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Editorial on the Research Topic 
Tissue Engineering and Cell Therapy for Cartilage Restoration

Articular cartilage is a connective tissue consisting of two phases: a solid composed of collagen, proteoglycans, proteins, and chondrocytes, and a liquid made up of water and electrolytes. It can be divided into four zones (superficial, middle, deep and calcified), each presenting a different cellular organization, collagen fiber architecture and depth (Hernandez et al., 2000; Meyers and Chawla, 2008; Sophia Fox et al., 2009). These structures and components establish the properties of cartilage, in terms of stiffness, elasticity and other important aspects for its characterization.
It is known that articular cartilage is an avascular tissue with little cellularity, making it difficult to heal. As a consequence, cartilage injuries can generate several complications for the individual, such as loss of mobility, degeneration and osteoarthritis (OA), directly affecting the quality of life. Not to mention that it represents an economic burden (Fernandes et al., 2018; Fernandes et al., 2020).
Current procedures that seek to repair chondral tissue are microfracture stimulation, autograft and osteochondral allograft, and cellular implant therapies based on tissue engineering principles. Cell therapies and regenerative techniques are important and there are two main examples: autologous chondrocyte implantation (ACI) and mesenchymal stromal cells (MSCs). MSCs have received considerable research attention, due to ease of collection, ability to proliferate and differentiate cells, non-rejection by the patient, and paracrine effect on local cellular machinery (Ando et al., 2007; Shimomura et al., 2015).
This Research Topic aimed to widening the knowledge on the strategies being used for articular cartilage regeneration, describing the state-of-the-art and exploring the innovative approaches in cartilage restoration field. This issue currently includes 14 articles related to different innovative propositions associated with cartilage injuries.
In Table 1, a summary and the innovative aspects of each article are presented.
TABLE 1 | Innovative contribution of the articles published in Research Topic Tissue Engineering and Cell Therapy for Cartilage Restoration.
[image: Table 1]Stem-cell-based and gene-enhanced tissue engineered cartilage is promising in the treatment of cartilaginous pathologies, especially traumatic cartilage defects (Bishop et al., 2017; Pirraco et al., 2018; Wang et al., 2019). Bone morphogenetic protein 2 (BMP2) triggers hypertrophic differentiation after chondrogenic differentiation of MSCs, which blocked the further application of BMP2-mediated cartilage tissue engineering. Dai et al. investigated the function of LncRNA H19 (H19) in BMP2, finding out that H19 regulates BMP2-mediated hypertrophic differentiation of MSCs by promoting the phosphorylation of Runx2, that maturates chondrocytes. H19 may play a role in cartilage differentiation, cartilage phenotype maintaining, and cartilage hypertrophic differentiation. They evaluated nine types of porcine tissue through a simple standard decellularization protocol.
At present, tissue engineering and regenerative medicine have focused on extracellular matrices (ECMs) to function as a natural scaffold (Harrison et al., 2014). Hanai et al. found that a soluble decellularized ECM (dECM) for each of the nine tissues harvested exhibited variations in their biochemical characteristics and growth factor distribution. On cell culture, it appeared to promote cell differentiation toward the specified used ECM tissue phenotype and decellularization was successful with reducing cellular components in every tissue. The present results are important in the field of musculoskeletal regeneration therapy, since tissue derived soluble ECMs could be employed to regenerate tissues combined with some appropriate scaffolds seeded with stem cells.
Researching less invasive treatments for Temporomandibular joint osteoarthritis (TMJOA), Wang et al. attempted to analyze the cartilage reconstruction effect of bone marrow MSC-derived small extracellular vesicles (BMSC-sEVs) and showed an increase of the tissue in the cartilage lacuna and hypertrophic cartilage cells in the deep area of the bone under the cartilage, besides higher rates of cell proliferation and migratory activity and alleviated G1 stagnation of the cell cycle of OAsEV which may provide guidance regarding their therapeutic applications as early and minimally invasive therapies for TMJOA.
Comparing Murphy Roths Large (MRL), who possess remarkable capacity to regenerate several musculoskeletal tissues, and BL6 mices regeneration to a ear punch, Tejedor et al. demonstrated that the enhanced regenerative potential of MRL mice is attributed, in part, to their MSCs that exhibit PYCR1-dependent higher glycolytic potential, differentiation capacities, chondroprotective abilities, and regenerative properties than BL6 MSCs, what could be a promising tool in the treatment of OA. Comparing the MSCs of these two mouse species, Tejedor et al. showed that the slow-proliferating MRL MSCs display a higher migration potential than the fast-proliferating BL6 MSC and found that mesencephalic astrocyte derived neurotrophic factor (MANF) was specifically highly produced by MRL MSC as compared to MSC derived from other mouse strains, and that MANF highly produced by MRL MSC contributes to their capacity to tend to reduce the OA score.
To delay the development of OA and promote joint cartilage regeneration, Da Cruz et al. demonstrated that post-adipose-derived stem cells (ADSC) stimulation by type V collagen (Col V) treatment induced a significant regeneration of cartilage in an osteoarthritic rabbit articular cartilage model suggesting that surgical-induced OA treated with ADSCs stimulated by Col V may prevent the progression of cartilage injury and indicating that ADSCs/Col V may be a therapeutic target for the treatment of osteoarthritis. Also using a defect produced in the articular cartilage of rabbits, Yang et al. developed a staged regeneration strategy that combines endogenous cell recruitment and pro-chondrogenesis approaches for in situ articular cartilage regeneration with growth factor (GF)-loaded scaffold who facilitated cell homing, migration, and chondrogenic differentiation and promoted the reconstructive effects of in vivo cartilage formation.
Studying the regeneration of defects in articular cartilage, Li et al. used extracellular matrix/stromal vascular fraction gel (ECM/SVF-gel) to evaluate the therapeutic effect of this natural biomaterial on this repair, comparing the control group treated with microfractures to the group with microfractures associated with ECM/SVF-gel, finding that autologous ECM/SVF-gel displays a curative effect on articular cartilage regeneration in a rabbit model, besides being a simple, time-sparing, cost-effective, enzyme-free and minimally invasive preparation process.
Microfracture is one of the most widely used techniques for the repair of articular cartilage. However, microfracture often results in filling of the chondral defect with fibrocartilage, which exhibits poor durability and sub-optimal mechanical properties. Mustapich et al. studied a strategy for enhanced microfracture treatment with stromal cell-derived factor-1 (SDF-1), demonstrating a simple cost-effective one-step process for improving the quality of cartilage defect repair in a rat model of microfracture. In this perspective, Lu et al. found that this approach played a unique role in cartilage resurfacing of adult rabbits despite the fact that self-healing dominates cartilage repair in young rabbits less than 9 months old.
After categorizing treatment options for osteochondral lesions into repair and regenerative techniques, Jacob et al. showed emerging techniques, exploring tissue engineering with new methods of cultures and their results, and stated that for improved chondrogenesis the cells require both growth factors and mechanical forces to bring about more physiological cellular responses. The author demonstrated satisfactory results in the medium-term follow-up with the MaioRegen presenting faster return to sports and a low rate of complication and failure, while the Agili-C showed encouraging results through significant improvement in the assessments.
OA is a multifactorial disease that presupposes local and systemic factors and has multiple pathogenetic mechanisms, which must be considered when exploring new treatment options. Li et al. presented the cells in the joint tissues and their role in OA pathogenesis, the numerous ways these cells communicate, and concluded that application of stem cell-derived EVs in OA treatment is an emerging field in regenerative medicine.
Cartilage tissue engineering has potential for the treatment of cartilage pathologies, providing biomaterials that can be adjuvants to already established treatments to improve the clinical outcome, providing a higher quality regeneration and in the shortest possible time. There are clearly several cellular regulatory pathways involved in the therapeutic effect of MSCs, and the broad cellular and molecular changes that accompany MSC apoptosis, autophagy, and senescence may be essential for their therapeutic effects according to Najar et al. This is an essential understanding of the immunological profile and functions of MSCs as a graft and understanding of the mechanisms involved in the effects of MSCs for better therapeutic targeting.
A treatment widely used in different clinical situations is Platelet-rich plasma (PRP), but universal standardization of procedures for its preparation is still lacking. Pachito et al. reviewed thirty-nine studies focusing on the comparison of PRP to a related product, types of anticoagulants, centrifugation protocols, commercial kits, processing time, methods for activation, and application concomitantly to other substances, finding a great variability embed in each step necessary for the preparation of PRP which may justify the variability of clinical effects of PRP across different clinical trials.
FINAL CONSIDERATIONS
In this editorial, it was possible to discover a large number of innovative aspects, with extremely promising research fields that could change the course of the treatment of OA and other pathologies that affect the articular cartilage. Despite that, the articles have some methodological limitations and further research should be carried out focusing on the difficulties raised, in order to increase the level of evidence, safety and efficacy of the new therapies.
Innovative technologies and discoveries take time to be translated from an idea to clinical practice (Fernandes et al., 2022). Moreover the continuing development of the mentioned studies is of key importance to create collaborative learning and reach research goals for cartilage treatment and, at the end, improve healthcare and patient’s quality of life.
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Objectives: Bone morphogenetic protein 2 (BMP2) triggers hypertrophic differentiation after chondrogenic differentiation of mesenchymal stem cells (MSCs), which blocked the further application of BMP2-mediated cartilage tissue engineering. Here, we investigated the underlying mechanisms of BMP2-mediated hypertrophic differentiation of MSCs.

Materials and Methods: In vitro and in vivo chondrogenic differentiation models of MSCs were constructed. The expression of H19 in mouse limb was detected by fluorescence in situ hybridization (FISH) analysis. Transgenes BMP2, H19 silencing, and overexpression were expressed by adenoviral vectors. Gene expression was determined by reverse transcription and quantitative real-time PCR (RT-qPCR), Western blot, and immunohistochemistry. Correlations between H19 expressions and other parameters were calculated with Spearman’s correlation coefficients. The combination of H19 and Runx2 was identified by RNA immunoprecipitation (RIP) analysis.

Results: We identified that H19 expression level was highest in proliferative zone and decreased gradually from prehypertrophic zone to hypertrophic zone in mouse limbs. With the stimulation of BMP2, the highest expression level of H19 was followed after the peak expression level of Sox9; meanwhile, H19 expression levels were positively correlated with chondrogenic differentiation markers, especially in the late stage of BMP2 stimulation, and negatively correlated with hypertrophic differentiation markers. Our further experiments found that silencing H19 promoted BMP2-triggered hypertrophic differentiation through in vitro and in vivo tests, which indicated the essential role of H19 for maintaining the phenotype of BMP2-induced chondrocytes. In mechanism, we characterized that H19 regulated BMP2-mediated hypertrophic differentiation of MSCs by promoting the phosphorylation of Runx2.

Conclusion: These findings suggested that H19 regulates BMP2-induced hypertrophic differentiation of MSCs by promoting the phosphorylation of Runx2.

Keywords: BMP2, lncRNA H19, MSCs, hypertrophic differentiation, cartilage tissue engineering


INTRODUCTION

Stem-cell-based and gene-enhanced tissue engineered cartilage is promising in the treatment of cartilaginous pathologies, especially traumatic cartilage defects (Bishop et al., 2017; Canadas et al., 2018; Wang et al., 2019). Mesenchymal stem cells (MSCs) hold the potential for osteogenic, chondrogenic, adipogenic differentiation, etc., owing to the fact that MSCs are easy to isolate, stable in expressing exogenous genes, abundant in source, and were identified as ideal seed cells for regenerative medicine (Canadas et al., 2018; Kim et al., 2019; Mamidi et al., 2016; Wang et al., 2019). Therefore, it is essential to guide MSC chondrogenic differentiation for the construction of tissue engineering cartilage.

Bone morphogenetic protein 2 (BMP2), a member of the transforming growth factor beta (TGF-β) superfamily, is characterized as one of the most effective growth factors to induce MSC chondrogenic differentiation (Kovermann et al., 2019; Miyazono et al., 2010; Munsell et al., 2018; Pan et al., 2008; Zhou et al., 2016). However, BMP2 is also known to induce MSC osteogenic differentiation and stimulate hypertrophic differentiation after chondrogenic differentiation, which go against maintaining of BMP2-induced cartilage phenotype (An et al., 2010; Liao et al., 2014; Zhou et al., 2016). Our previous studies found that BMP2 induced MSC chondrogenic differentiation by upregulating the expression of Sox9; as the key transcription factor of chondrogenesis, overexpression of Sox9 potentiated BMP2-mediated chondrogenic differentiation and inhibited BMP2-induced osteogenic differentiation (Liao et al., 2014; Zhou et al., 2016). However, BMP2 triggered hypertrophic differentiation process after chondrogenic differentiation still blocked the further application of BMP2-mediated cartilage engineering (Liao et al., 2014; Nasrabadi et al., 2018; Zhou et al., 2016). Hence, it is important to clarify the mechanisms underlying BMP2-mediated hypertrophic differentiation of MSCs.

With the development of next-generation sequencing technologies, it is confirmed that over 80% of human genome is transcribed; however, only ∼2% of human genome is transcribed into messenger RNA (mRNA), which indicates the pervasiveness of non-coding RNAs (ncRNAs) (Clark et al., 2011; Djebali et al., 2012; Pettersson et al., 2009). Recently, ncRNAs especially long non-coding RNAs (lncRNAs), which are identified as non-protein coding transcripts longer than 200 nucleotides, are characterized as regulatory RNAs and are involved in many physiological and/or pathological processes (Morris and Mattick, 2014; Quinn and Chang, 2016; Sanbonmatsu, 2016). As regulatory RNAs, lncRNAs were reported to serve as competition endogenous RNA (ceRNA), primary microRNA precursor, modular scaffold of histone modification, mRNA decay controller, functional protein regulator, etc. (Cai and Cullen, 2007; Kim and Shiekhattar, 2016; Morris and Mattick, 2014; Qi et al., 2019; Tsai et al., 2010). LncRNA H19 (H19), which was first isolated and reported in 1980s by four different laboratories, was identified as one of the first imprinted genes and lncRNAs (Cai and Cullen, 2007; Gabory et al., 2006; Hao et al., 1993; Liu et al., 2017; Moulton et al., 1994a). In the past several decades, H19 was known to regulate diverse cellular processes, including tumorigenesis, embryo growth, stem cell differentiation, etc. (Gabory et al., 2010; Hao et al., 1993; Liu et al., 2017; Moulton et al., 1994b). Meanwhile, evidence have shown that H19 was involved in MSC chondrogenic differentiation (Dudek et al., 2010; Liu et al., 2017; Pang et al., 2019). Dudek et al. (2010) reported that H19 and H19-encoded miR675 are essential for the production of Col2α. Pang et al. characterized that H19 is indispensable for the cartilage differentiation of stem cells. On the basis of our previous studies (Liao et al., 2017b), we speculated the regulatory function of H19 in BMP2-mediated chondrogenic differentiation of MSCs.

In the present study, we investigated the function of H19 in BMP2-mediated chondrogenic and hypertrophic differentiation of MSCs. We found a peak expression level of H19 after the crest stage of Sox9, and the expression levels of H19 were positively correlated with BMP2-mediated expression levels of chondrogenic differentiation markers, especially in the late stage. Our further experiments found that silencing H19 promoted BMP2-triggered hypertrophic differentiation, which indicated the essential role of H19 for maintaining the phenotype of BMP2-induced chondrocytes. In mechanism, we characterized that H19 can directly bind with Runx2 protein and promote Runx2 phosphorylation, which inhibited the function of Runx2. These findings applied a new version for the understanding of BMP2-mediated hypertrophic differentiation, which is beneficial for the construction of BMP2-mediated cartilage tissue engineering.



MATERIALS AND METHODS


Ethics Statement

All animal protocols were approved by the Ethical Committee of The First Affiliated Hospital of Chongqing Medical University. All surgical operations were done under proper anesthesia; animals were kept in independent cages with standard conditions until it is confirmed that they recovered from anesthesia without pain. At the indicated time points, mice were euthanized by overdose intraperitoneal pentobarbital sodium (Sigma-Aldrich, United States) injection. All efforts were made to minimize the suffering of the animals; the ectopic masses were retrieved from the injection sites of the node mice after confirming that the mice were not breathing, have no heartbeat and with dilated pupils.



Cell Culture and Chemicals

The human embryonic kidney (HEK) 293 and mouse bone marrow MSC C3H10T1/2 cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, United States). Cell lines were preserved in complete Dulbecco’s modified Eagle’s medium (DMEM, Hyclone, China), supplemented with 10% fetal bovine serum (FBS, Gibco, Australia), 100 U/ml penicillin, and 100 mg/ml streptomycin, maintained at 37°C in a humidified 5% carbon dioxide (CO2) atmosphere. Unless indicated otherwise, all chemicals were purchased from Sigma-Aldrich or Corning.



Fluorescence in situ Hybridization

Fetal mouse limbs at embryonic 14.5 day were harvested, fixed overnight in diethyl pyrocarbonate (DEPC)-treated 4% paraformaldehyde (Servicebio, Wuhan, China), and embedded in paraffin. Then, serial 5-μm-thick sections were obtained and deparaffinized in xylene and rehydrated in graded ethanol and RNase-free deionized Millipore water (Invitrogen, CA, United States). The hybridization was performed as describe previously (Li et al., 2018). Prior to hybridization, tissue sections were pretreated with boiled target retrieval buffer supplied in the RNAscope kit (Invitrogen, CA, United States) for 15 min. Then, sections were hybridized for 3 h at 50°C in a hybridization oven with a mixture containing the hybridization buffer supplied in the kit and the probes for mouse H19 that were synthesized by Ribobio (Guangzhou, China) tagged with Cy3, followed by successive incubations and washing accordingly. Finally, slides were mounted with the antifade mounting media containing 4′,6-diamidino-2-phenylindole (DAPI, Vector Lab, Inc., Burlingame, CA, United States). The microscopy images of the sections were acquired with a fluorescence microscope (Olympus, United States). Cy3 (H19) and DAPI (nuclei) were excited at 561 and 405 nm, respectively. As for the analysis of fluorescence intensity, three high-power field of view were randomly selected in each area, and the optical density value per cells in each field was calculated by ImageJ Pro and calibrated relative to the background of the field. Then, the average cell optical density (by dividing nuclei numbers) of each area was calculated, and figure was drawn by GraphPad Prism software. The sequence of H19 probe is 5′-Cy3/cagttgccctcagacggagatggacg/Cy3-3′. H19 positive control for FISH analysis was shown in Supplementary Figure 1A.



Construction and Generation of Recombinant Adenoviral Vectors AdBMP2, AdGFP, AdH19, and AdsimH19

Recombinant adenoviruses were generated using AdEasy technology as described previously (Deng et al., 2014; He et al., 1998; Lee et al., 2017; Luo et al., 2007); AdBMP2 was previously characterized (Liao et al., 2014; Zhou et al., 2015; Zhou et al., 2016), and AdGFP was used as a mock virus control. Briefly, the coding region of human BMP2, and the full-length transcript of mouse H19, were PCR amplified and subcloned into an adenoviral shuttle vector and used to generate recombinant adenoviral vectors; recombinant adenoviral vectors containing BMP2 or H19 were subsequently used to generate recombinant adenoviruses in HEK-293 cells. For making AdsimH19, three small interfering RNAs (siRNAs) targeting mouse H19 were simultaneously assembled to an adenoviral shuttle vector using the Gibson Assembly system as described (Deng et al., 2014; Liao et al., 2017b). AdBMP2 also expresses green fluorescent protein (GFP), whereas AdsimH19 expresses red fluorescent protein (RFP) as a marker for monitoring infection efficiency.



Chondrogenic Differentiation of MSCs in Micromass Culture

To induce chondrogenic differentiation, micromass culture was used to mimic the condensation of MSCs as previously described (Liao et al., 2014). C3H10T1/2 cells were seeded at 60% confluence and infected with AdGFP, AdBMP2, or/and AdsimH19. Twenty-four hours after infection, cells were harvested and resuspended in high density (∼105 per 25 μl medium), which were subsequently added at the center of each well in the 12-well plates and then incubated in CO2 incubator. One hour after incubation, 2–3 ml complete DMEM was added to each well; half medium was replaced every 3 days.



RNA Isolation and RT-qPCR, RT Semiquantitative PCR

Total RNA was isolated with TRIZOL reagent (Invitrogen, CA, United States) according to the manufacturer’s instructions and subjected to reverse transcription reactions using PrimeScript RT reagent kit (Takara, Dalian, China). The quantitative PCR analysis was carried out using the CFX96 Real-Time PCR Detection System (Bio-Rad, CA, United States) with SYBR premix Ex Taq II kit (Takara, Dalian, China) according to the manufacturer’s instructions. Programs for real-time PCR are as follows: 95°C for 30 s, 95°C for 5 s, and 60°C for 30 s, repeating 40 cycles. Gapdh was used as a reference gene. The melting curves did not detect any non-specific amplification. All sample values were normalized to Gapdh expression by using the 2–△ △ Ct method; primer efficiency correction was done and used to corrected amplification efficiency, Gradient concentration DNA samples were used for the normalization. The PCR primer sequences are listed in Table 1.


TABLE 1. Primer oligonucleotide sequences used for PCR.

[image: Table 1]The semiquantitative PCR was preformed using premix TaqTM (Takara, Dalian, China) kit, with the following programs: 92°C for 3 min for one cycle; 92°C for 30 s, 55°C for 30 s, and 72°C for 30 s, for 35 cycles. Then, PCR products were electrophoresed on 1% agarose gels (Invitrogen, CA, United States) and visualized by UV light.



Western Blot Analysis

Protein extraction was performed by using 2% sodium dodecyl sulfate (SDS) lysis buffer that including 100 mM Tris–HCl, 100 mM β-mercaptoethanol, and protease and phosphatase inhibitors (Roche, United States). Total protein was denatured via boiling and determined using a BCA protein assay kit (Beyotime, Beijing, China). Equivalent amounts of protein were electrophoresed on 5–10% Bis-Tris gels (Life Technologies, MA, United States) and transferred to polyvinylidene fluoride membranes (PVDF, Millipore, MA, United States). Membranes were blocked with 5% skimmed milk for 1 h at room temperature and incubated with primary antibodies to collagen 10α1, MMP13, Runx2, phosphor-Runx2, and β-actin overnight (rabbit anti-collagen 10α1 and MMP13, 1:1,000, Abcam, Cambridge, United States; rabbit anti-Runx2 and β-actin, 1:1,000, Cell Signaling Technology, MA, United States; rabbit antiphosphor-Runx2, 1:1,500, Affinity Biosciences, United States). Following this, the membranes were incubated with corresponding secondary antibody conjugated with horseradish peroxidase (HRP, goat antirabbit secondary antibody, 1:1,000, Cell Signaling Technology, MA, United States). The blots were displayed with Immobilon Western Chemiluminescent HRP Substrate (Millipore, MA, United States). Relative protein expression was analyzed by Image Lab software using β-actin as control.



Subcutaneous Stem Cell Implantation

The use and care of animals in this study were approved by the Institutional Animal Care and Use Committee. All experimental procedures were carried out in accordance with the approved guidelines. Subcutaneous stem cell implantation procedure was performed as described (Liao et al., 2014; Liao et al., 2017a; Liao et al., 2017b). Briefly, the C3H10T1/2 cells were infected with AdGFP, AdBMP2, and/or AdsimBMP2. Twenty-four hours after infection, cells were collected and resuspended in DMEM at a density of ∼2 × 105/μl (100 μl each injection). The cells were injected subcutaneously into the flanks of athymic nude mice (n = 3/group, female, 5–6 weeks old).

At the indicated time points, animals were euthanized, and the ectopic masses were retrieved from injection sites and subjected to X-ray imaging system with automatic exposure under 45 kV, 500 mA. Then, the masses were fixed in 4% paraformaldehyde (Beyotime, Beijing, China) for 24 h at room temperature, decalcified in 0.5 M ethylenediaminetetraacetic acid (EDTA) at 4°C for 14 days and embedded in paraffin. Serial 5-μm-thick sections were obtained and followed by histological and other specialty staining evaluations.



Histological Evaluation: Hematoxylin and Eosin, and Alcian Blue Staining

Sections were deparaffinized with xylene and rehydrated using graded ethanol. H&E and Alcian blue staining were performed using standard protocol as previously described (Liao et al., 2014; Zhou et al., 2015; Zhou et al., 2016). Briefly, the deparaffinized samples were first subjected to antigen retrieval and fixation. Then, sections were stained with hematoxylin and eosin (H&E) and Alcian blue staining. Histological evaluation was performed with the use of a light microscope (Olympus, Japan).



Immunohistochemistry Assay

Generally, sections were deparaffinized with xylene, rehydrated using graded ethanol, treated with 3% H2O2 for 10 min to inhibit endogenous peroxidase activity, boiled in citrate buffer (pH 6.0) for 20 min at 95–100°C, and blocked with normal goat serum. Then, sections were incubated with primary antibody to MMP-13 (Santa Cruz Biotechnology Inc., Texas, United States, 1:300 dilution), Collagen 10α1 (Abcam, Cambridge, United States, 1:200 dilution), Runx2 (Cell signaling Technology, MA, United States, 1:200 dilution), and collagen 1α1 (Abcam, Cambridge, United States, 1:200 dilution) at 4°C overnight. After being washed, the sections were incubated with biotin-labeled secondary antibody for 30 min, followed by incubation with streptavidin–HRP conjugate for 20 min at room temperature. Staining without primary antibody was utilized as negative control (Supplementary Figure 1B). All photos were obtained by using a microscope (Olympus, Japan).



RNA Immunoprecipitation Analysis

The RNA immunoprecipitation (RIP) analysis was done as described previously (Kallen et al., 2013; Yuan et al., 2014). C3H10 T1/2 cells were infected with AdH19 or AdGFP. Three days after infection, cells were lysed and subjected to RIP analysis with the use of Magna RIPTM RNA-Binding Protein Immunoprecipitation Kit (Millipore, Bedford, MA, United States) according to the manufacturer’s instructions. Briefly, prior to immunoprecipitation, magnetic beads were pretreated with RIP wash buffer supplied in the kit and incubated with Runx2 antibody (Cell Signaling Technology, MA, United States) for 30 min. Then, the magnetic bead-Runx2 composites were incubated with cell lysis supernatant and RIP immunoprecipitation buffer overnight at 4°C followed by successive washing with RIP wash buffer. After treatment with immunoprecipitation, the composites were detached by using proteinase K buffer. After that, the RNA fraction was isolated and subjected to perform qPCR analysis as described above.



Statistical Analysis

All images were obtained by using a microscope (Olympus, Japan) and analyzed by ImageJ Pro. Data were expressed as mean ± standard deviation (SD) and analyzed with SPSS software (Version 21, IBM, United States). A one-way analysis of variance was performed to analyze inter- and intragroup differences when more than two groups were compared. A t test was used to compare between any two groups. The correlations between H19 expression and other parameters were calculated with Spearman’s correlation coefficients. A value of P < 0.05 was considered statistically significant.



RESULTS


H19 Expression in Fetal Mouse Limb

To understand the function of H19 during the process of hypertrophic differentiation, we determined the expression of H19 in day 14.5 fetal mouse limb with the use of fluorescence in situ hybridization (FISH) technology. As shown in Figure 1A, the expression of H19 was highest in the proliferative zone, decreased in the prehypertrophic zone, and in lowest level in the hypertrophic zone in day 14.5 fetal mouse limb (Figure 1A, upper panel). Higher magnification (Figure 1A, lower panel) and H19-positive cells quantitative analysis (Figure 1B) showed the same trend. These results indicate that H19 may play a role in maintaining the phenotype of chondrocytes.
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FIGURE 1. H19 expression in developing endochondral bones and chondrogenic differentiation of mesenchymal stem cells (MSCs) induced by bone morphogenetic protein 2 (BMP2). (A) H19 expression in developing endochondral bones. Detection of H19 by fluorescence in situ hybridization to sections of the developing radius at E14.5 day. Expression of H19 (Red) is mainly observed in the proliferative zone (PZ), decreased in the prehypertrophic zone (Pre-HZ), and in lowest level in the hypertrophic zone (HZ). Higher magnification images were listed in the lower panel; scale bar = 500 μm. (B) Quantitative analysis of positive H19 expression. (C) BMP2-induced chondrogenic differentiation of MSCs in micromass culture. C3H10T1/2 cells were infected with AdBMP2 or AdGFP and subjected to micromass culture. Green fluorescent protein (GFP) fluorescence fields were recorded at 3 days after infection, scale bar = 1,000 μm. (D) Adenovirus-mediated overexpression of BMP2. The expression level of BMP2 messenger RNA (mRNA) was detected by quantitative PCR (qPCR) from days 1 to 12 after the infection of AdBMP2; AdGFP was used as control. (E) BMP2-induced H19 and chondrogenic differentiation markers expression. Relative expression levels of H19 (a), Sox9 mRNA (b), collagen 2α1 mRNA (c), and Aggrecan mRNA (d) were detected by reverse transcription and quantitative real-time PCR (RT-qPCR) at a series time (days 1, 2, 3, 5, 7, 9, and 12) with the stimulation of AdBMP2. AdGFP was used as control. The values of AdBMP2/AdGFP were shown (each assay was done in triplicate and/or carried out in three independent experiments at least). “**” and “##” mean p < 0.01 compared with PZ and Pre-HZ group, respectively in panel (B); “*” and “**” respectively mean p < 0.05 and p < 0.01 compared with AdGFP group in panel (D) and (E). DAPI, 4′, 6-diamidino-2-phenylindole, PZ, proliferative zone, Pre-HZ, pre-hypertrophic zone, HZ, hypertrophic zone.




BMP2-Induced H19 Expression and Chondrogenic Differentiation of MSCs in Micromass Culture

To mimic the process of MSCs condensation, C3H10T1/2 cells infected with AdBMP2 or AdGFP were subjected to micromass culture (Figure 1C). We first determined mRNA expression level of BMP2, as shown in Figure 1D, compared with AdGFP group, AdBMP2 dramatically increased the expression of BMP2 from day 1 to 12, which indicated that adenovirus-mediated overexpression of BMP2 was effective and sustained more than 12 days in micromass culture.

Second, we determined BMP2-induced expression of H19. As shown in Figure 1Ea, we found that the expression of H19 was downregulated by BMP2 from day 1 to 3, back to the basal level at day 5, then dramatically upregulated at day 7, and finally back to the basal level at days 9 and 12. These results indicated that H19 would function at the medial or late stage of BMP2-mediated MSC chondrogenic differentiation.

In addition, we detected the chondrogenic differentiation marker expression with the stimulation of BMP2. To be consistent with our previous work, we found that the expression level of Sox9 was upregulated by BMP2 from day 2 to 9 and showed a highest level at day 5 (Figure 1Eb). Meanwhile, Col2α and Aggrecan expressions decreased gradually from day 1 to 7 and showed a peak level at day 7, then back to the basal level gradually from day 9 to 12 (Figures 1Ec,d). Meanwhile, the data demonstrated that the peak expression level of H19 was followed after the crest expression level of Sox9 (Figure 1E).

Putting these data together, we infer that H19 may be acting as a regulatory RNA at medial or late stage of BMP2-induced chondrogenic differentiation of MSCs in micromass culture.



BMP2-Induced H19 Expression Is Positively Correlated With Terminal Chondrogenic Differentiation Markers and Negatively Correlated With Hypertrophic Differentiation Markers

To further clarify the relationships between BMP2-induced H19 expression levels and chondrogenic or hypertrophic differentiation markers, correlation analysis was used to analyze the correlation between H19 expression levels and chondrogenic and hypertrophic differentiation markers with the stimulation of BMP2. As for the chondrogenic differentiation markers, on the basis of H19 expression level, we analyzed days 1–5 and days 7–12, respectively. As shown in Figure 2A, from days 1 to 5, there was no obvious correlation between H19 expression level and Col2α1 (r = 0.19, P = 0.55); however, H19 expression levels were positively correlated with key chondrogenic differentiation transcription factor Sox9 expression levels (r = 0.85, P < 0.01) and chondrogenic marker Aggrecan (r = 0.63, p = 0.03). What is interesting is that from day 7 to 12 (Figure 2B), H19 expression levels were positively correlated with the expression levels of Sox9 (r = 0.71, P = 0.03), Col2α1 (r = 0.92, P < 0.01), and Aggrecan (r = 0.91, P < 0.01). These data highly indicated that H19 might regulate BMP2-induced terminal chondrogenic differentiation.
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FIGURE 2. Bone morphogenetic protein 2 (BMP2)-induced H19 expression is positively correlated with terminal chondrogenic differentiation markers. The correlations between BMP2-induced H19 expression and Sox9 messenger RNA (mRNA), collagen 2α1 mRNA, and Aggrecan mRNA were analyzed from day 1 to 5 and day 7 to 12, respectively, with Spearman’s correlation coefficients, r means correlation coefficients. (A) During the early stage of BMP2’s stimulation (days 1–5) Sox9 (r = 0.85, p < 0.01) (a) and Aggrecan (r = 0.63, p = 0.03) (c) expression levels were positively corelated with H19 expression level; however, Col2α (r = 0.19, p = 0.55) (b) expression levels were not significantly correlated with H19 expression levels. (B) In the late stage of BMP2’s stimulation (days 7–12) Sox9 mRNA (r = 0.71, p = 0.03) (a), Col2α mRNA (r = 0.92, p < 0.01) (b), and Aggrecan mRNA (r = 0.91, p < 0.01) (c) expression levels were positively corelated with H19 expression levels. Each assay was done in triplicate and/or carried out in three independent experiments at least; mean value of each independent experiment was shown.


As for the hypertrophic differentiation markers, we first confirmed that, with the stimulation of BMP2, hypertrophic differentiation markers (MMP13, Adamts5, and Runx2) were significantly upregulated compared with control groups from day 7 to 12 (Figures 3Aa,Ba,Ca). Second, correlation analysis exhibited that H19 expression levels were negatively correlated with the expression levels of hypertrophic differentiation markers (MMP13, r = −0.68, P = 0.04; Adamts5, r = −0.73, P = 0.03) (Figure 3B) and key hypertrophic differentiation transcription factor Runx2 (r = −0.86, P < 0.01). Taken these data together, we deduced that H19 could play an important role in regulating BMP2-induced hypertrophic differentiation.
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FIGURE 3. Bone morphogenetic protein 2 (BMP2) induced H19 expression is negatively correlated with hypertrophic differentiation markers. (A) BMP2-induced hypertrophic differentiation of mesenchymal stem cells (MSCs). Quantitative PCR (qPCR) analysis of MMP13 (a), Adamts5 (b), and Runx2 (c) messenger RNA (mRNA) expression levels at days 7, 9, and 12 with the stimulation of AdBMP2; AdGFP was used as control. (B) The correlations between BMP2-induced H19 expression level and hypertrophic differentiation markers expression levels. The correlations between H19 expression levels of MMP13 (r = −0.68, p = 0.04) (a), Adamts5 (r = 0.73, p = 0.03) (b), and Runx2 (r = −0.86, p < 0.01) (c) mRNA expression levels at days 7, 9, and 12 were calculated with Spearman’s correlation coefficients. “*” and “**” respectively mean p < 0.05 and p < 0.01 compared with AdGFP group; r means correlation coefficients. Each assay was done in triplicate and/or carried out in three independent experiments at least.




Silencing of H19 Promoted BMP2-Induced Hypertrophic Differentiation of MSCs in vitro and in vivo

To further confirm the role of H19 in BMP2-induced hypertrophic differentiation, we silenced H19 with recombinant adenovirus system and detected the influence of silencing of H19 in BMP2-induced hypertrophic differentiation of MSCs. As for the in vitro test, C3H10T1/2 cells infected with AdBMP2, AdBM2 + AdsimH19, and AdGFP were subjected to micromass culture (Figure 4A). Relative RNA expression levels of BMP2 and H19 were tested at day 3, as shown in Figure 4B. AdsimH19 effectively downregulated the expression levels of H19 in AdGFP and AdBMP2 groups without influence expression levels of BMP2 in AdBMP2 and AdBMP2 + AdSimH19 groups. Then, hypertrophic differentiation markers were determined by RT-qPCR and Western blot. As shown in Figures 4C,D, we found that silencing H19 upregulated BMP2-induced Col10α1 and MMP13 expression from day 7 to 12 at genetic level (Figure 4C); meanwhile, the same trend was found at protein level (Figures 4Da,b).
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FIGURE 4. Silencing of H19 promoted bone morphogenetic protein 2 (BMP2)-induced hypertrophic differentiation of mesenchymal stem cells (MSCs) in vitro. (A) C3H10T1/2 cells infected with AdGFP, AdBMP2, AdBMP2, and AdsimH19 were subjected to micromass culture. Bright field, GFP (AdGFP, AdBMP2) and RFP (AdsimH19) fluorescence fields were recorded at day 3 after infection; the fluorescence indicated high efficiency in single or combination infection, scale bar = 1,000 μm. (B) Effective knockdown of mouse H19 expression. The expression level of H19 and BMP2 messenger RNA (mRNA) at day 3 in different groups were detected by reverse transcription and quantitative real-time PCR (RT-qPCR); AdsimH19 silences the expression of H19 without influencing the expression of BMP2. All samples were normalized with the reference gene Gapdh. Each assay condition was done in triplicate. (C) Silencing H19 promoted BMP2-induced collagen 10α1 and MMP13 mRNA expression. Subconfluent MSCs were infected with AdBMP9 or AdGFP and/or AdsimH19 and subjected to micromass culture. At the indicated time points, total RNA was isolated and subjected to qPCR analysis using primers for mouse collagen 10α1 and MMP13; each assay condition was done in triplicate. (D) Silencing H19 promoted BMP2-induced collagen 10α1 and MMP13 protein expression. Western blot for the expression of collagen 10α1 and MMP13 were conducted at day 7 after transduction of indicated recombinant adenoviruses (a). Relative protein expression was analyzed by Image Lab software using β-actin as control (b). “*” and “**” respectively mean p < 0.05 and p < 0.01 compared with AdGFP group; “#” and “##” respectively mean p < 0.05 and p < 0.01 compared with AdBMP2 group. Each assay was done in triplicate and/or carried out in three independent experiments at least; representative results are shown.


Using our previously established stem cell implantation assay (Liao et al., 2017a; Zhou et al., 2016), we injected C3H10T1/2 cells infected with AdGFP, AdBMP2, and/or AdsimH19 at the same infection ratio subcutaneously into the flanks of athymic nude (nu/nu) mice for 3 weeks. The cells transduced with AdGFP or AdsimH19 alone failed to form any detectable masses (data not shown). As shown in Figure 5A, there was no obvious morphological differences between the masses formed in the AdBMP2 and AdBMP2 + AdSimH19 group (Figures 5Aa,b). While the osseous composition in the AdBMP2 + AdSimH19 group was much more than that in the AdBMP2 group through X-ray testing (Figure 5Ac). On histological examination (Figure 5B), masses formed in the AdBMP2 group showed obvious chondrocytes and cartilaginous matrix. However, except the chondrocytes and cartilaginous matrix, the masses formed in the AdBMP2 + AdSimH19 group formed obvious trabeculae combined with bone-marrow-like tissues. The Alcian blue staining exhibited that there were less cartilaginous matrix and more hypertrophic chondrocytes formation in the AdBMP2 + AdSimH19 group compared with the AdBMP2 group. In quantitative analysis, we found that in the AdBMP2 group, there were significantly more undifferentiated MSCs (UM) and chondrocytes compared with the AdBMP2 + AdSimH19 group. Moreover, there was significantly more trabecular bone formation in the AdBMP2 + AdSimH19 group compared with AdBMP2 group (Figure 5C).
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FIGURE 5. Silencing of H19 promoted bone morphogenetic protein 2 (BMP2)-induced hypertrophic differentiation of mesenchymal stem cells (MSCs) in vivo. (A) C3H10T1/2 cells infected with AdGFP, AdBMP2, and/or AdsimH19 at the same infection ratio were injected subcutaneously into the flanks of athymic nude (nu/nu) mice for 3 weeks. There was no obvious differences in the morphological phenotype between the cartilaginous/bony masses formed in the AdBMP2 and AdBMP2 + AdSimH19 groups (a), scale = 1 mm; the soft tissue horizon of the masses did not show and obvious difference between AdBMP2 and AdBMP2 + AdSimH19 groups through X-ray testing (b), while the osseous composition in the AdBMP2 + AdSimH19 group was much more than that in the AdBMP2 group through X-ray testing (c). (B) On histological examination, masses formed in the AdBMP2 group showed obvious chondrocytes and cartilaginous matrix (a); however, except the chondrocytes and cartilaginous matrix, the masses formed in the AdBMP2 + AdSimH19 group formed obvious trabeculae combined with bone marrow like tissues (b), which indicated the endochondral ossification. At higher magnification, H&E and the Alcian blue staining exhibited less cartilaginous matrix, more hypertrophic chondrocytes, and bone trabecular formation in the AdBMP2 + AdSimH19 group (b’,c”) compared with the AdBMP2 group (a’,a”), scale bar = 500 μm. (C) Quantitative analysis of undifferentiated MSCs, chondrocytes, and trabecular bone. ImageJ was used to quantitatively analyze undifferentiated MSCs, chondrocytes, and trabecular bone. There were significantly more undifferentiated MSCs, more chondrocytes, and less trabecular bone formation in the AdBMP2 group compared with that in the AdBMP2 + AdSimH19 group. (D) The immunohistochemical staining was utilized to confirm the influence of silencing of H19 in BMP2-induced hypertrophic differentiation in vivo. The expression of Col10α1, MMP13, and Runx2 in the AdBMP2 group were less and weaken compared with the AdBMP2 + AdSimH19 group (a,b,c,d,e,f; a’,b’,c’,d’,e’,f’). (E) Quantitative analysis of positive stained area. Integral optical density/area (IOD/Area) was calculated with Image Pro Plus software. Scale bar = 150 μm. UM, undifferentiated MSCs; C, chondrocytes; TB, trabecular bone. **p < 0.01 compared with AdBMP2 group. Each assay was done in triplicate and/or carried out in three independent experiments at least; representative results are shown.


The immunohistochemical staining was also utilized to confirm the influence of silencing of H19 in BMP2-induced hypertrophic differentiation in vivo (Figure 5D). We detected that Col10α1 and MMP13 expression in the AdBMP2 group were less and weakened compared with that in the AdBMP2 + AdSimH19 group (Figures 5Da–d,a’–d’). As the key transcription factor for hypertrophic differentiation, Runx2 expression in AdBMP2 group was also less and weakened compared with the AdBMP2 + AdSimH19 group through immunohistochemical staining (Figures 5De,f,e’,f’). The same trend was found through quantitative analysis (Figure 5E). These data further confirmed that silencing of H19 promoted BMP2-induced hypertrophic differentiation of MSCs in vivo.



H19 Regulate BMP2-Induced Hypertrophic Differentiation of MSCs by Promoting the Phosphorylation of Runx2

As Runx2 is the key transcription factor of BMP2-mediated hypertrophic differentiation of MSCs (Jonason et al., 2009; Liao et al., 2014; Takeda et al., 2001; Ueta et al., 2001; Zhou et al., 2016), we hypothesized that H19 may regulate BMP2-induced hypertrophic differentiation by targeting Runx2. Using RIP analysis, we further analyzed the posttranscriptional regulation of H19 on the phosphorylation of Runx2. The process of RIP analysis is listed in Figure 6A. Briefly, MSCs (C3H10T1/2) infected with adenovirus expression H19 were cultured in micromass; 3 days after infection, cells were lysed and mixed with anti-Runx2 tagged beads. After immunoprecipitation, proteinase K was used for the enzymolysis of protein and RNA; then, total RNA was extracted and purified from the specific RNA protein mixture and subjected to RT-qPCR after to analyze the combination of Runx2 and H19. As shown in Figure 6B, before and after anti-Runx2-tagged beads extraction, Western blot analysis of Runx2 yielded expected products; immunoglobulin G (IgG) was used as control. RT-qPCR analysis showed that, compared with the IgG group, the expression of H19 in the RIP group was significantly higher, and β-actin was used as control (Figure 6C). RT-qPCR products analysis yielded expected products (Figure 6D).
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FIGURE 6. H19 regulates bone morphogenetic protein 2 (BMP2)-induced hypertrophic differentiation of mesenchymal stem cells (MSCs) by promoting the phosphorylation of Runx2. (A) Schematic outline of purification of H19-associated ribonucleoprotein (RNPs) and RNA component identification. Briefly, RNA immunoprecipitation (RIP) was performed with mouse monoclonal anti-RUNX2 or preimmune immunoglobulin G (IgG) from extracts of C3H10 T1/2 cells infected with adenovirus expression H19 for 3 days. After immunoprecipitation, proteinase K was used for the enzymolysis of protein and RNA; then, total RNA was extracted, followed by reverse transcription and quantitative real-time PCR (RT-qPCR) and semiquantitative RT-PCR to analyze the combination. (B) Immunoprecipitation using anti-RUNX2 or IgG followed by Western blot analysis using a rabbit monoclonal anti-RUNX2. In addition, 10% input was loaded; molecular markers in kDa are on the left. (C) H19 levels in immunoprecipitates were determined by RT-qPCR. The levels of H19 and β-actin RNA are presented as fold enrichment in anti-RUNX2 relative to IgG immunoprecipitates. (D) Semiquantitative RT-PCR reaction was also used to detect H19 levels in immunoprecipitates, and the PCR products were resolved on 1% agarose gel. (E) To assay the posttranscriptional regulation of H19 on Runx2, Western blotting analysis of RUNX2 and phosphorylated RUNX2 expression were performed using a rabbit monoclonal antiphosphorylated RUNX2 (top) and rabbit monoclonal anti-RUNX2 (middle). In bottom, the β-actin was used as control. Molecular markers in kDa are on the left. Western blotting results were quantitatively analyzed by Image Lab software using β-actin as control (b) “*” and “**” respectively mean p < 0.05 and p < 0.01 compared with AdGFP group; “#” and “##” respectively mean p < 0.05 and p < 0.01 compared with AdBMP2 group; “++” means p < 0.01 compared with IgG group. Numbers are mean ± SD (n = 3).


These data strongly suggested the combination of H19 and Runx2; however, how H19 regulates the function of Runx2 is still not clear. As posttranslational modification, especially phosphorylation is one important regulatory mechanism of Runx2 activity, and phosphorylated Runx2 downregulated Runx2 activity and further inhibited Runx2-mediated differentiation (Jonason et al., 2009). Thus, we further ask if H19 influences the phosphorylation of Runx2. As shown in Figure 6Ea, BMP2 upregulated total Runx2 and phosphorylated Runx2. However, BMP2 induced upregulation of total Runx2 and was potentiated by silencing H19, and phosphorylated Runx2 was downregulated dramatically by silencing H19, which indicated that the phosphorylation of Runx2 was blocked with the silencing of H19. Quantitative analysis of the protein band confirmed this trend (Figure 6Eb). This phenomenon indicated that H19 was essential for the phosphorylation of Runx2. Taking these data together, we strongly speculate that H19-mediated phosphorylation of Runx2 regulated BMP2-induced hypertrophic differentiation of MSCs.



DISCUSSION

Cartilage tissue engineering is potential for the treatment of cartilage pathologies. BMP2 holds the potential to induce MSC chondrogenic differentiation. However, after the chondrocyte formation, BMP2 also stimulates hypertrophic differentiation, which blocks the construction of BMP2-mediated tissue engineering cartilage (Liao et al., 2014; Zhou et al., 2016). Hence, clarifying the mechanisms of BMP2-induced hypertrophic differentiation of MSCs is essential for further application of BMP2-mediated chondrogenic differentiation of MSCs. In the present study, we clarified that physiological expression level of H19 is essential for the phenotype maintaining of BMP2-induced chondrocytes of MSCs. Inhibiting of H19 promotes BMP2-mediated hypertrophic differentiation of MSCs; the mechanisms underlying these processes may be that H19 promotes the phosphorylation of Runx2, which blocks the function of Runx2. These findings applied a version for further construction of BMP2-mediated cartilage tissue engineering.

H19 is a maternal long non-coding RNA in the H19-IGF2 imprint locus, which is abundantly expressed during embryonic development and significantly downregulated after birth (Gabory et al., 2006; Gabory et al., 2009; Gabory et al., 2010; Liu et al., 2017). Although the H19-IGF2 imprinting mechanism has been well clarified (Gabory et al., 2006; Liu et al., 2017), the regulatory functions and mechanisms of H19 in physical and pathological processes are still nebulous. More recently, H19 regulating stem cells differentiation were reported several times. Huang et al. (2016) found that H19 inhibits MSC adipocyte differentiation through epigenetic modulation of histone deacetylases, which indicates that sufficient expression of H19 is necessary to keep MSC osteogenic differentiation. Similarly Liang et al. (2016) characterized that H19 is essential for the osteogenic differentiation of MSCs; overexpression of H19 would accelerate the activation of Wnt/β-catenin pathway and further promote osteoblast differentiation. What is more, Huang et al. (2015) identified H19–miR675–TGF-β1–Smad3–HDAC pathway regulates human bone marrow mesenchymal stem cell (hMSC) osteogenic differentiation, which indicates the prodifferentiation effect of H19. What is interesting is that Dudek et al. (2010) found that the expression of H19 is regulated by key chondrogenic differentiation transcription factor Sox9, and type II collagen expression is regulated by H19-encoded miR675. These researches highly suggested the regulation function of H19 during the process of MSC osteogenic and/or chondrogenic differentiation. What is more, Pang et al. (2019) identified the regulatory function of H19 during MSCs cartilage differentiation. Hence, we focus on the regulatory functions of H19 in BMP2-mediated chondrogenic differentiation of MSCs. We first identified that H19 expression level was relatively high in the proliferative area of mice limb and downregulated in the hypertrophic area of mice limb, which further confirmed the potential role of H19 in promoting cartilage formation. Second, we identified that, with the stimulation of BMP2, peak expression level of H19 was followed after the crest expression of Sox9, which was consistent with the previous study (Dudek et al., 2010). Our further analysis demonstrated that H19 expression level not only positively correlated with the expression level of Sox9 and chondrogenic differentiation markers (Col2α1 and Aggrecan) in the late stage of BMP2 stimulation but also negatively correlated with the expression level of hypertrophic differentiation markers (MMP13, Adamts5, and Runx2). These data indicate that H19 may also function in BMP2-stimulated hypertrophic differentiation, and this hypothesis was identified by our further in vitro and in vivo tests. To the best of our knowledge, this is the first time to report the regulation function of H19 in hypertrophic differentiation of cartilage. Taken the previous studies and this study together (Dudek et al., 2010; Pang et al., 2019), we deduce that H19 may play a role in cartilage differentiation, cartilage phenotype maintaining, and cartilage hypertrophic differentiation. Hence, appropriate expression level of H19 is essential for the construction of MSC-based cartilage engineering.

Recombinant human bone morphogenetic protein 2 (rhBMP-2) has been approved for treating acute, open tibial shaft fractures and spinal fusion by the Food and Drug Administration (FDA) (Woo, 2013). Our previous work also identified BMP2-induced chondrogenic differentiation of MSCs. However, the mechanisms underlying BMP2-mediated hypertrophic differentiation are far from being clarified. Hypertrophic differentiation following with endochondral ossification is a consecutive process (Hata et al., 2017). In the present study, we first proved that silencing H19 upregulated hypertrophic differentiation markers expression. Second, we confirmed that silencing H19 facilitated BMP2-mediated hypertrophic differentiation and subsequently potentiated BMP2-induced trabecular and bone-marrow-like tissue formation in vivo. These data suggested that BMP2-mediated hypertrophic differentiation was regulated by H19. On the other hand, as the key transcription factor of hypertrophic differentiation, Runx2 promotes the maturity of chondrocytes and subsequently regulates hypertrophic differentiation (Jonason et al., 2009; Takeda et al., 2001; Ueta et al., 2001). Hence, clarifying the regulating relation between Runx2 and H19 is extremely urgent for further understanding the mechanisms underlying BMP2-induced hypertrophic differentiation of MSCs. Here, we identified that silencing H19 upregulated the expression of total Runx2 protein level but diminished phosphorylated Runx2 protein level. These results indicated the posttranscriptional regulation function of H19 on Runx2 phosphorylation.

As a novel and effective modulator, H19 was reported to regulate physical and pathological processes in different ways (Zhang et al., 2017). Except as a transregulator of a group of coexpressed genes belonging to the imprinted gene network (Gabory et al., 2010; Lee et al., 2015; Ripoche et al., 1997), H19 also encodes highly reserved microRNA miR675 with exon-1 (Keniry et al., 2012; Raveh et al., 2015; Steck et al., 2012). Meanwhile, lncRNAH19 and miR675 regulate specific biological processes synergistically (Dudek et al., 2010; Muller et al., 2019; Steck et al., 2012). In addition, H19 was identified as a ceRNA that sponged microRNAs and then regulate gene function. For example, H19 antagonizing let-7 microRNA family members (Cao et al., 2019; Kallen et al., 2013), miR-93-5p (Li et al., 2019), miR-17-5p (Liu et al., 2016), miR-107 (Qian et al., 2018), etc. was reported, respectively. Our previous work also found that H19 regulated the expression of microRNAs, which targets Notch signaling pathway (Liao et al., 2017b). What is more, H19 can act as a molecular scaffold to bind with mRNA, then regulate the decay of mRNA (Giovarelli et al., 2014). As for the posttranscriptional regulation, H19 can act as a modular scaffold of histone modification complexes (Tsai et al., 2010). In this study, we inferred the regulation of H19 on the function of Runx2 and first confirmed the combination of H19 and Runx2 through RIP analysis. Then, we identified that silencing H19 could downregulate the phosphorylation of Runx2, which would promote the function of Runx2. Hence, we deduced that H19-mediated phosphorylation of Runx2 regulated BMP2-induced hypertrophic differentiation of MSCs. As an exotic lncRNA, H19 antisense named 91H RNA also reported to play an important role in modulating H19-Igf2 expression, although the exact mechanism remains to be fully understood (Berteaux et al., 2008; Tran et al., 2012). Hence, it is important to further investigate the function of 91H RNA during the process of BMP2-mediated hypertrophic differentiation of MSCs. In addition, on the basis of the current study, it is reasonable to speculate that overexpression of H19 may be beneficial for BMP2-mediated cartilage tissue engineering, which was indicated by Pang et al. (2019). However, as a multifunctional lncRNA, H19 may affect BMP2-mediated chondrogenic differentiation of MSCs and hypertrophic differentiation of cartilage by one or more other mechanisms, such as CeRNA mechanism. Therefore, further in vivo cartilage repair test is necessary for identifying the potential of overexpression of H19 for cartilage defect repairing.

In summary, clarifying the mechanisms of hypertrophic differentiation is essential for the construction of BMP2-mediated cartilage tissue engineering. Although several studies have been carried out, the details in regulating BMP2-stimulated hypertrophic differentiation are far from being illuminated. Here, in the aspect of lncRNA, we identified the posttranscriptional regulating function of H19 on Runx2-mediated hypertrophic differentiation, which should be helpful for further construction of BMP2-mediated cartilage engineering.
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Articular cartilage damage remains a tough challenge for clinicians. Stem cells have emerged promising biologics in regenerative medicine. Previous research has widely demonstrated that adipose-derived mesenchymal stem cells (ADSCs) can promote cartilage repair due to their multipotency. However, enzymatic isolation and monolayer expansion of ADSCs decrease their differentiation potential and limit their clinical application. Here, a novel adipose tissue-derived product, extracellular matrix/stromal vascular fraction gel (ECM/SVF-gel), was obtained by simple mechanical shifting and centrifugation to separate the fat oil and concentrate the effective constituents. This study aimed to evaluate the therapeutic effect of this natural biomaterial on the repair of articular cartilage defects. Scanning electron microscopy showed that the fibrous structure in the ECM/SVF-gel was preserved. ADSCs sprouted from the ECM/SVF-gel were characterized by their ability of differentiation into chondrocytes, osteoblasts, and adipocytes. In a rabbit model, critical-sized cartilage defects (diameter, 4 mm; depth, 1.5 mm) were created and treated with microfracture (MF) or a combination of autologous ECM/SVF-gel injection. The knee joints were evaluated at 6 and 12 weeks through magnetic resonance imaging, macroscopic observation, histology, and immunohistochemistry. The International Cartilage Repair Society score and histological score were significantly higher in the ECM/SVF-gel group than those in the MF-treated group. The ECM/SVF-gel distinctly improved cartilage regeneration, integration with surrounding normal cartilage, and the expression of hyaline cartilage marker, type II collagen, in comparison with the MF treatment alone. Overall, the ready-to-use ECM/SVF-gel is a promising therapeutic strategy to facilitate articular cartilage regeneration. Moreover, due to the simple, time-sparing, cost-effective, enzyme-free, and minimally invasive preparation process, this gel provides a valuable alternative to stem cell-based therapy for clinical translation.

Keywords: adipose tissue, stem cell, stromal vascular fraction, cartilage regeneration, natural biomaterial


INTRODUCTION

Articular cartilage defects in the knee joint are a common clinical problem, which can result in severe pain, joint swelling, substantial reduction in mobility, further joint deterioration, and progression towards osteoarthritis (Dai et al., 2014; Kwon et al., 2019). Due to its avascular and aneural nature with low cellularity, articular cartilage is difficult to self-heal. The current clinical and pre-clinical strategies for cartilage tissue regeneration mainly include microfracture (MF), autologous chondrocyte implantation (ACI), stem cell therapy, autologous cartilage chip (ACC), allograft cartilage, and scaffold-based tissue engineering techniques (Makris et al., 2015). However, each treatment has some limitations. The clinical outcomes of MF and ACI in a large number of cases show that the fibrocartilage tissue formed and its biomechanical properties are inferior to those of native articular cartilage (Bianchi et al., 2019). Cell-based therapy including ACI and stem cell implantation consists of two stages: primary cell culture and ex vivo expansion for a large quantity, and the implantation procedure. Furthermore, dedifferentiation and senescence during cell expansion, high costs, long wait times, and two-stage operation limit their wide clinical use. ACC and allografts such as the recently reported particulate juvenile allograft cartilage, have been proven to have a good repair effect; however, donor-site complications or tissue source are major limitations (Ao et al., 2019). To date, none of these treatments are able to fully restore injured articular cartilage (Wang X. et al., 2019).

In the past two decades, mesenchymal stem cells (MSCs) have been considered one of the most promising treatments for cartilage injuries due to their self-renewal capability, high plasticity, and immunosuppressive, anti-inflammatory action, and multipotent differentiation ability into selected lineages including chondrocytes (Kondo et al., 2019). First described in 2001, MSCs derived from adipose (ADSCs) were found to be superior candidate due to their easy acquisition and good regenerative effect (Cui et al., 2009). Recently, a cohort study demonstrated comparable clinical outcomes of the stromal vascular fraction (SVF) isolated from adipose tissue without primary culture and further expansion, with ADSCs for the treatment of knee osteoarthritis (Yokota et al., 2019). Since 2006, the US FDA has promulgated regulations to prevent the risk of transmitting contamination or genetic damage from stem cells (Halme and Kessler, 2006). Preparation of both ADSCs and SVF requires the process of exogenous enzymatic digestion, increasing the potential risk of infection and requiring a rigorous approval process before clinical application. Therefore, an enzyme-free method with minimal manipulation for ADSCs or SVF needs to be developed. Actually, adipose tissue is a source of stem cells niche (Berry et al., 2016), and provides a native scaffold consisting of extracellular matrix (ECM) elements that support structural architecture and biological function (Yu et al., 2013). Based on this principle, researchers have developed nanofat from lipoaspirate grafting between two syringes, and micro-fragmented adipose tissue from a commercial device kit. Recently, these have shown attractive potential in regenerative medicine including promotion of wound healing (Yao et al., 2017; Lonardi et al., 2019), improving ischemic flap survival (Zhang et al., 2018), and remolding bone tissue formation (Guerrero et al., 2018). However, it is still unclear whether autologous fractionated adipose tissue can provide new treatment options to repair articular cartilage defects.

In this study, autologous adipose tissue was mechanically processed and centrifuged to form a novel ready-to-use ECM/SVF-gel with a short preparation time without enzymatic digestion, additional cell expansion, or other complex manipulations. The ECM/SVF-gel could provide a three-dimensional ECM environment as well as intrinsic ADSCs for the regeneration of hyaline-like cartilage. To the best of our knowledge, this is the first attempt to investigate autologous fractionated adipose tissue with a novel and simple enzyme-free technique for cartilage tissue engineering. We hypothesized that the ECM/SVF-gel would promote cartilage repair compared to the conventional MF treatment alone.



MATERIALS AND METHODS


Animals

This study was approved by the Peking University Biomedical Ethics Committee. All animals were purchased from Peking University Animal Administration Center and all procedures were performed according to the guidelines for the Care and Use of Laboratory Animals (National Academies Press, National Institutes of Health Publication No. 85-23, revised 1996). Adult male New Zealand white rabbits weighing 2.7–3.2 kg (5–6 months) were housed individually with free access to diet and activities.



ECM/SVF-Gel Preparation

The ECM/SVF-gel was prepared as described previously, with some modifications (Yao et al., 2017). Briefly, rabbits were anesthetized by isoflurane inhalation. Their inguinal area was shaved and prepared for aseptic surgery. In total, approximately 5 mL of inguinal adipose tissue was collected and finely minced using ophthalmic scissors. Minced fat tissue was then transferred to two10-mL syringes connected by a Luer-Lock connector with an internal diameter of 2 mm. After mechanical shifting for 90 times, the emulsified fat was filtered to remove the connective tissue remnants and was centrifuged at 2000 × g for 3 min. The sticky mixture below the oil layer was defined as the ECM/SVF-gel and was collected for further use.



Rheological Test

To verify the physical properties of the ECM/SVF-gel, rheological test was carried out on a rheometer (HAAKE MARS III, Thermo Fisher Scientific, Karlsruhe, Germany). The storage modulus G′ and loss modulus G″ of the ECM/SVF-gel were measured through frequency sweep analysis. The frequency range was set from 0.1 to 10 Hz at 20 Pa. Three batches of samples were performed with an average of triplicate measurements in each data point.



Cartilage Defect Model

The cartilage defect model was established as previously described (Shi et al., 2017). The left or right knee joints of thirty rabbits were randomly treated with MF (MF group) or combined with autologous ECM/SVF-gel injection (ECM/SVF-gel group). The MF group served as the control group because MF currently is the most commonly used treatment strategy for cartilage injury (Man et al., 2016). For the ECM/SVF-gel group, the autologous ECM/SVF-gel was prepared as described above. Then, an incision was made on the knee from the lateral side under aseptic conditions and the joint was exposed after the patella was dislocated. Then, a cylindrical defect (4-mm diameter, 1.5-mm depth) was created on the trochlear groove of the distal femur using corneal trephine. Afterwards, standard MF treatment or a combination of 0.1 mL autologous ECM/SVF-gel injection was performed at the defect site. Three MF holes (diameter 0.8 mm, depth 2 mm) were performed and evenly distributed within the defect. Finally, the joint was closed with a suture; penicillin was administered intramuscularly for 3 days to avoid infection. All rabbits were kept in their individual cages with free access to food and water before they were sacrificed at 6 weeks or 12 weeks post-operation.



Cell Culture and Multilineage Differentiation

The ECM/SVF-gel was allowed to attach to 25 cm2 culture flasks containing Minimum Essential Medium-alpha (Gibco, Grand Island, NY, United States) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (100 units/ml penicillin and 100 μg/ml streptomycin). The culture flasks were maintained at 37°C in a humidified incubator containing 5% CO2 with the culture medium changed every 3 days. When the cells reached 90% confluence, they were harvested for multi-lineage differentiation assays including adipogenesis, osteogenesis, and chondrogenesis as described previously (Hu et al., 2015). Briefly, ADSCs were seeded in a 6-well plate at a density of 1.0 × 105 cells/well with adipogenic or osteogenic differentiation medium (Cyagen Biosciences, Guangzhou, China). After three weeks of culture, Oil red O staining and Alizarin red staining were performed to assess adipogenesis and osteogenesis, respectively. For chondrogenesis, micromass culture was performed. Cell suspension droplets (5 μL, with 1.0 × 107 cells/mL) were pipetted in the center of a 24-well plate. After allowing to attach for 4 h, chondrogenic differentiation medium (Cyagen Biosciences) was carefully added and changed once every 3 days. Alcian blue staining was then performed to assess the glycosaminoglycan formation after a 21-day chondrogenic induction.



Flow Cytometry

Cell surface antigen markers was detected by flow cytometry. Briefly, cells were harvested with 0.25% trypsin, centrifuged at 300 × g for 5 min, and then incubated with CD29 (Milliopre, MAB1951F, Bedford, MA, United States), CD90 (Abcam, ab226, Cambridge, United Kingdom), CD105 (GeneTex, GTX11415, Irvine, CA, United States), CD34 (eBioscience, MA1-22646, Carlsbad, CA, United States), and CD45 (eBioscience, MHCD4501) for 1 h, respectively. Fluorescence was detected by a FACSVerse flow cytometer (BD Biosciences, San Jose, CA, United States). Data acquisition and analysis were performed using the FlowJo software (Tree Star, Ashland, OR, United States) (Li Q. et al., 2019).



Scanning Electron Microscopy (SEM)

Morphological characteristics of the ECM/SVF-gel were examined using SEM. Briefly, specimens were fixed with 4% glutaraldehyde and post-fixed in 1% osmium tetroxide for 2 h at 4°C. After dehydration in a gradient series of ethanol, samples were sputter-coated with a 5-nm layer of gold in a high-vacuum gold sputter coater, and were then examined using a JSM-7900F scanning electron microscope (JEOL, Tokyo, Japan).



Magnetic Resonance Imaging (MRI)

At 6 and 12 weeks post-surgery, knee samples from each group underwent MRI analysis. All examinations were performed with a Siemens TIM Trio 3.0 T (T) MRI scanner (Siemens, Erlangen, Germany) using a small animal-specific coil. Morphological characteristics of neo-cartilage were evaluated under optimized imaging parameters (Supplementary Table S1) as described previously (Huang et al., 2014).



Gross Observation

The distal portion of the femurs in each group was carefully dissected and photographed after MRI scanning. The gross morphology was blindly evaluated by 2 observers. Semiquantitative analysis was then performed based on the degree of defect repair, integration with border zone, and macroscopic appearance (Supplementary Table S2) according to the International Cartilage Repair Society (ICRS) scoring system (van den Borne et al., 2007).



Histological Evaluation

At different time points, the repaired knees (n = 5 in each group) were harvested and fixed in 10% neutral buffered formalin for 48 h. Subsequently, whole specimens were demineralized in a decalcifying solution (ZSGB-BIO, Beijing, China) for two weeks. The decalcified specimens were then trimmed, dehydrated in a graded ethanol series, and embedded in paraffin. Serial sections of 5-μm thickness were cut and stained with hematoxylin and eosin (H&E) and toluidine blue (TB). Immunohistochemistry analysis was performed using antibodies against type II collagen (Invitrogen, MA5-13026, Carlsbad, CA, United States), type I collagen (Sigma-Aldrich, C2456, St. Louis, MO, United States), and type X collagen (Abcam, ab49945). A modified scoring system (Supplementary Table S3) was used to assess the histological repair outcomes of articular cartilage defects (Wakitani et al., 1994). Histological evaluation was performed by the same 2 observers in a blinded manner.



Nanoindentation Assessment of Repaired Cartilage

Biomechanical properties of regenerated tissues were evaluated using nanoindentation tests at 12 weeks (n = 5 in each group) post-operatively as described in previous reports (Man et al., 2016; Meng et al., 2017). The samples were isolated from the central area of repaired tissues and normal cartilage, and were kept hydrated with phosphate buffered saline solution at room temperature. The specimens were then examined using the TI 950 TriboIndenter In-Situ Nanomechanical Test System (Hysitron Inc., Minneapolis, MN, United States) using a conospherical diamond probe tip. Each indentation was force-controlled to a maximum indentation depth of 500 nm. The load procedure was applied to each specimen with loading (5 s), hold (2 s), and unloading (5 s).



Statistical Analysis

Data are expressed as the mean ± standard deviation (SD). Analyses were performed using the SPSS 22.0 software. Statistical significance (P < 0.05) was calculated using unpaired two-tailed Student’s t-tests (two groups) or one-way ANOVA (homogeneity of variance, three groups).



RESULTS


Preparation and Characterization of ECM/SVF-gel

After mincing, shifting and centrifugation, the adipose tissue was divided into three layers: the upper oil phase, the middle ECM/SVF-gel, and the lower aqueous phase (Figure 1A). Compared to the minced adipose tissue, ECM/SVF-gel formed a jellylike gel with a smooth texture. The ECM/SVF-gel was transferred to a 1-mL syringe and could be easily injected the letters “PKU” shape through a 27-gauge needle (Figure 1B and Supplementary Video), indicating a good injectable property in the final product. Scanning electron microscopy was conducted to observe alterations in the ECM structure after the mechanical shifting process. The minced adipose showed an intact structure, whereas the ECM/SVF-gel had loose and porous extracellular fibers (Figure 1C). Gel usually has a typical characteristic that the storage modulus G′ is higher than the loss modulus G″, while the solution has the opposite property. Then, we performed rheological test to assess the physical properties of the ECM/SVF-gel. Our data showed that the storage modulus G′ was higher compared with the loss modulus G″ in the ECM/SVF-gel (Figure 1D), indicating its gel property.
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FIGURE 1. Preparation and morphologic characteristics of the ECM/SVF-gel. (A) Rabbit adipose tissue was sufficiently minced. After shifting and centrifugation, the ECM/SVF-gel was in the middle layer. (B) Micrographic appearance of minced fat and ECM/SVF-gel. The ECM/SVF-gel could be injected easily through a 27G needle. (C) Scanning electron microscopy showed that minced adipose tissue maintained an intact structure, whereas the ECM/SVF-gel had loose and porous extracellular fibers. (D) Rheological test for the ECM/SVF-gel (n = 3).




Multilineage Differentiation Potential and Surface Marker of ECM/SVF-Gel Derived ADSCs

The ADSCs isolated from ECM/SVF-gel were cultured for 7–14 days and representative cells were photographed by light microscopy. These cells showed a typical spindle-shaped morphology (Figure 2A). To verify whether these ADSCs possessed of multipotential differentiation capability, cells were, respectively, incubated in chondrogenic, osteogenic, and adipogenic medium. Positive results of Alcian blue, Alizarin red, and Oil Red O staining demonstrated that ADSCs successfully differentiated into chondrocytes (Figure 2B), osteocytes (Figure 2C), and adipocytes (Figure 2D), respectively. The results of flow cytometry analysis demonstrated that MSCs positive phenotypic markers of CD29 (97.3%), CD90 (98.7%) and CD105 (99.7%) were overexpressed, whereas the hematopoietic antigen CD34 (1.3%) and the leukocyte common antigen CD45 (1.2%) were negatively expressed (Figure 2E).
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FIGURE 2. Multi-lineage differentiation of cultured ADSCs migrated from the ECM/SVF-gel. (A) Cultured primary ADSCs from the ECM/SVF-gel exhibited a typical spindle shape morphology. (B) Chondrogenic, (C) osteogenic, and (D) adipogenic differentiation of ADSCs was induced and determined by Alcian blue staining for glycosaminoglycans, Alizarin red staining for matrix mineralization, and Oil Red O staining for intracellular lipid droplets, respectively. Scale bars: (A–C) = 200 μm; (D) = 100 μm. (E) Flow cytometry analysis of surface marker on ADSCs from the ECM/SVF-gel.




