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A central challenge in tissue engineering is obtaining a suitable cell type with a capable delivery vehicle to
replace or repair damaged or diseased tissues with tissue mimics. Notably, for skeletal muscle tissue engi-
neering, given the inadequate availability and regenerative capability of endogenous myogenic progenitor cells
as well as the tumorigenic risks presented by the currently available pluri- and multipotent stem cells, seeking a
safe regenerative cell source is urgently demanded. To conquer this problem, we previously established a novel
reprogramming technology that can generate multipotent cells from dermal fibroblasts using a single protein,
fibromodulin (FMOD). The yield FMOD-reprogrammed (FReP) cells exhibit exceeding myogenic capability
without tumorigenic risk, making them a promising and safe cell source for skeletal muscle establishment. In
addition to using the optimal cell for implantation, it is equally essential to maintain cellular localization and
retention in the recipient tissue environment for critical-sized muscle tissue establishment. In this study, we
demonstrate that the photopolymerizable methacrylated glycol chitosan (MeGC)/type I collagen (Coll)-
hydrogel provides a desirable microenvironment for encapsulated FReP cell survival, spreading, extension, and
formation of myotubes in the hydrogel three-dimensionally in vitro, without undesired osteogenic, chondro-
genic, or tenogenic differentiation. Furthermore, gene profiling revealed a paired box 7 (PAX7) — myogenic
factor 5 (MYF5) — myogenic determination 1 (MYODI) — myogenin (MYOG) — myosin cassette elevation
in the encapsulated FReP cells during myogenic differentiation, which is similar to that of the predominant
driver of endogenous skeletal muscle regeneration, satellite cells. These findings constitute the evidence that the
FReP cell-MeGC/Coll-hydrogel construct is a promising tissue engineering mimic for skeletal muscle gener-
ation in vitro, and thus possesses the extraordinary potential for further in vivo validation.
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Impact Statement

The present study revealed the promising potential of methacrylated glycol chitosan (MeGC)/Coll-hydrogel-encapsulated
fibromodulin-reprogrammed (FReP) cells for skeletal muscle tissue engineering. Moreover, the excellent biocompatibility
of MeGC/Coll-hydrogel with FReP cells—a novel induced multipotent cell type that is generated through innovative
protein-based technology—makes it a suitable cell delivery vehicle for FReP cell-based tissue engineering. The develop-
ment of various photopolymerizable MeGC/Coll-hydrogel/FReP cell constructs may also shift the paradigm of regenerative
medicine into a feasible, safe, and efficient procedure with controllable in situ cell delivery.
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Introduction

KELETAL MUSCLE COMPRISES 40-50% of human body

mass, and an adequate quantity is essential for its func-
tion."? For instance, patients with congenital musculoskeletal
deformities such as cleft lip/palate and hemifacial microsomia
experience difficulties in eatin%, breathing, and speaking due
to skeletal muscle deficiency. “* In addition, car accidents,
natural disasters, electrical/physical/mechanical trauma, and
oncological salvage surgeries constitute skeletal muscle as the
most commonly injured tissue in the human body.>'° More
importantly, loss of skeletal muscle mass greatly diminishes
the repair capacity: if more than 20% of the muscle is lost, the
natural healing process will fail to reconstruct the defect due
to lack of sufficient endogenous myogenic progenitor cells
(MPCs).""™"* For instance, the predominant driver of endog-
enous skeletal muscle regeneration, satellite cells (SCs), only
constitutes ~ 1-5% of all nuclei in human myofiber.'* More
importantly, as a consequence of the strong dependence on
their complex endogenous microenvironment, the regenera-
tive function of SCs is progressively diminished due to the
disruption of the niches during cell isolation.'>*' Meanwhile,
the contribution of other cells in myofibers, such as pericytes
that often are adjacent to SCs, to skeletal muscle regeneration
in vivo is negligible.'”** Indeed, a recent study that tracked
the fate of adult mouse skeletal muscle pericytes in an injury
setting suggests that pericytes and vascular smooth muscle
cells retain their identity instead of differentiating into skeletal
myocytes in vivo.”> Furthermore, the skeletal muscle repair
process is often blocked by fibrosis, an overgrowth of the
extracellular matrix (ECM).24’25 Thus, in cases of extensive
traumatic injury, amputation represents the standard of care,
which has resulted in millions of patients with a physical
handicap.? Moreover, the MPCs of patients with congenital
musculoskeletal deformities may function abnormally, and
therefore cannot self-correct the anomalous skeletal muscle
development.‘%’4 In these circumstances, skeletal muscle re-
generation using autologous or allogeneic pluripotent or
multipotent cells is an alternative strategy that has become a
hot topic for investigation.

