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TISSUE REGENERATION

Skeletal muscle regeneration with robotic
actuation-mediated clearance of neutrophils
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Mechanical stimulation (mechanotherapy) can promote skeletal muscle repair, but a lack of reproducible protocols
and mechanistic understanding of the relation between mechanical cues and tissue regeneration limit progress
in this field. To address these gaps, we developed a robotic device equipped with real-time force control and
compatible with ultrasound imaging for tissue strain analysis. We investigated the hypothesis that specific
mechanical loading improves tissue repair by modulating inflammatory responses that regulate skeletal muscle
regeneration. We report that cyclic compressive loading within a specific range of forces substantially improves
functional recovery of severely injured muscle in mice. This improvement is attributable in part to rapid clearance
of neutrophil populations and neutrophil-mediated factors, which otherwise may impede myogenesis. Insights
from this work will help advance therapeutic strategies for tissue regeneration broadly.

INTRODUCTION

Skeletal muscle injury caused by traumatic accidents, tumor resec-
tions, and ischemia-reperfusion impairs posture and functional
locomotion, which ultimately limits activities of daily living and
diminishes quality of life (1, 2). Extensive defects (20% or more
muscle mass loss) require therapeutic interventions to support func-
tional regeneration (I, 2). Regenerative muscle fiber formation and
maturation are critical for functional repair, and this is led by the
activity of transcription factor paired box 7 (Pax7)-expressing muscle
progenitor cells (MPCs) or satellite cells (3). The regenerative pro-
cess coincides with a sequence of immune cell infiltration and acti-
vation. Immune cells partake in the clearance of damaged muscle
fibers; the specific cytokines and growth factors secreted by these
cells modulate the sequence of satellite cell activation and differen-
tiation and instruct neighboring stromal cells to participate in extra-
cellular matrix (ECM) remodeling and angiogenesis (3). As such,
immunomodulation to facilitate skeletal muscle regeneration is an
emerging therapeutic strategy (I, 3). Delivery of immunomodulatory
agents to an injury site has shown promise in preclinical studies (4-6).
Certain materials available for filling muscle defects in the clinic (7)
have been proposed to stimulate a prohealing immune axis (8).
However, surgical intervention with autologous muscle flaps is still
the standard strategy for patients with severe muscle injury, despite
morbidity at the donor sites (I). A simple, noninvasive therapy for
the treatment of severe skeletal muscle injury remains an unmet
clinical need.

Mechanotherapy, application of mechanical loading (ML) to
injured tissue (e.g., massage therapy), has been widely used as an
alternative and complementary medicine (9) and is known to im-
prove rehabilitation of musculoskeletal tissues, possibly by increasing
blood flow, reducing inflammation, and increasing mitochondrial
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biogenesis (10, 11). However, highly variable methods (e.g., external
volume expansion, passive stretching, and varied compression
devices) and parameters of ML used by different researchers limit
comparisons and meaningful conclusions regarding the efficacy of
mechanotherapy (12-15). In addition, mechanotherapy has primarily
been tested in the setting of exercise-mimicking skeletal muscle
injuries (e.g., eccentric exercise) (11, 16), but its effects on severe
muscle injury are unclear. Clinical and preclinical studies suggest
that mechanotherapy may attenuate inflammatory responses to
accelerate repair of muscle injury; however, a direct connection be-
tween specific cellular and molecular components of reduced inflam-
mation and functional regeneration has not been clearly identified.

RESULTS

Robotic actuator delivers programmable and quantifiable
controlled compressive forces to murine skeletal muscle

This study aimed to identify therapeutic regimens of noninvasive
mechanotherapy applied to severe skeletal muscle injury and to
probe the functional link between ML and regeneration. First, we
developed external robotic devices to apply controlled and quantifi-
able compressive forces to the tibialis anterior (T'A) muscle in rodents
(Fig. 1). Several studies have previously developed robotic systems
that deliver ML in a controlled manner in the form of implants
(17, 18) or external loading devices (12, 14). In the present approach,
an external robotic device was designed to deliver compressive
loading to the TA muscle through a soft interface as a noninvasive
therapeutic tool (movie S1). The robotic device uses an electromagnetic
actuator (i) and force sensor assembly covered with soft silicone (ii),
which allows continuous measurement of the applied compressive
load. A customizable silicone-based mount (iii and iv) was designed
to position and restrain the mouse limb during loading, and this
allowed consistent support of the limb position (Fig. 1A). The
robotic assembly is easily replicated for concurrent stimulation of
multiple mice (fig. S1). Moreover, the device uses a force-feedback
loop scheme (Fig. 1B), which allows precise application of prepro-
grammed force profiles to muscle tissues (Fig. 1C). These force
profiles can be programmed to generate mechanical loads of arbitrary
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Fig. 1. Electromagnetic linear actuator with integrated force sensor delivers reproducible compressive loading to muscle tissue. (A) Photograph of robotic
soft-interface actuator equipped with a force sensor and demonstration of the actuator positioned toward the injured tibialis anterior (TA) muscle of hindlimb of mouse.
(B) Schematic illustration of the design and force-control mechanism of the actuator and setup with ultrasound transducer for real-time tissue monitoring. (C) Real-time
monitoring of input and output loading force profiles (0.15, 0.3, and 0.6 N). (D) Representative ultrasound images of TA muscle captured during ML with 0.15, 0.3, and
0.6 N compressive forces and a scatter dot plot of corresponding tissue strains. (E) Representative strain heatmap of TA muscle obtained from computational simulation
without or with ML (Ctrl versus 0.15 N). (n = 6 per condition, means * SD). *P < 0.05, determined by Kruskal-Wallis test with post hoc Dunn’s tests.

magnitude, frequency, duty cycle, and shape (e.g., step, trapezoidal
sawtooth, or sinusoidal). An additional mounting system is used to
position a high-frequency ultrasound (US) transducer over the
loaded TA muscle to visualize overall tissue deformation in the
stimulated limb (movie S2). This allows quantification of tissue strain
in the stimulated region as a function of loading force magnitude
(Fig. 1D). We also developed a computational model of tissue strain
distributions under specific forces and validated the model predic-
tions of tissue strain under specific loading with experimental data
obtained from US image analysis (Fig. 1E and table S1). This com-
putational model allows prediction of tissue strains as the tissue
properties and loading parameters are altered.

