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Volumetric muscle loss (VML) overwhelms the innate regenerative capacity of mamma-
lian skeletal muscle (SkM), leading to numerous disabilities and reduced quality of life.
Immune cells are critical responders to muscle injury and guide tissue resident stem
cell- and progenitor-mediated myogenic repair. However, how immune cell infiltration
and intercellular communication networks with muscle stem cells are altered following
VML and drive pathological outcomes remains underexplored. Herein, we contrast the
cellular and molecular mechanisms of VML injuries that result in the fibrotic degenera-
tion or regeneration of SkM. Following degenerative VML injuries, we observed the
heightened infiltration of natural killer (NK) cells as well as the persistence of neutro-
phils beyond 2 wk postinjury. Functional validation of NK cells revealed an antagonistic
role in neutrophil accumulation in part via inducing apoptosis and CCR1-mediated
chemotaxis. The persistent infiltration of neutrophils in degenerative VML injuries was
found to contribute to impairments in muscle stem cell regenerative function, which
was also attenuated by transforming growth factor beta 1 (T7GHS I). Blocking TGFp sig-
naling reduced neutrophil accumulation and fibrosis and improved muscle-specific
force. Collectively, these results enhance our understanding of immune cell-stem cell
cross talk that drives regenerative dysfunction and provide further insight into possible
avenues for fibrotic therapy exploration.
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The traumatic or surgical loss of a critical volume of skeletal muscle (SkM) that results
in a permanent functional impairment (1), known as volumetric muscle loss (VML), is
responsible for more than 90% of all muscle conditions that lead to long-term disabil-
ity and is the principal cause of nearly 10% of all medical retirements from the military
(2). VML results in reduced quality of life through pronounced disabilities (3) ranging
from reduced muscle function and atrophy to aggressive development of osteoarthritis
(4). An increasing prevalence of extremity traumas during combat since the turn of the
century has incentivized increased therapeutic development for VML (5). Toward this
end, research groups have developed and tested strategies ranging from acellular biolog-
ical scaffolds (6-8) to stem cell transplants (9), drug therapies (3, 10), and rehabilita-
tion (11), as well as various combinations of each (12-14). There is considerable
variation in the success of such strategies (13), and further improvements in these
results may be inhibited due to the loss of architectural units required for proper tissue
reconstruction (15) as well as the prolonged inflammation and inhibitive microenviron-
ment produced by the fibrotic scar (13, 16, 17). However, little information exists for
why VML permanently overwhelms the regenerative capacity of SkM, resulting in
pathological fibrosis and degeneration.

The regenerative capacity of SkM is dependent upon a pool of resident muscle stem
cells (MuSCs), also known as satellite cells (18). Upon muscle injury, quiescent MuSCs
are triggered to proliferate, differentiate into muscle progenitor cells, and fuse to form
new or repair existing myofibers (18). The immune system plays a complex role in
communicating with MuSCs during the regenerative response and guides healing out-
comes (19, 20). Following SkM damage, a wave of proinflammatory cells, including
neutrophils, macrophages, and conventional T lymphocytes, infiltrate the injured site
and encourage MuSC proliferation through proinflammatory cytokine secretion, while
regulatory T cells (21, 22) balance the magnitude and duration of the inflammatory
response. Once the debris has been cleared and the progenitor pool has appropriately
expanded, the immune microenvironment transitions to an anti-inflammatory state to
coordinate matrix rebuilding and the formation of new myotubes. As part of this
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Skeletal muscle is one of the
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regenerate when damaged
through a population of resident
muscle stem cells. A type of
muscle trauma called volumetric
muscle loss overwhelms the
regenerative capacity of muscle
stem cells and engenders fibrotic
supplantation. A comparison of
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regeneration or fibrosis revealed
that intercellular communication
between neutrophils and natural
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transition, macrophages undergo a phenotypic switch to sup-
port myogenic progenitor differentiation and myofiber growth
(23, 24). However, after VML, macrophages persist in the
defect for weeks to months (13) and their polarization switch is
impaired (25), resulting in an intermediate phenotype (26, 27).
Moreover, VML triggers an increase in T helper and cytotoxic
T lymphocytes (28), which persist as long as 4 wk postinjury
(27) compared to returning to preinjury levels within 7 to 10
d, as occurs in models of successful muscle regeneration (29).
Comprehensive etiological assessment after VML and how dys-
regulated immune signaling networks converge to influence
MuSC functions remain enigmatic. Elucidating these mecha-
nisms stands to potentiate the development of regenerative
therapies.

Herein, we characterized the cellular and molecular mecha-
nisms driving responses of SkM by comparing VML injuries
that regenerate to those that degenerate and result in fibrosis.
Using immunohistofluorescent analyses, single-cell RNA
sequencing (scRNA-Seq), lineage-tracing mouse models, cellu-
lar transplants, and small-molecule inhibition, we provide a
resource that elucidates cellular and molecular players after
VML. We observed and validated that degenerative VML inju-
ries result in the persistent infiltration of inflammatory cells,
such as neutrophils, which exert lasting consequences on the
myogenic capacity of resident MuSCs. Further, we identified
and characterized an intercellular communication circuit
between neutrophils and cytolytic natural killer (NK) cells,
which combat neutrophil accumulation via a CCL5/CCRI
axis. The inhibition of CCR1 exacerbated neutrophil accumu-
lation in degenerative defects, while NK transplants signifi-
cantly reduced neutrophil populations and enhanced healing.
Finally, a cell-cell communication network prediction from
scRNA-Seq data suggested TGFp-conferred MuSC  impair-
ments. Small-molecule inhibition of TGFp signaling in vivo
improved tissue morphology and strength at late time points
following degenerative VML injuries. Together, these findings
enhance our understanding of cellular communication dynam-
ics governing muscle healing outcomes.