To conquer this difficulty, we recently developed a fi-
bromodulin (FMOD)-based reprogramming approach to
directly convert dermal fibroblasts, which can be easily
isolated from a skin biopsy and expanded in culture,?® into
the multipotent stage.”” Excitingly, when compared with the
present intensively investigated induced pluripotent stem
cells (iPSCs), FMOD ReProgrammed (FReP) cells exhibited
a superior capability for bone and skeletal muscle regener-
ation with markedly less tumorigenic risk.>’** Thus, FReP
cells should be considered an alternative cell source for
skeletal muscle regeneration, especially for patients suffer-
ing from critical-sized muscle defects.

Defined by Langer and Vacanti in 1993,%° tissue engi-
neering aims to induce tissue-specific regeneration with a
combination of the principles of materials and cell trans-
plantation. A fundamental requirement of any scaffolds of
cell delivery systems in tissue engineering and regenerative
medicine is to maintain cellular viability during the regen-
eration process. To date, hyaluronan- and polyethylene
glycol/fibrinogen-based photopolymerizable hydrogels have
been used to manage skeletal muscle damages, in which
1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propan-
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1-one (Irgacure® 2959) is used in combination with ultra-
violet (UV) light*"** Unfortunately, several drawbacks
hindered their further application. For example, even at a
low concentration, Irgacure 2959 decreases cell viabili-
ty,*3* while UV radiation is always accompanied by the
generation of ozone and potential mutations.>**> To sur-
mount these potential risks, methacrylated glycol chitosan
(MeGC)-based hydrogels whose crosslinking could be in-
duced by visible blue light (VBL) with riboflavin (also
known as vitamin B2) as an initiator have been developed.*®
These hydrogels are polymerized under mild conditions and
have been successfully used to encapsulate mesenchymal
stem cells (MSCs) for bone and cartilage regeneration.’>°
It is worth noting that the ECM only accounts for 1-10% of
the muscle mass,40 far less than its contents in bone and
cartilage.*'** Besides, bone and cartilage possess the me-
chanical properties for load bearing, while skeletal muscle
and other soft tissues are amenable to mechanical condi-
tioning regimens. Thus, the scaffold properties desired for
myogenesis may be significantly different from those nee-
ded for osteogenesis and chondrogenesis. Moreover, FReP
cells may also require a different encapsulating milieu than
MSC:s for proliferation and differentiation. Therefore, it is
necessary to evaluate the potential of VBL-induced photo-
polymerized MeGC-based hydrogel as a FReP cell encap-
sulating vehicle for skeletal muscle tissue engineering. By
doing so, the present study aims to combine the recent
advances in material engineering (the VBL-induced photo-
polymerized MeGC-based hydrogel) and the novel multi-
potent cell source (FReP cells) to develop innovative
biological substitutes that are capable of replacing diseased
or damaged skeletal muscle in humans.

Materials and Methods
Preparation of photopolymerizable chitosan hydrogel

To obtain photopolymerizable hydrogels, chitosan was
first converted to a water-soluble derivative MeGC to in-
crease its solubility in physiological solvents. In brief, gly-
cidyl methacrylate (Sigma-Aldrich, St Louis, MO) was
added to a 2% (w/v) glycol chitosan (MW: ~500kDa;
Sigma-Aldrich) aqueous solution at 1:1 ratio. The mixture
was adjusted to pH 9.0 and gently shaken at room temper-
ature for 36h to yield photopolymerizable MeGC.*® The
reaction mixture was then neutralized to pH 7.0 and dia-
lyzed against deionized water for 24h (MW cutting off
1kDa). The purified MeGC solution was lyophilized for
48h and stored at —20°C. 'H NMR spectrum analysis*?
revealed that the degree of substitution of methacrylate
groups onto glycol chitosan was 39.5% £3.5%.