Muscle cells respond to the magnitude of loading in vitro (19);
therefore, we explored the effect of loading force in a mouse model
of severe TA muscle injury (20). Initial studies revealed that forces
below 0.15 N did not reduce fibrosis when compared with an un-
treated group (fig. S2). Forces larger than 0.6 N led to visual physical
damage to the skin, which prevented their use in these studies. All
subsequent studies focused on a force range of 0.15 to 0.6 N, which
corresponded to muscle strains of 10 to 40% (Fig. 1D and table S1).
The Young’s moduli of injured TA muscle did not significantly
change over time in the absence and presence of ML (fig. S3), indi-
cating that the strain that each TA muscle experienced under the
specific magnitude of force was comparable over time. Other load-
ing parameters were adapted from a previous study (20) and were
kept constant [1 Hz, square wave, 20% (on)/80% (off) duty cycle,
5 min of loading every 10 to 12 hours].
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Robotic compressive loading improves functional recovery
of severely injured skeletal muscle

Three different forces (0.15, 0.3, or 0.6 N) were applied using ML
starting 1 day after injury and continued daily up to 14 days, whereas
mice in the control group remained untreated (Fig. 2A). Application
of the three different forces was subsequently found to lead to a
significant reduction (P < 0.05) in interstitial fibrosis and damaged
muscle fibers in the TA (Fig. 2, B to D), with no significant differ-
ence between the three different force conditions. The cross-sectional
area (CSA) of the muscle fibers, which is indicative of muscle growth
and contractile strength (21), showed consistently larger myofibers
in the ML-treated muscle (Fig. 2E). Last, to assess whether the ML-
mediated improvements in histological features of injured muscle
correlated with muscle strength recovery, the tetanic force of TA
muscles was measured. TA muscle weight was not significantly dif-
ferent across the conditions (Fig. 2F), but TA muscles treated with
ML at all three force conditions exhibited higher tetanic forces than
the untreated control group, with no significant differences between
the three ML groups (Fig. 2, G and H). In addition, TA muscle treated
with ML exhibited even greater contractile force than uninjured
TA muscle. Because all ML groups led to equivalent improvements
in muscle repair, only the 0.3N group was selected for subsequent
studies. The kinetics of injured muscle recovery with and without
ML revealed a continuously increasing tetanic force with ML (fig. S4),
suggesting that ML accelerates the rate of tissue regeneration. Quan-
titative reverse transcription polymerase chain reaction (RT-qPCR)
analysis indicated that the expression of embryonic (Myh3) and
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Fig. 2. Cyclic loading improves skeletal muscle regeneration after severe injury. (A) Experimental design and time line of TA muscle injury, ML treatment, and analysis in
mice. (B) Representative hematoxylin and eosin (H&E) images of longitudinal histological sections of TA and its cross sections stained with H&E (top), Masson’s trichrome
(collagen in blue, center), and laminin (bottom). Scale bars, 1 mm (entire TA) and 100 um (cross sections). (C to G) Quantification of (C) fibrotic regions (appearing as blue
in Masson’s trichome in B), (D) damaged muscle fibers (indicated by black arrows in H&E in B), (E) cross-sectional areas of muscle fibers, (F) muscle weight measured at the
end point, (G) representative tetanic force graphs, and (H) measurement of normalized contraction force of TA muscle after 14-day treatment for control (no loading) and
ML with various forces after the injury. Red dashed line indicates the contraction forces from uninjured TA muscle. Data in (C) to (G) are means + SD (n =4 to 16 per condition),

and *P < 0.05, determined by Kruskal-Wallis test with post hoc Dunn’s tests.

perinatal (Myh8) myosin heavy chains (MyHCs), usually activated
upon injury, were down-regulated by day 7, whereas expression of
adult MyHCs (Myh4 and Myh?7) was up-regulated with time or/and
ML treatment (fig. S5). In contrast, vascular perfusion measured by
laser Doppler imaging slowly recovered in the injured limbs, with
no notable impact of ML (fig. S6). These findings indicate that a
specific range of forces and the corresponding strains promote
functional recovery of severely impaired muscle.
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Compressive loading rapidly reduces proinflammatory
factors linked with neutrophil trafficking

To explore whether ML alters local immune responses in treated
tissues, the quantity of a broad range of inflammatory factors (cyto-
kines and chemokines) from TA muscle undergoing ML was quan-
tified over time. The relative ratio of each factor in the ML-treated
group to control group was compared over time (Table 1). Most
factors demonstrated a decrease, of varying degree, with ML on day 3.
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Table 1. List of cytokines and chemokines analyzed and the relative ratio of their expression in TA muscle from ML-treated compared with untreated
mice at three different time points. D, day; Ctrl, control (untreated).

Ratio of ML over Ctrl

Cytokine name D3 D7 D14

Adiponectin/Acrp30 1.005 0.741 1.402

0.813

0.844

0.652

0.804

1.132

1.163

0.630

0.565
0.826

1.633
1.337

0.992
0.979

0.888
0.966

1.268
0.712

1.296
1.068

1.440
1.050
0.836
1.233
0.921

2.046
1.663

0.562
0.452

0.741
1.004

1.361
1.095

0.952
0.791

1.159
0.758

1.147

0.563
Endoglin/CD105 0.957 0.863 1.162

continued on next page
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The quantity of most factors in both ML and control limbs were
similar at days 7 and 14. The cytokines most diminished by ML
(>50% reduction relative to the untreated control group) at day 3
were visualized using a heatmap (Fig. 3A). Gene enrichment analysis
revealed that those significantly reduced cytokines were associated
with inflammatory responses and granulocyte or myeloid leukocyte
migration, specifically neutrophil chemotaxis and migration (Fig. 3A
and table S2). We next assessed whether the altered cytokine pro-
files were linked with any changes in specific subsets of immune cell
populations within the injured muscle. The numbers of total CD45"
immune cells, CD11¢ /CD11b*/F4/80"/Ly6g~ monocytes/macrophages,
CD11c¢*/CD11b" dendritic cells, and CD4" T cells increased and
reached a peak on day 3 or 7, and then decreased to low numbers at
day 14 both in the untreated control and ML-treated tissue; no
significant differences between the two conditions were noted for
these cell types at all time points (fig. S7). In addition, the subtypes
of macrophages were screened because specific subtypes of macro-
phages are considered to play key roles in tissue regeneration (3).
Similar numbers of F4/80"/CD86'/CD80" proinflammatory or M1

