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Abstract

Skeletal muscle is a major target for tissue engineering, given its relative size in the body, fraction of cardiac output that passes
through muscle beds, as well as its key role in energy metabolism and diabetes, and the need for therapies for muscle diseases
such as muscular dystrophy and sarcopenia. To date, most studies with tissue-engineered skeletal muscle have utilized murine
and rat cell sources. On the other hand, successful engineering of functional human muscle would enable different applications
including improved methods for preclinical testing of drugs and therapies. Some of the requirements for engineering functional
skeletal muscle include expression of adult forms of muscle proteins, comparable contractile forces to those produced by native
muscle, and physiological force-length and force—frequency relations. This review discusses the various strategies and challenges

associated with these requirements, specific applications with cultured human myoblasts, and future directions.
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Introduction

Tissue engineering of functional human skeletal muscle can
lead to new treatments of injured and diseased muscle
and development of high fidelity systems to study muscle
function in response to drugs and toxins in vitro. One of
the key challenges in skeletal muscle tissue engineering is
to re-create the proper structural organization of the native
muscle to ensure the most efficient generation and transmis-
sion of contractile force. Specifically, native muscle is com-
posed of multinucleated fibers that are less than 100 um in
diameter which often span the entire muscle length. Each
myofiber contains thousands of myofilaments consisting
of repeating functional units known as sarcomeres
(Figure 1(a)) that produce the striated appearance of skeletal
myofibers. Sarcomeres consist of alternating actin (thin) and
myosin (thick) filaments with thin filaments being con-
nected to Z lines, which delineate the borders of the sarco-
mere. Sarcomeres are surrounded by the sarcoplasmic
reticulum network which stores and releases calcium ions
during contraction. The force of contraction is directly deter-
mined by the length of sarcomere (Figure 1(b)). Via the dys-
trophin-associated protein complex, individual myofibers
are attached to a thin layer of connective tissue called endo-
mysium.* Groups of myofibers form fascicles, which are
surrounded by a connective tissue layer called perimysium
that harbors blood vessels and nerves, and multiple fas-
cicles form the muscle that at its ends is attached to bone
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via tendons. This interconnection of muscle cells and matrix
enables the entire muscle to contract in a coordinated
fashion.

Most of the in vitro engineered three-dimensional (3D)
skeletal muscle tissues possess many of the important fea-
tures of native muscle fascicle, while lacking higher-order
structures including multifascicle organization, tendons,
and the neurovascular bed. Specifically, engineered muscles
exhibit key functional proteins found in mature muscle,
including abundant cross-striations (Figure 1(c)), myotendi-
nous-like junctions (Figure 1(d)), contraction in response to
electrical/neural stimuli, and force-length and force-fre-
quency relationships qualitatively similar to those of
excised myofibers.” However, engineered muscles also exhi-
bit lower specific forces than those found in vivo,® smaller
diameters of muscle fibers, immature forms of muscle pro-
teins,” alterations in the abundance and distribution of glu-
cose transporters,® and dominance of anaerobic glycolysis
rather than oxidative phosphorylation.® All of these differ-
ences between muscle fibers in vitro and in vivo affect the
function of engineered muscle in vitro.

In this review, we first discuss factors that influence
the development of engineered muscle. We then examine
strategies to stimulate myofiber maturation, including
microRNA modulation of protein expression and innerv-
ation by co-culture. We conclude with a summary of chal-
lenges that need to be addressed to promote engineering of
differentiated and functional human muscle fibers in vitro.

Experimental Biology and Medicine 2014; 239: 1203-1214



(a) A band
H zone
I D
E—;
R =
P e e e e ]
7 line myosin
(thick filaments) T

actin

(thin filaments)

Figure 1

(d)

Experimental Biology and Medicine Volume 239 September 2014

(b)

H N i N
H || H ||
| i 0 |
i i I |

$12 A\ /

S X

£10

o8

©

Sos

c

So4

202

[1]

3

(-4

00 071015 2025 3035 40
Sarcomere Length, um

Sarcomere structure during contraction (a) Schematic of the components of the sarcomere as seen by electron microscopy (A band, Z line, H zone, and thin

and thick filaments) and relative location of actin and myosin. (b) Force-length relationship for the sarcomere and change in sarcomere structure with sarcomere length.
Adapted from Hall' and Krans.? (c) Electron micrograph of three-dimensional mouse C2C12 myotubes in collagen gel for 16 days. Mature sarcomeres are evident as
well as T-tubules (arrow), from Rhim et al.® with permission. (d) Shown at the end of a myofiber is a newly forming myotendinous junction (arrow), which exhibits terminal,
invaginated ends. Collagen | fibers show the 64-nm periodic banding pattern characteristic of mature myofibrils and are dispersed at the ends (*). Scale bars, 1 um.
From Rhim et al.®> with permission. (A color version of this figure is available in the online journal.)