FMOD reprogramming

Confluent human newborn foreskin fibroblast BJ cells
(CRL-2522, ATCC, Manassas, VA) were treated with DMEM
(Life Technologies, Grand Island, NY) supplied with 0.4 mg/
mL recombinant human FMOD daily for 21 days.”’%° After 3
weeks of continuous FMOD treatment, the yield FReP cells
were isolated by the ReLeSR™ reagent and transferred onto
Matrigel™ hESC-qualified Matrix (BD Biosciences, San Jose,
CA) precoated plate and maintained in mTESR®1 medium
(StemCell Technologies, Vancouver, Canada).z&29
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Cell encapsulation

Four percent (w/v) MeGC was mixed with 1% (w/v) type
I collagen (Coll; BD Biosciences) at a ratio of 50:50 (v/v).
FReP cells were suspended in 40 pL. MeGC/Coll-solution
at a concentration of 1.25x10” cell/mL (5x10° cells/
construct) before exposure to VBL (400-500nm, 300-
500 mW/cmz; Bisco, Inc., Schaumburg, IL) for 40s in the
presence of 6 uM riboflavin (Sigma-Aldrich). The final
concentration of the MeGC is 2% (w/v) and the final con-
centration of the Coll is 0.5% (w/v). In another group, FReP
cells were suspended in 2% (w/v)-MeGC without Coll for
hydrogel encapsulation. Meanwhile, the parental BJ fibro-
blasts without FMOD reprogramming were also encapsu-
lated in the MeGC/Coll-hydrogel as a control.

Cell viability

Immediately after encapsulating, the viability of cells was
detected by the LIVE/DEAD® Cell Imaging kit (Life
Technologies; Cat. #R37601) with a fluorescence micro-
scope (Olympus I1X71; Olympus, Tokyo, Japan) following
the manufacturer’s instruction. A fluorescence microscope
(Olympus IX71; Olympus) was used to observe the cells
immediately after the staining. Sixteen cell/hydrogel con-
structs per group were examined, and the numbers of green
(live) and red (dead) cells were counted in each hydrogel/
cell construct for the percentage calculation of live cells.
Cell viability was re-evaluated in an additional 10 cell/
hydrogel constructs per group after 1-day cultivation.

In vitro myogenic differentiation

Cell/hydrogel constructs were cultured in myogenic medium
I [DMEM supplied with 10% fetal bovine serum (FBS), 10%
horse serum (HS), 1% chicken embryo extract (CEE), and 1%
penicillin/streptomycin (PS)] for 1 week and then transferred to
myogenic medium II [DMEM supplied with 1% FBS, 1% HS,
0.5% CEE, and 1% PS] for another 2-week cultivation.””* All
media were purchased from Life Technologies.

Apoptosis

After 1, 2, and 3 weeks of cultivation, four cell/hydrogel
constructs per group were directly used for terminal deox-
ynucleotidyl transferase dUTP nick-end labeling (TUNEL)
analysis with the In Sifu Cell Death Detection Kit (Roche,
Mannheim, Germany) according to the manufacturer’s in-
struction. Nuclei were counterstained by 4,6-diamidino-2-
phenylindole (DAPI). Photos were documented by a confocal
laser scanning microscope (CLSM; Leica Microsystems, Inc.,
Buffalo Grove, IL).

