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Abstract

Cytokines produced by immune cells have been demonstrated to act on muscle

stem cells (MuSCs) and direct their fate and behavior during muscle repair and

regeneration. Nevertheless, it is unclear whether and how MuSCs can also in

turn modulate the properties of immune cells. Here, we showed that in vitro

expanded MuSCs exhibited a potent anti-inflammatory effect when infused into

mice suffering from inflammatory bowel disease (IBD). Supernatant conditioned

by MuSCs similarly ameliorated IBD. This beneficial effect of MuSCs was not

observed when macrophages were depleted. The MuSC supernatant was found

to greatly attenuate the expression of inflammatory cytokines but increase the

expression of programmed death-ligand 1 in macrophages treated with lipopoly-

saccharide and interferon gamma. Further analysis revealed that MuSCs pro-

duce a large amount of insulin-like growth factor-2 (IGF-2) that instructs

maturing macrophages to undergo oxidative phosphorylation and thus acquire

anti-inflammatory properties. Interestingly, the IGF-2 production by MuSCs is

much higher than by mesenchymal stem cells. Knockdown or neutralization of

IGF-2 abrogated the anti-inflammatory effects of MuSCs and their therapeutic

efficacy on IBD. Our study demonstrated that MuSCs possess a strong anti-

inflammatory property and the bidirectional interactions between immune cells

and MuSCs have important implications in muscle-related physiological and

pathological conditions.
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1 | INTRODUCTION

Skeletal muscle accounts for 30%~50% of human body weight, and is

essential for posture maintenance, breathing, movement, and the

metabolism of glucose and lipid.1 In addition to multinucleated

myofibers, there are abundant leukocytes in skeletal muscle. It is esti-

mated that there are approximately 109 leukocytes per liter of skeletal

muscle in adult mammals.2 Although the intramuscular leukocytes com-

prise diverse types of immune cells, monocytes and macrophages are

the overwhelming majority, and primarily reside in the muscle stem cell

(MuSC; also known as satellite cell) niche.3 Their synchronized func-

tional transformations and proper representation in the MuSC niche

during muscle repair and regeneration directly determine the fate of

MuSCs and affect the repair and regeneration outcomes.4-7 However, it

is unclear how MuSCs regulate the functions of immune cells.

Recent studies have shown that the skeletal muscle tissue also

possesses a major immunoregulatory function and produces various

immune regulatory molecules that are believed to contribute to tissue

homeostasis and some physiological functions.8 The proinflammatory

cytokine interleukin-6 (IL-6) released from exercising muscle blunts

endotoxin-induced inflammatory responses.9 Meteorin-like produced

from the skeletal muscle tissue can induce “browning” of white adi-

pose tissue and guide IL-4-dependent macrophage polarization.10

Muscle-derived IL-15 was shown to promote the proliferation of

naive T cells, enhance natural killer cell development and cytotoxicity,

reduce lipid deposition, and protect against visceral adiposity.11-13

Although mounting evidence exists for muscle-mediated immuno-

modulation, whether the immunoregulatory factors are derived from

MuSCs and which factors are activated during pathophysiological pro-

cesses14 remains to be determined.

Increasing evidences started to reveal that metabolic repro-

gramming is associated with divergent functional fates of macro-

phages.15 Proinflammatory macrophages (the traditionally defined

M-pro macrophages) primarily rely on glycolysis and have reduced

oxidative phosphorylation (OXPHOS) capacity. Within this metabolic

rewiring, succinate in M-pro macrophages inhibits the activity of

prolyl hydroxylases enzymes, thereby stabilizing hypoxia responsive

element-1α (HIF-1α), and consequently inducing IL-1β production.16

In contrast, anti-inflammatory macrophages (the traditionally defined

M-anti macrophages) are fueled by OXPHOS. M-anti macrophages

are characteristic of higher expression of anti-inflammatory cytokine

IL-10, and decreased productions of nitric oxide and tumor necrosis

factor-α (TNF-α).17 Recent studies showed that tissue stem cells can

program the fate of macrophages through metabolic rewiring. For

example, insulin-like growth factor-2 (IGF-2), released from mesen-

chymal stem cells (MSCs) under hypoxia conditions, can endow

maturing macrophages with OXPHOS preference, thus shaping anti-

inflammatory properties of macrophages in experimental autoimmune

encephalomyelitis (EAE).18 Transplanted neuron stem cells (NSCs)

were also shown to scavenge inflammatory metabolite succinate and

consequently reduce the infiltration of mononuclear phagocytes dur-

ing chronic neuroinflammation.19 Based on these new advances, we

speculated that MuSCs may also modulate the metabolic preferences

in macrophages and consequently influence their function, and thus

be exploited for the treatment of inflammatory disorders.

In this study, we investigated the immunomodulatory function of

MuSCs. We showed that transplanted MuSCs could dampen the path-

ological conditions in mice with inflammatory bowel disease (IBD).

