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Abstract

The extracellular matrix (ECM) in skeletal muscle plays an integral role in tissue development,
structural support, and force transmission. For successful adaptation to mechanical loading,
remodeling processes must occur. In a large cohort of older adults, transcriptomics revealed that
genes involved in ECM remodeling, including matrix metalloproteinase 14 (MMP14), were the
most upregulated following 14 weeks of progressive resistance exercise training (PRT). Using
single cell RNA-seq (SCRNA-seq), we identified macrophages as a source of Mmp14in muscle
following a hypertrophic exercise stimulus in mice. In vitro contractile activity in myotubes
revealed that the gene encoding cytokine leukemia inhibitory factor (L/F) is robustly upregulated
and can stimulate Mmp14 expression in macrophages. Functional experiments confirmed that
modulation of this muscle cell-macrophage axis facilitated Type | collagen turnover. Finally,
changes in L/Fexpression were significantly correlated with MMP14 expression in humans
following 14 weeks of PRT. Our experiments reveal a mechanism whereby muscle fibers influence
macrophage behavior to promote ECM remodeling in response to mechanical loading.
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Introduction

Macrophage recruitment is necessary for skeletal muscle hypertrophy in mice following
mechanical overload (MOV) [1]. Our laboratory as well as others have recently reported
a significant increase in skeletal muscle macrophage number following exercise training
in middle-aged and older adults using pan (CD11b/CD68) and anti-inflammatory (MRC1/
CD163) macrophage markers [2—-4]. Macrophages produce factors that may directly
promote growth, such as insulin-like growth factor-1 (IGF-1) [5], but also factors

such as transforming growth factor beta-1 (TGFB1) that regulate extracellular matrix
(ECM) production [6]. Although extensive investigations have characterized the role of
macrophages in response to muscle injury [7], to date, the potential relationship between
macrophages and ECM remodeling has not been explored in the setting of load-induced
hypertrophy in adult muscle.

The ECM in skeletal muscle is dominated by type I and 111 collagens, which are fibrous
proteins that converge with a specialized basement membrane composed mainly of type IV
collagen, laminin, and fibronectin surrounding each muscle fiber [8]. The degradation of
ECM is mediated primarily by the production of matrix metalloproteinases (MMPs) and
cathepsins. In a cohort of older adults who participated in 14 weeks of progressive resistance
exercise training (PRT), ECM remodeling pathways were the most enriched following
training [9]. Genes of interest included MMP14, a potent membrane-tethered collagenase
that can cleave intact collagen fibrils, which has been previously shown to correlate with
changes in macrophage number following exercise training [2, 10].

Although very little is known about macrophage-specific MMP expression in skeletal
muscle, upstream regulators of MMP14 expression include leukemia inhibitory factor (LIF)
and interleukin 6 (IL6), both of which are expressed during skeletal muscle adaptations

to exercise, as well as regeneration [11-14]. In other cell types, both cytokines induce

a similar signaling network that involves the targeted degradation of tumor protein p53
(p53), a known repressor of MMP14 expression [15]. The degradation of p53 enables
specificity protein 1 (Spl) to access the promoter region of MMP14, increasing MMP14
expression. Transgene overexpression of LIF in macrophages has been shown to reduce type
I collagen content in mdx mice compared to wild type mdx control animals; however, gene
or protein expression levels of MmpI4/Mmpl4 were not reported [14]. Using single cell
RNA-sequencing (scRNA-seq), we hypothesized that MOV would induce a transcriptome
signature of ECM remodeling in macrophages. We further hypothesized that MOV would
induce the expression of L/F by skeletal muscle fibers, driving MMPI4 expression in
macrophages, thereby promoting the degradation of collagen. In the present study, we used
several /in vivoand in vitro analyses to test these hypotheses in both human and mouse
muscle. Our findings highlight an underappreciated and understudied crosstalk between
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skeletal muscle fibers and macrophages that may be important for ECM remodeling to
facilitate myofiber hypertrophy.

Human subjects and intervention

Data were acquired from the MASTERS trial (NCT02308228), which was conducted to
determine whether metformin could augment the response to 14-weeks of PRT in healthy
older men and women, age > 65 years old. Full details of the study protocol, including
participant inclusion/exclusion criteria and the PRT paradigm designed to optimize muscle
mass and strength gains, can be found elsewhere [16]. The trial was conducted at the
University of Kentucky and the University of Alabama at Birmingham, and all participants
signed an informed consent approved by university IRBs prior to study enroliment. Thirty-
one participants from the placebo only group were included in this analysis. Muscle biopsies
from the vastus lateralis were collected two weeks before the 14 week PRT program began
and then a final biopsy 3 days after their last bout of exercise.

Muscle Biopsies

Animals

For all MASTERS participants, muscle biopsies were obtained from the vastus lateralis
muscle, under local anaesthetic (1% lidocaine), using the percutaneous needle biopsy
technique of Bergstrém, with 5- 6mm needles and manual suction. For RNA extraction,
35 mg of muscle tissue was snap frozen in liquid nitrogen and stored at —80°C. For
immunohistochemical analysis, approximately 50-100 mg of tissue was embedded in
tragacanth gum on cork, frozen in liquid-nitrogen cooled isopentane, and stored at —80°C.

Mice from a Pax7C"€ER*_tdTomatof!* strain were used for all ScRNA-seq in vivo studies

as part of a study exploring the role of satellite cell communication during MOV [17].
Experiments and animal care were performed in accordance with the University of Kentucky
Institutional Animal Care and Use Committee. All mice were housed in a temperature- and
humidity-controlled room and maintained on a 14:10 light:dark cycle, with standard chow
and water ad libitum. All mice were females >4 months old at the time of experimentation.

