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Age-related decline of interferon-gamma responses in
macrophage impairs satellite cell proliferation and
regeneration
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Background Impaired muscle regeneration and increased muscle fibrosis are observed in aged muscle accompanied by pro-
gressive loss of muscle mass (sarcopenia). However, the underlying mechanism is still unclear.

Methods The differentiated expressed genes in young and aged muscles after acute injury by cardiotoxin were identified by
RNA-sequence analysis. Single-cell RNA-sequence analysis was used to identify cell clusters and functions in young muscle after
acute injury, and flow cytometry analysis and sorting were used to validate the function. The proliferation and differentiation
functions of satellite cells were accessed by immunostaining with 5-ethynyl-2'-deoxyuridine and embryonic myosin heavy chain
(eMyHC), respectively. Muscle regeneration ability was accessed by histopathological and molecular biological methods.
Results Gene expression patterns associated with responses to interferon-gamma (IFN-y) (15 genes; false discovery
rate < 0.001) were significantly down-regulated during muscle regeneration in aged mice (P = 2.25e—7). CD8" T cells were
the main source of increased IFN-y after injury, adoptive transfer of wild-type CD8" T cells to IFN-y-deficient young mice re-
sulted in 78% increase in cross-sectional areas (CSAs) of regenerated myofibres (P < 0.05) and 63% decrease in muscle fibrosis
(P < 0.05) after injury. Single-cell RNA-sequence analysis identified a novel subset of macrophages [named as IFN-responsive
macrophages (IFNRMs)] that specifically expressed IFN-responsive genes (Ifit3, Isg15, Irf7, etc.) in young mice at 3 days after
injury, and the number of this macrophage subset was ~20% lower in aged mice at the same time (P < 0.05). IFNRMs secreted
cytokine C-X-C motif chemokine 10 (CXCL10) that promoted the proliferation and differentiation of satellite cells via its recep-
tor, CXCR3. Intramuscular recombinant CXCL10 treatment in aged mice rejuvenated the proliferation of satellite cells (80% in-
crease in Ki-67"Pax7" cells, P < 0.01) and resulted in 27% increase in CSA of regenerated myofibres (P < 0.01) and 29%
decrease in muscle fibrosis (P < 0.05).

Conclusions  Our study indicates that decline in IFN-y response in a novel subset of macrophage contributes to satellite cells
dysfunctions in aged skeletal muscles and demonstrates that this mechanism can be targeted to restore age-associated
myogenesis.
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Introduction

Aging is associated with a progressive decline in skeletal mus-
cle mass and regenerative capacity. Impaired regeneration
process results in weakened muscles strength, which will limit
the physical function and affect life quality.”* The regenera-
tion of skeletal muscle is dependent on the activity of muscle
satellite cells (MuSCs) located between the basal lamina and
sarcolemma of myofibres. Following acute or chronic dam-
age, quiescent MuSCs (Pax7*MyoD ™) activate into myoblasts
(Pax7*MyoD"), and then the myoblasts undergo proliferation,
differentiation, and fusion to form new muscle fibres.>* As a
consequence of aging, the number of MuSCs decreases in
aged muscle, and the remaining MuSCs display impaired
functions of self-renewal, activation, proliferation, and
differentiation.>™” These dysfunctions of MuSCs exhibit an im-
paired regenerative phenotype, leading to deficient muscle
repair following injury. However, the mechanisms responsible
for the aging-associated decline in myogenic capacity of mus-
cle have remained unclear.

In addition to endogenous factors, the functions of MuSCs
are also affected by the niche inflammatory micro-
environment.® Circulating Ly6Chi monocytes/macrophages
and neutrophils are recruited by injured muscle fibres and in-
filtrate into skeletal muscle to phagocytize and remove ne-
crotic muscle fibres. The macrophages then convert into
Ly6C'®" pro-reparative macrophages to secrete growth fac-
tors, such as IGF-1, to promote differentiation and fusion of
MuSCs to form new muscle fibres.>™! Treg cells, which are
accumulated at the late stage of the injury, could inhibit the
proinflammatory response and promote the differentiation
of pro-reparative macrophages and skeletal muscle
regeneration.’? The inflammatory micro-environments are
also altered by aging. It has been reported that amplification
of Treg cells was decreased®® and differentiation of macro-
phages was shifted in aged muscle.’* Moreover, there are
changes of fibro/adipogenic progenitors (FAPs), which is re-
ported to support MuSC myogenic process in young muscle,
which lead to abnormal fibrosis and adiposis in aged
muscle.*>*® Alterations in the levels of cytokines [e.g. fibro-
blast growth factor-2,% interleukin-33,*2 fibronectin,'” Notch
ligands,*® and WISP1°] secreted from niche cells (immune
cells or FAPs) have also been reported to disturb MuSC func-
tions and result in impaired muscle regeneration in aged mus-
cle. However, the mechanism for global changes in function
of niche cells has not yet been understood completely.

