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Theinflammatory response of the supraspinatus muscle in rotator cuff tear conditions.

Running title: Muscle inflammation and rotator cuff

Abstract

Background: Rotator cuff (RC) disorders involve a spectrumtafidder conditions from early
tendinopathy to full-thickness tears leading to @ngd shoulder function and pain. The pathology
of RC disorder is, nonetheless, still largely unknolt is our hypothesis that supraspinatus (SS)
tendon tear leads to sustained inflammatory chaofybee SS muscle along with fatty infiltration
and muscle degeneration, which are threshold mafkepoor RC muscle function. The aim of this
study was to determine the extent of this musdlanmmation in conjunction with lipid
accumulation and fibrosis in RC tear conditions.

Methods:We used proteomics, histology, electrochemilumiaese immunoassay, and gPCR
analyses to evaluate inflammatory and degenerataniers and fatty infiltration in biopsies from
22 patients undergoing surgery with repair of & thickness supraspinatus (SS) tendon tear.
Results: Bioinformatic analysis showed that proteins inamlun innate immunity, extracellular
matrix organization, and lipid metabolism were aghtinee most upregulated whereas mitochondrial
electronic transport chain along with muscle fifugrction were among the most downregulated.
Histological analysis confirmed changes in musitlerforganization and the presence of
inflammation and fatty infiltration. Inflammatiorppeared to be driven by a high number of
infiltrating macrophages, accompanied by elevatattimmetalloprotease levels and changes in
transforming growth factop- and cytokine levels in the SS compared to thiideinuscle.
Conclusions: We demonstrated massive SS muscle inflammation taftelon tear combined with
fatty infiltration and degeneration. The regulatmfrtissue repair is thus extremely complex, and it
may have opposite effects at different time poaitsealing. Inhibition or stimulation of muscle

inflammation may be a potential target to enhandgeame of the repaired torn RC.
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Leve of evidence: Basic Science Study; Histology, Molcular and @dlogy
Keywords. Shoulder disorder, muscle damage, proteomics, iprob@nges, extracellular matrix

degeneration, fatty infiltration

I ntroduction

Rotator cuff (RC) lesions are some of the most comshoulder conditions in humans and can
lead to weakness, pain, and limited/reduced mgbilihe prevalence of RC tears is age-dependent,
and both partial and full-thickness RC tears inseemarkedly after 50 years of d§eThe etiology

of RC diseases is multifactorial with frequent ilveament of the supraspinatus (SS) tentidrull-
thickness SS tears do not heal spontaneously,uagitally repaired RC tears tend to heal poorly
15133 A recent Cochrane review questioned whether re@C tears provides meaningful benefit
to patients with symptomatic RC te&fsThere is, therefore, a pressing need to bett@enstand

the pathophysiology behind RC tear conditions oeoto improve results after surgical repair of
RC tendon tears.

In full-thickness RC tears, increased numbers ofiime cells have been demonstrated in the
synovial tissue adjacent to the SS tentland an increase in tear size correlated with atgrero-
inflammatory response in the synovidi>. Recent data suggest that the RC muscles alsonigeco
inflamed in the presence of an RC t&amnd results from experimental models suggestaitate
inflammation plays a detrimental role in the orsfethronic muscle damage following RC tes

9 |tis also generally agreed that chronic RC teniésion leads to degenerative muscle changes
in the form of fatty infiltration and fibrosi¥.

Several animal studies have provided evidencegoifgiant increases in inflammatory cytokines,
growth factors, and matrix metalloproteases (MMR®)icating muscle inflammation following

experimental RC tendon ter*®. Changes in the biology of human RC muscles indeaditions
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remain poorly defined at the cellular level, howewad RC muscle as a target for inflammation
following RC tear is only sparsely understd8d

The aim of this study was to provide a more rolbusterstanding of the inflammatory environment
of human SS muscle in RC tear conditions. It istogoothesis that inflammatory conditions
precede disturbances of the muscle architectutkeaantually lead to RC muscle fatty infiltration
and degeneration. To investigate this, we applieahtjtative proteomics followed by histological,
multiplex chemiluminescence, and gPCR analysesflammation in SS and deltoid muscle

biopsies that were harvested from patients undeggsurgery for RC tears.

Materials and methods

Patient cohort

Patients (n=22) with a relevant shoulder traumadinital signs of an RC lesion were recruited
(Supplementary Table 1). Median age of lesions3asnonths (IQR 2-14 months). Patients
underwent preoperative magnetic resonance imaggug ievealing SS tendon tear, and all tears
were confirmed at surgery. Informed written conseas obtained from all patients. The workflow

of the project is presented in Figure 1.

Human tissue

The RC and musculotendinous junction of the SS rfawsere gently débrided from fascia and
bursal tissue using a blunt shaver. SS tendon arsglmbiopsies were harvested from the edge of
the tendon and approximately one centimeter méalihle tendon, respectively, under direct
visualization from the arthroscope. Comparativepbies were taken from assumed healthy,
ipsilateral deltoid muscles. Biopsies were snagdroon dry ice and stored at -80°C or fixed in

10% neutral buffered formalin and embedded in fiaraf
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Blood samples

Blood samples were obtained in EDTA coated testduimmediately prior to surgery to estimate

preoperative peripheral inflammation. Hemoglobire@ctive protein and white blood cell counts
were analyzed. The patient cohort was also testepgrésence of rheumatic factors (anti-nuclear,

anti-cyclic citrullinated, and mitochondrial antidies and rheumafactor).