PCR array

Since PCR array is one of the most reliable tools for
analyzing the expression of a focused panel of genes, RT?
Profiler™ PCR array for Human Skeletal Muscle (Qiagen,
Frederick, MD) was used to profile myogenic-related gene
expression according to the manufacturer’s instruction.
Briefly, 1.0 ng RNA isolated from the encapsulated cells by
the RNeasy™ Mini Kit (Qiagen) with DNase (Qiagen)
treatment was used as a template for PCR array. Three
different cDNA templates were tested on a 7300 Real-Time
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PCR system (Life Technologies). Concomitant glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was used as a
housekeeping standard since its Ct values are more consistent
among the testing groups than other potential housekeeping
genes suggested by the manufacturer (Supplementary
Table S1). Hierarchical clustering analysis (HCA) and prin-
cipal component analysis (PCA) were conducted in RStudio
(version 1.2.1335; RStudio, Inc., Boston, MA) coupled R
(version 3.6.0) with packages pheatmap (version 1.0.12) and
stats/prcomp (version 3.6.0), respectively.

Immunofluorescence staining

The cell/hydrogel constructs were fixed in 4% parafor-
maldehyde at room temperature for one h and then directly
used for myogenic differentiation confirmation by CLSM. It
is worth noting that since the cell/hydrogel constructs cannot
survive from heat-, enzyme-, or even acid-based retrieval
processes, only the antibodies that do not require an antigen
retrieval process were applied in the present study. In par-
ticular, antibodies against a-sarcomeric actin (ACTA; Cat.
# ab28052, clone Alpha Sr-1; Abcam, Cambridge, MA),
sarcomeric o-actinin (ACTN; Cat. # ab9465, clone EA-53;
Abcam), and desmin (Cat. # ab8592; Abcam) were used to
validate the myogenic differentiation according to the in-
structions of the manufacturer. On the contrary, antibodies
against osteocalcin (OCN; Cat. # ab198228, Abcam), type 11
collagen [COLII; Cat. # II-II6B3, Developmental Studies
Hybridoma Bank (DSHB), Iowa Citi, IA],**** and teno-
modulin (TNMD; Cat. # ab203676, Abcam) were used to
assess the osteogenic, chondrogenic, and tenogenic differ-
entiation of encapsulated cells, respectively. DAPI was used
for counterstaining. CLSM documented photos.

Statistical analysis

Raw data are presented with mean = standard deviation
(SD). Data were assessed by one-way ANOVA and two-
sample r-tests (one-tailed) with OriginPro 8 (Origin Lab
Corp., Northampton, MA). p<0.05 (*) was considered a
suggestive difference, while p<0.005 (**) was recognized
as a statistically significant difference.*’

Results
Viability and apoptosis of encapsulated FReP cells

Immediately after the encapsulation (Day 0), live/dead
staining revealed that more than 75% of FReP cells encap-
sulated in MeGC-hydrogel survived through the photo-
crosslinking procedure. At the same time, the incorporation
of Coll into the hydrogel significantly increased the viability
of the encapsulated FReP cells (Fig. 1A). Notably, the via-
bility of FReP cells in both MeGC- and MeGC/Coll-hydrogel
was not significantly altered after 1 day of myogenic culti-
vation (Fig. 1A). Meanwhile, the elongated morphology
demonstrates that the encapsulated FReP cells already ex-
panded and engrafted in these hydrogels at this early time
(Fig. 1B). Considering Coll is the most abundant ECM in
skeletal muscle and that TUNEL analysis revealed the apo-
ptosis of the FReP cells remained at a minimal level
throughout the entire 3-week myogenic differentiation when
encapsulated in the MeGC/Coll hydrogel (Fig. 2), the MeGC/
Coll-FReP cell construct was further investigated.
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FIG. 1. Viability of FReP cells encapsulated in the MeGC- and MeGC/Coll-hydrogels. (A) The viability of encapsulated
FReP cells was significantly enhanced in the presence of Coll immediately after (Day 0) and 1-day post-photocrosslinking
encapsulation (Day 1). (B) After 1-day cultivation, encapsulated FReP cells expanded in the hydrogel constructs. N=16
(Day 0) or 10 (Day 1), respectively; **p<0.005. Scale bar=100pum. MeGC, methacrylated glycol chitosan; FReP,
fibromodulin-reprogrammed.