Factors affecting the formation of engineered
muscle

Optimized culture conditions to efficiently expand human
myoblasts and promote their fusion and maturation are
influenced by the cell source, methods to prepare 3D con-
structs, application of electrical or mechanical stimulation,
oxygen transport, metabolism, and the presence of particu-
lar skeletal myofiber types.

Cell sources for muscle tissue engineering

The most utilized source for muscle tissue engineering is
the putative muscle stem cell, the satellite cell. Satellite cells
reside in their niches between the myofiber plasma mem-
brane and basal lamina®™" and express the transcription
factor Pax7, which is important for self-renewal. Under
normal conditions, satellite cells remain quiescent in the
periphery of the myofiber with limited gene expression
and protein synthesis.” In response to muscle injury or
trauma, growth factors and cytokines released from
damaged myofibers signal satellite cells to leave their
niche and begin to proliferate, co-express Pax7 and
MyoD, and undergo myogenic commitment.” As activated
satellite cells proliferate, they downregulate Pax7 and upre-
gulate the myogenic transcription factors MyoD to become
myoblasts which in turn upregulate myogenin. Myoblasts
then begin to fuse to form new myotubes.”™" In vivo, some

myoblasts maintain their Pax7 expression and lose their
myogenic marker expression to ultimately leave the cell
cycle and return to a quiescent state. The renewed satellite
cell pool, if activated, can re-enter a new cycle of repair and
regeneration.” While satellite cell commitment to myoblasts
and myotube fusion has been shown in cell culture, estab-
lishment of natural satellite cell niches and self-regenerative
capacity of engineered muscle are still to be demonstrated
in vitro and in vivo.

As shown in numerous studies, satellite cells can be
readily isolated from muscle biopsies of animals and
humans to produce skeletal myoblasts in vitro. Like primary
rodent myoblasts and various cell lines, human myoblasts
derived from satellite cells form differentiated myofibers
with characteristic sarcomeric striations and express
myosin heavy chain (MHC), MyoD, and desmin.'*"?
Differentiation of human muscle cells to form mature myto-
tubes is slower than for mouse or rat muscle cells and the
media requirements are more stringent."* For engineered
3D human skeletal muscle, desmin positive myoblasts
should be at least 75% of the cell population to successfully
produce cross-striated myotubes in vitro.'>

To inhibit further proliferation and promote myoblast
differentiation and fusion, the media is switched to low
growth factor serum culture medium or serum-free
medium. In 3D skeletal muscle cultures, a high density of
myoblasts is needed for fusion and enough muscle fibers
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are needed to form in parallel to exert significant contractile
forces along the fiber direction. This necessitates expanding
myoblasts sufficiently while ensuring that the cells still dif-
ferentiate into functional myofibers. Interestingly, not all
myoblasts in culture fuse to form fibers and the extent of
myofiber formation declines with continued subculture.'®
To counter this decline and form high-density myofiber cul-
tures, forskolin, which activates cyclic adenosine monopho-
sphate, could be added to promote myoblast proliferation
without compromising the ability to form myotubes.'®

Other subpopulations of muscle stem cells can form
myofibers but these stem cells are rare and/or multipo-
tent.'” For example, human muscle-derived progenitor
cells isolated by Huard and co-workers'® can differentiate
into skeletal muscle cells, cardiomyocytes, endothelial cells,
pericytes, chondrocytes, and bone cells. A fraction of these
cells with elevated levels of aldehyde dehydrogenase resists
oxidative stress and exhibits increased proliferation and
ability to form myotubes,® suggesting a promising cell
source for muscle tissue engineering. Embryonic stem
cells and induced pluripotent stem cells are another cell
source that can differentiate into muscle cells and hold the
promise of providing a ready source of satellite cells and
myoblasts,21'23 but further work is needed to produce suf-
ficient numbers of cells to generate contractile myofibers,
and address potential safety concerns.'”

Methods to form 3D engineered muscle

Engineered 3D skeletal muscle has been produced in the
form of scaffold-free muscle bundles (myooids)® or by
embedding myogenic cells into non-biodegradable or bio-
degradable hydrogels and polymer scaffolds.>**°

Myooids are formed from contracting sheets of myofi-
bers. Fibroblasts are essential for myooids to form, synthe-
sizing the extracellular matrix needed for structural
support.® After two weeks of culturing myooids, myotubes
occupy 30-60% of the total myooid cross-sectional area with
fibroblasts and extracellular matrix occupying the rest.
However, myofibers in myooids lack the uniform alignment
present in adult mammalian skeletal muscle, are rarely
cross-striated, and mostly contain centrally located nuclei,
a sign of muscle immaturity.

