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Incorporation of macrophages into engineered
skeletal muscle enables enhanced muscle
regeneration

Mark Juhas’, Nadia Abutaleb’, Jason T. Wang', Jean Ye', Zohaib Shaikh', Chaichontat Sriworarat’,
Ying Qian’ and Nenad Bursac'?*

Adult skeletal muscle has a robust capacity for self-repair, owing to synergies between muscle satellite cells and the immune
system. In vitro models of muscle self-repair would facilitate the basic understanding of muscle regeneration and the screen-
ing of therapies for muscle disease. Here, we show that the incorporation of macrophages into muscle tissues engineered
from adult-rat myogenic cells enables near-complete structural and functional repair after cardiotoxic injury in vitro. First,
we show that—in contrast with injured neonatal-derived engineered muscle—adult-derived engineered muscle fails to prop-
erly self-repair after injury, even when treated with pro-regenerative cytokines. We then show that rat bone-marrow-derived
macrophages or human blood-derived macrophages resident within the in vitro engineered tissues stimulate muscle satellite
cell-mediated myogenesis while significantly limiting myofibre apoptosis and degeneration. Moreover, bone-marrow-derived
macrophages within engineered tissues implanted in a mouse dorsal window-chamber model augmented blood vessel ingrowth,

cell survival, muscle regeneration and contractile function.

structural and functional recovery following minor acute dam-

age'. This regenerative capacity is attributed to resident stem
cells known as muscle satellite cells (MuSCs). In homoeostatic mus-
cle, quiescent MuSCs express Pax7 and reside in well-defined niches
abutting myofibres—the force-generating cells in the tissue*’. On
injury, MuSCs become activated and asymmetrically divide to self-
renew while generating pools of proliferative myogenic precursor
cells (MyoPCs) capable of rebuilding damaged myofibres via cell
fusion. Regulating the activity of MuSCs are orchestrated waves of
pro- and anti-inflammatory factors primarily released from infil-
trating circulatory macrophages helping to stimulate myogenic
activation and differentiation’”. Although normally robust, the
regeneration process can be impaired in cases of severe muscle loss
or chronic degenerative diseases, resulting in environments that
prevent the generation of new muscle® or reduce the regenerative
capacity of MuSCs”'°.

Recent advances in tissue-engineered organs-on-chips have
enabled the modelling and improved understanding of complex
biological phenomena in vitro'"'%. Specifically, various methods
to recreate critical components of the muscle tissue environment
in vitro have been developed to systematically study the cellular
events and interactions involved in skeletal muscle repair, and to
screen for potential inducers of regeneration. Artificial niches’~**
and neonatal-derived three-dimensional (3D) engineered muscle
tissues'® have proven capable in modelling MuSC quiescence, self-
renewal or response to injury. In such biomimetic systems, the
physical interactions between the MuSCs, myofibres and extracel-
lular matrix (ECM) have been replicated; however, the critical roles
of the immune cells have not been considered.

Here, we show that incorporating bone-marrow-derived mac-
rophages (BMDMs) into adult-derived 3D muscle cell cultures

S keletal muscle possesses the unique ability to achieve complete

(constructs) enables near-complete tissue repair following signifi-
cant cell damage in vitro. Within this biomimetic environment,
resident BMDMs support patterns of MuSC proliferation and
differentiation consistent with natural muscle repair post-injury,
while their absence results in a depletion of the MuSC pool and pro-
gressive muscle degeneration. Notably, the BMDMs significantly
limit myofibre apoptosis and attenuate the pro-inflammatory envi-
ronment induced by muscle damage. Comparative studies of neo-
natal- and adult-derived engineered muscle further suggest that the
discrepancy in regenerative capacity'® may be attributed to a greater
propensity towards apoptosis post-injury in the adult-derived cells.
Similar to rat BMDMs, human blood-derived macrophages (hMacs)
enable self-repair of engineered muscle, supporting the robustness
of the model. In vivo, the presence of BMDMs within engineered
muscle implants enhances blood vessel ingrowth, cell survival and
contractile function. Together, our results provide a 3D culture sys-
tem for studies of muscle-immune cell interactions and suggest a
strategy to enhance the regenerative potential of engineered tissues.

Results

Engineering adult-derived rat skeletal muscle tissues. Cylindrical
skeletal muscle tissue constructs were engineered using expanded
adult-derived rat MyoPCs differentiated in 3D hydrogel culture
(Fig. 1a and Supplementary Fig. 1). Before 3D culture, MyoPCs were
expanded in the presence of basic fibroblast growth factor (bFGF)
for up to 5 passages, during which they experienced a decline in
the Pax7* cell fraction but still contained significant numbers of
activated myogenic cells (Pax7: 23.1+4%; MyoD: 62.8+8%) and
differentiated myoblasts (myogenin (MyoG): 14.6 +3%) (Fig. 1b).
MyoPCs were then embedded in a mixture of fibrin gel and 20% v/v
Matrigel and cultured dynamically on a rocker (+30° tilt, 0.4 Hz)"".
Following 10d of culture, the engineered muscle maintained a pool
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Fig. 1| Function and injury response of adult-rat-derived skeletal muscle constructs. a, Schematic depicting the isolation and expansion of MyoPCs in

bFGF-containing media on Matrigel-coated tissue culture plastic (TCP). After 3-5 passages, expanded MyoPCs were used to engineer 3D skeletal muscle
tissues. b, Cell fractions positive for the myogenic markers Pax7, MyoD and MyoG in MyoPCs at passages 0 (PO) and 5 (P5) during expansion. **P < 0.001
(n=6 independent samples). ¢, Two-week cultured engineered muscle harbours a pool of M-cadherin (M-cad)*/Pax7* MuSCs abutting cross-striated
myofibres (labelled with sarcomeric a-actinin (SAA)) that contain MyoG* myonuclei (left; the middle panel shows a magnified image of a myonucleus)
and are enveloped in laminin (Lam)-rich matrix (right). d, Representative traces of twitch (Tw) and tetanus (Tet) contractile forces generated by
engineered muscle in response to electrical stimulation (left) and quantified force amplitudes (right) (n=12 independent experiments). e, Representative
images of myofibres and MyoG* myonuclei within (from left to right) engineered muscle pre-injury, and 6 h, 5d and 10d post-CTX administration. MyoG*
myonuclei are shown in red, F-actin in green and DAPI in blue. f, Representative tetanus traces (left) and quantified force amplitudes (right) at 10d post-
CTX injury relative to pre-CTX levels in non-treated (NT) muscles (black) and those treated with the pro-regenerative factors IGF-1 (20 nM, green), G-CSF
(10nM, purple) and IL-10 (20 nM, red). **P < 0.001 and *P < 0.05 compared with NT at 10d post-CTX; and ##P < 0.001 compared with pre-CTX (n=6
independent samples). All bars included within brackets are statistically different versus pre-CTX. The dashed line represents normalization to pre-CTX
Mu-only. All bars denote means + s.e.m. Significance was determined by a two-sided t-test in b and analysis of variance and Tukey's multiple comparison

post-hoc tests in f. Supplementary Table 4 lists exact Pvalues when greater than 0.0001.

of undifferentiated Pax7+/M-cadherin* muscle stem cells (MuSCs)
and aligned, multi-nucleated and striated myofibres surrounded
by a basal lamina-like matrix (Fig. 1c). Along with the biomimetic
architecture, the contractile force output of these adult-derived mus-
cle tissues (twitch: 25.1 +0.9 mN mmtetanus: 33.4 + 0.7 mN mm™3;
Fig. 1d) approximated those measured in neonatal-derived engi-
neered'®'” and native neonatal'® muscles. However, unlike neonatal-
derived engineered muscles', the adult-derived constructs were
unable to regenerate muscle fibres (Fig. 1e) or sarcomeric structures
(Supplementary Fig. 2a) following injury induced by exposure to
cardiotoxin (CTX). To non-invasively assess the extent of initial
CTX injury and further monitor functional recovery of injured con-
structs with time of culture, we transduced expanded MyoPCs with
a lentivirus-encoding calcium (Ca®") indicator, GCaMP6 (ref. ),
driven by a muscle-specific promoter, MHCK7>**'. Every 2-3 d after
CTX exposure, electrically induced Ca®* transients reported by
GCaMP6 were recorded in a live imaging chamber and their ampli-
tude was found to significantly decrease at the time of injury and
not recover during the subsequent 15d of culture (Supplementary
Fig. 3ab). Interestingly, chronic post-injury supplementation
of the known pro-regenerative factors insulin-like growth fac-
tor 1 (IGF-1; ref. ), interleukin-10 (IL-10; ref. **) or granulocyte
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colony-stimulating factor (G-CSF)** did not prevent the loss of
myofibres (Supplementary Fig. 2a) or Ca?* transient amplitude
(Supplementary Fig. 3b), and only slightly promoted the recovery of
contractile force generation by 10d post-injury (to less than 8% of
pre-injury values; Fig. 1f).

