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Repair of injured skeletal muscle by cell therapies has
been limited by poor survival of injected cells. Use of
a carrier scaffold delivering cells locally, may enhance
in vivo cell survival, and promote skeletal muscle regen-
eration. Biomaterial scaffolds are often implanted into
muscle tissue through invasive surgeries, which can
result in trauma that delays healing. Minimally inva-
sive approaches to scaffold implantation are thought
to minimize these adverse effects. This hypothesis was
addressed in the context of a severe mouse skeletal mus-
cle injury model. A degradable, shape-memory alginate
scaffold that was highly porous and compressible was
delivered by minimally invasive surgical techniques to
injured tibialis anterior muscle. The scaffold controlled
was quickly rehydrated in situ with autologous myoblasts
and growth factors (either insulin-like growth factor-1
(IGF-1) alone or IGF-1 with vascular endothelial growth
factor (VEGF)). The implanted scaffolds delivering myo-
blasts and IGF-1 significantly reduced scar formation,
enhanced cell engraftment, and improved muscle con-
tractile function. The addition of VEGF to the scaffold
further improved functional recovery likely through
increased angiogenesis. Thus, the delivery of myoblasts
and dual local release of VEGF and IGF-1 from degrad-
able scaffolds implanted through a minimally invasive
procedure effectively promoted the functional regenera-
tion of injured skeletal muscle.
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INTRODUCTION

Musculoskeletal injuries affect millions of patients worldwide
each year,"? often resulting in a significant loss of flexibility and
strength. When seriously damaged, skeletal muscle has limited
ability to restore morphology and function,* mainly due to

formation of excessive scar tissue during the healing process.®
It would therefore be desirable to find a repair approach that
accelerates the process of muscle healing and reduces the for-
mation of scar tissue. Traditional treatments to repair injured
skeletal muscle are mainly conservative approaches such as rest,
ice, compression, elevation, use of anti-inflammatory drugs,
physical therapy, and in some cases, surgery.*” These approaches
may be effective in treating mild cases of muscle injuries, but
outcomes are often unsatisfactory in treating more severe or
chronic skeletal muscle injuries.®

Cell therapy may offer an alternative approach as a poten-
tial clinical treatment for the repair of severely damaged skeletal
muscle. In previous cell therapy studies, cells were either injected
directly to the target area requiring repair,’ or seeded onto bioma-
terials implanted at the repair site.!” However, both approaches are
limited by rapid loss in viability of the majority of the cells and low
integration of cells into host tissues due to a variety of reasons."*
In scaffold-based approaches, biocompatible scaffolds with vari-
ous three-dimensional structures are often used as a vehicle to
deliver cells to the target areas for the purpose of improving cell
long-term survival. Transplantation of these scaffolds to the injury
sites normally requires surgery. However, theses surgeries them-
selves often cause unwanted effects affecting the tissue repair pro-
cess, such as postoperative pain, multiple and large scars, delayed
recovery, and a long healing time. Minimally invasive approaches
to delivery of scaffolds may minimize these adverse effects of
invasive surgery. After transplantation, depending on the materi-
als used for scaffold synthesis, inefficient degradation of scaffolds
can be another major hurdle for tissue engineering and regenera-
tion applications.”® Overly rapid degradation of scaffolds may lead
to open space that is then filled by scar tissue, while excessively
slow degradation impedes regeneration by potentially stimulating
an enhanced immune response and may require invasive surgi-
cal removal of scaffolds.'® Thus, a scaffold that can be delivered
by minimally invasive approaches and has proper degradation
dynamics may help reduce surgery-derived trauma.

Correspondence: Herman Vandenburgh, Department of Pathology, Brown Medical School-Miriam Hospital, Providence, Rhode Island 02912, USA.

E-mail: Vandenburghlab@gmail.com

Molecular Therapy vol. 22 no. 8, 1441-1449 aug. 2014

1441


http://www.nature.com/doifinder/10.1038/mt.2014.78
mailto:Vandenburghlab@gmail.com

Shape-memory Scaffold-based Cell Therapy

An increasingly important component of diverse cell thera-
pies are growth factors. Several growth factors are known to aid
muscle regeneration.>” Insulin-like growth factor-1 (IGF-1) pro-
motes satellite cell proliferation and regulates muscle fiber regen-
eration following muscle damage.*'* Vascular endothelial growth
factor (VEGF) stimulates vascularization,'**' which is thought to
improve the local microenvironment for transplanted cells and
enhance cell survival and engraftment efficiency.”> Dual delivery
of IGF-1 and VEGF has been shown to enhance muscle regenera-
tion.”? However, a major challenge for applying growth factors is
their short in vivo half-lives. A slow but sustained release at the
site of interest is thought to prolong their regeneration-promoting
effects, which can be achieved by using a properly bioengineered
scaffold as a delivery vehicle.

