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ABSTRACT The success of skeletal muscle recon-
struction depends on finding the most effective, clini-
cally suitable strategy to engineer myogenic cells and
biocompatible scaffolds. Satellite cells (SCs), freshly
isolated or transplanted within their niche, are pres-
ently considered the best source for muscle regenera-
tion. Here, we designed and developed the delivery of
either SCs or muscle progenitor cells (MPCs) via an in
situ photo-cross-linkable hyaluronan-based hydrogel,
hyaluronic acid-photoinitiator (HA-PI) complex. Par-
tially ablated tibialis anterior (TA) of C57BL/6] mice
engrafted with freshly isolated satellite cells embedded
in hydrogel showed a major improvement in muscle
structure and number of new myofibers, compared to
muscles receiving hydrogel + MPCs or hydrogel alone.
Notably, SCs embedded in HA-PI also promoted func-
tional recovery, as assessed by contractile force mea-
surements. Tissue reconstruction was associated with
the formation of both neural and vascular networks and
the reconstitution of a functional SC niche. This inno-
vative approach could overcome previous limitations
in skeletal muscle tissue engineering.—Rossi, C. A.,
Flaibani, M., Blaauw, B., Pozzobon, M., Figallo, E.,
Reggiani, C., Vitiello, L., Elvassore, N., De Coppi, P.
In vivo tissue engineering of functional skeletal mus-
cle by freshly isolated satellite cells embedded in a
photopolymerizable hydrogel. FASEB J. 25, 000—-000
(2011). www.fasebj.org
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RECONSTRUCTION OF SKELETAL muscle after injury or in
pathological conditions remains a complex and un-
solved task, despite the present knowledge of the
biological processes underlying muscle regeneration
(1). In vitro approaches based on fabrication of func-
tional muscle before in vivo transplantation showed
several limitations (2), due to the intrinsic complexity
of large-organ reconstruction. Besides, it is well estab-
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lished that in mammals, skeletal muscle can repair its
damaged areas only in the presence of a supporting
scaffold (3).

In this perspective, the aim of our work was to
combine myogenic cells and biocompatible scaffolds
for developing an efficient in vivo strategy to restore
mass loss in partially ablated muscle. In particular, we
focused on a simple, robust, and reproducible tech-
nique that could be easily adapted to clinical require-
ments.

In response to muscle damage, the canonical myo-
genic precursors [satellite cells (SCs); see ref. 4] begin
to proliferate and originate large numbers of muscle
progenitor cells (MPCs), which contribute to fiber
repair and de novo formation (5). At the same time, SCs
replenish the compartment of quiescent cells, likely
through a self-renewal mechanism (6).

MPCs can be easily isolated and expanded in culture,
where they can fuse and generate myotubes (1). How-
ever, when muscle regeneration has been attempted by
direct MPC injection, results have been quite disap-
pointing; MPCs rapidly lost their myogenic potential on
in vitro expansion and displayed high mortality on in
vivo delivery (7). On the contrary, freshly isolated SCs,
obtained using various methodologies, showed to bet-
ter maintain their myogenic potential (8, 9). In partic-
ular, delivering SCs through their parental myofibers or
immediately after harvesting massively improved regen-
eration and niche reconstitution in diseased or dam-
aged muscles (9).

So far, these strategies have not been adopted for
muscle reconstruction after ablation. In this case, a
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tissue engineering approach would require the delivery
of cells in a 3-dimensional (3D) environment able to
support in vivo their myogenic potential. Natural and
synthetic polymeric 3D scaffolds have been tested for
cell delivery in skeletal muscle, but they showed limited
diffusion, fibrosis, low cellular survival and their im-
plantation required open surgery (10-12). More re-
cently, injection of cell-loaded biomaterials capable of
being delivered through minimally invasive techniques
has been envisaged (13).

Here, we explored the use of a novel type of cell
scaffold, namely a photopolymerizable hydrogel based
on hyaluronic acid, to deliver various types of myogenic
progenitors in partially ablated murine muscles.

MATERIALS AND METHODS
Animals

Four-month-old wild-type mice [strain C57BL/6]; Jackson
Laboratories, Bar Harbor, ME, USA] mice and 2-mo-old GFP
transgenic mice [strain C57BL/6-Tg(ACTB-EGFP)10sb/J;
Jackson Laboratories] were used. Animals were housed and
surgically treated at the Animal Colony of the Centro Inter-
dipartimentale Vallisneri, University of Padova, under the
conditions specified by the relevant Italian bylaws.