Histology and | mmunohistochemistry

SS or deltoid muscle tissue was sectioned ipta fhick sections on a microtome.
Immunohistochemistry for CD68 was performed on@\é@NIS platform (Dako/Agilent, Denmark)
using mouse anti-CD68 (1:50, Clone PG-M1) antibadgt EnVision™ FLEX as detection system,
while immunohistochemistry for FOXP3, CD3, and agtilin was performed on a BenchMark
Ultra immunostainer (Ventana Medical Systems, ABA) using mouse anti-FOXP3 (1:40, clone
236A/E7), rabbit anti-CD3 (ady-to-use”, clone 2GV6), and mouse anti-adipophilin (1:5@ne
AP125) antibodies and the OptiView-DAB detectiostsyn. Parallel sections were stained with
hematoxylin and eosin (HE).

Slides were scanned on a NanoZoomer 2.0 RS scénaeramatsu Photonics, Visiopharm,
Denmark). To produce merged images, NDP view (HaatsumPhotonics, version 2.6.17) was
applied to find identical regions on neighboringjcstained for FOXP3 and CD3, respectively.
The images were processed and merged using Phpt@hfAdobe Systems, CA, USA) and
ImageJ/Fiji. The area with muscle tissue in eadp$y was determined using the freehand region
function and the number of CD3 and FOXP3 withirs thiiea was manually counted at 20x

magnification.
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Proteomics

Homogeni zation of tissue biopsies

Approximately Immwas cut from the frozen tendon and muscle biogsieswas homogenized by
bead beating using ss 0.9-2.0mm beads (Bullet ble@dld, Next Advance Inc, USA) in reducing
lysis buffer (5% sodium deoxycholate (SDC; Sigmdrih, USA), protease inhibitors (cOmplete,
Roche) in 50mM TEAB (Sigma Aldrich). Protein contration in lysates was determined by
protein A280 and lysates stored at -80°C (DeNoUXA).

Samples were further processed using an optimib&c fBter-aided sample preparation protein
digestion (SDC-FASP) essentially‘assing 100pg protein starting material in 10kDaeoalar
weight cutoff spin-filters (Merch Millipore, Singape). The lysates were reduced (10mM TCEP)
and alkylated (50mM Chloroacetamide) each for 15migigestion buffer (5% SDC in 50mM
TEAB; Sigma-Aldrich). Overnight trypsin digestioh27°C was performed by addition of 200
0.5% digestion buffer containing Trypsin 1:50 (VRierce, USA). Peptides were extracted by
acidification and phase-separation, where 3:1 (gthyl acetate of sample volume was added and
acidified by adding Trifluoroacetic acid (Sigma-Aith) to a final concentration of 1% (pH<2)
followed by centrifigation. The collected lower &qus phase containing the peptides was dried in
a vacuum centrifuge and dissolved in 0.1M TEAB.tRiepconcentration in lysates was determined
by protein A280 and lysates stored at -80°C (DeMpUSA).

ITRAQ labeling

A total of 5pg of each sample was labeled withpdek iTRAQ kit (AB Sciex, USA) according to
manufacturer’s instructions. Briefly, samples wezalissolved to total volume of 25uL 0.1M
TEAB, pH 8.5 while 290uL 96% ethanol were added®AQ reagents. Next, 50uL of the

ITRAQ reagents was transferred to the samples,iwi@re then labelled, mixed after 1h of
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incubation at room temperature dried, and resusggemd2% acetonitrile (AcN), 0.1% TFA
(Sigma-Aldrich).

iTRAQ sample analysis

Samples were analyzed per UPLC-TandemMS in techaigdicates. Labeled peptides were
separated by a nanoUPLC system (Thermo Scienti§@) coupled online to a Q Exactive HF MS
(Thermo Scientific) using a reverse phase C18 trappolumn setup with 75cm main column
(Thermo Scientific) with loading in 2% solvent B120 FA in AcN) gradient and separated by
176min gradient from 11%B to 30%B with a constdmivfrate at 250nL/min. MS was operated in
positive mode using Top10 data-dependent acquisiMS1 m/z 375-1,500 at R 120,000) and
tandems sequencing using fixed m/z range at 11@an82 resolution of 15,000.

Database searches

Raw data were processed using Proteome Discover@iovs23 (Thermo Scientific). Sequest HT
was set as the search engine against the reviewgddHomo sapiens reference protein database
(09/2017). iTRAQ 4-plex labeling of N-terminal alydine and carbamidomethylation (C) were set
as fixed modifications while oxidation (M), deamiida& (N/Q) and protein N-terminal acetylation
were included as variable modifications. Precursass tolerance and fragment mass tolerance
were set at 10ppm and 0.05Da, respectively. PSNis fiered using percolator with a strict false
discovery rate (FDR) of 1% and a relaxed FDR of 39fique and razor peptides were used for
guantification, and iTRAQ channels were normalizetbtal peptide amount. Master proteins were
filtered for high protein FDR confidence. MS datvé been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier RMB037.

Bioinformatics analyses and functional annotation of regulated proteins

Normalized abundances were used for further analysproteins identified with two or more

unique peptides. Data distribution was assessddRétseus v.1.5.3.2 software and differentially
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regulated features were selected using t-testaviibst-hoc background-based adjusted p-
value<0.05®. Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/mgnwas used to compare the
regulated proteins among the different comparisdoppGene Suifewas used for functional
enrichment of regulated proteins according to Ge@nmlogy (GO) terms and pathway analysis.

Enriched lists were further accessed by Stringapfytoscape v3.64.