The MuSC secretome was found to attenuate the inflammatory

response of macrophages in an OXPHOS-dependent manner. Impor-

tantly, we found that IGF-2 was responsible for the anti-inflammatory

effect of MuSCs. Our study uncovered a novel IGF-2 dependent

immunoregulatory property of MuSCs, which may be exploited for

the management of inflammatory diseases.

2 | MATERIALS AND METHODS

2.1 | Animals

C57BL/6J mice were purchased from Charles River Experimental Ani-

mal Technology Co., Ltd. (Beijing, China), and maintained in a specific

pathogen-free facility of the Laboratory Animal Center of Soochow

University. Male mice used for experimental models were 8 to

Significance statement

Inflammatory macrophages are known to promote the expan-

sion of activated muscle stem cells (MuSCs) during the tissue

repair process by retaining MuSCs in a proliferative and

undifferentiated state. This study revealed that MuSCs could

also endow maturing macrophages with anti-inflammatory

properties, by producing insulin-like growth factor-2 that dic-

tates the metabolic preference of macrophages.
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10 weeks of age. These healthy mice were maintained in individually

ventilated cages at 21�C to 23�C with a 12:12 hour light/dark cycle.

The relative humidity in the animal facility was between 40% and

60%. The mice were fed ad libitum with irradiated food from Jiangsu

Xie Tong Pharmaceutical Bioengineering Co., Ltd. (Nanjing, China). All

animal experiment protocols presented in this study were approved

by the Institutional Animal Care and Use Committee of Soochow

University.

2.2 | MuSC isolation, expansion, and
differentiation

MuSCs were isolated and expanded as previously described.20,21

Briefly, hind limb skeletal muscles of C57BL/6J mice were dissected,

gently and rapidly minced with scissors, and then incubated with col-

lagenase II (750 U/mL, from Gibco, Life Technologies, San Francisco,

California) solution for 1 hour at 37�C on a shaker. Digested tissues

were then washed once with cold Hanks' balanced salt solution

(HBSS) and centrifuged at 500g for 5 minutes. Second incubation was

then performed by adding collagenase II (100 U/mL) and dispase

(11 U/mL, Gibco) solution for 30 minutes at 37�C on a shaker.

Digested tissues were then filtered through a 40 μm cell strainer to

generate a mononucleated cell suspension ready for an antibody

staining. Resuspended cells were stained using antibodies: PE-

conjugated rat antimouse CD31, PE-conjugated rat antimouse CD45,

APC-conjugated rat antimouse Sca1 and Pacific Blue-conjugated rat

antimouse VCAM1 (both from Biolegend, San Diego, California). All

antibodies were used at ~1 μg per 107 cells. The staining samples

were incubated with antibodies for 40 minutes at 4�C. MuSCs marked

as VCAM1+CD31−CD45−Sca1− were obtained by fluorescence-

activated cell sorting.

Sorted MuSCs were serially expanded every 2 days in myogenic cell

proliferation medium containing F10 medium containing 20% fetal

bovine serum (FBS), 5 ng/mL IL-1α, 5 ng/mL IL-13, 10 ng/mL interferon

gamma (IFN-γ) and 10 ng/mL TNF-α, 2.5 ng/mL bFGF and 1%

penicillin-streptomycin (both from Gibco). Supernatant was concen-

trated 10-fold using 3 kD centrifugal filtration unit to IBD therapies. In

addition, cultured MuSCs were differentiated in myogenic cell differenti-

ation medium containing Dulbecco's modified Eagle's medium (DMEM)

with 5% horse serum (both from Gbico) for 3 days. All details regarding

the characterization of cultured MuSCs were shown in Figure S1.

2.3 | IBD induction and experimental therapies

To induce colitis, 4% dextran sulfate sodium (DSS, MP Biomedicals,

Santa Ana, California) in drinking water was provided ad libitum

for 7 days. MuSCs (1 × 106) were i.v. administered to treat IBD

mice on day 2 after the beginning of DSS treatment. Some mice

were treated with concentrated MuSC supernatant injected ip daily

during IBD induction. Clodronate liposomes (1 mg/mice, from

Yesen, Shanghai) were ip administered to IBD mice on days 1 and

4 after the beginning of DSS treatment for macrophage deletion.

IGF-2 neutralizing antibodies (20 μg/mice, from R&D Systems,

Minneapolis, Minnesota) were ip administered to IBD mice daily

during IBD induction to block the function of IGF-2 in MuSC secret-

ome. Control group mice received normal drinking water. Body

weight of each mouse was monitored daily during IBD induction.

All experimental mice were euthanized at the end of the 7-day

DSS treatment, and the colon samples were collected for further

processing.