Hydrogel preparation and characterization

The hyaluronic acid—photoinitiator (HA-PI) complex is a
hyaluronan ester obtained by chemical reaction between
hyaluronic acid and 1-[4-(2-hydroxyethoxy)-phenyl]-2-hy-
droxy-2-methyl-1-propane-l-one  (HHMP; Irgacure 2959),
which behaves as photoinitiator during the hydrogel cross-
linking. HA-PI was synthesized by Fidia Advanced Biopoly-
mers S.p.a (Abano Terme, Italy). Solution of HA-PI in phys-
iological solution at the specified concentrations was
prepared and sterilized in autoclave. A Bluewave50 lamp
(Dymax, Torrington, CT, USA) provided with a water probe
(0.5 cm diameter) emitting a 366-nm conical beam was used
for hydrogel cross-linking.

Rheological analysis

A rheometer (Rheostress RS150; Haake, Diusseldorf, Ger-
many) was used to evaluate viscoelastic and rheological
properties. It was equipped with a temperature control
(20.0x0.5°C) and a plate-cone sensor (1°) of 60 mm diame-
ter. During measurements, the distance between cone and
plate was ~0.05 mm. The rheological behavior of the solution
(before irradiation) was evaluated by analyzing the shear
stress as function of rising deformation rates (0-5 s~ 1. From
measurements on cross-linked hydrogels, elastic (G') and
viscous (G’) modules were calculated as function of rising
oscillation frequencies (0.1-10 Hz) at constant shear stress
(7=1 Pa). Samples of different concentrations (10, 20, and 30
mg/ml) and exposition times (3 s to to 5 min) were analyzed.

Maximum flow rate

The data of viscosity u of HA-PI solutions were used to
evaluate the maximum injection flow rate Q, . as follows:

max
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where Ris the needle radius that is correlated with the needle
gauge, and 1., is the higher shear stress allowed (1 Pa, see
ref. 14).

Mesh size evaluation

Following the Flory-Rehner calculations, experimental data of
hydrogel swelling can be used to calculate some important
structural parameters of the hydrogel, such as the mesh size §
(nm), defined as the length of the polymer chain between
two following cross-links.

Swelling experimental data were obtained using disks of
hydrogel of 22 mm diameter that were gently dried at 37°C,
weighed, and then rewetted with 10 ml of physiological
solution. The disks were weighed 3 d after dipping, when the
equilibrium conditions were reached.

The hydrogel mesh size was calculated with the following
equation (15):

— 1/3 2

{=Q7\n
where (Q, is the volumetric swelling ratio obtained from
experimental data, and \/720 is the root mean square distance

between crossllinks (nm). For HA, the following value was
reported (15):

{=0.1707 | M,QY>

The average molecular weight M, was calculated using a
simplification of Flory-Rehner equation (16):

Q=" (0.5 )
y v, . X

where v is the specific volume of dry polymer (0.893 cm?®/¢g),
V, is the specific volume of solvent (1 cm®/g), and  is the
Flory interaction parameter between polymer and solvent
(0.473).

Hydrogel morphology

The morphology of cross-linked structure was analyzed by
scanning electron microscopy (JSM-6490; Jeol, Akishima,
Japan). Solutions (2 ml) ranging from 10 to 75 mg/ml were
cross-linked in multiwell Iwaki plates (Asahi Techno Glass
Corp., Tokyo, Japan) of 22 mm diameter at 2 cm from the
Triwood lamp (Helios Italquartz, Milan, Italy) for 5 min (4
mW/cm?). The samples were freeze-dried, gold-sputtered,
and analyzed (Lyovac GT2; Leybold-Heraeus, Old Greenwich,
CT, USA).

Single-fiber isolation technique

Briefly, muscles were digested for 1 h at 37°C in 0.2% (w/v)
type I-collagenase (Sigma-Aldrich, St. Louis, MO, USA), re-
constituted in DMEM (high-glucose, with r-glutamine, sup-
plemented with 1% penicillinstreptomycin, Gibco-Invitro-
gen, Milan, Italy). Following digestion, muscles were
transferred in DMEM (low-glucose; Gibco-Invitrogen) on a
horse serum (HS; Gibco-Invitrogen)-coated 10-cm dish (Fal-
con; BD Biosciences, San Jose, CA, USA) and gently triturated
with a wide-bore pipette to release single myofibers. These
were then transferred one by one in another HS-coated 10-cm
dish, under a phase-contrast inverted microscope. This pas-
sage was repeated 3 times, in order to avoid contamination of
interstitial, endothelial, and hematopoietic cells.
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Myogenic precursor isolation