Synergist ablation surgery-induced mechanical overload (MOV) of muscle

Mice underwent bilateral synergist ablation surgery to induce hypertrophy of the plantaris
muscle, as previously described by our laboratory [17]. Briefly, mice were anesthetized
using 95% oxygen and 5% isoflurane gas, then approximately 1/3 of the lower
gastrocnemius/soleus complex was removed, careful not to disturb neural or vascular supply.
Sham mice were also anesthetized and a similar incision was made followed by immediate
suture. Following 4 days of MOV (4DMOV), mice were euthanized via lethal dosage of
sodium pentobarbital and cervical dislocation.
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Human myogenic progenitor cells (MPCs) were isolated from the gracilis of two patients (1
female and 1 male) undergoing anterior cruciate ligament reconstruction (age 30-34 years)
using a human anti-CD56 (1:20, Cat# 355503, Biolegend, San Diego, CA, USA) antibody
for FACS. Cells were passaged 2-3 times in growth media consisting of Ham’s F-10
(ThermoFisher, Waltham, MA, USA), 20% fetal bovine serum (FBS, Atlanta Biological,
Minneapolis, MN, USA), 1% penicillin/streptomycin and 10ng/ml basic fibroblast growth-
factor (bFGF, Peprotech, Rocky Hill, NJ, USA). Cells were differentiated into myotubes
for 5 days using MyoCult differentiation media (DM, Stemcell Technologies, Vancouver,
Canada). On the fifth day, fresh media was added just prior to electrical pulse stimulation
(E). Cells were then either stimulated at 12 V, 1 Hz, 2 ms for 24 hr (lonOptix C-Pace

EP, Westwood, MA, USA) or had electrodes placed in wells with no stimulation (E(+) or
E(-)), followed by immediate RNA extraction using Qiazol (Qiagen, Hilden, Germany).
Conditioned media (CM) was pooled from each 6-well plate and centrifuged at 600xg for 10
min to remove debris and frozen at -80°C.

Bone marrow derived macrophages (BMDM) were obtained from bone marrow (BM)
precursor cells as previously described [18]. Briefly, total BM was obtained from mice by
flushing femur BM with Dulbecco’s modified eagle’s media (DMEM, ThermoFisher). Cells
were cultured in DMEM medium with 20% FBS and 10ng/ml colony stimulating factor- 1
(CSF-1, Stemcell Technologies) for 6 days; CSF-1 free media was added on day 7 for 12

hr. CM from myotubes was incubated with goat anti-human LIF neutralizing antibody (0.1
mg/ml, ThermoFisher) or control 1gG overnight at 4°C with gentle agitation and then diluted
1:1 with Myocult DM. The conditioned media was added on day 7 for 24 hr. Cells were then
immediately collected in Qiazol (Qiagen) for RNA extraction.

DQ type | collagen assay

The fluorogenic DQ collagen was used to directly monitor collagenase activity in vitro.
Briefly, myotube CM from either E(-) or E(+) was added to BMDM seeded in 12-well
plates. 100ug/ml of DQ type | collagen (ThermoFisher) was added to 5 different conditions;
DM only (control), 1:1 CM/DM from E(-) and E(+) myotubes with no BMDM, and

1:1 CM/DM from E(-) and E(+) myotubes with BMDM. Following 120 min, 200 ul

was removed from each well and added to a 96-well flat bottom plate. To measure the
fluorescence intensity, a fluorescence microplate reader equipped with standard fluorescein
filters was used. Digestion products from the DQ collagen were measured at absorption
maxima of ~495 nm and fluorescence emission maxima of ~515 nm and corrected for
background by subtracting the control from the value derived.

Immunohistochemistry (IHC)

Human skeletal muscle macrophage identification and quantification were performed
according to a detailed and validated method [19]. Briefly, macrophages were identified
by stepwise incubation with antibodies against the pan macrophage marker CD11b

(Cat# MON1019-1, Cell Sciences, Newburyport, MA, USA) followed by CD206 (Cat#
AF2535, R&D Systems, Minneapolis, MN, USA). Slides were fixed in —20°C acetone and
blocking steps were taken to prevent nonspecific background and cross-reactivity between
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amplification reagents. Slides were incubated with mouse IgG1 anti-CD11b (1:100, Cell
Sciences) in 2.5% normal horse serum (NHS, Vector Laboratories, Burlingame, CA, USA)
overnight at 4°C. On the second day, the sections were rinsed in 1x phosphate buffered
saline (PBS), followed by incubation with goat anti-mouse biotin secondary (1:1,000,
Jackson ImmunoResearch, West Grove, PA, USA) for 90 min at room temperature, followed
by streptavidin-HRP (ThermoFisher) for 1 hr and then tyramide signal amplification with
Alexa Fluor 488 (ThermoFisher) for 15 min. Sections were placed back in streptavidin/
biotin blocking kit (Vector Laboratories) and 2.5% NHS for 1 hr and incubated overnight
with goat anti- CD206 (1:200, R&D Systems) in 2.5% NHS at 4°C. On the fourth

day, sections were incubated in rabbit anti-goat biotinylated secondary antibody (1:1,000,
Jackson ImmunoResearch) for 90 min at room temperature. Streptavidin Alexa Fluor

594 was then added to the section for 1 hr, followed by nuclei visualization with DAPI
(ThermoFisher). Slides were coverslipped with Vectashield (Vector Laboratories) and
stitched images of whole muscle cross-sections were acquired with a 20x objective on

a Zeiss upright microscope (Carl Zeiss, Thornwood, NY, USA). The abundance of all
CD11b+/CD206+ cells were manually quantified using the event count tool in Zen software
(Carl Zeiss) and normalized to the number of fibers per cross-section.