Myooids take over one month to produce,” whereas
relatively mature 3D engineered fibrin hydrogel muscle
bundles can be produced in 10-12 days.**® Engineered
muscle bundles made with collagen or fibrin hydrogels
can survive for about 42 days without electrical or mechan-
ical stimulation,”” while myooids prepared with primary
myoblasts and fibroblasts and without a hydrogel can sur-
vive as long as 100 days.’

Organized, aligned myofibers in culture can be formed
by micropatterning or generating tension by fixing the ends
of engineered constructs and allowing contraction of the
cells.” Other methods to establish a more mature myofiber
phenotype include incorporating specific peptide
sequences of extracellular matrix proteins or signaling mol-
ecules in the scaffold,*® or application of electrical or mech-
anical stimulation.>!

Engineered skeletal muscle bundles in hydrogels have
been produced using fibrin, Matrigel, hyaluron, or col-
lagen-based hydrogels.>*>**?? Collagen hydrogels are stif-
fer and tend to rupture more easily at high cell densities
which limit the contractile forces that can be studied.””®
Fibrin gels assemble into a network of branching fibers,*
enabling them to withstand higher contractile forces and
better support spontaneous twitching of myofibers.
Adjusting the concentration of aminocaproic acid (ACA)
in the differentiation media inhibits rapid fibrin gel degrad-
ation by serum plasma.”® The rigidity of a surrounding
matrix also influences myoblast fusion and differentiation.
For example, myoblast differentiation is enhanced on pro-
tein coated polyacrylamide hydrogel surfaces with elastic
moduli of 8-12kPa,** which modulates integrin engage-
ment with the cytoskeleton.’® The optimal hydrogel stiff-
ness for muscle formation in a 3D environment has not
been yet determined and, similar to 2D substrates, may
vary with the hydrogel type and cross-linking density as
well as the cell-mediated re-modeling process.”®>’

Metabolism and myofiber types

Under resting conditions, skeletal muscle energy needs are
met by fatty acid breakdown. Muscle has limited perme-
ability to glucose due to low levels of the primary glucose
transporter, GLUT4. GLUT4 resides on intracellular vesicles
and transport to the plasma membrane is increased by ele-
vated plasma insulin levels®® enabling glucose to enter
myofibers. Glucose is stored as glycogen to meet long-
term energy needs, and fatty acid metabolism is reduced.
Moderate to heavy exercise causes GLUT4 translocation to
the cell membrane independent of insulin, thereby increas-
ing glucose uptake.*® In culture, GLUTA4 surface expression
is low and the GLUT1:GLUT4 ratio is higher than in vivo,"
possibly resulting from the denervated state of cultured
myotubes.

To meet varied energy demands, skeletal muscle con-
tains slow (Type I) and fast (Type II) twitch fibers, defined
in terms of their contraction speed.*” Human myofiber
types are defined, in part, by expression of the contractile
protein MHC which has adult (I, IIA, IIB, IIX), embryonic
(I11), and neonatal isoforms (8).*' During postnatal develop-
ment, MHC gene expression transitions from embryonic
(MHC 1II), to postnatal (MHC 8) to adult isoforms.*?
Individual myofibers consist of one or two isoforms.*’
The speed of muscle contraction is dependent on the
MHC isoform.**

Type I fibers utilize oxidative metabolism, are rich in
mitochondria and myoglobin, and sustain aerobic activity
using fats and carbohydrates as fuel (Table 1).*' Slow
myosin cross-bridge cycling and a combination of both
low abundance and activity of energy-consuming calcium
pumps in the sarcoplasmic reticulum reduce the energy
demands of Type I fibers.” In contrast, rapid cross-bridge
cycling and significant calcium fluxes are hallmarks in the
fast twitch Type II fibers, resulting in much higher energy
demands.®

Although MHC isoforms expressed by myotubes
derived from rodent myoblasts reflect the distribution
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Table 1 Functional differences between native versus tissue-engineered fibers

Native fibers

Tissue-engineered fibers

Value Muscle Ref Value Cell type Ref
Muscle fiber type

Type I: 50% Human vastus lateralis 48 Type I: 10% Primary mouse myoblasts 46
Type lla: 38% Type lla: 0%

Type lIb: 12%*

Type I: 48.7+0.9 47

Type I/lla: 0.1 £0.1
Type lla: 42.2+1.6
Type llax: 2.8 £0.5
Typellx: 6.2+1.6"
Type I: 52.3+3.2
Type I/lla: 2.1 £0.7
Type lla: 41.3+2.2
Type llax: 1.2+0.2
Typellx: 2.8+0.8
Type lixb: 0.3 +0.2°
Type l: 2.4+0.5
Type I/lla: 0.3+0.2
Type lla: 37.6 £ 3.2
Type llax: 9.4 +0.6
Typellx: 24.7£1.3