In this study, we describe a novel, comprehensive, scaffold-
based cell therapy strategy for the repair of injured skeletal muscle
with a specific aim to minimize surgical requirement for transplan-
tation and postsurgery removal of scaffolds. Our designed shape-
memory, highly porous, biodegradable scaffold” served as an
ideal candidate system for this repair strategy. The shape-memory
properties of this scaffold allow for compression of the scaffold so
that it can be implanted through a minimally invasive approach,
and then rapidly restored its shape after being rehydrated in vivo
with the solution containing cells and growth factors. Its biode-
gradability would eliminate the need for further surgical removal
of the implant, as the scaffold degradation dynamics match the
natural healing process of muscle.” Previous in vitro experiments
demonstrated that its high porosity provided a favorable microen-
vironment for cell proliferation and for controlled growth factor
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release.”? However, it was unknown whether this scaffold could be
used in vivo through a minimally invasive approach to improve
functional regeneration of a damaged muscle. We now show that
the targeted delivery of muscle progenitor cells and growth fac-
tors (VEGF and IGF-1) using this degradable scaffold, implanted
through a minimally invasive technique, markedly promotes
regeneration of muscle tissue following severe muscle damage,
leading to a nearly complete functional recovery. Thus, with opti-
mization of multiple key steps of scaffold-based treatment, this
novel, comprehensive repair strategy can be a powerful method
for regeneration of injured skeletal muscle.

RESULTS

Minimally invasive approach to implanting the shape-
memory scaffold as a delivery system of cells and
growth factors for treating injured muscle

The mouse tibialis anterior (TA) muscle was severely injured by
myotoxin injections covering the full length of the muscle fol-
lowed by femoral artery ligation (Figure 1a), which was expected
to result in wide-spread scar formation in large area and com-
plete function loss of this muscle. In this animal injury model,
the muscle did not spontaneously show complete healing by
5-6 weeks. The following three treatment methods were tested:
(i) implantation of cells + IGF-1 + scaffold (cells/IGF-1/scaffold),
(ii) implantation of cells + IGF-1 + VEGF + scaffold (cells/IGF-1/
VEGF/scaffold), and (iii) injection of suspended cells + IGF-1
without a scaffold (cells/IGF-1(no scaffold)). The scaffold utilized
for the treatments was an alginate scaffold comprising 5% oxi-
dized low molecular weight:high molecular weight at a 1:1 ratio,
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Experimental flow chart and a schematic for the minimally invasive delivery of the scaffold. (a) The experimental flow chart.

(b) Photograph of original macroporous alginate scaffold (16.5x2.6x0.12mm) with scanning electron microscopy image (left). Scaffolds had an
average pore diameter of 400 pm. Scaffolds were loaded into syringe for delivery via catheter. The middle photograph demonstrates the syringe-
needle-catheter device containing a solution of cells and growth factors after the scaffold has been injected; a scaffold (16.5x2.6x 1.1 mm) is also
shown following injection and rehydration with cells and growth factors, along with a higher magnification photograph. Scaffolds were implanted
subcutaneously along the tibialis anterior via a minimally invasive surgery. Scale bars are shown on images. IGF-1, insulin-like growth factor-1; VEGF,

vascular endothelial growth factor.
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as described previously.*® Owing to its unique shape-memory
properties (Supplementary Video S1),” the scaffold was first
compressed and implanted along the length of the TA through
a 2-3-mm skin incision by being pushed out of a syringe with a
plunger (Figure 1a; Supplementary Video S2). The scaffold was
immediately rehydrated in situ with a solution of myogenic cells
and growth factor(s) as the needle was being withdrawn from
the implantation site (Figure 1b; Supplementary Video S2). The
degradation dynamics of the scaffold and drug release profiles of
the proteins from it were previously characterized” > (see also
Materials and methods).

Scaffolds rehydrated with cells and growth factors
significantly reduced muscle fibrosis

At 2 and 6 weeks after the treatments, the TA muscle in the
implanted region was analyzed using Masson’s trichrome stain-
ing to assess scar tissue formation (Figure 2a-d). There were
no significant differences at week 2 across all the groups, in
regards to the amount of fibrotic tissue (Figure 2e). However,
at week 6, the percent of fibrotic tissue in the cells/IGF-1/scaf-
fold and cells/IGF-1/VEGF/scaffold groups was significantly
reduced, by 24 and 44%, respectively, in comparison to the
injury-only controls (Figure 2e). No significant difference was
found between the cells/IGF-1/scaffold and the cells/IGF-1/
VEGF/scaffold groups. These results suggest that the inclusion
of the scaffold in the treatment can effectively reduce fibrotic
tissue within the injured region during muscle regeneration,
and VEGF delivery appears to have no effect on fibrotic tissue
formation under our experimental conditions. Interestingly,
the cells/IGF-1 group had more severe fibrosis than the injured-
only control, possibly due to the rapid death of injected muscle
cells, which might trigger a local immune response resulting in
enhanced fibrosis.