RESULTS

Volumetric Muscle Loss Induces Muscle Degeneration and
Fibrotic Supplantation. To model regenerative and degenera-
tive muscle healing outcomes, we administered bilateral full-
thickness 2-mm and 3-mm punch biopsy defects to the rectus
femoris of adult C57BL6/] mice (30). Cross-sections of mouse
quadriceps were stained with hematoxylin and eosin (H&E)
and picrosirius red (PSR) and immunohistochemically stained
for laminin at 7, 14, 28, and 42 d postinjury (dpi) to assess
muscle degeneration and fibrosis compared to uninjured con-
trols. Consistent with previous literature (30), the 3-mm mus-
cle defects failed to resolve by 42 dpi (subsequently termed
degenerative defects), whereas regenerating myofibers filled the
2-mm defects (subsequently termed regenerative defects) by 28
dpi (Fig. 14 and SI Appendix, Fig. S1). Compared to regenera-
tive defects, degenerative defects were further characterized by
higher proportions of smaller fibers (Fig. 1B; =5 to 7 tissues
from 3 to 4 mice), significantly increased collagen deposition at
28 and 42 dpi (Fig. 1 C and D and SI Appendix, Fig. S1; n=3
to 7 tissues from 3 to 4 mice, unpaired), and muscle atrophy at
28 dpi (Fig. 1E n =3 to 5 tissues from 3 to 5 mice, unpaired).
Degenerative defects also exhibited significant reductions in iso-
metric torque at 28 dpi compared to uninjured controls (Fig.
1F n =3 to 5 tissues from 3 to 5 mice, unpaired). Combining
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these results shows that VML defects of different sizes beget
distinct regenerative trajectories.

scRNA-Seq Reveals Alterations in Cellular Ecosystem in
Response to Degenerative Muscle Defects. To probe the cellu-
lar and molecular drivers that contribute to the regenerative
versus degenerative responses, we performed droplet-based
scRNA-Seq on viable mononucleated cells isolated from unin-
jured quadriceps (0 dpi, 7 dpi, 14 dpi, and 28 dpi) (Fig. 24).
We generated 58,405 high-quality scRNA-Seq libraries encom-
passing on average 1,875 genes per cell with an average read
depth of 7,489 unique molecular identifiers per cell (S
Appendix, Fig. S2° A and B). Technical variations between
batches were regressed out using Seurat version 3 (31), followed
by dimensionality reduction using Uniform Manifold Approxi-
mation and Projection (UMAP) (32) (SI Appendix, Fig. S20).
Unsupervised Louvain clustering revealed 23 cell types (Fig.
2B). Cluster-based cell-type annotation was performed by
matching cluster marker genes to a muscle-specific cell taxon-
omy reference database using the single-cell Cluster-based
Annotation Toolkit for Cellular Heterogeneity (scCATCH)
(33) as well as by overlaying marker gene expression with previ-
ously published reference datasets (34-36) (SI Appendix, Fig.
S2D). We observed variation in the proportion and type of cap-
tured cells among degenerative defects compared to regenera-
tive defects, whereby increases in neutrophils and lymphocytes
were observed in degenerative defects at 7 and 14 dpi compared
to cells sequenced from regenerative defects at the same time
points (Fig. 2 C and D). When we merged all time points, the
scRNA-Seq results suggested a four- to fivefold increase in lym-
phocytes and neutrophils among degenerative defects (Fig. 2E).
Further, substantial differences in gene expression were
observed among most cell populations isolated from degenera-
tive versus regenerative defects using the MAST toolkit (37,
38) (Fig. 2F). A protein annotation through evolutionary rela-
tionship (PANTHER) (39) pathway analysis of the top 150
differentially expressed genes (DEGs) up-regulated among
degenerative defects identified increased chemokine- and
cytokine-mediated inflammation (//16, Cel5, Cer7, Cerl, Rac2,
Actal, Acth, Actcl, Actgl, Arpe3, and Alox5ap), T and B lym-
phocyte activation (77rbc2, MHCII antigens, Cd3d, Cd79a and
b, Ighm, and Rac2), glycolysis (Aldoa, Gapdh, Pgam2, and
Bpgm), and apoptosis signaling (Lth, heat shock proteins,
and Cycs). Most of these genes were expressed among dendritic
cells (I11b, Ccr7, Rac2, Alox5ap), neutrophils (1/16, Ltb, Ccrl,
Alox5ap), TINK cells (Cel5, Lth, Rac2, Cd3d, Trbc2, and heat
shock proteins), and B cells (Rac2, Ccr7, Ltb, Cd79, Ighm).
Moreover, GO term analysis on up-regulated genes from regen-
erative defects showed enrichment in terms associated with
extracellular matrix (ECM) organization and cell migration (57
Appendix, Fig. S2E). Finally, we validated the proportions of T
cells and NK cells using flow cytometry from regenerative and
degenerative defects after 7 dpi and observed cell abundances
largely similar to our scRNA-Seq observations (SI Appendix,
Fig. S3 A and B; n = 6 muscles from 3 mice, unpaired). These
results suggest that degenerative VML defects induce stronger
and sustained inflammatory responses compared to VML inju-
ries that heal.

Degenerative VML Injuries Result in Variations of
Inflammatory Cell Infiltration. Our scRNA-Seq results pre-
dicted increases in neutrophils in degenerative injuries, which
play a primary role in the clearance of tissue debris after injury
and secrete a myriad of proinflammatory cytokines and
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Fig. 1. Degenerative VML defects exhibit increased fibrosis and reduced myofiber diameters. (A) Representative H&E stains of uninjured quadriceps along with
2-mm and 3-mm defects harvested 7, 14, 28, and 42 dpi. (Scale bars, 200 pm.) Single windows of the defect area are shown for detail. Representative full-section
images are shown in S/ Appendix, Fig. S1. (B) Portion of myofibers stratified by minimum Feret diameter shows smaller fiber size distribution following 3-mm
defect. ****P < 0.0001 by two-sample, two-sided Kolmogorov-Smirnov test for equal distributions. Feret diameters were calculated for 5 to 7 full-section images
each from a distinct defect, per group, and pooled for comparison of distributions. Dashed lines indicate mean minimum Feret diameters. (C) Representative PSR
stains of 2-mm and 3-mm defects throughout the time course. (D) Quantification of collagen content showing a return to preinjury levels following 2-mm defects
by 28 dpi but a significant increase and persistence following 3-mm defects. (Scale bars, 200 pm.) Bars show mean + SEM; ns denotes not significant (P > 0.05).
%P < 0.0001, ***P < 0.001 by two-sided t test. n = 3 to 7 tissues per group. Cohen's d = 0.7566, 1.2678, 2.2536, and 2.4264 for 7, 14, 28, and 42 dpi, respec-
tively. Quantifications were performed on full section stitched images (representative images shown in S/ Appendix, Fig. S1). Single windows of the defect area are
shown for detail. (F) Muscle mass is significantly reduced among limbs that received 3-mm defects at 28 dpi compared to uninjured limbs and those that received
2-mm defects. **P < 0.01, *P < 0.05, ns denotes P > 0.05 by one-way ANOVA and posthoc analysis. n = 3 to 5 tissues per group. Bars show mean + SEM. (F) Aver-
age isometric torque (Left) and representative force curves (Right) of uninjured quadriceps or quadriceps 28 d following 2-mm or 3-mm injuries. *P < 0.05, ns
denotes P > 0.05 by one-way ANOVA and posthoc analysis. n = 3 to 5 tissues per group. Bars show mean + SEM.
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chemokines to recruit and activate inflammatory macrophages
and T lymphocytes before being rapidly cleared (20, 40). To
validate these predictions, we isolated neutrophil populations
(CD11b*Ly6G") after multiple time points following regener-
ative and degenerative injuries and enumerated their fractions
using flow cytometry (Fig. 34). Consistent with our scRNA-
Seq observations, we observed significant increases in neutro-
phil counts for degenerative VML injuries at 3 and 7 dpi and a
trend toward increased neutrophils at 14 dpi (Fig. 3B and S/
Appendix, Fig. S3C, n = 5 to 6 tissues from 5 to 6 mice,
paired). To understand the mechanisms governing neutrophil
accumulation following degenerative VML injuries, we
employed the recently developed NicheNet (41) algorithm.
NicheNet integrates prior knowledge on ligand-target pathways
with transcriptomic expression data to predict influential
ligands, match them with target genes (which we defined
according to differential expression across defects), and identify
possible signaling mediators. NicheNet predicted that one of
the top ligand-receptor interactions driving neutrophil
responses in 3-mm defects was CCL5/CCR1 signaling (Fig.
3 (). CCL5 was expressed almost exclusively in NK and T cells,
while CCR1 was most highly expressed in neutrophils (Fig.
3D). While more than fourfold increases in all lymphocytes
were observed in degenerative defects from our scRNA-Seq
data, one of the largest lymphocyte populations, and the pri-
mary source of CCL5, was NK cells (Fig. 3D and ST Appendix,
Fig. S4A4 and B). To confirm the increased influx of NK cells
into degenerative defects, we performed flow cytometry on
degenerative and regenerative muscle defects at 7 dpi (Fig. 3 E
and F n = 6 tissues from 3 mice, unpaired) and observed
approximately 4 times as many NK cells in degenerative defects
compared with regenerative defects, which only slightly
decreased after saline perfusion. Moreover, qualitative immuno-
fuorescent stains revealed that NK cells are situated at the
periphery of the VML defects (Fig. 3G; #» = 6 tissues from 3
mice, unpaired).

