis receptors have already been reported to con-
tribute also to myogenesis. However, these shared receptors
do not mediate the membrane fusion itself,”® although some
of the proteins, such as myoferlin, which contribute to mem-
brane fusion, are also PS dependent.®® Rather, the majority of
them participate in the prefusion events, such as myoblast
differentiation, cell-cell recognition, adhesion, and cytoskele-
tal rearrangements that might be needed to generate and
then to bring the fusion proteins in proper orientation and
proximity between the two fusing cells.”® Integrin B3 and
Rac activity, for example, are required for myoblast differen-
tiation and adhesion,®#? but integrin P3 has to be
down-regulated prior to fusion.®? Similar was the finding with
thrombospondin-1, the ligand for integrin B3 receptor.®®54
Although Mer was suggested to contribute to the membrane
fusion during fertilization,®> Mer protein is not expressed by
muscle cells.’® The other TAM kinase efferocytosis receptor
(Axl), however, is expressed and involved in myogenesis but
is required for myoblast cell survival and also for myoblast
growth.® In accordance, Mer null mice have normal size
myofibres,° stabilin-2 or myoferlin (two fusion-coupled pro-
teins) null muscles are characterized by small size muscle
fibres,*>° while the Gas6/Ax| double knockout mice have de-
creased hindlimb muscle mass and satellite cell proliferation
after injury accompanied by compensatory muscle fibre
hypertrophy.®®®” Thus, the muscle phenotype of the lost PS
receptor is strongly dependent on its specific contribution
to the myogenesis process.

The data that we collected in Table 1 also indicate that
there are several among these PS-recognizing receptors or
their bridging molecules, the role of which was not tested
yet in both processes. We propose that they might very likely
play a role in the so far non-investigated side as well. Thus, in
addition to macrophages, myoblasts are also known to se-
crete MFG-E8,% while the myoblast fusion-coupled myoferlin
is known to participate in the lysosomal exocytosis, a process
suggested to contribute to the engulfment of apoptotic
adipocytes.®® We propose that the fact that efferocytosis
and myoblast fusion share several molecules and evolution-
ary conserved cellular mechanisms may help us in an
in-depth understanding of these processes, as well as in the
identification of new players either in the efferocytosis or in
myoblast fusion side. To test this proposal, we decided to in-
vestigate whether TG2, an efferocytosis coreceptor,®° could
be involved in the myoblast fusion, although previous studies
indicated that its crosslinking activity is not required for it.°
We found that TG2 null mice display impaired muscle
repair.’* TG2 is required not only for promoting the pheno-
typic switch of macrophages during muscle regeneration
but also for myoblast fusion and growth. Accordingly, similar

to other mice that show impaired myoblast fusion,*>#° TG2
null muscles are also characterized by small size myofibres.
Our results provide an additional proof for the participation
of efferocytosis receptors in both efferocytosis and
myogenesis.

Impaired efferocytosis, impaired
muscle regeneration, and sarcopenia.
Can they be coupled?

Sarcopenia is the progressive loss of muscle mass. The term is
often used specifically to denote loss of muscle mass and
strength associated with aging. Although the causes of sarco-
penia are multifactorial, increasing evidence indicates that
impaired satellite cell-dependent muscle regenerative capac-
ity in the aged might contribute to the development of it.
There are multiple suggested mechanisms for the impaired
muscle regenerative process in aged muscle including loss
of satellite cell number or function, decreased myoblast pro-
liferation, or weakened differentiation states (reviewed in
reference’?).