Scaffolds rehydrated with cells and growth factors
significantly improved the functional recovery of the
injured muscle

To assess muscle functional recovery, the contractile force of the
injured TA and muscle wet weight were analyzed during the regen-
eration process. The maximum contractile force was recorded dur-
ing tetanic stimulation and normalized to the wet weight of the TA
muscle. By 2 weeks after the treatments, the cells/IGF-1/scaffold
group showed a slight but significant recovery in contractile force
compared to the injury-only controls (Figure 3a), indicating that
this treatment can lead to functional recovery even at the early stages
of regeneration. Remarkably, at week 6, the cells/IGF-1/scaffold
and cells/IGF-1/VEGF/scaffold treatments largely restored the
contractile force of the damaged muscle, as the force in two groups
recovered to 76 and 90% of the unoperated controls, respectively
(Figure 3a). In contrast, the cell/IGF-1 without the scaffold group
showed no significant recovery in contractile force compared
to the injury-only controls (Figure 3a). These results reveal the
important role of the scaffolds in these treatments and suggest that
scaffold-based treatments can dramatically improve the long-term
functional recovery of the injured muscle. Notably, an additional
significant increase in muscle contractile force was observed at week
6 when VEGF was included into the cells/IGF-1/scaffold treatment.
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This is likely because VEGF-mediated revascularization during TA
muscle regeneration (see below) further aids functional recovery.
Moreover, no significant increase in muscle weight was found
across all the treatment groups at week 2 (Figure 3b). However, the
muscle weight of the injury only group was slightly higher (P < 0.05)
than that of the cells/IGF-1/scaffold group at week 6 after the treat-
ments (Figure 3b). Given the reduced fibrotic tissue in the cells/
IGF-1/scaffold and cells/IGF-1/VEGF/scaffold groups, this result
raised the possibility that the significant functional recovery in these
two scaffold-based treatment groups is because their TA muscles con-
tain relative higher fractions of viable and functional muscle tissue.
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Figure 2 Masson’s trichrome staining for fibrotic tissue in longitu-
dinal sections of explanted tibialis anterior muscles at week 6 after
the treatments. (a) Injury only (controls). Collagen deposition/fibrotic
tissue was stained blue (dashed black lines), while the muscle tissue was
stained in red. (b) Cells/IGF-1 (no scaffold). (c) Cells/IGF-1/scaffold.
(d) Cells/IGF-1/VEGF/scaffold. (e) Quantification of fibrotic tissue area
in different treatment groups. The fibrotic tissue area was measured in
the Masson’s trichrome-stained images 2 and 6 weeks after the treat-
ments, and expressed as the percent of fibrotic tissue area/whole tissue
area. The unoperated controls had fibrotic areas of less than 5% (data
not shown). Bars represent the mean + SEM. *P < 0.05 (n = 9-12). IGF-
1, insulin-like growth factor-1; VEGF, vascular endothelial growth factor.
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Figure 3 The recovery of muscle force and muscle weight after the treatments. (a) Quantification of force of the tibialis anterior (TA) muscles in
the different groups at week 2 and week 6 after the treatments. The muscle forces were normalized to the wet weight of the corresponding muscles,
and the force/weight ratio was used to indicate recovery of muscle function. Bars represent the mean + SEM. *P < 0.05; **P < 0.01 (n = 5-8 per treat-
ment group). (b) Quantification of TA muscle wet weight in the different groups at week 2 and week 6 after the treatments (n = 9-12 per treatment
group). Bars represent the mean + SEM. *P < 0.05; n.s., not significant. IGF-1, insulin-like growth factor-1; VEGF, vascular endothelial growth factor.
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Figure 4 Endothelial cell density in the muscle tissue. At week 6 after
the treatments, the average number of vascular endothelial cells (CD31
staining positive, see “Materials and methods” for details) per 10* um?
tissue area was counted. Bars represent the mean + SEM. *P < 0.05;
**P<0.01 (n=9-12). IGF-1, insulin-like growth factor-1; VEGF, vascular
endothelial growth factor.

Addition of VEGF to the scaffold-based cell and
growth factor treatment improves vascularization in
the injured TA muscle

Blood supply is critical for the regeneration of injured muscle
tissue.'”?* To assess revascularization after the injury, an anti-
body against CD31, a marker for vascular endothelial cells,
was used to identify blood vessels in the regenerating TA
muscle. The treatment cells/IGF-1/VEGF/scaffold significantly
increased the density of vascular endothelial cells compared
to the other treatments (Figure 4), to a value approximately
twice that of the animals receiving the cells/IGF-1/scaffold
(P < 0.01) at week 6. This result is consistent with VEGF’s role
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Figure 5 Myofiber diameters at week 6 after the treatments. Muscle
fiber cross-sectional areas were measured with Image] software. The fiber
diameters were calculated from the area measurements. Bars represent
the mean + SEM of each group (n = 9-12). **P < 0.01. IGF-1, insulin-like
growth factor-1; VEGF, vascular endothelial growth factor.

in promoting blood vessel formation'*-** and strongly sup-
ports the idea that the additional increase observed in muscle
functional recovery in the cells/IGF-1/VEGF/scaffold group is
due to VEGF-mediated revascularization within the injured
area.

