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Abstract

Engineered skeletal muscle holds promise as a source of graft tissue for the repair of traumatic
injuries such as volumetric muscle loss. The resident skeletal muscle stem cell, the satellite cell,
has been identified as an ideal progenitor for tissue engineering due to its role as an essential
player in the potent skeletal muscle regeneration mechanism. A significant challenge facing tissue
engineers, however, is the isolation of sufficiently large satellite cell populations with high purity.
The two common isolation techniques, single fiber explant culture and enzymatic dissociation, can
yield either a highly pure satellite cell population or a suitably large number or cells but fail to do
both simultaneously. As a result, it is often necessary to use a purification technique such as pre-
plating or cell sorting to enrich the satellite cell population post-isolation. Furthermore, the
absence of complex chemical and biophysical cues influencing the in vivo satellite cell “niche”
complicates the culture of isolated satellite cells. Techniques under investigation to maximize
myogenic proliferation and differentiation in vitro are described in this article, along with current
methods for isolating and purifying satellite cells.
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Introduction

The human body naturally repairs basic skeletal muscle injuries, but traumatic damage often
requires medical intervention [1,2]. The most prevalent such injury is volumetric muscle
loss (VML), trauma overwhelming the normal muscle repair mechanism and resulting in
permanent functional impairment and physical deformity [2]. Currently, clinical VML
treatments have limitations including donor site morbidity and graft tissue scarcity [1].
Therefore, tissue engineers seek an alternative strategy to fabricate skeletal muscle graft
tissue. The state-of-the-art technique involves placing myogenic cells on a biomimetic
scaffold that can direct differentiation and provide structural support, followed by in vitro
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conditioning through chemical and mechanical stimuli to promote maturation of the
construct tissue. This review discusses current challenges in obtaining the cellular
component necessary for engineering skeletal muscle and presents several techniques for
addressing these issues, paying particular attention to: 1) satellite cell isolation methods, 2)
purification of isolated cells, and 3) optimization of in vitro culture conditions.

Due to its tissue-specific regenerative potential, the satellite cell has been identified as the
ideal progenitor cell for skeletal muscle tissue engineering [3,4]. In the early 1960°s Mauro
originally described the resident skeletal muscle stem cell, the satellite cell, by its cellular
location beneath the basal lamina of a skeletal muscle fiber [5]. Since then, a great deal of
research has attempted to elucidate the specific roles satellite cells play in skeletal muscle,
particularly in muscle maturation, adaptation, and repair. During post-skeletal development,
the satellite cell normally remains quiescent; however, satellite cell activity can be induced
in response to muscle injury. In fact, recent studies demonstrate that satellite cells are indeed
necessary for skeletal muscle to undergo regeneration [6-9]. These studies and others that
evaluate satellite cell function utilize an important marker of satellite cells: paired box
protein-7 or Pax7, encoded by the PAX-7 gene. Pax7 itself is a transcription factor that plays
an integral role in myogenesis and regulation of muscle precursor cell proliferation. It is
considered the requisite marker for satellite cell identification, and Pax7 genetic
manipulation is utilized to assess specific myogenic function. Pax7 satellite cells, however,
are not the only cell type that displays myogenic potential [3,10,11]. For example,
mesoangioblasts, pericytes, Pax3, SK-34, CD45+/Scal+, muscle side population, and
PW1+/Pax7 interstitial cells have all been implicated in contributing to the myogenic cell
pool. However, formation of functional skeletal muscle in vivo utilizing most of these
progenitors appears to require some level of Pax7 expression [12-14]. Ultimately, the
complexity of the myogenic pool allows for diversity in tissue engineering strategies.
Isolating Pax7-positive satellite cells for tissue engineering applications, however, is
complicated by the heterogeneity and diversity of cells in this larger myogenic population.

Skeletal muscle tissue engineers choose to focus on isolating Pax7 satellite cells because of
the proven regenerative potential of this specific population. While the variety of cell types
detailed above display some degree of myogenic potential, the satellite cell is identified as
the primary source of regeneration in damaged skeletal muscle [3,15]. Quiescent satellite
cells are activated in response to injury and progress toward a committed myogenic lineage,
with a sub-population returning to quiescence to maintain the progenitor pool. Those
satellite cells induced to a myogenic lineage are often referred to as myogenic precursor
cells or myablasts, characterized by their expression of the transcription factors myogenic
differentiation 1 (MyoD) and myogenic regulatory factor 5 (Myf5) [16]. Following myoblast
proliferation and differentiation, the myoblasts fuse with damaged fibers and promote
regeneration.

