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Skeletal myofibers are injured due to mechanical stresses experienced during physical
activity, or due to myofiber fragility caused by genetic diseases. The injured myofiber
needs to be repaired or regenerated to restore the loss in muscle tissue function.
Myofiber repair and regeneration requires coordinated action of various intercellular
signaling factors—including proteins, inflammatory cytokines, miRNAs, and membrane
lipids. It is increasingly being recognized release and transmission of these signaling
factors involves extracellular vesicle (EV) released by myofibers and other cells in the
injured muscle. Intercellular signaling by these EVs alters the phenotype of their target
cells either by directly delivering the functional proteins and lipids or by modifying
longer-term gene expression. These changes in the target cells activate downstream
pathways involved in tissue homeostasis and repair. The EVs are heterogeneous with
regards to their size, composition, cargo, location, as well as time-course of genesis
and release. These differences impact on the subsequent repair and regeneration of
injured skeletal muscles. This review focuses on how intracellular vesicle production,
cargo packaging, and secretion by injured muscle, modulates specific reparative, and
regenerative processes. Insights into the formation of these vesicles and their signaling
properties offer new understandings of the orchestrated response necessary for optimal
muscle repair and regeneration.
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INTRODUCTION

Skeletal muscle comprises over a third of the total human body mass, making it one of our
largest organ systems. The contractile activity of the skeletal myofiber generates the force
that enables and controls physical movement. This mechanical activity constantly subjects the
skeletal muscle to stresses and strains that results in myofiber injury. Minor lesions inflicted
upon skeletal myofibers, cause sarcolemmal disruption. The process of “myofiber repair”
rectifies such membrane disruptions, preventing death of the injured myofiber. However, severe
muscle injuries incurred via heavy overload, resistance training stresses, or genetic defects (e.g.,
muscular dystrophy), cause myofiber death. Such injuries are repaired by a highly orchestrated
process involving inflammation and satellite cell activation and fusion that replaces the dead
myofiber through the process of “myofiber regeneration.” Together, repair and regeneration
of skeletal myofibers are essential for skeletal muscle maintenance in patients with chronic
muscle disorders as well as restoration of functional performance in individuals that suffer sport
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injuries (Counsel and Breidahl, 2010; Tidball, 2017).
Understanding the complexity of intercellular and intracellular
interactions involved in myofiber repair and regeneration is
essential for treating muscle diseases, and for the rehabilitation
of individuals following muscle injury. Cellular and molecular
events involved in repairing injured myofibers, and in
regenerating damaged muscles, are extensively reviewed
(Bentzinger et al., 2013; Yin et al., 2013; Andrews et al., 2014;
Cooper and Mcneil, 2015; Horn and Jaiswal, 2018; Wosczyna
and Rando, 2018). Here we will discuss how extracellular vesicle
(EV)—membrane bound compartment released by cells, enable
intracellular, and intercellular communication to coordinate
repair and regeneration of the injured myofiber.

EVENTS THAT FACILITATE MYOFIBER
REPAIR AND REGENERATION

While myofiber repair relies on coordinated intracellular events,
the process of myofiber regeneration involves coordinated
intercellular interactions. The discussion below focuses on the
role of vesicles and membrane trafficking processes that are
involved in inter-and intra-cellular events that enable repair and
regeneration of the injured skeletal myofibers.

Myofiber Repair
Plasma membrane damage results in a rapid influx of
extracellular calcium, which triggers vesicular activity—
internalization (endocytosis) and externalization (exocytosis,
ectocytosis), and non-vesicular activity—local actin cytoskeleton
reorganization to help repair the injury (Figures 1B,C). These
activities help the myofiber repair, by sequestering the damaged
part of the plasma membrane into endosomal vesicles or
shedding it via EVs (Babiychuk et al., 2011; Keyel et al,, 2011;
Corrotte et al., 2013; Jimenez et al., 2014; Scheffer et al., 2014).
Vesicle shedding can occur passively (Keyel et al., 2011; Boye
et al,, 2018) or through Endosomal Sorting Complexes Required
for Transport (ESCRT)-mediated scission of the damaged
membrane (Andrews et al., 2014; Jimenez et al., 2014; Schefter
et al., 2014; Demonbreun and Mcnally, 2017; Romero et al,,
2017). Increase in intracellular calcium triggers exocytosis of
vesicles such as lysosomes and late endosomes/multivesicular
bodies (MVBs), by activating calcium binding proteins such as
dysferlin and synaptotagmin. This allows the released vesicles to
then accumulate locally and or distribute systemically (Figure 2).
Lysosome exocytosis contributes endomembrane to help close
the wound, and also enables release of the lysosomal enzyme
acid sphingomyelinase (ASM) (Chakrabarti et al., 2003; Jaiswal
et al., 2004; Defour et al., 2014; Sreetama et al., 2016; Figure 1A).
Upon its release ASM gains access to the plasma membrane
lipids including sphingomyelin, and hydrolyzes it to generate
ceramide—a lipid that is enriched in injured cells (Babiychuk and
Draeger, 2000; Tam et al., 2010; Corrotte et al., 2013; Romancino
et al., 2013; Figure 1A). This ceramide facilitates plasma
membrane repair by removing the damaged membrane through
internalization (via endosomes) and shedding (via ectosomes)
(Draeger and Babiychuk, 2013; Figures 1A-C). ASM inhibitors

and ASM deficiency blocks membrane removal (Bianco et al,
2009) and membrane repair (Corrotte et al., 2013; Deng et al.,
2017; Michailowsky et al, 2019). The endocytosed vesicles
can progress through the endosomal pathway, whereby inward
budding of the injured membrane forms ~300-500 nm-sized
intracellular endocytic vesicles that fuse together to form late
endosomes and MVBs in the injured cells (Murphy et al., 2018;
Figures 1A, 3A). These endosomes may degrade the internalized
damaged proteins and lipids, or undergo inward budding to
create intraluminal vesicles (ILV) (Murphy et al., 2018). The
MVBs can then traffic and fuse to the membrane to exocytose
their contents. These ILVs are subsequently released from the
cell upon MVB exocytosis, and these released vesicles are called
“exosomes” (Figures 1C, 3B). Through these vesicle trafficking
events, the injured plasma membrane is not only repaired within
minutes of injury, but the EVs generated and released in the
process of repair can subsequently signal extracellularly to affect
a tissue-level repair response that can continue beyond the brief
myofiber repair phase (see Figures 1, 2).

For the above vesicular events to remodel damaged
membranes, cells rely on cytoskeletal proteins to stabilize
the damaged membrane and assist in ferrying vesicles to and
from the damaged membrane (Mcdade et al., 2014; Vaughan
et al, 2014; Horn and Jaiswal, 2018; Figure 1D). Calcium
influx due to cell membrane disruption activates kinases and
lipid modifying enzymes, creating a signaling platform that
assists with vesicle fusion, lipid, and actin reorganization, and
constriction of membrane wound during repair (Floyd et al,
2001; Mandato and Bement, 2001; Benink and Bement, 2005;
Vaughan et al., 2014; Horn and Jaiswal, 2018). Injury-induced
calcium entry also activates Calpains, which help disassemble
the cortical actin cytoskeleton allowing intracellular vesicles to
access the cell membrane and repair the membrane by fusion.
This calpain-mediated actin loss also relieves membrane tension,
preventing cytoskeletal contraction from pulling the lipids in the
damaged free-edges of the wounded membrane outward, which
would cause the wound to expand (Gitler and Spira, 1998; Togo
etal., 2000; Mcneil et al., 2001; Hendricks and Shi, 2014; Redpath
etal., 2014). Moreover, lipids in the wounded membrane facilitate
binding of specific proteins such as annexins. Annexin family
proteins subsequently assist in closing the wound by curving the
membrane wound edges via their construction of 2-dimensional
proteins arrays to stabilize the membrane, and by stimulating
actin reorganization and membrane scission (Bouter et al., 2011;
Boye et al., 2017; Figures 1B,D). Another signal that regulates
reorganization of actin and cytoskeletal proteins is reactive
oxygen species (ROS) produced by mitochondria. However
ROS is also produced during-, and has an additional role in-,
membrane repair (Cai et al., 2009; Spaeth et al., 2012; Duan et al.,
2015; Horn et al.,, 2017; Figure 1B). Restoration of membrane
structure and function is a key early feature in successful repair
and regeneration of skeletal muscle, failure of which leads to
myofiber degeneration, requiring myofiber regeneration through
intracellular signaling (Tidball, 2011; Demonbreun et al., 2016).
However, even myofibers that successfully repair release signals
in the form of secreted molecules and vesicles that informs the
tissues of the muscle damage. Thus, a continuum of extracellular
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FIGURE 1 | Vesicular pathways involved in plasma membrane repair. (A) Plasma membrane injury triggers membrane trafficking by Exocytosis—fusion of the
intracellular vesicles such as lysosomes with the injured plasma membrane, Endocytosis—internalization of the plasma membrane, and Ectocytosis—shedding of the
plasma membrane by way of microvesicles/ectosomes. Exocytosis is aided by calcium-binding membrane proteins such as dysferlin resulting in the release of
lysosomal luminal proteins such as acid sphingomyelinase (ASM). The secreted ASM can access the outer and inner leaflets of the injured plasma membrane and
hydrolyze the sphingomyelin lipids in these membranes to ceramide. Presence of ceramide in the outer leaflet will facilitate inward curvature and endocytosis,
ceramide in the inner leaflet will cause outward curvature and ectocytosis. Both these processes enable removal of damaged membrane lipids from the site of injury
by internalizing or shedding these lipids. (B) Ectocytosis is also facilitated by the interaction of proteins such as TSG101, ARRDC1, ESCRT lll, and VPS4 as well as
rearrangement of cortical actin beneath the membrane which help with vesicle budding and scission (see inset). Membrane shedding is also facilitated by the
interaction of membrane lipids (phosphatidylserine) with the Annexin proteins and disassembly/reassembly of the cortical actin cytoskeleton with the help of calpain,
(Continued)
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FIGURE 1 | Rho A, and Annexin proteins as well as mitochondrial ROS signaling. These latter processes also play a role in facilitating exocytosis and endocytosis
indicating a complex set of membrane trafficking events that occur in concert, and failure, or delay in the any of these processes results in the failure of the injured
myofiber to repair the plasma membrane injury. (C) Confocal images of live myofibers injured focally (white arrow) in the presence of membrane-impermeable FM 1-43
dye (green). Upon membrane injury, FM dye labels the intracellular membrane as well as all the vesicles secreted by the injured myofibers. Images of the same
myofiber taken prior to and 40- or 120-s post injury show the formation of large (500-2,000 nm, red arrow) and small (<500 nm, blue arrow) extracellular vesicles. The
released vesicles subsequently traffic away from the site of injury, but remain within the interfiber space (see Video 1). (D) Confocal images of a myofiber in an intact
biceps muscle of Lifeact-GFP transgenic mouse showing F-actin response to focal injury (white arrow) by a 10 ms laser pulse. Images of the same fiber were taken