Type lixb: 2.1 £ 0.5
Type llb: 23.5+2.5"
Tetanus to twitch ratio

Human vastus lateralis

Rat vastus intermedius 47

Mouse vastus intermedius 47

48

6.25+3.13 Rat soleus
9.09+0.83 Rat sternohyoid a9
7.14+1.53 Rat extensor digitorum longus

Rat gastrocnemius 50
5.26+1.94 Type lIA
4.93+1.45 Type IIX
7.19+2.59 Type |
10.6 £ 6.1 Human first dorsal interosseous 52
Specific force (kN/m?)
1554+ 13% Human tibialis anterior 54
150+ 12% Human soleus 54
235+ 6" Mouse extensor digitorum longus 56
259 + 18+ 259 + 18+ 57

Type lIb: 10%
Type Ild: 26%
Embryonic: 44%
Perinatal: 8%*
Type I: 56%
Type lla: 0%
Type lIx: 5%
Embryonic: 11%
Perinatal: 28%*
Type I: 75%
Type lla: 1%
Type lIb: 11%
Perinatal:13%*

Human muscle-derived cells

Mouse primary myoblast 81

Type I: 68% 81

C,Cy5 cell line
Type lla: 1%

Type lIb: 14%

Perinatal: 17%*

2.1140.25 Rat neonatal primary myoblasts 28
2.4540.28 Rat primary myoblasts 2
2.1540.40 Mouse primary myoblasts 51
~4 Primary mouse myoblasts 53
36.3 Primary rat myoblast 5
2.9 Primary rat myoblasts s
0.893+0.110 Primary mouse myoblasts 53
19.2 C,C1z + fibroblasts 58
0.9+3.6* Avian myoblasts 59

*Value estimated from figure.
tMean £ SD.
tMean + SE.

found in the muscle from which the cells are derived, cul-
tured human myotubes express MHC IIX, MHC IIA, and
MHCI in ratios that differ from those found in the muscle of
origin."” Limited studies with human myoblasts have
shown that after seven days, embryonic (MYH3), perinatal
(MYHS), Type I (MYH?), Type IIA (MYH2), and Type 1IB
(MYH1) mRNA are expressed.'? After three weeks, adult
MHC I was the major isoform,'? suggesting maturation of
myofibers in vitro. Overall, compared to adult native
muscle, myotubes in vitro express significantly larger

fractions of embryonic and perinatal isoforms of MHC
(Table 1). Such immature forms of contractile proteins
limit the function of the engineered muscle.

Type I and 1I fibers differ by size and primary means of
adenosine triphosphate (ATP) synthesis. Type I slow oxida-
tive fibers rely on oxidative metabolism and are generally
smaller in diameter than Type II fibers, which are used for
fast, powerful movement.®" Fibers utilizing anaerobic gly-
colysis fatigue quickly, due to the limited amount of glucose
or glycogen accessible within muscle. In contrast, aerobic



Table 2 Oxygen consumption rates of muscle

Resting OCR Exercise OCR Measurement anatomy or cell type Reference
In vivo consumption rates, nmol Oz/cms/s
0.82+£0.23* 4.314£2.01* Forearm flexor muscle of healthy adults 62
0.77 £0.22¢ 4.15+1.87* Forearm flexor muscle of healthy adults 63
0.26+0.02" 1.12+0.117 Forearm flexor muscle of healthy adults 64
1.79+0.52* n/a Forearm flexor muscle of healthy adults 65
0.87 +0.24" 45+1.0 Forearm flexor muscle of healthy adults 66
5.82+0.65 275+33 Vastus lateralis muscles and rectus 67
femoris of healthy adults
In vitro consumption rates, nmol Oz/cms/s
6.27 n/a C2C12 myoblasts 68
0.1 n/a C2C12 myoblasts in suspension 69
8.87 £0.05 n/a Differentiated C2C12 myotubes I
0.128 +0.003 n/a C2C12 myoblasts n
0.12 n/a Differentiated C2C12 myotubes 2
*Mean + SD.
tMean + SE.

"/a: not available.

metabolism depends upon the more abundant glucose and
fatty acids in blood. Although oxidative phosphorylation is
a slower process (1 mole of ATP per min versus 2.5 moles of
ATP per minute for anaerobic glycolysis."), ATP synthesis is
significantly more efficient; 36 molecules of ATP are pro-
duced per molecule of glucose, as opposed to the 2 mol-
ecules of ATP per glucose produced during anaerobic
glycolysis.! In vitro, myotube metabolism is primarily
anaerobic glycolysis due to the abundance of glucose and
poor development of mitochondria.”