Mouse skeletal muscle macrophage and Mmp14 visualization was performed on frozen
muscle sections as follows. In brief, slides were fixed in 4% Paraformaldehyde (PFA)

and PBS for 5 min and blocking steps were taken to prevent nonspecific background

and cross-reactivity between amplification reagents. Slides were incubated with rabbit anti-
Mmp14 (1:20, Abcam) and rat anti-Cd206 (1:200, Bio-rad, Hercules, California, USA) in
2.5% normal goat serum (NGS, Vector Laboratories) overnight at 4°C. On the second day,
sections were rinsed in PBS, followed by incubation with goat anti-rabbit HRP secondary
(1:1,000, Jackson ImmunoResearch) and goat anti-rat secondary Alexa Flour 488 (1:500,
ThermoFisher) in PBS for 90 min at room temperature, followed by tyramide signal
amplification with Alexa Fluor 594 (ThermoFisher) for 15 min. Slides were coverslipped
in Prolong Diamond anti-fade with DAPI mounting medium (ThermoFisher) and images
were acquired with a 63x oil immersion objective on a Zeiss LSM 710 upright confocal
microscope (Carl Zeiss).

To visualize capillaries, frozen muscle sections were dried and rehydrated for 5 min with
PBS, followed by two 5 min washes with PBS. Sections were blocked for 1 hr in 2.5% NHS
then incubated for 90 min with a mixture of 2 lectins: biotinylated Ulex europaeus (1:200,
Cat# B-1065-2, Vector Laboratories) and biotinylated Griffonia Simplicifolia (1:200, Cat#
B-1215-2, Vector Laboratories), and anti-laminin (1:200, Cat# L9393, Millipore Sigma, St.
Louis, MO, USA). Sections were then washed and incubated for 1 hr with streptavidin
Alexa Fluor 594 (ThermoFisher) to visualize capillaries and anti-rabbit Alexa Fluor 488
(ThermoFisher) to visualize laminin to demarcate fiber borders. After 3 final washes, the
slides were coverslipped with Vectashield and imaged. Capillaries were counted manually
and expressed per muscle fiber.

Analysis of satellite cell abundance was performed as follows. After drying, sections were
fixed in —20°C acetone, washed with PBS, incubated with 3% hydrogen peroxide, and
blocked for 1 hr in 2.5% NHS. Satellite cells were labeled by overnight incubation with
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anti—paired box 7 (Pax7) (Developmental Studies Hybridoma Bank, lowa City, lowa, USA).
Following PBS washes, sections were incubated with biotinylated anti-mouse 1gG1 (1:1,000
Jackson ImmunoResearch) for 90 min. Washes were repeated followed by a 1 hr incubation
with streptavidin-HRP (ThermoFisher). Fluorescent labeling was achieved by incubating
with SuperBoost tyramide signal amplification Alexa Fluor 488 (ThermoFisher) in PBS

for 20 min. Primary antibody against laminin (Millipore Sigma) was added followed by
anti-rabbit Alexa Fluor 594 secondary antibody (ThermoFisher) to visualize and quantify
muscle fibers. Sections were washed, incubated for 10 min with DAPI to label nuclei, and
coverslipped. Whole cross-section images were acquired with a 20x objective, satellite cells
were identified as Pax7+/DAPI+ and expressed per fiber. Laminin immuno-stained images
were previously used to determine fiber size [3]. The myonuclear number was determined
using rabbit anti-dystrophin (Abcam) followed by anti-rabbit Alexa Fluor 488 secondary
antibody (ThermoFisher) and DAPI to visualize and quantify nuclei within the dystrophin
border. Fiber cross-sectional area (CSA) and myonuclear number were analyzed using
MyoVision [20].

To analyze ECM, muscle sections were fixed for 15 min in Bouin’s fixative in a humidified
chamber at 37°C, washed, then incubated in Picosirius Red (PSR) solution (0.1% in
saturated picric acid) for 2 hrs at room temperature. After washing and dehydration with
ethanol, sections were mounted using a xylene-based media. PSR area normalized to muscle
area was quantified using a semi-automated macro for hue, saturation, and lightness in the
Zen software.

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed using the Zymo-Spin ChIP Kit (Zymo Research, Irvine, CA,
USA) with the anti-Sp1 antibody (5ug/Reaction, Cat# 17-601, Millipore Sigma). Briefly,
BMDMs were treated for 24 hr with either E(+) or E(-) myotube CM (1:1 with DM) and
then cross-linked with chromosomal DNA by 1% formaldehyde followed by sonication.
Lysates were immunoprecipitated with the anti-Sp1 antibody or rabbit 1gG isotype control
(Millipore Sigma) at 4°C overnight. Protein-A beads (Millipore Sigma) were then added
for 1 hr at 4°C with gentle rotation. Immunoprecipitated DNA was amplified by real-
time PCR (gPCR) using primers; forward, 5’-TCGAGCTGAAACACCACGTC,; reverse,
3’-GGAGGTGAGGGAATTGCTCC, which flanked the —66nt through —59nt sequence
(distance from TSS) in the Mmp14 promoter region previously identified in HCT116
cells. Immunoprecipitated DNA was calculated according to the bound (immunoprecipitated
chromatin)/input DNA ratio minus rabbit IgG isotype control.

Gene expression experiments in myotubes and BMDM

For RNA extraction, cells and tissue were lysed in Qiazol reagent (Qiagen), and

RNA was extracted using the Zymo MiniPrep kit (Zymo Research) with slight
modification; the aqueous phase from Qiazol (Qiagen) combined with 3-bromo-
chloropropane following phase separation was added directly to the spin column.