MRI Observations of Repaired Knees

As shown in Figure 3A, high-resolution MRI images demonstrated that the defects in the MF group were poorly filled at 6 weeks postoperatively, whereas those in the ECM/SVF-gel group were almost completely filled with a smooth surface, though not up to the joint surface. At 12 weeks, the injuries in the MF group were irregularly filled with a rough surface. In contrast, uniform and complete filling of cartilage repair was observed in the ECM/SVF-gel group. Furthermore, the signal intensity of the repaired tissue in the ECM/SVF-gel group was similar to that of the adjacent normal cartilage (Figure 3B). Collectively, the MRI results indicate that the ECM/SVF-gel had a better effect of cartilage repair compared to the traditional MF treatment that is widely used in the clinic.
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FIGURE 3. High-resolution MRI of repaired knees. Representative MRI images at 6 weeks (A) and 12 weeks (B) post-operation. White arrow, repaired sites of articular cartilage; scale bars = 1 cm.




Gross Evaluation of Cartilage Repair

No complications were observed in any of the animals. At 6 weeks after surgery, the defects in the MF group were filled with a few blood clot-like tissues, whereas the filling in the ECM/SVF-gel group was more complete and uniform. The boundaries of the repaired sites were still obvious in both groups at 6 weeks (Figure 4A). At 12 weeks, the regenerated tissue in the MF group showed a rough surface and recognizable margin. However, in the ECM/SVF-gel group, newly regenerated tissue with a smooth surface showed integration with the surrounding area and had a color and texture similar to normal cartilage, indicating the formation of hyaline cartilage-like tissue (Figure 4B and Supplementary Figure S1). These findings suggest that the ECM/SVF-gel may effectively promote the filling of cartilage defects and facilitate neo-cartilage regeneration.
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FIGURE 4. Macroscopic evaluation and ICRS score. (A) At 6 weeks and (B) 12 weeks, repaired knees were observed and photographed. Scale bars = 5 mm. (C) ICRS gross scoring of cartilage repair. Results are presented as the mean ± SD; n = 5; *p < 0.05.


The ICRS scoring results were consistent with the macroscopic evaluations. As shown in Figure 4C, ICRS scores of the 6-week repaired tissues in the ECM/SVF-gel group (7.20 ± 1.3) were significant higher (P < 0.05) than those in the MF group (5.2 ± 0.8). The difference in the scores between the MF group (7.4 ± 1.1) and the ECM/SVF-gel group (9.8 ± 1.3) was significant (P < 0.05) at 12 weeks post-surgery, demonstrating that the repaired tissues of the ECM/SVF-gel group were considered as nearly normal (grade II) according to the ICRS overall assessment (Supplementary Table S2).



Histological Assessment of Cartilage Repair

Hematoxylin and eosin (H&E) staining was performed to evaluate the general repair effects between the two groups (Figure 5A). At 6 weeks post-surgery, the defect in the MF group was poorly filled, with fibrous tissue and a distinct boundary between the normal cartilage and regenerated tissue. However, the defect in the ECM/SVF-gel group was generally filled, and the margin between the normal cartilage and repaired tissue was unclear. At 12 weeks post-surgery, the defect in the MF group was filled with disordered fibrous tissue, and the surface of the repaired tissue was lower than that of the adjacent normal cartilage, which showed a degenerative architecture. In contrast, in the ECM/SVF-gel group, the reparative tissue was more similar to the surrounding host cartilage, and highly organized chondrocyte-like cells were observed (Supplementary Figure S2).
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FIGURE 5. Histological assessment of repaired cartilage. (A) Hematoxylin and eosin staining. N, normal cartilage; R, repair cartilage; the arrows indicate the margins of the normal cartilage and repaired cartilage. (B) Toluidine blue staining. (C) Histological scores for repaired knees. Data are presented as the mean ± SD; n = 5; *P < 0.05.


Further, toluidine blue staining was performed to assess the content of glycosaminoglycan, an important component of the cartilage matrix (Figure 5B). In the MF group, weak staining was observed at 6 weeks and 12 weeks post-operation, which indicated poor glycosaminoglycan deposition. After 12 weeks of surgery, the regenerated tissue in the ECM/SVF-gel group displayed strong positive and uniform staining, which was similar to the surrounding normal cartilage (Supplementary Figure S3).

A modified scoring system was used to measure the histological outcomes of cartilage repair (Figure 5C). Consistent with the results shown above, the ECM/SVF-gel group had significantly higher (P < 0.05) histological scores compared with the MF group at 6 weeks (7.4 ± 1.1 vs. 5.6 ± 0.9) and 12 weeks (10.2 ± 0.8 vs. 8.4 ± 1.1).

Cartilage-specific type II collagen (COL II) was detected by immunohistochemistry to assess the quality of cartilage repair. As shown in Figure 6A and Supplementary Figure S4, COL II expression was observed in the regenerated tissue of both the MF and ECM/SVF-gel groups. At both 6 and 12 weeks after surgery, COL II expression from cells in the ECM/SVF-gel group was higher than that in the MF group, which confirmed the results of H&E and toluidine blue staining. Immunohistochemistry for COL I (Figure 6B and Supplementary Figure S5) was also performed to evaluate the extent of fibrocartilage in the regenerated tissue. In the MF group, the expression of COL I was predominated, suggesting that the main generated component was fibrocartilage. However, the expression of type I collagen was not significant in the ECM/SVF-gel group, indicating the formation of hyaline-like cartilage. Hypertrophy of chondrocytes could disturb articular cartilage regeneration. We further detected hypertrophic marker COL X by immunohistochemistry (Figure 6C and Supplementary Figure S6). The results showed that COL X was slightly stained in both group, and remained no obvious difference compared with the surrounding normal cartilage. Taken together, these findings demonstrated that the ECM/SVF-gel had a better reparative effect on cartilage defects, and that the newly regenerated tissue is closer to normal cartilage.
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FIGURE 6. Immunohistochemistry for regenerated tissue. (A) COL II, (B) COL I, and (C) COL X of specimens in each group were detected at 6 and 12 weeks after surgery. N, normal cartilage; R, repair cartilage; the arrows indicate the margins of the normal cartilage and repaired cartilage.




Biomechanical Properties of Repaired Cartilage

At 12 weeks post-surgery, nanoindentation was performed to evaluate the biomechanical properties of the reparative tissue. According to the load-displacement curves (Figure 7A), reduced modulus and hardness were calculated. Normal cartilage displayed the highest reduced modulus, followed by the ECM/SVF-gel group and the lowest in the MF group (Figure 7B). A similar result can be seen in the assessment of hardness (Figure 7C), although there is no statistical difference between the MF and ECM/SVF-gel groups. These data indicate that the ECM/SVF-gel facilitates better biomechanical properties in the repaired tissue.
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FIGURE 7. Biomechanical properties of repaired cartilage at 12 weeks post-surgery. (A) Typical load-displacement curves obtained with the repaired tissues were compared with those from native cartilage. (B) Reduced modulus and (C) hardness in each group. Data are presented as the mean ± SD; n = 5; **P < 0.01.




DISCUSSION

This study investigated a novel strategy of ready-to-use autologous fractionated adipose tissue named ECM/SVF-gel, and its therapeutic potential as a scaffolding material and novel stem cell-based approach for articular cartilage restoration.

Due to its poor intrinsic healing capacity, damage to the articular cartilage is difficult to cure fully and may induce osteoarthritis, which is predicted to affect more than 67 million people by 2030, leading to costs of more than $3 billion annually in the United States (Madry et al., 2019). There is thus an urgent need to explore new treatment options. In the present study, mechanical grafting was used to disrupt adipose tissue, and centrifugation was performed to remove the released oil and to further increase the density of ECM fibers and stem cells. SEM demonstrated successful concentration of ECM fibers in the ECM/SVF-gel, which could thus provide a scaffolding biomaterial with the microenvironment required for MSCs renewal and differentiation. Consistent with previous studies, we found that ADSCs isolated from ECM/SVF-gel could proliferate and differentiate into various lineages (Zhang et al., 2018; Wang J. et al., 2019), demonstrating that the ECM/SVF-gel preserved the stem cells within adipose tissue. Therefore, the ECM/SVF-gel has attractive prospects as a natural scaffolding biomaterial and stem cell carrier to promote cartilage regeneration. When it comes to the naming of ECM/SVF-gel, we are based on the following reasons. First, the ECM fibers are concentrated and verified by SEM. Second, this method is an enzyme-free approach to isolated SVF cells, which are already demonstrated by some studies (Sun et al., 2017; Yao et al., 2017), and ADSCs isolated in this study are a subset of SVF. Third, gel property is demonstrated by rheological data that the storage modulus G′ was higher than the loss modulus G″. Finally, similar nomenclature has also been reported in other studies (Feng et al., 2019; Wang J. et al., 2019).

To identify the effect on cartilage repair in vivo, we injected autologous ECM/SVF-gel into a rabbit cartilage defect model. According to the imaging studies, macroscopic observation and histological examination, the ECM/SVF-gel suggested a superior hyaline-like neo-cartilage restoration compared with the MF treatment alone. Cell migration from adjacent donor cartilage is a key factor driving the process of integration (Pabbruwe et al., 2009). Recently, fragmented adipose tissue was found to significantly accelerated chondrocyte migration into the wound area (Xu et al., 2019), indicating that natural fat derived biomaterials (e.g., ECM/SVF-gel) could recruit chondrocytes to the defect region from the adjacent normal cartilage and promote integration between the repair tissue and surrounding native cartilage. A preclinical study reported that among 130 dogs with spontaneous osteoarthritis, 98% had improved owners’ scores after 6 months with a single injection of fat extract (Zeira et al., 2018). Moreover, there is evidence that fragmented adipose tissue can promote cell proliferation and maintain the stemness of progenitor cells (Randelli et al., 2016). In another study, Desando and colleagues demonstrated that mechanically fragmented adipose tissue-based biomaterials were beneficial for cartilage regeneration due to their trophic activity and the wound-healing activity of CD-163+ cells contained in its niche (Desando et al., 2019).

Articular cartilage serves as a cushion to protect the joint from mechanical stresses and strains. Biomechanical performance is a key index for evaluating cartilage tissue engineering (Panadero et al., 2016). In the present work, both reduced modulus and hardness were higher in the ECM/SVF-gel group than those in the MF group; however, they did not reach the levels in normal cartilage. One possible reason is that the observation period of 12 weeks is not long enough to achieve complete healing of the articular cartilage, which needs to be considered in future studies. In addition, although difficult to manage in animal experiments, post-operative rehabilitation is a critical component of the treatment process in the biomechanical recovery of cartilage lesions for patients (Mithoefer et al., 2012).

When it comes to traditional stem cell therapies, cell suspensions show poor adhesion to joints and are easily lost to areas outside the injury site, thereby reducing the effectiveness of treatment. Therefore, it may often be necessary to rely on synthetic bio-scaffolds to promote the cell adhesion or recruitment of seed cells to achieve better repair results (Malda et al., 2019). In ECM/SVF-gels, the preserved natural microenvironment and ADSCs may play a different role when compared with the direct delivery of cell suspensions or combination with other synthetic biomaterials. Meanwhile, during the process of mechanically processing adipose tissues and centrifugation, the final product could be enriched with growth factors and other components such as extracellular vesicles (Xu et al., 2019), which can stimulate tissue regeneration. It is possible that the ECM/SVF-gel facilitates cartilage repair more so through its material characteristics, rather than through its cellular characteristics. Previous studies demonstrated that gels could be used to stabilize the blood clot that forms during microfracture (Hoemann et al., 2007). For example, BST-CarGel (Smith&Nephew) or chitosan gels have been successfully used to stabilize microfracture blood clots in animal models and humans, leading to improved cartilage tissue repair (Stanish et al., 2013; Shive et al., 2015; Méthot et al., 2016; Mohan et al., 2017). The ECM/SVF-gel may stabilize the clot formed by cells that seep from the bone marrow into the defect site, thereby facilitating cartilage repair. Future studies could use cell tracing to determine if the repaired cartilage tissue was derived from cells contained within the ECM/SVF-gel, or if the repair tissue was derived from other cell sources within the host animal. Furthermore, fragmented fat tissue as a natural biomaterial for efficient drug delivery, improved the local drug concentration and prolonged its therapeutic activity (Alessandri et al., 2019), indicating that our ECM/SCF-gel may act as a self-controlled drug release system of intrinsic growth factors to promote cartilage repair. Different from scaffold-based ADSCs treatment (Li X. et al., 2019), this strategy allows overcoming the limitations associated with the enzymatic isolation of SVF cells from adipose tissue and the expansion of ADSCs, as well as the complex process of scaffold fabrication. In addition, a recent study reported that after cryopreservation at −20°C for 3 months without a cryoprotectant, the mechanically processed fat product SVF gel from human lipoaspirate maintained ECM integrity and ADSC viability as well as their multipotency (Feng et al., 2019).

For clinical application, the adipose tissue for ECM/SVF-gel preparation can be sourced from the infrapatellar fat pad of the synovial joint environment or subcutaneous adipose tissue. In clinical practice, during arthroscopic surgery for articular cartilage repair, in order to expose a clear operation field, the infrapatellar fat pad often needs to be removed. Thus, the donor fat is obtained during the debridement process, which is also in line with the fundamental principles of minimally invasive arthroscopic surgery. Moreover, adjacent to the operative knee area, subcutaneous fat around the inner thigh is another choice for surgeons. In addition, liposuction, a technique that has been used for decades in plastic surgery with a very low incidence of major complications, provides an alternative choice of autologous adipose tissue. Some clinicians have recommended the autologous adipose tissue transplantation should be considered for the treatment of delamination and 1st and 2nd degree chondral lesions (Jannelli and Fontana, 2017); however, the exact indication and dose management require additional research in the future.

This study is not without limitations. First, a study with a large animal model and a relatively long observation period beyond 12 weeks needs to be performed in future. As mentioned above, from the perspective of clinical application, the infrapatellar fat pad collected during arthroscopic surgery is the best choice, which also truly meets the one-step procedure. In this study, limited by the small volume of the synovial infrapatellar fat pad in rabbits, we adopted inguinal adipose tissue. Although there may be some differences in the fat from different sites, our strategy was found effective for cartilage repair. In future research, we will consider using larger animals such as pigs for confirming these results. Second, rabbits with fully skeletal maturity should be used in chondral restoration, because the relatively young rabbits used in this study have stronger healing capabilities and may promote better repair results. Third, we did not compare the ECM/SVF-gel with traditional stem cell therapy such as ADSCs injection or SVF transplantation, for cartilage regeneration. Finally, the underlying molecular mechanism of cartilage repair needs to be investigated further.

In conclusion, we innovatively propose that application of autologous fractionated adipose tissue (ECM/SVF-gel) could facilitate cartilage injury repair. The ECM/SVF-gel is a minimally manipulated adipose tissue extract that retains the ECM and stem cells after mechanical processing and centrifugation. The results show that the autologous ECM/SVF-gel displays a curative effect on articular cartilage regeneration in a rabbit model. Considering its simple, time-sparing, cost-effective, minimally invasive, and enzyme-free preparation process, this gel may provide a novel concept in the repair of articular cartilage injury (Figure 8). More importantly, the paradigm opens an attractive clinical insight in the potential use of stem cell therapy in regenerative medicine.
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FIGURE 8. Overview of the clinical application of ECV/SVF-gel for cartilage restoration.
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Mesenchymal stem cell (MSC) therapy represents a promising approach for the treatment of osteoarthritis (OA). MSCs can be readily isolated from multiple sources and expanded ex vivo for possible clinical application. They possess a unique immunological profile and regulatory machinery that underline their therapeutic effects. They also have the capacity to sense the changes within the tissue environment to display the adequate response. Indeed, there is a close interaction between MSCs and the host cells. Accordingly, MSCs demonstrate encouraging results for a variety of diseases including OA. However, their effectiveness needs to be improved. In this review, we selected to discuss the importance of the immunological features of MSCs, including the type of transplantation and the immune and blood compatibility. It is important to consider MSC immune evasive rather than immune privileged. We also highlighted some of the actions/mechanisms that are displayed during tissue healing including the response of MSCs to injury signals, their interaction with the immune system, and the impact of their lifespan. Finally, we briefly summarized the results of clinical studies reporting on the application of MSCs for the treatment of OA. The research field of MSCs is inspiring and innovative but requires more knowledge about the immunobiological properties of these cells. A better understanding of these features will be key for developing a safe and efficient medicinal product for clinical use in OA.
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INTRODUCTION

Recent advances in stem cell research have highlighted the role played by these cells and their environment in tissue homeostasis. Several resources of cells can be used to restore the damaged tissue, such as resident stem cells, multipotent adult progenitor cells or embryonic stem cells (Sánchez et al., 2012). As a cell-based therapy product, stem cells have created great hope among the medical field due to their therapeutic potential. However, there are ethical and safety concerns regarding the clinical use of human embryonic stem cells (hESC) and induced pluripotent stem cells (iPSC) (Volarevic et al., 2018). As relatively free from ethical concerns and safer, mesenchymal stem cell (MSCs) are a valuable alternative for cell-based therapy. Their ease of isolation and high ex vivo expansion potential have allowed a broad use of MSCs (Bianco et al., 2008).

Mesenchymal stem cells display a specific immunological profile and functions allowing them to efficiently down-regulate immunoinflammatory events and to promote tissue regeneration. In case of tissue injury, local tissue precursor cells with immunomodulatory capacities were described to be recruited and activated (Hoogduijn, 2015).

Initially, the therapeutic effects of MSCs were thought to be mediated based on their multilineage differentiation ability that enabled them to replace damaged cells in injured tissue. Nonetheless, the capacity of MSCs to transdifferentiate into tissue-specific cell types in vivo has not been fully confirmed. This is because it is hard to track MSCs after transplantation due to the lack of reliable MSC-specific markers in vivo. Subsequent findings indicate that MSCs promote tissue repair through the production of a myriad of trophic factors, including growth factors, chemokines, cytokines and anti-oxidants, rather than direct differentiation and cell replacement (Becerra et al., 2011; Damia et al., 2018; Harrell et al., 2019b; Jimenez-Puerta et al., 2020).

This has prompted the development of numerous preclinical studies as well as clinical trials that demonstrated promising therapeutic results (Noronha et al., 2019). In some cases, the benefits of MSCs are not satisfactory and need to be improved (Andrzejewska et al., 2019; Rendra et al., 2020).

In this review, we mainly focused on the biological effects of MSCs upon their transplantation. We described the characteristics of the transplantation, the immune and blood compatibility, which are relevant for the therapy outcome. Following transplantation, MSCs modulate the local tissue homeostasis and immune responses (Nolta et al., 2020). It should be noted that MSCs do not need to migrate to injured tissue in order to exert their regenerative and immunomodulatory effects. For instance, intraperitoneal injection of allogenic MSCs reduced the severity of cartilage and bone damage in collagen-induced arthritis independently of MSC migration to the joints (Augello et al., 2007). Similarly, Swart et al. (2015) showed in a mouse model of proteoglycan-induced arthritis that intraarticular injection of MSCs ameliorates systemic responses independently of their capacity to migrate from the site of injection. These data suggest that MSCs may exert their beneficial effects on distant tissues, likely via extracellular vesicles.

A clear identification of the crosstalk between MSCs and the immune cells present within the tissue environment as well as their role during tissue repair is required. We therefore reported on the latest advances regarding the main functions and mechanisms of action of MSCs, considering the influence of the tissue microenvironment. In particular, we focused on the cellular and molecular changes that may affect MSCs (i.e., cell death) and contribute to these therapeutic effects. Improving our understanding of the immunological profile and therapeutic effects of MSCs will help to develop a safe, feasible, and efficient cell-therapy strategy.



THE CHARACTERISTICS OF THE TRANSPLANTATION

The transplantation of therapeutic cells depends on both donor and recipient specificities to guide the selection of a suitable graft. Several parameters including the type of transplantation (i.e., autologous, allogeneic, and xenogeneic), the route of cell delivery as well as the blood and immune compatibility of the cellular product should be examined before performing the therapy (Patrikoski et al., 2019).


Surface Phenotype of MSCs

The International Society for Cell Therapy (ISCT) has defined MSCs with a minimal set of three standard criteria: (a) adherence to plastic under standard culture conditions, (b) expression of CD105, CD73, and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79α, or CD19, and HLA-DR surface molecules, and (c) differentiation into osteoblasts, adipocytes, and chondrocytes in vitro (Dominici et al., 2006).

However, these markers are not specific to undifferentiated MSCs and are also detected in other cell types such as fibroblasts and smooth muscle cells (Samsonraj et al., 2017). In addition, MSCs are a heterogeneous population of cells with varying degrees of self-renewal capacity and differentiation potential. Therefore, other surface antigens including CD10, CD13, CD29, CD44, CD49, CD54, and CD166 (Samsonraj et al., 2017) are also used considered as MSC markers (Table 1). Recently, the ISCT recommended that the acronym MSCs should be accompanied by tissue-source origin which would feature tissue-specific properties (Viswanathan et al., 2019).


TABLE 1. Cell surface positive and negative markers of human MSCs as derived from Samsonraj et al. (2017).
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The Immunological Profile of MSCs

The immunologic profile of MSCs has revealed that they express low levels of major histocompatibility complex (MHC) class I molecules. They do not express MHC class II molecules and co-stimulatory molecules CD40, CD80 and CD86, which participate in T cell activation.

This particular immunophenotypic profile allows MSCs to escape immune surveillance and promotes their hypoimmunogenic or immune privileged status. MSCs do not elicit a proliferative response when cocultured with allogeneic T cells in vitro. However, some studies reported that MSCs may express these molecules and lose their hypoimmunogenic/immune privileged state. For example, treatment with interferon gamma (IFNγ), which represents an inflammatory environment, induces the expression of MHC class II molecules and increases the expression of MHC class I molecules (Romieu-Mourez et al., 2007; Van Megen et al., 2019).

As mentioned previously, MSCs typically do not express HLA-DR, an MHC class II molecule which plays important roles in allograft rejection. However, MScs may express these molecules during cell expansion (Grau-Vorster et al., 2019) and thus fail to meet all the ISCT’s requirements for MSCs. MSCs were also reported to express HLA-DR after differentiation. For instance, Ryan et al. (2014) demonstrated that chondrogenically differentiated MSCs express HLA-DR. Chondrogenic MSCs induce the proliferation of both CD4 and CD8 cells and increase susceptibility to cytotoxic lysis by allospecific T cells. Moreover, they lose their immunosuppressive properties as evidenced by their inability to prevent T cell proliferation. Subcutaneous implantation of chondrogenically differentiated MSCs increased the infiltration of mononuclear phagocytes and the generation of anti-donor IgG2 antibodies (Ryan et al., 2014). This raises the concern that after differentiation or transplantation, MSCs trigger immune responses, which may hamper their therapeutic efficacy. Further studies are clearly needed to determine the impact of HLA-DR expression in chondrogenically differentiated MSCs on their therapeutic efficacy in OA.



Blood Compatibility of MSCs

The ABO blood group is one of the major immunogenic barriers hampering tissue transplantation into immunocompetent hosts. Indeed, incompatible blood group antigens are highly immunogenic and can cause graft rejections. Such issues may be instrumental in better defining their therapeutic potential in clinical trials. MSCs do not present carbohydrate- and protein-based membrane structures that are defined as blood group antigens. Moreover, MSCs do not upregulate ABO blood group antigens after inflammatory challenge or in vitro differentiation confirming that their therapeutic efficacy is not altered by immunogenic blood group antigens (Schäfer et al., 2011).



Selection of Autologous or Allogeneic Transplantation

For cell therapy purposes, the use of in vitro-expanded autologous or allogeneic cell populations is possible. In autologous transplantation, the cells are collected from the patient’s own tissues, which does not require human leucocyte antigen (HLA) matching therefore avoiding immunological complications (Champlin, 2003). However, allogeneic transplants between two genetically different individuals may be associated with some difficulties (Liras, 2010). Indeed, the graft type of MSCs is a key determinant for the success of the therapy because it is closely linked to the immune response that may be elicited by the recipient. While most of these clinical and preclinical trials utilized autologous MSCs, a significant number of studies examined the feasibility of allogeneic or even xenogeneic MSC transplantation (Lin et al., 2012).

The use of autologous MSCs is time-consuming and costly with additional drawbacks such as donor site morbidity and quality issues in patients with comorbidities or advanced age whose MSCs may have reduced therapeutic efficacy. In contrast, allogeneic MSCs appear to be one of the most promising candidates for therapeutic applications because it provides “off-the-shelf” cellular therapy (Wang et al., 2019). Consequently, understanding their interactions with the recipient’s immune system is crucial for their successful clinical application (Kot et al., 2019). Importantly, evidence from currently completed and ongoing clinical trials demonstrate that allogeneic MSC transplantation is safe and seems to cause no major side effects to the patient (Kot et al., 2019). For instance, the POSEIDON clinical trial provided evidence that allogenic MSCs display superior efficacy to autologous MSCs in the treatment of non-ischemic dilated cardiomyopathy (Hare et al., 2017). Interestingly, allogenic MSCs were shown to promote cartilage regeneration and improve the symptoms of OA in two recent clinical trials (Vega et al., 2015; de Windt et al., 2017).

Transplantation of xenogenic MSCs is often unsuccessful due to irreconcilable interspecies differences. There is phylogenetic distinction based on differences in the key mediators of the immunosuppressive effects of MSCs (Su et al., 2014). Moreover, differences in cytokine signaling might lead to failure of MSC activation and therefore to therapeutic misinterpretation or lack of in vivo efficient effect. Thus, interspecies incompatibilities from preclinical data should be taken into consideration before translation to clinical trial (Lohan et al., 2018). Overall, the characterization of a functional population of MSCs with a specific profile and function may ultimately influence the choice between autologous or allogeneic transplantation.



The Delivery Route of MSCs

Depending on the clinical purposes, MSCs are administered differently, either systemically infused, locally injected, or locally applied in a cell-carrier glue (de Windt et al., 2017). The optimal cell delivery technique should provide the most regenerative benefit with the lowest side effects. The most common routes of MSC transplantation outside tissue engineering-based methods are by intravenous or intra-arterial infusion, or by direct intra-tissue injection (Kurtz, 2008). Local transplantation deposits MSC in spatial proximity to the lesion, i.e., intraarticularly in the case of OA. Systemic administration routes are favored but require the targeted extravasation of the circulating MSCs at the site of injury. Transplanted MSCs can indeed leave the blood flow and transmigrate through the endothelial barrier, and reach the lesion site (Nitzsche et al., 2017).



THE THERAPEUTIC EFFECTS OF MSCs

The beneficial effects of MSCs rely mostly on their capacity to sense tissue injury, and consequently to display several coordinated therapeutic actions. Through their regulatory and trophic factors, MSCs attenuate detrimental immune response, remove pathogens, and promote the functions of local cells (Harrell et al., 2019a). We highlighted hereafter some relevant elements that contribute to the therapeutic process of MSCs.


The Process of Tissue Injury and Healing

The physiological response to tissue damage involves three consecutive and coordinated phases: inflammatory, reparative, and remodeling. During this process, the inflammatory/immunological status (defined as the nature of immune cells as well as the types and concentrations of present cytokines) varies considerably (Wang et al., 2014). During the first phase of healing, there is a predominance of proinflammatory signals which decrease in the reparative and remodeling phases (wound healing period). The prevalence of proinflammatory mediators induce the recruitment of inflammatory cells (such as neutrophils, monocyte, and platelets). Monocytes/macrophages play the leading role in innate immunity and tissue homeostasis. These cells accumulate in site of injury and are actively involved in tissue repair (Wallace et al., 2012). Then, the infiltrated neutrophils begin to undergo apoptosis, which causes macrophages to shift toward an anti-inflammatory phenotype (wound-healing subset).



MSCs Are Environmentally Responsive

The dynamic flux in the immune microenvironment is essential to facilitate the migration and proliferation of therapeutic cells to repair and regenerate tissue (Toh et al., 2018). Depending on the signals sensed by MSCs, they can migrate and home within a specific tissue. Indeed, MSCs are sensitive to shifts in the local milieu as they harbor a panel of receptors activating various signaling pathways (Paladino et al., 2019). We have previously shown that MSCs express several relevant receptors, such as the receptor for advanced glycation end-products (RAGE), C-type lectin receptors (CLRs, including DECTIN-1, DECTIN-2 and MINCLE), leukotriene B4 (LTB4) receptors (BLT1 and BLT2) and cysteinyl leukotriene (CysLTs) receptors (CYSLTR1 and CYSLTR2) (Najar et al., 2018). These receptors, known for their role in the regulation of inflammatory and immunological responses, were significantly modulated following MSC exposure to inflammatory signals. It is now recognized that the functions of MSCs are not constitutive but induced during their presence in the injured site (Kaundal et al., 2018). This plasticity in their properties allows MSCs to acquire specific phenotypes and functions.



Mobilization and Homing of MSCs

Mesenchymal stem cells reside in their tissue in normal physiological conditions but seem to have the capacity to be mobilized in response to signals produced by injured tissues. These signals may have a role in determining the function of MSCs, e.g., in the promotion of pathogen clearance or the modulation of the inflammation. In response to local environmental cues, MSCs start circulating, proliferate, and migrate from their niche to the injury site. The homing of MSCs is based on a multistep model involving (1) initial tethering by selectins, (2) activation by cytokines, (3) arrest by integrins, (4) diapedesis or transmigration using matrix remodelers, and (5) extravascular migration toward chemokine gradients (Ullah et al., 2019). MSC migration in vitro can be induced by different growth factors and chemokines and is enhanced by the pro-inflammatory cytokine tumor necrosis factor alpha TNF-α (Ponte et al., 2007), suggesting that the mobilization of MSCs and their subsequent homing to injured tissues may depend on the systemic and local inflammatory state. Moreover, under injury conditions, endothelial cells are activated and express docking molecules such as CD106 and CD62E (E-selectin). Their ligands, CD49d/CD29 (integrin α4/β1) and CD44, respectively, are expressed by MSCs and are important for their homing and docking (Rüster et al., 2006). In line with this, we have shown that the expression of adhesion molecules by MSCs are tightly regulated and differentially modulated depending on the cell environment. Specifically, we found that an inflammatory or infectious environment, as well as an activated immune response lead to a significant increase of CD54 (intercellular adhesion molecule 1) and CD58 (lymphocyte function-associated antigen 3) expression (Najar et al., 2010). These data were further corroborated by the evidence that damage/inflammatory mediators initiate a cascade of endothelial and leukocyte/MSC adhesion and motility responses relevant to the repair process (Nitzsche et al., 2017). These findings indicate that the homing and adhesion of MSCs are substantially sensitive to the local environment with the injured tissue and are therefore decisive for their therapeutic functions.



MSC-Mediated Cell Empowerment

Initially, the popular appeal as cell-based therapy was based on the in vitro multilineage potential of MSCs. Indeed, the tissue repair capability of MSCs was thought to be consecutive to their local differentiation into functional cells to replace the damaged cells. However, there is no in vivo evidence that these cells exert their regenerative effects through engraftment and differentiation into target cells (Ayala-Cuellar et al., 2019). In addition, the lack of standardized methods for their isolation, expansion, and identification does not allow to define terminally differentiated and functionally mature populations (Nombela-Arrieta et al., 2011). It has been demonstrated that the multipotency of MSCs is not a pivotal aspect of cell therapy, and thus primarily referred to their paracrine function as a major activity in tissue repair (Drela et al., 2019). In fact, the tissue−specific resident cells of the patient are actively involved in tissue regeneration and repair. These processes are stimulated by the bioactive factors secreted by the exogenously supplied MSCs, rather than by direct differentiation of MSCs (Prockop, 2007). Consequently, upon arrival at damaged tissue, MSCs are believed to exert their regenerative and repair effects by cell “empowerment” rather than by cell replacement. It is likely that MSCs regulate the local environment during tissue repair and provide a good “soil” for tissue regeneration.

It is increasingly recognized that the local environment with it stromal and immunological components (both cellular and molecular) are significantly important for the success of the therapy (Li H. et al., 2019). Indeed, the therapeutic effect of MSCs is mainly a combination of immunomodulation and local cell “empowerment” (Wang et al., 2014). The inhibition of local inflammation and immune responses (immunomodulation) by MSCs establishes a favorable environment to initiate tissue regeneration through empowering the activities of local tissue stem/progenitor cells. A concerted action of secreted factors by MSCs will induce tissue repair through promoting angiogenesis, remodeling of the extracellular matrix, stimulating the proliferation and differentiation of progenitor/resident cells, and the recruitment of endogenous stem cells to the site of engraftment (Qi et al., 2018). Moreover, several studies underline bioactive exchanges, including ions, nucleic acids, proteins, and organelles transferred from MSCs to stressed cells, thereby improving cell survival and/or renewal in damaged or diseased tissues (Naji et al., 2019).



The Antimicrobial Activity of MSCs

Tissue injury may be also accompanied by infection due to pathogen invasion which may delay the healing process. In this context, MSCs were shown to have strong antimicrobial activities exerted through indirect and direct mechanisms. Most of the data on the antimicrobial properties of MSCs have been obtained from in vitro studies with bacteria, although little data exist about the effect of MSCs on viruses, fungi, and parasites. For instance, MSC administration to dogs with spontaneous chronic multi-resistant wound infections led to bacterial clearance and wound healing (Johnson et al., 2017). These effects are partially mediated by the secretion of antimicrobial peptides and proteins (AMPs) (Alcayaga-Miranda et al., 2017). Depending on the tissue origin of MSCs, several AMPs such as cathelicidins (e.g., LL-37), β-defensins (hBD-1, hBD-2, and hBD-3), hepcidin, or lipocalin families (e.g., Lcn2) have been described. These AMPs represent the major arm of the innate immunity and play important roles in initiating inflammation and further immune responses. Moreover, they participate in wound repair by stimulating the expression of cytokines and chemokines involved in the recruitment of immune cells and tissue progenitors (Chow et al., 2020).



Therapeutic Effects of MSCs in OA

Mesenchymal stem cells have been used for the treatment of OA based on their chondrogenic potential or their ability to promote cartilage repair through stimulation of endogenous cells and immunomodulation. In addition MSCs have significant paracrine activity, whereby they secrete a wide array of growth factors, cytokines, and chemokines that mediate various effects on chondrocytes including stimulation of proliferation, autophagy, and ECM synthesis (anabolic activity), as well as the inhibition of apoptosis, senescence, and the production of pro-inflammatory and catabolic factors (Figure 1) (for reviews, see references Damia et al., 2018; Harrell et al., 2019b).


[image: image]

FIGURE 1. Immunomodulatory effects of MSCs in osteoarthritis.


In recent years, an increasing number of studies have suggested that the beneficial effects of MSCs are primarily mediated by extracellular vesicles (EVs), particularly exosomes. Cosenza et al. (2017) showed that the treatment of murine OA-like chondrocytes with BM-MSC-derived exosomes promoted anabolic activities (type II collagen and aggrecan), inhibited catabolic (MMP-13 and ADAMT-5) and inflammatory (iNOS) responses, and protected from apoptosis. Using a collagenase-induced OA mouse model, they reported that intraarticular injection of BM-MSC-derived exosomes prevented both cartilage and bone damage. Qi et al. (2019) demonstrated that treatment of rabbit chondrocytes with BM-MSC-derived exosomes prevented IL-1-induced apoptosis, likely via inhibition of the p38 and ERK MAPKs and activation of the Akt pathway. Inhibition of apoptosis by MS-MSC-derived exosomes was also reported in rat chondrocytes (Zhu et al., 2018). More recently, He et al. (2020) evaluated the effect of BM-MSC-derived exosomes on inflammatory and catabolic responses in vitro and on the progression of OA in a rat model of the disease. They found that treatment with exosomes diminished the inhibitory effect of IL-1 on the proliferation, migration, and anabolic activity of chondrocytes. Accordingly, in vivo studies revealed that administration of exosomes was protective in vivo, likely via increased anabolic responses and reduced catabolic responses in the joints (He et al., 2020).

AT-MSC-derived exosomes were also reported to have chondroprotective properties. Treatment of human OA chondrocytes with AT-MSC-derived exosomes decreased IL-1-induced production of numerous inflammatory and catabolic mediators including TNF-α, IL-6, PGE2, NO and MMP13, whereas the production of the anti-inflammatory cytokine IL-10 and type II collagen were enhanced (Tofiño-Vian et al., 2018). The expression of COX-2 and mPGES1 were also down-regulated. These changes were likely due to reduced activity of NF-kB and AP-1. Similarly, Zhao et al. (2020) reported that AT-MSC-derived exosomes displayed chondroprotective and anti-inflammatory properties. They found that co-culture of AT-MSC-derived exosomes with activated synovial fibroblasts reduced the expression of IL-6 and TNF-α, whereas the expression of IL-10 was enhanced. Co-culture with chondrocytes protected from H2O2-induced apoptosis. Interestingly, treatment with exosomes stimulated chondrogenesis and increased the expression of chondrogenic markers, such as collagen type II and β-catenin (Zhao et al., 2020). More recently, it was evidenced that human AT-MSC-derived EVs increased human OA chondrocyte proliferation and migration, enhanced type II collagen synthesis, and reduced IL-1-mediated expression of key catabolic enzymes, MMP-1, MMP-3, MMP-13, and ADAMTS-5 (Woo et al., 2020). Further in vivo studies indicated intraarticular injection of AT-MSC-derived EVs attenuated cartilage degradation and synovial inflammation in both monosodium iodoacetate-induced OA in rats and destabilization of the medial meniscus (DMM)-induced OA in mice (Woo et al., 2020).

In addition to bone marrow and adipose tissue, exosomes isolated from other sources such as embryonic stem cells have also shown beneficial effects in cartilage repair and OA. For instance, Zhang et al. (2016) demonstrate that human embryonic MSC-derived exosomes promote cartilage repair and regeneration in a rat model of osteochondral defects. After 12 weeks, exosome-treated defects displayed complete recovery of hyaline cartilage characterized by regular biosynthesis and deposition of type II collagen and glycosaminoglycan (GAG). Using a mouse model of instability-induced OA, Wang and colleagues showed that human embryonic MSC prevented cartilage erosion and the expression of ADAMTS-5, a key enzyme in cartilage degradation. Moreover, in vitro experiments revealed that treatment with MSC-derived exosomes preserved chondrocyte phenotype upon treatment with IL-1β (Wang et al., 2017).



IMMUNOREGULATION AS A KEY MECHANISM IN TISSUE REPAIR

As previously evoked, MSCs promote tissue repair and regeneration through cell-empowerment and favoring an immune tolerogenic environment. Indeed, MSCs are not immune cells but regulatory progenitors with strong immunomodulatory properties. They can interact with different types of immune cells, leading to reciprocal interplay and modulation (Nemeth, 2014). MSC-mediated immunomodulation operates through a synergy of cell contact-dependent mechanisms and release of soluble factors (Li Y. et al., 2019). These pathways, as it will be highlighted below, cooperate to create a tolerogenic environment suitable for tissue regeneration.


Recruitment of Regulatory Immune Cells

Mesenchymal stem cells can interact with various types of immune cells, including T cells, B cells, natural killer (NK) cells, macrophages, dendritic cells, neutrophils, and monocytes (Leyendecker et al., 2018a). After these interactions, several features linked to immune response such as activation, proliferation and functions of immune cells are modulated by MSCs. We and others have reported that several regulatory immune cells such as Treg, Breg, NKreg, M1/M2, and DCreg are generated from both the innate and adaptive responses following contact with MSCs (Najar et al., 2016). These regulatory cells accumulate within the tissue of interest and regulate the local immune environment to facilitate the tissue repair.



Production of Immunoregulatory Mediators

Both direct cell–cell contact (membrane bounded proteins and receptors) and secretion of regulatory mediators can underline the immunomodulatory effects of MSCs. The secretome of MSCs is composed of cytokines, chemokines, and trophic factors that can be released in the extracellular milieu or within EVs (Zhou et al., 2019). Many mediators were shown to contribute to the therapeutic effects of MSCs including transforming growth factor (TGF)-β1, hepatocyte growth factor (HGF), prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase (IDO), nitric oxide (NO), leukemia inhibitory factor (LIF), HLA-G, heme oxygenase-1 (HO-1), insulin growth factor (IGF)/IGF- binding protein (BP) system, TNF-a-stimulated gene 6 (TSG-6), metalloproteinases (MMP-2; MMP-9), TIMP-2 tissue inhibitor of metalloproteinases (TIMP-2; TIMP-3) and chemokine (C-C motif) ligand 2 and 5 (CCL2; CCL5), interleukin (IL)-10, IL-6, semaphorins, galectins, CD200/CD200R, erythropoietin-producing hepatocellular (Eph) receptor tyrosine kinase-B/Eph family receptor interacting proteins (ephrin)-B, glycoprotein A repetitions predominant (GARP), and purinergic signaling (Damia et al., 2018; Harrell et al., 2019b).

IL-10, a pleiotropic immunomodulatory cytokine, modulates both the innate and adaptive immune systems. Interestingly, several regulatory factors produced by MSCs, such as HGF, TSG-6, PGE2, IDO, HLA-G, and LIF, closely interact with IL-10 to establish a tolerogenic milieu suitable for T-cell inhibition. In addition, there are several interplays between IL-10 and these factors including reciprocal positive feedback loops. IL-10 seems to be primarily derived from immune cells, in particular T cells, and demonstrates an increased level during interactions with MSCs. In this context, we demonstrated that the IL-10/CD210 axis is critical during immunomodulation by inducing proliferative and molecular changes within the immune cells (Najar et al., 2015). Recently, a dose-dependent transfer of mitochondria (MitoT) by MSCs was suggested to promote Treg differentiation, which may rescue target organs from tissue damage and inflammatory response (Court et al., 2020). Additional mediators including lipids, messenger RNAs (mRNAs) and microRNAs (miRNAs) can also contribute to the therapeutic effects of MSCs through their pro-angiogenic, antifibrotic, antiapoptotic or anti-inflammatory properties (Pers et al., 2018a).



Regulation of Metabolic Pathways

There is a close link between the metabolism of immune cells and their biological features. Several metabolic pathways are considered as important actors for regulating immune responses. Indeed, immune cell activation, differentiation, and function require specific energetic and biosynthetic demands (Patel et al., 2019). Metabolic fitness has been shown to be crucial for supporting the major shift from quiescent to active immune cells and for tuning the immune response. Recent studies have shed new light on the role of the end products of metabolism such as lactate, acetate, and adenosine triphosphate (ATP) (Degauque et al., 2018). Such products are likely to participate to tissue and immune homeostasis and are therefore important during transplantation. Intracellular ATP is well-known as the energy source driving cell survival, proliferation, and metabolic function (Pearce and Pearce, 2013). However, under tissue stress, ATP can be released from cells into the extracellular environment. In that sense, MSCs were shown to modulate the immune response by a dynamic ATP hydrolysis (Burr and Parekkadan, 2019). ATP was shown to promote the immunosuppressive properties of MSCs via upregulation of IDO expression (Lotfi et al., 2018). It is noteworthy that, the level of ATP should be well controlled since uncontrolled levels can affect several cellular features and functions. In the case of human endometrium MSCs, ATP was shown to induce cell cycle arrest, alter the proliferative and migration capacity and therefore could affect their regenerative potential (Semenova et al., 2020).

Adenosine (ADO) is a nucleoside with pleiotropic functions, which acts as an intracellular and extracellular mediator of multiple biological processes, including immune responses. It is considered as a common path for MSCs and Treg-mediated immunosuppression (De Oliveira Bravo et al., 2016). In fact, the production of adenosine constitutes a mechanism used by both cell types to control the immune response particularly in the inflammatory environment. To produce ADO, ATP is hydrolyzed to 5′-AMP and ADP by the ectonucleotidase CD39. ADP is further hydrolyzed to ADO by the second ectonucleotidase CD73. Although CD73 is one of the main and highly expressed markers within MSCs, the expression and modulation of CD39 by MSCs has also been confirmed (Kerkelä, 2017). Whereas MSCs from different tissues exhibit many common characteristics, their biological activity and some markers are different and depend on their tissue of origin. Changes in the expression profile of certain markers is also dependent on the environment surrounding MSCs (Kozlowska et al., 2019). Current data indicate that MSCs exhibit different sensitivity to purinergic ligands as well as a distinct activity and expression profiles of ectonucleotidases than mature cells. MSCs may abundantly produce ADO in contrast to other progenitor cells (Jeske et al., 2020). The adenosinergic pathway emerges as a key mechanism by which MSCs exert hemostatic and immunomodulatory functions. Depending on the CD73/adenosine pathway, MSCs inhibited platelet activation and aggregation (Netsch et al., 2018), altered T-cell activation (Chen et al., 2016), and reduced NK cell activity (Yan et al., 2019). Of note, NK cells interacting with MSCs may acquire the expression of external nucleotide CD73. These new CD73−positive NK cells can regulate the function of resting NK cells in either an autocrine or paracrine manner. Intriguingly, the inhibition of CD39 and CD73 ectonucleotidases enhanced the mobilization of MSCs by decreasing the extracellular level of adenosine, which may influence the therapeutic outcomes (Adamiak et al., 2019). The heterogeneity in CD73 expression and its catalytic products may have distinct modulatory effects on the local immune response. This statement may explain the differences observed during tissue regenerative cell-based therapy (Tan et al., 2019).

Overall, it is important to consider and revise the influence of immunometabolism on the therapeutic process of MSCs. This will improve our understanding of the immunobiology of MSCs as well as their therapeutic efficacy.



Immunomodulatory Properties/Effects of MSCs in OA

Osteoarthritis has long been considered a “wear and tear” disease culminating in cartilage loss, but it is now widely accepted that inflammation plays a key role in its pathogenesis. The inflammatory cycle of OA is thought to result from interactions between the immune system and local tissue degradation products. Accumulating clinical evidence recognizes synovial inflammation (synovitis) as a characteristic of OA (Robinson et al., 2016). It is present in about half of the patients with OA and has been shown to correlate with the severity of knee OA symptoms, particularly pain (Hill et al., 2007) and with cartilage damage severity (Ayral et al., 2005).

In OA, synovial membranes are infiltrated with various immune cells predominantly monocytes/macrophages followed by T cells. Mast cells, NK cells, dendritic cells, B cells and granulocytes have also been identified in OA synovium. This topic has been more comprehensively reviewed elsewhere (van den Bosch et al., 2020).

MSCs have significant immunomodulatory capacity and can suppress all immune cells involved in the development and progression of OA (Figure 1). MSCs can promote macrophage transition from the IL-1 and TNF-α producing pro-inflammatory M1 phenotype to the IL-10, IL-RA, and TGF-β producing anti-inflammatory and pro-chondrogenic phenotype (Fernandes et al., 2020). The effect of MSCs on macrophage polarization are mediated via TNFα-stimulated gene/protein 6 (TSG-6), prostaglandin E2 (PGE2) and indoleamine 2,3-dioxygenase (IDO) (Fernandes et al., 2020).

Mesenchymal stem cells, can suppress the proliferation and function of CD4+ and CD8+ T cells and promote the proliferation of immunosuppressive T regulatory cells (Luque-Campos et al., 2019). Moreover, MSCs prevent most functions of NK cells including cytotoxicity, cytokine and granzyme B secretion (Luque-Campos et al., 2019). MSCs were also shown to inhibit the proliferation of autoreactive B cells (de Castro et al., 2019). The proliferation, maturation, and antigen-presenting function of dendritic cells (DC) are also suppressed by MSCs (Spaggiari et al., 2009). Moreover, MSCs suppress numerous functions of mast cells including degranulation, cytokine production and chemotaxis (Brown et al., 2011). Further studies showed that MSC inhibit activation of the complement system (Tu et al., 2010), which plays a central role in the pathophysiology of OA.

Last but not least, MSCs or exosomes may induce their protective effects in OA by modulating chondrocyte functions. Specifically, MSCs were reported to prevent several inflammatory and catabolic events in chondrocytes and cartilage explants (Harrell et al., 2019b). Reports also showed that MSCs enhance chondrocyte proliferation, autophagy and the synthesis of cartilage extracellular matrix (Harrell et al., 2019b).



CELL DEATH AS A COMPONENT OF MSC IMMUNOMODULATORY PROPERTIES

Once transplanted, MSCs may face a harsh microenvironment such as hypoxia, oxidative stress, damage signals, inflammatory, and immunological reactions. Such environments may blunt their engraftment, viability, and functionality indicating that there are further mechanisms by which MSCs repair tissue. It appears that the secretome is only one part of MSC effects, as the viability of MSCs does not appear to be a prerequisite for some of their therapeutic effects (Naji et al., 2019). Different cellular and molecular alterations underlining distinct cell death modes are observed during tissue regeneration (Liu et al., 2018).


Apoptosis

Apoptotic MSCs have been shown to participate in the tissue repair process and immunomodulation (Weiss and Dahlke, 2019). These findings are in keeping with the “dying stem cell hypothesis” stating that the apoptosis of MSCs causes a modulation of the local immune response with a down-regulation of the innate and adaptive immunity (Thum et al., 2005). Usually, apoptosis is an immunologically quiescent process dependent on normal numbers of apoptotic cells (ACs) and rapid clearance by professional and non-professional phagocytes within the injured tissue. MSCs were reported to directly phagocyte ACs, therefore increasing their PGE2 production, which contributes to MSC-based immunotherapeutic effects (Zhang et al., 2019). In turn, under certain conditions, living MSCs may be subject to perforin-induced apoptosis through recipient cytotoxic cells (CTL or NK cells). Apoptotic MSCs could then face phagocytosis by host-innate immune cells (monocytes/macrophages). Thus, the roles of both “being eaten” and “eating others” appear to be implicated in the immunomodulation mechanisms of MSCs (Zhang et al., 2019). Indeed, apoptotic, metabolically inactivated, or even fragmented MSCs have been shown to possess an immunomodulatory potential as well (Weiss and Dahlke, 2019). After phagocytosis of MSCs, monocytes are polarized toward an immunoregulatory M2 phenotype and redistributed systemically. This mechanism may explain how MSCs with reduced life induce long lasting immunomodulatory effects (Weiss et al., 2019).

Mesenchymal stem cell efferocytosis (phagocytic clearance of apoptotic cells) has also been reported to contribute to their immunomodulatory effects (Piraghaj et al., 2018). Apoptotic MSCs release “find-me” signals that recruit macrophages which recognize “eat-me” signals such as phosphatidylserine (PtS). This recognition triggers an actin-mediated cytoskeletal rearrangement that enables engulfment of the apoptotic MSCs by macrophages. Efferocytosis culminates by the clearance of the dying/dead cells and their toxic components as well as the expression of immune tolerance factors (Galipeau and Sensébé, 2018). Recently, MSCs have been demonstrated to harness macrophage derived amphiregulin (AREG) to maintain tissue homeostasis after injury. By increasing the secretion of AREG in a phagocytosis-dependent manner, MSC-primed macrophages allowed immunosuppression through the promotion of regulatory T (Treg) (Ko et al., 2020).



Complement Mediated Cell Death

In addition to its role in the innate immune system, the complement pathway can contribute to tissue repair at different levels (Schraufstatter et al., 2015). The complement cascade may stimulate the phagocytosis of pathogens and damaged cells but also the recruitment of stem and progenitor cells to the site of injury. In parallel, it promotes inflammation and adaptive immune response as well as activation of cell death pathway. There is an interplay between the complement-mediated cell lysis and distinct cell death pathways (Fishelson et al., 2001). Activation of the terminal pathway of the complement system leads to insertion of terminal complement complexes (C5b-9) into the cell membrane, which may induce apoptosis via a caspase-dependent pathway. Apoptosis as a consequence of complement-mediated cell damage may provide an explanation for the presence of apoptosis in inflammatory processes, for instance in hyperacute xenograft rejection (Nauta et al., 2002). The complement system has been shown to interact with MSCs and to differentially influence some of their biological features (Schraufstatter et al., 2009). Accumulating evidence suggests that molecules of the innate immune system, including complement components and pentraxins, have a role in the recognition and clearance of apoptotic cells (Nauta et al., 2003). In a complement-activated environment, MSCs are injured following formation of membrane attack complexes (MACs), which may be linked to the rapid clearance of systemically circulating MSCs after infusion (Li and Lin, 2012). Moreover, complement-mediated opsonization has a pivotal role in immune tolerance by recognition and uptake of apoptotic cells and modulation of cytokine release (Jin and He, 2017). It was reported that complement activity, by binding to MSCs, promotes their phagocytosis by monocytes, which may shift into M2-healing subsets thus contributing to establishing a tolerogenic environment (Gavin et al., 2019). Intriguingly, MSCs have been shown to express complement inhibitor proteins CD46, CD55, CD59, and Factor H suggesting that they are partially protected from the lytic activity of complement (Tu et al., 2010). Indeed, BM-MSCs have been reported to express the receptors for anaphylatoxins C3a and C5a which are highly present within inflamed and injured tissues. Such expression was linked to homing of MSCs to site of injury, resistance to oxidative stress and apoptosis as well as inhibition of immune response (Le Blanc and Davies, 2015). Despite the rapid clearance of MSCs after systemic infusion, a favorable therapeutic effect is still observed. It is possible that complement activation by promoting monocyte phagocytosis of MSCs, participates in tissue repair.



Autophagy

The therapeutic potential of MSCs may also be linked to autophagy. Autophagy is a highly conserved cellular process that degrades modified, surplus, or harmful cytoplasmic components by sequestering them in autophagosomes, which then fuses with the lysosome for degradation. As a major intracellular degradation and recycling pathway, autophagy is crucial for maintaining cellular homeostasis, as well as for remodeling during normal development (Chen et al., 2018). MSCs may modulate autophagy of tissue-resident and recruited cells (target cells) involved in disease pathogenesis. MSCs can affect autophagy of immune cells involved in injury by reducing their survival, proliferation, and function and favoring the resolution of inflammation. In addition, MSCs can affect autophagy in endogenous adult or progenitor cells, promoting their survival, proliferation and differentiation and thus supporting the restoration of functional tissue (Ceccariglia et al., 2020). Stress signals or pharmacological agents can also modulate autophagy in MSCs. All these types of autophagy may affect MSC functions and have an impact on the therapeutic potential (either directly or indirectly) by influencing survival, vascularization, immunomodulation, and cell differentiation (Jakovljevic et al., 2018).



Senescence

Successful MSC therapy needs a prolonged and large-scale cell culture which may lead to cell senescence. Administration of senescent MSCs may result in an inefficient therapeutic issue (Li et al., 2017). Therefore, it is of utmost importance to enhance our knowledge of the aging process and methods to detect cell senescence in order to overcome this challenge. Senescence is a cellular response to stress limiting proliferation of damaged and aged cells. It is involved not only in pathological processes but also in physiological mechanisms like aging, tissue repair, and homeostasis (Neri and Borzì, 2020). Several factors such as DNA damage, telomere shortening, oncogenic insults, metabolic stress, epigenetic changes, and mitochondrial dysfunction might induce senescence (Neri and Borzì, 2020). Aging of MSCs (both in vivo and in vitro) can affect distinct properties of MSCs such as self-renewal, proliferation, differentiation, and immunomodulation thus possibly compromising their therapeutic effect (Chen et al., 2018). A recent study indicated that aging significantly altered distinct biological characteristics of MSCs, with old MSCs displaying reduced proliferation, differentiation potential, immunoregulatory, and secretory ability (Yang et al., 2020).



THE THERAPEUTIC EFFECT OF MSCs DEPENDS ON THEIR ORIGIN

Since their first isolation BM, other alternative tissue sources of MSCs were identified. Because of this diversity, it is important to define MSCs and recognize the inherit differences between these sources (Le Blanc and Davies, 2018). The accessibility, frequency, and properties of MSCs may thus differ, requiring more attention in the choice of the source of MSCs (Busser et al., 2015). Moreover, it is essential to find non-invasive cell sources to avoid donor site morbidity (Pinheiro et al., 2019). In addition to BM, MSCs have also been isolated from adipose tissue, synovial membrane, fetal tissues, and dental pulp (Leyendecker et al., 2018b). MSCs from different tissue sources may share similar phenotypes and proliferation properties, but show distinct transcriptome and cytokine profiles (Meng et al., 2019). Indeed, these MSCs may present unique gene expression pattern that reflects an advantage in terms of biological activities (Alhattab et al., 2019). Several differentially expressed genes were identified among these types of MSCs playing roles in immunomodulation, angiogenesis, wound healing, apoptosis, and chemotaxis (Barrett et al., 2019). These specific signaling pathways suggest that MSCs preserve different functional potentials according to their origin (Najar et al., 2019). For example, synovial and infrapatellar fat pad-derived stem cells present improved proliferative and survival potential in comparison to BM (Fernandes et al., 2018). Wharton’s jelly of the human umbilical cord (WJ-MSCs) were shown to display distinct immunomodulatory and pro-regenerative transcriptional signature compared to BM-MSCs (Donders et al., 2018). WJ-MSCs may thus be considered as potent tolerogenic tools to modulate local immune response in support type regenerative medicine approaches (Corsello et al., 2019). Of note, MSCs are a composite of cell progenitors at different states of lineage commitment and cellular aging (O’Connor, 2019). Recently, several types of oral MSCs have been described as immunomodulatory masters because of their ability to interact with an inflammatory microenvironment and to exert a multitude of immunological actions (Zhou et al., 2020). Moreover, several distinct subpopulations of MSCs with differentially expressed genes related to proliferation, development, and inflammation response were observed in WJ-MSCs (Sun et al., 2020). These subpopulations of MSCs may display distinct tissue repair effects, and therefore represent relevant sources for specific therapeutic applications.



CLINICAL TRIALS USING MSCs FOR THE TREATMENT OF KNEE OA

The use of MSCs in the treatment of OA is an expanding and growing area of research, and several studies have reported on the clinical efficacy of MSCs in OA. As stated above, MSCs can be isolated from many different tissues; however, BM- and adipose tissue-derived MSCs are the two most commonly used types of MSCs in OA therapy.

Orozco et al. (2013) studied 12 patients with knee OA who received an intraarticular injection of autologous expanded BM-derived MSCs (40 × 106 cells). These patients had Kellgren-Lawrence grade II-IV. They reported that patients had significant improvements in patient reported outcome measures, including visual analog scale (VAS), and the Western Ontario and McMaster Universities Arthritis Index (WOMAC) pain scores at 12 months. Patients also had improved quality of life as assessed by the 36-item Short Form Health Survey (SF-36). Magnetic resonance imaging (MRI) quantitative T2 mapping revealed an improvement of cartilage quality and a decrease of poor cartilage areas (Orozco et al., 2013). These improvements were maintained at 2 years (Orozco et al., 2014).

In a 5-year follow-up study, Davatchi and colleagues investigated the effects of transplanting autologous BM-MSCs in four patients with moderate to severe knee OA. At 6 months post-injection, three patients had improved functions as assessed by reduced walking distance to onset of pain. The number of stairs they could climb and the pain on the VAS were improved for all four patients. Then, they observed a progressive gradual deterioration, but at 5 years the outcomes were still better than at baseline, suggesting a protective role of BM-MSCs compared to untreated controls (Davatchi et al., 2011, 2016). It is noteworthy that this study only included four patients making it difficult to draw firm conclusions.

Lamo-Espinosa and colleagues tested the efficacy of two doses (10 or 100 × 106 cells) of autologous BM-derived MSC in combination with hyaluronic acid (HA) in a randomized controlled clinical trial. Thirty patients with OA (Kellgren–Lawrence grades II–IV) were enrolled with a follow-up period of 12 months. Patients who received BM-MSC showed improvement in WOMAC and VAS pain scores. Accordingly, the range of motion was also improved. Interestingly, radiological and MRI analyses revealed that only high dose treated-patients had significant improvement in cartilage thickness (Lamo-Espinosa et al., 2016). The observed clinical and functional improvement of knee OA was sustained after a follow up of 4 years.

In a similar study Soler et al. (2016), evaluated the effect of autologous BM-MSCs (40.9 × 106 cells) in 15 OA patients (Kellgren–Lawrence grades II–III). Outcomes assessed included VAS for pain, algofunctional Health Assessment Questionnaire, Quality of Life (QoL) SF-36 questionnaire, Lequesne functional index, WOMAC score, and cartilage structure. The authors reported improvements in pain and function, and noted signs of cartilage regeneration at 12 months, which were maintained for 4 years (Soler et al., 2016).

Administration of allogenic MSCs also led to significant improvements in knee OA. In a randomized controlled trial, Vega and colleagues compared the efficacy of allogenic BM-MSCs (40 × 106 cells) to HA in 30 patients. Outcomes analyzed included pain, disability, quality of life and cartilage quality. Compared to HA-treated patients, allogeneic-BM-MSC-treated patients showed improvement in pain and function. Additionally, there was a significant decrease in poor cartilage areas in MSC-treated patients (Vega et al., 2015). The therapeutic effect of observed in this trial was smaller than those reported for autologous MSCs. Further studies comparing the efficacy of autologous with allogenic BM-MSC in the same clinical trial are needed to confirm these findings.

In a randomized, double-blind, controlled trial, Gupta et al. (2016) evaluated the efficacy of different doses of allogenic BM-MSCs (25, 50, 75, or 150 × 106 cells) in 60 OA patients. Outcomes including VAS, WOMAC, intermittent and constant OA pain (ICOAP), and cartilage structure were evaluated at regular intervals for 12 months. All subjective outcomes tended to improve in participants who received MSCs, with the 25 × 106 dose being the most effective. However, MRI evaluation revealed no perceptible change in cartilage structure and integrity (Gupta et al., 2016).

More recently, Chahal et al. (2019), treated 12 patients with escalating doses of autologous BM-MSCs (1, 10, or 50 × 106 cells). There was an overall improvement in pain, symptom, quality of life, and stiffness scores. Best clinical and radiological responses were obtained in patients who received the high dose MSC. Interestingly, the synovial levels of monocytes/macrophages and IL-12 were decreased after MSCs administration. In addition, MSC-treated patients displayed lower cartilage catabolic biomarkers, suggesting a chondroprotective effect of MSCs (Chahal et al., 2019).

Adipose tissue-derived MSCs (AT-MSCs) have also been shown to have beneficial effects in the treatment of OA (Jo et al., 2014; Pers et al., 2016, 2018b). Pers and colleagues evaluated the impact of three doses of AT-MSCs (2, 10, or 50 × 106 cells) in 18 OA patients. The parameters assessed were pain and function. They reported that participants who received low dose of MSCs had the best response in terms of pain and function (Pers et al., 2016). A later study by the same group found that injection of AT-MSCs in the knee triggers a systemic long-lasting immune modulation involving an increase in the percentage of CD4+CD25highCD127lowFOXP3+ regulatory T cells and CD24highCD38high transitional B cells (Pers et al., 2018b).

In a distinct study using similar number of patients, Jo et al. (2014) tested the efficacy of increasing doses of AT-MSCs (10, 50, or 100 × 106 cells). Outcomes included pain, function and cartilage structure. Treatment with either dose improved all algofunctional indices and structural outcomes but statistical significance was reached only with the high dose of MSCs (Jo et al., 2014). It should be noted that the clinical improvement does not last longer and started to decline within 2 years following treatment.



CONCLUSION AND PERSPECTIVES

The utilization of MSCs in the treatment of OA is a promising avenue. There are clearly several cellular regulatory pathways involved in the therapeutic effect of MSCs. These pathways cooperate to promote cartilage regeneration and an anti-inflammatory environment. Moreover, the broad cellular and molecular changes that accompany MSC apoptosis, autophagy, and senescence may be essential for their therapeutic effects. Identifying the function and mode of action of these different cell death pathways will help in improving the efficacy of MSCs in the treatment of OA. From our point of view, two important steps need to be developed to guarantee a successful anti-OA therapeutic strategy based on MSCs:

The first step is the understanding of the immunological profile and functions of MSCs as a graft. This would allow to match the adequate needs with the right response. Accordingly, we must find specific immunological signatures that identify these specific therapeutic progenitors.

The second step is the understanding of the mechanisms involved in the effects of MSCs for better therapeutic targeting. We should well-understand the tissue injury environment and mechanisms of the recipient that may critically influence the beneficial effects of MSCs.

Collectively, all these features are relevant for developing MSCs as a therapeutic option for OA with high quality, safety and efficiency standards.
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A stem cell-based tissue-engineering approach is a promising strategy for treatment of cartilage defects. However, there are conflicting data in the feasibility of using this approach in young recipients. A young rabbit model with an average age of 7.7 months old was used to evaluate the effect of a tissue-engineering approach on the treatment of osteochondral defects. Following in vitro evaluation of proliferation and chondrogenic capacity of infrapatellar fat pad-derived stem cells (IPFSCs) after expansion on either tissue culture plastic (TCP) or decellularized extracellular matrix (dECM), a premature tissue construct engineered from pretreated IPFSCs was used to repair osteochondral defects in young rabbits. We found that dECM expanded IPFSCs exhibited higher proliferation and chondrogenic differentiation compared to TCP expanded cells in both pellet and tissue construct culture systems. Six weeks after creation of bilateral osteochondral defects in the femoral trochlear groove of rabbits, the Empty group (left untreated) had the best cartilage resurfacing with the highest score in Modified O’Driscoll Scale (MODS) than the other groups; however, this score had no significant difference compared to that of 15-week samples, indicating that young rabbits stop growing cartilage once they reach 9 months old. Interestingly, implantation of premature tissue constructs from both dECM and TCP groups exhibited significantly improved cartilage repair at 15 weeks compared to those at six weeks (about 9 months old), indicating that a tissue-engineering approach is able to repair adult cartilage defects. We also found that implanted pre-labeled cells in premature tissue constructs were undetectable in resurfaced cartilage at both time points. This study suggests that young rabbits (less than 9 months old) might respond differently to the classical tissue-engineering approach that is considered as a potential treatment for cartilage defects in adult rabbits.

Keywords: young rabbit, osteochondral defect, tissue engineering, decellularized extracellular matrix, infrapatellar fat pad-derived stem cell


INTRODUCTION

Articular cartilage holds a limited capacity for self-healing due to a shortage of blood supply. Several surgical methods are available for the treatment of cartilage damage, including arthroscopic debridement, microfracture, and osteochondral transplantation; (Willers et al., 2003) however, none can consistently reproduce normal hyaline cartilage (Smith et al., 2005). As an alternative treatment, stem cell-based tissue engineering has been validated as a promising approach to reconstitute cartilage defects (Nukavarapu and Dorcemus, 2013). Seed cells and scaffolds are two important parameters for the success of a tissue-engineering strategy. Increasing data indicate the advantages of infrapatellar fat pad (IPFP)-derived stem cells (IPFSCs) as a stem cell source due to strong proliferation capacities and multilineage differentiation potentials, particularly for cartilage engineering and regeneration (Sun et al., 2018; Wang T. et al., 2020). Among the candidate scaffold materials, polylactic-co-glycolic acid (PLGA) is one of the most widely used biodegradable polymers, owing to its prominent advantages such as maneuverability of degradation rates and outstanding processability (Uematsu et al., 2005). Therefore, in this study, IPFSCs were chosen as seed cells to grow on PLGA scaffolds.

Cell expansion on a two-dimensional (2D) culture substrate often causes stem cell senescence (Li and Pei, 2012). Evidence indicates that decellularized extracellular matrix (dECM), a three-dimensional (3D) culture system, can efficiently rejuvenate expanded stem cells in both proliferation and chondrogenic differentiation (Li and Pei, 2010; Pei et al., 2011; Pei, 2017). A previous report successfully utilized dECM expanded synovium-derived stem cells in the treatment of partial-thickness cartilage defects in a minipig model via intraarticular injection (Pei et al., 2013). Given that a stem cell-based tissue-engineering approach exhibits a promising strategy to overcome the challenge of tissue defects in elderly recipients, (Uematsu et al., 2005; Han et al., 2008) there are few reports available to determine the feasibility of this approach in cartilage repair in young recipients, considering that older transplant recipients exhibited differently from young recipients in some biological aspects such as in immunosenescence (Colvin et al., 2017). Moreover, there is no consensus on skeletally mature rabbit age with a range from four to nine months old (Masoud et al., 1986; Wei et al., 1997; Wei and Messner, 1999; Rudert, 2002; Reinholz et al., 2004; Hoemann et al., 2007; Hunziker et al., 2007; Pei et al., 2009; Isaksson et al., 2010). In this study, a rabbit model (between 7.5–8 months old) considered as skeletally mature (Masoud et al., 1986; Gilsanz et al., 1988; Newman et al., 1995) was used to evaluate whether articular cartilage became mature and whether a tissue-engineering approach benefited the treatment of osteochondral defects. We hypothesized that a young rabbit (less than 9 months old) does not have mature cartilage and may not respond to a tissue-engineering approach for cartilage repair the same as an adult rabbit does.