2.4 | Colitis severity analysis

The disease activity index (DAI) was evaluated at the end of the 7-day

DSS treatment by scoring the body weight loss (grades, 0-4:0, none;

1, <10% loss of the initial body weight; 2, 10-15% loss of the initial

body weight; 3, 15-20% loss of the initial body weight; 4, > 20% loss

of the initial body weight), stool consistency (grades, 0-2:0, none;

1, mild diarrhea; 2, moderate to severe diarrhea), rectal bleeding

(grades, 0-2:0, none; 1, mild bleeding; 2, moderate to severe bleeding),

and general activity (grades, 0-2:0, normal; 1, mildly depressed;

2, moderately to severely depressed).22

2.5 | H&E staining and histological analysis

Colon tissues from IBD mice were collected and fixed in 4% paraformal-

dehyde for 3 days. The colon tissues were then dehydrated through

sequentially treatment with 75% ethanol (overnight), 85% ethanol

(1 hour), 95% ethanol (1 hour) and 100% ethanol (1 hour). The samples

were treated with xylene for 20 minutes twice before embedded in par-

affin. Finally, the samples were cut into 3 μm sections.

Histological analysis was performed using standard hematoxylin

and eosin (H&E) staining process. The severity of IBD symptoms was

evaluated by scoring the extent of bowel wall thickening (grades,

0-3:0, none; 1, mucosa; 2, mucosa and submucosa; 3, transmural), the

damage of crypt (grades, 0-3:0, none; 1, loss of goblet cells; 2, only

surface epithelium intact; 3, loss of entire crypt and epithelium), and

the infiltration of inflammatory cells (grades, 0-2:0, none; 1, mild to

moderate; 2, severe) through H&E colon sections.22

For macrophage immunostaining, colon sections were immuno-

stained with anti-F4/80 antibody after deparaffinization, rehydration,

and antigen unmasking. The samples were incubated in biotinylated

antirabbit secondary antibody followed by 3,30-diaminobenzidine

tetrahydrochloride. Finally, the slides were counterstained with

hematoxylin.

2.6 | Isolation of colonic inflammatory cells and
flow cytometric analysis

The colon samples were excised, rubbed off any visible fat and rinsed

in phosphate-buffered saline (PBS). They were then cut into 1 cm
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pieces, and immersed in warm HBSS containing 5% FBS, 2 mM

DL-Dithiothreitol (DTT, Sigma-Aldrich, St. Louis, Missouri) and 5 mM

ethylenedinitrilotetraacetic acid (EDTA, Sigma-Aldrich) at 37�C for

20 minutes on a shaker. The tissue samples were then digested in

DMEM medium containing 10% FBS, collagenase I (1 mg/mL), and

dispase (11 U/mL) at 37�C for 1 hour on a shaker. Digested tissues

were then passed through a 70 μm cell strainer to generate a mono-

nucleated cell suspension ready for 80%/40% Percoll separation.

Finally, collected cells were stained using antibodies: FITC-conjugated

rat antimouse CD11b, APC-conjugated rat antimouse F4/80, Pacific

Blue-conjugated rat antimouse PD-L1 (both from Biolegend). Flow

cytometry data were analyzed using FlowJo (BD Biosciences, Franklin

Lake, New Jersey).

2.7 | Preparation of bone marrow-derived
macrophages

Bone marrow cells from femurs and tibias of male C57BL6/J mice were

isolated and cultured in DMEM/F12 medium containing 10% FBS and

20% L929 conditioned medium for 7 days. Fresh differentiation medium

was added on day 4. MuSC supernatant was added on days 1, 3,

and 5. To test the role of OXPHOS in the regulation of inflammatory

response in macrophages, MuSC-educated macrophages were treated

with 50 ng/mL lipopolysaccharide (LPS Sigma-Aldrich), 20 ng/mL IFN-γ,

and 1 μM oligomycin A (Selleck, Houston, Texas) for 24 hours. For IGF-2

blockage, bone marrow cells were treated with 5 μg/mL IGF-2 antibodies

(or 5 μg/mL isotype antibodies as control) following MuSC supernatant.

2.8 | MSC isolation and expansion

MSCs were isolated and expanded as previously described.23 Briefly,

tibia and femur bone marrow of C57BL/6J mice were harvested. Cells

were plated in DMEM medium supplemented with 10% FBS, 2 mM glu-

tamine, 100 U/mL penicillin, and 100 mg/mL streptomycin. The non-

adherent cells were removed after 24 hours, and adherent cells were

retained. Medium was changed every 3 days. To obtain MSC clones,

cells at confluence were harvested and seeded into 96-well plates by lim-

ited dilution. Individual clones were then picked and expanded. MuSCs

and MSCs in same passage were compared for IGF-2 expression.