In addition to extensive research into the satellite cell itself, a great deal of emphasis has
focused on the microenvironment or “stem cell niche” which has been shown to be highly
specific to and influential for satellite cell behavior and myogenic function [17,18]. The
niche constituents include the satellite cell itself along with the surrounding extracellular
matrix, vascular and neural networks, surrounding cells, and various diffusible molecules.
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This dynamic environment presents a unique challenge for engineered tissues in vitro
because of the constant communication between the satellite cell and its niche in vivo. The
growth factors and signaling pathways dictating cellular regeneration are in constant flux,
increasing the complexity of emulating myogenesis in vitro. Therefore, understanding the
intrinsic and extrinsic signaling factors that influence the niche has been a priority for
developing therapeutics in regenerative medicine [19], and similarly, strategies for muscle
tissue engineering must aim to replicate the ideal conditions for skeletal muscle tissue repair.

Since the first skeletal muscle tissue engineering experiments by Vandenburgh and
colleagues in 1988 [20], the field has rapidly advanced to include a variety of techniques to
enhance myogenesis and tissue regeneration. Although technologies include either scaffold
materials ranging from acellularized tissues [21,22], to collagen and fibrin hydrogels [23,24]
or a scaffold-free approach [25,26], the vast majority of these techniques utilize satellite
cells as the cell source muscle engineering. The complex satellite cell biology shows that
isolating and culturing satellite cells presents a unique challenge. In particular, engineered
skeletal muscle tissue requires a large number of isolated satellite cells with high purity.
Engineered tissues to date have produced minimal force in comparison to healthy muscle,
and the suspected cause of this disparity is decreased muscle fiber content and maturity
[25,27,28]. As such, it is essential to maximize the myogenesis in engineered skeletal
muscle tissue by isolating a pure satellite cell population. This process should result in both
increased fiber content and improved functionality. Unfortunately, current methods for
isolating satellite cells cannot yield both the population size and myogenic purity required
by tissue engineers. It is instead necessary to combine these isolation techniques with
additional purification methods, followed by controlled proliferation and induction
conditions, and these approaches are described in detail in this review.

Satellite Cell Isolation

Single fiber explant culture

First described in 1986 by Bischoff and colleagues, techniques to explant and isolate
individual muscle fibers have since been modified to isolate rat satellite cells [29]. In the
original work, digestion of a dissected muscle and tendon in crude collagenase type |
allowed liberation of individual myofibers. This procedure was found to be most successful
after the fractionation of the collagenase, which enhanced the ability to remove the basal
lamina from fibers and exposed the satellite cells. Because the separated fibers did not
adhere to a standard polystyrene tissue culture substrate, a coating of either collagen or
clotted chicken plasma was applied. This discovery opened up an entire field of study on the
use of similar substrates to promote adhesion of the satellite cells during the tissue
engineering of skeletal muscle. Separation of individual fibers in this manner induced
cellular signals of muscle injury, prompting satellite cell proliferation up to 4 days in vitro.
Satellite cells remained attached to their respective fibers, however, so further study was
needed to isolate the satellite cells from their basal lamina niche.

A modification of the Bischoff system by Rosenblatt and colleagues yields a pure population
of both rat and mouse satellite cells from single fiber explants (Figure 1) [30]. Following
enzymatic digestion and separation, each fiber is plated individually with the aid of a
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dissecting microscope. Central to this approach, satellite cells dissociate from their fibers
and adhere to the tissue culture plate. Matrigel, an extract of basement membrane proteins
derived from Engelbreth-Holm-Swarm mouse sarcoma cells, was used as a substrate coating
in this case because it allowed both satellite cell attachment and subsequent removal of the
fiber. As a result, when the fibers are removed from the plate after 3-4 days in vitro, a
highly myogenic adherent cell population remains for further expansion and study. Using
this method, up to 300 satellite cells can be obtained per fiber, with potential for
approximately 300-fold expansion to 100,000 myogenic cells [30].