MATERIALS AND METHODS


Experimental Design

Following isolation of IPFSCs from rabbit IPFP, both in vitro and in vivo studies were designed (Figure 1). In the in vitro study (Figure 2), IPFSCs were evaluated in cell proliferation and chondrogenic differentiation (3D culture systems - both pellets and PLGA tissue constructs) by comparing the influence of (1) dECM expansion with tissue culture plastic (TCP) as a control and (2) lentivirus transduction with non-transduction as a control. In the in vivo study (Figures 3–8), after creation of osteochondral defects, four groups were designed: Empty group (left untreated), PLGA group (filled with PLGA alone), TCP group (filled with 20-day-cartilage grafts using TCP expanded IPFSCs), and dECM group (filled with 20-day-cartilage grafts using dECM expanded IPFSCs). Histological evaluation was quantified for cartilage resurfacing of osteochondral defects (Tables 1–3) and implanted cells were tracked using both immunofluorescence microscopy and immunohistochemical staining for green fluorescence protein (GFP) (Figure 8).
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FIGURE 1. Schematic diagram of experimental design. Abbreviation: C-I – chondrogenic induction; dECM – decellularized extracellular matrix; GFP – green fluorescence protein; PCM – phase contrast microscopy; TCP – tissue culture plastic.
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FIGURE 2. A comparison of IPFSCs and their capacity for proliferation and chondrogenic differentiation following expansion on either dECM or TCP (A–C) and with or without lentivirus transduction (D–F) as well as of premature tissue constructs seeded with 2.2 × 106 IPFSCs after expansion on dECM or TCP (G–K). (A) Cell morphology of IPFSCs after 3- and 6-day culture on either dECM or TCP; Scale bar: 400 μm; (B) relative EdU incorporation of dECM or TCP expanded IPFSCs (5 × 105) measured by flow cytometry, and (C) RT-qPCR evaluation of expression level of chondrogenic marker genes (SOX9, ACAN, and COL2A1) in dECM or TCP expanded IPFSCs (n = 4) after 30-day chondrogenic induction in a pellet culture system. *p < 0.05 as compared to the control group (TCP). (D) Transduction efficiency in puromycin screened IPFSCs visualized by immunofluorescence and phase contrast microscopy; Scale bar: 200 μm; (E) population doubling time (PDT) in IPFSCs with or without transduction following dECM and TCP expansion; and (F) expression of chondrogenic marker genes (SOX9, ACAN, and COL2A1) via RT-qPCR in IPFSCs (n = 4) with (“V”) or without (“C”) transduction after 30-day chondrogenic induction in a pellet culture system. *p < 0.05 as compared to the control group (non-virus transduction). (G) A representative photo of a two-week tissue construct; (H) phase contrast microscopy of 20-day tissue constructs (dECM or TCP expanded IPFSCs grown on PLGA mesh); (I) histological evaluation of 20-day tissue constructs using Alcian blue staining (Ab) for sulfated GAGs and immunohistochemical staining (IHC) for type II collagen; Scale bar: 200 μm; (J) expression of chondrogenic marker genes (SOX9, ACAN, COL2A1, and COL10A1) via RT-qPCR analysis in dECM or TCP expanded IPFSCs (n = 4) after 20-day chondrogenic induction in six-well plates. *p < 0.05 as compared to the control group (TCP).
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FIGURE 3. Macroscopic observation of six-week osteochondral defects repaired with PLGA mesh alone (PLGA; n = 3 rabbits/6 knees), tissue constructs developed from dECM expanded IPFSCs (dECM; n = 4 rabbits/8 knees) or TCP expanded cells (TCP; n = 4 rabbits/8 knees), or left untreated (Empty; n = 3 rabbits/6 knees). Scale bar: 1 mm.
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FIGURE 4. Histological evaluation of six-week osteochondral defects repaired with PLGA mesh alone (PLGA; n = 6 knees), tissue constructs developed from dECM expanded IPFSCs (dECM; n = 8 knees) or TCP expanded cells (TCP; n = 8 knees), or left untreated (Empty; n = 6 knees) using Alcian blue staining (Ab) for sulfated GAGs, H&E staining for the intact tidemark, and immunohistochemical staining (IHC) for types I and II collagen (Col 1 and Col 2). (A) Two representative cartilage resurfacings were chosen from each group to serve as the best repair (“B”) including rabbit No. 2R/10R/17R/25L or the worst repair (“W”) including rabbit No. 1L/7L/15L/26R. Arrows (▶) indicate location of subchondral bone cysts and the asterisk (*) indicates mononuclear cells. (B) Bone cysts were shown at higher magnification in H&E staining. Scale bar: 1 mm.
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FIGURE 5. Histological evaluation of bone spurs in 6-week cartilage resurfacing using Alcian blue staining (Ab) for sulfated GAGs, H&E staining for cartilage tissue and immunohistochemical staining (IHC) for types I and II collagen (Col 1 and Col 2). Scale bar: 500 μm.
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FIGURE 6. Macroscopic observation of 15-week osteochondral defects repaired with PLGA mesh alone (PLGA; n = 3 rabbits/6 knees), tissue constructs developed from dECM expanded IPFSCs (dECM; n = 4 rabbits/8 knees) or TCP expanded cells (TCP; n = 4 rabbits/8 knees), or left untreated (Empty; n = 3 rabbits/6 knees). Scale bar: 1 mm.
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FIGURE 7. Histological evaluation of 15-week osteochondral defects repaired with PLGA mesh alone (PLGA; n = 6 knees), tissue constructs developed from dECM expanded IPFSCs (dECM; n = 8 knees) or TCP expanded cells (TCP; n = 8 knees), or left untreated (Empty; n = 6 knees) using Alcian blue staining (Ab) for sulfated GAGs, H&E staining for the intact tidemark, and immunohistochemical staining (IHC) for types I and II collagen (Col 1 and Col 2). (A) Two representative cartilage resurfacings were chosen from each group to serve as the best repair (“B”) including rabbit No. 6L/14R/20L/30R or the worst repair (“W”) including rabbit No. 4L/12R/22R/28L. Arrows (▶ indicate location of subchondral bone cysts and the asterisk (*) indicates inflammatory cells. (B) Bone cysts were shown at higher magnification in H&E staining. Scale bar: 1 mm.
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FIGURE 8. Track of implanted cells labeled with GFP signal. Immunofluorescence of GFP expression in in vitro tissue constructs (Scale bar: 200 μm) from either dECM or TCP expanded IPFSCs (A), and six-week ((B) and 15-week (C) osteochondral defects repaired with PLGA mesh alone (PLGA; n = 6 knees), tissue constructs developed from dECM expanded IPFSCs (dECM; n = 8 knees) or TCP expanded cells (TCP; n = 8 knees), or left untreated (Empty; n = 6 knees) (Scale bar: 1 mm). DAPI served as a counterstain. Immunohistochemical staining using monoclonal antibody showed positive staining (Arrows; ▶) for in vitro tissue constructs (D) but negative staining for in vivo resurfacing cartilage from the tissue construct groups (E). Scale bar: 100 μm. Hematoxylin served as a counterstain.



TABLE 1. Modified O’Driscoll histological scoring system.
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TABLE 2. Adaptive reactions in cartilage resurfacing.

[image: Table 2]

TABLE 3. Six-week and 15-week cartilage resurfacing graded by MODS.
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IPFSC Isolation and Culture

This animal study was approved by the Institutional Animal Care and Use Committee. Infrapatellar fat pads from four New Zealand White (NZW) rabbits were used to collect stem cells (IPFSCs) after a sequential digestion using 0.1% trypsin (Roche, Indianapolis, IN) for 30 min and 0.1% collagenase P (Roche) for 2 h to release cells. The stemness of IPFSCs was characterized in both human (He and Pei, 2013; Pizzute et al., 2016; Wang et al., 2019; Wang Y. M. et al., 2020) and rabbit donors (Wang T. et al., 2020). The pooled IPFSCs were cultured in growth medium [Minimum Essential Medium–Alpha Modification (αMEM) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL fungizone (Invitrogen, Carlsbad, CA)] at 37°C in a humidified 21% O2 and 5% CO2 incubator. The medium was changed every three days.



IPFSC Labeling

Passage 2 rabbit IPFSCs were transduced with lentivirus carrying GFP in the presence of 4 μg/mL of protamine sulfate (MilliporeSigma, Burlington, MA). Twenty-four hours later, the medium was replaced with αMEM with 10% FBS and 2 μg/mL of puromycin (MilliporeSigma) for cell screening. Passage 5 rabbit IPFSCs labeled with GFP were collected for the in vivo study.



dECM Preparation

dECM was prepared by following a protocol described in a previous report (Li and Pei, 2018). Briefly, TCP was treated with 0.2% gelatin (MilliporeSigma), 1% glutaraldehyde (MilliporeSigma), and 1 M ethanolamine (MilliporeSigma). Passage 2 IPFSCs at 100% confluence on pre-coated TCP were treated with 250 μM of L-ascorbic acid phosphate (Wako Chemicals, Richmond, VA) for seven days (Pizzute et al., 2016) followed by an incubation with extraction buffer (0.5% Triton X-100 containing 20 mM ammonium hydroxide). After cells were removed, dECM was stored in phosphate buffered solution (PBS) containing 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL fungizone at 4°C until use.



Three Experiments Were Designed as Follows

1) A comparison of dECM and TCP expanded IPFSCs in proliferation and chondrogenic differentiation: Passage 5 IPFSCs were expanded on TCP and dECM for one passage followed by a 30-day chondrogenic induction in a pellet culture system. Cell morphology and relative 5-Ethynyl-2′-deoxyuridine (EdU) incorporation were evaluated for proliferation capacity. A serum-free chondrogenic medium consisted of high-glucose Dulbecco’s modified Eagle’s medium, 100 nM dexamethasone, 40 μg/mL proline, 0.1 mM L-ascorbic acid-2-phosphate, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL fungizone, and 1 × ITSTM Premix (Corning, Bedford, MA) with the addition of 10 ng/mL transforming growth factor beta3 (TGF-β3; PeproTech, Rocky Hill, NJ). Real-time quantitative PCR (RT-qPCR) analysis was used to assess mRNA levels of chondrogenic markers [SOX9 (SRY-box 9), ACAN (aggrecan), and COL2A1 (type II collagen alpha I chain)] in expanded cells and chondrogenic pellets (day 0, 14, and 30).

Following our previously published methods, (Pei et al., 2002a, b) 1.3 × 106 cells from either TCP or dECM expansion were seeded on one 5 mm diameter × 2 mm thickness PLGA mesh (Synthecon, Houston, TX) in a spinner flask. After incubation for 72 h to allow cell attachment, the cell-scaffold constructs were transferred into six-well plates and cultured in a serum-free chondrogenic medium in a standard incubator (5% CO2 and 21% O2) for ten days and subsequently in a hypoxia incubator (5% CO2 and 5% O2) for ten days (Li et al., 2011; Galeano-Garces et al., 2017). Constructs were harvested at day 20 for chondrogenic evaluation [SOX9, ACAN, COL2A1, and COL10A1 (type X collagen alpha1)] using RT-qPCR analyses.

Cell proliferation was evaluated using the Click-iTTM EdU Alexa FluorTM 647 Flow Cytometry Assay Kit (Invitrogen). IPFSCs (5 × 105) were incubated with 10 μM EdU for 18 h followed by staining as per manufacturer’s protocol. Briefly, cells were incubated with Click-iTTM fixative for 15 min in the dark followed by washing with 1% bovine serum albumin (BSA)-PBS and then resuspended in 1 × Click-iTTM saponin-based permeabilization buffer. Following staining in labeling cocktail for 30 min, cells were analyzed with a FACS Calibur (BD Biosciences, San Jose, CA) and data analyzed using FCS Express software package (De Novo Software, Pasadena, CA).

For RT-qPCR, total RNA was extracted from tissue constructs (n = 4) using TRIzol® (Life Technologies, Carlsbad, CA) as per manufacturer’s protocol. Subsequently, cDNA was synthesized from mRNA by reverse transcriptase using a High-Capacity cDNA Archive Kit (Thermo Fisher Scientific, Waltham, MA). Primers of the chondrogenic marker gene [ACAN (forward GCTACGGAGACAAGGATGAGTTC and reverse CGTAAAAGACCTCACCCTCCAT)] and endogenous control gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase; forward TTCCACGGCACGGTCAAGGC and reverse GGGCAC CAGCATCACCCCAC) were designed by Integrated DNA Technologies (IDT, Coralville, IA) as a SYBR® green gene expression assay using their PCR primer design tool. Primers for chondrogenic-related genes [SOX9 (Assay ID Oc04096872_m1), COL2A1 (Assay ID Oc03396132_g1), and COL10A1 (Assay ID Oc04097225_s1)] were used in a TaqMan® gene expression assay from Applied Biosystems (Foster City, CA). RT-qPCR was performed using the iCycler iQTM Multicolor RT-PCR Detection.

2) A comparison of IPFSCs with or without lentivirus transduction in proliferation and chondrogenic differentiation: Passage 5 IPFSCs with or without transduction of lentivirus vector carrying GFP (pRSC-SFFV-Luciferase-E2A-Puro-E2A-GFP-wpre) were evaluated for potential influence of viral transduction on cell proliferation and chondrogenic capacity. Immunofluorescence microscopy was used to demonstrate successful transduction following puromycin screening. TCP expanded IPFSCs with or without transduction were counted in T175 TCP (n = 3∼14) using a hemocytometer from passage 1 to 5 along with dECM expanded cells at passage 5 with or without transduction. Cell population doubling time (PDT) was then calculated as “PDT = T∗log (2)/[log (N1) – log (N0)]”, where T represents incubation time, N1 for harvesting cell number, and N0 for plating cell number. Expanded IPFSCs (4 × 105 cells) with or without transduction at passage 5 were pelleted by centrifugation in a 15-ml polypropylene tube at 1200 revolutions per minute for 7 min. Following overnight incubation (day 0 samples), pellets were grown in a serum-free chondrogenic medium for up to 30 days. Pellets were harvested at day 0, 14, and 30 for evaluation of chondrogenic marker genes (SOX9, COL2A1, and ACAN) via RT-qPCR.

3) Using GFP-labeled IPFSCs with or without dECM expansion to develop premature tissue constructs to repair osteochondral defects in young rabbits. GFP-labeled passage 6 IPFSCs (2.2 × 106 cells) with or without dECM expansion were seeded in 5 mm diameter × 2 mm thickness PLGA mesh in a spinner flask for three days, (Pei et al., 2002a, b) followed by culture in six-well plates in the presence of serum-free chondrogenic induction medium in a standard incubator (5% CO2 and 21% O2) for ten days and subsequently in a hypoxia incubator (5% CO2 and 5% O2) for ten days (Li et al., 2011; Galeano-Garces et al., 2017). After observation with immunofluorescence microscopy to confirm the presence of a GFP signal, 20-day tissue constructs developed from either dECM or TCP expanded IPFSCs were used to repair osteochondral defects in young rabbits.

Young NZW rabbits (n = 28, female, 2.5–4 kg, 235.2 ± 2.7 days with an average age of 7.7-months) (Envigo Global Services Inc., Denver, PA) were used in this study. Anesthesia was induced with an intramuscular injection with 5 mg/kg xylazine (Phoenix Pharmaceutical, St. Joseph, MO) and 35 mg/kg ketamine (Phoenix Pharmaceutical) and maintained with isofluorane. The patella was dislocated laterally and a 4.76 mm diameter × 2 mm depth osteochondral defect was created in the patellar groove of the femur in both knees using a custom designed hand drill with a depth stop. Four groups were designated: defects treated with premature tissue constructs developed by either dECM or TCP expanded cells (the dECM group and the TCP group, respectively) (n = 16 knees/8 rabbits/group), and PLGA scaffold only (the PLGA group) or left untreated (the Empty group) (n = 12 knee/6 rabbits/group). Six weeks and 15 weeks postoperatively, rabbits in each group were euthanized for gross observation and histologic evaluation for cartilage resurfacing.

For macroscopic evaluation, once both knee joints were opened, the defect area of the patellar groove was photographed, and gross examination was performed. Femoral condyles were dissected followed by fixation in 4% paraformaldehyde in PBS at 4°C for three days. Each specimen was decalcified by incubation in 15% ethylenediaminetetraacetic acid (EDTA)/0.1% paraformaldehyde solution for six weeks. A 5-μm thick section of the grafted area in the coronal plane was stained using Alcian blue (counterstained with fast red) for sulfated glycosaminoglycans (GAGs) and hematoxylin-eosin staining (H&E) for identification of the intact tidemark line that separates calcified and non-calcified cartilaginous matrix. For immunohistochemical analysis, 1% hydrogen peroxide (H2O2) in methanol was used to inactivate endogenous peroxidase activity. Sections were digested with 2 mg/mL hyaluronidase for 30 min followed by overnight incubation at 4°C with monoclonal mouse antibodies against type I collagen (MilliporeSigma) and type II collagen (Developmental Studies Hybridoma Bank, Iowa City, IA). Sections for GFP detection were treated with citrate unmasking solution for 20 min followed by overnight incubation at 4°C with a monoclonal mouse antibody against GFP (4B10, Cell Signaling Technology, Danvers, MA). After extensive washing with PBS, sections were incubated with a secondary antibody for 30 min at room temperature. Immunostaining conducted with Vectastain® ABC reagent (Vector Laboratories, Burlingame, CA) was followed by 3,30-diaminobenzidine (DAB) staining and counterstaining was performed with hematoxylin (Vector Laboratories). Tissue sections were graded by four experts blinded to group assignment using a Modified O’Driscoll Scale (MODS) (Table 1; O’Driscoll et al., 1986; Rutgers et al., 2010; Barron et al., 2015).



Statistical Analysis

Results from RT-qPCR and histological scoring are presented as mean ± standard error of the mean; the t-test was used to assess data between two groups. All statistical analyses were performed with SPSS 13.0 statistical software (SPSS, Inc., Chicago, IL); p < 0.05 was considered statistically significant.



RESULTS


dECM Expanded IPFSCs Exhibited Superior Capacity in Proliferation and Chondrogenic Differentiation

To determine whether dECM expansion could rejuvenate IPFSCs’ proliferation and chondrogenic differentiation, IPFSCs were grown on dECM and TCP for one passage followed by chondrogenic induction in a pellet culture system. We found that IPFSCs grown on dECM exhibited a glistening profile and were arranged in the direction of matrix fibers below; in contrast, IPFSCs grown on TCP were larger in size and arranged in a disorderly fashion (Figure 2A). EdU incorporation data showed that dECM expanded IPFSCs had a 4.3% increase in percentage and 36.3% increase in median compared to TCP expanded cells (Figure 2B). After chondrogenic induction, we found that dECM expanded IPFSCs exhibited significantly higher expression levels of chondrogenic marker genes (Figure 2C), including SOX9, ACAN, and COL2A1, than the corresponding TCP group in a time-dependent manner for up to 14 days despite a drop in the expression of these genes at 30 days.



Transduction of Lentivirus Showed a Limited Influence on IPFSCs’ Stem Cell Properties

To determine whether lentivirus transduction affected IPFSCs’ proliferation and chondrogenic induction, IPFSCs were transduced with lentivirus carrying GFP followed by screening with puromycin to remove non-transduced cells (Figure 2D). PDT data showed comparable proliferation capacity in the IPFSCs with or without lentivirus transduction at passages 1, 4, and 5 following TCP expansion and at passage 5 following dECM expansion (Figure 2E). RT-qPCR data showed that, during chondrogenic induction, IPFSCs with or without lentivirus transduction had a comparable expression level of SOX9 despite an increase of ACAN and a decrease of COL2A1 in those with lentivirus transduction (Figure 2F).



dECM Expanded IPFSCs Developed Better Premature Cartilage Tissue Constructs Than TCP Expanded Cells

Both dECM and TCP expanded IPFSCs (2.2 million each) were dynamically seeded into PLGA mesh scaffold (5 mm diameter × 2 mm thickness) in a spinner flask system. A representative tissue construct is shown in Figure 2G. Three weeks after chondrogenic induction, under microscopy, the tissue constructs seeded with dECM expanded cells appeared thicker, with cells settled on the fibers of PLGA mesh, whereas those grown with TCP expanded cells were thinner, indicating greater cell density in the dECM group than the TCP group (Figure 2H). Histology data showed that, following three-week chondrogenic induction, dECM expanded IPFSCs yielded tissue constructs with a larger size and higher intensity of sulfated GAGs as stained by Alcian blue (Ab) and type II collagen (Col 2) immunostained by monoclonal antibody (Figure 2I). These observations were further supported by RT-qPCR, as tissue constructs made by dECM expanded cells had higher expression levels of chondrogenic marker genes SOX9, COL2A1, and ACAN than the TCP group; interestingly, the dECM group had less expression of the hypertrophic marker gene COL10A1 (Figure 2J).



Early Stage Evidence of Cartilage Resurfacing Using Different Approaches

Premature tissue constructs from the dECM and TCP groups were used to fill in the defects with implantation of PLGA scaffold alone and the defect left untreated as controls. Six weeks after implantation, defects left untreated (the Empty group) exhibited the best cartilage regeneration with glistening, smooth, and whitish neotissue in most joint samples; however, in other groups, some defects remained uncovered or were partially covered with neotissue, showing a donor-dependent manner of cartilage regeneration. The best and worst examples of healed defects on both sides of the dECM group were exhibited by rabbit No. 10 and No. 7, respectively (Figure 3). Greatest healing of defects in the TCP group was found in rabbit Nos. 16 and 17, whereas healing was more limited in rabbit Nos. 15 and 18 (Figure 3). Despite lack of inflammatory signs in synovial tissue in all six-week groups, we found subchondral bone cysts in all groups and mononuclear cells in some groups (Table 2) as well as subchondral bone spurs in some rabbit joints, including rabbits Nos. 2 and 3 (left side) in the PLGA group and rabbit No. 9 in the dECM group (both left and right sides; Figure 3).

The above-mentioned morphological appearance of six-week cartilage resurfacing was further confirmed by histology and immunostaining (Figure 4). Most defects in the Empty group were filled with regenerated tissue having integrated at both sides and intensive staining of Alcian blue for sulfated GAGs and immunostaining for type II collagen as well as less staining of type I collagen located primarily on the surface of the neotissue, indicative of a mature articular cartilage (for example, in rabbit No. 25 on the left side). Bone spurs that were composed of regenerated tissue stained positively for sulfated GAGs and type II collagen, indicating the presence of hyaline cartilage, covered with a tissue stained positively for types I and II collagen, indicative of fibrocartilage (Figure 5). However, we also found subchondral bone cysts in some joints (No. 26, right side), which likely formed via an extension of regenerated cartilage; the wall of cysts expressed both types I and II collagen but not sulfated GAGs, suggestive of fibrocartilage. The other groups included the “best” healing of osteochondral defects such as rabbit No. 2 (right side) in the PLGA group, No. 10 (right side) in the dECM group, and No. 17 (right side) in the TCP group. The “worst” healing of osteochondral defects was found in rabbit No. 1 (left side) in the PLGA group, No. 7 (left side) in the dECM group, and No. 15 (left side) in the TCP group. The MODS scores (“Empty” versus “PLGA”, p = 0.009; “Empty” versus “dECM”, p = 0.000; and “Empty” versus “TCP”, p = 0.000) (Table 3) support the above observation, indicating that the Empty group outperformed the other implantation groups in cartilage resurfacing.



Late Stage Evidence of Cartilage Resurfacing Using Different Approaches

The Empty group exhibited superior cartilage healing as compared to all other groups (Figure 6), which was supported by their MODS scores (“Empty” vs. “PLGA”, p = 0.039; “Empty” vs. “dECM”, p = 0.038; and “Empty” vs. “TCP”, p = 0.028) (Table 3). Compared to those of six-week rabbit joints, cartilage regeneration in the 15-week joints of the Empty group did not have a significant change; however, other groups at 15 weeks had greatly improved in osteochondral defect repairs, particularly for the dECM and TCP groups which had implantation of tissue constructs (Figures 6, 7).

There were no signs of inflammation or bone spurs in 15-week joints in any group. Compared to six-week cartilage resurfacing, we found more bone cysts in each group and mononuclear cells surrounding regenerated tissue in some groups (Table 2), particularly in rabbit No. 4 (left side) in the PLGA group (Figure 7). The MODS score of cartilage resurfacing with tissue constructs (dECM and TCP groups) exhibited a significant increase at 15 weeks compared to that at six weeks (p = 0.041 and p = 0.022, respectively) (Table 3).



Tracking of Implanted Cells Labeled With GFP

Under immunofluorescence microscopy, GFP expression in both in vitro tissue constructs was maintained from expanded IPFSCs after lentivirus transduction and puromycin screening (Figure 8A). However, GFP expression in the regenerated cartilage tissue was undetectable in all groups at both six-week (Figure 8B) and 15-week time points (Figure 8C), indicating that implanted IPFSCs might not be directly involved in cartilage resurfacing. In order to exclude the influence of decalcification on the immunofluorescence signal, an immunohistochemical staining was conducted using a monoclonal antibody against GFP. The result confirmed immunofluorescence data (Figures 8A–C) – positive staining in in vitro tissue construct samples (Figure 8D) but not in in vivo resurfacing cartilage from the tissue construct groups (Figure 8E).



DISCUSSION

The goal of this study was to assess the feasibility of using a dECM-mediated-tissue engineering approach to treat osteochondral defects in young rabbits. Interestingly, we found that the Empty group (with defects left untreated) exhibited superior cartilage resurfacing at both six weeks and 15 weeks compared to the PLGA, TCP, and dECM groups. In addition, the MODS score of 15-week cartilage resurfacing in the Empty group had no significant change compared to that of six-week samples, indicating that 7.7-month-old rabbits still had a strong capacity to self-heal cartilage defects up to six weeks until 9 months of age (7.7 months + 6 weeks) by which time the rabbits had lost this ability. Consistent with a previous report, (He et al., 2009) despite the excellent chondrogenic capacity and less hypertrophy of dECM expanded IPFSCs evaluated in vitro, tissue constructs developed by dECM expanded cells failed to show an advantage for cartilage resurfacing over those from TCP expanded cells. However, the MODS scoring data indicated that cartilage resurfacing was significantly improved in both tissue construct groups at 15 weeks compared to those at six weeks, suggesting that a tissue-engineering approach plays a unique role in cartilage resurfacing of adult rabbits despite the fact that self-healing dominates cartilage repair in young rabbits less than 9 months old. Although the implanted cells were pre-labeled with GFP, no positive staining was detectable in the resurfaced cartilage from both six-week and 15-week osteochondral defects, suggesting that the implanted cells might not be directly involved in cartilage resurfacing.

As a conventionally used animal model, the rabbit has a strong ability for spontaneous cartilage repair, (Chu et al., 2010; Anderson et al., 2014) which implies the chondrocytes’ capacity in proliferation and deposition of functional matrix in the absence of vascular elements (Dell’Accio and Vincent, 2010). Therefore, it is important to choose rabbits with minimized self-healing capacity for a cartilage regeneration study. NZW rabbits’ skeletal maturity is reported to occur between four and six months, (Reinholz et al., 2004; Hunziker et al., 2007) but some groups believe rabbits become skeletally mature between six and nine months of age (Rudert, 2002; Isaksson et al., 2010) or between seven and eight months of age, (Masoud et al., 1986) with an age of eight months and above, (Wei et al., 1997; Wei and Messner, 1999; Pei et al., 2009) or with an age of nine months or more (Hoemann et al., 2007). The finding in this study indicates there is no further growth of cartilage when rabbits reach nine months old, the age when a young rabbit becomes an adult (Laber-Laird et al., 1996), which might be attributed to cartilage maturation, meeting the guidelines recommended by the International Cartilage Regeneration & Joint Preservation Society (ICRS), as opposed to skeletal maturity (Hurtig et al., 2011). Cartilage maturation is defined by an intact tidemark that is the calcified cartilage layer and complete subchondral bone plate with minimized vascularization (Müller-Gerbl, 1998; Madry et al., 2010). Given a 3-mm diameter cartilage lesion defined as the critical sized defect in a rabbit knee model, in this study, 4.76 mm diameter × 2 mm depth osteochondral defects that did not penetrate subchondral bone in the Empty group were filled with a neotissue with intensive expression of sulfated GAGs and type II collagen but less expression of type I collagen, indicative of a hyaline articular cartilage. These findings are in contrast to fibrocartilage with inferior mechanical properties as reported in the Empty group by Barron et al. Barron and coworkers reported that type I collagen was evident throughout the neotissue along with type II collagen, (Barron et al., 2015) likely contributed by bone marrow stomal cells released from penetrating subchondral bone through a 3-mm-depth cartilage defect model (Wei and Messner, 1999).

Some researchers think articular cartilage is immunoprivileged because of cartilage’s avascular and dense ECM; however, this view has been questioned by antigenic evidence of chondrocytes and associated ECM, (Revell and Athanasiou, 2009; Arzi et al., 2015). As shown by the cartilage resurfacing joint samples in the PLGA group, implant materials evoked a robust and constant inflammatory response evidenced by the presence of a large number of mononuclear cells surrounding subchondral bone at 15 weeks postoperatively. However, there was no sign of immune rejection observed during tissue harvesting. This finding confirmed the view that the recipient could reject a xenogeneic but not allogeneic implant (Pei et al., 2009, 2010; Arzi et al., 2015). Increasing evidence shows that the discrepancy exists in response to foreign implants between young and old recipients due to the changed local matrix microenvironment (Lynch and Pei, 2014; Brown et al., 2017). For example, Hachim et al. (2017) reported that, compared to eight-week-old mice, 18-month-old mice exhibited significant differences in macrophage polarization during the early phase of implantation and delayed resolution of the host response. Colvin et al. (2017) demonstrated that older transplant recipients exhibited reduced frequency of acute allograft rejection due to immunosenescence. The above-mentioned evidence might partially explain why implant groups were not better in cartilage resurfacing than the Empty group (left untreated), at least in the earlier time points assessed in this study, such as six weeks and 15 weeks.

Abnormal reactions during cartilage resurfacing include, but are not limited to, osteophytes, bone cysts, and synovial tissue inflammation (Hoemann et al., 2011). In this study, we did not observe synovial tissue inflammation, but both osteophytes and bone cysts existed in some groups at some time points. In animal models, subchondral bone cysts can appear following the treatment of cartilage repair, (Benazzo et al., 2008; Getgood et al., 2012) suggesting abnormal biological remodeling (Henderson et al., 2003) resulting from unusual mechanobiology (Von Rechenberg et al., 2003; Pallante-Kichura et al., 2013). Different from previous findings that bone cysts were only observed in the Empty group but not in the cell-free or cell-seeded scaffold groups (Barron et al., 2015) and that bone cysts occurred in the implantation with either collagen-GAG or PLGA scaffold, (Getgood et al., 2012) we found that subchondral bone cysts existed in all groups at both time points; however, cartilage resurfacing at 15 weeks postoperatively had more bone cysts than the earlier time point at six weeks. Since both time points designed for observation were still in the early phase of cartilage resurfacing, the wall of bone cysts was characterized as fibrocartilage, which positively stained for both types I and II collagen but was negative for sulfated GAG. This finding is in contrast to previous reports in which mature bone cysts were surrounded by bone tissue (Chen et al., 2011; Pallante-Kichura et al., 2013).

Potential mechanisms underlying the role of mesenchymal stromal/stem cells in cartilage repair include two viewpoints, via direct (chondrogenic differentiation) and/or indirect (secretion of paracrine factors) strategies (Meirelles Lda et al., 2009; Toh et al., 2014). Previous studies indicated that only a small fraction of labeled cells traceable in the repair tissue originated from the implanted cells (Grande et al., 1989; Dell’Accio et al., 2003; Tatebe et al., 2005; Blanke et al., 2009). In this study, we were unable to trace at either six-weeks or 15-weeks postoperatively using both immunofluorescence microscopy and immunohistochemical staining for GFP signal, indicating that trophic factors released by the implanted cells might contribute to cartilage resurfacing rather than direct differentiation. In comparison to defects at six and 15 weeks, both tissue construct groups exhibited a significant improvement in cartilage resurfacing indicting that the impact of implanted cells on reparative cells might dominate osteochondral defect repair and play a more critical role than the implanted cells themselves (Muschler et al., 2010).

Taken together, in this study, young NZW rabbits (around 7.7 months old) exhibited a strong ability for simultaneous cartilage regeneration until nine months of age. Compared to TCP expanded IPFSCs, dECM expanded cells presented a robust chondrogenic capacity under in vitro induction in both pellet and tissue construct cultures, but this advantage was not reflected in cartilage resurfacing of osteochondral defects in young rabbits. Interestingly, both tissue construct groups displayed improved cartilage resurfacing in a time-dependent manner, indicating that a tissue-engineering cartilage graft can facilitate osteochondral defect repair in adult rabbits, in which the untreated group did not have improvement. In the future, the dECM-based tissue-engineering approach will be further explored to treat osteochondral defects in models utilizing older animals, including adult and elderly rabbits with mature cartilage.
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Osteochondral lesions (OL) are a common clinical problem for orthopedic surgeons worldwide and are associated with multiple clinical scenarios ranging from trauma to osteonecrosis. OL vary from chondral lesions in that they involve the subchondral bone and chondral surface, making their management more complex than an isolated chondral injury. Subchondral bone involvement allows for a natural healing response from the body as marrow elements are able to come into contact with the defect site. However, this repair is inadequate resulting in fibrous scar tissue. The second differentiating feature of OL is that damage to the subchondral bone has deleterious effects on the mechanical strength and nutritive capabilities to the chondral joint surface. The clinical solution must, therefore, address both the articular cartilage as well as the subchondral bone beneath it to restore and preserve joint health. Both cartilage and subchondral bone have distinctive functional requirements and therefore their physical and biological characteristics are very much dissimilar, yet they must work together as one unit for ideal joint functioning. In the past, the obvious solution was autologous graft transfer, where an osteochondral bone plug was harvested from a non-weight bearing portion of the joint and implanted into the defect site. Allografts have been utilized similarly to eliminate the donor site morbidity associated with autologous techniques and overall results have been good but both techniques have their drawbacks and limitations. Tissue engineering has thus been an attractive option to create multiphasic scaffolds and implants. Biphasic and triphasic implants have been under explored and have both a chondral and subchondral component with an interface between the two to deliver an implant which is biocompatible and emulates the osteochondral unit as a whole. It has been a challenge to develop such implants and many manufacturing techniques have been utilized to bring together two unalike materials and combine them with cellular therapies. We summarize the functions of the osteochondral unit and describe the currently available management techniques under study.
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INTRODUCTION

Osteochondral lesions (OL) are a morphological finding as a result of an acute trauma or occur due to osteochondritis dissecans, osteoarthritis (OA), subchondral insufficiency fractures or osteonecrosis (Gorbachova et al., 2018). OLs pose a difficult clinical situation for joint preservation surgeons as they extend beyond the articular cartilage into the subchondral bone and marrow (Gorbachova et al., 2018). The additional injury to the underlying structural support system along with the articular cartilage demands a more comprehensive clinical solution.

Due to the avascular nature of cartilage tissue, it is beyond the reach of reparative growth factors and cells, therefore not fortunate to follow normal tissue injury response (Temenoff and Mikos, 2000; Sophia Fox et al., 2009). The natural healing of OLs vary from that of chondral lesions due to their subchondral extension resulting in spontaneous cellular repair (Charalambous, 2014). This natural response leads to the formation of unsatisfactory fibrocartilage and the articular surface degenerates over time (Ochi et al., 2001) progressing toward OA. OL treatment strategies must aim to address both the subchondral bone and chondral surface above it (Gomoll et al., 2010). Current techniques include autologous chondrocyte implantation (ACI), osteochondral grafting and a combination of ACI and grafting, depending on the lesion. More recent treatments have employed tissue engineering and stem cell therapies using biphasic and triphasic scaffolds to provide effective osteochondral repair. We aim to focus on the osteochondral unit, its management and new emerging technologies for OL treatment.



ANATOMY OF CARTILAGE AND SUBCHONDRAL BONE

The osteochondral unit consists of a articular chondral component and a deeper subchondral bone component (Madry et al., 2010). Cartilage is composed mainly of a dense extracellular matrix (ECM) made up of water, type II collagen, and proteoglycans (Buckwalter and Mankin, 1997; Keeney and Pandit, 2009). Within the cartilage tissue lies specialized cells known as chondrocytes (Sophia Fox et al., 2009). Cartilage is distinct in that it is completely devoid of blood vessels, lymphatics, and nerves (Buckwalter and Mankin, 1997; Sofat et al., 2011). It is divided into four zones, the superficial, the middle, the deep, and the calcified cartilage zone. Each zone having a unique cell orientation, collagen fiber arrangement and ECM composition allowing it to fulfill different biomechanical functions. For example, the superficial zone serves to protect the deeper zones from shear forces while the deeper zones are better arranged to counter compressive forces (Sophia Fox et al., 2009).

The deepest tissue of the osteochondral unit is the subchondral bone. Bone consists mainly of hydroxyapatite (HA) and type I collagen which contribute to the strength and stiffness of bone tissue (Yang and Temenoff, 2009; Arvidson et al., 2011). The subchondral bone region consists of thick plates joined together to form a subchondral bone plate below which is the subarticular spongiosa (Lopa and Madry, 2014). Separating the cartilage tissue and the bone is a complex junction known as the osteochondral junction also referred to by some authors as the chondro-osseous junction. It consists of the deepest zone of uncalcified cartilage, the tidemark, a layer of calcified cartilage, a thin line known as the cement line and beyond this the subchondral bone (Lyons et al., 2006). It is the tidemark that separates the non-calcified and calcified layer of cartilage from each other as a histologic wavy boundary up to 10 μm in thickness (Gannon and Sokoloff, 1999). Calcified cartilage has a lower mechanical strength than the bone below it (Mente and Lewis, 1994), however, a few unique features aid in better integration between the two layers (Nooeaid et al., 2012). Such as prolonged extensions of uncalcified cartilage extending through the calcified layer to abut the subchondral bone but not beyond it (Hunter et al., 2009). Also, the wavy nature of the tidemark and its vertically oriented fibers (Oegema et al., 1997). The junction is not impermeable (Madry et al., 2010) and a large number of arteries, veins, and nerves (Pan et al., 2009) send branches through minute canals within the subchondral plate into the calcified cartilage. This is the route by which nutrients are brought to the articular cartilage and a homeostatic environment maintained. In the setting of OA, there is the loss of articular cartilage, subchondral thickening, and formation of osteophytes (Haverkamp et al., 2011; Loeser et al., 2012) leading to loss of the normal biochemical and biomechanical processes Figure 1. Illustrates the cross-sectional anatomy of the osteochondral unit.
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FIGURE 1. (A) Schematic Illustration of the anatomy of the osteochondral unit. (B) Histologic image of the osteochondral unit.




BIOMECHANICS OF THE OSTEOCHONDRAL UNIT

The osteochondral unit performs several functions with each layer of the tissue having a specific and some overlapping roles. The chondral and subchondral tissues are separated by a chondro-osseous junction allowing them to work together to help the entire osteochondral unit accomplish its responsibilities in maintaining healthy joint homeostasis (Lyons et al., 2006).

The chondral layer being the most superficial layer of the osteochondral unit is subjected to a greater number of force vectors. As with most of the osteochondral unit, the chondral layer must withstand compressive forces but in addition to this, it must also counter friction and shear forces generated cyclically during normal joint articulation. Chondral tissue is best described as being biphasic as it demonstrated features of both a fluid and solid phase substance. Water and inorganic ions such as sodium, potassium, calcium and chloride are responsible for its fluid phase and ECM for its solid phase (Sophia Fox et al., 2009). With the presence of negatively charged proteoglycans (Ghadially, 1981) and the porous permeable ECM (Mow et al., 1984; Ateshian et al., 1997), interstitial fluids can move in and out of the tissue with the increasing and decreasing joint forces (Maroudas and Bullough, 1968; Mow et al., 1984; Frank and Grodzinsky, 1987). This summarizes the flow-dependent mechanism which allows for the chondral tissue to exhibit a biphasic viscoelastic behavior (Mow et al., 1980). The flow independent mechanism is brought about by the viscoelastic behavior of the collagen-proteoglycan matrix (Hayes and Bodine, 1978; Woo et al., 1987). As the forces increase on the chondral tissue the tissue becomes stiffer and more resistant to the forces applied due to these mechanisms.

The osteochondral junction is an integral region in the osteochondral unit allowing for communication between the lower subchondral bone and the upper chondral surface. This region encompasses arteries, nerves, and veins that extend from the subchondral bone up to the calcified cartilage, where nutrient exchange is facilitated (Honner and Thompson, 1971). It is also responsible for mineralization, directing cells into various types of chondrocytes. The calcified cartilage layer interdigitates with the subchondral bone and contains chondrocytes embedded within a mineralized ECM. These features help in giving it a high stiffness to anchor the cartilage to the subchondral bone below (Mente and Lewis, 1994).

The subchondral bone consists of impermeable compact bone with many penetrating vascular canals allowing it to play a role in both strength and nutrition to the tissues above it (Duncan et al., 1987; Aigner and Dudhia, 1997; Imhof et al., 2000). Sensory neurons innervate the subchondral bone region and provide nociception (Lepage et al., 2019). The deeper layers of the subchondral bone consist of trabecular bone which can absorb and dissipate the forces applied across the joint (Stewart and Kawcak, 2018) Figure 2. Summarizes the various specific roles of each layer of the osteochondral unit.
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FIGURE 2. List of functional roles each layer of the osteochondral unit performs.




DIAGNOSIS OF AN OSTEOCHONDRAL LESION

Clinical diagnosis of an OL can be elusive, when relying purely on patient complaints and clinical examination. Common complaints may or may not include an episode of trauma, however, there usually will be complaints of pain, swelling, crepitus, and possible history of knee locking. An examination may reveal joint line tenderness depending on the OL location and with associated injuries special meniscal and ligament tests may be positive. Older clinical tests for OLs such as Wilson’s test seem to not be of diagnostic value (Conrad and Stanitski, 2003).

Radiological diagnosis of an OL can be done by X-ray and computed tomography, but magnetic resonance imaging (MRI) has shown to be more useful especially in earlier stages of OL development. It can also detect earlier subchondral bone changes predisposing to OLs (Gorbachova et al., 2018). Thus, MRI with cartilage mapping software and sequences are the gold standard for radiologic evaluation of joint surfaces (Lepage et al., 2019). MRI has an important advantage over arthroscopy in that the status of the subchondral can be studied. MRI is also non-invasive and functions without the need of ionizing radiation and therefore well suited for OL evaluation. MRI studies allow for determination of lesion size, location, presence of bone marrow lesions, fracture lines, and subchondral plate deformities. These features can be used to make a diagnosis of the primary causes of the OL. Newer less invasive diagnostic arthroscopic techniques are being introduced and may be a useful tool in the outpatient clinic such as needle arthroscopy (McMillan et al., 2017) but can still only visualize the superficial chondral surface. It is also important to note that the clinical symptoms of an OL and diagnostic imaging may not correlate (Guermazi et al., 2012) making treatment decisions less straightforward. Additionally, it is important to diagnose the cause and chronicity of an OL. Acute traumatic lesions are a simpler clinical scenario while older more chronic lesions result in global degeneration of the involved joint. This eventually results in negative biochemical and biomechanical changes in the joint where most repair and regenerative treatments are no longer options and patients may have to consider other treatments such as arthroplasty.



REPAIR TECHNIQUES


Osteochondral Fragment Fixation

In certain acute traumatic OLs, there may be a large osteochondral fragment present within the joint that can be reduced and fixed back into the defect site. This is usually limited by the time from injury and the integrity and size of the fragment. Numerous fixation techniques have been described such as screws (Thomson, 1987; Herring et al., 2019), metal/bioabsorbable pins (Hirsch and Boman, 1998; Gkiokas et al., 2012), fibrin glue (Jeuken et al., 2019), and sutures (Vogel et al., 2020). Satisfactory osteochondral fragment union rates have been reported for each technique but there are some disadvantages and complications associated with each method (Gkiokas et al., 2012; Barrett et al., 2016; Herring et al., 2019) such as the requirement for second stage implant removal, tissue reactions, delayed degradation, and subchondral remodeling (Pascual-Garrido et al., 2009; Millington et al., 2010). Newer suture techniques have been described aiming to reduce the tissue reaction, implant footprint and requirement for implant removal (Vogel et al., 2020). Fixation in the case of a large acute osteochondral fragment should always be considered as the first option of treatment for an OL.



Osteochondral Autologous Graft Transfer

Osteochondral autograft transfer (OAT) has been a popular technique since its first introduction by Matsusue et al. (1993). Here healthy articular cartilage and it’s underlying subchondral bone is harvested as a cylindrical plug, usually from the non-weight bearing region of the femoral trochlea. This cylinder is contoured to match the lesion site allowing for repair with smooth, healthy, mature, hyaline cartilage. The procedure can also be performed using a combination of multiple smaller diameter cylinders known as mosaicplasty. The advantages and disadvantages of OAT are summarized in Table 1. OAT has proven to be an attractive option in knee joint preservation surgery demonstrating good clinical outcomes and long term results, especially in lesions smaller than 2 cm2 (Gudas et al., 2012; Ulstein et al., 2014; Lynch et al., 2015; Pareek et al., 2016; Richter et al., 2016; Solheim et al., 2018). There is no difference in outcomes based on lesion location when assessing lesions on the femur, however, Bentley et al did report inferior outcomes when treating patellar lesions (Bentley et al., 2003). The main limitation for larger lesions is the amount of tissue required from the donor site and greater amounts of donor tissue lead to possibly increased donor site morbidity. It is in situations where larger amounts of donor tissue where a surgeon may have to resort to allogeneic graft options. A summary of the advantages and disadvantages of OATS can be found in Table 1.


TABLE 1. Summary of the advantages and disadvantages of OATS.

[image: Table 1]


Osteochondral Allograft Transplant

Osteochondral Allograft Transplant (OCA) is a popular technique used especially when dealing with larger OLs where an allograft is used for lesion restoration. This has all the advantages of OATS but with the added advantage of no donor site morbidity. OCA grafts can be fresh, fresh frozen or cryopreserved each having its effect on the chondrogenic viability of the cells within the graft. There is convincing data that patients tolerate allografting to the chondral component of the graft tissue with no immune response (Langer and Gross, 1974). This cannot be said for the subchondral and bony component which does elicit a strong immune response that increases with the size of graft tissue (Kandel et al., 1985; Stevenson et al., 1996). Patient selection is an important consideration in OCA transplantation and results have been superior in younger active patients (Krych et al., 2017; Nielsen et al., 2017). Factors such as age, sex, body mass index, and overall physical fitness play an important role in the prognosis of OCA (Sherman et al., 2014). OCA can be used for lesions >2 cm2 where marrow stimulation has been shown to have poor results. Over 2 cm2 cell-based techniques and OAT are options but cell-based techniques do not address subchondral bone pathologies and OAT has donor site morbidity. Therefore, OCA is indicated in lesions greater than 2 cm2 where autologous donor tissue is unavailable or insufficient. The indications of OCA have even extended to include the femoral hemicondyle, entire condyle, and even tibial plateau depending on the patient’s requirement (McCulloch et al., 2007; Williams et al., 2007; Levy et al., 2013). A summary of the advantages and disadvantages of OCA can be found in Table 2.


TABLE 2. Summary of the advantages and disadvantages of OCA.
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REGENERATIVE TECHNIQUES

Osteochondral unit regeneration is challenging owing to its complex anatomy and demanding functions. Both the chondral and subchondral layers must be regenerated for the regenerate to resemble native cartilage (Schek et al., 2004; Kon et al., 2011; Orth et al., 2013). In addition, both layers should integrate with the surrounding cartilage and bone tissue. Attempts have been made by developing biphasic scaffolds that have an osseous layer providing rigid, structural support incorporated to a more bioactive chondral layer into which cells may be seeded. It has been postulated that a triphasic scaffold with an intermediate layer between the chondral and bone layers would be beneficial and emulate the tidemark found in a native osteochondral unit (Marquass et al., 2010; Longley et al., 2018). This intermediate layer would have to mimic the osteochondral junction containing intricate networks of arteries and nerves with no currently available faultless biomaterial. Finally, the subchondral region would have to promote bony ingrowth from the surrounding tissue and have a low elastic modulus, providing strength to the entire construct. Figure 3 outlines the ideal requirements of a regenerated osteochondral unit.
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FIGURE 3. The ideal osteochondral unit.



Cells

As mentioned earlier a regenerative osteochondral implant must be bioactive and the most important factor to achieve this is the addition of a cells. Various cell sources have been studied and employed such as embryonic stem cells (ESCs) and MSCs. MSCs have remained more popular given the ethical obstacles associated with ESCs (Lo and Parham, 2009). MSCs have been derived from a variety of tissues such as bone marrow (Mafi, 2011), adipose (Berebichez-Fridman et al., 2017), synovium (Sakaguchi et al., 2005), periosteum (de Mara et al., 2011), muscle (Jackson et al., 2010), dental pulp (Pierdomenico et al., 2005), and many more. More recently the discovery of the induced pluripotent stem cell (iPS cell) has made available a more easily accessible cell source with superior differentiation and proliferative potential (Takahashi and Yamanaka, 2006; Yu et al., 2007). Embryonic and induced pluripotent stem cells can differentiate into any of the three germ layers therefore along with having limitless proliferative potential and superior differentiation capacity they both pose a risk of teratoma formation (Tsumaki et al., 2015; Chijimatsu et al., 2017). Each MSC source has its own advantages and disadvantages. Concerning cell number harvest, adipose has shown the greatest yield while bone marrow the least (Baer and Geiger, 2012; Chahla et al., 2016). Synovium has demonstrated to have the most superior osteogenic and chondrogenic differentiation capacity compared to bone marrow and adipose, however, requires expansion when used in clinical applications (Sakaguchi et al., 2005). The high MSC yield in adipose tissue is beneficial as in vitro expansion has shown to have negative effects on cell homing (Sohni and Verfaillie, 2013).

Cells have been incorporated with tissue engineering for osteochondral regeneration with various techniques investigated till date. In the past, an autologous biopsy of chondrocytes and osteoblasts from the patient done during ACI was the most popular solution as obtaining the cells was easier, however, this did not result in sufficient cell numbers. At the expense of expanding the cells to increase the numbers in primary culture, the cells undergo dedifferentiation and lose their chondrogenic phenotype (Benya and Shaffer, 1982; Stewart et al., 2000; Schnabel et al., 2002; Darling and Athanasiou, 2005). Though ACI has been further improved over the years with the addition of collagen membranes and scaffolds, there is still no evidence that it is superior to other cartilage repair techniques (Samsudin and Kamarul, 2016). ACI also includes the higher cost of two surgeries and donor site morbidity. MSC therapies provide a solution in terms of not requiring a autologous articular cartilage biopsy along with providing pluripotent MSCs which are unlike already differentiated chondrocytes. MSCs can be be differentiated into chondrocytes by first isolating them from any of the aforementioned sources (Sundelacruz and Kaplan, 2009; Mafi, 2011; Nooeaid et al., 2012) or can be co-cultured with chondrocytes. This has shown to help maintain chondrocyte phenotype and characteristics (Hubka et al., 2014). It is worth mentioning that iPS cells have been studied for cartilage culture and maybe a promising source of stem cell going forward (Ko et al., 2014;Tsumaki et al., 2015). The most important advantage of using MSCs is that they are bioactive and therefore offer better incorporation with the body and can influence and mediate biological processes effectively. The cells exhibit paracrine functions (Hocking and Gibran, 2010; Barry and Murphy, 2013) which promote cell growth and have anti-inflammatory roles (Johnstone et al., 1998; Freyria and Mallein-Gerin, 2012; Ruiz et al., 2016). MSCs also stimulate endogenous cell recruitment and are involved with immunomodulation as well as secrete exosomes (Kanazawa et al., 2011; Zhang et al., 2020). MSC therapies are, however, considerably expensive and time consuming therefore acellular techniques are being explored (Dhollander et al., 2012; Joshi et al., 2012) though most preclinical data is in favor of cell-seeded scaffolds with a subchondral osteoinductive scaffold (Lopa and Madry, 2014). MSC treatments do, however, remain costly.



Growth Factors

Growth factors are the most bioactive part of a regenerative process in that they control and initiate a host of cellular mechanisms which lead to superior chondrogenesis and cell proliferation. The most often utilized growth factors for chondrogenic differentiation are those in the TGF- β superfamily. This consists of bone morphogenic proteins (BMP-2,4,6, 7), cartilage-derived morphogenic proteins (CDMP-1,2), and transforming growth factor beta-1 (TGF-β). These factors are especially useful to stimulate chondrogenic differentiation, reverse dedifferentiation and encourage the production of ECM an essential component of chondral tissue. They also have an overall inhibitory effect on catabolic processes mediated by Interleukin-1,6,8 and matrix metalloproteinases (MMP; Salgado et al., 2004; Fortier et al., 2011; Re’Em et al., 2012; Tuan et al., 2013). Fibroblast growth factor (FGF) -2 and 18 play a prominent role in chondrogenic differentiation and seem to have different actions on MSCs and chondrocytes. FGF-2 and FGF-18 promote anabolic and reduce catabolic cell pathways which in turn lead to increased proteoglycan (PG) synthesis in MSCs (Cuevas et al., 1988; Stewart et al., 2007; Fortier et al., 2011). However, pre-clinical data has suggested FGF-2 to have deleterious effects on chondrocyte proliferation especially in higher doses by upregulation of MMP and reducing PG synthesis and increasing inflammation (Tuan et al., 2013). On the other hand FGF-18 has shown to promote chondrocyte proliferation (Ellsworth et al., 2002; Ellman et al., 2008). FGF-2 and TGF-β have been noted to work together to enhance cartilage ECM formation under culture conditions of chondrogenic cells and are essential for cartilage homeostasis (Huang et al., 2018). The FGF family does have a prominent effect on MSCs though possibly not as beneficial to chondrocyte metabolism. Another growth factor involved in cartilage synthesis is insulin-like growth factor (IGF-1) which supports the roles of TGF- β and BMP-7 and upregulates anabolic mechanisms and downregulates catabolism in the cells. IGF-1 has shown to promote chondrogenic differentiation in MSCs in a synergistic manner alongside TGF- β and BMP-7 (Loeser et al., 2003; Zhou et al., 2016). It has been noted that with decreased IGF-1 there is reduction in chondrocyte number and proteoglycan synthesis (Wei et al., 2017). Platelet derived growth factor (PGDF) is another growth factor which has a role in increasing chondrocyte proliferation and proteoglycan synthesis. PGDF has also shown to reduce IL- β1 levels which are known to cause chondral degradation (Schmidt et al., 2006).

Platelet rich plasma (PRP), autologous conditioned plasma and bone marrow concentrate are considered to be abundant in growth factors and have been used in clinical practice (Jacob et al., 2017). These therapies are manufactured by concentrating blood or bone marrow aspirate using a centrifugation process or specific company system to concentrate native growth factors present in the sample. As there are multiple types of growth factors with varying functional roles being concentrated in these injections both growth factors that promote chondrocyte metabolism and inhibit it are being concentrated (Rutgers et al., 2010). Literature has reported these blood derived products to not be beneficial in promoting chondrogenic differentiation of MSCs (Rutgers et al., 2010; Liou et al., 2018), however, some other studies have shown benefit (Frisbie et al., 2007; Mishra et al., 2009). The advantage of such therapies is the easy availability of autologous growth factors but the major disadvantage is the lack of standardization and determination of exact factor concentrations (Chahla et al., 2017).



Emerging Techniques

Newer cell culture methods have been explored aiming to alter the cell microenvironment to improve cell differentiation and result in better quality regenerate synthesis (Vats et al., 2006). Three dimensional MSC cultures and scaffolding techniques have shown to be effective in improving cell proliferation (Estes and Guilak, 2011). High density cultures techniques such as micro mass and pellet cultures have demonstrated superior chondrocyte differentiation as the three-dimensional nature of the culture simulates a similar microenvironment to that of tissue during embryogenesis (Pelttari et al., 2008; Zhang et al., 2010). Other explored culture techniques have involved varying hydrostatic pressures, the addition of mechanical loading and use of low oxygen tensions. These variations can be brought about to the cell culture by using bioreactors aiming to replicate physiologic in vivo conditions. Various designs of bioreactors have been manufactured to produced compressive forces, shear forces and even dynamic cyclic loading of the cell culture (Angele et al., 2004; Campbell et al., 2006; Chen et al., 2018). Applying cyclical increasing hydrostatic pressures on MSC cultures has shown to enhance the production of cartilage matrix even in the absence of chondrogenic growth factors (Miyanishi et al., 2006; Puetzer et al., 2013). A large number of studies have reported improved chondrogenesis in cultures exposed to mechanical loading with dynamic, shear or compression forces (Huang et al., 2004; Mouw et al., 2007; Waldman et al., 2007; Villanueva et al., 2009). This emulates joint reaction forces and the additional mechanical stimulation on the chondrocytes results in better chondrogenic differentiation and matrix production. With this evidence it is reasonable to say that for improved chondrogenesis the cells require both growth factors and mechanical forces to bring about more physiological cellular responses.



SCAFFOLDS


Chondral Layer

Synthetic polymers or natural biomaterial-based scaffolds are generally utilized for constructing the chondral component of the osteochondral unit. Though, recent reports have utilized scaffold-free implants as well. Because natural-based polymers are fabricated from materials that make up typical natural cellular environments, they may be ideal for cell proliferation with a reduced possibility of unfavorable reactions. Natural polymers may additionally be able to enhance cell proliferation and guide cellular differentiation to more desirable results (Mano and Reis, 2007; Nooeaid et al., 2012). In the process of procuring biocompatibility through these scaffolds they may lack mechanical vigor (Nooeaid et al., 2012). Commonly employed materials include chitosan, collagen, hyaluronic acid, and bio-based polymers (Shimomura et al., 2014b).

Bio-degradable synthetic scaffolds include poly (glycolic acid), poly (L-lactic acid), poly (D, L-lactic-co-glycolic acid), poly (caprolactone), and poly (ethylene glycol). These are superior to natural scaffolds in that their mechanical strength and crystallinity can be varied during manufacture along with the rate at which they undergo degradation (Gunatillake et al., 2003; Kundu et al., 2013). Furthermore, with newer techniques such as electrospinning and 3D printing, scaffold porosity, and shape are easily modifiable and constructed based on the requirement (Woodfield et al., 2005; Li et al., 2007; Thorvaldsson et al., 2008; Duan et al., 2014; Zhou et al., 2018). The major drawback of synthetic scaffolds is their poor bioactivity owing to their hydrophobic surfaces hindering cellular attachment (Bhattarai et al., 2006; Lee et al., 2006). These scaffolds may also be combined with growth factors (Morille et al., 2013; Reyes et al., 2014) and materials such as silica and alkalis to improve their bioactivity (Peña et al., 2006; Buchtová et al., 2013).

Extracellular matrix can provide a form of scaffolding to an osteochondral repair by providing some form of tissue architectural structure as well as bio signaling (Sutherland et al., 2015). Using chemical or physical methods cartilage ECM can be decellularized and then used to facilitate chondrogenic differentiation of MSCs (Cheng et al., 2009; Sutherland et al., 2015). Another method similar to an ECM is the use of a cell-derived matrix such as tissue-engineered construct (TEC) derived from synovial MSCs (Ando et al., 2007). TEC has favorable properties of being superiorly bioactive and highly adherent to the surrounding cartilage matrix. Combining TEC with HA and beta-tricalcium phosphate has been studied in animal models and shown favorable outcomes of OL repairs with the HA combination demonstrating better results (Shimomura et al., 2014a, 2017).

Bioceramics encompass both osteoconductive and bioresorbable properties which are favorable in the scenario of an osteochondral repair. To increase the elastic modulus of bioceramics, polymers have been combined with them and have shown encouraging cartilage regenerative results (Xue et al., 2010; Lv and Yu, 2015). Bioactive ions such as lithium, manganese, zinc, and silicon have also been under recent study to improve the bioactivity of the implants and shown promising results (Deng et al., 2017, 2019).



Subchondral Layer

As mentioned earlier the subchondral bone is responsible for providing compressive strength to the osteochondral unit and has a low elastic modulus. Currently available materials that meet this requirement include metals, bioglass, and bioceramics (Kon et al., 2010; Chen et al., 2011; Zhang et al., 2013; Deng et al., 2017). Metallic compounds are inert and therefore have been popular in orthopedic surgery, however, for integration they must possess a basic level of bioactivity. This led to coating metals with HA and calcium phosphate thereby promoting better implant integration but not addressing the degradation of the material. Magnesium base alloys are now being studied as they possess adequate mechanical strength, bioactivity, and degradation (Yang et al., 2018). Overall, wear particle release and corrosion remain a limitation when using metallic materials (Sonny Bal et al., 2010).

Ceramics and bioglass possess excellent osteoconductive and inductive properties which allow them to bond well to the adjacent host bone (Tamai et al., 2005; Martin et al., 2007). These materials are, however, brittle and can fracture under mechanical loading (Nooeaid et al., 2012; Deng et al., 2019). By modifying the porosity of ceramics, their biodegradability can be effectively altered and titrated to the desired rate. Porosity and mechanical strength are inversely related and the addition of biodegradable polymers can help solve this problem (Miao et al., 2008; Ren et al., 2008). The integration of these subchondral substitution materials with a chondral natural or synthetic polymers, e.g., collagen, hyaluronic acid, poly (glycolic acid) can together manufacture an osteochondral unit with materials that satasify the functions of both the chondral and subchondral layers.



CLINICAL RESULTS OF OSTEOCHONDRAL IMPLANTS

Clinical data utilizing multiphasic osteochondral implants is sparse along with the fact that only three such osteochondral implants have been used. These are MaioRegen (Fin-Cermica Faenza SpA), TruFit (Smith and Nephew, Andover, MA, United States) and more recently Agili-C (Cartilheal Ltd, Kfar Sava, Israel). MaioRegen and TruFit have been studied and reported further than Agili- C and clinical trial results for Agili-C are awaited.

Recently, D’Ambrosi et al. (2019) published a systematic review on the results of MaioRegen. MaioRegen being a triphasic scaffold aims to closely resemble the osteochondral unit. 471 patients were included in the review with a mean follow up of 24 months. 15 out of the included 16 studies were level IV and only one was a comparative level III study. The included lesions were all ICRS grade III and IV excluding two studies which included spontaneous osteonecrosis of the knee and Kellgren- Lawrence grade III OA. Clinical outcome scores at 24 months demonstrated significant improvement in thirteen studies with only one study reporting no difference. Histological analysis was reported by only two studies and indicated no residual scaffold with a strong presence of type II collagen and proteoglycan content. This reveals that the implant resorption and regenerative tissue response is adequate. Complications included 2 partial implant detachments, 2 cases of graft hypertrophy, and 52 patients reported minor complications such as joint stiffness and swelling. There were 16 failures in this systematic review. On the whole, the results of MaioRegen have been favorable with good clinical results and a low complication rate, however, the included studies were of a low level of evidence and as a result, they could not conclude that MaioRegen was superior to other treatments till better randomized trials were performed.

TruFit is a biphasic acellular synthetic scaffold mainly composed of a polylactide-coglycolide copolymer for the chondral region and calcium sulfate for the bone region. TruFit has shown to have a clinical benefit at 12 months of follow up but two studies reported worsening on longer follow up as reported by a systematic review in 2015 (Verhaegen et al., 2015). The main complication reported with use of the TruFit implant was the failure of bony ingrowth and fissured lesions in the surface of the chondral regenerate at 24 months. Few studies reporting histology also showed the presence of subchondral cysts and fibrous cartilage, but it should be noted these were biopsies performed in patients that required revision (Dhollander et al., 2012; Joshi et al., 2012). TruFit being a synthetic scaffold appears to have issues with biodegradability and integration and therefore needs to be further improved before further clinical application (Verhaegen et al., 2015).

A more recent developed synthetic osteochondral implant is Agili-C which has a chondral phase made up of modified aragonite with hyaluronic acid and a bone phase of calcium carbonate. Only one clinical case report is published with most results of the Agili-C implant being in pre-clinical studies. Pre-clinical studies have shown excellent cell recruitment and biocompatibility of the materials (Kon et al., 2014, 2015; Chubinskaya et al., 2019). Kon et al recently reported the use of a hemicondylar aragonite implant in a caprine model. At 12 months follow up they found the implant promoted good chondral and subchondral regeneration, excellent integration and no adverse effects (Gomoll, 2020; Kon et al., 2020). In the clinical case study, a 47-year-old male patient underwent an osteochondral repair with Agili-C and reported significant improvement in functional outcome scores. Radiographic studies at 24 months indicated hyaline cartilage regeneration over the entire defect and good bone integration. Sequential radiography suggested the entire implant degraded and was substituted for cartilage and bone by creeping substitution. Results of the Agili-C implant are encouraging, and a randomized clinical trial has been underway. Hopefully, in the near future, these results will be available to better evaluate and make recommendation guidelines for the use of Agili-C Table 3. Summarizes the clinical studies using multiphasic scaffolds.


TABLE 3. Summarizes the clinical studies using multiphasic scaffolds.
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FUTURE DIRECTION

As several of the proposed strategies to treat OLs remains in experimental and pre-clinical phases, it is difficult to predict which will prove most useful in the clinical management of OLs. We see popular chondral substitutes being derived from polymers and ECMS while the subchondral materials frequently used are ceramics, bioglass, and metals. These materials seeded with stem cells, growth factors, different culture methods or bioactive ions show encouraging results with the most effective combination of these yet to be determined. Clinical recommendations for the use of osteochondral implants are awaited pending further well-designed trials. The present literature reports encouraging results but in the interim osteochondral fragment fixation, OATs and OCA remain techniques with respectable outcomes so long as their specific indications and limitations are noted.
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Background: It is well studied that preparations of decellularized extracellular matrix (ECM) obtained from mesenchymal tissues can function as biological scaffolds to regenerate injured musculoskeletal tissues. Previously, we reported that soluble decellularized ECMs derived from meniscal tissue demonstrated excellent biocompatibility and produced meniscal regenerate with native meniscal anatomy and biochemical characteristics. We therefore hypothesized that decellularized mesenchymal tissue ECMs from various mesenchymal tissues should exhibit tissue-specific bioactivity. The purpose of this study was to test this hypothesis using porcine tissues, for potential applications in musculoskeletal tissue engineering.

Methods: Nine types of porcine tissue, including cartilage, meniscus, ligament, tendon, muscle, synovium, fat pad, fat, and bone, were decellularized using established methods and solubilized. Although the current trend is to develop tissue specific decellularization protocols, we selected a simple standard protocol across all tissues using Triton X-100 and DNase/RNase after mincing to compare the outcome. The content of sulfated glycosaminoglycan (sGAG) and hydroxyproline were quantified to determine the biochemical composition of each tissue. Along with the concentration of several growth factors, known to be involved in tissue repair and/or maturation, including bFGF, IGF-1, VEGF, and TGF-β1. The effect of soluble ECMs on cell differentiation was explored by combining them with 3D collagen scaffold culturing human synovium derived mesenchymal stem cells (hSMSCs).

Results: The decellularization of each tissue was performed and confirmed both histologically [hematoxylin and eosin (H&E) and 4’,6-diamidino-2-phenylindole (DAPI) staining] and on the basis of dsDNA quantification. The content of hydroxyproline of each tissue was relatively unchanged during the decellularization process when comparing the native and decellularized tissue. Cartilage and meniscus exhibited a significant decrease in sGAG content. The content of hydroxyproline in meniscus-derived ECM was the highest when compared with other tissues, while sGAG content in cartilage was the highest. Interestingly, a tissue-specific composition of most of the growth factors was measured in each soluble decellularized ECM and specific differentiation potential was particularly evident in cartilage, ligament and bone derived ECMs.

Conclusion: In this study, soluble decellularized ECMs exhibited differences based on their tissue of origin and the present results are important going forward in the field of musculoskeletal regeneration therapy.

Keywords: decellularized extracellular matrix, soluble factor, growth factor, mesenchymal tissue, tissue engineering


INTRODUCTION

Musculoskeletal disorders are a prominent clinical problem in today’s population especially due to the increasing number of elderly people (Wolff et al., 2002). With age, musculoskeletal tissues degenerate significantly and result in bone fragility, loss of cartilage resilience, reduced ligament elasticity, loss of muscular strength, and fat redistribution, which deter the normal functioning of the bodied tissues (Freemont and Hoyland, 2007). Moreover, it is known that with age the body exhibits reduced healing potential and does not heal spontaneously. It is, therefore, a formidable clinical challenge to treat these disorders, with only a few currently available therapeutic strategies.

At present, tissue engineering and regenerative medicine have focused on extracellular matrices (ECMs) to function as a natural scaffold (Harrison et al., 2014). Such natural ECMs have been preferred as they contain many of the structural and bioactive components providing a natural microenvironment for seeded pluripotent cells used in tissue engineering (Yue, 2014). This overcomes many issues associated with synthetic scaffolds such as biocompatibility and degradability (Chan and Leong, 2008). However, natural tissues are a biological material, which raises concerns of immunologic reactions when transferred. Therefore, to mitigate immunogenic reactions the ECM cellular components must be removed by the process of decellularization (Gilpin and Yang, 2017). Decellularized ECM products of whole tissues have already been applied in clinical practice (Crapo et al., 2011).

While decellularized ECM products of whole tissues retain the ECMs basic morphology such as its biomechanical strength and high bioactive potency, it does have disadvantages such as size- and shape- mismatch and hampered cell infiltration due to its dense collagen structure (Ozasa et al., 2014; Schwarz et al., 2015). Past studies have focused on the soluble factors of decellularized ECMs derived from tendon, meniscus and cartilage and reported soluble factors of each tissue having tissue-specific and in some cases tissue region-specific bioactivity (Zhang et al., 2009; Rothrauff et al., 2017a,b; Shimomura et al., 2017). This indicates that each tissue or region constitutes different growth factors in varying amounts making them more or less ideal for application in the desired engineering of a specific tissue. Soluble factors extracted from each tissue have been thought to have the potential for application in various tissue regeneration therapies as they are effective as well as easy to handle in liquid form. We noted that past studies have only reported and compared two or three types of tissues at a time. Thus, we hypothesized that decellularized ECMs derived from different mesenchymal tissues could exhibit tissue-specific bioactivity. The purpose of this study is to compare the bioactivity of soluble decellularized ECMs obtained from various mesenchymal tissues and reveal the tissue-specific differences to investigate the content of sulfated glycosaminoglycan (sGAG), hydroxyproline and the concentration of several growth factors within each soluble factor of decellularized ECM. Finally, the effect of soluble ECMs on cell differentiation was explored by supplementing them into 3D collagen scaffolds culturing human synovium derived mesenchymal stem cells (hSMSCs) to confirm the bioactivity of each soluble ECM. In turn, these soluble ECMs may be utilized for future applications in musculoskeletal tissue engineering.



MATERIALS AND METHODS


Tissue Decellularization

All experiments were conducted under the standard biosecurity and institutional safety procedures. Nine types of porcine tissues including cartilage, meniscus, ligament, tendon, muscle, synovium, fat pad, fat, and bone were harvested from the hindlimbs of 6–8-week-old pigs procured from a local slaughterhouse (Kasumi-syoji, Ibaraki, Japan) and stored at −20°C until use. After thawing the hindlimbs for preparation of the decellularized ECMs, each tissue fragment was harvested and then minced separately into small pieces. Bone tissue was collected from the anterior cortex of the midshaft of the tibia. For the preparation of decellularized ECMs a previously published protocol established for bovine meniscus and tendon, ECMs was utilized (Shimomura et al., 2017). Briefly, 4 g wet weight of minced tissues was agitated in 40 ml of phosphate-buffered saline (PBS; pH 7.4) containing with 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, United States) at 4°C for 3 days. Followed by three washes in PBS at 4°C for 30 min each, pieces of tissues were transferred to 40 ml of Hanks Buffered Salt Solution (HBSS, Thermo Fisher Scientific, Pittsburgh, PA, United States) supplemented with 200 U/ml DNase and 50 U/ml RNase (Worthington, Lakewood, NJ, United States) with continuous agitation at 37°C for 24 h. Finally, pieces of tissues were washed six times in PBS, as above. Decellularized tissues were stored at −20°C until the subsequent experiment. To confirm the complete decellularization, the absence of nuclei on both hematoxylin and eosin (H&E)-stained and 4’,6-diamidino-2-phenylindole (DAPI)-stained sections were observed and the content of double-stranded (ds) DNA per dry weight was calculated for each tissue, as described below.



Histology of Native and Decellularized ECMs

Pieces of native and decellularized tissues were fixed in 10% phosphate buffered formalin, serially dehydrated, embedded in paraffin, followed by sectioned (3 μm thickness) with a microtome (REM-710, Yamato Koki, Saitama, Japan). Sample sections were rehydrated and stained with H&E or DAPI (Thermo Fisher Scientific). H&E-stained samples were examined with a slide scanner (Aperio CS2, Leica) while DAPI stained sections were imaged using an inverted fluorescent microscope (Eclipse 90i, Nikon Instruments, Tokyo, Japan) with excitation at 405 nm.



dsDNA Quantification of Native and Decellularized ECMs

After overnight lyophilization to measure dry weight of ECMs, dried samples were digested overnight at 65°C in papain digestion reagent consisted of 0.2 M sodium phosphate buffer (Na2HPO4 – NaH2PO4, pH 6.4) with 0.1 M sodium acetate, 0.01 M EDTA, disodium salt, 5 mM cysteine HCl, and 0.5 v/v% papain (crystallized suspension, Sigma-Aldrich). The dsDNA content in the supernatant of the papain digested samples was measured, in duplicate, with Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific) using a fluorescence microplate reader (excitation 485 nm, emission 535 nm, SH-9000Lab, Hitachi High-Tech, Tokyo, Japan) according to the manufacturer’s instructions.



