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Abstract

Healthy skeletal muscle has a remarkable capacity for regeneration. Even at a mature age, muscle
tissue can undergo a robust rebuilding process that involves the formation of new muscle cells and
extracellular matrix and the re-establishment of vascular and neural networks. Understanding and
reverse-engineering components of this process is essential for our ability to restore loss of muscle
mass and function in cases where the natural ability of muscle for self-repair is exhausted or
impaired. In this article, we will describe current approaches to restore the function of diseased or
injured muscle through combined use of myogenic stem cells, biomaterials, and functional tissue-
engineered muscle. Furthermore, we will discuss possibilities for expanding the future use of
human cell sources towards the development of cell-based clinical therapies and /n vitro models of
human muscle disease.

Introduction

Skeletal muscle is the most abundant tissue in the human body, comprising nearly 45% of
the total body weight. Muscle tissue consists of aligned bundles of multinucleated, striated,
and contractile muscle cells, termed myofibers. The contractile function of the myofibers is
supported by a network of nerves, blood vessels, and extracellular matrix (ECM) proteins
and carbohydrates. In response to common acute injury, such as exercise-induced tears or
lacerations, skeletal muscle shows a remarkable capacity for regeneration. Even at a mature
state, muscle tissue has the ability to undergo daily renewal [1]. The cellular and molecular
mechanisms underlying the process of muscle regeneration have been studied extensively,
and the key players have been identified; most predominantly, the resident muscle stem cell,
termed the satellite cell.

Despite significant capacity for regeneration, large muscle injuries and chronic degenerative
diseases, such as muscular dystrophy, create non-homeostatic environments in which the
muscle loss becomes irreversible. In such cases, reparative fibrosis overpowers formation of
new muscle, leaving excess scar tissue that eventually yields a sub-innervated,
malfunctioning muscle. Furthermore, with aging and severe congenital disorders, the loss of
muscle mass and function is additionally exacerbated by the reduced self-renewing capacity
of satellite cells.

In this review, current bioengineering strategies to rebuild or replace dysfunctional muscle
will be discussed. The process of natural regeneration will be first outlined as it provides the
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mechanistic foundation used by researchers to develop therapeutics. We will then describe
studies utilizing isolated myogenic stem and precursor cells in conjunction with engineered
biomaterials, co-delivery of growth factors, genetic engineering, and other strategies to
generate functional muscle both /in vitroand in vivo. Finally, we will summarize important
considerations as researchers transition to use of optimal human cell sources and methods
for cell-based therapies and design of high-fidelity /n vitro models of human muscle disease.

Skeletal Muscle Regeneration

Muscle regenerative response involves synchronized action of resident and circulating
myogenic cells, local non-myocytes, and inflammatory cells that rapidly yield production of
new muscle [2], provisional ECM, and supporting vascular network. Specifically, upon
muscle injury, inflammatory cells infiltrate the site of damage, acting to clear necrotic debris
and amplify the immune response through secretion of pro-inflammatory cytokines [3]. The
release of TNFa [4] and IL-6 [5], among other factors, yields activation of local satellite
cells (SCs) which eventually generate new muscle cells, a process known as myogenesis.
SCs, normally quiescent in adult muscle, reside beneath the basal lamina surrounding
myofibers and are marked by expression of the paired-box transcription factor, Pax7 [2].
Once activated, Pax7* SCs gain expression of myogenic regulatory factor MyoD,
proliferate, and either commit to myogenic fate yielding a population of muscle precursor
cells termed myoblasts, or self-renew and ultimately return to quiescence. When committed
to myogenesis, myoblasts continue to proliferate and differentiate, gain expression of the
mature muscle marker myogenin, and lose Pax7 expression. Committed myoblasts either
undergo primary fusion, in which they fuse to one another to form new multinucleated
myofibers, or secondary fusion, in which they fuse to pre-existing, damaged myofibers to
restore or even augment their function [2]. Concurrent with myogenesis, residing fibroblasts
proliferate and migrate to the injury site to transiently form a supportive ECM in response to
the release of the pro-fibrotic transforming growth factor- (TGF-f) [6]. Simultaneously,
increased expression of angiogenic factors (e.g. VEGF, angiopoeitin-1/2) yields the
formation of new capillaries along with the formation of new myofibers ensuring the
maintenance of blood supply [7, 8]. These three components of regenerative process,
myogenesis, fibrosis, and angiogenesis, act to provide a proper environment for the muscle
regrowth and maturation and restore compromised contractile function.