Single muscle fibers were isolated from flexor digitorum
brevis (FDB), extensor digitorum longus (EDL), and soleus
muscles from 2-mo-old male GFP" mice, as described previ-
ously (1). Groups of 20 myofibers were then placed in 2-ml
Eppendorf tubes (Eppendorf, Hamburg, Germany) in 200 pl
DMEM (low-glucose; Gibco-Invitrogen). Isolated fibers were
left to sediment on the bottom for 15 min, and DMEM was
removed and replaced with 15 ul of HA-PI before injection.
Freshly isolated SCs were stripped off the fibers by repeated
passage through a 18-gauge needle (17). SCs were centri-
fuged at 300 g with a microcentrifuge and resuspended in 15
wl of HA-PI. For myogenic precursor preparations, 20 single
fibers were seeded onto a Matrigel-coated 35-mm-dish using a
single-fiber culture technique (11). After SCs left their paren-
tal myofibers and started to proliferate, they were trypsinized
and expanded. At P1, 1.5 X 10° cells were pelleted in 2-ml
Eppendorf tubes and resuspended in 15 ul of HA-PI. Upon
mixing with hydrogel, samples were kept in ice until implan-
tation.

Surgical procedure

Four-month-old male C57BL/6] mice were anesthetized us-
ing Forane (Merial, Milan, Italy), and an ~4-mg wedge of
tissue was removed by longitudinal cutting from the core of
TA muscles. Removed tissue was weighed using a microbal-
ance (Sartorius AG, Gottingen, Germany) in order to assess
the repeatability of the ablation. Suspensions of cultured SCs,
single fibers, and freshly isolated SCs in HA-PI were placed in
the created pocket with a micropipette and then photopoly-
merized for 55 s with the monochromator light. After polym-
erization, muscle was sutured with 7/0 Vycril (Ethicon, Inc.,
Somerville, NJ, USA), enclosing the hydrogel within its core;
skin was closed using 6/0 Prolene sutures (Ethicon). Two
types of controls have been used: sham-operated (muscle with
only surgical procedure) and nonoperated.

Histological and immunofluorescence analyses

Treated muscles were fixed in PFA 2% and incubated in
sucrose solution. They were then frozen in 2-methyl-butane
cooled in liquid nitrogen, and 10-pm-thick sections were
prepared onto Superfrost slides (Thermo Scientific, Rock-
ville, MD, USA) for hematoxylin and eosin (H&E), Masson’s
trichrome (Bio Optika, Milan, Italy), and immunofluores-
cence analyses. Slides were fixed with 4% paraformaldehyde
in PBS and permeabilized with 0.5% Triton X-100 in PBS. For
GFP analysis, they were directly mounted with fluorescent
mounting medium (Dako, Glostrup, Denmark) containing
DAPI as nuclear counterstain. For immunological analyses,
mouse anti-paired box 7 (Pax7) antibody (dilution 1:50;
Developmental Studies Hybridoma Bank, Iowa City, IA,
USA), rabbit antil-aminin (Sigma; 1:150), mouse antifetal
myosin BF-G6 (a kind gift from Prof. Stefano Schiaffino,
Venetian Institute of Molecular Medicine; dilution 1:100),
rabbit anti-GFP 594 (Invitrogen; 1:150), and rabbit anti-von
Willebrand factor (Dako Cytomation; 1:100) were used.
Where indicated, slides were also incubated with Alexa anti-
a-bungarotoxin 488 (Invitrogen), in order to mark the neu-
romuscular junctions.

Weight recovery assessment

To assess weight recovery, removed muscle tissue was weighed
at the time of operation, and total muscle weight was inferred
through a regression curve (see Supplemental Fig. S1). Six
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weeks after the operation, muscles were harvested and
weighed. Relative muscle recovery was calculated using the
formula W,/ (W, — W,), where W, is weight of muscle
after 6 wk, W, is inferred weight at operation, and W, is
removed muscle tissue weight.

Morphometric analyses

Average cross-sectional area of muscle sections was measured
using Scion Image software (http://www.scioncorp.com).
Centrally nucleated myofibers, GFP™ myofibers, and vessels
(stained positively for von Willebrand factor) were counted in
muscle sections with Photoshop (Adobe Systems, San Jose,
CA, USA).