Engineering adult-derived rat muscle-BMDM constructs. Given
the significant roles of immune system cells—and in particular the
monocyte/macrophage lineage—in adult skeletal muscle regenera-
tion*”, we sought to incorporate BMDMs within engineered muscle
in attempt to enhance its self-repair capacity. BMDMs were derived
through two-dimensional (2D) culture of primary marrow cells
in macrophage colony-stimulating factor (M-CSF)-supplemented
media®”, and 3D co-cultured with expanded MyoPCs to form
muscle-BMDM (Mu-BMDM) constructs (Fig. 2a). Expression
of CD68 in nearly all cells (98.3+0.8%) in 2D culture suggested
efficient macrophage differentiation, while high levels of CD206
(83.3+6%) and limited inducible nitric oxide synthase expression
(4.9+1%) suggested the acquisition of a primarily anti-inflam-
matory phenotype (Supplementary Fig. 4a,b), consistent with
previous studies of M-CSF-driven BMDM differentiation**.
Within the 3D Mu-BMDM constructs, macrophages were
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Fig. 2 | Structure, function and Ca?* transient injury response of adult-derived Mu-BMDM constructs. a, Schematic describing the engineering of
Mu-BMDM tissues using a mixture of expanded MyoPCs and BMDMs obtained from the same adult rats. b,¢, Representative images of Mu-BMDM
constructs showing longitudinal (b, left) and transverse sections (b, right) of the distribution of CD68* BMDMs (inset, higher-magnification image

of BMDMs dispersed among myofibres labelled with F-actin), and Pax7* MuSCs and CD206* BMDMs in the longitudinal section (¢) (inset, lower-
magnification image of a Mu-BMDM construct). Pax7* MuSCs are shown in white, CD68*/CD206* BMDM:s in red, F-actin in green and DAPI in blue.
d, Representative force traces (left) and quantified twitch (Tw) and tetanus (Tet) force and MuSC density (right) in Mu-BMDM relative to Mu-only
constructs (n= 8 independent samples). The dashed line represents normalization to Mu-only. e, Peak GCaMP6 fluorescence signals (from left to right)
pre-CTX and 6 h, 5d,10d and 15d post-CTX-induced injury in adult-derived Mu-only (top) and Mu-BMDM constructs (bottom). f, Quantified signal
amplitudes in injured Mu-only, Mu-BMDM and Mu-BMDMSC constructs, and Mu-only non-injured (NI) constructs. *P < 0.05 and **P < 0.001 compared
with Mu-only; 8P < 0.05 and 4P < 0.001 compared with Mu-BMDMSC; and ##P < 0.001 compared with NI Mu-only. The symbol dictating significance is
designated to each point included within the brackets (n= 20 for Mu-only and Mu-BMDM; n=12 for Mu-BMDMSC; and n=6 independent samples for
Mu-only (NI)). Significance was determined by two-way analysis of variance with post-hoc Bonferroni-corrected two-sided t-tests. All bars and points
denote means +s.e.m. Supplementary Table 4 lists exact Pvalues when greater than 0.0001.

distributed alongside myofibres throughout the whole tissue (Fig. 2b)
where they retained the predominant expression of anti-inflam-
matory markers (Supplementary Fig. 4c) and attained a density
(Supplementary Fig. 4d) comparable to that found after CTX injury
in native mouse muscle*. Compared with muscle-only (Mu-only)
constructs, incorporation of the BMDM:s did not alter the distribu-
tion (Fig. 2c) or density of MuSCs (6.5 + 1% of all nuclei), reduce tis-
sue contractile function (Fig. 2d), or affect early muscle formation
or fusion events (Supplementary Figs. 5 and 6).

Regenerative ability of Mu-BMDM constructs. Live GCaMP6
imaging following CTX injury in Mu-only and Mu-BMDM con-
structs (Fig. 2e) showed that both tissues exposed to CTX lost
~75% of the Ca** transient signal (Mu-only: 24 + 2%; Mu-BMDM:
23+ 1% of the pre-CTX level). While signal amplitudes in Mu-only
constructs steadily decreased with time post-injury (to 12+ 1% of
the pre-injury value at 15d post-CTX), Mu-BMDM constructs
showed progressive recovery of the signal to levels that by 10 d post-
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injury approached non-injured controls (85 +4% of the pre-injury
value at 15d post-CTX; Fig. 2e,f and Supplementary Video 1).
To assess whether macrophage phenotype was required for the
observed functional recovery, we replaced BMDMs in 3D con-
structs with rat bone-marrow-derived mesenchymal stem cells
(BMDMSCs) obtained by a standard 2D culture protocol® without
M-CSF supplementation. While yielding a slightly greater func-
tional recovery than was found in Mu-only constructs, the addi-
tion of BMDMSCs was significantly less effective compared with
the addition of BMDMs (Fig. 2f).

Consistent with the Ca’* transient results, Mu-BMDM con-
structs exhibited gradual recovery of muscle mass over the 15 d post-
CTX period compared with a steady decrease in muscle area and
nuclei numbers found in Mu-only constructs (Fig. 3a—c). Similar to
Mu-only injury (Fig. 1le), Mu-BMDM constructs exposed to CTX
underwent immediate myofibre fragmentation (Supplementary
Fig. 4d); however, this initial damage was followed by robust myo-
fibre recovery without changes in BMDM numbers relative to
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Fig. 3 | Structural, functional and myogenic recovery from CTX-induced in vitro injury in Mu-BMDM constructs. a, Transverse cross-sectional staining

of Mu-only (top) and Mu-BMDM (bottom) constructs (from left to right) pre-CTX and at 5, 10 and 15d post-CTX injury. Myofibres were labelled with
F-actin (green). b,¢, Quantified recovery of myofibre area (b) and total nuclei numbers (¢) over 15d post-injury relative to pre-CTX levels. d, Representative
force traces (left) and quantified recovery (right) of tetanic force generation in Mu-only and Mu-BMDM constructs over 15d post-CTX. In b-d, *P< 0.05,
and **P < 0.001 for comparisons between groups; and P < 0.05 and ##P < 0.001 compared with pre-CTX levels (n=6 independent experiments).

e, Representative longitudinal sections showing sarcomeric reformation (labelled with sarcomeric a-actinin (SAA)) in Mu-BMDM constructs 6 h (top
left), 5d (top right), 10d (bottom left) and 15d (bottom right) after CTX injury. f,g, Plots of the fold-change in the fraction of Pax7+, Ki67+ and MyoD* (f)
and total MyoG* cell numbers (g) at 5, 10 and 15d post-CTX relative to pre-CTX levels. **P < 0.001. #P < 0.05, #*P < 0.001 compared with pre-CTX levels
(n=6 independent samples). All bars denote means +s.e.m. Significance was determined by two-way analysis of variance and post-hoc two-sided t-tests
(relative to pre-CTX levels) in d or Tukey’'s multiple comparison post-hoc tests (between groups at specific time points) in b, ¢, f and g. Supplementary

Table 4 lists exact Pvalues when greater than 0.0001.