RNA concentration and quality were assessed via NanoDrop (ThermoFisher) and
Bioanalyzer using Nano chips (Agilent, Santa Clara, CA, USA). For gPCR, 10 ng of
complementary DNA (cDNA) was used per reaction, and reactions were performed using
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TagMan chemistry (ThermoFisher) and Tagman probes; L/F-Hs01055668 m1; MMP14-
Hs00237119_m1; Mmp14-MmO00485054_m1; B2-Microglobulin (B2M)- Hs00187842_m1,;
(BZ2m)- Mm00437762_m1, on a QuantStudio 3 (ThermoFisher) in duplicate with B2M as
the housekeeping gene.

For RNA sequencing (RNA-seq), myotube RNA was prepared as a 250-300 bp nonstrand-
specific library using the NEBNext Ultra RNA Library Prep Kit (NEB) followed by paired-
end sequencing using an Illumina NovaSeq 6000 s4 platform (Novogene, Sacramento, CA).
Mapping to the human — hg19 transcriptome (release 100) was performed using STAR.
Data were normalized to counts per million (CPM) add 1.0E-4 per Partek recommendation.
Quality was assessed and reads were filtered by removing reads that contained adapters,
reads that contained N > 0.1% (N represents base that could not be determined), and
low-quality reads (quality value of over 50% of bases of the read <20), and differential
analysis was performed using Partek GSA tool with default report options.

Mononuclear cell isolation from skeletal muscle

To isolate mononuclear cells from mouse muscle, we used a modified version of

the fluorescent activated cell sorting (FACS) protocol from the Rando laboratory [21].

After a single cell suspension was made from fresh muscle using collagenase followed

by collagenase and dispase, it was filtered through a 40 pm strainer. 4”,6-diamidino-2-
phenylindole (DAPI, ThermoFisher) was added to gate out dead cells using an iCyt FACS
machine (Sony Biotechnology, Champaign, IL, USA). In mice, we removed satellite cells
before sScRNA-seq, which were identified as Vcam+ (Cat# 105703, Biolegend), and all other
DAPI- cells were collected.

Single cell RNA-sequencing (ScRNA-seq)

The single cell suspension from mouse muscles was cleared of debris, dead cells, and
doublets via FACS, as described above. The cells were sorted directly into reaction

buffer (10X Genomics, Pleasanton, CA, USA). Cell concentration was determined via
hemocytometer prior to being loaded on the 10X Chromium chip. After cells were loaded
into the 10X Chromium Controller, the Single Cell 3’ reagent kit was applied according

to the manufacturer’s protocol. Libraries were prepared using version 3.0 chemistry and
were sequenced on the lllumina NextSeq 500 platform for mouse. The Cell Ranger

Single Cell Software Suite was used to perform sample demultiplexing, barcode processing
and single cell 3" gene counting (http://software.10xgenomics.com/single-cell/overview/
ddddome). The cDNA insert was aligned to an appropriate reference genome using STAR.
For mouse muscle, mm10 transcriptome (release 103) was used. Partek Flow was used

for all downstream analysis from Filtered Barcode_Matrix.h5 files. For all mouse samples,
96.89% of reads were within cells, and the estimated number of cells was 7,432 with a
median gene/feature per cell of 1,829. Filter criteria included number of reads (Min: 1,500,
and Max 200,000), expressed genes/features (Min: 500, Max: 5,000), mitochondrial reads
percent (Min: 0%, Max: 12%), and ribosomal read percent (Min: 0%, Max: 20%) were used
based on silhouette distribution (Figure S1A-D). Batch effects were observed between Sham
and 4DMOV samples upon data integration and batch corrections were employed using
Harmony [22] with the batch attribute set to Samp/e name and default configurations present
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in Partek. Additional filtering was performed which excluded features where values were < 3
in all cells of the samples yielding a total of 9,111 genes for downstream analysis. Samples
were normalized using counts per million and log transformation. Principal component
analysis (PCA) was used, and batch corrections could not be implemented reliably as no
replicate conditions were used. Uniform Manifold Approximation and Projection (UMAP)
for Dimension Reduction was performed for data visualization. K-means sub clustering was
performed on macrophages from Sham and 4DMOV aggregate samples using the Euclidean
distance metric with the Davies-Bouldin index (Figure S1E). All statistical comparisons
were conducted in Partek using the Hurdle Model.

Data availability and statistical analysis

Integration of Human RNA-seq data sets (GSE157585) and mouse 4DMOV scRNA-seq
(GSE168872) were done using Partek Flow. Raw data sets for human myotube RNA-

seq are deposited in ArrayExpress (E-MTAB-10833). Filtered barcoded Sham.h5 data

are available upon request. Results are presented as mean + SEM. Data were analyzed

with GraphPad Prism software, via a one-way repeated measures ANOVA with Sidak’s
correction for multiple comparisons or a paired or unpaired two-tailed Student’s t-test.
Linear regressions employed the Pearson product-moment correlation coefficient when

the two continuous variables were normally distributed (including all figures depicting
regressions). Significance was set at a P <0.05. False-discovery rates set to Adj-P <0.05 were
implemented for all sSCRNA-seq data analyzed.

Study approval

RESULTS

All animal studies were approved by the Institutional Animal Care and Use Committees
(IACUC) at the University of Kentucky. Human samples and accompanying clinical and
genetic data were used for this study. Sample and data collection were previously approved
by Institutional Review Boards at the University of Kentucky and University of Alabama-
Birmingham. All human subjects provided written informed consent and authorized use of
their biospecimens and data for future research.