Seo etal., Sci. Transl. Med. 13, eabe8868 (2021) 6 October 2021

macrophages and CD206" prohealing or M2 macrophages were
found in ML as compared with control mice at both time points
analyzed (fig. S8). Depletion of macrophages had no impact on the
positive influence of ML on muscle regeneration (fig. S9). The numbers
of Ly6g" /Ly6c ™™ neutrophils in both groups were initially high
and decreased over time. However, in comparison with control
muscles, ML-treated muscles exhibited a significant reduction (P < 0.05)
in neutrophils at 3 days (Fig. 3B). Spatially, neutrophils and their
peroxidase enzyme, myeloperoxidase (Mpo), were apparent in broad
regions of the control muscles, whereas they were present only in
limited areas of ML-treated muscles (Fig. 3C and fig. S10). Statisti-
cally insignificant but decreasing trends in the neutrophil popula-
tion on day 3 were also found in animals treated with 0.15 and 0.6 N
(fig. S11) that promoted similar recovery of the injured muscle
(Fig. 2). This finding is aligned with the results of the cytokine array
analysis, suggesting that decreased quantity of cytokines stimulating
neutrophil chemotaxis and migration is responsible for the rapid
decrease in neutrophils within the ML-treated muscle. One possible
mechanism for this observed reduction in intramuscular cytokines
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Fig. 3. ML mediates rapid clearance of cytokines and neutrophils with effects on MPCs. (A) Heatmap of a subset of cytokines in injured TA muscle with and without
mechanical stimulation for 3 to 14 days (D3, D7, and D14). Data are represented as values in tissues treated with ML normalized to the untreated control tissue at the same
time point. (B and C) Representative flow, dot plot, and immunofluorescence images on day 3 and quantification of neutrophil populations in muscle tissue without and
with ML (0.3 N) for 14 days. Both pressure cuff and robotic actuator were used for mechanical stimulation. Scale bars, 500 and 50 um, respectively (n =4 to 12 per condi-
tion, means + SD). *P < 0.05 determined by two-way ANOVA with Bonferroni’s multiple comparison tests and unpaired two-tailed Mann-Whitney test, respectively.
(D) Immunofluorescence micrographs visualizing proliferation of MPCs (top) stained for EdU, MyHC, and DAPI and differentiation of MPCs (bottom) with desmin,
MyHC, and DAPI staining after 3- or 5-day treatment with neutrophil-conditioned medium (+NeutCM) or control medium (—NeutCM), respectively. Scale bars, 100 um.
(E to G) Quantification of (E) EdU" or l\/IyHC*/desmin+ cell populations, (F) the population of multinucleated myotubes, and (G) distribution of myotube lengths, re-
spectively. (n=4 to 6 per condition, means = SD). P < 0.05 (*) determined by unpaired two-tailed Mann-Whitney test. (H) Bar graphs of relative expression in log scale in
NeutCM (relative to basal media) and TA muscle (ML-treated group versus control group). (I) Immunofluorescence micrographs visualizing proliferation of MPCs stained
for EdU, MyHC, and DAPI and differentiation of MPCs with desmin, MyHC, and DAPI staining after 3- or 5-day treatment without and with NeutCM primed with neu-
tralizing antibodies to different factors, and (J) quantification of EdU* MPC populations and (K) desmin*/MyHC" double positive myoblast populations (n =6 per condition,
means + SD). Scale bars = 100 um. *P < 0.05 determined by Kruskal-Wallis test with post hoc Dunn’s tests.

may be an ML-driven flushing of tissue cytokines out of the injured  throughout the mechanically loaded tissue as compared with control
tissue: Greater dispersion of intramuscularly injected fluorescent  (fig. S12). The alteration in neutrophils in the ML-treated tissues was
dextrans of various molecular weights (10 to 155 kDa) was observed  not reflected in systemic effects because neutrophil populations in
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other organs, including lung, bone marrow, and spleen, were com-
parable between the two conditions (fig. S13). These findings demon-
strate that ML mediates local immunomodulatory effects in severely
injured TA muscle, specifically through neutrophil-mediated effects
in the early phases of the immune response.

Neutrophil-mediated factors regulate proliferation

and differentiation of MPCs

Although the role of neutrophils in clearing damaged cells and
invading microorganisms has been well described (22), their impact
on MPC behaviors during muscle regeneration is unclear. Thus, the
effects of neutrophil-secreted factors on myogenesis were assessed
by culturing freshly isolated MPCs with conditioned media collected
from activated neutrophil cultures. These in vitro studies indicated
that neutrophil-conditioned media (NeutCM) significantly increased
the number of proliferating MPCs relative to those cultured with
control media (Fig. 3, D and E). However, the differentiation of
MPCs was significantly reduced when cultured with NeutCM, as
indicated by the decreased number of desmin™ and MyHC double-
positive multinucleated myotubes and their immature morphological
features (Fig. 3, D to G). These data suggest that neutrophil-secreted
factors stimulate proliferation of MPCs, yet the prolonged presence
of those factors impairs myogenesis. NeutCM was also screened us-
ing the same cytokine panel used to characterize TA muscle after
ML (fig. S14), and the results from the two analyses were compared.
Cxcl2/Mip2, Lipocalin-2/Ngal (Len2), Mmp-9, and Ccl3/Ccl4 were
found to be prominent in NeutCM while being significantly dimin-
ished in muscles subjected to ML (Fig. 3H). The secretory pheno-
types of neutrophils isolated from ML-treated and untreated TA
muscle were not distinct (fig. S15), indicating that the reduction of
such cytokines with ML resulted from the decreased number of
intramuscular neutrophils. MPC proliferation and differentiation
were analyzed in vitro in the presence of neutralizing antibodies for
each of these agents in NeutCM. The proliferation of MPCs cultured
with NeutCM containing neutralizing antibodies against Ccl3 and
Mmp-9 was significantly decreased and was similar to the control
group (no NeutCM exposure; Fig. 3, Iand J). Neutralization of Lcn2
or Cxcl2 in NeutCM had moderate or no impact on proliferation
(Fig. 3, I and J). On the other hand, the populations of desmin*/
MyHC" myoblasts, elongated myofibers, and multinuclei myotubes
were significantly increased when inhibiting Mmp-9 from NeutCM,
whereas neutralizing the other agents in NeutCM did not recover
the decreased MPC differentiation with NeutCM (Fig. 3, I and K,
and fig. S16). These in vitro studies reveal that neutrophil-derived,
secreted factors promote proliferation but impede myogenic com-
mitment of MPCs, and Ccl3 and Mmp-9 play important roles in
these effects.

