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Abstract

animal model research

Volumetric muscle loss overwhelms skeletal muscle’s ordinarily capable regenerative machinery, resulting in severe
functional deficits that have defied clinical repair strategies. In this manuscript we pair the early in vivo functional
response induced by differing volumetric muscle loss tissue engineering repair strategies that are broadly
representative of those explored by the field (scaffold alone, cells alone, or scaffold + cells) to the transcriptomic
response induced by each intervention. We demonstrate that an implant strategy comprising allogeneic
decellularized skeletal muscle scaffolds seeded with autologous minced muscle cellular paste (scaffold + cells)
mediates a pattern of increased expression for several genes known to play roles in axon guidance and peripheral
neuroregeneration, as well as several other key genes related to inflammation, phagocytosis, and extracellular
matrix regulation. The upregulation of several key genes in the presence of both implant components suggests

a unique synergy between scaffolding and cells in the early period following intervention that is not seen when
either scaffolds or cells are used in isolation; a finding that invites further exploration of the interactions that could
have a positive impact on the treatment of volumetric muscle loss.
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Background

Skeletal muscle exhibits an innate ability to regener-
ate small amounts of functional tissue following minor
traumas including strains and contusions [1].The imme-
diate response to mild muscle injury consists of partial
necrosis of damaged myofibers and their degradation by
neutrophils, followed by migration of macrophages to
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the injury which continue to degrade necrotic tissue [2].
Key cytokines released from injured muscle matrix pro-
motes satellite cells residing between myofibers to reen-
ter the cell cycle, proliferate, and migrate to sites of injury
as myoblasts, after which they undergo fusion to form
nascent myofibers [3—5]. Over the course of several days,
the community of macrophages present will shift toward
a range of phenotypes secreting signals promoting myo-
blast differentiation and connective tissue deposition by
fibroblasts [6].

Alternatively, in the case of volumetric muscle loss
(VML), satellite cell recruitment and differentiation are
overwhelmed by inflammatory signaling and damage to
the basal lamina, with ECM-deposition featuring promi-
nently in the weeks following injury [7]. With the loss
of critical native scaffolding, satellite cell migration is
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restricted [8]. In relatively mild muscle injuries, remnants
of degenerated myofibers act as structural scaffolds for
the bidirectional migration of satellite cells [9], but these
are comparatively absent in VML. Consequently, VML
injuries result in the loss of structural guidance for myo-
genesis and the deposition of non-contractile scar tissue
which prevents the intrusion of nascent myofibers, con-
tributing to a permanent deficit in muscle force.

Exploratory biomaterials for treatment of VML gen-
erally attempt to restore the architectural and com-
positional cues lost to injury and thereby provide a
pro-regenerative substrate for endogenous progenitor
cell migration. The more promising scaffolding materials
appear to be those derived from native tissues, which can
be remodeled by the body’s own wound healing machin-
ery. This includes scaffolds prepared using decellular-
ized skeletal muscle (DSM), porcine small intestinal, and
bladder tissue. However, the use of tissue derived scaf-
folds on their own has yielded mixed results, with little
evidence of de-novo muscle fiber regeneration [10-13].
To enhance muscle regeneration, synergistic therapies in
which tissue scaffolds are supplemented with exogenous
precursor cells have been explored [14—18]. Founded on
the premise that the scaffold provides an enabling sub-
strate for regeneration by co-delivered cells, these com-
binatorial (scaffold+cells) tissue engineering strategies
have been able to restore approximately half of the con-
tractile force lost to VML injury [19].

The mechanisms by which these combinatorial thera-
pies (scaffold +cells) may enhance muscle recovery when
compared to either strategy used in isolation remains
unclear, particularly during the early weeks following
injury. The lower level of recovery occurring with the use
of scaffolds or cells alone emphasizes the importance of a
multifactor approach to VML treatment, and suggests a
biomolecular synergy exists between delivered cells and
scaffolds which to date has not been explored in depth.
Here we extend the body of VML knowledge by profil-
ing the transcriptome-wide responses of VML-injured
tissue to scaffolding and cell delivery strategies employed
in isolation and in combination at 3 to 14 days post injury
(DPI) to better assess early regulatory changes poten-
tially mediating the significant differences observed in
long-term functional outcome between these distinct tis-
sue engineering schemes. Clarifying the effects of these
therapies on the complex inflammatory, fibrotic, and
regenerative networks in the early period following injury
contributes to a foundational understanding of VML
pathobiology upon which to further refine VML repair
strategies for the clinic.
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Methods

Animals

Sprague Dawley rats (pre-surgical mass~350 g) were
used in this study (3 animals/ group for 3 DPI cohort and
5 animals / group for 14 DPI cohort). The 3 and 14 day
timepoints are supported by findings by Corona in which
they observed a rise in many key regenerative markers
during the first two weeks post VML injury and repair
[20]. Buprenorphine (0.1 mL at 0.3 mg/mL) was admin-
istered to all rats subcutaneously every eight hours for
postoperative analgesia and access to Rimadyl was pro-
vided at up to 1 mg per day for seven days post-injury.
Food and water were provided ad [libitum. All animal
procedures were approved by and performed in accor-
dance with the guidelines of the Institutional Animal
Care and Use Committee of the University of Arkansas.

Injury and repair

VML injuries were created in rats using an established
VML model [21]. Briefly, a lateral incision was made on
the lower left leg separating skin and fascia to expose the
tibialis anterior (TA) muscle. An 8 mm biopsy punch was
used to remove muscle tissue (~100 mg) from the middle
third of the TA to a depth of 3 mm (Fig. 1A). Subsets of
rats underwent repair of VML injury with autologous
minced muscle grafts (MM), decellularized skeletal
muscle prepared from rat tibialis anterior (DSM), and
a combination of DSM and MM (DSM+MM), Fig. 1B).
The use of MM, sourced from small portions of autolo-
gous donor muscle, is a clinically translatable source of
muscle precursor cells that has shown promise by us and
others [8, 22—-26]. DSM was prepared by incubation of rat
TA in 1% SDS for one week followed by treatment with
1kU/mL DNAse I and RNAse A. Constructs were incu-
bated for eight hours in penicillin-streptomycin solution,
lyophilized, and stored at -20 °C pending implantation.
MM autografts were prepared during surgery by mincing
50% of the biopsied tissue using microscissors. Fascia and
skin were closed using interrupted stitches with 6—0 Vic-
ryl sutures.

