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Background: Tendinopathy is a common cause of tendon pain. However, there is a lack of effective therapies for managing
tendinopathy pain, despite the pain being the most common complaint of patients. This study aimed to evaluate the therapeutic effect
of small extracellular vesicles released from induced pluripotent stem cell-derived mesenchymal stem cells (iMSC-sEVs) on
tendinopathy pain and explore the underlying mechanisms.

Methods: Rat tendinopathy model was established and underwent the injection of iMSC-sEVs to the quadriceps tendon one week
after modeling. Pain-related behaviors were measured for the following four weeks. Tendon histology was assessed four weeks after
the injection. To further investigate the potential mechanism, tenocytes were stimulated with IL-1p to mimic tendinopathy in vitro. The
effect of iMSC-sEVs on tenocyte proliferation and the expression of proinflammatory cytokines were measured by CCK-8, RT-qPCR,
and ELISA. RNA-seq was further performed to systematically analyze the related global changes and underlying mechanisms.
Results: Local injection of iMSC-sEVs was effective in alleviating pain in the tendinopathy rats compared with the vehicle group.
Tendon histology showed ameliorated tendinopathy characteristics. Upon iMSC-sEVs treatment, significantly increased tenocyte
proliferation and less expression of proinflammatory cytokines were observed. Transcriptome analysis revealed that iMSC-sEVs
treatment upregulated the expression of genes involved in cell proliferation and downregulated the expression of genes involved in
inflammation and collagen degeneration.

Conclusion: Collectively, this study demonstrated iMSC-sEVs protect tenocytes from inflammatory stimulation and promote cell
proliferation as well as collagen synthesis, thereby relieving pain derived from tendinopathy. As a cell-free regenerative treatment,
iMSC-sEVs might be a promising therapeutic candidate for tendinopathy.
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Introduction

Tendinopathy is a prevalent musculoskeletal disorder in athlete and non-athlete populations characterized by pain,
swelling, and restricted movement.' It frequently occurs in the knee, shoulder, as well as hand. Tendinopathy has a
high prevalence and incidence rate in general practice, resulting in detrimental effects on patient’s daily life."* Among
various symptoms of tendinopathy, pain is the most prominent and disabling one. Rest, oral nonsteroidal anti-inflam-
matory drugs (NSAIDs), and physical therapy are frequently used to alleviate pain derived from tendinopathy.> However,
in some rare cases, more invasive interventions may need to be considered when the patient has failed rehabilitation.*
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Besides, most researches regarding tendinopathy focus on promoting tendon regeneration or anti-inflammation,>”” which
lacks direct evidence for alleviating pain. Thus, it is of great value to develop a novel strategy for tendinopathy-related
pain.

Inflammation plays a vital role in tendinopathy® and is an important mechanism underlying chronic musculoskeletal
pain.’ Traditionally, tendinopathy is considered to be a degenerative disease without inflammation. However, recent
research suggests that inflammatory cytokines and immune cells could play critical roles in the pathogenesis of
tendinopathy.'®'! Increasing studies have demonstrated the presence of macrophages, mast cells, T and B lymphocytes
in tendinopathy.'>'* Macrophage-driven inflammatory reaction is an important feature of tendon repair in the early stage,
but excessive inflammation is not conducive to tissue repair."* Tumor necrosis factor a (TNF-a) is a proinflammatory
cytokine involved in the degradation of type I collagen and contributes to tendon degeneration.'”™'” Upon stimulation
with TNF-qa, production of proinflammation cytokines is elevated, including interleukin (IL)-1p, IL-6, substance P, and
nerve growth factor (NGF); these further contribute to tendon degeneration and pain.'®'® NGF is an essential factor in
inducing osteoarthritis and lower back pain.”**' Taken together, we hypothesize that inflammation plays a crucial role in
the pathogenesis of tendinopathy and related pain. Alleviating inflammation is of great value in the management of
tendinopathy pain.

Mesenchymal stem cells (MSCs) have been well investigated in the field of inflammatory diseases as well as autoimmune
disorders.”>** We recently derived MSC from induced pluripotent stem cell (iPSC) and proved this iMSC to have the same
character as adult MSC in function.”* As iMSC overcomes the limitation of tissue-derived MSC, it is a promising source for
stem cell therapy. In recent years, MSCs derived small extracellular vesicles (MSCs-sEVs) have attracted much attention as a
novel cell-free strategy in tissue repairing. These 30—-150 nm vesicles contain various proteins, nucleic acid, and other
biomolecules secreted from parent cells and can transport them to the recipient cells.> In our previous research, iMSCs-sEVs
were observed to attenuate osteoarthritis by alleviating inflammation and promoting chondrocyte proliferation.’®*’ In
addition, MSCs-sEVs have been reported to attenuate inflammatory response after tendon injury and promote tendon
regeneration by facilitating tendon stem/progenitor cell proliferation and migration.”®*° However, there is no report on the
application of iMSC-sEVs to alleviate pain derived from tendinopathy to date.