Force measurement

Contractile performance of treated and control muscles was
measured in vivo using a 305B muscle lever system (Aurora
Scientific, Aurora, ON, Canada) in animals anesthetized with
a mixture of tiletamine, zolazepam, and xilazine (18). Mice
were placed on a thermostatically controlled table, with knee
kept stationary and foot firmly fixed to a footplate, which, in
turn, was connected to the shaft of the motor. Contraction
was elicited by electrical stimulation of the peroneal nerve.
Teflon-covered stainless-steel electrodes were implanted near
the branch of the peroneal nerve as it emerges distally from
the popliteal fossa. The two thin electrodes were sewn on
both sides of the nerve, and the skin above was sutured. The
electrodes were connected to an AMP Master-8 stimulator
(AMP Instruments, Jerusalem, Israel). Isometric contractions
induced by single stimuli (twitches) and by trains of stimuli
(frequency 150 Hz, duration 0.5 s) were recorded.

Cell proliferation assay

Six weeks after operation, TA muscles were damaged by
injecting 50 pl of 0.5% bupivacaine in water. At 3 d after
injection, EAU (5-ethynyl-2'-deoxyuridine) was injected intra-
peritoneally (150 wl, 1 pg/wl concentration in phosphate
buffer solution), according to Salic et al (19). After an
additional 48 h, mice were sacrificed; TA muscles were
harvested and then frozen and sectioned at 10 pm. Click-iT
staining (Invitrogen) for EdU-labeled cells was then carried
out according to the manufacturer’s instructions.

Microscope and imaging system

Phase-contrast and histological analyses were carried out
using an inverted microscope (Olympus IX71; Olympus,
Tokyo, Japan). Immunofluorescence analyses were per-
formed using a direct microscope (Leica B5000; Leica Micro-
systems, Wetzlar, Germany).

Statistical analysis

Values are reported as means * sk. Coupled data sets were

compared by Student’s ¢ test. Statistical significance was
accepted at values of P < 0.05.

RESULTS

Characterization of HA-PI

In this work, we developed a biodegradable, injectable,
and photo-cross-linkable hydrogel, HA-PI, based on



ester of hyaluronic acid (a main component of the
extracellular matrix, ligand of protein CD44, expressed
by SCs; see ref. 11) linked to a synthetic photoinitiator
(20); the latter allows the transition from liquid to gel
when exposed to monochromatic UVA light at 366 nm
(Fig. 14). To maximize cell survival and myogenic
potential, various parameters needed to be considered.
The shear stress acting on cells during injection de-
pends on the viscosity of the solution, needle gauge,
and flow rate; apparent viscosity of HA-PI solution at
different concentrations was hence measured (Fig. 1B).
The maximum injection flow rate was evaluated (see
Materials and Methods) as a function of the needle
gauge in order to maintain the shear stress <l Pa, to
avoid cell membrane damage (Fig. 1C). After light
exposure, HA-PI constitutes a semisolid hydrogel (Fig.
1D, left panel), whose microstructure, at different con-
centrations, was characterized through scanning elec-
tron microscopy (Fig. 1D). HA-PI has the advantage of
not requiring mixing between two separate solutions, as
the photoinitiator and the hyaluronic acid chain is
linked by one molecule. This property ensures struc-
tural uniformity at every concentration, as shown in Fig.
1D. Elastic modulus and dimension of the cross-linking
reticulum of polymerized HA-PI (see Materials and

Methods) were both dependent on the irradiated light
energy up to 20 J/cm?, whereas higher energy did not
affect hydrogel properties. This finding ensured repeat-
ability of results and defined the “safe” operative zone
(Fig. 1E). It is important to note that the dimension of
cross-linking reticulum (Fig. 1F) ensures free diffusion
of biomolecules, thereby allowing cell-tissue crosstalk,
while preventing the host’s inflammatory cells from
reaching the implanted cells. On the basis of in vitro
results, we used a HA-PI concentration of 50 mg/ml
and an exposure time of 55 s, with the light source at a
distance of ~3 cm.

In the initial experiments, we evaluated HA-PI in vivo
degradation rate, a crucial parameter for cell homing
after delivery (21). On surgical ablation of ~15% w/w
of TA muscle and polymer implantation, animals were
sacrificed every 48 h in the first 8 d. Using morphomet-
ric software (see Materials and Methods), we measured
the area of polymer present in H&E-stained muscle
sections (Fig. 2). After the first 48 h, 70 = 14% of
muscle sections were filled by HA-PI, whereas after 8 d,
hydrogel (14£9%) was mostly replaced by regenerat-
ing muscle formed by resident SCs and/or by connec-
tive tissue.
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Figure 1. Characterization of HA-PIL
A) Chemical structure of the HA-PI com-
plex (left panel). This molecule reacts
after light exposure, giving the final pho-
to-cross-linked structure of the hydrogel

