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A discrete ‘early-responder’ stromal-cell 
subtype orchestrates immunocyte 
recruitment to injured tissue

Omar K. Yaghi1,2,3, Bola S. Hanna1,2,3, P. Kent Langston    1,2, 
Daniel A. Michelson    1,2, Teshika Jayewickreme1,2, Miguel Marin-Rodero1,2, 
Christophe Benoist    1,2 & Diane Mathis    1,2 

Following acute injury, stromal cells promote tissue regeneration by a 
diversity of mechanisms. Time-resolved single-cell RNA sequencing of 
muscle mesenchymal stromal cells (MmSCs) responding to acute injury 
identified an ‘early-responder’ subtype that spiked on day 1 and expressed 
a notable array of transcripts encoding immunomodulators. IL-1β, TNF-α 
and oncostatin M each strongly and rapidly induced MmSCs transcribing 
this immunomodulatory program. Macrophages amplified the program 
but were not strictly required for its induction. Transfer of the inflammatory 
MmSC subtype, tagged with a unique surface marker, into healthy hindlimb 
muscle induced inflammation primarily driven by neutrophils and 
macrophages. Among the abundant inflammatory transcripts produced by 
this subtype, Cxcl5 was stroma-specific and highly upregulated with injury. 
Depletion of this chemokine early after injury revealed a substantial impact 
on recruitment of neutrophils, a prolongation of inflammation to later times 
and an effect on tissue regeneration. Mesenchymal stromal cell subtypes 
expressing a comparable inflammatory program were found in a mouse 
model of muscular dystrophy and in several other tissues and pathologies 
in both mice and humans. These ‘early-responder’ mesenchymal stromal 
cells, already in place, permit rapid and coordinated mobilization and 
amplification of critical cell collaborators in response to injury.

Upon acute skeletal muscle injury, local muscle stem cells (MuSCs) 
become activated, proliferate, differentiate into myotubes and eventu-
ally fuse to damaged myofibers1–4. Loss of this MuSC response results in 
complete abrogation of tissue repair5–7. The immune system similarly 
undergoes a dynamic and orchestrated reaction to acute muscle injury, 
involving rapid infiltration of neutrophils (NFs), followed by accumu-
lation of inflammatory and subsequently reparative macrophages 
(MFs)8–17. Later, adaptive immunocytes, such as Foxp3−CD4+ conven-
tional T (Tconv) cells and Foxp3+CD4+ regulatory T (Treg) cells, accrue at 

the injury site15,16,18–20. If key elements of this sequence are disrupted, 
muscle regeneration is compromised9,13,14,17–20.

Muscle mesenchymal stromal cells (MmSCs), which encompass 
fibro-adipogenic progenitors, are another cell type that are important 
for effective muscle regeneration21,22. Depending on the stimulus, these 
cells can differentiate into fibroblasts, adipocytes, chondrocytes or 
osteocytes23–27. In various chronic muscle diseases, they are associated 
with pathological fibrosis and fat deposition23–25,28–34. Nonetheless, 
after acute muscle injury, MmSCs promote proliferation, commitment 
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of chronic muscle injury. The resulting data highlight the importance 
of an acutely induced ‘inflammatory’ MmSC subtype, which we also 
detected in other mouse and human mesenchymal stromal cell (mSC) 
compartments responding to a diversity of challenges.

Results
An inflammatory MmSC subtype emerges soon after acute 
injury
We performed scRNA-seq on MmSCs flow-cytometrically sorted from 
the hindlimb muscles (tibialis anterior, gastrocnemius and quadriceps) 
of 6–8-week-old B6.Foxp3-Ires-Gfp (Foxp3GFP) male mice at homeo-
stasis and at 0.5, 1, 3, 7 and 14 d after intramuscular (i.m.) injection of 

and differentiation of the stem cells necessary for tissue regenera-
tion7,21,23,30,35–37. MmSCs are also responsible for the transient deposi-
tion of extracellular matrix that supports repair38–42. Ablating MmSCs 
before acute injury results in a dramatic decrease in accumulation of 
CD45+ cells, suggesting an important immunomodulatory role21,22, but 
the cellular and molecular underpinnings of this MmSC–immunocyte 
cross-talk remain largely unknown.

We exploited single-cell RNA sequencing (scRNA-seq) of MmSCs 
at key time points after acute injury to identify potential mediators 
of stromal cell–immunocyte communication; assessed their func-
tion in vivo using monoclonal antibody-driven depletions and MmSC 
transfers; and extended these findings to a muscular dystrophy model 
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Fig. 1 | Identification of an inflammatory MmSC subtype after acute skeletal 
muscle injury. a, UMAP plot of MmSCs from hindlimb muscle of 6–8-week-
old male Foxp3GFP mice at homeostasis (D0) and 12 h (D0.5), 1 d (D1), 3 d (D3), 
7 d (D7) and 14 d (D14) following CTX-induced injury. b, Same UMAP plot as 
in a, overlain with expression heat maps of the indicated transcripts. c, UMAP 
plot of re-clustered MmSCs from the D0.5 (top) and D1 (bottom) time points 
(left). Superimposition of a signature composed of the top 100 transcripts 

distinguishing these early time points from the rest (right). d, P value versus fold 
change (FC) plot of the transcripts most differentially enriched in D1 cluster 5 
compared to the other D1 clusters. e, UMAP of a public scATAC-seq dataset of 
muscle stromal cells at homeostasis44. f, Same UMAP plot as in e, overlain with 
a signature score of the accessibility at loci encoding the top 100 differentially 
expressed transcripts from our D1 cluster 5. g, Violin plot of the signature score in 
f across clusters. CPM, counts per million.
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cardiotoxin (CTX) (Extended Data Fig. 1a). A total of 44,231 high-quality 
cells were sequenced, encompassing an average of 7,372 cells per time 
point, with an average depth of 2,174 genes per cell. To obtain an over-
view of the regeneration time course, we merged and clustered the data 
from all time points. Visualization by Uniform Manifold Approximation 
and Projection (UMAP) revealed the cells to cluster largely according 
to the day post-injury (Fig. 1a). As expected, the day 14 (D14) cluster 
began to overlap with D0, indicating that the tissue was approaching 
homeostasis.

The D0.5 and D1 clusters cleanly separated from the cells of all the 
other time points. In assessing which transcripts drove this separa-
tion, we found by visual inspection, an enrichment for those encoding 
inflammatory mediators, in particular cytokines and chemokines  
(Fig. 1b). We then individually re-clustered the two earliest time 
points (D0.5 and D1) and superimposed a signature consisting of the 
top 100 transcripts distinguishing these time points from the rest  
(Fig. 1c). There was moderate dispersion at D0.5, but by D1, a distinct 
subpopulation highly enriched for this signature had emerged. Differ-
ential transcript analysis between this cluster (cluster 5, purple) and the 
rest of them revealed D1 cluster 5 cells to transcribe even more genes 
encoding inflammatory mediators (Fig. 1d and Extended Data Fig. 1b). 
Transcription of these genes was particularly low in clusters 2, 3, 4 and 
6, which expressed markers of the previously described Col15a1+ and 
Pi16+ steady-state mSC populations, proliferating mSCs and tenocytes, 
respectively (Extended Data Fig. 1b–d)43,44.

Next, we addressed whether the bulk of MmSCs or just a special-
ized subtype had the potential to take on this inflammatory flavor. Scott 
et al. reported scRNA-seq and scATAC-seq data from muscle stromal 
cells at homeostasis44. Employing Hic1 as a stromal-cell marker, they 
identified four main clusters: two fibro-adipogenic, one tenogenic and 
one pericytic. Recapitulating these four clusters (Fig. 1e), we looked for 
increased accessibility at the loci encoding the top 100 transcripts dif-
ferentially expressed by cluster 5 (‘inflammatory signature’) (Extended 
Data Table 1) in comparison with random, accessibility-matched loci. 
There was no strong enrichment of the inflammatory module among 
the various clusters (Fig. 1f,g). Similarly, superimposing on our dataset 
the transcripts encoded by differentially accessible loci in the four 
stromal subtypes from Scott et al. revealed no obvious correspond-
ence between inflammatory cluster 5 and the steady-state stromal-cell 
subtypes (Extended Data Fig. 1e).

The inflammatory subtype is induced by a cytokine triplet
Pathway analyses on the 100-gene inflammatory signature revealed 
four major signaling pathways: interleukin (IL)-1, tumor necrosis fac-
tor (TNF)-α, oncostatin M (OSM) and IL-17 (Fig. 2a). We initially fol-
lowed an in vivo gain-of-function approach to weigh the importance 
of these pathways. Just to set the parameters of the in vivo conditions, 
we intraperitoneally (i.p.) co-injected all four cytokines into uninjured 
mice and sorted MmSCs from the hindlimb muscles 2, 4 and 8 h later 
for population-level RNA-seq. There was a robust increase in the tran-
scripts encoding many key inflammatory molecules, 2 h post-injection 
being the optimal time point to capture the inflammatory induction 

(Extended Data Fig. 2a). We then repeated the experiment but injected 
the cytokines individually or as pairs. Volcano plots of each cytokine 
compared to the phosphate-buffered saline (PBS) control revealed that 
IL-1β, TNF-α and OSM, but not IL-17A, strongly induced the inflammatory 
signature, with IL-1β provoking the strongest response (Fig. 2b; note the 
differing x axes). Hierarchical clustering of the top 25 transcripts from 
the inflammatory signature across all conditions demonstrated that 
IL-1β alone and IL-1β plus OSM induced a set of transcripts most similar 
to that induced by the four cytokines together (Fig. 2c). Some discrete 
gene modules were also observed: one wherein transcripts were most 
highly expressed in the IL-1β group, and two in which transcripts were 
more highly expressed by pairing OSM with IL-1β over IL-1β alone. Small 
gene modules also emerged among the other conditions. Thus, IL-1β, 
TNF-α and OSM induced a complex signaling network within MmSCs, 
invoking additive, discordant or redundant responses.