Functional assessment

Peak tetanic contractile force of injured and uninjured
contralateral limbs was measured at three days and four-
teen days post-injury as previously described [27]. Briefly,
peroneal nerves of anesthetized rats (2-2.5% isoflurane)
were stimulated (150 Hz, 0.1 ms pulse width, 400 ms
pulse train) by an S88 pulse stimulator (Grass Technolo-
gies, West Warwick) to induce contraction of the tibialis
anterior (TA) muscle. Measurement of raw force output
(N) was enabled by securing the foot of the limb to a
force transducer system (Aurora Scientific, Ontario) with
surgical tape. Peak tetanic force for each limb was calcu-
lated by the mean of three contractions and normalized
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Fig. 1 Creation of VML injuries and subsequent repair strategies

(A) Rat tibialis anterior muscles were ablated with an 8 mm diameter biopsy punch to create a VML defect removing approximately 20% of muscle mass
[57]. VML defects were immediately subjected to implant repair strategies (A-B) including minced muscle (MM), decellularized skeletal muscle (DSM), and

a combination of the two (DSM + MM).

to animal mass (N/kg body weight). All animals were
then euthanized by carbon dioxide inhalation in accor-
dance with guidelines provided by the AVMA Panel on
Euthanasia of Animals.

RNA preparation and sequencing

Samples of TA muscles (n=3 / group / timepoint) encap-
sulating the interface between the defect and defect-adja-
cent regions were harvested from euthanized rats at three
days and fourteen days post-injury using a 2 mm biopsy
punch, snap frozen on liquid nitrogen, and stored at

-80 °C pending RNA isolation. Tissues were thawed and
homogenized for 15 s at room temperature. Total RNA
was isolated using the Purelink RNA Mini Kit (Thermo-
Fisher). RNA concentration was determined by nano-
drop spectrophotometry, with RNA quality (28 S/18s>2,
RIN>7) confirmed using a Tapestation (Agilent Tech-
nologies). c¢DNA libraries were sequenced on the
BGISeq-500 platform to a mean depth of 20,000,000
reads per library.
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RNA-seq data analysis

RNA sequencing reads were mapped to the Rattus nor-
vegicus genome (RGSC build 6.0) using STAR [28]. Reads
were quantified using FeatureCounts [29], followed by
TMM count normalization and analysis of differential
expression in edgeR [30]. Differential expression was
classified using a false discovery rate (FDR) cutoff of
0.05 and a minimum fold change of 1.5. Visualization of
group intersections for differential gene expression was
performed using UpsetR [31]. Enrichment analysis of
gene sets was performed against the Biological Process
and Cellular Component Gene Ontology databases in
ShinyGO [32]. Pathway level analysis was also performed
using Ingenuity Pathway Analysis (Qiagen) [33].

Statistics

Statistical analyses for assessment of muscle force and
mass were performed using Prism 9 (Graphpad, La Jolla,
California), using repeated measures ANOVA with post-
hoc Dunnett’s test. Assessment of significance for dif-
ferential gene expression was performed using EdgeR
with TMM normalization of read counts and adjustment
of p-values for multiple comparisons by the Benjamini-
Hochberg procedure. Linear regression using the least
squares method was used to model the relationship of
Reln and Robol gene expression to peak contractile
muscle torque for all treatment groups at 14 DPI. The
quality of the relationship was evaluated with the Coef-
ficient of Determination (R%) and the significance of the
relationship was examined using ANOVA. Significance
was accepted at P<0.05 (*) P<0.01 (**), P<0.001 (***),
and P<0.0001 (****). Quantitative data are displayed as
meantstandard deviation.

Data Availability

All RNA-sequencing FASTQ files and processed tran-
scipts expression files were deposited in the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE125896. Supplemen-
tary Figures are publicly available at a GitHub repository
(http://github.com/RobertsEng/VML-RNA-seq).

Results

Early functional outcomes of VML injury are not yet
affected by repair strategies

All animals tolerated the surgery well and reached
the study endpoints. No significant differences in ani-
mal growth were observed. Ablation of the rat tibi-
alis anterior (TA) resulted in defects clearly visible at 3
and 14 days post injury (DPI) (Fig. 2A). While no clear
differences were noted in the gross appearance of
VML and MM-treated muscles, DSM and DSM+MM
implants remained intact in the site of the defect, with
the DSM+MM appearing better integrated with the
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muscle than DSM alone (Fig. 2A-B). Masses of excised
TA muscles were statistically indistinguishable from
excised contralateral uninjured TA across all groups at
3 DPI (Supplemental Fig. 1). At 14 DPI, the mean mass
of VML and MM-treated TA’s were significantly lower
relative to uninjured TA (74.2% of uninjured TA mass
with p=0.0001 and 84.3% of uninjured TA mass with
p=0.0257, respectively), while DSM and DSM+MM
exhibited on average 88.6% (p=0.1579) and 98.4%
(p=0.9970) of uninjured muscle mass, respectively
(Fig. 2C).

Unrepaired, repaired, and uninjured contralateral limbs
were assessed for peak tetanic force output at both time
points. At 3 DPI, MM and DSM+MM -treated groups
exhibited significantly lower force output (N/kg body
weight) than uninjured contralateral muscles (64.2% and
41.6% of uninjured limb force, p=0.0415 and p=0.0335,
respectively) (Supplemental Fig. 1). Unrepaired, MM,
DSM, and DSM+MM treatments exhibited significantly
lower force output (N/kg body weight) at 14 DPI relative
to uninjured muscles (63.3%, 62.1%, 62.3%, and 76.0% of
uninjured limb force, p=0.0001, p<0.0001, p<0.0001,
and p=0.0127, respectively) (Fig. 2D). No significant dif-
ferences in contractile kinematics were detected between
groups during the first two weeks of recovery.