Oxygen transport

In vivo, skeletal muscle exhibits a range of values for oxygen
consumption due to fiber type and metabolic activity
(Table 2). On a per cell volume basis, oxygen consumption
rates by skeletal myoblasts and myotubes in vitro under
resting conditions are similar to those of fibers measured
in vivo (Table 2).

The success of any tissue-engineered construct depends
upon the adequate delivery of oxygen to resident cells. The
leading limitations to oxygen transport are the physical
manner by which it is delivered to the construct and the
concentration of dissolved oxygen available. More specific-
ally, transport within the construct scaffold is mainly lim-
ited by diffusion and the low dissolved oxygen
concentration in the surrounding media.”® In vivo, to meet
the high oxygen demand, one or more capillaries surround
each myofiber. In vitro, the decreased oxygen solubility in
media reduces the amount of oxygen in solution and the
rate of oxygen delivery, which limits the size and function
of developing 3D engineered muscle bundles.”

When designing size and function of the muscle bundles,
the rate of oxygen delivery to the muscle must equal or
exceed the rate of oxygen uptake by muscle. Due to the
high oxygen consumption by myotubes and low rate of
oxygen delivery,”* oxygen gradients may be induced in
the culture media unless there is mixing in the liquid.

These oxygen gradients result in a high cell density in the
peripheral region of the construct surrounding the interior
with a lower cell density due to lack of adequate diffu-
sion.”””® This leads to a decrease in overall cell density
and a heterogeneous density throughout. The steepness of
the gradients depend on scaffold structure and porosity, cell
type and cell density.”*

Tissues in vivo are exposed to a much lower oxygen con-
centration than that in which cells are typically cultured
in vitro.”””® Not surprisingly, decreasing oxygen concentra-
tion in vitro to a more physiological level (1-6% O,)
enhances myoblast growth and myogenesis.””™* Similar
results have been obtained in 3D cultures where human
myogenic satellite cells cultured under 2% O, displayed
enhanced proliferation compared to cells cultured under
typical culture conditions (21%).3* Further decrease in
oxygen levels (<1% O,) tends to inhibit myoblast
differentiation.®®

Oxygen gradients in 3D engineered muscle bundles
can be reduced by decreasing its thickness or by increas-
ing oxygen delivery by perfusion,® mixing of the fluid, or
addition of a perfluorocarbon.®” Adequate mass transfer
could result in an increase in cell density and better uni-
formity in the packing of bundle layers. For example,
dense skeletal muscle bundles were prepared by over-
expression of B cell lymphoma 2 (Bcl-2) which inhibits
apoptosis arising from nutrient depletion or hypoxia.®®
Bcl-2 over-expression enhanced contractile force gener-
ation compared to constructs in which untreated cells
inhabited the outer layer of the tissue construct.®®
Additionally, culture in perfluorocarbon elevated the
oxygen concentration in solution resulting in increased
glucose consumption, lactate production, and generation
of contractile forces.

Developing a capillary network within engineered
muscle in vitro, while likely not beneficial for enhancing
the transport of nutrients to cells, can enable rapid
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inosculation with host vasculature after implantation and
enhance the survival and the development of thicker tis-
sues.*”” Microvascular networks can form in a wide
range of biodegradable hydrogels,” and can be further sta-
bilized by the addition of stromal cells such as embryonic
fibroblasts” or mesenchymal stem cells.”> Additionally,
alternating layers of skeletal muscle and endothelium pro-
duced by cell sheet engineering can yield a 3D network of
vessels and myofibers.”

Contractile force generation

The molecular basis for muscle contraction is described by
the sliding filament theory.> The process begins when
acetylcholine released by nerve endings at the neuromus-
cular junction triggers the influx of calcium ions into the
myofiber which induces release of additional calcium ions
from the sarcoplasmic reticulum into cytoplasm. Once
bound to calcium ions, troponin undergoes a conform-
ational change allowing the myosin head group to bind to
the active site on actin and initiate power stroke." In cases of
denervated engineered muscles, membrane potential
can be depolarized by exogenous electrical stimulus or a
bolus of potassium chloride leading to opening of L-type
Ca’* channels, Ca®" transient, and contraction. Most
reports of force measurements in engineered muscle
employ electrical stimulation at fixed muscle length (iso-
metric conditions) to derive force-length and force-fre-
quency relations.>?*°'?* The passive (viscoelastic) and
active (contractile) force-length relationships in engineered
muscle resemble those of native muscle (Figure 2(a) and
(b)), with exception that the ratio of maximum active force
to corresponding passive tension is significantly lower in
engineered than in native muscle, mostly due to lack of
adequate active response.