Positive correlation of muscle adaptative responses to PRT with increase in macrophage

abundance

We previously published results of immunohistochemical analyses of muscle biopsies from
the MASTERS clinical trial (NCT02308228) demonstrating an increase in macrophages,
muscle fiber CSA, and satellite cells after 14 weeks of PRT [3]. In the present study,

we determined if the change in macrophage abundance was correlated to changes in

the other muscle properties. We found positive associations between the percent change

in macrophage number and percent change in fiber CSA (r = 0.578, P <0.005, Figure

1A), myonuclear number (r = 0.467, P <0.05, Figure 1B), satellite cells (r = 0.421,

P <0.05, Figure 1C), and capillaries (r = 0.507, P <0.01, Figure 1D). Representative
immunohistochemical images used for quantifications of macrophages (CD11b and CD206,
Figure 2A), satellite cells (Pax7) and fiber CSA (Laminin, Figure 2B), myonuclear density
(Dystrophin/DAPI, Figure 2C) and capillaries (Lectin, Figure 2D) are shown.
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We previously demonstrated that ECM remodeling genes, including MMP14, are increased
in muscle following 14 weeks of PRT in participants from this investigation [9]. Although
the change in macrophage abundance was not correlated to the change in MMP14
expression with PRT (Figure 1E, r = 0.119, P >0.05), macrophage number/fiber and MMP14
mRNA abundance were correlated in the post-PRT biopsy (Figure 1F, r = 0.578, P <0.05).
Despite ECM remodeling being one of the top upregulated pathways following PRT, we

did not observe any significant changes in fibrous collagen abundance by Picrosirius Red
(PSR) staining between pre (Figure S2A) and post (Figure S2B) muscle biopsies, which was
highly variable across participants (Figure S2C). Correspondingly, we did not observe any
association with change in macrophage number to change in fibrous collagen content by
PSR staining (Figure S2D). We also did not observe any significant association with change
in MMP14 expression and change in collagen content (Figure S2E).

Four days of mechanical overload (MOV) in mice resulted in macrophage accretion and
robust transcriptional differences

We sought to explore macrophage dynamics in response to a hypertrophic stimulus in
greater detail. Synergist ablation is a widely employed hypertrophic stimulus in mice that

is associated with pronounced macrophage infiltration in the overloaded muscle in the early
stages [1]. Sham and 4 day MOV (4DMOV) mouse plantaris muscles were enzymatically
digested and sorted on all live cells excluding satellite cells. Cell annotation was performed
using a curated list of markers derived from the scRNA-seq atlas of mouse skeletal muscle
which identified fibro-adipogenic progenitors (FAPSs), endothelial cells, macrophages,
myonuclei and neutrophils for Sham and 4DMOV aggregated samples (Figures 3A and

3B, Table S1) [23]. Increased macrophage content was visually apparent following 4ADMQOV
when compared to the Sham (Figure 4A). The proportion of macrophages versus total
mononuclear cell was also increased following 4DMOV (Sham=8.3% vs 4DMOV=50.9%,
Figure S3). At the 4 day time point, changes in the macrophage transcriptome comprised
2,105 differentially expressed genes (DEG, FDR <0.05, Fold Change (FC) <-1.5 or >1.5)
as visualized by volcano plot (Figure 4B, Table S2). The list of upregulated DEGs with
4DMOV include Arg1 (27-fold), Mmp14 (22-fold), Chil3 (10-fold) and Vegfa (9-fold).
Those genes downregulated in 4DMOQOV compared to Sham included Retn/a (909-fold),
Mgl2 (336-fold), Cd163(134-fold) and Lyvel (83-fold). Furthermore, tissue inhibitor of
metalloproteinases 2 and 3 (77mpZ2/3, 11-fold and 1.5-fold respectively), were significantly
lower in 4ADMOQOV macrophages relative to Sham. In terms of cell type expression of Mmp14,
it was clear that under resting conditions the majority of cells expressing Mmp14 were
FAPs, whereas at the 4DMOV time point, macrophages were the major source of Mmp14
expression (Figure 5A). To confirm that the transcriptional changes resulted in translational
changes to Mmp14 expression in macrophages, we performed IHC on Sham and 4DMOV
mouse muscle cross-sections. Using antibodies against macrophage marker CD206 and
Mmp14, we were able to visually confirm both the absence of Mmp14 co-staining in
macrophages in sham plantaris muscles (Figure 5B, left panel) and the co-localization of
Mmp14 and CD206 staining in 4ADMOV macrophages (Figure 5B, right panel). Changes

in macrophage heterogeneity were also apparent by k-means clustering, which generated 3
subclusters of macrophages between Sham and 4DMOV aggregates (Figure 5C, Table S3).
K-means clustering coupled with pathway analysis illustrated a divergence in macrophage
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metabolic signature between clusters 1 (oxidative, Table S4) and 2 (glycolytic, Table

S5). Classical macrophage subtypes such as inflammatory or anti-inflammatory were less
apparent at the day 4 time point. Cluster 3, which was composed entirely of Sham
macrophages, demonstrated the highest expression levels for resident macrophage markers
Lyveland Timad4 (Table S3). We were not able to confidently identify a subcluster of
macrophages that expressed the highest levels of Mmp14in the 4ADMQV group (Figure 5D)
as both KM1 and KM2 clusters expressed similar levels of Mmp14 and therefore sought to
explore the muscle-macrophage crosstalk /n vitro for a greater mechanistic understanding of
how MOV was influencing macrophage specific expression of Mmp14.

Conditioned media (CM) from myotubes following an in vitro exercise mimetic (E) in bone
marrow-derived macrophages (BMDM)

Muscle fibers are the largest cells in muscle and release cytokines in response to contraction.
We speculated that a factor or factors released by muscle cells in response to contraction
could affect Mmp14 production by macrophages. We used an /n vitro exercise mimetic,
electrical pulse stimulation (E+/-), to induce chronic myotube contractions for a 24 hr
period. Following 24 hr of E(+) or E(-), we collected myotube conditioned media (CM)

and treated mouse bone marrow-derived macrophages (BMDM) for 24 hr using both E(+)
and E(-) conditions. We then performed qPCR for Mmp14 expression between treatment
groups. Following 24 hr of E(+) CM treatment, BMDM had a nearly 2-fold higher Mmp14
expression relative to E(-) CM treatment (Figure 6A, P <0.01).