Gene profiles of encapsulated FReP cells 84 myogenic-related genes were organized by HCA to
and parental fibroblasts in the MeGC/Coll-hydrogel identify distinctive cluster markers (Fig. 3A). PCA revealed
with the myogenic stimulating condition in vitro that six key principal components (PC1-PC6) explain more

than 95% of the total variance (Supplementary Table S2).
To obtain comprehensive expression patterns of the en- Next, a visual plot was developed by comparing with two
capsulated cells during the myogenic differentiation in vitro, principal components explaining 73.3% of the overall
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FIG. 2. Apoptosis of FReP cells encapsulated in the MeGC/Coll-hydrogel. Apoptosis of MeGC/Coll-hydrogel-
encapsulated FReP cells maintained at a relatively low level during the entire 3-week cultivation period. According to the
manufacturer’s instruction, MeGC/Coll-hydrogel-encapsulated FReP cells after 1-week cultivation were used as a negative
control of TUNEL assay by omitting the terminal transferase in the reaction system, while MeGC/Coll-hydrogel-
encapsulated FReP cells after 3-week cultivation with DNase treatment were used as a positive control. N=4. Scale
bar=200 um.
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FIG. 3. HCA and PCA of myogenic-related genes in MeGC/Coll-hydrogel-encapsulated BJ fibroblasts and FReP cells
during myogenic differentiation in vitro. (A) HCA identified distinctive clusters of genes, suggesting encapsulated FReP
cells presented a significantly higher expression of muscle-specific genes than encapsulated BJ fibroblasts. (B) PCA plot
comparing with two principal components, PC1 and PC2, demonstrated the distinct differentiation path of BJ fibroblasts
(blue dotted line) and FReP cells (black dotted line). The major contributors for PC1 (red dashed lines) and PC2 (green
dashed line) were shown. Gene expression of major contributing genes of PC1 (C) and PC2 (D) was tracked during the

3-week cultivation, respectively. Data normalized to undifferentiated encapsulated BJ fibroblasts. N=3;
**p <0.005. HCA, hierarchical clustering analysis; PCA, principal component analysis.

1116

*p<0.05;



NOVEL HYDROGEL—FREeP CELL SYSTEM FOR MUSCLE REGENERATION 1117
A 250, PAX7 - < 1004 MYF5
kel — © ]
A ok a )
E 200 . — ul_) 80‘ —
g2 — 2 1
@ 150+ © 604
a) u} ] ek
c c _—
8,100+ S 401
g U>} L *k
‘© 504 ‘T 204
© -
¢ olee-aa-== — e £ o
250, MYOD1 2004 MYOG
c c
o o o
@200 —_ a
o - o FIG. 4. Profile of myo-
2150 - £ genic transcription factor
o o cassette and myosin encoding
- 100 2 genes in MeGC/Coll-
S * S hydrogel-encapsulated BJ
Q 5 0 fibroblasts and FReP cells
£ i = during myogenic differentia-
° ° tion in vitro. (A) Gene ex-
@ 0O 14 pression of PAX7 —MYF5—
MYODI— MYOG myogenic
204 MYH1 10q MYH2 transcription factor cassette
_5 - _5 1 " and myosin encoding genes,
o 15 T ® 84 — MYH]I and MYH2, was dis-
o 1 o . sected during the 3-week
3 S 6 cultivation. N=3; *p<0.05;
® 404 o ] *%p <0.005. (B) Schematic
[ e (] ok :
5 il S 44 R uial representation of the )
(o)} (o)} ] myogenic differentiation and
2 51 - 2 ol maturation of multipotent
g — g - cells. Data normalized to
© o 1 undifferentiated encapsulated
x 0 x O BJ fibroblasts.
[ Fibroblasts OW O FReP cells_0W
0 Fibroblasts_1W O FRePcells_1W
B Fibroblasts 2wW B FReP cells_ 2W
B Fibroblasts_3W B FReP cells_3W
B
Multipotent state Myogenic commitment Myoblasts
L D) - S —
—
P ) & @ —
PAX7 +======-=
MYES - ivopT
MYOG ==
MYH1/2