Biochemical Composition of Native and Decellularized ECMs

To quantify sGAG content the papain digested samples (see above) were treated with a Blyscan Glycosaminoglycan Assay Kit (Biocolor, Carrickfergus, United Kingdom) according to the manufacturer’s instructions. Dilutions of the provided bovine tracheal chondroitin 4-sulfate were used to generate a standard curve and the absorbance of each sample was measured, in duplicate, on a spectrophotometer at 656 nm (Multiscan Go, Thermo Fisher Scientific). The hydroxyproline content was determined to be the amount of total collagen as hydroxyproline is present almost exclusively in collagen. This was determined using a modified hydroxyproline assay (Cissell et al., 2017). Briefly, 200 μl of each papain digested sample was hydrolyzed with an equal volume of 4 N NaOH at 95°C overnight, followed by cooling to room temperature. It was then neutralized with 200 μl of 4 N HCl. Subsequently, 100 μl of the neutralized solution was combined with 200 μl chloramine-T solution containing 0.05 M chloramine-T (Nacalai tesque, Kyoto, Japan) in 74% v/v H2O, 26% v/v 2-propanol, 0.629 M NaOH, 0.140 M citric acid (anhydrous), 0.453 M sodium acetate (trihydrate), and 0.112 M acetic acid and allowed to stand at room temperature for 20 min. The solution was then combined with 200 μl of Ehrlich’s solution consisting of 1M p-dimethylaminobenzaldehyde (DMAB, Nacalai tesque) in 30% v/v HCl and 70% v/v 2-propanol and incubated at 65°C for 20 min. 200 μl of each sample was transferred to a clear 96-well plate, in duplicate, and absorbance at 550 nm was read. Serial dilutions of L-hydroxyproline (Wako, Osaka, Japan) was prepared as a standard curve.



Solubilization of Decellularized ECM

A water-soluble fraction of decellularized ECM was extracted by urea solution, as previously described (Shimomura et al., 2017). Briefly, 4 g of wet decellularized ECM was powdered using a Freezer/Mill 6770 (SPEX Sample Prep, Metuchen, NJ, United States) and then agitated in 40 ml of 3 M urea (Sigma-Aldrich) in water at 4°C for 3 days. The suspension was then centrifuged for 20 min at 1,500 g and the supernatant was then transferred to a benzoylated dialysis tube (pore size; 2,000 MWCO, Sigma-Aldrich) and dialyzed against ddH2O for 2 days at 4°C. Water changes were done every 12 h. After removal of urea, the water-soluble ECM was transferred into centrifugal filter tubes (pore size; 3,000 MWCO, Merk Millipore, Billerica, MA, United States) and spin-concentrated approximately 10-fold at 4,000 g for 30 min. Protein concentration was determined by performing a BCA assay (Thermo Fisher Scientific) according to the manufacturer’s instructions and the soluble ECMs were stored at −80°C until further use.



SDS-PAGE and Gel Staining

Each urea-extracted sample was suspended in RIPA buffer (Thermo Fisher Scientific). One μg total protein was mixed with a loading buffer (NuPAGE, Thermo Fisher Scientific) and dithiothreitol (DTT) used as a reducing agent and heated for 10 min at 70°C. The protein was loaded into a pre-cast 12-well 4–12% Bis-Tris gel (Thermo Fisher Scientific) and separated by electrophoresis in MOPS running buffer for 35 min at constant 200 V. The gel was stained with Silver Stain MS Kit (Wako) according to the manufacturer’s instructions. The stained gel was photographed using a CCD camera gel imaging system (ChemiDoc Touch, Bio-Rad, Hercules, CA, United States).



Growth Factor Analysis of Soluble ECM

The amounts of basic fibroblast growth factor (bFGF), insulin-like growth factor-1 (IGF-1), vascular endothelial growth factor (VEGF), transforming growth factor-β1 (TGF-β1), bone morphogenic protein-2 (BMP-2) and growth differentitaion factor 7 (GDF-7) in the extracted solution were measured by enzyme-linked immunosorbent assay (ELISA) kits for human purchased from R&D Systems (Minneapolis, MN, United States) for bFGF, IGF-1, VEGF, TGF-β1,and BMP-2, Biocompare (South San Francisco, CA, United States) for GDF-7 according to the manufacturer’s instructions. The concentration of growth factor was calculated in 500 μg/ml soluble ECM preparations.



Cell Isolation and Culture

Human synovium derived mesenchymal stem cells were isolated and expanded as previously described (Ando et al., 2007; Koizumi et al., 2016). Synovium was obtained from an 18-year-old male donor who underwent arthroscopic surgery for an anterior crucial ligament reconstruction in accordance with the approvals of the institutional committee for medical ethics. hSMSCs were cultured in growth medium containing high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Nacalai tesque), supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich) and 1% antibiotic-antimycotic solution (Sigma-Aldrich) at 37°C with humidified 5% CO2. At 80% confluence, cells were detached with 0.25% trypsin in 1 mM EDTA (Thermo Fisher Scientific) and passaged. All experiments were performed with passage 4 hSMSCs.



3D Culture With Collagen Gel

The hSMSCs were trypsinized from cell culture dishes and embedded in a collagen gel. Eight volumes of Cellmatrix type I-A (Nitta Gelatin, Osaka, Japan) were mixed with both one of 10 × MEM and the reconstitution buffer according to the manufacturer’s instructions. hSMSCs were suspended in the collagen mixture at a density of 1.0 × 107 cells/ml of gel, containing a final concentration of either 100 mg/mL of each soluble ECM or the equivalent volume of PBS as a control. Then, 15 μl of collagen mixture containing cells and soluble ECMs were added into 1.5 ml conical tubes. After the gel forming by incubation, 0.5 ml of reduced-serum medium (DMEM with 2% FBS and 1% antibiotics) was added to each tube and changed every 3 days.



Gene Expression Analysis

On culture days 3 and 7 for 3D culture, RNA isolation was preceded by homogenization of samples in Trizol (Thermo Fisher Scientific) and then extracted using a Direct-zol RNA Microprep Kit (Zymo Research, Irvine, CA, United States) according to the manufacturer’s protocol. Total RNA was reverse transcribed into complementary DNA through use of the ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan). Quantitative PCR (qPCR) was performed using SYBR Green Master Mix in the Step One Plus real-time PCR system (Thermo Fisher Scientific). Data were normalized to GAPDH and relative expression of each target was calculated according to the 2–Δ Δ Ct formula. Ten kinds of genes were selected for investigation, including SOX9, ACAN, SCX, TNC, Desmin, PPARG, RUNX2, COL1A1, COL2A1, and COL3A1. The targets and sequences of primers are shown in Table 1.


TABLE 1. Target gene primer sequences for quantitative PCR (qPCR).
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Statistical Analysis

All quantitative data were reported as mean ± standard deviation (SD). Student’s t-test for DNA content or one-way analysis of variance (one-way ANOVA) for growth factor concentration and relative gene expression levels or two-way ANOVA for hydroxyproline and sGAG content followed by Tukey’s post hoc test or Dunnett’s test were performed and analyzed with JMP pro 14.0 (SAS Institute, Cary, NC, United States) and significance was set as p < 0.05.



RESULTS


Decellularization of ECMs

The decellularization protocol with Triton X-100 treatment and nuclease enzymes reduced cellular content from every tissue, and this was verified by histology with H&E staining (Figure 1A). When compared to native tissues the morphology of the decellularized tissue was reasonably preserved in each tissue. Furthermore, DAPI staining also confirmed the absence of cell nuclei (Figure 1B). The DNA content of each decellularized tissue was significantly reduced compared with that of its original tissue (e.g., native vs. decellularized meniscus: 836.9 ± 190.3 ng/mg vs. 12.6 ± 1.7 ng/mg, p < 0.001; native vs. decellularized fat pad: 204.1 ± 7.9 ng/mg vs. 40.9 ± 3.8 ng/mg, p < 0.001; a similar trend was observed in the rest of the tissues tested; Figure 2). This confirmed the successful decellularization of the tissues.
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FIGURE 1. Histological characterization of native and decellularized tissue. (A) H&E and (B) DAPI staining of each native and decellularized tissue; Scale bar = 100 μm. H&E, hematoxylin and eosin; DAPI, 4’,6-diamidino-2- phenylindole.
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FIGURE 2. dsDNA content of native and decellularized tissue. Y-axis was indicated with logarithmic scale; dotted line at 50 ng/mg is established threshold for sufficient decellularization. n = 5 per condition. Lines over bars indicate significant difference between native and decellularized tissue of each region, p < 0.001. dsDNA, double stranded DNA.




Hydroxyproline and sGAG Content

Hydroxyproline content was quantified by determining the total amount of collagen in the native and decellularized tissue. Per dry weight hydroxyproline content was maintained during the decellularization process and there were no significant differences between native and decellularized tissue (Figure 3A). The content of hydroxyproline in the meniscus-derived ECM was the highest (native: 123.6 ± 15.1 μg/mg; decellularized: 125.7 ± 12.4 μg/mg) when compared to other tissues closely followed by that of ligament and tendon tissue (native: 114.1 ± 15.5 μg/mg, p = 0.99 and 113.0 ± 19.5 μg/mg, p = 0.99; decellularized: 107.6 ± 10.4 μg/mg, p = 0.57 and 107.3 ± 18.9 μg/mg, p = 0.55, respectively). The difference between the hydroxyproline content of meniscus, tendon and ligament tissue was not significant. When compared to muscle, synovium, fat pad, fat, and bone the hydroxyproline content was significantly higher in meniscus, ligament, tendon, and cartilage tissue (p < 0.01). When studying the sGAG content, cartilage tissue demonstrated significantly higher sGAG content than any of the other tissues followed by meniscus and then ligament tissue (Cartilage; native: 302.1 ± 16.6 μg/mg, p < 0.01, decellularized: 193.9 ± 16.4 μg/mg, p < 0.01. Meniscus; native: 50.6 ± 14.9 μg/mg, p < 0.01; decellularized: 28.5 ± 6.2 μg/mg, p < 0.01 except for when compared to decellularized ligament, p = 0.013; Figure 3B). In the decellularization process, cartilage- and meniscus-derived decellularized ECMs significantly lost their sGAG content when compared to that of their native tissue (p < 0.01). The remaining seven types of tissues also showed 32–72% loss of the sGAG content but the difference between their native and decellularized state was no significant.
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FIGURE 3. Biochemical composition of native and decellularized tissue. (A) Total hydroxyproline and (B) total sulfated glycosaminoglycan (sGAG) content in native and decellularized tissue. n = 5 per condition. **p < 0.01, significant difference between native and decellularized tissue for each step. †p < 0.05, †⁣†p < 0.01, significant difference between regions in a given native tissue. ‡p < 0.05, ‡⁣‡p < 0.01, significant difference between regions in a given decellularized tissue. §§ p < 0.01, significant difference from any other tissues in the same step.




Total Protein and Growth Factor Distribution

SDS-PAGE showed that the urea-extracted protein distribution of each tissue was different, but most samples were enriched for low to moderate molecular weight proteins. Tissues derived from fat pad and fat exhibited less content of protein (Figure 4A). ELISA analysis confirmed the presence of various growth factors in the different solubilized decellularized ECMs (Figure 4B). The amount of bFGF in cartilage was significantly higher than the other tissues (993.5 ± 51.5 pg/ml, p < 0.01), followed by tendon and then muscle. In bone tissue, IGF-1 content was found to be significantly higher than the other studied tissues (4688.1 ± 51.5 pg/ml, p < 0.01). VEGF presence in bone and meniscus (1162.0 ± 179.6 pg/ml, 1098.6 ± 20.8 pg/ml, respectively) was significantly greater than the other seven studied tissues, followed by tendon and ligament. The concentration of TGF-β1 in cartilage (498.6 ± 62.8 pg/ml) was significantly higher when compared to other tissues-derived soluble factors, followed by meniscus tissue. Both GDF-7and BMP-2 were not detected in any of the sample preparations.
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FIGURE 4. Total protein and human growth factor analysis of soluble decellularized extracellular matrix (ECM) preparations. (A) SDS-PAGE analysis of each urea-extracted tissue. (B) Growth factor concentrations (pg/ml) in 500 μg/ml soluble ECM preparations. n = 3 per condition. *p < 0.05, **p < 0.01, significant difference from each preparation. §§ p < 0.01, significant difference from any other preparations. bFGF, basic fibroblast growth factor; IGF-1, insulin-like growth factor-1; VEGF, vascular endothelial growth factor; TGF-β1, transforming growth factor-β1.




Gene Expression Profiles During 3D Culturing

Quantitative PCR showed that supplementation with each tissue-derived soluble ECM varied the relative level of some gene expressions on culture days 3 and 7 when compared to the control group (Figure 5). The expression of SOX9 was significantly higher on day 3 of culture in tissues including meniscus, synovium, muscle and fat. It was upregulated slightly in the cartilage tissue on day 7 (1.45 ± 0.26 -fold change compared to the control), but there was no significant difference in any groups when compared to the control group. ACAN was significantly higher in the cartilage and meniscus group on day 7 (p < 0.01 and p < 0.05, respectively). The expression level of COL2A1 was significantly higher in the cartilage group when compared to the control on day 7 (p < 0.01). On the other hand, COL1A1 was significantly upregulated in the meniscus tissue on days 3 and 7 (p < 0.01). We also noted SCX to be significantly higher in the ligament group on day 3 (p < 0.01) and was further upregulated in the ligament and tendon group compared to the control (1.78 ± 1.07 or 1.55 ± 0.75 fold change, respectively) on day 7, but not significantly. TNC was not significantly higher in the ligament and tendon group when compared to the control on days 3 and 7. However, COL3A1 expression was significantly lower in the ligament and tendon group when compared to the control on day 3 (p < 0.01) and still lower on day 7, although without significance. Desmin was upregulated in the muscle group on day 7 (1.52 ± 0.14 -fold change compared to the control group) with the tendency of difference (p = 0.056). There was no upregulation of expression of PPARG in any group compared to the control. RUNX2 was significantly higher in the cartilage and bone group on day 3 (p < 0.01). Taken together, these findings demonstrated that hSMSCs exposed to each tissue-derived soluble ECM in 3D culture exhibited varying gene expression levels that suggested differentiation toward a certain tissue based on the ECM tissue source used may be possible.
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FIGURE 5. Gene expression analysis of human synovium derived mesenchymal stem cells (hSMSCs) seeded in soluble decellularized extracellular matrix (ECM)-supplemented scaffolds (3D collagen + ECM) on days 3 and 7. Each gene expression level was normalized to GAPDH and showed as relative expression levels compared to the control group of the respective day. n = 3 per condition. *p < 0.05, **p < 0.01, significant difference compared to the control group.




DISCUSSION

Our study applied one decellularization protocol to nine types of porcine tissue and compared the differences of biochemical composition in each decellularized tissue and the distributions of several growth factors and bioactivities in each soluble fragment. Our findings revealed that decellularization was successful with minimal disruption to the original tissue morphology. Hydroxyproline content was retained in all of the tissues post the decellularization protocol with some tissue specific variations noted. sGAG content was reduced post decellularization, notably in cartilage and meniscus which contained the highest amount in their native states. Moreover, several growth factors important for cell proliferation, migration and differentiation such as bFGF, IGF-1, VEGF, and TGF-β1 were detected in the tissues in varying amounts and each tissue-derived soluble ECM behaved with dissimilar bioactivity. Further studies will be needed, but soluble decellularized ECMs may be feasible to repair and regenerate injured musculoskeletal tissues and matching the decellularized tissue ECM to the desired tissue regenerate may allow for a more effective tissue engineering method. Thus, our results are important going forward in the field of musculoskeletal regeneration therapy to construct effective tissue specific ECMs.

Tissue ECMs make up the non-cellular components of all tissues and have been shown to provide important signaling for cell migration, proliferation as well as providing an essential physical 3-D scaffolding for the cells. Together these features contribute to the biochemical and biomechanical roles a tissue requires to undergo morphogenesis, differentiation and to maintain a homeostatic environment (Frantz et al., 2010; Vorotnikova et al., 2010; Crapo et al., 2011; Yue, 2014). Due to these advantages, ECMs have been regarded as an ideal scaffold material for tissue engineering especially when engineering an identical tissue (Valentin et al., 2006; Badylak et al., 2009). The native tissues possess genetic cellular material which can elicit harmful immunologic reactions therefore when used in a clinical setting all cellular material must be removed by the process of decellularization (Brown et al., 2009; Nagata et al., 2010; Zhang et al., 2010). To eliminate the cellular components and reduce immune reactions without extensively damaging the ECM, numerous decellularization protocols have been described. The optimal technique for decellularization depends on the structure and tissue cellularity (Petersen et al., 2010; Lehr et al., 2011; Yang et al., 2013). Decellularized ECM products of whole tissues have been already applied in clinical practice (Crapo et al., 2011).

There are still concerns about that the dense collagenous architecture of ECM acting as a barrier for cell infiltration, with cells often localized only to the tissue surface (Ozasa et al., 2014; Schwarz et al., 2015). Moreover, the use of whole decellularized tissues as grafts is limited because of size and shape as well as the immunogenicity elicited between donors and recipients. To overcome these problems while retaining the tissue-specific bioactivity in the ECM, decellularized tissues have been processed into powder form (Almeida et al., 2016; Beck et al., 2016; Rowland et al., 2016) or solubilized with enzymatic (like pepsin) or chaotropic agents (like urea), resulting in easy-to-handle solutions (Kwon et al., 2013; Farnebo et al., 2014; Kim et al., 2014; Pati et al., 2014). Urea extracted ECMs are superior to pepsin digested ECMs as they retain several growth factors. These growth factors have been noted to promote tissue-specific cell phenotypes and differentiation, indicating that urea extracted decellularized ECMs possess tissue-specific growth factors (Zhang et al., 2009; Lin et al., 2012; Yang et al., 2013; Rothrauff et al., 2017b). Past studies have only reported and compared two or three types of tissues. Zhang et al. (2009) reported that urea-extracted fractions of decellularized ECM from the skin, skeletal muscle and liver tissues revealed significant differences in adhesion properties, growth rates and promoting tissue-specific differentiation. Rothrauff et al. (2017b) compared cartilage and tendon growth factors and reported promotion of tissue-specific differentiation across multiple cultures and also reported the distributions of various growth factors. Lee et al. (2019) confirmed the decellularization of seven tissues including organs such as liver and heart. They fabricated uniform sized tissue microbeads using them ECM and reported three kinds of tissue-specific microbeads derived from liver, heart and muscle (Lee et al., 2019). These significantly enhanced the viability, lineage specific maturation, and functionality of each type of reprogrammed cell, when compared to conventional microbeads from collagen components.

In our present study, the tissue-specific differences of hydroxyproline, sGAG, growth factors and bioactivities in nine types of decellularized porcine mesenchymal tissues including cartilage, meniscus, ligament, tendon, muscle, synovium, fat pad, fat, and bone were investigated. Minimal criteria of successful decellularization was reported as < 50 ng dsDNA/mg ECM dry weight, < 200 bp DNA fragment length and the lack of visible nuclear material in tissue sections stained with DAPI or H&E (Crapo et al., 2011). The decellularization technique in our present study was previously reported successful for bovine tendon, meniscus and cartilage tissues with significant reduction in DNA content and absence of cellular nuclei by DAPI staining (Yang et al., 2013; Rothrauff et al., 2017a,b; Shimomura et al., 2017). Other tissues were decellularized with a similar protocol based on Triton-X, such as for ligament combined with nucleases (Vavken et al., 2009) or for muscle after 1 h exposure to trypsin/EDTA but without nucleases (Stern et al., 2009). Reisbig et al. (2016) pointed out that decellularized synovium incubated with 1% Triton X-100 followed by DNase had low DNA content and short DNA fragments, but the synovial villous architecture was destroyed and therefore suggested using peracetic acid was better methods. Adipose tissue was decellularized by Triton-X combined with nucleases, but the result was not sufficient reduction of cells or cell fragments (Sano et al., 2014). While Triton-X was exposed for only 16 h in their protocol, the present protocol was for 72 h, which may cause to reduce cell fragments more. Bone tissue were decellularized Triton-X after freeze and thermal shock and followed by incubation with ethanol and then the reduction in DNA content was higher than 90% compared to that of native bone (Gardin et al., 2015). On the other hand, considering that the reduction rate of dsDNA in fat pad, fat or bone tissue is around 80% and the dry weight of them included fat or mineral component, the present method might be not so effective for all tissues. Triton-X could be one of the most standard process for decellularization, but residual DNA may remain present in the tissue (Yang et al., 2017). Therefore, enzymatic treatments are used in the final decellularization step to reduce any residual DNA content. At the same time it is already known that it is not the best process for most tissues and the most effective agents for decellularization of each tissue will depend upon many factors, including the tissue’s cellularity, density, lipid content, and thickness (Crapo et al., 2011). For example fatty, amorphous organs and tissues such as adipose tissue typically require the addition of lipid solvents such as alcohols (Flynn, 2010). The optimized tissue-specific decellularized methods which preserve tissue-specific key ECM components for orthopedic tissue engineering can be found in recent comprehensive reviews (Cheng et al., 2014; Mendibil et al., 2020). Considering the effectiveness of decellularization or preservation of the components of each tissue-derived ECM, it might be better to select the appropriate protocol depend on tissue, but a single protocol same as our past study was chosen because we would like to expand our past procedure to the present tissues and compare them.

We noted hydroxyproline content was retained in all of the tissues after the decellularization protocol indicating good retention of collagen content. On the other hand, native meniscus and cartilage tissue had a high amount of sGAG which was significantly reduced after decellularization. The remaining tissues also demonstrated 32–72% reduction in sGAG, however, they did not have a high sGAG content to begin with. The variations in native collagen content can be explained by the functional roles of the tissue and the type and magnitude of stresses applied on them. Eleswarapu et al. (2011) reported hyaline tissue to have high collagen and sGAG content while fibrous tissue such as ligaments and tendons to have high collagen, and low sGAG content. Hyaline tissue experiences a balance of compressive and tensile forces while fibrous tissues mainly experience tensile stresses on locomotion. Another study concluded that baseline muscle collagen content was much lower when compared to the collagen content of dense connective tissues (tendons and aponeuroses) in murine native legs (Binder-Markey et al., 2020). We also noted synovial tissue to possess a reasonable collagen content. In spite of the joint synovial membrane lacking a continuous basement membrane the cells on the surface of the synovial membrane are supported by a loose fibrillary network containing a mixture of fibers derived from Type I and III collagen molecules (Gay et al., 1980). With regard to bone tissue, it’s organic matrix contains type I collagen, which constitutes 85–95% of the matrix (Rogers et al., 1952). In our study papain was used as a digestion buffer for each decellularized ECM. It was likely that sGAG and collagen contents could have been underestimated due to the use of a mild digestion which was expected to high amount of insoluble material.

We also studied growth factor contents within the various mesenchymal tissues and key growth factors for cell proliferation, migration and differentiation were detected in varying amounts in each different tissue. bFGF, also known as FGF-2 plays various roles in fibroblast proliferation, migration, angiogenesis but also promotes differentiation (Fujita et al., 2005; Yun et al., 2010). The possible effects of bFGF on myogenesis, adipogenesis, tenogenesis, and osteogenesis along with regeneration of these tissues has been reported (Webb et al., 1997; Kawaguchi et al., 1998; Doukas et al., 2002; Jeong et al., 2010). bFGF is produced by chondrocytes and stored within the ECM (Ellman et al., 2013). It aids in collagen and glycosaminoglycan synthesis and helps maintain stem cells in a undifferentiated state (Shida et al., 2001). Another important growth factor is insulin-like growth factor-I (IGF-I) which plays a crucial role in muscle and bone regeneration (Adams and McCue, 1998; Trippel, 1998; Titan et al., 2019). IGF-I mediates to be largely proliferation and differentiation of satellite cells as well as recruitment of bone marrow stem cells (Musaro et al., 2004; Provenzano et al., 2007). Furthermore, IGF-I is involved in numerous physiologic processes and promotes healing in tissues such as cartilage, skin and tendon (Dahlgren et al., 2002; Zhang et al., 2017). Though literature has determined the potential roles of various growth factors, their tissue-specific distribution is not certain. In our study we found the amount of bFGF to be increased in cartilage tissue, followed by tendon and muscle. However, bFGF content in fat, fat pad, synovium and bone were negligible. IGF-1 content was very high in bone tissue even without demineralization. VEGF is an important angiogenic factor which increases vascular permeability and vascular endothelial cell proliferation (Ferrara, 1999; Turnbull et al., 2018). We expected a high concentration of VEGF in the vascular-rich tissues such as muscle and bone, however, interestingly we noted a high level in the meniscus tissue, while that in muscle was low. The meniscus has been described to have heterogeneous structure, and possesses a vascularity only in its middle and outer zones (Mauck and Burdick, 2015; Jacob et al., 2019). Porcine menisci has also been described to have increased VEGF content from the inner to the outer zone, explaining why the meniscus tissue expressed a high VEGF concentration (Di Giancamillo et al., 2017). Moreover, as the concentration of growth factor was calculated to per unit protein not per tissue weight in this study, the distributions in soluble factor of each tissue may be different from that we have expected. The final growth factor that we studied was TGF-β1 which is member of a family of numerous ligands essential for development and cell homeostasis (Mao and Mooney, 2015; Kwak and Lee, 2019). TGF-β1 has been frequently employed in tissue engineering to support cell growth, adhesion and proliferation making it essential component for successful regeneration of tissue (Kwak and Lee, 2019). TGF-β1 is particularly abundant in cartilage tissue and helps in promoting matrix synthesis in articular chondrocytes without which the chondrocyte phenotype resemble that of osteoarthritic tissue (Blaney Davidson et al., 2007; Finnson et al., 2012). This is aided by the presence of decorin, biglycan, and chondroitin sulfate which keeps TGF-β1 within the pericellular matrix (Lindahl et al., 2015). Our results also indicate and confirm increased presence of TGF-β1 in cartilage tissue followed by meniscus which does possess cells with chondrocyte-like-morphology (Wilson et al., 2009). Other factors such as GDF-7 and BMP-2 were not found in the tissues though we expected to find a high content of GDF-7 in ligament and tendon tissue and BMP-2 in bone and cartilage (Wolfman et al., 1997). We postulate that either these factors are not present within the tissues or have been not been detected due to our decellularization protocol. Luo et al. (2019) compared various reagents for decellularization of porcine cartilage scaffolds and found the longer the exposure to the decellularizing detergents the less the detected growth factor concentration. The differences of protein distributions in each tissue derived soluble factor were also supported by SDS-PAGE results. The amount of protein factor in fat pad and fat were less than that we expected, which may be caused by less contains of protein in their original tissues or less extraction under the present protocol in such fat-rich tissues and then may result in most of all growth factor could not be detected. Taken together our results suggested that at least 4 kinds of growth factors such as bFGF, IGF-1, VEGF, and TGF-β1 have the tendency of tissue-specific.

To confirm if different tissue-derived soluble ECMs elicited tissue-specific cellular responses, we analyzed their bioactivities by seeding hSMSCs in high density in a 3D collagen gel. As far as the regeneration of musculoskeletal tissues are concerned, SMSCs possess the potential to differentiate into multiple lineages (Fan et al., 2009; Dai et al., 2015; Jacob et al., 2019). Moreover, hSMSCs have already been applied in previous clinical studies in the tissue engineering field (Shimomura et al., 2018). Therefore, hSMSCs were considered to be appropriate to study the differentiation potentials of each soluble ECM. PCR analysis revealed some gene expressions related to each tissue differentiation and maturation showing upregulation in accordance with its origin (Figure 5). SOX9, ACAN, or COL2A1, which are known to be chondrogenic differentiation markers, were upregulated mainly when supplemented with cartilage derived ECM. Addition of meniscus-derived ECM showed upregulation of COL1A1, SOX9, and ACAN, which resembles the meniscal fibrous tissue more than cartilage. SCX, a transcription factor specifically detected in tendon precursor cells (Schweitzer et al., 2001), was likely higher in the groups supplemented with ligament and tendon derived soluble ECMs when compared to their controls or other groups. In the tendon and ligament group, the level of TNC and COL3A1 which are tendon and ECM related genes, were not upregulated when compared to the control. Although the method of cell assay was different from our past study, a similar pattern was found in gene expression profiling in the present study (Yang et al., 2013; Rothrauff et al., 2017a,b; Shimomura et al., 2017). We also noted slight upregulation of desmin in the muscle group. Desmin is an MSC marker, but also expressed in mature myotubes (Kadam et al., 2009). Talovic et al. (2019) reported skeletal muscle derived decellularized ECM gelloids supported MSC differentiation toward myogenic tissue. Their results showed the protein of desmin in MSCs on decellularized ECM gelloids was expressed about three times higher than on pure gelatin gelloids (Talovic et al., 2019). Our results also suggest that muscle-derived soluble ECM has the potential to promote myogenic differentiation to about 1.5 higher than the control although in the gene expression. On the contrary, PPARG, which is transcription factor related with adipogenic differentiation, was not upregulated in fat pad and fat groups. This may result in the ineffective preparation of soluble ECM derived from fat pad or fat tissue. Runx2, which is a master transcription gene for osteoblast differentiation was higher in the cartilage and bone group, although no consequent improvement was demonstrated. However, COL1A1, which is also a marker for bone tissue, was not upregulated significantly but demonstrated expression similar to the control group, while other tissues excluding cartilage and meniscus showed reduced expression. The present cell assay was performed under single 3D condition (such as medium, cell source, tensile loading material of scaffold and cell orientation) to compare the potential of each soluble ECMs purely. More definite differences may be observed by culturing the cells for a longer duration with more appropriate culture conditions and method of decellularization and solubilization for each tissue. Considering the enhanced expression of these markers which are specific to each tissue-derived group, we noted soluble ECMs to be highly bioactive and likely act to promote differentiation toward the native ECM tissue source.

In the present study, soluble factors were extracted using urea. Urea is a chaotropic agent that disrupts hydrogen bonding, resulting in the denaturation of proteins and disruption of lipids and protein interactions (Yang et al., 2013). In a previous study, urea-extracted decellularized ECM had higher concentrations of small and moderate molecular weight proteins compared to pepsin-digested decellularized ECM, which consisted primarily of collagen chains (Yang et al., 2013), therefore we applied a urea extraction protocol to the present study. Guanidine hydrochloride is also known to be effective in extracting heavily cross-linked proteins and proteoglycans from tissues such as tendons or cartilage and applied to other tissues (Vogel and Peters, 2001; Wilson et al., 2010; Barallobre-Barreiro et al., 2017). There is a possibility that a more efficient appropriate decellularization protocol could results in high yield of growth factors with increased bioactivity. To our knowledge, this is the first study to evaluate and compare the biochemical characteristics, growth factor soluble component distribution and bioactivities in nine types of decellularized ECM derived from mesenchymal tissues in the same experiment. In the future such tissue derived soluble ECMs could be employed to regenerate tissues combined with some appropriate scaffolds seeded with some appropriate stem cells. They could be manufactured and delivered as a “bio ink” which would be an efficient natural scaffold solution to print for any defect size and shape matching the recipient site.

Our study is not without limitations in that we didn’t confirm the content of elastin, laminin, lipid, or calcium to prescribe the characteristic of each ECM component. It is unclear how the present protocol could affect them. We only assessed a limited number of growth factors from a large possible number within the tissues. Further variations in growth factors are likely and a more detailed analysis would allow us to draw further conclusions. Finally, we assessed the gene expression profile within 1 week and didn’t confirm the profiling of their synthesized proteins. This should be the next step in our future research to determine the effects of these ECMs on protein synthesis in cultures of longer duration.



CONCLUSION

In this study, soluble fractions of nine types of porcine tissues were prepared with a same protocol. Decellularization was successful with reducing cellular component in every tissue and the difference of hydroxyproline and sGAG contain in each native and decellularized tissue was revealed. Moreover, the soluble decellularized ECMs of each tissue exhibited variations in their growth factor distribution and on cell culture appeared to promote cell differentiation toward the specified used ECM tissue phenotype.
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Introduction: Platelet-rich plasma is widely used for different types of clinical situations, but universal standardization of procedures for its preparation is still lacking.

Methods: Scoping review of comparative studies that have assessed at least two alternatives in one or more stages of preparation, storage and/or administration of PRP or its related products. A systematic search was conducted in MEDLINE, Embase, and LILACS. Two authors screened references independently. Data extraction was performed iteratively, and results were presented for each included comparison.

Results: Thirty-nine studies were included after assessing full texts, focusing on the comparison of PRP to a related product, types of anticoagulants, centrifugation protocols, commercial kits, processing time, methods for activation, and application concomitantly to other substances. Only laboratory outcomes were assessed, as platelet, leukocyte and growth factor concentrations.

Conclusion: Results showed great variability related to methods employed in different stages of PRP processing, which may explain the variability observed in clinical trials assessing the efficacy of PRP for different clinical situations.

Keywords: platelet-rich plasma, platelet-rich fibrin, platelet concentrates, growth factors, platelets


INTRODUCTION

Platelet-rich plasma (PRP) has been advocated as a therapeutic option for a vast array of clinical situations in different fields of Medicine and Dentistry (Albanese et al., 2013; Robins, 2017). The therapeutic effects of PRP have been attributed to the supraphysiological concentration of growth factors and cell adhesion molecules (Marx, 2004), ultimately leading to, among other effects, angiogenesis, cell proliferation, deposition of collagen, and mesenchymal stem cell differentiation (Smyth et al., 2013).

Despite the increasing demonstration of its efficacy by previous research (Roselló-Camps et al., 2015; Martinez-Zapata et al., 2016; Sadabad et al., 2016; Li et al., 2017), there is still considerable uncertainty about the characteristics of PRP that may lead to optimal results. Clear recommendations about the ideal concentration of platelets and growth factors are still lacking, although a number of studies suggest a dose-effect relation with a ceiling effect (Giusti et al., 2009). Additionally, other characteristics of PRP still remain object of debate, such as the benefits related to white blood cells in PRP (L-PRP) (Bielecki et al., 2012; Wang et al., 2018b).

The variability of procedures applied for preparing PRP and other related products, including plasma-rich fibrin (PRF), along all stages of preparation, such as centrifugation, activation and types of anticoagulants, challenges a uniform recommendation of standardized procedures (Russell et al., 2013). Different terminologies and classification schemes have been proposed to embrace the diversity of procedures for the preparation of PRP (Ehrenfest et al., 2010, 2014; DeLong et al., 2012; Magalon et al., 2016; Lana et al., 2017), as well as frameworks to allow discrimination and specification of processing quantitative and qualitative standards (Gentile et al., 2020).

From the clinical perspective, the lack of standardization hampers the comparation of results from clinical trials that may had employed different protocols for PRP production. This fact may explain the heterogeneity of results observed in these trials and contributes to the uncertainties related to the clinical effects of PRP (Vos et al., 2014). Additionally, the diversity of methods embedded in PRP preparation defies the delineation of regulatory norms, which, by its turn, may contribute to the permissiveness toward substandard practices.

The objectives of this scoping review were to identify and summarize methods employed for preparation, storage and administration of PRP and its related products, and to identify the gaps of knowledge, following an evidence-based approach.



MATERIALS AND METHODS


Study Design

This scoping review was developed in five stages, namely (i) definition of the research question, (ii) elaboration of search strategies, (iii) assessment of study eligibility, (iv) data extraction, and (v) summary of findings. This methodological framework was first proposed by Arksey (Arksey and Malley, 2005) and later revised by Levac (Levac et al., 2010). The study report was structured in a way to contemplate all items of the PRISMA extension for scoping reviews (PRISMA-ScR) (Tricco et al., 2018). A protocol describing the review methods was a priori developed and made available at Open Science Framework (doi: 10.17605/OSF.IO/3WZEP).



Definition of the Research Questions

Research questions were prospectively defined to reflect the aspects susceptible to variability during preparation, storage and administration of PRP. Research questions are presented in Box 1. These questions were iteratively expanded during the stage of data extraction.


Box 1. Predefined research questions.

• Methods for obtaining PRP (e.g., open systems, closed systems).

• Activation methods.

• Centrifugation protocols.

• Methods applied for quality control.





Search Strategies

Search strategies were applied in MEDLINE (via PubMed), Embase (via Elsevier) and LILACS – (via Biblioteca Virtual em Saúde, BVS), on 23rd November 2018 (Supplementary Material). Additionally, reference lists of included studies were hand searched aiming at identifying potentially eligible studies.



Eligibility Criteria, Study Screening and Data Extraction

Inclusion and exclusion criteria were iteratively defined along data extraction, as previously recommended by Arksey and Levac (Arksey and Malley, 2005; Levac et al., 2010; Table 1). Different types of primary study designs, such as randomized controlled trials, non-randomized trials and in vitro studies were considered for inclusion, provided they had assessed at least two alternatives for any stage of preparation of PRP. Studies conducted before 2000 were not considered for inclusion, given that they might not reflect the current standard of practice due to the fast evolution of the field along the last two decades.


TABLE 1. Inclusion and exclusion criteria.

[image: Table 1]Screening of studies was performed at two stages. At the first stage, titles and abstracts were screened independently by two authors, with resolution of disagreements by consensus. At the second stage, full texts were assessed and confronted against the inclusion and exclusion criteria, as they were iteratively defined. Both stages of study screening were conducted in the Rayyan platform (Ouzzani et al., 2016).



Data Extraction

Data extraction was performed in a Microsoft Excel® spreadsheet (2016). The framework for data extraction was a priori defined in a way to reflect the research questions. The final framework was achieved after incorporating relevant aspects.



Summary of Findings

Study screening was documented and presented in a PRISMA flow diagram. Results were presented narratively, grouped by stage of preparation and administration of PRP.



RESULTS

Electronic searches retrieved 2,757 references. Two additional references were additionally identified. After removing duplicates, titles and abstracts of 2,552 references were screened, leading to a selection of 94 studies. Thirty-nine studies were included after the assessment of full texts (Figure 1). The list of excluded studies at the full text stage and reasons for exclusion are presented in Supplementary Material.
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FIGURE 1. Study flow diagram.



Characteristics of Included Studies


Study Design

One non-randomized clinical trial was included (Alhumaidan et al., 2011). The other included studies were in vitro controlled studies employing different methods for any one of stage of production of PRP or related products.



Research Questions

Included studies addressed different research questions, namely (i) comparison of PRP to related products; (ii) different commercial kits for PRP processing; (iii) types of anticoagulants; (iv) centrifugation protocols; (v) time for PRP processing; (vi) activation methods; and (vii) combined use with other substances.



Comparisons of Included Studies


PRP compared to other platelet concentrates

Five studies compared the characteristics of PRP to other platelet concentrates (Lachert et al., 2011; Cavallo et al., 2014; Kobayashi et al., 2015; Mariani et al., 2015; Kieb et al., 2017). These studies compared PRP with PRP with leukocytes (L-PRP) (Cavallo et al., 2014; Mariani et al., 2015); powdered PRP (Kieb et al., 2017); and PRF (Kobayashi et al., 2015).

In the study by Cavallo et al. (2014), PRP was compared to L-PRP, regarding the potential of inducing in vitro chondrocyte proliferation, concentration of growth factors (GFs) and production of cartilage matrix. L-PRP was demonstrated to present higher concentration of GFs. Both types of platelet concentrate induced chondrocyte proliferation, however PRP was associated with more expressive cell proliferation after seven days of cell culture. PRP-L induced higher levels of genic expression of hyaluronic acid synthase-2.

Mariani et al. (2015) compared PRP to L-PRP in relation to antimicrobial properties, after incubation assays with different pathogens. Both types of platelet concentrate inhibited bacterial growth during a four-hour period of incubation.

Kieb et al. (2017) compared PRP to PRP powder. PRP powder was obtained after sequential stages of depuration of cell components, leading to protein concentration of 30 g/ml. Platelet, leukocyte and GF concentrations were assessed. Both PRP and PRP powder presented higher concentration of GFs (VEGF, bFGF, PDGF-AB and TGF-b1), when compared to whole blood. PRP powder showed higher concentrations of these GF, when compared to PRP.

In the study by Kobayashi et al., PRF was compared to PRP in relation to concentration of GF and the angiogenic and healing effects (Kobayashi et al., 2015). Higher concentration of PDGF-BB was observed in PRP. Results for angiogenic GFs (VEGF and DLL1) were deemed inconsistent. The scratch assay showed better responses of healing for PRF. Similarly, PRF was considered superior regarding neovascularization.

Xian et al. (2015) compared the potential to induce keratinocyte and fibroblast differentiation for PRP with different concentrations (10% PRP and 20% PRP). Concentrations of GFs, cell viability and responses to the scratch assay were also assessed. Higher concentrations of HGF and VEGF-a were found in 10% PRP. Other GFs were not detected in neither of the two groups. Cell cultures with 10% PRP presented more abundant keratinocyte proliferation, however, cultures with 20% PRP showed more collagen fibers types I and III.



Comparisons between PRP with different GFs and platelet concentrations

Han et al. (2007) compared PRP with different concentrations of TGF-β1 and PDGF, by assessing its potential to induce proliferation of periodontal ligament cells. The effects on cell proliferation and differentiation occurred following a dose-response gradient, with an ideal concentration of TGF-β1determined to be in the range of 50 to 100 ng/ml. No increments were observed with concentrations higher than 100 ng/ml, suggesting a ceiling effect.

The ideal platelet concentration for activated and non-activated PRP, regarding the potential to induce mesenchymal cell proliferation, was addressed by Wang et al. (2018a) Proliferation cell was increasingly more pronounced for platelet concentration from 200.000/ml to 1.500.000/ml, but with no further increments above 1.500.000/ml, which reinforces the existence of a ceiling effect.



Commercial kits for PRP preparation

Four studies compared the performance of different commercial kits, regarding platelet, leukocytes and GF concentration and platelet activation (Castillo et al., 2011; Magalon et al., 2014; Degen et al., 2017; Fitzpatrick et al., 2017).

Castillo et al. (2011) compared three commercial kits for PRP preparation (MTF Cascade, Arteriocyte Magellan, and Biomet GPS III PRP), in relation to platelet, leukocyte concentrations and to the concentration of PDGF-AB, PDGF-BB, TGF-β1, and VEGF. There was no statistically significant difference in relation to platelet concentration across different types of commercial kits. However, leukocyte concentration was significantly lower for the MTF Cascade system, followed by the Arteriocyte Magellan system. PRP produced by the Biomet GPS III system presented the highest leukocyte concentrations. There were observed differences related to the concentration of PDGF-AB, PDGF-BB, and VEGF, with no differences in TGF-β1 concentration. Arteriocyte Magellan yielded PRP with statistically higher concentrations of PDGF-AB and PDGF-BB, when compared to MTF Cascade. PRP produced by Biomet GPS III presented the highest concentration of VEGF.

The performance of several systems was assessed by Degen et al. Commercial kits that were tested included Arteriocyte Magellan, Biomet GPS III, Arthrex Angel 2% and 7%, Emcyte Genesis CS and Harvest SmartPrep APC + (Degen et al., 2017). Centrifugation protocols varied across different commercial kits, respecting the recommendations of manufacturers. Outcomes assessed included platelet and leukocyte concentration and pH. Overall, there was no significant differences related to platelet concentration, except for the 7% Arthrex Angel system, which led to higher concentrations of platelets than Genesis CS (2,310,000 ± 524,000 vs. 1,129,000 ± 264,000/mm3). In relation to leukocyte concentration, the observed variability did not reach statistical significance, with the exception of 2% Arthrex Angel, that showed statistically significant differences when compared to GPS III (11,000 ± 4,500 vs 27,300 ± 7,100/mm3). The pH of PRP obtained with SmartPrep APC + was lower (6.95 ± 0.06) when compared to other systems (≥ 7.26 ± 0.06).

Fitzpatrick compared four commercial systems for PRP production (PS III, Smart-Prep2, Arteriocyte Magellan, and ACP), in relation to platelet and leukocyte concentration, pH and platelet activation (Fitzpatrick et al., 2017). ACP system was associated with lower platelet concentration (1 to 1.7 times basal values), when compared to the PS III, Smart-Prep2 and Arteriocyte Magellan systems, which were associated to increases in platelet concentration in the magnitude of 3 to 6 times of basal values. The only system associated with leukocyte reduction was the ACP system (1,300/mm3; reduction of 5 to 22 times the basal values). The other systems were associated with increases in the concentration of leukocytes from 3 to 5 times the basal values. Mean pH of end product ranged between 6.59 (SmartPrep) to 7.05 (GPS). Lower levels of pH were associated with ACD-A.

In the study by Magalon et al., five systems were compared, two using a gel separation (SelphylSystem e RegenPRP), and three using centrifugation (Mini GPS III, Arthrex ACP, and the system developed in the laboratory study) (Magalon et al., 2014). Outcomes assessed included platelet, leukocyte and GF (VEGF, PDGF-AB, EGF, and TGF-b1) concentrations, and platelet activation. Mini GPS III System yielded higher platelet concentrations, when compared with the laboratory system, which by its turn was associated with higher platelet concentrations than the Regen PRP and Selphyl Systems. Mini GPS III and Regen PRP systems produced PRP with leukocyte concentration, as oppose to the Selphyl System, and the laboratory system, which led to leukocyte concentrations lower than basal values. Mini GPS III System was associated with higher concentrations of VEGF and EGF.



Anticoagulant and antiaggregating agents employed during PRP preparation

Amaral et al. (2016) compared PRP obtained with different anticoagulants regarding the potential of inducing proliferation of mesenchymal cells. Anticoagulants employed were EDTA, sodium citrate and ACD-A. Outcomes assessed were platelet and GF (TGF-1 and VEGF) concentrations, mean platelet volume. PRP generated from blood samples collected with EDTA exhibited more platelets, followed by sodium citrate and ACD-A. The number of platelet cells obtained with sodium citrate was 16,3% lower in relation to the EDTA samples, while the number of platelets in ACD-A samples was 23% lower than EDTA and 8% lower than sodium citrate. However, mean platelet volume was higher in EDTA samples, which suggests alterations in platelet morphology and reduced cell viability. Despite these findings, no difference in relation to TGF-1 and VEGF concentrations. Sodium citrate samples were associated with less proliferation of mesenchymal cells.

Two protocols for PRP production were compared by Anitua et al., one called physiological protocol, with less anticoagulants (0.4 mL of trisodium citrate 3,8%) and less intense platelet activation to a conventional protocol (0,9 mL of trisodium citrate 3,8%) (Anitua et al., 2016). Therefore, two interventions were simultaneously applied, preventing estimates for each intervention in separate. Assessed outcomes were platelet concentration, platelet activation, GF concentration (TGFβ1, IGF-1, VEGF, and PDGF-AB), and induction of fibroblast proliferation. Physiological protocol was associated with higher platelet and GF concentration, although exhibiting less platelet activation.

The employ of anticoagulants (ACD-A or heparine), in isolation or combined to the antiaggregant PGE1, was assessed by Fukaya and Ito (2014) Two activation methods were employed (0,5% Triton X and calcium gluconate 8.5%), beyond a control group with no activation. Assessed outcomes included platelet and PDGF-BB concentrations. In relation to platelet concentration, results were inconsistent across different samples, preventing conclusions. Both for inactivated and calcium-gluconate activated PRP, higher PDGF-BB concentrations were obtained with the concomitant utilization of ACD-A and PGE1. Results for PRP activated by Triton X were inconsistent across tested samples.

Kraus et al. (2018) compared ACD-A to sodium citrate, in relation to platelet concentration and morphology, through automatized analysis. The utilization of ACD-A was associated with higher platelet concentration, as well as with evidence of a more intense platelet activation, when compared to the employ of sodium citrate.

Other study compared three different types of EDTA, sodium citrate and ACD-A during PRP production for alopecia treatment in males (Singh, 2018). Platelet concentration and morphology were assessed, however clinical outcomes were not reported. Platelet concentration was higher in ACD-A samples (310%), when compared to EDTA (110%), or sodium citrate (100%) (p < 0,001). Morphological aspects, such as size, shape and the activation pattern, were more preserved in ACD-A samples.



Methods for activation

Lachert et al. (2011) compared GF concentration in PRP and in platelet gel, before and after thawing. Platelet gel was obtained by activating PRP with thrombin solution. TGF β1 concentration was 7 to 9 times higher in platelet gel. Higher concentrations were obtained after thawing. The same finding was observed in relation to PDGF-AB concentrations.

Lee et al. (2013) compared inactivated PRP to PRP activated by lyophilized thrombin plus calcium chloride. Assessed outcomes were GF (PDGF-AB, PDGF-BB and TGF-β) concentrations. There were no statistically significant differences related to GF concentrations between activated and inactivated PRP.

Vahabi et al. (2017) compared the effects of PRP activated by 10% calcium gluconate to inactivated PRP, in relation to the potential to induce fibroblasts and osteoblasts proliferation in vitro. Activated PRP was associated with more intense cell proliferation, with statistically significant results.

In the study by Anitua et al. (2016) two different protocols for PRP production were compared, namely the physiological protocol, employing lower quantities of anticoagulants and activators, and the conventional protocol. Due to the combined employment of interventions, separate estimates for each intervention were not possible. PGRF-Endoret was the activation substance in both study arms, with varying concentrations (20 microl/ml in the physiological protocol and 50 microl/ml in the conventional protocol). The physiological protocol was associated with higher platelet and GF concentrations, but with lower platelet activation.

Sadeghi-Ataabadi et al. (2017) compared different concentrations of calcium chloride (2.5; 5 and 10%) to activate PRP. Authors assessed the properties of the fibrine matrix and the potential to induce fibroblast proliferation. Higher rates of cell adhesion and cell proliferation were obtained with 2.5% calcium chloride. Cultures with PRP activated by 10% calcium chloride presented cells with fusiform morphology and a parallel configuration of stress fibers, while cultures with PRP activated with lower concentrations of calcium chloride showed typical fibroblast cells and stress fibers distributed in a net configuration.

Cavallo et al. (2016) compared 10% calcium chloride, 10% autologous thrombin, calcium chloride plus autologous thrombin, or 10% type I collagen. Assessed outcomes included concentrations of VEGF, TGF-β1 and PDGF-AB. Activation by collagen type I was associated with an overall reduction of GF concentrations. PRP activated by thrombin, calcium chloride plus autologous thrombin, and 10% type I collagen showed an immediate release of PDGF, and a progressive pattern of VEGF release along the period from 15 min to 24 h. Calcium chloride was associated with a progressive release of all GFs, with release starting from 15 min after activation up to 24 h.

Çetinkaya et al. (2016) compared activation by freezing to 10% calcium gluconate. Freezing temperature was −80°C for 24 h. Assessed outcomes included IGF-1, PDGF-BB, and βFGF concentrations. There was statistically significant difference related to PDGF concentration, favoring activation by freezing. There were no statistically significant differences concerning other GFs.

Thermal methods of activation were compared to activation with thrombin in the study by Du et al. (2018). The thermal protocol consisted in centrifugation under 4oC, with subsequent reheating to 37oC. Assessed outcomes included platelet count, GF (VEGF, PDGF-AB, PDGF-BB, TGF-α, βFGF, EGF and IGF) concentration. Platelet concentration was significantly higher with PRP activated by thermal methods. The pattern of GF release was considered more stable in samples activated with the thermal protocol.

Tunali et al. (2014) compared activation by the employ of titanium tubes to PRP with no activation, having assessed the histological properties of the fibrin net. Titanium activation was associated with larger fibrin nets.

Two studies compared the effects of activated and non-activated PRP on clinical outcomes. In the study conducted by Gentile et al. (2017) one group of participants with androgenetic alopecia were treated with autologous non-activated PRP and the other group was treated with calcium-activated PRP. Both activated and non-activated PRP groups presented increases in epidermal thickness and number of follicles, but concentrations of PDGF-BB, TGF-β1, and VEGF were higher in activated PRP. In Gentile et al. (2020), participants with androgenetic alopecia received activated and non-activated PRP. Short-term results in trichoscopy with non-activated PRP were more expressive than those observed in the activated-PRP group. This difference was statistically significant (p < 0.01). Long-term results of hair density also favored non-activated PRP (Gentile and Garcovich, 2020a).



Centrifugation protocols


Single versus double centrifugation

Single centrifugation protocol was compared to double centrifugation for PRP production in the study by Carofino et al. (2012). Single centrifugation protocol consisted in centrifugation under 1,500 rpm for 5 min. Double centrifugation involved a first centrifugation under 1,500 rpm for 5 min, followed by a second centrifugation under 6,300 rpm for 20 min. Centrifugal force was not reported. Assessed outcomes included platelet and leukocyte concentrations. Single protocol resulted in platelet concentration 3.6 times the basal values, while the double protocol resulted in increases of 3.3 times the basal values. Double centrifugation protocol was associated with lower leukocyte concentrations.

Mazzocca et al. (2012) compared three centrifugation protocols, in relation to platelet, leukocyte and GF (VEGF, HGF, IGF-1 and PDGF-AB) concentration and in relation to the potential to induce proliferation of human bone and muscle cells. Protocol 1 consisted in a single centrifugation under 500 rpm for 5 min. Protocol 2 involved a single centrifugation under 3200 rpm for 15 min. Protocol 3 involved two centrifugations, the first under 1500 rpm for 5 min, and the one under 6,300 rpm for 20 min. Centrifugal forces were not reported.

Protocol 2 was associated with higher platelet counts when compared to protocols 1 and 3. There was no statistically significant differences between protocols 1 and 3. Protocol 2 also resulted in the highest leukocyte counts (20,500 ± 6,700/mm3), while Protocol 1resulted in lowest leukocyte counts (600 ± 300/mm3). Protocol 3 resulted in intermediate values for leukocyte counts (1,700 ± 1,800/mm3), with values lower than those in whole blood (5,600 ± 1,700/mm3). Protocol 2 was the most effective in obtaining higher GF concentrations, with exception of VEGF-A. Protocol 1 was associated to higher concentrations of HGF, IGF-1 and PDGF-AB, in comparison to Protocol 3. Protocol 3 was more effective in inducing osteoblast proliferation, with no differences between Protocols 1 and 2. There was no difference across the three protocols in relation to myocyte or tenocyte proliferation.

Pochini et al. compared a single centrifugation protocol to two commercial kits employing double centrifugation, namely the Magellan and the GPSIII systems, in relation to platelet, leukocyte and GF (FGF-2 e TGF-beta1) concentrations (de Pochini et al., 2016). Both systems are associated with high leukocyte concentrations in the end product. The single centrifugation protocol consisted in applying a centrifugal force of 650 g for 8 min. The protocols of double centrifugation were performed as recommended by each manufacturer. The single-centrifugation protocol was associated with higher concentrations of TGF-β1, but with a lower concentration of FGF-2, when compared to both double-centrifugation protocols. The platelet concentrations obtained by the employ of the Magellan system was 2.7 (CI95% 2.11-3.95) times higher than those of samples processed with the GPSIII system. PRP obtained by the employ of the single-centrifugation protocol presented the lowest platelet concentrations. The GPSIII system was associated with the highest leukocyte concentrations, followed by the Magellan system.

Tamimi et al. (2007) compared a single-centrifugation protocol to double centrifugation for the prepare of PRP gel (Tamimi et al., 2007). Single centrifugation protocol consisted in applying 280g (1500 rpm) for seven minutes. The double centrifugation protocol consisted in applying 160 g (1300 rpm) for 10 min during the first centrifugation, followed by a second centrifugation of 400 g for 10 min. Platelet count and the ultrastructural analysis of PRP gel were assessed. Higher platelet concentrations were observed with the employ of the double-centrifugation protocol (352% of basal values), in comparison with single centrifugation (232% of basal values). However, the double-centrifugation protocol was associated with ultrastructure alterations of PRP gel, with fibrin agglutination.

Three centrifugation protocols for PRP processing were compared in the study by Kutlu et al. (2013) Protocol 1 employed single centrifugation at 43 g (1000 rpm) for 10 min. Protocol 2 employed double centrifugation, with the first at 103 g (2400 rpm) for 10 minutes and the second at 230 g (3600 rpm) for 15 min. Protocol 3 employed a first centrifugation at 129 g (3000 rpm) for three minutes and the second at 129 g (3000 rpm) for 13 min. PRP obtained by double-centrifugation protocols (Protocols 2 and 3) were associated with higher platelet concentrations. There was no statistically significant difference between Protocol 2 and 3.



Centrifugal forces

Kececi et al. (2014) employed a double-centrifugation protocol, by varying the centrifugal forces during the second centrifugation. The first centrifugation was performed at 250 g for 10 min. The second centrifugation was performed at 300, 500, 750, 1000, 1500, and 2000 g for 10 min. Platelet concentrations increased as centrifugal forces raised from 300 to 2000 g. The magnitude of increases was of 1.92, 2.16, 2.80, 3.48, 3.67, and 3.76 times basal values for centrifugal forces of 300, 500, 750, 1000, 1500, and 2000 g, respectively.

Ehrenfest et al. compared four commercial centrifuges (original L-PRF centrifuge®, A-PRF 12®, Salvin 1310® and LW -UPD8® for the processing of L-PRF (Ehrenfest et al., 2018). All samples were centrifuged once at 400 g for 12 min. Cell morphology and features of the fibrin matrix were assessed. The PRF obtained with the Intra-Spin® centrifuge showed a highly polymerized fibrin matrix, with thick fibrin fibers and cells presenting physiological morphology. The other centrifuges produced PRF with thinner fibrin fibers, and irregular body cells with reduced dimensions.

In the study by Perez et al. (2014) the effects of varying centrifugal forces in both stages of double-centrifugation protocols were investigated. First centrifugation applied centrifugal forces ranging from 50 to 820 g (50, 70, 100, 190, 280, 370, 460, 550, and 820) for 10 min. The second centrifugation applied forces of 200, 400, 800, 1200, and 1600 g for 10 min, after a standard first centrifugation at 100 g for 10 min. Authors assessed platelet concentrations and platelet integrity. For the first centrifugation, greatest platelet concentrations were observed between 70 to 100 g, with decreases being observed above 190 g. The recovery rate of leukocytes ranged between 5 to 10%, independently of the centrifugal force applied during the second centrifugation. The most effective protocol for optimizing platelet concentration (5 times the basal values) was the double-centrifugation protocol, at 100 g for 10 min during the first centrifugation, followed by a second centrifugation at 400 g for 10 min. This protocol was also associated with platelet integrity.



Duration of centrifugation

Eren et al. (2016) compared 10 to 12-minute centrifugation for PRF processing, in relation to GF concentrations and cell composition of the end product. A single-centrifugation protocol at 400 g (2660 rpm) for 10 or 12 min was applied. The analyses carried out at 24 and 72 h showed higher concentration of VEGF, in samples obtained with the 12-min centrifugation protocol. The duration of the centrifugation did not influence the concentration of PDGF and TGF-ß or the platelet concentration.

Yin et al. compared double-centrifugation protocols, by applying different durations and forces of centrifugation in both stages (Yin et al., 2017). The assessed outcomes included platelet function and the potential to induce proliferation of mesenchymal cells. First centrifugations were performed at 10 g for 15min; 110 g for 15min; 130 g for 10 min; 130 g for 15 min; 160 g for 10 min; 160 g for 15 min; or 180 g for 10 min. Second centrifugation was performed at 80 g for 10 min; 180 g for 15 min; 250 g for 10 min; 250 g for 15 min; 450 g for 10 min; or 450 g for 15 min. Results indicated that a first centrifugation at 160 g for 10 min, followed by a second centrifugation at 250 g for 15 min led to the highest platelet and GF concentration, with preservation of the platelet function (P < 0.05). PRP obtained under these conditions induced more proliferation and migration of mesenchymal cells (P < 0.05), but with no impact over cell survival.



Duration of PRP processing time

Abu Kasim and Al-Hassan (2016) compared processing times for PRP produced at room temperature. PRP obtained with an 8-h processing time was compared to samples processed along 24 h. Platelet and leukocyte counts, platelet activation, and pH were assessed. PRP prepared along the 24-h period exhibited lower leukocyte concentrations. Differences in pH were observed, with lower pH for samples prepared in 24 h (pH = 7.3 ± 0,05), when compared to 8-hour samples (pH = 7,4 ± 0,13) (p < 0.001). Authors concluded that the differences were not clinically relevant, however no microbiological testing was performed to guarantee lack of contamination.



Storage conditions

The utilization of residual plasma at 20 to 24°C after centrifugation with glucose additive solution at room temperature for storing PRP was evaluated in the study by Alhumaidan et al. (2011). Authors assessed platelet and leukocyte counts, and platelet morphology. There were no differences related to platelet or leukocyte counts. Samples stored in the glucose additive solution presented more physiological morphology, when compared to the storage in residual plasma.



Combined use of PRP and other substances

Carofino et al. (2012) assessed the utilization of PRP in isolation or simultaneously to lidocaine 1%, bupivacaine 0.5%, and methylprednisolone, in relation to the potential to induce tenocyte proliferation (Carofino et al., 2012). All three substances resulted in less tenocyte proliferation (p = 0,05), with more pronounced reductions observed lidocaine and bupivacaine.

The influence of two types of iodinated contrast on the PRP characteristics were assessed in one study, considering that iodinated contrasts are frequently employed to guide intra-articular application of PRP (Dallaudiere et al., 2018). Assessed outcomes were platelet concentration, percentage of platelet aggregation, and platelet activation. Iodinated contrasts employed were Iodixanol and Iopamidol. There were no differences between PRP in isolation to PRP in association with both types of contrasts.

The association of PRP to hyaluronic acid in relation to final TGF-b1 and PDGF-AA concentration was assessed in another study. Release of TGF-b1 and PDGF-AA on the fifth day were greater with PRP combined to hyaluronic acid.

Most important results are synthesized in Supplementary Table 2.



DISCUSSION

Our results reflect the great variability embed in each step necessary for the preparation of PRP and related products, from the choice of anticoagulants during blood collection to the use of activation methods.

Studied anticoagulants included EDTA, ACD-A and sodium citrate. The employ of ACD-A was associated to the preservation of platelet morphology, with no effects on GF concentrations. Sodium citrate was associated with greater induction of proliferation of mesenchymal cells.

Double-centrifugation protocols was associated with higher platelet concentrations and to the decrease of leukocyte concentrations. However, these protocols are associated with lower concentrations of GFs, such as HGF, IGF-1 and PDGF-AB, probably by the loss of GFs contained within leukocytes. For PRP gel, double-centrifugation protocols lead to ultrastructural alterations of the fibrin net and fibrin agglutination.

The duration of the centrifugation time has also been shown to influence the concentration of at least some GFs. Centrifugation at 400 g for 12 min seems to be superior to 400 g for 10 min, regarding the concentration of VEGF. The same was observed in relation to the centrifugal force. For double-centrifugation protocols, the optimal centrifugal force for the first centrifugation seems to range between 70 to 100 g. For the second step, centrifugation at 2000 g for 10 min result in a platelet concentration 3.76 times greater than the basal values. When platelet integrity and viability were considered, the optimal centrifugation protocol was at 100 g for 10 min for the first centrifugation, followed by a second centrifugation at 400 g for 10 min.

Commercial kits currently available for PRP preparation employ different protocols of centrifugation, and therefore, variability in the characteristics of the end product are expected. Indeed, the platelet concentration ranged from 1.7 to 6 times the basal values, across kits from different manufacturers. In relation to the time of PRP processing, one study compared 24-h to 8-h processing time. No differences were observed in relation to platelet concentrations; however, microbiological tests were not performed to ensure the safety of extending the processing time.

Activation of PRP by calcium gluconate 10% was associated with greater potential of inducing osteoblast and fibroblast proliferation, but not to higher platelet or GF concentrations in some studies. Thermal activation seems to be a viable alternative, being associated with higher platelet concentrations, when compared to the activation by calcium gluconate 10%. For PRF processing, the employ of titanium tubes as an activation method was associated to more extensive fibrin net.

Concomitant application of PRP to lidocaine, bupivacaine and methylprednisolone was found to impact the expected biological action of PRP, therefore, caution should be taken when considering the combined use of these substances. The same was not observed with iodinated contrasts, commonly used to guide intra-articular injections, or with hyaluronic acid, that may even have a synergic effect, increasing GF release.

All this variability in PRP processing imposes one further question, related to definition of the ideal characteristics of PRP, in terms of the optimal platelet and GF concentrations. Some of the included studies point to a dose-response effect between the platelet and GF concentrations and the expected biological effects of PRP, with a ceiling effect.

To the best of our knowledge, this is the first attempt to review comparative studies that focused on different methods for each stage of PRP processing. In the systematic review conducted by Gentile et al. focusing on optimal concentration of PRP, results shown that higher concentrations of PRP may be associated with a significant decline in cell proliferation (Gentile and Garcovich, 2020b), which stresses the need for standardization of procedures in this regard. In other systematic review, recently conducted by Chahla et al. (2017) studies in which PRP was used for musculoskeletal conditions were assessed in relation to the reporting of the applied methods for PRP processing or of the composition of the final product. Authors found that only 10% of studies provided a clear description of the preparation protocol and only 16% provided quantitative parameters on the final composition of PRP.

The major limitation of the present study refers to the need of analyzing each step of the production process independently. We acknowledge that PRP production is a sequential process, rather than a combination of independent steps, but a framework to explore all types of results presented in included studies was needed. As most included studies assessed a single step in the process rather than sequential processes, the applied framework was built to reflect how comparative research in the field is being developed. Our scoping review did not embrace all sources of diversity related to the preparation and administration of platelet-rich plasma, but the reason for this was the fact that we did not identify any study comparing different techniques for certain steps of the production process. As our study included only comparative research, it was not possible to present evidence or draw conclusions on questions such as the use of handmade techniques in comparison to use of commercial kits, or the effects of light activation versus other methods of activation. Similarly, we did not find comparative research on the influence of red blood cell or peripheral blood mononuclear cells or on the role of image guidance during the application of platelet concentrates.

Protocols for PRP production should be clearly defined for each stage of processing, in accordance with desired biological effects. All studies included in this review focused on laboratorial outcomes, such as platelet, leukocyte, and GF concentrations, or on the potential to stimulate cell proliferation. The choice of this type of outcome relies on feasibility issues, however, the lack of clinical trials comparing PRP obtained from different methods precludes ultimate conclusions about the definition of best methods for PRP processing, under the perspective of efficacy, effectiveness and safety. This conundrum becomes even more complex, considering the vast universe of clinical situations for which PRP has been used. It is logical to assume that the ideal characteristics of PRP should differ in relation to platelet, leukocyte and GF concentration, for each type of clinical situation.



CONCLUSION

Evidences found in this scoping review showed great variability related to methods for different stages of PRP processing, such as choice of anticoagulants during blood collect, centrifugation protocols, employ of activation methods, among others. This variability may justify the variability of clinical effects of PRP across different clinical trials.
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Background: Microfracture is one of the most widely used techniques for the repair of articular cartilage. However, microfracture often results in filling of the chondral defect with fibrocartilage, which exhibits poor durability and sub-optimal mechanical properties. Stromal cell-derived factor-1 (SDF-1) is a potent chemoattractant for mesenchymal stem cells (MSCs) and is expressed at high levels in bone marrow adjacent to developing cartilage during endochondral bone formation. Integrating SDF-1 into an implantable collagen scaffold may provide a chondro-conductive and chondro-inductive milieu via chemotaxis of MSCs and promotion of chondrogenic differentiation, facilitating more robust hyaline cartilage formation following microfracture.

Objective: This work aimed to confirm the chemoattractive properties of SDF-1 in vitro and develop a one-step method for incorporating SDF-1 in vivo to enhance cartilage repair using a rat osteochondral defect model.

Methods: Bone marrow-derived MSCs (BMSCs) were harvested from the femurs of Sprague–Dawley rats and cultured in low-glucose Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, with the medium changed every 3 days. Passage 1 MSCs were analyzed by flow cytometry with an S3 Cell Sorter (Bio-Rad). In vitro cell migration assays were performed on MSCs by labeling cells with carboxyfluorescein diacetate, succinimidyl ester (CFDA-SE; Bio-Rad). For the microfracture model, a 1.6-mm-diameter osteochondral defect was created in the femoral trochleae of 20 Sprague–Dawley rats bilaterally until bone marrow spillage was seen under saline irrigation. One knee was chosen at random to receive implantation of the scaffold, and the contralateral knee was left unfilled as an empty control. Type I collagen scaffolds (Kensey Nash) were coated with either gelatin only or gelatin and SDF-1 using a dip coating process. The rats received implantation of either a gelatin-only scaffold (N = 10) or gelatin-and-SDF-1 scaffold (N = 10) at the site of the microfracture. Femurs were collected for histological analyses at 4- and 8-week time points post-operatively, and sections were stained with Safranin O/Fast Green. The samples were graded blindly by two observers using the Modified O’Driscoll score, a validated scoring system for chondral repair. A minimum of 10 separate grading scores were made per sample and averaged. Quantitative comparisons of cell migration in vitro were performed with one-way ANOVA. Cartilage repair in vivo was also compared among groups with one-way ANOVA, and the results were presented as mean ± standard deviation, with P-values < 0.05 considered as statistically significant.

Results: MSC migration showed a dose–response relationship with SDF-1, with an optimal dosage for chemotaxis between 10 and 100 ng/ml. After scaffold implantation, the SDF-1-treated group demonstrated complete filling of the cartilage defect with mature cartilage tissue, exhibiting strong proteoglycan content, smooth borders, and good incorporation into marginal cartilage. Modified O’Driscoll scores after 8 weeks showed a significant improvement of cartilage repair in the SDF-1 group relative to the empty control group (P < 0.01), with a trend toward improvement when compared with the gelatin-only-scaffold group (P < 0.1). No significant differences in scores were found between the empty defect group and gelatin-only group.

Conclusion: In this study, we demonstrated a simple method for improving the quality of cartilage defect repair in a rat model of microfracture. We confirmed the chemotactic properties of SDF-1 on rat MSCs and found an optimized dosage range for chemotaxis between 10 and 100 ng/ml. Furthermore, we demonstrated a strategy to incorporate SDF-1 into gelatin–collagen I scaffolds in vivo at the site of an osteochondral defect. SDF-1-treated defects displayed robust hyaline cartilage resurfacing of the defect with minimal fibrous tissue, in contrast to the empty control group. The results of the in vitro and in vivo studies together suggest that SDF-1-mediated signaling may significantly improve the quality of cartilage regeneration in an osteochondral defect.