Reversetranscription quantitative PCR (RT-gPCR) analysis of FOXP3, MYOG, and MMP13
in SS and deltoid muscle tissue

RNA extraction

Muscle biopsies (n=18/group) were isolated usindg®R Reagent. Phase separation was
performed using chloroform and isopropyl alcohobwaed to precipitate RNA. The RNA
concentrations and purities were determined usiNgraodrop Spectrophotometer (Thermo
Scientific).

cDNA synthesis

RNA samples were diluted to obtain a concentratio250ng/uL, and reverse transcription was
performed using an Applied Biosystem kit accordmghe manufacturer’s instructions. The
synthesis was performed using an MJ Research PB@2&dient Thermal Cycler (Marshall
Scientific). cDNA samples were diluted to lower tancentrations te 50ngjuL.

RT-gPCR

RT-gPCR was performed using a CFX Connect Real-R@R Detection System (Bio-Rad) and
analyzed using SYBR green. Samples were run agstanstiard curves generated from serial
dilutions from a pool of all samples. Values weoemalized toACTB (5-actin) as the reference
gene and calibrated to a pool of cDNA obtained frome pectoralis and one subscapularis muscle

biopsy. Triplicates of all samples, standards, meghtive controls were conducted. To ensure no



169  sign of primer dimer formation or contaminatiomaamplification control (NAC), a no template
170  control (NTC), and a no reverse transcriptase (N®die included as controls.

171 RT-gPCR cycling conditions were as follows: 10mi®%C, followed by 40 cycles of denaturing
172  at 95C for 15 seconds, 30 seconds at annealing temperatnd extension at @at 30 seconds.
173  Primer sequences weCTB, sense 5'-GGCCACGGCTGCTTC-3" and anti-sense 5°-

174 GTTGGCGTACAGGTCTTTGC-3" (52°C and T, 84°C), FOXPS3, sense 5-

175 CCCGGATGTGAGAAGGTCTT-3" and anti-sense 5"-TTCTCCTICAGCACCAG-3’ (T

176  57°C and T, 82°C), MYOG, sense 5-GCCCTGATGCTAGGAAGCC-3" and anti-sense 5

177 CTGAATGAGGGCGTCCAGTC-3" (T70°C and T, 85°C), andMMP13, sense 5-CGC CAG
178 ACA AAT GTG ACC CT-3" and anti-sense 5-CAG GCG CGAA GAA TCT GT-3" (T, 55°C
179 and T, 77°C)._Primer specificity was ensured by generation@araluation of melting curves.

180 Primers were purchased from TAG Copenhagen.

181

182  Electrochemiluminescence analysis

183  Protein purification

184 Tendon and muscle samples were homogenizetCairdMesoscale Lysis buffer containing

185  Phosphatase Inhibitor Cocktail 2 and 3 (Sigma-Ahlriand Complete Mini EDTA-free Protease
186 Inhibitor (Roche). Protein content was measurethbybicinchoninic acid method using the

187  Thermo Scientific Micro BCA" Protein assay Kit (Pierce Chemical ¢9)

188  Multiplex analysis

189  Protein concentrations in tendon and muscle samy#es measured using an MSD human U-Plex
190 Biomarker Multip-Plex Kit, a U-PLEX human TGFCombo Kit, a human MMP 3-Plex Ultra-
191 Sensitive Kit, and human TNF-RI and TNF-RII UltrafSitive Kits (all from Mesoscale), using the

192  MSD QuickPlex (SQ120) Plate Reader (Mesoscale)rdowg to the manufacturer’s instructions.
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ICAM-1 and VCAM-1 analyses were performed on SS @gltbid muscle tissue using V-PLEX
Vascular Injury Panel 2 (Mesoscale). Samples wanerr duplex and diluted 2- or 4-fold in Diluent
41 prior to measurement. Data were analyzed usi8® Wiscovery Workbench software. The
lower limit of detection was a calculated concemtrabased on a signal 2.5 standard deviations
(SD) above the blank (zero) calibrator and coedfitiof variation (CV) values below 25% were

accepted.

Statistical analysis

To examine differences in protein expression betv&® and deltoid muscle tissue, paired
Student’s t-test was used. Correlation analysesdsat cytokine, MMPs, and growth factors versus
age of lesion used Spearman’s test.To examineotielation between the relative expression of
FOXP3, MYOG, andMMP13 in SS and deltoid muscles, a paired Wilcoxonwest carried out.

The outlier test ROUT was used to identify and reenoutliers more than 2 SD from the dataset.
All statistical analyses were carried out usingfgBiRad Prism. P-value®.05 were considered

statistically significant. Data are presented aam&D or median (25, 75 interquartile range,

IQR).

Results

M ass spectrometry-based proteomics analysis shows protein regulation upon RC lesion

Using quantitative mass spectrometry (MS) protespadotal of 2,463 proteins were identified, of
which 1,895 had two or more unique peptides (Supetdary Table S2). Moreover, 417 quantified
proteins were shared by all tissues of all patiants could be assessed by principal component
analysis (PCA) (Supplementary Figure 1A), whichvgdo a clear distribution pattern even in the

absence of well-delimited clusters.
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To better understand protein regulation underly®@pathology, SS muscle protein expression
pattern was compared to deltoid as a non-RC shonidscle control. A total of 239 proteins were
regulated. Of these, 114 were more highly expresstdte SS muscle (Figure 2A, Supplementary
Table S3). Gene ontology analysis showed ‘extralzlimatrix organization’ and ‘neutrophil
degranulation’ among the most enriched biologicatpsses (Supplemental Figure 2, Table S4)
while ‘degradation of extracellular matrix’, ‘inrimmune system’ and ‘neutrophil degranulation’
were among the enriched pathways of upregulateeipso(Figure 2B, Supplementary Figure 2,
and Supplementary Table S4). Interestingly, ‘mitoudrial cellular localization’, and ‘muscle
system process’ were among the enriched annotatfashewnregulated proteins (Figure 2B,
Supplementary Figure 3, and Table S4). A detaiktf regulated proteins involved in the above-
mentioned processes, along with experimental rat@provided in Figure 2C-K.