Scaffolds rehydrated with cells and growth factors
effectively restore the general structural basis of
muscle fibers

Muscle fiber diameter, an indicator of an active muscle regenerative
process, was quantified for all treatment groups. The mean diameters

www.moleculartherapy.org vol. 22 no. 8 aug. 2014
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Figure 6 Presence of centrally located cell nuclei in the different groups at week 6 after the treatments. (a) Unoperated controls. (b) Cells/
IGF-1/VEGF/scaffold. (c and d) Enlarged views of the areas indicated by the dashed lines in (a) and (b), respectively. Nuclei were indicated by white
arrows. (e) Quantification of centrally located nuclei in different groups. Bars represent the mean + SEM. *P < 0.05; **P < 0.01 (n = 9-12). IGF-1,
insulin-like growth factor-1; VEGF, vascular endothelial growth factor.

Injury only (control) Cells/IGF-1 (no scaffold) Cells/IGF-1/scaffold Cells/IGF-1/VEGF/scaffold

Myoblasts integration into
host muscle tissue

100
8 *kk
g g 80
= o
g 60 n.s.
(9]
2
'g 40
- o
3 iy
ks G 20
(=
w
n.a.
g N W _of
£ ‘\)(*0(\ \\‘5\\0?’\\‘50&0 \N(('Oo\d
5 W o g e
T N o
(e8] d

Figure 7 Integration of myoblasts into host muscle tissues. (a-d) Representative images of green flourescent protein (GFP) staining of tibi-
alis anterior (TA) muscle cross-sections at week 6 after the treatments. GFP staining (pseudored) was merged with the nuclei staining (blue).
(a) Injury only; (b) cells/IGF-1; (c) cells/IGF-1/scaffold; (d) cells/IGF-1/VEGF/scaffold. (e~h) Enlarged views of the areas outlined by the white
dashed lines in a-d, respectively; individual myofibers outlined with dashed white lines in (g) and (h). Positive GFP staining was indicated with
arrowheads. (i-1) The corresponding spectral representation (heat map) of the fluorescence intensity of GFP staining in e~h. (m) Quantification
of the percentage of GFP-positive myofibers after the treatments. Bars represent the mean + SEM. ***P < 0.001 (five random fields per slide,
three slides per treatment). n.a., not applicable; n.s., not significant. IGF-1, insulin-like growth factor-1; VEGF, vascular endothelial growth
factor.

of the muscle fibers in the injured limbs of the animals receiving cells/
IGF-1/scaffold with or without VEGF recovered to a level similar to
the unoperated controls (P > 0.1) (Figure 5), suggesting that these
two scaffold-mediated treatments effectively promoted recovery of
the muscle structural basis, consistent with the improved muscle
function observed for these two groups. In contrast, the treatment
cells/IGF-1 had no effect on the muscle fiber diameter, as it was simi-
lar to that of the injury-only controls. The average diameters in both
of these latter two conditions were significantly smaller than those
of the unoperated animals. These results suggest that the scaffolds
played a critical role in improving muscle fiber structural recovery
when combined with cells and growth factors.

Molecular Therapy vol. 22 no. 8 aug. 2014

Scaffolds rehydrated with cells and growth factors
activate muscle regeneration within injured areas
Centrally located nuclei are an important histological marker
for actively regenerating skeletal muscle. To assess the regenera-
tive status of the injured area after the treatments, the density of
centrally located nuclei was examined. Both treatments of cells/
IGF-1/scaffold with or without VEGF led to a significant increase
in the number of centrally located nuclei per muscle fiber, in
comparison to the injury-only controls and the cells/IGF-1 group
(Figure 6a-e). These results indicate that an active regenera-
tion is ongoing in the animals receiving the scaffold-based treat-
ments. Interestingly, the treatment cells/IGF-1 appeared to inhibit
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regeneration, as the density of centrally located nuclei was signifi-
cantly (P < 0.01) lower than that of the injury-only group.

Myoblasts from rehydrated scaffolds are effectively
incorporated into local muscle fibers during tissue
regeneration

To determine the extent to which the exogenous myoblasts were
able to survive, migrate to the injury site from the scaffolds, and
fuse with host muscle fibers or form new muscle fibers, myoblasts
transduced to express green fluorescent protein (GFP), a visual
marker for cell tracking, were used for all the treatments. In the
animals receiving the scaffold-based treatments, GFP-positive
myofibers were observed by 6 weeks after TA injury with a scat-
tered and uneven distribution throughout the host muscle tissue
(Figure 7c,d,g,h,k,I,m). GFP staining in the longitudinal sections
showed that most of the positively stained muscle fibers were only
partially fluorescent along their length, indicating that the deliv-
ered cells are likely incorporated into host fibers through fusion,
resulting in local GFP expression (Supplementary Figure S1).
However, a small fraction of new muscle fibers with a large
number of GFP nuclei was also observed. The animals receiving
the cells/IGF-1 treatment showed very low percentage of GFP-
positive myofibers (3%) at week 6 in comparison to ~50% for the
cells/IGF-1/scaffold treatment and the cells/IGF-1/VEGF/scaffold
treatment (Figure 7a,b,e,f,i,j,m). This result indicates that the sur-
vival and incorporation of GFP cells in the injured muscle were
dramatically reduced without the aid of the scaffold.