Muscle transcriptomes vary sharply with repair strategy at
two weeks post-injury

Analysis of RNA-seq data in EdgeR revealed a cumula-
tive total of 5174 differentially expressed genes (DEGs)
across all treatment groups relative to uninjured muscle
(Fig. 3A). A broadly similar pattern of gene expression
was observed across all groups at 3 DPI, with the nota-
ble exception of a marked downregulation of 771 genes
within the MM group (Fig. 3B-C) revealed by gene ontol-
ogy to be associated with diverse range of macromol-
ecule metabolic processes (Supplemental Fig. 2). No
DEGs were identified for the MM-treated group at 14
DPI (MM14). The top canonical pathway from the IPA
knowledge base for groups at both time points (Fig. 4A-
B) suggests an activation of CREB signaling which per-
sists in the DSM and DSM+MM groups at 14 DPI and
is known to promote survival of macrophages [34]. This
together with the predicted activation of pathways for
IL-8, TREM1, and neuroinflammation at 3 DPI as well
as CREB, IL-8, IL-15, and neuroinflammation at 14 DPI
suggests a general state of inflammatory signaling in all
groups except MM 14 and VML14. The prediction of acti-
vated hepatic fibrosis signaling likewise suggests a similar
pattern reflecting general fibrosis-related transcription
across the same groups.
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Fig. 2 Muscle histology and electrophysiology data

(A) Gross appearance of tibialis anterior muscles for groups at fourteen DPI. TA muscle cross-sections were stained with Masson’s Trichrome. (B) Repre-
sentative 2-week uninjured, VML, DSM, MM and DSM + MM repair groups are presented. Magnified (100X) images are shown. Inset indicates approximate
location of magnified image within the TA cross-section. Scale bar =100 pm. (C) Tibialis anterior mass (g/kg rat body weight) and electrophysiological
measurement of mean peak contractile force for all groups (D) at fourteen DPI, indicating deficits in functional outcome among VML, MM, DSM, and
DSM +MM-treated muscles relative to the uninjured contralateral limb at 14 DPI (p=0.0001, <0.0001, <0.0001 and 0.0127, respectively). The *, **, *** and
**** indicate statistically significant difference of p<0.05, p<0.01, p<0.001, and p <0.0001 when comparing each group to uninjured controls. Error bars
are presented as + standard deviation, with N=4-5 animals per treatment group. Scale-bar =1 cm

Myogenesis and angiogenesis transcription are generally include the upregulation of MYOG in all 3 DPI groups,
unaffected in the early period following VML repair the observation of upregulated MYF5 within the DSM
Assessment of all groups for the classic markers of pre-  group relative to uninjured controls at 14 DPI (p=0.007),
cursor cell myogenesis indicate a general lack of coordi-  and significant (p <0.05) increases in MYMK across most
nated myogenesis signaling at 14 DPI. Notable exceptions  groups relative to control, though between-treatment
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Fig. 3 Global transcription within the VML cell community diverges profoundly based on repair strategy
(A) Heatmap of log,FC for all 5174 differentially expressed genes (DEGs) across all treatment groups relative to uninjured muscle, with hierarchical clus-
tering of gene expression data visualized using one minus Pearson correlation with average linkage. Visualization of the top 30 DEG intersections for

upregulated (B) and downregulated (C) DEGs was performed using UpsetR.

differences were insubstantial. (Fig. 5A) Assessments
for angiogenesis markers indicated downregulation of
FGF1, FGF2, and VEGFa in MM3 group as well as down-
regulation of FGF2 in the DSM+MM3 group (Fig. 5B).
All other groups exhibited no significant changes in the
expression of angiogenesis-related transcripts. Ingenu-
ity Pathway Analysis predicted no significant changes to
myogenesis or angiogenesis at the pathway level.

Profound upregulation of fibrosis and inflammation
related transcripts persists in DSM and DSM + MM
interventions at two weeks post injury

Transcripts for many well-described matrix structural
constituents and enzymes, including fibrillary collagens,
collagen nucleators, and matrix metalloproteinases, were
found to be profoundly upregulated in both the DSM and
DSM+MM groups at 14 DPI (Fig. 5C), with IPA identi-
fying significant upregulation within the hepatic fibrosis
canonical pathway for each (p=6.81E-16 with 44 DEGs
and 5.63E-21 with 62 DEGs, respectively). Multiple com-
mon pro-inflammatory cytokines and chemokines were
significantly upregulated in all implant groups at 3 DPI
as well as the DSM group at 14 DPI, with DSM+MM
at 14 DPI also exhibiting increased transcription of
CCL2 and CXCL10 (Fig. 5D). Upregulation of the Fcy

receptor-mediated phagocytosis pathway was further
identified (p=1.99E-12 with 27 DEGs and p=2.35E-10
with 30 DEGs, respectively) with upregulation of tran-
scripts for phagocytosis-activating FC receptors as well as
SRC and SYK family kinases [35] identified across most
groups (Fig. 5E). The Cell Movement category of tran-
scripts was found by Ingenuity Pathway Analysis (IPA) to
be significantly upregulated for all groups at 3 DPI and
the DSM (p=1.73E-91 with 525 DEGs) and DSM+MM
(p=2.34E-109 with 736 DEGs) groups at 14 DPI. While
all 3 DPI groups exhibited patterns of transcription iden-
tified by IPA as consistent with immune cell trafficking, at
14 DPI only DSM and DSM+MM treatment continued
to show such patterns (p=5.49E-19 with 370 DEGs and
p=1.25E-21 with 510 DEGs, respectively). Of particular
note, at 3 DPI, expression of the IL-10 receptor subunits
IL10ra / IL10rb were significantly upregulated across
all groups, however by 14 DPI expression had largely
decreased and remained upregulated in the DSM+MM
group only (Fig. 5F).