CM from E(+) myotubes promotes Sp1l binding to the Mmp14 promoter in BMDM

Previous research /n vitro has demonstrated that p53 binds to the MAMPI4 promoter region
between the transcriptional start site -66nt and -59nt to inhibit Sp1 mediated transcription

in HCT-116 cells [15]. In analyzing the mouse Mmp14 promoter, we identified a conserved
sequence (5’-GGGGCGGGG-3’) 4nt upstream of the previously mentioned human promoter
binding site. To determine whether changes in Sp1 binding to the Mmp14 promoter occurred
with E(+) CM treatment in mouse BMDM, we performed ChIP on BMDM using an
antibody against the mouse Sp1 protein following 24 hr of E(+) or E(~) CM treatment.

We generated primers that flanked the response element for p53/Sp1 and performed gPCR.
We found a 2-fold enrichment in Sp1 binding to the Mmp14 promoter in E(+) CM-treated
BMDM compared to E(-) CM-treated BMDM (Figure 6B, P <0.01).

Elevated LIF expression in human primary myotubes with electrical stimulation and in
skeletal muscle following MOV

First, we sought to identify muscle-derived cytokines that were upregulated /n vitro by
electric pulse stimulation. We performed RNA-seq on two different primary human cell

lines comparing E(+) to E(-) myotubes. We used fold change cut-offs > 1.5 and unadjusted
P <0.05 to identify potential myokines that were upregulated by 24 hr of E(+/-) (Table

S6). Pathway analysis of biological processes demonstrated an upregulation of intracellular
signal transduction, DNA replication and protein phosphorylation (Figure 6C, Table S7).
Investigation of candidate myokines showed that L/FmRNA was upregulated with E(+), and
we validated these findings in a separate experiment by gPCR (Figure 6D, P <0.05). /L6
transcript was expressed at very low levels and was not significantly different in the RNA-
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seq analysis (data not shown). To translate our /in vitro findings, we analyzed L/Fexpression
from a subset of MASTERS participants. L/Fexpression by gPCR was significantly higher
following PRT in skeletal muscle (Figure 6E). Correlative studies demonstrated that there
was a significant association between the changes in L/Fand MMP14 expression following
PRT (Figure 6F, r = 0.4731, P <0.05).

Inhibition of LIF blunts the increase in macrophage Mmp14 expression following E(+) CM

treatment

We next assessed if LIF was directly responsible for the increase in macrophage Mmp14
expression. Using a human anti-LIF neutralizing antibody (LIFAb), we treated BMDM for
24 hr with either E(+) or E(-) CM, with or without LIFAb (LIFAb+/-). Following the
incubation period, RNA isolated from BMDM was subjected to qPCR using probes for
Mmpl4. Treatment of BMDM with E(+)LIFAb(=) CM resulted in a significant increase

in Mmp14 mRNA compared to E(-)LIFAb(-) CM (Figure 7A, P <0.05). Conversely,
E(+)LIFAb(+) CM failed to induce a significant increase in Mmp14 expression in BMDM
(Figure 7A), implicating muscle-derived LIF as the primary mediator of Mmpi4 gene
expression in macrophages.

BMDM treated with E(+) CM display enhanced type | collagen degradation mediated by LIF

To determine if elevated Mmp14 expression in BMDM by E(+)CM results in collagen
degradation, we used an /n vitro model to assess type | collagen degradation using a DQ
type | collagen assay, which emits fluorescein as collagen is degraded. We first assessed if
CM from myotubes following E(+) or E(-) induced any significant changes above control
(unconditioned media). We detected very little fluorescein emission when the collagen was
treated with E(+/-) CM in the absence of BMDM (CM, Figure 7B). In the presence of
BMDM cells, DQ collagen degradation was higher than CM alone (Figure 7B, P <0.0001).
E(+)LIFAb(-) CM-treated BMDM showed a significant increase in degradation above
E(-)LIFAb(-) CM-treated BMDM (Figure 7B, P <0.05). CM treatment with the anti-LIF
neutralizing antibody (E(+)LIFAb(+)) prevented the increased degradation in E(+)LIFAb(-)
CM-treated BMDM (Figure 7B).

Discussion

ScRNA-seq is an attractive approach to identify heterogeneity within cell types, especially
macrophages, which have classically been defined in a binary fashion as pro- or anti-
inflammatory. In skeletal muscle regeneration studies, macrophages have been proposed
to transition along a continuum from a pro-inflammatory phenotype at the onset of injury
towards an anti-inflammatory and regenerative phenotype over 7-14 days [24]. To date,
several RNA-seq and sScRNA-seq manuscripts have gone into great-detail describing the
transcriptomic alterations of macrophages during regeneration [23, 25]. While macrophage-
derived growth factors have obvious implications for muscle regeneration, the role of
macrophages is less clear in the context of hypertrophy. Here we utilized scRNA-seq to
describe the macrophage response to MOV to add to the understanding of macrophage
biology within adult non-regenerating skeletal muscle. We also provide insight on the
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potential role of macrophages in ECM remodeling with loading and identification of a novel
muscle-cell macrophage axis involving L/Fand MMP14.

Using synergist ablation as a model of MOV in mouse skeletal muscle, we identified

three clusters of macrophages across two time points. To date, macrophage heterogeneity
has largely been described as a metric of time from injury [24]. With regard to the
metabolic influence, previous /n vivo findings from Varga et al., illustrated that changes in
macrophage metabolism preceded changes in inflammatory status following injury [26]. Our
findings indicate that macrophage heterogeneity early during hypertrophy is largely dictated
by metabolic state as opposed to inflammatory status. At day 4 of MOV, we observed

two subclusters of macrophages that demonstrated differential gene expression of inverse
glycolytic or oxidative metabolic transcripts. Both subclusters expressed ECM remodeling
transcripts that were differentially expressed compared to Sham, including Mmp14 that was
increased 22-fold in 4ADMOV macrophages compared to Sham macrophages regardless of
subcluster.