Since its introduction and subsequent modification, the single fiber method for isolating
satellite cells has remained relatively unchanged. Conboy and colleagues published a much
more detailed procedure in 2010, but the basic steps are consistent with previously published
papers [31]. This approach is generally accepted to yield the most pure satellite cell
populations, approximately 95% or higher [30] but has serious limitations in that dissecting
individual muscle fibers is a highly precise and time-consuming task. Furthermore, although
only individual fibers are needed for the final explant culture step, this protocol dictates
removal of the entire muscle to avoid fiber damage. Because of its ability to yield satellite
cells in vitro with high purity, single fiber isolations serve as powerful tool for the study of
satellite cell biology, but the relatively low overall cell yield from such a large muscle
volume make this technique sub-optimal for tissue engineering applications.

Enzymatic dissociation

To increase overall yield, many researchers use an enzymatic digestion of whole muscles to
isolate satellite cells (Figure 2) [32,33]. This technique was also pioneered in the rat by
Bischoff and colleagues [34], with significant modifications by Rando and Blau in the
mouse [33]. Using this approach, muscle tissue is dissected and dissociated into a single cell
suspension. Initially, all visible tendon and connective tissue is removed from the harvested
muscle to maximize final myogenic purity. It is common for researchers to use a
combination of enzymes to specifically digest the various skeletal muscle extracellular
matrix components and “release” cells of interest. However, a rigorous enzymatic digestion
process will also liberate a population of fibroblasts, leading to a diluted satellite cell
suspension. Current methods have identified various combinations of trypsin, pronase,
dispase, and several collagenases as optimal mixtures [34-36], and a study by Tebbets and
colleagues highlights this variety in proteolytic enzymes used across the field [37]. Several
studies have compared the relative efficacy of these enzymes [38-40]. It is believed that a
mixture of collagenase and dispase minimally affects cell surface antigens, allowing for
easier future enrichment of isolated cells [38]. On the other hand, pronase may inhibit
survival and proliferation of non-myogenic cells and yield a more pure isolated satellite cell
population [39]. Ultimately, direct comparison suggests that all of these enzymes are
suitable for liberation of satellite cells, assuming one uses the correct duration of enzymatic
digestion [40]. Following digestion, debris is removed from the suspension by filtration, and
isolated cells are seeded for proliferation and differentiation.

Selection of the proper substrate adhesion protein is important at this stage in promoting
satellite cell attachment. Collagen, polylysine, fibronectin, matrigel, and laminin are

J Regen Med. Author manuscript; available in PMC 2015 September 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Syverud et al.

Page 5

commonly used as adhesion proteins [28,35]. Several studies have compared the efficacy of
different adhesion proteins in preferentially promoting satellite cell adhesion, proliferation,
and differentiation [41-46] (Table 1). As these compiled results show, no specific adhesion
protein has been identified as ideal for culturing satellite cells, but it is clear that the
adhesion proteins described in table 1 (fibronectin, matrigel, gelatin, and laminin) promote
increased attachment and proliferation relative to uncoated polystyrene tissue culture plastic
or alternative proteins (polylysine and collagen types 3 or 4) [35,41].

Following isolation, characterizing the purity of the final cell population is essential when
engineering skeletal muscle. While flow cytometry, described in detail below, certainly
presents a high-throughput technique for identifying the various cells in a heterogeneous
population, the use of cytochemistry for identifying myogenic and non-myogenic cells is a
more traditional approach. Using markers of satellite cell activation, it is possible to stain
isolated cells for canonical proteins that identify not only their myogenicity but also their
state in the regenerative process. It is known that quiescent and activated satellite cells
express Pax7 [17,47]. Following activation, identified by Myf5 upregulation and MyoD
expression, the satellite cell becomes a myogenic progenitor or myoblast. By examining
cultured satellite cells for Pax7, Myf5 and MyoD, it has been determined that removal of
satellite cells from their niche during isolation immediately leads to their activation, and that
a minimal quiescent population remains in vitro [35]. MyoD staining can therefore be used
to identify proliferating satellite cells as soon as 24 hours post-isolation [35]. As
regeneration continues, fusion of myoblasts and terminal differentiation occurs,
accompanied by expression of myogenin, desmin, and c-met. Desmin, in particular, has
often been utilized as an indicator of proliferating myogenic cells at time points ranging
from 30 hours to several days post-isolation [33,35]. After myotube formation, typically
occurring around 7 days post-isolation but varying with seeding density and onset of
differentiation, neonatal or embryonic myosin heavy chain isoforms can be used to identify
nascent muscle. By following these previously established markers to identify myogenic
cells within the overall isolated population, it is possible to evaluate the overall success and
purity of the isolation process.