The robust regenerative ability of skeletal muscle can be diminished in severe injuries where
massive muscle loss yields a reparative, stabilizing fibrotic response that proceeds more
rapidly than the growth of new muscle [9]. In this case, dense fibrotic tissue can inhibit
neuronal and vascular ingrowth or oxygen diffusion to leave distal muscle denervated and
ischemic [10]. Furthermore, regenerative capacity of muscle stem cells can be reduced or
exhausted by repetitive activations caused by chronic degenerative disease. One of the most
severe examples is Duchenne muscular dystrophy (DMD), a genetic disorder in which
patients lack a force-bearing protein on the muscle cell membrane which renders the
myofibers susceptible to damage and necrosis. In such diseases, the muscle continuously
cycles between injury and regeneration, to eventually undergo severe fibrosis and fat
accumulation [11]. The constant activation of the muscle stem cells results in decline of their
regenerative capacity, evidenced by shortening of telomere length with age [12].

Muscle Repair Strategies

Various cell- and material-based approaches have been explored in animal and clinical
studies to aid in the replacement of injured or diseased skeletal muscle or restoration of its
regenerative capacity (Figure 1). For example, co-delivery of growth factors and engineered
matrices with different types of stem or progenitor cells have been utilized to augment cell
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viability, vascularization, and myogenesis upon implantation. Tissue-engineered muscle
constructs designed /n vitro with appropriate structural and mechanical properties have been
implanted to promote rapid muscle repair. Different methods to accelerate angiogenic and
neurogenic responses have been developed to support integration and function of
regenerating muscle.

Specifically, satellite cells have been a highly investigated cell source for transplantation
studies due to their requisite roles in the regenerative process. The SCs can be isolated from
single muscle fibers and expanded /n vitro, however, expansion causes them to commit to a
myoblast (Pax7~) fate. Early studies that implanted expanded myoblast populations to
damaged muscle observed high cell mortality followed by loss of regenerative capacity [13,
14]. In contrast, implanted freshly isolated (Pax7*) satellite cells were able to fuse to
existing muscle, home to the satellite cell niche [14-16], rescue muscle function, and
provide continued capacity for repair, emphasizing the importance of maintained ‘stemness’
for the process of muscle repair and regeneration. In the case of larger muscle ablation,
satellite cell transplantation will need to be able to fully recover muscle mass, suggesting the
need for an engineered scaffold to provide structural support for volumetric tissue
reconstruction.

Ideally, engineered scaffolds should provide control over initial distribution of implanted
myogenic cells in the injury site, enhance cell concentration and retention, present cues for
accelerated myogenesis, angiogenesis, and neurogenesis, and progressively degrade to allow
regenerating myofibers to occupy a physiologically-high tissue volume fraction [17, 18].
Isolated mouse satellite cells have been previously delivered allogeneically using various
synthetic and naturally-derived scaffolds, including micro-patterned poly(glycolic acid)
[19], collagen [20] and hyaluronic acid hydrogels [15]. While use of engineered scaffolds
with Pax7* SCs yielded functional muscle recovery and replenishment of the endogenous
SC pools [15], significant numbers of SCs needed for human muscle therapy may be
difficult to obtain from standard muscle biopsy or surgical samples [21]. Alternatively,
scaffold-mediated sustained release of myogenic insulin-like growth factor-1 (IGF-1) has
been used to enhance implanted myoblast survival and participation in muscle repair [21].
While promising, it is unlikely that already committed myaoblasts can fill satellite cell niche
and contribute continued regenerative response.

Compared to use of undifferentiated myogenic cells (alone or with scaffolds), implantation
of biomimetic tissue-engineered muscle may offer several unique advantages including the
ability to: 1) precisely design patient-specific muscle architecture, 2) significantly reduce
mechanical overload at the injury site by using already functional tissue, 3) attain specific
mechanical or metabolic properties by /n vitro preconditioning, and 4) generate native-like
SC niche within engineered muscle for better protection from harsh injury environment [22].
Methods for /n vitro engineering of 3-dimensional muscle tissues containing dense aligned
myofibers have involved casting myogenic cells in cylindrically-molded collagen- and
fibrin-based hydrogels [23-25], the self-assembly of myablasts into scaffold-free ‘myooids’
[26], or culturing muscle cells within collagen scaffolds with oriented pores [27]. The use of
soft lithography and fibrin-based hydrogels, as shown by our group, can further facilitate
design of custom muscle architectures [28] [29]. The application of biophysical cues such as
passive or cyclic stretch has been shown to facilitate alignment and fusion of myoblasts [30,
31] as well as promote myogenesis, myofiber hypertrophy, contractile function [23], and the
secretion of vascular endothelial growth factor (VEGF) which in turn can yield enhanced
vascularization /n vivo [32]. Electrical stimulation can also enhance myogenesis and
maturation of myofibers [20, 33]. Similarly, biochemical factors such as IGF-1 and TGF-8
have been shown to promote differentiation, hypertrophy, and contractile force production in
engineered muscle [34-37]. While applying biophysical and biochemical stimuli can
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promote functional myogenesis /in vitro, the resulting myofiber diameter and force
generating capacity of engineered muscle (even for high cell densities) remain far inferior to
those of the adult muscle. The underlying mechanisms may be lack of vascular and
neurchumoral support and/or appropriate active or passive loading conditions.