MMP14 plays an important role in a variety of remodeling events including myogenesis,
angiogenesis, cell migration and collagen degradation [10, 15, 27]. ECM remodeling

in response to a hypertrophic stimulus is necessary for permitting myofiber out-growth
through the remodeling of the basement membrane [28]. Following 14 weeks of PRT in
humans, we identified a positive association between MMPI14 expression and macrophage
number. These findings suggest that macrophages maybe a primary source for MMP14
expression following PRT. Given the similarity between the macrophage-associated changes
in muscle architecture and the importance of MMP14 in skeletal muscle (satellite cell
proliferation/fusion, capillary formation and enlargement of muscle fiber CSA), it appears
that macrophage-specific MMP14 expression may facilitate skeletal muscle adaptations to
PRT. Despite our previously reported changes in ECM remodeling pathways with PRT [9],
PSR staining did not reveal any significant changes to fibrous collagen content following 14
weeks of PRT in MASTERS participants. Additionally, neither macrophages nor MMP14
expression were associated with changes in total fibrous collagen abundance by PSR
following 14 weeks of PRT. It is important to note that the age of our subjects may have
played an important part in the absence of significant changes to fibrous collagen content by
PSR. A recent report has provided evidence that a smaller dynamic protein pool of collagen
exists in aged mice (>23 month) compared to young mice (6 month), which researchers
attributed to a decline in proteostatic maintenance [29]. With aging, long-lived proteins such
as collagen become more susceptible to damage and protein aggregation which impedes
protein turnover by proteases such as MMP14. Additional limitations to PSR staining are
that it primarily stains collagens | and I11, therefore any changes in the basement membrane,
which is primarily collagen 1V, would not be detected.

Exercise-induced muscle cytokines are likely candidates for upregulating macrophage
expression of MMPI14. LIF has previously been described as a resistance exercise-induced
myokine, although not detectable in plasma following exercise [11]. LIF knockout mice
fail to undergo skeletal muscle hypertrophy following 21 days of MOV, which indicates
an important paracrine function of LIF in skeletal muscle hypertrophy via mechanisms
currently unknown [13]. Our results suggest an important function of LIF is to facilitate
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remodeling of the ECM through interactions with macrophages. Our /in vitro experiments
suggest that communication between electrically stimulated myotubes and macrophages
promotes collagen degradation via MMP14. The mechanism by which LIF regulates
MMP14 expression was first discovered in a HCT116 cell line (human colorectal cancer
cell line), where the authors reported an increase in p53 degradation with LIF treatment
[30]. In a similar study, IL6 treatment, which is highly homologous to LIF, was used

to further describe the mechanism by which p53 degradation enables Sp1 binding to the
MMP14 gene promoter in HCT116 cells [15]. Sp1 was previously characterized as the
primary transcription factor responsible for MMP14 gene expression in multiple human
immortalized cell lines [31]. Here, we show that in macrophages, myotube conditioned
media following electrical stimulation promotes Sp1 binding to the Mmp14 promoter. These
findings are the first to demonstrate that this mechanism is conserved in macrophages.

Our focus was to identify how changes in muscle macrophages with PRT/MQV influence
ECM remodeling. Despite illustrating enhanced type | collagen degradation following E(+)
CM treatment of BMDM in vitro, further studies will be needed /n vivo using macrophage-
specific Mmp14knockout mice to assess the physiological impact of macrophage Mmp14
on ECM remodeling. Similarly, one could also generate skeletal muscle-specific L/if
knockout mice to validate our /n7 vitro findings. The underlying role of metabolism in
macrophage heterogeneity may also be of interest, especially if impeding shifts in glycolysis
or OXPHOS may adversely affect ECM remodeling or muscle growth. The accessibility of
monocytes/macrophages and our understanding of how they are recruited to damaged or
exercised muscle makes macrophages highly attractive therapeutic drug and gene targets.
Deepening our understanding of macrophage function should fuel future research to
manipulate and potentially enhance muscle adaptations to resistance exercise and reduce
skeletal muscle fibrosis and anabolic resistance associated with aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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In human vastus lateralis, a significant association between changes in macrophage
abundance and changes in (A) muscle fiber CSA (r=0.578, P <0.005, N=23), (B) MN

(r=0.467, P <0.05, N=23), (C) SC (r=0.421, P <0.05, N=24), (D) CAP (r=0.507, P <0.01,

N=24) following 14-weeks of PRT. (E) The change in macrophage content with PRT
does not associate with the change in MMPI4 expression (r=0.1190, P >0.05). N=19.
(F) Absolute number of macrophages correlates to MMP14 expression at the end of
PRT (r=0.578, P <0.05) N=18. Pearson r correlations were used for all analysis. CSA,
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cross-sectional area; MN, myonuclei; SC, satellite cells; CAP, capillaries; PRT, progressive
resistance exercise training; MMP14, matrix metalloproteinase 14; FPKM, fragments per
kilobase of transcript per million mapped reads.
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Figure 2.
Representative images of skeletal muscle immunohistochemistry. (A) Skeletal muscle

macrophages were identified using antibodies against CD11b (green) and CD206 (red);
CD11b+/CD206+ cells were counted (white arrows). (B) Satellite cells were identified using
a Pax7 antibody (red) within the laminin border (green); satellite cells were expressed