2.9 | Real-time PCR

Total RNA from each sample was extracted using the Trizol

(Invitrogen, Carlsbad, California) reagents and reverse-transcribed

using PrimeScript RT Master Mix (Invitrogen) following the manufac-

turer's instructions. Gene expressions were measured by QuantStudio

6 Flex System (Applied Biosystems, Foster City, California) using SYBR

Green Master Mix (Invitrogen). Total amount of mRNA was normal-

ized to endogenous β-actin mRNA. The primers of the target genes

were listed as shown in Table S1.

2.10 | Western blotting analysis

Cells were harvested and lysed in the RIPA buffer containing 1 mM

phenylmethanesulfonyl fluoride (PMSF, from Beyotime, Shanghai,

China) for 30 minutes on ice. Lysates were clarified by centrifugation

at 14 000g for 20 minutes. Protein samples were diluted in 5× sodium

dodecyl sulfate (SDS, Sigma-Aldrich) loading buffer and fractionated

in a 12% SDS-polyacrylamide gel. Proteins were transferred onto a

polyvinylidene fluoride (PVDF, from Millipore, Temecular, California)

and incubated for 1 hour in 5% nonfat dry milk dissolved in tris buff-

ered saline (TBST; 150 mM NaCl, 50 mM tris-HCl, pH 7.5, 0.05%

Tween 20) at room temperature. The blotting membranes were incu-

bated with primary antibodies overnight at 4�C, extensively washed in

TBST, incubated with hP-conjugated secondary antibody for 2 hours

at room temperature, and washed again with TBST. The blotting

membranes were developed with chemiluminescent reagents.

2.11 | IGF-2 knockdown using shRNA

To achieve IGF-2 knockdown,we transducedMuSCswith IGF-2-targeting

shRNA carried on a lentivirus vector (PGLV3/H1/GFP/Puro, from

GenePharma, Shanghai, China). The shRNA target sequence for IGF-2

was 50-GGAGCTTGTTGACACGCTTCA-30. The scrambled shRNA target

sequence was 50-TTCTCCGAACGTGTCACGT-30. MuSCs were incubated

with lentivirus and polybrene (5 μg/mL, GenePharma) for 12 hours. Puro-

mycin (5 μg/mL, Gbico) was added to the culture medium to screen out

transduced cells.

2.12 | Statistical analysis

Statistical analysis of all experiments was analyzed using the Prism

software (version 8.0, La Jolla, California). For two-group comparison,

two-tailed unpaired t tests were performed. For multiple group com-

parison, one-way analysis of variance test was performed. All data

were represented as the mean and SEM. P values less than .05 were

considered statistically significant.

3 | RESULTS

3.1 | MuSCs ameliorate DSS-induced colitis

To investigate whether MuSCs could modulate inflammation in vivo,

we treated mice suffering from DSS-induced IBD with in vitro

expanded MuSCs. We found that a single intravenous injection of

MuSCs significantly improved clinical parameters such as body weight

and DAI as compared to control mice treated with PBS (Figure 1A,B).

MuSC-treated IBD mice also had significantly less reduction in colon

length (Figure 1C). Moreover, MuSCs reduced the extent of bowel

wall thickening, crypt damage and the infiltration of inflammatory

cells in colons as shown by histological examination (Figure 1D).
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In particular, there was a reduced macrophage infiltration in colitic

mice after MuSC treatment (Figure S2A). More importantly, MuSCs

decreased the IL-6 level in serum (Figure 1E), an important indicator

for colitis progression.24

To determine whether the beneficial effect of MuSCs is through

secretory factors, we treated IBD mice with concentrated supernatant

conditioned by cultured MuSCs (MuSC-S). The supernatant exhibited

a therapeutic efficacy similar to that with MuSCs. The MuSC superna-

tant dramatically ameliorated clinical parameters and increased colon

length in IBD mice (Figure 1F-H). Moreover, histopathological exami-

nation confirmed the beneficial effect of MuSC-S (Figure 1I and S2B).

Strikingly, the MuSC supernatant-treated mice had lower IL-6 serum

level (Figure 1J). Collectively, these results suggested that MuSCs as

well as their secretome possess anti-inflammatory effects.

F IGURE 1 Muscle stem cells (MuSCs)
alleviate inflammatory bowel disease
(IBD). A-C, Body weight, disease activity
index, and colon length of IBD mice
treated with phosphate-buffered saline
(PBS) and MuSCs on day 2 post-IBD
induction. D, Representative H&E-stained
colon sections and histological scores of
IBD mice treated with MuSCs. Scale bars,

50 μm. E, Interleukin-6 (IL-6) in the serum
of IBD mice treated with MuSCs was
assayed by enzyme linked
immunosorbent assay (ELISA). F-H, Body
weight, disease activity index, and colon
length of IBD mice treated with F10
medium and MuSC supernatant (MuSC-S)
daily post-IBD induction. I,
Representative H&E-stained colon
sections and histological scores of IBD
mice treated with MuSC-S. Scale bars,
75 μm. J, IL-6 in the serum of IBD mice
treated with MuSC-S was assayed by
ELISA. Data are presented as mean
± SEM. *P < .05, **P < .01, ****P < .0001.
DSS, dextran sulfate sodium
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3.2 | The anti-inflammatory effects of MuSCs are
mediated by macrophages

