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Editorial on the Research Topic 
Recent advancements in musculoskeletal regenerative medicine


INTRODUCTION
Musculoskeletal regenerative medicine continues to evolve rapidly, offering renewed hope for patients with cartilage, bone, and joint disorders that currently lack durable treatments. This Research Topic features ten original contributions that collectively illustrate how the field is moving beyond traditional repair paradigms, integrating cellular engineering, smart biomaterials, immunomodulatory strategies, exosome signaling, and system-level insights. In this editorial, we contextualize these contributions, highlight their translational and clinical implications, and outline priorities for the future in musculoskeletal regeneration.
HIGHLIGHTS FROM THE RESEARCH TOPIC
Kim et al. harnessed engineered MSCs expressing a doxycycline-inducible IL-1β “sticky-trap,” a membrane-bound decoy receptor. The construct enables localized binding of IL-1β without systemic release, retaining it at joint surfaces. This innovative design allowed local, matrix-retained cytokine modulation while sparing systemic physiology. Intra-articular injection in a murine destabilization of the medial meniscus (DMM) model reduced cartilage degeneration, synovitis, and MMP-13 expression, while preserving type II collagen, illustrating the feasibility of durable, site-specific control of chronic inflammation, a major unmet need in osteoarthritis (OA).
Peng et al. created a single-cell RNA sequencing atlas of cystic lesions in steroid-induced osteonecrosis of the femoral head and identified eight chondrocyte subsets, including homeostatic, fibrocartilaginous, inflammatory, and hypertrophic. A reparative hypertrophic population expressing CLIC3 showed osteogenic potential transitioning toward bone. Histology confirmed a cartilage-to-bone interface within lesions, outlining a reparative trajectory involving chondrocyte hypertrophy preceding bone formation. This atlas is a blueprint of in situ repair processes in necrotic bone and identifies targetable cell populations for future therapy. This approach highlights how mapping cell states at disease interfaces can unveil targets for regeneration without the need for fully exogenous interventions.
Chen et al. explored the dual role of graphene oxide (GO) in skeletal muscle regeneration and its downstream effects on osteoblasts, showing that larger GO particles (>500 nm) enhanced myoblast proliferation and differentiation via PI3K–Akt signaling and NFATc1 upregulation. Also, exosomes from GO-treated myoblasts also stimulate osteoblastogenesis by upregulating osteogenic genes in MC3T3-E1 cells, suggesting muscle–bone crosstalk. GO acts both as a scaffold that supports myogenic maturation and a modulator of paracrine signaling, with potential to coordinate musculoskeletal repair. By positioning muscle regeneration within the broader musculoskeletal unit, this work underscores the systemic perspective required for tissue repair, where local interventions may have cascading effects across connected tissues.
Firoozi et al. compared meniscus-derived matrix scaffolds from healthy versus OA donors. While both supported fibro-chondrocyte viability and matrix deposition, only healthy donor scaffolds improved integration strength. Subtle biochemical or structural alterations in OA tissue may impair repair outcomes, even when decellularization is adequate. This work highlights the significance of donor tissue quality as an often-overlooked determinant of scaffold success, emphasizing the need for standardized screening or synthetic alternatives.
Ilyas Khan and Anderson-Watters demonstrated the ability of BMP9 in promoting cartilage maturation in immature cartilage explants. BMP9 improved collagen alignment, zonal organization, and proteoglycan content, resembling postnatal cartilage. These changes were accompanied by increased stiffness and matrix remodeling features often lacking in engineered constructs. The study supports BMP9 as a tool to accelerate functional maturation of engineered cartilage and addresses a critical translational gap between engineered and native tissues in load-bearing applications where constructs must not only survive implantation but also withstand mechanical load over time.
Santiago et al. conducted a systematic review and meta-analysis comparing platelet-rich plasma (PRP) versus PRP combined with hyaluronic acid (HA) for hip OA. While both treatments improved pain and function in the short term, PRP alone was more effective in pain relief. Since HA addition did not enhance outcomes and was occasionally linked to discomfort, the results question the additive value of HA and the need for protocol harmonization and evidence-based refinement of orthobiologic interventions before broad clinical uptake.
Desando et al. highlight the translational potential of mechanically isolated stromal vascular fraction (mctSVF) in OA. In a preclinical rabbit model, mctSVF promoted osteochondral repair, mitigated synovial inflammation, and preserved meniscal integrity, matching outcomes seen with expanded adipose stromal cells. By retaining native microarchitecture, mctSVF offers a minimally manipulated, clinically relevant approach to cartilage protection and joint regeneration.
Ivanovska et al. reveal that MSCs adapt dynamically to the OA joint environment. In a murine model, intra-articularly delivered MSCs persisted as a subset capable of modulating macrophage-driven inflammation and supporting cartilage repair. Transcriptomic analysis highlighted disease-stage -dependent activation and identified BRINP3 as a potential regulator of MSC function. These findings emphasize the context-specific plasticity of MSCs, offering insight into tailored cell-based interventions for OA.
Ossanna et al. demonstrate that mechanically isolated stromal vascular fraction (HT-SVF) combined with low -molecular-weight hyaluronic acid (ACP) markedly enhances bone regeneration in a murine calvarial defect model. Compared with enzymatically processed SVF, HT-SVF + ACP improved bone matrix maturity, reduced fibrosis, and accelerated healing. These results underscore the translational potential of mechanically processed SVF as a cost-effective, cell-based regenerative strategy for bone and tissue repair.
Finally, Velot et al. provided a perspective acknowledging the contributions of women in stem cell–based OA therapies and underscoring ongoing disparities in recognition and leadership roles. This piece calls for systemic solutions and reminds us that advancing regenerative medicine is not just a technical endeavor, but also a sociocultural one tied to equity and inclusive leadership.
CONCLUSION
Collectively, these contributions demonstrate how musculoskeletal regenerative medicine is shifting toward precision interventions featuring targeted modulation of inflammation, the development of smarter scaffolds and biomaterials, and system-level insights for the interconnected biology of musculoskeletal tissues. The collection emphasizes not only structural regeneration but also functional recovery and long-term integration, which are fundamental for successful clinical outcomes. Through cytokine-neutralizing cell therapies, engineered biomaterials, and exosome-mediated communication, these methods bring truly personalized and biologically informed treatments within reach.
Looking ahead, further progress will depend on robust models, standardized assessments, and a clear focus on both personalization and equity, ensuring the benefits of regenerative science extend widely. We thank all contributors for advancing the science and setting a foundation for the next-generation of clinically robust, translationally relevant, and socially conscious regenerative strategies.
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1 INTRODUCTION
The overall burden associated with musculoskeletal (MSK) conditions surpasses that of tobacco-related health effects, cancer, and diabetes (Barbour et al., 2017; United States Bone and Joint Initiative, 2020). Osteoarthritis (OA) is the most common degenerative joint disorder and a major worldwide challenge for health systems. OA is the leading cause of chronic disability among older adults (Anderson et al., 2011; Oo et al., 2021). It is a heterogenous condition with the pathogenesis differing across different joints. For example, obesity and meta-inflammatory processes have a significant role in knee OA while the shape of the joint and determinants of this are important in hip OA. Targeting the underlying pathological processes will be important in order to develop effective therapies. Post-traumatic OA (PTOA) develops after joint injury and is responsible for 12% of the cases of OA in the US. According to the US Bone and Joint Initiative (https://www.usbji.org), 62% of individuals with OA are women, being more prone to peripheral OA (hand, foot, knee) and experiencing more severe pain and disabling than men (Hawker, 2019; Leifer et al., 2022; Peshkova et al., 2022). Available pharmacological treatments only provide symptomatic pain relief and fail to arrest the progressive degeneration of cartilage associated with PTOA or idiopathic OA (Anderson et al., 2011; de Girolamo et al., 2016; de Girola et al., 2019). Surgical procedures that promote cartilage repair are expensive, require long rehabilitation, and might expose patients to the risk of complications. Thus, there is an imperative need to develop prophylactic novel biologic means that either prevent or treat early onset of the disease (Vincent, 2019; Vincent, 2020; Vincent et al., 2022).
The current management of OA is gradual and depends on the symptomatic evolution of the disease. Initially, a non-pharmacological approach can be proposed, mainly based on weight loss and the introduction of an adapted physical activity, accompanied by a general awareness of the patient to a healthy lifestyle (Skou and Roos, 2019). If insufficient symptom improvement is achieved with non-pharmacological approaches, pharmacological treatments using non-steroidal anti-inflammatory drugs (NSAIDs) are proposed to reduce pain and inflammation (Bannuru et al., 2019). Although their long-term efficacy and safety are still controversial, intra-articular injections of corticosteroids or hyaluronic acid, or a combination of both, are also being performed to improve the symptoms in patients who did not respond to conventional routes of analgesic administration (Fusco et al., 2021; Peck et al., 2021). Moreover, with the advent of orthobiologics, new potential therapeutic approaches are being exploited to preserve and, potentially restore, the articular surface (Kon et al., 2020; Kon and Di Matteo, 2021; Anzillotti et al., 2022). The group of S. Chubinskaya* has extensively studied the mechanisms of PTOA and the role of orthobiologics in cartilage repair and regeneration and successfully contributed to the clinical approval of the Agili-C implant (Anderson et al., 2011; de Girola et al., 2019). However, no drug can restore joint integrity or even stop the mechanisms leading to the development of OA and partial or total joint replacement by a prosthesis is considered for end-stage OA. Currently, 2,127 clinical trials related to OA (https://clinicaltrials.gov, accessed on 15 April 2023 under “OA+ drugs + interventional + female”) are underway to identify disease-modifying OA drugs (DMOADs) (Dietz et al., 2021; Kennedy et al., 2022). Of those expected to have clinical value, sprifermin and lorecivivint (SM04690) recently entered phase II clinical trials. Still, despite encouraging preliminary results in preclinical models (Deshmukh et al., 2018; Deshmukh et al., 2019), these clinical trials showed mitigated results on the global population studied, with encouraging results obtained in one subtype of patients (Yazici et al., 2020; Li et al., 2021).