Using such characterization methaods, it has been determined that the final cell suspension
isolated via the enzymatic dissociation method is significantly less myogenically pure than
the single fiber isolation method. The isolates are contaminated by a small population of
hematopoietic and neural cells, and connective tissue fibroblasts form the majority of the
non-myogenic population. This fibroblast fraction plays an essential role in myogenesis
through a reciprocal interaction with the proliferating satellite cells, but in large numbers can
inhibit regeneration [8,48]. On the other hand, fibroblasts proliferate more rapidly than
satellite cells [4,35], and this non-myogenic population can potentially overwhelm
proliferating myogenic cells if too numerous initially. As a result, knowing the starting cell
populations and monitoring the interaction between isolated satellite cells and fibroblasts is
essential to understanding growth of muscle tissue during skeletal muscle tissue engineering.
For reference, yields of approximately 10,000 satellite cells per 100 mg of digested muscle
have been reported, with potential proliferation to 10 million cells [32]. Due to the ease at
which significant volumes of muscle can be harvested, the potential for obtaining relevant
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numbers of satellite cells for tissue engineering is much larger with this method than through
the single fiber isolation method. As a result, tissue engineers utilize this enzymatic
dissociation method preferentially for high cell volume requirements. However, because of
the lower myogenic purity, supplemental purification steps are often necessary to increase
regenerative potential of the isolated satellite cells, and such purification methods are
discussed in the following section.

Purification

Pre-plating

One of the most common methods for rapidly purifying satellite cells from a muscle
homogenate is a selective pre-plating method published by Richler and Yaffe [49].
Following enzymatic dissociation, this serial pre-plating technique has been used to enrich
the isolated myogenic cell population. Instead of seeding isolated cells directly onto a
substrate coated with adhesion protein, the cell suspension is distributed onto uncoated
tissue culture plastic for a period ranging from 15 minutes to 24 hours [33,37]. Fibroblasts
and epithelial cells present in the muscle homogenate rapidly adhere to the tissue culture
plastic, and the satellite cells remaining in suspension can be collected in the non-adherent
cell population [32,49]. Using multiple iterations of pre-plating to enrich the non-adherent
cells, a purified myogenic cell population can be obtained prior to the final seeding.
Previous work has demonstrated increased purification with each subsequent step finding a
94% myogenic purity following six pre-plate steps over the course of 6 days [50].

The technical simplicity of using pre-plating as a purification step following enzymatic
dissociation is certainly an advantage. However, during the pre-plating process, some
myogenic cells inevitably attach either to the tissue culture plastic or to the adherent
fibroblasts and are lost. Careful control of the pre-plate time is thus necessary to balance
retention and purification. The major drawback of this technique is its time consuming
nature, with the potential for myogenic and non-myogenic cell populations to vary
significantly in the final cell suspension. In addition, the purity of isolated cells has certainly
been increased, but the degree of improvement is inconsistent, and final purity remains
unknown without additional analysis of cellular content. For tissue engineers, knowing that
final purity is essential for consistent tissue fabrication. Fluorescence activated cell sorting
(FACS) and magnetic activated cell sorting (MACS) have been used to evaluate the success
of the pre-plating process, leading researchers to consider whether they can be used to skip
pre-plating and immediately sort instead [51,52].

FACS - Fluorescence Activated Cell Sorting

Among the sorting techniques that may be applied to the isolation of satellite cells, FACS
shows promise due to its efficiency in sorting large populations of cells. This technique has
been used extensively as both a diagnostic and research tool to obtain information rapidly
about heterogeneous cell populations including cell number, relative cell size, and cell
viability. FACS operates through laser-based identification of fluorophore-conjugated cell
markers and applied electrical charges to physically separate individual cells. The use of
FACS in satellite cell purification, however, is complicated by the absence of a definitive
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surface marker. Early work on myoblast isolations by the Blau laboratory demonstrated that
semi-pure primary mouse myoblasts could be isolated using FACS and antibodies to a7
Integrin alone [24]. Recent work has focused on improving the purity of isolated satellite
cells by using a combination of markers to identify and isolate satellite cells from other
muscle-derived cells, as described in table 2 [39].