Since recent studies have shown that macrophages are critically

involved in the pathogenesis of IBD,22,25,26 we determined whether

the therapeutic effect of MuSCs is also related to their regulation of

the pro- or anti-inflammatory properties of macrophages. Hence,

clodronate liposomes were used to deplete macrophages in IBD mice

(Figure S3). We found that as expected, IBD was greatly alleviated by

macrophage depletion. Interestingly, in clodronate liposome-treated

IBD mice, MuSC supernatant had no detectable therapeutic efficacy,

indicating that the beneficial effect of MuSCs in IBD mice requires

macrophages (Figure 2A-C). Taken together, these data suggested

that MuSCs exert their anti-inflammatory effects by acting on

macrophages.

3.3 | MuSCs confer macrophages anti-
inflammatory properties during their maturation

To explore whether MuSCs could guide the polarization of macrophages,

we treated bone marrow-derived monocytes with MuSC supernatant

during their maturation. The mRNA levels of M-anti-related genes,

including Arg-1, Chil3, CD206, and transforming growth factor beta

(TGF-β), were remarkably increased in macrophages educated by

MuSC supernatant (Figure 3A). These macrophages also exhibited

lower expression levels of IL-1β and IL-6 upon LPS plus IFN-γ stimula-

tion (Figure 3B,C). Importantly, anti-inflammatory molecule

programmed death-ligand 1 (PD-L1), which is known to attenuate

immune responses and maintain immune homeostasis,27,28 was signif-

icantly upregulated by the administration of MuSC supernatant

(Figure 3D). In vivo, MuSC supernatant was shown to reduce the

F IGURE 2 Muscle stem cells (MuSCs) ameliorate inflammatory bowel disease (IBD) via macrophages. A, Colon length of IBD mice treated
with clodronate liposome and MuSC supernatant (MuSC-S). B and C, Representative H&E-stained colon sections and histological scores of IBD
mice treated with clodronate liposome and MuSC-S. Scale bars, 100 μm. Data are presented as mean ± SEM. *P < .05, ****P < .0001. DSS,
dextran sulfate sodium
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number of infiltrated mononuclear cells in colons (Figure 3E). Tissue-

infiltrated macrophages, in particular, were declined after MuSC

secretome treatment, as shown by flow cytometry (Figure 3F). Fur-

thermore, these macrophages were also shown to express higher

levels of PD-L1 in IBD mice receiving MuSC supernatant (Figure 3G).

Together, these data demonstrated that MuSCs are capable of pro-

moting macrophage polarization toward anti-inflammatory pheno-

types during their differentiation from monocytes.

F IGURE 3 Muscle stem cells
(MuSCs) confer maturing
macrophages anti-inflammatory
properties. F10 medium or MuSC
supernatant (MuSC-S) was
supplied during the maturation of
bone marrow-derived
monocytes. A, Expression levels of
anti-inflammatory genes in

matured macrophages were
assayed by quantitative real time
polymerase chain reaction (qRT-
PCR). B, Expression levels of
interleukin (IL)-1β and IL-6 in
macrophages treated with
lipopolysaccharide (LPS) (50 ng/
mL) plus interferon gamma (IFN-γ)
(20 ng/mL) for 24 hours were
assayed by qRT-PCR. C, The
concentration of IL-1β and IL-6 in
the supernatant of macrophages
treated with LPS (50 ng/mL) plus
IFN-γ (20 ng/mL) for 48 hours
were assayed by enzyme linked
immunosorbent assay (ELISA). D,
Gene and protein expression levels
of PD-L1 in macrophages treated
with LPS (50 ng/mL) plus IFN-γ
(20 ng/mL) were respectively
assayed by qRT-PCR and flow
cytometry. E, Infiltration of
mononuclear cells into colon
lamina propria in inflammatory
bowel disease (IBD) mice treated
with MuSC-S or F10 medium, as
determined by flow cytometric
analysis. F, Infiltration of
CD11b+F4/80+ macrophages into
colon lamina propria in IBD mice
treated with MuSC-S or F10
medium, as determined by flow
cytometric analysis. G, Flow
cytometric analysis of the

expression of PD-L1 in infiltrated
CD11b+F4/80+ macrophages in
IBD colons. Data are presented as
mean ± SEM. *P < .05, **P < .01,
***P < .001, ****P < .0001. MFI,
mean fluorescence intensity; N.S.,
no significance
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3.4 | Attenuation of the inflammatory activities
in macrophages requires OXPHOS

Recent studies have revealed that metabolic reprogramming is essential

for shaping the function and phenotypes of macrophages.29-31 Glycolysis

determines the proinflammatory responses, while OXPHOS defines the

anti-inflammatory properties of macrophages.15-17 Indeed, lactate accu-

mulation was found to be decreased in macrophages treated with MuSC

supernatant (Figure 4A). Consistently, the mRNA levels of glycolytic

enzymes, including hexokinase-2 (HK2) and glucose transporter 1 (GLUT1)

in maturing macrophages, were reduced by MuSC supernatant.