Keywords: osteoarthritis-therapies < cartilage, subchondral arthroplasty, tissue scaffolds, mesenchymal stem cell, microfracture (MFX), stromal cell derived factor-1 (CXCL12), bone marrow stem cell-based therapy


INTRODUCTION

While the etiology of joint degeneration and osteoarthritis occurs at the molecular, cellular, and tissue level, current treatments of isolated chondral defects are primarily surgical (Furman et al., 2006; Daher et al., 2009; Anderson et al., 2011). Regeneration of hyaline cartilage is limited by the lack of chondral vascularity, diminishing the recruitment of renewable cells to the site of injury (Csaki et al., 2008; Fong et al., 2011). Thus, penetration of the subchondral bone with techniques such as microfracture emerged and served to recruit mesenchymal stem cells (MSCs) from the bone marrow to infiltrate the overlying chondral lesion. However, long-term durability was inadequate, as the native hyaline cartilage was repaired with fibrocartilage consisting of primarily type I collagen, which is prone to rapid degeneration and less adaptable than its hyaline counterpart (Mithoefer et al., 2009; Gomoll and Minas, 2014; Richter et al., 2016). It is thought that microfracture alone does not recruit a sufficient amount of reparative cells and growth factors to promote adequate native tissue repair (Richter, 2009). One potential therapeutic strategy to augment the chondrogenic milieu following microfracture is by incorporating homing factors into cell-free scaffolds to promote the recruitment of MSCs to the site of injury (Mishima and Lotz, 2008; Chanda et al., 2010; Fong et al., 2011; Eseonu and De Bari, 2015; Truong et al., 2017; Lu et al., 2018).

Stromal cell-derived factor-1 (SDF-1) is a potent chemoattractant for MSCs and has associations with bone repair (Hwang et al., 2015; Liu et al., 2015). SDF-1 attracts MSCs to the site of bone fractures and is expressed in marrow adjacent to developing cartilage during endochondral bone formation (Wei et al., 2010; Murata et al., 2012; Toupadakis et al., 2012). In addition, the receptor for SDF-1, C-X-C chemokine receptor type 4 (CXCR4), plays a significant role in chondrocyte differentiation and proliferation (Mazzetti et al., 2004). Integrating SDF-1 into an implantable collagen scaffold may improve the quality of cartilage repair by recruiting MSCs from the underlying bone marrow and promoting a chondroinductive milieu. We seek to evaluate a novel method of improving the quality of chondral repair following microfracture by incorporating SDF-1 into an implantable, cell-free scaffold and directly comparing it to microfracture alone.



MATERIALS AND METHODS


Preparation of BMSCs

Rat bone marrow-derived MSCs (BMSCs) were isolated from the femurs of Sprague–Dawley rats as previously described (Haynesworth et al., 1992). Briefly, the femurs were harvested using an aseptic technique. After removing the soft tissue and periosteum, the bones were cut using a bone rongeur. Bone marrow was washed out with low-glucose Dulbecco’s modified Eagle’s medium (Fisher Scientific, Pittsburgh, PA, United States) containing 10% fetal bovine serum (Fisher Scientific, Pittsburgh, PA, United States) using a syringe. The bone marrow was then mixed with medium and cultured at 37°C with 5% CO2 in an incubator, with the medium changed every 3 days.



Flow Cytometry Study

Rat BMSCs at passage 1 were detached from the cell culture flask by Accutase (Innovative Cell Technologies, San Diego, CA, United States). After washing with phosphate-buffered saline (PBS), the cells were stained with antibodies against CD45 (AbD Serotec, Raleigh, NC, United States), CD73 (BD Biosciences, San Jose, CA, United States), CD90 (BioLegend, San Diego, CA, United States), and CD106 (BioLegend, San Diego, CA, United States). The stained cells were analyzed by flow cytometry with an S3 Cell Sorter (Bio-Rad, Hercules, CA, United States).



In vitro Cell Migration Assay

Rat BMSCs at passage 1 were serum-starved for 2 h at 37°C. A 24-well plate was loaded with Transwell inserts (8.0 μm in pore size; Fisher Scientific, Pittsburgh, PA, United States). The lower chambers contained 600 μl of either serum-free medium (negative control), medium with serum (positive control), or SDF-1 (1, 10, or 100 ng/ml; R&D Systems, Minneapolis, MN, United States). Each condition was set up in triplicate. The serum-starved BMSCs (105 cells/well) were loaded on the upper chamber and incubated at 37°C for 4 h. The membranes were fixed with formalin for 10 min and washed with PBS before staining with Wright–Giemsa. The migrated cells were counted under a light microscope (×400), with 30 random fields analyzed per membrane. The results are represented as the average number of migrated cells counted per ×400 magnification field.

For morphological observation, BMSCs were labeled with carboxyfluorescein diacetate, succinimidyl ester (CFDA-SE; Bio-Rad, Hercules, CA, United States) following the manufacturer’s instructions prior to loading on Transwell inserts. Fluorescence blocking inserts were used; thus, fluorescence was visible only when cells migrated to the observation side of the membrane.



Scaffold Preparation

Type I collagen was selected as the scaffold biomaterial given its proven safety and biocompatibility profile and widespread availability, making it an ideal agent for translation into clinical application (Tampieri et al., 2008; Kon et al., 2010). Collagen I scaffolds (Kensey Nash, Exton, PA, United States) were coated with either gelatin only (control) or gelatin and SDF-1 using a dip coating process previously described (Dines et al., 2007, 2011; Uggen et al., 2010; Cummings et al., 2012). Briefly, gelatin was prepared by heating a 10% (wt) solution of medical-grade soluble bovine collagen (Semed-S, Kensey-Nash, Exton PA) to 80°C for 10 min, followed by incubation at 37°C. SDF-1 (50 ng/ml) was reconstituted in 10 mM HCl and mixed with the gelatin at a ratio of 2:1 (gelatin/SDF). Collagen scaffolds were pre-treated in 70% EtOH for 10 min, washed with PBS, and then dip-coated in the gelatin solution at 37°C for 30 min with gentle agitation. The scaffolds were removed from the solution and air-dried overnight in a sterile laminar flow hood.



Surgical Procedure

The usage of animals in this study was approved by the Institutional Animal Care and Use Committee of Feinstein Institutes for Medical Research. A medial parapatellar approach to the knee joint was performed bilaterally in Sprague–Dawley rats (N = 20; weight, 500 g). A 1.6-mm-diameter full-thickness osteochondral defect was created in each femoral trochlea until bone marrow spillage was visualized under saline irrigation as a model of microfracture. One knee was chosen at random with a coin toss to receive scaffold implantation (1.8 mm in diameter, 1.5 mm in thickness) and the contralateral knee served as an empty control. The rats received implantation of a scaffold dip-coated either with gelatin only (N = 10) or with gelatin and SDF-1 (N = 10). Femurs were collected for histological analysis at 4- and 8-week time points post-operatively, with the endpoints defined based upon current literature (Lee and Im, 2012; Dahlin et al., 2014; Mahmoud et al., 2017; Hayashi et al., 2018).



Histological Evaluation

The distal femurs were dissected free of soft tissue and fixed in 10% Millonig’s buffered formalin (Fisher Scientific, Pittsburgh, PA, United States). The samples were decalcified with formic acid decalcification solution (Fisher Scientific, Pittsburgh, PA, United States) for 5 days with shaking, then embedded in paraffin, and cut in the coronal plane (5 μm in thickness). Serial sections were cut at 100-μm intervals through an area approximately 30% of the total surface area of the defect. The sections were mounted and stained with Safranin-O/Fast Green. The samples were graded blindly by two observers using the Modified O’Driscoll Score, a validated scoring system for chondral repair (Qi et al., 2014). A minimum of 10 separate grading scores were made per sample and averaged.



Statistical Analyses

The samples were tested for normality using the Shapiro–Wilk test. Quantitative comparisons of cell migration in vitro were performed with one-way ANOVA. The results are presented as mean ± standard deviation, with P-values less than 0.05 considered as statistically significant. Cartilage repair in vivo was compared among groups with one-way ANOVA. The results are presented as mean ± standard deviation, with P-values less than 0.05 considered as statistically significant.



RESULTS


Flow Cytometric Characteristics of Rat BMSCs

Bone marrow-derived MSCs at passage 1 were 43% CD90-positive and 21% CD45-negative. Among the CD45-negative cells, 95% were CD90-positive, 19% of CD45-negative cells were positive for both CD90 and CD106, and 38% of CD45-negative cells were positive for both CD90 and CD73 (Figure 1).
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FIGURE 1. Flow cytometric analysis of rat bone marrow-derived mesenchymal stem cells prior to in vitro cell migration studies. Cell population stained with (A) anti-CD45, (B) anti-CD90, and (C) anti-CD90 among CD45-negative cells. Dot plot of combined staining for (D) CD45 and CD90, (E) CD106 and CD90 among CD45-negative population, and (F) CD73 and CD90 among CD45-negative population.




In vitro Cell Migration

Chemoattraction of BMSCs by SDF-1 was tested with the Transwell culture system in vitro. After 4 h in culture, the CFDA-SE-stained cells were found to have migrated in great quantities toward the SDF-1-containing chamber (100 ng/ml). Morphologically, these cells were round and larger than the pore size (Figure 2A).
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FIGURE 2. (A) Morphology of carboxyfluorescein diacetate–succinimidyl ester-stained bone marrow-derived mesenchymal stem cells (BMSCs) following cell migration assay. (B) Results of cell migration assay of BMSCs treated with stromal cell-derived factor-1 (1, 10, and 100 ng/ml). Values are represented as average number of cells counted per ×400 field. ∗P < 0.05.


To determine the optimal dosage of SDF-1 for chemoattraction of BMSCs, SDF-1 was added to the Transwell system at concentrations of 1, 10, and 100 ng/ml. Cell migration was increased significantly from the control group at both 10 ng/ml (28 ± 3 vs. 74 ± 25 cells/×400 field, respectively; P = 0.04) and 100 ng/ml (79 ± 22 cells/×400 field; P = 0.04) concentrations of SDF-1, which is consistent with previous literature (Figure 2B) (Ji et al., 2013). Cell migration did not differ significantly between the control group and the SDF-1 group containing 1 ng/ml (33 ± 14 cells/×400 field; P = 0.56).



In vivo Cartilage Repair

No post-operative complications were noted throughout the study period. SDF-1-treated defects showed complete filling of mature cartilage tissue with strong proteoglycan content, smooth borders, and substantial incorporation into surrounding cartilage (Figures 3A–C). Modified O’Driscoll scores at 4 weeks post-operatively showed a trend toward improvement in cartilage repair quality in the SDF-1 group relative to the empty control group (13 ± 8 vs. 3 ± 1; P = 0.07); however, the difference was not statistically significant. No significant difference in cartilage repair quality was found at 4 weeks post-operatively between the SDF-1 group and the gelatin-only group (8 ± 5; P = 0.26). Modified O’Driscoll scores at 8 weeks post-operatively showed a significant improvement in cartilage quality in the SDF-1 group relative to the empty control group (18 ± 6 vs. 5 ± 3; P = 0.009) and a trend toward improvement when compared with the gelatin-only-scaffold group (9 ± 4; P = 0.09); however, the difference was not statistically significant. No significant difference in O’Driscoll scores was found when comparing the empty control and gelatin-only-scaffold groups at 4 weeks (P = 0.14) or 8 weeks post-operatively (P = 0.17; Figure 3D).
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FIGURE 3. Histological evaluation with Safranin O/Fast Green to compare the repair of microfracture defects with implantation of gelatin–collagen I scaffolds carrying stromal cell-derived factor-1 (SDF-1) (50 ng/ml) and control groups in vivo (×40 magnification) at 8 weeks post-operatively. Representative images were selected based upon the best quality of cartilage repair within each group. (A) Defect only group. (B) Gelatin only group. (C) Gelatin and SDF-1 group. (D) Quantitative comparison of cartilage repair quality with Modified O’Driscoll scores at 4 and 8 weeks post-operatively. ∗∗P < 0.01.




DISCUSSION

Microfracture is one of the most widely used techniques for the repair of articular cartilage (Oussedik et al., 2015; Wylie et al., 2015). However, microfracture results in filling of the cartilage defect with fibrocartilage, which is less durable than native hyaline cartilage and prone to re-injury (Krych et al., 2012; Xing et al., 2013; Oussedik et al., 2015). Implantable cell-free scaffolds coated in chemoattractive factors may improve the quality of cartilage repair following microfracture (Mishima and Lotz, 2008; Chanda et al., 2010; Fong et al., 2011; Eseonu and De Bari, 2015; Truong et al., 2017; Lu et al., 2018). In this study, we determined the optimal concentration of SDF-1 for MSC chemoattraction in vitro and found that incorporating SDF-1 into an implantable scaffold yielded a superior quality of cartilage repair when compared with microfracture alone.

SDF-1 promotes MSC migration and homing to the bone marrow through its receptor, CXCR4 (Shi et al., 2007; Baek et al., 2011). In addition to MSCs, CXCR4 is also expressed on hematopoietic progenitor cells, chondrocytes, and fibroblasts (Kucia et al., 2005; Villalvilla et al., 2014). As the SDF-1/CXCR4 axis is not exclusive to MSC homing, determining the optimal dosage of SDF-1 for the homing of MSCs to cartilage defects is necessary. Previously, a concentration of 50–200 ng/ml was reported to enhance the chemoattraction of rat BMSCs in vitro. However, when the concentration of SDF-1 was increased to 400 ng/ml and above, the chemoattractant effect began to significantly decrease (Ji et al., 2013). In our study, we confirmed the optimal concentration of SDF-1 to be between 10 and 100 ng/ml.

To apply SDF-1 in vivo, we used a gelatin carrier system developed for the application of growth factors (Dines et al., 2007, 2011; Uggen et al., 2010; Cummings et al., 2012). In vitro testing revealed that the release of growth factors from the carrier system could be sustained at a standard rate within the first 48 h (Uggen et al., 2010; Cummings et al., 2012). After implantation, the growth factors carried by the system maintained their functional effect in vivo (Dines et al., 2007; Uggen et al., 2010; Cummings et al., 2012). In our study, the gelatin–SDF-1 solution was loaded on a bovine collagen I scaffold for implantation in a rat microfracture model. When assessing the compatibility of MSCs with collagen scaffolds, type I collagen scaffolds exhibited superior attachment of BMSCs and cartilage-derived MSCs than type II collagen scaffolds. Moreover, the cells attached on the type I collagen scaffold maintained their spindle shape as a monolayer, while the cells on the type II collagen scaffold were round and tightly packed (Zhang et al., 2013). In clinical application, type I collagen scaffolds combined with hydroxyapatite showed improvement in the repair of cartilage defects (Filardo et al., 2013; Delcogliano et al., 2014).

In our study, implantation of an SDF-1-coated scaffold at the site of microfracture resulted in a significant improvement in cartilage repair, with results seen as early as 4 weeks post-operatively. Similarly, using a rabbit model, Chen et al. (2015) found that type I collagen scaffolds carrying SDF-1 (100 ng/ml) enhanced the repair of cartilage defects after 12 weeks. Zhang et al. (2013) utilized collagen I scaffolds carrying SDF-1 (120 ng/ml) on a partial-thickness cartilage defect using a rabbit model and found improved repair quality in the SDF-1 treatment group at 6 weeks post-operatively. In comparison to previous studies, our SDF-1 carrier system achieved nearly complete cartilage defect filling at 8 weeks post-operatively using an SDF-1 concentration of 50 ng/ml. A subsequent elution profile of our scaffold revealed an initial bolus release of SDF-1, followed by a continuous, steady release over the following 5 days, consistent with available literature (Sun et al., 2016). This may explain why we were able to achieve significant results at a lower concentration than those of other studies. While low SDF-1 levels are tied to healing, high SDF-1 levels have been paradoxically implicated in rheumatoid arthritis and osteoarthritis (Villalvilla et al., 2014; Kanbe et al., 2015). Thus, maintaining therapeutic levels of SDF-1 in the joint space by optimizing the biomechanics of the delivery system is vital.

The limitations of our study include the small sample size and relatively short post-operative time points. We found no significant difference in the quality of cartilage repair between groups at 4 weeks post-operatively as measured by Modified O’Driscoll scores. However, significant improvement in repair was noted at 8 weeks post-operatively in the SDF-1-treated group when compared with the empty defect group. When compared with the gelatin-dipped scaffold group, the SDF-1-treated group showed a tendency for improvement in the Modified O’Driscoll scores, but the difference did not meet statistical significance. In future studies, conducting analyses at longer time points, such as at 12- or 16-weeks post-operatively, may allow for a more appropriate length of time for mature tissue healing. Furthermore, increasing the sample size of the study would generate greater power to elucidate the difference between the gelatin- and SDF-1-treated scaffold groups. Immunohistochemical staining of healed tissue for collagen types I and II would provide definitive evidence of repair with hyaline vs. fibrocartilage; fibrocartilage contains a significant amount of type I collagen, while hyaline cartilage contains little to none. Based on our in vitro cell migration studies, a concentration of 50 ng/ml SDF-1 was chosen for the in vivo studies to optimize chemotaxis to the defect site with a minimal dose. However, we recognize that the kinetics of SDF-1 in vivo may differ significantly from the kinetics observed in in vitro studies. Future areas of study may include comparing a variety of SDF-1 concentrations in vivo to confirm the ideal concentration for cartilage repair and performing tests of durability and mechanical loading to provide evidence of clinically meaningful results. Other factors commonly implicated in cartilage repair, such as granulocyte-macrophage colony-stimulating factor transforming growth factor beta, platelet-rich plasma, and fibroblast growth factor, should be compared directly to and in combination with SDF-1 to formulate an optimal cocktail for cartilage repair (Kang et al., 2008; Huh et al., 2014; Harada et al., 2015; Truong et al., 2017).

In this study, we successfully demonstrated a cost-effective, one-step process for enhancing microfracture to improve the outcome of cartilage repair. We confirmed the chemotactic properties of SDF-1 on rat MSCs in vitro and found an optimized dosage range for chemotaxis between 10 and 100 ng/ml, consistent with previous literature. Furthermore, we successfully demonstrated a simple method of incorporating SDF-1 into a biocompatible scaffold at the site of osteochondral defect. SDF-1-treated defects displayed robust resurfacing with hyaline-like cartilage with minimal fibrous tissue compared with the control groups. Overall, the results suggest that scaffolds treated with SDF-1 can improve the quality of cartilage repair in an osteochondral defect.
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The super healer Murphy Roths Large (MRL) mouse represents the “holy grail” of mammalian regenerative model to decipher the key mechanisms that underlies regeneration in mammals. At a time when mesenchymal stem cell (MSC)-based therapy represents the most promising approach to treat degenerative diseases such as osteoarthritis (OA), identification of key factors responsible for the regenerative potential of MSC derived from MRL mouse would be a major step forward for regenerative medicine. In the present study, we assessed and compared MSC derived from MRL (MRL MSC) and C57BL/6 (BL6 MSC) mice. First, we compare the phenotype and the differentiation potential of MRL and BL6 MSC and did not observe any difference. Then, we evaluated the proliferation and migration potential of the cells and found that while MRL MSC proliferate at a slower rate than BL6 MSC, they migrate at a significantly higher rate. This higher migration potential is mediated, in part, by MRL MSC-secreted products since MRL MSC conditioned medium that contains a complex of released factors significantly increased the migration potential of BL6 MSC. A comparative analysis of the secretome by quantitative shotgun proteomics and Western blotting revealed that MRL MSC produce and release higher levels of mesencephalic astrocyte-derived neurotrophic factor (MANF) as compared to MSC derived from BL6, BALB/c, and DBA1 mice. MANF knockdown in MRL MSC using a specific small interfering RNA (siRNA) reduced both MRL MSC migration potential in scratch wound assay and their regenerative potential in the ear punch model in BL6 mice. Finally, injection of MRL MSC silenced for MANF did not protect mice from OA development. In conclusion, our results evidence that the enhanced regenerative potential and protection from OA of MRL mice might be, in part, attributed to their MSC, an effective reservoir of MANF.

Keywords: MRL mouse, regeneration, mesenchymal stem cells, MANF, chondroprotection, osteoarthritis


INTRODUCTION

The super healer Murphy Roths Large (MRL) mice, is an attractive model to study tissue regeneration in mammals. Indeed, MRL mice display the extraordinary capacity to regenerate several musculoskeletal tissues such as ear wounds, injured articular cartilage and amputated digits without scarring (Clark et al., 1998; Fitzgerald et al., 2008; Ward et al., 2008; Kwiatkowski et al., 2016; Deng et al., 2019; Sinha et al., 2019). Although the mechanisms underlying MRL mice regenerative capabilities are intensively studied, the exact process responsible for tissue regeneration is not fully understood.

The cartilage regenerative potential of MRL mesenchymal stem cells (MSC) have been first tested in a model of posttraumatic arthritis. In this study, the authors assessed and compared the effect of the intra-articular injection of MSC derived from the bone marrow (BM) of MRL and C57BL/6 (BL6) mice and found that both MSC exhibit a similar protective effect (Diekman et al., 2013). In line with this study, a similar cartilage repair capacity has been described for MSC derived from the synovial of MRL and C57BL/6 mice when tested in a focal cartilage defect (Mak et al., 2016). However, although MRL MSC did not exhibit superior capacity to repair the cartilage compared to BL6 MSC, only MRL MSC were found within the defect area. More recently, extracellular vesicles produced by chondrogenic progenitor cells derived from MRL and CBA mice were tested in a mouse model of osteoarthritis induced by surgical destabilization of the medial meniscus (DMM). Extracellular vesicles derived from MRL cells had a greater anti-osteoarthritic potential than extracellular vesicles derived from CBA (Wang et al., 2020). In an inflammatory environment, MSC release factors that possess potent anti-inflammatory effects and influence cartilage matrix turnover (Van Buul et al., 2012). However, the anti-osteoarthritic activity of soluble factors released by MRL MSC have never been investigated in experimental model of osteoarthritis (OA).

Mesencephalic astrocyte-derived neurotrophic factor (MANF) is a protein evolutionarily conserved (Lindholm and Saarma, 2010) that is expressed by most if not all tissues in the body (Lindholm et al., 2008). MANF expression is induced upon various stress signals and generate a cytoprotective response in different systems (Lindahl et al., 2017). In vivo, MANF has been described for its role on tissue regeneration and inflammation resolution (Voutilainen et al., 2009; Chen et al., 2015; Neves et al., 2016). Indeed, in damaged retina of flies and mice, MANF expression is induced in innate immune cells, activating them and inducing an enhanced neuroprotection and tissue repair (Neves et al., 2016). MANF facilitates the differentiation and migration of neural progenitor cells and thus increasing neuroblast recruitment in stroke cortex (Tseng et al., 2018). Moreover, MANF is a systemic regulator of metabolic and immune homeostasis in young individuals. Indeed, MANF supplementation improves different hallmarks of liver aging including inflammation, hepatosteatosis and metabolic dysfunction (Sousa-Victor et al., 2019). These studies give rise to the questions of whether MANF is expressed in adult MRL mouse that have retained features of embryonic metabolism (Naviaux et al., 2009) and whether MSC derived from different mouse strains release different levels of MANF that could be correlated with their pro-regenerative or/and anti-osteoarthritic potential.

In the present study, we addressed whether the regenerative potential and the anti-osteoarthritic potential of MRL mice could be attributed to the intrinsic particularities of MSC focusing on the role of MANF.



MATERIALS AND METHODS


MSC Isolation and Expansion

Mesenchymal stem cells (MSC) were isolated from the bone marrow (BM) of MRL/Mpj (MRL MSC) and C57BL/6 mice (BL6 MSC), expanded and phenotypically and functionally characterized after their spontaneous immortalization in vitro as previously described by our laboratory (Bouffi et al., 2010). The MSC were used between passages 15 and 20 for the present study.



MSC Immunophenotype

MRL and BL6 MSC were phenotypically characterized according to the expression levels of hematopoietic and stromal cell antigens using specific antibodies against CD73, CD90, interferon (IFN)-γR1, F4/80, CD44, stem cells antigen-1 (SCA-1), CD11b, and CD45 (BD Pharmingen) and evaluated by fluorescence-activated cell sorting (FACS). Analysis was performed using the FlowJo software (BD Pharmingen).



MSC Differentiation

Mesenchymal stem cell was induced to differentiate into chondrocytes, adipocytes and osteoblasts as previously described (Bouffi et al., 2010). Briefly, for adipogenesis, cells were seeded at 104 cells/cm2 in complete Dulbecco’s modified Eagle’s medium (DMEM)-F12 (Invitrogen) containing 16 μM biotin, 18 μM pantothenic acid, 100 μM ascorbic acid, 5 μg/ml insulin, 0.03 μM dexamethasone, 1 μg/ml transferring, 2 ng/ml triiodothyronine (T3) and 100 nM rosiglitazone (Sigma). Formation of lipid droplets was visualized by Oil red O staining after a 1 h fixation step in 3% glutaraldehyde. For osteogenesis, cells were seeded at low confluence at 3 × 103 cells/cm2 in proliferation media. After the cells have reached confluency, the media was replaced by osteogenic media composed of DMEM (Invitrogen) completed with 10% of fetal calf serum, 100 U/mL penicillin/streptomycin, 2 mmol/mL glutamine, 0.5 μg/ml of ascorbic acid and 3 μM NaH2PO4 (Sigma). The capacity of differentiated MSC to mineralize the extracellular matrix was assessed by Alizarin Red staining. The chondrogenic differentiation of MSC was induced using the micropellets protocol. To that end, cells were seeded at 2.5 × 105 cells/well in 96-Well Polypropylene (NUNC), centrifuge at 400 g for 5 min and cultured in DMEM (Invitrogen) completed with 100 U/mL penicillin/streptomycin, 10 μM of sodium-pyruvate, 1.7 μM of ascorbic acid-2-phosphate, insulin-transferrin-selenium (ITS, Sigma) and 1 ng/ml of human Transforming Growth Factor β3 (hTGF-β3, R&D System). After 21 days, the pellets were fixed in paraformaldehyde (PFA) and immunohistochemistry was performed on paraffin sections.



Chondrocyte Isolation, Expansion and Treatment

Chondrocytes were isolated from OA patients undergoing total knee replacement surgery as previously described (Maumus et al., 2013). Briefly, articular cartilage was harvested from the femoral condyles of 12 patients. Consent of donors was approved by the French Ministry of Research and Innovation (approvals DC2009-1052 and DC-2010-1185). Slices of knee cartilage were incubated within 2.5 mg/mL pronase (Sigma-Aldrich, Saint-Quentin-Fallavier, France) for 1 h and then at 37°C overnight within 2 mg/mL collagenase type II (Sigma). Digested slices were filtrated through cell strainer (70 μm) and the cell suspension was cultured in DMEM completed with 10% of fetal calf serum, 100 U/mL penicillin/streptomycin and 2 mmol/mL glutamine at the density of 25,000 cell/cm2 till the end of passage 1. Chondrocytes were plated at high density and cultured alone or with MANF (50 ng/mL; R&D System) and maintained for 7 days in minimal medium composed of DMEM supplemented with proline (0.35 mmol/L), ascorbic acid (0.17 mmol/L) and sodium pyruvate (1 mmol/L). Finally, the cells were collected for the analysis by RT-qPCR.



MSC Proliferation

To evaluate the proliferation rate of MSC, the cells were culture in a proliferative medium containing DMEM supplemented with 10% of fetal calf serum, 100 U/mL penicillin/streptomycin and 2 mmol/mL glutamine during 7 days. The number of population doublings was estimated to compare the proliferation capacities of MSC populations. MSC were seeded at 5000 cells/cm2 and counted when 80–90% of confluency was reached. For the proliferation assessment using the PrestoBlueTM assay (Life-Technologies, Courtaboeuf, France), MSC were seeded at low density (5000 cells/cm2) in a 6 well plates in proliferative medium. After 7 days, MSC number was evaluated.



Proteome and Secretome Collection

Primary MSC derived from the bone marrow of BL6, BALB/c, DBA1, and MRL mice were cultured in a proliferative medium. Then, cells were washed three times with PBS prior to be cultured in a serum-free and phenol red-free DMEM medium overnight. MSC conditioned medium was collected (14 mL) and centrifuged at 3,000 × g for 5 min at 4°C to remove cells and cell debris and then filtered through 0.22 μm pore size membrane. Supernatants were adjusted to 0.025% with anionic acid labile surfactant I (AALS I, Progenta), concentrated at 4°C in VivaSpin 20 ultrafiltration units (#28-9323-58 MWCO: 3 kDa) and diafiltrated at 4°C against 50x volumes of 50 mM NH4HCO3 containing 0.025% AALS I. Protein concentration in the retentates was assessed using the NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific) and adjusted to 0.1 mg/mL with diafiltration buffer. Secretomes were kept frozen at −20°C until use. Cells were detached from the culture dishes by scraping into PBS on ice and lyzed by sonication in a lysis buffer containing 1% SDS in PBS supplemented with completeTM mini EDTA-free Protease Inhibitor Cocktail (Roche) and HaltTM Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific) as well as 2500 units/ml of Benzonase® endonuclease (purity grade II, Merck). Lysates were centrifuged at 20,000 × g for 15 min at room temperature to sediment undissolved material. Supernatants were collected and their protein content was quantified by the BCA protein assay (Pierce). Cell proteomes were kept frozen at −20°C until use.



Proteolytic Digestion

Cell secretomes (15 μg protein) prepared from MRL and BL6 MSC were reduced in the presence of 10 mM dithiothreitol in 50 mM NH4HCO3 at 56°C for 30 min and then alkylated by adding 20 mM iodoacetamide for 30 min at room temperature in the dark. After the reduction and alkylation steps, proteins were digested with trypsin (0.75 μg) overnight at 37°C. After centrifugation, protein digests were collected, diluted twice with an equal volume of 0.2% (v/v) formic acid in H2O, and filtered through 0.22 μm pore size membrane prior to LC-MS/MS analysis.



NanoLC-MS/MS Analysis, Proteins Identification, Quantification, and Statistical Analysis

Mass spectrometry (MS) analysis and data treatment was performed as previously described (Buzy, 2011; Autelitano et al., 2014). Briefly, peptide digests were analyzed on an Ultimate/Famos/Switchos suite of instruments (Dionex) connected to a hybrid LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific) with the instruments setup and parameters described in the Supplementary Materials. Database searches were done using an internal MASCOT server (version 2.1, matrix Science1) using the UniProtKB/Swiss-Prot mouse protein knowledgebase2 with the search parameters as described in the Supplementary Methods. For protein quantification, raw data were processed by an in-house label-free software, DIFFTAL (DIFferential Fourrier Transform AnaLysis) as previously published (Autelitano et al., 2014; Delcourt et al., 2015) and described in the Supplementary Materials. For statistical analysis, DIFFTAL data normalizations (loess normalization at sample level and median central tendency at match set level), protein ratio (“Effect size”) and statistic p-value (ANOVA) calculations were performed using DanteR 0.0.1 software3. For biostatistics analysis of average differences in protein mean intensities (“Effect size”), between multiple replicate samples of MRL MSC and BL6 MSC, a one-way analysis of variance (ANOVA) was performed. “Effect size,” a simple way of quantifying the size of the differences between the experimental and the reference group, was calculated. A difference of 1.5 in the Effect size was considered as a significant difference.



Bioinformatic Analysis

The identified proteins were analyzed using ProteinCenter bioinformatic tools (Proxeon Bioinformatics4). We made several protein sequences in one FASTA format file and submitted it to each program. SignalP (version 4.05) was used to predict the presence of signal peptides in the identified proteins (D-cut-off values for SignalP-noTM networks > 0.45 or SignalP-TM networks > 0.5 as the default cut-off for signal peptide = ‘Yes’) (Petersen et al., 2011). The SecretomeP program (version 2.06) was used to predict the possibility of non-classical protein secretion (SignalP signal peptide = ‘No’; and SecretomeP score > 0.5 in mammal proteins) (Bendtsen et al., 2004).



Western Blot Analysis

Aliquots of cell proteomes or secretomes (20 μg protein) were mixed with 4x XT sample buffer (Bio Rad) containing 10% (v/v) 2-mercaptoethanol and heated at 60°C for 30 min before Western blot analysis. Proteins were resolved by SDS-PAGE on NuPAGE® Novex® 4 – 12% Bis-Tris gels (Bio Rad) using the NuPAGE® MES SDS Running Buffer (Bio Rad) according to the manufacturer’s instructions. Proteins from SDS-PAGE were transferred to nitrocellulose membranes and stained with the BLOT-FastStainTM Kit (G Biosciences) to determine transfer efficiency and reveal the protein expression profile of each sample. Blots were probed with antibodies directed against MANF (Abcam, Catalog # ab67271), growth arrest specific 6 (GAS6, R&D Systems, Catalog # MAB986), neudesin neurotrophic factor (NENF; Abcam, Catalog # ab74474), semaphorin 5A (SEMA5A, Abcam, Catalog # ab127002), or αTubulin. Immune complexes were visualized with enhanced chemiluminescence using the Amersham ECL Western blotting Detection Reagents (GE Healthcare) and X-ray films. Autoradiographs were scanned using the GS-800 Calibrated Densitometer (Bio-Rad). To quantitate the amount of protein present on the blot, signal volumes of MANF, GAS6, NENF, SEMA5A, and αTubulin were measured with Quantity One® 1-D Analysis Software (Bio Rad) using volume analysis. The intensity value of each target protein band was normalized against the intensity value of αTubulin gel band used as the internal loading control for each sample.



MSC Transfection With siRNA

Mesenchymal stem cell was transfected at subconfluence (60%) with 200 nM of control siRNA (siCTL) or the siRNA against MANF (siMANF) (Silencer Select RNAi, Thermo Fisher Scientific, Illkirsch) using oligofectamine reagent (Life Technologies, Courtaboeuf) and according to the supplier’s recommendations.



RT-qPCR

Total RNA was isolated from each sample using RNeasy Mini Kit (Qiagen, Courtaboeuf) and the quantity and purity of the total RNA were determined by using a NanoDrop ND-1000 spectrophotometer (NanoDrop ND, Thermo Fisher Scientific). cDNA was synthesized by reverse transcribing 500 ng RNA into cDNA using the M-MLV enzyme (Thermo Fischer Scientific). Quantitative PCR was performed using the SybrGreen PCR Master Mix (Roche) and a LightCycler® 480 Detection system, following manufacturer’s recommendations. Specific primers for mouse Vimentin, Cadherin-11, N-Cadherin, E-Cadherin, ICAM-1, Integrinβ1, NCAM, MANF, RPS9 and human TYPE 2B COLLAGEN (Col2B), AGGRECAN (AGN), LINK and SOX9 were designed using the Primer3 software (Table 1). Values were expressed as relative mRNA level of specific gene expression as obtained using the 2–Δ Ct method, using the RPS9 expression as housekeeping gene.


TABLE 1. Proteins identified and quantified in MRL MSC and BL6 MSC.
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Scratch Wound Healing

In order to evaluate the migratory potential of the cells, we used the scratch wound assay. 2.5 × 105 cells were seeded in TC24 treated plates for imaging (Thermo Fischer Scientific) and the wound was performed manually once the cells adhered to the plastic. The wound closure was studied using an inverted microscope (Axiovert 200M, Zeiss) equipped with a motorized stage driven with Metamorph 7.0 software (Molecular Devices) (MRI facility). During the study, cells were maintained at 37°C with 5% of CO2. Images were taken each hour for a 24-h period. The wounded area was measured every hour using Image J Software. Area Under Curve (AUC), corresponding to the closure graph was calculated with GraphPad Prism software and normalized (percentage).



Ear Punch Model

Ten-week-old C57Bl6 female mice were used. At day 0, we performed a reproducible ear hole with a 2 mm punch through the center of the ear. For the different groups, we use five different mice that were injected either with PBS (untreated) or 2.5 × 105 MRL or BL6 MSC along the wound edge. Measurements of the ear wound area were performed at day 0 and day 44 using the ImageJ software on ear pictures.



Collagenase-Induced Osteoarthritis Model

We carried out the collagenase-induced OA (CIOA) model as previously described (Toupet et al., 2015) and according to the guidelines and regulations of the Ethical Committee for animal experimentation of the Languedoc-Roussillon (Approval 5349-2016050918198875, CEEA-LR-12117). Briefly, 1U type VII collagenase in 5 μL saline was intra-articularly (IA) administered in the knee joint of C57BL/6 mice (10 weeks old) at day 0 and 2. Groups of 10 mice received MSC IA (2.5 × 105 cells/5 μL saline), at day 7. At day 42, mice were euthanatized and paws were recovered for fixation in 4% formaldehyde and histological analysis.



Histological Analysis

Hind paws were decalcified after 2 weeks incubation within a solution of formic acid 5% and then embedded in paraffin. Tibias were sectioned frontally as previously described (Ruiz et al., 2020) and stained with safranin O fast green staining. Quantification of the degradation of cartilage was performed using the modified Pritzker OARSI score as described (Toupet et al., 2015; Cosenza et al., 2017).



Statistical Analysis

Results are expressed as the mean ± Standard Error of the Mean (SEM) and all experiments were performed at least three times. Generated P-values were obtained using Mann–Whitney unpaired t-test, two tails using GraphPad Prism 6 Software. Graphs show mean ± Standard SEM. P-values < 0.05 (∗), P < 0.01 (∗∗), or P < 0.001 (∗∗∗) were considered statistically significant. Analysis and graphical representation were performed using Graph-Pad PrismTM software (Graphpad).



RESULTS


MRL and BL6 MSC Exhibit a Similar Phenotype and Differentiation Potential

First, we studied the phenotype and the differentiation potential of MRL and BL6 MSC. After a long culture process in a medium containing fetal calf serum (Bouffi et al., 2010) to obtain a morphologically homogeneous MSC population with a spindle-shaped fibroblastic appearance, we phenotypically characterized the cells. Both MRL and BL6 MSC were positive for markers classically expressed by murine MSC (Bouffi et al., 2010) that include CD29, CD44, CD73, Sca-1 and they were negative for CD11b, CD45 and F4/80 (Figure 1A). Both MSC were slightly positive for IFNR1 previously demonstrated to be correlated with the immunoregulatory function of MSC (Luz-Crawford et al., 2015). Of note, the phenotypic differences observed between murine MSC derived from different strains of mice, are not related to the passage numbers but rather to do the strain of mouse they come from as we have previously reported (Bouffi et al., 2010). After induction of MSC differentiation toward the three specific lineages, both MRL and BL6 MSC gave rise to chondrocytes, adipocytes and osteoblasts as shown by the expression of aggrecan, the presence of lipid droplets in cultures and Alizarin Red S staining, respectively (Figure 1B). These results show that MRL and BL6 MSC display a similar phenotype and differentiation potential.
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FIGURE 1. MRL MSC and BL6 MSC have the same phenotype and differentiation potential. (A) Phenotype of MRL and BL6 MSC was assessed by flow cytometry using different antibodies that include CD73, IFNγR1, F4/80, CD44, CD29, CD45, SCA-1, and CD11b. The percentages of positive cells are indicated in red in the flow cytometry data. (B) Differentiation potential of MSC. The chondrogenic differentiation of MRL and BL6 MSC was assessed using an anti-aggrecan positive staining on pellet sections. The adipogenic potential of MSC was by the visualization of lipid droplets by phase contrast microscopy at day 21 of the differentiation process. Finally, the osteogenic differentiation potential of MSC was defined by Alizarin Red S positive staining.




MRL MSC Exhibit a Higher Migration Potential That BL6 MSC

Since a clear relationship between MSC migration and tissue repair has been established (Fu et al., 2019), we compared the migration potential of MRL and BL6 MSC. To specifically study the migration, we first compare the proliferation rate of the two cells after a synchronization step and culture within a medium containing FCS. The number of population doublings (NPD), i.e., the total number of times MSC doubled within 7 days (in a single passage) was evaluated and we found that MRL MSC showed significantly lower NPD than BL6 MSC (Figure 2A). This was confirmed using the PrestoBlue assay that defined the proliferation of MSC after 2 days of culture (Figure 2A). Then, the non-directional migration of MRL and BL6 MSC was analyzed in a scratch wound assay by evaluating the area of the wound every 3 h during 36 h post-wounding using Image J software (National Institutes of Health, Bethesda, MD, United States). Representative images from scratch wound healing assay revealed, 36 h post-wounding, a complete resurfacing of the wound for MRL MSC but not for BL6 MSC (Figure 2B). The extent of healing/migration was defined as the percentage of open wound area between the original (100% at time 0) and the residual wound area at 24 h (Figure 2B). The curve of the percentage of open wound area over the healing period (0–24 h) and the corresponding area under curve (AUC) which reflects the migration potential of the cells revealed that MRL MSC closed faster the wound than BL6 MSC (Figure 2B). Altogether these results indicate that the slow-proliferating MRL MSC display a higher migration potential than the fast-proliferating BL6 MSC.
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FIGURE 2. MRL MSC exhibit a lower proliferation rate and a higher migration potential than BL6 MSC. (A) The proliferation potential of BL6 and MRL MSC was evaluated after an overnight synchronization in absence of serum and a 7 days culture period in complete medium by either calculating the number of population doublings, i.e., the total number of times MSC has doubled from the moment we seeded (D0) them until D7 using the formula Population Doubling = 3.33 log10(number of MSC at D7/number of MSC plated at D0). We also used the PrestoBlue assay (Relative fluorescence unit) to evaluate the proliferation potential of the SMC. Results represented as mean ± SEM (n = 3 replicates). (B) Migration of MRL and BL6 MSC were analyzed in a scratch wound assay by evaluating the area of the wound at 0, 3, 6, 9, 12, 15, 18, 21, 24, and 36 h after wounding. Representative images from scratch wound healing assay (on the top). Measure of the open wound area (bottom). 100% correspond to the highest wound area measured at 0 h using Image J software. The area under curve (AUC) was calculated from the curve of open wound area percentage over the healing period (0–24 h). Results represented as mean ± SEM (n = 5 replicates). *p ≤ 0.05, **p < 0.01, ***p < 0.001.




MRL MSC Secretome Is Responsible for Their Higher Migration Potential

Following their systemic injection, MSC migrate and accumulate at inflammation and injured sites (Rustad and Gurtner, 2012). The migration potential of MSC is controlled by several regulatory factors including adhesion molecules that also orchestrate their differentiation potential, immunoregulatory properties and their paracrine function in tissue repair (Ren et al., 2010; Fu et al., 2019). In this part of the study, we set out to examine how adhesive molecules could be correlated to the higher rate of migration of MRL MSC over BL6 MSC. Using RT-qPCR we studied the expression profiles of adhesion molecules in the two MSC. First, we found that Vimentin, whose expression is positively correlated with MSC migration (Huang et al., 2015), was highly expressed in MRL MSC as compared to BL6 MSC (Figure 3A). Similarly, ICAM-1, expressed in MSC at a low level in physiological condition and at high level in an inflammatory environment to promote MSC homing to the target and immune organs (Li et al., 2019), was expressed at a significantly higher level in MRL MSC than in BL6 MSC (Figure 3B). The other adhesion molecules studied such as Cadherin-11 (Figure 3C), N-Cadherin (Figure 3D), E-Cadherin (Figure 3E), Integrinβ1 (Figure 3F), and NCAM (Figure 3G) were expressed at a lower level in MRL MSC that in BL6 MSC. We also explored whether the higher regenerative potential of MRL MSC could be associated with soluble factors they release in culture since the regenerative potential of MSC is well-recognized to be mediated through their secretome (Menendez-Menendez et al., 2017). To that end, we cultured freshly wounded BL6 MSC with a conditioned supernatant (CM) obtained from a 24-h culture of subconfluent MRL MSC cultured in the proliferative medium (MRL CM). Scratch wounded BL6 MSC cultured with the MRL CM exhibited an enhanced capacity to resurface the wounded area as compared to BL6 MSC cultured in the proliferative medium (Figure 3H). This result suggests that the highest migration potential of MRL MSC compared to BL6 MSC is, in part, mediated through a paracrine mechanism.
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FIGURE 3. The higher migration potential of MRL MSC is mediated through the release of soluble factors. (A–G) RT-qPCR analysis of Vimentin, ICAM1, Cadherin-11, N-Cadherin, E-Cadherin, Integrinβ1, and NCAM expression levels in MRL MSC and BL6 MSC. Results represented as mean ± SEM (n = 4 replicates). *p ≤ 0.05. (H) The scratch wound was performed on BL6 MSC monolayer cultured alone or with a conditioned-medium obtained from a 24 h culture of subconfluent MRL MSC (MRL CM). The area under curve (AUC) was calculated from the curve of open wound area percentage over the healing period (0–24 h). *p ≤ 0.05.




MRL MSC Produce and Release High Amount of MANF as Compared to MSC Derived From Different Mouse Strains

In order to identify factors responsible for MRL MSC migration potential, we used label-free quantitative shotgun proteomics to identify secreted proteins that are differentially expressed between MRL MSC and BL6 MSC. Secretomes of MRL MSC and BL6 MSC were analyzed based on the protein intensities measured by LC-MS/MS (n = 2 per cell type). A total of 904 quantifiable proteins were identified with ≥2 peptides among which 127 were annotated as “Extracellular Space” in UniProtKB/Swissprot database and 411 were predicted as secretory proteins by the in silico bioinformatics tools SignalP (Petersen et al., 2011) and SecretomeP (Bendtsen et al., 2004) and Swissprot protein database annotation (Supplementary Table). We identified 810 proteins differentially expressed by at least 1.5-fold between MRL MSC and BL6 MSC. Of these, 625 proteins showed increased secretion in MRL MSC, while 185 proteins showed decreased secretion compared to BL6 MSC.

Since nerve regeneration in the MRL ear wound preceded vascularization (Buckley et al., 2011), recapitulating early mammalian development and that denervation of the ear annihilated MRL mouse regenerative ability (Buckley et al., 2012), we focused our attention on proteins with neurotrophic properties showing more than 1.5-fold increased secretion in MRL MSC compared to BL6 MSC. Among these proteins, we identified GAS6, NENF, and MANF (Figure 4A). Regarding the factors showing increased secretion in BL6 MSC compared to MRL MSC, we considered one member of the semaphorin family: SEMA5A. Using Western blot method, we studied the expression profiles of MANF, NENF, GAS6 and SEMA5a in MSC from different mouse strains to identify proteins specifically highly expressed in MRL-MSC (Figure 4B). We found that MANF was the only protein among the four tested to be overexpressed in MRL MSC as compared to MSC derived from the bone marrow of BL6, BALB/c, and DBA1 mice (Figure 4B). By RT-qPCR we confirmed that MANF was overexpressed in MRL MSC as compared to BL6 MSC (Figure 4C).
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FIGURE 4. MRL MSC produced and released higher amount of MANF than BL6, BALB/c and DBA1 MSC. (A) Proteomic analysis of differential expression of MANF, GAS6, NENF, and SEMA5A in MRL MSC compared to BL6 MSC secretomes. Effect size indicate the standardized mean difference in protein expression level between MRL MSC and BL6 MSC. For each protein, the median intensity levels (Log 2 value) in MRL MSC and BL6 MSC are indicated. Normalized protein intensities were used to calculate the Effect size MRL/BL6. (B) Western blot analysis of MANF, GAS6, NENF, and SEMA5A in whole-cell extracts from BL6, BALB/c and DBA1 MSC. The intensity value of each target protein band was normalized against the intensity value of α-Tubulin gel band used as the internal loading control for each sample. (C) MANF mRNA expression level in MRL MSC and BL6 MSC. Western blot analysis of supernatants of BL6, BALB/c, and DBA1 MSC showing blotted proteins stained with Ponceau S (D) and the MANF protein band revealed by the anti-MANF antibody (E). MRL MSC whole cell extract was used as a positive control.


Since, the MRL CM contained factors that enhanced the migration potential of BL6 MSC, we studied the differential expression profile of the candidate factors in the conditioned medium (CM) of MSC derived from MRL, BL6, BALB/c and DBA1 mice using Western blotting. We found that while MANF was not or poorly produced in the CM of BL6, BALB/c and DBA1 it was highly released in MRL MSC cultures (Figures 4D,E). These results identified MANF as a factor potentially involved in the regenerative process of MRL mice.



MANF Is Necessary for the Regenerative Potential of MRL MSC in vitro and in vivo

To go further, we studied the role of MANF on the regenerative potential of MRL MSC. First, we tested the role of MANF on the non-directional migration potential of MRL MSC using the scratch wound assay. To that end, we used the small interfering RNA (siRNA) approach to knock down the expression of MANF in MRL MSC. 48 h post-transfection (at day 0 of the scratch wound assay) of MSC with a siRNA against MANF (siMANF), MANF expression was reduced by 30% compared with the MSC transfected with the control siRNA (siCTL) (Figure 5A). The percentage of open wound area over the 24-h healing period (Figure 5B) and the corresponding AUC (Figure 5C) which reflects the migration potential of the cells revealed that MANF silencing reduced the capacity of MRL MSC to resurface the wound area. To define whether MANF released by MRL MSC is responsible for their migration potential, we cultured freshly wounded BL6 MSC with a conditioned supernatant (CM) obtained from a 24-h culture of subconfluent MRL MSC transfected with siMANF (MRL siMANF CM). Scratch wounded BL6 MSC cultured with the MRL siMANF CM tend to exhibit a reduced capacity to resurface the wounded area compared to BL6 MSC cultured with the control MRL CM as revealed by the higher AUC (Figure 5D). Altogether these results suggest that the high migration potential of MRL MSC, in vitro, partly depends on their capacity to release MANF.


[image: image]

FIGURE 5. The high migration and regenerative potential of MRL MSC depend on MANF. (A) MANF mRNA expression level in MRL MSC transfected either with a control siRNA (siRNA CTL) or a siRNA against PYCR1 (siMANF) 48 h post-transfection (mean ± SEM, from one representative experiment). (B) The migration potential of MRL MSC transfected with siCTL or siMANF were analyzed in a scratch wound assay by evaluating the area of the wound at 0, 3, 6, 9, 12, 15, 18, 21, and 24 h after wounding (mean ± SEM, from one representative experiment). (C) The area under curve (AUC) was calculated from the curve of open wound area percentage over the healing period (0–24 h). (D) The scratch wound was performed on BL6 MSC monolayer cultured alone or with a conditioned-medium obtained from a 24 h culture of subconfluent MRL MSC silenced for MANF (MRL siMANF CM) (mean ± SEM, n = 3.). (E) Pictures of the ear holes at day 0 and day 44 after wounding. The punch-holes in the ears of MRL mice were either untreated (untreated) or treated with MSC. MRL MSC transfected either with siCTL (MRLsiCTL) or siMANF (MRLsiMANF) were injected at the wound edges. (F) Quantification of the ear punch hole closure at day 44 using the image J program to define the ear punch area. Results represent the mean ± SEM. Nmice = 10 per condition, Mann–Whitney test, two-tailed, when not indicated untreated versus MRL MSCsiCTL, ∗p ≤ 0.05.


The MRL mouse has been well described for its remarkable capacity for cartilaginous wound closure and regeneration two decades ago (Clark et al., 1998). Indeed, 2 mm punch wounds made into MRL/MpJ mice ears closed with regeneration after 30 days, whereas they did not close in the C57BL/6 mice. Herein, we tested whether the administration of MRL MSC could induce the regeneration in BL6 mice and whether this relies on MANF production. To that end, a 2 mm punch wounds was made into BL6 mice. Wounded mice were either untreated or treated with MSC (MRL siCTL) injected along the wound edge. Measurements of the ear punch wound area at day 44 revealed that MRL MSC induced a regenerative process leading to a significant decrease of the wound size, 40% reduction in area, as compared to the untreated mice (Figures 5E,F). Then, we assessed, whether this regenerative process mediated by MRL MSC was associated with their high expression level of MANF. The ear punch wound area of BL6 mice treated with MRL MSC deficient for MANF (MRL MSC siMANF) did not show any difference with the untreated mice (Figures 5E,F). Overall, this finding suggests that the in vivo regenerative potential of MRL MSC in BL6 mice depends, in part, on MANF expression level.



MANF Is Necessary for the Anti-osteoarthritic Properties of MRL MSC

Mesenchymal stem cell protect chondrocytes from degeneration associated with OA and protect mice from OA development (Maumus et al., 2013; Toupet et al., 2015; Cosenza et al., 2017; Ruiz et al., 2020). Since MRL mice possess an intrinsic ability to regenerate articular cartilage (Fitzgerald et al., 2008), we wondered whether MANF highly produced by MRL MSC could protect chondrocyte from a loss of anabolic markers in vitro and mice from OA development in vivo.

In order to determine the effect of MANF on human primary chondrocytes, a culture assay was designed. To that end, we used human primary chondrocytes that were isolated and cultured in proliferative medium containing 10% FCS. Then, chondrocytes were placed in a minimal medium to avoid FCS side effects and culture alone or with recombinant human MANF (50 ng/mL) during 7 days (Figure 6A). Then, we evaluated the phenotype of chondrocytes in the culture assay and found that while MANF tend to increase the expression of chondrocyte markers such as Col 2B, Aggrecan (AGN) and LINK its significantly increased the expression of SOX9 (Figure 6B). Altogether, these data demonstrate a potent role of MANF in the protection of chondrocytes from the loss of mature chondrocyte phenotype which are characteristics of OA.
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FIGURE 6. MANF protects chondrocyte from a OA-like phenotype and mice from osteoarthritis. (A) Scheme showing the treatment protocol of human primary chondrocytes with MANF (50 ng/mL) during 7 days. (B) RT-qPCR analysis of chondrocyte anabolic markers such as Col2B, AGN, LINK, and SOX9 expressed in human primary chondrocytes cultured in minimal medium or minimal medium (Control) containing MANF during 7 days. Results are expressed as fold change of gene expression compared to chondrocytes alone (Control) [mean ± SEM (n = 12 biological replicates)]. *p ≤ 0.05. (C) Histological images of CIOA mice not treated (Collagenase) or treated with BL6 MSC or MRL MSC. (D) OA score of histological sections of knee joints of the mice described in (C). (C) (n = 15/group). (E) Histological images of CIOA mice not treated (Collagenase) or treated with MRL MSC transfected with a siCTL (MRL MSC siCTL) or a siMANF (MRL MSC siMANF). (F) OA score of histological sections of knee joints of the mice described in (E). Results are expressed as the mean ± SEM; *p < 0.05 (Mann–Whitney test; n = 10 mice/group).


Then, we evaluated in vivo the effect of IA injection of BL6 and MRL MSC in CIOA mice (Toupet et al., 2015). As expected, histological analysis showed that the OA score was significantly lower in CIOA mice treated with BL6 MSC compared with untreated mice (Figures 6C,D). Of note, we did not observe any significant difference between the OA score of mice treated with either BL6 or MRL MSC. Conversely, the OA score was significantly higher in mice treated with MRL MSC silenced for MANF (MRL MSC siMANF) as compared to mice treated with MRL MSC (Figures 6E,F). Overall, these results indicate that MANF highly produced by MRL MSC protects chondrocytes from a loss of anabolic markers that characterizes OA-like chondrocytes and contributes to their therapeutic effect in CIOA mice.



DISCUSSION

This study provides the first evidence that MRL MSC induce ear hole regeneration and protect mice from osteoarthritis through their high capacity to release MANF.

First, we showed that the slow-proliferating MRL MSC display a higher migration potential than the fast-proliferating BL6 MSC. This is in line with the established relationship between MSC migration and tissue repair (Fu et al., 2019). Due to their paracrine ability, migration, adhesion and homing potential, MSC have been intensively studied in the field of regenerative medicine. Thus, it is tempting to believe that the identification of key factors for MRL MSC migration and regeneration potential will be of high interest for novel therapy of degenerative diseases. Thus, due to their enhanced migration potential mediated, in part, through the release of paracrine factors, we focused on the secretome of MRL MSC. We found that MANF was specifically highly produced by MRL MSC as compared to MSC derived from other mouse strains. The role of MANF in tissue regeneration has already been described. Indeed, in mice and flies, in response to retina damages retina of flies and mice, MANF was induced in innate immune cells. MANF activated innate immune cells, enhanced cytoprotection and improved tissue repair (Neves et al., 2016). In this study, MANF was shown to be necessary and sufficient to induce the Drosophila homolog of the mammalian anti-inflammatory macrophage marker arginase1 in hemocytes, suggesting an association between MANF expression, resolution of inflammation and tissue repair in the retina (Neves et al., 2016).

Osteoarthritis (OA) is an inflammatory and degenerative joint disease, which mainly affects the articular cartilage and results in pain and impaired movement. It is now acknowledged that OA is a heterogeneous disease with multiple clinical phenotypes and that inflammation contributes significantly to cartilage and bone alterations during OA. However, conventional anti-inflammatory therapies have been disappointing so far for the treatment of OA. Thus the identification of a molecule that would not only control inflammation but also promote MSC migration and regeneration would be of high interest to treat most if not all degenerative diseases characterized by two main features that are inflammation and tissue degradation. Here, we demonstrate that the high migration potential of MRL MSC, in vitro, and the regenerative potential of MRL MSC in ear punched BL6 mice depends on MANF. Thus in addition to their anti-inflammatory effects described in the context of damaged retina, here, we provide the first evidence that MANF can control the migration and the regenerative properties of MSC. This is in line with the study performed in stroke cortex and that describes the neuroregenerative activity of MANF through its capacity to favor differentiation and migration of neural progenitor cells (Tseng et al., 2018). Overexpressed MANF induced STAT3 activation during subventricular zone cell migration (Tseng et al., 2018). In MSC, STAT3 silencing inhibited their migration and invasion ability while IL22 also promoted MSC migration and invasion through STAT3 signaling (Cui et al., 2019).

We also described the pro-regenerative role or MANF in the ear punch model. Indeed, while MRL MSC induced a regenerative process, MRL MSC deficient for MANF did not. The tissue repair potential of MANF was proposed to function through a synergistic activity as a suppressor of inflammation and apoptosis (Sousa-Victor et al., 2018). This model is in agreement with our recent findings showing the anti-apoptotic effect of MANF on human primary chondrocytes treated with camptothecin (data not shown).

Finally, we showed that MANF highly produced by MRL MSC contributes to their capacity to tend to reduce the OA score. However, although we observed a significant exacerbation of the OA score in mice treated with MRL MSC deficient for MANF as compared to naïve MRL MSC, we did not show an enhanced therapeutic effect of MRL MSC compared to BL6 MSC in CIOA mice. This result underlines that other factors than MANF are involved in the anti-osteoarthritic properties of MSC. Regarding the in vivo beneficial effect of MSC, it is still not clear whether it could be due to the immunoregulatory properties of MSC or to tissue-protective and pro-regenerative properties. Further studies should be performed to define the mechanisms underlying the anti-osteoarthritic properties of MSC.



CONCLUSION

Our findings demonstrate that the enhanced regenerative potential of MRL MSC as well as their capacity to tend to reduce OA is attributed, in part, to their capacity to release high amount of MANF.
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Collagen is essential for cartilage adhesion and formation. In the present study, histology, immunofluorescence, morphometry, and qRT-PCR suggested that adipose-derived stem cells (ADSCs) stimulated by type V collagen (Col V) induce a significant increase of type II collagen (Col II) in the degenerative area of surgical-induced osteoarthritic rabbit articular cartilage (OA). In vitro, the effects of Col V on the proliferation and differentiation of ADSC were investigated. The expression of the cartilage-related genes Col2a1 and Acan was significantly upregulated and Pou5fl was downregulated post-ADSC/Col V treatment. Post-ADSC/Col V treatment, in vivo analyses revealed that rabbits showed typical signs of osteoarthritic articular cartilage regeneration by hematoxylin and eosin (H&E) and Safranin O/Fast Green staining. Immunohistochemical staining demonstrated that the volume of Col II fibers and the expression of Col II protein were significantly increased, and apoptosis Fas ligand positive significantly decreased post-ADSC/Col V treatment. In conclusion, the expression of Col II was higher in rabbits with surgical-induced osteoarthritic articular cartilage; hence, ADSC/Col V may be a promising therapeutic target for OA treatment.

Keywords: adipose-derived stem cells, collagen V, osteoarthritis, experimental model, cartilage treatment, therapy, hyaline cartilage


INTRODUCTION

In humans, osteoarthritis (OA), which involves the degradation of joint cartilage and underlying bone, makes the collagen matrix disorganize and decreases the proteoglycan content within the cartilage (Sanchez-Adams et al., 2014). Without the protective effects of the proteoglycans, the collagen fibers of the cartilage can become susceptible to degradation and, thus, exacerbate the degeneration (MaroudasI, 1976). Inflammation of the synovium and the surrounding joint capsule can also occur. The articular changes cause pain, joint stiffness, and limited joint motion (Gu et al., 2017), strongly impacting the patient’s quality of life and the health system (Pasalini and Fuller, 2018).

Recent studies suggested that the irreparable injury of the cartilage is a major challenge in the treatment of human osteoarthritis and tissue engineering is considered to be an innovative and promising therapy for the patients (Wang et al., 2020; Kader et al., 2021; Tan et al., 2021; Xia et al., 2021). Among various cell therapies, adipose-derived stem cell (ADSC) therapy appears to hold promise (Bistolfi et al., 2021). ADSCs can differentiate into different mesenchymal cell types, including bone, cartilage, and adipose cells. Moreover, ADSCs are immune privileged due to their low immunogenicity. They can enhance the extracellular matrix microenvironment of the articulations by immune modulation of the inflammation and secreting cell growth factors, thus improving tissue repair and cartilage regeneration (Mazor et al., 2014; Wang et al., 2020). Nevertheless, the underlying mechanism is not fully understood.

Chondrocytes are specialized cells that compose the cartilage, synthesizing the collagenous extracellular matrix, an abundant ground substance that is rich in hyaluronic acid. They can be divided according to collagen types into (a) chondrocyte precursor cells (type I collagen), (b) differentiated hyaline chondrocytes (type II, IX, XI, and VI collagen), (c) hypertrophic chondrocytes (type X collagen), and (d) chondrocytes that modulate the synthesis of type I, III, and V collagen. Type II collagen (Col II) constrains the proteoglycans and the extracellular matrix responds to tensile and compressive forces that are experienced by the cartilage, with growth and remodeling of the extracellular matrix.

Type V collagen (Col V) promotes the adhesion and proliferation of chondrocytes and osteogenic cells, thus regulating cartilage adhesion. Col Va1 mutations were detected in patients with osteoarthritis with mild chondrodysplasia (Yang et al., 2018). An interesting study suggested that targeting Col Va2 promoted chondrocyte cell survival and extracellular matrix formation in steroid-induced necrosis of the femoral head (Yang et al., 2018). In addition, Col V is upregulated during adipogenesis and can stimulate adipocyte differentiation in vitro (Nakajima et al., 2002a,b). However, the stimulatory effect of Col V over ADSC proliferation and their ability to synthesize Col II in order to improve articular cartilage regeneration are unknown. Therefore, the present study evaluated the expression profiles of Col II in rabbits with surgical-induced osteoarthritic articular cartilage treated with adipose-derived stem cells (ADSCs) stimulated by Col V.



MATERIALS AND METHODS


Animals and Ethics Statement

The animal care and experimental protocols used in this study complied with the ethical principles on animal experimentation, adopted by the Brazilian College of Animal Experimentation (COBEA) of animals used for scientific purpose, and were approved by the ethics committee in the use of animals from the Medical School of the University of São Paulo (Protocol No. 123/14). Twenty-four 15-week-old male New Zealand White rabbits with a mean weight ranging from 2.1 to 2.5 kg were used. The animals were individually housed in specific cages for rabbits, with environmental and food enrichment and under controlled conditions of temperature (room temperature of 22 ± 2°C) and artificial 12-h light–dark cycles. The animals were fed ad libitum with stander feed and water.



Adipose-Derived Stem Cell Culture and Cell Differentiation

Sixteen rabbits were submitted to lipectomy by a longitudinal incision in the interscapular region to isolate the adipose tissue. To isolate ADSCs, adipose tissue from each animal was digested using Liberase (2.5 mg/ml) (Roche Diagnostics GmbH, Penzberg, Germany) for 40 min at 37°C and further centrifuged twice at 2,000 rpm for 5 min at 4°C. The precipitate was transferred to 25 cm2 culture flasks containing Dulbecco’s modified Eagle’s medium (DMEM; Gibco Life Technologies; Invitrogen, Paisley, United Kingdom) supplemented with 10% fetal bovine serum (GibcoTM) and 1% penicillin/streptomycin (Sigma Chemical Co., St. Louis, MO, United States). The culture was maintained at 37°C in an atmosphere of 5% CO2 until confluence. All experimental assays were realized in the third culture passage (Figure 1). The capacity to differentiate toward adipogenic, osteogenic, and chondrogenic lineages was tested using the differentiation kits StemPro®, (Gibco®, Life TechnologiesTM) according to the manufacturer’s recommendations. Cells were stained with Oil Red-O 0.5% (Sigma Chemical Co., St. Louis, MO, United States) in isopropanol 100%, Alcian Blue 1% in HCl 0.1 N, and Alizarin Red (Sigma Chemical Co., St. Louis, MO, United States) to evaluate adipogenic, chondrogenic, and osteogenic differentiation, respectively. Cell lineages were observed under a phase-contrast microscope (Nikon Eclipse TS100, Japan).
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FIGURE 1. Schematic protocol of cell culture, OA induction, and treatment with Col V-stimulated ADSCs and ADSCs (Col V-unstimulated ADSCs). ADSCs, adipose stem cells; Col V, collagen V.




Evaluation of Col II After Col V Stimulating ADSCs

Col V from human placenta (Sigma Chemical Co., St. Louis, MO, United States) was used to stimulate ADSCs. The ideal stimulus concentration of 50 μg/ml of Col V per 72 h was determined by a dose/response curve, using 25, 50, 100, and 200 μg/mL of Col V and control without collagen. The cell cultures were maintained for a period of 1, 2, 3, 7, 14, and 21 days. These cells were cultured over coverslips in DMEM (Gibco Life Technologies, Invitrogen, Paisley, United Kingdom) supplemented with 10% fetal bovine serum (GibcoTM) and 1% penicillin/streptomycin (Sigma Chemical Co., St. Louis, MO, United States) and were maintained at 37°C in an atmosphere of 5% CO2. The expression of Col II, a chondrogenic marker, was the criterion to determinate the ideal concentration and time of ADSC differentiation with Col V stimulus, evaluated by histomorphometry. To evaluate the potential of Col V-stimulated ADSCs, 2.5 × 105 cells in the third culture passage were treated with Col V (50 μg/ml) per 72 h in 25 cm2 culture flasks with DMEM supplemented, in the same above conditions. After this period, cells were harvested with trypsin (Santa Cruz Biotechnology, Inc.), washed with DMEM, centrifuged at 2,000 rpm for 5 min in a conical tube (Falcon), and fixed successively in 4% paraformaldehyde and 70% alcohol. After 1 week, to evaluate Col II expression by immunofluorescence, the pellet was embedded in paraffin and 5 μm sections adhered to the slides, previously treated with 3-dimethylamino silane, dewaxed in xylene, and rehydrated with alcohol in decreasing concentrations, running and distilled water, and PBS. After blocking with 5% BSA, the sections were digested with pepsin (Sigma Chemical Co., St. Louis, MO, United States) 4 mg/ml in 0.5 N acetic acid for 30 min at 37°C. They were then washed in PBS and incubated with mouse polyclonal antibody anti-Col II (1:50, Abcam Inc., Burlingame, CA) overnight at 4°C. Afterward, the specimens were washed in PBS–Tween20 and incubated with goat anti-mouse IgG antibody-Alexa Fluor 488 (1:200) with DAPI (1:200), a nuclear dye. The reaction was visualized utilizing confocal microscopy (ZEISS LSM 510 Meta/UV) and quantified by image analysis software (see below).



Col2a1, Acan, and Pou5f1 Gene Expression

The ADSCs were seeded in 75 cm2 culture flasks and divided into three groups: stimulated with Col V (50 μg/ml) for 72 h; TGF-β1 (10 ng/ml) for 72 h, a growth factor widely used to induce cellular differentiation; and without stimulus. Total RNA was extracted by the method of Chomczynski and Sacchi (1987) using the TRIzol reagent and RNA samples were treated with the kit RQ1 RNase-Free DNase (Promega®, Thermo Fisher Scientific, Rockford, IL), according to the manufacturer’s instructions. RT-PCR reactions were performed with the primers drawn to Col2a1 (α1 chain Col II), Acan (aggrecan), and Pou5f1 (POU domain, class 5, transcription factor 1, protein transcription factor involved in the process of self-renewal and maintenance of stem cells) (Table 1).


TABLE 1. Oligonucleotide sequence.
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Gene expression was evaluated using the Real-Time PCR System (Applied Biosystems, Foster City, CA, United States) with the kit SuperScript III Platinum SYBR®, Green One-Step qRT-PCR (Life Technologies). The cycling conditions for the genes were as follows: 50°C for 10 min (for cDNA synthesis) followed by 35 cycles of 95°C for 15 s, 60°C for Gapdh and Col2a1, 59°C for Acan, and 57°C for the Pou5f1 gene for 30 s and 72°C for 30 s. The analysis was performed by the 2–Δ Δ CT method using Gapdh gene as an internal control.



Col V-Stimulated ADSC Culture to Therapeutic Assays

After Col V stimuli evaluation, ADSCs in the third culture passage were cultivated with Col V (50 μg/ml) per 72 h in 75 cm2 culture flasks with DMEM (Gibco Life Technologies, Invitrogen, Paisley, United Kingdom), supplemented with 10% fetal bovine serum (GibcoTM) and 1% penicillin/streptomycin (Sigma Chemical Co., St. Louis, MO, United States), at 37°C in an atmosphere of 5% CO2. The Col V-stimulated ADSCs were cryopreserved in DMEM supplemented with 10% fetal bovine serum and 10% dimethyl sulfoxide (DMSO; Sigma Chemical Co., St. Louis, MO, United States) at −80°C. To therapeutic protocol, the ADSCs viability was evaluated with Trypan blue staining in Neubauer camera and 1 × 106 cells were diluted in 0.3 mL of the Physiological solution.



Induction of Osteoarthritis in Rabbits

Animals (n = 24) were anesthetized intramuscularly with xylazine (5 mg/kg) and ketamine (50 mg/kg). The procedures were performed under aseptic conditions. The induction of experimental OA was performed through a lateral parapatellar incision in the right knee followed by the removal of an anterior fourth of the lateral meniscus, preserving the ligaments, according to Moskowitz et al. (1973), with modifications. For the suture, a 4.0 mononylon wire was used at single-spaced points. All animals were given antibiotic (enrofloxacin 5 mg/kg, once daily) for 3 days and an anti-inflammatory (ketoprofen 10 mg/kg, 12/12 h), subcutaneously.



Therapeutic Protocol and Experimental Groups

Following the procedure of OA induction and antisepsis of the right knee with iodized alcohol, the OA/ADSC (n = 8) and OA/ADSC/Col V (n = 8) groups were, respectively, treated with autologous intra-articular injections of 0.3 ml of 1 × 106 ADSCs and 0.3 ml of 1 × 106 ADSCs/Col V, which were previously cultured with Col V (50 μg/ml for 72 h). After the cell administration, stretching and flexion movements were made in the knee joint in order to disperse the suspension in the intra-articular space. This treatment was performed monthly for a period of 22 weeks (Figure 1). The OA (n = 8) group received no treatment.



Histological Analysis

The right (operated) and the left (contralateral unoperated) knee joints of all animals were collected and fixed in 10% buffered formalin about 24 h followed by decalcification with 7% aqueous nitric acid. Then, histological procedures were made for morphological analysis and histological sections (4–5 μm thickness) were stained with H&E and Safranin O/Fast Green.