To address the molecular response of differentihi¢s, the comparison between SS muscle and
SS tendon showed 139 differentially expressed pr@{&upplementary Table S5). Pathways or
gene ontologies related to immune response ommiflatory processes were not enriched among
these regulated proteins.

In contrast, pointing towards a common moleculgnaiure between SS muscle and SS tendon in
RC disease, 38 proteins were regulated in bothds®hen compared to deltoid muscle
(Supplementary Figure 1B, Supplementary Tablesn865%). Several of these proteins were
related to catalytic activity, with mitochondrialgtein complex being the main cellular component

(Supplementary Figure 1C).

RC lesion resultsin atrophy and lipid accumulation

Staining with hematoxylin & eosin revealed musdbef changes already 1% months after tendon

lesion represented by internalization of nuclei engscle fibers of varying size after the tendom tea

10
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(Figure 3A). In addition, pathological infiltratirgdipocytes were detected, as substantial fat
infiltration was seen together with arrays of ioglular myonuclei and varying fiber size,
suggestive of degeneration (Figure 3B,C).

Inflammatory changes appeared to be intensifienh ft&2 months to 6 months with abundant
stromal inflammatory phagocytic cells representgdhle presence of CD68nacrophages (Figure
3D and 3E). At 24 months, degeneration was clesgn with a substantial proportion of muscle
cells replaced by fat cells indicative of musclé degeneration (Figure 3F). At 24 months, absent
or few CD68 positive cells indicated decreased inflammatidme @eltoid muscle did not
demonstrate similar inflammatory and degenerathanges (Figure 3G-L).
Adipophilin/perilipin-2 immunohistochemistry for tketion of lipids in myofibers demonstrated
that adipophilin was localized to the surface ofarcellular lipid droplets (Figure 4). The
expression varied both between patients (pleaspamntigure 4A and Figure 4C) and between
muscles from the same patient (please compared-iumwith Figure 4B). Regional differences
within muscles were also seen (Figure 4), and dadieidual fibers presented increased lipid

accumulation both as number and size of droplets.

RC tendon tear leadsto changesin inflammatory mediatorsin SS muscle

None of the patients showed any signs of peripheflaimmation as mean blood leukocyte counts,
hemoglobin, and C-reactive protein values wereiwitiormal ranges and all patients were negative
for rheumatic factors. Given the findings of sigraiht changes in the proteome of SS compared to
deltoid muscle after RC tear, we investigated ckang a variety of pro- and anti-inflammatory
cytokines, chemokines, receptors, and growth fadtéigure 5 and Table 1). We found lower
CCL19 levels (Figure 5A) but higher CXCLS5 levelsgiire 5B) in the SS compared to the deltoid

muscle. IL-PB (Figure 5C), IL-6 (Figure 5D), IL-8 (Figure 5B8nd IL-33 levels (Figure 5F) were

11
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288

higher in SS compared to deltoid muscle. IL-7 le&ligure 5G), IL-15 (Figure 5H), IL-17A
(Figure 5I), and IFNx2a levels (Figure 5J) were in SS compared to dakftaiscle. Despite
comparable levels of TNF (Figure 5K), TNFR1 (Figbtg and TNFR2 (Figure 5M) levels were
changed in the SS muscle compared to the deltted R tendon tear. G-CSF levels were lower in
SS muscle compared to the deltoid (Figure 5N).

We observed no significant correlation betweenafdesion and CCL19 (r=-0.05, p=1), CXCL5
(r=-0.26, p=0.31) , IL-§ (r=-0.30, p=0.3) , IL-6 (r=-0.48, p=0.07) ,IL-8=0.43, p=0.11) , IL-33
(r=0.16, p=0.54) , IL-7 (r=0.35, p=0.39), IL-15=0.07, p=0.79), IL-17A (r=0.09, p=0.76), IFN-
a2a (r=0.39, p=0.3), TNF (r=-0.39, p=0.15) , TNFR%-0.4, p=0.29), TNFR2 (r=-0.16, p=0.66),
or G-CSF (r=0.16, p=0.71).

Finally, several cytokine levels were similar in &8 deltoid muscle (Table 1). The concentration
of most cytokines, chemokines, growth factors, siMiPs was high in the SS tendon

(Supplementary Table 8).

The regenerative potential appearsto beimpaired in the SS muscle after RC tendon tear

IL-17 production characterizes pro-inflammatorydiger 17 lymphocytes (Th17) and innate
immune cells*. Th17 has been shown to have opposing effectseiimimune response from
regulatory T cells (Tred), which is important in muscle regeneration (re\éehin) and whose
master gene is the transcription factor ForkheadR# (FOXP3). We found decreased IL-17A
levels in SS muscle compared to deltoid muscleul€ei®G). Therefore, we next investigated
FOXP3 mRNA expression and found tHa®XP3 mRNA levels were significantly lower in SS
muscle compared to deltoid muscle (Figure 6A). Hoevewhen we counted FOXP8ells (Figure
6B) and CD3 T cells (Figure 6C) in SS and deltoid muscle tissections (Figure 6D), we did not

observe any significant differences in the numbigt@XP3' cells/mnf or CD3 T cells/mnf.
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Approximately 7.5% of all T cells in the SS musalere FOXP3 Treg cells (overlay in Figure 6D,
upper panel), and approximately 13% of all T cillthe deltoid muscle were FOXPBreg cells
(overlay in Figure 6D, middle panel). The numbef afells/mn? were, however, quite variable
(Figure 6D).