Conversely, peroxisome proliferator-activated receptor-γ (PPAR-γ),

a M-anti-related metabolic molecule, was upregulated in macrophages

treated with MuSC supernatant (Figure 4B). Interestingly, the produc-

tion of mitochondrial superoxides in macrophages in response to

proinflammatory stimulation was reduced by MuSC supernatant

(Figure 4C). Moreover, MuSC-preprogrammedmacrophages possessed

a higher mitochondria membrane potential (Figure 4D). These results

suggested that MuSCs may have impacted on the mitochondria in the

macrophages. To further determine the role of OXPHOS in themodula-

tion of the maturing macrophages by MuSCs, we added oligomycin A,

an adenosine triphosphate (ATP) synthase inhibitor that interrupts the

mitochondrial coupling process and abrogates OXPHOS, during the

treatment of macrophages by LPS plus IFN-γ and found that the sup-

pression of IL-6 expression and the induction of PD-L1 expression by

MuSC supernatant were respectively blunted (Figure 4E). Taken together,

these results confirmed that MuSCs could endow maturing macrophages

OXPHOS-dependent anti-inflammatory properties.

3.5 | IGF-2 is responsible for the anti-inflammatory
property of MuSCs

We further determined the factors that drive OXPHOS and thereby

endow the maturing macrophages an anti-inflammatory phenotype.

IGF-2 was recently shown to preprogram maturing macrophages to

acquire OXPHOS-dependent anti-inflammatory properties.18 We

thus tested whether IGF-2 was involved by depleting IGF-2 in

MuSCs with IGF-2 shRNA (Figure 5A). Importantly, with IGF-2 being

knocked down, the ability of MuSCs to upregulate PD-L1 in macro-

phages was greatly compromised (Figure 5B). IGF-2-shRNA MuSCs

also failed to suppress IL-6 expression in macrophages upon

proinflammatory stimulation (Figure 5C). In addition, the expressions

of HK-2 (M-pro metabolic regulator) and PPAR-γ (M-antimetabolic

regulator) were reverted in IGF-2-shRNA MuSC-preprogrammed

macrophages (Figure 5D).

Consistently, IGF-2 neutralization also eliminated the M-anti-

polarizing effects of MuSCs on maturing macrophages. The expression

of PD-L1 in MuSC-preprogrammed macrophages was reduced to control

levels when IGF-2 neutralizing antibodies were applied (Figure 5E). The

decrease in IL-6 expression was also abolished in MuSC-preprogrammed

macrophages using the neutralization antibodies upon proinflammatory

stimulation (Figure 5F,G). IL-6 expression level was even higher in macro-

phages treated with IGF-2 neutralizing antibodies than those treated

with F10 medium, suggesting that the antibodies may even bind to

IGF-2 in serum, thus further reducing the IGF-2 level in culture medium.

Furthermore, IGF-2 ligation affected HK2 and PPAR-γ expression switch

in MuSC-treated macrophages (Figure 5H). Taken together, these results

demonstrated that IGF-2 mediated the anti-inflammatory effects of

MuSCs.

We previously reported that MSCs cultured under low oxygen

also conferred maturing macrophages anti-inflammatory properties

via the production of IGF-2.18 We next compared the expression

levels of IGF-2 in MuSCs and MSCs. Interestingly, the expression level

of IGF-2 was much higher in MuSCs than in MSCs under normal cul-

ture condition (Figure S4A,B). The IGF-2 protein level was still higher

in MuSCs than in MSCs even when they were subjected to low-

oxygen condition (Figure S4C). These results indicate that MuSCs are

potentially superior to MSCs when used as a therapeutic for inflam-

matory diseases.

3.6 | IGF-2 is required for the IBD alleviating
effect of MuSCs

We next tested whether IGF-2 produced by MuSCs accounted for the

beneficial effects in vivo. IBD mice were treated with supernatants

from Ctrl-shRNA- and IGF-2-shRNA-transduced MuSCs, respectively.

The supernatant from IGF-2-shRNA MuSCs failed to prevent the

decrease in colon length in IBD mice (Figure 6A). Parameters in bowel

wall thickening, crypt damage and the infiltration of inflammatory cells

in colons were similar to those in the IBD control group (Figure 6B).

Furthermore, the IGF-2-shRNA MuSC supernatant was no longer

effective in suppressing IL-6 expression in colitic mice (Figure 6C).