Expression of key peripheral neuroregeneration genes is
increased in DSM + MM repair

IPA identified substantial changes in the Neuroin-
flammation and Axonal Guidance Signaling canonical
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Heatmaps of Z-score for the top 10 canonical pathways from the IPA knowledge base for treatment groups relative to uninjured muscle at (A) 3 days
post injury and (B) 14 days post injury. Pathway analysis was not performed for the MM group at 14 days post injury as no genes within that group met

DEG criteria

pathways in all 3 DPI groups, with VML, MM, DSM, and
DSM+MM each exhibiting~80 DEGs for neuroinflam-
mation and ~100 DEGs for axonal guidance. Notably,
DSM and DSM+MM at 14 DPI exhibit 60 and 109 DEGs
associated with axon guidance signaling, respectively,
while VML and MM at 14 DPI did not exhibit such pat-
terns; further, pathway analysis of the 299 upregulated
DEGs unique to the DSM+MM group at 14 DPI indicates
that 66 of the 299 are known to have roles in nervous sys-
tem development and function, including neurotransmis-
sion (20 DEGs) and motor function (6 DEGs). Querying
the Gene Ontology Cellular Component database for the

299 unique DEGs additionally revealed that 37 DEGs are
known to localize to the projections of neurons. Que-
rying the Gene Ontology Biological Process database
indicated that 20 of the 299 DSM+MM14 unique genes
have roles in synaptic signaling, and that 25 of the human
homologs of the 299 DEGs have similar roles in humans.
Expression levels of several genes known to have impor-
tant roles in axon guidance and peripheral neuroregener-
ation (Ngef, Ngf, Reln, Robol, and S100b) were found to
be significantly upregulated in the DSM+MM group but
not others at 14 DPI (Fig. 6A). Among these genes, both
Reln (p=0.008, R*=0.56) and Robol (p=0.002, R*=0.5)
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expression were found to correlate moderately with limb
contractile force (Fig. 6B-C).

Discussion

In this work we have profiled the global transcriptomes
of the VML cell community in response to several bio-
materials-based repair strategies comprising DSM, MM,
and a combination of the two (DSM+MM). A standard
of care for VML remains elusive; MM implantation can
promote some degree of repair but requires prohibi-
tively large amounts of donor tissue for extensive VML
wounds. An emerging alternative is the use of extracel-
lular matrix scaffolds; however, many of those piloted
in the literature thus far have mixed impacts on func-
tional outcome. In our previous work the application of
MM pastes to DSM prior to implantation restored half
of the peak contractile force lost to VML (81% of unin-
jured peak contractile force vs. 62%), while other minced
muscle or ECM grafts result in comparatively modest
improvement to force outcomes [27]. In this study we
have specifically examined transcriptomic outcomes in
the early period (3—14 DPI) in order to assess whether
this treatment strategy elicits transcriptional activity
early in the recovery process that may explain the dis-
parate fates of MM, DSM, and DSM+MM treatment of
VML observed in long-term functional deficit [27]. We
observed significant deficits among all treatment groups
relative to normal muscle at 14 days post-injury. While
DSM+MM treatment exhibited the highest force out of
all treatment groups, the means of individual treatment
groups were not significantly different from each other. It
should further be noted that the in vivo limb force mea-
surement used in this study does not preclude the effect
of compensatory hypertrophy of the extensor digitorum
longus on the absolute magnitude of force. These force
values were measured as a routine part of the study and
were not indicative of the long-term functional values
since active inflammation at these early timepoints can
interfere with force production.

While upregulation of some myogenesis-related tran-
scripts relative to uninjured muscle was observed in
some groups, between-treatment differences were insub-
stantial, in agreement with the findings of Aguilar et al. in
their transcriptomic profiling of VML and MM repair [1].
The short 14-day study period, gross morphology of the
muscle, and lack of significant upregulation of myogenic
transcripts in DSM+MM relative to the uninjured nor-
mal condition all suggest that myogenesis is an unlikely
contributor to the tissue microenvironment at this stage.
Chen and Walters have suggested that muscle-derived
ECM mediates force recovery in part through the pro-
vision of a physical bridge through which force can be
transmitted across the site of injury [36]. Corona et al.
further show that relative to untreated VML injuries,
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implantation of muscle ECM biases collagen deposition
toward the defect site rather than intramuscular depo-
sition and prevents reductions in fiber cross-sectional
area, suggesting a protective effect of implanted muscle
ECM against muscle atrophy following injury [22]. Our
data indicate that the DSM component causes substantial
and persistent upregulation of transcripts for the chief
fibrillary collagens, collagen nucleators [37], as well as
collagen-degrading matrix metalloproteinases [38], likely
reflecting the remodeling of implants toward scar-like
tissue as evident in Fig. 2A. This, combined with the pro-
found upregulation of phagocytosis and cell movement
related genes, illustrates a complex environment within
the wound in the weeks following VML; while decellular-
ized skeletal muscle has been shown to promote myogen-
esis by acting as a substrate for satellite cell migration and
differentiation [39], the absence of substantive myogenic
signaling suggests that myogenic processes are not sub-
stantive contributors in the early period (<14 DPI) fol-
lowing VML repair, in agreement with suggestions that
these processes are overwhelmed by pro-fibrotic signal-
ing in the VML defect that is not ameliorated by repair
with ECM scaffolds [7].