variance of the gene profiles: 56.89% for PC1 and 16.44%
for PC2, respectively (Fig. 3B). PCA also demonstrated an
apparent separation in gene expression between MeGC/
Coll-hydrogel-encapsulated fibroblasts and FReP cells, al-
though they were cultured in the same myogenic situation
(Fig. 3B, blue and black dotted lines, respectively). It is
worth noting that the major PC1 contributors (Fig. 3B, red
dashed lines), including ACTAI, ACTN3, AKT2 (encoding
AKT serine/threonine kinase 2), CAVI (encoding caveolin
1), DAGI (encoding dystroglycan 1), NEB (encoding neb-
ulin), and TNNT3 (encoding troponin T3, fast skeletal type),

were all grouped in Cluster 4 of HCA (Fig. 3A). The ex-
pression of these PC1 major contributors significantly in-
creased in the MeGC/Coll-hydrogel-encapsulated FReP
cells instead of the encapsulated fibroblasts during the
myogenic cultivation (Fig. 3C). On the other hand, myos-
tatin (MSTN), the predominant contributor for PC2 (Fig. 3A,
green dashed line), was upregulated in the MeGC/Coll-
hydrogel-encapsulated fibroblasts, instead of the encapsu-
lated FReP cells, during the myogenic cultivation (Fig. 3D).

In addition, gene profiling also revealed that paired box 7
(PAX7), a vital early myogenesis marker,”® and the
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FIG. 5. IF staining of muscle-specific cyto-
skeletons in MeGC/Coll-hydrogel-encapsulated
fibroblasts and FReP cells after a 3-week
myogenic differentiation in vitro. (A) After
3-week myogenic differentiation, MeGC/Coll-
hydrogel-encapsulated FReP cells displayed
remarkable staining of skeletal muscle-specific
cytoskeletons. On the contrary, none of these
markers was detectable on MeGC/Coll-
hydrogel-encapsulated fibroblasts at the same
time. (B) With the IF staining of ACTN, the
fusion of MeGC/Coll-hydrogel-encapsulated
FReP cells, as well as the subsequent myotube
formation, was visualized. Scale bar =200 pm
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IF, immunofluorescence.
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transcription of PAX7’s downstream muscle-specific tran-
scription factor cassette, myogenic factor 5 (MYF5) —
myogenic determination [ (MYODI) — myogenin
( MYOG),ZO’46 were also distinguished between fibroblasts
and FReP cells in the Cluster 4 of HCA (Fig. 3A). The
expression of PAX7 and MYF5 was constitutively upregu-
lated in the encapsulated FReP cells, while levels of
MYODI and MYOG reached their peaks at week 2, and
dropped at week 3 (Fig. 4A). Subsequently, expression of
muscle-specific cytoskeletons, such as myosin [as presented
by genes myosin heavy chain I (MYHI) and MYH?2
(Fig. 4A)], was also significantly induced in encapsulated
FReP cells by the 3-week myogenic stimulation in vitro.
The expression pattern of these genes in encapsulated FReP
cells during myogenic cultivation in vitro (Fig. 4B) was
similar to that of SCs,47’48 whereas none of these genes was
noticeably upregulated in the encapsulated fibroblasts dur-
ing the entire period (Fig. 4A).

Immunofluorescence staining of encapsulated FReP
cells in the MeGC/Coll-hydrogel with the myogenic
stimulating condition in vitro