Women have had a significant role in the translation of stem cell studies to clinical trials including for OA. This required the development of measurement tools to assess progression of structural disease in OA. That cartilage loss can be detected in a valid and reproducible way over 2 years was first shown using magnetic resonance imaging (MRI) by Wluka et al. (Wluka et al., 2004). This method was shown to detect the clinically important outcomes of pain (Wluka et al., 2004) and knee replacement (Cicuttini et al., 2004), meaning that it was now possible to use this method for proof of concept trials in OA. This has led to the testing of stem cells in those at high risk of OA, such as knee PTOA, with favorable results (Wang et al., 2017). The trials in this area have been summarized in a number of systematic reviews (Gong et al., 2021). These have tended to find consistent evidence for a beneficial effect of intra-articular injections of stem cells on articular cartilage and subchondral bone, irrespective of the source or contents of the stem cells. However, among the trials there remains significant heterogeneity in the source and composition of the injected cells, small to modest sample sizes, and the potential for publication bias. The use of stem cells remains an exciting area of endeavor (Fortier, 2005), including for OA where there is a lack of effective therapies. However, more work is needed before such therapies can be recommended in the management of the pathology.
In parallel with ongoing human studies, stem cells have been employed in veterinary medicine (Fortier and Travis, 2011; Ferris et al., 2014; Colbath et al., 2020) and the European Drugs Regulations Agency already authorized the use of two products based on stem cells (Arti-Cell Forte® and HorStem®) to treat mild to moderate signs of OA associated with lameness in horses, following various safety and efficacy studies of intra-articular injections (Bertoni et al., 2019; Broeckx et al., 2019; Be et al., 2021). As for humans, MSK injuries are the most prevalent and debilitating condition responsible for pain (in the form of lameness) and loss of performance associated with highly negative economic impact on the equine industry (IVIS, 2010). A wider range of therapies are used in equine practice compared with human practice to reduce the clinical signs and progression of OA (Velloso Alvarez et al., 2020), although there is still no curative treatment. In a “One Health, One Medicine” concept (Kahn, 2017), preclinical studies in horses led to applications in humans and vice versa, as recently illustrated by the marketing of the intra-articular polyacrylamide hydrogel (Arthrosamid®) or of autologous conditioned serum (ACS) (Camargo Garbin and Morris, 2021). Large animals including livestock, dogs or horses have similar biomechanical constraints to humans, leading to the development of MSK diseases in a similar pathogenesis (Yazici et al., 2020). Therefore, they are considered suitable target species and translational models for researching new therapeutic approaches, while small animal models are typically employed for investigating pathophysiological processes (McCoy, 2015; Manivong et al., 2023). Horses in particular demonstrated many similarities to human joints regarding articular cartilage thickness, cellular structure, biochemical composition, and mechanical properties. It is however interesting to note that in major international equestrian competitions and races, all genders compete in the same category and females achieve great victories (Hanousek et al., 2018).
This opinion paper focuses on the manipulation of mesenchymal progenitor cells as a promising therapeutic source of cells to treat MSK disorders with a focus on OA. This initiative was established by women researchers, with the purpose of highlighting some of the critical women’s contributions in the field of MSK tissue regeneration (including those of the current authors) as examples (Figure 1) with particular attention drawn in the text on outstanding women and on women (*) involved in the current opinion paper, and was performed under the umbrella of the International Cartilage Regeneration and Joint Preservation Society (ICRS; https://cartilage.org).
[image: Diagram illustrating strategies for tissue regeneration. It includes cell therapies with elements like plasmids and MSCs, tissue engineering with scaffolds and biomaterials, acellular therapies with secretomes and EVs, and combined approaches using gene transfer and 3D printing. Central focus on regeneration with arrows indicating processes and interactions.]FIGURE 1 | Women Input on Stem Cells for MSK Regeneration (initials in pink indicate the research contributions of the current authors).
2 CELL-BASED THERAPIES
2.1 Embryology and joint development, progenitor cells in the joint
The limb forms during embryogenesis as a limb bud, from the condensation of mesenchymal progenitor cells that chondrogenically differentiate into and form a cartilage anlage. This cartilage anlage will undergo endochondral ossification to form long bones, except at specific sites where an interzone is formed to give rise to the joint structures (Decker et al., 2014). The initial interzone consisting of growth and differentiation factor (Gdf)5+ cells generated from descendants of chondrocytes which after cavitation will form the articular cartilage and intra-articular ligaments. Flanking cells recruited into the interzone from surrounding tissues also express Gdf5 and will largely form the synovial lining and joint capsule. In adult mouse synovium, cells that originate from Gdf5-expressing joint interzone cells appear largely negative for the skeletal stem cell markers Nestin, Leptin receptor, and Gremlin1 (Roelofs et al., 2017), confirming a separate origin of these progenitor cells in synovium and skeletal progenitor cells. With different approaches, Decker et al. and Roelofs et al. demonstrated that upon osteochondral injury in adult mice, progenitor cells in the synovium proliferate and are recruited to the defect to contribute to tissue repair and articular chondrocytes have minimal contribution to tissue repair (Decker et al., 2017; Roelofs et al., 2017).
2.2 Joint MSC sources
Although initially referred to as stem cells, the definition of MSCs has been under discussion over the last decades (Viswanathan et al., 2019). The term “MSCs” is interchangeably used for Mesenchymal Stem Cells, Mesenchymal Stromal Cells, Medicinal Signaling Cells, or Multipotent Stromal Cells, and for the most part in connection to a potential clinical use. In this review, we use the term “MSCs” as such and the exact meaning refers to the context of their potential clinical use: either to generate tissue or to modulate tissue repair (Viswanathan et al., 2019). Distinct progenitor cells are present in the different joint tissues but it became clear that also within one tissue, different populations of progenitor cells exist. Generally, one can discriminate perivascular progenitor cell populations and populations located in the stroma or the lining. In the human synovium, the group of G. J. V. M. van Osch* (Sivasubramaniyan et al., 2019) described progenitor cells that are CD45−CD31−CD73+ and discriminated a CD90− population in the intimal, synovial lining layer and a CD90+ population in the subintimal, perivascular area with distinct chondrogenic capacities. Similarly, synovial-derived MSCs have been reported in animal species by this group* (Teunissen et al., 2022). Moreover, as reported by this group in collaboration with the groups of E. Jones* (Sivasubramaniyan et al., 2018), in the human bone marrow, two different populations of CD45−CD271+ mesenchymal progenitor cells were found: a perivascular CD56− population with poor chondrogenic capacity and a CD56+ bone lining population with good chondrogenic capacity. In bone marrow aspirations, the less chondrogenic perivascular population is more abundant than the bone lining population. A higher abundance of the more chondrogenic bone lining populations was found when the bone marrow was collected after rasping the marrow canal before implanting a prosthesis (Sivasubramaniyan et al., 2018). Bone marrow-derived (BM) MSCs have also been isolated from animals (Fortier et al., 1998; Kisiday et al., 2020). Thus, the location and way of collecting MSCs is an important determinant for their capacity to generate tissues.
Subcutaneous adipose tissue has gained popularity as a source of MSCs more recently compared with bone marrow. Nevertheless, many research efforts have addressed it as an optimal tissue source for a variety of clinical applications, as well as for an impressive number of basic studies to clarify MSC properties. Adipose tissue is indisputably a convenient tissue to harvest, with potentially no limit in terms of quantity and it contains a higher number of MSCs (adipose-derived stem cells, i.e., ASCs) with a similar immunophenotype to BM MSCs, bar the higher expression of CD34 seen in freshly isolated ASCs as shown by the groups of F. J. van Milligen and of D. Noël* (Varma et al., 2007; Maumus et al., 2013). Also, adipose tissue-derived MSCs have been reported by the group of H. Roelofs (Melie et al., 2013) to possess a higher immunomodulatory capacity than their bone marrow counterparts, making ASCs a more appealing cell type compared with BM MSCs in some clinical applications. ASCs are associated with the so-called stromal vascular fraction (SVF), a heterogeneous collection of cells composed of pre-adipocytes, endothelial precursor cells, T regulatory cells, macrophages, smooth muscle cells, and MSCs/pericytes indeed. Nevertheless, the SVF is a versatile cellular system and the degree of heterogeneity depends on a variety of factors, such as the adipose tissue harvest site, the digestion protocol, and the patient’s own pathological status. For this reason, there is no consensus on the exact definition and proportion of these cell types within the SVF. Also, culturing SVF cells for even one passage can profoundly alter their cellular composition as reported by Nunes et al. (Nunes et al., 2013) and observed by the group of D. Noël* (Domergue et al., 2016). From a therapeutic perspective, beyond exploiting the adipose tissue for the isolation and in vitro expansion of ASCs, the relatively higher abundance of MSCs within the adipose tissue has driven the development of several medical devices to isolate the SVF intra-operatively without the need for further cell expansion. These devices can either provide mechanical digestion of the adipose tissue resulting in a mechanical-SVF as reported by the group of Y. Kul (Tiryaki et al., 2022) and observed by the group of D. Noël* (Bony et al., 2016) or resize the adipose tissue into microfragments while removing oil and blood contaminants and resulting into microfragmented adipose tissue as shown by the group of L. de Girolamo* (Ulivi et al., 2022). Notably, in addition to the subcutaneous adipose tissue, other adipose sites have been investigated as MSC sources. In particular, in the MSK field ASCs isolated from the infrapatellar fat pad (or Hoffa’s body) have been demonstrated to possess a differentiation ability equal or even superior to subcutaneous ASCs (Lopa et al., 2014; Sun et al., 2018).
MSCs have additionally been found in healthy and OA synovial fluid (SF) by the group of E. Jones* (Jones et al., 2004; Jones et al., 2008) and in patients with chondral defects by G. J. V. M. van Osch* and K. Wright (Garcia et al., 2020). Compared with BM MSCs, SF MSCs are highly proliferative and consistently chondrogenic (Jones et al., 2008). In OA human knees, as shown in the work of the group of E. Jones* (Ilas et al., 2019; Sanjurjo-Rodriguez et al., 2019), subchondral BM MSCs are driven towards osteogenesis in order to rapidly compensate for load distribution alterations following the loss of cartilage. In contrast, they showed that SF MSCs from the same knees express higher levels of cartilage formation and turnover genes, and lower levels of ossification molecules (Sanjurjo-Rodriguez et al., 2020). Furthermore, SF MSCs display a pro-chondrogenic and immunomodulatory response following a joint-sparing, knee joint distraction procedure (Sanjurjo-Rodriguez et al., 2020). Owing to their apparent ability to respond to biomechanical cues, both types of joint-resident MSCs can be manipulated towards cartilage regeneration using mechanically-competent scaffolds and smart biomaterials.