NK cells rapidly produce and secrete proinflammatory cyto-
kines (42) and have previously been reported in SkM (22, 43,
44), though their roles remain undefined. In addition to
numerous NK cell marker genes (Nerl, Nkg7, Kilrel, Klra8,
Klra8) (45), differential gene expression analysis revealed ele-
vated expression of proinflammatory molecules (Gzma, Gzmb,
Feerlg) and chemokines (Ccl3, Ccl4, Cel5) among NK cells
compared with the recovered T cells (81 Appendix, Fig. S40).
Additionally, NK cells were observed to display a strong expres-
sion of genes associated with activation and cytolytic function
(Nerl, Kirkl, Gzma, Gzmb, Fasl) and cytokine secretion (Kircl,
Ifng, Ltb) (SI Appendix, Fig. S4D). Summing these results
showed that NK cells and neutrophils display enhanced infilera-
tion following degenerative VML injuries and may communi-
cate via a CCL5-CCRI1 circuit.

NK Cells Interact with Neutrophils in Degenerative VML
Injuries. To elucidate the impact of NK cells on neutrophils in
VML injuries, we first cocultured neutrophils isolated from
degenerative VML defects at 7 dpi with activated NK cells.
Consistent with studies showing that human NK cells induce
contact-dependent neutrophil apoptosis (46), we observed sig-
nificantly increased neutrophil apoptosis after 4 h (Fig. 44 and
SI Appendix, Fig. S54; n = 6 wells using neutrophils from 4
mice, unpaired). To determine whether such communication
could be occurring in vivo, we next evaluated the colocalization
of NK cells and neutrophils within degenerative VML defects
at 7 dpi using immunofluorescence. More than 90% of NK
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cells were within 50 pm of the nearest neutrophil, which is
within the previously reported maximum cytokine propagation
distances up to 250 pm depending on the density of receptors
(47, 48) (Fig. 4 Band C; n = 159 NK cells and 397 neutro-
phils, from 4 defects, unpaired). These results suggest that NK
cells induce neutrophil apoptosis and are proximal to neutro-
phils after degenerative VML injuries.

Given our results that NK cells had transcriptional profiles
aligning with a cytolytic phenotype and induced neutrophil
apoptosis in vitro, we reasoned that NK cell transplantation
into VML defects would reduce neutrophil abundance (Fig.
4D). We transplanted 50,000 in vitro activated NK cells into
degenerative (3-mm) and regenerative (2-mm) VML injuries at
7 dpi and quantified the neutrophils and NK cells at 14 dpi
using flow cytometry (Fig. 4D and SI Appendix, Fig. S5 B and
Q). Though the transplanted NK cells had largely cleared by 14
dpi (87 Appendix, Fig. S5D; n = 3 tissues from 3 mice, paired),
we observed a significant reduction of neutrophils in response
to NK cell transplantation following both degenerative (Fig.
4F; n =5 to 6 tissues from 6 mice, unpaired) and regenerative
injury (SI Appendix, Fig. SS5E, n = 6 tissues from 6 mice,
paired).

To determine whether NK-neutrophil communication
occurs through CCR1 signaling, we administered a small-
molecule CCR1 inhibitor, J-113863, daily starting 7 d after
degenerative VML injury (Fig. 4F). At 14 dpi, we observed a
substantial increase in neutrophil abundance (Fig. 4G; » = 4
tissues from 4 mice, unpaired) without significant changes to
overall immune cell (CD45%) abundances (SI Appendix, Fig.
S5F n = 4 tissues from 4 mice, unpaired). Taken together,
these results suggest that after VML injury, NK cells reduce
neutrophil abundance through contact-mediated apoptosis and
that this effect is in part regulated or reinforced by CCRI1
signaling.

Degenerative VML Injuries Engender Impairments in Muscle
Progenitor Fusion. The persistence of neutrophils after injury can
have deleterious consequences for tissue repair, and failure to
appropriately clear these cells from the injury site can lead to sec-
ondary damage as well as inefficient regeneration (20, 40, 49). To
determine whether prolonged infiltration of neutrophils observed
in degenerative VML injuries were colocated with MuSCs or their
progeny, we administered degenerative VML defects (3 mm)
to adult Pax7" X Rosa26™™° mice, which express
membrane-tagged green fluorescent protein (GFP) in all
Pax7" cells and their progeny following tamoxifen induction.
To capture both regenerating fibers and neutrophil persis-
tence, we collected the quadriceps at 14 dpi and stained for
GFP, neutrophils (Ly6G), laminin, and nuclei using immuno-
fluorescence (Fig. 54). We did not detect MuSCs or GFP*
myofibers within the defect but did observe that ~75% of
GFP" myofibers were within 250 pm of the edge of the
defect. In contrast, a large majority of Ly6G™ cells were
observed within the defect (~85%) and were interspersed
among or adjacent to GFP'-regenerating myofibers at the
defect edge (Fig. 5B; n = 382 neutrophils and 410 GFP*
fibers from 20X images of 4 defects; SI Appendix, Fig. S6 A
and B; n = 5 full section stitched images from 5 tissues).
These results suggest that MuSCs and their progeny are
exposed to neutrophil signaling for extended periods in
degenerative VML injuries.