B) Apparent viscosity of HA-PI as function of the concentration in physiological solution. C) Maximum flow rate

that can be used during the injection of cells suspended into HA-PI solution to ensure no cell membrane damages (shear stress
=1 Pa). Maximum flow rate as a function of the needle gauge is reported for different HA-PI concentrations in solution. D) Left
to right: image of a cylinder of photo-cross-linked hydrogel and scanning electron microscopy images of dehydrated hydrogel
obtained from HA-PI solutions at concentrations of 10 mg/ml, 40 mg/ml, and 75 mg/ml, respectively. Scale bars = 50 wm.
L) Elastic modulus of photo-crosslinked hydrogel as a function of the light energy used for photo-crosslinking. Values for 3
compositions of the initial solution are reported. Shaded area indicates the region where the elastic modulus does not depend
on exposure energy and thus where it is “safe” to operate. I) Average dimensions of the crosslinking reticulum of the hydrogel
as a function of HA-PI concentration. Values for 3 exposure times are reported.
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Histological reconstruction of partially ablated TA muscle

In the in vivo set of experiments, 3 types of cells were
delivered via HA-PI in partially ablated muscles: 1.5 X
10° cultured MPCs (passage 1 from a culture of 20
single fibers; see Materials and Methods and ref. 1), 20
isolated single fibers (Supplemental Fig. S2 and ref. 9)
or 250 freshly isolated SCs (mechanically dissociated
from 20 single fibers; see ref. 17), all derived from
syngeneic C57BL/6]-GFP™ mice muscles (FDB, EDL,
and soleus). Fifteen days after surgery, implanted mus-
cles were analyzed to assess muscle regeneration wvs.
infiltration (the respective areas were measured by
morphometry, see Materials and Methods). Infiltration
was reduced when HA-PI containing cells was used,
particularly with single fibers and freshly isolated SCs
(Fig. 3A). Percentage of centrally nucleated fibers per
section (see Materials and Methods) was also higher
when fibers (97+2%) or SCs (84*+8%) were used
(P<0.001). MPCs (48%=7%) also yielded more regener-
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Figure 2. In vivo degradation study of HA-PI
implanted in mouse TA muscle. Top panels:
H&E staining on muscle sections 2, 4, 6, and 8 d
after transplant (n=4). Scale bars = 100 pum.
Bottom panels: proportion of total cross-sec-
tional muscle area (%) occupied by muscle (M)
or HA-PI (H) at the same time points.

ating fibers than HA-PI alone (18+6%, P<<0.001; Fig.
3A, right panel). Histological and morphometric anal-
yses of muscles treated with 20 single fibers or 250
freshly isolated SCs showed extensive and consistent
regeneration of the ablated region in TA muscles with
little scar tissue formation after 6 wk, as evidenced by
Masson’s trichrome staining (Fig. 3B). On the contrary,
sham-operated (i.e., muscle ablation alone) and hydro-
gelimplanted muscles showed a dramatically altered
morphology, with large infiltrations of connective tissue
(Fig. 3B); muscles that received MPCs showed limited
regeneration (see below). To better quantify muscle
mass reconstruction, the ratio between the postopera-
tory weight and the preoperatory weight was also cal-
culated (Fig. 3B, bottom left panel). Muscle weight at
time of surgery was inferred from a regression curve
plotting the correlation between TA and total body
weight (n=15, Supplemental Fig. SI1). Muscles
treated with MPCs or SCs were heavier than sham-
operated muscles (12022 and 11223 vs. 82£32%

Figure 3. Histological reconstruction of partially
ablated TA muscle. A) Histological and morpho-
metric analysis of muscles at 15 d after treatment
with HA-PI alone (H), or HA-PI with 1.5 X 10°
cultured MPCs, 20 single fibers (F), or 250 freshly
SCs; in all cases, 8 muscles/condition, b sections/
muscle were analyzed. Top panels: H&E staining on
muscle sections. Bottom panels: proportion of total
4,4 & crosssectional muscle area (%) occupied by infil-
w trate (I) or muscle (M). Right panel: quantification
of new myofibers in the engineered muscle (only
statistics for SC are reported) showed that a higher
number of centrally nucleated fibers was present
when fibers (F) and SCs were used. B) Histological
and morphometric analysis at 6 wk posttreatment.
Top panels: H&E and Masson’s trichrome (TRI)
staining on muscle sections confirmed extensive
regeneration and litde scar tissue when fibers and
SCs were delivered with HA-PI. F and SC, n = 10;
HA-PI alone (H), » = 19; sham-operated controls
(S), n = 12. Bottom left panel: weight recovery
analysis (%) on treated muscles demonstrated that
MPC- and SCtreated muscles were heavier than
sham-operated muscles. Bottom right panel: aver-
age cross-sectional muscle area (mm?) of treated
muscles showed that only SC-treated muscles did
not differ from untreated wild type. Scale bars = 100
pm. #P < 0.05; ##P < 0.01; ***P < 0.001.