In this study, we unbiased identified that the expression of
genes related to interferon-gamma (IFN-y) responses was
down-regulated in aged mice during muscle regeneration af-
ter injury. IFN-y deficiency impaired muscle regeneration. In
response to injury, a novel population of interferon-respon-
sive macrophages (IFNRMs) was identified by single-cell
RNA-sequence (RNA-seq) analysis, and this subset of

macrophages was reduced in aged muscle after injury.
IFNRMs specifically expressed the secretory cytokine CXCL10
that promoted the proliferation of MuSCs via its receptor,
CXCR3. Recombinant CXCL10 treatment rejuvenated MuSC
functions and restored muscle regeneration in aged mice.

Materials and methods
Animals

Wild-type (WT), IFN-y—/—, and CD8a—/— mice (all C57BL/6
background) were obtained from the National Animal Model
Research Center (Nanjing, China) and bred in the animal facil-
ity of Beijing An Zhen Hospital affiliated with Capital Medical
University. Mice were housed in a specific pathogen-free en-
vironment with constant temperature and humidity and a
12:12 h light—dark cycle. Male mice aged 2, 12, and 24 months
were used in experiments. Mouse body weights ranged from
20 to 25 g. Animal experimental protocols were approved by
the Animal Subjects Committee of Capital Medical University.

Muscle regeneration model

Injury-induced muscle regeneration was established as de-
scribed previously.?° Briefly, tibialis anterior (TA) and gastroc-
nemius muscles of anaesthetized mice (100 mg/kg of 1%
pentobarbital sodium, i.p.) were injected with 30 and 60 pL
of 10 umol/L of cardiotoxin (CTX; Sigma, St. Louis, MO), re-
spectively. At various time points after injury, mice were
weighted and sacrificed by cervical dislocation while under
anaesthesia. TA muscles were mounted in optimal cutting
temperature (OCT) compands, frozen in isopentane that is
chilled with liquid nitrogen, and stored at —80°C for patho-
logical analysis. Gastrocnemius muscles were frozen in liquid
nitrogen for mMRNA and protein extractions.

Histochemical analyses

Serial, transverse cryosections (7 um thick) of the mid-belly
region of frozen TA muscles were prepared at —20°C using
a CM1950 Frigocut (Leica, Wetzlar, Germany). Cryosections
were stored at —80°C until analysis. Picrosirius red staining
was used to detect collagen deposition. Immunofluorescence
(IF) staining with fluorescein isothiocyanate conjugated
wheat germ agglutinin (WGA) (Sigma, 1:100 dilution) was
used to analysis of myofibre cross-sectional area (CSA). For
IF staining, the sections were first rehydrated with 1x phos-
phate-buffered saline (PBS) and fixed with 4% paraformalde-
hyde for 10 min and then blocked with 10% bovine serum
albumin at room temperature for 30 min. The primary
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antibodies were diluted in 1x PBS and added for overnight at
4°C. After a washing step with PBS, the corresponding sec-
ondary antibodies were added for 1 h at room temperature
in dark. The slides were washed with 1x PBS and then
mounted with DAPI. All antibodies used for IF staining are
listed in Table S4. Four to six images of each muscle section
were obtained at x200 or x400 magnification as indicated
(ECLIPSE 90i; Nikon, Japan) and analysed by NIS-Elements Br
3.0 software. For analysis, the mean and distribution of
myofibre CSA and 200~300 myofibres were measured for
one sample.

Flow cytometric analysis

Flow cytometry was performed as described previously.?® TA
muscles were dissociated in PBS containing collagenase |
(200 U/mL) and Dispase Il (2.4 U/mL) at 37°C for 30 min;
the single-cell suspension was filtered, centrifuged, and re-
suspended in PBS. Antibodies were applied at 4°C for
30 min in the dark, and then the cells were washed and resus-
pended in PBS. Antibodies used for flow cytometry are listed
in Table S4. Expression of surface molecules was analysed by
a BD LSRFortessa and associated software (BD FACS Diva
Software).

Western blotting

Proteins from muscle tissues or cells were isolated with pro-
tein extraction buffer (Thermo Fisher, Waltham, MA) by incu-
bation on ice for 30 min. After centrifugation at 12 000 rpm
for 15 min at 4°C, supernatants were collected. Protein con-
centrations were determined by a BCA protein assay kit
(Thermo Fisher). Western blotting was performed as de-
scribed previously.?® In brief, after blocking in 5% milk pow-
der, membranes were incubated with specific antibodies at
4°C overnight, washed, and then incubated with a secondary
antibody (Li-COR Biosciences, Lincoln, NE) conjugated with
IRD800 at room temperature for 1 h in the dark. The mem-
branes were then washed and analysed by the Odyssey soft-
ware system (Li-COR). The ratio of the protein change was
normalized to GAPDH. Antibodies used in western blotting
are listed in Table S4.