To investigate gene expression levels involved yogenesis, we estimatéiyOG expression and
found the relativenRNA levels to be significantly decreased in thecB8pared to the deltoid

muscle (Figure 6E).

Changesin matrix metalloproteinases and transfor ming growth factors after RC tendon tear

As gene ontology analysis showed changes in pteuolved in ‘extracellular matrix
organization’, we investigated changes in the kewéld matrix metalloproteinases (MMPs) known
to be involved in the degradation of the extradatimatrix>2.

We did not observe any differences in MMP1 levesieen SS and deltoid muscle (Figure 7A).
However, levels of MMP3 (that is known to degradéagen types II-1V, IX, and X and to have
important regulatory functions such as activatibotber MMPSs) were significantly higher in SS
compared to deltoid muscle (Figure 7B). Furthermianeels of MMP-9 (known to degrade
collagen fragments IV and V) were changed (Fig@g suggesting decreased MMP-9 levels in
deltoid compared to SS muscle.

MMP13 (known to degrade primarily collagen fragmentaniRNA gene expression was absent in
SS (0.005 = 0.006, n=12) and deltoid (0.002 = 0,08226) muscle tissue, wherdd#1P13 mRNA
gene expression was present in SS tendon tise£4.33, n=4) in RC tear conditions.

A significant negative correlation was found betwege of lesion and MMP9 levels (r=-0.61,
p=0.03). We found no significant correlation betwege of lesion and MMP1 levels (r=0.05,

p=0.87) and a tendency of a correlation with MM&&els ((r=-0.46, p=0.08).
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313  In line with previous findings in the SS enthesiviewed in?%), we found that protein levels of
314 MMP-1 (known to specifically break down most suldgmf collagen, providing mechanical

315 strength to tissues) were higher in SS tendon ithamuscle tissue (Supplementary Table 8). Also,
316 MMP-3 was high in the SS tendon (Supplementary & 8l

317 We also investigated changes in transforming grdadtors (TGF), known to be affected in SS
318 enthesis following RC tear (reviewed) (Figure 7D-F). Levels of T@R (Figure 7D) and

319 TGH33 (Figure 7F) were higher in SS muscle, suggestiagased TGFL and TGIB3 levels in SS
320 muscle compared to deltoid muscle. We found ncetation between age of lesion and T&F

321 (r=0.12, p=0.7), TGP2 (r=-0.07, p=0.83), or TG (r=-0.32, p=0.34).

322
323 Discussion

324 In this study, we demonstrated massive SS musftéerimation after tendon tear combined with
325 fatty infiltration and degeneration. Simultaneotamges in the innate immune response, cytokines,
326  and proteins related to extracellular matrix reargation and mediation of fibrosis in the SS

327  musculature were also seen.

328 In line with previous experimental studies usingeif and rats? *” **we observed high numbers
329 of infiltrating monocytes/macrophages in SS mustlearly cases of tendon tear; this tendency
330 ceased after 24 months, however. Inflammation weisa{ly) driven by high numbers of

331 infiltrating CD68 macrophages, which are thought to be key soufcé&B-f1 linked to fibrosis
332 in chronically injured muscl&.

333  Upregulated proteins in SS muscle compared to idedlso showed ‘neutrophil degranulation’
334 among the most enriched processes. Neutrophilsbes identified as the main cells infiltrating
335 the muscle after injur§f, and neutrophil-derived oxidants extended tisareatje in a rabbit model
336  of stretch skeletal muscle injuf{; On the other hand, blocking cell infiltration cpromised the

337 initial regenerative response, suggesting a ral@éoitrophils in muscle growth and repair by
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removal of tissue debris and activation of saetiells*”. Moreover, a recent study has shown that
neutrophil-secreted proteases can also have anrionegulatory role by activating IL-331L-33

has been shown to be produced by fibro-adipogewiggnitor (FAP) cells, which are uniformly
present in the interstitial space in skeletal meiseid respond to muscle damé&yeOur

observation of higher IL-33 levels in SS muscle paned to deltoid muscle indicate an activation
of FAPs, which are the source of adipocytes in deutty infiltration. Muscle Foxp3regulatory

T cells (Tregs) are characterized by high levelexgression of the IL-33 receptor, ST2, and are
known to potentiate regeneration in acute and dbiiajury models’. Despite comparable numbers
of Foxp3 Tregs/mm, we saw a significant decreaseF®XP3 mRNA levels in SS muscle
compared to deltoid muscle following RC tear, swfjge of repressed gene expression in Tregs
located in SS muscle. Many cytokines and factonsneyatively regulatEOXP3 gene expression,
including IL-6, IL-7, TGFB, and G-CSF?* 3% %2 || of which we observed to be different between
SS and deltoid muscle.

The expression of IL-15 has been shown to inhdity/finfiltration and facilitate muscle
regeneration through regulation of FAP céflsIn the present study, IL-15 levels were
significantly lower in the SS compared to the ddlimuscle, supporting our findings that
adipocytes appear in the SS and that the regevediential appears to be reduced in SS muscle
after RC tendon tear.