In addition to potential roles in muscle differentiation, vascularization and innervation of
implanted or regenerated muscle are critical for its survival and ability to co-function with
the surrounding muscle. Main approaches currently employed to promote vascularization of
implanted muscle grafts include: 1) genetic modification of donor cells to express
angiogenic factors [38] or controlled release of these factors from polymer scaffolds [21], 2)
"prevascularization™ of engineered tissue constructs prior to transplantation by co-culture of
muscle and endothelial cells or vascular progenitors /n vitro [39], and 3) growing muscle
cells around blood vessels (e.g. arterio-venous loop or femoral artery) /in vivo [40, 41].
Recently, increased organization of capillary structures obtained by extended co-culture of
myoblasts, fibroblasts, and endothelial cells has been shown to yield accelerated
vascularization, perfusion, and functional maturation of engineered muscle post-
implantation [39]. Nevertheless, contractile stresses generated by the explanted engineered
muscle in this study remained significantly lower than those of native tissue. In addition to
vascularization, engineered muscle implants need to undergo successful innervation which is
expected to further promote implant survival, differentiation, and hypertrophy by supply of
neurotrophic factors and basal muscle tone. Previously, engineered muscle tissue were co-
cultured with neuronal cells 7n vitro[42, 43] or implanted around nerves /in vivo [44] to yield
improved contractile function [43, 44]; however, these strategies may be impractical to
implement in clinical setting. Alternatively, the use of soluble neurotrophic and
synaptogenic factors during cell culture may promote formation of neuromuscular junction
structures and improve function of engineered muscle, as previously shown for recombinant
miniagrin [45].

While potentially promising, the above approaches need to be validated in highly variable
conditions encountered in different types of muscle injury and disease. Importantly, the
methods successful in animal models need to be successfully translated to human cells and
therapies.

Transition to Human Therapy

Understandably, candidate methodologies to treat and study muscle repair have been
predominantly developed using animal (mostly rodent) cells and models. Still, primary or
stem cell-derived human muscle cells remain the most relevant resource for the development
of cell-based clinical therapies and generation of accurate /77 vitro models of human muscle
disease. Research using human cells, however, faces difficult challenges with identifying
clinically-applicable cell sources and developing methods for /in vitro engineering of
functional human muscle tissues.

Currently, successful functional recovery of the injured muscle and restoration of stem cell
pool in rodents can be achieved by transplantation of freshly isolated Pax7™* satellite cells
with robust regenerative potential [14-16]. In human muscle, the satellite cells appear to
have similar roles in regeneration, but as in rodent models, only comprise about 4% of all
adult muscle nuclei [46, 47]. The low stem cell density coupled with the limited availability
of muscle biopsies presents a daunting obstacle to use of freshly isolated satellite cells for
human myogenic repair. Use of bioengineering techniques to generate niche-like
environments /in vitro by modifying physical (e.g. stiffness) and/or chemical properties of
the culture substrate may allow expansion of satellite cells while preserving their
""stemness”, as shown by Gilbert et al. who accomplished this in murine cells by utilizing
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laminin-coated polyethylene glycol substrate with muscle-like stiffness [48]. Further
discovery of underlying mechanisms could lead to design of small molecule drugs that could
improve this strategy, which is yet to be applied to human muscle stem cells.

Besides the satellite cell, other cell types have been identified for potential use in human
muscle repair. Ideally, these cells should be: 1) easy to isolate, 2) readily expandable /n
vitro, 3) engraft and improve muscle function /7 vivo, and 4) able to integrate within the
local muscle stem cell pool. Human myoendothelial cells (co-expressing myogenic and
endothelial cell markers) [49] and vessel-associated pericytes [50] are two expandable cell
types able to regenerate muscle and fill the satellite cell compartment upon transplantation
into mice, but are still hard to isolate, similar to satellite cells. Bloodderived CD133+ cells
are easily accessible and upon systemic delivery can contribute to muscle regeneration and
fill stem cell niche [51], yet, may be difficult to expand /n vitro [52] and harder to engraft
than their muscle-derived counterparts [51]. Human Pax7* myogenic cells derived from
adult bone marrow stromal cells through Notchl intracellular domain gene transfer [53] and,
more recently, from induced pluripotent stem cells (iPSCs) by conditional lentiviral
expression of Pax7 [54], have been shown to engraft, fill the satellite cell niche upon
implantation, and aid in subsequent rounds of regeneration in diseased mice. However, these
results are achieved only by viral methods and in immunocompromised setting, and derived
myogenic cells are not yet tested for their ability to rebuild large volumes of muscle tissue or
recapitulate human muscle function /n vitro. Nevertheless, the ability to derive large
numbers of myogenic cells starting from highly proliferative iPSCs opens doors for the
application of powerful gene-editing techniques (e.g. TALE and Zn finger nucleases [55]) to
correct congenital muscle disorders by use of autologous cell therapy. Furthermore, use of
iPSC technology or genetic engineering to create immortalized myoblast lines from patient
biopsies [56] is expected to foster development of more predictive human muscle disease
assays for screening of candidate drug, gene, and cell therapies.