Population-level RNA-seq on the four major muscle cell compart-
ments at homeostasis and on D1 after CTX-induced injury revealed 
that the CD45+ compartment was the sole expressor of transcripts 
encoding these cytokines (Fig. 2d). To examine their expression among 
hematopoietic-lineage cells, we took advantage of a scRNA-seq dataset 
from Oprescu et al. depicting whole hindlimb muscle at various time 
points after CTX-induced injury16. Re-analysis of the earliest time point, 
D0.5, demonstrated that MFs, monocytes (MOs) and NFs expressed 
the most Il1b, Tnf and Osm transcripts (Extended Data Fig. 2b). (There 
was only low expression of the three cytokines in muscle cells, them-
selves.) We also employed flow cytometry to quantify IL-1β and TNF-α 
levels in uninjured hindlimb muscle and at 15 and 60 min post-CTX 
(Fig. 2e and Extended Data Fig. 2c). (There are no commercially avail-
able antibodies suitable for cytofluorimetric quantification of OSM 
levels.) MOs, followed by dendritic cells, were the most abundant and 
rapidly accumulating IL-1β-producing populations (Fig. 2f ). (Here 
and subsequently, we use fraction of live cells as a surrogate for cell 
numbers to correct for extraction efficiencies, which can be variable 
with such tissue preps.) MFs and MOs were the most abundant TNF-α+ 
cells (Fig. 2f).

Myeloid cells are dispensable for the inflammatory subtype
Myeloid cells, primarily NFs followed by MFs, are usually the earliest 
arrivals in damaged tissues, and their role in activating stromal cells 
has been described45,46. Thus, we addressed whether induction of the 
inflammatory MmSC subtype was strictly dependent on soluble factors 
derived from myeloid cells.

Some initial observations argued for a different scenario. First, loss 
of IL-1β alone did not substantially alter induction of the inflammatory 
MmSC program (Extended Data Fig. 3a); moreover, this module was 
only mildly decreased by antibody-mediated co-neutralization of IL-1β, 
TNF-α and OSM (Extended Data Fig. 3b).

To formally address the contribution of NFs and MFs in MmSC 
acquisition of the inflammatory program, we depleted NFs with 
anti-Ly-6G monoclonal antibody or MFs by diphtheria toxin (DT) 
administration to LysmCre X Csf1rLsL-DTR mice47, and assessed the inflam-
matory signature in MmSCs 12 h after CTX-induced injury (to avoid 

Fig. 2 | IL-1β, TNF-α and OSM produced by myeloid cells strongly induce 
the inflammatory MmSC subtype. a, Pathway analyses of the 100-gene 
inflammatory signature. b, Volcano plot comparisons of MmSCs after injections 
of IL-1β versus PBS (top, left), TNF-α versus PBS (top, right), OSM versus PBS 
(bottom, left) or IL-17A versus PBS (bottom, right). The 100-gene inflammatory 
signature is shown in red, with the numbers at the top of each plot indicating 
numbers of up- and downregulated transcripts (in comparison with total 
transcript numbers in black). c, Hierarchically clustered heat map of the top 25 
transcripts in the inflammatory signature across the cytokine augmentation 
conditions. d, Expression of inflammatory MmSC-inducing transcripts across 
the major skeletal-muscle-cell compartments at homeostasis (D0) and on D1 
after CTX-induced injury. Cytofluorimetrically sorted cells were subject to 

RNA-seq (n = 3 mice per time point). e,f, Cytofluorimetric analysis of IL-1β and 
TNF-α levels in CD45+ cells in uninjured hindlimb muscle and at 15 and 60 min 
post-CTX injection (n = 4 mice per time point). Note, one sample was removed 
from the 15 min group as it was 3 × s.d. from the mean. Total CD45+IL-1β+ (top) and 
CD45+TNF-α+ (bottom) cells (e). Distribution of IL-1β+ (top) and TNF-α+ (bottom) 
cells (f). Cytofluorimetric data were pooled from two independent experiments. 
Data are from 7–9-week-old B6 male mice. AU, arbitrary units; DC, dendritic 
cell; MO, monocyte. Plots with error bars displayed as mean ± s.e.m. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. A one-sided Fisher’s exact test with and 
without correction by the Benjamini–Hochberg method (a), chi-squared test (b), 
two-tailed unpaired t-test (d), one-way analysis of variance (ANOVA) (e) and two-
way ANOVA with Dunnett’s multiple comparisons test (f) were used for analysis.
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secondary effects) by population-level RNA-seq. Principal-component 
analysis (PCA) showed that the injury status contributed the largest 
principal component, followed by the effect of MF depletion (Fig. 3a); 
NF depletion had no impact on the MmSC inflammatory program (Fig. 
3b). MF-depleted mice still upregulated the inflammatory module, 
but to a lower degree than did their MF-containing counterparts, as 
evidenced by the off-diagonal cloud on the fold change/fold change 
plot of Fig. 3c. Transcripts encoding some components of the inflam-
matory program were reduced in the absence of MFs (such as Il6 and 
Cxcl2) while others were not affected (such as Cxcl5 and Cxcl3) (Fig. 3d). 
We also calculated a signature score for the inflammatory gene set, and 
observed only a mild attenuation of this program after MF depletion 
(Fig. 3e), suggesting that MFs might amplify the inflammatory program, 

but were dispensable for MmSC activation, at least at this early time 
point post-injury.

These data raised the possibility that MmSCs could sense muscle 
damage independently of myeloid cell input. To address this possi-
bility, we sorted MmSCs from uninjured mice and co-cultured them 
with single muscle fibers pre-treated with either vehicle or CTX. As a 
measure of MmSC activation, we quantified IL-6 levels in the superna-
tant after 24 h. CTX-injured, but not healthy, muscle fibers induced 
a higher level of IL-6 in the supernatant (Fig. 3f). Thus, parenchymal 
damage and, potentially, signals from other non-myeloid cells could 
trigger induction of the MmSC inflammatory subtype, a process further 
amplified by multiple cytokines derived from myeloid cells acting in 
a redundant manner.
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Fig. 3 | Induction of the inflammatory MmSC subtype is not strictly 
dependent on myeloid cells. a–e, RNA-seq analysis of cytofluorimetrically 
sorted MmSCs from uninjured and CTX-injured mice (n = 2–3 mice per group). 
PCA (a). Volcano plot comparisons of MmSCs from B6 male mice treated with 
anti-Ly-6G versus IgG isotype control (b). The 100-gene inflammatory signature 
is shown in red. Transcriptomic FC/FC plot of MmSCs from CTX-injured versus 
uninjured Lysmwt X Csf1rLsL-DTR (WT, macrophage-containing) mice (x axis) 
vis-a-vis CTX-injured versus uninjured LysmCre X Csf1rLsL-DTR (DTR, macrophage-
depleted) mice (y axis) (c). The 100-gene inflammatory signature is shown in red. 
Hierarchically clustered heat map of the top 25 transcripts in the inflammatory 

signature across the different conditions (d). Signature score of the 100-gene 
inflammatory MmSC gene set (e). Scores were calculated as shown in the 
Methods. f, Freshly isolated MmSCs were cultured alone (Ctl) or co-cultured with 
muscle fibers that were pre-treated either with vehicle (healthy fibers) or CTX 
(injured fibers) and IL-6 levels in the culture supernatants were determined by 
ELISA (two independent experiments). Data are from 7–9-week-old male mice. 
DTR, DT receptor. Plots with error bars are displayed as mean ± s.e.m. *P < 0.05, 
**P < 0.01, ***P < 0.001. A chi-squared test (b) and one-way ANOVA with Tukey’s 
multiple comparisons test (e,f) were used for analysis.
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Isolated inflammatory MmSCs induce inflammation
We then attempted to identify cell-surface markers that would permit 
cytofluorimetric discrimination of inflammatory MmSCs from other 
MmSCs. Among the transcripts enriched in the inflammatory subtype, 
there were only a few that encoded surface markers, and these proved 
useless for cytofluorimetric distinction. Instead, we generated a new line 
of reporter mice. According to our scRNA-seq dataset, Il6 expression 
was highly specific to the inflammatory subtype (Extended Data Fig. 4a). 
Re-analysis of the scRNA-seq dataset from Oprescu et al. confirmed that 
Il6 was induced in stromal cells only following injury (Extended Data  
Fig. 4b). Recently, Heink et al. developed an IL-6 reporter/depleter mouse 
line (Il6tm3307(Cerulean-P2A-CD90.1)Arte, abbreviated as Il6RD), which, when crossed 
with a Cre line, allows for the coupling of Thy1.1 and Il6 expression in 
a designated population of cells48. The Il6RD line is carried on a Thy1.2+ 
genetic background, making Il6-expressing cells the only ones that are 
Thy1.1+. We crossed the Il6RD line with the C57BL/6-Tg(Pdgfra-Cre)1Clc/J 
(Pdgfra-Cre) line and profiled Thy1.1 expression across the major mus-
cle cell compartments at homeostasis and 12 h after CTX injury, the 
first time point at which we had identified inflammatory transcripts in 
MmSCs by scRNA-seq. There was minimal Thy1.1 expression at steady 
state, consistent with low baseline Il6 expression in the muscle (Extended 
Data Fig. 4b). A Thy1.1+ MmSC population emerged at 12 h, whereas there 
was low signal across the other compartments (Fig. 4a). To confirm that 
Thy1.1+ MmSCs were enriched in inflammatory transcripts, we isolated 
Thy1.1+ and Thy1.1− MmSCs 12 h following CTX injury and performed 
population-level RNA-seq. Indeed, Thy1.1+ cells were significantly 
enriched in the inflammatory MmSC program (Fig. 4b).

We first used this system to investigate the spatial distribution of 
inflammatory MmSCs. Confocal imaging of injured muscles from Il6RD 
x Pdgfra-Cre mice showed that Thy1.1+PDGFRα+ MmSCs localized to 
areas of high NF infiltration and muscle fiber damage (Fig. 4c).

To determine whether isolated inflammatory MmSCs could induce 
inflammation in muscle tissue, we prepared Thy1.1+ and Thy1.1− MmSCs 
from hindlimb muscles 2 and 4 d after CTX injury, respectively and 
i.m. injected them into uninjured hindlimb muscles (Fig. 4d). Thy1.1+ 
MmSCs were isolated on D2 because the MmSC population expands 
with injury, allowing for more cells to be collected; Thy1.1− MmSCs were 
isolated on D4 because some of these cells could convert to Thy1.1+ 
MmSCs during the earliest stages of muscle injury, whereas on D4 
their inflammatory potential was minimal. We transferred the MmSCs 
into B6.Cg-Tg(CAG-tdKaede)15Utr (Kaede) mice, a line in which all cells 
express Kaede, a green fluorescent reporter. By 16 h after transfer, 
Kaede-negative donor cells were readily identified in the hindlimb 
muscle of the recipient mice (Fig. 4e,f). Mice harboring Thy1.1+ cells 
showed a significant increase in CD45+ hematopoietic-lineage cells 
vis-a-vis those receiving Thy1.1− cells (Fig. 4g). Within the CD45+ com-
partment, NFs and Ly-6Chi MFs, key innate immunocytes in the early 
response to muscle injury, were specifically increased in mice that 
received Thy1.1+ MmSCs (Fig. 4h,i).