pre-injury levels (Supplementary Fig. 4d,e). Concurrent with the
muscle regrowth, tetanic force production of the Mu~-BMDM con-
structs steadily improved over the 15d period while drastically
decreasing in the Mu-only group (Fig. 3d). Importantly, similar
to neonatal-derived engineered muscle'®, regenerated myofibres
within adult-derived Mu-BMDM constructs experienced success-
ful reformation of registered sarcomeric structures (Fig. 3e).
Considering the known effects of macrophages on in vivo MuSC
activation, proliferation and differentiation*”, we further assessed the
myogenic process in injured muscle constructs by tracking the cellu-
lar expression of the myogenic markers Pax7, MyoD and MyoG and
the proliferation marker Ki67 (Fig. 3f,g and Supplementary Fig. 7).
Since the CTX injury did not deplete Pax7* MuSCs (Supplementary
Fig. 8), Mu-BMDM and, to a lesser extent, Mu-only constructs
experienced an early myogenic response evidenced by increased
fractions of Pax7*, Ki67+ and MyoD* cells at 5d post-injury, which
marked the proliferation of an otherwise quiescent MuSC pool
(Fig. 3f,g and Supplementary Fig. 7b,c). In Mu-BMDM constructs,
this was followed by a drop in the Pax7* cell fraction towards pre-
CTX levels and recovery of MyoG™ cell numbers (Fig. 3g), signify-
ing myogenic differentiation and rebuilding of myofibres through
the addition of new myonuclei. In contrast, in Mu-only tissues, the
Pax7* cell fraction significantly decreased compared with pre-CTX
levels and was accompanied by a steady loss of MyoG* cells (Fig. 3g).
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To further assess the cell dynamics post-injury, we supplemented
EdU into the media every day following CTX exposure, cumula-
tively marking proliferative cells. In both Mu-only and Mu-BMDM
constructs, significant proliferative events were already observed
at day2 post-injury (Supplementary Fig. 9a,b). In agreement with
myogenic marker assessment, cells within Mu-BMDM constructs
continued to proliferate to 5d post-CTX injury before levelling off
(Supplementary Fig. 9a,b), consistent with MuSC proliferation and
subsequent differentiation or reversion towards quiescence. In con-
trast, Mu-only tissues exhibited a steady decline of EAU* cells over
15d post-CTX (Supplementary Fig. 9a,b), suggesting loss of the pro-
liferative cells. Furthermore, the EAU* nuclei in Mu-BMDM con-
structs resided in either myofibres or MyoD*, but rarely vimentin*
cells (Supplementary Fig. 9c—e), suggesting that the majority of the
proliferating cells post-injury were myogenic.

Effect of BMDMs on preventing cell apoptosis following CTX
injury. The observed pattern of initial MuSC proliferation, but
ultimate decline over 15d, in CTX-injured Mu-only constructs
(Fig. 3cf,g, Supplementary Fig. 7a and Supplementary Fig. 9a,b)
prompted us to assess the potential roles of BMDMs in prevent-
ing cellular death after injury in addition to enhancing myogen-
esis. Significantly higher levels of activated (cleaved) caspase-3—a
marker of skeletal muscle apoptosis’—were found in Mu-only
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Fig. 4 | Anti-apoptotic effect of BMDM:s leads to enhanced regeneration in vitro. a,b, Representative cross-sectional staining of cleaved caspase-3
(cCasp3) and myofibres (labelled with F-actin) (a) and quantified caspase-3 area over total nuclei (b) in Mu-only and Mu-BMDM constructs at

days 2, 5,10 and 15 post-injury. **P < 0.01 (n= 6 independent experiments). ¢,d, Peak GCaMP6 signals in Mu-only constructs pre- and post-CTX

injury supplemented with the pan-caspase inhibitor Q-VD-OPh (¢), and quantified Ca?* transient amplitude during 15 d post-injury with Q-Vd-OPh
supplementation versus no treatment (NT) (d). *P < 0.05 and **P < 0.01 compared with the NT Mu-only group (n=12 independent samples for treated
groups). e, Representative staining of myofibres (labelled with F-actin) and cCasp3 (inset) 5, 10 and 15d post-CTX injury in Q-VD-OPh-treated constructs.
f, Tetanic force, muscle area (MA), cCasp3 area per nuclei (CaspA) and EdU* cell density relative to values measured in Mu-BMDM constructs at 5,
10 and 15d post-CTX. *P < 0.05 compared with the Mu-BMDM group for each separate measurement (n= 6 independent samples). The dashed line
represents normalization to Mu-BMDM. All bars and points denote means +s.e.m. Significance was determined by two-way analysis of variance and
post-hoc two-sided t-tests in b and f, and post-hoc Bonferroni-corrected two-sided t-tests in d. Supplementary Table 4 lists exact Pvalues when
greater than 0.0001.

compared with Mu-BMDM constructs (Fig. 4a,b). In Mu-only
constructs, apoptotic events began by day2 post-injury and lasted
until day10, in contrast with Mu-BMDM tissues where apoptosis
rapidly resolved 2-5d post-injury (Fig. 4a,b). To establish whether
the anti-apoptotic effect of BMDMs was the governing factor in
Mu-BMDM regeneration, we explored pan-caspase inhibition—
a strategy known to support muscle survival and regeneration
in vivo’*?, Specifically, a pan-caspase inhibitor, Q-VD-OPh?*, was
applied to Mu-only constructs for the first 10d post-injury, thus
avoiding the potential adverse effects on late-stage myogenesis™*.
Application of the inhibitor rescued the decline in Ca?* transient
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amplitude (Fig. 4c,d) and attenuated apoptotic events, as evidenced
from the decreased expression of cleaved caspase-3 and increased
muscle area in Mu-only cross-sections (Fig. 4e). Further compari-
sons of tetanic force, total myofibre area, cleaved caspase-3 area
and EdU* cell density in Q-VD-OPh-treated Mu-only versus Mu-
BMDM constructs (Fig. 4f) suggest that the pro-regenerative effects
of BMDM:s on engineered muscle may be largely attributed to their
anti-apoptotic action.

Paracrine action of BMDMs following CTX injury. Next, we
sought to determine whether the anti-apoptotic effects of BMDMs
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lists exact Pvalues when greater than 0.0001.

following injury were mediated through paracrine signalling or
only via cell-contact-mediated mechanisms, which has been previ-
ously reported****. Therefore, we performed a shared-media assay
by culturing paracrine Mu-only (P-Mu-only) and paracrine Mu-
BMDM (P-Mu-BMDM) constructs in the same well. Interestingly,
following ‘severe’ CTX injury (~75% reduction in the GCaMP6
signal), neither of the two constructs was able to recover (Fig. 5a),
which was further evident from tetanic force measurements at 15d
post-CTX (Fig. 5b) and steady degeneration of myofibres with time
post-injury (Fig. 5¢,d). Next, we applied a ‘mild’ injury condition
(~50% reduction in the GCaMP6 signal) to assess whether this lack
of regeneration in the paracrine setting is dependent on the severity
of injury. In the mild injury condition, the GCaMP signal recovered
in both P-Mu-BMDM and P-Mu-only constructs in the paracrine
setting, but not in Mu-only constructs (Fig. 5e). This was associated
with significant increases in tetanic force recovery at 15d post-CTX
(Fig. 5f) and steady regrowth of myofibres with time post-injury
(Fig. 5g,h). Consistent with the results in the severe injury condi-
tion, the lack of recovery from mild injury in Mu-only constructs
was associated with the significantly increased apoptosis by day5
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post-CTX, in contrast with the attenuation of apoptosis observed
in P-Mu-only and P-Mu-BMDM constructs (Supplementary
Fig. 10a,b).

The shared-media assays suggested a significant role of secreted
factors in both muscle degeneration and BMDM-mediated repair.
Specifically, the results implied a release of pro-apoptotic cytokines
by damaged muscle and—depending on the severity—the ability of
BMDMs to attenuate or counteract this response and create a pro-
regenerative environment to support muscle regrowth. In an attempt
to better understand this paracrine cross-talk, culture media condi-
tioned by Mu-only and Mu-BMDM tissues were analysed using a
quantitative cytokine array before and 2, 5, 10 and 15d after severe
CTX injury (Fig. 6a and Supplementary Fig. 11). Compared with
Mu-only constructs, the Mu-BMDM constructs showed decreased
secretion of the pro-inflammatory factors interferon gamma (IFNy),
interleukin-1p (IL-1f) and tumour necrosis factor-a (TNFa). In
particular, IL-1f and TNFa (cytokines associated with muscle
apoptosis®*~*’) remained significantly elevated to day 10 post-injury
in Mu-only but not Mu-BMDM tissues, while the secretion of
monocyte chemoattractant protein-1 (MCP-1; also referred to as
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Fig. 6 | Cytokine analysis following injury of engineered muscle and the effects of TNFa inhibition on recovery. a, Cytokine concentrations relative to
pre-injury levels in media conditioned by Mu-only and Mu-BMDM tissues pre-CTX and at 2, 5, 10 and 15d post-CTX. *P<0.05 and **P < 0.01 between
groups at the same time point; and #P < 0.05 and #*#P < 0.001, and %P < 0.05 and &P < 0.001 compared with pre-CTX values in Mu-only and Mu-BMDM
groups, respectively (n=12 independent experiments). b, Plot of GCamp6 signal (AF/F) recovery in Mu-only constructs exposed to the TNFa inhibitor
SPD304. *P<0.05 and **P < 0.001 compared with Mu-only constructs at same time point. The symbol dictating significance is designated to each

point included within brackets (n=12 independent samples). ¢, Plots of force and muscle area (MA) recovery (relative to pre-CTX values) and cleaved
caspase-3 (cCasp3) area per nuclei in Mu-only constructs exposed to SPD304. *P < 0.05 and **P < 0.001 compared with Mu-only constructs at the same
time point; and #P < 0.001 compared with Mu-BMDM constructs (n= 6 independent samples). d, Representative staining of cross-sections of myofibres
and cCasp3 (inset) at 5, 10 and 15d post-CTX in SPD304-treated constructs. All bars and points denote means +s.e.m. Significance was determined by
two-way analysis of variance and Bonferroni-corrected post-hoc two-sided t-tests. Supplementary Table 4 lists exact Pvalues when greater than 0.0001.