Semiquantitative Evaluation of Joint Injury

The following graduation, modified from the OARSI joint injury grade (Pritzker et al., 2006; Pearson et al., 2011; Waldstein et al., 2016), was applied to score the joint injury: grade 0 = when the cartilage surface is smooth; the matrix and chondrocytes are organized into superficial, mid, and deep zones; and the cartilage morphology is intact; grade 1 = when the surface is intact, but with irregularity of superficial fibrillation cluster proliferation and the mid and deep zones are unaffected; grade 2 = when the surface is discontinuous with deep fibrillation, accompanied by cell proliferation and disparity in matrix staining or cell death; grade 3 = when vertical fissures extended vertically until the mid-zone accompanied by cell death and cluster proliferation; grade 4 = when the cartilage is corroded with loss of the cartilaginous matrix, cyst formation within the cartilage matrix, and cluster proliferation; grade 5 = when the matrix is exposed and hyaline cartilage is unmineralized and completely eroded; the bone plate with microfracture and reparative fibrocartilage occupying gaps in the surface; and grade 6 = when the matrix is deformed, with microfracture, fibrocartilaginous, and osseous repair extending above the previous surface. The resulting changes in the contour of the articular surface are illustrated in Supplementary Figure 1.



Immunohistochemical Analysis

The characterization of chondrocyte apoptosis and Col II expression was assessed, respectively, by immunoperoxidase (IP) and immunofluorescence (IF). Tissue sections (4 mm thick) were cut from formalin-fixed, paraffin-embedded blocks containing representative cells and tissue and processed for immunohistochemistry (IHC).


Immunoperoxidase

The chondrocyte apoptosis in the articular cartilage was evaluated by immunohistochemistry for Fas ligand using the mouse anti-FasL monoclonal antibody (1:20, Neomarkers, Fremont, CA) and the Novolink development kit (Leica Biosystems, New Castle Ltd., United Kingdom), according to the manufacturer’s specifications.



Immunofluorescence

The cartilage sections on slides were deparaffinized in xylene-alcohol and rehydrated in running water, distilled water, and phosphate buffered saline. Firstly, enzymatic digestion with chondroitinase ABC 2UN (Sigma Chemical Co., St. Louis, MO, United States) in buffer containing 50 mM Tris, pH = 8.0, sodium acetate 60 mM, and 0.02% BSA at 37°C for 3 h was performed for exposure and recovery of antigenic sites. Subsequently, antigenic recovery was done with 8 mg/ml porcine pepsin (Sigma Chemical Co., St. Louis, MO, United States, 10,000 UTI/ml) diluted in acetic acid 5 N for 30 min at 37°C. For blocking non-specific sites, the sections were incubated with 5% BSA in PBS for 30 min. Polyclonal mouse anti-Col II antibody (1:20; Abcam, Burlingame, CA, United States) was incubated overnight at 4°C. After a PBS 0.05%–Tween20 washing cycle, goat anti-mouse IgG antibody (Alexa Fluor 488, Invitrogen, Life Technologies) diluted (1:150) in PBS and 0.006% Evans blue was incubated at room temperature for 60 min. After the sections were washed and mounted in glycerin-PBS (v/v), they were analyzed using an Olympus BX51 fluorescence microscope (Olympus Corp., Tokyo, Japan).



Morphometric Analysis

The quantification of histologic, immunoperoxidase, and immunofluorescence parameters was done by digital imaging through the Image-Pro Plus 6.0 software. Briefly, the image analysis system consisted of an Olympus camera (Olympus Corporation, St Laurent, Quebec, Canada) coupled to an Olympus microscope (Olympus BX51), from which the images were sent to an LG monitor by means of a digitizing system (Oculus TCX, Coreco Inc., St Laurent, Quebec, Canada) and downloaded to a computer (Pentium 1330 MHz). Ten images from the culture were processed with the software (Image-Pro Plus 6.0).

The histologic sections of femoral condyles and tibial plates stained with H&E were scanned at ×200 magnification to evaluate cartilage thickness. Five vertical lines were drawn from the cartilage surface to the tidemark, starting from a central point of the tissue and 250 and 500 mm to the right and to the left. The cartilage thickness was calculated in μm2 from the arithmetic mean of the drawn lines. The density of the chondrocyte per cartilage area was evaluated by the stereological point-counting method developed by Gundersen et al. (1988) with modifications. Using the measurement tools of the Image-Pro Plus 6.0 software, a reticulum with 100 points orthogonally distributed over the acquired image was constructed. The cells coincident with the points in the reticulum were counted and the result was given as percentage of chondrocyte cells per mm2.

The proteoglycan levels in the cartilage were evaluated based on the quantification of the Safranin O/Fast Green staining intensity using the Image-Pro Plus 6.0 software (Pastoureau et al., 2010). Ten images in ×400 magnification were acquired and the staining intensity was measured by the software. The mean of the area stained in blue was divided by the mean of the total area analyzed, and the result expressed as percentage per mm2.

The Col II immunofluorescence in cultures and tissue was analyzed through images acquired at ×400. The area of each field analyzed was measured in μm2 and the mean of the immunostaining area corresponding to Col II was divided by the mean of the total area analyzed and the final result was expressed as percentage of fibers/mm3.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 4.0 software (GraphPad Prism, Inc., San Diego, CA, United States). One-way analysis of variance (ANOVA) with Newman–Keuls post-test for comparison between groups or Kruskal–Wallis test followed by multiple Dunn’s test for non-parametric data was used. Results are expressed as mean ± standard errors of the mean (SEM); a P < 0.05 was considered statistically significant.



RESULTS


ADSC Differentiation

ADSCs grown in specific differentiation media were able to differentiate into adipogenic, chondrogenic, and osteogenic lineages, characterized, respectively, by the presence of cytoplasmic lipid droplets (Oil Red), synthesis of proteoglycans by the presence of a proteoglycan-rich matrix (Alcian Blue), and aggregates of calcium salts with calcium deposits (Alizarin Red) (Figures 2A–D).
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FIGURE 2. ADSCs grown in specific medio and differentiation into adipogenic, chondrogenic and osteogenic lineages. Adipogenic lineage presents cytoplasmic lipid droplets red stained with Oil Red (B), chondrogenic lineage shows matrix proteoglycans production identified by Alcian Blue staining (blue) (C) and osteogenic lineage exhibit calcium salts identified by Alizarin Red (D). Control ADSCs grown in DMEM (A). The proliferation of ADSCs (E–M) and expression of chondrogenic related genes and were increased post-ADSCs/Col V and TGF-β treatment. The expression of Col2a1 (N), Acan (O) and Poup5f1 (P) at the mRNA level was measured by RT-PCR after 3 and 7 days of incubation in the chondrogenic medium of ColV and TGF-β treated ADSCs. The cell viability of ADSCs was detected by CCK-8. ADSCs, adipose stem cells. The experiments were performed in triplicate. *P < 0.05; **P < 0.001; ***P < 0.0001.




Col V Enhances ADSC Proliferation and Increases the Expression of Chondrogenic Genes in vitro

The impact of Col V in ADSC proliferation was assessed (Figures 2E–L). After incubation with Col V 50 μg/ml for 3 days, the proliferation assay revealed that Col V enhanced the proliferation of ADSCs in a dose-dependent manner (Figure 2M). Moreover, the expression of chondrogenic-related genes was measured by real-time qPCR. As expected, the expression of Col2a1 and Acan genes was significantly upregulated post-Col V/ADSC incubation after chondrogenic differentiation at days 3 and 7 (both P < 0.05, Figures 2N,O), whereas Pou5f1 gene expression showed a tendency to be downregulated (P = 0.07, Figure 2P). A similar expression of Col2a1 and Acan genes was found with TGF-β1, a growth factor that stimulates ADSCs (Figures 2N–P).



The Expression of Col II Was Increased During the Process of Col V/ADSC Treatment in vitro and in vivo

Figures 3A–G show the immunofluorescence of Col II in vitro and in vivo post-ADSC treatment stimulated with Col V for 3 days (50 μg/ml). A strong and diffuse green birefringence of Col II was observed in the pellets of ADSCs/Col V (Figure 3B), contrasting with the weak and focal birefringence in ADSCs (Figure 3A). These features coincide with the significant increase of Col II expression in ADSCs/Col V when compared with ADSCs (P < 0.01) (Figure 3C). A similar strong and diffuse green birefringence of Col II was observed in osteoarthritic rabbit articular cartilage post-ADSCs stimulated with Col V intra-articular injection (Figure 3F). Of note is the progressive increase of Col II expression from osteoarthritis (Figure 3D) and OA/ADSCs (Figure 3E) to osteoarthritis being maximum and significant in OA/ADSCs/Col V (P < 0.05).
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FIGURE 3. Representative images of the strong green birefringence by immunofluorescence of Col II after 3 days with Col V (50 mg/ml) during the process of Col V/ADSC treatment in vitro (A,B) and in vivo (C–F). The (G) shows the representative graphics of the amount of Col II expression in vitro and in vivo evaluated by Image-Pro Plus 6.1 software. *P < 0.05.




Post-ADSC/Col V Treatment Avoids the Progression of Osteoarthritic Rabbit Articular Cartilage

Figure 4A shows the gross characteristics of the femoral condyle from the OA group including thinning of the cartilage and having a pearly white color and several stretch marks of chondral erosions in the cartilage. The lesions were less severe in the OA/ADSC group presenting cartilage with superficial erosions and focal stretch marks of chondral erosions (Figure 4B). These gross characteristics contrast with the bright white color and regular surface of the femoral chondral cartilage in the joints of OA/ADSC/Col V animals (Figure 4C), similar to control (Figure 4D).
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FIGURE 4. The morphogenic changes showed typical signs of osteoarthritic rabbit articular cartilage regeneration post-ADSCs/Col V. (A–D) Coronal section of representative femoral heads. The circle indicates the femoral condyle cartilage degeneration. Hematoxylin and eosin (E–H) and Safranin O/Fast Green (I–L) staining. Chondrocytes apoptosis Fas ligand+(arrows) (M–P). Morphometric analysis showing cartilage parameters of the upper outer subchondral bone of the femoral heads (Q), chondrocytes (R), proteoglycans (S), and apoptosis (T). *P < 0.05.


Histologically, the OA group coincided with severe stretch marks and thinning cartilage, osteophyte formation, subchondral sclerosis, cellular disorganization of chondrocytes and reduction of bone trabeculae, beyond complete tidemark discontinuity (Figure 4E), and weak Safranin O/Fast Green staining intensity of the extracellular matrix indicating reduction of glycosaminoglycans (Figure 4I). The OA/ADSC joints show less severe osteoarthritic histologic changes compared with those of the OA group with superficial fibrillations, moderate cellular disorganization, maintenance of the tidemark, and subchondral bone with less sclerotic aspect (Figure 4F). In this group, Safranin O/Fast Green staining intensity was moderate, indicating minor loss of proteoglycan content (Figure 4J). In contrast, the OA/ADSC/Col V group showed only stretch marks of the cartilaginous surface with recovery of cartilage thickness (Figure 4G), minor cellular disorganization, continuous tidemark, subchondral bone without sclerotic aspect (Figure 4G), and maintenance of proteoglycan content compared with the OA and OA/ADSCs (Figures 4I–K), similar to control cartilage (Figures 4H,L). Supplementary Figure 1 shows the injury grades in OA, OA/ADSCs, and OA/ADSCs/Col V. The OA/ADSCs/Col V presented a significant cartilage regeneration in relation to OA (Figure 5; P = 0.019).
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FIGURE 5. OARSI score grading for histologic alteration in OA, OA/ADSCs, and OA/ADSCs/Col V. *P < 0.05.


These histological changes in the rabbits’ joints from the OA/ADSC/Col V group, which had been injected with ADSCs/Col V, coincide with the significant increase of cartilage thickness (P < 0.05; Figure 4Q), chondrocyte density (P < 0.05; Figure 4R), proteoglycans repair (P < 0.05; Figure 4S), and apoptosis reduction (P < 0.05; Figures 4M–P,T). Regarding the OA/ADSC group, intra-articular injection of ADSCs was also able to significantly increase chondrocyte density and cartilage thickness, and there was reduction of apoptosis than the amount observed in rabbits from the OA group but much less than that from the ADSC/Col V group.



DISCUSSION

Under the conditions of the present study, we found plenty of associated effects in rabbit OA. They included the following: (1) Col V enhances rabbit ADSC proliferation and differentiation and increases in vitro Col II expression in ADSCs; (2) in the in vitro expression of cartilage-related genes, Col2a1 and Acan were significantly upregulated and Pou5fl was downregulated post-ADSC/Col V treatment; and (3) in vivo, the injury grades post-ADSC/Col V treatment showed typical signs of osteoarthritic articular cartilage regeneration, including decreased cartilage thickness, increased number of chondrocytes, decreased proteoglycan loss, decreased number of apoptotic chondrocytes, and increased expression of Col II protein. The current study showed that ADSCs stimulated by Col V (ADSCs/Col V) induced a significant regeneration of cartilage, indicating that ADSCs/Col V may be a therapeutic target for the treatment of osteoarthritis.

The experiments in the present study were performed in a surgical-induced osteoarthritic rabbit articular cartilage, established by Moskowitz et al. (1973) and modified by Velosa et al. (2007), which reproduces progressively the morphological changes found in human OA. The established period of 22 weeks was described equivalent to an advanced time of disease, with macroscopic lesions of the cartilage and histology features, characterized by cell disorganization, presence of cell clones, fibrillations, and fissures, in addition to loss of collagen and proteoglycans (Velosa et al., 2007).

Regarding the concentration of Col V used to stimulate ADSCs, the treatment time, the number of cells administered, and the route of administration, we employed a therapeutic protocol based on a monthly intra-articular administration of ADSCs 106/Col V 50 μg/ml, which is the ideal stimulus concentration based on cell culture proliferation and expression of Col II, a chondrogenic marker, during a 22-week period (Velosa et al., 2007). Intra-articular administration was chosen considering that the cells will be applied in a joint in a closed environment. Moreover, it simulates clinical practice. In addition, we decided not to perform the treatment with a shorter interval, considering that some studies detected mesenchymal stem cells (MSCs) up to 1 month after intra-articular injection (Satué et al., 2019).

The balance between the synthesis and degradation of matrix proteins in the extracellular matrix (ECM) is crucial for the dynamic stability of tissues (Humphrey et al., 2014). The interaction of chondrocytes with the cartilage ECM plays an important role for chondrocyte anchorage, proliferation, differentiation, and function (He et al., 2014). In cell culture, chondrocytes have the ability to synthesize a large variety of matrix proteins, including collagen types I, II, III, IV, and V and fibronectin (Aigner et al., 1993). Col V is synthesized and deposited in the ECM, where it cross-linked with Col I and III, to form the collagenous matrix skeleton (Mak et al., 2016). By histological and proteomic analyses, Hong et al. (2010) reported that Col V in the ECM improved cell distribution and actin fiber frame promoting adhesion in the initial stage of chondroblast differentiation. The growth and remodeling of the cartilage matrix may revert morphologic injury. Moreover, the present study showed that the gene and protein profile of Col II was significantly higher in OA rabbits, and its upregulation was confirmed both in vitro and in vivo. These findings suggest that the balance between Col V and Col II expression may revert to the pathogenesis of OA.

Chondrocytes are the only cell type composing the articular cartilage and encompass only 2–5% of its compartment, the remaining being occupied by a hydrous ECM of collagens (mostly Col II) and proteoglycans. The main function of chondrocytes is to preserve the integrity of the cartilage by reverting injury to the matrix. Nevertheless, in OA, the biomechanical and biochemical microenvironment of the cartilage is altered, as well as in the performance of chondrocytes. These collateral changes are considered in part due to repression of chondroblast differentiation from MSCs and apoptosis of chondrocytes (Hwang and Kim, 2015). At early stages, OA is mainly characterized by the apoptosis of chondrocytes, then the reparative reaction of the cartilage is initiated. The imbalance between metalloprotease-mediated cartilage resorption and chondroblast-mediated cartilage restoration led to distorted histoarchitecture and progressive breakdown of joints. As the cartilage is the main affected component in OA, molecular studies of OA have focused on the mechanism of damage to the articular cartilage (Bertrand et al., 2010). Cartilage degeneration in OA is a progressive process complemented with the gradual loss of Col II and a gradual decrease in mRNA expression of Acan and Col2a1 (Buckwalter et al., 2004; Brew et al., 2010). As expected, we found that the gene expression of the chondrocyte markers Acan and Col2a1 was increased after ADSC/Col V treatment. In contrast, we found decreased expression of Pou5f1 gene post-ADSC/Col V treatment. Previous studies have reported that Pou5f1 works in maintaining the cancer stem cell fate of osteosarcoma (Siclari and Qin, 2010). Guo et al. (2017) demonstrated that Pou5f1 gene expression was downregulated by miR-335, and suggested that it could repress Pou5f1 expression by post-translational regulation. They also found that cells expressing miR-335 possessed decreased stem cell-like properties. Although Pou5f1 has not been reported in OA pathology, we infer that Pou2f1 might also be a candidate gene connected with OA pathology and ADSC/Col V treatment.

The mechanism of action of Col V in the stimulation of ADSCs to synthesize Col II is unknown. However, based on our results, we infer that the biochemistry characteristics and biologic functions of Col V may induce cell proliferation and differentiation of ADSCs to produce collagen as previously reported (Ruggiero et al., 1994; Mak et al., 2016). Collagen type V works as crucial components for preserving the structural integrity of the cartilage skeleton, promoting adhesion and proliferation of several cell types including fibroblasts and chondrocytes (Fichard et al., 1995; Breuls et al., 2009; Wu et al., 2009). These properties of cell adhesion, migration, and proliferation are primarily due to tripeptide sequence consisting of arginine, glycine, and aspartic acid (RGD) sequences present in greater quantity in the α2(V) chain that bind primarily to the membrane integrins and could stimulate ADSC proliferation and differentiation (Ruggiero et al., 1994, 1996). Col V adhesion may also occur through a 30-kDa α1(V) chain fragment containing a pool of basic amino acid residues with affinity to heparin and heparin sulfate, which could enhance its interaction with anionic heparin molecules. In this way, Col V also interacts with a number of molecules in the extracellular matrix such as proteoglycans (PG), heparin sulfate, and other triggering cellular stimulus signals (Ricard-Blum et al., 2006; Symoens et al., 2011). Col V specifically decreases endothelial cell proliferation promoting cell detachment by the disassembly of F-actin filaments, and cells started to proliferate when recultured on Col I (Mak et al., 2016). Moreover, heterozygous mutation in Col Va2 gene could lead to connective tissue hyperelasticity and joint instability (Johnston et al., 2017). In the current study, we verified that ADSCs stimulated by Col V increased Col II synthesis, the main collagenous protein of the hyaline cartilage matrix, and decreased apoptotic chondrocytes. Based on the study from Nakajima et al. (2002a,b), who demonstrated that Col V was upregulated during adipogenesis and that it can stimulate adipocyte differentiation in vitro, we inferred that ADSCs stimulated by Col V enhance the expression of Col II, increasing the density of cartilage tissue. Another hypothetical translational significance of this finding is that Col II deficiency may participate in the articular deterioration progress of OA. However, how ADSCs stimulated by Col V enhancement of the expression of Col II could promote the healing process of cartilage tissue in OA needs further studies using transgenic Col V ADSCs to unveil the potential role of Col V in OA.

In the present study, we also used TGF-β1, another established growth factor for in vitro ADSC chondrogenic differentiation (Yarak and Okamoto, 2010) and Col II synthesis (Indrawattana et al., 2004; Shirasawa et al., 2006; Kraus, 2011; Das et al., 2015; Kwon et al., 2016), to evaluate and compare the expression of Col2a1 and Acan genes in ADSC stimulated by Col V. Of note, we demonstrated similar Col2a1 and Acan gene expression in ADSCs stimulated with Col V and ADSCs stimulated with TGF-β1 in relation to the control culture. The similar fold change of the expression of these genes between the two stimuli suggests once again that Col V could act as a modulator of the collagen chondrogenic. In fact, recent studies showed that ADSCs stimulated with TGF-β3 and BMP-6 had increased chondrogenic gene expressions and the model of osteoarthritic knees treated with these cells had improvement of cartilage scores (Ude et al., 2018). In addition to the application of MSCs in animal models, clinical trials and meta-analytic studies have shown cartilage improvement, reduction in pain, and improvement in joint function in patients with OA after autologous MSC injections (Centeno et al., 2008; Koh et al., 2013; Robinson et al., 2018; Huang et al., 2020). Additionally, other authors have shown that a single intra-articular injection of integrin α10β1 derived from allogeneic adipose tissue was effective in treating OA in horses, showing decreased articular cartilage fibrillation (Delco et al., 2020). Since the intra-articular cavity is closed, the loss of a few stem cells is expected. Previous studies have shown that MSCs are present up to 1 month after intra-articular injection (Satué et al., 2019), and these were being done in clinical trials (Jo et al., 2014). If stem cells are still present even after 1 month of injection, this reflects a few stem cell loss. In addition, compared with intravenous injection (Eggenhofer et al., 2012), stem cells injected in the intra-articular cavity can stay longer.



CONCLUSION

In conclusion, by applying immunofluorescence, morphometry, and qRT-PCR analysis, this study demonstrated that post-ADSC stimulation by Col V treatment increased the repair process in an osteoarthritic rabbit articular cartilage model. These findings suggested that surgical-induced OA treated with ADSCs stimulated by Col V may prevent the progression of cartilage injury; nevertheless, more studies are needed in order to unveil the immunological role of ADSCs stimulated by Col V in the pathogenesis of OA.
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It remains scientifically challenging to regenerate injured cartilage in orthopedics. Recently, an endogenous cell recruitment strategy based on a combination of acellular scaffolds and chemoattractants to specifically and effectively recruit host cells and promote chondrogenic differentiation has brought new hope for in situ articular cartilage regeneration. In this study, a transforming growth factor-β3 (TGF-β3)-loaded biomimetic natural scaffold based on demineralized cancellous bone (DCB) and acellular cartilage extracellular matrix (ECM) was developed and found to improve chondral repair by enhancing cell migration and chondrogenesis. The DCB/ECM scaffold has porous microstructures (pore size: 67.76 ± 8.95 μm; porosity: 71.04 ± 1.62%), allowing the prolonged release of TGF-β3 (up to 50% after 42 days in vitro) and infrapatellar fat pad adipose-derived stem cells (IPFSCs) that maintain high cell viability (>96%) and favorable cell distribution and phenotype after seeding onto the DCB/ECM scaffold. The DCB/ECM scaffold itself can also provide a sustained release system to effectively promote IPFSC migration (nearly twofold in vitro). Moreover, TGF-β3 loaded on scaffolds showed enhanced chondrogenic differentiation (such as collagen II, ACAN, and SOX9) of IPFSCs after 3 weeks of culture. After implanting the composite scaffold into the knee joints of rabbits, enhanced chondrogenic differentiation was discovered at 1, 2, and 4 weeks post-surgery, and improved repair of cartilage defects in terms of biochemical, biomechanical, radiological, and histological results was identified at 3 and 6 months post-implantation. To conclude, our study demonstrates that the growth factor (GF)-loaded scaffold can facilitate cell homing, migration, and chondrogenic differentiation and promote the reconstructive effects of in vivo cartilage formation, revealing that this staged regeneration strategy combined with endogenous cell recruitment and pro-chondrogenesis is promising for in situ articular cartilage regeneration.

Keywords: demineralized cancellous bone, extracellular matrix, transforming growth factor-β3, cell recruitment, pro-chondrogenesis, cartilage regeneration


INTRODUCTION

Articular cartilage is a connective tissue that specifically adapts to harsh biomechanical environments; however, once injured, articular cartilage presents limited self-healing potential because it is devoid of blood supply, nerves and lymphatic tissues (Sophia Fox et al., 2009; Huey et al., 2012). Articular cartilage lesions caused by trauma, severe inflammation, infection and degenerative joint diseases predispose patients to joint pain or severe osteoarthritis (Wang et al., 2020; Yan et al., 2020). Conventional surgical treatments, such as microfracture (Steadman et al., 2003), autograft (Hangody and Füles, 2003), allograft mosaicplasty (Simon and Jackson, 2018), autologous chondrocyte implantation (ACI) (Richter et al., 2016), and even arthroplasty (Qiao et al., 2020), have been commonly proposed to repair such defects but cannot generate focal hyaline cartilage (Nie et al., 2020). Moreover, undesirable complications and a second operation are not uncommon (Chen et al., 2019a; Qiao et al., 2020). Tissue engineering for cartilage research provides biomaterial-based strategies to develop therapeutics for cartilaginous tissue growth and joint function restoration.

The approach of leveraging the body’s innate regenerative potential with biomaterials and bioactive cues to direct endogenous stem/progenitor cells to injured sites to assist with tissue repair is a recent trend in regenerative medicine (Gaharwar et al., 2020). Infrapatellar fat pad adipose-derived stem cells (IPFSCs), which reside in the site near articular cartilage, have attracted increasing attention due to their easy availability, rich quantity in autologous tissue, superior chondrogenic effects, less hypertrophy risk, inflammatory modulation, anti-senescence effects, cytokine secretion, and better scaffold culturing performance (Hindle et al., 2017; Zhong et al., 2020). However, the migration of IPFSCs as well as other endogenous MSCs naturally occurs during a short time window only and does not sufficiently repair the cartilage (Barry and Murphy, 2013; Yang et al., 2020). Therefore, an ideal scaffold for cartilage regeneration should provide a structural framework to facilitate endogenous MSC migration and drive the differentiation of these cells into cartilage-specific cell types.

Recently, Hakamivala et al. (2020) reported that erythropoietin (EPO)-loaded particles could effectively support cartilage regeneration by recruiting endogenous progenitor cells. However, the chondrogenic microenvironment for migrated cells is indeed. Therefore, multipotential growth factors (GFs) may be a better choice. TGF-β is a family of pleiotropic cytokines that regulate cell migration, proliferation, and differentiation, tissue repair and inflammation and are essential for cartilage formation (Makhijani et al., 2005; Qu et al., 2019). TGF-β3 has been reported to enhance stem cell migration, and a proof of concept study also showed that TGF-β3 facilitates articular cartilage formation in vivo on 3D-printed polycaprolactone (PCL) scaffolds (Gao et al., 2010; Lee et al., 2010). In addition, as a critical regulator of chondrogenic differentiation, TGF-β3 is also a potent GF that supports the chondrogenesis of MSCs in vivo and in vitro (Yang et al., 2017; Deng et al., 2019). TGF-β3 can also effectively induce collagen and proteoglycan synthesis by regulating the metabolism of articular cartilage and multipotent proteins in a time- and dose-dependent manner (Chen et al., 2019b). However, effective incorporation and controlled delivery of GFs remains a universal challenge for the clinical application of in situ tissue engineering strategies. Existing approaches rely on systemic or bolus injection and often cause administered GFs to rapidly diffuse away from the target site, leading to unwanted side effects. Given the pleiotropic effects of TGF-β3, it is vital to develop a delivery system to ensure controlled and localized release to the target tissues.

Acellular cartilage extracellular matrix (ECM) prepared by decellularization technology, which preserves active biological factors and maintains low immunogenic cellular components, has been reported to enhance cartilage regeneration and joint function recovery (Sutherland et al., 2015; Feng et al., 2020). As a biodegradable biomaterial, the ECM has been utilized to carry MSCs or chondrocytes for cartilage repair (Min et al., 2016; Li et al., 2019). Bioactive factors, such as chemokines or GFs, can also be incorporated into the ECM, which allows for continuous and local delivery of protein with the degradation of the ECM (Yang et al., 2017). Therefore, the ECM could be an excellent vehicle for GF delivery in cartilage tissue engineering. However, considering the inadequacy of the biomechanical properties of cartilage ECM-derived scaffolds, natural composite scaffolds developed for cartilage regeneration have the potential to overcome this problem (Yang et al., 2017). Demineralized cancellous bone (DCB), a natural 3D porous collagen network with excellent biocompatibility and mechanical strength, has been used as a scaffold for tissue-engineered musculoskeletal regeneration (Zhang et al., 2015; Yuan et al., 2016). Therefore, an ECM and DCB hybrid composite scaffold might be a potential construct to meet the treatment needs of cartilage defects.

In this study, we used a lyophilization method to fabricate a TGF-β3-loaded DCB/ECM composite scaffold drug delivery system, which can integrate scaffolds and GFs for in situ cartilage tissue engineering (Figure 1). TGF-β3 exerts recruitment and chondrogenic effects simultaneously when released from scaffolds. We then tested the in vitro physicochemical properties and biocompatibility of the DCB/ECM scaffold, and in vitro recruitment and chondrogenic differentiation assays were performed. Finally, we implanted the composite scaffolds in a rabbit cartilage defect model to evaluate their therapeutic ability to promote in situ cartilage regeneration (Figure 1).
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FIGURE 1. Schematic illustration of the overall study design. DCB, demineralized cancellous bone; ECM, extracellular matrix; TGF-β3, transforming growth factor-β3.




MATERIALS AND METHODS


Preparation of Scaffolds

Extracellular matrix -coated porous DCB scaffolds were produced as previously reported (Yuan et al., 2016). DCB scaffolds were trimmed into a cylindrical shape (diameter: 3.5 mm; thickness: 1.2 mm) and were completely immersed in the ECM suspension accordingly (Table 1). After freezing and lyophilization, the DCB/ECM scaffolds were crosslinked using carbodiimide solution (14 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride [EDAC] and 5.5 mM N-hydroxysuccinimide [NHS]; Sigma) for 2 h and sterilized using ethylene oxide. Each DCB/ECM scaffold was perfused with 20 μL of 20 μg/mL TGF-β3 and incubated subsequently at 4°C for 20 min to form the DCB/ECM/TGF-β3 scaffold according to a previous study (Huang et al., 2018) (Figure 1).


TABLE 1. The compositions, pore size, and porosity of the scaffolds in this study.
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Physicochemical Characterization of Scaffolds


Scanning Electron Microscopy

The surfaces and interior microstructural morphologies of the DCB and DCB/ECM scaffolds were characterized by scanning electron microscopy (SEM) (S-4800 field emission scanning electron microscope; Hitachi, Tokyo, Japan) observation after putter coating with gold. Subsequently, the pore size and porosity of the different scaffolds were calculated by the software Nano Measure1.2 (China) and ImageJ (United States), respectively, according to the SEM images.



Protein Release Behaviors

The in vitro release of TGF-β3 was determined by adding 1.0 mL PBS buffer (pH 7.4) containing 0.5% (w/v) bovine serum albumin (BSA) to proper scaffolds in Eppendorf tubes. Tubes were incubated in a shaking water bath (37°C, 60 rpm). At determined time intervals (1, 2, 4, 7, 14, 21, 28, 35, and 42 days), the extract (1 mL) was collected for analysis and replaced by isometric fresh PBS buffer. The percentage of released TGF-β3 was measured by ELISA (R&D Systems, United States) according to the manufacturer’s instructions. The ratio of cumulative release (in percent) was calculated based on the total amount of TGF-β3 obtained from the extracts.



Mechanical Testing

For compressive strength detection, approximately 5 mm cubes of the DCB and DCB/ECM scaffolds were tested using a BOSE biomechanical testing machine (BOSE 5100, United States). All scaffolds were kept moist in PBS buffer (pH 7.4) throughout these tests. The compression moduli were defined according to the slope of the linear fit to the strain-stress curves.



Cytocompatibility, Immunogenicity and Cell Recruitment Study


Cell Viability Analysis

The viability of IPFSCs in the scaffolds was evaluated using a live/dead assay and SEM. After sterilization and washing in sterile PBS buffer, the scaffolds were seeded with 5 × 105 IPFSCs in 20 μL DMEM/F12 (10% FBS) media and allowed to adhere for 2 h, during which 50 μL media was changed every 30 min; then, more media was added and refreshed every 2 days over the next 7 days.

The microstructure of the cell-scaffold composite and the growth of IPFSCs cultured in vitro on the scaffolds were observed by SEM. Cell-scaffold composites were harvested for 7 days after seeding. Specimens were fixed in 2.5% (v/v) glutaraldehyde and buffered with PBS. After putter coating with gold, the samples were observed using S-4800 field emission SEM (Hitachi, Tokyo, Japan).

Fluorescence staining of cells was observed by using a live/dead assay kit (Invitrogen, United States) after IPFSCs were seeded and cultured. After 4 days, scaffolds were washed with sterile PBS buffer and incubated in PBS solution with 2 mM calcein-AM and 4 mM ethidium homodimer-1 for 20 min at room temperature. Scaffolds were washed again with sterile PBS buffer, and images were acquired using a Leica TCS-SP8 confocal microscope (Leica, Germany) and analyzed with ImageJ software (United States). Cell viability was calculated as follows: (live cells/total cells) × 100% (n = 3).



In vivo Immune Responses Evaluation

Scaffolds were subcutaneously embedded into the back skin of SD rats to evaluate their in vivo biocompatibility. At 1 week after implantation, rats were euthanized, and H&E staining was performed to evaluate histological changes.



In vitro IPFSC Recruitment

To determine the cell recruitment capability of the DCB/ECM/TGF-β3 scaffold on IPFSCs, a migration assay was performed according to the protocol described in the Supplementary Materials. DMEM (negative control), a DCB scaffold, a DCB/ECM scaffold and a DCB/ECM/TGF-β3 scaffold were added to the lower chamber (Figure 2A).
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FIGURE 2. Migratory capacity of the different scaffolds on stem cells in vitro and in vivo. (A) Effects of different scaffolds on the migration of IPFSCs. (a) Schematic illustrations of the Transwell assay. (b) The migratory cells were stained with crystal violet after culturing for 24 h (i: negative control group; ii: DCB group; iii: DCB/ECM group; iv: DCB/ECM/TGF-β3 group). (c) Statistical analysis of the average migratory cell number per region of interest from different groups at the 24-h time point; values are presented as the means ± SDs (n = 5). (B) Confocal images of cell migration in the different scaffold groups (n = 5). (C) Total cell number migrated to the rat cartilage injured sites (n = 4). (D) Numbers of CD73/CD105 double-positive cells migrated to the rat cartilage injured sites (n = 4).




In vivo Endogenous MSC Recruitment Study in Rats

Sixteen SD rats were randomly allocated into four groups as follows: (A) negative control group, (B) DCB group, (C) DCB/ECM group, and (D) DCB/ECM/TGF-β3 group. A 2.0-mm diameter and 1-mm depth cartilage defect was created on the femoral trochlea of both limbs until there was slight bleeding. The different scaffolds were implanted at the defect site and the tissue and skin were sutured. At 7 days after the operation, rats were sacrificed, all debris was removed, and the distal femurs were collected. The MSC recruitment study was assessed by immunofluorescence staining (CD73, CD105, and DAPI).



In vitro Chondrogenic Differentiation

Chondrogenic differentiation was performed according to a previously published study (Fan et al., 2008). Approximately 4 × 105 IPFSCs at passage 2 were centrifuged at 1500 rpm for 5 min in 15 mL Falcon tubes to form cell pellets. The pellets were maintained at 37°C with 5% CO2 in basal media for 24 h, after which they were placed in Transwell plates placed in 24-well plates. The 24-well plates contained either DCB scaffolds, DCB/ECM scaffolds, DCB/ECM/TGF-β3 scaffolds or nothing. Each well of the 24-well plates containing either the scaffold or nothing was nourished with chondrogenic induction media (CIM, Cyagen Biosciences, China). TGF-β3-free CIM consisted of basal medium supplemented with chondrogenesis supplementation (dexamethasone, ascorbate, insulin-transferrin-selenium solution, sodium pyruvate, proline). Medium was replenished every third day for 3 weeks. Chondrogenesis was qualitatively evaluated through H&E, toluidine blue, safranin O and collagen II immunofluorescence staining after 21 days (n = 4).



In vivo Chondrogenic Differentiation Assay


Animal Surgery

An in vivo chondrogenic differentiation assay using a biofunctional scaffolding system was performed in a rabbit full-thickness cartilage defect model as described in our previous study (Li et al., 2019). All in vivo animal experiments were approved by the Institutional Animal Care and Use Committee at PLA General Hospital. This study used skeletally mature New Zealand White rabbits (male, weight 2.5–3.0 kg, 6 months old), and all animals were randomly allocated into four groups (n = 4 knees per group for each time point) as follows: (1) a negative control group, (2) a DCB group, (3) a DCB/ECM group, and (4) a DCB/ECM/TGF-β3 group (Figure 3A). In brief, we used a trephine to create a critical cartilage defect (3.5-mm in diameter and 1.2-mm in depth) on the patellar trochlear groove through the chondral layers. The defects of the experimental group were then implanted with three different scaffolds and adjusted to be flat against the surface of the surrounding cartilage. The negative control group received no scaffold treatment. After implantation, the joint capsule, subcutaneous tissue, and skin were closed, followed by intramuscular penicillin injections for up to 3 days. All rabbits were treated with the same dietary conditions, and none of them were excluded from this study. At different time points post-surgery, rabbits were euthanized and harvested for evaluation.
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FIGURE 3. In vivo chondrogenic differentiation assay. (A) Scaffold implantation and experimental grouping schema. (B) Representative macroscopy of repaired tissues at 1, 2, and 4 weeks postsurgery. The red circles indicate the repaired areas. (C–F) Quantitative polymerase chain reaction (qPCR) analysis for collagen II, aggrecan (ACAN), transcription factor SOX9 and collagen I. The qPCR results were repeated three times independently. Data are means ± SDs (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, n.s. represents no significant difference).




In vivo Chondrogenic Differentiation Assay

One week, 2 and 4 weeks post-implantation, a cylindrical tissue sample (3.5-mm in diameter and 1.2-mm in depth) was harvested from the defect site for further detection (n = 4 knees per group for each time point). Chondrogenic differentiation gene expression was analyzed using quantitative reverse transcription-polymerase chain reaction (RT-qPCR) as previously reported (Sun et al., 2018). Briefly, four independent cylindrical tissue specimens were snap-frozen in liquid nitrogen and then pulverized by a mortar. Total RNA was extracted using a standard TRIzol (Invitrogen, United States) procedure and quantified by a Nucleic Acid and Protein Analyzer (Microfuge18; Beckman-Coulter), followed by cDNA synthesis using a ReverTra Ace® qPCR RT Kit (FSQ-201; TOYOBO). The specific gene primers designed for qPCR are listed in Table 2, and the experiment was performed using the StepOne TM Real-Time PCR System (Applied Biosystems). The relative gene expression was normalized to the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and presented as the fold-change relative to the negative control group using the 2ΔΔCt method.


TABLE 2. Primer sequences used for in vivo chondrogenic RT-qPCR.
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In vivo Cartilage Repair Study


Animal Surgery

In vivo cartilage repair using the biofunctional scaffolding system was assessed in the rabbit full-thickness cartilage defect model. All animal surgeries and groups were described above (Figure 3A). At 12 and 24 weeks post-surgery, all rabbits were euthanized and harvested for further detection (n = 8 knees per group for each time point).



Macroscopic Evaluation

All samples in each group of cartilage defects in the femoral condyles were observed by three independent evaluators and photographed (n = 8 knees per group for each time point). Macroscopic scoring was performed blindly by three experienced researchers specializing in musculoskeletal disease, following the ICRS scoring system guidelines.



Micro-CT Scanning

The samples were assessed using General Electric (GE) eXplorer Locus SP (GE, Boston, MA, United States) according to previous methods (Sun et al., 2018). The image data in the sagittal, frontal, and transverse planes were reconstructed and analyzed using GE Health Care MicroView ABA 2.1.2 software. A cylindrical region of interest (3.5-mm in diameter and 1.2-mm in depth) corresponding to the original defect location was selected to further assay. The BMD and BV/TV were then analyzed (n = 6 knees per group for each time point).



Biomechanical and Biochemical Assessment of Repaired Tissue

At 3 or 6 months postoperation, compressive strength detection was conducted according to the assessment of the biomechanical properties of repaired cartilage as described above (n = 3).

The neotissue total collagen content assay was performed by following the procedure described in the Supplementary Materials, and the collagen II content assay was performed by Western blot (WB). Every sample was cut into two equal parts for the above assays (n = 3 knees per group for each time point).



Histology and Immunohistochemistry

After examination by micro-CT, the samples were fixed in 4% PFA and then decalcified in 10% (w/v) EDTA (pH = 7.0) for 2 months at room temperature. Next, they were dehydrated and embedded in paraffin wax, sectioned into 6-μm slices and stained with H&E, toluidine blue, safranin O/fast green, and Sirius red according to the manufacturer’s protocols. Collagen II immunohistochemical staining was performed by immersing the sections into 0.25% pepsin (Abcam, United States) at 37°C for 20 min and blocking them in 10% goat serum for 1 h. After antigen retrieval, the slices were incubated with primary antibodies against collagen II (1:200; Developmental Studies Hybridoma Bank, United States) at 4°C overnight. After washing with PBS, they were incubated with goat anti-mouse IgG (1:200; Cat# NB7539; Novus) for 1 h. Finally, the sections were stained with Tris-HCl buffer containing 0.05% DAB and 0.005% hydrogen peroxide, and the nuclei were stained with hematoxylin. Photomicrographs were acquired using a Nikon microscope (Japan).

To evaluate the progress of subchondral bone reconstruction and cartilage repair, sections from three knees at 3 and 6 months per group (each sample represented three tissue sections) were blindly scored by three independent observers according to an established scoring system.



Statistical Analysis

All quantitative data were analyzed using SPSS version 25.0 (SPSS, Chicago, IL, United States) and expressed as the mean ± standard deviation (SD). Student’s t-test, one-way analysis of variance (one-way ANOVA) or two-way ANOVA, followed by the Bonferroni multiple comparison test, was performed for normally distributed data. A value of P < 0.05 was considered to indicate a statistically significant difference.



RESULTS


Physicochemical and Biological Characterization of Scaffolds


Scaffold Macro- and Microstructure

Macroscopic observations of DCB and DCB/ECM scaffolds are shown in Figure 4A, and the results showed that DCB scaffold had a larger interconnected porous structure than the DCB/ECM scaffold. The SEM photographs of the DCB scaffold in Figure 4A showed circular pores in the size range of 375.4 ± 38.52 μm, while the DCB/ECM scaffold exhibited smaller irregular pores in the size range of 67.76 ± 8.95 μm (****p < 0.0001, n = 5, Table 1). The porosity of the two scaffolds was also calculated as follows: 84.93 ± 2.59% for DCB scaffold and 71.04 ± 1.62% for DCB/ECM scaffold (∗p < 0.05, n = 5, Table 1).
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FIGURE 4. The physicochemical, biocompatibility, and immunogenicity properties of DCB and DCB/ECM scaffolds. (A) Macroscopic features and SEM of DCB and DCB/ECM scaffolds. (B) TGF-β3 release kinetics of the DCB/ECM/TGF-β3 scaffold. Values are presented as the means ± SDs (n = 3). (C) Compression modulus of DCB and DCB/ECM (scaffolds; values are presented as the means ± SD, n = 5). (D) SEM of DCB and DCB/ECM scaffolds on which IPFSCs were seeded for 1, 4, and 7 days. (E) Live/dead staining analysis of IPFSCs cultured in DCB and DCB/ECM scaffolds for 7 days. Representative 3D reconstruction images show live (green) cells and dead (red) cells. Values are presented as the means ± SDs (n = 3). (*p < 0.05, n.s. represents no significant difference). (F) Macroscopic observations and H&E staining of the immune responses of DCB and DCB/ECM scaffolds at 1-week postimplantation in rats.




Protein Release Files

The TGF-β3-loaded DCB/ECM scaffolds were constructed according to the protocol (Figure 1). To assess the proteins released from the scaffold, total cumulative TGF-β3 release for 42 days was detected by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s instructions. The DCB/ECM/TGF-β3 scaffolds released a cumulative rate of approximately 40% after 14 days and still increased up to 50% after 42 days (Figure 4B). These results suggest that the DCB/ECM scaffold could be a good drug release candidate with controlled and prolonged protein release kinetics for in situ tissue engineering.



Mechanical Characterization

To evaluate the biomechanical properties, a compressive strength assay was conducted to compare the DCB and DCB/ECM scaffolds. The compressive moduli of the DCB/ECM scaffold were superior (90.96 ± 37.22 kPa) to that of the DCB scaffold (11.34 ± 9.64 kPa, n = 5) (Figure 4C).



Cytocompatibility and in vivo Immune Response of the Scaffolds


IPFSCs Attachment and Viability on the Scaffolds in vitro

The attachment of IPFSCs to DCB and DCB/ECM scaffolds was evaluated using SEM (Figure 4D). The IPFSCs attached to two scaffolds and migrated well into the interconnecting pores in DCB and DCB/ECM scaffolds over 1, 4, and 7 days culture periods. The IPFSCs were better distributed between interconnecting pores in the DCB/ECM scaffold during the three culture periods. This is probably because the pore sizes and hydrophilicity in the DCB/ECM scaffold were more suitable than those in the DCB scaffold, making it easier to attach to the interconnecting pores. To conclude, the inner walls of DCB and DCB/ECM scaffolds increase the surface area and might be suitable for IPFSC adhesion.

IPFSC viability on DCB and DCB/ECM scaffolds was observed by live/dead staining after 7 days of culture. For both scaffolds, most IPFSCs were stained with fluorescent green (living cells), with limited fluorescent red (dead) cells from 3D reconstruction images (Figure 4E). Quantitative cell viability analysis (n = 3) demonstrated that the cell viability rates on both the DCB and DCB/ECM scaffolds were higher than 96% but did not show any significant differences. The above results demonstrate that DCB and DCB/ECM scaffolds had good cytocompatibility and were suitable for cells to adhere and proliferate.



Scaffolds’ Immune Response in Rats

Acute inflammatory and immune responses of DCB and DCB/ECM scaffolds were evaluated at 1 week after rat subcutaneous implantation. No obvious scar tissues formation was found around the two scaffolds in the macroscopic observations and H&E staining images (Figure 4F). We observed some neutrophil and monocyte infiltration around the DCB/ECM scaffold, but only a small amount of immune cells were observed around the DCB scaffold, suggesting that the pure DCB scaffold had lower immunogenic properties than the DCB/ECM scaffold.



In vitro Cell Recruitment and Chondrogenic Differentiation Assays


In vitro and in vivo Stem Cell Migration Assay

To determine the effect of different scaffolds on IPFSC mobility, we performed Transwell system assays in vitro. Twenty-four hours after stimulation with different scaffolds, the cell numbers were 40.25 ± 4.03 for the negative control group, 38.5 ± 8.35 for the DCB group, 64 ± 6.22 for the DCB/ECM group, and 90.75 ± 15.39 for the DCB/ECM/TGF-β3 group, among which the DCB/ECM/TGF-β3 group showed the best cell recruitment capacity (Figure 2A). To conclude, the above results indicate that the DCB/ECM and DCB/ECM/TGF-β3 scaffolds could promote IPFSC migration in vitro (n = 5, ∗p < 0.05, ∗∗p < 0.01, ****p < 0.001).

Moreover, in vivo MSC recruitment by TGF-β3 was further assessed by comparing the migrated MSCs in different groups at 1 week postoperation (Figure 2B). The results demonstrated that compared with the control and DCB groups, total cell numbers were higher in the DCB/ECM and DCB/ECM/TGF-β3 groups, while there were no dramatic differences between these two groups (Figure 2C). In addition, CD73 and CD105 double-positive cells were dramatically more concentrated in the DCB/ECM/TGF-β3 group than in the other groups (Figure 2D). These results also suggested that the TGF-β3 effectively enriched surrounding MSCs to the defect site and improved the regeneration of damaged cartilage.



In vitro Chondrogenic Differentiation Assay

To observe the bioactivity of TGF-β3 released from the scaffold, a 3D pellet coculture system experiment was performed according to previous studies (Figure 5A) (Chen et al., 2020). As shown in Figure 5B, H&E staining indicated that the 3D pellets were successfully cultured. Toluidine blue and safranin O staining, which stains synthesized proteoglycans, demonstrated the greatest intensity of pellets in the DCB/ECM/TGF-β3 scaffold group. In addition, collagen II immunofluorescence staining also showed that TGF-β3 released from scaffolds significantly promoted the secretion of collagen II.
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FIGURE 5. Chondrogenic capacity of the different scaffolds in vitro. (A) Schematic illustrations of the coculture systems between pre-cultured pellets and the different scaffolds. (B) Histological and immunofluorescence analyses of chondrogenic pellets performed in a coculture system with different scaffolds. H&E, toluidine blue, safranin O, and collagen II immunofluorescence staining were used.




In vivo Chondrogenic Differentiation

After 1 week of in vivo implantation, gross observation demonstrated that cartilage defects were unrepaired in the control group and that scaffolds were still not completely degraded in the other three groups (control, DCB scaffold, and DCB/ECM scaffold). At 2 weeks, neocartilaginous tissue barely formed around the edge of the defects in the control, DCB and DCB/ECM groups. Moreover, cartilage defects in the DCB/ECM/TGF-β3 group were filled by a certain amount of repaired tissue (Figure 3B). After 4 weeks of implantation, cartilage defects were partially filled in the control group, but the cartilage did not regrow well. In the DCB and DCB/ECM groups, the defect was filled with regrown cartilage, but the surface was still rough. The regenerated cartilage in the DCB/ECM/TGF-β3 group was similar to the surrounding native cartilage tissue. However, obvious uneven edges between the surrounding cartilage still existed.

To demonstrate chondrogenic differentiation capabilities in different scaffolds, chondrogenic relative gene expression (collagen II, ACAN, SOX9 and collagen I) was assessed in the four groups at 1, 2, and 4 weeks postsurgery in vivo for the first time (Figures 3C–F). The results show that with time, the expression level of cartilage-related genes increased gradually, which indicates that chondrogenic differentiation occurs during the natural repair process and may play an important role in tissue regeneration. Furthermore, the expression levels of cartilage-related genes (collagen II, ACAN, and SOX9) were significantly upregulated in the TGF-β3-loaded DCB/ECM group; however, there were no significant differences among the control, DCB and DCB/ECM groups. This shows that supplementation with TGF-β3 could significantly stimulate chondrogenic differentiation of MSCs in defects compared with that in pure DCB scaffolds or DCB/ECM scaffolds. In terms of osteogenic differentiation, we did not find any regular trend of the related gene COL1 throughout the three different times in vivo. These results show that the scaffolds loaded with TGF-β3 could effectively enhance chondrogenic differentiation at the defect site and consequently enhance tissue repair and regeneration.



In vivo Cartilage Repair Study


Gross Observation and Biomechanical Assessment of the Repaired Tissue

The rabbit cartilage defect model was used to evaluate the therapeutic value of the scaffold. Three months postsurgery, gross observation demonstrated that cartilage defects were unrepaired in the control group (Figure 6A). In the DCB group, neocartilaginous tissue was partly formed surrounding the edge of the defects and showed irregular surface regularity with structural damage and fissures. Moreover, the cartilage defects in the DCB/ECM and DCB/ECM/TGF-β3 groups were filled with granulation tissue with uneven surfaces. We found that the regenerated cartilage of the DCB/ECM/TGF-β3 group was more similar to native cartilage than to that of the DCB/ECM group (Figure 6A). At 6 months, defects in the control group were characterized by incomplete filling of neotissue, surface irregularity, and distinct boundary areas. In the DCB group, the defect was filled with regrew cartilage, and cracks were observed in the center. In addition, cartilage defects were mostly filled in the DCB/ECM group. However, the surface was still rough, and the edges next to the surrounding cartilage were obviously uneven. The regenerated cartilage in the DCB/ECM/TGF-β3 group was similar to the surrounding native cartilage tissue, with a neat surface and complete fusion with the surrounding cartilage.
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FIGURE 6. Representative macroscopic, radiological and biomechanical properties of repaired tissues at 3 and 6 months postoperation. (A) Representative macroscopy. (B) ICRS scores at 3 and 6 months. (C) Representative 3D and 2D micro-CT images at each time point. Quantitative analysis of (D) BMD and (E) BV/TV (n = 6 knees). The repaired sites were indicated by red circles. (F) Compression modulus of repaired tissues at 3 and 6 months (n = 3 knees). The red circles indicate the repaired areas. Data are means ± SDs (*p < 0.05, ***p < 0.005, ****p < 0.001, n.s. represents no significant difference).


Consistent with the gross observation, the International Cartilage Research Society (ICRS) macroscopic scores of DCB/ECM/TGF-β3 (8.00 ± 1.31 at 3 months and 10.125 ± 0.84 at 6 months) were apparently better than those of the other groups: the control group (3.25 ± 1.04 at 3 months and 4.00 ± 1.31 at 6 months), DCB group (3.75 ± 1.04 at 3 months and 7.50 ± 1.20 at 6 months), and DCB/ECM group (6.25 ± 0.89 at 3 months and 8.38 ± 0.74 at 6 months) at both time points (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005, ****p < 0.001) (Figure 6B).



Microcomputed Tomography (Micro-CT) Analysis of the Repaired Tissue

For all groups, the growth pattern of the subchondral bone reconstruction at 3 and 6 months after surgery was evaluated by micro-CT imaging (Figure 6C). The quantitative bone mineral density (BMD) data were plotted (Figure 6D) and revealed that the value of the DCB/ECM/TGF-β3 group was significantly higher than that of the other three groups. Furthermore, no other significant differences within the control, DCB and DCB/ECM groups were found at any other time point. In addition, the bone volume-to-tissue volume ratio (BV/TV) values in the DCB/ECM/TGF-β3 group were dramatically higher than those in the other three groups at both time points (Figure 6E). In addition, only non-significant differences in BV/TV were found at 6-month time points between the DCB/ECM and DCB/ECM/TGF-β3 groups.



Biomechanical and Biochemical Assessment of Repaired Tissue

To evaluate the biomechanical properties of repaired tissue, compressive strength testing was conducted to compare the different groups. The 6-month repaired tissue generally had higher compressive moduli than the 3-month regenerated cartilage tissue. At 3 months postoperation, the compressive modulus was approximately 0.81 ± 0.36 MPa for the negative control group, 1.16 ± 0.49 MPa for the DCB group, 1.44 ± 0.32 MPa for the DCB/ECM group, and 1.51 ± 0.32 MPa for the DCB/ECM/TGF-β3 group (Figure 6F), whereas there was no significant difference among them. The compressive moduli of the repaired tissue (2.91 ± 0.45 MPa) in the DCB/ECM/TGF-β3 group were significantly higher than those in the other three groups (Figure 6F, n = 3, ∗p < 0.05).

Biochemical assays for total collagen (Figure 7D) revealed that the total collagen content in the DCB/ECM/TGF-β3 group (142.90 ± 11.68 μg/mg at 3 months and 165.58 ± 10.92 μg/mg at 6 months) was significantly higher than that in the negative control group (79.61 ± 13.10 μg/mg at 3 months and 78.59 ± 9.66 μg/mg at 6 months), DCB group (81.59 ± 8.00 μg/mg at 3 months and 103.67 ± 5.80 μg/mg at 6 months), and DCB/ECM group (94.68 ± 12.87 μg/mg at 3 months and 124.21 ± 9.66 μg/mg at 6 months), among which the DCB/ECM group showed superior total collagen deposition than the negative control group (∗∗p < 0.01). In addition, the protein expression of collagen II (Figure 7E) in repaired tissue of the DCB/ECM/TGF-β3 group was also higher than that of the control group, DCB group and DCB/ECM group.
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FIGURE 7. Histological and biochemical evaluation of repaired tissue. (A) Representative H&E, safranin O/fast green (SOG), collagen II and picrosirius red (SR) staining of repaired knees at 3 and 6 months (n = 6 knees). Staining was repeated twice or more independently. Modified O’Driscoll scoring for cartilage evaluation at 3 months (B) and 6 months (C) (n = 3 knees). (D) Total collagen contents of repaired knees at 3 and 6 months (n = 3 knees). (E) WB analysis of collagen II in repaired tissues at 6 months. NC, normal cartilage; RC, regenerated cartilage. Data are means ± SDs (**p < 0.01, ***p < 0.005, ****p < 0.001, n.s. represents no significant difference).




Histomorphometry of the Repaired Tissue

At 3 months, the histological staining results showed that the non-treated control group was insufficient to induce cartilage formation, the defect border remained, and fibrous tissues were filled (Figure 7A). In the DCB and DCB/ECM groups, distinct repaired tissue filled in the cartilage defect area, but these tissues were not properly integrated with adjacent cartilage. The deposition of proteoglycan and collagen II was also limited in this group. In contrast, the repaired tissue merged with the surrounding cartilage in DCB/ECM/TGF-β3 with abundant cartilaginous extracellular matrix deposition, which was strongly stained by an anti-collagen II antibody.

At 6 months, the defect area of the control group was not fully filled, and the repaired tissues were more likely fibrous tissue with poor proteoglycan content (Figure 7A). Compared to that at 3 months, the DCB and DCB/ECM groups produced more proteoglycan deposition and enhanced positive type II collagen on the surface of the defective joint. Indeed, the regenerated tissue in the DCB/ECM/TGF-β3 group presented with more type II collagen-enriched hyaline cartilaginous tissue retaining similarity to native cartilage. In addition, the deposition and organization of type II collagen in the defective site of each group were also assessed by Sirius red staining. The regenerated tissue in the DCB/ECM/TGF-β3 group showed higher collagen II expression, whereas other groups (control, DCB and DCB/ECM) tended to exhibit lower collagen II expression. Moreover, more organized collagen fibers were observed in the DCB/ECM/TGF-β3 group, presenting a more oriented pattern similar to hyaline cartilage.

After 3 and 6 months of treatment, a trend toward an elevated modified O’Driscoll score was noted in the DCB/ECM/TGF-β3 group (13 ± 1 at 3 months and 16 ± 1 at 6 months) compared to the other three treatment groups (control: 1.33 ± 0.58 at 3 months and 2.33 ± 0.58 at 6 months; DCB: 3 ± 1 at 3 months and 7.67 ± 0.58 at 6 months; DCB/ECM: 6.67 ± 0.58 at 3 months and 8 ± 1 at 6 months), particularly in the control group and DCB group (Figures 7B,C).



DISCUSSION AND CONCLUSION

Recent advances in methods and materials have led to the development of suitable constructs for the clinical repair of injured cartilage (Cheng et al., 2019). However, the complex and multiple functions and limited self-healing capacity of native cartilage still hamper successful reconstruction of adult cartilage tissue restoration (Huey et al., 2012). Recently, in situ tissue engineering approaches that rely on recruiting endogenous cells to damaged sites avoid many drawbacks based on cell-seeded scaffolds and have offered great promise for in situ cartilage regeneration (Lee et al., 2010; Shi et al., 2017; Yang et al., 2020). To more effectively utilize the host’s own regenerative potential, a biofunctionalized scaffold with interconnecting and complex microchannels can serve as a platform for endogenous cell immobilization, infiltration and chondrogenesis (Lee et al., 2010). Lee et al. (2010) reported that TGF-β3-loaded 3D printed PCL/collagen composite scaffolds successfully regenerated the entire synovial articular cartilage surface of rabbits through host cell homing, diffusion, histogenesis, and angiogenesis. Another study conducted by Sun et al. (2018) proved that the cell-free scaffolding system DCM-RAD/SKP, which was produced by the integration of decellularized cartilage matrix (DCM) scaffold and self-assembly Ac-(RADA)4-CONH2/Ac-(RADA) 4GGSKPPGTSS-CONH2 (RAD/SKP) peptide nanofiber hydrogel, enhanced bone marrow-derived cell recruitment when combined with microfracture, thus facilitating articular cartilage regeneration.

Endogenous joint-resident cells play a critical role in joint pathophysiology, especially in cartilage injury (Yang et al., 2020). After cartilage damage, activated stem cells migrate and exert reparative effects via biochemical signals and finally differentiate into specialized cell types (Im, 2016; McGonagle et al., 2017). Notably, various subpopulations of endogenous stem/progenitor cells are critical for cartilage homeostasis and repair but may possess different potentials for chondrogenesis (Yang et al., 2020). Evidently, intraarticular fat pad-derived stem cells and synovium-derived MSCs were proven to be potent cell source reservoirs that contribute to chondrogenic differentiation and are less likely to lead to chondrocyte hypertrophy (Chen et al., 2015; Hindle et al., 2017). Therefore, it is necessary to introduce a bioactive factor to effectively recruit these cells to the injury site. However, rapid and uncontrolled release of GFs from biofunctionalized scaffolds at damage sites is probably unable to recruit a sufficient number of stem cells and has some unwanted side effects (Patel et al., 2019). This motivates tissue engineering researchers and clinicians to develop a multifunctional scaffold that can effectively carry and deliver GFs for sustained release. In this study, we aimed to test the reparative effects of a TGF-β3-loaded scaffold that combines articular cartilage ECM and DCB in cartilage regeneration. The results of the biochemical assays of residual DNA, total collagen and GAG (Supplementary Figures 2–4) and the histological and immunohistochemical staining (Supplementary Figure 5) indicated that the DCB/ECM scaffold showed a bionic structure and ingredients of native cartilage. In addition, in vitro cell migration experiments confirmed that TGF-β3- and TGF-β3-loaded scaffolds can facilitate IPFSC mobilization, which is in line with the results of previous studies (Lee et al., 2010) (Figure 3A and Supplementary Figure 9). The DCB/ECM scaffold showed a higher percentage water absorption (Supplementary Figure 1) and better surface hydrophilicity than the DCB scaffold (Supplementary Figure 6), and provided an optimal porous microenvironment for cell proliferation, infiltration and ECM production (Figures 4D,E and Supplementary Figures 7, 8). Moreover, in vitro and in vivo and chondrogenic experiments showed that the TGF-β3-loaded DCB/ECM scaffold exhibited superior chondrogenic capacity than the other scaffold without TGF-β3 (DCB scaffold and DCB/ECM scaffold) (Figures 3C–F, 5B).

An important point regarding the in situ tissue engineering strategies for cartilage regeneration involves a functional scaffold that can serve as a temporary “home” to (i) provide appropriate 3D structural and biomechanical support, (ii) facilitate resident stem cell migration, infiltration and proliferation, and (iii) initiate chondrogenic differentiation and stimulate ideal matrix deposition for functional cartilage regeneration. The natural microenvironment of the cartilaginous ECM plays an essential role in instructing cell fate, mainly owing to its microstructures and bioactive contents (Sun et al., 2018; Kim et al., 2019). Hence, cartilage ECM-based materials can act as a more suitable microenvironment to better mimic natural cell-ECM interactions and further improve cartilage repair outcomes. Previous studies have shown that DCBs contain a natural 3D porous structure and exert excellent biocompatibility and promising mechanical properties, thus ideally combining with the cartilage ECM to spontaneously mimic the 3D microenvironment and provide biomechanical support (Yuan et al., 2016; Kim et al., 2019). In our study, both SEM, live/dead and DAPI/phalloidin staining confirmed that DCBs and DCB/ECM possess proper microstructure and biocompatibility (Figures 4D,E and Supplementary Figure 8). The introduced GF TGF-β3 has been shown to be capable of recruiting approximately 130% more endogenous stem cells to cartilage regenerated sites (Lee et al., 2010). However, bolus injection of GFs tends to induce rapid diffusion and inflammatory side effects. When absorbed and released from the DCB/ECM delivery platform, in vitro release experiments demonstrated prolonged release profiles (Figure 4B) and could also significantly modulate and facilitate IPFSC mobilization (Figure 2A and Supplementary Figure 9). Considering the above, the DCM/ECM scaffold acts as a biofunctional “home” for stem cell resistance and delivery of bioactive factors that improve cell recruitment and chondrogenesis.

To validate the biodegradability and chondrogenic effects of the biofunction-composited scaffold, in vivo degradability and chondrogenic experiments were performed (Figure 3). After 1, 2, and 4 weeks of in vivo implantation, we harvested and captured the in situ degradation and repair performance of each group and demonstrated that DCB/ECM/TGF-β3 had excellent biodegradability to orchestrate neotissue ingrowth (Figure 3B). Next, we demonstrated that the TGF-β3-loaded DCB/ECM scaffold exhibited more chondrogenic-related gene expression than the scaffold without additional GFs. Significantly, in the DCB/ECM/TGF-β3 group, more collagen II, ACAN and SOX9 expression at all time points was demonstrated (Figures 3C–F). Additionally, collagen I expression in the control group was highest at 1 and 2 weeks after implantation, which means that the repaired tissue was more fibrous-like. These results suggest that the GF-functionalized DCM/ECM scaffold possesses favorable biodegradability and provides a suitable and inductive host microenvironment for chondrogenesis of migrated cells. On the basis of our cartilage layer defect animal model, the recruited MSCs might be mainly derived from intraarticular fat pats, synovial tissue, synovial fluid, or even the vascular system. However, the lack of evidence from in vivo recruitment experiments and limited knowledge of cell markers hampered our understanding of certain participants; thus, further studies need to be conducted to understand the subpopulations of these cells in cartilage regeneration.

In terms of in vivo cartilage repair studies, DCB, DCM/ECM, and DCB/ECM/TGF-β3 scaffolds can promote cartilage repair to different extents. Histomorphometry (Figure 7), radiographic (Figures 6C–E), and biomechanical assessment (Figure 6F) analyses confirmed that the DCB/ECM/TGF-β3 scaffold showed superior repair results in terms of histological structure, biochemical contents, biomechanical performance and subchondral bone reconstruction. Although neocartilage could be observed in the control groups, it was quite inferior to that in the TGF-β3-loaded group. This may be because the natural composite scaffold could only provide structural support but was not inductive enough for cell infiltration and chondrogenesis.

We proposed a possible mechanism of cartilage regeneration based on the findings of the present study (Figure 8). First, when a biofunctionalized scaffold was implanted into the cartilage defect, the fast released TGF-β3 acted as a signaling molecule to recruit resident stem cells within the joint to infiltrate into the scaffold (Figure 8A). Then, various adhesion proteins, GFs and the hydrophilic surface of this composite decellularized constructure enabled cells to adhere and proliferate well around every corner within the scaffold and interface (Figure 8B). Additionally, the prolonged release of TGF-β3 cooperated with biomechanical stimuli to induce chondrogenic differentiation of recruited and proliferated cells in the targeted space (Figure 8C). Finally, scaffold degradation was orchestrated with neotissue replacement and achieved optimal remodeling, mutation and regeneration of the cartilage (Figures 8D,E).
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FIGURE 8. Summarized schematic of the mechanism of in situ cartilage regeneration. (A) Scaffold implantation and endogenous stem cell recruitment. (B) Stem cell adhesion and proliferation. (C) Sustained TGF-β3 release and enhanced stem cell differentiation. (D) Scaffold degradation and neotissue replacement. (E) In situ articular cartilage regeneration.


We must admit that there are some limitations to this study. First, the in vitro release of TGF-β3 lasted for only 6 weeks, which falls short of the in vivo repair requirement. On the other hand, investigations of this DCB/ECM/TGF-β3 scaffold in larger animals at a longer time point may be more clinically relevant. Although this study presents promising results in cartilage regeneration, there still remains a significant challenge for clinical translation. Briefly, our study provides a potential scaffolding system with many advantages for one-step surgical implantation such as availability, low immunogenicity and biodegradability. Therefore, our scaffolds and related regeneration strategies may not only provide new curative options for articular cartilage regeneration but also avoid laborious effort in contrast to in vitro cell culture prior to in vivo implantation.

In conclusion, the present study developed a staged regeneration strategy that combines endogenous cell recruitment and pro-chondrogenesis approaches for in situ articular cartilage regeneration. As a proof of concept, we created a 3D hybrid DCB/ECM/TGF-β3 scaffold with biomimetic microarchitecture and bioactivity through a combination of dual-functional TGF-β3 enhancing reparative cell recruitment and chondrogenic differentiation and a DCB/ECM scaffold with biomimetic microarchitecture facilitating reparative cell settlement and proliferation. The biofunctionalized scaffold has been proven to recruit IPFSCs in vitro and support the cell settlement and chondrogenic differentiation of migratory cells. Our in vivo analysis also demonstrated that the functional scaffold could promote superior cartilage regeneration and subchondral bone protection in a rabbit full-thickness cartilage defect model. In conclusion, with the help of controlled and prolonged drug delivery, this staged regeneration strategy, which leverages the body’s innate regenerative potential, holds great promise for clinically effective in situ articular cartilage regeneration.
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Background: Temporomandibular joint osteoarthritis (TMJOA) seriously affects the health of patients, and the current treatments are invasive and only used for advanced cases. Bone marrow mesenchymal stem cell (BMSC)-derived small extracellular vesicles (BMSC-sEVs) may represent a safer and more effective treatment, but their role in TMJOA has not been elucidated. This study attempted to analyze the cartilage reconstruction effect of BMSC-sEVs on TMJOA and the mechanism underlying this effect.

Methods: BMSC-sEVs were isolated and purified by microfiltration and ultrafiltration and were subsequently characterized by nanoparticle tracking analysis, electron microscopy, and immunoblotting. TMJOA models were established in vivo and in vitro, and hematoxylin–eosin staining, immunohistochemistry, and histological scoring were performed to analyze the histological changes in TMJOA cartilage tissues treated with BMSC-sEVs. The proliferation, migratory capacity, and cell cycle distribution of TMJOA cartilage cells treated with BMSC-sEVs were detected. Furthermore, the related mechanisms were studied by bioinformatic analysis, immunoblotting, and quantitative PCR, and they were further analyzed by knockdown and inhibitor techniques.

Results: The acquisition and identification of BMSC-sEVs were efficient and satisfactory. Compared with the osteoarthritis (OA) group, the condylar tissue of the OA group treated with BMSC-sEV (OAsEV) showed an increase in cartilage lacuna and hypertrophic cartilage cells in the deep area of the bone under the cartilage. Significantly upregulated expression of proliferating cell nuclear antigen and cartilage-forming factors and downregulated expression of cartilage inflammation-related factors in OAsEV were observed. In addition, we found higher rates of cell proliferation and migratory activity and alleviated G1 stagnation of the cell cycle of OAsEV. Autotaxin was found in the BMSC-sEVs, and key factors of the Hippo pathway, Yes-associated protein (YAP), phosphorylated Yes-associated protein (p-YAP), etc. were upregulated in the OAsEV group. Treatment with BMSC-sEVs after autotaxin knockdown or inhibition no longer resulted in expression changes in cartilage-forming and inflammation-related factors and key factors of the Hippo pathway.

Conclusions: These results suggest that the autotaxin–YAP signaling axis plays an important role in the mechanism by which BMSC-sEVs promote cartilage reconstruction in TMJOA, which may provide guidance regarding their therapeutic applications as early and minimally invasive therapies for TMJOA, and provide insight into the internal mechanisms of TMJOA.

Keywords: temporomandibular joint osteoarthritis (TMJ-OA), bone marrow mesenchymal stem cell (bMSC), autotaxin (ATX), hippo signaling pathway, cartilage reconstruction, small extracellular vesicles (sEVs), yes-associated protein (YAP)


BACKGROUND

Temporomandibular joint osteoarthritis (TMJOA) is when the temporomandibular joint disorder (TMD) progresses to a condition marked by severe histological damage, with early signs of hard tissue changes such as cartilage absorption on the surface of the joint, osteophyte formation, shifting or perforation of the joint disc, and even facial asymmetry or mandibular retrognathism (Kim et al., 2019). The current treatment methods for TMJOA are mostly focused on treating advanced stages of the condition by applying invasive treatments, so how to achieve early and minimally invasive treatment for TMJOA needs to be addressed. In recent years, treatments such as tissue engineering therapy, immunology, and gene therapy have emerged (Abouelhuda et al., 2018; Wu et al., 2021). These biotherapies are a good attempt, but their efficacy needs to be further explored, and their mechanisms of action are not yet clear.