Quantitative real-time PCR

Total RNA was extracted from gastrocnemius muscles or cells
using TRIzol (Invitrogen, Carlsbad, CA) as described
previously.?® RNA concentrations were measured by a
Nanodrop ND-2000C (Thermo Scientific). Then, RNAs (2 ug)
were reverse transcribed using a reverse transcription kit
(Promega, Madison, WI). mRNA levels were analysed by
quantitative real-time PCR (qRT-PCR) performed with 2x SYBR

master mix (Takara, Otsu, Shiga) using an iCycler iQ5 (Bio-
Rad, Hercules, CA). Primers are detailed in Table S5. Relative
expression levels of genes were calculated based on cycle
threshold values using GAPDH as an internal control [gene
relative expression = 2(®APPHct — samPlecy)).

Muscle satellite cell isolation and culture

Muscles from hindlimbs of 4- to 6-week-old C57BL/6 mice
were isolated and digested with 2 mL of 2.5 U/mL collagenase
type 2 (Sigma) in 10 mM of CaCl, at 37°C for 30 min. After
centrifugation and washing with PBS, 1 mL of 1.5 U/mL colla-
genase D and 2.4 U/mL Dispase Il (Roche Applied Science, In-
dianapolis, IN) were added, and the mixture was incubated at
37°C for 1 h. The muscle slurry was centrifuged at 1500 rpm
for 5 min. The pellet was resuspended with DMEM-F10 me-
dium (Gibco) supplemented with 10% foetal bovine serum
and 1% penicillin—streptomycin (PS) and seeded in 5 cm
dishes for 2 h to remove fibroblast, and then the unattached
cells were transferred to a new Matrigel (BD) precoated 5 cm
dishes with. Cells were cultured in 37°C incubator for growth.
For satellite cell differentiation, Dulbecco’s modified Eagle
medium supplemented with 2% horse serum and 1% PS
was used as culture medium for 3 days.

Cell proliferation assays

In vitro, to detect the proliferation of cultured satellite cells
(SCs) after stimulation, 5-ethynyl-2"-deoxyuridine (EdU)
(1 uM) from an EdU kit (RIBOBIO) was added to the culture
medium at 4 h before the endpoint of the 24 h coculture,
and staining was carried out according to the manufacturer’s
instructions. The ratio of EdU-positive cells was analysed by
ImageXpress high content image system (Molecular Devices).

RNA-sequence analysis

Three to four samples per group were pooled for RNA-seq.
RNA-seq analysis was carried out using RNA samples con-
verted into individual cDNA libraries using lllumina TruSeq
methods employing single reads of 50 base lengths se-
quenced at 20-30 million read depths using the Illumina
HiSeq 2000 instrument. Differential and significant gene ex-
pression analyses were carried out using gene-level RPKM
(reads per kilobase of exon model per million mapped reads).
Genes were selected using the criteria of an absolute expres-
sion level > 1 RPKM in either group with at least a 1.5-fold
change of RPKM and false discovery rate (FDR) of <0.001.
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Single-cell RNA-sequencing and analysis

At 3 days after injury, single-cell suspension of TA muscles
was obtained by enzymatic digestion. Minced muscle was
digested in PBS containing collagenase | (200 U/mL) and
Dispase Il (2.4 U/mL) at 37°C for 30 min, filtered, centri-
fuged, and then resuspended in PBS. The harvested cells
were subjected to single-cell library preparation by 10x Ge-
nomics, followed by paired-end 100 sequencing using the
Illumina HiSeq 4000. In total, 5658 cells were sequenced
at 57 702 mean reads of sequencing depth per cell. Raw
data from 10x Genomics single-cell RNA-sequencing
(scRNA-seq) were processed by Cell Ranger v2.1.0.
Cellranger mkfastqg was used to demultiplex BCL files from
HiSeq 4000 into FASTQs for analysis. Cellranger counts
were then used to map reads to the reference genome
(mm10) on the basis of STAR aligner v2.5.1b43 and gener-
ate gene-cell-barcode matrices for each sample. The gene-
cell-barcode  matrices from samples were then
concatenated. t-SNE, k-means clustering, and differentially
expressed gene (DEG) analysis were also performed by
Cellranger v2.1.0 or Loupe Cell software.