of recovery; P<0.01 and P<0.05, respectively),
whereas HA-PI implanted (99%27%) and fiber-
treated (100+35%) muscles did not show any signif-
icant difference from controls.

The average cross-sectional area of the treated mus-
cles was also examined, in sections taken from the belly
of the muscles (i.e., at ~3 mm from tendons). Muscles
treated with freshly isolated SCs presented a cross-
sectional area of 8.2 + 0.8 mm?2, which was bigger than
sham-operated (3%1.6 mm? P<0.001), hydrogel-im-
planted (3.2£1.2 mm?% P<0.001) and MPC-treated
muscles (4.6%1 mm?; P<0.01), but comparable to
fiber-implanted muscles (6.1=1.5 mm?) and non-
treated wild-type animals (9.1=0.6 mm?; Fig. 3B, bot-
tom right panel). To quantify the contribution to
muscle reconstruction, GFP epifluorescence was exam-
ined at 7 and 15 d and at 6 wk (Fig. 4); positive fibers
were counted by 2 investigators in a masked procedure.
Both fibers and SCs were much more effective than
MPCs in contributing to neofiber formation at each
time point (P<0.001; Fig. 4, right panel). Besides,
freshly isolated SCs resulted to be more effective than
single fibers both at 15 d (7623 vs. 48+21, P<0.05)
and at 6 wk (198+24 vs. 137+15, P<0.001).

Functional reconstruction of implanted muscles

We also investigated whether the implanted myogenic
precursors could selfrenew in vivo and contribute to
the replenishment of the SC niche (9). Pax7 transcrip-
tion factor was used to identify SCs (Fig. 5A, top
panels), and laminin staining was performed to verify
the sublaminal position of GFP" cells (Fig. 54, middle
panels). Percentage of Pax7 " GFP™ /total Pax7" cells/
section ranged from 38.7 * 4.8% in muscles recon-
structed with SCs to 19.3 £ 3.8% in those receiving
single fibers and just 12.6 = 5% in those with MPCs
(Fig. 5A). Freshly isolated SCs were, hence, the most
efficient in repopulating the satellite niche (P<0.001).
Moreover, GFP* SCs could be isolated from the engi-
neered muscle via collagenase digestion and single-
fiber culture (Fig. 5A, bottom panels; see Materials and
Methods). To assess the distribution of engrafted SCs
from the area of implant (i.e, the polymer), the per-

centages of Pax7" /GFP™ cells associated to GFP* and
GFP~ myofibers, respectively, were determined. We
found that the percentage of GFP™ SCs associated with
GFP™ fibers was 27.3 = 5.6% of the total in the
treatment with freshly isolated SCs and 23.4 = 4.2% in
the implants with single fibers. Both values were signif-
icantly higher than the contribution given by muscle
precursor cells, which stopped at 2.1 = 0.3% (Supple-
mental Fig. S3). This is the first demonstration of
complete functional integration in a tissue-engineered
muscle, similar to what has been shown previously after
cell transplantation (9). As expected, GFP™ SCs could
also be seen in in vitro cultures of single fibers, in which
they were able to align and fuse into myotubes (Fig. 5A,
bottom panels). Last but not least, in vivo activation and
proliferation of GFP" SCs could be detected upon
reinjury of treated muscles; eight 6-wk transplanted
muscles were injected with bupivacaine; 5 d after dam-
age, proliferating cells were labeled via a systemic
injection of EAU (Supplemental Fig. S4).

In the last part of our study, we assessed whether macro-
and microscopic histology findings were associated with
functional recovery. In vivo force measurements were,
hence, performed in animals 6 wk after treatment, with or
without transplantation, and in age- and weight-matched
control mice. When absolute tetanic force (150 Hz) was
evaluated, there was a significant difference between
treatments, with freshly isolated SCs yielding the best
functional recovery (Fig. 5B, left). After normalization for
muscle weight, the force produced by muscles treated
with SCs was significantly higher when compared to other
treatments (P<0.01 wvs. MPC and sham treatment;
P<0.001 vs. hydrogel implantation), while there was no
difference with fibers, and, notably, with nonoperated
controls (Fig, 5B, bottom panel). It should be noted
that myosin BF-G6, an isoform of embryonic myosin
used as a marker of regenerative processes (22), was
still present in various clusters of GFP" myofibers 6
wk after treatment with both fibers and SCs delivered
in HA-PI, showing that neofiber maturation was still
ongoing (Fig. 5C).