just before and 60's after injury, and show F-actin reorganization and buildup at the injury site.
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FIGURE 2 | Multicellular interactions involved in early stages of myofiber regeneration. (1) Myofiber regeneration starts with the initial damage that causes calcium
influx into the myofiber leading to release of damaged membrane, as well as breakdown and release of myofibrils and other cellular contents. (2) These and other
factors released by the injured myofiber activates and recruits circulating immune cells (neutrophils) to the injury site to commence inflammation and initial
phagocytosis of cellular debris. (3) Invading neutrophils secrete pro-inflammatory cytokines that promote inflammatory macrophage enrichment. (4) These cells help
clear debris during initial inflammation and also secrete additional cytokines and chemokines that further assist in clearance of cell debris. (5) The inflammatory cells
also signal proliferation of cells including the fibroblasts (FAPs) that assist in secretion of growth factors, cytokines, and extracellular matrix-remodeling enzymes
(MMPs) that facilitate SC escape from the basal lamina and matrix remodeling required for regeneration. (6) In the final phase of the inflammatory response to injury,
macrophages turn pro-regenerative, and together with the other additional cell types activate satellite cell (SC) myogenic program by activating regenerative
transcription factors. This tightly orchestrated cellular choreography relies on intercellular communication via secretory factors including EVs that ultimately facilitates

regeneration of the lost myofiber.

responses triggered by damaged, repaired, regenerating, and
degenerating myofibers, facilitate the intracellular signaling
following membrane injury that supports healthy regeneration
and growth of the injured muscle.

Myofiber Regeneration

Similar to the complexity of myofiber repair, myofiber
regeneration also depends on a series of highly coordinated
events, orchestrated between multiple cell types that engage in

intercellular communication (Chazaud, 2016; Wosczyna and
Rando, 2018). Inadequate membrane repair initiates myofiber
necrosis, triggering an inflammatory response, and subsequently
culminating in regeneration of the lost myofiber by activation
of muscle-resident stem cells satellite cells (SCs). Dysfunction
in this process results in myofiber loss and replacement by
fibrosis, adipogenesis, or calcification, preventing structural,
and functional restoration of the injured muscle (Wosczyna
and Rando, 2018). Unlike myofiber repair, where local/mild
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FIGURE 3 | Biogenesis and selective cargo packaging into EVs. (A) MVB Biogenesis: Spontaneous or injury-triggered endocytosis of the plasma membrane forms (1)
endosomes that (2) progress through the endosomal pathway to create the late endosome and the “multivesicular body” (MVB). The MVB membrane contains
domains rich in sphingomyelin, cholesterol ceramide, and other specific lipids (lipid raft). (3) Cytosolic neutral sphingomyelinase ("SM), can hydrolyze sphingomyelin
on the MVB membrane to generate ceramide that enables spontaneous inward budding of this region of the MVB membrane. (4) This inward budding is also assisted
by the assembly of the ESCRT family proteins and is finally cleaved by Vps4, allowing the newly formed vesicles to be released into the MVB lumen as “intraluminal
vesicles” (ILVs). (B) RNA Cargo Packaging: (1) Specific cellular stresses, such as cell injury, can trigger miRNA duplex transcription in the cell nucleus and then
processed by Drosha. (2) This is followed by cleavage of the miRNA passenger strand by Dicer protein within the cytosol. (3) Based on the sequence of the miRNA, it
may preferentially bind the cytosolic protein hnRNPA2B1. (4) These complexes can then associate the miRNA to ceramide at the nascent ILV and packaged into the
ILV. (5) Subsequently these miIRNA-containing ILVs are secreted as exosomes through the fusion of MVB via membrane-embedded v-SNARE proteins that interact
with sarcolemmal t-SNARE proteins. This process helps exosomes functionally traffic miRNA to other cells and tissues. (C) Ectosome Protein Sorting: (1)
Post-translational covalent lipid modification of the cysteine residues in the proteins is one of the mechanisms for protein sorting into ectosomes. This process is
(Continued)
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the MVB membrane into ILVs for subsequent degradation or secretion.

FIGURE 3 | assisted by a family of lipid modification enzymes collectively known as acyltransferases. (2) Protein-membrane anchoring for stable ectosome packaging
is achieved through palmitoylation by the membrane-bound palmitoyltransferase, anchoring the protein to the budding ectosome (see inset for details). (3) The protein
containing ectosome can then be released by the cell. (D) Exosome Protein Sorting: For protein sorting into exosomes lipid signaling pathways on the MVB
membrane play an important role. (1) Neutral sphingomyelinase hydrolyze sphingomyelin in the MVB membrane to ceramide. (2) Ceramide is subsequently
catabolized to sphingosine and sphingosine-1-phosphate (S1P) by cytosolic ceramidase and sphingosine kinase (SphK), respectively. (8) S1P continuously activates
S1P receptors on the MVB membrane, stimulating the release of their § and y subunits. (4) This catalyzes GTPases and actin-mediated sorting pathways for loading
proteins into the budding ILVs/exosomes. A parallel pathway not depicted here involves ESCRT complex-mediated sorting and packaging of ubiquitinated proteins on

activation of calpain helps restore myofiber integrity, excessive
calcium influx activates calpain-mediated loss of myofibrils and
extracellular exposure of phosphatidylserine (PS) membrane
lipids (Figure 2). While myofibril damage causes myofibers to
degenerate, PS exposure is one of many signals that activate
the recruitment of circulating immune cells to initiate the
inflammatory response and initial phagocytosis of myofibrillar
debris (Demonbreun and Mcnally, 2017; Lemke, 2019). Amongst
the first responders to muscle injury are neutrophils that
rapidly invade the damaged tissue within hours, reaching their
peak at 24-48h after muscle injury (Bentzinger et al., 2013;
Demonbreun and Mcnally, 2017; Tidball, 2017; Figure 2). These
neutrophils signal to enrich the muscle environment with pro-
inflammatory cytokines, activating a pro-inflammatory response
by macrophages (Tidball, 2017). These pro-inflammatory
macrophages help with phagocytic clearance of debris and
stimulate SCs to proliferate and proceed down the myogenic
program (Figure 2). This initial inflammatory response also
involves other cell types including regulatory T-cells, fibroblasts,
and fibro-adipogenic-progenitors (FAPs) that assist in removal
and cleanup of damaged cells and proteins over the course of
3-4 days post-injury—processes needed for proper extracellular
matrix (ECM) turnover and subsequent regeneration of
functional muscle tissue (Tidball, 2017; Wosczyna and Rando,
2018; Figure 2). These immune cells secrete a wealth of diffusible
factors, such as growth factors, inflammatory cytokines (IL-6),
globular adiponectin, ECM components, and ECM-remodeling
matrix-metalloproteinases (MMPs) that not only generate
ECM chemoattractive fragments, but help SCs escape from the
basal lamina to engage in regeneration (Bentzinger et al., 2013;
Chazaud, 2016; Figure 2).