ML facilitates myogenesis and recovery of mature muscle
fiber type composition

Next, the effect of ML on early myogenic features was evaluated.
Similar to in vitro results, significantly increased populations of cells
expressing MyoD, a myogenic regulator, and elongated desmin”
myotubes were found in ML-treated tissue, as compared with the
untreated group (Fig. 4, A and B, and fig. S17). No significant in-
crease in the Pax7" cell population was observed (Fig. 4C). Because
extrinsic mechanical cues can also affect myogenic activities through
mechanotransduction pathways such as myocardin-related tran-
scription factor A (MRTE-A) (23, 24), its expression was analyzed.
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Immunofluorescence image analysis and Western blot analysis
revealed that more than 50% of the total cell population expressed
Mrtf-a in both untreated and ML-treated muscle on days 3 and 14
after injury, whereas uninjured TA muscle had a smaller proportion
(~15% of total cell population) positive for Mrtf-a (fig. S18, A to D).
The majority of MyoD™ cells coexpressed Mrtf-a in both conditions,
whereas the total number of MyoD" cells was still significantly greater
(P <0.05) in ML-treated TA muscle (fig. S18, E and F). These findings
suggest that injury primarily activates Mrtf-a signaling and that the
Mrtf-a-activated MyoD" cell population increased with ML.

Next, we examined whether ML treatment at an acute phase of
injury is sufficient to achieve full functional recovery. Injured muscle
treated with ML for the first 7 days, but no ML for the following
7 days, generated contractile forces between the control group with-
out ML and the group treated with ML for the full 14 days (fig. S19).
These data suggest that ML at an early stage is necessary but not
sufficient for full functional recovery. We then sought to understand
whether ML further helps restore a normal composition of muscle
fiber types over time in regenerating muscle. Each muscle tissue
contains distinct compositions of muscle fiber types depending on
its anatomy and functionality. The composition of fiber types can
change because of physical training or disuse, injury, and aging, and
this potentially affects the strength and functional performances of
muscle tissue (25, 26). Muscle fiber phenotyping was performed on
injured TA muscle treated with and without ML for 14 days and
compared to healthy TA muscle (Fig. 4, D and E, and fig. 520). In
healthy TA muscle, type IIB fibers were the most abundant fiber
type, constituting 50% or more of total muscle fibers, and this trend
remained similar for the injured TA muscle in both conditions
(Fig. 4, E and F). Type IIX fibers were similarly high in healthy TA
muscle and ML-treated injured TA muscle (Fig. 4G). In contrast,
untreated TA muscle contained smaller numbers of type IIX fibers
and increased numbers of type IIA, relative to ML-treated and
healthy TA muscle (Fig. 4, G and H). Murine TA muscle contains a
small number of type I fibers. A small increase in type I fiber was
noted in ML-treated and healthy TA muscle as compared with un-
treated injured TA muscle, but there was no significant difference
across the conditions (Fig. 4I). The higher content of type IIX fibers
and smaller portion of ITA fibers are consistent with the enlarged fiber
size and greater force production of ML-treated muscle (Fig. 2) (27, 28).

The expression and activity of peroxisome proliferator-activated
receptor-gamma coactivator (PGC) 1a and B, transcriptional factors
that drive muscle fiber type conversion (29), are known to suppress
proinflammatory signaling pathways, such as the nuclear factor kB
(NF-kB) pathway and vice versa (30, 31). The expression of Pgc-1o.
showed an increasing trend with ML and time, whereas the expres-
sion of the Nf-xb pathway concomitantly decreased (fig. S21, A and B).
The expression of Pgc-1B was not significantly different between
control and ML-treated groups (fig. S21C), but it is possible that the
activity of Pgc-1B may be modified at a posttranslational stage (32),
which was not explored in this study. These data suggest that ML can
promote restoration of mature muscle fiber type during regeneration.

Temporal depletion of neutrophils after injury improves
skeletal muscle repair

Last, to directly probe the role of neutrophils in muscle regeneration,
neutrophils were depleted in injured mice during the first 3 days
after ischemia injury (Fig. 5A), mimicking the clearance of neutro-
phils over this time frame that was observed with ML (Fig. 3B).
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Fig. 4. ML accelerates myogenesis and
recovery of mature muscle fiber type
composition. (A to C) Representative im-
munofluorescence images and quantifica-
tion of (A) MyoD", (B) desmin*, and (C) Pax7*
MPCs in injured murine TA muscle after
3-day treatment with ML. Scale bars, 50 um
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effects of ML on muscle regeneration in this injury model.

DISCUSSION

Here, we used a robotic system capable of applying varied ML in a
controlled manner to identify a therapeutic range of forces and cor-
responding tissue strains for muscle regeneration in mice. A thera-
peutic regimen of tissue strain for severely injured muscle tissue has
not been previously reported. Some in vitro studies have shown that
responses to ML at the cellular level are dependent on the amplitude
of strain (19, 33), and future studies to assess how tissue strain
translates to cellular strain may further help define the therapeutic
regimen of ML and cellular mechanisms underlying its effects. Our
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studies also link ML-mediated muscle regeneration with specific
immunomodulatory features, establishing an intersection of the
currently distinct fields of mechanotherapy and immunotherapy.
The ability of this robotic system to enable compressive loading
and tissue strain to be applied reproducibly and systematically con-
trasts with the lack of control in manual mechanical manipulation
of muscle tissues (9). The scalability of robotic systems increases the
feasibility of large-scale studies, and unlike traditional rigid robotic
devices, the soft-interface actuator and limb holder in the current
device help minimize safety concerns and potential inconsistencies.
Demonstration of the technology in large-scale studies is beyond the
scope of this work, but designing and building actuators for human
muscle application will help demonstrate the scalability of our strategy
in future studies (34, 35). Using computational modeling to predict
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Fig. 5. Antibody-mediated clearance of neutrophils mimics the effects of ML on muscle regeneration. (A) Experimental design and time line of temporal depletion
of neutrophils using treatment with anti-Ly6g antibody or ML on injured TA muscle in mice. (B) Representative H&E images of longitudinal and cross sections of TA muscle
(top) treated without and with anti-Ly6g antibody or ML and associated tissue cross section stained with Masson’s trichrome (center) and stained for laminin (bottom).
Scale bars, 1 mm and 100 um, respectively. (C to F) Quantification of (C) fibrotic regions (interstitial blue regions in Masson'’s trichrome in B), (D) damaged muscle fibers
(H&E in B), and (E) measurement of CSAs of muscle fibers based on laminin-stained samples and (F) normalized contraction force of TA muscle 14 days after injury (n=6
to 16 per condition, means + SD), and *P < 0.05, determined by one-way ANOVA with post hoc Tukey’s tests.