We also injected IGF-2 neutralizing antibodies along with the

MuSC supernatant into IBD mice. As expected, IGF-2 neutralization

abolished the therapeutic effects of MuSC secretome on IBD mice

(Figure 6D,E). In addition, IGF-2 neutralization greatly restored IL-6

level in serum in MuSC supernatant-treated mice (Figure 6F). Collec-

tively, these data demonstrated that the beneficial effects of MuSCs

in IBD mice depend on IGF-2.

4 | DISCUSSION

Upon tissue damage, activated stem cells are believed to exert their

proregenerative effects through differentiating into new functional

cells that replace the injured or lost cells, a process also termed as “cell

replacement.” However, recent studies showed that MSCs can pro-

duce immunomodulatory factors, including cytokines, chemokines,

and growth factors, that can alter the fate of tissue progenitor cells,

change the dynamic of inflammation, remodel extracellular matrix

(ECM) and promote angiogenesis. Such actions of MSCs during tissue

repair and regeneration have been termed as “cell empower-

ment.”32-34 Transplanted NSCs were also found to engage in multifac-

eted stem cell to immune cell communication programs by

orchestrating local innate and adaptive immune responses in
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F IGURE 4 Muscle stem cells (MuSCs) modulate glycolysis and mitochondrial function in maturing macrophages. F10 medium or MuSC
supernatant (MuSC-S) was supplied during the maturation of bone marrow-derived monocytes. A, Analysis of 24-hours lactate production in the
supernatant of matured macrophages. B, Expression levels of metabolic related genes in matured macrophages. C, The accumulation of
mitochondrial reactive oxygen species (ROS) in macrophages treated with lipopolysaccharide (LPS) (50 ng/mL) plus interferon gamma (IFN-γ)
(20 ng/mL) for 6 hours was measured by MitoSox Red. D, Matured macrophages were subjected to JC-1 staining to measure their mitochondria
membrane potential. E, Interleukin-6 (IL-6) and PD-L1 mRNA expression were determined in macrophages treated with LPS (50 ng/mL) plus
IFN-γ (20 ng/mL) in the presence or absence of oligomycin A. Data are represented as mean ± SEM. *P < .05, **P < .01, ***P < .001. MFI, mean
fluorescence intensity
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F IGURE 5 Insulin-like growth factor-2 (IGF-2) is responsible for anti-inflammatory phenotypes in muscle stem cells (MuSC)-preprogrammed
macrophages. A, Efficiency of shRNA-mediated IGF-2 knockdown in MuSCs. B-D, Ctrl-shRNA or IGF-2-shRNA MuSC supernatant (MuSC-S) was
supplied during the maturation of bone marrow-derived monocytes (BMDMs). B, Expression level of PD-L1 in matured macrophages treated with
lipopolysaccharide (LPS) (50 ng/mL) plus interferon gamma (IFN-γ) (20 ng/mL) for 24 hours was assayed by quantitative real time polymerase
chain reaction (qRT-PCR). C, The concentration of interleukin-6 (IL-6) in the supernatant of macrophages treated with LPS (50 ng/mL) plus IFN-γ
(20 ng/mL) for 48 hours was assayed by enzyme linked immunosorbent assay (ELISA). D, Expression levels of HK-2 and PPAR-γ in macrophages
were assayed by qRT-PCR. E-H, MuSC-S was incubated with IGF-2 neutralizing antibodies or isotype control antibodies and then preprogramed
BMDMs during their maturation. Expression levels of PD-L1 and IL-6 in macrophages treated with LPS (50 ng/mL) plus IFN-γ (20 ng/mL) for
24 hours were assayed by qRT-PCR (E and F). G, The concentration of IL-6 in the supernatant of macrophages treated with LPS (50 ng/mL) plus
IFN-γ (20 ng/mL) for 48 hours was assayed by ELISA. H, Expression levels of metabolic related genes in matured macrophages were assayed by
qRT-PCR. Data are represented as mean ± SEM. *P < .05, **P < .01, ***P < .001. Ctrl-shRNA, scrambled shRNA control; N.S., no significance
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inflammatory central nervous system (CNS) disorders.35-37 MuSCs

were shown to secrete exosomes, which regulate collagen expression

in fibrogenic cells, and prevent excessive ECM deposition.38 We

showed here that MuSCs could orchestrate an anti-inflammatory

microenvironment by endowing maturing macrophages with anti-

inflammatory properties. Thus, MuSCs do not only respond to inflam-

matory cues in their microenvironment but may also act on immune

cells to alter or shape the microenvironment. Given skeletal muscle as

a major immune regulatory organ8 and MuSCs as the central myo-

genic cells in regulating tissue development and regeneration,39,40 we

speculated that MuSCs may also provide cues that instruct the

immune cells to participate in tissue repair. If the MuSCs do possess

immunomodulatory effects, it is expected that intravenously infused

MuSCs may also be able to modulate inflammatory conditions other

than in skeletal muscle, as MSCs do in various inflammatory condi-

tions. Indeed, we found that transplanted MuSCs significantly

F IGURE 6 Insulin-like
growth factor-2 (IGF-2) depletion
or inhibition abrogates the
beneficial effects of muscle stem
cells (MuSCs) on inflammatory
bowel disease (IBD). A, Colon
length of IBD mice treated with
Ctrl-shRNA or IGF-2-shRNA
MuSC supernatant (MuSC-S)