In the present study, we investigated the analgesic effect of iMSCs-sEVs on a rat tendinopathy model and further
investigated the potential functional mechanism on IL-1B-induced tenocyte inflammation. It turns out that iMSC-sEVs
alleviate inflammation both in vitro and in vivo. iMSC-sEVs treatment was found to upregulate the expression of anti-
inflammation-related genes and those that regulate cell proliferation and tenogenic differentiation under high-throughput
transcriptome analysis. Here, we show for the first time that iMSC-sEVs possess the potential to ameliorate pain derived
from tendinopathy via protecting tenocytes from inflammatory stimulation, at least in part, by inhibiting inflammation
and promoting tenocyte proliferation.

Methods

Derivation and Characterization of Induced MSCs

Three human iPSC lines were provided by the Institute of Biochemistry and Cell Biology of the Chinese Academy of
Sciences and the South China Institute for Stem Cell Biology and Regenerative Medicine Group of the Chinese Academy
of Sciences and used in generation of mesenchymal stem cells. The local ethics committee approved the use of human
iPSC in this study of the Shanghai Sixth People’s Hospital affiliated with Shanghai Jiao Tong University. The generation
of mesenchymal stem cells from human induced pluripotent stem cells as previously described.>® Surface antigens of
iIMSCs were analyzed by flow cytometry. Single-cell suspension was collected and incubated with 1% bovine serum
albumin (BSA, Gibco). The iMSCs were then stained with the following monoclonal antibodies (BD Bioscience) against
CD73, CD90, CD105, CD34, CD45, CDl146and HLA-DR. These cells were further analyzed by a CytoFLEX flow
cytometer (Beckman Coulter Life Science, USA).
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Isolation of iIMSC-sEVs

iMSC-sEVs were extracted by centrifugation protocols as previously described®! from the conditioned medium of iMSC.
Briefly, the conditioned medium was collected and centrifuged at 300g for 10 min and 2000g for 20 min to remove cells,
dead cells, respectively. Afterward, the supernatant was centrifuged at 10,000g for 30 min and filtered through a 0.22-um
filter sterilize Steritop™ (Millipore) to remove cellular debris and microvesicles. This collected supernatant was
subsequently subjected to ultracentrifugation at 100,000 x g for 70 min in an SW 32 Ti Rotor Swinging Bucket rotor
(k factor of 256.8, 28536 rpm, Beckman Coulter, Fullerton, CA) to pellet SEVs. After removing the supernatant, the
pellet was resuspended in phosphate buffer saline (PBS), followed by another ultracentrifugation at 100,000g for 70 min.
Finally, pelleted sEVs were resuspended in PBS stored at —80°C. All steps were performed at 4°C under sterile
conditions.

Nano-Flow Analysis of the Size and Concentration of iMSC-sEVs

The size and concentration of iIMSC-sEVs were assessed using a nano-flow cytometer (N30 Nanoflow Analyzer,
NanofCM Inc., Xiamen, China), as described previously.>? Briefly, the side scatter intensity (SSI) was measured by
loading the standard polystyrene nanoparticles (200 nm) with a concentration of 1.58 x 108/mL to the nano-flow
cytometer. Then, the isolated iMSC-sEVs sample was diluted with 1000-fold PBS (the nanoparticle concentration was
about 5 x 109/mL) and loaded into the nanofiltration to measure SSI. Finally, the concentration of sEVs was calculated
according to the ratio of SSI to particle concentration in standard polystyrene nanoparticles. For size measurement,
standard silica nanoparticles of mixed sizes (68 nm, 91 nm, 113 nm, 155 nm) were loaded into a nanometer flow
cytometer to generate a standard solution, which was then loaded into the sEVs sample. Size distribution is calculated
according to the standard curve.