In the second phase of the inflammatory response to
muscle injury—around 4 days post-injury, macrophages shift
to a pro-regenerative phenotype and secrete anti-inflammatory
cytokines and growth factors to facilitate SC proliferation and
differentiation leading to their fusion and formation of nascent
myofibers (Bentzinger et al., 2013; Chazaud, 2016; Figure 2). This
regenerative and remodeling phase also hinges upon intercellular
coordination and communication involving immune cells, SCs,
FAPs, pericytes, fibroblasts, and endothelial cells that secrete
proteins and molecules influencing neighboring cells, notably
culminating in SC differentiation (Bentzinger et al, 2013;
Wosczyna and Rando, 2018; Figure 2). This stimulated myogenic
differentiation program is an irreversible process driven by
the sequential expression of transcription factors myogenic
regulatory factors (MRFs) that induce gene expression signals

to target genes within the SCs. A large proportion of these
MREF target genes largely encode muscle-specific structural and
contractile proteins (actins, myosins, and troponins) essential for
formation of functional skeletal muscle (Bentzinger et al., 2013).
However, other cofactors such as miRNAs (e.g., miR-1, miR-
133, miR-206) also influence myogenic differentiation through
modulation of MRF levels as well (Bentzinger et al., 2013).

It has become evident that muscle repair and regeneration
requires coordinate expression of various factors including
secreted proteins, inflammatory cytokines, miRNAs, and
membrane lipids that transfer intercellular signals (Murphy
et al., 2018). However, an increasingly recognized means of
intercellular signaling in muscle repair and regeneration involves
release and uptake of vesicles (Demonbreun and Mcnally, 2017).
A recent study in a murine model, examining the effects of
acute muscle injury due to a 20 min downhill running exercise,
demonstrated increased circulating vesicles, both during the
initial hours after myofiber injury and during subsequent
regeneration 5-7 days post-exercise damage (Coenen-Stass
et al., 2016). This suggests that the vesicles that carry signals
during regeneration are produced by the injured myofiber and
regenerative cells alike, and that these may play distinct but
complimentary roles in the repair response to injury (Coenen-
Stass et al., 2016). Insights into the formation of these vesicles
and their signaling properties may reveal new understandings
of the orchestrated response necessary for proper muscle repair
and regeneration.

EXTRACELLULAR VESICLES —EXOSOMES
AND ECTOSOMES

Similar to other cells, skeletal myofibers broadly produce
3 types of extracellular vesicles—apoptotic bodies, exosomes,
and ectosomes. These vesicles are distinguished by their
size, composition, and cellular origin. The largest of these
vesicles—apoptotic bodies (1,000-8,000 nm diameter), derive
from apoptotic tissues in which cell repair and regeneration
has failed (Crescitelli et al., 2013; Silva et al., 2017; Caruso and
Poon, 2018). Hence, we will focus on the other two groups
of EVs—exosomes and ectosomes (microvesicles). Exosomes
are smaller in size, with diameter ranging from ~30-150 nm,
while ectosomes range from ~150-1,000nm (Crescitelli et al.,
2013; Villarroya-Beltri et al., 2013; Janas et al, 2015; Leoni
et al, 2015; Choi et al, 2016; Wang and Wang, 2016;
Demonbreun and Mcnally, 2017; Meldolesi, 2018; Murphy
et al, 2018). Aside from their size however, these vesicles
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TABLE 1 | Properties of muscle derived exosomes and ectosomes.

Exosomes

Ectosomes

Size:
Cup-shaped
Smaller (~30-150 nm diameter)

Biogenesis:
Derive from Endocytosis
Originate as ILVs in MVBs - once secreted, called exosomes

Lipids:
- cholesterol, sphingomyelin, ceramide
- more enriched in lipid raft lipids

Proteins:

- more luminal proteins

- Transmembrane proteins (tetraspanins, ESCRTs, Rabs,
integrins)

- Contain proteins related to their biogenesis (Alix, TSG101,
CD63, CD81, AnnexinA5, HSP90, etc.)

- Myogenic growth factors (VEGF, IGFBP, HGF, IGF-1, bFGF,
PDGF-A)

- Contractile proteins

- Actin, Vimentin, Talin, GTPases, RNA-binding proteins

- More enriched in membrane integrins, and testraspanins

- GO Term - “cell-cell-signaling”

RNAs:
- miRNAs, tRNA, mRNAs, IncRNAs, DNA fragments
- more enriched in miRNAs than ectosomes

Size:
Larger (~150-1000 nm diameter)

Biogenesis:
Derive directly from membrane budding

Lipids:
- cholesterol, sphingomyelin, ceramide
- more heterogeneous sarcolemma-like lipid composition

Proteins:

- more membrane-embedded protein

- Transmembrane proteins (tetraspanins, ESCRTs, Rabs,
integrins)

- ER proteins (CALU, CALR, HSP90B1, HSPA5)

- Mitochondrial proteins and DNA

- Ribosomal subunits (RPL4, RPL10, RPS5, RPS17)

- Translation initiation factors (EIF3A, EIF5)

- MMPs

- cytoskeletal proteins (ACTB, EIF5)

- Glycoprotein receptors (GP1b, and GPIIb/GPlla)

- golgi proteins

- cytosolic proteins

RNAs:
- miRNAs, tRNA, mRNAs, IncRNAs, DNA fragments

Exosomes and Ectosomes share many common features (red text), but also present a number of unique features and cargoes (blue text).

and
are

their
from

fundamentally  differ  in
the cellular  compartments
manufactured (Table 1).
Exosomes, also known as “intraluminal vesicles” (ILVs),
develop from a sequential process of MVB membrane
remodeling (Figure 3A). The MVB membrane contains
lipid domains not unlike the muscle sarcolemma from which
they are derived (Murphy et al., 2018; Figure 3A). Lipid-protein
interactions and lipid reorganization at MVB membrane
domains enables spontaneous inward budding of these regions,
that is further aided by ESCRT-family proteins and released
into the MVB lumen by Vps4 ATPase-mediated cleavage as
ILVs (Trajkovic et al., 2008; Colombo et al., 2014; Cocucci and
Meldolesi, 2015; Janas et al., 2015). The ILVs are thus enriched
in the structural lipids of the MVB membrane that help their
formation (Janas et al., 2015). The MVBs subsequently traffic
to the plasma membrane where SNARE proteins and tethering
factors such as SNAP23, Syntaxinla, VAMP7 and 8, Rabs 11,
27, and 35 aid in MVB exocytosis, releasing ILVs as exosomes

composition
which  they

(Colombo et al., 2014; Cocucci and Meldolesi, 2015; Janas et al.,
2015; Meldolesi, 2018; Figures 3A,B).

Ectosomes, are produced at the plasma membrane by a
different cellular process that involves small GTPases Arf6,
Rab22, RhoA, CDC42, and Racl and the contractile activity
of cortical actin beneath the cell membrane (Muralidharan-
Chari et al., 2009; Wang et al., 2014; Meldolesi, 2018). However,
ectosomes can also be formed using some of the same cellular
machinery (e.g., ESCRTs) used by exosomes (Muralidharan-
Chari et al.,, 2009; Scheffer et al., 2014; Cocucci and Meldolesi,
2015; Meldolesi, 2018; Figure 1). A proteomic screen in muscle
cells identified several ESCRT III proteins (Chmps 1, 4, and 6)
and only one ESCRT I protein (Tsgl101) accumulates at the site
of muscle cell membrane injury (Scheffer et al., 2014).TSG101
assists in ectosome formation by interacting at the ectosome neck
with the arrestin domain-containing protein-1 (ARRDC1) and
with ESCRT III/ Vps4 complex to enable pinching and release of
the ectosome (Nabhan et al., 2012; Dobro et al., 2013; Scheffer
etal.,, 2014; Figure 1B).
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FUNCTIONALIZING THE EXTRACELLULAR
VESICLES BY ACTIVE AND SELECTIVE
CARGO LOADING

The differences in cellular origin of exosomes and ectosomes
lead to differences in their structural components and the
cargoes they carry (Cocucci and Meldolesi, 2015; Mcguinness
et al, 2016; Silva et al., 2017; Taverna et al., 2017). Lipid,
protein and RNA cargo composition in these vesicles are
distinct, not only from that of the cytoplasm but also between
exosomes and ectosomes (Table 1). This indicates that cargo
packaging in the vesicles is an active and selective process
that may be responsive to the cell’s physiology (Roberts et al.,
2012; Matsuzaka et al., 2016; Panagiotou et al, 2016; Fry
et al, 2017; D’souza et al., 2018). However, despite these
differences, these vesicle subtypes share a range of common
lipids, transmembrane proteins, surface ligands, and cargoes
(Mcguinness et al., 2016; Silva et al., 2017; Taverna et al., 2017;
Table 1, red text).