CCL-2) remained similar in the two groups. Concurrently, media
levels of IL-10 and interleukin-6 (IL-6)—two cytokines linked to
inhibition of IL-1f and TNFa secretion’-*—were significantly
increased in the presence of BMDMs (Fig. 6a and Supplementary
Fig. 11). Although the anti-inflammatory action of IL-10 is known
to support muscle repair’>*, the effects of IL-6 can vary**, war-
ranting more detailed studies in the future. Together, these tempo-
rary cytokine profiles suggested important roles of macrophages in
the resolution of muscle injury-induced pro-inflammatory milieu.
Analysis of gene expression in Mu~-BMDM constructs further sup-
ported this notion as the expressions of Len2 and Argl (pro- and
anti-inflammatory markers, respectively’’) were both upregu-
lated at day2 post-CTX, yet only Argl levels remained elevated by
day5 post-CTX (Supplementary Fig. 12a). Comparisons between
the gene expressions in BMDM-only (containing only BMDMs;
Supplementary Fig. 12b) and Mu-only (Supplementary Fig. 12¢,d)
constructs suggested that the post-CTX gene expression dynamics
in Mu-BMDM tissues—particularly Argl levels—could be primar-
ily attributed to macrophages responding to muscle injury.

As TNFa has been linked to caspase-dependent apoptosis®,
as well as muscle loss in chronic disease and sarcopenia®™*, we
treated Mu-only constructs with small molecule inhibitors of TNFa
(Supplementary Fig. 13). Doses of 5pM SPD304 (ref. *) showed a
significant increase in GCaMP signal (Fig. 6b), force generation and
myofibre area (Fig. 6¢), as well as a decrease in cleaved caspase-3
expression (Fig. 6d). Since TNFa, among other pro-inflammatory
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cytokines, stimulates MuSC activation and proliferation following
injury in native muscle®”, we assessed whether TNFa inhibition
by SPD304 had adverse effects on the myogenic process post-injury.
Indeed, significantly reduced Pax7+/Ki67+ and EdU* cell counts
(Supplementary Fig. 14) indicated that SPD304 blunted the prolif-
erative response of MuSCs, thus leading to only a limited regenera-
tive response of the treated constructs (Fig. 6b,c).

Comparison with the regenerative response of neonatal-derived
engineered muscle. We previously showed that functional muscle
constructs generated from neonatal myogenic cells successfully
recover in response to in vitro CTX injury without the need for
BMDMs'e. While this difference between adult- and neonatal-
derived tissues may be attributed to a loss of regenerative potential
with in vitro passage'>”, age® or the significantly lower fraction
of MuSCs within the adult constructs (neonatal: 12%'%; adult: 7%
Pax7* cells), we examined other potential factors, including recently
reported age-dependent differences in MuSC expression of collagen
VI, tenascin-C and fibronectin®’. However, we found no significant
difference in the expression of these ECM proteins and genes before
(Supplementary Fig. 15a,b) or after (Supplementary Fig. 15d) CTX
injury in neonatal versus adult tissues. Considering the occurrence
of pronounced apoptosis following injury in adult tissues (Fig. 4),
we assessed apoptotic events in neonatal-derived muscle and found
significantly lower cleaved caspase-3 expression (Supplementary
Fig. 16a-c) and TUNEL staining (Supplementary Fig. 16d.e),
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Fig. 7 | Effect of BMDMs on implanted engineered muscle vascularization, function and survival. a,b, Representative intravital images of vascular ingrowth
over time (arrows specify the implant boundary) (a), and transverse cross-sections (b) of Mu-only and Mu-BMDM implants showing CD31* vessels (marked
by arrows) and myofibres (labelled with F-actin) 15d post-implantation (PI). ¢,d, Quantification of blood vessel density fold-change (BVD FC) over 15d PI (¢)
and cross-sectional lumen density at 5,10 and 15d PI (d). *P<0.05 and **P < 0.001 compared with Mu-only at the same time point (n=6 for 5 and 10d Pl and
n=38for 15d PI). e f, Representative intravital images of peak spontaneous GCaMP6 signals in implanted Mu-only and Mu-BMDM constructs at days 5, 10
and 15 Pl (e) (inset, heat maps of AF/F with a consistent scale (blue, low values; red, high values)) and quantification of the Ca?* transient amplitude (AF/F)
with time PI (f). *P < 0.05 between groups at specific time points. g,h, Representative ex vivo electrically induced traces (left) and quantified Ca?* transient
(AF/F of GCaMP6) (g) and tetanus force amplitudes (h) in Mu-only and Mu-BMDM explants at 5, 10 and 15d PI. **P<0.001 (n=6 for 5and 10d Pland n=8
for 15d PI). i,j, Representative transverse cross-sections of Mu-only and Mu-BMDM implants showing myofibres labelled with F-actin (i), and quantification
of the implant muscle area relative to pre-implantation values (j) at days 5, 10 and 15 PI. *P < 0.05 between groups at specific time points; #*P < 0.05 and

#P < 0.001 compared with pre-implantation values (n=6 for 5 and 10d Pl and n=8 for 15d PI). The dashed line represents normalization to pre-implantation.
All bars and points denote means + s.e.m. Significance was determined by two-way analysis of variance and post-hoc two-sided t-tests in ¢, d and f-h, and
Tukey's multiple comparison post-hoc test in j (relative to pre-implantation). Supplementary Table 4 lists exact Pvalues when greater than 0.0001.

suggesting a reduction in programmed cell death post-injury. (Supplementary Fig. 16f), suggesting that adult cells were more
Furthermore, expression of the death receptor genes FAS and susceptible to injury-induced apoptosis, as previously reported for
TNF was significantly lower in neonatal versus adult constructs aging muscle®**’.
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Human macrophages rescue the regenerative capacity of engi-
neered rat muscle. To further validate the robustness and trans-
lational relevance of our results, we replaced rat BMDMs with
hMacs (Supplementary Fig. 17a) to generate Mu-hMac constructs
(Supplementary Fig. 17b,c). On CTX injury, hMacs within these
constructs supported functional recovery of injured rat muscle cells
in a comparable fashion to rat BMDMs (Supplementary Fig. 17d).
Furthermore, functional recovery of Mu-hMac tissues was associ-
ated with a significant increase in muscle fibre area and total nuclei,
as well as a reduction of cleaved caspase-3 expression similar to the
results obtained for Mu-BMDM tissues (Supplementary Fig. 17e-g).
The markedly lower caspase expression in Mu-hMac compared with
Mu-only constructs (Mu-only: 33.34 +5.9; Mu-hMac: 6.17 + 1.4 pm?
nuclei™ at day 5 post-CTX) suggests that, similar to rat BMDMs, the
hMacs had profound effects on the reduction of apoptotic events.

Effects of BMDMs on engineered muscle vascularization, func-
tion and survival in vivo. Regarding the robust regenerative
response of injured Mu-BMDM constructs in vitro, we utilized the
dorsal skinfold window-chamber model to non-invasively (in real
time) track the survival, function and vascularization of engineered
muscle in vivo'®. The Mu-only and Mu-BMDM constructs were
implanted after 10 d of in vitro culture and assessed intravitally every
2-3d and ex vivo at 5, 10 and 15d post-implantation. Previously,
we reported that within window chambers constructs undergo
injury early after implantation, probably due to the transition from
dynamic in vitro conditions to an ischaemic avascular environment
with single-sided diffusion access'®. Intravital imaging through the
chamber window revealed significantly greater vascular ingrowth
in Mu-BMDM than Mu-only implants by post-implantation day 10
(Fig. 7a), which was further confirmed by CD31 immunostaining
of explanted tissues (Fig. 7b—d). Video recordings of red blood cell
flow verified that the ingrown vessels were functional and perfused
by host blood (Supplementary Video 2). We also labelled implanted
constructs with GCaMP6 to perform intravital fluorescence record-
ings of spontaneous Ca®* transients, which exhibited significantly
higher amplitudes in Mu—~-BMDM than Mu-only implants starting
at post-implantation day 10 (Fig. 7e,f and Supplementary Video 3).
Consistent with the intravital results, amplitudes of electrically
induced tetanic force and Ca?* transients in muscle explants
(Supplementary Video 4) were higher in the Mu-BMDM than
Mu-only group at 15d post-implantation (Fig. 7g,h), and were
significantly increased from post-implantation day5 to 15 in the
Mu-BMDM but not the Mu-only implants (Fig. 7g,h).