MSCs have also been isolated from the articular cartilage by the group of L. A. Vonk (Rikkers et al., 2021; Rikkers et al., 2022) and peripheral blood (PB-MSCs), both showing a certain ability for osteochondrogenic differentiation (Mödder and Khosla, 2008; Beane and Darling, 2012; Martinello et al., 2013; Orth et al., 2014; Frisch et al., 2015a; Rikkers et al., 2021; Rikkers et al., 2022). Other sources of MSCs include perinatal MSCs from the umbilical cord blood or connective tissue or from the amniotic fluid and membrane (El Omar et al., 2014; Gómez-Leduc et al., 2016; Borghesi et al., 2019; Lepage et al., 2019; Hyland et al., 2020; Perry et al., 2021) as well as embryonic stem cells (ESCs) (Hwang et al., 2008), all with chondrogenic abilities and showing a higher potential for self-renewal and lower immunogenic and tumorigenic activities relative to adult MSCs. Of further note, as shown by the groups of É. Velot*, of J. Elisseeff, and of S. J. Kimber and by Lepage et al. and Borghesi et al. (Hwang et al., 2006; Oldershaw et al., 2010; El Omar et al., 2014; Dostert et al., 2017; Borghesi et al., 2019; Lepage et al., 2019; Mesure et al., 2019; Velot et al., 2021), MSCs from birth tissues have a better accessibility and can be non-invasively isolated in large amounts relative to adult MSCs while showing fewer ethical issues compared with ESCs.
The number of MSCs that can be obtained from a donor is limited. ESCs and induced pluripotent stem cells (iPSCs) represent a potentially unlimited source of chondrocytes. Protocols from ESCs have been adapted for iPSCs with slight variations. These stem cells can be used to specifically generate hypertrophic or non-hypertrophic chondrocytes as shown in particular by the groups of S. J. Kimber, of R. A. Kandel, of S. Diederichs, and of W. Richter (Oldershaw et al., 2010; Craft et al., 2013; Cheng et al., 2014; Diederichs and Tuan, 2014; Diederichs et al., 2019a). Non-hypertrophic chondrocytes generated from human ESCs have been reported to promote the repair of focal cartilage defects in rats (Cheng et al., 2014). Hypertrophic chondrocytes are generally generated from iPSCs by first differentiating them into iPSC-derived MSC-like progenitor cells (iMPCs). iMPCs generated from human BM MSCs were comparable to the parental MSCs, although iMPCs appear less responsive to traditional MSC differentiation protocols (Diederichs and Tuan, 2014). The considerable heterogeneity in chondrogenesis found using iMPCs has been associated with variable SRY-related high-mobility-group-box gene 9 (SOX9) protein expression, with low SOX9 levels correlating to high levels of the SOX9-antagonizing hsa-miR-145 (Diederichs et al., 2016). Still, the clinical use of iPSCs remains controversial since these cells are potentially tumorigenic and immunogenic, with an instability of their genome (Hackett and Fortier, 2011; Guzzo et al., 2013; Schnabel et al., 2014; Vonk et al., 2015; Driessen et al., 2017; Xu et al., 2019; Velot et al., 2021). However, the secretome of iPSC-derived MSCs (iMSCs) primed with tumor necrosis alpha (TNF-α) and interferon gamma (IFN-γ) has a high resemblance to BM MSCs, with iMSC-derived extracellular vesicles (EVs) showing similar in vitro immunomodulation (Ramos et al., 2022).
2.3 MSCs versus tissue-specific cells for joint regeneration
Murphy* et al. were the first to intra-articularly inject BM MSCs and study their potential for the treatment of OA using a caprine model (Murphy et al., 2003). Many studies in animals and in human patients followed. Since cell tracking studies showed only limited cartilage formation by these cells (Murphy et al., 2003; Hamilton et al., 2019; Markides et al., 2019; Perry et al., 2021), the mechanism of action was hypothesized to be related to factors secreted by the MSCs (Hamilton et al., 2019; Markides et al., 2019; Perry et al., 2021). Given their established immunomodulatory and trophic properties, MSCs isolated from different sources have been proposed as a viable therapeutic option to treat cartilage damage and early OA (Lopa et al., 2019). The group of D. Noël* noted the therapeutic efficiency of human and equine ASCs in the inflammatory model of collagenase-induced OA (Ter Huurne et al., 2012; Maumus et al., 2016). Intra-articular injection of immune-selected allogeneic human mesenchymal precursor cells were reported by the group of F. Cicuttini* to improve symptoms and structure in PTOA, suggesting that they modulate some of the pathological processes responsible for the onset and progression of this phenotype (Wang et al., 2017). These cells help to establish a “regenerative microenvironment” through the paracrine secretion of bioactive molecules and promote tissue-specific progenitor proliferation while inhibiting cell apoptosis and tissue fibrosis as reported by the group of L. de Girolamo* (Colombini et al., 2019). Among the molecules that play a role in the chondroprotective effect of MSCs in OA, Fra-1, THBS1 and TGFβi have been noted by the group of D. Noël* (Schwabe et al., 2016; Maumus et al., 2017; Ruiz et al., 2020). Alternatively to MSCs, tissue-specific cells have been also proposed as a valuable regenerative alternative for decades. Autologous Chondrocyte Implantation or Transplantation (ACI/ACT) was first developed in the 90s and since then has been used to treat thousands of patients with satisfactory results compared with other available techniques (Kon et al., 2013). Over time, a number of implementations of the original techniques have been developed, including the association of suitable biomaterials acting as scaffolds for cell growth and colonization (MACI, matrix-assisted autologous chondrocyte implantation) as shown by the large case series published by the group of E. Kon* (Kon et al., 2012). Nevertheless, while ACI/MACI resulted in the successful treatment of focal isolated chondral injuries, the clinical outcomes in patients with diffuse chondral damages are still under debate (Colombini et al., 2022a). One of the possibilities to make these techniques more effective in patients with diffuse cartilage defects (i.e., early OA patients) is to focus on chondroprogenitors. Chondroprogenitors are represented within cartilage as cells with migratory, clonogenic ability, and differentiation potential, found both in healthy and damaged cartilage as reported by Vinod et al. (Vinod et al., 2023). In addition to their direct stimulation within the cartilage, cartilage progenitors, likewise MSCs, could indeed be exploited to improve the existing cell-based therapies for the treatment of cartilage defects. In this regard, the possibility to enrich the amount of cartilage progenitors throughout in vitro expansion of the whole cartilage cell population seems a valuable option to improve the current results in early OA patients. It was observed that, with increasing passages in culture, cartilage cell populations are characterized by a progressive enhancement of clonogenic ability and sustained expression of stemness markers. Moreover, these expanded cells revealed a noteworthy chondrogenic potential, an enhanced secretory response to inflammation compared with MSCs, and strong immunomodulatory functions after inflammatory priming as seen by De Luca et al. (De Luca et al., 2019). Although data derived from animal models also show that chondroprogenitors have the ability to attenuate OA, repair, chondral defects, and form stable cartilage, displaying better outcomes than BM MSCs, these preclinical data would require further studies to optimize their use before clinical translation (Vinod et al., 2023).
Another possibility would be to combine the favorable properties of chondrocytes and MSC into a combined treatment. Apart from anti-inflammatory or anti-catabolic effects, the secretome of MSCs can also have trophic effects and in co-culture with chondrocytes, both adipose tissue-derived and BM MSCs demonstrated to enhance cartilage generation by the chondrocytes as reported by the group of G. J. V. M. van Osch* (Pleumeekers et al., 2018). This property of MSCs might explain the potential of a proposed one-stage cell therapy for cartilage defects where 75% of the chondrocytes can be replaced by MSCs (US20140329316A1, US20100144036A1), although the initial claim referring to an effect of the chondrocytes on the differentiation of the MSCs cannot be fully excluded.
2.4 Differentiation and culture conditions for appropriate MSK differentiation of MSCs, priming, immunomodulation
MSCs can be differentiated into cartilage-like cells in vitro. A large body of research from the groups of W. Richter and of G. J. V. M. van Osch* have investigated the stability of the cartilage formed by these cells and ways to improve this. They demonstrated that chondrogenically differentiated MSCs, though, were shown to be prone to endochondral ossification when implanted in vivo (Pelttari et al., 2006; Farrell et al., 2009). This finding redirected the bone tissue engineering field since more bone could be generated by pre-differentiating MSCs chondrogenically than the original attempts of pre-differentiating them towards the osteogenic lineage. Whereas research mostly focused on stimulating the chondrogenic capacity of these cells, such as, for example, by addition of parathyroid hormone-related protein (PTHrP) (Fischer et al., 2014; Fischer et al., 2016), TGFβi, NMB, or miR-29a as noted by the group of D. Noël* (Ruiz et al., 2020; Maumus et al., 2021; Guérit et al., 2014), inhibition of the anti-chondrogenic regulators became an emerging area (Lolli et al., 2019a). Inhibition of SMAD1/5/9 (Helli et al., 2011), WNT (Narcisi et al., 2015; Diederichs et al., 2019b), or anti-chondrogenic miRNAs, such as, for example, miRNA221 (Lolli et al., 2016) and miR-574–3p as observed by the group of D. Noël* (Guérit et al., 2013), has shown promise to inhibit hypertrophic differentiation. In addition to modulating chondrogenesis during the differentiation phase, modulation of the MSC expansion medium, for example, by the addition of WNT (Narcisi et al., 2015) or of TNF-α (Voskamp et al., 2020) resulted in improvement of chondrogenic capacity. The fact that these factors have demonstrated anti-chondrogenic properties during the differentiation phase demonstrates the complexity and importance of paying to the different stages of cell differentiation.
The immunomodulatory capacity of MSCs and ASCs can be influenced by disease status of the joint as noted by the groups of G. J. V. M. van Osch* and of G. Lisignoli* (Leijs et al., 2012; Manferdini et al., 2020). The immunomodulatory ability of ASCs was not affected by hypoxia as reported by the group of G. J. V. M. van Osch* (Roemeling-van Rhijn et al., 2013), whereas it was positively affected by an inflammatory stimulus such as interleukin 1 beta (IL-1β) as observed by the groups of L. de Girolamo* and of D. Noël* (Colombini et al., 2022b; Maumus et al., 2016). Similarly, the protein cargo of umbilical cord EVs was affected by their pro-inflammatory priming, but not in hypoxic conditions (Hyland et al., 2020).