Protein and Lipid Cargo

Due to their generation from the raft-like region of the MVB
membrane, exosomes contain lipids that are enriched in the
MVB lipid raft domains, as discussed above (Janas et al.,
2015). Conversely, being derived from the plasma membrane,
ectosomes contain a more heterogeneous plasma membrane-like
lipid composition (Meldolesi, 2018; Table 1). Moreover, vesicle
differences extend beyond lipid composition, with as much
as 65% of protein cargoes reported to differ between muscle
exosomes and ectosomes (Le Bihan et al., 2012). This highlights
the divergent protein sorting pathways employed by the vesicle
generating cell to control vesicle cargoes and consequentially,
their signaling properties after muscle damage (Laterza et al.,
2009; Roberts et al., 2012).

Proteomic analysis of muscle-derived exosomes shows
that in addition to proteins involved in their biogenesis, the
exosomes also contain functionally important proteins such as
myogenic growth factors and contractile proteins (Choi et al.,
2016; Demonbreun and Mcnally, 2017; Table 1). Compared
to ectosomes, which are enriched for membrane-embedded
proteins, exosomes are enriched in proteins including integrins,
MHC molecules, tetraspanins, ESCRTs, endosome proteins,
and even zinc-finger transcription factors (Le Bihan et al., 2012;
Tables 1, 2). Gene-ontology analysis of muscle exosome proteins
show that they largely belong to the protein families involved
in “cell-cell signaling” (Le Bihan et al, 2012). Unlike their
exosome counterparts, due to their immediate generation at the
muscle sarcolemma, ectosomes, contain more transmembrane
proteins, receptors, glycoproteins and metalloproteinases
(MMPs) (Meldolesi, 2018; Table1). They are also enriched
in proteins normally found in the endoplasmic reticulum,
mitochondria (dehydrogenase proteins, respiratory electron
transport chain), golgi, cytoskeleton, and cytosol (Le Bihan et al.,
2012; Kowal et al., 2014; Phinney et al., 2015; Willms et al,,
2016; Meldolesi, 2018; Tables 1, 2). Gene ontology analysis of
muscle ectosome proteins shows predominance of proteins

involved in RNA post-translational modification, amino acid
metabolism, protein synthesis, molecular transport, and protein
degradation (Le Bihan et al,, 2012). Thus, there are notable
differences in the protein and membrane lipid composition
of exosomes and ectosomes, which in-turn influences uptake
and function of these EVs in the target cells (see the section
Extracellular Vesicle Uptake by the Target Cells for details).
However, aside from cellular compartment location, cell sorting
pathways may influence the differential cargo packaging in these
vesicles as well.

Aside from the cellular location where the EVs are
produced, active protein sorting pathways also influence the
cargo packaging in these vesicles (Yang and Gould, 2013).
One example of this is “curvature-based sorting” (Hanson
et al, 2009; Yafez-Mo et al., 2009, 2015; Nazarenko et al.,
2010; Perez-Hernandez et al., 2013).Protein intrinsic molecular
shape can drive its diffusion and membrane routing to flat
membrane spaces or curved, vesicle-generating areas, as this
limits membrane free energy, while proteins with curvature-
favoring structural elements (i.e., BAR domains), can actually
drive the formation of vesicles themselves (Arkhipov et al.,
2008). For instance, in ectosome formation, ESCRT complex
proteins energetically favor the neck region of the budding
ectosome, while tetraspanins tend to form tetraspanin-enriched
microdomains that help drive ILV budding on the MVB
membrane (Hanson et al, 2009; Yanez-Mo et al, 2009).
Such protein sorting mechanisms may partially account for
the frequent findings of ESCRT proteins within ectosome
vesicles and tetraspanins within exosomes (Nazarenko et al,
2010; Perez-Hernandez et al., 2013). Of particular relevance,
BAR domain proteins, such as BIN-3, may be required for
muscle regeneration due to its ability to promote satellite cell
fusion and migration via lamellipodia formation (Simionescu-
Bankston et al., 2013). However, further studies are warranted
to investigate if BAR-domain proteins in EVs play a role in
muscle regeneration.

Assembly of cytosolic cargo proteins into the lumen
of ectosomes requires binding of these proteins to the
plasma membrane—a process reliant on post-translational
protein lipid-modification (Yang and Gould, 2013; Figure 3C).
These modifications include covalent lipid attachment on the
cysteine side chain of myristoyl (myristoylation), isoprenoid
(prenylation), or palmitoyl (palmitoylation) moieties (Aicart-
Ramos et al., 2011). These modifications can attract and
sustain/anchor the tagged cytosolic proteins from their N-
or C-terminal ends to the ectosome budding site on the
membrane (Yang and Gould, 2013; Cocucci and Meldolesi, 2015;
Figure 3C). This process is dynamic, highly regulated, reversible,
and governed by a family of enzymes e.g, DHHC palmitoyl
transferases, deacylases, and prenyltransferases (Aicart-Ramos
et al,, 2011; Cocucci and Meldolesi, 2015). Interestingly, these
protein anchors are not efficient in protein targeting for sorting
into exosomes (Yang and Gould, 2013). Examination of skeletal
muscle cell ectosome proteome reveals an abundance of proteins
with predicted palmitoylated cysteine residues, while exosome-
enriched proteins do not possess such anchoring/modification
sites (Blanc et al., 2015; Table 2). In this respect, protein lipid
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TABLE 2 | Proteins enriched in skeletal muscle exosome and ectosome fractions.

Proteins enriched in Ectosomes

SwissPalm palmitoylation site

Cellular role (skeletal muscle)

Endoplasmic reticulum proteins
CALU, HSP90

CALU—Cysteine 9, 14
HSP90— Cysteine 420

ER calcium-binding protein (protein folding/sorting) HSP90-induces inflammation,
activates TLRs on macrophages and muscle cells to stimulate muscle catabolism
(Zhang et al., 2017)

TCP-1 chaperonins
TCP-1

Cysteine 147

Key protein in actin biogenesis at z-disc during sarcomere assembly (Berger et al.,
2018)

Actins and tubulins
ACTB, TUBA1B

ACTB—Cysteine 17
TUBA1B—Cysteine 376

TUBA1B-trafficking of dysferlin to the sarcolemma in membrane repair (Azakir et al.,
2010)

Ribosomal subunits
RPL4, RPL10, RPS5, RPS17

RPL4—Cysteine 3
RPL10—Cysteine 80
RPS5—Cysteine 172, 66
RPS17 —Cysteine 35

All involved in ribosomal structure and protein translation in the cytosol for cell growth
(Bennet et al., 2018)

Translational initiation Factors
EIF5

Cysteine—22, 38

Crucial for satellite cell differentiation — delivers tRNA to ribosome to initiate protein
translation (Luchessi et al., 2009; Jennings and Pavitt, 2010)

Matrix metalloproteinases
MT1-MMP

Cysteine—574

Required for fibronectin degradation and basement membrane laminin cleavage for
proper elongation and myoblast fusion (Ohtake et al., 2006)

Glycoprotein receptors

Cysteine—352

Involved in gluconeogenesis (Lamanna et al., 2015)

GPIb

Adhesion proteins Cysteine—807 Required for leukocyte recruitment to injured skeletal muscle (Frenette et al., 2003)
P-selectin

Integrin Cysteine 14 Required for leukocyte recruitment after skeletal muscle injury (Lagrota-Candido
Mac-1 etal., 2010)

Proteins enriched in Exosomes

SwissPalm palmitoylation site

Cellular role (skeletal muscle)

Intermediate Filament (z-disc)
Vimentin

Cysteine—328

Required for structural remodeling of skeletal muscle, especially at myotendinous
junction (Vaittinen et al., 2001)

Cytoskeletal protein
Talin

NA

Required for myoblast fusion, sarcomere assembly, and myotendinous junction
maintenance (Conti et al., 2009)

Annexins
ANX-A1, ANX-A4, ANX-A6

ANXA1—Cysteine 343, 263
ANXAB —Cysteine 114

Anti-inflammatory signaling, signal transduction, cytoskeleton and ECM integrity,
muscle growth, satellite cell differentiation, migration, and fusion, and muscle
membrane repair (Bizzarro et al., 2012a,b)

GTPases NA Regulator of myoblast fusion via phospholipase D activation (triggers phospholipid
ARF-6 production and actin reorganization at myoblast fusion sites) (Bach et al., 2010)
RNA-binding proteins NA AGO2 —facilitates packaging of miRNAs into exosomes, protects miRNA from

Argonaute 2, Y-box1

lysosomal degradation, required for miRNA silencing of mRNA translation (Lv et al.,
2014)