Implantation of cellular constructs following VML
has shown the ability to promote muscle innervation as
soon as a week post-repair [40], and can be augmented
in the presence of exercise [17, 18]. Our observation of
substantial upregulation of several neuroregeneration
related transcripts suggests a possible neurologic involve-
ment in the long-term effectiveness of DSM + MM repair
on the functional outcome of VML observed in previ-
ous work [27], though significant between-treatment
differences in force outcome were not observed at these
early timepoints. VML injuries result in chronic motor
axotomy, with denervation-induced atrophy of defect-
adjacent muscle being a potential contributor to the sta-
tistically significant deficits in terminal muscle mass and
contractile force observed across all groups. While most
VML investigations in the literature have focused on the
influence of myofiber atrophy, myogenesis, or immune
involvement, Corona et al. recently demonstrated that
VML results in chronic axotomy of ~69% of motoneu-
rons innervating the tibialis anterior, concurrent with a
large deficit in muscle force [41]. In their work it is shown
that axons innervating muscle are dramatically affected
by VML in a manner disproportionate to the amount of
muscle removed, suggesting that axons innervating the
remaining intact muscle may also be impacted. Indeed,
Greising et al. suggest that attenuating pathology of the
ostensibly healthy musculature adjacent to the defect
may be a more fruitful target for therapeutic interven-
tions than the prevailing focus on de novo myogenesis [7].
Therefore, promoting the innate ability of terminal motor
axons and neuromuscular junctions to reform within
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defect-adjacent muscle may improve the functional out-
come of VML. Further, perisynaptic Schwann cells [17]
from the minced muscle graft may be better able to par-
ticipate in axon repair and guidance when combined with
the DSM substrate which bridges normal muscle with
the wound. Though we have not observed a substantive
pattern of myogenesis transcription with DSM+MM in
the early period following treatment, Corona et al. have
shown via GFP labeling that satellite cells sourced from
MM grafts do contribute to myofiber regeneration in the
longer term; the potential of other MM-resident cells
to contribute to recovery from VML does not appear to
have been explored. Notably, DSM exhibits a longitu-
dinally aligned character, and a recent study found that
treatment of VML with a combination of aligned scaf-
folds and rehabilitative exercise increases the formation
of mature neuromuscular junctions [42]. The bidirec-
tional migratory guidance provided to satellite cells by
remnant “ghost” myofibers present in decellularized
muscle scaffolds provides a plausible mechanism for a
therapeutic effect of DSM [9]. While we demonstrate that
DSM+ MM repair induces the transcription of a number
of key axon guidance and neuroregeneration-associated
transcripts in the early period following injury, further
study with histological and protein-level measures is
required to better ascertain whether the aligned charac-
ter of muscle matrix combined with autologous minced
muscle may mediate functionally relevant nerve regen-
eration following VML.

Our observation of inflammatory and phagocytosis
related transcription -including several chemokines- is
likely a reflection of the diverse population of macro-
phages and other key immune cells known to infiltrate
VML defects in the early period following injury. While
the recruitment of macrophages as part of the acute
wound response and foreign body response to implants is
well described, direct participation of these cells in a vari-
ety of regenerative processes is only recently becoming
better appreciated. Intriguingly, Stratton et al. demon-
strated that macrophages regulate Schwann cell function
during regeneration, with ablation of macrophages asso-
ciated with the injury site resulting in marked reductions
in conduction velocity and remyelination mediated by
the absence of macrophage-derived GAS6 [43]. Cattin et
al. found that macrophages assist in the formation of tis-
sue bridges promoting the migration of repair Schwann
cells during peripheral nerve regeneration [44]. Further,
some initial evidence suggests that aligned scaffolds may
contribute to peripheral nerve regeneration by polariz-
ing macrophages toward a pro-regenerative phenotype,
enhancing the proliferation and migration of Schwann
cells. This suggests a potential role for the aligned char-
acter of DSM in mediating long term force recovery in
VML [45].
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We detected elevated transcription of IL-10 receptor
subunits in all groups except VML and MM at 14 days
post injury, yet the transcription of IL-10 only achieved
significance in the DSM and DSM+MM groups at the
3-day timepoint. IL-10 is a well-established wound heal-
ing cytokine with known anti-inflammatory effects [46],
and its elevated transcription may be a reflection of the
population of hematopoietic cells carrying the receptor
which are known to infiltrate muscle following injury.
During muscle regeneration, IL-10 signaling triggers the
transition of macrophages from a pro-inflammatory M1
phenotype to a pro-regenerative M2 phenotype [2, 47].
When viewed together, the IL-10 / IL10R findings suggest
a potential responsiveness to IL-10 signaling at the VML
repair site, but in the absence of significant endogenous
IL-10 production at two weeks following intervention.

We find that the results of this transcriptomic study
suggest that DSM+MM treatment promotes a pattern
of transcription consistent with peripheral neuroregen-
erative signaling at two weeks following injury (Fig. 6).
Further, when correlating to the muscle contractile force,
we identified a positive relationship between the upregu-
lation of neuritogenesis (Reln) and axonogenesis (Robo1)
genes with improved force recovery. While Reln has
been shown to participate in neurite outgrowth, Robol
is known to play important role in bundling of nascent
axons during muscle innervation [48, 49]. We suggest
that this could potentially influence the long-term refor-
mation of axons and corresponding neuromuscular junc-
tions that are damaged in the defect-adjacent muscle and
therefore an attenuation of denervation-induced muscle
atrophy [17], though we did not assess such measures in
this study. It is understood that perisynaptic Schwann
cells participate in the maintenance of neuromuscular
junctions [50] as well as their reestablishment follow-
ing nerve injury [51]. While future study will be needed
to better ascertain the functional relevance of our tran-
scriptomic observations, we suggest that perisynap-
tic Schwann cells and other cell types liberated during
MM preparation could participate in regeneration, and
that the scaffold component provides a plausible bridge
for their migration into adjacent tissue that is not pres-
ent when MM is implanted in isolation. Evidence to date
suggests that peripheral nerve regeneration is a process
which competes with myogenesis and angiogenesis fol-
lowing injury, though exact regulatory mechanisms are a
matter of some debate. As an example, the chemorepel-
lent SEMA3A is secreted by satellite cells following crush
injury and has been thought to prevent axon ingrowth
during myofiber regeneration [52]; however, a recent
study instead found a significant decrease in SEMA3A
expression following injury and concluded that it is com-
pletely dispensable for reinnervation of neuromuscular
junctions [53]. The increases in neuroregeneration related
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transcripts we have observed in our combined treat-
ment group comes far earlier than would be expected in
the typical sequence of muscle regenerative events, and
could indicate early neural-myogenic crosstalk similar
to that which has been documented in the context of
muscle development [54]. Given that alignment of scaf-
fold components along the major axis of scaffolds pro-
motes neuritogenesis [55] and that aligned decellularized
ECM may facilitate axon guidance [56], we suggest that a
major factor in the promotion of increased neurological
transcription by DSM+MM may be scaffold alignment,
with the MM component providing a liberated source of
muscle resident Schwann cells. Future studies in which
the full community of muscle-resident cells and neu-
romuscular junctions in the defect-adjacent muscle are
directly assessed will be needed to evaluate the role that
this observed upregulation of neurological transcription
may have in the long-term efficacy of DSM+ MM repair.