DISCUSSION

The challenges facing scaffold-mediated muscle repair exist
throughout the muscle regeneration process, including the
trauma associated with surgical transplantation of scaffolds, rapid
loss of delivered cells, short in vivo half-lives of growth factors,
and adverse effects due to inefficient degradation of scaffolds.
Previous efforts were often orientated toward improving a sin-
gle aspect of this set. In this study, we propose a comprehensive
strategy targeting multiple key aspects of scaffold-mediated treat-
ment, with a focus on a minimally invasive delivery approach. The
alginate scaffold used here has the properties of shape memory,
high porosity, and preprogrammed degradation dynamics.” The
shape-memory property permits minimally invasive delivery;
high porosity allows high-density cell loading and provides a
microenvironment supporting cell survival; degradation dynam-
ics programmed to synchronize with the muscle healing pro-
cess spares the need for surgical removal and minimizes foreign
body inflammatory responses. We show that dealing with mul-
tiple regeneration issues significantly promotes muscle functional
recovery in a severe skeletal muscle injury model.

Despite tremendous advances in scaffold-based cell therapies,
transplantation of scaffolds often requires conventional surger-
ies that can cause secondary medical injuries, resulting in longer
recovery time, and increased risk of infection, bleeding, and scar
formation. To minimize surgery-associated injuries, we developed
a minimally invasive approach based on the physical properties of
these scaffolds.?® These alginate scaffolds demonstrate hydration-
mediated shape memory, allowing for compression before trans-
plantation and delivery through a catheter system. Minimizing
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the invasiveness required for scaffold placement is expected to
decrease the impact on the local physiological conditions and
regenerative processes. A different approach to fabricate open-
pore, porous scaffolds, also amenable to minimally invasive deliv-
ery was recently described.” However, those scaffolds were not
used to delivery muscle cells or to promote regeneration.

The ultimate goal of muscle injury repair is to improve func-
tion. Force measurements reflect the overall muscle functional
regeneration. A significant increase in muscle contractile force
was observed in this study at week 6 in the animals receiving the
scaffold-based treatments. Remarkably, given the fact that this
is a severe muscle injury model,?® the cells/IGF-1/VEGF/scaf-
fold treatment resulted in nearly full functional recovery (90% of
the unoperated control). The maximum increase in muscle con-
traction force was found when VEGF was included in the scaf-
fold treatment, indicating that ischemic muscle function may be
improved through VEGF-enhanced revascularization. Supporting
this notion, the cells/IGF-1/VEGF/scaffold treatment significantly
increased the density of endothelial cells in the injury region.
Therefore, VEGF can be an important and valuable component
of the scaffold-based treatment repair of muscle injury, consistent
with previous studies showing an advantageous role of VEGF in
skeletal muscle regeneration.??

The formation of scar tissue often hinders muscle regenerative
processes, resulting in inefficient healing and incomplete func-
tion recovery.® Treatment with the scaffolds delivering cells and
growth factor(s) significantly decreased the fibrotic area of the
injured TA muscle in this study. This minimization of scar tis-
sue may be due to the continuous myogenic cell migration of the
scaffold for integrating into host muscle and the sustained anti-
inflammation effects of IGF-1. The active integration of delivered
cells with host muscle at the injury site can lead to effective regen-
eration, which could physically occupy the space that would be
otherwise taken by forming scar tissue. This integration requires
effective migration of delivered myoblasts from the scaffold. Our
alginate scaffold was previously shown to support continuous
migration of cells out of the scaffold.”® Moreover, IGF-1 has anti-
necrosis, antiapoptosis, and anti-inflammation effects,** which
would reduce the infiltration of fibroblasts at injured sites. A sus-
tained local release of IGF-1 can prolong these effects, leading
to an attenuated inflammatory reaction helping reduce scar for-
mation. In contrast to the differences in fibrotic tissue with scaf-
fold treatment, the total muscle weight remained similar across
all the groups at week 6 after the treatments. This suggests that
the animals receiving the scaffolds with cells and growth factors
may contain more functionally active muscle tissue. This notion
was supported by the result showing that the TA muscles in these
groups had more significant improvement on force recovery than
the other groups. Indeed, the follow-up analyses indicated a more
active and effective regeneration in the animals receiving the scaf-
fold-based treatments.