Identification of Surface Markers of iMSC-sEVs

Three positive markers of iMSC-sEVs, including CD9, TSG101, CD63, and one negative marker GM130, were
evaluated to identify sEVs by western blot analysis. Specifically, iMSC-sEVs were collected as described above. The
proteins of iMSC-sEVs were harvested using RIPA lysis buffer (Beyotime Biotechnology, China, PO013C) supplemented
with protease inhibitor cocktail (Beyotime Biotechnology, China, ST505). Next, the protein concentration of iMSC-sEVs
was measured by the Pierce BCA Protein Assay Kit (Beyotime Biotechnology, China, PO012). Protein extracts were
resolved by 10% SDS-PAGE and probed with the indicated antibodies. The antibodies against the following proteins
were used for western blot analysis: CD63 (1:1000; ab134045, Abcam), CD9 (1:2000; ab92726, Abcam), TSG101
(1:1000; sc-7964, Santa Cruz), GM130 (1:1000; ab52649, Abcam). After three washes with TBST, the membranes were
incubated with HRP-conjugated secondary antibodies (1:1000, Cell Signaling Technology, USA) at room temperature for
1 h. The immunoreactive bands were visualized using ECL (Thermo Fisher Scientific, USA, WP20005) and imaged with
a FluorChem M Fluorescent Imaging System (ProteinSimple, Santa Clara, CA, USA).

Establishment of Rat Tendinopathy Model

A total of 20 adult female Sprague Dawley rats (200-300 g) were used to develop the tendinopathy model. Rats
were randomly assigned to sham or tendinopathy groups with different treatments (PBS, steroid or iMSC-sEVs local
injection). The rat tendinopathy model was established as previously reported.*>** For this rat tendinopathy model
for evaluating pain, we used a variation of carrageenan-induced rat paw edema model in which a single injection of
carrageenan solution was made around the quadriceps tendon. The procedure included the following. The carragee-
nan solution was made by dissolving carrageenan powder (Sigma-Aldrich/Merck KGaA, Darmstadt, Germany) into
sterile PBS to make a 4% solution. Briefly, rats were anesthetized with isoflurane, positioned supine, and the fur
above the right quadriceps was shaved clean. Then, 100 pL of the 4% carrageenan solution was injected in a single
bolus around the right quadriceps tendon with a 27-gauge needle under ultrasound imaging guidance (Fujifilm
VisualSonics; Bothell, Washington, USA). The ultrasound probe was a high-frequency 40-MHz linear array
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transducer positioned parallel to the femur. We were careful not to damage the tendon with the injection needle
physically.

Pain-related behaviors (below) were assessed one week after carrageenan injection and once per week for the
following 4 weeks. After 4 weeks of treatment, both quadriceps tendons were harvested following histological evaluation
after a lethal overdose of anesthetic. The animal research committee approved animal care and experimental procedures
of the Hospital. All the rats were housed under specific-pathogen-free conditions, 12/12-hour light/dark cycle, and free
access to food and water.

Pain Measurements

Hind-Paw Withdrawal Threshold

Reflexive measures of pain using stimulus-evoked responses, such as hind-paw withdrawal threshold, are commonly
used in rats to assess potential hyperalgesia, and these are thought to reflect clinical expressions of the neuropathic pain.*>
Hind-paw withdrawal thresholds were measured according to a previous report.*® Briefly, the rats were placed indivi-
dually in an elevated metal grid cage with sufficient space for them to move their paws while the rest of their body was
restricted with plastic plates. After the rats acclimated to the apparatus, the rat’s right hind paw withdrawal threshold
(PWT) was assessed by an electronic von Frey instrument (model BIO-EVF4; Bioseb, Vitrolles France). The probe tip of
the instrument was gently placed perpendicularly into the mid-plantar surface of the paw, and steadily increasing pressure
(between 0 and 100 grams) was applied until the hind paw was first lifted. This force is independent of the movements of
the limb. The PWT was recorded as the required pressure to first lift the paw. The data were expressed as PWT in grams
(g). Lower PWT values (g) were taken as indicators of pain.

Static Weight Bearing

The static weight-bearing (SWB) distribution over the right and left knee was assessed by measuring postural equilibrium
between the injected and non-injected leg.>®>” Briefly, a rat was placed in the chamber of a weight-bearing measuring
device (model #BIO-SWB-TOUCH-M; Bioseb) and allowed to acclimate before regular testing. The force applied
through each hind limb to the paw resting on the floor of the chamber was measured in grams (g), and an SWB index was
calculated as follows:

SWB index — Force applied to right limb

Force applied to right limb—+ Force applied to left limb

The right side received the carrageenan injection. SWBs can vary between 0 and 1, with values closer to zero indicating
that postural equilibrium favors the rat’s left non-injected side. For each rat, the test was given three times at each
assessment period, and the mean value was taken as the SWB at that time point.