2.5 Gene therapy
Stem cells are amenable to genetic modification to enhance their reparative potential in a variety of MSK disorders. Gene therapy is the transfer of candidate nucleic acid sequences as direct molecules or using a gene vector derived from nonviral material (most commonly a plasmid) or from viral material (adenoviral [AV], herpes simplex viral, retro-/lentiviral [LV], or recombinant adeno-associated viral [rAAV] vectors) to prolong the therapeutic effects of a gene product compared with recombinant agents with short pharmacological half-lives (Jorgensen et al., 2001; Noël et al., 2002; Jorgensen et al., 2003; Djouad et al., 2009; van Osch et al., 2009; Vinatier et al., 2009; Coleman et al., 2010; Ansboro et al., 2012; Cucchiarini et al., 2012; Demoor et al., 2014; Frisch et al., 2015a; Docheva et al., 2015; Balmayor, 2015; Cucchiarini, 2016; Fris et al., 2016; Jones et al., 2016; Rey-Rico and Cucchiarini, 2017; Poh et al., 2018; Mesure et al., 2019; Roseti et al., 2019; De la Vega et al., 2021; Amini et al., 2022). Gene therapy is performed via classical gene transfer or using genome editing methodologies such as use of the clustered regularly interspaced short palindromic repeats (CRIPSR)-associated 9 (CRISPR/Cas9) system (Tanikella et al., 2020). The contribution of women researchers in the field of gene therapy to target stem cells is broadly illustrated by reports showing the improved commitment of stem cell to MSK profiles using various classes of gene transfer vectors. Nonviral vectors carrying the SOX9 transcription factor were reported by the group of A. Rey-Rico to activate MSC chondrogenesis (Carball et al., 2022) (or the vascular endothelial growth factor - VEGF - to tackle MSC osteogenesis and bone healing as noted by the group of W. Richter (Geiger et al., 2007)). Adenoviral vectors carrying IL-10 were successfully used by the group of M. Murphy* to prevent OA (Farrell et al., 2016) (or bone morphogenetic proteins - BMP-2, BMP-6 - to modulate MSC osteogenesis and bone healing as reported by the group of A. L. Bertone (Zachos et al., 2006; Zachos et al., 2007; Murray et al., 2010; Ishihara et al., 2015)). rAAV vectors were manipulated by the groups of C. R. Chu, of L. R. Goodrich, and of M. Cucchiarini* to deliver the basic fibroblast growth factor (FGF-2) (Cucchiarini et al., 2005; Cucchiarini et al., 2011), transforming growth factor beta (TGF-β) (Pagnotto et al., 2007; Lee et al., 2011; Frisch et al., 2014a; Frisch et al., 2016; Frisch et al., 2017a; Cucchiarini et al., 2018), insulin-like growth factor I (IGF-I) alone (Frisch et al., 2014b; Cucchiarini and Madry, 2014; Frisch et al., 2015b; Frisch et al., 2017b) or with TGF-β (Morscheid et al., 2019a; Morscheid et al., 2019b), BMP-3 (Venkatesan et al., 2022), SOX9 (Cucchiarini et al., 2013), and chondromodulin (Klinger et al., 2011) to stimulate MSC chondrogenesis and cartilage repair (or BMP-2 for MSC osteogenesis (Ball et al., 2019)). Gene silencing in MSCs based on gene knockdown strategies using RNA interference (RNAi) technology is also a potent approach to modulate the reparative potential of these cells for MSK regeneration (Lolli et al., 2017; Demoor et al., 2014). For instance, silencing the antichondrogenic regulator microRNA 221 (miR-221) via specific antagomiR-221 or antimiR-221 oligonucleotides is capable of enhancing chondrogenesis and cartilage repair as seen in work from the group of G. J. V. M. van Osch* (Lolli et al., 2016; Lolli et al., 2019b).
2.6 Gene therapy modifications
Adenoviral- and rAAV-based vectors, while considered the most promising systems for OA, still have two main limitations: potential anti-viral host immune responses and the levels of efficiency and specificity of transgene expression in joint tissues. Targeting the joint cells of interest is still arduous even using intra-articular injections. Indeed, chondrocytes embedded in a dense extracellular matrix (ECM) are less accessible than synovial, ligament, or fat pad cells. In addition, disturbances in intracellular trafficking may decrease the efficiency of viral vector transduction. To address these issues, optimization of the carrier nucleic acid sequence and a modification of viral vectors have been considered with increasing interest. The capsids of adenoviral and rAAV vectors promote tropism but can also be recognized by neutralizing antibodies present in the circulation and synovial fluid as evidenced by the group of N. Bessis (Cottard et al., 2004) due to a pre-existing immunity, overall reducing the transduction efficiency. Yet, capsids may be engineered to escape such neutralization, and in this context, several improved hybrid AAV serotypes have emerged. Among them, the rAAV 2.5, a chimera of AAV1 and AAV2, evaluated in preclinical models of equine OA by Watson-Levings et al. (Watson Levings et al., 2018a) is currently being used in a clinical trial for OA (NCT05454566) and rAAV-DJ, which has been successfully used in a preclinical rat model of OA by Martinez-Redondo et al. (Martinez-Redondo et al., 2020). Also of interest in OA, Eichhoff et al. (Eichhoff et al., 2019) designed an rAAV preferentially targeting cells expressing the purinergic receptor (P2X7R) overexpressed in OA chondrocytes. Chemical modification allowing a large panel of chemical compounds or peptides to be coupled may also improve capsids to limit off-target effects, overcome undesirable properties, and permit viral escape from neutralizing antibodies. For instance, the chondrocyte-affinity peptide (CAP) has been used by the group of P. Pothacharoen (Chongchai et al., 2023) to enhance rAAV targeting of chondrocytes. Finally, self-complementary AAV (scAAV) composed of a double-stranded DNA genome have been successfully used by Watson-Levings et al. (Watson Levings et al., 2018a; Watson Levings et al., 2018b) to target chondrocytes, bypassing their step-limiting, low rates of cell replication/proliferation.
2.7 Transcript therapy
Despite the clear advantages of gene therapy, safety concerns related to viral vectors and affordability issues have restricted their clinical use as noted by the group of E. R. Balmayor* among others (Evans, 2019; De la Vega et al., 2021) In fact, affordability remains a pressuring issue, with gene therapy products tagged at $2 million a dose (Dyer, 2020) related to the manufacturing process under Good Manufacturing Practice (GMP). In addition, achieving efficient gene transfer and appropriate levels of transgene expression proved to be cumbersome for some applications as described by the group of E. R. Balmayor* (De la Vega et al., 2021), motivating researchers to explore alternatives to traditional MSK gene therapy. Applied to tissue regeneration, gene therapies commonly deliver protein-coding DNA. However, messenger RNA (mRNA), offers a more efficient way to achieve protein translation while accommodating numerous advantages as explained by Balmayor* et al. (Balmayor, 2022). Like traditional gene therapy, mRNA transcript therapy offers control over the production of therapeutic proteins. In addition, since mRNA function is conducted in the cell cytoplasm, it results in an immediate initiation of translation. Unlike viral gene therapy, mRNA transcript therapy is safe as it does not carry the risk of insertional mutagenesis and oncogenesis. Also, mRNA’s transient nature is valuable in many regenerative medicine applications when long-term effects are not necessary as stated by others and by Balmayor* et al. (Sahin et al., 2014; Balmayor and Evans, 2019). mRNA is produced by in vitro transcription (IVT), a relatively simple, single-reaction procedure easily controllable and scalable and identical for all mRNAs, regardless of the sequence. Importantly, no cell or bacterial culture is required, reducing the risk of contamination. IVT allows the introduction of numerous chemical modifications and the use of modified nucleosides to produce defined mRNAs with reduced immunogenicity and low stability, with costs described as up to 10-fold lower that their protein therapeutic counterparts as demonstrated by K. Karikó among others (Karikó et al., 2005; Weissman, 2015). The recent use of mRNA in COVID-19 vaccines receiving approval in various countries demonstrates that this technology can be safe and efficient. Regarding MSK regeneration, local mRNA delivery has been investigated mostly for bone by the group of E. R. Balmayor* and by Badieyan et al. and Khorsand et al. (Elangovan et al., 2015; Badieyan et al., 2016; Balmayor et al., 2016; Balmayor et al., 2017; Khorsand et al., 2017; Zhang et al., 2019; Fayed et al., 2021; Geng et al., 2021; De La Vega et al., 2022; European Scoiety of Gene and Cell Therapy, 2022), with a strong focus on effective BMP-2 mRNAs but also with an emerging interest for BMP-9 (Khorsand et al., 2017), BMP-7 (European Scoiety of Gene and Cell Therapy, 2022), and VEGF mRNAs by Geng et al. (Geng et al., 2021). In one of the most translatable studies performed to date, a BMP-2 mRNA administered to rat femoral critical-size defects via a collagen carrier was reported by the group of E. R. Balmayor* (De La Vega et al., 2022) to remain local in a safe manner and to efficiently induce bone healing in a dose-dependent manner. For cartilage repair, mRNAs coding for the runt-related transcription factor 1 (Runx1) (Aini et al., 2016), Link N by the group of M. Avci-Adali (Tendulkar et al., 2019), and IGF-I (Wu et al., 2022) have been investigated as OA treatments. Direct injections of Runx1 mRNA in mouse OA knee joints significantly suppressed OA progression (Aini et al., 2016) while injection of stem cells transfected with an IGF-I mRNA in mouse knee joints safely enhanced cell survival and engraftment in the cartilage tissue (Wu et al., 2022). Overall, all these findings support the safety and efficacy of this emerging technology for MSK regeneration.
3 TISSUE ENGINEERING STRATEGIES
3.1 Tissue engineering
New tissue engineering therapeutic strategies mainly based on the use of biomaterials combined with stem cells showed good potential both in preclinical and clinical studies as reported by the groups of G. Lisignoli*, of D. Noel* and of L. R. Goodrich and by Nooeaid et al., Moradi et al., Taraballi et al., Armiento et al., and Kwon et al. (Nooeaid et al., 2012; Moradi et al., 2017; Taraballi et al., 2017; Yang et al., 2017; Armiento et al., 2018; Kwon et al., 2019; Pascual-Garrido et al., 2019; Trucco et al., 2021, Valot et al., 2021; Manferdini et al., 2022). Regenerative scaffold-based methods are emerging as possible therapeutic alternatives for the treatment of various types of cartilage lesions as noted by the group of E. Kon* (Kon et al., 2015). In order to support the proliferation of live cells, a scaffold is a temporary three-dimensional (3D) framework made of biodegradable polymers that may replicate the highly structured functional architecture of the articular cartilage. Chondrogenic differentiation of MSCs can be achieved on different types of scaffolds provided that a growth factor can be released to induce the process as observed by the group of D. Noël* (Morille et al., 2013; Morille et al., 2016; Mathieu et al., 2014). Different types of chondral and osteochondral scaffolds have been used in the past, but the most promising results have being obtained with biodegradable scaffolds as observed by the group of E. Kon* (Kon et al., 2014; Kon et al., 2018; Kon et al., 2021; Altschuler et al., 2023). The use of scaffolds is often integrated with cells seeded on the scaffold itself. The group of E. Kon* (Kon et al., 2008; Kon et al., 2012) was the first to use articular chondrocytes in association with biomaterials for cartilage regeneration in clinical practice with discrete success in treating focal defects. Although some products containing chondrocytes and biomaterials are still on the market, the necessity of addressing different tissues and the need of modulating the joint environment pushed towards the use of stem cells instead of chondrocytes.