Previous studies suggest that the majority of transplanted cells
without scaffolds die quickly after direct intramuscular injec-
tion,'>* likely because of inflammatory, immune responses.***!
Native skeletal muscle extracellular matrix,** as well as synthetic
matrixes,* help protect implanted muscle cells and enhance mus-
cle regeneration. The results presented in this paper support these

www.moleculartherapy.org vol. 22 no. 8 aug. 2014
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observations and expand on earlier work with alginate-based
scaffolds for skeletal muscle repair,”*** with the development of
a minimally invasive treatment strategy using an alginate-based
shape-memory material that degrades in a time frame comparable
to muscle regeneration.”

Cell-cell fusion is critical for myogenesis.’® During the repair
process following muscle injury, myoblasts can fuse with the host
or transplanted myoblasts or with the existing muscle fibers at the
damaged muscle site, adding their nuclei to the fibers to help pro-
mote their regeneration. These fusion events result in an increase
in muscle fiber diameter* and initially centralized nuclei in the
newly fused myoblasts in contrast to peripherally located nuclei
in nonregenerating skeletal muscle. Thus, the diameter of muscle
fiber and the number of centrally located nuclei are two useful
markers for fusion-mediated muscle regeneration process.* Given
that these two indicators were both significantly improved, in the
present study, in the animals receiving the scaffolds-based treat-
ments with cells and growth factor(s), we conclude that cell fusion
contributes to the functional and structural repair of injured
muscle tissue. This conclusion was further supported by the direct
visualization of exogenously delivered GFP-expressing myoblasts
being effectively incorporated into host muscle cells. More impor-
tantly, this observation is a piece of direct evidence indicating that
the exogenous myoblasts are not only capable of migrating out of
the scaffolds and surviving for a relatively long time, but remain
functionally competent for further differentiation and incorpora-
tion with existing muscle.

A challenge facing the translation of this proposed treat-
ment to human is the difficulty of obtaining sufficient amount of
patients’ autologous myoblasts for delivery within a short time-
frame. Identifying the best source and method of preparation
of human skeletal muscle stem cells for muscle repair remains a
major challenge. For mouse satellite cells, fewer ex vivo doublings
before implantation improves their in vivo regenerative capacity®
and a similar cell type may exist for human muscle regeneration.
An alternative solution would be to implant allogenic myoblasts,
which would however require a sustained immunosuppression
to avoid the immune rejection of allogenic cells. The risks asso-
ciated with immunosuppression (cancer and increased infec-
tion)*** would limit the treatment to be used in selected patients
whose pathological conditions permit a wait. Thus, a future effort
directed to achieve fast obtaining/expansion of human autologous
myoblasts would be worthwhile.

In summary, our study demonstrates that substantial muscle
regeneration can be achieved through a minimally invasive trans-
plantation of an appropriately designed scaffold. Key aspects of
the scaffolds include minimally invasive delivery, controlled dual
release of growth factors, and improved survival of transplanted
cells. Finally, the scaffolds described in the present work degrade
in situ and thus do not require subsequent surgical removal.

MATERIALS AND METHODS

Skeletal muscle injury model. All animal procedures were performed in
compliance with National Institutes of Health and Institutional guide-
lines. An injury was induced in the TA muscle of 6-7-week-old male
C3H/6] mice (Jackson Laboratories, Bar Harbor, ME) by injection of
a myotoxin followed by an ischemia surgery several days later. Animals

Molecular Therapy vol. 22 no. 8 aug. 2014
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were anesthetized with an intraperitoneal injection of a mixture of ket-
amine (80 mg/kg) and xylazine (5mg/kg) prior to all surgical procedures.
Fifteen microliters of 10 pg/ml notexin was injected along the long axis of
the right TA muscle by a three-point trandermal injection (5 pl injected
at each point) using a Hamilton syringe (Hamilton, Reno, NV). Notexin
is a phospholipase A2 (PLA2) myotoxin purified from the venom of the
Australian tiger snake, Notechis scutatus* and induces muscle fiber necro-
sis by binding to the plasma membrane of muscle cells and rupturing it.*!
Six days after notexin injection, animals were anesthetized. The external
iliac artery and vein, and the femoral artery and vein, were ligated in the
right hind limb. The exposed arterial ends were tied off with 5G nonbio-
absorbable sutures; the vessels were cut between the ligation points; the
incision was surgically closed. Two days after ischemia was induced, scaf-
folds were inserted by a minimally invasive technique as described below.

Preparation of biodegradable, shape-memory alginate scaffolds. LF
20/40 alginate was purchased from FMC Biopolymer (Philadelphia, PA).
Low molecular weight alginate was generated by gamma irradiation of
high molecular weight LF 20/40 alginate (FMC Biopolymer) at a dose
of 5.0 Mrad for 4 hours with a cobalt-60 source.” Both low molecu-
lar weight and high molecular weight alginates were oxidized to 5%,”
and the resulting oxidized alginate products were further modified with
covalently conjugated oligopeptides with RGD peptide (G4RGDSPOH)
(Commonwealth Biotechnologies, Richmond, VA) at an average den-
sity of 3.4 mmol/l peptide/mol of alginate monomer using carbodiimide
chemistry.* Scaffolds were formed by standard carbodiimide chemistry as
previously described.* 5% oxidized low molecular weight and 5% oxidized
high molecular weight alginates were combined at a 1:1 weight ratio. The
resulting hydrogel was placed in a large volume of distilled water for a min-
imum of 24 hours, to attain equilibrium swelling and to remove residual
unpolymerized chemicals. Alginate scaffolds were then frozen at —20 °C
and lyophilized to generate macroporous scaffolds.* Scaffolds were cut
to desired dimensions (3 x 11 mm) and stored desiccated in a compressed
state at room temperature until used.