Treatments for Tendinopathy-Pain Model
Rats were assigned randomly to four experimental treatment groups (N = 5 per group): (1) sham tendinopathy; (2) PBS-
treated tendinopathy (vehicle); (3) iMSC-sEVs-treated tendinopathy; (4) steroid-treated tendinopathy. Sham rats received
a PBS injection around the quadriceps tendon. Non-sham rats received a 4% carrageenan injection around the quadriceps
tendon to induce tendinopathy. One week later, groups 2—4 received a subsequent injection of iMSC-sEVs (see below)
or PBS.

iMSC-sEVs (1 x 10" particles of iMSC-sEVs in 100 pL PBS) or vehicle (PBS alone, 100 pL) were administered via
local injection once a week for 4 weeks. Steroids were prepared by mixing 0.4 mg triamcinolone acetonide (Kunming
Jida Pharmaceutical Co., Ltd, Kunming, China) with 100 pL of lidocaine (Shandong Hualu Pharmaceutical Co., Ltd,
Shandong, China), which was then injected into the peritendon space of the quadriceps tendon under the ultrasound
guidance once a week for 4 weeks. The groups were blinded to the investigators performing behavioral tests and
histological assessments. Pain-related behaviors were analyzed each week for the following 4 weeks, after which
histological assessment was performed. Reversal (%) of pain-related behaviors was calculated as follows:
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(posttreat value, tendinopathy rats) — (pretreat value, tendinopathy rats)
(avg.pretreat value sham rats) — (pretreat value in tendinopathy rats)

Reversal (%) = 100 x

where “value” represents the values for SWB or hind paw withdrawal threshold.

Histology and Immunohistochemistry

For histological analysis, the rat tendon samples were fixed en bloc in 4% PFA for 24 hours, dehydrated with a graded
ethanol series, embedded in paraffin, and sectioned (5 um thick) parallel to the long axis of the tendon. One series of
sections was mounted on glass slides, cleared with xylene, then hydrated in a graded-ethanol series, stained with
hematoxylin and eosin (H&E), and coverslipped. Another series of sections were prepared for immunohistochemical
analysis.

We performed immunohistochemistry staining on another series of paraffin-embedded sections to assess the proin-
flammatory cytokine distribution in rat tendon samples. The following antibodies were used: anti-interleukin-1 (IL-1p)
(1:100; ab9722, Abcam), anti-tumor necrosis factor-o (TNF-a) (1:200; ab220210, Abcam), anti-interleukin-6 (IL-6)
(1:100; ab9324, Abcam), and anti-nerve growth factor (NGF) (1:200; ab52918, Abcam). HRP-conjugated goat anti-rabbit
(Boster Biological Technology, Pleasanton, CA, USA) and HRP-conjugated goat anti-mouse (Boster Biological
Technology, Pleasanton, CA, USA) antibodies were used with DAB as the chromogen for visualization. In some
cases, a hematoxylin counterstaining was done for nuclear counterstaining.

Histological and immunohistochemical staining was evaluated and photo-documented digitally with Leica digital
camera. Image J and modified Bonar system were used for semiquantitative histological analysis as previously
reported.*®*’

Isolation and Culture of Rat Primary Tenocytes

In this study, rat primary tenocytes were isolated from rat Achilles tendon as previously described with minor
modification.* Briefly, The Achilles tendon was detached from the rat and washed with PBS; the tendon sheath and
surrounding paratenon were carefully removed. Afterward, the tendon tissues were cut into small pieces and followed by
digestion with 3mg/mL type I collagenase (Invitrogen, Carlsbad, CA, USA) in low-glucose Dulbecco’s Modified Eagle’s
Medium (LG-DMEM) for 3—4h at 37°C. After centrifugation at 1000 revolutions per minute (rpm) for 5 min at room
temperature, the digested cells were then suspended in LG-DMEM containing 10% (v/v) fetal bovine serum (FBS, Gibco
Life Technologies), 100 U/mL penicillin and 100 mg/mL streptomycin. The cells were incubated in humidified
conditions at 37°C and 5% CO2, with media changes every 2 to 3 days. After 10 days, cells started to adhere to the
tissue culture flask. When tenocytes reached 80% to 90% confluency, they were treated with 0.05% trypsin—ethylene
diamine tetra-acetic acid (EDTA) and passaged. Cells from passage 3 to 5 were used for the subsequent experiments.

Uptake of iMSC-sEVs by Tenocytes in vitro

In the in vitro experiment, iMSC-sEVs were labeled with DiO fluorochrome (Thermo Fisher, USA) according to the
protocol as previously described*' with minor modification. Briefly, sSEVs were incubated with DiO fluorescent dye under
room temperature for 15 min, followed by ultracentrifugation at 100,000g in PBS to get rid of the unlabeled dye. Next,
DiO-labeled sEVs were added into the culture medium and incubated with rat tenocytes for 12h. In the control group, the
same volume and concentration of DiO dye without iMSC-sEVs labeling was ultracentrifuged and washed as mentioned
above, followed by incubation with tenocytes. Next, the culture medium was discarded, and the cells were rinsed twice
with PBS and fixed with 4% PFA. After being stained with DAPI solution, the cells were observed with a fluorescence
microscope (Leica, DM6B, Germany).