Sarcopenia can develop during the course of chronic in-
flammatory diseases as well, and aging itself is associated
with the development of various chronic inflammatory condi-
tions. The mechanisms linking chronic inflammation and sar-
copenia were reported to involve increased muscle protein
imbalance, cell death, increased muscle adiposity, and also
impaired muscle repair and regeneration (reviewed in
reference®®). A large cohort study that addressed the poten-
tial link between impaired muscle regeneration and the de-
velopment of sarcopenia applied large-scale transcriptome
analysis for studying the skeletal muscle. They found that ag-
ing is associated with increased cell death in the skeletal mus-
cle associated with increased satellite cell-dependent regen-
eration response in the healthy elderly, while an impaired
one in the sarcopenic muscle accompanied by high
pro-inflammatory cytokine levels. Decreased regenerating
potential was further investigated on the myoblast side.
Using myoblasts obtained from a number of donors across
the adult age range, this study demonstrated a decrease of
myoblast fusion in older compared with young donors. More-
over, myogenin and troponin | transcription were decreased
in the myoblast cultures from the older donors indicating re-
duced or impaired kinetics of myotube formation.®*

Interestingly, despite the involvement of macrophages in
guiding muscle repair and regulating inflammation, in these
studies, the age-related alterations in macrophage functions
were not considered in the context of the development of
sarcopenia, although age is the most important risk factor
for many of the chronic disorders associated with macro-
phage dysfunction.®® Thus, impaired macrophage transcrip-
tion and function have been observed in normal aging, de-
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tected as reduced phagocytosis capacity, impaired polariza-
tion in vitro, and a loss of wound healing response®® accom-
panied with an improper resolution of inflammation.®” Simi-
larly, chronic inflammation is also known to be associated
with impaired resolution of inflammation related to a
defective  macrophage  efferocytosis  (reviewed in
references®®”%%). Naturally in humans, it is difficult to dem-
onstrate a decreased efficiency of efferocytosis within the
sarcopenic muscle, but when macrophage efferocytosis is
generally impaired, it is expected that muscle-specific macro-
phages will be similarly affected. And if they are, according to
the findings in efferocytosis receptor null mice,”*° their de-
creased efferocytosis capacity will influence not only the
clearance of dead cells but also resolution of inflammation,
myoblast differentiation, and fusion detected to be altered
in sarcopenic muscles. Accordingly, the pathophysiologic link
between aging, obesity, impaired efferocytosis, abnormal
macrophage polarization, chronic inflammation, and the
development of sarcopenia is increasingly being
recognized.”’%°

Concluding remarks

The data collected in this review highlight that the two cen-
tral biological processes—efferocytosis by macrophages and
myogenesis—that contribute to the successful muscle repair
share quite a number of PS-dependent receptors and signal-
ling pathways. We propose that the involvement of PS re-
ceptors in both the myoblast-related and the macrophage-
related muscle regeneration processes makes them an excel-
lent target in promoting muscle repair following acute mus-
cle injury, because stimulating the function of them would
facilitate efferocytosis by macrophages and myogenesis si-
multaneously. The most logical choice is application of those
bridging molecules that target PS receptors coupled to
DOCK180/ELMO assembly, such as MFG-E8. An additional
advantage of MFG-E8 administration would be that it also
promotes VEGF-dependent neovascularization, which is also
part of the proper muscle repair.*%° In support of our pro-
posal, administration of the MFG-E8 bridging molecule suc-
cessfully facilitated cardiac muscle repair following
infarction.*®*

Because increasing evidence indicates a pathophysiologi-
cal role of impaired efferocytosis in the development of
chronic inflammatory conditions, as well as in impaired
muscle regeneration both contributing to the development
of sarcopenia, improving efferocytosis should be considered

also in its management. Several methods have already
been proposed that could be applied.®® Again based on
our present findings, selecting or combining those that ac-
tivate PS receptors would be expected to be the most ef-
fective, because they would also promote myogenesis. In
support of our proposal, after submission of our manu-
script, administration of MFG-E8 was reported to attenuate
sarcopenia in a rat model induced by p-galactose.’®* What
is more, a recent report, which investigated the key differ-
entially expressed genes and pathways associated
with the progression of sarcopenia, identified MFG-E8

as a significantly down-regulated gene in
sarcopenic muscles and demonstrated that MFG-E8 has
potential anti-sarcopenia effects by promoting
extracellular  signal-regulated kinase (ERK) and Akt

activation-mediated cell proliferation and cell cycle progres-
sion in myoblasts.*®3
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