When a myofiber is stimulated again before returning to
the resting length, the intracellular calcium concentration
increases and force becomes greater than for a single iso-
lated stimulus. The contractile force increases with fre-
quency of simulation and at 20-100 Hz, depending on the

(a) 1.2 . -
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— Total tension
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0.0 0.5 1.0 1.5 2.0

Elongation (L/Lg)

Force (mN)

species, individual stimuli fuse to yield a maximum force,
known as tetanus. Similar to native muscle, engineered
muscles usually exhibit positive force-frequency relation-
ship; however, the tetanus is usually achieved at lower fre-
quencies (10-40 Hz), most likely due to a slower Ca*"
transient relaxation in engineered compared to native myo-
fibers. Similarly, relatively immature Ca®* handling in
engineered muscle may contribute to its lower tetanus-to-
twitch ratio of ~1.5:4,2/2%51:53 compared to that measured
in native adult muscles (~4-10)**-""°2 (Table 1).

Contractile forces in engineered muscles have been mea-
sured with myotubes attached to a cantilever,”® small engin-
eered muscle bundles attached to elastic pos’cs,97 and cell
sheets cultured on deformable polymer sheets.”® Forces as
high as 1.68 £0.32mN for twitch and 2.8 +£0.5mN for tet-
anus have been obtained for fibrin-Matrigel bundles seeded
with neonatal rat myoblasts® and recently for collagen-
Matrigel bundles seeded with adult mouse myoblasts.”
Corresponding twitch- and tetanus-specific forces (force/
cross-sectional area) in fibrin bundles were 5.5+ 0.6kPa
and 9.4 +0.7kPa, respectively.”® Highest specific forces of
36.3 £ 4.2 kPa were reported for fibrin gel-based engineered
small diameter muscle bundles, made using methods simi-
lar to those of preparation of scaffold-free myooids.”” By
preparing fibrin hydrogels with rodent primary myoblasts
that were cast around polydimethylsiloxane posts of differ-
ent sizes, the forces of the resulting muscle tissues increased
due to increased myofiber alignment, increased numbers of
nuclei per fiber, and increased total volume occupied by
myofibers.99 Furthermore, engineered muscles derived
from primary cells produce higher specific forces than
those derived from cell lines,” suggesting important roles
of non-muscle cells in the formation and functional matur-
ation of engineered myofibers.'” Additionally, not only
passive but also active force generation in fibrin-based
muscle bundles strongly depended on hydrogel matrix
composition, revealing that similar to their roles in series-
fibered muscles,'”"'? cell-matrix interactions may play sig-
nificant roles in contractile force transmission in engineered
muscle.?®

1.5

—— Active

—O- Passive

1.0

0.5

1.16

1 1
1.08 1.12
Elongation (L/Lg)

Figure 2 Skeletal muscle dynamics (a) Force-length relationship for whole muscle showing active, passive and total tension generated. Adapted from Hall' and
Bottinelli et al.®® (b) Force-length relationship for rat myotubes in a fibrin gel. (A color version of this figure is available in the online journal.)
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As previously noted, specific contractile (active) forces
produced by engineered rodent muscles are 10-100 times
less than values measured for native adult muscles in vivo
(Table 1). A number of factors may be responsible for the
lower forces in vitro including inadequate myofiber density
and orientation, presence of fetal forms of myosin, and/or
inefficient force transmission from myofibers to extracellu-
lar matrix. Increasing the initial cell density and alignment
of the myoblasts may enhance the fusion of myofibers and
resulting specific force.” Still, the inadequate maturation of
myofibers is probably the major factor contributing to lower
specific forces in vitro than in vivo. The low specific force of
individual myofibers estimated from studies with small
bundles of rodent muscle cells (0.69+0.13kPa),” individ-
ual myotubes on cantilevers (0.94kPa),”® and from 3D
aligned muscle bundles (0.80+0.15kPa)® suggests that
engineered muscles are failing to reproduce the differen-
tiated state found in vivo. The relative amount of hydrogel
and cells and the elastic modulus of the hydrogel influence
the contribution of the passive force (Figure 2(b)) and the
maximum contractile force produced is reduced as the elas-
tic modulus of the hydrogel increases.?® Thus, the cell dens-
ity and elastic modulus need to be finely regulated to
provide structural support for the muscle fibers to mature
and develop connections with the matrix, but must not be
too abundant or stiff to resist contraction.

Methods to increase muscle maturity and
force production

While engineered rat or mouse muscle tissues spontan-
eously contract and can produce significant contractile
forces, application of electrical stimulation,?*'%® mechanical
stimulation,?®1%41% op co-culture with neurons enhance
and can promote their differentiation as well as induce
active contractions of muscle fibers.'””'%® Denervation of
native muscle reduces its contractility in vivo,'” and it is
therefore expected that contractile force generation is
increased by neuronal-muscle co-cultures,” or addition of
a re-combinant form of agrin, a proteoglycan found in
neuromuscular junctions.'’