per fiber. Muscle fiber cross-sectional area was measured in these images. (C) Myonuclei
(gold arrows) were identified as DAPI+ (blue) nuclei within the dystrophin border (green).
(D) Capillaries were identified using fluorescently conjugated lectin (pink) with a laminin
antibody to outline fibers (green) and measured per fiber (yellow arrows). Scale bar=100um
for A, B, and D; scale bar=20pm in C.
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Figure 3.
scCRNA-seq demonstrates cell populations of combined Sham and 4 day of mechanical

overload (4DMOQOV) mouse plantaris muscles using UMAP. (A) Cell types were classified as
either endothelial cells (Endo, blue), myonuclei (MN, green), fibro-adipogenic progenitors
(FAPs, red), macrophages (Macs, gold), or neutrophils (Neutro, purple). (B) Biomarkers
illustrated as bubble plot for identifying cell types in Sham and 4DMOV samples. N=6,528
total cells (Sham= 2,430 cells and 4ADMOV=4,098 cells). scRNA-seq, single cell RNA-
sequencing; UMAP, uniform manifold approximation and projection.
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Figure 4.
scRNA-seq of mouse macrophage populations under Sham and 4 day mechanical

overload (4DMOQV) conditions. (A) UMAP plot of macrophages under Sham conditions
(red) compared to after 4ADMOQOV (blue) in mouse plantaris muscles. (B) Volcano plot
demonstrating the number of differentially expressed genes (DEG) significantly increased
(red), decreased (blue) or unchanged (black) when comparing 4DMOV vs Sham (FDR
<0.05). scRNA-seq, single cell RNA-sequencing; FDR, false discovery rate; UMAP,
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uniform manifold approximation and projection. Mmp14, matrix metalloproteinase 14;
Argl, Arginase 1; Chil3, chitinase-like 3; Vegfa, vascular endothelial growth factor alpha.
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Figure5.
Assessing Mmp14 expression across cell types in Sham and 4 day mechanical overloaded

(4DMOV) muscles and macrophage sub clusters. (A) Under Sham conditions (red), FAPs
are the predominant source of Mmp14. Following 4ADMOV (blue) macrophages present
as the majority of Mmp14 expressing cells. (B) Representative images of mouse skeletal
muscle staining of pan macrophage marker CD206 (red), Mmp14 (green) and DAPI
(blue) under Sham or 4ADMQV conditions. Scale bar=20um. (C) K-means clustering of
macrophages from both sham and 4DMOV muscles reveals 3 sub clusters with Sham
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clustering separately (cluster 3, gold) and 4DMOV macrophage clusters consisting of cluster
1 (blue) and cluster 2 (red). (D) Feature plot of Mmpi4 expression across the macrophage
cluster. FAPs, fibro-adipogenic progenitors; MN, myonuclei; Endo, endothelial; Neutro,
Neutrophils; Mmp14, matrix metalloproteinase 14; Macs, macrophages.
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Effects of E(+) and PRT on BMDM and myotube gene expression. (A) BMDM expression
levels of Mmp14were quantified by gPCR following treatment with E(+/-) CM for 24

hr (**P <0.01) using an un-paired students t-test. N=5. (B) ChlIP of Sp1 binding activity
to Mmp14 promoter in BMDM following 24 hr of E(+/-) CM treatment (**P <0.01).

The percent Sp1 fraction over input was compared between treatments using an un-paired
students t-test. N=6. (C) Gene set analysis of biological processes upregulated in E(+)
myotubes compared to E(-) myotubes using a negative log10 adjusted P-value. N=2. (D)
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RNA was isolated from human primary myotubes subjected to E(+/-) for 24 hr. LIF

mRNA was quantified by qPCR (*P <0.05), and compared between treatments using an
un-paired students t-test. N=5-6. (E) LIF mRNA was quantified in pre and post 14 week
PRT muscle from older adults using qPCR (*P <0.05), and compared across treatments
using a paired students t-test. N=16. Correlative studies also demonstrate that (F) changes

in L/Fexpression positively associate with changes in MMP14 expression following 14
weeks of PRT by gPCR (r=0.4731, P <0.05). N=16. Data presented as mean + SEM. E(+/-),
electrical pulse stimulation; FC, fold change; CM, conditioned media; Mmpl14/MMP14,
matrix metalloproteinase 14; LIF, leukemia inhibitory factor; FPKM, fragments per kilobase
of transcript per million mapped reads; Sp1, specificity protein 1; qPCR, real time PCR.
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Figure 7.
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LIF modulates Mmp14 expression and type | collagen degradation rates /n vitro. (A) CM
from E(+) and E(-) myotubes was pre-treated with 0.1 pg/ml of human anti-LIF neutralizing
antibody or 1gG control antibody (LIFAb(+/-)) followed by incubation with BMDM for

24 hr. Cells were collected, RNA isolated and Mmp14 expression quantified by gPCR. (*P
<0.05). N=6. Results are expressed as fold change from control group; E(-)LIFAb(-). (B)
DQ type I collagen substrate was used to measure the degradation rates by BMDM in the
presence of myotube CM. BMDM s had a significant effect on type I collagen degradation
compared to CM alone (#P <0.05). E(+) CM treatment of BMDM (E(+)LIFAb(-)) had a
significant effect above that observed in control group (E(-)LIFAb(-), *P <0.05, #P <0.05)
compared to CM*P <0.05)). N=3. All analyses were performed using one-way repeated
measures ANOVA with Sidak’s correction for multiple comparisons. Data presented as
mean + SEM. BMDM, bone marrow derived macrophages; CM, conditioned media; LIFAb,
LIF neutralizing antibody; Mmp14, matrix metalloproteinase 14; E(+/-), electrical pulse
stimulation; LIF, leukemia inhibitory factor; qPCR, real time PCR.
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