The myogenic marker expression was further validated in
the protein level with immunofluorescence staining. For
instance, after cultivation with myogenic stimulation for 3
weeks, the vigorous staining intensity of ACTAl, ACTN,
and desmin was observed in MeGC/Coll-hydrogel-
encapsulated FReP cells, while the signal was barely de-
tectable in the encapsulated fibroblasts in the same condition
(Fig. 5A). Moreover, FReP cells fused in the MeGC/Coll-

hydrogel and formed myotubes three dimensionally
(Fig. 5B), further representing the myogenic differentiation
of FReP cells in vitro. On the contrary, MeGC/Coll-
hydrogel-encapsulated FReP cells expressed neither OCN
nor COLII (Supplementary Fig. S1A, B), while only a
minimal amount of cells displayed TNMD signaling (Sup-
plementary Fig. S1C), demonstrating that the encapsulated
FReP cells did not considerably undergo osteogenic, chon-
drogenic, or tenogenic differentiation in this previously es-
tablished myogenic condition. Therefore, present data validate
the specific myogenic differentiation of MeGC/Coll-hydrogel-
encapsulated FReP cells in vitro at both transcriptional and
translational levels.

Discussion

The goal of tissue engineering is to assemble functional
constructs that can replace or repair damaged or diseased
tissues. Obtaining a sufficient cell source that either has the
full functions or is capable of growing into the required
functionality is an essential objective for tissue engineering
approaches. For skeletal muscle regeneration, in particular,
the major challenge to date is isolation and generation of
readily available and safe regenerative cell sources with
myogenic potency since direct transplantation of committed
myoblasts or MPCs is hindered by inadequate availability,
limited spreading, and poor survivability.>*"** To date,
multiple cell types, including SCs (the quiescent canonical
myogenic precursors) and MSCs, have been used to alle-
viate the severity of skeletal muscle injuries or diseases.”*!
However, the application of SCs was held up due to their
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limited availability source-specific g)redetermination nature,
and unstable regenerative capacity.>>' Meanwhile, previous
studies suggested that MSCs transplanted in severely trau-
matized muscle predominantly went through osteogenesis
rather than myogenesis.>** In addition, traditional avenues
of MSC derivation, including bone marrow aspiration and
liposuction, along with less common avenues such as
muscle biopsy, are invasive and potentially entail pain and
medical or surgical risks (e.g., risks of bleeding and anes-
thesia).”>> More importantly, recent studies have found
that MSCs can develop chromosomal aberrations during
cultivation,”® undergo spontaneous tumorigenic transfor-
mation,57 and promote glioblastoma and sarcoma formation
directly or indirectly,”®*° particularly with inflammatory
stimulation® that typically arises in the wound scenario.
Considering that the highly vascularized microenvironment
in skeletal muscle can be especially conducive to tumor
formation,®' these observations question the safety of MSC
application in vivo. Embryonic stem cells (ESCs) are not a
practical option because of the moral dilemmas, the potential
risk of rejection, and the possibility of tumorigenesis.®***
Undoubtedly, within regenerative medicine, the most exciting
paradigm is the generation of iPSCs. However, iPSCs likely
carry an even higher tumorigenic risk than ESCs because of
oncogene activation or interruption from viral integration.®>~%®
To conquer this difficulty, we recently developed an FMOD-
based reprogramming approach to directly convert dermal
fibroblasts, which can be easily isolated from a skin biopsy
and expanded in culture, into the multipotent stage.”” The
yield FReP cells shared multiple similarities with iPSCs, such
as the triploblastic differentiation capability.”” > Excitingly,
when compared with iPSCs, FReP cells exhibited a superior
capacity for bone and skeletal muscle regeneration with
markedly less tumorigenic risk.””>° Therefore, FReP cells
could be considered an alternative cell source for skeletal
muscle regeneration, especially for patients suffering from
critical-sized muscle defects.