CXCL5 non-redundantly promotes the influx of NFs
As Thy1.1+ MmSCs proved resistant to conventional (monoclonal 
antibody-driven) depletions, we took up a candidate mediator 

approach, favoring transcripts that (1) were part of the inflammatory 
MmSC signature; (2) were enriched in stroma relative to the other 
major muscle cell compartments; and (3) were induced by injury. 
Cxcl5 emerged as the strongest candidate as it was one of the most 
differentially expressed transcripts in the inflammatory MmSC sub-
type, was strongly enriched in the stroma and was the most highly 
induced MmSC transcript upon injury, with a fold change >2,500 
(Fig. 5a–c and Extended Data Fig. 4c). Re-analysis of the scRNA-seq 
dataset from Oprescu et al. confirmed that Cxcl5 transcripts were 
not made at homeostasis, but upon injury were highly enriched 
in stromal cells at 0.5 d and 2 d following injury (Extended Data  
Fig. 4d). CXCL5 is primarily known as a chemoattractant for NFs and 
can regulate the levels of other chemokines, such as CXCL1 and CXCL2 
(ref. 49). During acute skeletal muscle injury, NFs at early stages of 
injury are important for removing cellular debris to permit effec-
tive tissue repair9,50,51. Furthermore, following myocardial infarction, 
NFs in the heart actively secrete factors that help polarize MFs to a 
pro-reparative phenotype52. To investigate the role of CXCL5 during 
skeletal muscle injury, we administered anti-CXCL5 monoclonal anti-
body before and coincident with i.m. injection of CTX. At 24 h after 
injury, there was no change in total CD45+ hematopoietic-lineage 
cells; however, there was a decrease in the percent of NFs, suggesting 
that CXCL5 was a non-redundant NF chemoattractant during muscle 
injury (Fig. 5d,e). While there was no evident change in MF numbers, 
there were, notably, significant increases in the representation of 
adaptative immunocyte populations such as T and B cells (Fig. 5f–h). 
This increase was recapitulated by depleting NFs with anti-Ly-6G 
monoclonal antibody, also administered before and coincident with 
i.m. injection of CTX (Fig. 5j,l,m). Total CD45+ hematopoietic-lineage 
cell numbers were unaffected; however, MF numbers were elevated 
in the treatment group (Fig. 5i,k).

Early loss of CXCL5 prolongs inflammation and inhibits repair
We neutralized CXCL5 during the earliest stage of recovery after 
CTX-induced injury (D-0.5, D0, D1 and D2) and analyzed hindlimb mus-
cle at D7 by flow cytometry, whole-tissue RNA-seq and histology. There 
was no difference in the accumulation of CD45+ hematopoietic-lineage 
cells, but NFs and pro-inflammatory Ly-6Chi MFs were elevated in the 
anti-CXCL5-treated, compared to the IgG-treated, group (Fig. 6a–c). 
At D7, the levels of these innate immunocyte populations are usually 
very low as they are key elements of the early inflammatory stage of the 
injury response but not the later reparative stage15,16. Thus, elevated 
numbers of these immunocytes at D7 points to aberrantly persistent 
inflammation.

Whole-tissue RNA-seq data aligned with these findings. Aguilar 
et al. recently published highly useful gene sets that define key path-
ways in skeletal muscle recovering from acute injury53. We calculated 
signature scores based on the expression of these gene sets to iden-
tify pathways that varied in the presence and absence of anti-CXCL5 
treatment. There were distinct increases in the ‘inflammation’ and 
‘pro- to anti-inflammatory’ pathways in the anti-CXCL5-treated group  
(Fig. 6d). Subcategories within the ‘pro- to anti-inflammatory’ pathway 
revealed more specific enrichments in ‘phagocytic and complement 

Fig. 4 | Transfer of inflammatory MmSCs can induce inflammation.  
a, Cytofluorimetric quantification of Thy1.1 expression across the major 
skeletal-muscle-cell compartments in Il6RD × Pdgfra-Cre mice at homeostasis and 
12 h following CTX-induced injury. b, Volcano plot comparison of transcripts 
expressed by Thy1.1+ and Thy1.1− MmSCs 12 h after CTX injection (n = 3).  
The 100-gene inflammatory signature is shown in red; numbers at the top 
indicate up- and downregulated transcripts (in comparison with total transcript  
numbers in black). c, Immunofluorescence imaging of the indicated markers  
in muscle sections of Il6RD × Pdgfra-Cre mice 2 d following CTX-induced injury 
(×60 magnification). Representative images of areas with no NF infiltration  
(no inflammation) (top). Representative images of areas with high NF infiltration 

(inflammation) (bottom). Experiment repeated twice with similar results.  
d, Schematic of the adoptive-transfer design used to generate the data in e–i.  
e–i, Cytofluorimetric profiling of cells from hindlimb muscles of recipient mice 
following Thy1.1+ (n = 7) versus Thy1.1− (n = 5) MmSC transfer. Representative 
flow plots (e); summary quantification of Thy1.1+ cells (f); and quantification 
of CD45+ cells (g), NFs (h) and Ly-6Chi MFs (i). Transfer data were pooled from 
two independent experiments. Each data point represents an individual mouse 
within a group. All data are from 7–9-week-old male mice. Plots with error bars  
are displayed as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. Data were 
analyzed by a two-tailed unpaired t-test except for b, in which a chi-squared test 
was performed.
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Fig. 5 | CXCL5 is a stroma-specific chemokine that promotes NF influx 
following CTX-induced injury. a, UMAP plot of MmSCs from D1 following 
CTX-induced injury (left) overlain with a heat map of Cxcl5 expression (right). 
b, Cxcl5 expression across the major skeletal-muscle-cell compartments at 
homeostasis (D0) and on D1 after CTX-induced injury (n = 3 mice per time point). 
c, Volcano plot comparison of D0 versus D1 MmSCs (n = 3 mice per time point). 
Cxcl5 is highlighted in red. Numbers at the top indicate total genes up- and 
downregulated in response to injury. d–h, Anti-CXCL5 monoclonal antibody 
or IgG was administered 12 h before and coincident with CTX injection, and 
cells from hindlimb muscles were cytofluorimetrically profiled one day after 
injury (n = 6 per group). Quantification of (d) total CD45+ cells, (e) NFs, (f) MFs, 
(g) αβ T cells and (h) B cells. i–m, Anti-Ly-6G monoclonal antibody or IgG was 

administered 2 d, 1 d and coincident with CTX injection, and cells from hindlimb 
muscles were cytofluorimetrically profiled 1 d after injury (n = 5 per group). 
Quantification of total CD45+ cells (i), NFs (j), MFs (k), αβ T cells (l) and B cells 
(m). As the depleting antibody covered the Ly-6G epitope, NFs were defined 
as CD45+CD11b+CD64−CD11c−Ly-6C−GR-1+. Antibody-mediated depletion data 
were pooled from two independent experiments. Besides a and c, each data 
point represents an individual mouse within a group. All, except the scRNA-seq, 
data derived from 7–9-week-old B6 male mice. Plots with error bars displayed 
as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by a two-tailed 
unpaired t-test. Data were normalized to the IgG group as repeated experiments 
had different control set points.
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cascades,’ ‘antigen presentation/hematopoietic activation’ and ‘innate 
immunity’ (Fig. 6e).

Last, we assessed the impact of anti-CXCL5 treatment on muscle 
regeneration, quantifying the cross-sectional areas of 1,000 represent-
ative muscle fibers per mouse on hematoxylin and eosin (H&E)-stained 
tissue sections. Administration of anti-CXCL5 resulted in a profile of 
cross-sectional areas shifted toward smaller values in comparison 
with those observed with injections of IgG, which was an indication of 

less-mature muscle fibers and therefore, a defect or slowdown in the 
regeneration process (Fig. 6f). Moreover, overlaying an ‘entry to repair’ 
signature18 on a volcano plot of whole-muscle transcripts showed that 
anti-CXCL5-treated mice did not downregulate this program as control 
mice do, for example, key transcripts such as C1qa, Mmp12 and Ptprc 
(Fig. 6g). Given that the early inflammatory MmSC subtype was the 
primary expressor of Cxcl5 transcripts, these observations argue for 
the importance of this stromal element.
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Fig. 6 | CXCL5 is necessary for effective tissue repair. Anti-CXCL5 monoclonal 
antibody (n = 8) or control IgG (n = 7) was injected during the earliest stage of 
recovery after CTX injury (D-0.5, D0, D1 and D2) and at D7, hindlimb muscle  
was profiled by cytofluorimetry. a, Total CD45+ cells. b, NFs. c, Ly-6Chi MFs.  
d,e, Transcriptional analyses of whole muscle tissue at D7 (n = 3 mice per 
condition). Signature scores of major (d) and pro- to anti-inflammatory (e) 
pathways53. Scores were calculated as described in the Methods. f, Histogram  
of the cross-sectional areas of centrally nucleated muscle fibers at D7  
(n = 5 mice per condition). g, Volcano plot comparing whole-muscle transcripts 

from anti-Cxcl5-treated and control-IgG-treated mice overlain with a signature  
of genes ordinarily shut down during the transition from inflammation to 
repair18. Except for f and g, each data point represents an individual mouse within 
a group. All data were from 7–9-week-old B6 male mice. Plots with error bars are 
displayed as mean ± s.e.m. *P < 0.05, **P < 0.01 by a two-tailed unpaired t-test 
except for f, in which two-tailed Mann–Whitney and Kolmogorov–Smirnov (K–S) 
tests were performed, and g in which a chi-squared test was performed. Data 
were normalized to the IgG group as repeated experiments had different control 
set points.
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Inflammatory MmSCs occur in a model of muscular dystrophy
To extend these findings to chronic injury, we performed scRNA-seq 
on MmSCs isolated from a mouse model of Duchenne’s muscular dys-
trophy (DMD), D2.B10 Dmdmdx (mdx), compared to its control line, 
DBA/2J (CTL). DMD is an X-linked disease caused by a mutation in the 
dystrophin gene. Without functional dystrophin, the structural integ-
rity and contractile activity of skeletal muscle is compromised, leading 
to repetitive injury and ultimately the replacement of muscle tissue 
with fibrosis and fat.