Recently, Pasut et al. demonstrated successful FACS isolation of satellite cells using a
combination of positive markers a7 Integrin and CD34 with negative markers CD45, CD31,
CD11b, and Sca-1 [53]. Likewise, Sherwood et al. demonstrated similar FACS isolation of
myogenic cells using positive markers CXCR4 and p1-integrin and negative markers CD45,
Sca-1, and Mac-1, and cell purity was confirmed by growing the sorted cells into myotubes
in cell culture [54]. Because of the heterogeneity of the satellite cell population, with certain
sub-populations displaying unique surface marker profiles, various additional marker
combinations specific to satellite cells have been identified [55,56]. Consistent with the
work described above, Bosnakovski et al identified CD34 as a positive marker and CD45 as
a negative marker for satellite cells sorted from a Pax7- ZsGreen* mouse [57].
Bosnakovski’s work also found that only half of the sorted satellite cells expressed CXCR4,
in partial disagreement with Sherwood’s work. This finding again suggests the presence of
unique sub-populations within the larger satellite cell pool, potentially complicating the
sorting process. A similar heterogeneity within the satellite cell pool also occurs with injury
to the muscle prior to isolation, evident when sorting yields Sca-1 positive, rather than
negative, satellite cells. Similar variation in satellite cell surface markers has been
demonstrated when examining CD34 and Sca-1 expression in myogenic cells in vitro [58].
In particular, distinct sub-populations, both positive and negative for CD34 and Sca-1, were
found within the heterogeneous myogenic cell population over a period of 6 days in vitro.
When examined together, these studies illustrate the difficulties in purifying satellite cells
presented by the heterogeneous surface marker profiles across the overall isolated
population.

Ultimately, FACS has proven successful in purifying myogenic cells from a heterogeneous
cell population isolated in a mouse model, illustrated in figure 3. Such plots also
demonstrate the considerable technical expertise required to differentiate the sub-
populations typically overlapping each other. Although researchers have utilized a wide
variety of surface markers, the common trend across these strategies is the use of CD34 as a
positive marker and CD45 and Sca-1 as negative markers. However, as tissue engineers seek
to use larger animal models, study of these heterogeneous surface markers present in the
myogenic pool will be required for each new species. Again, while satellite cell sorting with
FACS has proven effective, there remains a significant drawback to the use of FACS in
muscle tissue engineering: the potential damage to or alterations of cell proliferation during
the sorting process. The electrical charge applied to separate cells requires a substantial
voltage, and though the satellite cells typically survive this perturbation, it is thought that
gene expression may be altered [59]. Specific studies to examine the effects of FACS on
satellite cell viability and subsequent proliferation in vitro have not been conducted, so it
remains to be seen if sorted cells are still suitable for tissue engineering purposes. The use of
FACS in isolating human embryonic stem cells, however, led to decreased viability [60],
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and destabilization of the membrane was observed in sorted spermatozoa [61]. Unless such
damaging effects can be avoided in the case of satellite cells, skeletal muscle tissue
engineers may choose not to use FACS to purify isolated cells and instead use it only for
characterization.

MACS - Magnetic-Activated Cell Sorting

Magnetic-activated cell sorting (MACS) offers an alternative method for satellite cell
sorting. Commonly utilized in immunology, neuroscience, and cancer research, MACS
operates by incubating cells with antibodies for specific markers of interest conjugated to
magnetic microbeads. Because it similarly relies on sorting by antigen expression, MACS
suffers from the same primary limitation as FACS: the lack of a definitive surface marker
prevents direct sorting of satellite cells, and some combination of markers must instead be
used. Research by the Blau laboratory demonstrated that semi-pure mouse myoblast
populations may be isolated using MACS technology to select for a7 Integrin* cells, with
similar purification levels as found with FACS [52]. Although MACS has been used in some
cases to purify CD56 positive satellite cells [62], direct comparison of pre-plating and
MACS indicated much greater purification using the pre-plating technique [51]. From these
studies, it is clear that multiple markers are likely needed isolate a highly pure population.

An additional complication associated with MACS sorting is the magnetic labelling. While
the antibody-marker conjugation used in FACS is certainly a modification of the target cells,
with antibody binding potentially activating or blocking signaling pathways associated with
the target surface receptor [59], the attachment of magnetic microbeads is a far more
significant alteration [63]. From a tissue engineering standpoint, concerns arise regarding
implantation of cells that may retain attached or internalized microbeads. As a result, MACS
may be limited for application in tissue engineering to negative sorting, the removal of cell
types other than that of interest, resulting in a semi-pure cell population. This technique has
been demonstrated by using MACS to remove CD45" cells from a cell isolate [64]. Until
methods for magnetically sorting satellite cells has been improved and concerns about
magnetic microbead retention have been resolved, MACS may not provide a realistic cell
sorting approach for tissue engineering.