In vitro Tenocyte Model Mimicking Tendinopathy Condition

IL-1 is significantly upregulated in tendinopathy tissue and is used to mimic conditions in vitro.**** Briefly, before the
stimulation of IL-1f, tenocytes were cultured in a medium containing 1% serum for 24h. The medium was then replaced
with the medium containing 100 ng/mL recombinant IL-1f (Sigma, St. Louis, MO, USA), 100 ng/mL IL-1p and 1x10° p/
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mL iMSC-sEVs. The tenocytes were divided into the following three groups (n = 3 per group) according to different
treatments: control group (PBS), IL-1p+vehicle group (100 ng/mL IL-1p), and IL-1p+sEVs group (100 ng/mL IL-1p +
1x10° p/mL iMSC-sEVs).

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis of Tenocytes
Following treatment of IL-1p with or without iMSC-sEVs for 24h as described above, targeted gene expression analyses
were performed by RT-qPCR. Briefly, the total RNA of samples was extracted using EZ-press RNA Purification Kit
(EZBioscience, USA). RNA quantity and purity were confirmed with a Nanodrop spectrophotometer (Thermo Scientific,
Wilmington, DE). A 4x Reverse Transcription Master Mix (EZBioscience, USA) was used for reverse transcription
reaction. PCR reactions were run using the ABI Prism 7900HT Real-Time System (Applied Biosystems, Carlsbad, CA)
with 2x SYBR Green qPCR Master Mix (EZBioscience, USA). The primer sequences used in this study are listed in
Supplementary Table 1.

Evaluation of Tenocyte Proliferation

The CCK8 assay was used to determine cell viability under iMSC-sEVs treatment. Rat tenocytes (5000 cells/well) were
seeded in 96-well plates and cultured with various treatments for 72 hours. At 24, 48 and 72h after the treatments, the cell
viability was measured. Briefly, the culture medium was replaced with a medium containing 10% CCK-8 solution. After
incubation with CCK-8 solution for 1h at 37°C, absorbance in each well was measured at 450 nm in a microplate reader.

Enzyme-Linked Immunosorbent Assay (ELISA)

We performed ELISA of the culture medium to evaluate the inflammatory factors secreted by the tenocytes. Following
treatment of IL-1B with or without iMSC-sEVs for 48h as described above, the culture medium was collected. Interleukin
(IL)-1B, tumor necrosis factor (TNF)-a, interleukin (IL)-6, and nerve growth factor (NGF) concentrations were measured
by using a rat ELISA kit (Shanghai Westang Bio-Tech Co., LTD., Shanghai, China) according to the manufacturer’s
instructions. The absorbance was measured by a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) at
450 nm.

RNA-Seq Analysis

Before constructing the RNA-seq libraries, the total RNA samples (1 pg) of tenocytes were treated with VAHTS mRNA
Capture Beads (Vazyme) to enrich polyA+ RNA. RNA-seq libraries were prepared using VAHTS mRNA-seq v2 Library
Prep Kit for Illumina (Vazyme) according to the manufacturer’s instructions. Briefly, polyA+ RNA samples were
fragmented and then used for first- and second-strand cDNA synthesis with random hexamer primers. DNA End
Repair Kit was used to repair the ends of the cDNA fragments. The cDNA fragments were then modified with
Klenow to add an A at the 3° end of the DNA fragments and ligated to adapters. Twelve cycles of PCR amplification
were performed to the purified dSDNA. The libraries were then sequenced by the Illumina sequencing platform on a 150
bp paired-end run. Sequencing reads from RNA-seq data were aligned using the spliced read aligner HISAT2, supplied
with the Nov. 2020 (mRatBN7.2/rn7) assembly of the rat genome (rn7, Wellcome Sanger Institute) from UCSC Genome
Browser. FPKM (fragments per kilobase of transcript per million mapped reads) was used to calculate the gene
expression levels. Gene Set Enrichment Analysis (GSEA) pre-ranked was run on the ranked list using the Molecular
Signatures Database (MSigDB) as the gene sets.