To understand the potential consequences of the pro-
longed exposure of myogenic progenitors to the neutrophil
secretome in the context of degenerative VML injuries, we

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111445119/-/DCSupplemental

B Néural

Degenerative

Defect (3mm)
3

Regenerative Smooth Muscle,

Defect (2mm)

/

Volumetric Muscle

Loss Injury )
b
| | | | g w0
f T T —> % TINK el
0 7 14 28 =
Days Post Injury
UMAP 1
C 3mm E
100% 7 s Upregulated in 3mm
| ] L)
2 75% A - - e 2
& L e N 8
‘s — _— O
s 50% - °
S (s}
§ w
w 25% 4
Upregulated in 2mm
2LLOETTTTEL DD
0% - g5556S8gg2:2¢
D Do b7 D14 D28 ggé-%%mgéﬁlﬁ‘(%j
mm sSCg2E 35522
100% 7 pee s s £§= g
[ 8223
B G u é S
, o] . :
©
..; = 40| Upregulated in 3mm
c 50% A
o
5 .
S
o}
o
(%]
0% N
DO D7 D14 D28
Monocyte  Endo.Stem  FAP Stem Upregulated in 2mm
Dendritic  Endo. Vein FAP Pro-Remodel. DO O ====F EC >
Macrophage FAP Matrix %‘ k= E '§ 338 8I T % Ss5g3
Neutrophil  Endo. Artery E58sx o' g 5 s 8 EI
Pericyte Tenocyte 20 g 2 5 323 8|E
Neural Progenitor g g E -Fc.‘. o
Lymph Vessel Neural 88253
Myonuclei Gug E
&

cultured immortalized myoblasts (C2C12s) with neutrophil-
conditioned growth medium for a short (1 d) or long (8 d)
period, then induced differentiation and fusion (Fig. 5Cand
SI Appendix, Fig. S6C). We reasoned that the short exposure
would mimic the quick inflammatory burst that follows
regenerative defects, while the long exposure would mimic
the observed significant increase in neutrophil presence
beyond 7 dpi among degenerative defects. As a result of pro-
longed exposure to the neutrophil secretome, we observed a
reduction in myoblast fusion (Fig. 5D and E; » = 30 images
from 3 culture wells, unpaired), which is consistent with
recently published findings (50). Based on the observed
impairments in fusion, we examined whether MuSCs iso-
lated from degenerative and regenerative defects that had
been exposed to neutrophil signaling for different periods
also displayed fusion defects. We isolated MuSCs at 28 dpi
after inflammation had largely resolved and evaluated their
ability to differentiate and fuse. Consistent with our previous
findings, we observed reductions in fusion (Fig. 5F and G;
n 20 images from 5 culture wells, unpaired) among
MuSCs enriched from degenerative defects compared to
those enriched from regenerative defects. The negative
changes in fusion were not results of differentiation impair-
ments, as Myog expression was higher among MuSCs from
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degenerative defects compared to regenerative defects (Fig.
5H; n = 3 to 4 culture wells, unpaired). Integrating these
results suggests that MuSC differentiation is not impaired
following VML, but fusion may be attenuated, and this
effect may be partially conferred by extended exposure to the
neutrophil secretome.

To determine the drivers of impairments to MuSC fusion
between degenerative and regenerative defects, we reclus-
tered the myogenic scRNA-Seq clusters and performed tra-
jectory and differential expression analyses (S Appendix, Fig.
S§7A-C). The largest number of DEGs across all time points
and both defects were observed among MuSCs harvested
from degenerative defects at 7 dpi (455 genes, log-fold
change > 1.5, adjusted P value < 0.05). Among degenerative
defects, the most up-regulated genes (ordered according to
adjusted P values) were associated with myogenic progenitor
activation [[tm2a, Cdknlc, Ckb (51), Atp2al, Cebpb (52,
53)], metabolism [M¢I and M2 (54), Gamt, Socs3), fibrosis
(Sparc) (55)], stress response, and inflammation [Fos, Fosb,
Jun, §100a8, S100a9, Prdx5, Mif (56)] (SI Appendix, Fig.
S7D). A PANTHER (39) pathway analysis displayed
enriched terms for the regulation of apoptosis (17.0% of
up-regulated genes), increased the regulation of metabolism
(35.7% of up-regulated genes), and elevated a stress response
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course of neutrophil infiltration in 2-mm and
3-mm defects as quantified by flow cytometry.
Bars show mean + SEM. n = 5 to 6 defects
from 5 to 6 mice per time point. *P < 0.05,

(24.9% of up-regulated genes). The expression of many
genes associated with myoblast fusion (GO:0007520) was
reduced among MuSCs in degenerative defects compared to
those in regenerative defects at the same time point, and,
consistent with our previous results, MuSCs from degenera-
tive defects were observed to strongly express Myog com-
pared to MuSCs from regenerative defects at the same time
points (S Appendix, Fig. S7E). We did not observe differ-
ences in MuSC numbers or apoptosis at 14 dpi (87
Appendix, Fig. S7 F and G; n = 6 tissues from 6 mice,
paired). However, there was a significant difference in p1
integrin expression in MuSCs isolated from degenerative
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**P < 0.01 by two-sided, paired t test. Cohen’s
d = 2.1, 1.17, and 0.94 for 3, 7, and 14 dpi,
respectively. (C) Top-ranked NicheNet ligand-
receptor pairs based on prior literature and
their prediction of downstream target gene
expression. Cc/5 is one of the top ligands pre-
dicted to influence neutrophils following 3-
mm defects. (D) UMAP overlays of Ccr1 and
Ccl5 expression showing neutrophils with the
highest Ccr1 mRNA expression and T and NK
cells with the highest Cc/5 mRNA expression.
(E) Representative flow cytometry scatter plots
showing T cell and NK cell abundance in 2-
mm vs. 3-mm VML defects at 7 dpi. (F) Flow
cytometry quantification of NK cell abundance
in 2-mm and 3-mm defects 7 dpi and in 3-mm
defects 7 dpi following whole-body saline per-
fusion prior to dissection. Graph shows mean
+ SEM. **P < 0.001, ****P < 0.0001 by
one-way ANOVA and Bonferroni posthoc anal-
ysis. n = 6 injuries per group. n = 9 mice.
Effect size 2.21. (G) Immunofluorescent
stains qualitatively show NK cell localization
primarily within the defects and increased
numbers in 3-mm defects. (Scale bars, 200
pm; Inset, 10 pm.)

defects by flow cytometry (S Appendix, Fig. S7TH; n = 6 tis-
sues from 6 mice, paired). Together, these results suggest
that the inflammatory milieu in degenerative defects induces
variations in stress response, metabolism, and matrix attach-
ment that may contribute to reductions in fusion and myo-
genic repair.