Y-box1—nucleic acid chaperone involved in DNA replication and repair, transcription,
pre-mRNA splicing and mRNA translation, particularly of genes involved in cell
division, apoptosis, immune response (Eliseeva et al., 2011)

Integrins
ITGA4, ITGAB, ITGAT

ITG4 —Cysteine 25
ITGA6—Cysteine 8, 26

Integrins —serve as mechanotransducers connecting ECM to cell cytoskeleton to
influence signaling cascades involved in myogenesis, hypertrophy (Carson and Wei,
2000). Also play role in myoblast migration and fusion (Mayer, 2003)

MHC molecules NA HLA-A and B—MHC class 1 cell surface receptors that present peptides recognized
HLA-A, HLA-B by inflammatory T-cells leading to inflammation and apoptosis (Appleyard et al., 1985)
Endosomes NA TSG101—Governs ILV and exosome formation in the late endosome/MVB (Edgar,
TSG101 2016)

Lysosome NA LAMP2 —governs protein sorting into degradative lysosomes (autophagasomes)
LAMP2 (Zhang et al., 2017)

The palmitoylated cysteines are as reported in SwissPalm [weblink]. All of the validated ectosome-enriched proteins appear to contain the palmitoylation sites, while only a few exosome
proteins possess these cysteine residues. The roles reported for these cargoes include roles in the health and maintenance of skeletal muscle, as well as repair and regeneration of

muscle following injury.

modifications within the cell may serve as a key mechanism of
selective cargo loading to influence intercellular signals produced
by skeletal muscle in the repair and regeneration process. It is
worth noting that following burn injury, skeletal muscle increases
expression of prenyltransferase and of protein prenylation,
inhibition of which reduces inflammatory gene expression in
skeletal muscle, implicating protein prenylation in inflammation

following skeletal muscle injury (Nakazawa et al, 2015).
Moreover, tissue regeneration-specific protein palmitoylation has
been shown to be critical for neural scaffolding and dendritic
spine maturation in neuronal regeneration (Zhang and Hang,
2017). Therefore, given the connection between protein acylation
and ectosome packaging and its role in tissue inflammation
and regeneration, probing the role of protein lipid modification
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in vesicle-mediated intercellular signaling after skeletal muscle
injury is an interesting area for future investigation.

Aside from protein-lipid modification and membrane
anchoring in cargo sorting into ectosomes, other intracellular
lipid signaling processes have also emerged as means of
protein cargo sorting into exosomes (Kajimoto et al, 2013,
2018; Janas et al,, 2015). For example a chain of sequential
lipid intracellular lipid modifications at the MVB membrane,
concluding with SIP receptor activation and Rho-family GTPAse
stimulation, acts as a signaling axis for protein sorting into
exosomes (Kajimoto et al., 2013, 2018; Figure 3D). Aberrant
lipid hydrolysis, SphK activity/phosphorylation status, and S1P
subunit release, alters exosome protein cargo packaging and
muscle repair (Saba and De La Garza-Rodea, 2013; Guo et al,,
2015; Janas et al., 2015; Badawy et al., 2018; Kajimoto et al,
2018). In skeletal muscles, eccentric-contraction-induced injury
activates SphK1 and increases endogenous S1P synthesis, while
selective inhibition of SphK1 during eccentric injury promotes
muscle fibrosis, attenuates extracellular matrix remodeling, and
exacerbates myofiber damage (Sassoli et al., 2011; Loh et al,
2012). Further, increasing skeletal muscle S1P levels improves
muscle regeneration in a mouse model of Duchenne muscular
dystrophy (DMD), while also increasing myofiber size, force,
and SC abundance, and diminishing fibrosis and adipose tissue
accrual (Ieronimakis et al.,, 2013). Given the impact of altered
S1P signaling in exosome protein sorting and in skeletal muscle
regeneration, there is a need to determine if altered exosome
packaging due to aberrant S1P activity contributes to poor
reparative response to muscle injury (Donati et al., 2013).

RNA Cargo

EVs differ from their parent cell in RNA composition—unlike
the abundance of rRNA in the parent cell, EVs are comparatively
enriched in small RNAs such as miRNAs (Crescitelli et al.,
2013; Jeppesen et al., 2019; Table 1). Further, similar to their
differential protein contents, exosomes and ectosomes have
different RNA cargoes (Jeppesen et al, 2019; Table 1). RNA-
seq analysis of EV subpopulations identified that of the RNA
transcripts unique to EVs, ectosomes contain only ~9-14% of
the vesicle-enriched RNA species (Chen et al., 2016). This is
attributed to differential RNA sorting mechanism—miRNAs are
preferentially sorted into exosomes based upon their unique
nucleotide sequences (Roberts et al., 2012; Matsuzaka et al., 2016;
Fry et al,, 2017; Dsouza et al.,, 2018; Table 3). In muscle cells
damaged by eccentric exercise or due to muscular dystrophy,
tissue-enriched miRNAs (myoMirs) are seen to be elevated in
the circulation, specifically during the regenerative phase in-vivo
and during myoblast differentiation in-vitro (Coenen-Stass et al.,
2016). However, after muscle damage, the level of many of these
miRNAs declines within muscle and are detected only in vesicles,
suggesting their selective packaging and release, as opposed to
passive leak, in response to muscle damage (Siracusa et al.,
2016). Moreover, vesicle-associated myomiRs differ between
dystrophy-associated damage and eccentric muscle damage,
further suggesting a context-specificity of miRNA loading into
the exosomes (Roberts et al., 2012; Matsuzaka et al., 2016; Fry
et al.,, 2017; D’souza et al., 2018).

Simultaneous with miRNA transcription and cleavage within
the cell cytosol, these cytosolic miRNAs bind the outer
MVB membrane to be packaged into nascent ILVs as they
bud inwards (Janas et al, 2015; Figure3B). This sorting
of these RNAs into the ILVs is based on affinity of the
RNAs to the MVB raft regions, which is dependent upon
the RNAs nucleotide-sequence termed EXOmotif (Villarroya-
Beltri et al, 2013). Thus, the presence of these motif(s) in
miRNA preferentially sorts them into exosomes, and mutating
these EXOmotifs, prevents their import into exosomes, retaining
them in the cytoplasm (Villarroya-Beltri et al., 2013). There
are currently 10 annotated EXOmotifs responsible for sorting
of the ~75% of known miRNA found in exosomes, and
then there are established CLmotifs that predisposes miRNA
retention within the cytosol (~67% of the time) (Janas and
Janas, 2011; Janas et al., 2012; Villarroya-Beltri et al., 2013;
Table 3). EXOmotifs can dictate RNA binding to- and attraction
of- cytoskeleton-associated cytosolic proteins (hnRNPA2BI, Y-
box protein 1, Major Vault Protein) that assist in miRNA
shuttling to the MVB (Villarroya-Beltri et al., 2013; Santangelo
et al., 2016), a process that confers specificity to exosome
miRNA packaging (Villarroya-Beltri et al., 2013; Figure 3B).
Lack of these proteins reduces miRNA sorting into exosomes
(Shurtleff et al., 2016; Teng et al., 2017; Statello et al,
2018). The evidence for specific sorting of miRNAs into
exosomes following muscle damaging stimuli, comes from
studies examining exosome cargoes. Following a bout of muscle
damaging cycling, exosomal release of EXOmotif containing
miRNAs—miR-208a, miR-126, and miR-16 increases (D’souza
et al, 2018). Similarly, overload-induced muscle damage
causes release of the CCCG-EXOmotif containing miR-206
within SC-derived exosomes (Fry et al, 2017). Conversely,
DMD-associated muscle damage promotes exosomal release
of GGAC-EXOmotif-containing miR-1, CCCG-containing miR-
206 (Roberts et al., 2012), and CCCU containing miR-133a
(Matsuzaka et al., 2016). With the importance of these miRNAs in
intercellular signaling for regeneration, their selective packaging
and sorting after muscle damage may be a purposeful regulatory
mechanism (Table 3).

EXTRACELLULAR VESICLE UPTAKE BY
THE TARGET CELLS

In order to transmit their signals, both the EVs find and
interact similarly with their target cell to deliver their cargoes
into the host cell cytosol, this includes direct fusion with
the target cell membrane, or internalization via endocytosis
(Rejman et al., 2004; Cocucci and Meldolesi, 2015; Silva
et al, 2017). Upon arriving at the target cells, EVs roll
or “surf” on the cell surface until reaching a “hotspot” for
internalization, a process driven by electrostatics and aided by
membrane proteins like tetraspanins, integrins, proteoglycans,
and lectins (Demonbreun and Mcnally, 2017; Meldolesi, 2018).
Both, exosomes and ectosomes exhibit cell-specific signaling
via different surface receptors and their ligands (Sahoo and
Losordo, 2014). This is supported by the fact that presence
of specific peptides in the EV membrane allows EV cargoes
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TABLE 3 | miRNA EXOmotif: commonly reported muscle-damage induced miRNAs.