Mechanical and electrical stimulation

Applying 17% stretch at 1Hz on murine myoblasts''" or

10% stretch at 0.5 Hz for 1h on bovine myoblasts inhibited
differentiation and promoted proliferation, while 10%
strain at 0.5Hz for 1h alternated with 5h of relaxation
enhanced expression of integrin B;p, which activates
RhoA, thereby regulating myofiber formation, differenti-
ation and nitric oxide release."? Cyclic stretch of engineered
3D human muscle bundles in collagen increases the con-
struct elastic modulus and myofiber diameter.”
Specifically, stimulated human muscle bundles require
forces between 500 and 1000 uN/10° cells to stretch 15%,
two to four times greater than unstretched samples.”
Similarly, mechanical preconditioning of acellular porcine
bladder re-populated with human skeletal myoblasts and
collagen improved tissue organization and fiber orienta-
tion.""® On the other hand, passive forces in collagen-

based human muscle constructs without Matrigel or mech-
anical stimulation are much lower with a peak force of
43 uN/10° cells."® In another study, human skeletal
muscle constructs exhibited KCl-induced contraction after
three weeks of mechanical conditioning,'® although this
must be interpreted cautiously since myofibroblasts also
contract in response to KCl. After implantation in the
mouse latissimus dorsi for two or three weeks, these mech-
anically conditioned muscle constructs exhibited tetanus,
although the specific force amplitudes were far below
those in the native mouse muscles, and the contribution
of host versus donor cells to generated force of explanted
muscle constructs was not determined.'*®

The beneficial effects of electrical stimulation on engin-
eered muscle maturation and function have been shown in
several studies. Low frequency electrical stimulation
induced spontaneous contraction of human skeletal myofi-
bers in 2D cultures."* Similar to exercise, low frequency
stimulation of human myofibers in vitro increased glucose
uptake independent of insulin and increased mitochondrial
content and peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a gene expression.'* In
murine systems, electrical stimulation rapidly produces
more mature sarcomeres''” as well as a higher percentage
of myotubes expressing adult versus fetal MHC than fetal
forms.*! Electrical stimulation also promotes GLUT4 trans-
port to the cell membrane, but does not alter the levels of
GLUT1 and GLUT4."®> GLUT4 activity is associated with
Type I fibers that utilize oxidative metabolism compared to
glycolysis."®

Innervation

Decline in skeletal muscle function with age in humans is
due, in part, to the inability of skeletal muscle to properly
re-innervate with age.'” Similarly, innervation of skeletal
muscle in vitro significantly enhances functionality and
increases expression of adult versus fetal isoforms of
MHC.” Larkin et al.” showed that engineered 3D myooids
from fetal rat skeletal myoblasts are capable of contraction
16-18 days after construct formation. Introduction of neural
cells into the myooid resulted in the formation of neuro-
muscular-like junctions and maximal tetanus forces over
two times greater than measured in aneural myooids.”
Similarly, human myofibers were found to spontaneously
contract only when co-cultured with  human
motoneurons.'”

MicroRNAs

MicroRNAs are short (~22nt), highly conserved, non-
coding RNAs**"7!8 that act by negatively regulating
gene expression, and are usually repressors of repressors.''®
MicroRNAs inhibit protein translation or enhance messen-
ger RNA degradation."® Three muscle-specific miRNA's
are essential to the proliferation and differentiation of skel-
etal myoblasts: miR-1, miR-133a, and miR-206.3%117/118120
Specifically, miR-1 and miR-206 promote myoblast differen-
tiation, and miR-133a promotes myoblast proliferation
(Figure 3).
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Figure 3 Role of miR-1, miR-133a, and miR-206 in skeletal muscle proliferation and differentiation.’'® MiR-1 and miR-133a reside on the same gene, but they control
opposing processes. MiR-133a is an inhibitor of serum response factor (SRF), which represses proliferation. MiR-1 represses histone deacetylase-4 (HDAC4), which
inhibits myocyte enhancer factor-2 (Mef-2), a promoter of myoblast differentiation. The Mef-2 family of transcription factors is utilized across many different pathways;
therefore, expression may vary depending on other biological stimuli. MiR-206 inhibits Pax7, which, in turn, represses MyoD expression, a marker of cell differentiation.
Generally, miR-133a promotes myoblast proliferation, and miR-1/miR-206 promote myoblast differentiation