Furthermore, we assessed whether the enhanced vascularization
and function of Mu-BMDM implants was associated with improved
regeneration of myofibres (Fig. 7i). Consistent with our previ-
ous observations of early injury in window-chamber implants'c,
myofibre area at day5 post-implantation in both Mu-only and
Mu-BMDM tissues was significantly reduced compared with pre-
implantation levels (Fig. 7ij). In agreement with the functional
results, muscle mass in Mu-BMDM implants steadily recovered to
approach pre-implantation levels and became significantly higher
than in Mu-only implants, which showed no sign of recovery by
day15 post-implantation (Fig. 7ij). Notably, cleaved caspase-3
levels were significantly higher in the Mu-only implants than the
Mu-BMDM implants (Supplementary Fig. 18), suggesting the exis-
tence of similar degenerative and regenerative mechanisms to those
described after CTX injury in vitro.

Discussion

Adult skeletal muscle is one of the most regenerative organs of the
body, with MuSCs being the primary source of growth and repair'~.
In our adult-rat-derived engineered muscle constructs, the myo-
genic cell milieu of native muscle has been mimicked by the pres-
ence of both functional MuSCs and their niche constituents, as well
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as aligned mature myofibres and basal lamina proteins. Although
the abundance of MuSCs in these constructs (~7% of nuclei) was
similar to or higher than that of native adult muscles®, injury by
CTX did not lead to any appreciable muscle repair; instead, it trig-
gered a progressive degenerative process that could not be rescued
by chronic administration of established pro-regenerative cyto-
kines. Given the critical roles of immune system cells in regulat-
ing MuSC function during skeletal muscle repair*”’, we engineered
a homoeostatic 3D co-culture environment in which adult-rat
BMDMs resided within biomimetic muscle tissues. In this system,
orchestrated anti-apoptotic and pro-myogenic secretory actions of
resident macrophages recreated the natural regenerative response
to support robust self-repair of injured engineered muscle in vitro
and in vivo.

Notably, in our previous study'®, functional muscle constructs
generated from neonatal rat myogenic cells successfully regener-
ated after in vitro CTX injury without the need for macrophage
incorporation. Recently, it was reported that foetal mouse MuSCs
have higher self-renewing and regenerative capacity than their
adult counterparts. This was partly attributed to age-dependent dif-
ferences in the expression of ECM proteins, including tenascin-C,
fibronectin and collagen VI*°. By comparing neonatal-'® and adult-
derived Mu-only constructs, we found no significant difference in
their kinetics of myogenesis during early differentiation and post-
CTX injury or in the expression levels of two out of the three ECM
proteins (Supplementary Fig. 15b). This discrepancy from previous
studies might result from: (1) the use of neonatal versus foetal cells
(with a previous study* showing that MuSCs derived from day?7
neonatal muscle had gene expression more similar to adult than
foetal MuSCs); (2) the effects of in vitro culture on MuSCs'>**; (3)
potential species differences (rat versus mouse); and (4) the fact that
our gene expression analyses were performed on intact engineered
muscle tissues rather than freshly isolated Pax7+ MuSCs™.

Overall, while a larger pool or a distinct phenotype of Pax7* cells
could contribute to the superior regenerative capacity of neonatal-
versus adult-derived constructs in our study, the higher resistance
to apoptotic death of neonatal muscle cells (Supplementary Fig. 16)
appeared to be the main reason for their robust recovery after injury.
In contrast, the lower resistance to apoptosis and decreased regener-
ative capacity of adult-derived tissues could be rescued by the anti-
apoptotic and pro-myogenic actions of supplemented BMDMs.
In particular, anti-apoptotic effects of macrophages played critical
roles in preventing loss of muscle mass and function and support-
ing regeneration, as revealed by the fact that the pan-caspase inhibi-
tor Q-Vd-OPh yielded similar structural and functional repair to
that caused by incorporating BMDMs (Fig. 4f). While pan-caspase
inhibition may have complex effects on muscle regeneration®, it
served to preserve the number and integrity of myofibres—essential
components of the functional MuSC niche’—which in turn sup-
ported the efficient MuSC response to injury, leading to robust
myogenic repair.

In previous studies, anti-apoptotic effects of macrophages on
injured muscle arose via cell-contact-mediated mechanisms™; yet,
in our study, significantly reduced muscle apoptosis in the presence
of BMDMs (Fig. 4a,b) was at least in part contributed by macro-
phage paracrine action that downregulated the expression of the
pro-inflammatory cytokines TNFa and IL-1p (Fig. 6a) known to
associate with muscle wasting and degeneration®—>*>_ Still, a pro-
inflammatory environment induced by injury in vivo is required to
stimulate MuSC proliferation and myogenic repair®*>, while the
subsequent switch to an anti-inflammatory milieu is essential for
completing tissue regeneration®’. Consistent with this process in
vivo, the BMDM:s within the injured engineered muscle experienced
a transient upregulation of the pro-inflammatory marker Lcn2
early after injury, yet continued to upregulate the anti-inflamma-
tory marker Argl, suggesting conversion from a pro-inflammatory

NATURE BIOMEDICAL ENGINEERING | VOL 2 | DECEMBER 2018 | 942-954 | www.nature.com/natbiomedeng


http://www.nature.com/natbiomedeng

NATURE BIOMEDICAL ENGINEERING

ARTICLES

phenotype towards an anti-inflammatory phenotype by day5 post-
CTX (Supplementary Fig. 12). The sustained anti-inflammatory
environment, marked by continual expression of IL-10 out to day 10
post-CTX, may have aided injury resolution and successful regen-
eration of Mu-BMDM tissues®. Still, given the limited number
of markers studied, further work is needed to better characterize
injury-induced changes in macrophage phenotype within the 3D
engineered muscle environment.

We also utilized window-chamber implantation as an in vivo
injury model (with initial cell damage resulting from a hypoxic envi-
ronment), which uniquely allowed repeated intravital assessments
of implanted tissue survival, function and vascularization. Similar
to in vitro studies, engineered muscle implants with incorporated
BMDMs showed reduced apoptotic events (Supplementary Fig. 10)
and enhanced cell survival, myogenesis and function (Fig. 7). Since
macrophages support angiogenesis and vascular remodelling dur-
ing development and injury in many organs, including muscle”*,
it was not surprising that incorporated BMDMs within the muscle
implants would also accelerate vascular ingrowth (Fig. 7a—c), prob-
ably by their secretion of angiogenic factors® and direct interactions
with vascular sprouts®. Notably, the onset of functional recovery
in vitro (Fig. 3d) was faster compared with in vivo (Fig. 7h), where
significant regeneration occurred only after 10d post-implantation,
consistent with our previous window-chamber study'®. This differ-
ence might be attributed to different causes of injury; namely, CTX
in vitro versus ischaemia in vivo, which agrees with previous mouse
studies showing significantly faster muscle regeneration after CTX
than ischaemia-reperfusion injury®. The accelerated functional
recovery past 10d in vivo coincided with the establishment of
robust muscle perfusion (and probably the resolution of ischaemia),
as previously reported®.

In summary, introducing BMDMs within functional engineered
muscle presented components of the systemic environment to a
local niche of myogenic cells—a strategy that enabled robust muscle
survival and regeneration following significant cellular distress both
invitroandinvivo. By providingabiomimetic milieu to model muscle
injury and repair, the described co-culture system could serve as a
screening system to identify new pro-regenerative factors targeting
muscle-macrophage interactions. Of significant interest, BMDMs
within the injured muscle constructs exerted an anti-inflammatory,
pro-regenerative response to on-site tissue damage resembling the
actions of a cell pool not naturally prominent in native adult mus-
cle: tissue-resident macrophages®”*®. Further characterization of
epigenetic changes in immune cells residing long-term within 3D
engineered muscle milieu might allow the identification of mecha-
nisms leading to the acquisition of specialized, pro-regenerative cell
phenotypes®. Regarding the established roles of macrophages in the
repair and vascularization of both muscle and various non-muscle
tissues”’*’%, our approach might inspire a broader use of immune
system cells as the pro-regenerative constituent of transplanted tis-
sue grafts. Lastly, our preliminary work with human blood-derived
macrophages suggests similar anti-apoptotic and pro-regenerative
roles of human immune system cells within this system, laying a
foundation for the future development of patient-specific models.