Statistical analysis

Values are reported as means + SEM. Statistical differences
between two groups were assessed by the unpaired two-
tailed Student’s t-test. For comparison of more than two
groups, one-way ANOVAs were used. For all statistical tests,
P < 0.05 was considered to indicate a statistically significant
difference.

Results

Gene expression patterns associated with
responses to interferon-gamma are down-
regulated during muscle regeneration in aged mice

After acute muscle injury induced by CTX, aged mice (12 or
24 months of age) exhibited impairment of muscle regenera-
tion and increased intramuscular fibrosis (Figure 1A and 1B).
Flow cytometric analysis revealed more CD45 CD31 a7-
integrin® myoblasts and less CD45~CD31~Sca-1* FAPs in mus-
cle of aged mice than in that of young mice at 5 days after in-
jury (Figure S1A, S1B). RNA-seq was used to identify
expressed genes associated with the phenotype of aged mus-
cle. Among the DEGs, mRNAs of 124 genes were up-regulated
and 1059 genes were down-regulated using a threshold of a
two-fold change and FDR of <0.001 (Figure S1C). Gene Ontol-
ogy functional analysis indicated that genes down-regulated
in aged mice were enriched in the immune system process,

cell adhesion, and extracellular matrix organization. Further
analysis of expressed genes associated with the immune
system process showed enrichment of genes associated
with the cellular response to IFN-y and interferon-beta
(IFN-B) (Figure 1C, Figure S1C). The mRNA level of IFN-y
was down-regulated in injured aged muscle (Figure 1D).
MRNA levels of genes associated with the cellular response
to IFN-y (Irf1, Irf7, Ifit1, Ifit2, Ifit3, and Cxcl10) in aged mus-
cle were all significantly lower than those in young muscle
(Figure 1E). The mRNA levels of integrins (ltgh2, Itgb3,
Itgb5, and Itgb7), which were reported as pro-regeneration
factors in young muscle,® were similar in injured young
and aged muscle (Figure S1D). These data suggest that a
decline in IFN-y response may play a role in the impaired
regeneration of aged muscle.

Adoptive transfer of CD8' T cell to interferon-
gamma-deficient mice rescues impaired muscle
regeneration

To investigate the role of IFN-y in muscle regeneration, we
examined IFN-y expression levels at various time points in
young muscle after CTX-induced injury. The mRNA and pro-
tein levels of IFN-y were significantly increased in injured
muscle at days 3 and 5 and decreased at day 7 compared
with the baseline level (Figure S2A, S2B). The mRNA levels
of IFN-y downstream genes were also increased at 3 days
after injury (Table S1). IFN-y-deficient young mice exhibited
impairment of muscle regeneration after CTX injury (Figure
S2C-S2E). To identify cells producing IFN-y, dual IF staining
of IFN-y and laminin was performed. As a result, we found
that the IFN-y-positive area was not in the around of lam-
inin-positive myofibres (Figure 2A). Intracellular staining of
IFN-y in CD45" cells was assessed by flow cytometry.
CD8" T cells were the primary cell source of IFN-y
(~¥67.2%), CD4" T cells contributed to 25.3% of IFN-y-posi-
tive cells, and CD11b* cells produced little IFN-y (Figure
2B). We next examined the mRNA level of IFN-y in CD8-de-
ficient and WT control young muscles after injury and
found that the level of IFN-y was lower in CD8-deficient
young muscle than in WT muscle (Figure 2C). To confirm
the contribution of CD8" T cells to IFN-y after injury, CD8"
T cells were adoptively transferred to IFN-y-deficient young
mice at 1 day after injury. At 5 days after injury, down-reg-
ulated myogenin and up-regulated Acta2 and ColZal in IFN-
v-deficient young muscles (Figure S2D) were rescued by
adoptive transfer of CD8" T cells (Figure 2D). At 15 days af-
ter injury, the impaired muscle regeneration and increased
muscle fibrosis in IFN-y-deficient young muscles (Figure
S2E) were also rescued by adoptive transfer of CD8* T cells
(Figure 2E, 2F). Thus, the primary cell source of IFN-y is
CD8" T cells in injured muscle.
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FIGURE 1 Genes associated with response to interferon-gamma (IFN-y) are down-regulated during muscle regeneration in aging mice. (A) At day 15
after injury, muscles from 2, 12 and 24 month wild-type (WT) mice were immunostained with wheat germ agglutinin (WGA) (green, up panel,
bars = 50 pm) and Sirus Red (down panel, bars = 100 um). (B) The mean myofibre cross-section area (CSA) and ratios of fibrosis area in injured muscles
at day 15 after injury were analysed (n = 4-6 per group). **P < 0.01, by one-way ANOVA. (C) The transcription profile of injured 2 and 12 month mus-
cle was analysed by RNA-seq; DEGs were identified as two-fold change and FDR of <0.001. The down-regulated DEGs in 12 month muscle were
analysed by ‘GO Biological Process’ categories. (D) The mRNA level of IFN-y in muscles from 2 and 24 month WT mice were assessed by real-time
PCR at day 5 after injury (n = 4 per group). (E) The mRNA level of IFN-y response genes in muscles from 2 and 24 month WT mice were assessed
by real-time PCR at day 5 after injury (n = 4 per group). *P < 0.05 and **P < 0.01, by two-tailed Student’s t-test. Data represent the mean + SEM.
DEG, different expressed gene. FDR, false discovery rate.
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dent’s t-test.
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Single-cell sequencing analyses identify a novel
subset of interferon-responsive macrophages in
injured muscle