Proliferation and Induction in vitro

Media and growth factors

Because of the difficulties associated with isolating and purifying satellite cells, it is
essential to maximize their myogenic potential in vitro. In addition, isolated satellite cells
can only be expanded to a limited extent, because myogenic potential rapidly decreases after
a period of two weeks in vitro [30,65]. This behavior can at least partially be explained by
the fact that fibroblasts and other non-myogenic cells in the isolated population double every
18 hours, much more rapidly than the approximately 24 hours for satellite cells [4,35].
Several studies have demonstrated the ability to expand isolated muscle progenitor cells in
vitro for up to 50 population doublings [33,66]. However, examination of myogenic
potential over this expansion period demonstrated a steady decline in Pax7, MyoD, and
desmin expression, beginning at over 90% and decreasing to approximately 55% by the
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third passage [67]. Furthermore, immunocytochemistry for 5-bromo-2/-deoxyuridine-5’-
monophosphate (BrdU) showed 60% positive staining at the time of isolation but steadily
decreasing values with each subsequent passage, indicating declining activation and
proliferation of isolated satellite cells with increased time in vitro. With this understanding
of in vitro satellite cell behavior, it is essential to maximize proliferation of isolated satellite
cells before myogenic potential drops or faster proliferating populations begin to take over
the culture. Thus, comprehensive study has determined optimal conditions for promoting
proliferation and inducing differentiation of satellite cells. As one would expect, proper
media formulation plays a key role. Because of the highly metabolic nature of skeletal
muscle, a high serum content ranging from 10-15% is essential to provide the factors
required for proliferation [29,32,41,42]. It is worth noting that serum lot to lot variations can
profoundly alter satellite cell proliferation [41], so it is important to pre-test different lots to
obtain optimal growth. To avoid the costs and variability associated with serum, several
serum-free media have been developed specifically for enhancing satellite cell proliferation
and differentiation [68]. In a similar manner, addition of soluble growth factors is essential
for recreating in vivo myogenesis and maximizing proliferation of isolated satellite cells.
Several families of growth factors have been consistently associated with increased satellite
cell activation and proliferation in vitro, including fibroblast growth factor (FGF), insulin-
like growth factor (IGF), hepatocyte growth factor (HGF), and platelet derived growth factor
(PDGF) [42,43,69,70]. In particular, IGF-I is integral to skeletal muscle growth and
hypertrophy in vivo through the Akt signaling pathway [71]. When supplied to isolated
satellite cells in vitro, IGF-I extends replicative life span and increases proliferation, again
through the Akt signaling pathway [72]. Any improvements in proliferation rates or
proliferative lifespan as a result of these culture conditions are vital to skeletal muscle tissue
engineers seeking to repair large volume defects with a limited isolated satellite cell
population.

For tissue engineers, the ability to induce uniform satellite cell differentiation is just as
important as maximizing proliferation. As described in the introduction above, activated
satellite cells may fuse into elongated myotubes during myogenesis prior to repairing
damaged fibers or restoring lost function. As a result, without differentiation and fusion,
tissues engineered from isolated satellite cells lack the ability to regenerate damaged skeletal
muscle. To address this need, the generally accepted method for promoting differentiation is
alteration to the culture medium, primarily focusing on the serum content and soluble
growth factors, as in the case of improved proliferation. Whereas optimal proliferation
requires high serum levels, inducing differentiation involves drastically reducing the media
serum content to levels at 2% or lower [32,41,42,73]. Changing the serum type from fetal
bovine serum to horse serum has a similar effect [41,42]. Again, lot to lot variations in the
serum chosen have the potential to significantly alter differentiation. Interestingly, the same
growth factors implicated in improved satellite cell proliferation, especially IGF and FGF,
may be used to induce differentiation [43,69,70,74]. These methods for controlling
proliferation and inducing differentiation through medium formulation are quite well
established, and assuming a sufficiently large and pure population can be obtained, and offer
tissue engineers several tools for increasing the myogenic potential of isolated satellite cells
in vitro.
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Biophysical stimuli