Methods

Myogenic cell preparation. Skeletal muscle tissue was isolated from the lower
hind limbs of female adult Sprague-Dawley rats (~15wk old) using the method
described previously'®. Specifically, tissues from the biceps femoris and vastus
lateralis were extracted and washed twice in Wyles solution (Supplementary
Table 1). All visible tendons and fat were removed and the remaining tissue

was minced into a fine slurry in a 1.5 mgml™" collagenase digestion solution
(Worthington). The digestion solution was passed through a 25ml pipette at 1 and
1.5h, at which point visible tendon and fat pieces were again removed from the
solution using sterile forceps. At 2h, the digestion solution was passed through a
10ml pipette and the remaining non-digested tissue was removed. The remaining
solution was passed through a 100 pm cell strainer, spun down for 12 min at
400r.c.f,, resuspended in Wyles solution, passed through a 40 pm cell strainer and

again spun down. Cells were resuspended in Blau media (Supplementary Table 1)
and pre-plated for 1h before being supplemented with 5ngml~' bFGF (PeproTech)
and plated on Matrigel-coated plates. Myogenic cells used for in vitro regeneration
assay and implantation studies were transduced by a lentivirus in which GCaMP6
expression was driven by a MHCK?7 promoter for 24 h following initial cell seeding.
Adult myogenic cells were expanded for 2-5 passages before engineered muscle
formation in which the cells were detached by the application of 2% dispase (v/v).
Expanded cells were quantified for the presence of myogenic cells (Pax7*, MyoD*,
Ki67* and MyoG*) (Supplementary Table 2).

Neonatal skeletal muscle tissue was isolated from the lower hind limbs of P2
neonatal Sprague-Dawley rats. Tissue was extracted and washed twice in Wyles
solution (Supplementary Table 1), then minced into a fine slurry and incubated
in 1 mgml~! collagenase digestion solution at 37 °C (Worthington). The digestion
solution was passed through a 10 ml pipette at 1.5h. At 2h, the digestion solution
was passed again through a 10 ml pipette, and then through a 40 pm cell strainer.
The strained solution was spun down and the cells were resuspended in Blau media
(Supplementary Table 1) supplemented with 5ngml~' bFGF (PeproTech) and
plated on Matrigel-coated plates. Neonatal myogenic cells were expanded
for 24 h, then detached by the application of 2% dispase (v/v) for engineered
muscle formation.

BMDM isolation, differentiation and polarization. BMDMs were derived from
the in vitro differentiated bone marrow monocytes using methods adapted from
published mouse protocols™~"*. Specifically, following the removal of the hind limb
muscle used for myogenic cell isolation, each lower leg was cleared of surrounding
tissue, sectioned above the knee and washed twice in 70% ethanol and once in
phosphate buffered saline (PBS), before two cuts were made in the tibia at the knee
and at the junction of the fibula. The cuts exposed the bone marrow, which was
flushed out with BMDM media (Supplementary Table 1) using a 20 gauge needle.
Following disassociation of the marrow, it was strained and plated onto non-tissue
culture plastic petri dishes at a density of 1 leg per 150 cm?>. BMDMs were cultured
for 7-10d in BMDM media to allow differentiation, with additional media

being added at day 3. Differentiation of adherent cells was confirmed through
staining with the macrophage-specific antibody CD68, as well as CD206 and
inducible nitric oxide synthase to define the phenotype. After 7-10d in culture,
differentiated BMDMSs were washed twice in warm PBS and dissociated with
0.05% trypsin before mixing with myogenic cells and the making of co-cultured
engineered constructs.

Critical for macrophage phenotype and survival is M-CSE which drives
the differentiation of monocytes towards a macrophage phenotype™. M-CSF
was derived from 1929 cell-conditioned media (LCCM) and added to BMDM
media and engineered muscle media at 30%. LCCM was generated by extracting
conditioned media following 5-7 d of confluent L929 cell culture in a basal
medium of high-glucose Dulbecco’s modified Eagle’s medium (DMEM) with 10%
foetal bovine serum (FBS). L929 cells were gifted to us by the Chilkoti group,
which previously reported a characteristic response of the cells to cytolysis by
TNFa at picomolar concentrations’””* in a cell viability assay’. The cells were not
specifically tested for mycoplasma contamination; however, there was no evidence
of cell death with long-term culture.

To create positive controls for the immunostaining of markers of pro- and
anti-inflammatory phenotypes, BMDMs were polarized using specific soluble
factors. Rat recombinant IFNy (50 ngml~'; R&D Systems) and lipopolysaccharide
(100 ng ml™'; Sigma-Aldrich) were used to induce M1 polarization, and IL-10
(10ngml~'; R&D Systems) was used to induce M2 polarization’**. Factors were
applied at day 7 of culture and left for 48 h.

BMDMSC isolation and differentiation. Isolation of bone BMDMSCs was
performed using similar methods to those described above for BMDMs. However,
bone marrow cells, on removal, were subjected to a low-glucose DMEM medium
with 10% FBS and seeded onto tissue culture plastic as described in the literature®.
Similar to BMDMs, BMDMSCs were washed twice in warm PBS and dissociated
with 0.05% trypsin before being used in engineered muscle.

Engineered muscle formation and culture. All engineered muscle constructs
were generated in two-construct polydimethylsiloxane (PDMS) moulds (7 mm
long, 2mm in diameter) cast from 3D-machined Teflon masters. PDMS moulds
were sterilized in 70% ethanol and coated with 0.2% (w/v) pluronic (Invitrogen) to
prevent hydrogel adhesion. Laser-cut porous, nylon (Cerex) frames were sterilized
in 70% ethanol, completely dried and placed within the moulds to provide
attachment for the hydrogel. The cell/hydrogel mixture—a fibrinogen-based gel
consisting of Matrigel (Supplementary Table 1)—was injected into the PDMS wells,
polymerized at 37 °C for 45 min and cultured on a rocker at 37 °C. Engineered
muscle constructs were cultured under dynamic conditions at a +30° tilt and
0.4Hz'*'”*'. Frames with constructs were removed from the moulds 2 d following
construct formation and left to free-float in media thereafter. For the co-cultured
constructs, BMDMs or BMDMSCs were added to the myogenic population at

a ratio of 1:6. For the paracrine studies, one construct in a well contained both
muscle cells and BMDMs (Mu-BMDM (referred to as P-Mu-BMDM for the
paracrine studies)) and the other contained just muscle cells (Mu-only (referred
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to as P-Mu-only for the paracrine studies)). Growth medium (Supplementary
Table 1) was used as the culture media for the first 4d of culture and replaced

by differentiation medium (Supplementary Table 1) to promote further fusion

and differentiation of the myogenic cells. Degradation of fibrin was inhibited by

1 mgml~ aminocaproic acid (Sigma-Aldrich), LCCM was supplemented to all
culture media at 30%, and 66% of the media was replaced each day. Cell-mediated
hydrogel compaction generated passive tension, resulting in uniaxial cell alignment
within the engineered muscle®™.

Real-time in vitro regeneration assay. To track functional regeneration in live
constructs, myogenic cells were transduced with MHCK7-GCaMP6 virus before
construct formation, as described above. At day 10 of culture, constructs were
injured by applying 0.4 pM CTX. To induce mild and severe injury, bundles were
exposed to CTX for 3+0.5h and 6 +0.5h until a drop in the gCaMP6 signal

to 25 or 50% of pre-injury values was achieved, respectively. Once the level of
injury was achieved, the injured bundles were washed twice in DMEM and once

in Differentiation Media for 15 min on the rocker. Functional and histological
assessments were performed at 5, 10 and 15 d post-CTX along with measurements
of cross-sectional myofibre area, cell proliferation and apoptosis. Every 2-3d of
culture, GCaMP6-reported calcium (Ca®*) transients in electrically stimulated
muscle constructs were imaged under sterile conditions. Constructs were
transferred into a sterile electrical stimulation chamber containing stainless steel
field electrodes containing Tyrode’s solution (Supplementary Table 1) and pinned
to prevent motion artefacts. The chamber was then transferred to a temperature-
controlled live imaging system and imaged with an Andor camera attached to a
Nikon microscope. The muscle constructs were exposed to a train of stimuli (10 ms
duration, 1 Hz, 90 V) and each construct was recorded for 2s to capture at least one
calcium transient. A MATLAB script was created to recognize the construct area
in the stimulation movies and calculate the relative fluorescence intensity (AF/F),
as described previously'’. Dependent on the experiment (severe versus mild),
injury of a construct was induced by exposing it to CTX until 75% (~5-7h) or 50%
(~2-4h) of AF/F was lost.