To gain a mechanistic insight into the IFN-y-associated re-
sponse in muscle regeneration, we performed single-cell
RNA-seq profiling of cells isolated from WT young muscles
at day 3 after CTX-induced injury (Figure 3A). Unbiased clus-
tering of the cells from injured muscle identified eight cell
clusters including five subtypes of macrophages and antigen
presenting cells (APCs), myoblasts, FAPs, and endothelial cells
(Figure 3B, Table S4). These cell clusters were verified by spe-
cific cell markers H2-Aa (encoding MHCII) for APCs, Adgrel
(encoding F4/80) for macrophages, Iltga7 and Myod1 for
myoblasts, TieZ and Pecam (encoding CD31) for endothelial
cells, and Lyéa (encoding Sca-1) and Pdgfra for FAPs (Figure
S3). A unique population of IFN-responsive macrophages
(IFNRMs) was identified among the macrophage clusters (Fig-
ure 3B, Figure S4). IFNRMs were identified as cells with spe-
cific expression of IFN-responsive genes (IRGs) Ifit3, Ifi204,
Isg15, Ifitm3, Irf7, Plac8, Rsad2, and Ly6c2 (Figure 3C). Other
IRGs were also highly expressed in IFNRM (Figure 3C). Based
on the function analysis of marker gene expression, the
IFNRM was different from other macrophage clusters. The
Macl cluster expressed a high level of lysosome-associated
genes (Cstb, Ctsl, etc.) and lipid metabolism-associated genes
(Fabp5, Cd36, etc.); the Mac2 cluster expressed a high level of
Cx3cr1, which was reported as a cell marker of anti-inflamma-
tory and pro-myogenesis macrophages; the proliferating
macrophage clusters expressed a high level of cell cycle-asso-
ciated genes (Mki-67, Cdk1, etc.); and the APC cluster
expressed a high level of antigen presentation-associated
genes (H2-Oa, H2-Db2, etc.) (Figure 3E, Table S2). Thus, there
is a unique IFNRM cluster in injured young muscle.

Interferon-gamma stimulates interferon-responsive
macrophages to produce cytokine CXCL10

To explore the function of IFNRMs, we analysed the most
characteristic genes according to subcellular locations and
found that Ly6C and Ly6E were the most specific membrane
proteins and CXCL10 was the most expressed secretory pro-
tein (Table S3). Violin diagram analysis showed that Ly6c2
was presented in the IFNRM cluster only, Ly6e was presented
in all cell clusters and highly expressed in the IFNRM cluster,
CXCL10 was presented in three macrophage clusters, and the
highest expression of CXCL10 was in the IFNRM cluster (Fig-
ure 4A). Next, we isolated IFNRMs from injured young mus-
cles by fluorescence-activated cell sorting on the basis of
the expression of Ly6C and Ly6E. After gating CD45"CD11b™
F4/80* macrophages, two subsets of cells were sorted: Ly6E*
Ly6C'" and Ly6E*Ly6C™ cells (Figure 4B). The presence of the
IFNRM gene signature was confirmed by gPCR in sorted

macrophages. Indeed, the Ly6E*Ly6C" subset was character-
ized by expression of Ly6c2 and higher expression levels of
IRGs (Irf1, Irf7, Isg15, and Ifit3) (Figure 4C). Cxcl10 expression
was higher in Ly6E"Ly6C" cells than in Ly6E*Ly6C'Y cells (Fig-
ure 4D). We also examined this Ly6E*Ly6C™ IFNRM macro-
phages in aged muscle post injury, and we found that the
number of CD45" leucocyte and CD45'F4/80" macrophages
was decreased in aged muscle at 3 days after injury (Figure
4E). In macrophages population, there were Ly6E*Ly6C" mac-
rophages in aged muscle, but the number of Ly6E*Ly6C"
macrophages was significantly decreased in aged muscle (Fig-
ure 4F). This result was consistent with the down-regulation
of genes associated with IFN-y response pathway in aged
muscle.