Recently, increasing attention has focused on recreating biophysical cues in vitro to promote
satellite cell proliferation and differentiation, in concert with controlling media and growth
factors. The complex nature of the satellite cell niche in vivo [17,18], with signaling not only
from chemical factors but also through physical stimuli acting on the ECM and surrounding
microenvironment, suggests the need for similar conditions in vitro. The beneficial effects of
gelatin, fibronectin, and laminin as adhesion proteins are described above, and this
interaction illustrates the importance of the physical cell culture microenvironment. The
substrate onto which these adhesion proteins are deposited, and onto which the isolated
satellite cells ultimately attach, has also been engineered to mimic native skeletal muscle
with promising results. Instead of using stiff substrates such as polystyrene or glass, culture
of isolated satellite cells on more compliant hydrogels promoted myogenic differentiation
and allowed formation of advanced sarcomeric structure [75,76]. These hydrogels were
engineered to match the stiffness of healthy skeletal muscle in vivo, with Young’s Moduli of
12 kPa. Even a slight variation in gel stiffness to values above 20 kPa or below 5 kPa
significantly reduced differentiation. From these results, it is clear that the biophysical
stimuli transduced through the extracellular microenvironment play a key role in regulating
satellite cell behavior in vitro. It naturally follows that researchers have applied additional
mechanical stimuli seeking to further recreate the in vivo environment, commonly through
custom bioreactors. These systems can range from aligned, cylindrical microwells designed
to promote alignment and fusion into myotubes [77], to dynamic bioreactors for providing
cyclic strain either through fluid flow or mechanical stretch [27,78]. The efficacy of these
bioreactors has led especially to improved satellite cell differentiation, but it has also
brought attention to the importance of 3D tissue culture. Skeletal muscle tissue engineers are
clearly seeking to recreate as much of the in vivo satellite cell niche as possible in vitro, but
these efforts are inherently limited when using a flat, 2D tissue culture surface. The potential
benefits of using a 3D culture system include improved satellite cell attachment and viability
and myotube alignment [77,79]. It is expected that naturally derived acellularized ECM or
collagen hydrogel scaffolds provide the support and 3D architecture necessary for satellite
cell growth and development, while also avoiding potential biocompatibility issues
[22,76,80]. At the same time, such scaffolds can shield the developing engineered tissue
from the desired loading environment if degradation does not occur at the proper rate [81].
To avoid such complications, several labs have developed scaffold-free, 3D culture systems
for engineering skeletal muscle tissues and implanting these tissues into small animal
models [23,25,82]. Such advances show promising results, both in terms of recapitulating
myogenesis in vitro and restoring lost muscle function in vivo. Overall, the improved
understanding of culture conditions through both chemical and physical stimuli has aided
skeletal muscle tissue engineers in improving the myogenic potential of isolated satellite
cells in vitro.

Future Directions

Considerable effort has been dedicated to isolating and purifying satellite cells, as described
above. Because of recent advances, several powerful tools are available to tissue engineers.
Single fiber explant culture isolations yield small populations with high purity, whereas
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enzymatic dissociation isolates a mixture of myogenic and non-myogenic cells with a need
for additional purification. Pre-plating is the most common method for purification and has
proven effective but ultimately lacks a quantitative measure of the final myogenic cell
population. FACS and MACS have also been considered, with FACS potentially providing
the ability to both sort and characterize isolated cells. Further understanding of satellite cell
surface markers may make FACS an increasingly viable alternative; however, the need for
labelling and the potential for alteration during the sorting process ultimately limit FACS
and MACS.

As researchers seek to translate engineered skeletal muscle technologies from small animal
models to larger animals and eventually humans, more efficient and reliable isolation
methods will become essential. Techniques for increasing myogenic cell proliferation and
inducing differentiation in vitro by controlling culture conditions and seeking to recapitulate
the satellite cell niche are being developed to utilize isolated satellite cells maximally, but
the scaling up process could exceed these capabilities. It is expected that rapid development
will continue in the areas covered in this review since they will help translate tissue
engineering of skeletal muscle into a viable clinical treatment.
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Whole Digestion Dissection of Satellite Cell Isolated
Muscle Single Fibers Egress Satellite Cells