Statistical Analysis

All numerical data are presented as means + SD. Student’s ¢-test was used to evaluate paired group differences, and
Wilcoxon signed-rank test was used to evaluate nonpaired groups. Statistical analyses were performed with GraphPad
Prism version 8.0.0 for Windows (GraphPad Software, San Diego, California, USA). P value <0.05 was considered
significantly different.
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Results

Characterization of iMSC and iMSC-sEVs
In the present study, iPSCs-derived MSC (iMSC) was used to produce therapeutic SEVs in alleviating tendinopathy and
related pain. Flow cytometry was applied to evaluate the surface antigen profile of these cells to identify iMSC. iMSC
highly expresses antigen markers, including CD73, CD29, CD44, and CD146, but does not express CD34, CD45,
CD133, and HLA-DR (Figure 1A). sEVs were isolated and collected from the serum-free culture medium of iMSC by
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standard differential centrifugation protocol. The iMSC-sEVs pellets were subsequently resuspended with PBS at an
approximate concentration of 2x10'" particles/mL measured by nano-flow cytometry. After collection, systematic
characterization was performed to evaluate the quality of isolated sEVs. Western blot analysis determined the presence
of exosomal markers, such as CD9, TSG101, and CD63, whereas the cis-Golgi matrix protein GM130 was not detected
(Figure 1B). The morphology of iMSC-sEVs was typical cup-shaped vesicles, as shown by TEM analysis (Figure 1C).
Nano-flow analysis revealed that the average diameter of collected sEVs ranges from 60 to 160 nm (Figure 1D).

Analgesic Effect of iMSC-sEVs on a Rat Tendinopathy Model

In order to assess the analgesic effect of iMSC-sEVs on tendinopathy, a rat tendinopathy model was established and
subjected to iMSC-sEVs injection a week after the model establishment. Pain-related behaviors were assessed for a total
of 5 weeks (Figure 2A). Static weight bearing (SWB) and hind-paw withdrawal thresholds (PWT) are proxy measures of
limb pain widely used to quantify knee pain and hyperalgesia in rat models of osteoarthritis.** We used these measures to
assess the analgesic effect of iIMSC-sEVs on pain-related behaviors.

First, in order to inject drugs into the peri-tendon space of the quadriceps tendon, we subjected the following injection
procedure under the guidance of ultrasound (Figure 2B and C). After one week after injecting iMSC-sEVs around the
tendon, significant PWT and SWB reversal was observed in the iMSC-sEVs group compared with the PBS group. Both
SWB and PWT improved gradually within 4 weeks after iMSC-sEVs treatment, and most SWB and PWT measures of
pain had significant long-term analgesia, except for SWB at 1 week after treatment (Figure 2D and E).

We further compared the analgesic effect of iMSC-sEVs with an anesthetic combined with a steroid, which are
conventional drugs frequently used as a conservative treatment for tendinopathy. Anesthetic and steroids were injected
under the same injection protocol as iMSC-sEVs. Both groups have a significant effect in alleviating pain over four
weeks. The reversal of hind paw withdrawal threshold and static weight-bearing of the two groups (Figure 2F and G)
were statistically indistinguishable.

Thus, chronic pain derived from tendinopathy could be significantly reversed by an injection of iMSC-sEVs solution.
The analgesic effect is comparable to anesthetic and steroid injection.

iMSC-sEVs Alleviate Inflammatory Cytokine Infiltration in Tendinopathy Rat Model

In order to investigate the potential mechanism of iMSC-sEVs alleviating pain in the rat tendinopathy model, we
performed a complementary experiment with the tendons of rats. Five weeks after model establishment, rat tendon
showed the characteristic tendinopathy features, including undulating, disorganized collagen fibers, hypercellularity,
increased numbers of round-shaped, darkly stained nuclei, and clusters of capillaries. In contrast, the iMSC-sEVs group
appeared less collagen degeneration and cellularity with H&E staining (Figure 3A). Semiquantitative histological
analysis showed that the total Bonar score, which includes cell morphology and cellularity was significantly lower in
the iMSC-sEVs group than the PBS group (Figure 3B).

CD31 and CDS86 is a key marker of vascularity*> and macrophage (proinflammatory phenotype, M1),%¢ respectively.
Upon visual inspection, we also observed fewer (visually compared to the PBS group) positively immunostained cells for
IL-1B, TNF-a, IL-6, NGF, CD86 and CD31 (Figure 3A). Moreover, quantitative histological analysis of positively
stained area percent showed the same trend (Figure 3B). In conclusion, iMSC-sEVs can alleviate inflammation
infiltration (inflammatory cytokines and cells), inhibit capillary proliferation and rescue tendon from degenerative status
in the rat tendinopathy model according to the histological analysis of the tendon.

iMSC-sEVs Protect Tenocyte from Inflammatory Stimulation
First of all, primary tenocytes were isolated from the rat Achilles tendon and further identified by the expression of
Scleraxis and Col I (Figure 4A). In order to determine whether iMSC-sEVs could be internalized by tenocytes, iMSC-
sEVs were labeled with Dil fluorescent dye and cocultured with tenocytes isolated above. After 12 hours of incubation,
Dil-labeled iMSC-sEVs were efficiently up-taken by tenocytes (Figure 4B).