tissue strain can also provide quantitative guidelines for loading con-
ditions in future large animal-based preclinical trials and potentially
in future clinical trials.

As a potential link between ML and regenerative immune responses,
we found that ML led to early clearance of neutrophils from dam-
aged muscle. A previous report also showed that cyclic compressive
loading applied immediately after eccentric exercise-induced injury
led to a reduction in the number of inflammatory neutrophils and
macrophages within muscle (16), but this trend is possibly context
dependent because load-dependent increases in macrophage popu-
lations were previously found in healthy rat TA muscle subjected to
massage (12). ML-driven changes in mass transport may lead to the
clearance of proinflammatory factors, and this may cause the reduc-
tion in neutrophils observed with ML treatment.

Seo etal., Sci. Transl. Med. 13, eabe8868 (2021) 6 October 2021

The findings from this study suggest that there is an association
between timely presence of neutrophils and ML-mediated improve-
ments in functional recovery of injured muscle. Neutrophils have
well-established tissue destructive and reparative roles via produc-
tion of proteolytic enzymes, antimicrobial proteins, and reactive
oxygen species, in addition to their phagocytotic and proangiogenic
activity (22) (36-41). Contradictory results regarding the effects of
neutrophil depletion on tissue regeneration have been previously
reported, and the role of neutrophils likely depends on the timing of
depletion, type of injury, and specific tissue/organ system (38, 39)
(42-44). The results of our studies highlight the importance of tem-
poral aspects of neutrophil function in muscle after injury. Neu-
trophils play an important initial role in clearing dead cells and
debris, as supported by the finding that their depletion before injury
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in a similar model detrimentally affected regeneration (45). However,
their long-term presence appears to impede muscle regeneration, as
supported by previous work in which neutrophil depletion enhanced
regeneration in a mild injury model where their phagocytotic function
would not be essential (44). We also demonstrated that neutrophil-
mediated factors stimulate the proliferation of MPCs but hamper
their differentiation and the maturation of muscle fibers. The effects
of neutrophil-secreted factors on myogenesis have not been previ-
ously identified, although a previous in vitro study implicated elastase
secreted from neutrophils in diminished survival and differentiation
of muscle cells in the context of muscular dystrophy (40). On a re-
lated note, previous studies have shown that early administration of
nonsteroidal anti-inflammatory drugs after injury compromises
skeletal muscle regeneration by hindering muscle stem cell expansion
(6, 46, 47), supporting the importance of early inflammatory sig-
naling for proper regeneration. Resolution of inflammation is equally
important to enable completion of regenerative processes (48, 49).
Among the factors that overlap between cytokines that were sig-
nificantly decreased by ML in vivo and the major neutrophil-secreted
factors, we identified Ccl3 and Mmp-9 as playing important roles in
the proliferation and differentiation of MPCs. Little is known about
the direct role of Ccl3 on primary MPC behaviors; however, it has
been shown that supplementation of Ccl3 to culture medium in-
creases proliferation of C2C12 myoblasts (50). Inhibition of Mmp-9
has been reported to improve proliferation and differentiation of
MPCs in dystrophic muscle, and its temporal decrease may be critical
to promoting skeletal muscle regeneration (51, 52). Given that Ccl3
and Mmp-9 are also secreted by other immune and stromal cells
and may exhibit divergent functions (53-55), their effects may be
context dependent. Our studies focused on the effects of ML on
muscle and immune cells, but the biology of various stromal cells is
also likely an important contributor to muscle regeneration (56-61).
The mechanotransduction signaling pathway MRTF-A is a well-
known regulator of muscle regeneration that stimulates MyoD-
mediated myogenesis (23). In our system, Mrtf-a expression was
increased with injury regardless of ML, but the MyoD" cell popula-
tion was increased only with ML. There is a possibility that other
mechanically activated regulators (i.e., YAP/TAZ, PIEZO I) can be
associated with ML-mediated changes (62, 63). Along with improved
early myogenesis, ML induces the conversion of muscle fiber type
composition similar to that found in healthy muscle at the later
stage of regeneration, and the expression of Pgc-Ia, a regulator of
mitochondria biogenesis and muscle fiber conversion. The ML-
mediated rapid reduction in proinflammatory cytokines (e.g., Tnf-a
and I1-6) possibly dampens Nf-kb signaling pathways, which conse-
quently stimulates up-regulation of Pgc-1cr (25, 64). A similar trend
was found in a human study using massage therapy after exercise-
mediated fatigue (11). Further analysis on splice variants of Pgc-1 in
conjunction with specific fiber type formation in response to ML
after severe injury will help elucidate a potential link between in-
flammation and fiber type plasticity during regeneration (25, 65).
This study does have limitations. First, although we identified a
therapeutic range of loading forces, the impact of other mechanical
parameters (i.e., loading frequency, point of application, and number
of cycles) remains to be explored. Although our study used a severe
skeletal muscle injury model combining ischemic surgery with
myotoxin injection, further studies with other clinically relevant
injury models (e.g., volumetric muscle loss) will be important for
future clinical translation. Third, although the study revealed that
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ML-mediated rapid clearance of neutrophiles improves muscle re-
generation in part through enhancing early myogenesis, the mech-
anistic link to muscle fiber type transition at the later stages of
regeneration requires further investigation.