Both natural and synthetic biomaterials have been used to regenerate different joint tissues (cartilage, bone, meniscus) and cells have been mainly seeded or encapsulated into these structures for instance by Sanchez-Tellez et al., Yang et al., and Critchley et al. (Sánchez-Téllez et al., 2017; Li et al., 2019; Yang et al., 2019; Critchley et al., 2020; Rahman et al., 2022). However, the main limitation of this approach is the retention of stem cells in the target joint tissue that may be influenced by the presence of synovial fluid, inflammation, load, and joint movement as noted by the groups of E. Kon* and of G. J. V. M. van Osch* and by Bakhshandeh et al. (Fahy et al., 2014; Perdisa et al., 2014; Bakhshandeh et al., 2017; Dong et al., 2017). To overcome this issue, it is necessary to design advanced biomaterials capable of retaining cells in situ, with immunomodulating properties while at the same time, retaining the capacity to stably adhere to damaged joint tissues and boost their regeneration. Biomaterial stiffness and viscoelasticity, as other critical parameters, are selected depending on the anatomical characteristics of the regenerated joint tissues as reported for instance by Sarem et al. (Sarem et al., 2018; Zhang et al., 2020; Huang et al., 2023). All biomaterial parameters directly control and influence the characteristics of the cells by acting through specific receptors directing their migration, proliferation, matrix synthesis, and differentiation as observed by the group of G. Lisignoli* and by Yang et al., Sarem et al., and Hafezi et al. (Sarem et al., 2018; Yang et al., 2019; Hafezi et al., 2021; Sartore et al., 2021). These strategies contribute to joint tissue regeneration by showing effects on different physiological processes including inflammation, metabolic processes, aging, apoptosis, and autophagy as shown by the groups of E. R. Balmayor* and of G. Lisignoli* and by Koh et al. (Amann et al., 2017; Chen et al., 2020; Koh et al., 2020; Gabusi et al., 2022).
Stem cells have also been reported to secrete an ECM that may be valuable for MSK regeneration. For instance, MSCs from the connective tissue of the umbilical cord (Wharton’s jelly) produce ECM components similar to those of articular cartilage as reported by Russo et al. (Russo et al., 2022) and participate in MSC chondrogenic differentiation, offering a potential scaffold that may be used as an alternative to improve cartilage regeneration as noted by Ramzan et al. (Ramzan et al., 2022).
3.2 Bioprinting, sustainable automated manufacturing for therapeutic cells
Emerging technologies like additive manufacturing (three-dimensional [3D] printing) will lead future directions for tissue engineering therapeutic strategies. 3D printing replicates the damaged tissue shape starting from the patient medical image. It consists of the fabrication of living tissue/organ-like structures throughout the bottom-up deposition of either cell-laden droplets or cells embedded in a hydrogel, in both cases termed as “bioink” as described for instance by Abdollahiyan et al. (Abdollahiyan et al., 2020). Such a technology makes is possible to overcome issues associated with more conventional methods like static (manual) seeding onto scaffolds or dynamic seeding using bioreactors as shown by the group of B. Grigolo* (Roseti et al., 2018). In these cases, problems are due to cell accumulation at the surface of scaffold and to the low density in the inner part where cells tend to die because of the scarcity of nutrients. This may lead to inaccurate experimental results and consequent speculation. Differently, 3D bioprinting offers the advantage of fine control of cell spatial distribution in terms of homogeneity. When scaffolds were cultured with chondrogenic or osteogenic medium, cartilage and bone tissues were produced, respectively, as determined by specific gene and protein expression (Gao et al., 2015). Further benefits of 3D bioprinting techniques include reduced production times, an increased versatility, and the possibility to work at room temperature and “solvent-free” conditions, taking advantage of the features of water-based gels such as bioinks as reviewed by the groups of B. Grigolo* and of D. Noël* (Roseti et al., 2017; Montheil et al., 2022). 3D bioprinting also enables the fabrication of custom-made products based on patient’s medical images. Such options improve the match between implant and defect size, thus shortening the time required for surgery and for patient recovery, and positively affecting the success of treatment.
Development and use of bio-inspired, fabricated bio-printed constructs will require validated and relevant cell sources and/or use of appropriate factors to attract endogenous stem cells to the constructs. The cost of producing GMP-grade MSCs, or even iMSCs, using manual processes is such that translation to patient use at scale to enable widespread use is prohibitive and a critical impediment in the field as noted by the group of M. Murphy* (Ochs et al., 2022). The automation of production of advanced therapy medicinal products (ATMPs), state-of-the-art medicines for human use based on genes, tissues or cell-derived EVs can address this hurdle to clinical translation as reported by the group of M. Murphy* (Ochs et al., 2022).
3.3 From biologic substitutes to organoids, 3D models, and organ-on-a-chip
In accordance with the 3Rs concept (replacement, reduction, refinement) and with the strategic directions of the European Medicines Agency (EMA) (announcement of 29 September 2021) to promote alternative approaches to animal models, the development and use of effective alternative in vitro methods before formal animal testing are now mandatory. Advanced techniques such as biomanufacturing (3D bioprinting and bioassembly) and organotypic models (organoids, organ-on-a-chip) are gaining interest due to their ability to mimic OA conditions. Although 2D and 3D cellular cultures have limitations, they are still useful in answering fundamental questions in a molecular, cellular, and tissue continuum and provide a cost-effective platform for rapid, high-throughput screening of new drugs, delivery systems, or biolubricants. This provides an efficient standardized functional qualification without the use of experimental animals for more ethical research (Manivong et al., 2023). Tissue engineering studies conducted since the emergence of ACT in 1994 by Brittberg (Brittberg et al., 1994) led to the development of suitable biological substitutes and refinement of organotypic models by the group of M. Demoor* (Demoor et al., 2014). These mini-tissues/organoids have been incorporated in some translational research studies by the same group* (Desancé et al., 2018; Cullier et al., 2022) to develop cell-based and cell-free orthobiological therapeutic approaches. Therefore, some in vitro studies have been transposed from humans (Legendre et al., 2013; Gómez-Leduc et al., 2016; Gómez-Leduc et al., 2017; Legendre et al., 2017) to horses (Desancé et al., 2018) again by this group* to demonstrate the therapeutic potential of chondrocytes and stem cells for cartilage engineering in both species and to have the possibility to carry out preparatory work in horses before transposing it to humans.
4 ACELLULAR THERAPIES
4.1 Secretome
MSC capacity to induce tissue regeneration is due to its secretome that comprises all cell secretions (growth factors, cytokines, EVs, etc.). Among regenerative medicine strategies, acellular or cell-free therapies requires the delivery of exogenous active molecules, such as synthetic molecules or MSC secretome, as therapeutic agents into the joint as reported by Velot* et al. (Dostert et al., 2017; Velot et al., 2021).
Indeed, the secretome of BM MSCs that were primed with inflammatory factors were shown to inhibit inflammatory processes in human OA synovial explants in vitro as observed by the group of G. J. V. M. van Osch* (van Buul et al., 2012). The activity of the secretome of MSCs is not specific for BM MSCs (Manferdini et al., 2020). The groups of G. Lisignoli* and of D. Noël* showed that adipose tissue-derived MSCs (ASCs) have similar effects in vitro, and their anti-inflammatory and anti-catabolic effects were indicated to be dependent on the inflammatory status of the chondrocytes or synoviocytes (Maumus et al., 2016). The secretome of human BM MSCs reduced pain and joint degeneration in a mouse model of OA (Khatab et al., 2018).
Most animal studies aimed at improving acellular MSC-based therapies, especially in horses, are still predominantly conducted in vitro as reported by Jammes et al. (Jammes et al., 2023). The same author participated in a study (Contentin et al., 2022) that specifically highlighted the pro-anabolic potential of equine MSC-conditioned media containing exosomes on a cartilage organoid model in vitro. Kearney et al. (Kearney et al., 2022) performed a recent study in acute inflammatory arthritis by injection of lipopolysaccharide (LPS) in horses, showing no difference between the injection of allogenic BM MSCs and of their secretome. Additionally, proofs of concept for the manufacturing of clinical-grade equine and canine freeze-dried secretome which present many advantages in terms of practical use (stability, easy to store and use) have been published by Mocchi et al. (Mocchi et al., 2021a; Mocchi et al., 2021b). These authors showed in a canine study that an intra-articular injection of secretome in five dogs with OA was safe, without significant adverse effects. These preliminary data suggest that clinical trials may be established to evaluate the potential of these therapies in the treatment of spontaneous OA in animals.
4.2 Extracellular vesicles
Research is also well underway in animals to characterize the MSC secretome in order to identify the most promising factors for treating OA and to explore the EVs as potential biomarkers for monitoring its progression (Anderson et al., 2022). In particular, techniques for isolating and characterizing EVs have been described for several types of MSCs and work on chondrocytes indicated that MSC-EVs reduce gene expression of inflammatory markers (Hotham et al., 2021; Arévalo-Turrubiarte et al., 2022).