Figure 1. Single fiber explant culturefor isolation of satellite cells
This technically challenging and labor-intensive isolation method yields a highly pure, but

relatively small satellite cell population. The desired muscle is dissected and enzymatically
dissociated until individual myofibers can be removed under a microscope. These fibers are
then cultured for several days, allowing for egress of satellite cells onto the culture substrate.
When the myofiber is removed, the isolated satellite cell population remains.
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Muscle Mincing and Heterogeneous Isolated
Biopsy Digestion Isolated Population Satellite Cells

Figure 2. Enzymatic dissociation for isolation of satellite cells
This isolation method can yield a large satellite cell population suitable for tissue

engineering purposes, but requires additional purification to remove non-myogenic cells. A
muscle biopsy is mechanically and enzymatically digested to yield a single cell suspension.
The resulting heterogeneous population contains a mixture of satellite cells, fibroblasts,
hematopoietic cells, and several other types. As a result, it is often necessary to enrich the
myogenic satellite cell population through the purification methods described in this review.
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Figure 3. Example methodology for FACS purification of satellite cells (adapted from Pasut, et
al. 2012 [53])

Dot plots representing the sequential gating strategy used to identify satellite cells from a
heterogonous muscle sample based on: (a) Side Scatter (SSC) and Forward Scatter (FSC),
(b) Doublets discrimination, (c) PE- gating to remove CD45 and CD11b blood lineage cells,
Sca-1 mesenchymal progenitors, and CD31 endothelial cells, (d) Hoechst staining for live
(Hoechst+) and dead (Hoechst-) cells, (e) Integrin a7+ and Sca-1- (Lin-) gating, and finally
(f) Integrin a7+ and CD34+ gating to sort the population defined as satellite cells. As the
plots above illustrate, unique populations are rarely completely distinct, and substantial
technical expertise is necessary to design such gating strategies properly.
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Table 1

Comparison of adhesion proteins for isolated satellite cells.
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[44]

Fibronectin, Laminin, Poly-L-lysine,
Poly-D-lysine

Publication Adhesion Proteins Optimal Attachment | Optimal Proliferation | Optimal Differentiation
Wilschut et al. Matrigel, Gelatin, Collagen-1, Fibronectin, Laminin Matrigel, Laminin Matrigel, Laminin

2010 [46] Fibronectin, Laminin

Boonen et al. 2009 | Matrigel, Collagen-4, Laminin, Poly- — Matrigel Laminin, Poly-D-Lysine
[45] D-lysine

Maley et al. 1995 Gelatin, Collagen-4, Fibronectin, - - Matrigel

[43] Laminin

Doumit et al.1992 Gelatin, Collagen-3, Fibronectin - Gelatin Gelatin

[41]

Dodson et al. 1990 | Gelatin, Collagen-1, Collagen-4, Fibronectin Gelatin Gelatin

Note: Overall, fibronectin, matrigel, gelatin, and laminin seem ideal for culturing satellite cells, and these four adhesion proteins are most
commonly used. From a tissue engineering perspective, matrigel has limited clinical relevance because it is derived from a cancer cell line.
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Table 2

Prospective surface markers for isolation of satellite cells.
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Publication Sorted Population Positive Markers Negative Markers Heterogeneous Markers
Pasut et al. 2012 [53] Satellite Cells a7-Integrin, CD34 CD45, CD31, CD11b, -
Sca-1
Bosnakovski et al. Pax7-ZsGreen Satellite Cells CD29, CD34 CD45, CD105, CXCR4
2008 [57] PDGFRaq, c-Kit
Montarras et al. 2005 Pax3CGFP"*+ Satellite Cells CD34 CD45, Sca-1 -
[83]
Sherwood et al. 2004 Myogenic Progenitors B1-Integrin, CXCR4 CD45, Sca-1, Mac-1 -
[54]
Asakura et al. 2002 Satellite Cells CD34 CD45, Sca-1 -
[56]
Muscle Side Population Cells - - CD45, Sca-1
Jankowski et al. 2001 Proliferating Muscle-Derived - CD45, c-Kit CD34, Sca-1

[58]

Stem Cells
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Note: Due to the heterogeneity of the myogenic pool, FACS targeting different cell populations has identified various surface marker
combinations. The most consistent trend is the use of CD34 as a positive marker, with CD45 and Sca-1 as negative markers. In several cases, these
and other markers were identified on a unique subset of the isolated population, and they are labelled as heterogeneous markers as a result.