daily post-IBD induction. B,
Representative H&E-stained
colon sections and histological
scores of IBD mice treated with
Ctrl-shRNA or IGF-2-shRNA
MuSC-S daily post-IBD induction.
Scale bars, 75 μm. C, IL-6 in the
serum of IBD mice treated with
Ctrl-shRNA or IGF-2-shRNA
MuSC-S daily post-IBD induction
was assayed by enzyme linked
immunosorbent assay (ELISA). D,
Colon length of IBD mice treated
with MuSC-S combined with
IGF-2 neutralizing antibodies or
isotype control antibodies. E,
Representative H&E-stained
colon sections and histological
scores of IBD mice treated with
MuSC-S combined with IGF-2
neutralizing antibodies or isotype
control antibodies. Scale bars,
75 μm. F, IL-6 in the serum of
IBD mice treated with MuSC-S
combined with IGF-2 neutralizing
antibodies or isotype control
antibodies was assayed by ELISA.
Data are represented as mean
± SEM. *P < .05, **P < .01,
***P < .001, ****P < .0001. Ctrl-
shRNA, scrambled shRNA
control; DSS, dextran sulfate
sodium
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ameliorated the disease in IBD mice, which was accompanied by a

decrease in serum IL-6 and improvement of pathological conditions.

This result indicates that MuSCs can exert a potent immunomodula-

tory effect in vivo beyond the context of muscle repair and

regeneration.

Many studies have verified the potential of stem cells to differenti-

ate into functional descendants that replace damaged resident cells, and

thereby promote tissue regeneration in various diseases, such as multiple

sclerosis and acute renal failure.41,42 However, in the case of nervous tis-

sue repair, only very few of the transplanted NSCs (approximately 1%)

survived, migrated to, and integrated within the brain and spinal cord in

EAE model.19 Beyond the physical replacement of injured resident cells,

inflammation-licensed stem cells also orchestrate the remodeling of tis-

sue microenvironment by producing immunoregulatory factors that regu-

late immune cells, as well as growth factors that dictate the functions of

other progenitor cells.23,43-45 Notably, we found that MuSC secretome

possessed a therapeutic efficacy equivalent to that of MuSCs for IBD.

These findings support that MuSCs can promote tissue repair indirectly,

in a way known as “cell empowerment.”

We showed that the anti-inflammatory effect of MuSCs was

mediated by macrophages. Indeed, after macrophage depletion,

MuSC secretome failed to ameliorate DSS-induced colitis in mice.

More importantly, MuSC secretome did not only reduce mononu-

clear cell infiltration in the affected colons, but also, upregulated

PD-L1 in inflammatory macrophages. In vitro, we also demonstrated

that MuSC secretome shaped the anti-inflammatory properties of

maturing macrophages, as indicated by the expression of M-anti-

related genes, Arg-1, Chil3, CD206, and TGF-β and the inhibition of

inflammatory responses stimulated by LPS plus IFN-γ. We recently

showed that IGF-2 released from MSCs exposed to low-oxygen

endows maturing macrophages with OXPHOS-dependent anti-

inflammatory properties.18 IGF-2 is known to play a critical role in

the development of skeletal muscle in mammals.46 Interestingly,

activated MuSCs possess high levels of IGF-2.47 Because the IGF-2

produced by MuSCs can dictate an anti-inflammatory phenotypes of

maturing macrophages, it can be speculated that in addition to pas-

sively responding to the environmental cues, the activated MuSCs

may also actively participate in the making or remodeling of an

extracellular environment that is conducive to their differentiation

along the route of muscle regeneration, via the secretion of IGF-2

and other unknown factors.

5 | CONCLUSION

In the present study, our work identified a novel anti-inflammatory func-

tion of MuSCs that is based on their production of IGF-2. By endowing

maturing macrophages an OXPHOS-dependent anti-inflammatory

property, the IGF-2-producing MuSCs can thus orchestrate anti-

inflammatory microenvironments favorable for tissue repair and

regeneration. These findings provide novel insights into how

MuSCs act on macrophages and modulate inflammatory responses

under pathological conditions. Because MuSCs can produce more

IGF-2 than the commonly used MSCs in cell therapy, MuSCs poten-

tially have a more potent therapeutic efficacy for some inflamma-

tory diseases.
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