Targeting Predicted Intercellular Interactions Alleviates
Muscle Fibrosis by Helping to Resolve MuSC Impairments. To
elucidate which intercellular communication networks drive the
observed differential gene expression patterns among MuSCs
and impairments in fusogenic behavior, we again employed
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Fig. 4. NK cells interact with neutrophils in VML injuries. (A) NK cells induce neutrophil apoptosis in coculture based on increased annexin V* cells, as analyzed
by flow cytometry. *P < 0.05. n = 5 to 6 wells. Each well contains a pool of neutrophils that are FACS-enriched from four 3-mm VML defects 7 dpi. NK cells were
MACS-enriched from one spleen and activated in vitro for 48 h. Bars show mean + SEM. (B) Immunofluorescent stains for DAPI, NKp46, Ly6G, and laminin in VML
defects 7 dpi show colocalization of neutrophils and NK cells. (Scale bar, 25 pm.) (C) Distributions of minimum Euclidean distances between NK cells; 92.5% of NK
cells are within 50 pm of the nearest neutrophil. n = 159 NK cells and 397 neutrophils from nine 60x images of four defects. (D) Schematic whereby 50,000 in vitro
activated NK cells were transplanted into degenerative (3-mm) defects at 7 dpi. Contralateral control limbs received PBS injections. Neutrophils were quantified at
14 dpi using flow cytometry (CD11b*Ly6g™). (E) NK cell transplant significantly reduced neutrophil abundance. *P < 0.05 by two-sided, two-sample t test. Cohen's
d = 1.56.n =5 to 6 muscles (n = 6 mice), repeated twice. Graph shows mean + SEM. (F) Schematic of experiment design whereby a cohort of mice received
degenerative (3-mm) defects followed by daily intraperitoneal injection of CCR1 inhibitor (J113863) between 7 and 14 dpi. Neutrophil populations were quantified
by flow cytometry (CD11b*Ly6g™) at 14 dpi. (G) CCR1 inhibition significantly increased neutrophil abundance in 3-mm defects, to a similar extent as the NK cell
transplant reduced neutrophil populations, suggesting that NK cells may locally recruit neutrophils via CCL5 secretion to induce contact-dependent apoptosis. *P

< 0.05 by two-sided, two-sample ¢ test. n = 3 to 4 mice per group, repeated twice. Cohen's d = 2.64. Graph shows mean + SEM.

NicheNet. We observed increases in interleukin 1 (IL-1) and
TGFp1 among degenerative defects as potential drivers of the
altered MuSC response (Fig. 64), influencing the transcription
of genes associated with attachment (Veaml, Itghl), stress
response (Fos, Fosb, Jun, Clgb, S$100a8, S100a9, Hsp90aal),
and ECM synthesis (Collal, Col3al, Fnl) (SI Appendix, Fig.
S8A). Many of the gene targets of IL-1 and TGFp1 signaling
were identified by RNA velocity dynamical modeling as puta-
tive drivers governing myogenic cell fate transitions (87
Appendix, Fig. S8B), further supporting the influence of IL-1
and TGFp1 signaling on altered MuSC regenerative kinetics.
116 was highly expressed among neutrophils and dendritic
cells. Tgfb1 was expressed in various cell types, though the most
drastic up-regulation across defect sizes was observed among
macrophages and monocytes (ST Appendix, Fig. S8C). TGF1
has previously been shown to impair MuSC fusion (57, 58) but
not differentiation (59), consistent with our in vitro observa-
tions (Fig. 5) and scRNA-Seq datasets following degenerative
muscle defects (SI Appendix, Fig. S7). Moreover, TGFp1 is one
of the most potent chemokines for neutrophils (60) and was
predicted by NicheNet to be a top regulator of neutrophil pop-
ulations in this system (Fig. 2C). Thus, to evaluate the impact
of TGFp signaling on regeneration, we locally blocked the
TGEF signaling axis following degenerative VML injury with a

PNAS 2022 Vol.119 No.15 2111445119

TGEFp receptor II inhibitor (ITD1) through intramuscular
injection. At 28 dpi, there was a significant reduction in colla-
gen deposition (Fig. 6 B and G » = 5 tissues from 5 mice,
paired). Moreover, ITD1 treatment yielded increases in maxi-
mal tetanic force, with and without normalization to the mus-
cle cross-sectional area, suggesting functional improvements
(Fig. 6D and E and SI Appendix, Fig. S8 D—I; n = 10 tissues
from 10 mice, paired). Since TGFp1 is chemotactic for neutro-
phils and was among the ligands that NicheNet predicted to
influence neutrophils, we evaluated whether ITD1 treatment
reduced neutrophil accumulation in degenerative defects using
flow cytometry. In accordance with predictions, significantly
fewer neutrophils were observed in ITD1-treated defects (Fig.
6F n = 4 tissues from 2 mice, unpaired). Cumulatively, our
results support a network driving VML-induced muscle degen-
eration whereby neutrophils infiltrate and persist in degenera-
tive defects, and with elevated TGFp signaling, impair fusion
of MuSCs (52, 61).

DISCUSSION

Skeletal muscle displays a remarkable ability to regenerate fol-
lowing injuries through the coordinative actions of MuSCs
(62). Yet the dysregulated cellular and molecular mechanisms
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tative immunofluorescent images of C2C12s
cultured for long or short durations in
neutrophil-conditioned medium, then
induced to differentiate for 72 h in low-serum
media. Blue indicates nuclei (DAPI) and red
H indicates embryonic myosin heavy chain
(MYH3). (Scale bar, 50 mm.) (E) Quantification
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total cells after short or long exposure to
neutrophil-conditioned medium. *P < 0.05 by
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fluorescent images of primary myoblasts har-
vested 28 dpi following regenerative (2-mm)
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and degenerative (3-mm) defects and cultured in differentiation medium for 72 h. Blue indicates nuclei (DAPI) and red indicates embryonic myosin heavy
chain (MYH3). (Scale bar, 100 mm.) (G) Quantification of fusion index according to the fraction of nuclei located in myofibers containing at least two nuclei,
calculated manually. *P value < 0.05 by two-sided, two-sample t test. n = 20 10x images per defect from three mice per defect size, repeated twice. Cohen’s
d = 0.86. (H) Fold change in Myog expression measured by gqRT-PCR following in vitro differentiation of MuSCs isolated from 2-mm and 3-mm defects at 28
dpi. Bars show mean + SEM. **P < 0.01 by two-sided, two-sample ¢ test. n = 3 to 4. Replicates with Cq values > 30 were excluded from further analysis.

that develop after VML and prevent MuSC-based regeneration
remain elusive, limiting therapeutic efficacy and restoration of
function. Understanding the drivers of this pathological behavior
is critical to glean the effects of new therapeutic interventions
targeting these circuits as well as improve existing therapeutic
modalities. Herein, we use scRNA-Seq to characterize injuries
that result in degeneration and fibrosis and show that degenera-
tive VML displays exacerbated and prolonged inflammation that
negatively influences the regenerative capacity of resident
MuSCs. These datasets and results offer a rich resource to fur-
ther improve our understanding of the VML etiology as well as
the restorative benefits of therapies.