MSCs produce large and small size EV subtypes that exert similar protective effects on chondrocytes and anti-inflammatory effects on macrophages in vitro as reported by Vonk et al. and in vivo in the collagenase-induced OA model of the group of D. Noël* (Cosenza et al., 2017; Vonk et al., 2018). However, small size EVs were more potent to suppress the clinical signs of inflammatory arthritis in the collagen-induced model of the group of D. Noël* (Cosenza et al., 2018). This observation was attributed to the induction of a regulatory response by small size EVs as shown by the upregulation of CD19+IL10+ Breg-like cells and the decrease in plasmablast cells in the lymph nodes of mice. Down-regulating the TGF-β-induced gene product-h3 (TGFBI/BIGH3) in MSCs partly inhibited their anabolic effects on chondrocytes and did not protect mice from developing OA. Although not demonstrated to be directly related, the detection of TGFBI/BIGH3 in the cargo of both small and large size EVs might explain the protective role of EVs in OA as seen by the group of D. Noël* (Ruiz et al., 2020). Priming MSCs was shown to modify their proteome and secretome as well as their content in miRNAs, thereby modulating their functional properties, in particular their immunoregulatory function as described by the group of D. Noël* (Pers et al., 2021). Parental cell priming also impacts the cargo of EVs and inflammatory priming was reported to modulate cytokine and miRNA levels in EVs and enhance their anti-inflammatory potency (Ragni et al., 2020). Another strategy is based on genetic engineering of MSCs to overexpress the hypoxia-inducible factor 1 alpha (HIF-1α) and telomerase to generate large-scale production of reproducible batches of MSC-derived EVs with higher immunosuppressive activity (Gómez-Ferrer et al., 2021). In addition, overexpression of several miRNAs in MSCs or in synovial fibroblasts, as shown with miR-126–3p, may suppress apoptosis and inflammation in chondrocytes and prevent cartilage degradation in a OA model (Zhou et al., 2021).
Indeed, miRNAs were shown to be a crucial player for MSC-EVs function. This paradigm has been confirmed for EVs released by MSCs obtained from several sources such as adipose tissue, bone marrow, and amniotic membrane as studied by the group of L. de Girolamo* (Ragni et al., 2020; Ragni et al., 2021a; Ragni et al., 2022a). With respect to EV-miRNA activity for orthopedic conditions, a complex scenario has emerged with respect to how they can function/contribute to MSC therapeutic potential. MSC-EVs are enriched in miRNAs, predicted to suppress the activation of immune cells and the production of OA-related inflammatory mediators, as well as to promote cartilage protection by acting on both chondrocyte homeostasis and extracellular matrix-degrading enzymes. Most importantly, pre-activation of MSCs with pro-inflammatory mediators allows for the release of EVs with increased amounts of protective miRNAs, as clearly shown for adipose MSCs (Ragni et al., 2020). These results were confirmed by the group of L. de Girolamo* (Ragni et al., 2021b; Ragni et al., 2022b) for EVs released from MSCs in the presence of synovial fluid from OA patients that is rich in pro-inflammatory molecules. Consistently, when envisioned as a cell-free therapy, MSC-EVs protected mice from developing OA, suggesting that these nanoparticles can reproduce the main therapeutic effects of secreting cells by reducing OA symptoms (Cosenza et al., 2017). Notably, inhibition of inflammation (Cosenza et al., 2018) and reduction of cartilage degradation (Cosenza et al., 2017) in vivo confirmed in silico molecular data on EV-miRNAs fingerprints, leading to the potential for new strategies using single miRNA modulation (Xi et al., 2021) as a means to improve therapeutic potential for both MSK disorders and other diseases where cutting-edge treatments are actively needed.
Native EVs or EVs from primed cells do not necessarily contain appropriate mediators to improve OA. The use of synthetic vesicles such as liposomes may be a means to encapsulate and deliver exogenous active molecules of interest to joint tissues via intra-articular injection. This drug delivery system may counteract the degradation of selected mediators and allow for their sustained release in the joint (Velot et al., 2022). However, liposomes can be silenced by immune cell phagocytosis. As the composition of EV membrane prevents phagocytosis, new delivery systems to carry selected active molecules may be developed by merging MSC-derived EVs and liposomes to engineer a hybrid vesicle designed for joint healing as reported by Velot* et al. and by others (Velot et al., 2021; Elkhoury et al., 2022).
5 COMBINED APPROACHES
5.1 Gene-activated matrices
MSK gene therapy has been further expanded by combining gene transfer technologies with tissue engineering to generate gene-activated matrices (GAMs), a powerful tool also referred to as biomaterial-guided gene therapy, improving the spatiotemporal, controlled delivery of therapeutic genes to their targets (Borghesi et al., 2019; Perry et al., 2021; Hyland et al., 2020; Hwang et al., 2008; Karikó et al., 2005; Weissman, 2015; Elangovan et al., 2015; Balmayor et al., 2016; Badieyan et al., 2016; Balmayor et al., 2017; Khorsand et al., 2017; Zhang et al., 2019; Geng et al., 2021; Fayed et al., 2021; De La Vega et al., 2022; European Scoiety of Gene and Cell Therapy, 2022; Aini et al., 2016; Tendulkar et al., 2019; Liu et al., 2022; Madry et al., 2020a; Venkatesan et al., 2019; Cucchiarini and Madry, 2019; Atasoy-Zeybek and Kose, 2018; Shapiro et al., 2018; Venkatesan et al., 2018; Rey-Rico et al., 2017a; D’Mello et al., 2017; Rey-Rico et al., 2016; Raisin et al., 2016; Cucchiarini et al., 2016; Raftery et al., 2016; Rey-Rico and Cucchiarini, 2016). Different systems (micelles, hydrogels, solid scaffolds) have been used to generate GAMs capable of delivering a variety of gene transfer vectors. Nonviral vectors were incorporated in GAMs by the groups of A. L. Bertone, of W. Richter, and of M. Murphy* and also by Curtin et al., Raftery et al., and Tierney et al. to carry PTH(1–34) (collagen) (Backstrom et al., 2004), VEGF (collagen) (Geiger et al., 2005), BMP-2 (collagen, nano-hydroxyapatite - nHA, alginate, chondroitin sulfate) (Curtin et al., 2012; Loozen et al., 2013; Nedorubova et al., 2022; Husteden et al., 2023), BMP-2/VEGF (collagen, nHA, chitosan) (Curtin et al., 2015; Raftery et al., 2017; Raftery et al., 2019; Walsh et al., 2021), BMP-2/BMP-7 (collagen, nHA, chitosan) (Raftery et al., 2018), SOX9 (collagen, alginate) (Ledo et al., 2020), ephrinB2 (collagen, nHA) (Tierney et al., 2013), and the stromal-derived factor 1 alpha (SDF-1α) (collagen, nHA) (Power et al., 2022) to stimulate MSC chondro-/osteogenesis and bone healing. GAMs formulating rAAV vectors carrying TGF-β (pluronics, carbon dots - CDs, poly (ε-caprolactone) - PCL) (Rey-Rico et al., 2017b; Meng et al., 2020; Venkatesan et al., 2021), IGF-I (alginate) (Maihöfer et al., 2021), and SOX9 (pluronics, PCL, CDs) (Rey-Rico et al., 2018; Madry et al., 2020b; Urich et al., 2020; Venkatesan et al., 2020) were also used by the group of M. Cucchiarini* to stimulate MSC chondrogenesis, cartilage repair, and prevent OA. Interestingly, GAM have been also tested by the groups of E. R. Balmayor*, of M. Murphy*, and of D. Noël* to deliver RNAs, like for instance an mRNA for BMP-2 (micro-macro biphasic calcium phosphate - MBCP - granules, fibrin gel, collagen sponge, titanium implants) (Tierney et al., 2013; Morille et al., 2016; Balmayor et al., 2017; Zhang et al., 2019; Fayed et al., 2021; De La Vega et al., 2022) to stimulate MSC osteogenesis and bone healing or siRNAs against Runx2 (pluronics, collagen) (Raisin et al., 2017; Salvador et al., 2022) to reduce MSC osteogenesis.
5.2 EVs and biomaterials
The use of MSC-derived EVs in combination with biomaterials represent a future MSK tissue engineering strategy to influence and facilitate local therapeutic release of EVs by means of their design and chemical characteristics (Yan et al., 2020; Casanova et al., 2021; Zhang et al., 2021). Nanofibrous substrates designed to immobilize EVs induce the chondrogenic differentiation of BM MSCs as seen by Casanova et al. (Casanova et al., 2021). Hydrogels containing MSC-derived EVs have the ability to integrate cartilage ECM and to promote MSC recruitment, resulting in cartilage defect repair (Liu et al., 2017; Zhang et al., 2021). The association of scaffolds with EVs and MSCs is also an alternative to improve cartilage regeneration as reported by Heirani-Tabasi et al. and by others (Heirani-Tabasi et al., 2021; Cho et al., 2023).
6 DISCUSSION
The last 30 years of research in cartilage regeneration and its biology have been marked by numerous and essential steps forward in the technologies available to study and apply research aimed at joint regeneration. The fact that women have been a vital part of this effort, especially via work performed in interdisciplinary teams, is to be noted, as evidenced by the large (although non-exhaustive) body of literature cited here. It is critical for us to be at the forefront of research in a field of particular interest to us as doctors, researchers, and women (Alliston et al., 2020), but also as potential patients. If medicine has taught us anything, one must not only view one component of what we are trying to treat, but related components and how they all interact.
In the future, patients will benefit from a continuously maturing collaborative approach, combining the best biological research with robotics for biomaterial and scaffold development and printing. For example, 3D printing has already shown its relevance in creating patient-specific scaffolds based on defect evaluation via radiological evaluation, allowing for near-perfect replication and correction. Automated production systems for cells and cell-derived products synergize to provide relevant cells for these scaffolds in a cost effective manner. This personalized approach allows for a more precise correction and treatment, and better outcomes. Additionally, with potential for the continuous growth of the industry due to the increased incidence of OA in the general population, therapy production will be further facilitated and standardized; therefore, more patients will be able to benefit from a better access to improved technologies to treat OA.
We have also seen that OA and MSK research has diverged to genetic engineering, secretomes, and viral vectors. These approaches based on basic biological principles common to cells show promise, notably when combined with the application of stem cells. In vitro studies on MSC secretomes and EVs by the groups of G. Lisignoli*, of D. Noël*, and of G. J. V. M. van Osch* (van Buul et al., 2012; Manferdini et al., 2020; Ruiz et al., 2020) show promise in terms of anti-inflammatory properties and anti-catabolic effects dependent on the inflammatory status of chondrocytes and synoviocytes. These approaches allow for a more direct cellular-based approach to managing the degeneration leading to OA and the potential for slowing down the catabolic mechanisms leading to its advancement.
The future of MSK regeneration is based on a patient-centered approach. OA is a multimodal disease, with multiple factors leading to its development and progression that can be targeted to delay or even prevent its progression. The ideal scenario for future patients is a multimodal approach from personalized lifestyle modifications informed by polygenic risk scores that characterize an individual genetic risk profile as reported by the group of F. Cicuttini* (Lacaze et al., 2022) to the study of the degenerative and inflammatory state of the joint down to a cellular level to counteract destructive processes and even stimulate regeneration. Combining these different levels of therapeutic impact, one could potentially modulate the disease progression by targeting therapies to different patient phenotype in OA. There remain some challenges regarding how to make such an approach applicable, but once a multimodal method can be applied, the results may be revolutionary by targeting therapies to those most likely to benefit.