To further explore the effect of iMSC-sEVs on the function of tenocytes under inflammation conditions, an in vitro
tendinopathy model was established by stimulating rat tenocytes with IL-1pB. Tenocytes subjected to IL-1f stimulation
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exhibited significantly decreased ability of cell proliferation and increased expression of inflammatory mediators as
compared to the vehicle group (Figure 4C and D). iMSC-sEVs significantly enhanced the proliferation capability of
tenocytes at three days after the iMSC-sEVs intervention when compared to the vehicle treatment (Figure 4C). Besides,
decreased expression of inflammatory factors including IL-1p, TNF-a, IL-6, and NGF was also observed in the iMSC-
sEVs group, compared to that in the vehicle group 24 h after administration, as shown in Figure 4D.

The secretion of inflammatory factors into the culture medium was also decreased in the iMSC-sEV's group. Upon IL-
1B stimulation, significantly increased expression of IL-13, TNF-a, IL-6, and NGF could be observed in the culture
medium of the tenocyte compared with the vehicle group. Compared to the vehicle group, the concentration of TNF-a in
the iMSC-sEVs group was significantly decreased (18.1 £ 0.4 pg/mL vs 22.5 = 0.9 pg/mL [vehicle], P < 0.01). The
concentration of IL-1B was statistically indistinguishable from the mean concentration in the vehicle group (45.0 + 1.0
pg/mL vs 52.9 £ 2.5 pg/mL [vehicle]). The concentration of IL-6 significantly decreased (483.3 £ 9.1 pg/mL vs 532.6 +
22.1 pg/mL [vehicle], P < 0.01). The concentration of NGF also significantly decreased (788.6 = 8.6 pg/mL vs 844.4 £+
27.5 pg/mL [vehicle], P < 0.01) (Figure 4E). Collectively, these data indicated that iMSC-sEVs could protect tenocytes
from IL-1p stimulation by promoting cell proliferation and resisting the secretion of inflammatory cytokines of tenocytes.

iMSC-sEVs Modulate the Gene Expression Pattern of Rat Tenocytes Under the
Stimulation of IL-18

To explore the underlying molecular mechanism by which iMSC-sEVs rescue tenocytes function, we performed RNA-
seq analysis to clarify the changes in gene expression in tenocytes. We applied IL-1B-treated tenocytes with iMSC-sEVs
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(1 x 10° particles/mL) or PBS for 48 hours. We identified 485 up-regulated genes (> 2-fold, p < 0.05) and 379 down-
regulated genes (<0.5-fold, p < 0.05) after SEVs treatment (Figure 5A). Next, we performed gene set enrichment analysis
(GSEA) according to Reactome Knowledgebase (https://reactome.org). The results revealed that many differentially

expressed genes were involved in cell proliferation and inflammation (Figure 5B). Specifically, iMSC-sEVs exposure
significantly increased the enrichment score for the module of “cell proliferation” (Figure 5C) and “DNA replication”
(Figure 5D), while decreased the enrichment score for the module of “interleukin-2 family signaling” (Figure 5E) and
“collagen degradation” (Figure 5F) in tenocytes. Genes that showed a significant difference in expression (fold change
>2) in the GSEA analysis were visualized by heatmap (Figure 5G and H). Furthermore, RT-qPCR analysis confirmed that
the expression of proliferative and anti-inflammatory genes in tenocytes was increased after iMSC-sEVs treatment
(Figure S5I). Together, these data clearly revealed that alleviation of inflammation phenotypes in tenocytes after iMSC-
sEVs treatment is associated with genetic programs and pathways that control critical aspects of the anti-inflammatory
process, cell proliferation, and collagen degradation.

Discussion

In this study, we found that sEVs isolated from iPS-MSCs significantly alleviate pain derived from tendinopathy and reduce
inflammation infiltration in a rat tendinopathy model. We further demonstrated that iMSC-sEVs could promote tenocyte
proliferation and modulate inflammation conditions under the stimulation of IL-1. Mechanistically, iMSC-sEVs alleviate
pain, in part, via modulation of inflammation, cell proliferation, and collagen degeneration in tendinopathy. Our present study
is the first to report that iMSC-sEVs modulate inflammation and alleviate pain derived from tendinopathy.