Conclusion

In sum, our data suggest the involvement of several key
immunomodulation, neuritogenesis, axonogenesis, and
axon guidance transcripts in VML repair in the early
period following injury; these changes were particalu-
lar notable in the scaffold+cell treatment (DSM+MM)
group. Interrogation of these and other factors influ-
encing nerve regeneration and immune-assisted repair
within injured skeletal muscle is relatively unexplored
and may yield fruitful targets exploitable by a combina-
tion of drug and biomaterials-based therapies. Ultimately,
VML injuries exhibit significant heterogeneity. Therefore,
a range of clinical strategies incorporating appropriate
biomaterials, drugs, and physical rehabilitation will be
required to best address the complications of this chal-
lenging condition. As the expense of RNA-sequencing
technologies decreases and the ease of downstream data
analysis increases, whole transcriptome expression pro-
filing will be an invaluable tool in guiding the develop-
ment of promising therapies for the treatment of VML.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512891-023-06401-1.

[ Supplementary Material 1 J

Acknowledgements
The authors would like to acknowledge support from the National Institutes
of Health and the Arkansas Bioscience Institute.

Author Contribution

KR, JH., and JW. conceived the experiment(s), KR, JK,TH, J.S,and G.D.
conducted the experiment(s), and K.R. and JW. analyzed the results. All
authors reviewed the manuscript.


http://dx.doi.org/10.1186/s12891-023-06401-1
http://dx.doi.org/10.1186/s12891-023-06401-1

Roberts et al. BMC Musculoskeletal Disorders (2023) 24:321

Funding

This project was supported by a research grant (R15AR073492-01) from the
National Institute of Arthritis and Musculoskeletal and Skin Diseases of the
National Institutes of Health.

Data Availability

The datasets generated during and/or analyzed in this study are available from
the corresponding author on reasonable request. RNASeq data, which have
been deposited in the Gene Expression Omnibus (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE125896) and are fully and publicly accessible
under accession number GSE125896.

Declarations

Ethics approval and consent to participate

We confirm that all methods were performed in accordance with the relevant
guidelines and regulations. This study was approved by the Ethics Committee
at the University of Arkansas. All experiments were performed in accordance
with all guidelines and ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 17 December 2022 / Accepted: 5 April 2023
Published online: 24 April 2023

References

1. Larouche J, Greising SM, Corona BT, Aguilar CA. Robust inflammatory and
fibrotic signaling following volumetric muscle loss: a barrier to muscle regen-
eration. Cell Death Dis. 2018;9(3):409.

2. Tidball JG. Regulation of muscle growth and regeneration by the immune
system. Nat Rev Immunol. 2017;17:165.

3. Allen RE, Sheehan SM, Taylor RG, Kendall TL, Rice GM. Hepatocyte growth
factor activates quiescent skeletal muscle satellite cells in vitro. J Cell Physiol.
1995;165(2):307-12.

4. Sheehan SM, Tatsumi R, Temm-Grove CJ, Allen RE. HGF is an autocrine
growth factor for skeletal muscle satellite cells in vitro. Muscle & Nerve:
Official Journal of the American Association of Electrodiagnostic Medicine.
2000,23(2):239-45.

5. Tatsumi R, Anderson JE, Nevoret CJ, Halevy O, Allen RE. HGF/SF is present in
normal adult skeletal muscle and is capable of activating satellite cells. Dev
Biol. 1998;194(1):114-28.

6. Arnold L, Henry A, Poron F, Baba-Amer Y, Van Rooijen N, Plonquet A, Gherardi
RK, Chazaud B. Inflammatory monocytes recruited after skeletal muscle injury
switch into antiinflammatory macrophages to support myogenesis. J Exp
Med. 2007;204(5):1057-69.

7. Greising SM, Rivera JC, Goldman SM, Watts A, Aguilar CA, Corona BT. Unwav-
ering pathobiology of volumetric muscle loss Injury. Sci Rep. 2017;7(1):13179.

8. Sarrafian TL, Bodine SC, Murphy B, Grayson JK, Stover SM. Extracellular matrix
scaffolds for treatment of large volume muscle injuries: a review. Veterinary
surgery:VS. 2018;47(4):524-35.

9. Webster MT, Manor U, Lippincott-Schwartz J, Fan CM. Intravital Imaging
reveals ghost fibers as architectural units guiding myogenic progenitors dur-
ing regeneration. Cell Stem Cell. 2016;18(2):243-52.

10. Aurora A, Corona BT, Walters TJ. A porcine urinary bladder matrix does
not recapitulate the spatiotemporal macrophage response of muscle
regeneration after volumetric muscle loss injury. Cells Tissues Organs.
2016;202(3-4):189-201.