Regeneration of skeletal muscle after injury is critically
dependent on multiple types of immune cells that remove
debris, condition the injury site with inflammation to prevent
infection, and signal to resident stromal and stem cells to guide
repair (40). In accordance with other muscle-regenerative injury
models (40), neutrophil abundance in regenerative VML
defects peaked after injury and returned to baseline before 7 d.
However, in degenerative VML injuries, neutrophils persisted
beyond 1 wk post injury and were colocated with regenerating
myofibers. Collateral skeletal muscle damage caused by
neutrophil-derived oxidants, as well as the ability to attenuate
such damage by blocking neutrophil activity, has been exten-
sively studied in myopathies, age-associated muscle decline, and
various models of muscle injury and fibrosis (63). In line with
these observations (64, 65), we observed that sustained expo-
sure to neutrophil secretomes in vitro resulted in decreases in
fusion of MuSCs and correlations between reduced neutrophil
abundance and improved functional recovery in vivo. As such,
targeting neutrophils and impacting the timeline of neutrophil
clearance after VML may enhance the efficacy of regenerative
therapies and alter fibrotic versus regenerative outcomes.

8 of 12 https://doi.org/10.1073/pnas.2111445119

A corollary of increased and sustained neutrophil infilcration
in degenerative VML injury was increases in a compensatory
population of NK cells. We did not observe NK cells at later
time points (>14 d) after degenerative injury, suggesting that
these cells are not targeting fibrotic cells but rather play an
immunoregulatory role by targeting neutrophil populations.
The enhancements in apoptosis in vitro as well as the timing of
NK cell infiltration, gene expression profile, and colocalization
with neutrophils suggest that NK cells function to attenuate
the negative inflammation induced from VML by locally
recruiting and inducing neutrophil apoptosis (46). This is
consistent with previous reports demonstrating an anti-
inflammatory role of NK cells following autoimmune myocar-
ditis (66). While we cannot exclude that additional factors and
other cell types may also interact with NK cells (67), cross talk
between neutrophils and NK cells has also previously been
observed in cancer and chronic infections (68), but their inter-
actions in muscle have not been elucidated. A seminal question
is why degenerative VML injury results in sustained inflamma-
tion and fibrosis despite the presence of NK cells that act to
induce neutrophil apoptosis. A clue to the mechanism of this
behavior was increased TGFp signaling in degenerative defects,
which inhibits NK cell cytotoxicity (69). Further exploration of
the capacity of NK cells to control neutrophil-based inflamma-
tion in the pathological microenvironment of VML injuries is
warranted, as well as how this cross talk contributes to the
behavior of T cells and macrophages.

The role of elevated TGFp in muscle degeneration following
VML most likely results from a complex network of macro-
phage and fibro-adipogenic progenitor (FAP) interactions (70).
FAPs are muscle resident cells that function as important
regulators of ECM deposition. In response to exacerbated or
chronic inflammation, FAPs act as pathological drivers of
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Fig. 6. Inhibition of TGFp signaling partially restores muscle regeneration and reduces fibrosis after VML injury. (A) NicheNet ranking of the ligands that
best predict MuSC differential gene expression at 7 dpi. Pearson correlation coefficient indicates the ability of each ligand to predict the expression of differ-
entially expressed genes. TGFB1 is predicted to be a key contributor to MuSC dysfunction. (B) Representative H&E and PSR images from 3-mm defects 28
dpi following intramuscular treatment with ITD1 (a TGFp-signaling inhibitor) or vehicle every 3 d until 15 dpi. (C) Defects treated with ITD1 showed reduced
collagen deposition. Collagen was calculated as a percentage of the 10x magnification image of the defect that was stained red by PSR. n = 4 tissues per
condition (n = 4 mice), where contralateral limbs were treated with vehicle. *P < 0.05 by two-sided, paired t test. Bars show mean + SEM. Cohen’s d = 1.83.
(D) Representative force curves for muscles treated with ITD1 or vehicle. (E) Specific force following muscle stimulation of injured TA muscles 28 dpi
improved by ITD1 treatment. Bars show mean + SEM, and red dashed line indicates specific force of uninjured, untreated TA muscles. *P = 0.023 by
two-sided, paired t test. n = 10 muscles (n = 10 mice), Cohen’s d = 1.1. (F) Neutrophil abundance following ITD1 treatment, as quantified by flow cytometry
14 dpi, shows that TGFp signaling inhibition reduces neutrophil recruitment. Boxplots show mean + SEM. n = 4 defects (n = 4 mice). *P = 0.025 by
two-sided, two-sample t test. Cohen’'s d = 1.91.

muscle fibrosis, intramuscular fatty infiltration, and heterotopic ~ of metalloproteinase 1(TIMP1) (75), which in turn impairs
ossification (71). TGFp signaling is a critical determinant of =~ MuSC regenerative capacity by manipulating activation, migra-
FAP activity and response (72), and previous efforts to reduce tion, and differentiation (76, 77). In line with this degenerative

TGFp after VML have shown reductions in fibrosis (72, 73). loop, we observed differential gene expression patterns between
Beyond reported influences on ECM secretion by mesenchymal — regenerative and degenerative MuSCs and alterations in attach-
cells and negative impacts on MuSC activation, differentiation ment through p1 integrin (78). These results suggest that aber-
(3), and fusion (58, 59), TGF may also contribute to persis- rant cortical tension (79) from exacerbated ECM deposition

tent neutrophil infiltration (60, 74). Moreover, it is possible and composition (80, 81) may alter membrane remodeling and
that TGFP contributes to a feed-forward degenerative loop, the fusogenic behavior of MuSCs (82) (83). Consistent with
whereby neutrophil secretion of IL-1p increases macrophage  this and other previous findings (59), a blockade of TGFf sig-
secretion of TGFB1 (75), which then recruits more neutrophils naling following degenerative VML injury reduced collagen
(60, 74). This cascade has potent effects on mesenchymal stem  deposition and helped recover muscle strength, though treat-
cells and fibroblasts to synthesize collagen and tissue inhibitor ~ ment duration and and/or delivery modality (systemic versus
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local delivery) may stimulate variations in the level of function
restored (84). Because the macrophage secretome, including
TGEFp1, is so critical to MuSC-mediated repair and sensitive to
the local milieu (85), additional exploration into how
macrophage-MuSC cross talk networks are dysregulated as a
result of VML-induced microenvironmental changes is needed.