Cellular proliferation assay. To track cumulative cell proliferation in muscle
constructs, the modified thymidine analogue EAU (10 pM) was supplemented
every day into the media following CTX injury. The EdU kit (Thermo Fisher
Scientific) includes a fluorophore capable of detecting the EAU once it has
incorporated into newly synthesized DNA.

Supplementation of pro-regenerative and anti-apoptotic factors and pro-
inflammatory inhibitors. Rat recombinant proteins were supplemented every day
to engineered muscle at their working concentrations: IGF-1 (20 ngml

R&D Systems), IL-10 (20 ng ml~'; R&D Systems) and G-CSF (20ngml™;
PeproTech). The anti-apoptotic factor Q-VD-OPh (2.5 uM; Sigma-Aldrich), a pan-
caspase inhibitor, was supplemented daily up to 10d after CTX injury.

Small molecule inhibitors of TNFa—SPD304 (ref. *°) (5 and 10 pM; Sigma-—
Aldrich) and C87 (ref.**) (5 pM; Tocris)—were supplemented daily up to

15d after CTX injury. All factors were added to the media immediately after

CTX injury.

Immunostaining. Engineered muscle constructs were fixed in 2% formaldehyde
(Electron Microscopy Sciences) overnight on a rocker at 4 °C. Samples were
treated using a blocking solution (0.5% Triton-X and 5% chicken serum PBS)
overnight on a rocker at 4°C. Primary antibody solutions (Supplementary

Table 2) at 1:15-1:300 dilution were applied in blocking solution overnight

on a rocker at 4°C. Samples were then washed 3 times in 0.1% Triton-X and
incubated in secondary antibody (1:200 dilution in blocking solution; Life
Technologies) with 4’,6-diamidino-2-phenylindole (DAPI) and/or Alexa Fluor
488-conjugated phalloidin (Invitrogen) overnight on a rocker at 4 °C. Fluorescence
images were acquired on an inverted confocal microscope (Zeiss LSM 510) at
10-40x magnification. Constructs were sectioned parallel (longitudinal) and
perpendicular (transverse) to the long axis. Samples were submerged in optimal
cutting temperature compound (Electron Microscopy Sciences), snap-frozen

in liquid nitrogen, sliced (12 pm thick) and mounted on glass slides, followed

by blocking and application of the antibodies. Specific primary antibodies are
presented in Supplementary Table 2. TUNEL labelling to visualize the occurrence
of apoptotic cell death within engineered muscle following injury was performed
using a commercially available kit (Thermo Fisher Scientific) in both longitudinal
and transverse sections.

For quantitative analyses of nuclear stains, we utilized a custom Image] (Fiji)
programme that identifies areas stained for DAPI, transcription factor (Pax7,
MyoD or MyoG) or proliferation marker (Ki67) and, based on the median nucleus
size for a given magnification, designates and automatically counts the identified
nuclei as described previously'.

In our analysis, when discrete stains (nuclear markers; for example, Pax7 or
MyoD) or labelling of cell types (for example, CD206* macrophages) were clearly
visible, events were counted individually. If expression could not be directly
assigned to individual cells (for example, cleaved caspase-3 staining), the average
area per nuclear count was expressed.

Quantitative cytokine analysis. Conditioned media was collected from Mu-only
and Mu-BMDM tissues during the in vitro regeneration assay pre-injury and at
days 2, 5, 10 and 15 post-injury. Consistent with previous experiments, all tissues
were exposed to culture media containing 30% LCCM, and 66% of the media
was replaced each day. Specific cytokine concentrations were measured using a
Quantibody Array Kit following the manufacturer’s instructions (RayBiotech).

Implantation of adult-derived engineered muscle constructs. All animal
experiments were approved by the Duke University Institutional Animal Care and
Use Committee and were in compliance with ethical regulations. Sample sizes were
determined based on previous use of the implantation method'®. Before surgery,
athymic nude mice (~10 weeks of age; 22-30 g; assorted sexes) were anaesthetized
by intraperitoneal injection of ketamine (100 mgkg™) and xylazine (10 mgkg™").
Surgical techniques associated with the dorsal window-chamber implantation were
performed as previously reported’®. Specifically, using the aseptic technique, the
dorsal skin was attached to a temporary ‘C-frame’ at the centre of the back. The
skin was perforated in three locations to accommodate the screws of the chamber,
and a circular region (~12 mm) of the forward-facing skin (that is, the cutis,
subcutis, retractor and panniculus carnosis muscles, and associated fascia) was
dissected away to accommodate the window proper. The forward and rearward
pieces of the titanium dorsal skinfold chamber were assembled together from
opposite sides of the skin, and a muscle construct was laid perpendicular (verified
under microscope) to the intact panniculus carnosis muscle of the rearward-facing
skin, providing a source of microvessels for vascularization. A sterile cover glass
was placed over the window and engineered tissue while superfusing with sterile
saline solution. The chamber was then secured with sutures and the ‘C-frame’ was
removed. Postoperatively, mice were injected subcutaneously with buprenorphine
(1 mgkg™") painkiller and left to recover on a heating pad. The surgeon was
blinded from the experimental group during surgery and the order was randomly
selected beforehand.

Intravital imaging of blood vessels and intracellular Ca** transients. Intravital
recordings were performed in anaesthetized mice on days 2, 5,7, 9, 12 and 15
post-implantation. Mice were anaesthetized by nose cone inhalation of isoflurane
and positioned on a heating pad under a microscope objective. Hyperspectral
brightfield image sequences (10 nm increments from 500-600 nm) were captured
at 5X magnification using a tunable filter (Cambridge Research & Instrumentation)
and a digital video camera (Thorlabs), as previously described'**. A custom
MATLAB (MathWorks) script® was applied to create maps of the total
haemoglobin concentration. Obtained maps were further processed using local
contrast enhancement in Image] (Fiji) and thresholded to binary images to identify
the vessel area and calculate the blood vessel density (total area of blood vessels

per construct area) as described previously'®. Intravital imaging of spontaneous
Ca’* transients was performed immediately after vessel imaging with mice still
anaesthetized. Fluorescent GCaMP6 signals in implanted constructs were video-
imaged through a fluorescein isothiocyanate filter using a fast fluorescent camera
(Andor) at 16 pm spatial resolution and 20 ms temporal resolution. Amplitudes

of spontaneous Ca** transients were calculated using a custom MATLAB
(MathWorks) script averaging AF/F of 25 pm X 25 pm regions spanning the area of
the implanted construct.

In vitro and ex vivo force measurements. Engineered muscle constructs were
loaded into a custom-made force measurement set-up containing a sensitive
optical force transducer and a linear actuator (Thorlabs), as previously described*.
Samples were stimulated (10 ms, 3V mm™ pulses) at different frequencies (single
pulse to 40 Hz), and isometric active (contractile) forces were measured at different
muscle lengths. The specific force was calculated by dividing the active force by the
cross-sectional muscle area.

Ex vivo calcium measurements. Electrically induced Ca?* transient amplitudes,
reported as AF/F'°, were measured in explanted constructs at days 5, 10 and 15
post-implantation using the live cell chamber described above. Twitch (1 10 ms
pulse, 1 Hz, 3V mm™") and tetanic (40 10 ms pulses, 40 Hz, 3V mm™') contractions
were assessed.