A number of different formulations for fabricating alginate scaffolds
were previously tested.”? While most scaffolds generated with different
formulations had similar shape memory properties, their degradation rates
varied greatly. The chosen formulation described above for fabricating
the alginate scaffold used in this study was because its degradation rate
(complete degradation within 4-6 weeks) matched the natural healing rate
of skeletal muscle.” 85% of the total scaffold mass was degraded in vitro after
28 days; complete degradation was observed after 39 days.?* Moreover, the
drug release property of this scaffold was also previously analyzed.”» While
the half-life of IGF-1 is short (less than 30 minutes in vivo), the scaffold
as a delivery vehicle prolonged IGF-1 release to 4 days.”® During the first
3 days, 90% of the IGF-1 was released, which was followed by a sustained
slow release from day 3 to 14. By day 14, nearly 100% of IGF-1 was released.

Preparation of myogenic cells. The cells used in this study were clonally
derived primary myoblasts that were previously isolated from neonatal mice
hindlimb muscle’” and stably transduced to express GFP using a lentiviral
vector system as previously described.* Their proliferation on and migration
from the scaffold has been previously characterized in vitro.” Briefly, cells
were maintained in skeletal growth medium (1:1 Dulbecco's modified Eagle
medium (Gibco, Grand Island NY): fibroblast growth media (Cambrex,
Gaithersburg, MD) containing 20% fetal bovine serum (Gibco), 1% ITS-1
(Sigma, St Louis, MO) and 100 U/ml penicillin/100 pg/ml streptomycin)
in collagen-coated 10-cm tissue culture dishes in 5% CO, at 37 °C. Skeletal
growth medium contained 2 pig/ml insulin and 400 ng/ml human fibroblast
growth factor. The myoblasts were expanded in culture and harvested by
standard tissue culture protocols for rehydrating the scaffold in vivo.

Minimally invasive surgical implantation of scaffolds. Scaffold treat-
ment for repair of injured muscle began after notexin injection/ischemic
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surgery to TA muscles as described above. The sterile, lyophilized scaffold
(13.5%2.6x1.1mm) was compressed manually to ~0.12mm thickness
and rolled around an 16-gauge syringe needle to form a tubular shape; it
was then inserted into the barrow of a 10-gauge sterile needle (Figure 1;
Supplementary Video S2). A 2-mm incision was made at the ankle site
and a “pouch” created over the subcutaneous region of the TA muscle with
a dental probe. The skin over the pouch was lifted externally with a for-
ceps. The 10-gauge needle containing the compressed dry alginate scaffold
was inserted into the pouch. The scaffold was pushed into the pouch by a
16-gauge needle attached to a syringe containing 50 pl of Dulbecco's modi-
fied Eagle medium that contained 0.5x 10° myoblasts and 3-pg recombi-
nant human IGF-1 (R&D System, Minneapolis, MN), with or without 3-ug
VEGF (recombinant human VEGF165, generously provided by Biological
Resources Branch of the National Cancer Institute). The scaffold was then
immediately rehydrated with this cell and growth factor solution. Controls
include the unoperated animals, the animals receiving the injury surgery
with no further treatment, and the animals receiving a bolus injection of
cells and IGF-1 to the injury site without a scaffold.

Histological and immunocytochemical analyses of TA muscles after
treatments. At week 2 and week 6 after the implantation of scaffolds, mice
were sacrificed and TA muscles were explanted and processed for histo-
logical analyses. TA muscles were harvested from both hind limbs (injured
and noninjured), fixed in 4% formaldehyde overnight, washed in saline,
embedded in paraffin, and sectioned at 5-pm thickness (Paragon Histology
Services, Baltimore, MD). The extent of fibrosis in the TA muscle was ana-
lyzed and quantified after Masson’s trichrome staining. Briefly, the sections
were deparaffinized and processed with a standard Masson’s trichrome
staining kit (Sigma-Aldrich, St Louis, MO) to distinguish cells from sur-
rounding connective tissues.”® Cells appeared red/pink; collagen was
stained blue; nuclei were stained purple with hematoxylin.* Images were
taken using a Nikon e600 microscope (x10 or x20 objectives) equipped
with a DP70 camera and analyzed using the software Adobe Photoshop CS.
Camera settings were controlled manually and held consistent to produce
comparable conditions for image collection. TA muscles from three indi-
vidual animals were examined for each group. Five areas for each muscle
sample were randomly selected for quantification. The area containing the
blue signal (collagen) was quantified using the Image] software (National
Institutes of Health) and expressed as a percentage of the total area.