It is known that Ly6C™ macrophages are recruited from cir-
culation at 24 h after injury,® but the transcription profile is
altered in Ly6C" macrophages at various time points.?%%3
Therefore, we sorted CD45'CD11b*F4/80*Ly6C™ macro-
phages from young muscles at 1 and 3 days after injury and
compared the expression of IFNRM signature genes in these
cells. In addition to other IFNRM signature genes (Ifit3, Ifit1,
Rsad2, Isg15, and Usp18), the expression of Cxcl10 was
higher in macrophages at day 3 than in macrophages at day
1 (Figure 4G). Macrophages from WT and IFN-y knockout
young muscles were sorted at day 3 after injury and were
analysed by RNA-seq. The IFNRM signature genes were
down-regulated in IFN-y knockout macrophages (Figure 4H).
The increase of CxclZ10 expression paralleled the increase of
IFN-y in muscle after injury. When IFN-y was deficient,
CXCL10 expression was also decreased (Figure 4l). IFN-y stim-
ulated the macrophages to increase expression of CXCL10 in
vitro, which was blocked by IFNyYR1 or STAT1 inhibition using
siRNAs (Figure 4J). Thus, IFN-y activates IFNRMs to produce
secretory cytokine CXCL10.

CXCL10 promotes the proliferation of muscle
satellite cells via CXCR3

Despite its chemotactic nature, CXCL10 is also reported to be
a cytokine associated with cell proliferation, apoptosis, differ-
entiation, and angiogenesis.?*™’ The receptor of CXCL10 is
CXCR3, a G protein-coupled receptor expressed mainly in im-
mune cells and other somatic cells. In uninjured young mus-
cle, CXCR3 was expressed mostly in CD45 CD31 a7-
integrin® MuSCs (75.7%) as assessed by flow cytometry. In
young muscles at 3 days after injury, 45.5% of CXCR3" cells
were CD457CD31 ™ a7-integrin® MuSCs, and 54.5% of CXCR3*
cells were CD45" CD11b" macrophages (Figure 5A). The mac-
rophages in muscle were recruited from circulation by other
chemokines (e.g. CCL2 and CCL5) at 24 h after injury. There-
fore, we investigated the role of the CXCL10—CXCR3 axis in
myogenesis. Recombinant CXCL10 (rCXCL10) treatment
(20 ng/mL) of primary myoblasts induced phosphorylation
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of ERK1/2 and MAPKp38 in vitro (Figure 5B, 5C). ERK1/2 and
MAPKp38 pathways have been implicated in proliferation and
differentiation of MuSCs.?%2° Addition of rCXCL10 (20 ng/mL)

to the culture medium could increase the proliferation of pri-
mary myoblasts (Figure 5D) and promote the differentiation
of primary myoblasts in vitro (Figure S5). We next used a
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CXCR3 antagonist (NBI-74330) to examine whether blocking
the CXCL10-CXCR3 axis affected muscle regeneration in
young mice in vivo. To this end, mice were treated by injec-
tions of either NBI-74330 or DMSO during muscle injury.
When the CXCR3 antagonist was applied, the CSA of
regenerating myofibres was decreased (Figure 5F) and the ac-
companying fibrosis was increased (Figure 5G). These data in-
dicate that by stimulating pathways involved in proliferation
and myogenic commitment, CXCL10 positively influences
muscle regeneration processes in young mice.

Recombinant CXCL10 treatment rejuvenates
muscle satellite cell functions and restores muscle
regeneration in aged mice

The up-regulation of CXCL10 mRNA was blunted in
regenerating muscles of aged mice (Figure 6A). We next de-
termined whether restoration of CXCL10 levels ameliorate
the impaired regeneration of aged muscles. To this end, aged
mice were treated by muscle injections of either rCXCL10
(1ug per TA muscle) or PBS at 1 and 3 days after injury (Figure
6B). Firstly, we examined the macrophage population change
following administration of rCXCL10 or PBS in young and aged
muscle after injury. We found that the number of CD45"
leucocytes and CD45'F4/80" macrophages was decreased in
aged muscle at 3 days after injury. However, the number of
CD45*F4/80" macrophages was not changed after administra-
tion of rCXCL10 in aged the muscle (Figure S6A), and there
was also no difference in the ratio of Ly6C" and Ly6C"" mac-
rophages in rCXCL10 or PBS-treated aged muscle (Figure
S6B). Secondly, we examined the regeneration phenotypes.
In muscle cross sections of aged mice treated with rCXCL10,
the number of proliferating cells expressing the marker Ki67
was significantly increased compared with the PBS control
at 4 days after injury (Figure 6C, 6D). Moreover, the numbers
of MuSCs and Ki-67-positive MuSCs were both significantly in-
creased in rCXCL10-treated aged muscle (Figure 6C, 6E). The
MRNA levels of MyodZ and myogenin were significantly
higher in rCXCL10-treated aged muscle than in PBS-treated
muscle at 5 days after CTX injury (Figure 6F). rCXCL10 treat-
ment also improved the overall architecture of aged
regenerating muscles (Figure 6G) and resulted in significantly
larger regenerating fibres indicative of efficient regeneration
(Figure 6H). We also examined the expression levels of
Trim63 and Fbxo32, two genes related to protein synthesis
and degradation,®® in aged muscles with rCXCL10 or PBS-
treatment, and we found that there was no significant differ-
ence in the expression of Trim63 and Fbxo32 between
rCXCL10-treated and PBS-treated aged muscles (Figure S6C).
These data indicated that there were no changes in muscle
protein synthesis or degradation during the recovery of in-
jured satellite cells. In addition, expression of fibrosis-associ-
ated genes Acta? and Collal was reduced by rCXCL10