The cellular and molecular mechanisms driving pathological
remodeling and degeneration following VML injuries remains
underexamined. The approaches used in the present study
begin to elucidate inter- and intracellular signaling networks
that are dysregulated as a result of critical injuries, contributing
to muscle atrophy and fibrotic development. We envision that
these insights will provide a valuable resource for further explo-
ration into mechanisms preventing healing after VML and
therapeutics targeting those mechanisms.

Materials and Methods

Animals. Adult (3 to 4 mo) female and male mice were obtained from Jackson
Laboratories or a breeding colony at the University of Michigan (UM).
Pax7Cre™™*+:Rosa26™ ™ (mTmG) and Pax7Cret®+:Rosa26'dTomatol+
mice were administered 5 daily 100 ul intraperitoneal injections of 20
mg/mL tamoxifen in corn oil. All mice were fed normal chow ad libitum
and housed on a 12:12-h light-dark cycle under UM veterinary staff super-
vision. All procedures were approved by the University Committee on the
Use and Care of Animals at UM and the Institutional Animal Care and
Committee and were in accordance with the NIH.

Injury Model. Adult mice (3 to 4 mo) were anesthetized and administered
buprenorphine. Hair was removed from the hindlimbs and the surgical area was
wiped with iodine and ethanol to sterilize. A 1-cm incision was made in the skin
on the anterior side of each quadriceps, followed by the removal of a 2-mm or
3-mm full-depth muscle section from the middle of the rectus femoris muscle.
The skin was sutured closed.

Histology.
Tissue sectioning. Quadriceps muscles from both hindlimbs were embedded in

an optical cutting temperature compound and frozen in isopentane cooled with
liquid nitrogen and then stored at —80 °C. Serial cross-sections were cut using a
cryotome at the suture delineating the midpoint of the injury and collected on
positively charged glass slides. Duplicate or triplicate cross-sections from each

time point and wound size were placed on each slide.

H&E. Slides were submerged in hematoxylin for 2 min followed by quick immer-
sions in distilled water and Scott's tap water, then incubated in 80% ethanol.
Slides were next incubated in eosin for 1 min, followed by quick immersions in
95% and 100% ethanol. Finally, slides were submerged in SafeClear Il, and 2
drops of Permount were added before placing the coverslip on top. Brightfield
images were taken using a motorized Olympus IX83 microscope at 10x magni-
fication and stitched using the Olympus CellSense software to obtain an image
of the complete tissue section.

PsR. Slides were fixed in 4% paraformaldehyde for 15 min at room temperature
(RT), washed three times in phosphate-buffered saline (PBS) and two times in
deionized water, allowed to dry, and incubated in Direct Red 80 solubilized in
picric acid for 1 h at RT. Next, slides were washed twice with acidified water fol-
lowed by two washes in deionized water. Tissue samples were then dehydrated
in a series of ethanol washes, incubated in xylene twice, and mounted with Per-
mount. Brightfield images were taken as described above. Collagen fraction was
calculated using ImageJ. Two or three sections per tissue were stained and quan-
tified, then averaged to get the percentage of collagen for each tissue.
Immunohistofluorescence. Immunofluorescence staining was performed as
previously reported (85). Images were acquired with a Nikon A1 confocal micro-
scope and pseudo-colored using ImageJ. Myofiber area and Feret diameters
were quantified based on stitched images of laminin stains using MuscleJ (86).

Flow Cytometry. Mouse quadriceps were extracted and weighed. Using sterile
surgical scissors, muscles were minced and collagenase type 11 (0.2%) and dis-
pase Il (2.5 U/mL) were added to 10 mL Dulbecco's Modified Eagle Medium
(DMEM) per quadriceps. Samples were placed on rocker in a 37 °C incubator for
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1 h. The enzymes within the slurry were inactivated by the addition of 20% heat-
inactivated fetal bovine serum (FBS) in Ham's F-10 media. The solution was
passed through a 70 pm cell strainer, centrifuged, washed, and counted. The cell
pellet was resuspended in staining buffer (PBS with 2% bovine serum albumin
[BSA], 2 mM ethylenediaminetetraacetic acid, and 0.01% sodium azide), then
plated into round-bottom 96-well plates for staining. Cells were centrifuged at
250x for 2.5 min. The supematant was discarded and cells were resuspended in
a primary antibody mixture, incubated for 30 min on ice, washed with staining
buffer, then resuspended in staining buffer containing propidium iodide (P1) for 1
min at RT in the dark, centrifuged, and resuspended in staining buffer for flow
cytometry analysis. Prior to acquisition, cells were filtered through 40 pm cell
strainers. UltraComp eBeads compensation beads were used for single-color con-
trols. Samples were acquired within 1 h, and the data were processed
using FlowJo.

qRT-PCR. RNA was extracted using the Qiagen miRNeasy Micro Kit. Purity and
concentration were measured using a NanoDrop and Qubit RNA HS Assay.
cDNAs were synthesized using the SuperScript Il cDNA Synthesis Kit. DNA qual-
ity and concentration were determined using a NanoDrop. We plated 80 to 100
pg cDNA template in triplicate along with SYBR Green PCR MasterMix and 500
nM PCR primer, then it was cycled 40 times starting at 95 °C for 10 s followed
by 60°C for 30 s on a CFX96 Real-Time thermocycler. Gene expression was
quantified using the AACt method.

NK Cell and Neutrophil Coculture. Murine IL15 super agonist (mIL155A)
was complexed as previously described (87). Splenic NK cells were magnetically
enriched from WT mice using a mouse NK Cell Isolation Kit and activated for 48
h in Roswell Park Memorial Institute (RPMI) containing 10% FBS, 60 ng/mL
mIL155A, and antibiotics. NKp46™* NK cell purity following magnetic enrichment
was > 80% measured by flow cytometry (SI Appendix, Fig. S4B). Neutrophils
were fluorescence-activated cell sorting (FACS)-enriched from mouse skeletal
muscle at 7 d after 3-mm VML injury. NK cells and neutrophils were cocultured
ata 10:1 ratio for 4 h at 37 °C in RPMI with 10% FBS and antibiotics. Following
incubation, cells were stained with annexin V and PI, then immediately analyzed
by flow cytometry. Data were analyzed using FlowJo.

NK Cell Transplants. Splenic NK cells were obtained and activated in vitro as
described above. Activated NK cells were washed and resuspended in sterile PBS
(50,000 cells/10 pL) and transplanted into 3-mm and 2-mm VML defects 7 dpi.
Contralateral limbs received PBS. At 14 dpi, mice were humanely euthanized,
and neutrophil abundance was quantified by flow cytometry.