To date, most efforts have focused on repairing and antiinflammation in tendinopathy. Less attention has been directly
paid to the management of pain, which is the most common complaint of patients with tendinopathy.*’ Steroid injections
may have good short-term effects in tendinopathy but are known to have side-effect on the long-term perspective,*® and
may even result in tendon rupture after steroid use.*’ In this study, we aimed to investigate novel therapy for pain derived
from tendinopathy and further explore the potential mechanism. Firstly, we expanded the use of carrageenan to develop
painful quadriceps tendinopathy and observed remarkable increases in pain-related behaviors.

Rats possess advantages over other animals used to model tendinopathy. The rat quadriceps tendon is large enough to
be operated on and harvested efficiently, and the limb anatomy of rats is similar to that of humans.>® In addition, well-
established pain-related behaviors can be measured with various inexpensive apparatuses. Carrageenan is a proinflam-
matory substance that has generally been used in generating acute and chronic pain in the muscle’’ and joints®* and
subcutaneous pain.> It represents a consistent and convenient tool in developing animal models of pain and is well
studied. In terms of tendinopathy, carrageenan has been applied to induce patella,> deep digital flexor,”* and Achilles>
tendinopathy. It leads to the deteriorative mechanical and histological changes in the affected tendons.>*** Thus, the
application of this carrageenan-induced quadriceps tendinopathy model and the pain-related behavior could be general-
ized in research regarding novel therapies for tendinopathy pain.

iMSC-sEVs have a high potential as cell-free factors for pain management because of their superior functions in the
modulation of cell fate and immune response. It has been reported that MSC has an analgesic effect in osteoarthritis®® and
neuropathic pain.””>® MSC-derived sEVs were also demonstrated to exert an analgesic effect as they can transport bioactive
components, including lipid, protein, as well as RNAs, from the sourced cells to recipient cells. He et al reported that exosomes
derived from bone marrow MSC could relieve pain derived from knee OA and protect cartilage damage. Consistently, in this
research, IMSC-sEVs were demonstrated to alleviate pain derived from the rat tendinopathy model. Compared with steroids,
iMSC-sEV may not have these harmful side effects and can therefore be promising new therapeutics.

An increasing number of studies have confirmed the presence of inflammatory cells and other mediators in chronic
tendinopathy. The presence of mediators like MMPs, COX, VEGF, and inflammatory cells indicate that anti-inflamma-
tory compounds may have potential in managing chronic tendinopathy and related pain.'® MSC-derived sEVs possess the
ability to regulate inflammation and immune response. Zhang et al reported that exosomes derived from MSC could
alleviate pain in temporomandibular joint osteoarthritis by regulating signal pathways including AKT, ERK, and
AMPK.>? Previously, our team reported the effect of MSC-derived sEVs could attenuate chronic prostatitis/pelvic pain
syndrome in the rat by immunoregulation.®” In terms of osteoarthritis, we demonstrated that iMSCs-sEVs could
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significantly ameliorate osteoarthritis by suppressing inflammation and promote matrix synthesis.”® In our present study,
significantly decreased expression of inflammatory cytokines and cells was observed in vivo and in vitro after iMSC-
sEVs treatment, indicating that iMSC-sEVs may exert an analgesic effect on the tendinopathy rat model mainly by
regulating the inflammatory environment within the tendon.

RNA-seq and bioinformatics analysis of sequencing data after iMSC-sEVs treatment identified upregulated genes
involved in tenocyte proliferation collagen synthesis, as well as downregulated genes involved in inflammation. This
finding is consistent with the therapeutic effect of iMSC-sEVs in protecting tenocytes from inflammatory stimulation and
promoting tenocyte proliferation. Moreover, GSEA analysis showed that iMSC-sEVs activated the expression of genes
involved in anti-inflammation, cell proliferation and collagen synthesis. Among these genes, Stat5a, StatSb, Sos2, Sosl,
Jakl, I13ra, Jak?2 are associated with the IL-2 family signaling pathway and have been reported to inhibit inflammation of
tenocytes.®' ®* Cenbl, Nek2, Hmmr, Birc5 are cell cycle-related genes that have been demonstrated to promote cell cycle
progression, suppress apoptosis and stimulate tendon regeneration.®*°® In addition, MMP2, MMP9, MMP13 are known
to be essential for the collagen degradation of tenocytes and extracellular matrix.®”*® In conclusion, this evidence
suggests that the therapeutic effect of iMSC-sEVs in protecting tenocytes from inflammatory stimulation is credited to
the activation of these anti-inflammation, proliferation, and collagen synthesis associated genes.

On the whole, iMSC-sEVs can significantly ameliorate pain derived from tendinopathy, which is attributed to the
potency of anti-inflammation, proliferation, and collagen synthesis. iMSC-sEVs have the potential to be translated into
the treatment for tendinopathy patients.
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