Research in the MSK field has seen many breakthroughs in the last decades, with women being at the forefront of several, especially in the field of biology. Yet, a significant disparity remains due to the generally imbalanced ratio of women to men in the field as can be noted on the representation of women in the membership (Figure 2A), in the Board of Directors (Figure 2B), and as recipients of Lifetime/Career Awards (Figure 2C) of various MSK and cell therapy/tissue regeneration societies (data generously provided by the European Society for Sports Traumatology, Knee Surgery and Arthroscopy - ESSKA - https://www.esska.org, the ICRS with a woman current President - EK*, the International Society for Cell and Gene Therapy - ISCT - https://www.isctglobal.org/home, the Osteoarthritis Research Society International - OARSI - https://www.oarsi.org, the Orthopaedic Research Society - ORS - https://www.ors.org with a woman as Past President and a woman as Incoming President, and the Tissue Engineering and Regenerative Medicine International Society - TERMIS - https://www.termis.org with a woman as Incoming President). In particular, the societies associated to clinical orthopedics (i.e., ESSKA and ICRS) are still male-dominated. Since a majority of the 2023 Board of Directors of the societies presented here are well balanced, we can speculate that this token of involvement and recognition of women in the field will translate in a better gender balance of Lifetime/Career awards in the future. The current under-representation of women in MSK research, in particular when it involves orthopedics, has a number of reasons. These include the lack of female role models and mentors in the academic world and in industry is one aspect that makes it more challenging for women to see themselves pursuing careers in MSK research. Moreover, gender prejudice and discrimination might make it more difficult for women to excel in both academia and industry, particularly in male-dominated specialties such as orthopedic surgery.
[image: Three bar charts showing gender distribution in different contexts in 2023. Chart A, Society Membership: Mostly men, no data for ORS and TERMIS. Chart B, Board of Directors: Predominantly men across organizations. Chart C, Lifetime/Career Award: Higher male recipients in all organizations. Pink represents women, blue represents men.]FIGURE 2 | Representation of Women in MSK Societies. (A): Society Membership; (B) Board of Directors; (C) Recipients of Lifetime/Career Awards; n/a: not available).
Orthopedics remains the least diversified medical specialty, with the highest prevalence of men. In fact, only 7.4% and 7% of orthopedic surgeons in the United States and UK, respectively, are female (Ahmed and Hamilton, 2021; Peterman et al., 2022). This disparity also applies in academic and research fields, with only 20% of women assistant professors, 15% of women associate professors, and 9% of women full professors in orthopedics for instance (Gerull et al., 2020), although their impact should not be overlooked. Women are also under-represented in the biomedical engineering field (Barabino et al., 2020) which is key for MSK research and translation. It is therefore crucial to take action to address these underlying problems. This can include campaigns to eliminate gender bias and discrimination as well as initiatives to raise the profile of female researchers and clinicians in academics and associated industries, such as the “Women in ESSKA” initiative that (sic) “wants to promote ESSKA’s educational and research activities among female orthopedic surgeons during and after their specialization” (https://www.esska.org/page/WomeninESSKA) or the “ORS Women’s Leadership Forum” that (sic) “will mentor, foster, encourage and inspire women at the start and throughout their careers in orthopedic research, and will assist women in obtaining leadership roles in orthopedic-related organizations” (https://www.ors.org/womens-leadership-forum).
Hope now lies in the upcoming generation of doctors and researchers, with medical and scientific Universities today having a higher prevalence of female students than males (Barabino et al., 2020; Ahmed and Hamilton, 2021). Moreover, gender should no longer be considered as binary. Hopefully, these developments will have a “butterfly” effect to increase diversity and to continue to open doors for women and minorities in the field of MSK research, including stem cell research. These new and upcoming colleagues also have the advantage of having grown up in parallel to all the new technologies of today. They have a different approach and mindset to search for opportunities, bringing a breath of fresh air and innovation to biomedical research in general. Although these newcomers may have suffered from a lack of mentorship and role models, we hope that this paper will have highlighted women who can illustrate the part and that it will inspire them to become the leaders of tomorrow in this disciplinary field (Barabino et al., 2020).
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Meniscus tissue is commonly injured due to sports-related injuries and age-related degeneration and approximately 50% of individuals with a meniscus tear will develop post-traumatic osteoarthritis (PTOA). Given that the meniscus has limited healing potential, new therapeutic strategies are required to enhance meniscus repair. Porcine meniscus-derived matrix (MDM) scaffolds improve meniscus integrative repair, but sources of human meniscus tissue have not been investigated. Therefore, the objectives of this study were to generate healthy and osteoarthritic (OA) MDM scaffolds and to compare meniscus cellular responses and integrative repair. Meniscus cells showed high viability on both healthy and OA scaffolds. While DNA content was higher in cell-seeded OA scaffolds than cell-seeded healthy scaffolds, CCK-8, and both sGAG and collagen content were similar between scaffold types. After 28 days in an ex vivo meniscus defect model, healthy and OA scaffolds had similar DNA, sGAG, and collagen content. However, the shear strength of repair was reduced in defects containing OA scaffolds compared to healthy scaffolds. In conclusion, healthy human allograft tissue is a useful source for generating MDM scaffolds that can support cellular growth, ECM production, and ex vivo integrative repair of the meniscus, highlighting the potential suitability for tissue engineering approaches to improve meniscus repair.
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1 INTRODUCTION
Menisci are fibrocartilaginous tissues located between the femoral condyles and tibial plateau in the knee. The menisci transfer and distribute load across the articular cartilage, provide joint stability, and afford a low friction surface for joint articulation (Fox et al., 2012; Ahmed et al., 1983; Markolf et al., 1981; Wojtys and Chan, 2005; Carter et al., 2015). Proper meniscus function is necessary for maintaining performance and health of the knee joint (Ahmed et al., 1983; Markolf et al., 1981; Wojtys and Chan, 2005; Carter et al., 2015). Due to joint loading during activities of daily living and sports, the menisci must resist high forces in tension and compression and thus are highly susceptible to injury (Vignes et al., 2022). The yearly incidence of meniscus injury is 66 tears per 100,000 people (Bansal et al., 2021). These tears can be primarily traumatic or degenerative due to sports-related injuries or age-related joint degeneration respectively (Terzidis et al., 2006; Englund et al., 2009). There is pain and disability associated with the meniscus injury but also nearly 50% of individuals with a meniscus tear develop post-traumatic osteoarthritis (PTOA) within 20 years of the injury (Blake and Johnson, 2018; Scotti et al., 2013; Lohmander et al., 2007; Badlani et al., 2013). Therefore, current orthopaedic treatments seek to restore meniscus structure and function through different approaches including meniscus repair, allograft transplantation, and biological augmentation strategies (Lin et al., 2017; Guo et al., 2015; Chevrier et al., 2018; Wang et al., 2024; Luvsannyam et al., 2022). Despite promising short-term results, these treatments fail to restore function of the injured meniscus tissue and are not able to prevent PTOA development (Scotti et al., 2013; Wang et al., 2024). Given that the meniscus has a limited healing potential due to its dense extracellular matrix (ECM) and minimal vascularity (Xia et al., 2021), new therapeutic strategies are required to enhance meniscus repair.
Meniscus tissue engineering is a promising approach to replace lost and/or damaged meniscus tissue. Various types of biomaterials, including natural and synthetic polymers, hydrogels, and tissue-derived materials, have been used to generate tissue-engineered scaffolds for meniscus regeneration (Makris et al., 2011; Li et al., 2021b; Ionescu and Mauck, 2013; Chen et al., 2019; Guo et al., 2021; Gao et al., 2017; Komatsu et al., 2024; An et al., 2021). Decellularized ECM is a promising choice because it contains the native components of the ECM, natural growth factors found in the matrix, and provides tissue specific epitopes to regulate cellular behavior and function (Hussey et al., 2018; Pati et al., 2014). To date, numerous forms of meniscus-derived matrix (MDM) scaffolds have been investigated including whole lyophilized tissue grafts (Gelse et al., 2017; Shimomura et al., 2017; Jiang et al., 2018), pulverized tissue reconstituted as porous or hydrogel scaffolds (Wu et al., 2015; Yuan et al., 2017; Ruprecht et al., 2019; Lyons et al., 2019; Xia et al., 2021; Salinas-Fernandez et al., 2024), 3D printed scaffolds composed of ECM-based bioinks (Pati et al., 2014; Ahn et al., 2017; Yang et al., 2017; Grogan et al., 2013; Bakarich et al., 2014; Lian et al., 2024; Wang et al., 2023), electrospun scaffolds (Baek et al., 2016; Venugopal et al., 2018; Mandal et al., 2011a; Li et al., 2021a), or a combination of these strategies (Baek et al., 2015; Yu et al., 2019). In our prior work, we showed that pulverized and reconstituted porcine MDM scaffolds can promote migration of endogenous meniscus cells and can improve the integrative repair of a porcine ex vivo meniscus defect (Ruprecht et al., 2019). For clinical applications, MDM can be isolated from allogeneic or xenogeneic meniscus tissues. However, there are concerns regarding the immunogenicity of xenogenic scaffolds for use in humans (Stone et al., 2017; Chen et al., 2024). Alternatively, there is limited availability of healthy human meniscus tissue. Prior work has shown that discarded human kidneys procured for transplantation were successfully used to generate ECM scaffolds for renal tissue engineering applications (Orlando et al., 2013). According to the 2024 report of the American College of Rheumatology, there are approximately 790,000 total knee joint replacement surgeries performed annually in the US (Ray, 2024), so there is a large abundance of human osteoarthritic (OA) menisci available as waste following surgery (Kremers et al., 2015). These tissues could be an abundant and useful source for human MDM scaffold fabrication.
Therefore, the objectives of this study were to generate healthy and OA MDM scaffolds and to compare in vitro meniscus cellular responses and meniscus integrative repair capacity of the scaffolds using an ex vivo human meniscus defect model. A new combination of physical and chemical methods was employed to fabricate decellularized healthy and OA scaffolds. Then, the response of human meniscus cells to healthy and OA scaffolds was evaluated using in vitro assays. Using a cell-free approach, healthy and OA scaffolds were implanted in an ex vivo human meniscus defect model to compare cellular migration of native cells, tissue formation, and integrative repair capacity of the healthy versus OA scaffolds.