While the regeneration of contractile fibers is of
pivotal importance in muscle tissue engineering, func-
tional integration remains dependent on the formation

MPC

Figure 4. Contribution to regeneration of do-
nor myogenic precursors. Left panel: epifluo-
rescence for GFP (plus DAPI) on muscles
treated with 1.5 X 10° cultured MPCs, 20 single
fibers (F), or 250 freshly isolated SCs at 7 d,
15 d, and 6 wk postoperation. Scale bars = 100
pm. Right panel: quantification of GFP* myo-
fibers confirmed a better engraftment when
SCs were used. *P < 0.05; ***P < (0.001.
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Figure 5. Functional recon-
struction of implanted mus-
cles. A) Generation of an SC
niche within engineered mus-
cle. Top left panels: immuno-

80 ﬁ_'i staining for Pax7 and epifluo-
55*** rescence for GFP (plus DAPI)
T

on treated muscles; arrow-
heads indicate SCs. Middle
left panels; immunostaining
for laminin and epifluores-
cence for GFP (plus DAPI)
on treated muscles; arrow-
heads indicate SCs. Bottom
left panels: phase contrast mi-
croscopy and epifluorescence
for GFP on fibers derived
from treated muscles. GFP™ fibers and SCs were able to align and fuse to form myotubes; arrowheads indicate GFP™ cells. Right
panel: GFP™ /Pax7™ cells in muscles treated with 1.5 X 10° cultured MPCs, 20 single fibers (F), and 250 freshly isolated SCs
further demonstrated better muscle reconstitution when SCs were used. B) Force measurement on treated muscles compared
to untreated controls. Measurements were carried out 6 wk after treatment. Top panel: absolute force values (N) in the different
conditions. S, sham; H, HA-PI alone, MPC, HA-PI with 150,000 cultured MPCs; F, HA-PI with 20 single fibers; SC, HA-PI with 250
freshly isolated SCs; WT, wild-type untreated animals. Bottom panel: normalized force-weight values (kN/kg) in the different
conditions. C) Left panel: immunostaining for embryonic myosin isoform BF-G6. Center panel: epifluorescence for GFP. Right
panel: merge of left and center images. D) Immunostaining for 488-bungarotoxin identifying neuromuscular junctions, and
anti-GFP (plus DAPI). ) Left panel: immunostaining for von Willebrand factor and epifluorescence for GFP (plus DAPI) to
mark blood vessels. Right panel: quantification of the number of vessels per muscle slide in the different treatment conditions.
Scale bars = 100 pm. *P < 0.05; **P < 0.01; ***P < 0.001.
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of both neuronal and vascular networks. This has DISCUSSION

represented a major limitation in previous studies (2,

23), and growth factors have been suggested to improve
nerve regeneration (24) and new capillary formation
(25, 26). In our experimental model, treated muscles
showed the presence of neuromuscular junctions on
both GFP" and GFP~ myofibers, as demonstrated
through labeling with fluorescent a-bungarotoxin (Fig.
5D). Vascularization of the engineered tissue was mon-
itored by immunostaining for von Willebrand factor;
the number of vessels obtained was somewhat lower
than that found in controls (Fig. bE).

IN VIVO TISSUE ENGINEERING OF SKELETAL MUSCLE

Reconstruction of organs, and, specifically, of skeletal
muscle, is a difficult task (2, 3). Here, we show how,
combining freshly isolated SCs (8, 9) and an innovative,
photopolymerizable hydrogel (20), we were able to
promote histological and functional reconstruction of a
partially ablated skeletal muscle.

The initial part of our work focused on the charac-
terization of the properties of our novel type of hydro-
gel. In particular, our physicochemical analyses demon-
strated that this formulation would be well suited both



for delivery via open access (as was the case of our
experimental design) and via needle injection. The
former case would be applicable in tissue engineering
approaches aimed at repairing gross muscle damage,
such as cases of orthopedic or oncologic surgery.
Delivery via direct injection could instead be of use in
all those instances in which it would be desirable to
implant myogenic cells without damaging the recipient
muscle, e.g., cell-based therapies for muscular dystro-
phies. In this latter case, photopolymerization could
easily be achieved by using optic fibers channeled into
the needles.