We isolated MmSCs from the hindlimb muscles of 2.5-, 5- and 
12.5-week-old mdx mice, and from 2.5- and 12.5-week-old CTL mice, time 
points chosen to survey the onset and early progression of the disease 
process. Then, 13,650 cells were sequenced, with an average of 2,730 
cells per condition and an average depth of 2,686 genes per cell. We ini-
tially clustered cells from mdx mice only. UMAP visualization revealed 
the time points to cluster predominantly separately, indicating that 
MmSCs changed dramatically as the disease progressed, even over a 
mere 10-week span (Fig. 7a). Notably, by overlaying on the UMAP plot 
the inflammatory signature derived from CTX-induced muscle injury 
(top 100 genes defining the inflammatory MmSC subtype; referred to 
as the ‘CTX-inflammatory signature’) (Extended Data Table 1), we could 
distill a small group of cells enriched for this inflammatory module. 
These cells were members of cluster 5 (light blue), composed mainly 
of MmSCs from the 5 and 12.5-week time points, indicating that cells 
turned this program on at an early age, though primarily after weaning.

We then co-clustered MmSCs from 2.5-week-old mdx and CTL 
mice (‘early time point’). Cells from both genotypes were distributed 
across all of the clusters (Fig. 7b). Density plots highlighting areas on 
the UMAP plot enriched for a particular genotype indicated that, while 
there were some minor condition-specific areas, cells from the two 
genotypes primarily overlapped. In contrast, cells from 12.5-week-old 
mdx and CTL mice (‘late time point’) primarily did not overlap  
(Fig. 7c). Thus, as disease progressed, mdx MmSCs acquired a transcrip-
tome largely distinct from that of baseline MmSCs. We next imposed 
the CTX-inflammatory signature on the early and late UMAP plots: at 
the early time point, the signature score was low across all clusters  
(Fig. 7d), but later, cluster 4 (light blue) emerged with an elevated 
signature score (Fig. 7e). Cluster 4 was unique to the mdx condition. 
These data reveal that the inflammatory MmSC subtype indeed (1) was 
present in a chronic muscle-injury model; (2) emerged as the disease 
progressed; and (3) was disease-specific.

While single-cell datasets are helpful for understanding cellular 
heterogeneity, their lack of depth can compromise accurate determi-
nation of gene expression. Therefore, we performed population-level 
RNA-seq on double-sorted MmSCs from mdx mice at 2.5, 7 and  
12.5 weeks of age. Given that MmSCs from the mdx and CTL genotypes 
were transcriptionally similar at 2.5 weeks, we used this time point as our 
primary reference. Superimposition of the CTX-inflammatory signature 
on a volcano plot comparing MmSCs from 7 and 2.5 weeks demonstrated 
a significant enrichment in the MmSCs of 7-week-old mice (Fig. 7f). 
Numerous signature transcripts were highly upregulated, notably 
Cxcl5. A comparison of MmSCs from 12- and 2.5-week-old mice revealed 
a persistent enrichment of the CTX-inflammatory signature at this 
later stage, albeit with slightly lower transcript fold changes (Fig. 7g).  

Pathway analyses of genes that were twofold enriched, at either the 
7-week (1,239 genes) or 12.5-week (701 genes) compared to the 2.5-week 
time point, indicated that most of the top pathways enriched at 7 weeks 
were, not surprisingly, related to inflammation and cell cycle (Fig. 7h), 
whereas those enriched at 12.5 weeks were similarly related to inflamma-
tion, but with an additional prominence of complement terms (Fig. 7i).

Inflammatory MmSCs occur in diverse tissues and pathologies
We exploited previously published data to determine whether an 
inflammatory MmSC subtype could be found in other tissues, either 
at homeostasis or with perturbation. Given the similarities between 
skeletal and cardiac muscle, we began by analyzing a scRNA-seq dataset 
from mouse heart tissue at homeostasis (D0) and at numerous time 
points (D1, D3, D5, D7, D14 and D28) following myocardial infarction 
(MI)54. At each time point, cardiomyocytes, debris and dead cells were 
removed and the remaining cells were captured and sequenced. We 
clustered these cells, extracted the Pdgfra+ clusters, re-clustered them 
and visualized the new clusters on a UMAP plot, both in toto and day 
by day (Fig. 8a). To search for the inflammatory module across tis-
sues and to reduce contributions that might be intrinsic to the skeletal 
muscle environment, we created a condensed inflammatory signature 
using only the top 25 genes from the 100-gene CTX-inflammatory sig-
nature (Extended Data Table 1). A few focal areas with high signature 
scores (encircled) emerged (Fig. 8b). D1 Pdgfra+ cells were clearly most 
enriched in these regions of the UMAP plot. With time following injury, 
the signature score was attenuated. Violin and dot-plots of the signature 
score across the time points confirmed these findings (Fig. 8c,d). In 
contrast, at both homeostasis and the latest stages of recovery from 
injury (D14 and D28), the signature scores were very low.

A mouse scRNA-seq dataset from podoplanin (PDPN)+ stromal 
cells derived from a pancreatic ductal adenocarcinoma model was ana-
lyzed next55. CD45−Epcam−CD24a−CD31−PDPN+ cells were isolated from 
healthy pancreas tissue, tumor-adjacent tissue and small (1–4 mm) 
and large (5−10 mm) tumors. We clustered these cells, extracted Pdg-
fra+ clusters, re-clustered them and visualized them together and by 
condition (Fig. 8e). Superimposing the 25-gene CTX-inflammatory 
signature on the UMAP plot highlighted a discrete area with a high 
signature score (Fig. 8f). At homeostasis (WT) there was no appreci-
able signature detection (Fig. 8g,h); however, in the sequence of tumor 
progression, the signature score became elevated in tumor-adjacent 
samples, peaked in small-tumor samples and then was reduced in 
large-tumor samples.

Two murine models of auto-inflammatory disease were also exam-
ined. In one case, a scRNA-seq dataset covering CD45− synovial cells 
from the inflamed joints of a model of rheumatoid arthritis (RA) was 
analyzed56. We clustered all of the cells in the dataset, extracted the Pdg-
fra+ clusters, re-clustered them and visualized the data on a UMAP plot. 
Overlaying the 25-gene CTX-inflammatory signature highlighted a focal 
region with enriched signal (Fig. 8i). In the second case, we similarly 
analyzed a scRNA-seq dataset from CD45−Epcam− cells isolated from 
colons of healthy or dextran sodium sulfate-treated mice, a model of 
inflammatory bowel disease57. Low signature scores were observed in 
cells originating from healthy colons while those from mice with colitis 
showed specific areas of enrichment (Fig. 8j).

Fig. 7 | Identification of an inflammatory MmSC subtype in a mouse model 
of muscular dystrophy. a–e, scRNA-seq of MmSCs from 2.5-, 5- and 12.5-week-
old mdx mice, and from 2.5- and 12.5-week-old CTL mice. UMAP plots of all cells 
from mdx mice (left-most), cells from each time point (three middle panels) and 
cells superimposed with the 100-gene CTX-inflammatory signature (right-most) 
(a). UMAP plots of mdx and CTL cells from 2.5-week-old mice (‘early’) (b) and 
from 12.5-week-old mice (‘late’) (c). Both genotypes (left); individual genotypes 
(middle); and density plots of individual genotypes (right). Violin plots of the 
CTX-inflammatory signature for the ‘early’ (d) and ‘late’ (e) clusters.  

f–i, Population-level RNA-seq of MmSCs from 2.5-, 7- and 12.5-week-old mdx mice. 
Volcano plot comparisons of MmSCs from 7-week-old versus 2.5-week-old (f) and 
12.5-week-old versus 2.5-week-old (g) mice (n = 3 per time point). The 100-gene 
inflammatory signature is shown in red; numbers at the top indicate up- and 
downregulated transcripts (in comparison with total transcript numbers in 
black). Pathway analyses of transcripts significantly upregulated (>2×, P < 0.05) 
in MmSCs from 7-week-old (h) and 12.5-week-old (i) mice compared to those 
from 2.5-week-old mice. P values were determined by a chi-squared test (f,g) and 
Fisher’s exact test corrected with the Benjamini–Hochberg method (h,i).
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Fig. 8 | The inflammatory MmSC module appears in numerous tissues and 
pathologies in both mice and human datasets. a–d, scRNA-seq of mouse 
heart tissue at homeostasis (D0) and at D1, D3, D5, D7, D14 and D28 following 
myocardial infarction54. UMAP plots of Pdgfra+ cells as a whole and by time point 
(a). Same plot as (a) overlain with the 25-gene CTX-inflammatory signature 
(b). Violin plot (c) and dot-plot (d) of the inflammatory signature across time 
points. e–h, Mouse scRNA-seq of Pdgfra+ cells from healthy pancreas tissue 
and pancreatic ductal adenocarcinoma tumors at various stages of tumor 
progression55. Organized as per a–d. i, Mouse scRNA-seq of Pdgfra+ cells from 
the inflamed joints of the serum transfer induced arthritis model56. UMAP plot 

of all cells (left) and cells overlain with the 25-gene CTX-inflammatory signature 
(right). j, Mouse scRNA-seq of Pdgfra+ cells from colons of healthy mice and mice 
treated with dextran sodium sulfate (DSS)57. UMAP plot of cells from healthy 
(left) and DSS-treated (right) mice overlain with the 25-gene CTX-inflammatory 
signature. k, scRNA-seq of PDGFRA+ cells from patients with RA or OA58. UMAP 
plot of all cells (left) and cells overlain with the 25-gene CTX-inflammatory 
signature (right). l, scRNA-seq of PDGFRA+ cells from colonic samples of healthy 
individuals and patients with UC57. UMAP plot of cells from healthy colon (left) 
and UC-colon (right) overlain with the 25-gene CTX-inflammatory signature.
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Finally, we analyzed two recently published human scRNA-seq 
datasets. The first was of B cells (CD45+CD3−CD19+), T cells (CD45+CD3+), 
monocytes (CD45+CD14+) and stromal fibroblasts (CD45−CD31−PDPN+) 
isolated from patients with either RA or osteoarthritis (OA)58. In the 
metadata associated with this dataset, all cells were classified as one 
of these four types and were then sub-classified into subtypes that 
were examined in greater detail. Stromal fibroblasts were divided 
into four subtypes. We extracted all stromal fibroblasts, clustered 
the cells and visualized the data with a UMAP plot (Fig. 8k). All of 
these clusters were PDGFRA+. One cluster, SC-F2, was enriched for the 
25-gene CTX-inflammatory signature. This subtype was noted in the 
original paper to be overabundant in leukocyte-rich RA, compared 
to leukocyte-poor RA and OA. The second human dataset contained 
CD45−EPCAM−CD235a− cells sorted from colonic tissues originating 
from either healthy individuals or patients with ulcerative colitis 
(UC)57. For each condition, PDGFRA+ clusters were extracted, cells 
were re-clustered and UMAP plots were overlain with the 25-gene 
CTX-inflammatory signature (Fig. 8l). Cells from healthy human tis-
sues had low signature scores, whereas those from patients with UC 
showed specific areas enriched for the signature.