11. Corona BT, Ward CL, Baker HB, Walters TJ, Christ GJ. Implantation of in vitro
tissue engineered muscle repair constructs and bladder acellular matrices
partially restore in vivo skeletal muscle function in a rat model of volumetric
muscle loss injury. Tissue Eng Part A. 2013;20(3-4):705-15.

12. MaJ, Sahoo S, Baker AR, Derwin KA. Investigating muscle regeneration with a
dermis/small intestinal submucosa scaffold in a rat full-thickness abdominal

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

Page 12 of 13

wall defect model. J Biomedical Mater Res Part B: Appl Biomaterials.
2015;103(2):355-64.

'Heureux N, Letourneur D. Clinical translation of tissue-engineered
constructs for severe leg injuries. Annals of translational medicine.
2015;3(10):134-4.

Li M-T, Ruehle MA, Stevens HY, Servies N, Willett NJ, Karthikeyakannan S,
Warren GL, Guldberg RE, Krishnan L. Skeletal myoblast-seeded vascularized
tissue scaffolds in the treatment of a large volumetric muscle defect in the rat
biceps Femoris muscle. Tissue Eng Part A. 2017;23(17-18):989-1000.

Merritt EK, Cannon MV, Hammers DW, Le LN, Gokhale R, Sarathy A, Song TJ,
Tierney MT, Suggs LJ, Walters TJ. Repair of traumatic skeletal muscle injury
with bone-marrow-derived mesenchymal stem cells seeded on extracellular
matrix. Tissue Eng Part A. 2010;16(9):2871-81.

Machingal MA, Corona BT, Walters TJ, Kesireddy V, Koval CN, Dannahower A,
Zhao W, Yoo JJ, Christ GJ. A tissue-engineered muscle repair construct for
functional restoration of an irrecoverable muscle injury in a murine model.
Tissue Eng Part A. 2011;17(17-18):2291-303.

Quarta M. Volumetric muscle loss: including nerves into the equation. Muscle
Nerve. 2018;57(5):705-6.

Quarta M, Cromie M, Chacon R, Blonigan J, Garcia V, Akimenko |, Hamer M,
Paine P, Stok M, Shrager JB, et al. Bioengineered constructs combined with
exercise enhance stem cell-mediated treatment of volumetric muscle loss.
Nat Commun. 2017,8:15613.

Greising SM, Corona BT, McGann C, Frankum JK, Warren GL. Therapeutic
approaches for volumetric muscle loss Injury: a systematic review and Meta-
analysis. Tissue Eng Part B Reviews. 2019;25(6):510-25.

Aguilar CA, Greising SM, Watts A, Goldman SM, Peragallo C, Zook C, Larouche
J, Corona BT. Multiscale analysis of a regenerative therapy for treatment of
volumetric muscle loss injury. Cell death discovery. 2018;4:33.

Wu X, Corona BT, Chen X, Walters TJ. A standardized rat model of volumetric
muscle loss injury for the development of tissue engineering therapies.
BioResearch open access. 2012;1(6):280-90.

Corona BT, Garg K, Ward CL, McDaniel JS, Walters TJ, Rathbone CR. Autolo-
gous minced muscle grafts: a tissue engineering therapy for the volumetric
loss of skeletal muscle. Am J Physiology-Cell Physiol. 2013;305(7):C761-75.
Corona BT, Rivera JC, Wenke JC, Greising SM. Tacrolimus as an adjunct to
autologous minced muscle grafts for the repair of a volumetric muscle loss
injury. J experimental Orthop. 2017;4(1):36.

Aguilar CA, Greising SM, Watts A, Goldman SM, Peragallo C, Zook C, Larouche
J, Corona BT. Correction: Multiscale analysis of a regenerative therapy for
treatment of volumetric muscle loss injury. Cell death discovery. 2018;4:16.
Ward CL, Pollot BE, Goldman SM, Greising SM, Wenke JC, Corona BT. Autolo-
gous minced muscle grafts improve muscle strength in a Porcine Model of
Volumetric muscle loss Injury. J Orthop Trauma. 2016;30(12):e396-e403.
Yoshikawa M, Nakasa T, Ishikawa M, Adachi N, Ochi M. Evaluation of autolo-
gous skeletal muscle-derived factors for regenerative medicine applications.
Bone &joint research. 2017,6(5):277-83.

Kasukonis B, Kim J, Brown L, Jones J, Ahmadi S, Washington T, Wolchok J.
Codelivery of infusion decellularized skeletal muscle with minced muscle
autografts improved recovery from volumetric muscle loss injury in a rat
model. Tissue Eng Part A. 2016;22(19-20):1151-63.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson
M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner. Bioinformatics.
2013;29(1):15-21.

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program
for assigning sequence reads to genomic features. Bioinf (Oxford England).
2014;30(7):923-30.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics.
2010,26(1):139-40.

Conway JR, Lex A, Gehlenborg N. UpSetR: an R package for the visualization
of intersecting sets and their properties. Bioinformatics. 2017,33(18):2938-40.
Ge SX, Jung D, Yao R. ShinyGO: a graphical gene-set enrichment tool for
animals and plants. Bioinf (Oxford England). 2020;36(8):2628-9.

Krdmer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis approaches in
Ingenuity Pathway Analysis. Bioinf (Oxford England). 2014;30(4):523-30.

Wen AY, Sakamoto KM, Miller LS. The role of the transcription factor CREB in
immune function. J Immunol (Baltimore Md: 1950). 2010;185(11):6413-9.
Strzelecka-Kiliszek A, Kwiatkowska K, Sobota A. Lyn and Syk kinases are
sequentially engaged in phagocytosis mediated by fc gamma R. J Immunol
(Baltimore Md: 1950). 2002;169(12):6787-94.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125896
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125896

Roberts et al. BMC Musculoskeletal Disorders

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

(2023) 24:321

Chen XK, Walters TJ. Muscle-derived decellularised extracellular matrix
improves functional recovery in a rat latissimus dorsi muscle defect model. J
Plast Reconstr Aesthet Surg. 2013;66(12):1750-8.