As compared with drug- or biologic-based therapies commonly
investigated in regenerative medicine, robotic-controlled and robotic-
delivered ML has a lower barrier for translation to the clinic because
of its noninvasive nature, ability to automate and personalize thera-
peutic delivery, and low burden of regulatory requirements. Although
not directly assessed here, the noninvasive ML we used provided
comparable therapeutic efficacy to pharmaceutical interventions (5),
(66) and stem cell therapies in preclinical studies (67, 68), and more
consistent functional force restoration than implantation of acel-
lular ECM (7, 69, 70). Although it will likely be necessary to opti-
mize the loading treatment for specific types of injuries, regimens of
ML may be beneficial for the regeneration of a wide array of tissue
types, including bone, tendon, hair, and skin (71-74). Biologic-free
and noninvasive approaches may also be beneficial for patients suf-
fering from chronic inflammation, including idiopathic inflamma-
tory myopathies, cancer-associated cachexia, and aging-associated
sarcopenia. Immunosuppressant drugs are often ineffective in these
patients, and physical therapy has been recommended as an alter-
native (75-77). There likely will also exist synergistic and/or antag-
onistic cross-talk between ML-based and biological agent-based
therapies, and appropriate combinatorial therapeutic strategies may
be effective (71, 78).

MATERIALS AND METHODS

Study design

The aim of this study was to elucidate therapeutic loading conditions
and the mechanisms underlying the effects of mechanotherapy for
skeletal muscle regeneration. To this end, we developed a robotic
actuation system, which allows measurement and control of the
applied compressive loading. All animal work was performed in
compliance with the National Institutes of Health (NIH) and insti-
tutional guidelines. For the mouse model of skeletal muscle injury,
we strictly followed the protocol approved by the Institutional
Animal Care and Use Committee at Harvard University. Briefly,
6- to 9-week-old female mice were subjected to a combination of
intramuscular injection of myotoxin and induction of hindlimb
ischemia. Mice were stratified according to severity of injury, and
severely injured mice were selected and randomly assigned to dif-
ferent treatment groups. In general, experiments aimed to include
five or more mice per group, and sample numbers for each individual
experiment are provided in the figure legends. Functional outcomes
were determined by assessing contractile forces and histological
appearances of muscle 14 days after injury, unless otherwise noted.
The molecular and cellular changes in injured muscle in response to
ML were screened via immunoblotting, flow cytometry, immuno-
fluorescence imaging, and RT-qPCR. In vitro myogenesis assay was
performed with freshly isolated primary murine MPCs and neutro-
phils. Intramuscular neutrophils and macrophages were depleted with
administration of an anti-Ly6g antibody and clodronate-containing
liposome, respectively, to demonstrate their effects on skeletal muscle
regeneration with ML. Histological assessments were performed in
a blinded manner. All other analyses (cytokine array, Western blot,
RT-qPCR, contractile force measurements, flow cytometry, and image
analyses) were performed in an unbiased fashion. The individual
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subject-level values, when # is smaller than 20, are included in
data file S1.

Robotic actuator fabrication

Mechatronic muscle stimulating devices were developed to apply
controlled and quantifiable forces to muscle tissues during in vivo
testing. These devices use an electromagnetic linear actuator and force
sensor assembly and use a force-control scheme that allows prepro-
grammed force profiles to be applied to muscle tissues (Fig. 1A).
We used an electromechanical linear actuator (i) [19.1 mm (housing
outer diameter), 44.5 mm (housing length), and 87.9 mm (total
length)] (Moticont, DDLM-019-044-01) to provide the actuation
force, and a load cell [18.5 mm (length), 5.59 mm (width), and
6.5 mm (depth) (Honeywell, FSOL0OWNGX)] to provide feedback
control. The force sensor was fabricated into a soft molded tip (ii)
[19.1 mm (end diameter) and 4 mm (tip diameter)] (DragonSkin
FX pro, SmoothOn) that applies cyclical loading to the tissue, allowing
a measurement of the normal force being applied at a given instance.
The positioning clamp (iii) helps to easily position the actuator toward
the mouse limb. The mouse limb is restrained within a silicone-
interfaced fixture (iv) [7.2 mm (inter diameter)] (DragonSkin
FX pro, SmoothOn) that supports the reaction force on the mouse
limb (Fig. 1A). The force signal measured by the force sensor is
processed by an instrumentation amplifier (Honeywell, UV-10),
and the signal is acquired by an analog input module (National
Instruments, NI 9205). Using a real-time controller (National Instru-
ments, cRIO-9030), a proportional-integral control algorithm, im-
plemented on a field-programmable gate array, is used to regulate
the force output according to a desired input force. The digital
controller output signal is converted to an analog output using a
digital-to-analog module (National Instruments, N19264), and this
signal is passed to a motor driver (MotiCont, 950 series), which
supplies current to the electromechanical actuator. A host personal
computer (PC) is used to issue commands to the real-time controller
through a graphical user interface implemented on Labview (Labview,
National Instruments). Controller gains and force commands can
be passed from the host PC to the real-time controller. In addition,
force sensing information in a graphical form can be relayed back to
the host PC and recorded in synchrony with the force commands.
Any arbitrary force profile can be programmed into the stimulating
devices, and the frequency and amplitude of loading can also be
varied. Devices were calibrated using a precision scale (Ohaus Scout).
The stimulator assembly can be locked into position to ensure load-
ing of the TA muscle in the normal direction. The adjustable clamp,
which holds the actuator, allows the ultrasound transducer to easily
maneuver for optimal imaging during muscle stimulation. In this
study, we used the following parameters with this device: cyclic com-
pression with square wave force profile, 1 Hz, and 20% (on)/80% (off)
duty cycle. Magnitude of force was varied.