treatment in aged muscle at 5 days after injury (Figure
S6D). The Sirus Red positive fibrotic area was reduced at
15 days after injury (Figure S6E). Thus, exogenous CXCL10
treatment rejuvenates the myogenic functions of aged
MuSCs and restores muscle repair of aged mice.

Discussion

With the increase of age, the regenerative capacity of muscle
declines and abnormal extracellular matrix deposition in-
creases in the muscle interstitial, which influence movement
ability. However, the underlying mechanism is still unclear.
In this study, a unique cell cluster of IFNRMs in injured young
muscle was identified by scRNA-seq. IFN-responsive macro-
phages produced CXCL10 that promoted the proliferation of
MuSCs. Furthermore, administration of rCXCL10 rejuvenated
MuSCs functions and restored muscle regeneration in aged
mice.

It has been reported that the activity of CD8" cytotoxic T
cells diminishes in elderly persons after viral infection.3*
Moreover, lymphocytes from old mice produce markedly
lower amounts of IFN-y relative to young mice.>? In this
study, we explored mechanism wherein by influencing mus-
cle regeneration and fibrosis during aging, we found that
the IFN-y response pathway was down-regulated in aged
muscle, compared with young muscle, after injury. The pri-
mary cellular source of IFN-y was CD8" T cells. When IFN-y
or CD8" T cells are deficient, the regeneration ability of young
muscle declines and muscle fibrosis increases after acute
injury.33'34

Identification of reduced IFN-y production as a key event
for impaired muscle regeneration in aging is supported by
its known function in muscle, and the role of IFN-y in skel-
etal muscle regeneration is bilateral. IFN-y significantly in-
creases in young muscles at the late stage of injury, and
neutralizing antibody blockade or gene knockout inhibits
skeletal muscle regeneration.®® Supplementation of IFN-y
reduces fibrosis and improves functions of young muscle
in a laceration model.3®> However, in the mdx muscle model
with the presence of a persistent inflammatory response,
IFN-y inhibits the regeneration process by inhibiting the ex-
pression of myogenin.3® Studies have shown that Treg cells
accumulating in muscles at the late stage of the injury in-
hibit the production of IFN-y, thereby suppressing the pro-
inflammatory response and promoting the differentiation of
pro-reparative  macrophages and  skeletal  muscle
regeneration.? Catabolic conditions, such as chronic kidney
disease (CKD), chronic heart failure (CHF), and diabetes,
were also known as chronic inflammatory states. Increased
serum levels of tumour necrosis factor o, interleukin (IL)-6,
and IL-18 may be associated with muscle waste by enhanc-
ing muscle protein degradation.?” It was also reported that
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patients with CKD or CHF often have increased angiotensin  There was no direct relationship between the muscle waste
Il (Ang 11) levels, and Ang Il could deplete the basal pool of under catabolic condition and IFN-y.