Another principal challenge of tissue engineering is in-
troducing a suitable cell type with a capable delivery ve-
hicle since maintaining cellular aggregation of implanted
cells is equally critical for successful tissue regeneration.
The cell-to-cell interaction directly regulates cell differ-
entiation in the recipient tissue environment.’"*®7" In
particular, in cases of large-volume muscle implantations
for treatment of critical-sized defects (such as those from
severe trauma or large tumor resections) and aesthetic
purposes, preserving an appropriate cellular localization
and retention is difficult due to the absence of a facial soft
tissue envelope. To address these issues, a diversity of
hydrogels have been used as encapsulating cell delivery
vehicles since hydrogels can homogeneously incorporate
cells and provide a highly hydrated environment that is
amenable to the rapid diffusion of nutrients and metabo-
lites.>**! Due to the development of photopolymerization
techniques, we now can spatially and temporally control
the polymerization process to generate stable and me-
chanically secure photopolymerizable hydrogels in the
presence of photoinitiators using visible or UV light.>*>!
However, for photopolymerizable hydrogels, the free rad-
icals produced by photoinitiators are highly reactive and
can react with not only the polymerizable monomers but
also the cells and thus cause cellular damage during the
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encapsulation.”""”? Here, by demonstrating that more than
75% of FReP cells encapsulated in MeGC- and MeGC/Coll
hydrogels survived through the photocrosslinking proce-
dure, we are convinced that the toxicity of these photo-
polymerizable hydrogels is tolerable. Moreover, agreed
with previous studies on MSCs,*”° our present study
confirms that the incorporation of native ECM components
of the target tissue in the engineered hydrogel/cell con-
struct will significantly improve the survival and differ-
entiation of encapsulated FReP cells. Our data also
constitute the evidence that the photopolymerized MeGC/
Coll-hydrogel allows nutrients, oxygen, and metabolic
products to diffuse easily through its matrices and thus
supports the survival of encapsulated FReP cells without
inducing meaningfully cellular damage.

In addition, gene profiling of MeGC/Coll-hydrogel-
encapsulated FReP cells revealed a trend of myogenic-
related gene upregulation, which is in agreement with the
current understanding of the path that multipotent progenitor
cells differentiate and mature into myoblasts.'® In agreement
with the gene profiling data, the MeGC/Coll-hydrogel-
encapsulated FReP cells displayed the expression of muscle-
specific cytoskeletons at the protein level. Furthermore,
CLSM documented the spreading, extending, and myotube
formation of the encapsulated FReP cells in the MeGC/Coll-
hydrogel three dimensionally, further verifying their myo-
genic differentiation in vitro. These findings constitute the
evidence that photopolymerized MeGC/Coll-hydrogel pro-
vided a desirable microenvironment for FReP cell survival
and myogenic differentiation. Thus, the FReP cell-MeGC/
Coll-hydrogel construct could be considered a promising
tissue engineering mimic for skeletal muscle generation.

On the contrary, it is known that overexpression of MSTN
inhibits the myogenic process by downregulating the muscle
regulatory factors MYODI and MYOG.” Thus, the upre-
gulation of MSTN in MeGC/Coll-hydrogel-encapsulated fi-
broblasts but not FReP cells may explain the nonmyogenic
differentiation of the encapsulated fibroblasts during the
cultivation. Moreover, unlike the encapsulated FReP cells,
the encapsulated parental fibroblasts presented significantly
lower levels of muscle-specific transcription factors and cy-
toskeletons, confirming the myogenic potential of FReP cells,
but not their parental fibroblasts, in MeGC/Coll-hydrogel.

Taken together, by combining the current breakthroughs
in the fields of biomaterials and cellular reprogramming, we
introduce a photopolymerizable MeGC/Coll-hydrogel/FReP
cell construct that possesses a promising capability for
skeletal muscle regeneration in vitro, while further in vivo
validation is warranted for its clinical application. The ex-
cellent biocompatibility of MeGC/Coll-hydrogel with FReP
cells will significantly enhance the development of various
photopolymerizable MeGC/Coll-hydrogel/FReP cell con-
structs and shift the paradigm of regenerative medicine into
a feasible, safe, and efficient procedure with controllable in
situ cell delivery. Since Coll is the predominant type of
collagen (accounting for 90% of total body collagen) and
generally distributes in most connective tissues, MeGC/
Coll-hydrogel may also provide a friendly matrix for mul-
tipotent FReP cells differentiating into a wide range of tis-
sues under diverse microenvironments. However, we should
note that the ratio of MeGC and Coll, as well as the en-
capsulated density of FReP cells, should be further
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optimized for different regenerative scenarios in vivo, in-
cluding for aesthetic and functional muscle reconstruction in
a diversity of undamaged and injured situations.
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