Human blood monocyte-derived macrophage isolation. The below procedure
was adapted from a protocol shared with us by B. Chazaud. Human umbilical
cord blood was obtained from the Carolinas Cord Blood Bank using a protocol
(Pro00013890) approved by the Duke University Health System Institutional
Review Board and diluted 1:1 with PBS. To isolate the buffy coat, 30 ml of

the diluted blood was layered over 18 ml of Lymphoprep or Histopaque (at a
density of 1.077 gml™") and spun at 1,800 ¢ for 30 min with no brake. Following
centrifugation, the buffy coat was collected and diluted 1:3 with PBS. The diluted
buffy coat was spun down at 450 ¢ for 7min. The supernatant was then removed
and 20 ml of red blood cell lysis buffer (BD Pharmingen) was added to the pellet.
The buffer/cell solution was placed on a shaker for 10 min and vortexed at the 5
and 10 min time points. Next, the solution was spun at 450 ¢ for 7min and assessed
to see whether the pellet was red in colour, indicating remaining red blood cells.
If the pellet was white, it was resuspended in PBS to wash. If not, the lysis step
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was repeated using half the original volume. From the remaining cells, CD14*
monocytes were purified via magnetic-activated cell sorting (MACS; Miltenyi
Biotec) using human CD14 microbeads (Miltenyi Biotec). The positive cell fraction
was spun at 450 g for 7 min, resuspended in RPMI 1640 (10% heat inactivated

FBS and 50 ng ml~' human M-CSF (PeproTech)) at 400,000 cellsml~' and plated at
25,000 cellscm™. On day 5, the media was completely changed. From day6

to 21, the differentiated human macrophages were added to skeletal muscle

cells as described above to engineer hybrid muscle-macrophage tissues.

A human-specific CD68 antibody was used to confirm the species of the cells
(Supplementary Fig. 17a).

Quantitative PCR. Total RNA was isolated according to the RNeasy Fibrous Tissue
Mini Kit (Qiagen) and the concentration was measured using a NanoDrop 1000.
Depending on the experiment group and time point post-injury, RNA was pooled
between 2 and 6 constructs (BMDM-only and Mu-only constructs at late time
points required more samples). Reverse transcription was run on equal amounts

of RNA using an iScript cDNA Synthesis Kit (Bio-Rad). Quantitative PCR was
performed using an iTaq Universal SYBR Green Supermix kit (Bio-Rad). The
relative expression of indicated genes was quantified by the AACT method, using
-2 microglobulin (B2M) as the housekeeping gene. Primer sequences are listed in
Supplementary Table 3.

Statistics. Unless specified, the results are presented as means =+ s.e.m. Statistical
significances among different groups were evaluated with the tests described in

the figure captions using GraphPad Prism (GraphPad Software). P<0.05 was
considered statistically significant. Different levels of significance are noted in the
figures and figure captions. Supplementary Table 4 lists the exact Pvalues where
they are greater than 0.0001. There was no estimation of variation, and the variance
was similar between all groups being statistically compared. Sample sizes were
determined based on the variance of previously reported measurements'®"”. All
shown immunostainings and videos are representative of similar results obtained
from at least three independent experiments.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Code availability. Custom MATLAB and ImageJ codes are available on request.

Data availability
All the data supporting the findings of this study are available within the paper and
its Supplementary Information.
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Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
text, or Methods section).

n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)
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Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection Data collection was performed by using the Andor SOLIS and LabVIEW platforms. Custom code is available upon request.
Data analysis Data analysis was performed by using commercial software platforms including ImageJ, MATLAB and Graphpad PRISM 5. Custom code is
available upon request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

All data supporting the findings of this study are available within the article and its Supplemental Information.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was chosen on the basis of previous studies generating and implanting engineered muscle constructs.
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Data exclusions  Data were excluded if engineered constructs were broken in culture (may release from supporting frame).

Replication Variation in samples may occur due to lot-to-lot variability of the fibrinogen and Matrigel. To ensure reproducibility, numerous lots were
always screened for normal force generation.

Randomization  Randomization was not relevant for this study.

Blinding Blinding was not relevant for this study.

Reporting for specific materials, systems and methods

Materials & experimental systems Methods

>

/a | Involved in the study n/a | Involved in the study

D Unique biological materials
E Antibodies
E Eukaryotic cell lines

X] D ChiP-seq
D Flow cytometry

X] D MRI-based neuroimaging

D Palaeontology

E Animals and other organisms

XOXLOILIX

D Human research participants

Antibodies

Antibodies used Pax7 (1:15), Developmental Studies Hybridoma Bank (Pax7-s); MyoD (1:200), BD Pharmingen (554130); Myogenin (1:200), Santa
Cruz Biotechnology (sc-576); Sarcomeric a-actinin (1:200), Sigma (a7811); Ki67 (1:200), Abcam (ab15580); Laminin (1:300),
Abcam (ab11575), CD31 (1:300); Abcam (ab28364), CD68 (1:200), Abcam (ab31630); CD206 (1:200), Abcam (ab64693); Cleaved
Caspase-3 (1:200), Cell Signaling (Asp175); Tenascin C (1:200), Abcam (ab108930); Fibronectin (1:200), Abcam (ab2413);
Collagen VI (1:200), Abcam (ab6588); Human CD68 (1:200), Biolegend (333801)

Validation Pax7: On product website (http://dshb.biology.uiowa.edu/PAX7?sc=7&category=-107) rat is listed under positive tested species
reactivity, immunohistochemistry is listed as a recommended application, and it is stated that the antibody recognizes the nuclei
in adult skeletal muscle satellite cells.

MyoD: On product website (http://www.bdbiosciences.com/us/applications/research/stem-cell-research/mesoderm-markers/
human/purified-mouse-anti-myod-58a/p/554130), rat is listed under species reactivity and immunohistochemistry of frozen
sections is listed as a validated application.

Myogenin: On product website (https://www.citeab.com/antibodies/816175-sc-576-myogenin-antibody-m-225), rat is listed
under species reactivity and immunohistochemistry and immunofluorescence are listed as validated applications from the
literature.

Sarcomeric a-actinin: On product website (https://www.sigmaaldrich.com/catalog/product/sigma/a7811?lang=en&region=US),
rat is listed under species reactivity. Immunohistochemistry is listed as a validated application. The supplier states that this
antibody is specific to labeling Z-lines and dots in skeletal muscle myotube stress fibers without reacting with non-skeletal
muscle components such as connective tissue or epithelium.

Ki67: On product website (http://www.abcam.com/ki67-antibody-ab15580.html), rat is listed under species reactivity and
immunohistochemistry and immunofluorescence are listed as tested applications.

Laminin: On product website (http://www.abcam.com/laminin-antibody-ab11575.html), rat is listed under species reactivity and
immunohistochemistry wholemount and frozen sections are listed as tested applications. They provide images of
immunohistochemistry on rat tibialis anterior tissue sections with this antibody.
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CD31: On product website (http://www.abcam.com/cd31-antibody-ab28364.html), mouse is listed under species reactivity and
immunohistochemistry is listed as a tested application.

CD68: On product website (http://www.abcam.com/cd68-antibody-ed1-ab31630.html), rat is listed under species reactivity and
immunohistochemistry is listed as a tested application. The suppliers cite that this antigen is highly expressed by tissue
macrophages and provide images from rat lung, liver, and kidney.

CD206: On product website (http://www.abcam.com/mannose-receptor-antibody-ab64693.html), rat is listed under species
reactivity and immunohistochemistry is listed as a tested application. Supplier states that the antibody gave positive signal with
rat liver tissue lysate.

Cleaved Caspase-3: On product website (https://www.cellsignal.com/products/primary-antibodies/cleaved-caspase-3-asp175-
antibody/9661), rat is listed under species reactivity and immunohistochemistry and immunofluorescence are listed as
applications. Supplier states that the antibody is specific for activated (cleaved) caspase-3 and does not react with full length
caspase-3 or other cleaved caspases.

Tenascin C: On product website (http://www.abcam.com/tenascin-c-antibody-epr4219-ab108930.html), rat is listed under
species reactivity. Immunohistochemistry is listed as a tested application for rat tissues. Images are provided of tenascin C
labeled in rat cerebellar cortex.

Fibronectin: On product website (http://www.abcam.com/fibronectin-antibody-ab2413.html), rat is listed under species
reactivity. Immunohistochemistry is listed as a tested application.

Collagen VI: On product website (http://www.abcam.com/collagen-vi-antibody-ab6588.html), rat is listed under species
reactivity and immunohistochemistry is listed as a tested application. Supplier states negligible cross-reactivity with collagens I, 11,
1, 1V, and V.

Human CD68: On product website (https://www.biolegend.com/en-us/products/purified-anti-human-cd68-antibody-4835),
human is the only species listed under reactivity and immunofluorescence is listed as a validated application.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 1929 cells were obtained from the Ashutosh Chilkoti group at Duke University.
Authentication The cells reported a characteristic response to cytolysis by TNFa at picomolar concentrations in a cell-viability assay.
Mycoplasma contamination The cells were not specifically tested for mycoplasma contamination; however, there was no evidence of cell death with long-

term culture.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Athymic nude mice (~10 weeks of age; 22—-30 g; assorted sex)
Wild animals The study did not involve wild animals.
Field-collected samples The study did not involve samples collected from the field.
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