satellite cells and inhibit their proliferation after injury, In this study, we identified a novel macrophage cluster that
which resulted in decreased number of satellite cells.®® determines muscle regeneration capacity between young and
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aged muscle. The Mac1 cluster expressed a high level of lyso-
some-associated genes and lipid metabolism-associated
genes, which was consistent with the main function of macro-
phages to clear the necrotic myofibre by phagocytosis.® The
Cx3crl high expression Mac2 cluster and proliferating macro-
phage cluster were consistent with the report that macro-
phage switched to CX3CR1M macrophage and acquired the
proliferation ability after phagocytosis.’ The novel clusters
of macrophages expressed IRGs (Ifit3, Ifi204, Isg15, Ifitm3,
Irf7, Plac8, Rsad2, and Lyé6c2), and we named these cells as
IFNRMs. The IFNRM cluster was different from other macro-
phage clusters. Ly6c2 mRNA was specifically expressed in
IFNRM at 3 days after injury. Ly6c2 encoded protein Ly6C is
previously considered to be a cell marker to distinguish the
Ly6C" inflammatory macrophages and Ly6C°% repair
macrophages.>® The function of IFN-y is mainly mediated by
activation of the relevant intracellular signalling pathways
by IFNgR1 and IFNgR2 receptor complexes, and macrophages
express both receptors.*® IFN-y stimulation activates STAT1-
IRF signalling pathways in macrophages, thereby promoting
the expression of IRGs.** We showed that the expression
levels of IFNRMs specifically expressed genes in macrophages
from IFN-y knockout young mice were significantly down-reg-
ulated, demonstrating that the differentiation of IFNRMs
from circulation-derived Ly6C™ macrophages was dependent
on IFN-y.

The integrins were increased in young muscles after CTX-
induced injury, and an improvement in integrin-p3 function
could stimulate muscle regeneration.”® We compared the
expression change trends of integrin-f3 and IFN-y after
muscle injury, and we found that the dynamic changes of
integrin-B3 were different from those of IFN-y. The
integrin-B3 was increased at 5 h after injury, and this re-
sponse persisted for up to 6 days after injury, while the
MRNA levels of IFN-y were significantly increased in injured
muscle at days 3 and 5 and decreased at day 7, as com-
pared with the baseline level. In addition, we analysed
the mRNA expression level of some integrins in young
and aged muscle after injury at 5 days by real-time PCR.
We found that the mRNA levels of ltgb2, Itgbh3, Itgb5,
and ltgb7 were similar in young and aged muscle, which in-
dicated that integrin-responsive macrophage is different
from IFN-y-responsive macrophage. The main function of
integrins was regulating the infiltration and polarization of
macrophage,®! while the main function of IFNRM was pro-
moting the proliferation and differentiation of MuSCs.

Among the genes specifically expressed by IFNRMs, Cxcl10
encoded protein CXCL10 was the most highly expressed se-
creted protein. CXCL10 is originally isolated in a screen for
genes induced by IFN-y.*? In this study, we have shown that
the increase of CXCL10 expression paralleled with the in-
crease of IFN-y in young muscles after injury, CXCL10 was sig-
nificantly down-regulated in injured IFN-y knockout young
muscle and injured WT aged muscles with decreased IFN-y,

which indicated the importance of IFN-y in up-regulation
CXCL10 production after injury.

CXCL10 is a chemokine of the CXC subfamily, whose main
function is stimulation of monocyte, natural killer cell, and
T-cell migration.*® Recently, a series of studies showed that
CXCL10 also could play roles in regulating cell proliferation,
apoptosis, differentiation, and angiogenesis.?**” Our finding
that expression of CXCL10 was accompanied by an increase
of IFN-y at the late stage after injury, while the inflammatory
cells were recruited from circulation mainly at the early stage
after injury, hints a novel role of CXCL10 in skeletal muscle re-
pair. We found that MuSCs also expressed the receptor of
CXCL10 and CXCR3. CXCL10 promoted the proliferation and
differentiation of MuSCs via the CXCR3 in vitro. These pro-
proliferation effects of CXCL10 have been reported to con-
tribute to various regenerative processes.***® CXCL10 pro-
moted the proliferation of mouse MuSCs by activating
ERK1/2 and MAPKp38 pathways in vitro. ERK1/2 and
MAPKp38 pathways have been reported to participate in
the proliferation and differentiation of MuSCs.?®2° CXCL10
and CXCL9 share the same receptor, CXCR3. In our study,
complete blockade of CXCR3 activation by a CXCR3 antago-
nist resulted in impaired skeletal muscle regeneration in
young mice, demonstrating the necessity of activation of
the CXCR3 signalling pathway for regeneration. When CXCL10
is knocked out, CXCL9 could activate CXCR3 to facilitate the
process of skeletal muscle regeneration in young mice as a
compensatory mechanism.*” In this study, we found that
the expression of CXCL10 and CXCL9 was significantly down-
regulated simultaneously after injury in aged muscle. Under
this condition, replenishment by recombinant CXCL10 after
injury in aged mice could significantly increase the prolifera-
tion of MuSCs and improve muscle regeneration, which indi-
cated the critical role of IFNRM derived CXCL10 in aged
muscle.

In summary, the current study demonstrates that a defect
of the IFN-y-associated response in aged muscle plays a criti-
cal role in MuSCs dysfunctions. The IFN-y-associated signal-
ling pathway appears to be a promising avenue to explore
attempts to overcome these problems.
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