Currently, novel treatments for TMJOA are mostly focused on the application of cells, such as mesenchymal stem cells (MSCs), which can reduce cell apoptosis and participate in immune regulation. This approach has become a new potential treatment for joint defects and osteoarthritis (OA)-related damage. Among them, bone marrow MSCs (BMSCs) play an important role in the repair of OA and bone fractures. Compared with extraskeletal MSCs, BMSCs are superior in phenotype, morphology, function, and potential therapeutic applications (García-García et al., 2015). It has been found that BMSCs implanted in TMJOA inhibit cartilage degradation and repair diseased tissues (Chen et al., 2013; Lu et al., 2015). Thus, BMSCs have a therapeutic effect on TMJOA and can promote the reconstruction of the cartilage. However, there are some limitations to the treatment of TMJOA with MSCs, such as unevenness and a tumorous tendency, and it is reported that MSCs exert their effects mainly through secretion function (Yu et al., 2014). Given all these, more stable and reliable methods to treat TMJOA with MSCs are necessary.

Extracellular vesicle (EV) is a kind of vesicle secreted by all cell types, with diameters of approximately 50–1,000 nm that contain and transport functional contents. Among them, vesicles with diameters of roughly 50–100 nm are defined as small extracellular vesicles (sEVs), frequently classified as “exosomes,” “microvesicles,” etc. (Théry et al., 2018). They are considered to be important regulatory factors for intercellular communication and are involved in multiple pathological processes (Wang et al., 2018). Considering their small size, good targeting, satisfactory stability, and capability of crossing barriers, avoiding degradation and transporting their cargos into the cytoplasm, sEVs have become a new treatment approach to many kinds of diseases. Although it is known that MSC-derived sEVs (MSC-sEVs) exert many therapeutic applications (Witwer et al., 2019), the role of BMSC-sEVs in TMJOA has been rarely reported, which still remains unclear.

Therefore, the purpose of this study was to explore the role and molecular mechanism of BMSC-sEVs in enhancing cartilage reconstruction in TMJOA and to provide theoretical support for the clinical applications and further mechanistic interpretations of MSC-derived sEV therapy for TMJOA in the future.



MATERIALS AND METHODS


Cell Culture

Human BMSCs were kindly provided by the Stem Cell Bank, Chinese Academy of Sciences, harvested from healthy people and cultured in Dulbecco’s minimum essential medium (DMEM; BasalMedia, China). Mandibular condylar chondrocytes (MCCs) were extracted from the condyles of the temporomandibular joints (TMJs) of New Zealand rabbits and cultured in DMEM. All media were supplemented with 10% fetal bovine serum (FBS, Yeasen, China) and 1% penicillin-streptomycin (BasalMedia, China), and all cells were cultured in a humidified incubator (Thermo Fisher Scientific, United States) with 5% CO2 at 37°C.



Small Extracellular Vesicle Isolation and Purification

First, sEVs were isolated from the medium supernatant of BMSCs without FBS or penicillin-streptomycin, which was harvested after 48 h of culture. After centrifugation (4,000 rpm, 10 min), the supernatant was sequentially minifilter through polyvinylidene fluoride (PVDF) membrane filters at 450 nm (Merck Millipore, Germany) and then 200 nm (PALL, United States). Then, the flow-through was ultrafiltered by 100-kD centrifugal filter devices (Merck Millipore, Germany). A 15-ml device is usually used, and a 0.5-ml device can be used to further concentrate the sEVs, which can then be harvested by reverse centrifugation. Finally, sEVs isolated from approximately 80-ml medium supernatant were suspended in 1 × phosphate buffer saline (PBS) buffer or culture medium through the use of 0.5-ml centrifugal filter devices (Merck Millipore, Germany) for further experiments.



Nanoparticle Tracking Analysis

For particle size and concentration determination, nanoparticle tracking analysis (NTA) was performed with a NanoSight NS300 (Malvern, United Kingdom) equipped with fast video capture and NTA analytical software. Nanoparticles were illuminated by the laser, and their movements under Brownian motion were captured for 60 s. Videos were analyzed by the software to provide the nanoparticle concentration and size distribution profiles.



Transmission Electron Microscopy

The BMSC-sEV samples were added onto a piece of copper grid for 1 min. Then, a drop of 2% uranyl acetate was added onto the copper grid for 1 min. After drying for 10 min, the cells were examined under a transmission electron microscope (Thermo Fisher Scientific, United States).



Immunoblotting

BMSC-sEVs and cells were lysed with radioimmunoprecipitation assay (RIPA) lysis buffer (Yeasen, China) containing protease inhibitors. The lysates were boiled with Protein SDS-PAGE Loading Buffer (GenScript, China), electrophoresed through 4–20% polyacrylamide gels (GenScript, China) and transferred onto 0.45-μm PVDF membranes (Absin, China). The membranes were blocked using 5% skim milk (Yeasen, China) in PBS. Antibodies against the following proteins were used for immunoblotting (IB) analysis: CD81 (SBI, Japan), CD63 (SBI, Japan), Ras-related protein 5 (Rab5; Biovision, United States), ALG2-interacting protein (Alix; Thermo Fisher Scientific, United States), glucose-regulated protein 94 (GRP94; Thermo Fisher Scientific, United States), aggrecan (ACAN; Bioss, China), SRY-related high-mobility group box 9 (SOX9; Bioss, China), matrix metalloproteinase 13 (MMP13; Bioss, China), RUNX family transcription factor 2 (RUNX2; Bioss, China), Collagen I (Bioss, China), proliferating cell nuclear antigen (PCNA; Proteintech, United States), cartilage-forming factors-type II collagen (Col-II; Novus, United States), Autotaxin (Abcam, China), Yes-associated protein (YAP; Absinthe, China), phosphorylated Yes-associated protein (p-YAP; LifeSpan BioSciences, United States), RhoA (Absinthe, China), large tumor suppressor kinase 1 (LATS1; Absinthe, China), large tumor suppressor kinase 2 (LATS2; Absinthe, China), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Proteintech, United States). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG and anti-mouse IgG (Proteintech, United States) were used as secondary antibodies. Detection was performed using Chemiluminescent HRP Substrate (Merck Millipore, Germany), and signals were captured and observed using Molecular Imager® ChemiDocTM XRS + (Bio-Rad, United States).



Temporomandibular Joint Osteoarthritis Model Establishment

By using chemical method modeling-collagenase injection, a TMJOA animal model was established. The posterior pole of the TMJ condyle can be found behind the outer canthus of 12- to 18-week-old New Zealand rabbits. In its mouth opening position, with left forefinger tip pressing on the area of joint space, the syringe needle held in the right hand was thrust into the joint space inward, forward, and downward, parallel to the infraorbital margin. If the needle entered approximately 0.5 cm and was withdrawn without blood, approximately 0.25 ml of 4 mg/ml collagenase II (Yeasen, China) was injected into the TMJ, and this group was named OA group (the control group was injected with approximately 0.25 ml normal saline). 4 weeks later, the TMJOA rabbit model was identified by morphological evaluation and histological and molecular biological examination. All protocol and procedures employed in vivo were ethically reviewed and approved by the Institutional Animal Care and Use Committee at Zhejiang Laboratory Animal Center (Approval No. ZJCLA-IACUC-20050012) for the rational care and use of laboratory animals.

Under sterile conditions, the condyles of 12- to 18-week-old New Zealand rabbits were excised, and surrounding soft tissues were removed. Cartilage tissues on the condyles were separated and cut into 1-mm3 size; and after rinsing with PBS, 0.25% trypsin was added and treated for 30 min. Then, high-glucose DMEM containing 10% FBS was added to terminate dissociation. After discarding supernatant, 2 ml 0.3% collagenase (Yeasen, China) and 4 ml high-glucose DMEM containing 10% FBS were added and placed in 37°C. After 12 h, the MCCs were collected and cultured in six-well plates. When MCCs grew to 80–90% confluency, 10 ng/ml recombinant human interleukin-1 beta (IL-1β; Novoprotein, China) was added into the MCC medium and cultured in 37°C for 24 h, and then identification of TMJOA cell model, such as expression of OA-related factors, was launched.



Small Extracellular Vesicle Treatment of Temporomandibular Joint Osteoarthritis Model

In vivo, normal and TMJOA model rabbits were randomly assigned into control groups and experimental groups, separately, and there were 6–8 TMJs of rabbits (i.e., 3–4 rabbits) in each group (one rabbit died in the OA group, which means that there were six TMJs of rabbits in that OA group), half male and half female. In the first in vivo experiment, the animals were divided into four groups: control group (rabbits in the former control group treated with PBS), OA group (rabbits in the former OA group treated with PBS), sEV group (rabbits in the former control group treated with sEVs), and OAsEV group (rabbits in the former OA group treated with sEVs). This experiment was launched three times, for 4-week, 6–week, and 8-week observation, separately. In the second in vivo experiment, the animals were divided into four groups: OA group (rabbits in the former OA group treated with PBS), OA + sEV group (rabbits in the former OA group treated with sEV), OA + sEV–/–ATX group (rabbits in the former OA group treated with sEV–/–ATX), and OA + sEVZiritaxestat group (rabbits in the former OA group treated with sEVZiritaxestat). This experiment was launched three times, for 4 weeks, 6 weeks, and 8 weeks of observation, separately. In each in vivo experiment, approximately 200 μl (4–8) × 108 BMSC-sEVs extracted from about 5.5 × 107 BMSCs were injected into each TMJ in the experimental groups, once per side per capita. In vitro, approximately (2–4) × 108 BMSC-sEVs aforementioned were used in the experimental groups (the control group was added with normal saline).



Micro-Computed Tomography

Condyle specimens were scanned and analyzed by the high-resolution micro-computed tomography (micro-CT) scanner U-CT-XUHR (Milabs, Netherlands) and Imalytics Preclinical 2.1 software. Scanning parameters were 0.24 μA current, 50 kV voltage, 15-ms exposure time, and 30 deg/s angle speed. Subchondral cancellous bone was defined as the cancellous bone region 0.5 mm beneath the calcified cartilage–bone junction. The cylinder with volume of (π × 1.52 × 1) mm3 was selected for each specimen to calculate the parameters, including bone volume fraction (BVF, BV/TV), bone surface/bone volume ratio (BS/BV), bone mineral density (BMD), trabecular thickness (Tb.Th), and trabecular spacing (Tb.Sp).



Histology and Immunohistochemistry

Hematoxylin–eosin (HE) staining and specific staining for condylar cartilage (such as safranine O/fast green and Alcian blue) were adopted to identify the successful establishment of the TMJOA animal model.

Immunohistochemistry (IHC) for PCNA, Col-I, Col-II, ACAN, SOX9, MMP13, and RUNX2 was adopted to analyze the changes in the cartilage tissue of the condyle in the normal and TMJOA states with or without BMSC-sEV treatment.



Scoring of Histology

The histologic observations of normal and TMJOA animal tissues were scored using the International Cartilage Regeneration & Joint Preservation Society (ICRS) Visual Histological Assessment Scale (Supplementary Table 1) and Wakitani Histological Grading Scale (Supplementary Table 2). The ICRS Visual Histological Assessment Scale contains six features (surface, matrix, cell distribution, cell population viability, subchondral bone, and cartilage mineralization), scored from 0 to 3, and the Wakitani Histological Grading Scale contains five categories (cell morphology, matrix staining, surface regularity, thickness of cartilage, and integration of donor with host adjacent cartilage), scored from 4 to 0, total maximum 14. Three independent blinded technicians from the Department of Pathology in our hospital were recruited to score, respectively.



Laser Scanning Confocal Microscopy

Stem cell-derived small extracellular vesicles were dyed with Exo-Glow Exosome Labeling Kit (SBI, Japan). Single-stranded RNAs in the sEVs were fluorescently labeled in red by acridine orange (AO). F-actin was stained green with Actin-stain 488 fluorescent phalloidin (Cytoskeleton Inc., United States). Finally, the cell nucleus was stained blue with 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific, United States). Fluorescence images were acquired on a TCS SP2 laser scanning confocal microscope (Leica Microsystems, Germany).



Proliferation Assay

Cell proliferation of the MCCs was determined by the Cell Counting Kit-8 (CCK-8; Yeasen, China). MCCs were seeded in a 96-well plate in triplicate. They were treated with BMSC-sEVs for 24 h. During the next few days, the proliferation of the MCCs was detected at a wavelength of 450 nm, as measured by SpectraMax i3 (Molecular Devices, United States).



Migration Assay

MCCs were cultured at 37°C until they were in the logarithmic phase and then treated with DMEM without FBS containing BMSC-sEVs for 24 h. The medium with the cells was then placed in the top chamber of a Transwell (Corning, United States) inserted into a 24-well plate. DMEM with 10% FBS was added to the bottom chamber, and the cells were cultured for approximately 24 h. Then, the cells that had migrated into the bottom chamber were fixed with 4% paraformaldehyde, dyed with 0.1% crystal violet, and observed by microscopy (Olympus, Japan).



Cell Cycle Distribution Assay

The cell cycle distribution of the MCCs was determined by a Cell Cycle and Apoptosis Analysis Kit (Yeasen, China). Cell sediments were washed with PBS and resuspended in binding buffer. Propidium iodide (PI) was added to the solution and incubated for 15 min at room temperature in the dark. Then, the samples were analyzed by flow cytometry (FCM; CytoFLEX LX, Beckman, United States).



Real-Time Quantitative PCR

Total RNA of the BMSCs and MCCs was extracted by TRIeasyTM Total RNA Extraction Reagent (Yeasen, China) and reverse transcribed into cDNA using Hifair® II 1st Strand cDNA Synthesis SuperMix for qPCR (Yeasen, China) and a Mastercycler instrument (Eppendorf, Germany). All qPCR programs were performed using Hieff UNICON® Power qPCR SYBR Green Master Mix (Yeasen, China) and the CFX384^TM Real-Time System (Bio-Rad, United States). mRNA expression was quantified by quantitative PCR (qPCR) using the 2–ΔΔCT relative quantitation method, and GAPDH served as the internal control. The primers are listed in Table 1.


TABLE 1. The primer sequences of target genes.
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Knockdown and Inhibition of Autotaxin

To knock down the expression of autotaxin, three gene-specific short interfering RNAs (siRNAs) (Table 2) were synthesized (GenePharma, China) and used. The cells were transfected with these siRNAs using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific, United States). After 48 h, the knockdown efficacy was confirmed by qPCR and immunoblotting to quantitate the expression of the genes at both the transcription and translation levels in the cells and in their sEVs. To inhibit the expression of autotaxin, a specific inhibitor, ziritaxestat (GLPG1690) (Selleck, United States), was used.


TABLE 2. The siRNA sequences targeting the autotaxin gene.

[image: Table 2]


Statistical Analysis

Statistical analyses were performed with SPSS 19.0 (IBM Corp., United States), and the figures were made with GraphPad Prism 8 software (GraphPad Software, United States). Both parametric and non-parametric inferential statistics were used depending on whether the data were normally distributed tested by Kolmogorov–Smirnov test. Two-tailed t-test and Mann–Whitney U test were used to identify differences between groups. One-way analysis of variance (ANOVA) and Kruskal–Wallis tests were carried out for multiple group comparisons. Three replicates were set for each treatment. The data are presented as the mean ± standard error of the mean (SEM). P value less than 0.05 was considered statistically significant.



RESULTS


Acquisition and Identification of the Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles

Human BMSCs were harvested from the healthy human iliac bone marrow. Viewed by optical microscopy, their cell form was fibroblast-like, with a long barracuda, fish, vortex, or reticular arrangement (Figure 1A). By FCM, the BMSC markers CD105, CD29, and CD44 were identified (whose counts were 96.1, 98.7, and 99.4%, respectively), and the results complied with the BMSC identification criteria (Figures 1B–D).
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FIGURE 1. Acquisition and identification of bone marrow mesenchymal stem cell-derived small extracellular vesicles (BMSC-sEVs). (A) Morphologic observation of BMSCs under an optical microscope (100×). (B–D) Identification of BMSCs by CD105, CD29, and CD44 using flow cytometry (FCM). (E) Flow and schematic diagram of sEV isolation and purification. (F) Electron microscopy analysis of BMSC-sEVs. (G) Nanoparticle tracking analysis of BMSC-sEVs. (H) Immunoblotting analysis of exosomal positive and negative markers in BMSC-sEVs (left) and in donor whole-cell lysates (right).


By centrifugation, microfiltration (0.45 and 0.20 μm) and ultrafiltration (100 kD), BMSC-sEVs were obtained (Figure 1E). Through transmission electron microscopy (TEM), many “cup-shaped” and “tea saucer-shaped” vesicles with membrane structures could be seen, with diameters of approximately 30–120 nm. The size and morphology of the BMSC-sEV samples observed under the microscope conformed to the relevant definitions and characteristics of sEVs (Figure 1F). The NTA results showed that the particle size distribution of the BMSC-sEV samples obtained in this experiment was concentrated at approximately 106 nm. Each 1 ml BMSC-sEV sample contained approximately 1.05 × 107 particles, derived from approximately 5.5 × 107 BMSCs (Figure 1G). The NTA results suggested that the BMSC-sEV samples obtained in this experiment conformed to the relevant definitions and characteristics of sEVs, consistent with the TEM results mentioned above. In addition, the results showed that the concentration and purity of the sEV samples from the BMSC sources were satisfactory.

sEVs can also be identified by positive and negative markers. Positive markers of sEVs, such as CD63, CD81, Rab5, and Alix, were clearly detected in the BMSC-sEVs and their donor cells, whereas the negative marker GRP94 was only detected in the BMSCs (Figure 1H).

These results show that the sEV separation and purification technology used in this study is reliable and effective; the BMSC-sEV samples are in line with the recognized definition and identification standards of sEVs, with satisfactory concentration and purity.



Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles Contributed to Temporomandibular Joint Osteoarthritis Reconstruction in vivo


Histologic Assessment of Temporomandibular Joint Osteoarthritis Condylar Cartilage Treated With Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles

The rabbit TMJOA model was established according to the method described above (Figure 2A). During the operation, the injection point and depth were accurate; the needle entered the supra-fissure of the TMJ capsule between the condyle and the joint disc (Figure 2B). Gross observation results showed that the condyles in OA group relatively lacked integrity (Supplementary Figure 1A). Micro-CT results suggested that BVF, BMD, and Tb.Th were significantly reduced and that BS/BV and Tb.Sp were increased in the OA group (Supplementary Figures 1B–G). The results of HE and Alcian blue staining for cartilage showed that each layer of the OA group’s cartilage (fiber layer, proliferation layer, mature cartilage layer, and calcified cartilage layer) was thin compared to the control group, and the cartilage structure and level were not well organized (Figures 2C,D). The above results showed that the rabbit TMJOA model was successfully established.
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FIGURE 2. Histologic assessment of temporomandibular joint osteoarthritis (TMJOA) condylar cartilage treated with bone marrow mesenchymal stem cell-derived small extracellular vesicles (BMSC-sEVs). (A) Needle insertion site to establish the rabbit TMJOA model using the chemical injection method. (B) Anatomy of the establishment of the TMJOA model by the chemical injection method (green arrow pointing to the TMJ disc, blue arrow pointing to the condylar cartilage, and red arrow pointing to the needle tip). (C) Hematoxylin–eosin (HE) staining observation of the establishment of the TMJOA model (200×). (D) Alcian blue staining observation of the establishment of the TMJOA model (200×). (E–G) Histologic scoring of the condyle of normal and the TMJOA model group (treated with BMSC-sEVs for 4, 6, and 8 weeks, respectively) by the ICRS Grading Scale. (H) Histologic scoring of the condyle of the normal and TMJOA model groups by the Wakitani Grading Scale. *: Compared with the control group, #: Compared with the OA group. */#P < 0.05, **/##P < 0.01.


The histological scores of the OA group were worse than those of the control group. Better histological scores were not observed in the sEV group than in the control group. Compared with the OA group, however, the histology scores of the OAsEV group were better (Figures 2E–H). These results suggested that BMSC-sEVs could induce histologic repair of TMJOA condylar cartilage.



Expression of Osteoarthritis-Related Factors in Temporomandibular Joint Osteoarthritis Condylar Cartilage Treated With Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles

The HE staining results showed that compared with the untreated OA group, the condylar tissue of the OAsEV exhibited an increase in cartilage lacuna. The cartilage cell proliferation was obvious. Hypertrophic cartilage cells (with larger cartilage lacuna) could also be seen in the deep area of the bone under the cartilage, which suggested more obvious hyaline cartilage formation (Figure 3A). The IHC results showed that compared with the untreated OA group, the condylar tissue of the OAsEV exhibited significantly upregulated expression of cell proliferation-related factor-PCNA, Col-II, ACAN, SOX9 (with no significant difference in the expression of Col-I), and the downregulated expression of cartilage inflammation-related factor-MMP13 and RUNX2 (Figures 3A,B).
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FIGURE 3. Histologic expression of osteoarthritis (OA)-related factors in temporomandibular joint osteoarthritis (TMJOA) condylar cartilage treated with bone marrow mesenchymal stem cell-derived small extracellular vesicles (BMSC-sEVs). (A) Hematoxylin–eosin (HE) and immunohistochemistry (IHC) analysis of the expression of proliferating cell nuclear antigen (PCNA), cartilage-forming factors, and cartilage inflammation-related factors in the OA control group and the OA treated with BMSC-sEV group (OAsEV) (200×). NC, negative control. (B) Semiquantitative analysis of IHC. *P < 0.05, **P < 0.01.


Combined with the above results, the in vivo experiments confirmed that BMSC-sEVs played an important role in promoting cartilage reconstruction in TMJOA.



Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles Upregulated Cartilage Cell Activity and Cartilage Reconstruction Factor Expression in Temporomandibular Joint Osteoarthritis in vitro


Acquisition and Identification of Mandibular Condylar Cartilage Cells

MCCs were extracted from healthy New Zealand rabbit TMJ condyles and identified by specific staining and immunocytochemistry (ICC). The results showed that the MCCs were irregularly distributed in the polygon or strip, similar to short fibroblasts, and the MCCs stained with toluene blue (TB) and Col-II using the ICC technique met the identification criteria (Figures 4A–C).
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FIGURE 4. Bone marrow mesenchymal stem cell-derived small extracellular vesicles (BMSC-sEVs) promoted cartilage reconstruction of temporomandibular joint osteoarthritis (TMJOA) in vitro. (A) Morphologic observation of mandibular condylar chondrocytes (MCCs) under an optical microscope (100×). (B) Identification of MCCs using toluene blue staining (200×). (C) Immunohistochemistry (IHC) identification of MCCs targeting type II collagen (Col-II) (200×). (D) Laser scanning confocal microscopy analysis of BMSC-sEV (red) internalization by MCCs. (E) Analysis of the cell migration activity of MCCs by Transwell assays at 12, 24, and 48 h (100×). (F) Analysis of the cell proliferation activity of MCCs by Cell Counting Kit-8 (CCK-8). (G,H) Detection of the cell cycle distribution of MCCs by flow cytometry (FCM) and statistical analysis. (I,J) The expression of PCNA, cartilage-forming factors, and cartilage inflammation-related factors at the transcriptional and translational levels by quantitative polymerase chain reaction (qPCR) and immunoblotting, respectively. *: Compared with the control group, #: Compared with the OA group. */#P < 0.05, **/##P < 0.01.




Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles Could Be Internalized by Mandibular Condylar Chondrocytes

Then, BMSC-sEVs were analyzed using fluorescent dyes and laser scanning confocal microscopy (Figure 4D). BMSC-sEVs harboring red dye-labeled RNAs were internalized in the MCCs, which showed that BMSC-sEVs could be internalized by MCCs.



Enhancement of the Biological Activity of Mandibular Condylar Chondrocytes Treated With Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles

The migration test using Transwell assays showed that compared with the control group, the migratory ability of the MCCs in the OA group (established by the aforementioned IL-1β) was weakened; in contrast, the migration of the MCCs in the sEV group was enhanced. Furthermore, the migratory ability of the MCCs in the OAsEV group was increased compared with that in the OA group. In addition, the treatment duration (12, 24, and 48 h) did not change the results (Figure 4E).

The proliferation of TMJOA MCCs was enhanced by BMSC-sEVs compared with their corresponding control group (Figure 4F). In addition, the FCM results showed that compared with the control group, the cell cycle of the MCCs in the OA group was stagnated in the G1 stage relative to the control group; in contrast, stagnation of the cell cycle of the MCCs in the OAsEV group was alleviated to some degree (Figures 4G,H).



Expression of the Relevant Factors of Mandibular Condylar Chondrocyte Cartilage Reconstruction Treated With Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles

Compared with the OA group, in the OAsEV group, the expression of PCNA, Col-II, ACAN, and SOX9 was upregulated (Col-I expression did not show a significant difference), while the expression of RUNX2 and MMP13 was decreased, indicating that BMSC-sEVs could promote TMJOA cartilage reconstruction (Figures 4I,J).

Combining the above results, the in vitro experiments confirmed that BMSC-sEVs significantly promoted cartilage reconstruction in TMJOA.



The Mechanism of the Effect of Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles on the Acceleration of Cartilage Reconstruction in Temporomandibular Joint Osteoarthritis


The Important Role of the Autotaxin and Hippo Pathways in Temporomandibular Joint Osteoarthritis Using Bioinformatic Analysis

Based on the Gene Expression Omnibus (GEO) database, the gene expression chips of normal humans and OA patients, GSE6119, GSE19664, GSE27357, etc., were obtained. Using GEO2R1, KOBAS 3.02, DAVID 6.83 and other analysis methods, functional Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway analysis were adopted to determine the differentially expressed factors and signaling pathways involved in TMJOA.

Take the GSE6119 data in the GEO database as an example. Among the differentially expressed genes, many Hippo pathway-related factors, such as Bmp7, Bmp6, Tgfb2, Bmp4, Bmp2, Ccnd1, Id1, Tgfb3, Wnt9a, Fgf1, and Dlg4, were present. In addition, the Hippo pathway was ranked at the top 1% among the large number of signaling pathways involved. These results suggested that the Hippo pathway was differentially expressed between OA tissue and healthy tissue and played a more important role than the other signaling pathways in TMJOA.



Upregulation of Key Factors of the Hippo Pathway in Mandibular Condylar Chondrocytes Treated With Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles

Compared with the untreated OA group, MCCs in the OAsEV group had upregulated expression of YAP, key factors of the Hippo pathway, and its upstream molecules, such as ras homolog family member A (RhoA), and downstream molecules, such as LATS 1/2. Conversely, the expression trend of p-YAP (S127) was contrary to the above factors, indicating that the BMSC-sEVs inhibited YAP phosphorylation in MCCs, thereby inhibiting the Hippo pathway, and played a role in promoting proliferation and cartilage regeneration in TMJOA (Figures 5A,B).
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FIGURE 5. Effect of autotaxin on the mechanism by which bone marrow mesenchymal stem cell-derived small extracellular vesicles (BMSC-sEVs) accelerated cartilage reconstruction in temporomandibular joint osteoarthritis (TMJOA). (A,B) Expression of key factors [such as Yes-associated protein (YAP), ras homolog family member (RhoA), etc.] of the Hippo pathway in mandibular condylar chondrocytes (MCCs) at the transcriptional and translational levels by quantitative polymerase chain reaction (qPCR) and immunoblotting (IB), respectively. (C) Expression of autotaxin in BMSCs and their secreted sEVs by immunoblotting. (D,E) Efficiency of knockdown and inhibition of BMSCs targeting autotaxin at the translation and transcription levels by immunoblotting and qPCR, respectively (NC, negative control; siGAPDH, positive control; siATX-1/2, two siRNAs targeting autotaxin; ziritaxestat-1/2, autotaxin inhibitors at concentrations of 2 and 10 μM, respectively). *P < 0.05, **P < 0.01. (F,G) Expression of key factors (such as YAP, RhoA, etc.) of the Hippo pathway in normal MCCs or those with autotaxin knockdown or inhibition at the translation level by immunoblotting and statistical analysis. (H) Expression of key factors (such as YAP, RhoA, etc.) of Hippo pathway in normal MCCs and those with autotaxin knockdown or inhibition at the transcription level by qPCR. *: Compared with the control group, #: Compared with the OA group. */#P < 0.05, **/##P < 0.01.




No Upregulated Expression of Key Factors of the Hippo Pathway in Mandibular Condylar Chondrocytes Treated With Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles When Autotaxin Was Inhibited or Knocked Down

The IB results showed that BMSCs and their secreted sEVs expressed autotaxin (Figure 5C). In MCCs treated with BMSC-sEVs, in which autotaxin was inhibited or knocked down (Figures 5D,E), key factors of the Hippo pathway, such as RhoA and YAP, were no longer upregulated. These results preliminarily revealed that MSC-sEVs promoted cartilage reconstruction of TMJOA via the autotaxin–YAP signaling axis (Figures 5F–H).



No Cartilage Reconstruction of Mandibular Condylar Chondrocytes Treated With Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles When Autotaxin Was Inhibited or Knocked Down

Gross observation results showed that compared with the other OA groups, the OAsEV group had better integrity of condyles (Figure 6A). Micro-CT results suggested that BVF, BMD, and Tb.Th were significantly increased in the OAsEV group and that BS/BV and Tb.Sp were reduced in this group (Figures 6C–G). These data proved that damage in the surface of condyle cartilage and subchondral bone in TMJOA could be reversed by sEV-autotaxin derived from BMSCs (Figures 6C–G).
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FIGURE 6. No cartilage reconstruction of mandibular condylar chondrocytes (MCCs) treated with bone marrow mesenchymal stem cell-derived small extracellular vesicles (BMSC-sEVs) was observed when autotaxin was inhibited or knocked down. (A) Gross observation of condyles of temporomandibular joint osteoarthritis (TMJOA) animal model treated with BMSC-sEVs, normal and autotaxin knockdown or inhibition. (B) Micro-CT images of condyles of TMJOA animal model treated with BMSC-sEVs, normal and autotaxin knockdown or inhibition. (C–G) Parameters of micro-CT analysis of these groups, including bone volume fraction (BVF), bone surface/bone volume ratio (BS/BV), bone mineral density (BMD), trabecular thickness (Tb.Th), and trabecular spacing (Tb.Sp). (H) Hematoxylin–eosin (HE), safranin O/fast green, and immunohistochemistry (IHC) analysis of condyles of TMJOA animal model treated with BMSC-sEVs, normal and autotaxin knockdown or inhibition for 4 weeks (200×). (I) Semiquantitative analysis of IHC. *P < 0.05, **P < 0.01.


HE and safranin O/fast green staining results showed that compared with the untreated OA group, the condylar tissue of the OAsEV group exhibited an increase in cartilage lacuna (Figure 6), which is consistent with the results above (Figure 3A). In contrast, the condylar tissue of the OAsEV, in which autotaxin had been knocked down or inhibited (OA + sEV–/–ATX, OA + sEVZiritaxestat), no longer exhibited an increase in cartilage lacuna (Figure 6). The IHC results showed that compared with the untreated OA group, the condylar tissue of the OAsEV group showed upregulated expression of PCNA, Col-II, and SOX9 and downregulated the expression of RUNX2 and MMP13 (Figures 6H,I and Supplementary Figure 2), which is consistent with the results above (Figures 3A,B). In contrast, the condylar tissue of the OAsEV, in which autotaxin had been knocked down or inhibited (OA + sEV–/–ATX, OA + sEVZiritaxestat), did not show changes in the expression of these factors (Figures 6H,I and Supplementary Figure 2).



DISCUSSION

BMSCs have been widely used in many occasions, such as defect repairing and tissue regeneration, which are based on several experimental and clinical studies. A recent study reported that BMSC implantation appeared to be an effective and safe treatment for chondral defects at up to 10 years (Teo et al., 2019). Nevertheless, there are some problems with the treatment of TMJOA with MSCs, one of which is their inefficiency. To improve their transplantation and survival, some studies have placed MSCs into advanced carrier systems to improve their retention, vitality, growth, and differentiation. MSCs can be loaded into the material, such as by inoculation into a macroporous scaffold or into hydrogel (Armiento et al., 2018). Bio-hydrogels developed by the research team at our university, with fast light curing and long degradation cycles, can be loaded with BMSCs to promote cell migration, a nutritional supply, and cell survival.

Nevertheless, in clinical applications, the number of MSCs required to achieve the desired therapeutic results is still very large. This leads to another problem: forcing MSCs to multiply in large quantities to increase their yields can induce MSCs to show a tumorous tendency. In addition, there is unevenness in the expanded MSC population, which leads to less stable and reliable treatment by MSCs from different sources and batches, limiting further clinical applications of MSCs. Currently, it is widely proposed that MSCs may play their multiple biological roles by producing extracellular vesicles of varying sizes (Phinney and Pittenger, 2017). Considering this, using BMSC-sEVs instead could be a reliable and effective treatment for TMJOA, which is supported by the results of this study.

BMSC-sEVs can overcome problems arising from direct applications of MSCs, and in recent years, they have been found to have a therapeutic effect on OA. BMSC-sEVs can promote the repair of cartilage defects by promoting cell proliferation and infiltration, and they can also regulate cell proliferation, migration, and vascular formation through a variety of miRNAs (Qin et al., 2016; Cosenza et al., 2017; Zhang et al., 2018). When co-cultured with OA chondrocytes, BMSC-sEVs highly expressed cyclooxygenase-2 (COX-2) and pro-inflammatory interleukin, inhibited the activity of tumor necrosis factor (TNF)-alpha-induced collagen, and promoted the synthesis of ACAN and type II collagen (Vonk et al., 2018). In addition, embryo-derived sEVs could reduce matrix degradation and cartilage destruction in mice and promote cartilage regeneration (Guo et al., 2016; Wang et al., 2017). A recent study indicated that human BMSC-sEVs overexpressing miRNA-26a-5p could alleviate OA by reducing prostaglandin endoperoxide synthase 2 (PTGS2) (Jin et al., 2020).

However, the role of BMSC-sEVs in TMJOA is still unclear. The TMJ has two motor patterns, sliding and rotation with a disc inside, which means that its function and mechanism are complex. In addition, unlike other joints of the body derived from the mesoderm, the TMJ is derived from the ectoderm, which means that there are many differences in its histogenesis, inflammation, and immunity. Therefore, determining whether MSC-sEVs have a similar effect on TMJOA is necessary because relevant research is very limited. Recent studies have suggested that MSC-sEVs can promote cartilage repair in rats and reduce TMJOA-related pain (Zhang et al., 2019; Lee et al., 2020). The results of this article showed that human BMSC-sEVs could promote cartilage reconstruction in rabbit TMJOA and increase cell proliferation activity. Cartilage cell proliferation-, formation-, and matrix regeneration-related factors were all enhanced (Figures 3, 6).

Regarding the mechanism by which MSC-sEVs promote OA cartilage cell proliferation, migratory activity, and cartilage regeneration, some studies have pointed to the Hippo signaling pathway, which plays an important role in cell proliferation, tissue regeneration, and stem cell function. Based on the GEO database, gene chips from OA patients and a normal human population were obtained and analyzed. The Hippo signaling pathway was significantly differentially expressed in the OA tissues, and the role of the pathway was more important than the other signaling pathways involved. Previous studies have shown that synovial MSC-sEVs activate the key factor of the Hippo signaling pathway, YAP, which increases the proliferation and migratory activity of chondrocytes in an OA model in mice (Tao et al., 2017). In addition, YAP can also phosphorylate Akt and thus promote cell survival. After TMJOA rats were treated with MSC-sEVs, Akt expression was increased, which in turn promoted cartilage regeneration (Zhang et al., 2019).

Nevertheless, the role of YAP in cartilage regeneration is not clear. The YAP-TEA domain (TEAD) complex can increase cell proliferation potential by activating the SOX6 promoter. However, YAP can activate the Wnt/β-catenin pathway, reducing the ability of cells to differentiate into cartilage, and YAP also reduces the expression of the RUNX2-mediated COL10A1 gene, which hinders the maturation of chondrocytes (Li et al., 2017). Therefore, the role and mechanisms of the Hippo pathway in OA with YAP as the key factor are worth exploring in further detail. The results from this study showed that BMSC-sEVs can promote an increase in YAP expression in TMJOA chondrocytes and that the level of YAP phosphorylation is downregulated, indicating that the Hippo pathway is inhibited, and this promotes cell survival and proliferation (Figure 5). Nevertheless, further mass spectrometry and sequencing of proteins and miRNAs are required for further study of the role of the Hippo pathway and the relationships among other pathways in this mechanism.

The upstream factors of the Hippo signaling pathway have not been explained thoroughly. A recent study revealed the role of the RhoA-striatin-interacting phosphatase and kinase (STRIPAK) signaling axis in the Hippo pathway (Chen et al., 2019). After stimulation by serum or lysophosphatidic acid (LPA), active RhoA binds to STRIPAK, which induces the binding and dephosphorylation of mammalian STE20-like protein kinase (MST1/2) and mitogen-activated protein kinase kinase kinase kinases (MAP4Ks). This results in YAP dephosphorylation, Hippo pathway inhibition, and the expression of cell proliferation- and cartilage regeneration-related factors. Autotaxin plays a role in the process of wound healing, angiogenesis factor formation, chemotaxis and the cell cycle (Knowlden and Georas, 2014). Studies have shown that autotaxin promotes MSC migration and cytoskeletal rearrangement (Ryu and Han, 2015). It has also been found that autotaxin binds to sEVs, which in turn transport LPA to target cells (Jethwa et al., 2016).

The results of this study showed that the BMSC-sEVs could carry autotaxin and that sEV-autotaxin could induce condylar cartilage repair and upregulate the expression of the aforementioned key factors of the Hippo pathway (Figures 5, 6). Nevertheless, further study of the mechanism is still needed by using a knockout animal model and by analyzing the detailed interaction between autotaxin and the Hippo signaling pathway. Finally, clinical trials of BMSC-sEVs in TMJOA patients are expected in the near future.



CONCLUSION

Our study reveals that BMSC-derived sEVs could induce cartilage reconstruction in TMJOA via the autotaxin–YAP signaling axis (Figure 7), which could be expected to play an important role in the clinical application of sEVs in TMJOA and increase comprehension of the underlying mechanism.
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FIGURE 7. Schematic suggesting that bone marrow mesenchymal stem cell-derived small extracellular vesicles (BMSC-sEVs) induce cartilage reconstruction of temporomandibular joint osteoarthritis (TMJOA) via the autotaxin–Yes-associated protein (YAP) signaling axis.
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Supplementary Figure 1 | Gross observation and Micro-CT of condyles of TMJOA animal model. (A) Gross observation of condyles of TMJOA animal model. (B) Micro-CT images of condyles of TMJOA animal model. (C–G). Parameters of micro-CT analysis of TMJOA animal model, including BVF, BS/BV, BMD, Tb.Th and Tb.Sp. ∗P < 0.05, ∗∗P < 0.01.

Supplementary Figure 2 | Histologic and IHC analysis of condyles of TMJOA model treated with multiple kinds of BMSC-sEVs. HE, safranin O/fast green and IHC analysis of condyles of TMJOA animal model treated with BMSC-sEVs, normal and autotaxin knockdown or inhibition for 6 w and 8 w, respectively (200×).


ABBREVIATIONS

 TMJOA, temporomandibular joint osteoarthritis; BMSC-sEVs, bone marrow mesenchymal stem cell-derived small extracellular vesicles; ATX, autotaxin; YAP, Yes-associated protein; PCNA, proliferating cell nuclear antigen; Col-II/I, type II/I collagen; ACAN, aggrecan; SOX9, SRY-related high-mobility group box 9; MMP13, matrix metalloproteinase 13; RUNX2, RUNX family transcription factor 2; RhoA, ras homolog family member A; IB, immunoblotting; IHC, immunohistochemistry; qPCR, quantitative polymerase chain reaction.

FOOTNOTES

1http://www.ncbi.nlm.nih.gov/geo/geo2r

2http://kobas.cbi.pku.edu.cn/kobas3

3https://david.ncifcrf.gov
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Murphy Roths Large (MRL) mice possess outstanding capacity to regenerate several tissues. In the present study, we investigated whether this regenerative potential could be associated with the intrinsic particularities possessed by their mesenchymal stem cells (MSCs). We demonstrated that MSCs derived from MRL mice (MRL MSCs) display a superior chondrogenic potential than do C57BL/6 MSC (BL6 MSCs). This higher chondrogenic potential of MRL MSCs was associated with a higher expression level of pyrroline-5-carboxylate reductase 1 (PYCR1), an enzyme that catalyzes the biosynthesis of proline, in MRL MSCs compared with BL6 MSCs. The knockdown of PYCR1 in MRL MSCs, using a specific small interfering RNA (siRNA), abolishes their chondrogenic potential. Moreover, we showed that PYCR1 silencing in MRL MSCs induced a metabolic switch from glycolysis to oxidative phosphorylation. In two in vitro chondrocyte models that reproduce the main features of osteoarthritis (OA) chondrocytes including a downregulation of chondrocyte markers, a significant decrease of PYCR1 was observed. A downregulation of chondrocyte markers was also observed by silencing PYCR1 in freshly isolated healthy chondrocytes. Regarding MSC chondroprotective properties on chondrocytes with OA features, we showed that MSCs silenced for PYCR1 failed to protect chondrocytes from a reduced expression of anabolic markers, while MSCs overexpressing PYCR1 exhibited an increased chondroprotective potential. Finally, using the ear punch model, we demonstrated that MRL MSCs induced a regenerative response in non-regenerating BL6 mice, while BL6 and MRL MSCs deficient for PYCR1 did not. In conclusion, our results provide evidence that MRL mouse regenerative potential is, in part, attributed to its MSCs that exhibit higher PYCR1-dependent glycolytic potential, differentiation capacities, chondroprotective abilities, and regenerative potential than BL6 MSCs.

Keywords: MRL mouse, regeneration, mesenchymal stem cells, PYCR1, metabolism, chondrogenesis, chondrocyte, chondroprotection


INTRODUCTION

The superhealer Murphy Roths Large (MRL) mice possess remarkable capacity to regenerate several musculoskeletal tissues such as ear wounds, amputated digits, and injured articular cartilage with no evidence of scarring (Clark et al., 1998; Fitzgerald et al., 2008; Ward et al., 2008; Kwiatkowski et al., 2016; Deng et al., 2019; Sinha et al., 2019). Although the mechanisms that underlie MRL mice regenerative potential have been intensively studied during the two last decades, the exact process involved is still poorly understood.

Cartilage regeneration requires an extensive tissue remodeling; and in this context, the capacity of MRL mice to induce a breakdown in the basement membrane, which permits the formation of a blastema and ear-hole closure, has been shown (Gourevitch et al., 2003). This process relies on an inflammatory response characterized by the recruitment and the activation of neutrophils and macrophages positive for MMP-2, MMP-9, TIMP-2, and TIMP-3 in the ear after injury (Gourevitch et al., 2003). Thus, during the regenerative healing, an inflammatory regenerative environment with an increased number of pro-inflammatory cells in the MRL mice compared with the non-regenerating C57BL/6 mice was observed (Gourevitch et al., 2014). Moreover, the high regenerative potential of MRL mice has been attributed, in part, to their mesenchymal stem cells (MSCs) or their secretome (Diekman et al., 2013; Wang et al., 2020). The intra-articular injection of MSCs derived either from C57BL/6 mouse (B6 MSCs) or MRL mouse (MRL MSCs) prevents the development of post-traumatic arthritis after fracture at a similar extent, although MRL MSCs exhibit a higher capacity for bone volume increase during repair (Diekman et al., 2013).

Thus, MSCs and in particular MRL MSCs, described for their capacity to promote tissue repair/regeneration based on their trophic functions, should be further deciphered to identify promising therapeutic factors for degenerative diseases such as osteoarthritis (OA). Indeed, MSCs regulate the inflammatory response and provide a regenerative environment either by releasing bioactive molecules that will promote the functions of endogenous stem cells or by repressing the function and proliferation of abnormally activated immune cells (Djouad et al., 2009; Maumus et al., 2013a; Pers et al., 2015, 2018). MSC functions rely on their metabolic status. MSCs, when undifferentiated, rely on glycolysis for energy such as most types of stem cells. Then, MSCs activate the mitochondrial process of oxidative phosphorylation (OXPHOS) when induced to differentiate into osteoblasts (Shum et al., 2016). During the early phase of adipogenesis, MSCs exhibit an increased oxygen consumption and mitochondrial activity indicating a metabolic switch from glycolysis to OXPHOS (Drehmer et al., 2016). In contrast to MSCs induced to differentiate into osteoblasts or adipocytes, MSCs that differentiate into chondrocytes present reduced O2 consumption and OXPHOS, indicating an increased glycolysis (Pattappa et al., 2011). Therefore, given the pivotal role of MSC metabolic status on its functions, it is reasonable to hypothesize that the phenotypic and functional differences reported between MSCs from different sources (Elahi et al., 2016), species (Ren et al., 2009), or strain of mice (Peister et al., 2004; Bouffi et al., 2010) might be associated with metabolic differences. Moreover, the metabolic signature of MSCs is dynamic and changes with aging. Compared with rapid-aging MSCs, which display low regenerative capabilities, slow-aging MSCs exhibit a significantly higher glycolytic capacity and a higher potential for glucose uptake and reserve (Macrin et al., 2019).

In MRL mice, regeneration proceeds through the formation of a wound epithelium and a blastema-like structure, a heterogeneous cell mass that transiently forms adjacent to a specialized wound epithelium through migration and proliferation of local progenitor cells to give rise to distinct cell types organizing into the exact copy of the lost entity (for review, see Kumar and Brockes, 2012). Thus, regeneration such as tumorigenesis is characterized by a massive cell proliferation, tightly controlled in the case of regeneration and anarchic during tumorigenesis. Proline biosynthesis and metabolism play a central role in the metabolic reprogramming observed during tumorigenesis as well as during development (Phang and Liu, 2012; Phang et al., 2015; Phang, 2019). Pyrroline-5-carboxylate reductase 1 (PYCR1), a key enzyme for proline biosynthesis, is required for normal development. Indeed, PYCR1 mutation has been described in patients with multisystem disorders such as autosomal-recessive cutis laxa type 2 (ARCL2) characterized by premature aging, general developmental delay, and skin and joint laxity (Guernsey et al., 2009). Moreover, PYCR1 has been described to promote tumorigenesis. Indeed, PYCR1 inhibition using gene interference technology represses cell proliferation while promoting cell apoptosis in hepatocellular carcinoma (Zhuang et al., 2019). Similarly, PYCR1 silencing using small interfering RNA (siRNA) significantly inhibited cell proliferation and increased apoptosis of non-small cell lung cancer (Cai et al., 2018). PYCR1-dependent proline biosynthesis is pivotal for tumorigenesis by promoting cell proliferation and connecting the cycle of proline to glycolysis (Liu et al., 2015). However, the role of PYCR1 on MRL MSC regenerative process and metabolic status has never been investigated.

In this study, we addressed whether the regenerative potential of MRL mice could be attributed to the intrinsic properties of MSCs focusing on the role of PYCR1 in their therapeutic potential.



MATERIALS AND METHODS


Bioethics

Mice were housed and cared for in accordance with the Ethics Committee on Animal Research and Care of the Languedoc-Roussillon. We obtained the approval from the Ethical Committee for animal experimentation of the Languedoc-Roussillon before initiating the study (approval CEEA-LR-12117).



Mesenchymal Stem Cell Isolation and Expansion

Mesenchymal Stem Cells (MSCs) were isolated from MRL/Mpj and C57BL/6 mice bone marrow. Their expansion as well as their phenotypic and functional characterization was performed as previously described after their spontaneous immortalization in vitro (Bouffi et al., 2010; Tejedor et al., 2021). The immortalized MSCs used in the present study between passages 15 and 20 exhibited the minimal criteria for defining MSCs (Dominici et al., 2006).



Chondrogenic Differentiation of Mesenchymal Stem Cell

Mesenchymal Stem Cell differentiation into chondrocytes was performed as previously described (Bouffi et al., 2010). Briefly, MSCs were induced to differentiate using the protocol of micropellets, which consist in seeding the MSCs at 2.5 × 105 cells/well in 96-Well Polypropylene, centrifuged during 5 min at 400 g. The micropellets were cultured during 21 days in a medium containing DMEM (Invitrogen), 100 U/ml of penicillin/streptomycin, 10 μM of sodium-pyruvate, 1.7 μM of ascorbic acid-2-phosphate, insulin-transferrin-selenium (ITS; Sigma-Aldrich Corp., St. Louis, MO, United States), and 1 ng/ml of human Transforming Growth Factor β3 (hTGF-β3; R&D Systems, Minneapolis, MN, United States) prior to being recovered for RT-qPCR analysis.



Chondrocyte Isolation and Expansion

Articular chondrocytes were isolated from femoral heads and knees of 3-day-old C57BL/6 mice and seeded at 25,000 cells/cm2 in 12-well TPP culture plates (TPP Techno Plastic Products, Trasadingen, Switzerland) in culture medium for 5 days as previously described (Gosset et al., 2008). The chondrocytes were treated with IL-1β (1 ng/ml, R&D Systems) during 24 h to reproduce the main features of OA chondrocytes. Then, IL-1β was removed, and IL-1β-induced chondrocytes were cocultured during another 24 h with MSCs seeded in culture inserts and recovered to be analyzed by RT-qPCR.



Mesenchymal Stem Cell and Chondrocyte Transfection With Small Interfering RNA and Plasmids

Chondrocytes and MSCs were transfected at subconfluence (60%) with 200 nM of control siRNA (siCTL) or the siRNA against Pycr1 (siPycr1) (Silencer Select RNAi, Thermo Fisher Scientific, Illkirch, France) using oligofectamine reagent (Life Technologies, Courtaboeuf, France) according to the supplier’s recommendations.

Mesenchymal Stem Cells were transfected at 60% of confluence with control or PYCR1-expressing plasmids (pCMV6 Entry; OriGene Technologies, Rockville, MD, United States) using lipofectamine reagent (Life Technologies, Courtaboeuf) according to the supplier’s recommendations.



Proliferation Assay

Murphy Roths Large MSC proliferation rate was assessed using the PrestoBlue assay (Promega, Charbonnières-les-Bains, France) and following the manufacturer’s recommendations. Briefly, MSCs were seeded at the density of 3,500 cells/cm2 in a 6-well plate 48 h after transfection, in a proliferative medium containing DMEM supplemented with 10% of fetal calf serum, 100 U/ml of penicillin/streptomycin, and 2 mmol/ml of glutamine. After 3 days of culture, MRL MSCs were collected, and the number of viable cells was quantified.



RT-qPCR

Total RNA was isolated from each sample using RNeasy Mini Kit (Qiagen, Courtaboeuf, France), and the quantity and purity of the total RNA were determined by using a NanoDrop ND-1000 spectrophotometer (NanoDrop ND, Thermo Fisher Scientific). cDNA was synthesized by reverse transcribing 500 ng of RNA into cDNA using the SensiFAST cDNA synthesis kit (Bioline, Memphis, TN, United States). Quantitative PCR was performed using the SensiFASTTM SYBR (Bioline) and a LightCycler® 480 Detection system, following the manufacturer’s recommendations. Specific primers for Acan, Adamts5, Col2B, Mmp13, and Pycr1 were designed using the Primer3 software (Acan F: GCGAGTCCAACTCTTCAAGC-R: GAAGTAGCAGGGGATGGTGA; Adamts5 F: CTGCC TTCAAGGCAAATGTGTGG-R: CAATGGCGGTAGGCAAAC TGC; Col2B F: CTGGTGCTGCTGACGCT-R: GCCCT AATTTTCGGGCAT; Mmp13 F: TCTGGATCACTCCAAGGAC C-R: ATCAGGAAGCATGAAATGGC; Pycr1 F: GAAGAT GGCAGGCTTGTGGA-R: CTGGGAAGCCCCATTTTCAC. Data were normalized to the housekeeping gene ribosomal protein S9 (RPS9). Values were expressed as relative mRNA level of specific gene expression as obtained using the 2–ΔCt method.



Oxygen Consumption Rate and Extracellular Acidification Rate Measurement

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using the XFe96 analyzer (Seahorse Bioscience, North Billerica, MA, United States). Murine MSCs (20,000 cells/well) were plated on 96-well plates, in XF media (non-buffered DMEM medium, without glucose, 2 mM of L-glutamine, and 1 mM of sodium pyruvate) and analyzed according to the manufacturer’s recommended protocol. Three independent readings were taken after each sequential injection. Instrumental background was measured in separate control wells using the same conditions without biologic material. ECAR/OCR ratio was calculated with the glycolytic rate and basal OCR.



Lactate Quantification

Lactate was measured in the supernatants of MSCs using the Lactate assay kit II (Sigma Aldrich) following manufacturer’s instruction.



Ear Punch Model

C57BL/6 female mice with an age of 10 weeks were used for the model. At day 0, we performed a reproducible ear hole with a 2-mm punch through the center of the ear. For the different groups, we injected either 20 μl of phosphate-buffered saline (PBS) (untreated) or 3 × 105 MSCs/20 μl of PBS along the wound edge using a 10-μl Hamilton syringe connected with a 25-gauge needle (two injections were performed to inject a final volume of 20 μl). Measurements of the ear wound area were performed at day 0 and day 35 from using the ImageJ software on ear pictures. For the untreated condition, we injected PBS.



Statistical Analysis

Generated p-values were obtained using the Mann–Whitney unpaired t-test, two-tailed, using GraphPad Prism 6 Software. Graphs show mean ± SEM. p < 0.05 (∗), p < 0.01 (∗∗), or p < 0.001 (∗∗∗) was considered statistically significant.



RESULTS


Pycr1 Is Highly Expressed in Murphy Roths Large Mesenchymal Stem Cell and Progressively Increased During Chondrogenesis

We first studied the expression level of Pycr1 in adult MRL MSCs as compared with MSCs derived from BL6 mice by RT-qPCR. We found that Pycr1 mRNA expression was significantly higher in MRL MSCs than in BL6 MSCs (Figure 1A). Then, since MSCs undergoing chondrogenesis rely on proline addition in the chondrogenic media and exhibit a metabolic shift toward glycolysis (Pattappa et al., 2011), we investigated whether Pycr1 expression could be modulated during the induction of MSC differentiation into chondrocytes. Pycr1 expression level was progressively increased during MSC chondrogenesis to reach a significantly higher level from D14 than undifferentiated MSCs (Figure 1B). This increased expression level of Pycr1 paralleled the well-described increased expression level of the chondrocyte markers such as type IIB collagen (Col2B) and aggrecan (Acan) during MSC differentiation into chondrocytes (Figure 1C). Moreover, at day 21, we found that MRL MSCs induced to differentiate into chondrocytes express a higher level of Col2B and Acan than BL6 MSCs. This suggests that MRL MSCs exhibit a higher chondrogenic potential than BL6 MSCs (Figure 1C).
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FIGURE 1. Pycr1 is highly expressed in MRL MSCs and in MSC-derived chondrocytes. (A) Pycr1 mRNA expression level in MRL MSCs and BL6 MSCs assessed by RT-qPCR. (B) Pycr1 mRNA expression level in MRL MSCs at different time points of the chondrogenic differentiation of MRL MSCs induced in pellets by TGFβ3 assessed by RT-qPCR. (C) mRNA expression levels of chondrocyte markers, Col2B and Acan, in BL6 and MRL MSCs at different time points of the chondrogenic differentiation. Results represent the mean ± SEM of three independent experiments. Results represent the mean ± SEM of three independent experiments. Statistics: Mann–Whitney test, two-tailed. When not indicated day 0 (0) versus day 14 (14) or 21 (21), p-values < 0.05 (∗) or p < 0.001 (∗∗∗). MRL, Murphy Roths Large; MSCs, mesenchymal stem cells.




Pycr1 Is Necessary for Mesenchymal Stem Cell Chondrogenic Potential

With regard to the increased expression of Pycr1 during chondrogenesis, in particular for MRL MSCs, we next asked whether MSC chondrogenic differentiation could be regulated by a cell-autonomous function of PYCR1. To address that question, we used the siRNA approach to knock down the expression of Pycr1 in MRL MSCs. Forty-eight hours post-transfection (at day 0 of MSC chondrogenesis) of MSCs with a siRNA against Pycr1 (siPycr1), Pycr1 expression was reduced by 70% compared with the MSCs transfected with the control siRNA (siCTL) (Figure 2A). The silencing of Pycr1 in MRL MSCs did not modify their proliferation rate (Figure 2B). Then, MSC chondrogenic differentiation was induced by culture in micropellet in the presence of TGFβ3 for 21 days. While we observed a significant increase of Pycr1 during chondrogenesis in MSCs transfected with the siCTL, Pycr1 expression level did not change within differentiating MSCs transfected with siPycr1 (Figure 2A). Moreover, we assessed whether the downregulation of Pycr1 altered the chondrogenic differentiation of MSCs; and we found, at early stages, that siPycr1-transfected MSCs formed flat micropellets with a reduced density as compared with the micropellets formed with MSCs transfected with the siCtl (data not shown). Moreover, Pycr1 knockdown significantly reduced the expression, Col2B, a mature chondrocyte marker, by day 21 (Figure 2C).
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FIGURE 2. Pycr1 is required for the chondrogenic potential of MRL MSCs. (A) Pycr1 mRNA expression level in MRL MSCs transfected with either a control siRNA (siCTL) or a siRNA against Pycr1 (siPYCR1) at different time points of the chondrogenic differentiation induced in pellets by TGFβ3. (B) Proliferation rate of MRL MSCs transfected with either a control siRNA (siCTL) or a siRNA against Pycr1 (siPYCR1). (C) mRNA expression levels of chondrocyte markers, Col2B and Acan, in MRL MSCs transfected with either siCTL or siPYCR1 at different time points of the chondrogenic differentiation induced in pellets by TGFβ3. Results represent the mean ± SEM of three independent experiments. Statistics: Mann–Whitney test, two-tailed. p-Values < 0.05 (∗). MRL, Murphy Roths Large; MSCs, mesenchymal stem cells; siRNA, small interfering RNA.




Pycr1 Is Necessary for Murphy Roths Large Mesenchymal Stem Cell Glycolytic Metabolism

PYCR1 activity has been linked to the glycolytic pathway through the production of NAD+ (Liu et al., 2015). Therefore, we wondered whether the high expression of Pycr1 in MRL MSCs could regulate MRL MSC metabolism. We quantified, in both BL6 MSCs and MRL MSC, the OCR (Figure 3A) and their ECAR (Figure 3B), which are associated with OXPHOS and glycolysis, respectively. Overall, MRL MSCs showed an active glycolysis, which was partially controlled by Pycr1 expression (Figures 3A,B). Indeed, the knockdown of Pycr1 in MRL MSCs induces a switch from glycolysis to OXPHOS as revealed by the ratio of ECAR to OCR, which was also significantly lower in MRL MSCs deficient for Pycr1 than in MSCs transfected with siCTL (Figure 3C). Then, we evaluated the lactate production (Figure 3D). In contrast, the knockdown of Pycr1 in BL6 MSCs did not modify their metabolism (Figure 3E). Our results showed Pycr1 downregulation induces a reprogramming of MRL MSC metabolism specifically associated with a decreased lactate concentration in the extracellular media of MRL MSCs deficient for Pycr1 (Figure 3D). Altogether, these results provide evidence for the role of Pycr1 in the cytosolic glycolytic activity in MRL MSCs.
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FIGURE 3. Pycr1 induces a glycolytic metabolism on MRL MSCs. (A,B) The metabolic activity of MRL MSC siCTL (MRL MSCs transfected with the siCTL siRNA) control (black line) and siPYCR1 (orange line) was evaluated by measuring the OCR (A) or the ECAR (B) with Seahorse analyzer. The knockdown of Pycr1 affects both the OCR and ECAR profiles, which translates to a preferentially oxidative metabolism. (C) The ratio between glycolytic rate and basal OCR confirms a significant decline in the glycolytic metabolism of MRL siPYCR1. (D) Similarly, we observed a significant decrease in lactate concentration in the extracellular media, as a result of the diminished glycolytic activity on MRL siPYCR1, compared with MRL siCTL. Results represent the mean ± SEM of three independent experiments with five different replicates each time. Statistics: Mann–Whitney unpaired t-test. ∗∗: p < 0.01. (E) The metabolic activity of BL6 MSC siCTL and BL6 MSC siPYCR1 was evaluated by measuring the OCR, ECAR and the ratio ECAR/OCR with Seahorse analyzer. MRL, Murphy Roths Large; MSCs, mesenchymal stem cell; siRNA, small interfering RNA.




Pycr1 Is Necessary for the Maintenance of Chondrocyte Phenotype

Articular chondrocytes are exposed to low O2 microenvironment in vivo and generate ATP by glycolysis (Lane et al., 2015). Under physiological conditions, chondrocytes rely on glycolysis to meet the cellular energy requirements, but when challenged with a stress or in OA, chondrocytes modify their mitochondrial respiration. This metabolic flexibility of chondrocytes is critical for their survival when stressed (Lane et al., 2015). We thus wondered whether the expression level of Pycr1, critical for cell glycolytic metabolism and function, could be modulated in chondrocytes exposed to different stresses. First, we assessed the modulation of Pycr1 expression level in an in vitro model of chondrocyte inflammation that consists in treating freshly isolated chondrocytes with IL-1β (Ruiz et al., 2020). IL-1β treatment induced a chondrocyte model that reproduces the main OA chondrocyte features, namely, decreased expression of anabolic markers and increased expression of catabolic and inflammatory markers. In this model, IL-1β-treated chondrocytes exhibit a reduced expression of Col2B and Acan and increased expression of Mmp13 and Adamts5 (Ruiz et al., 2020). We found that the treatment of chondrocytes with IL-1β induced a significant downregulation of Pycr1 (Figure 4A) similar to the one observed after the transfection of the chondrocytes with siPycr1 (Figure 4B). Pycr1 silencing in articular chondrocytes using the siPycr1 resulted in a downregulation of the chondrocyte anabolic marker Acan (Figure 4C). No effect was observed on chondrocyte catabolic markers Mmp13 and Adamts5 (Figure 4D). This result suggests that Pycr1 is essential to maintain chondrocyte phenotype. To confirm a correlation between the decreased expression level of Pycr1 and the loss of chondrocyte phenotype, we then used the model of dedifferentiated chondrocytes (Monteagudo et al., 2017). In this model, chondrocytes progressively dedifferentiate upon serial passages in culture as revealed by the reduced expression level of chondrocyte anabolic markers (Monteagudo et al., 2017). Here, we found that in parallel to the progressive downregulation of Col2B and Acan in chondrocytes undergoing serial passages (Figure 4E), Pycr1 was also progressively lost (Figure 4F).
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FIGURE 4. Pycr1 silencing, a novel method to generate mouse IL-1β-treated chondrocytes. (A) Scheme showing the generation of chondrocytes with OA features with IL-1β treatment of freshly isolated chondrocytes. RT-qPCR analysis of Pycr1 expression level in untreated healthy chondrocytes (untreated) and in IL-1β-treated chondrocytes (IL-1β). (B) RT-qPCR analysis of Pycr1 expression level in chondrocytes transfected with a siRNA against PCYR1 (siPYCR1). (C) RT-qPCR analysis of the chondrocyte anabolic markers Col2B and Acan and (D) chondrocyte catabolic markers Mmp13 and Adamts5 in chondrocytes transfected with a control siRNA (siCTL) or a siRNA against Pycr1 (siPYCR1). (E) RT-qPCR analysis of the chondrocyte anabolic markers Col2B and Acan and (F) Pycr1 in mouse chondrocytes induced differently after serial passages in culture [from passage 0 (P0) to passage 5 (P5)]. Results represent the mean ± SEM of three independent experiments. Statistics: Mann–Whitney test, two-tailed. When not indicated P0 versus P1, P2, P3, P4, and P5. p-values < 0.05 (∗). OA, osteoarthritis; siRNA, small interfering RNA.


Altogether, these results reveal that Pycr1 loss parallels the loss of chondrocyte anabolic markers that characterize chondrocytes with OA features.



Pycr1 Is Necessary for the Chondroprotective Potential of Murphy Roths Large Mesenchymal Stem Cell on the in vitro Model of Chondrocyte Inflammation

We then asked whether PYCR1 could be required for the chondroprotective properties of MSCs (Maumus et al., 2013b; Ruiz et al., 2020). To that end, we tested the effect of Pycr1 silencing on MRL MSC chondroprotective effects on the IL-1β-induced chondrocyte model. While coculture of IL-1β-treated chondrocytes with MRL MSCs transfected with a siCtl (MRL MSCsiCTL) significantly upregulated the expression of chondrocyte anabolic markers including Col2B and Acan, MRL MSCs silenced for Pycr1 (MRL MSCsiPYCR1) did not (Figures 5A,B). Conversely, we asked whether Pycr1 overexpression on MRL MSCs would further enhance their chondroprotective properties on IL-1β-treated chondrocytes. To that end, MRL MSCs were transfected with either a plasmid encoding Pycr1 (MRL MSCplPYCR1) or an empty vector control (MRL MSCplCTL) prior to being cocultured with OA-like chondrocytes (Figure 5A). Pycr1 was expressed 80-fold more in MRL MSCplPYCR1 than in MRL MSCplCTL (Figure 5C). Coculture of IL-1β-treated chondrocytes with MRL MSCs overexpressing Pycr1 significantly upregulated the expression of chondrocyte anabolic markers Col2B and Acan (Figure 5C) as compared with the cocultures with MRL MSCplCTL. Altogether, these results indicate that Pycr1 contributes to MRL MSC pro-anabolic function on chondrocytes.
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FIGURE 5. Pycr1 regulates the chondroprotective abilities of MRL MSCs. (A) Scheme illustrating the different coculture conditions using chondrocytes with OA features induced by a 24-h incubation of freshly isolated chondrocytes with IL-1β and MRL MSCs. MRL MSCs were either transfected with a control siRNA (MRL MSCsiCTL), a siRNA against Pycr1 (MRL MSCsiPYCR1), an empty vector control (MRL MSCplCTL), or a plasmid encoding Pycr1 (MRLMSCplPYCR1). IL-1β-treated chondrocytes and MRL MSCs were cultured during 24 h before to be collected for RT-qPCR analysis. (B) RT-qPCR analysis of different chondrocyte markers, Col2B and Acan, in healthy chondrocytes and IL-1β-treated chondrocytes cultured alone or with either MRL MSCsiCTL or MRL MSCsiPYCR1. (C) RT-qPCR analysis of different chondrocyte markers, Col2B and Acan, in healthy chondrocytes and IL-1β-treated chondrocytes cultured alone or with either MRL MSCplCTL or MRL MSCplPYCR1. Results represent the mean ± SEM obtained with three biological replicates. Statistics: Mann–Whitney test, two-tailed. p-Values < 0.05 (∗). MRL, Murphy Roths Large; MSC, mesenchymal stem cell; OA, osteoarthritis.




Pycr1 Is Necessary for the Regenerative Potential of Murphy Roths Large Mesenchymal Stem Cell in an Ear Punch Model

The MRL mouse has been well described for its remarkable capacity for cartilaginous wound closure and regeneration (Clark et al., 1998). Two−millimeter punch wounds made into MRL/MpJ mice ears closed with regeneration after 30 days, whereas they did not close in the C57BL/6 mice. Histological analysis revealed a normal angiogenesis and chondrogenesis of the ear in contrast to control BL6 mice, which have unclosed ear holes (Clark et al., 1998). Going further, other studies have shown that the ear holes regenerate by the formation of a blastema−like structure, a highly proliferative structure composed of progenitor cells, leading to a scar-free vascularized tissue made of collagen, hair follicles, sebaceous glands, and even cartilage (Gawriluk et al., 2016). Since MRL MSCs have enhanced chondrogenic and chondroprotective properties as compared with BL6 MSCs, we investigated, in vivo, whether the regenerative potential of MRL mice was due to the intrinsic regenerative properties of their MSCs. To that end, non-regenerating BL6 mice were subjected to a through-and-through hole generated in the ear pinna using a 2-mm biopsy punch. Then, the wounded mice were either untreated or treated with MSCs injected along the wound edge. Measurements of the ear punch wound area at day 35 revealed that MRL MSCs induced a regenerative process leading to a significant decrease of the wound size, 37% or 36% reduction in area, as compared with the untreated mice (PBS injected) or mice treated with BL6 MSCs, respectively (Figures 6A,B). Then, we assessed, whether this regenerative process mediated by MRL MSCs was associated with their high expression level of Pycr1. The ear punch wound area of BL6 mice treated with MRL MSCs deficient for Pycr1 (MRL MSC siPYCR1) did not show any difference with the untreated or BL6 MSCs treated mice (Figures 6A,B). Overall, this finding suggests that the in vivo regenerative potential of MRL MSCs that we showed in BL6 mice depends on Pycr1 expression level.


[image: image]

FIGURE 6. MRL MSCs induce tissue regeneration in BL6 mice in a Pycr1-dependent manner. (A) Pictures of the ear holes at day 0 and day 35 after wounding. The punch holes in the ears of BL6 mice were either untreated (untreated) or treated with MSCs. BL6 MSCs and MRL MSCs transfected with either siCTL (MRL MSCsiCTL) or siPYCR1 (MRL MSCsiPYCR1) were injected at the wound edges. (B) Quantification of the ear punch hole closure at day 35 (D35) using the ImageJ program to define the ear punch area. Results represent the mean ± SEM. Nmice = 10 per condition, Mann–Whitney test, two-tailed, when not indicated untreated versus MRL MSCsiCTL, p-values < 0.05 (∗). MRL, Murphy Roths Large; MSC, mesenchymal stem cell.




DISCUSSION

This study provides the first evidence that MRL MSCs exhibit enhanced chondrogenic, chondroprotective, and regenerative properties as compared with BL6 MSCs in a Pycr1-dependent manner.

We found that MRL MSCs induce toward the chondrogenic lineage differentiate faster and better than BL6 MSCs as revealed by the high expression level of chondrocyte markers as soon as day 14 of the MSC differentiation process that takes normally 21 days for MSCs. Herein, we evidenced a progressive increase in the expression level of Pycr1 during the course of chondrogenic differentiation of MSCs and that the loss of Pycr1 in MRL MSCs abolishes their chondrogenic potential as revealed by the decreased expression levels of chondrogenic markers that we studied at the mRNA expression level since we have previously shown a nice correlation between mRNA and protein of chondrogenic markers (Bouffi et al., 2010). This latter effect might be due, in part, to the fact that PYCR1 is the final enzyme in the biosynthesis of proline that makes up approximately 15% of collagen accounting for about two-thirds of articular cartilage dry weight. Proline, with also the post-translational modifications, are necessary for appropriate collagen synthesis, folding, and secretion (Guzy and Redente, 2021; Stum et al., 2021). Thus, further research is needed to determine the effect of Pycr1 downregulation on the capacity of MSCs undergoing chondrogenesis to produce reduced level of PYCR1 and collagen. Of note, since a similar regulation between mRNA and protein levels of PYCR1 has been previously described (Huang et al., 2018; Weijin et al., 2019; Xiao et al., 2020), we mainly relied on the mRNA expression level of Pycr1 to confirm Pycr1 silencing and overexpression in the present study. Moreover, PYCR1 mutations are deleterious for mitochondrial function and responsible for progeroid changes in connective tissues (Reversade et al., 2009). Thus, Pycr1 silencing in MRL MSCs might have antagonized the intrinsic properties of MRL mouse cells that have retained some features of embryonic cells including their metabolism and the expression of stem cell markers such as Nanog, Islet-1, and Sox2 (Naviaux et al., 2009). The retention of such embryonic features in adulthood is rare in mammals and might confer to MRL MSCs their enhanced differentiation potential in a Pycr1-dependent manner.