NA

UGCA

E

CLmotif—sorts the miRNA into the cell (not packaged in exosomes). Not demonstrated within commonly reported
muscle-damage induced miRNAs.

miR-133B miR-486

CCccU

growth (Small et al., 2010)

Involved in SC proliferation, differentiation, fiber-type specification, exercise adaptation (Horak et al., 2016;
Siracusa et al., 2016; Jin et al., 2017) represses Pten and FoxO-1a to reinforce Akt signaling and enhance muscle

2J:

miR-206 Promotes myoblast differentiation and promotes terminal maturation of muscle fibers (Kim et al., 2006; Windbanks
et al., 2013; Siracusa et al., 2016)
ucce miR-27B miR-14 Increases proliferation of myogenic cells (Ling et al., 2018) positively regulates myogenin and MyHC by targeting
I I l | the epigenetic regulator Ezh-2 (member of the polycomb repressive complex) (Juan et al., 2009)
UGAc miR-149 Released and peak in circulation 1h and 1 day after resistance exercise. Its role is unclear (Sawada et al., 2013)
miR-1 miR-1 promotes differentiation of myoblasts via repression of Hdac-4 that represses Mef-2-depednent expression

-
@

E

of myogenic factors (Chen et al., 2010; Di Filippo et al., 2016; Siracusa et al., 2016)

GCCG UGAC

GGCG UGCC

With the exception of the CLMotif UGCA, each EXOMoitif is found in miRNA'’s reported to be elevated in skeletal muscle exosomes following injury. The reported roles of these miRNAs
in repair and regeneration of skeletal muscle include pro-myogenic effects on muscle satellite cells and activation of myogenic transcription factors.

to be targeted to skeletal muscles or to neurons to alter
the cell type (Alvarez-Erviti et al,, 2011; Gao et al., 2018).
Differential targeting by the EVs occurs during skeletal muscle
injury and repair—EVs produced by exercise-induced muscle
damage largely hone to the liver, while EVs produced from
resting muscle do not do so (Whitham et al, 2018). This
may be due to context-specific loading of membrane proteins
within the secreted EVs that not only differ between exosomes
and ectosomes, but promote different interactions with target
cell membranes to ultimately cause their differential uptake
(Whitham et al., 2018).

Exosomes are more enriched in tetraspanins—a protein
that associates with a wide range of other cell surface proteins
including proteoglycans, complement-regulatory proteins,
growth factor receptors and ligands (Table 1). This is important
in the cellular uptake of exosomes as their membrane-embedded
tetraspanins may bind more readily with a host of membrane
proteins and receptors from potential target cells to facilitate
their efficient uptake (Hemler, 2003; Meldolesi, 2018). In the
context of muscle injury, tetraspanin-laden exosomes from
injured muscle cells facilitate myoblast fusion—tetraspanin
uptake by target cells induces cell spreading, and CD9 and
CD81 tetraspanins specifically facilitate myoblast spreading

and fusion in regeneration (Hemler, 2003). Similarly, exosomes
are enriched in syncytin-1—a protein involved in receptor
targeting to ILVs of the MVB that also facilitates efficient
exosome uptake by target cells via binding to surface fusogens.
Syncytin-1-loaded exosomes bind to their neutral amino acid
transporters ASCT2 found in skeletal muscle, to induce rapid
exosome internalization (Cocucci and Meldolesi, 2015; Kowal
etal., 2016). In principle, these unique surface protein properties
of exosomes support potentially faster uptake of exosomes (as
compared to ectosomes) in muscle repair (Figure 4). Indeed,
exosomes from muscle cells (myotubes and myoblasts) are taken
up twice as fast by their target cells than ectosomes (Le Bihan
et al., 2012). Faster uptake of exosomes also occurs in humans
where damage-induced spike in exosomes was found to return
to baseline within 4 h (Frithbeis et al., 2015; Callegari et al., 2017;
D’souza et al.,, 2018). Conversely, uphill treadmill running to
exhaustion under conditions that cause muscle damage (Jung
etal,, 2011), increases ectosome production, and they are cleared
relatively slowly—their level remain elevated even after 6h
(Frithbeis et al., 2015).

The internalization pathway taken by the EV is relevant for
vesicle-mediated intercellular signaling, as different endocytic
pathways taken by the EV leads to different intracellular sorting
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FIGURE 4 | Mechanisms for extracellular vesicle uptake by the target cells. Exosomes and ectosomes produced locally or brought in via blood vessels can be taken
up by (A) Clathrin-dependent or (B) Caveolin-dependent pathways. (A) Smaller vesicles are preferentially taken up via clathrin-mediated endocytosis. (1)
Internalization occurs at a site for EV engagement with the plasma membrane where clathrin-coated vesicle assembly can occur by the deformation of the membrane
with the help of the EV and clathrin associated adaptor proteins. (2) Dynamin-2 is recruited to the clathrin-pit where it forms a collar-like structure to pinch off the
endosome neck. (3) The internalized endosome subsequently uncoats and the vesicle is shuttled via microtubules to the perinuclear region. (4) There the EV cargo is
released. (B) Larger vesicles tend to favor the caveolar endocytosis pathway. Caveolar invaginations in the membrane are created by the oligomerization of Caveolin
proteins. (1) Once the EV encounters a caveolae conducive for internalization, it engages with the caveolae. (2) Proteins such as Dynamin-2 and EHD2 are recruited at
this site to pinch off the caveolar endosome. (3) Subsequently, the caveolar endosome traffics in a microtubule-independent manner and releases the EV cargo in the
cytoplasm. The rate of clathrin-mediated internalization compares to rate of receptor-mediated endocytosis, and is faster than caveolae-mediated endocytosis.

and signaling fate of vesicle cargoes as well (Rejman et al,  in during muscle repair and regeneration. Thus, in addition to
2004; Svensson et al., 2013; Mulcahy et al., 2014; Costa Verdera  selective cargo packaging, use of specific EVs allows the injured
et al, 2017; Schneider et al., 2017; Figure4). This topic is  myofibers control over modulating the timing, site of action, and
discussed in detail elsewhere (Rejman et al., 2004; Le Roy and  intracellular location of the signals they communicate to other
Wrana, 2005; Svensson et al., 2013; Mulcahy et al, 2014; Tian  cells in the injured tissue.

et al., 2014; Costa Verdera et al., 2017; Schneider et al., 2017).
Interestingly, altering the intensity and damaging-potential of

exercise can shift EV production to favor exosome secretion EXTRACELLULAR VESICLE-MEDIATED
(Oliveira et al., 2018). This may be a mechanism to confer a COMMUNICATION DURING MUSCLE
more rapid repair and regenerative response from surrounding REPAIR AND REGENERATION

target cells after a more damaging stimulus—as exosomes may

be more efficiently taken up (Dittrich et al., 2013). Different ~ Co-ordinated extracellular interactions between inflammatory
pathways for exosome and ectosome uptake also impact on  cells, endothelial cells, mesenchymal stem cells (MSCs), and
their intracellular shuttling and thus potential intracellular site =~ myogenic stem cells are critical for regeneration of injured
of action by their cargoes. Clathrin-mediated uptake of smaller  skeletal myofibers (Wosczyna and Rando, 2018). EV-mediated
vesicles uses microtubules (Svensson et al., 2013) to shuttle these ~ transfer of cargoes facilitates repair and regeneration across
cargoes to the perinuclear region of the cell, while the caveolar tissues including cardiac, intestinal, neural, renal, respiratory,
endocytosis of larger vesicles shuttles them to the cell periphery  and skeletal muscles (Cocucci et al., 2009; Leoni et al., 2013,
in a microtubule-independent manner (Figure 4; Rejman et al., ~ 2015; Lopez-Verrilli et al., 2013; Demonbreun and Mcnally,
2004). Thus, the differences in size and membrane composition ~ 2017; Taverna et al., 2017). These diverse EV cargoes help alter
of EVs could influence how, when, and where these EVs are  the phenotype of the recipient cells by affecting the recipient
taken up and delivered to in the cell. This could then alter  cell's mRNA composition, translation, or by directly transferring
the nature of intercellular signaling each of them can engage  membrane components such as receptors, transmembrane
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proteins, and lipids to activate downstream pathways involved
in maintenance of tissue homeostasis and repair (Cocucci et al.,
2009; Taverna et al., 2017). Below, we discuss how immediately
following muscle injury EVs facilitate “myofiber repair’ and
later on facilitate “myofiber regeneration” to restore the lost
muscle tissue.