With the identification of appropriate myogenic cell sources, tissue engineering of human
functional muscle can further provide models for quantitative studies of muscle injury,
disease, and drug action /n vitro, and enable development of new regenerative therapies for
volumetric muscle loss. Human crossstriated myofibers have been generated from isolated
myoblasts using 2D substrates with optimized stiffness [57] or cell-adhesion properties [58].
Furthermore, isolated human myoblasts have been embedded in collagen- [23] or fibrin-
based [59] hydrogels to form 3D muscle tissues in which they exhibited accelerated time
course of differentiation compared to 2D culture [59]. However, in contrast to use of rodent
cells, there are no reports that engineered human muscle can produce active contractile
response to electrical stimulation, a hallmark of normal muscle excitability and function.
Similarly, despite capacity to fuse, human multinucleated myofibers usually do not
spontaneously contract, a limitation that could be overcome by co-culture with human
motoneurons in a serum-free environment [60]. Taken together, field of human muscle
tissue engineering is still in infancy and lacks the ability to yield muscle tissues with normal
function and phenotype necessary for both regenerative therapies and efficient drug
development. Reasons for inferior functionality of human vs. rodent engineered muscle are
not obvious, and may relate to slower developmental clock of human cells, a requisite need
for neuromuscular connections, or other unknown factors.

Future Challenges

Future use of bioengineered skeletal muscle mimetics as a reliable /n vitro model of human
physiological function or disease, drug development tool, or therapeutic approach will
require the existence of robust methodologies to support or replicate native muscle biology,
structure, and function. First, it will be necessary to identify and/or derive an ideal human
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myogenic cell source with the ability to replicate the potency of self-renewing muscle stem
cells. Aforementioned human iPSC-derived Pax7* muscle stem cells [54] currently stand as
the best option that, when combined with powerful genome editing techniques [61], may
also aid the treatment and modeling of congenital muscle diseases; however more robust and
non-viral methods for generating such a cell pool must be established. Furthermore, the ideal
cell source should enable the /in vitro formation of functional engineered muscle with
homeostatic and self-regenerating capacity characteristic on native muscle. In particular, one
of the largest challenges facing the field will be the ability to engineer fully mature replicas
of adult muscle tissues as the predictive and therapeutically relevant models of muscle
disease and function. Finally, to potentially develop a complex, physiologically-accurate
model of skeletal muscle or a tissue graft with increased capacity for survival and functional
integration /n vivo, it will be essential to engineer and incorporate vascular, neuronal and
other structural components (fascia, tendons) of natural muscle. Overall, significant
challenges still remain before researchers can truly and robustly recreate human skeletal
muscle function and structural complexity /n vitro or significantly promote repair of large
muscle loss /in vivo. Overcoming these challenges will be an important step towards
successful understanding and treatment of various muscle pathologies.

Conclusions

In this review, we have described normal regenerative response of healthy skeletal muscle
and outlined current biological and engineering strategies aimed at employing biomimetic
conditions to restore or augment muscle repair when the natural response is inadequate or
malfunctioning. These strategies involve: 1) refining techniques to obtain easily expandable,
robustly myogenic, and genetically modifiable stem cell sources, 2) providing structural
support, and biophysical and biochemical cues to promote functional myogenesis /n vitro
and /n vivo, and 3) stimulating neurovascular ingrowth to facilitate the exogenous and
endogenous muscle repair. We anticipate that the ongoing merger of cell biology with
genetic and tissue engineering techniques will lead to more sophisticated and widespread
use of human cells and model systems. Establishing robust and reproducible models of
human skeletal muscle function and disease /n7 vitro will be critical for gaining invaluable
knowledge as researchers seek to develop safe and efficient solutions for treatment of
muscle disorders.
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Figure 1.

Current strategies for regenerative skeletal muscle repair. The flow diagram shows examples
of cell-based approaches to regenerate or replace muscle tissue; from the cell sources, in
vitro manipulation, and in vivo transplantation of cells or implantation of tissue constructs.
GF, growth factor. BM, bone marrow. iPSC/ESC, induced pluripotent/embryonic stem cell.
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