Discussion
Time-resolved scRNA-seq provided a dynamic view of how stromal 
cells communicate with immunocytes in response to acute skeletal 
muscle injury. Our results highlight an inflammatory MmSC subtype, 
expressing an impressive array of incendiary mediators that appeared 
acutely after CTX-induced injury and waned as the response to injury 
progressed. Cxcl5, the transcript most highly induced in MmSCs on 
D1 after injury and a transcript specifically expressed by this subtype, 
encoded a mediator with a non-redundant impact on the recruitment of 
NFs to injured muscle. In the absence of CXCL5 during the initial phase 
of the injury response, there was persistent inflammation at the later 
stages and tissue regeneration was hindered. Stromal-cell subtypes 
expressing the highlighted inflammatory program were detected in a 
diverse set of tissues and pathologies in both mice and humans, sup-
porting the generality of our observations.

Unlike most immunocyte types that infiltrate muscle tissue from 
the circulation in response to a perturbation, MmSCs are primarily 
resident cells, scattered throughout the tissue24. This feature, coupled 
with their rapid, direct response to parenchymal damage and sensi-
tivity to key inflammatory signals render them ideal ‘early respond-
ers’ to tissue insults. MmSCs had additive, discordant or redundant 
responses to these signals, demonstrating a capacity to direct dif-
ferent flavors of inflammatory responses upon perturbations asso-
ciated with distinct milieus. Additionally, their ability to transcribe 
a battery of chemokines, cytokines and other mediators capable of 
inciting a diversity of target cells could be important in orchestrating 
a coordinated, multi-immunocyte injury response. Notably, while 
most MmSCs showed similar high chromatin-accessibility levels at 
signature inflammatory gene loci at homeostasis, a small, discrete 
subset emerged as a highly inflammatory subtype within a day of 
injury. Imaging supported a scenario wherein the stromal support 
system across the tissue was prepared to respond to injury, but it 
was the cells closest to the lesion that took on the distinct inflamma-
tory phenotype. Such a scenario would also explain why inflamma-
tory MmSCs disappeared as the lesion resolved and why the injury 
response remained asymmetrical.

Although some MmSC mediators are stroma-specific, many 
(though not CXCL5) are also produced by immunocytes (Extended 
Data Fig. 5), suggesting that MmSCs might also be signal amplifiers. 
The timeframe in which the various cell sources produce these media-
tors could be critical; alternatively, the collective level of a mediator 
might be essential for optimal tissue repair/regeneration. Regardless 
of why there is this redundancy, it is unlikely to be by accident given 
the critical role of these mediators during injury. For example, genetic 

ablation of the Ccl2 gene or the gene encoding its receptor, Ccr2, results 
in decreased MF recruitment following muscle injury and impaired 
tissue regeneration59–62; however, CCR2 also occurs on MuSCs and its 
activity has been linked to inhibition of MuSC fusion during injury, 
illustrating how these inflammatory mediators may also have functions 
that extend outside of their non-canonical roles63.

A comparable MmSC subtype emerged in the mouse model of 
muscle dystrophy, wherein there is chronic muscle injury. In contrast 
to the acute setting, where it was beneficial, the inflammatory MmSC 
subtype was likely deleterious in this disease associated with patho-
genic inflammation. Given that disease pathogenesis entails repeti-
tive contraction-induced muscle injury, MmSCs might still function 
as ‘early responders’ to tissue injury and signal amplifiers; however, 
these signals likely contribute to the maladaptive chronic inflamma-
tion within the tissue as well.

Our study entailed some difficult challenges. A major issue was 
the lack of tools to study and manipulate MmSCs in vivo. While mice 
have recently been engineered to deplete all Pdgfra-expressing cells 
in skeletal muscle21,22, ablating more specific populations, like the 
inflammatory subtype remains problematic due to the lack of appro-
priate Cre mouse lines. As an alternative approach, we targeted a gene 
specifically expressed by this subtype to genetically tag the cells with a 
unique surface molecule susceptible to antibody-mediated depletion. 
Specifically, we generated a mouse line coupling Il6 transcription in 
Pdgfra-expressing cells with Thy1.1 expression for isolation and deple-
tion of inflammatory MmSCs. While an analogous system was used to 
ablate dendritic cells via anti-Thy1.1 antibody administration48, MmSCs 
proved resistant to depletion, likely due to their expression of Cd55, a 
complement cascade inhibitor. Instead, we used our line as a reporter 
and performed transfer experiments of isolated Thy1.1+ MmSCs to 
study their function.
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Methods
Mice
B6.Foxp3-IRES-GFP (Foxp3GFP) mice64 were obtained from V. Kuchroo 
(Brigham and Women’s Hospital). C57BL/6J (B6, Jax 000664) mice 
were purchased from The Jackson Laboratory and bred in-house. The 
B6.Cg-Tg(CAG-tdKaede)15Utr (Kaede) mouse line65 was obtained from 
O. Kanagawa. The IL-6 reporter/depleter (Il6RD; Il6tm3307(Cerulean-P2A-CD90.1)Arte) 
mouse line48 was provided by T. Korn (Technical University of Munich) 
and was crossed to the C57BL/6-Tg(Pdgfra-Cre)1Clc/J (Pdgfra-Cre, 
Jax 013148) mouse line. C57BL/6-Tg (Csf1r-HBEGF/mCherry)1Mnz/J 
(Csf1rLsL-DTR, Jax 024046) and B6.129P2-Lyz2tm1(cre)Ifo/J (LysmCre, Jax 004781) 
were purchased from The Jackson Laboratory and crossed together to 
generate LysmCre X Csf1rLsL-DTR mice. D2.B10 (DBA/2-congenic) Dmdmdx 
(mdx, Jax 013141) and DBA/2J (CTL, Jax 000671) mice were purchased 
from The Jackson Laboratory. C;129S2-Il1btm1Dch/MerJ (Il1b knockout, 
Jax 034447) mice were purchased from The Jackson Laboratory and 
crossed to the suggested control line BALB/cByJ (BALB/c, Jax 001026). 
Heterozygotes were crossed to each other to produce littermates either 
homozygous for the knockout allele or WT allele. Mice were used at 
the ages specified in the figure legends. Experiments were conducted 
under protocols approved by Harvard Medical School’s Institutional 
Animal Care and Use Committee and housed in specific-pathogen-free 
facilities at Harvard Medical School.

Mouse treatments
For CTX-induced muscle injury, mice were anesthetized with i.p. 
injection of ketamine:xylazine in combination (10 mg kg−1:2 mg kg−1) 
and subsequently were injected with 0.03 ml Naja mossambica CTX 
(0.03 mg ml−1; Sigma-Aldrich) i.m. in one or more hindlimb muscles 
(tibialis anterior, gastrocnemius and quadriceps), as previously 
described18.

For gain-of-function in vivo cytokine injections, recombinant 
IL-1β (Peprotech, AF-211-11B, 0.25 μg per injection), TNF-α (Peprotech, 
AF-315-01A, 1 μg per injection), IL-17A (Peprotech, 210-17, 0.5 μg per 
injection) and OSM (BioLegend, 762806, 10 μg per injection) were 
administered i.p. either individually, in pairs or all four together. The 
i.p. injection of PBS was used as a control. Uninjured hindlimb muscles 
were collected at 2 h post-injection unless otherwise specified.

For neutralization of IL-1β, TNF-α and OSM, anti-IL-1β antibody 
(BioXCell, BE0246), anti-TNFα antibody (BioXCell, BE0058) and 
anti-OSM antibody (R&D, AF-495-NA) or Armenian hamster IgG 
(BioXCell, BE0091), rat IgG1 (BioXCell, BE0088) and goat IgG (R&D, 
AB-108-C) isotype controls were used. Then, 200 μg, 500 μg and 50 μg 
of anti-IL-1β, anti-TNF-α and anti-OSM antibody, respectively or the 
same quantity of matched isotype controls, were administered i.p. 24 h 
before injury and i.m. coincident with CTX injection.

For NF depletion, anti-Ly-6G monoclonal antibody (BioXCell, 
BE0075-1) or rat IgG2a isotype control (BioXCell, BE0089) was used. 
Then, 400 μg, 100 μg and 100 μg of antibody was administered i.p. 
2 d before injury, i.p. 1 d before injury and i.m. coincident with CTX 
injection, respectively. For MF depletion, LysmCre X Csf1rLsL-DTR mice or 
their Lysmwt X Csf1rLsL-DTR littermate controls were i.p. injected with DT 
(D0564; Sigma-Aldrich) in PBS at 20 and 4 ng g−1 at 36 and 12 h before 
CTX-induced injury, respectively.

For neutralization of CXCL5, anti-CXCL5 monoclonal antibody 
(R&D Systems, MAB433) or rat IgG2b isotype control (R&D Systems, 
MAB0061) was used. For collecting tissue 1 d after CTX-induced injury, 
40 μg of antibody was administered i.p. 12 h before injury and i.m. coin-
cident with CTX injection. For collecting tissue 7 d after CTX-induced 
injury, 40 μg of antibody was administered i.p. 12 h before injury, i.m. 
coincident with CTX injection and i.p. at 1 and 2 d after injury.