Skeletal muscle injury model and ML treatment

Skeletal muscle injury was induced in female C57BL6/] mice at 6 to
9 weeks of age (the Jackson Laboratory) by combination of snake
venom toxin (notexin) injection with hindlimb ischemia. This injury
model has been well established (20, 79) and used as an experimental
model of severe skeletal muscle injury because of the direct damage
to muscle fibers and prolonged injury, in the absence of any defects
in satellite cells or immune cells (80). All mice within each experi-
ment were age matched, scored on the day of ischemic surgery in
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relation to the degree of myotoxin-mediated injury, and randomly
distributed into experimental groups. Before toxin injection and
surgical procedures, mice were anesthetized with an intraperitoneal
injection of a mixture of ketamine (120 mg kg™') and xylazine
(10 mg kg ™). For toxin injection, 10 ul of notexin (10 ug/ml; Accurate
Chemicals) was injected into the TA muscle upon anesthesia. After
6 days, hindlimb ischemia was induced on the same side of TA
treated with notexin by unilateral ligation of the external iliac and
femoral arteries and veins with 5-0 Ethilon sutures as previously
described (4, 66). Blood perfusion of ischemic limb relative to con-
tralateral limb was measured using a laser Doppler perfusion imaging
analyzer (PeriScan PIM II, Perimed AB) for confirmation of ischemic
surgery as previously described (4). The next day, mice were ran-
domized and divided into groups for the studies. For the ML group,
mice were anesthetized with isofluorane during ML, whereas the
untreated group of mice was placed in the isofluorane chamber to
keep the amount of exposure to the anesthetic agent equivalent for
both groups. The injured limb was placed on the limb restrainer,
and the ankle was tied with a silicone cord to prevent any move-
ment of the limb during treatment. The TA muscle in the limb was
oriented to face the actuator horizontally. Each mouse was treated
for 5 min every 10 to 12 hours. After the treatment, mice were re-
turned to their cages. A previously developed pressure cuff was also
used to apply ML in certain studies (20).

Cytokine screening analysis of TA muscle

To screen cytokine profiles, TA muscle was isolated from the mice
with and without ML on days 3, 7, and 14 after ischemic surgery.
Here, the ML was applied with our previous version of robotic actuator,
a pressure cuff (20); analysis confirmed that both the pressure cuff
and the current robotic device provided similar functional recovery
of muscle regeneration (fig. S22). The isolated TA muscle was then
minced and sonicated on ice, and tissue lysate was prepared in
T-PER Tissue Protein Extraction Reagent (Thermo Fisher Scientific)
containing protease and phosphatase inhibitors (Thermo Fisher
Scientific). Tissue lysate was pooled from five samples per condition
to obtain enough volume of concentrated lysate and normalized by
muscle weight. The Proteome Profiler Mouse XL Cytokine Array
(R&D) was used to assess the relative quantity of 111 different
mouse cytokines and chemokines in TA muscle with and without
ML (Table 1). Relative changes in array intensity for each cytokine
from ML-treated group over untreated control group were calculated
at days 3, 7, and 14 (D3, D7, and D14). For those cytokines whose
intensity was weaker than the background signal (i.e., intensity value
became negative), an arbitrary value of 0.1 was used to enable the
calculation. The cytokines whose intensities were reduced by at
least 50% with ML relative to the untreated group (the relative ratio
of ML-treated group over control group <0.5) on day 3 were selected
for further analysis. The selected factors were plotted with their
relative quantity (ML over Ctrl) versus the day in a heatmap using the
Python package Seaborn, and the top enriched Gene Ontology terms
were found using the web tool ShinyGO v0.60 (http://bioinformatics.
sdstate.edu/go/) and cross-checked with DAVID Bioinformatics and
Resources 6.8 (https://david.ncifcrf.gov/summary.jsp). The results
are listed in table S2.

Immune cell population analysis
To assess the changes in intramuscular immune cell populations, TA
muscle was minced, digested using the skeletal muscle dissociation
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kit (MACS Miltenyi Biotec) with the gentleMACS dissociator, and
filtered through a 70-um cell strainer to obtain a single-cell suspen-
sion. The isolated cells were blocked with CD16/CD32 monoclonal
antibody (eBioscience) and then stained with the following anti-
bodies: CD45-phycoerythrin (PE) or CD45-PerCP/Cyanine (Cy)5.5,
Ly6C-Pacific Blue, T cell receptor (TCR)-PE/Cy7, CD86-fluorescein
isothiocyanate (FITC), CD80-Pacific Blue (aforementioned anti-
bodies from BioLegend), CD11c-anaphase-promoting complex
(APC),CD11b-PE/Cy7, F4/80-PE or F4/80-PerCP/Cy5, Ly6G-
FITC, CD206-APC, CD3-Pacific Blue, CD4-PE/Cy7, or CD4-PE
(the rest from eBioscience) at the concentrations recommended
by the manufacturers. Detailed information for antibodies is
listed in table S3. Then, cells were stained with LIVE/DEAD Fix-
able near-infrared stain (Thermo Fisher Scientific), fixed with 0.4%
paraformaldehyde, and stored at 4°C until they were assessed with
an LSR II flow cytometer. Unstained cells, fluorescence minus one
controls, and the appropriate isotype controls recommended by the
manufacturers were used as controls in the gating. The following defi-
nitions were used to define the specific populations based on live cells:
monocyte/macrophages (CD45'/CD11¢”/CD11b"/F4/80"/Ly6g ); M1
macrophages (CD11b*/F4/80"/CD86"/CD80"); M2 macrophages
(CD11b"/F4/80"/CD206"); dendritic cells (CD45/CD11c*/CD11b");
and T cells (CD45"/CD3"/CD4" or CD45"/TCR*/CD4", depending
on staining panels). Neutrophils (CD45'/CD11c /CD11b*/F4/807/
Ly6g"/Ly6c™ ™) ywere defined and gated as described in fig.
S23. Immune cells from other organs such as spleen, lung, and bone
marrow were similarly isolated, stained, and analyzed as described
above. Spleen and bone marrow did not require digestion proce-
dures, yet the lung dissociation kit (MACS Miltenyl Biotec) with
the gentleMACS dissociator was used for proper digestion of lung
tissue. For cytokine staining within neutrophils, the surface mark-
ers of neutrophils were stained first, and cells were fixed and per-
meabilized with Intracellular Fixation and Permeabilization Buffer
set (eBioscience). Then, cells were stained with primary antibodies
[Cxcl2 (Novus Biologicals) and Mmp-9 (Thermo Fisher Scientific)]
followed by the respective secondary antibodies [APC-conjugated
goat immunoglobulin G (IgG) antibody or PerCP/Cy5-conjugated
mouse IgG 2b antibody], or APC-conjugated Interferon (Inf)-y
(BioLegend). Mean fluorescence intensity of Cxcl2, Mmp-9, and
Inf-y was measured among neutrophils (CD45/CD11b*/F4/807/
Ly6g"/Ly6c™*™ %) Immunofluorescence staining of immune cell
markers was performed following the standard protocol used for
Pax7 and desmin (both from Abcam). The following primary anti-
bodies were used: Ly6g (BioLegend), myeloperoxidase (Bosterbio),
CD68 (Abcam), and CCR7 (Abcam).