IL-17 is a pro-inflammatory cytokine secreted byivaated CD4 T-helper cells (Th17), which are
highly pro-inflammatory and induce severe autoimityufreviewed in’"). IL-17 levels are

increased in early human tendinopathy, mediatifigritmatory and tissue remodeling evefits

and IL-17 inhibits myoblast differentiatidh In the present study, IL-17 levels were signifiity
lower in SS than in deltoid muscle, but the exaf#wance of decreased IL-17 levels remains to be

elucidated.
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Our gene ontology analysis showed changes in ‘esiitdar matrix organization’ and ‘degradation
of extracellular matrix’ especially due to the ugutation of CMA1, COL5A3, CTSS, ELN, and
MMP19 in SS compared to deltoid muscle. To our Kedge, no one has investigated MMP levels
in human SS muscle under tear conditions. MMPs daege group or proteolytic enzymes
responsible for tissue remodeling and degradati@xiacellular matrix. In our study, MMP-3 and
MMP-9 levels were significantly increased in SS pamed to deltoid muscle. MMP-3 is one of the
primary activators of MMP-9 from its inactive prasgme form*®. MMP-9 is produced by a variety
of cells, including fibroblasts. MMP-9 appears todregulatory factor in neutrophil migration
across the basement membrahend it also plays several important functionsimineutrophil
action®’ such as degrading extracellular matrix, activatibiL-1p, and cleavage of several
chemokines’. In vitro studies have demonstrated that inhibitcd MMP-9 reduced the levels of
active TGFB1 and reduced several TBE-driven responses such as fibroblast stimulaiom

this context, MMP-9 appears to activate or stineutae release of a number of cytokines and
growth factors, including TGB1 *, which we found to be elevated in SS comparecttmidi
muscle. MMP-9 activity positively correlated to &&al muscle atrophy in immobilized rdfs
supporting a role in muscle atrophy. This is irelwith our present findings of a positive
correlation between MMP-9 levels and age of RQlesAltogether, this suggests that MMP-9
plays an important role in SS muscle remodeling.

While only a few studies have applied a large-spadéeomics approach to address RC
pathophysiology, these studies combined found séwsgirkers indicative of tissue remodeling and
suggested an untapped potential for proteomiosriddn research (reviewedf). A multi-omics
methodology applied to a rat RC injury model tadgtyosteatosis identified disrupted
mitochondrial function as one of the underlying heasms of lipid accumulation in muscle fibers

9 In our study, we identified 32 downregulated rofitondrialproteins, 15 of which are associated
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with mitochondrial electron transport chain. Mitocldrial dysfunction reduces energy production
and the dysfunction of these organelles has beemecbted to the myosteatosis that is commonly
reported following RC tendon injury Our finding of steatotic adipophilin positive nelesfibers

and changes in lipid metabolism and mitochondtatfion supports this connection.

This study has certain inherent limitations relatethe variability of disease severity and dumatio
and the sample size, and the results are biaseddewwatients with RC tears who chose to undergo
surgery. The enrolled patients comprised four smeliad seven patients who received pain killers
on a daily basis. The adverse consequences of agakid mild anti-inflammatory drug intake on
the inflammatory response was not assessed daekmf statistical power. Another limitation
inherent in muscle biopsy studies is the difficldfyensuring uniform biopsy procedures, which
are important to secure reproducibility and to actdor regional variations in protein
composition. In this study, biopsies were obtaiokede to the musculotendinous junction of the SS
muscle in all patients using an all-arthroscopigrapch from the bursal side, limiting possible
location-dependent variations.
The rationale for using the deltoid muscle for cangon could be challenged as it may be
asymptomatically affected. The ipsilateral deltbas been used as a standard of reference in a

3

number of studie$ ** also justifying the use of paired statistics ammteasing the power of the

analyses.

Conclusions
This study demonstrated massive muscle changesSS8teendon tear characterized by high
numbers of inflammatory macrophages in lesionstlees three months old and overall changes in

cytokine levels, MMP levels, and growth factorsr@toteome analysis demonstrated that proteins
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involved in inflammation, extracellular matrix rg@anization, and lipid metabolism were among the
most enriched. Knowing that massive inflammatiothvimfiltration of immune cells into the RC
musculotendinous lesion disrupt normal muscle regaion, this implies that intervention with
repair of the tendon lesion and concomitant taspegific adjuvant treatment of the inflammatory

state of the SS muscle could be key to improvingnR(Scle recovery.

Figurelegends

Figure 1. Schematic workflow applied to the study of molecular pathwaysinvolved in the RC
lesion. Biopsies of supraspinatus tendon and supraspiaatlisieltoid muscle biopsies from ten

patients undergoing surgery for partial or fullekimness RC were evaluated.

Figure 2. Proteomics of muscle biopsies. (A) Differentially regulated protein pattern betwe®S

and deltoid muscles from patients with RC lesiobnRRF5%). Downregulated proteins are
represented in blue and upregulated in red. Dditted highlight proteins at least 2 times
overrepresented in each tissue. (B) Protein-pratetwork of SS vs deltoid muscle-regulated
proteins grouped according functional enrichmemidé&frepresented proteins in SS muscle are
shown in blue while overrepresented are showndn(@-K) Levels of upregulated (red) or
downregulated (blue) proteins involved in Leukoaytediated immunity (C), Immune effector
process (D), Immune system (E), Positive reguladiolipid metabolic processes (F), Metabolism
of lipids (G), Electron transport chain (H), Musskeucture development (J), Extracellular matrix
organization (), and Striated muscle contractiéhds measured by proteomics (n=10 muscles per
group). Abbreviations: ADAR, double-stranded RNAesihic adenosine deaminase; ADIPOQ,
adiponectin; ALDH5A1, succinate-semialdehyde debgédnase, mitochondrial; ANKRD1,