Cell isolations
Isolation of cells for experiments presented in Figs. 1, 2, 4b, 5a–c and 
7 and Extended Data Figs. 2a, 4a,c and 5 was performed as previously 

described66. Briefly, hindlimb muscles were excised, minced and 
digested in collagenase VIII (2 mg ml−1, Invitrogen) and dispase 
(0.5 mg ml−1, Gibco 17105-041) for 30 min at 37 °C, then filtered throμgh 
a 70-μM filter and washed twice before resuspension in staining 
medium. The remaining experiments were performed as previously 
described67. Briefly, hindlimb muscles were excised, minced and 
digested for 90 min at 37 °C in collagenase II (800 U ml−1, Gibco 17101-
015) in 10 ml per sample of dissociation buffer (Ham’s F10 medium 
supplemented with 10% horse serum and 1% penicillin/streptomycin). 
Samples were washed with 50 ml dissociation buffer, triturated and 
then digested for 30 min at 37 °C in collagenase II (200 U ml−1) and 
dispase (11 U ml−1) in 10 ml per sample of dissociation buffer. Cell sus-
pensions were passed through a 20-gaμge needle ten times, washed, 
filtered through a 40-μm cell strainer, then washed and stained for 
analysis or sorting by flow cytometry.

Flow cytometry
The following antibodies were used for flow cytometric staining: 
CD45 (30-F11), CD11b (M1/70), CD31 (MEC13.3), Sca-1 (Ly6A/E; D7), 
PDGFRα (CD140a; APA5), VCAM-1 (CD106; 429), Ly-6G (1A8), Ly-6C 
(HK1.4), Gr-1 (RB6-8C5), F4/80 (BM8), CD64 (X54-5/7.1), CD11c 
(N418), CD19 (6D5) and TNF-α (MP6-XT22) from BioLegend; IL-1β 
(Pro-form, NJTEN3) and Foxp3 (FJK-16s) from Invitrogen; Thy1.1 
(CD90.1; OX-7), Thy1.2 (CD90.2; 53-2.1), MyoG (F5D) and Ki-67 (B56) 
from BD Pharmingen; and anti-TCR-β (H57-597) from BD Horizon. 
Surface staining was performed at 4 °C for 25 min (previous extra 
step for IL-1β and TNF-α staining, see paragraph below). Cells were 
washed and either DAPI (4′,6-diamidino-2-phenylindole) or LIVE/
DEAD Fixable Viability Dye (Thermo Fisher Scientific, as per the 
manufacturer’s protocol) was used to mark live and dead cells for 
fluorescence-activated cell sorting (FACS) or flow cytometry analy-
sis, respectively. Intracellular staining was performed using the 
eBiosciences Intracellular Fixation & Permeabilization buffer set 
per manufacturer’s protocol. Flow cytometry was performed on a 
FACSymphony cytometry (BD Biosciences) and FACS on a FACSAria. 
Data were analyzed using FlowJo software.

For IL-1β and TNF-α staining, cells were incubated for 3.5 h at 37 °C 
in complete RPMI-1640 medium supplemented with 10% fetal bovine 
serum (Thermo Fisher Scientific) and 1× protein transport inhibitor 
cocktail (eBioscience, 00-4980-03). Cells were washed and then stained 
as detailed above.

Manipulation of cells ex vivo
For co-culture experiments, 40,000 cytofluorimetrically sorted 
MmSCs were seeded in the bottom level of 24-well Transwell plates 
(Corning 3422). To compare MmSC responses to co-culture with 
healthy versus injured myofibers, single myofibers were isolated from 
extensor digitorum longus (EDL) muscles by incubation in digestion 
buffer (Ham’s F10, 10% horse serum and collagenase II (800 U ml−1; 
Gibco)) for 75 min at 37 °C. Care was taken to touch only tendons of 
the EDL to prevent damage to myofibers. After digestion, muscles 
were transferred to warm wash medium (digestion buffer without 
collagenase, with 10 mM HEPES) in a serum-coated 10-cm Petri dish. 
Myofibers were released by flushing EDL muscles with wash medium 
using a flame-polished, serum-coated glass pipette. Healthy myofibers, 
or fibers with a straight, non-contracted morphology, were transferred 
to new serum-coated Petri dishes with fresh, warmed wash medium. 
One dish of fibers was challenged with 10 μM CTX for 10 min at 37 °C. 
CTX-treated fibers were washed once in wash medium and 10–15 fibers 
were subsequently transferred to the upper level of the Transwell sys-
tem. An equal number of healthy myofibers were included as controls. 
MmSCs and myofibers were co-cultured in complete medium (Ham’s 
F10, 10% FBS, 2 mM sodium pyruvate, 2 mM l-glutamine and 10 mM 
HEPES and penicillin/streptomycin) for 24 h before supernatants were 
collected for ELISA.
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ELISA
Cell culture supernatants were spun down (5 min at 400g), diluted 
appropriately in 5% BSA and assayed for IL-6 using a standard ELISA 
kit (BioLegend 431304) according to the manufacturer’s instructions. 
Supernatants were analyzed from two independent experiments with 
conditions performed in duplicate or triplicate. Relative IL-6 concentra-
tions were calculated as the FC in IL-6 in stimulated or co-cultured cells 
compared to unstimulated cells within an experiment.

Immunofluorescence of muscle sections
Tibialis anterior muscles were excised from Il6RD × Pdgfra-Cre mice 
2 d following CTX-induced injury. Tissues were placed in chilled 4% 
paraformaldehyde (Sigma) and stored at 4 °C overnight. Excess para-
formaldehyde was then removed, and the tissues were placed in OCT 
compound (Sakura) within small cryomolds (Fisher Scientific). The 
2-methylbutane was cooled using liquid nitrogen and samples were 
then submerged in the 2-methylbutane until completely frozen. Sam-
ples were stored at −80 °C until sectioned. For staining, muscle sections 
were rinsed and permeabilized in PBS plus 0.05% Tween-20 (PBS-T), 
blocked for 30 min in PBS-T plus 5% donkey serum and incubated with 
goat anti-mouse PDGFRα (R&D, AF1062) overnight at 4 °C. Sections 
were washed in PBS-T and incubated for 1 h at room temperature in the 
presence of APC-conjugated anti-Thy1.1 (BioLegend), BV421-conjgated 
anti-Ly-6G (BioLegend) and Alexa Fluor 594-conjgated donkey anti-goat 
secondary antibody ( Jackson ImmunoResearch). Sections were washed 
and mounted in ProLong Diamond mountant (Invitrogen) and imaged 
by spinning-disk confocal microscopy using a Nikon Ti inverted micro-
scope, W1 Yokogawa spinning disk with 50-μm pinholes and Plan Apo 
×20 air and ×60 oil objectives. Images were analyzed in ImageJ. All 
images shown are representative of two independent experiments.

Transfer of MmSCs
Cell suspensions were prepared and stained with antibodies 
against CD45, CD31, Sca-1, PDGFRα, and Thy1.1 utilizing DAPI to 
identify viable cells. Using Il6RD mice, hindlimb muscles at day 
2 or day 4 following CTX-induced injury were excised and pro-
cessed. Either DAPI−CD45−CD31−Sca-1+PDGFRα+Thy1.1+ (at day 2) or 
DAPI−CD45−CD31−Sca-1+PDGFRα+Thy1.1− (at day 4) cells were sorted into 
buffer using FACSAria. Cells were spun down and re-suspended in PBS. 
Kaede mice were anesthetized with i.p. injection of ketamine:xylazine 
in combination (10 mg kg−1:2 mg kg−1) and then 200,000 cells were 
injected i.m. into the quadriceps on both sides. At 16 h later, the quadri-
ceps from the recipient Kaede mice were collected and processed as 
detailed above except 5 ml was used as the total volume during enzy-
matic digestions given the lower amount of tissue present.

scRNA-seq
MmSCs were isolated by FACS from hindlimb muscles (tibialis anterior, 
gastrocnemius and quadriceps) of 6–8-week-old male Foxp3GFP mice at 
homeostasis and at 0.5, 1, 3, 7 and 14 d following CTX-induced injury; 
2.5-, 5- and 12.5-week-old male mdx mice; or 2.5- and 12.5-week-old male 
CTL mice. For sequencing of MmSCs from mdx/CTL mice, individual 
samples were tagged (hashed) with DNA-coded anti-biotin antibodies 
(BioLegend). MmSCs were submitted to the Broad Institute Genomics 
Platform, which performed encapsulation and library preparation 
following 10x Genomics protocols.

For the CTX dataset, sequenced reads were aligned, assigned to 
cells and output as count matrices using CellRanger (10x Genomics). 
scRNA-seq analysis was performed using the Seurat package68. Cells 
from each time point were renamed by appending their time point 
to each of their cell IDs. Cells were then merged into one large count 
matrix and initially filtered using gene and unique molecular identi-
fier (UMI) number. Cells retained had >300 genes and >50 UMIs. As in 
the standard Seurat workflow, gene expression was log-normalized, 
the top 2,000 variable genes were determined, data were scaled and 

centered, and PCA was performed on variable genes. The top 50 PCs 
were used for FindNeighbors and RunUMAP based on JackStraw and 
ElbowPlot functions. A resolution of 0.3 was used for FindClusters. 
MmSCs were sequenced with Treg cells and B cells for additional studies 
and therefore, Pdgfra+ clusters were extracted from the rest of the cells. 
Pdgfra+ cells were then filtered using stricter criteria. Cells retained 
had >500 genes, >50 UMIs and <10% of reads that mapped to the mito-
chondrial genome. Starting with renormalization, the same workflow 
as described above was used, with 50 PCs and a resolution of 0.3 used 
for cell clustering. Several small clusters expressing hematopoietic or 
endothelial/pericyte markers were assumed to be contaminants and 
removed. Once more, the standard workflow was implemented, but 
instead, using 60 PCs and a resolution of 0.3 for cell clustering. For 
day-specific analysis, either D0.5 or D1 cells were extracted from the 
Seurat object containing filtered Pdgfra+ cells. The standard workflow 
was used for re-analysis, with 35 PCs and 0.35 or 0.3 resolution used for 
clustering D0.5 or D1 cells, respectively.