In vitro assays of primary MPC proliferation

and differentiation

MPCs were isolated from the hindlimb muscles of 6- to 9-week-old
female C57BL6/] mice, which were injected with 1.2% barium chloride
(BaCl,) 4 days before isolation. Hindlimb muscles were isolated
under sterile conditions, minced, digested, and filtered through a
70-um cell strainer to obtain a single-cell suspension as previously
described (4, 5). The mouse satellite cell isolation kit (Miltenyi
Biotec) was applied to the cell suspension to select a cell population
enriched with satellite cells or MPCs. The resulting cell population
was cultured and expanded on collagen-coated dishes (Corning) for
6 to 8 days in F10 media (Gibco), supplemented with 20% fetal bovine
serum (FBS; Gibco), 1% penicillin-streptomycin (P/S; Gibco), and

Seo etal., Sci. Transl. Med. 13, eabe8868 (2021) 6 October 2021

basic fibroblast growth factor (bFGF; 50 ng/ml; PeproTech). After
the culture, only loosely adherent MPCs were lifted and collected by
treatment with phosphate-buffered saline (PBS) for 10 min at 37°C
while leaving behind strongly adherent fibroblasts. MPCs were then
seeded on an eight-well, collagen I-coated multiwell culture slide
(Corning) at 6000 or 30,000 cells per well in F10 media (20% FBS,
1% P/S) for proliferation or differentiation, respectively. After allow-
ing cells to adhere for 24 hours, cells were rinsed with serum-free
F10 media and then cultured with a 1:1 mixture of F10 media
(2% FBS, 1% P/S) with NeutCM for 3 days for proliferation studies,
and a 1:1 mixture of Dulbecco’s modified Eagle medium (5% horse
serum, 1% P/S) with NeutCM for 5-day differentiation studies. As a
control, NeutCM control media was prepared in the same manner,
although without neutrophil culture. To analyze proliferation, the
thymidine analog 5-ethynyl-2’-deoxyuridine (EdU) was added into
the culture media on day 3, incubated for 18 hours, and cells were
fixed and stained with Click-iT EdU Alexa Fluor 555 Imaging Kit
(Invitrogen) according to the manufacturer’s protocol. The number
of EdU-incorporated satellite cells was counted and normalized
by the total number of cells stained with Pax7, MyHC, and
4’,6-diamidino-2-phenylindole (DAPI). For analysis of differentia-
tion, satellite cells were fixed and stained for MyHC and desmin.
The fixed samples were blocked with 3% bovine serum albumin
(Sigma-Aldrich) in PBS and M.O.M. (Mouse on Mouse) Blocking
Reagent (Vector Laboratories) and incubated with primary anti-
bodies [rabbit anti-Pax7 (Abcam), mouse anti-MyHC (R&D), and
rabbit anti-desmin (Abcam)] overnight at 4°C. The next day, the
samples were washed and stained with secondary antibodies [anti-
rabbit Alexa Fluor 568 and anti-mouse Alexa Fluor 647 (Thermo
Fisher Scientific)]. The number and length of MyHC and desmin-
positive multinuclei myotubes were analyzed using Image J.

Neutrophil recruitment inhibition in vivo

Skeletal muscle injury was induced in 6- to 9-week-old female
C57BL6/] mice as described above. The mice were randomized after
ischemic surgery and divided into four groups: (i) untreated control,
(if) ML-treated group, (iii) anti-Ly6g antibody-treated group, and
(iv) its control IgG antibody-treated group. For antibody-treated
groups, 100 pl of monoclonal anti-mouse Ly6g antibody [clone 1A8
(Bio X Cell) or its control IgG antibody (Bio X Cell)] reconstituted in
PBS was intravenously administered at the concentration of 5 mg/ml
once a day for the first 3 days after surgery. A day after administra-
tion of anti-Ly6g antibody, the number of systemic neutrophils
detected by Ly6G antibody was assessed before the study (fig. S24).
The ML-treated group received ML as described above. After 14 days,
the TA muscle was isolated for the analysis of functional tetanic
forces and histological features.

RNA extraction and RT-qPCR

Total RNA was extracted from muscle tissues using the Aurum total
RNA fatty and fibrous tissues kit (Bio-Rad) and following the man-
ufacturer’s instructions. Primers used for this study were designed
using Primer Blast (NIH) and manufactured by Sigma-Aldrich. A
list of primers sequences is included in table S4. Additional details
are provided in the Supplementary Materials.

Statistical analysis
GraphPad Prism 6 was used to perform statistical analysis. First,
the normality of samples was checked with the Shapiro-Wilk tests.
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For normally distributed samples, Student’s ¢ tests and analysis of
variance (ANOVA) were used to compare parametric data between
two conditions and among multiple conditions, respectively. For
ANOVA, post hoc pairwise comparisons were determined by

Tukey’s test. For nonparametric or not-normally distributed data,

Mann-Whitney U and Kruskal-Wallis tests with Dunn’s post hoc

tests were used to compare two groups or multiple groups, respec-

tively. Two-way ANOVA followed by Bonferroni’s test was used

when two independent variables exist. For RT-qPCR data, depend-

ing on the homogeneity of variance, either one-way ANOVA with

Tukey post hoc test or Welch ANOV A with Games Howell was used.
Two-sided testing was performed for each analysis, and P < 0.05 was
considered statistically significant. Unless otherwise noted, values

are reported as the means with error bars to indicate SDs, and the

results are compiled from separate replicate experiments.
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The mechanics of muscle regeneration

Immune cells play an important role in skeletal muscle response to injury. Seo et al. studied the effects of mechanical
loading on hindlimb muscle regeneration after intramuscular myotoxin injection and ischemia in mice. Compressive
force applied via a soft-interface robotic system facilitated neutrophil clearance, reduced proinflammatory cytokines
and chemokines, and improved muscle fiber composition and function. Results support the development of therapeutic
mechanical stimulation regimens to accelerate muscle regeneration.
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