ankyrin repeat domain-containing protein 1; ANKRRB&Kyrin repeat domain-containing protein 2;
AP1B1, AP-complex subunit beta-1; APOAL, apolipdpio A-1; APOA2, apolipoprotein A-2;
APOAA4, apolipoprotein A-4; APOE, apolipoprotein EMA1, chymase; COL5A3, collagen alpha-
3(V) chain; COX6A1, cytochrome c oxidase subunit6A0OX6A2, cytochrome c oxidase subunit
6A2; COX6B1, cytochrome c oxidase subunit 6B1; CT&#thepsin A; CTSC, cathepsin C; CTSS,
cathepsin S; DNM1, dynamin-1; DNM2, dynamin-2; EBR]1elongation factor-1 alpha; ELN,
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elastin; ENG, endoglin; F2, prothrombin; FABP4yadcid-binding protin; FASN, fatty acid
synthase; FBN1, fibrillin-1; FDXR, NADPH:adrenodaxbxidoreductase, mitochondrial; FITM2,
fat storage-inducing transmembrane protein 2; Ggathhma-glutamyl hydrolase; GLRX5,
glutaredoxin-related protein 5, mitochondrial; GMBacetylglucosamine-6-sulfatase; GSR,
glutathione reductase, mitochondrial; HEXA, betadsaminidase subunit alpha; HLA-A, HLA
class | histocompatibility antigen, A-31 alpha ¢hdlPGDS, hematopoietic prostaglandin D
synthase; HUWE1, E3 ubiquitin-protein ligase; ICANttercellular adhesion molecule 2;
LGALS1, galectin-1; MFAP4, microfibril-associatetygoprotein 4; MMP19, matrix
metalloproteinase-19; MYH3, myosin-3; MYH7, myosinMYL2, myosin light chain 2; MYL3,
myosin light chain 3; MYL6B, myosin light chain 6BtYOZ2, myozenin-2; ND4, NADH-
ubiquinone oxidoreductase chain 4; NDUFA4, cytoaimea oxidase subunit NDFUA4; NDUFA®9,
NADH dehydrogenaspibiquinong 1 alpha subcomplex subunit 9, mitochondrial; NDWA

acyl carrier protein, mitochondrial; NDUFB3, NADHlydrogenaspubiquinoné 1 beta
subcomplex subunit 3; NDUFC2, NADH dehydrogenasg®quinoné 1 subunit C2; NDUFS5,
NADH dehydrogenaspibiquinong iron-sulfur protein 5; NDUFS7, NADH dehydrogenase
[ubiquinoné iron-sulfur protein 7, mitochondrial; NUP62, numtgore glycoprotein p62; OSTF1,
osteoclast-stimulating factor 1; PLIN1, perilipinAON2, serum paraoxonase/arylesterase 2; PPT1,
palmitoyl-protein thioesterase 1; PRDX4, peroxirade4; PTPRC, receptor-type tyrosine-protein
phosphatase C; PYCARD, apoptosis-associated specktbtein containing a CARD; SACMIL,
phosphatidylinositide phosphatase SAC1; SERPINB&gyin B12; SLC25A1, tricarboxylate
transport protein, mitochondrial; SNRPAL, U2 snmaitlear ribonucleoprotein A; SORBS1, sorbin
and SH3 domain-containing protein 1; TNNI1, tropohislow skeletal muscle; TNNT1, troponin
T, slow skeletal muscle; UCHL1, ubiquitinin carbéxgrminal hydrolase isozyme L1; UQCR11,

cytochrome b-c1 complex subunit 10; VCAM1, vascukl adhesion protein 1.

Figure 3. Histological analysis of SS muscle. (A-C) H&E-stained tissue sections of SS muscle
biopsies from representative patients at 1%2 mo#hs months (B), and 28 months (C) after RC
tendon tear demonstrating the presence of mudmesfivith internal nuclei (arrows) and nuclear
chains (arrow heads). (D-F) Immunohistochemicahstg of SS muscle biopsies from
representative patients at 2% months (D), 6 maiEhsand 28 months (F) demonstrating the
presence of a high number of CD68acrophages (arrows) within the first 6 montheraRC

tendon tear. Please note the presence of massiyeddl infiltration (*, asterisks) between muscle
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fibers already early after RC tendon tear. (G-1)E8&tained tissue sections of deltoid biopsies from
representative patients at 1% months (G), 6 mdithsand 24 months (I) after RC tendon tear. (J-
L) CD68 immunohistochemical staining of deltoid rolesbiopsies biopsies from representative
patients at 1% months (J), 6 months (K), and 24thwofL) after RC tendon tear. Scale bar: 190

Figure 4. Immunohistochemical staining for adipophilin. (A,B) Adipophilin expression in SS

(A) and deltoid (B) muscle fibers in a patient watle-month-old RC lesion, showing higher
adipophilin expression in the SS muscle comparetdaleltoid. Adipophilin is seen as a granular
staining in the muscle fiber cytoplasm and dueddoicalization to the surface of lipid vacuolds, i
visualizes the distribution one of intracellulgridl. (C,D) Adipophilin expression in SS and deltoid
muscle fibers from patient with a >72-month-old &@r (C) and another patient with a 7-month-
old RC lesion (D). Please note that the distributbadipophilin can be uneven with different

expression in neighboring fascicles in both thea8& deltoid muscles. Scale bar: 100um.