Extracellular Vesicles in Myofiber Repair

and Early Stages of Muscle Regeneration
While much of the work on EVs has focused on intercellular
communication during tissue regeneration, recent studies have
started to address their role in facilitating repair of injured
cells. As discussed above, cell membrane damage leads to acute
actin reorganization and membrane remodeling through the
action of mitochondrial redox signaling, annexin binding, and
ESCRT activity (Jaiswal et al., 2004, 2014; Bouter et al., 2011;
Scheffer et al, 2014; Boye et al., 2017; Horn et al,, 2017).
Together, these help close the membrane wounds within minutes
of being injured. These early stages of repair can be directly
influenced by EVs. For example, intestinal epithelial cell injury
causes secretion of Annexin-Al containing vesicles that can
induce redox signaling via Nox1, which act on Rac, and p120
proteins to enable faster closure of the epithelial wound (Leoni
et al., 2013, 2015). The N-terminal Annexin Al peptide Ac2-26
enables epithelial wound repair by binding formyl peptide
receptor (FPR1) that activate downstream focal adhesion protein
Paxillin and focal adhesion kinase (FAK) to stimulate cell
migration, and wound closure (Bizzarro et al,, 2012a; Leoni
et al., 2015). Skeletal muscles also express these FPRs, which
are crucial during regenerative stages in stimulating myoblast
proliferation by exosome-derived Annexin-Al (Bizzarro et al,
2012b). Additionally, myofiber sarcolemmal injury causes several
Annexins—Al, A2, A5, and A6, to accumulate at or outside
of the injured sarcolemma and some of these are also shown
to be required for myofiber repair (Roostalu and Strihle,
2012; Demonbreun et al., 2016; D’souza et al., 2018; Hogarth
et al, 2019). Annexin Al is the first to accumulate at the
injury site and is shed by the damaged plasma membrane by
action of Annexin A2-mediated actin polymerization (Jaiswal
et al.,, 2014). Mice lacking Annexin A2 and those expressing
truncated dominant negative form of Annexin A6 poorly repair
myofiber injury, implicating Annexins in vesicle shedding and
other intracellular vesicle trafficking processes important for
repair (Swaggart et al., 2014; D’souza et al., 2018). Interestingly,
mice lacking Annexin Al do not show defects in membrane
repair, but are affected in their ability to efficiently regenerate
damaged myofibers (Leikina et al., 2015). Thus, while annexins
are amongst the earliest responders to myofiber injury, their
role extends beyond myofiber repair to myofiber regeneration.
Such a role of annexins is supported by the recent finding that
annexin A2, an ectosome-enriched protein, which is required
for myofiber repair, also influences the muscle resident immune
and other cells that leads to adipogenic loss of muscles in Limb
Girdle Muscular Dystrophy (LGMD) 2B—a disease associated
with poor myofiber repair due to the lack of dysferlin protein
(D’souza et al., 2018; Hogarth et al., 2019).

Shedding of vesicles by injured myofibers, muscle and other
cells, is enabled by ESCRT-mediated ectosome formation at the

plasma membrane. Failure of this process prevents repair of
the injured plasma membrane (Jimenez et al., 2014; Scheffer
et al,, 2014). Unlike ILV formation at the MVB, where the
ESCRTs I and II are required for the assembly of ESCRT III
to mediate ILV budding and scission, ectosome budding, and
scission at the site of injury is initiated by the calcium binding
protein ALG-2 (Apoptosis linked gene-2) (Scheffer et al., 2014).
ALG-2 accumulates at this injury site in response to the local
influx of calcium and it in turn recruits its binding partner—
ALG-2 interacting protein X (ALIX), to localize ESCRT III
and Vps4 ATPase that cleaves the nascent ectosome (Schefter
et al,, 2014). Formation of outwardly budding vesicle at the
site of sarcolemmal injury has been observed in intact muscles
and also in isolated skeletal muscle fibers, where the vesicle
formation involves a coordinated action of multiple proteins
including annexins as well as membrane proteins and actin
cytoskeleton (Scheffer et al., 2014; Demonbreun et al., 2016;
Figure 1; Video S1). Shedding of damaged membrane at the
site of sarcolemmal injury is also observed in Zebrafish,
where the membrane repair protein dysferlin is reported to
accumulate sarcolemmal phosphatidylserine to the repair site to
be recognized and removed through phagocytosis (Middel et al.,
2016). Failure of sarcolemmal vesiculation due to the lack of
ESCRTs or actin, dysferlin, and other accessory proteins that help
with the proper membrane dynamics and outward budding of
the injured sarcolemma prevents repair of the injured myofibers
(Scheffer et al., 2014).

In addition to facilitating myofiber repair the extracellular
vesicles shed by the repairing myofiber and other cells also
initiate extracellular interactions for muscle tissue regeneration
(Figure 2). For instance, EVs trigger pro-inflammatory cascades
through transport of antigens loaded onto MHC class 1 and
2 complexes to T cells, as part of the initial inflammatory
events required for regeneration following skeletal muscle injury
(Taverna et al, 2017). Similarly, hypoxia-injured myotubes
produce vesicles that increase macrophage expression of
inflammatory IL-6 that in-turn alters myogenesis (Guescini
et al., 2017). Initial invading neutrophils with skeletal muscle
injury, migrate to the site of damage and release ectosome
vesicles that contain F-actin, and membrane-bound Annexin-
5, selectins, integrins, complement regulator HLA-1, and
matrix metalloproteinases (MMPs) that degrade the ECM, and
preferentially bind to monocytes to propagate the inflammatory
response (Gasser et al., 2003; Taverna et al., 2017). Additionally,
neutrophil-derived ectosomes stimulate the release of anti-
inflammatory factors (TGF-B1, and IL-10) from macrophages
to fine-tune inflammatory pre-conditioning for eventual pro-
inflammatory macrophage induction (Gasser et al., 2003; Tidball,
2017). At later timepoints after injury, ectosomes transfer
chemokine receptors (CCR4, CCR5), and stimulate release of IL-
6 and monocyte chemotactic protein 1 (MCP1) that promote
inflammation (Gasser et al., 2003). However, macrophages are
not merely recipients of these EVs, as seen during vascular
endothelial cell injury where macrophages secrete ectosome
vesicles that bind platelets to initiate the coagulation cascade and
wound healing (Del Conde et al., 2005). With muscle membrane
injury, the acute mitochondrial ROS production near the site of
injury coincides with actin buildup and ectosome release that
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peaks within 2-4 min post-injury (Scheffer et al., 2014; Horn
etal,, 2017; Figures 1C,D). With their production near the injury
site where mitochondrial ROS levels are the highest, ectosomes
are likely to contain oxidized plasma membrane lipids which can
stimulate neighboring TLR-expressing macrophages to promote
inflammation and cell repair (Zhou et al., 2018). Interestingly,
miRNAs delivered via exosomes, reduce macrophage expression
of TLRs, and cause these cells to take-up other vesicles and
their cargoes without immune activation, a vesicle-signaling
effect demonstrated in muscular dystrophy (Mancek-Keber
et al., 2015; Phinney et al,, 2015; Hindi and Kumar, 2016).
Such findings raise the intriguing possibility that exosomes
and ectosomes may act in coordinated ways to fine-tune their
intercellular signals and cellular stimulation in muscle repair
and regeneration.

Extracellular Vesicles in Myofiber
Regeneration and Restoration of
Muscle Damage

As discussed in section Events that Facilitate Myofiber Repair
and Regeneration, injuries that cause myofiber death require
regeneration of these myofibers. This occurs through a
program that first clears the cellular debris and then guides
the regenerative response (Chazaud, 2016). This program
involves release of neutrophil-attractants CXCL1 and CCL2,
which enrich the muscle environment in cytokines that activate
macrophages to a pro-inflammatory phenotype (Tidball, 2017).
These pro-inflammatory cytokines cause myotubes to increase
production of exosomes that are loaded with the myostatin
protein, while concomitantly decreasing the level of packaged
myostatin antagonist protein decorin (Kim et al., 2018). These
exosomes inhibit myogenic regulatory factors (MRFs)—myoD
and myogenin expression and Akt and mTOR-mediated
myogenesis, while increasing myoblast COX-2 expression (Kim
et al, 2018). Thus, at this early pro-inflammatory stage of
muscle repair, exosomes participate in limiting myogenesis and
allowing the inflammatory cells to clear the damaged tissue.
This is followed by a change in macrophage polarization to
pro-regenerative state with a concomitant rise in MSCs (Tidball,
2017; Wosczyna and Rando, 2018). These MSCs secrete vesicles
that stimulate MYOD, and Myogenin, which facilitate myofiber
regeneration in target cells (Phinney et al., 2015). Moreover,
MSC exosomes attenuate fibrosis, improve capillary density,
and accelerate regeneration of the injured muscle (Nakamura
et al,, 2015). This is largely accomplished via cellular transfer of
vesicle cargo VEGE, and IL-6, in addition to exosome-enriched
miR-1, miR-133, miR-206 (containing EXOmotif’s GGAC,
CCCU, CCCG, respectively), and miR-125b, miR-494, and
miR-601, that promote a variety of pro-regenerative cellular
processes (Table 3). However, these MSCs not only transfer
pro-regenerative vesicles to injured skeletal muscle cells and
SCs, they can also package and transfer mitochondria and
mitochondrial proteins within ectosomes, to the invading
macrophages. This is suggested to enhance macrophage

energetics and inflammatory activity vital for regeneration
(Phinney et al., 2015; Sansone et al., 2017).