Moreover, PYCR1 participates to the upregulation of glycolysis through proline biosynthesis (Liu et al., 2015). We therefore studied the metabolism of MSCs derived from the superhealer MRL mice (MRL MSCs) and found a high glycolytic metabolism in those cells. Moreover, in loss-of-function experiments, we demonstrated that the glycolytic status of MRL MSCs is associated with a high expression level of Pycr1. Indeed, Pycr1 silencing significantly reduces the ratios of ECAR to OCR that indicates a preference for OXPHOS over glycolysis in MRL MSCs deficient for Pycr1. Moreover, the lactate production by MRL MSCs silenced for Pycr1 was also significantly reduced. This is in accordance with the capacity of PYCR1 to increase glycolysis (Liu et al., 2015) and the reduced O2 consumption and OXPHOS in MSCs during chondrogenesis, indicating a shift toward increased glycolysis (for review, see Shyh-Chang et al., 2013; Mobasheri et al., 2017; Zheng et al., 2021). During chondrogenesis, a rapid and significative reduction in oxygen consumption has been reported in MSCs not due to the chondrogenic differentiation per se but rather to the 3D pellet culture conditions. The expression levels of genes associated with glycolysis increased in MSCs that adopt a glycolytic metabolism and differentiate into chondrocytes (Pattappa et al., 2011). Moreover, under hypoxia that induces a high glycolytic metabolism, chondrogenesis is enhanced (Lennon et al., 2001; Wang et al., 2005; Xu et al., 2007; Markway et al., 2010). Altogether, these results suggest that MRL MSCs are more prone to differentiate into chondrocytes presumably due to their PYCR1-dependent glycolytic status.

Mature chondrocytes are highly glycolytic with a minimal oxygen consumption (Rajpurohit et al., 1996; Heywood and Lee, 2008). Downregulation of the chondrocyte markers such as Col2B and Acan in chondrocytes undergoing serial passages is correlated with Pycr1 expression progressive loss. This was confirmed using another model of chondrocyte inflammation that induces their osteoarthritic-like dedifferentiation characterized by a loss of chondrocyte marker expression (Benya et al., 1978; Monteagudo et al., 2017), increasing their oxygen consumption and their OXPHOS metabolism (Heywood and Lee, 2008). Indeed, we demonstrated that in parallel to the progressive acquisition of an OA-like phenotype upon IL-1β exposure, chondrocytes exhibit a reduced expression of Pycr1. Going further, we showed that Pycr1 silencing led to a significant decrease of chondrocyte markers confirming that Pycr1 expression in articular chondrocytes is required for a functional phenotype. Altogether, our results show that PCYR1, pivotal for cell glycolytic metabolism, is required for healthy and functional articular chondrocytes. These results are in line with the effect induced by the treatment of chondrocytes with 2-deoxyglucose (2-DG), a chemical inhibitor of glycolysis, that highly reduces Col2B expression levels supporting the pivotal role of glycolytic energy production for cartilage matrix synthesis (Pfander et al., 2003, 2006).

Knockdown of Pycr1 in MSCs also altered MSC chondroprotective properties on IL-1β-treated chondrocytes. We showed that while MRL MSCs protect IL-1β-treated chondrocytes from a loss of anabolic markers (Acan and Col2B), MRL MSCs silenced Pycr1 did not. Moreover, we showed that Pycr1 enhances the chondroprotective potential of MSCs as revealed by higher expression levels of anabolic markers in IL-1β-treated chondrocytes cocultured with MSCs overexpressing Pycr1 as compared with IL-1β-treated chondrocyte coculture with control MSCs. Thus, we evidenced that the chondroprotective effect of MRL MSCs relies on Pycr1 expression. The cytoprotective effect of MSCs has been associated with their glycolytic phenotype. Enhancement of glycolysis promotes MSC survival (Yang et al., 2019). The glycolytic metabolic state maintains MSC homeostasis by limiting reactive oxygen species (ROS) production through the cytoprotective effect of high glycolytic flux that enhances generation of antioxidant precursors (Galluzzi et al., 2013; Yuan et al., 2019). Our results suggest that Pycr1 is pivotal for the chondroprotective high glycolytic flux mediated by MRL MSC.

The activation of glycolysis has been shown to play a pivotal role in regeneration (Magadum and Engel, 2018). The regenerative abilities of MRL mice have been associated with an increased glycolysis and a reduced OXPHOS (Naviaux et al., 2009). Moreover, during planarian tissue regeneration, the activation of glycolysis has been reported (Osuma et al., 2018). Glycolysis inhibition repressed regeneration of mouse neonatal hearts (Wang et al., 2018) and adult skeletal muscle (Fu et al., 2015). However, although regeneration is associated with glycolysis, the underlying mechanisms are poorly understood. Here, we show that MRL MSCs have enhanced regenerative properties and that their injection at the wound edges stimulates the regenerative process in non-regenerating BL6 mice. This regenerative potential exhibited by MRL MSCs required the expression of Pycr1, previously described to play a critical role in energy metabolism.

In conclusion, our findings demonstrate that the enhanced regenerative potential of MRL mice is attributed, in part, to their MSCs that exhibit PYCR1-dependent higher glycolytic potential, differentiation capacities, chondroprotective abilities, and regenerative properties than BL6 MSCs.
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Osteoarthritis (OA) is a common chronic disease and a significant health concern that needs to be urgently solved. OA affects the cartilage and entire joint tissues, including the subchondral bone, synovium, and infrapatellar fat pads. The physiological and pathological changes in these tissues affect the occurrence and development of OA. Understanding complex crosstalk among different joint tissues and their roles in OA initiation and progression is critical in elucidating the pathogenic mechanism of OA. In this review, we begin with an overview of the role of chondrocytes, synovial cells (synovial fibroblasts and macrophages), mast cells, osteoblasts, osteoclasts, various stem cells, and engineered cells (induced pluripotent stem cells) in OA pathogenesis. Then, we discuss the various mechanisms by which these cells communicate, including paracrine signaling, local microenvironment, co-culture, extracellular vesicles (exosomes), and cell tissue engineering. We particularly focus on the therapeutic potential and clinical applications of stem cell-derived extracellular vesicles, which serve as modulators of cell-to-cell communication, in the field of regenerative medicine, such as cartilage repair. Finally, the challenges and limitations related to exosome-based treatment for OA are discussed. This article provides a comprehensive summary of key cells that might be targets of future therapies for OA.
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INTRODUCTION

Osteoarthritis (OA) is a common degenerative disease of the joints that causes chronic pain and motor dysfunction and affects the quality of life of more than 300 million people worldwide (GBD 2017 Risk Factor Collaborators, 2018). OA also poses a considerable economic burden on patients and is a major public health problem. OA’s current treatment strategies include non-drug treatment (e.g., exercise, weight reduction, and physiotherapy), drug treatment, and surgery (Bannuru et al., 2019; Kloppenburg and Berenbaum, 2020). Non-pharmacological therapies are used for patients in the early stages of OA to delay its development. However, the effects of these approaches on early symptoms are limited, particularly on structural diseases (Cutolo et al., 2015). On the other hand, medications, including pain relievers and non-steroidal anti-inflammatory drugs, are prescribed to control the pain, preserve functional capacity, and improve the quality of daily life. However, because patients with OA are prone to complications, inappropriate drug treatment and multi-drug therapy can increase the risk of side effects (Gore et al., 2011). Meanwhile, surgical treatment is considered for patients with advanced OA; however, this modality is associated with high failure rates and complications, and additional costs. Because the molecular mechanisms underlying OA initiation and progression remain poorly understood, there are no current interventions with satisfactory curative effects that can delay disease progression (Dieppe et al., 2011; Bannuru et al., 2019). Therefore, new insights into the mechanism of OA pathogenesis are required to promote the development of new therapies that meet future clinical needs.

Osteoarthritis was previously considered to be caused by mechanical damage or the habitual overuse of a joint that is an inevitable part of aging. However, it has become increasingly clear that OA is much more complex than a wear-and-tear disease, and various factors such as inflammation, metabolism, and biochemical machinery play an important role in its pathogenesis (Brandt et al., 2006; Martel-Pelletier et al., 2016). Furthermore, aging, obesity, joint damage, and high-intensity activities have been identified as risk factors leading to OA development (Zhang and Jordan, 2008; Silverwood et al., 2015; Martel-Pelletier et al., 2016). Hence, OA is now viewed as a multifactorial disease that involves local and systemic factors and has multiple pathogenetic mechanisms. Therefore, these factors must be considered when exploring new treatment methods for OA.

In addition, rather than merely involving the destruction of articular cartilage, OA is now more accurately thought of as a disease of the whole joint and is characterized by the partial loss of cartilage, thickening of the synovial sac, subchondral bone sclerosis and osteophyte formation, and changes in the structure of joints, ligaments, and surrounding muscles (Pereira et al., 2011; Hunter and Bierma-Zeinstra, 2019). During its development, different tissues within the joint and their interactions contribute to the pathology and clinical symptoms of OA (Burr, 1998; de Lange-Brokaar et al., 2012). Recently, the role of the subchondral bone, which refers to the cortical bone layer under the articular cartilage and the trabecular bone in the lower part of the joint, in OA pathogenesis has attracted increasing attention. Studies have shown that the subchondral bone may affect cartilage degeneration through changes in mechanical stress or paracrine-mediated interaction between the bone and cartilage (Sharma et al., 2013; Zhen et al., 2013; Lin et al., 2019). In an inflammatory environment, synovial fibroblasts (SFB) may affect the formation of osteophytes and the degradation of the cartilage matrix by releasing bone regulatory factors (including BMP-2) and pro-inflammatory factors (such as IL-1β) (Mathiessen and Conaghan, 2017). Infrapatellar fat pad (IPFP) and synovium can also release various pro-inflammatory mediators during inflammation. These mediators not only result in the abnormal structure and function of synovial tissue but also aggravate cartilage damage and the development of OA (Clockaerts et al., 2010; Mathiessen and Conaghan, 2017; Kuang et al., 2020). Therefore, new insights into the interaction and communication among the different cells in the joint may lead to a greater understanding of the disease mechanism of OA and provide new perspectives for the development of OA treatment strategies.

In this review, we first introduce the cells found in joint tissues and their role in OA pathogenesis. Then, we discuss the various ways by which these cells communicate, including paracrine signaling, local microenvironment, co-culture, extracellular vesicles (EVs), and exosomes. Finally, we summarize the recent studies on the therapeutic potential and clinical applications of stem cell-derived EVs for OA treatment. This article provides a comprehensive summary of key cells that might be targets of future therapies for OA.



JOINT CELLS AND TISSUES


Cartilage and Chondrocytes

Articular cartilage is the connective tissue located on the surface of the synovial joint and plays a role in lubrication and weight-bearing during joint activities. Due to the lack of a vascular system and limited oxygen and nutrient supply, articular cartilage has low regenerative potential (Sophia Fox et al., 2009; Chen et al., 2017; Singh et al., 2019). In addition to the chondrocytes, which were long considered to be the only cell type within articular cartilage, cartilage stem/progenitor cells (CSPC) have been recently identified in OA cartilage (Williams et al., 2010), representing approximately 10% of the total cells (Alsalameh et al., 2004; Bosserhoff et al., 2014; Riegger et al., 2018). Moreover, single-cell RNA-seq analysis revealed various chondrocyte populations in advanced OA, including homeostatic chondrocytes, proliferative chondrocytes, effector chondrocytes, regulatory chondrocytes, pre-hypertrophic chondrocytes, hypertrophic chondrocytes, and fibrocartilage chondrocytes (Ji et al., 2019).

As the resident cell type in tissues, chondrocytes can form an extracellular matrix mainly composed of aggrecan and type II collagen. However, chondrocytes only account for 1–5% of the total volume of cartilage tissue (Bhosale and Richardson, 2008). Owing to the limited number of cells and their pyknotic nature, damage caused by various risk factors, such as abnormal mechanical load, trauma, and inflammation, can lead to changes in the structure and function of cartilage. Joint degenerative diseases are prone to occur without timely and adequate treatment (Palazzo et al., 2016; Vina and Kwoh, 2018; Li et al., 2019; Singh et al., 2019). Although the composition of articular cartilage is simple, its horizontal-layered structure containing chondrocytes with various morphologies and different distribution and secretion characteristics remains well-organized.

Changes in the metabolic state of chondrocytes lead to the imbalance of collagen synthesis and degradation, cartilage degeneration, chondrosenescence, and an intra-articular inflammatory environment, ultimately leading to OA (Martin and Buckwalter, 2002). The metabolic changes in chondrocytes may exhibit distinct characteristics and have been described in four clinical OA phenotypes. First, the inflammation-associated OA phenotype is characterized by a low degree of inflammation (Scanzello, 2017). The continuous accumulation of pro-inflammatory mediators leads to the excessive production of reactive oxygen species and mtDNA damage and drives the catabolic reaction in the chondrocytes, subsequently disrupting the balance between cartilage repair and damage. The second phenotype is the mechanical overload-associated OA phenotype. Normal physiological load is important to maintain chondrocyte function and ECM metabolic balance. Mechanical overloading is thus harmful to chondrocytes and results in a weakened anabolic response, decreased extracellular matrix (ECM) synthesis, and enhanced catabolic response, thereby stimulating the synthesis of matrix metalloproteinases (MMPs) (Loeser et al., 2012). Metabolic syndrome-associated OA phenotype is characterized by increased fasting plasma glucose concentration, increased triglyceride level, decreased high-density lipoprotein level, and/or hypertension (Dickson et al., 2019). The occurrence and development of OA can be positively affected by increasing the production of fat-derived pro-inflammatory mediators, such as advanced glycation end-products (Oren et al., 2011). The last is the aging-associated OA phenotype. The catabolism of aging chondrocytes is active, and disruption of the interplay between autophagy and the inflammasome is observed in an inflammatory environment (Salminen et al., 2012). In addition, the decline in chondrocyte mitochondrial function is accompanied by decreased chondrocyte autophagy and increased apoptosis (Blanco et al., 2018). The proliferation and synthesis ability of chondrocytes in aging articular cartilage also decreases; however, their ability to produce pro-inflammatory mediators and MMPs remains unchanged (Loeser, 2009). Overall, the initiation and progression of OA are closely related to the phenotypic changes in chondrocytes.



Synovium and Synovial Cells

Increasing evidence has shown that the mutual communication between different tissues in the joint is essential for maintaining joint homeostasis. The communication between synovium and cartilage not only contributes to OA symptoms but is also a key factor in disease pathogenesis. The morphology and cell composition of the synovium are often used as biomarkers for the development of OA. Although the synovial tissue may not be affected in the early-stage of OA, many patients with advanced OA suffer from severe synovitis (Wenham and Conaghan, 2010).

In healthy joints, the synovium is mainly composed of two types of synovial cells. Type A macrophage-like synovial cells, which are relatively small, mainly have a phagocytic function and produce pro-inflammatory cytokines. Meanwhile, type B fibroblast-like synovial cells provide structure, nutrition, and lubrication and represent approximately 75% of the cells in the synovium (Firestein and McInnes, 2017). In addition, fibroblasts-like synovial cells can migrate to the site of tissue remodeling and interact with ECM molecules via specific surface receptors (Pap and Bertrand, 2012). They can perceive and respond to the changes in the composition and structure of the surrounding synovial tissue by adjusting their interaction with and the production of ECM components. In the initiation of OA, the intimal lining layer becomes hypertrophic and is infiltrated by macrophages, fibroblasts, mast cells, T cells, B cells, dendritic cells, and neutrophils, leading to a 5- to 10-fold increase in cell density (Culemann et al., 2019). These infiltrating cells promote the production of pro-inflammatory cytokines and catabolites, thereby changing the composition of synovial fluid, an important source of these pro-inflammatory mediators in OA (Falconer et al., 2018). In the synovial fluid of OA patients, the proportion of macrophages is relatively low, whereas that of mast cells is relatively high (de Lange-Brokaar et al., 2012; Robinson et al., 2016; Xie et al., 2019).


Macrophages

Synovitis can occur at both the early and late stages of OA (Sellam and Berenbaum, 2010) and is characterized by the accumulation of macrophages in the intimal lining layer (Sun A. R. et al., 2016). Macrophages are heterogeneous and plastic immune cells that produce chemokines and cytokines in inflamed joints. Macrophages can be activated by various stimuli, including pro-inflammatory (IL-1β, TNF-α, and IL-6) and immunomodulatory cytokines (IL-4 and IL-10) (Wang et al., 2014; Dutta et al., 2020) and abnormal mechanical forces, which are mostly produced during stress or cell damage (Liu et al., 2018). Activated macrophages are generally classified into two distinct phenotypes, namely, classically activated/inflammatory (M1) type and alternatively activated/immunomodulatory (M2) type.

Polarized M1 macrophages can generate a large amount of pro-inflammatory cytokines, nitric oxide (NO), and reactive oxygen species, thereby enhancing host defense response (Mosser, 2003; Genin et al., 2015). However, excessive activation of M1 macrophages can lead to autoimmune diseases and tissue damage (Mosser and Edwards, 2008). M2 macrophages are mainly present in the subsiding phase of inflammation and are responsible for producing anti-inflammatory cytokines and eliminating apoptotic cells. In addition, M2 macrophages can produce osteogenic growth factors, such as bone morphogenetic protein 2 (BMP-2; an effective promoter of osteogenic differentiation of MSCs belonging to a subclass of the TGF-β family), (Champagne et al., 2002; Li C. J. et al., 2018) TGF-β, (Assoian et al., 1987) 1,25-dihydroxy vitamin D3, (Kreutz et al., 1993) and osteopontin (Takahashi et al., 2004).

Therefore, the imbalance in the ratio between these two kinds of cells in OA may be related to the initiation and progression of OA (Xue et al., 2019). The significantly increased number of M1 macrophages in synovial tissues (Sun et al., 2017) and the high proportion of M2 macrophages have clinical diagnostic significance for OA (Chen et al., 2020). However, it is difficult to assess the polarization state of synovial macrophages before OA occurs or even in its early stages. In late-stage OA, M1- and M2-like macrophages can coexist in the joint synovium and adjacent adipose tissues. However, the role of macrophages in OA initiation and progression is unquestionable. Macrophages play an important role in the occurrence of OA through inflammatory factors, cytokines, and proteins, whether it is inflammatory or mechanical injury (Bondeson et al., 2010).



Mast Cells

Mast cells (MCs), a type of immune cells that reside in tissues, play a pivotal role in allergic reactions (Galli and Tsai, 2012). The synovial fluid of patients with OA showed an increased number of MCs and increased concentration of certain MC mediators, such as histamine and tryptase (Bridges et al., 1991) (Buckley et al., 1997). The role of MCs in bone metabolism remains controversial (Urist and McLean, 1957). In MC-deficient mouse models, MCs were involved in the occurrence and development of OA (Schubert et al., 2015; Kroner et al., 2017) and fracture healing and may also be involved in regulating the production of osteoclasts (Behrends et al., 2014; Kroner et al., 2017). Many MC mediators can regulate or induce bone metabolism by inhibiting osteoblast activity (such as IL-1, TNF) and/or promoting osteoclastogenesis (such as histamine, TNF, IL-6) (Biosse-Duplan et al., 2009; Pietschmann et al., 2016). MCs can also play a role in maintaining bone homeostasis. For instance, the transforming growth factor-β (TGF-β) can stimulate the production of osteoblasts, while IL-12 and interferon-γ (IFN-γ) can inhibit the formation of osteoclasts (Pietschmann et al., 2016).

Several clinical studies have reported the increased expression of genes involved in MC differentiation and activity in the synovial tissues of OA patients (Wang et al., 2019). MC-deficient mice were protected from inflammation and cartilage destruction of OA; however, MC implantation in engraftment reversed this protection (Wang et al., 2019). In addition, the inhibition of tryptase activity in wild-type mice reduced the concentration of pro-inflammatory mediators, such as IL-6, IL-1β, IL-8, and MMP-3. Furthermore, the synovial MCs of patients with OA can secrete TNF-α following stimulation with the high-affinity receptor of IgG (Lee et al., 2013). In a cross-sectional cohort study, H1 antihistamine treatment was associated with decreased prevalence of OA (Shirinsky and Shirinsky, 2018). These results confirm the critical role of MC in the occurrence and development of OA and indicate that MCs may be a potential therapeutic target for OA.



Subchondral Bone and Osteoblasts and Osteoclasts

The degeneration and degradation of articular cartilage had long been considered the leading cause of OA, and many treatment strategies have been developed to protect the cartilage. Although the relationship between cartilage degeneration and subchondral bone destruction is close (Thielen et al., 2019), not all patients with OA exhibit abnormalities in the articular cartilage bone. In addition, in the aging OA phenotype, the imbalance in chondrocyte metabolism occurs before abnormal subchondral bone remodeling (Peffers et al., 2020). In contrast, in the trauma-induced OA phenotype, the early micro-injury in subchondral bone is detected first (Barton et al., 2017).

However, increasing evidence demonstrates that maintaining the integrity and remodeling balance of the articular subchondral bone can combat cartilage degeneration to restore homeostasis in joint tissues (Castañeda et al., 2012; Hoshi et al., 2017). Thus, exploring the mechanism underlying subchondral bone remodeling in OA can provide new insights for developing treatments for early-stage OA. The microstructural changes in articular subchondral bone in OA include the formation of subchondral bone cysts, bone marrow edema-like lesions, and osteophytes caused by early bone loss, late bone sclerosis, and histopathological changes (Li et al., 2013). These changes are caused by chondrocytes, osteoblasts, osteoclasts, endothelial cells, and the subchondral bone microenvironment (Henrotin et al., 2012).

Osteoblasts differentiate from mesenchymal cells and undergo four stages of maturation, namely, preosteoblasts, osteoblasts, bone-lining cells, and bone cells (Clarke, 2008; Katsimbri, 2017). The phenotype and activity of OA osteoblasts in subchondral bone are altered. For example, the levels of OCN, RANKL, (Kwan Tat et al., 2008) insulin-like growth factor 1, (Hilal et al., 1998) transforming growth factor β1, (Abed et al., 2017) vascular endothelial growth factor (Corrado et al., 2013), and alkaline phosphatase activity are elevated in OA, which subsequently lead to osteoclastogenesis, sclerosis (Wang et al., 2013) and angiogenesis. Osteoclasts are multinucleated cells derived from bone marrow myeloid progenitor cells and are mainly responsible for bone resorption and formation (Teitelbaum, 2000; Katsimbri, 2017). During osteoclast formation, progenitor cells are recruited to specific parts of the bone surface to differentiate into osteoclasts (monocytes) and fuse, thereby forming multinucleated mature osteoclasts. Mature osteoclasts adhere to the old bone area and release hydrogen ions and catalytic enzymes to dissolve the bone.



Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are multipotent progenitor cells that originate from the mesoderm. MSCs by default can’t regenerate bona fide articular hyaline cartilage (it’s primarily fibrous cartilage and hypertrophy) (Buhrmann et al., 2010). However, MSCs can contribute to cartilage and bone repair, and their function in immune regulation and organ regeneration has been extensively studied (Levy et al., 2020). MSCs can be roughly divided into three types: embryonic stem cells, pluripotent stem cells, and adult stem cells (Vizoso et al., 2017).

Pluripotent stem cells are found in bone-related tissues, such as the bone marrow, synovium, infrapatellar fat pad, and adipose tissues (Pers et al., 2015). Bone marrow-derived MSCs (BMSCs) are the most well-characterized pluripotent stem cells. As early as 2002, stem cell therapy based on the in vitro expansion of autologous BMSCs has been used to treat OA. Although there was no significant difference in clinical results, improvement in symptoms was observed from arthroscopic and histological findings (Wakitani et al., 2002). In vitro, synovial MSCs (SMSCs) exhibit a particularly high capacity for cartilage differentiation (Shirasawa et al., 2006; Kurth et al., 2007). Studies have shown that SMSCs from OA patients can repair cartilage through allogenic tissue-engineered constructs in both in vitro and in vivo models. In experimental animal models, the injection of SMSCs into the joint cavity achieved a similar effect (Kondo et al., 2019; Enomoto et al., 2020; Dragoo et al., 2012). Infrapatellar fat pad (IPFP), a column of fat tissue located behind the patella, and synovium are involved in the occurrence and development of intra-articular diseases, such as OA (Favero et al., 2017). As the MSCs/stromal cells derived from IPFP (Kouroupis et al., 2019) are similar to SMSCs, (To et al., 2019) IPFP MSCs are speculated to have the ability for tissue repair (Galipeau et al., 2016), indicating IPFP as a potential target for joint diseases (Attur et al., 2010). Its potential in chondrogenic, osteogenic, and adipogenic lineages has been reported (Sun et al., 2018). In vitro, the chondrogenic differentiation ability of IPFP MSCs was greater than that of BMSCs, adipose tissue MSC (AMSCs), and UC-MSCs (Ding et al., 2015). AMSCs can promote cartilage regeneration and regulate inflammation. Because they are versatile and readily available, AMSCs are an excellent source of cells for OA treatment (Kim and Koh, 2018; Lee et al., 2019). However, the mechanism by which AMSCs induce cartilage regeneration remains unclear. Current evidence indicates that AMSCs regulate the local microenvironment through paracrine nutritional factors, thereby making it more favorable for regeneration and repair and subsequently delaying cartilage degradation and improving joint function (Damia et al., 2018). Previously, a small number of MSC-like progenitor cells-chondrogenic stem cells/progenitor cells (CSPCs) were detected in cartilage tissues (Alsalameh et al., 2004; Fickert et al., 2004; Koelling et al., 2009). Because they share similar properties with BMSCs, CSPCs are speculated to be involved in cartilage regeneration. CSPC migration occurs upon cartilage damage, and their proliferation and immune regulation capabilities are enhanced (Seol et al., 2012; Riegger et al., 2018).



Induced Pluripotent Stem Cells and Tissue-Engineered Cells

Induced pluripotent stem cells (iPSCs) can provide an unlimited cell source for tissue engineering and are an attractive substitute for primary cells. iPSCs are characterized by a high degree of plasticity and promising differentiation potential and have promising potential in cell therapy. Patient-specific iPSCs can be engineered to minimize the autoimmune response, making them an almost ideal cell source for cell-based therapy. Studies on cartilage tissue engineering of iPSCs have demonstrated their utility for functional cartilage repair and as models for studying cartilage pathology (Diekman et al., 2012; Willard et al., 2014). iPSCs provide a platform for identifying candidate, patient-specific OA therapeutic agents (Lietman, 2016). For example, iPSCs reprogrammed from somatic cells (Takahashi et al., 2007; Yu et al., 2007) could generate endless OA patient-specific stem cells for drug research. Moreover, iPSCs isolated from the tissues of OA patients could differentiate into the cartilage, which provides opportunities for cartilage tissue research (Wei et al., 2012; Lach et al., 2014; Nam et al., 2018). However, there are no clinical studies published about cartilage cell therapy using iPSCs. iPSCs not only have excellent proliferation and differentiation capabilities similar to other stem cells but also do not cause immune rejection and ethical issues (Moradi et al., 2019). Therefore, more studies are required to improve the future applications of iPSC-derived chondrocytes in OA replacement therapy.



VARIOUS MECHANISMS OF CELLULAR CROSSTALK IN OA PATHOGENESIS


Microenvironment, Paracrine Signals, and Co-culture Method


Cartilage and Subchondral Bone

In joints with OA, some blood vessels of the subchondral bone can penetrate calcified cartilage and even invade non-calcified cartilage (Chen et al., 2015). Osteoclast precursors invade the area of hypertrophic cartilage and interact with its cells to reshape the cartilage matrix and form an ossification center (Tonna et al., 2016). In addition, mature osteoclasts could regulate nearby chondrocytes, which destroys the connection between the bone and cartilage and degrade articular cartilage via cysteine proteases and matrix metalloproteinases (Löfvall et al., 2018). Osteoclasts could aggravate cartilage damage by regulating chondrocytes. The expression level of TGF-β1 in osteoclasts was upregulated in a time-dependent and dose-dependent manner under mechanical stimulation. Upon co-culture with osteoclasts, chondrocytes showed aggravated apoptosis. The injection of TGF-β1R inhibitor into the abdominal cavity of rats with OA effectively reduced chondrocyte apoptosis and cartilage degradation (Zhang R. K. et al., 2018). TGF-β1 was not derived from osteoclastic bone resorption but was transported from the subchondral bone to the cartilage layer via diffusion or blood circulation to adversely affect chondrocytes. The cartilage can also obtain calcium–phosphate complexes from subchondral bone via p38, ERK1/2, nuclear factor- kappa B (NF-κB), signal transducer, and activator of transcription 3 (STAT3) to increase the production of MMP-13 in chondrocytes (Jung et al., 2018).

Chondrocytes can also promote the loss of subchondral bone by regulating osteoclasts. Abnormal mechanical stress could induce IL-1β production in primary chondrocytes (Fujisawa et al., 1999). IL-1β increased the expression of receptor activator of NF-κB ligand (RANKL) through osteoblasts, thereby indirectly inducing the generation and maturation of osteoclasts (Cao et al., 2016). In an OA model induced by destabilization of the medial meniscus (DMM), chondrocytes produced large amounts of TNF-α and IL-6 (Pearson et al., 2017). TNF-α activates NF-κB and c-Jun NH2-terminal protein kinase (JNK) in a RANKL-independent manner to directly induce osteoclast differentiation (Kobayashi et al., 2000) and indirectly induce its production (Tanaka et al., 2005). In an in vivo OA model, the expression of high-mobility group box 1 (HMGB1) was detected in chondrocytes (Aulin et al., 2020). As demonstrated by the bone development of HMGB1–/– hypertrophic chondrocytes in the mouse growth plate, endochondral bone formation was disrupted due to the delayed invasion of osteoclast precursors into the primary ossification center (Taniguchi et al., 2007). In addition, senescent chondrocytes and hypertrophic chondrocytes produced pro-inflammatory mediators, catabolic enzymes, and chemokines, collectively known as the senescence-associated secretory phenotype (SASP), (Rim et al., 2020) to affect subchondral osteoclast lineage cells.



Infrapatellar Fat Pad and Synovium

In OA, IPFP and nearby synovium also experience inflammatory infiltration and hyperplasia (Favero et al., 2017). IPFP releases IL-6, IL-8, prostaglandin F2a (PGF2α), and TNFα, which subsequently causes fibrosis of the synovium (Bastiaansen-Jenniskens et al., 2013; Eymard et al., 2014). In vitro, fibroblast-like synovial cells of OA patients pre-treated with TGFβ or PGF2α inhibitors were cultured in the conditioned medium derived from IPFP tissues for 4 days and exhibited different migration and proliferation abilities. Hyperplasia and fibrosis also occurred (Bastiaansen-Jenniskens et al., 2013). In addition, adipocytes derived from IPFP could regulate macrophages and CD4 + T cells infiltrating into the synovium by secreting lipids (Ioan-Facsinay et al., 2013; Klein-Wieringa et al., 2013). The free fatty acids found in the conditioned medium derived from IPFP adipocytes improved the proliferation of CD4 + T cells and their ability to produce IFN-γ. These free fatty acids could also reduce the secretion of IL-12p40 cytokine by macrophages (Klein-Wieringa et al., 2013); IL-12p40 is a chemoattractant that can induce macrophage inflammation and fibrosis (Cooper and Khader, 2007).

Macrophages have been used as potential therapeutic targets, and their pharmacological depletion and phenotypic changes in IPFP and synovium have been explored (Fernandes et al., 2020; Wu et al., 2020). Macrophages can be induced to polarize back to another anti-inflammatory M2 phenotype. Although there are no reports on the MSC-mediated direct regulation of the phenotype of synovial macrophages in patients with OA, MSCs have been demonstrated to block the activation of M1 macrophages and promote the polarization of M2 macrophages to inhibit inflammation in vitro (Harrell et al., 2019). MSCs first migrate to the tissue injury site and promote the polarization of M2 macrophages by secreting a large number of cytokines, chemokines, and growth factors (Fernandes et al., 2020), thereby enhancing the repair of damaged tissues. The intra-articular injection of MSCs could downregulate the level of iNOS in macrophages and reduce the formation of M1 macrophages (Hamilton et al., 2019). Interestingly, in OA joints, M1 macrophages subsequently inhibited the proliferation and viability of MSCs, enhanced the immune response, and ultimately aggravated cartilage degradation.

Infrapatellar fat pad can also interact with the cartilage. The main limitation of MSC-based cartilage constructs is the induction of a hypertrophic phenotype during in vivo differentiation, which leads to endochondral ossification (Scotti et al., 2013; Correa et al., 2015; Feng et al., 2018). However, 8 weeks after implementing hybrid structures in which IPFP MSCs and articular chondrocytes were co-cultured in nude mice, cartilage mineralization was reduced, and the phenotype was stable (Mesallati et al., 2015). IPFP MSCs could accumulate a large amount of sGAG on articular cartilage agarose gels, thereby improving the mechanical properties of tissue-engineered articular cartilage constructs (Mesallati et al., 2017).



Cell Co-culture

Co-culture of chondrocytes and synovial cells has been used in cartilage research as an in vitro model for OA. Co-cultured chondrocytes and synovial cells stimulated by pro-inflammatory cytokines interact via calcium signaling and paracrine pathway to maintain the homeostasis of chondrocytes. This co-culture method allows for the accurate evaluation of the role of anti-inflammatory or chondroprotective molecules in the articular cartilage (Beekhuizen et al., 2011). The co-culture of osteoblasts and chondrocytes can also be used to study the role of chondroprotection (via delaying the onset of cartilage degradation) in bone remodeling. Paracrine signals are also used to maintain the physiological state and phenotype of the cells (Thysen et al., 2015). MSCs promote specific dedifferentiation due to their pluripotency. When co-cultured with other cells, different cell pathways can be analyzed together with articular chondrocytes with cell secretion markers (Hendriks et al., 2007). However, the co-cultivation method also has certain limitations, including restricted growth of cells and high cost.



Intercellular Signaling by EVs

Extracellular vesicles (EVs) are nano-sized communication messengers secreted by cells that transmit biological signals between cells and are mainly divided into three categories, namely, exosomes, microvesicles, and apoptotic bodies. EVs have received increasing research attention in the field of regenerative medicine. Increasing studies have demonstrated potential value for alleviating inflammation and promoting tissue repair and regeneration (Bjørge et al., 2017).

Extracellular vesicles are small double lipid membrane vesicles with a diameter of approximately 30–2000 nm that can carry various biologically active molecules, such as RNA subtypes (mRNA, microRNA, and lncRNA), DNA fragments, lipids, proteins, and enzymes (Lamichhane et al., 2015). Most cells, such as those in connective tissues and MSCs, can produce and secrete EVs into various biological fluids, such as the blood and synovial fluid (Rani et al., 2015). Once released, EVs can take effect immediately or be transported to a distant place. EVs communicate with the recipient cell by producing the same effect as their donor cell.

Exosomes are small vesicles with a diameter of approximately 30–150 nm derived from the endosomal compartment. They are the most widely studied type of EVs (Théry et al., 2002). Endosomal membrane invaginates to form multivesicular bodies containing intraluminal vesicles. When multivesicular bodies fuse with the plasma membrane, intraluminal vesicles are secreted as exosomes into the extracellular space. Microvesicles are slightly larger than exosomes, with a diameter ranging between 50 and 1000 nm (De Jong et al., 2014). Because microvesicles are directly shed from the plasma membrane, their markers on the membrane surface are also the same as the donor cells. Similar to exosomes, microvesicles can transport biologically active molecules to recipient cells. Apoptotic bodies are the largest type of EVs, with a diameter of ≥1000 nm, and are formed in the late-stage of apoptosis (De Jong et al., 2014). Apoptotic bodies may function as biomarkers. However, at present, the connection between regenerative medicine and cells remains unclear.

Extracellular vesicles serve as mediators of intercellular communication (Raposo and Stoorvogel, 2013; De Jong et al., 2014). EVs interact with the surface receptors of recipient cells through their transmembrane proteins to activate downstream intracellular signaling pathways. EVs can also be directly endocytosed by recipient cells to release their contents (Jaiswal et al., 2014). The type of donor cells and the environment in which they are located, such as being in a state of stress, can affect EVs’ function and contents (de Jong et al., 2012). The biological functions of EVs and their biogenesis require more studies. Increasing studies in regenerative medicine have focused on the production of protective and pro-regenerative EVs, particularly in cartilage repair.

Studies have revealed the role of EVs in OA pathogenesis, inflammation, and cartilage regeneration and have demonstrated their potential implications for joint disease therapy (Zhang S. et al., 2018). EVs derived from different types of joint cells participate in maintaining joint homeostasis and can initiate and promote the progression of OA (Murphy et al., 2018). Macrophages and leukocytes infiltrating the synovium could interact with fibroblast-like synovial cells through EVs (Malda et al., 2016). The activated fibroblast-like synovial cells then transmit inflammatory signals, such as cytokines and enzymes, to the macrophages and leukocytes, thus forming a feedback loop that further aggravates OA. These EVs could also cause the degradation of the extracellular matrix and result in changes in the subchondral bone. In an in vitro OA model, EVs enhanced cartilage anabolism and relieved inflammation (Wang et al., 2017), thereby delaying cartilage degradation and the progression of OA (Zhu et al., 2017). In addition, EVs protected chondrocytes (Headland et al., 2015) and regulated the physiological activities of various types of immune cells (Lo Sicco et al., 2017), indicating their anti-inflammatory effects. The induction of a regenerative immune phenotype and enhanced metabolic level of chondrocytes promote the formation of type II collagen-rich cartilage that can repair cartilage defects in rat and rabbit OA models (Zhang et al., 2016; Zhang S. et al., 2018). Hydrogel encapsulation delivers EVs at more accurate positions and higher doses, thereby significantly enhancing repair ability (Liu et al., 2017).

Recently, the application of stem cell-derived EVs in the treatment of joint damage and OA has received increasing attention. They have been derived from the bone marrow (Cosenza et al., 2018; Vonk et al., 2018), adipose tissue (Lo Sicco et al., 2017), synovium (Zhu et al., 2017), or pluripotent cells, including embryonic stem cells (Zhang et al., 2016; Zhang S. et al., 2018) and iPSCs (Liu et al., 2017; Zhu et al., 2017). Exosomes are the main research target in EVs. The difference between exosomes and microvesicles derived from the same cell has been investigated (Cosenza et al., 2017, 2018). Moreover, EVs containing both exosomes and microvesicles have been analyzed (Headland et al., 2015; Lo Sicco et al., 2017). In addition to sharing similar biological functions with stem cells, stem cell-derived EVs offer significant advantages due to their small size and low immunogenicity. Issues associated with direct cell injection can also be avoided. EVs do not pose the risk of antigen presentation due to differentiation into specific cell types such as MSCs, which allows them to be used in allogeneic therapy. In addition, the biologically active cargoes inside MSC-derived EVs are more stable, and problems such as senescence following expansion or cartilage calcification following induction are eliminated.



Exosomes Derived From Joint Tissues

Exosomes maintain homeostasis (Gao et al., 2018) and facilitate cell-to-cell communication in diseases (Li Z. et al., 2018). The source and content of exosomes determine their functions and biological characteristics. Exosomes secreted by therapeutic cells help treat diseases, while those released by cells in the pathological microenvironment accelerate the disease process. In this section, we discuss the various kinds of exosomes derived from joint tissues and their biological effects in OA.


Cartilage-Derived Exosomes

Osteoarthritis chondrocytes release extracellular articular cartilage matrix vesicles with a diameter of 100 nm and participate in the pathologic mineralization of articular cartilage (Anderson, 2003; Jubeck et al., 2008). Exosomes and articular cartilage matrix vesicles share similar features, including size, morphology, and lipid and protein content (Shapiro et al., 2015), suggesting that they exhibit homologous functions with respect to cell communication (Ni et al., 2019). Exosomes derived from normal primary chondrocytes (D0 exosomes) could restore mitochondrial function and enhance immune infiltration by increasing the ratio of M2/M1 macrophages. The intra-articular injection of D0 exosomes effectively suppressed the occurrence and development of OA (Zheng et al., 2019). OA chondrocyte-derived exosomes stimulated the activation of inflammasomes in macrophages and released mature IL-1β via the miR-449a-5p/ATG4B/autophagy pathway, thereby inducing synovitis and exacerbating OA (Ni et al., 2019). In addition, exosomes derived from chondrocytes could achieve efficient ectopic chondrogenesis of cartilage progenitor cell (CPC) constructs, representing a novel cell-free therapeutic approach for cartilage regeneration (Chen et al., 2018).



Synovial-Derived Exosomes

Microvesicles derived from neutrophils have been shown to penetrate cartilage, implying that EVs from the synovium could meditate the crosstalk between the synovium and cartilage (Headland et al., 2015). Kato et al. employed IL-1β to stimulate normal SFB, isolated the secreted exosomes, and co-cultured them with chondrocytes. They found that the expression of catabolic-related genes, such as MMP13 and ADAMTS-5, significantly increased, whereas that of anabolic-related genes, such as COL2A1 and ACAN, significantly decreased. In addition, these exosomes promoted the production of proteoglycan from cartilage explants (Kato et al., 2014). These findings indicate that synovial-derived exosomes could induce OA-like phenotype both in vivo and in vitro.

Exosomes derived from other synovial cells, such as macrophages, have also been studied. For instance, the effects of salazosulfapyridine and methotrexate on the proteome of exosomes produced by a human synovial sarcoma cell line (SW982) have been investigated. Tsuno et al. observed that these anti-rheumatic drugs altered the protein profiles of SW982-derived exosomes and inhibited the effect of IL-1β on the exosomal proteome (Tsuno et al., 2016).



Subchondral Bone-Derived Exosomes

Exosomes derived from cells in the subchondral bone, including osteoblasts, osteoclasts, and bone marrow mesenchymal stem cells, regulate the microenvironment of subchondral bone (Li et al., 2016; Sun W. et al., 2016). Osteoblasts in the subchondral bone of patients with different degrees of OA secreted exosomes positive for HSP70, CD9, and flotillin-1 (exosomal markers) and a diameter ranging between 30–150 nm. In addition, these exosomes contained a large number of miRNAs, such as miR-135a-3p, miR-210-5p, miR-885-3p, and miR-1225-5p. Exosomes derived from cells in other subchondral bones also have diagnostic value.



Therapeutic Potential of Stem Cell-Derived Exosomes in OA

Stem cells, such as BMSCs and AMSCs, promote cartilage regeneration and have been used in clinical trials for OA treatment (Lee and Wang, 2017; De Bari and Roelofs, 2018). The safety and feasibility of intra-articular injection of MSC have been confirmed (Di Matteo et al., 2019), which can partially relieve knee joint pain (Yokota et al., 2019) and improve the knee society clinical rating system (KSS) and the outcome score of OA (Jo et al., 2017; Kim et al., 2020). Stem cells exert therapeutic effects mainly through their paracrine functions, such as the secretion of EVs (Phinney and Pittenger, 2017). In this section, we summarize the recent studies on exosomes derived from different types of stem cells, focusing on their roles in the occurrence and development of OA and their therapeutic potential.


BMSC-derived exosomes

Exosomes derived from BMSCs (BMSC-Exos) can promote the regeneration and repair of damaged cartilage and subchondral bone (Mianehsaz et al., 2019; Asghar et al., 2020). The exosomes and microvesicles from TGFβ3-pre-treated BMSCs increased the expression of anabolic markers and decreased the levels of catabolic marker genes in osteoarthritic chondrocytes. In addition, these BMSC-derived exosomes could prevent osteoarthritic chondrocytes from undergoing apoptosis (Cosenza et al., 2017). BMSC-Exos could be taken up by chondrocytes to abolish damage to the mitochondrial membrane potential and IL-1β-induced apoptosis (Qi et al., 2019). BMSC-Exos could also affect the phenotype of other cells in OA joints by inhibiting the activity of osteoclasts in subchondral bone and activating macrophages in the synovium (Li et al., 2020), and suppressing the proliferative activity of SFB pre-treated with IL-1β and increasing its apoptosis. In an in vivo OA model, the injection of BMSC-Exos into the joint cavity abrogated the damage and degradation of cartilage and subchondral bone and decreased synovial tissue proliferation and inflammatory cell infiltration, thereby alleviating the symptoms of OA (Jin et al., 2020).

Genetic modification or drug intervention can influence the effect of exosomes on recipient cells by regulating the secretion and contents of exosomes (Ma et al., 2017; Liu and Su, 2019). Exosomes secreted by BMSCs overexpressing miR-92a-3p were collected and applied to chondrocytes. The expression levels of SOX9, COL2A1, and aggrecan increased, whereas those of RUNX2 and MMP13 decreased, indicating that modified BMSC-Exos greatly enhance cartilage repair (Mao et al., 2018). In addition, in vivo, and in vitro experiments showed that kartogenin-pre-treated BMSC-Exos more significantly enhanced cartilage formation and damage repair than normal BMSC-Exos (Liu et al., 2020).



BMSC-derived exosomes

In vitro synovial mesenchymal stem cells (SMSCs) possess an exceptionally high capacity for cartilage differentiation (Kurth et al., 2007). One study using allogenic tissue-engineered constructs reported that SMSCs from OA patients effectively enhanced cartilage repair (Koizumi et al., 2016). In animal OA models, the injection of SMSC into the joint cavity inhibited the occurrence and development of OA (Ozeki et al., 2016; Kondo et al., 2019). Exosomes derived from SMSC (SMSC-Exos) could not only induce the proliferation and migration of chondrocytes but also reduce the secretion of ECM. Interestingly, SMSC-Exos transfected with miR-140-5p blocked damage to ECM, effectively reduced joint damage, lowered the OARSI score, and delayed the occurrence and development of OA (Tao et al., 2017). In addition to maintaining cartilage homeostasis, SMSC-Exos can regulate bone remodeling (including subchondral bone changes and osteophyte formation) by reducing glucocorticoid-induced fat cell accumulation, trabecular bone loss, and bone marrow necrosis. In addition, SMSC-Exos could partially reverse proliferation arrest and glucocorticoid-induced apoptosis of BMSCs (Guo et al., 2016).



IPFP MSC-derived exosomes

Infrapatellar fat pad plays a key role in knee joint function and pathology. IPFP-derived MSCs (IPFP MSCs) have been suggested as promising cell sources for OA treatment owing to their potent capability for cartilage regeneration (Buckley et al., 2010; Koh and Choi, 2012). In a DMM-induced OA mouse model, exosomes derived from IPFP MSCs effectively reduced cartilage damage and improved abnormal gait. RNA sequencing analysis of the exosomes revealed high miR-100-5p levels, indicating that exosomal IPFP MSCs may inhibit the mTOR pathway via miR-100-5p to regulate chondrocyte phenotype (Wu et al., 2019). The physiological and pathological effects of other exosomes in the IPFP, such as those secreted by adipocytes, also have research value.



AMSC-derived exosomes

Although the mechanism by which AMSCs induce cartilage regeneration is unclear, mounting evidence suggests that AMSCs regulate the cartilage microenvironment by secreting paracrine growth factors (Damia et al., 2018). EVs, including exosomes and microvesicles, mainly mediate the paracrine effects of osteoblasts in OA. AMSC-derived exosomes (AMSC-Exos) reduced the accumulation of senescence-associated β-galactosidase and γH2AX foci in osteoblasts pre-treated with IL-1β, decreased the levels of PGE2 and IL-6, increased that of IL-10, and downregulated the mitochondrial membrane potential (Tofiño-Vian et al., 2017). In addition, AMSC-Exos could inhibit the production of pro-inflammatory mediators, such as TNF-α and NO, and suppress the activity of MMP while enhancing that of anti-inflammatory cytokines, such as IL-10 and type II collagen. These findings indicate the anti-inflammatory and chondroprotective effects of AMSC-Exos (Tofiño-Vian et al., 2018). AMSC-derived EVs (86.46 nm in diameter) promoted the proliferation and migration of OA chondrocytes and maintained the metabolic balance of ECM. In monosodium iodoacetate (MIA) rat and DMM mouse models, the injection of AMSC-derived EVs into the joint cavity effectively delayed OA progression and showed protective effects against cartilage degeneration (Woo et al., 2020). ADSCs-Exos could downregulate the expression of pro-inflammatory genes in SFB and increase anti-inflammatory cytokines, promoting the proliferation and cartilage formation of periosteal cells via miR-145 and miR-221 (Zhao C. et al., 2020). Overall, AMSC-Exos has great therapeutic potential for the treatment of OA.



Embryonic mesenchymal stem cell (EMSC)-derived exosomes

Embryonic mesenchymal stem cells are another potential candidate for cartilage regeneration and OA treatment (Mamidi et al., 2016; Gibson et al., 2017). Recently, exosomes derived from embryonic MSCs (EMSC-Exos) have been reported to regulate the phenotype of chondrocytes and delayed OA progression (Zhang S. et al., 2018; Zhang et al., 2019). After successfully isolating and identifying EMSC-Exos, Zhang et al. (2016) injected them into osteochondral defects in rats. After 6 weeks, cartilage and subchondral bone damage were largely reversed, and complete recovery was achieved at 12 weeks. Similarly, exosomes derived from the E1-MYC 16.3 human embryonic stem cell line reduced the production of M1 macrophages and pro-inflammatory cytokines and increased the infiltration of M2 macrophages. In addition, this study observed that EMSC-Exos could be endocytosed by chondrocytes to regulate their chondrocyte proliferation, migration, and matrix synthesis (Zhang S. et al., 2018). In an OA model of the temporomandibular joint in rats, EMSC-Exos reduced inflammation, alleviated early pain, and promoted cartilage repair and subchondral bone healing. The activation of AKT, ERK, and AMPK pathways can also reverse IL-1β-induced production of MMP13 and NO and inhibit sGAG synthesis (Zhang et al., 2019). TGF-β1 increases miR-135b levels in EMSC-Exos, thereby reducing the expression of Sp1 to promote the proliferation of chondrocytes and accelerate cartilage repair (Wang et al., 2018).



Exosomes derived from other stem cells

Exosomes derived from amniotic fluid stem cells (AFSC-Exos) in an MIA-induced OA model improved the pain tolerance, induced the restoration of regular hyaline cartilage, and inhibited the polarization of M1 macrophages, suggesting that AFSC-Exos can regulate inflammation (Zavatti et al., 2020). Meanwhile, those derived from umbilical mesenchymal stem cells (UMSC-Exos) induced chondroprotective effects, including increased proliferation and migration of chondrocytes, increased ECM synthesis, and reduced cell apoptosis. UMSC-Exos produced from 3D culture enhanced cartilage repair compared to those from 2D culture (Yan and Wu, 2020). Exosomes secreted by MSCs derived from pluripotent stem cells (with a diameter of approximately 50–150 nm; iMSC-Exos) significantly promoted the proliferation and migration of chondrocytes and had improved efficacy for OA treatment compared with SMSC-Exos (Zhu et al., 2017).

However, how the exosomes in joint tissues and cells participate in OA initiation remains unclear. In addition to their positive therapeutic effects, exosomes in the OA microenvironment may exert unwanted effects, including promotion of inflammation and inhibition of cartilage repair. Therefore, it is also imperative to explore the mechanism of “negative” exosomes in OA. A recent study on exosomes in the plasma and synovial fluid reported their diagnostic value in patients with OA (Zhao and Xu, 2018). However, the exosomes shared by these two tissues could not distinguish between early-stage and late-stage OA. Notably, the expression level of exosomal lncRNA PCGEM1 in synovial fluid was significantly higher in patients with advanced OA than in those with early OA and was higher in early OA, indicating that exosomal lncRNA PCGEM1 from synovial fluid may be a powerful indicator for distinguishing early-stage and late-stage OA. lncRNA PCGEM1 acts as sponge lncRNA targeting miR-770 and promotes the proliferation of synovial cells (Kang et al., 2016). In general, the clinical utility of exosomes as diagnostic biomarkers for OA diagnosis is in its preliminary stages.



Cell Tissue Engineering

Recent attempts to differentiate iPSCs derived from OA patients into chondrocytes have been conducted. Generally, the addition of growth factors, such as TGF-β, FGF-2, BMP, and WNT3A, and paracrine factors, such as Ihh and Runx, to the culture medium is necessary to drive iPSCs to the chondrogenic lineage (Yamashita et al., 2018; Zhao Y. et al., 2020). Currently, four main methods are available: (1) transformation of iPSCs into MSC-like cells and their differentiation into chondrocytes (Nejadnik et al., 2015); (2) co-culture of MSCs derived from iPSCs with primary chondrocytes (Qu et al., 2013); (3) formation of embryoid bodies (EBs) (Nakagawa et al., 2009); (4) cultivation of iPSCs in a medium that mimics the physiological environment during development (Diekman et al., 2012). Studies aiming to form iPSCs through EB and co-culture them with chondrocytes have been conducted (Wei et al., 2012). First, the chondrocytes of OA patients were reprogrammed into OA-iPSCs by lentivirus induction. After the formation of EB, they were continually cultured in the chondrogenic medium for 14 days. Subsequently, the iPSCs were transfected with a lentivirus carrying TGF-1β and inoculated on alginate matrix-coated dishes. After culturing for another 14 days, TGF-1β/iPSCs were subcutaneously injected into the back of mice. Ectopic cartilage tissue was observed at 6 weeks after transplantation.

Engineered cartilage tissue from chondrocytes, when transiently transfected circuits activate the PTGS2 gene, immunomodulatory IL-4 is produced, thereby representing a new immunomodulatory method (Nims et al., 2021). Autologous articular chondrocytes are an established cell-based tissue engineering strategy for treating knee cartilage or osteochondral defects (Brittberg et al., 1994). Most of the current scaffolds or biomaterials contain MSCs that can undergo chondrogenic differentiation and are used as clinically relevant chondrogenic implants to repair cartilage defects. However, after their implantation in the body, differentiated chondrocytes showed a hypertrophic phenotype (collagen X, MMP13) and induced ectopic bone formation (Pelttari et al., 2006). Therefore, the production of articular chondrocytes with stable, extracellular matrix and phenotype is the main goal of in vitro cartilage tissue engineering.

Macrophages are among the main types of cells that affect joint homeostasis and have been applied for the development of related cell engineering technologies. In addition to using biomaterial scaffolds to regulate macrophage-induced inflammation, macrophages themselves have been utilized for drug delivery or treatment. The intrinsic homing ability of macrophages allows their migration to the site of inflammation or injury in OA. Using this feature, autologous M1 macrophages are used to deliver nanoparticle-encapsulated drugs to induce transient phagosome maturation arrest (Visser et al., 2019). The regular use of clustered interspaced short palindromic repeats (CRISPR)-Cas9 genome editing to create a cell-autonomous system (”SMART” cell), which is derived from mouse induced pluripotent stem cells (miPSCs), has also been attempted. Chondrocytes can automatically regulate inflammation in both in vivo and in vitro OA models. When “SMART” chondrocytes receive specific targeting signals (such as inflammatory cytokines IL-1 or TNF-α), they released corresponding biological drugs, such as IL-1Ra and or soluble TNFR1, to relieve inflammation (Brunger et al., 2017; Pferdehirt et al., 2019). In the same way, the design of self-regulating “SMART” macrophages enables these cells to not only automatically home to the inflammation/injury site but also to have cytokine-activated feedback-controlled capabilities. Thus, targeted drugs can be effectively delivered to treat joint diseases (Adkar et al., 2017). Overall, cell tissue engineering is a powerful tool to develop new modalities for OA treatment.



CONCLUSION AND PROSPECTS

This review discusses the functions of different types of cells in the joints and their roles in OA, the interaction among various joint cells and tissues, and the latest cell tissue engineering techniques. Our article provides a comprehensive summary of the complex mechanisms underlying the occurrence and development of OA and potential targets of future therapies for OA (Figure 1). Among the various cell types, MSCs and their secreted products (EVs) are the focus of future research (Figure 2).
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FIGURE 1. Joint cells) include chondrocytes, osteoblasts of subchondral bone, synovial mesenchymal stem cells (MSCs) and fibroblasts, and infrapatellar fat pad MSCs. The production and release of exosomes by stem cells may be involved in the regulation of joint homeostasis.
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FIGURE 2. The contents of exosomes are proteins, nucleic acids, amino acids, and metabolites. Extracellular components enter the cell through endocytosis and plasma membrane invagination. Plasma membrane buds are formed on the cavity side and fuse with the components of the endoplasmic reticulum, trans-Golgi network, and mitochondria to form early sorting endosomes. Then, the late sorting endosomes modify the cargo and produce and form various intraluminal vesicles and multivesicular bodies (MVB). Among them, some MVBs degrade after fusion with lysosomes. Other MVB can be transported to the plasma membrane to release intraluminal vesicles as exosomes outside the cell through exocytosis.


Increasing studies have demonstrated the clinical applications of MSCs (Mendicino et al., 2014), such as their role in promoting cartilage repair and delaying the progression of OA (Lee and Wang, 2017). In phase I and II clinical trials, the injection of MSCs into the joint cavity is reportedly reliable and safe. A 5-year follow-up survey demonstrated the efficacy of MSCs in improving cartilage quality and joint function (Yubo et al., 2017; McIntyre et al., 2018). However, the use of MSCs for OA treatment has certain limitations. For example, cell survival and long-term cell behavior after injection are difficult to predict, and the maintenance of cell banks is also a major challenge (Heldring et al., 2015). The quality of MSCs from different donors varies, particularly from elderly or deceased donors who have reduced proliferation capacity and physiological function. In addition, the in vitro expansion of MSCs causes senescence, proliferation decline, and even dedifferentiation (Siddappa et al., 2007). MSCs are also “environmentally responsive,” and changes in the microenvironment can cause drastic changes in cell behavior (Murphy et al., 2013). For example, the stimulation of AMSCs by TNF changed the phenotype and resulted in the secretion of pro-inflammatory proteins, which aggravated the inflammatory response (Lee et al., 2010).

Immunotherapy and nanotechnology can help overcome these limitations. At present, genetic engineering techniques, including the use of viral vectors and CRISPR-Cas9 genome editing (Gerace et al., 2017; Pawitan et al., 2020), have been proposed to improve the immune regulation of MSCs. The biological scaffold carrying MSCs expressed IL-1Ra under the influence of exogenous doxycycline, which induces inflammation resistance, contributing to the recovery of degenerative articular cartilage, indicating that cell engineering combined with biological materials can enhance the immunomodulatory ability of MSCs (Glass et al., 2014).

Exploring the function of the products secreted by MSCs, such as EVs, is an alternate direction for OA treatment. The application of stem cell-derived EVs in OA treatment is an emerging field in regenerative medicine. The cargoes delivered by EVs are the same as those of donor cells; however, the former is simpler, more practical, and safer than direct cell transplantation. Exosomes serve as an important mediator of cellular interaction during OA development and have tremendous therapeutic potential. However, this research area has some challenges. At present, there is no direct evidence for the delivery and transfer of endogenous exosomes between cells, which makes identifying the recipient cells of exosomes difficult. The mechanism of exosome production and release in joints also remains unclear, limiting the development of cell therapies that target exosomes. Because cartilage destruction is not severe in early-stage OA, exosomes cannot effectively penetrate the cartilage matrix to interact with cartilage cells. Therefore, current studies on MSC-Exos cell engineering mainly focus on surface chondrocytes, cartilage matrix, synovial cells, and other joint cells that can easily communicate with exosomes.

Future studies on EVs should explore their cell sources, optimized conditions for the production of EVs, their content and biodistribution in the joints, the type of recipient cells or tissues, and their therapeutic mechanisms in OA. Engineered products based on EVs are expected to further promote the interaction between cells, and the intersection between biology and engineering technology can further optimize the function and production of EVs. Finally, it can represent a relatively complete treatment strategy to reduce the burden of OA patients.

A better understanding of the various interactions among cells and tissues in the joint in OA pathogenesis paves the development of future cell-based therapies for OA treatment.
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MMP13-F
MMP13-R
RUNX2-F
RUNX2-R
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ATX-R
RHOA-F
RHOA-R
LATS1-F
LATS1-R
LATS2-F
LATS2-R
AKT2-F
AKT2-R
AKT3-F
AKT3-R
GAPDH-F
GAPDH-R

Sequence (5'-3')

GCTCCATCCTGAAGAAGGTGCTG
CGTGGGACGAGTCCATGCTTTG
GTCCTGTGCGACGACATAATCT
GGCAGTGGCGAGGTCAGTAG
GCTACGACGCCATCTGCTACAC
GTCCTCCTCACCGCCCACTC
GAAGCTCTGGAGACTGCTGAA
CCCATTCTTCACCGACTTCCT
TCCAGTTTGCAGAGAGCTACC
GACTGCATTTCTCGGAGCCT
GAACCCAGAAGGCACAGACAGAAG
GAGGCGGGACACCTACTCTCATAC
TGTCCTCCTTCATCCTGCCTCAC
TGTTCAATGTCACGCACCCTAGC
ATTGTCGGTGATGGTGCTTGTGG
TGGGGACATACACCTCTGGGAAC
GTGACCATCCACGGCAAGATAGC
GTGCTAGACATCGCTGGTGCTG
CCAACTCCTTCAACAGCCAGCAG
CAGCACCCGCACACTCTTCAC
GGTCGCCAACAGCCTCAAGC
ACCGCCACTTCCATCTCCTCAG
ACAGATGCAGCCACCATGAAGAC
GAACGGCAACCTCCCACACATC
AGGTCGGAGTGAACGGATTT
GATCTCGCTCCTGGAAGATGG

PCNA, proliferating cell nuclear antigen; COL2A1, type Il collagen; ACAN,
aggrecan; SOX9, SRY-related high-mobility group box 9; MMP13, matrix metallo-
proteinase 13; RUNX2, RUNX family transcription factor 2; ATX, autotaxin, RhoA,
ras homolog family member; ALATS 1/2, large tumor suppressor kinase 1/2;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.





OPS/images/fcell-09-656153/fcell-09-656153-t002.jpg
siRNA

Negative control

siAutotaxin-1

siAutotaxin-2

siAutotaxin-3

Sense
Anti-sense
Sense
Anti-sense
Sense
Anti-sense
Sense
Anti-sense

Sequence (5'-3')

UUCUCCGAACGUGUCACGUTT
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Gene Species Forward Reverse
name sequence sequence
Vimentin Mouse CAG CTCACCA TCCTGCAAT
ACGACAAG CCG TTCTCTCG
CAT CAGCCGCAT
Cadherin- Mouse CCTTGCCTGCAT TTCCTCACC
1 CGTCATCATTC ACCCCCTTCAT
N-Cadherin Mouse TAGACGAGAGGC CAGCAGCTTAA
CTATCCATGC AGGCCCTCAT
E-Cadherin Mouse TCAACGATCCT TTGCTG CTTG
GACCAGCAGT GCCTCAAAA
ICAM-1 Mouse CAATTTCTCATG AGCTGGAAGAT
CCGCACAG CGAAAGTCCG
Integringl Mouse CACGGATGCT TGTGCCCACT
GGGTTTCACT GCTGACTTAGG
NCAM Mouse CAGGAGTCCTT TGGAGAAGAC
GGAATTCATCC GGTGTGTCTGC
MANF Mouse CAGTTCCCTC GACACCCAGAAG
TTGCCCATCC CCCAAACC
RPS9 Mouse GCTGTTGACGC ATCTTCAGGCC
TAGACGAGA CAGGATGTA
RPS9 Human GATTACATCCTG ATGAAGGACGG
GGCCTGAA GATGTTCAC
Collagen-2 Human CAGACGCTG TCCTGGTTG
GTGCTGCT CCGGACAT
Aggrecan Human TCGAGGACA TCGAGGGTGTAG
GCGAGGCC CGTGTAGAGA
LINK Human TTCCACAAG GTGAAACTG
CACAAACTT AG GTATA
TACACAT ACCTCTCAGT
SOX9 Human AGGTGCTCAAA GTAATCCGGGT
GGCTACGAC GGTCCTTCT

Displayed columns include the HUGO ID, UniProtKB accession number, descrip-
tion, type and subcellular location (annotated by UniProtKB), maximum number of
unique peptide, normalized protein intensitiy (Log2 value), average differences in
protein mean intensities (Effect Size) between multiple replicate samples of MRL
MSC and BL6 MSC (N = 2). SignalP (version 4.0, http://www.cbs.dtu.dk/ services/
SignalP4.0) was used to predict the presence of signal peptides in the identi-
fied proteins (D-cut-off values for SignalP-noTM networks >0.45 or SignalP-TM
networks >0.5 as the default cut-off for signal peptid = ‘Yes’). The SecretomeP
program (version 2.0, http://www.cbs.dtu.dk/services/SecretomeP2.0) was used
to predict the possibility of nonclassical protein secretion (SignalP signal peptide
= 'No’; and SecretomeP score >0.5 in mammal proteins). Proteins annotated as
“secreted” in UniProtKB are indicated with “Yes”.
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Gene Sense Reverse Base pair
(bp)

Gapdh AGGTCATCCA GTGAGTTTCC 202
CGACCACTTC CGTTCAGCTC

Poub5f1 GCCGACAACA ACACGGACCA 197
ATGAGAACCT CGTCTTTCTC

Acan GTGACCGAGGT CCAGGTCAGGG 175
CAGTGGATT ATTCTGTGT

Col2atl GAGACCTGAAC GACACGGAGT 192
TGGGCAGAC AGCACCATCG

Col2al, a1 chain Col Il; Acan, aggrecan; Pou5f1, POU domain, class 5, transcrip-

tion factor 1, Gapdh, glyceraldehyde 3-phosphate dehydrogenase, internal control.
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Gene Primer Sequence (5'-3') Product Size
(bp)

GAPDH Forward ~ CAAGGCTGAGAACGGGAAGC 194
Reverse ~ AGGGGGCAGAGATGATGACC

SOX9 Forward ~ CTGAGCAGCGACGTCATCTC e
Reverse ~ GTTGGGCGGCAGGTACTG

ACAN Forward ~ AGGCAGCGTGATCCTTACC 137
Reverse ~ GGCCTCTCCAGTCTCATTCTC

SCX Forward ~ TGCGAATCGCTGTCTTTC 91
Reverse ~ GAGAACACCCAGCCCAAA

TNC Forward ~ TTCACTGGAGCTGACTGTGG 223
Reverse ~ TAGGGCAGCTCATGTCACTG

Desmin Forward ~ CTGAGCAAAGGGGTTCTGAG 109
Reverse ~ ACTTCATGCTGCTGCTGTGT

PPARG Forward GGCTTCATGACAAGGGAGTTTC 74
Reverse  AACTCAAACTTGGGCTCCATAAAG

RUNX2 Forward ~ CAACCACAGAACCACAAGTGCG 196
Reverse  TGTTTGATGCCATAGTCCCTCC

COL1A1  Forward ~ TAAAGGGTCACCGTGGCT 355
Reverse ~ CGAACCACATTGGCATCA

COL2A1 Forward CGTCCAGATGACCTTCCTACG 122
Reverse ~ TGAGCAGGGCCTTCTTGAG

COL3A1  Forward ~ CAGCGGTTCTCCAGGCAAGG 179
Reverse ~ CTCCAGTGATCCCAGCAATCC
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/Smith & Nephew, United
States
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C: Modified aragonite + HA
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/CartiHeal (2009) Ltd, Israel

Satisfactory mid-term follow-up results and
quicker return to sports. Low complication and
failure rates.

No evidence for TruFit being superior or equal
to other techniques. Longer follow ups result in
poorer outcomes. Subchondral integration is
inferior with bone cysts reported. Chondral
regenerate contains fibroblastic tissue.

MRI: Good tissue integration. Regenerate
resembled hyaline cartilage. VAS, Lysholm.
Tegner, IKDC scores significantly improved with
excellent outcomes
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e Comparative research
that have assessed at
least two alternatives in
one or more stages of
preparation, storage
and/or administration of
PRP or its related
products.

Exclusion criteria

e Studies published in languages other than English,
Spanish and Portuguese.

e Studies conducted before 2000.

e Secondary studies (e.g., systematic reviews,
narrative reviews).

e Non-comparative studies.

e Comparative studies in which quantitative analyzes
were not reported.

¢ Animal studies.

e PRP for transfusion.

o Studies enrolling participants under antiplatelet
therapy.

o Studies comparing platelet concentrates to other
types of blood components.
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Mature hyaline cartilage

No chance of immune response
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No graft availability concerns
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Category

I: Percentage of repair tissue that is hyaline cartilage
100-125%

80-100%

60-80%

40-60%

20-40%

0-20%

1I: Articular surface continuity
Continuous and smooth

Continuous but rough

Discontinuous

11I: Tidemark

Present

Incomplete (degenerative, vessel crossing)
Absent

IV: Thickness of repair tissue compared to host cartilage

121-150% of normal cartilage

81-120% of normal cartilage

51-80% of normal cartilage

0-50% of normal cartilage

V: Integration of cartilage

Complete (integrated at both sides)

Partial

Poor (not integrated at both sides)

VI: Degenerated changes in repair tissue
Normal cellularity

Slight to moderate hypocellularity or hypercellularity
Severe hypocellularity or hypercellularity

VII: Degenerative changes in adjacent cartilage
Normal cellularity, no clusters, no fibrillations

Normal cellularity, mild clusters, superficial fibrillations
Mild or moderate changes in cellularity, moderate fibrillations
Severe changes in cellularity, severe fibrillations

VIII: Chondrocyte clustering

No clusters

<25% of the cells

25-100% of the cells

Total

Score

o N B OO 0O O

N o = N = N

o

o = N W

Max. 23
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Group Category

Bone cyst Mononuclear cells
6 weeks No. Ratio No. Ratio
PLGA 3L 1/6 - -
dECM 10R 1/8 7L/TR/8L/8R 4/8
TCP 17R 1/8 15L/16R/18L/18R 4/8
EMPTY 26R 1/6 - -
15 weeks
PLGA 41/5R 2/6 4L 1/6
dECM 28L/28R 2/8 12L 1/8
TCP 20R/21L/21R/22L/22R 5/8 - -

EMPTY 28L/28R 2/6 & e
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Group Category Total score
I ] [1] [\ \" Vi VI VII

6 weeks

PLGA 3.33 0.50 0.17 117 1.67 0.50 2.33 1.00 10.67 £+ 5.82
dECM 2.00 0.50 - - 1.50 0.63 2.25 0.88 7.75 +£3.49
TCP 2.25 0.50 0.13 0.50 1.63 0.75 2.00 1.00 8.75 +4.83
EMPTY 7.67 2.00 1.00 1.00 1.83 2.00 2.00 1.00 18.50 &+ 0.84
15 weeks

PLGA 5:33 1.00 0.83 1.83 1.50 1.83 1.67 1.00 15.00 £+ 3.35
dECM 3.75 1.38 0.50 1.13 2.00 1.25 2.00 1.00 13.00 + 5.61
TCP 550 1.25 0.63 1.13 1.75 1.13 2.00 1.00 14.38 + 3.81
EMPTY 7.67 1.83 117 1.67 1.83 1.33 2.00 1.00 18.50 + 1.38
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