Figure 5. Cytokine and TNF receptor protein expression in SS and deltoid muscle tissuein
RC tear conditions. (A-N) Electrochemiluminescence immunoassay analysis af1IQCA),
CXCLS5 (B), IL-1B (C), IL-6 (D), IL-8 (E), IL-33 (F), IL-7 (G), IL-5 (H), IL-17A (1), INF-a2a (J),
TNF (K), TNFR1 (L), TNFR2 (M), and G-CSG (N) pratdevels in SS and deltoid muscle
biopsies from patients with RC tendon tear. **p3@1, **p<0.01. *p<0.05, Student’s t-test (n

22/group). Samples with CV values above 25% weoduebed in individual analyses.

Figure6. FOXP3 and MYOG mRNA expression islower in SSmusclethan in deltoid muscle
tissuein RC tear conditions. (A) FOXP3 mRNA levels in SS and deltoid muscle biopsies
demonstrated significantly lower expression lewelSS compared to deltoid muscle. **p<0.01,
paired Student’s t-test (n=18/group). Two outlierthe SS muscle and two outliers in the deltoid
muscle group were removed according to ROUT’s euttist. (B-C) The number of FOXPBreg
cells/mnf (B) and the total number of CD3J cells (C) were comparable between SS and deltoid
muscle in RC tear conditions. (D) RepresentativXP®and CD3 immunohistochemically stained
tissue sections from SS and deltoid muscle dematirggroverlay between subsets of FOXRAd
CD3' T cells, representing the presence of Treg catl®{s) in both SS and deltoid muscle in RC
tear conditions. Scale bars: 50 (top and middle panels) and 100 (bottom panel). (EMYOG

20



503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532

MRNA levels in SS and deltoid muscle biopsies destrated significantly lower expression levels

in SS compared to deltoid muscle. **p<0.01, paiBeddent’s t-test (n=18/group).

Figure 7. Matrix metalloprotease and transfor ming growth factor-f3 protein expression in SS

and deltoid muscletissue under RC tear conditions. (A-F) Electrochemiluminescence
immunoassay analysis of MMP-1 (A), MMP-3 (B), MMRQ), TGRH1 (D), TGH2 (E), and

TGH33 (F) protein levels in SS and deltoid muscle biep&om patients with RC tendon tear.
*p<0.05, Student'sest (n = 22/group). Samples with CV values abdf# 2vere excluded in

individual analyses.
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Table 1. Cytokine analysis in patients with RC tear.

SS muscle (pg/mg) Deltoid muscle (pg/mg) P-value

I-1a 2.44 + 1.38 (n=13) 2.21+1.72 (n=15) 0.83
IL-1Ra 46.83 +20.24 (n=14) 34.40 + 12.94 (n=15) 0.33
IL-2 0.64 + 0.47 (n=4) 0.41 £ 0.24 (n=5) 0.50
IL-2Ra 93.08 + 56.28 (n=8) 99.11 + 76.81 (n=7) 0.87
IL-4 0.04 + 0.07 (n=6) 0.07 + 0.08 (n=6) 0.53
IL-9 1.12 £ 0.72 (n=16) 1.10 £ 0.62 (n=17) 0.98
IL-12/1L-23p40 14.35 £+ 29.01 (n=15) 14.64 +7.71 (n=18) 0.78
IL-12p70 0.23 + 0.07 (n=6) 0.39 +0.32 (n=7) 0.55
IL-13 2.76 £ 2.25 (n=3) 4.35 +3.68 (n=3) 0.31
MIF 28,656 + 18,419 (n=9) 26,617 £ 19,295 (n=8) 0.36
IFN-B 46.08 + 27.05 (n=8) 34.05 + 37.80 (n=7) 0.56
IFN-y 2.23 +3.48 (n=5) 2.92 +2.11 (n=4) 0.95
FLT3L 14.29 + 5.13 (n=5) 15.01 + 8.78 (n=4) 0.93
TRAIL 54.41 +23.81 (n=17) 47.00 + 17.70 (n=19) 0.50
CXCL1/GROa 2.63 £ 2.05 (n=9) 3.92£3.37 (n=8) 0.16
CXCL10/IP-10 8.73 £ 4.00 (n=7) 8.69 £ 2.94 (n=9) 0.86
CXCL11/I-TAC 6.74 + 2.02 (n=15) 7.78 +3.00 (n=19) 0.28
CCL2/MCP1 4.03 +2.38 (n=8) 4.83 +2.17 (n=9) 0.33
CCL3/MIP-1 a 4.58 +2.35 (n=5) 4.01 £ 4.05 (n=2) -

CCL4/MIP-1B 5.17 £ 1.62 (n=9) 6.35 + 1.54 (n=8) 0.29
CCL7/MCP-3 4.92 +2.59 (n=8) 4.03 +3.41 (N=6) 0.33
CCL8/MCP-2 1.52 +0.76 (n=8) 1.71+1.11 (n=4) 0.48
CCL13/MCP4 15.64 +11.80 (n=8) 9.57 +7.33 (n=7) 0.24
CCL17/TARC 3.05+1.01 (n=7) 3.40 £ 0.59 (n=8) 0.41
M-CSF 5.45 + 3.46 (n=9) 6.27 + 3.39 (n=6) 0.84
GM-CSF 0.13 + 0.14 (n=3) 0.10 +0.11 (n=7) 0.33
LT-a 1.60 £ 0.79 (n=6) 1.67 £ 0.61 (n=9) 0.41
YKL-40/CHI3L1 121.40 £ 37.64 (n=5) 340.80 + 274.40 (n=9) 0.18
VEGF-A 93.36 +31.19 (n=7) 134.40 + 53.22 (n=9) 0.19

Paired Student’s t-test
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