For the mdx/CTL dataset, sequenced reads were demultiplexed, 
aligned, assigned to cells and output as count matrices using Cell-
Ranger (10x Genomics). Hash-by-cell matrices were obtained using 
CITE-seq-count69. scRNA-seq analysis was performed using the Seu-
rat package68. Hash counts were first normalized. Single cells were 
assigned to hash groups by high expression of a single hash. Cells 
lacking hashes or with multiple hashes were removed. Cells were then 
filtered using gene number, UMI number and percent of reads map-
ping to the mitochondrial genome. Cells retained had >500 genes, 
>1,000 UMIs and <10% mitochondrial reads. As in the standard Seurat 
workflow (also described above), gene expression was log-normalized, 
the top 2,000 variable genes were determined, data were scaled and 
centered and PCA was performed on variable genes. The top 60 PCs 
and 0.6 resolution were used for cell clustering. Several small clusters 
did not express Pdgfra and were assumed to be contaminants and 
removed. Once more, the standard workflow was implemented, with 
60 PCs and a resolution of 0.6 used for cell clustering. For age-specific 
analysis, cells from either the early or late time point were extracted 
from the Seurat object containing filtered Pdgfra+ cells. The standard 
workflow was used for re-analysis, with 36 PCs and 0.3 resolution and 
50 PCs and 0.3 resolution used for clustering cells from early and late 
time points, respectively. Similarly, the standard workflow was used 
for re-analyzing cells from only the mdx condition, with 50 PCs and 
0.3 resolution used for cell clustering.

Signature scores were calculated using the Seurat function 
AddModuleScore. Cluster-based differential expression was performed 
using the Seurat function FindMarkers. UMAP density plots were made 
using the BuenColors package and the kde2d density function in the 
MASS package. Briefly, density values were computed for each condi-
tion and color scales were set according to the same min (0) and max 
(0.05) density values.

Re-analysis of published scRNA-seq datasets
We re-analyzed five published scRNA-seq datasets54–58. To generate the 
initial Seurat object for each of these datasets, we followed the authors’ 
analyses as much as possible per details provided in the respective 
Methods sections. Pdgfra+ (mouse) or PDGFRA+ (human) cells were 
extracted from each dataset and re-clustered to produce final plots.

scATAC-seq
scATAC-seq of MmSCs was re-analyzed from published work44. Reads 
were aligned to the mm10 genome and assigned to cells using Cell-
Ranger ATAC (v.1.1, 10x Genomics). Aligned reads were converted 
into a snap file, a hdf5 format for scATAC-seq data, using Snaptools 
(v.1.4.1 (ref. 70)). Downstream analyses were performed in SnapATAC 
(v.1.0.0 (ref. 70)) following a published approach71. Cells with 103.5 to 
105 unique reads and 20–75% reads in promoters were kept for analy-
sis. Reads were assigned to 5 kb genomic bins, ENCODE blacklist bins 
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were removed, and the top 5% of bins (corresponding to housekeeping 
genes) were removed. Cells with coverage of <1,000 bins after filter-
ing were also removed. Dimensionality reduction was performed in 
several steps, first reducing the cell-by-bin matrix into a cell-by-cell 
Jaccard similarity matrix, normalizing for sequencing depth, reduc-
ing the similarity matrix using diffusion maps and finally reducing the 
low-dimensional diffusion matrix into a two-dimensional UMAP for 
visualization. Several small contaminating clusters with high accessibil-
ity at hematopoietic genes were removed. Ultimately, six eigenvectors 
were retained for UMAP generation and semi-supervised Louvain clus-
tering using accessibility at known MmSC marker genes as a guide. The 
normalized inflammatory module score was calculated by computing 
gene scores for each inflammatory gene as log10(reads per million + 1) 
within the gene body, pairing each inflammatory gene to a random, 
accessibility-matched gene, computing the mean accessibility for 
inflammatory and control signatures for each cell and normalizing 
the inflammatory score for each cell as the difference of the mean 
inflammatory and control scores, with the minimum value set at zero.

Histology
CTX-injured tibialis anterior muscles were dissected and immediately 
fixed in 10% formalin. Tissues were sectioned by the Rodent Histopa-
thology Core at Harvard Medical School and stained with H&E. Four 
sections, cut 200-μm apart, were used to represent areas throughout 
the tissue. Images were acquired with a Nikon Ti inverted microscope. 
For each mouse, the section with the largest number of regenerating 
muscle fibers (centrally nucleated fibers) was identified for quantifica-
tion. For 3–5 representative regions in each section, the cross-sectional 
areas of individual muscle fibers were calculated by manually trac-
ing fiber circumference using Fiji72. Overall, 1,000 fibers were traced 
per section. Experimenters were blinded to the sample group during 
the entire process.

RNA-seq library construction, sequencing and data 
processing
For population-level RNA-seq, samples were double-sorted using 
FACSAria and 1,000 cells from each population were collected into 
5 μl Buffer TCL (QIAGEN) containing 1% β-mercaptoethanol (Sigma) 
in DNA LoBind tubes (Eppendorf). Library construction, sequencing 
and data processing was according to the Immgen protocol (https://
www.immgen.org/img/Protocols/ImmGenULI_RNAseq_methods.
pdf). Smart-Seq2 was prepared as previously described73,74 with minor 
modifications. Briefly, total RNA was captured and purified on RNA-
Clean XP beads (Beckman Coulter). Polyadenylated messenger RNA 
was selected using an anchored oligo(dT) primer and converted to 
complementary DNA via reverse transcription. First-strand cDNA was 
subjected to limited PCR amplification followed by transposon-based 
fragmentation using the Nextera XT DNA Library Preparation kit (Illu-
mina). Samples were then PCR-amplified using barcoded primers such 
that each sample carried a specific combination of Illumina P5 and P7 
barcodes and were pooled before sequencing. Paired-end sequenc-
ing was performed on an Illumina NextSeq500 (two full NextSeq runs 
per batch of 96 samples, for 10 M raw reads/sample on average) using 
2 × 38-bp reads with no further trimming.

STAR v.2.7.3a (https://github.com/alexdobin/STAR/releases) was 
used to align reads to the mouse genome (GENCODE GRCm38/mm10 
primary assembly and gene annotations v.M25; https://www.genco-
degenes.org/mouse/release_M25.html). The ribosomal RNA genes 
were removed. Gene quantification was calculated by featureCounts 
(http://subread.sourceforge.net/). DESeq2 package (Bioconductor) 
was used to normalize raw read counts via median of ratios method 
and then converted to GCT and CLS format. Samples with fewer than 
1 million uniquely mapped reads were excluded from normalization.

For whole-muscle RNA-seq, RNA was isolated from tissue dur-
ing TRIzol (Invitrogen) following the manufacturer’s instructions.  

Two nanograms of RNA in 5 μl TCL containing 1% β-mercaptoethanol in 
DNA LoBind tubes was used for library construction, sequencing and 
data processing, as described above.

Population-level RNA-seq analysis
Transcripts were further filtered by minimal expression and coefficient 
of variation cutoffs. To visualize transcriptional data, Multiplot Studio 
(developed by S. Davis, Mathis/Benoist laboratory) or the Heatmaply 
R package was used.

To calculate whole-muscle gene expression scores for each 
injury-related pathway, the gene expression matrix was log- 
transformed and the z score of each gene was calculated. The score_
genes function in the scanpy package in Python was then used. Genes 
assigned to each pathway were obtained from elsewhere53.

Pathway analysis
BioPlanet and KEGG pathway analyses were performed using Enrichr 
(https://maayanlab.cloud/Enrichr/)75–77.

Statistical analysis
For volcano plots, a chi-squared test was used to determine signature 
significance. For the histogram of fiber areas, Mann–Whitney U-tests 
and K–S tests were used. For pathways analyses, Fisher’s exact test and 
the Benjamini–Hochberg method were used. Otherwise, two-tailed 
unpaired t-tests, one-way or two-way ANOVA with Dunnett’s or Tukey’s 
multiple comparisons tests were performed in Prism (v.9.1.0, Graph-
Pad) and displayed as mean ± s.e.m., unless otherwise noted. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. A value of more than three s.d. 
from the mean was adopted as criteria to exclude outliers and was noted 
in the relevant figure description. For Figs. 4, 5 and 6, we used fraction 
of control as the y axis. Jax mice and our in-house B6 mice have different 
immunocyte set points within the muscle. Repeat experiments showed 
similar delta values between experimental groups, but the set points 
for the control groups between experiments were often quite different. 
Therefore, we divided all points by the average of the control group.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
New data generated in this paper were deposited in Gene Expression 
Omnibus database under accession no. GSE205738.

Code availability
No custom code was generated for this study. Algorithms used for data 
processing and analysis are referenced in the Methods.
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Extended Data Fig. 1 | Identification of an inflammatory MmSC subtype 
after acute skeletal-muscle injury. a, Gating strategy for the cytofluorimetric 
sorting of MmSCs from hindlimb muscles. b, Heat map of the top 20 differentially 
expressed genes in MmSCs from D1 following CTX-induced injury comparing 
each cluster vis-à-vis all other clusters. c, Violin plot of the expression of the early 
signature (top 100 transcripts distinguishing early time points from the rest) 

across all MmSCs clusters on D1 following CTX-induced injury. d, Density plot 
of the expression of the indicated genes and gene signatures in MmSCs from D1 
following CTX-induced injury. e, Violin plots of the expression of the signatures 
differentiating the four muscle stromal subtypes from Scott et al.44 across all 
MmSCs clusters on D1 following CTX-induced injury.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Role of IL-1β, TNFα, OSM in inducing MmSC 
inflammatory program. a, Population-level RNA-seq of MmSCs isolated at 2 
(n = 2), 4 (n = 1) or 8 (n = 2) hrs after ip co-injection of IL-1β, TNFα, OSM and IL-17A 
vs after PBS injection (n = 2). Expression levels across time points of the top 
20 transcripts from the 100-gene inflammatory signature most differentially 
expressed. Y-axes plot values in arbitrary units. Each data point represents an 
individual mouse. b, Violin plots of Il1b, Tnf and Osm expression across cell 

populations in skeletal muscle on D0.5 after CTX-induced injury. scRNA-seq 
dataset as per16. Cell nomenclature as per original dataset. c, Gating strategy 
for the cytofluorimetric analysis of diverse immunocyte populations from 
hindlimb muscles. AU, arbitrary units; APC, antigen-presenting cells; FAPs, fibro/
adipogenic progenitors; M1, inflammatory MFs; MuSC, muscle stem cells; PBS, 
phosphate-buffered saline; FC, fold change.
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Extended Data Fig. 3 | Impact of the loss of IL-1β, TNFα and OSM on MmSC 
inflammatory phenotypes. a, Population-level RNA-seq of MmSCs isolated 
from Il1b knock-out (KO) (n = 3) and wild-type (WT) (n = 2) littermates at D1 
following CTX-induced injury. Volcano plot comparison of the different 
conditions. The 100-gene inflammatory signature is shown in red, with numbers 