TA sections were stained with hematoxylin and eosin (H&E) for
quantification of fiber diameters and centrally located nuclei. Images were
captured with a Nikon e600 microscope (x10 or x20 objectives) equipped
with a DP70 camera and analyzed using the software Adobe Photoshop
CS. Three tissue samples from three individual animals were evaluated for
each treatment group; six random fields from each sample were selected
for analysis using the ImageJ software (National Institutes of Health). The
number of centrally located nuclei was counted and normalized to the
total number of muscle fibers in each field. The cross-sectional area of
each myofiber was measured with the Image] software; the fiber diameter
was calculated from the area measurement.

CD31 staining was used to identify vascular endothelial cells (EC),
using the Tyramide Signal Amplification Biotin System (Perkin Elmer
Life Sciences, Boston, MA) to enhance detection. Briefly, deparaffinized
sections were rehydrated, blocked for endogenous peroxidase activity and
nonspecific interactions, and incubated with an antibody against CD31
(Pharmingen, San Diego, CA) diluted at 1:250 at 4 ’C overnight. The sections
were then incubated with an anti-rat mouse absorbed biotinylated secondary
antibody diluted at 1:200 (Vector Laboratories, Burlingame, CA). A tertiary
tyramide signal amplification strepavidin antibody was applied, followed by
tyramide signal amplification solution for 7 minutes. The tertiary antibody
was then reapplied. Staining was developed using diaminobenzidine +
Substrate Chromogen System; DAKO, Carpinteria, CA, and sections were
counterstained with hematoxylin. The density of vascular endothelial cell was
quantified by normalizing CD31-positive stained areas to the total tissue area.
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For identification of GFP-positive myoblasts and myofibers, sections
were incubated with an antibody against GFP because high autofluorescence
precludes direct visual examination of GFP. Deparaffinized sections were
rehydrated, and antigen retrieval was performed by microwaving slides
in 10 mmol/l citrate buffer (pH 6.0) for 20 minutes. Slides were cooled,
rinsed in PBS, blocked with 5% bovine serum albumin/phosphate-
buffered saline for 30 minutes; then incubated with the rabbit polyclonal
antibody against GFP (Abcam, Boston, MA) diluted at 1:150 in the
blocking buffer overnight at 4 °C in a humidified chamber. Sections were
then incubated with AlexaFluor 594-conjugated goat anti-rabbit IgG
diluted at 1:200 (Invitrogen, Carlsbad, CA) for 90 minutes in a humidified
chamber protected from light at room temperature. Slides were rinsed
and cover slipped with the Gold anti-fade reagent with 4',6-diamidino-
2-phenylindole (Invitrogen). To quantify the percentage of GFP-positive
myofibers, we chose five random fields per slide (three slides per
treatment). For each field, the GFP-positive myofibers and total myofibers
were counted in Image] software. For a specific treatment, the percentage
of GFP-positive myofibers from each field was averaged.

Mechanical muscle function measurements. Intact TA muscles were dis-
sected along with their tendons, isolated (1 = 5 animals per treatment),
mounted vertically between two fine cylindrical parallel steel wire elec-
trodes (1.6mm in diameter, 21 mm in length), attached by their tendons
to microclips connected to a force transducer (FORT 25; WPII, Sarasota,
FL), and bathed in a physiological saline solution in a chamber oxygenated
with 95% O, and 5% CO, at 25 °C. Muscle length was adjusted until maxi-
mum twitch contractile force was achieved. A wave pulse (100-300 Hz)
was initiated from a computer using a custom-written LabView software
program and delivered to the stimulation electrodes via a purpose-built
power amplifier (QSC USA 1310). A switch on the amplifier permitted
stimulation via the wire electrodes.

Contractions were continuously monitored on a LabView virtual
chart recorder, and data saved on a computer. Contractions were
evoked every 5 minutes. Tetani were usually evoked at 300 Hz, 15-20V
with the constant pulse width and train duration of 2ms and 1 second,
respectively. These stimulation frequencies and voltages were required
to generate maximum force but exceed the naturally occurring median
firing frequencies of 100-200 Hz in the TA muscle as expected since the
muscle is not stimulated through the nerve. After force measurements
were completed, the muscles were removed from the bath, blotted, and
weighed. Peak tetanic contractile force was determined as the difference
between the maximum force during a contraction and the unstimulated
baseline level, and specific force calculated by normalization to muscle
wet weight.

Statistical analyses. All results are expressed as mean + standard error
of mean. Student’s ¢-tests were used for statistical analysis. Statistical dif-
ferences were considered significant when P < 0.05 and highly significant
when P < 0.01.

SUPPLEMENTARY MATERIAL

Figure S1. Integration pattern of transplanted myoblasts into host
muscle fibers.

Video S$1. The shape-memory property of the alginate scaffold.
Video $2. The minimally invasive surgery to deliver the alginate
scaffold with cells and growth factors (see also Materials and methods).
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