Exosomes also facilitate myogenesis in other muscle injury
contexts. Skeletal muscle denervation injury shifts the muscle-
derived EV enrichment from miR-133a and miR-720 to the
EXOmotif containing miRNA—miR-206. miR-206 stimulates
satellite cell differentiation, myofiber maturation, and brain-
derived neurotrophic factor (BDNF), and nerve-growth factor
(NGF) production, which together enhance myofiber re-
innervation (De Gasperi et al., 2017). These pro-myogenic and
neuro-regenerative effects of miRNA-206 offer further evidence
for the benefits of context-specific EV cargo loading to facilitate
distinct regenerative effects (Mccarthy, 2008; Yuasa et al., 2008).
SC differentiation during regeneration, also actively increases
their secretion of vesicles that contain growth factors (IGF-
1, HGE, TGEF-B1, FGF2, VEGE and PDGF) that act in SC
chemotaxis, lineage commitment, and neovascularization, while
simultaneously transferring miRNA cargoes such as miR-206,
and miR-1 that promote SC differentiation by altering myogenic
gene expression in neighboring SCs (Braun and Gautel, 2011;
Forterre et al., 2014; Murphy et al., 2018). Additionally, exosomes
are also released by differentiating satellite cells to help attenuate
fibrosis and enhance myofiber regeneration via cargo transfer
(Braun and Gautel, 2011; Forterre et al.,, 2014; Choi et al.,
2016; Murphy et al., 2018). Indeed, skeletal muscles injured by
laceration, secrete exosomes enriched in myogenic growth factors
that subsequently stimulate differentiation of adipose-derived
stem cells toward a myogenic lineage to assist in muscle
regeneration (Choi et al.,, 2016). Similarly, oxidatively injured
myotubes promote satellite cell proliferation by vesicle-mediated
repression of myogenin expression in target satellite cells,
resulting in faster wound closure in an in-vitro wound assay
(Guescini et al., 2017).

Similar to the integral role of vesicles in the regenerative
mobilization of tissue resident stem cells, they are also involved
in remodeling of damaged tissue by facilitating angiogenesis,
fibroblast activation, deposition, and degradation of new ECM,
and tissue cell replenishment. Skeletal muscle remodeling
involves dynamic changes in extracellular matrix structure
and composition. Indeed, exosomes isolated from SCs after
overload-induced muscle damage downregulate collagen and
fibronectin production by neighboring fibroblasts through the
transfer of their miR-206 cargo that inhibits fibroblast Rrbpl—
the master regulator of collagen and fibrogenic expression
(Fry et al, 2017). This attenuated ECM deposition can then
help damaged muscle regenerate and remodel for hypertrophic
adaptation. Similarly, high intensity cycling-induced muscle
damage induces enrichment in 12 miRNAs within the exosome
pool which did not concomitantly increase in the plasma or
within the cells themselves, nor was there a global elevation
in exosomal miRNAs—suggesting that these miRNAs were
neither passively leaked, nor part of a general increase in
exosomal miRNA abundance (D’souza et al., 2018). Many of
these 12 miRNAs are known to fine-tune muscle regeneration.
During muscle regeneration and remodeling, miR-208a regulates
fiber type determination, while miR-126 and miR-16 regulate
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blood vessel formation (D’souza et al, 2018). These findings
support the aforementioned evidence that specific miRNAs may
be transcribed by the cell under certain cellular stresses to
accomplish highly specific and targeted intercellular signaling
goals in myofiber regeneration and remodeling. Both miR-
126 and miR-16 contain the UGAC and GGCG EXOmotifs,
respectively, and stimulate neovascularization in response to
an aerobically taxing and damaging stimulus- implicating these
motifs in context-specific and selective packaging in exosomes
based on the nature of the stimulus/damage. This specific miRNA
production and packaging in exosomes shows that under certain
cellular stresses, EVs accomplish specific intercellular signaling
goals to enable myofiber regeneration and remodeling. This is
not limited to skeletal muscles alone however, as in the early
stages of cardiac muscle hypertrophy, the mechanical stress and
damage to cardiomyocytes promote secretion of miRNA-378-
containing EVs that impair fibroblast hyperplasia and attenuate
their production of collagen, to limit cardiac fibrosis (Yuan et al.,
2018). These findings implicate specific miRNA transcription
by the cell under certain cellular stresses to accomplish highly
specific intercellular signaling goals in muscle regeneration
and remodeling.

In addition to cargo packaging, purposeful and context-
specific release of EVs also regulates contextual signaling by
EVs. Unlike damage to healthy muscles, damage associated
with Duchenne muscular dystrophy causes muscle-resident
fibroblasts to secrete vesicles with increased levels of miR-
199a-5p that promotes increased fibrosis in skeletal muscle and
surrounding matrix (Zanotti et al., 2018). Similarly, vesicles
from the serum of mdx mice, when administered to myoblasts,
promote survival, and reduce cell death (Murphy et al., 2018).
These mdx exosomes protect against cell death in muscle cells
stressed by excessive reactive oxygen species—in a manner
that is linearly associated with the concentration of these
vesicles (Matsuzaka et al, 2016). This pro-survival effect of
EVs was achieved by the exosome transfer of miR-133a—
a miRNA that decreases caspase-mediated proteolysis and
decreases expression of apoptosis-associated genes (Matsuzaka
et al., 2016). Conversely, inhibiting exosome formation in the
MVB (by neutral sphingomyelinase inhibition), or blocking
vesicle uptake by target cells via reduction of membrane
cholesterol with MBCD treatment, each abolished the protective
effect of mdx muscle exosomes in hypoxia-stressed muscle cells
(Matsuzaka et al.,, 2016). Interestingly, pro-myogenic miRNA
cargoes (miRNAs—1, 133a, and 206) in exosomes produced by
mdx muscles, are absent from exosomes from muscles where
dystrophin has been restored (Roberts et al., 2012). This suggests
that muscle instability-induced damage results in selective
production and packaging of exosomes to promote regenerative
effects, which can be attenuated by improved muscle stability.
This exemplifies cell-stress specific vesicle cargo production and
packaging. Supporting this feature of mdx EVs, dystrophin-
deficient cardiomyocytes also produce not only smaller EVs
than healthy cardiomyocytes, but these vesicles have the unique
capacity to protect neighboring cardiomyocytes from cell death
following their uptake (Gartz et al., 2018).

CONCLUSION

It has become increasingly clear from the mounting body
of evidence in skeletal muscle injury, that EV secretion
and extracellular signaling occurs along the continuum of
muscle repair and regeneration. The studies discussed above
suggest the existence of an injury-responsive production of
EVs packaged with proteins, RNAs, and lipids to facilitate
repair and regeneration. This cargo packaging appears to be
selective based upon the context and type of injury, required
intercellular signaling, and intended cellular targets, thus adding
a previously unrecognized layer of complexity to this process
beyond the initially postulated cell debris hypothesis. While
exosomes and ectosomes are similar in their basic structure
and range of cargoes, these vesicles differ in nearly all critical
elements—specific cargo, route of cellular uptake, rate of uptake,
intracellular handling by the target cell, and time course of
secretion by the parent cell. While EVs are produced actively,
and their signaling effects help orchestrate the continuum of
response from myofiber repair to regeneration, this complex
diversity of EVs in the context of healthy and diseased muscle
repair needs to be acknowledged in muscle physiology research.
These features of EVs raise additional mechanistic questions—
how does alteration in total ectosome and exosome production,
rate of secretion, and cargoes improve or impair health of
injured muscles? Does the improved repair capacity of skeletal
muscle with repeated insult (i.e., repeated bout effect of eccentric
exercise) derive, in-part, from alterations in vesicle production,
secretion, and or cargo loading? Answers to such questions
may build upon the current knowledge discussed here, and may
highlight the roles of EVs being provided by other tissues and
physiological processes. Such findings are bound to offer exciting
new insights into the coordination of the complex process of
muscle repair, and how this can be optimized for therapeutic
purposes in disease as well as in sport.
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Video S1 | Real-time visualization of the release of small and large vesicles by
injured skeletal myofibers. Confocal time lapse video shows a pair of live myofibers
in an intact mouse biceps muscle injured focally via pulsed laser. Myofiber
sarcolemma and released vesicles are labeled with green membrane binding dye
FM 1-43 present in the buffer. Laser injury occurs at 20's into the video—note the
secretion of vesicles from the site of injury, which then travel/accumulate in the
inter-fiber space. The time is shown in min:ss.msec format and the scale bar
represent 10 pm.
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