at the top indicating up- and downregulated transcripts (in comparison with 
total transcript numbers in black). b, Same as (a) except B6 mice were treated 
with a combination of IL-1β, TNFα and OSM neutralizing antibodies or IgG isotype 
controls. P determined by Chi-squared test.
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Extended Data Fig. 4 | Il6 and Cxcl5 expression in MmSCs at D1 and across 
skeletal muscle cell populations at homeostasis and various time points after 
injury. a, Violin plot of Il6 expression across all MmSCs clusters on D1 following 
CTX-induced injury. b, Violin plot of Il6 expression across cell populations in 
skeletal muscle at homeostasis, as per16. c, Violin plot of Cxcl5 expression across 

all MmSCs clusters on D1 following CTX-induced injury. d, Violin plot of Cxcl5 
expression across cell populations in skeletal muscle at homeostasis, as per16. M2, 
reparative MFs; Proliferating IC, proliferating immune cells; other abbreviations 
as per Extended Data Fig. 2. Cell nomenclature as per original dataset.
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Extended Data Fig. 5 | Expression of 100-gene inflammatory signature 
in immunocytes and MmSCs at homeostasis and upon acute injury. Fold 
change vs fold change plot of population-level RNA-seq of CD45+ cells and 

MmSCs at D0 and D1 following CTX-induced injury (n = 3 per group). The 
100-gene inflammatory signature is shown in red. Abbreviations as per 
Extended Data Fig. 1.
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Extended Data Table 1 | CTX-induced inflammatory signatures
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Statistics
For all statistical analyses, confirm that the following items are present in the 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

A statement on 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 statistical parameters 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

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection BD FACSDiva (v8.0) for flow cytometry, no other software was used for data collection.

Data analysis FlowJo (v10.7.1), R (v4.1.0), Python (v3.9.7), Cell Ranger (v2.1.0, v4.0.0), Cell Ranger ATAC (v1.1.0), SnapATAC (v1.0.0), Seurat (v4.1.0), Scanpy 
(v1.8), ggplot2 (v3.3.5), pheatmap (v1.0.12), Multiplot Studio (v1.5.60), DESeq2 (v1.32.1), Enrichr, ImageJ (v2.1.0), GraphPad Prism (v9.1.0), 
STAR (v2.7.3a), Snaptools (v1.4.1).

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 and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio 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 description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

New data generated in this paper were deposited in Gene Expression Omnibus (GEO) database under accessnumber GSE205738. Mouse reference genome 
(GRCm38) was used for aligning RNA-seq reads.
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample sizes; however, sample sizes were selected based on previous publications in the 
field (Hanna et al. Cell 2023; Mann et al. J Exp Med 2022) and are indicated in the figure legends.

Data exclusions Cells not passing standard quality control thresholds (based on number of unique reads per cell and fraction of reads in peaks) or contaminant 
cells were excluded from analysis. A value of more than three standard deviations (SDs) from the mean was adopted as criteria to exclude 
outliers and was noted in the relevant figure description.

Replication Flow cytometry-based experiments were repeated at least twice. Single cell RNA sequencing analysis was performed once.

Randomization With wild-type and knock-out mice, randomization was not used as mice were co-housed littermates and genotypes were determined 
beforehand. In cases where mice were of the same genotype, mice were randomly assigned to experimental groups.

Blinding Blinding was not performed as animal housing facilities required cage labeling. When possible, investigators would convert sample identities 
into numbers after harvesting tissue from mice to blind investigators during the course of the experiment and during data collection. For 
quantification of muscle fiber areas, investigators were blind to the sample groups during image analysis.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Biolegend: 

Anti-CD45-BV605 (Clone: 30-F11; Cat #: 103139; Dilution 1:100) 
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Anti-CD11b-PerCP-Cy5.5 (Clone: M1/70; Cat #: 101228; Dilution 1:100) 
Anti-CD11b-PE-Cy7 (Clone: M1/70; Cat #: 101215; Dilution 1:100) 
Anti-CD31-FITC (Clone: MEC13.3; Cat #: 102506; Dilution 1:100) 
Anti-CD31-Pacific Blue (Clone: 390; Cat #: 102421; Dilution 1:100) 
Anti-Ly6A/E-PerCP-Cy5.5 (Clone: D7; Cat #: 108124; Dilution 1:50) 
Anti-CD140a-APC (Clone: APA5; Cat #: 135908; Dilution 1:50) 
Anti-CD106-PE-Cy7 (Clone: 429; Cat #: 105720; Dilution 1:100) 
Anti-Ly-6G-APC-Cy7 (Clone: 1A8; Cat #: 127624; Dilution 1:100) 
Anti-Ly-6G-A700 (Clone: 1A8; Cat #: 127621; Dilution 1:100) 
Anti-Ly-6C-FITC (Clone: HK1.4; Cat #: 128006; Dilution 1:100) 
Anti-Ly-6C-BV711 (Clone: HK1.4; Cat #: 128037; Dilution 1:100) 
Anti-Gr-1-PE (Clone: RB6-8C5; Cat #: 108408; Dilution 1:100) 
Anti-F4/80-A700 (Clone: BM8; Cat #: 123130; Dilution 1:100) 
Anti-CD64-BV421 (Clone: X54-5/7.1; Cat #: 139309; Dilution 1:100) 
Anti-CD11c-PE (Clone: N418; Cat #: 117308; Dilution 1:100) 
Anti-CD11c-APC-Cy7 (Clone: N418; Cat #: 117323; Dilution 1:100) 
Anti-MHCII-BV605 (Clone: M5/114.15.2; Cat #: 107639; Dilution 1:100) 
Anti-CD19-A700 (Clone: 6D5; Cat #: 115528; Dilution 1:100) 
Anti-TNFa-PE (Clone: MP6-XT22; Cat #: 506306; Dilution 1:50) 
 
Invitrogen: 
Anti-IL-1b-APC (Clone: NJTEN3; Cat #: 17-7114-80; Dilution 1:33.3) 
Anti-Foxp3-FITC (Clone: FJK-16s; Cat #: 11-5773-82; Dilution 1:50) 
 
BD Pharmingen: 
Anti-CD90.1-PE (Clone: OX-7; Cat #: 554898; Dilution 1:100) 
Anti-CD90.2-APC-Cy7 (Clone: 53-2.1; Cat #: 561641; Dilution 1:100) 
Anti-MyoG-PE (Clone: F5D; Cat #: 563120; Dilution 1:100) 
Anti-Ki-67-A700 (Clone: B56; Cat #: 561277; Dilution 1:100) 
 
BD Horizon: 
Anti-TCRβ-BUV737 (Clone: H57-597; Cat #: 612821; Dilution 1:100) 
 
BioXCell: 
Anti-IL-1b (Clone: B122; Cat #: BE0246; 200 ug/mouse) 
Armenian hamster IgG (Polyclonal; Cat #: BE0091; 200 ug/mouse)  
Anti-TNFa (Clone: XT3.11; Cat #: BE0058; 500 ug/mouse) 
Anti-Horseradish peroxidase (Clone: HRPN; Cat #: BE0088; 500 ug/mouse) 
 
R&D Systems: 
Anti-Osm (Cat #: AF-495-NA; 50 ug/mouse) 
Goat IgG Control (Cat #: AB-108-C; 50 ug/mouse)

Validation All antibodies are commercially available and were validated by the respective manufacturer. Validation statements are available 
online on each manufacturer's website.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals B6.Foxp3-IRES-GFP (Foxp3GFP) mice were obtained from V. Kuchroo (Brigham and Women’s Hospital, Boston, MA). C57BL/6J (B6, Jax 
#000664) mice were purchased from The Jackson Laboratory and bred in-house. The B6.Cg-Tg(CAG-tdKaede)15Utr (Kaede) mouse 
line was obtained from O. Kanagawa. The IL-6 reporter/depleter (Il6RD; Il6tm3307(Cerulean-P2A-CD90.1)Arte) mouse line was 
provided by T. Korn (Technical University of Munich, Munich, Germany) and was crossed to the C57BL/6-Tg(Pdgfra-Cre)1Clc/J 
(Pdgfra-Cre, Jax #013148) mouse line. C57BL/6-Tg (Csf1r-HBEGF/mCherry)1Mnz/J (Csf1rLsL-DTR, Jax #024046) and B6.129P2-
Lyz2tm1(cre)Ifo/J (LysmCre, Jax #004781) were purchased from The Jackson Laboratory and crossed together to generate LysmCre X 
Csf1rLsL-DTR mice. D2.B10 (DBA/2-congenic) Dmdmdx (mdx, Jax #013141) and DBA/2J (CTL, Jax #000671) mice were purchased from 
The Jackson Laboratory. C;129S2-Il1btm1Dch/MerJ (Il1b KO, Jax #034447) mice were purchased from The Jackson Laboratory and 
crossed to the suggested control line BALB/cByJ (BALB/c, Jax #001026). Heterozygotes were crossed to each other to produce 
littermates either homozygous for the knock-out allele or wild-type allele. All mice used were 6- to 9-weeks-old except for mdx and 
CTL mice, which were used to generate datasets across ages. Ages of mice are listed in the figure legends. All mice were housed in 
specific-pathogen-free facilities at Harvard Medical School with a 12 hr light/dark cycle, 71 F room temperature, and 50% room 
humidity.

Wild animals No wild animals were used in this study.

Reporting on sex Only male mice were used in this study.

Field-collected samples No field-collected samples were in this study.

Ethics oversight Experiments were conducted under protocols approved by Harvard Medical School’s Institutional Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were isolated from mouse skeletal muscle tissues as described in the methods.

Instrument Flow cytometry was performed on a FACSymphony cytometer (BD Biosciences) and FACS on a FACSAria sorter (BD 
Biosciences).

Software Data was acquired with FACSDiva (BD Biosciences) and analyzed using FlowJo software.

Cell population abundance Sorting purity was >90% based on single cell data analysis or >95-99% based on post-sort flow cytometry verification.

Gating strategy Gating strategy is provided in Extended Data figures.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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