Kadler KE, Hill A, Canty-Laird EG. Collagen fibrillogenesis: fibronectin, integ-
rins, and minor collagens as organizers and nucleators. Curr Opin Cell Biol.
2008,20(5):495-501.

Caley MP, Martins VLC, O'Toole EA. Metalloproteinases and Wound Healing.
Adv wound care. 2015;4(4):225-34.

Urciuolo A, Urbani L, Perin S, Maghsoudlou P, Scottoni F, Gjinovci A, Collins-
Hooper H, Loukogeorgakis S, Tyraskis A, Torelli S, et al. Decellularised skeletal
muscles allow functional muscle regeneration by promoting host cell migra-
tion. Sci Rep. 2018;8(1):8398.

VanDusen KW, Syverud BC, Williams ML, Lee JD, Larkin LM. Engineered skel-
etal muscle units for repair of volumetric muscle loss in the tibialis anterior
muscle of a rat. Tissue Eng Part A. 2014;20(21-22):2920-30.

Corona BT, Flanagan KE, Brininger CM, Goldman SM, Call JA, Greising SM.
Impact of volumetric muscle loss injury on persistent motoneuron axotomy.
Muscle Nerve. 2018;57(5):799-807.

Nakayama KH, Alcazar C. Rehabilitative exercise and spatially patterned
nanofibrillar scaffolds enhance vascularization and innervation following
volumetric muscle loss. 2018, 3:16.

Stratton JA, Holmes A, Rosin NL, Sinha S, Vohra M, Burma NE, Trang T, Midha
R, Biernaskie J. Macrophages regulate Schwann Cell Maturation after nerve
Injury. Cell Rep. 2018;24(10):2561-2572€2566.

Cattin AL, Burden JJ, Van Emmenis L, Mackenzie FE, Hoving JJ, Garcia Calavia
N, Guo Y, McLaughlin M, Rosenberg LH, Quereda V, et al. Macrophage-
Induced Blood Vessels Guide Schwann cell-mediated regeneration of
peripheral nerves. Cell. 2015;162(5):1127-39.

Wrobel MR, Sundararaghavan HG. Biomaterial Cues to Direct a pro-
regenerative phenotype in Macrophages and Schwann cells. Neuroscience.
2018;376:172-87.

Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nat
Rev Immunol. 2010;10(3):170-81.

Tidball JG, Villalta SA. Regulatory interactions between muscle and the
immune system during muscle regeneration. Am J Physiol Regul Integr
Comp Physiol. 2010;298(5):R1173-1187.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

Page 13 of 13

Jaworski A, Tessier-Lavigne M. Autocrine/juxtaparacrine regulation of axon
fasciculation by Slit-Robo signaling. Nat Neurosci. 2012;15(3):367-9.

Chih B, Scheiffele P. Is reelin the answer to synapse elimination at the neuro-
muscular junction? Science’s STKE: signal transduction knowledge environment
2003, 2003(205):pe45.

Barik A, Li L. Schwann cells in Neuromuscular Junction. Formation and Main-
tenance. 2016;36(38):9770-81.

Sugiura Y, Lin W. Neuron-glia interactions: the roles of Schwann cells in neu-
romuscular synapse formation and function. Biosci Rep. 2011;31(5):295-302.
Tatsumi R, Sankoda Y, Anderson JE, Sato Y, Mizunoya W, Shimizu N, Suzuki T,
Yamada M, Rhoads RP Jr, Ikeuchi, et al. Possible implication of satellite cells
in regenerative motoneuritogenesis: HGF upregulates neural chemorepel-
lent Sema3A during myogenic differentiation. Am J Physiol Cell Physiol.
2009;297(2):C238-252.

Shadrach JL, Pierchala BA. Semaphorin3A Signaling Is Dispensable for Motor
Axon Reinnervation of the Adult Neuromuscular Junction. eNeuro 2018, 5(3).
Hurren B, Collins JJ, Duxson MJ, Deries M. First neuromuscular contact corre-
lates with onset of primary myogenesis in rat and mouse limb muscles. PLoS
ONE. 2015;10(7):0133811.

Poggetti A, Battistini P, Parchi PD, Novelli M, Raffa S, Cecchini M, Nucci AM,
Lisanti M. How to Direct the neuronal growth process in peripheral nerve
regeneration: future strategies for Nanosurfaces Scaffold and magnetic
nanoparticles. Surg Technol Int. 2017,30:458-61.

Harris GM, Madigan NN, Lancaster KZ, Enquist LW, Windebank AJ, Schwartz J,
Schwarzbauer JE. Nerve Guidance by a Decellularized Fibroblast Extracellular
Matrix. Matrix biology: journal of the International Society for Matrix Biology.
2017,60-61:176-89.

Huynh T, Reed C, Blackwell Z, Phelps P, Herrera LCP, Aimodovar J, Zaha-

roff DA, Wolchok J. Local IL-10 delivery modulates the immune response
and enhances repair of volumetric muscle loss muscle injury. Sci Rep.
2023;13(1):1983.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Transcriptome profiling of a synergistic volumetric muscle loss repair strategy
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Animals
	﻿Injury and repair
	﻿Functional assessment
	﻿RNA preparation and sequencing
	﻿RNA-seq data analysis
	﻿Statistics
	﻿Data Availability

	﻿Results
	﻿Early functional outcomes of VML injury are not yet affected by repair strategies
	﻿Muscle transcriptomes vary sharply with repair strategy at two weeks post-injury
	﻿Myogenesis and angiogenesis transcription are generally unaffected in the early period following VML repair
	﻿Profound upregulation of fibrosis and inflammation related transcripts persists in DSM and DSM + MM interventions at two weeks post injury
	﻿Expression of key peripheral neuroregeneration genes is increased in DSM + MM repair

	﻿Discussion
	﻿Conclusion
	﻿References