The in vivo degradation rate of the cell-carrying
scaffold is a crucial parameter in muscle engineering;
on one hand, the matrix must protect the newly
injected myogenic cells from the potentially harmful
effect of the host’s innate immune response cells in the
initial hours after transplant (27), but on the other
hand, it should disappear gradually as the newly
formed myofibers reclaim the muscle’s volume. In our
experimental protocol, the initial volume of the hydro-
gel implant was ~3-4 times larger than that of the
removed muscle (due to technical constraints, we could
not resuspend our cells in <15 pl of solution). Still,
hydrogel was almost completely gone in 8 d; such
finding confirmed that, as desired, hydrogel was pres-
ent in the muscle only during the massive first wave of
inflammation after damage (from 2 to 4 d; see ref. 28)
and was, therefore, suitable for protecting delivered
myogenic cells before fiber formation. Another very
important feature of hydrogel was its very chemical
composition. In fact, hyaluronic acid is not simply a
biocompatible material, but it is already known to exert
positive effects in the context of tissue repair, and
hyaluronic acid-based materials are already used in
surgical procedures. In our case, the reduction of
fibrosis that we detected 6 wk after surgery in the
hydrogel-treated muscles vs. the sham-operated con-
trols was in agreement with such properties (Fig. 3B).

At present, it is generally accepted that SCs have
much better engrafting and regenerative potential
compared to in vitro expanded myogenic precursor
cells when it comes to muscle cell transplantation (9).
Still, to the best of our knowledge, this is the first report
of a direct comparison of the two cell types in the
context of tissue engineering. Here, we demonstrated
that muscle reconstruction could be achieved much
more efficiently when using freshly isolated SCs instead
of MPCs and that by transplanting just ~250 SCs, we
could restore normal muscle architecture plus recon-
stitution of the muscle stem cell niche throughout the
whole muscle volume. It should be noted that in our
experimental model, we were not able to perform a
direct comparison with the delivery of cells alone (i.e.,
without hydrogel) due to the nature of our surgical
procedure. In fact, injecting a suspension of cells into
the pocket created in the TAs would invariably lead to
significant leaking in the suturing phase and, hence, to
unpredictable variability in the regeneration outcome.
On the other hand, the cells alone wvs. cells in
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hydrogel comparison will pose no problem in the
context of direct intramuscular injection, an experi-
mental model that we are currently developing for
dystrophic mice.

Muscle reconstruction in terms of newly generated
myofibers is an essential target, but the engraftment of
SCs in the host niche is even more important, due to its
role in supporting subsequent cycles of regeneration,
in particular, in the presence of congenital pathologies
like muscular dystrophies (29). Here, we demonstrated
that implanted SCs not only contributed to the forma-
tion of myonuclei but also repopulated the host niche.
Besides, the finding that a large number of donor-
derived SCs could be found associated with GFP™ fibers
(see Supplemental Fig. S3) indicated that they had
migrated away from the area of initial delivery and had
reached fibers that had not incorporated donor-de-
rived myonuclei, thereby suggesting an improved mi-
gration of delivered cells when compared to our previ-
ous results (11, 30). In this regard, we also noticed that
SCs derived from injected MPCs were almost exclusively
found associated with GFP™ fibers, suggesting a lesser
migration potential (Supplemental Fig. S3).

Notably, in our animals, the reconstructive process
was associated with functional recovery, as muscles that
had received stripped SCs showed no significant differ-
ence in contractile performance when compared to
untreated controls. In agreement with this finding,
regenerated areas showed the formation of proper
nervous connections and vascularization. These results
were quite satisfactory, especially when considering that
regeneration was not yet complete in muscle treated
with fibers and SCs (as indicated by the expression of
embryonic myosine). At the same time, however, we
realize that when dealing with the reconstruction of
much larger masses of tissue (as it will be the case for
applications in humans), vascularization and reinner-
vation in the engineered muscle will likely need to be
improved. This could be achieved in our system by
spiking the HA-PI with microspheres containing growth
factors (31) or by genetically engineering implanted
cells (2).

In summary, we have shown for the first time that
hydrogel technology, which was previously successfully
used for functional recovery of ischemic heart tissue
(32), can also be applied in skeletal muscle. On the
basis of the results obtained, we conclude that using
HA-PI to deliver SCs is a promising approach for the
reconstruction of diseased or damaged muscles.
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