CCR1 Inhibition. Mice were administered bilateral 3-mm VML defects. Starting
7 dpi, mice received daily intraperitoneal injections of the CCR1 inhibitor
J-113863 (8 mglkg) solubilized in sterile PBS with 5% dimethyl sulfoxide
(DMSO0) and 5% CremophorEL. Neutrophil abundance was quantified by flow
cytometry at 14 dpi.

TGFBRII Inhibition. Mice were administered bilateral 3-mm VML defects to the
quadriceps or 2-mm VML defects to the tibialis anterior (TA) for force testing.
Starting 3 dpi, mice received intramuscular injections of [TD1 (200 pg) in PBS
with 0.01% DMSO every third day until 15 dpi. Contralateral limbs were injected
with 0.01% DMSO in PBS. Neutrophil abundance was quantified by flow cytome-
try at 14 dpi, and healing was assessed histologically at 28 dpi.

Muscle Force Testing.

Quadriceps. After isolating the posterior branch of the femoral nerve with a nerve
cuff, the anesthetized mouse was restrained such that the knee was at a 90° angle
and the ankle was connected to a force transducer. The nerve was stimulated using
a stimulus generator to induce the contraction of the quadriceps femoris. The pulse
duration, frequency, and train duration of the stimulator were set to 0.2 ms, 175
Hz, and 500 ms, respectively. The nerve was stimulated with progressively increas-
ing voltages until the peak isometric tetanic torque was reached. Maximal torque
was recorded three times in a row for consistent force production.

TA. Force testing was performed as previously reported by Dellorusso et al. with
some modifications (88). Mice were anesthetized, hindlimb fur was removed,
and the TA muscle was exposed. The distal TA tendon was isolated, and the distal
half of the TA was freed from adjacent muscles. A suture was tied around the dis-
tal tendon, and the tendon was severed. A 25-gauge needle was driven through
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the knee and immobilized to prevent the knee from moving. The tendon was
tied securely to the lever arm of a servomotor via the suture ends. The TA muscle
was initially stimulated with 0.2 ms pulses via the peroneal nere using
platinum electrodes. Stimulation voltage and muscle length were adjusted for
maximum isometric twitch force. While held at optimal muscle length (Lo), the
muscle was stimulated at increasing frequencies until a maximum force (Po) was
reached, with a 1 min rest period between each tetanic contraction. Subse-
quently, the same procedure was repeated, but rather than activating the muscle
via the peroneal nerve, a cuff electrode was placed around the muscle for stimu-
lation. Muscle length was measured with calipers, based on well-defined ana-
tomical landmarks near the knee and the ankle. Optimum fiber length (Lf) was
determined by multiplying Lo by the TA Lf/Lo ratio of 0.6 (89). After the evalua-
tion of isometric force, the TA muscle was removed from the mouse and the
muscle was weighed. The total muscle fiber cross-sectional area (CSA) of TA
muscles was calculated by dividing muscle mass by the product of Lf and 1.06
mg/mm?, the density of mammalian skeletal muscle (90). Specific Po was calcu-
lated by dividing Po by CSA.

Muscle Progenitor Cell Differentiation.

Primary cells. After obtaining a single cell suspension, MuSCs were magneti-
cally enriched using a satellite cell isolation kit, then seeded onto a matrigel-
coated dish in 8 mL myoblast medium (91). Cells were expanded with fresh
myoblast media added every other day. Following expansion, 50,000 cells were
seeded into a matrigel-coated 12-well plate and expanded until 90 to 100% con-
fluency in myoblast media. Myoblast media was then replaced with differentia-
tion media (DMEM with 5% horse serum and 1% penicillin/streptomycin), and
cells were allowed to differentiate and fuse for 72 h.

c2c12s. Neutrophils were magnetically enriched from peripheral blood mono-
nuclear cell using a mouse neutrophil isolation kit, then incubated for 48 h in
C2C12 growth media (DMEM with 10% FBS, basic fibroblast growth factor, and
antibiotics). Conditioned media was collected and filtered to remove cell debris.
C2C12s were expanded in a 96-well plate for either 8 d or 1 d in C2C12 growth
media containing conditioned media. Media was replenished every 48 h. Fol-
lowing expansion, media was replaced with differentiation media and cells were
incubated for 72 h.

Immunofluorescence staining. After 72 h, myotubes were rinsed with PBS,
fixed with 4% paraformaldehyde, and permeabilized with 0.1% TritonX-100,
then blocked with 1% BSA, 0.1% Tween-20, and 22.52 mg/mL glycine in PBS.
After blocking, cells were incubated with rabbit anti-mouse MYH3 followed by
AF555 anti-rabbit for 1 h at RT. Nuclei were stained with Hoechst. Cells were
imaged on an epifluorescent microscope. The fusion index was calculated as the
ratio of nuclei within myofibers containing more than 2 nuclei divided by the
total number of nuclei per image. Myonuclei as a percentage of total cells were
calculated as the number of MyH3+ myotubes with more than 2 nuclei divided
by the total number of cells.

scRNA-Seq.
Sample preparation and sequencing. Freshly isolated cells were briefly stained

with Pl and FACS sorted to remove dead cells and debris. An equal number of
viable cells were pooled from 2 mice, 10,000 to 16,000 cells were loaded into
the 10x Genomics chromium single-cell controller, and single cells were cap-
tured into nL-scale gel bead-in-emulsions. Complementary DNAs were prepared
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using the single-cell 3’ Protocol as per the manufacturer's instructions and
sequenced on a NovaSeq 6000.

Data processing and analysis. A 10x CellRanger was run to generate HDF5
matrix files, which were imported into R using Seurat version 3 (92). Low-quality
libraries were removed. Following log normalization, identification of variable
features, and scaling using default parameters, datasets were integrated using
Seurat's FindIntegrationAnchors and IntegrateData functions. Dimensional reduc-
tion was performed in Seurat using principal component analysis, then UMAP
(32) followed by community detection using the Louvain algorithm. Cluster
marker genes were determined with both Seurat and scCATCH to annotate cell
types. Defect-associated differential gene expression among cell types was calcu-
lated using MAST (37, 38). NicheNet (41) interaction predictions were generated
using the Seurat Wrapper to compare the 3-mm defects to the 2-mm defects.
Trajectory analysis was performed on the myogenic cell clusters using scVelo
(93). Loom files were generated using velocyto (94). Seurat and ggplot2 were
used for data visualization.

statistics. Experiments were repeated at least twice, apart from scRNA-Seq. Sta-
tistical analysis was performed in MATLAB or R. All statistical tests performed
were two-sided. P values less than 0.05 were considered statistically significant.

Data Availability. High-throughput sequencing data have been deposited in
Gene Expression Omnibus (GSET63376) (95).
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