Aside from affecting muscle maturation and differenti-
ation, microRNAs also play important roles in muscle cell
metabolism'*' and regulation of mitochondrial biogen-
esis.’**'* In the human and mouse genomes, miR-1 and
miR-206 promote myoblast differentiation, while miR133a
promotes proliferation (Figure 3). Since miR-1 and miR-
133a are located on the same genetic locus, their expression
is coupled, although they regulate opposing processes.'®
MiR-1 blocks histone deacetylase-4 (HDAC4), which inhi-
bits myocyte enhancer factor-2 (Mef-2), transcription factors
that encode proteins that promote a wide variety of muscle-
specific developmental processes'®* including control of
myoblast differentiation and function,'?'?° and affects
the downstream metabolic co-activator PGC-1a (Figure 4).
A rise in Mef-2 expression is linked strongly to the onset of
skeletal muscle differentiation. MiR-206 negatively affects
Pax7 which leads to the promotion of MyoD, another tran-
scription factor important to the onset and succession of
muscle differentiation. MiR-696 regulates the myoblast
response to mechanical stretch and affects the downstream
metabolic co-activator PGC-1a.'*

To examine whether muscle-specific microRNA inhibi-
tors (anti-miRs) modulate muscle function, 3D engineered
muscle bundles using C2C12 myoblasts were transiently
transfected with a miR-133 inhibitor (anti-miR-133) or a
scrambled sequence (negative control)*®> leading to
increased Mef-2C staining in anti-miR-133a samples com-
pared to negative control; this indicated accelerated myo-
blast differentiation with inhibition of miR-133a.
Additionally, miR-133a inhibition led to increased C2C12
bundle functional force output by 20% compared to

transfected control.** Anti-miR-133 transfected engineered
muscle bundles contained more organized fibers, increased
staining for Mef-2, and larger fiber diameters compared to
negative control bundles. In 2D primary human skeletal
muscle cultures, miR-133a inhibition led to increased devel-
opment of striations and more sarcomeric a-actinin expres-
sion six days after onset of differentiation.'*

In another study, transfections of human myoblasts with
miR-1 and miR-206 led to a 10-fold upregulation of miR’s
and accelerated differentiation, as measured by an increase
in nuclear staining for MyoD and expression of a-actin and
myosin in 2D and 3D cultures.”® These limited studies do
show the promise of microRNAs or their antagonists to
regulate the process of myoblast proliferation and differen-
tiation and promote function of 3D engineered muscle
tissues.

Future challenges to reproduce human
skeletal muscle physiology in 3D engineering
muscle bundles

3D engineered skeletal muscle tissues mimic many of the
important features of skeletal muscle in vivo. For example,
engineered myotubes exhibit many of the key functional
proteins found in mature muscle, show abundant striations,
contract in response to electrical and neural stimuli, and
exhibit force-length and force-frequency relationships
similar to those of native muscle fibers. Some of the main
limitations of these in vitro muscle models are that the spe-
cific forces are substantially below those found in wvivo,
immature forms of muscle proteins are present, the
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abundance and distribution of glucose transporters in vitro
is very different from those in vivo, and oxygen metabolism
in vitro is dominated by anaerobic glycolysis, even when the
muscle is relaxed.

Over the past decade, considerable advances have been
made to produce 3D engineered muscle bundles with
higher myofiber density. While this has been partially
achieved by decreasing muscle bundle size, oxygen trans-
port within engineered muscle still presents challenges.
Novel methods to develop capillary networks are expected
to enable sufficient nutrient and oxygen delivery after
implantation.”” Another challenge is lack of methods to
regulate the fiber type, ensuring that mature fibers are pro-
duced and that conditions are developed to specifically
generate Type I, IIA, or IIX fibers. Mimicking roles of
innervation, either through co-culture with nerve cells or
electrical stimulation and/or addition of neurotrophic fac-
tors, may be essential to producing mature human muscle
fiber types. A large parameter space still needs to be
explored with electrical stimulation alone or combined
with mechanical stimulation. MicroRNAs provide a pro-
mising way to enhance myogenesis and function, and
when expressed transiently by delivery via liposomes,
could separately regulate and stimulate steps in prolifer-
ation and differentiation. In addition, methods to promote
engineered muscle maturation can also be used to regulate
their metabolism by altering the localization and abun-
dance of GLUT4, PGC-lo levels, and the maturity of
mitochondria.

An important immediate application of functional
human-engineered muscle is in predictive drug and toxicity
testing in wvitro. For this goal, however, optimized culture
conditions to efficiently expand human satellite cells and
myoblasts and promote their fusion and maturation need
to be established. While satellite cells or purified subpopu-
lations of muscle progenitor cells are the most likely source
of cells in the near future, expanding and differentiating the
cells in sufficient numbers from donors suffering from gen-
etic or metabolic diseases will still be challenging'” On a

longer term, improved methods for myogenic differenti-
ation of iPS cells or direct reprogramming will be required
to provide sufficient numbers of cells for therapeutic
applications.
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