2 MATERIALS AND METHODS
2.1 Human and OA meniscus samples
Deidentified OA human medial and lateral menisci (N = 31, 22F/9M) with a mean age of 65 ± 8.2 years old were obtained from subjects undergoing total knee replacement at Duke Hospital (IRB Pro00079807). Healthy human medial menisci (N = 10, 5F/5M) from donors with an average age of 25 ± 6 years old were generously donated by JRF Ortho. Photographs were taken of all menisci prior to storage at −80°C.
2.2 Gross grading
Gross grading (n = 5 healthy, n = 10 OA) was performed independently by four blinded graders from photographs and the results were averaged. The scoring criteria was previously published by Pauli et al. (2011). Briefly, each meniscus was divided into 3 zones and each zone was given a score between 1 and 4. The total for each zone was then summed, yielding a total of 3 for a normal intact meniscus and a maximum score of 12 for a meniscus with full/complete substance tears, loss of tissue, and/or tissue maceration in all zones.
2.3 Histological analyses
Healthy and OA menisci (n = 3/group) were sliced radially for cross-sectional analysis in the central portion of the menisci. These tissues and day 28 meniscus defect model explants (see Meniscus explant harvest and ex vivo meniscus defect below, n = 3/group) were fixed in formalin overnight at 4°C, dehydrated, and paraffin embedded. Then samples were cut into 8 μm sections and stained with Harris’ hematoxylin (Electron Microscopy Sciences, #26754-01, United States), 0.02% aqueous fast green (Electron Microscopy Sciences, #15500, United States), and 0.1% Safranin-O (Sigma-Aldrich, #HT904-8FOZ) (Ruprecht et al., 2019).
2.4 MDM scaffold fabrication and decellularization
The healthy and OA menisci were thawed, minced into ≤5 mm pieces, frozen overnight at −80°C, and then lyophilized (FreeZone 2.5 L, Labconco, Kansas City, MO) for 24 h (Figure 1). The lyophilized meniscus pieces were pulverized (5 min pre-cool, 5 cycles of 1 min at 5 Hz and 2 min cool) in a 6770 freezer mill (SPEX SamplePrep, Metuchen, NJ) (Ruprecht et al., 2019). The healthy and OA meniscus powders were sieved at 500 µm and pooled into two separate superlots. Healthy and OA powders were rehydrated to 8% weight fraction by mixing 0.8 g MDM powder with distilled water to achieve 10 g total mass. After resuspension, the healthy and OA slurry was homogenized (VWR® 200 Homogenizer) at 30,000 rpm for 2 cycles of 2 min run then 2 min cool on ice (Rowland et al., 2016; Ruprecht et al., 2019; Lyons et al., 2019). Healthy and OA homogenized slurries were pipetted into delrin molds (1.9 mm deep × 3 mm diameter). Molds were then frozen at −80°C overnight and lyophilized for 24 h. Next, fabricated healthy and OA scaffolds were removed from the mold and incubated in decellularization solution composed of 0.6 mg/mL MgCl2 (Sigma-Aldrich, M8266), 0.18 mg/mL CaCl2 (Sigma-Aldrich, C3889), 2.5% (v/v) Tris-HCl (Sigma-Aldrich, T9285), and 25 U/mL DNase (Sigma-Aldrich, D5319) at 37°C for 24 h (Rowland et al., 2016). Scaffolds were gently placed into 4 mm diameter delrin molds using tweezers, frozen at −80°C overnight, lyophilized for 24 h, and kept in sterile containers. Both non-decellularized and decellularized scaffolds were washed 5 times with PBS prior to biochemical assessments and in vitro and ex vivo experiments.
[image: Flowchart depicting the process of creating scaffolds. It starts with healthy and osteoarthritic (OA) samples, which are minced, frozen, lyophilized, pulverized, and sieved. The resultant powder is reconstituted in water to make an 8% slurry. Below, scaffolds are formed by placing the slurry into molds and treated with a solution containing MgCl₂, CaCl₂, Tris-HCl, and DNAse I. The scaffolds are then decellularized, frozen, and lyophilized. Arrows indicate the sequence, accompanied by images at each step.]FIGURE 1 | Fabrication procedure of healthy and OA MDM scaffolds.
2.5 Biochemical assays
In order to determine biochemical content of scaffolds before and after decellularization (n = 3–4/group), throughout in vitro culture (n = 3/group/timepoint), and following ex vivo culture (n = 18/group), meniscus inner cores and scaffolds were digested in 500 μL of papain (125 μg/mL papain (Sigma-Aldrich, P4762), 100 mM phosphate buffer (Sigma-Aldrich, S9638), 10 mM cysteine (Sigma-Aldrich, C1276), and 10 mM EDTA, pH 6.3 (Sigma-Aldrich, E7989) at 65°C overnight (Rowland et al., 2013; Collins et al., 2019; Hatcher et al., 2017). DNA content was measured by following the manufacturer’s instructions for the picogreen assay (Invitrogen, P7589) (Lyons et al., 2019; Ruprecht et al., 2019). The sGAG content was determined by the dimethylmethylene blue assay (Farndale et al., 1986), using a bovine chondroitin sulfate standard (Sigma-Aldrich, C6737). Collagen content was measured by the hydroxyproline assay (Reddy and Enwemeka, 1996; Collins et al., 2019; Hatcher et al., 2017; Lyons et al., 2019; Ruprecht et al., 2019).
2.6 Human meniscus cell isolation and scaffold cell seeding
Human meniscal cells were isolated from joint replacement waste meniscus tissue (N = 3, 2F/1M, 54 ± 22.5 years old). Immediately after surgical removal, menisci were placed in sealed containers with sterile saline. The whole meniscus was minced into ∼2 mm × 2 mm pieces and washed in Dulbecco’s modified eagle medium-high glucose (DMEM-HG, Gibco) containing 10% antibiotic–antimycotic (penicillin–streptomycin–fungizone (PSF), Gibco). Meniscus pieces were then enzymatically digested (Riera et al., 2011; McNulty et al., 2013) with 0.5% pronase (Calbiochem, San Diego, CA, United States) for 1 h followed by overnight digestion with 0.2% collagenase type I (Worthington, Lakewood, NJ, United States) in DMEM-HG containing 10% PSF and 10% fetal bovine serum (FBS; Corning, Corning, NY, United States) at 37°C (Andress et al., 2021; Andress et al., 2022). Isolated cells were then filtered through a 70 μm cell strainer (Corning). Isolated meniscus cells from three different patients were pooled together and expanded in meniscus growth medium consisting of DMEM-HG supplemented with 10% FBS, 1% PSF, 1% 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid buffer (HEPES, Invitrogen, Carlsbad, CA, United States), 1% non-essential amino acids (Invitrogen), and 100 μg/mL ascorbic acid 2-phosphate (Sigma–Aldrich) at 37°C, 5% CO2. Passage 1 meniscus cells were trypsinized, counted, and resuspended in meniscus growth medium at a density of 7.8 × 106 cells/mL (Lyons et al., 2019). Healthy and OA scaffolds were placed in ultra-low attachment 24 well plates (Corning). Then 8 μL of cell suspension was pipetted on the top of each scaffold. Scaffolds were placed into a vacuum chamber for 45 s to improve cell infiltration (Solchaga et al., 2006). Scaffolds were flipped and 8 μL of cells were pipetted onto the other side of the scaffolds and vacuum infiltration was repeated (Lyons et al., 2019). Then 1 mL of meniscus growth medium was added to each well and scaffolds were incubated at 37°C and 5% CO2 for up to 14 days. Growth media was changed every 2–3 days.
2.7 Evaluation of meniscus cellular responses on scaffolds
2.7.1 Actin immunostaining
At 1, 3, 6, and 24 h after cell seeding, scaffolds were fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences, 15,710) for 20 min to evaluate cellular attachment (n = 3/group/timepoint) as described previously (Xia et al., 2021). Scaffolds were subjected to antigen retrieval using the Universal antigen retrieval reagent (Abcam, ab208572) for 20 min. Next, samples were permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) at RT for 30 min, blocked in 3% bovine serum albumin (Sigma-Aldrich, A9418) for 1 h at 37°C, and incubated overnight with 1 μg/mL recombinant anti-actin antibody (Abcam, ab213251) at 4°C. Then 1 μg/mL goat anti-human IgG-488 (Abcam, ab69907) was applied at 37°C for 1 h. Scaffolds were counterstained with DAPI (Invitrogen) and imaged using a fluorescent microscope (Olympus, IX83).
2.7.2 Live/dead staining
On days 3 and 7, healthy and OA cell-seeded scaffolds were stained with the Live/Dead Assay kit (Invitrogen, L34973) to assess cell viability (n = 3/group/timepoint) (Van Der Straeten et al., 2016; Wilusz et al., 2008). Scaffolds were incubated with 2 mM calcein AM and 4 mM ethidium homodimer-1 for 30 min and then washed in PBS. Images were acquired using a fluorescent microscope (Olympus, IX83). Images were deconvoluted and live and dead cells were counted using cellSens Dimension version 1.18 software (Olympus, Center Valley, PA). Percent cell viability was calculated as follows: % Cell viability = (live cells/total cells) × 100.
2.7.3 Edu staining
On days 3 and 13, fresh culture media was added containing 10 μM 5-ethylnyl-2′-deoxyuridine (EdU from the Click-iT™ EdU Alexa Fluor® 488 Imaging Kit; Invitrogen C10337). After 24 h, on days 4 and 14, EdU staining was performed to detect proliferative cells on cell-seeded scaffolds, according to the manufacturer’s protocol (n = 3–4/group/timepoint). Samples were imaged using a fluorescent microscope (Olympus, IX83). Images were deconvoluted and the number of EdU-positive and total cells were counted using the cellSens Dimension version 1.18 software. The percent proliferative cells were calculated as follows: % Proliferative cells = (Edu+ cells/total cells) × 100.
2.7.4 Biochemical assessment of cell viability
On days 1, 4, 7, and 14, cell counting kit-8 (CCK-8 kit, APExBIO, K1018) was used to evaluate cell viability within the healthy and OA scaffolds (n = 3/group/timepoint). Growth media containing CCK-8 solution at a final concentration of 10% was added to each cell-seeded scaffold (Chen et al., 2019). After 3 h at 37°C, the media was removed and read at 450 nm on a microplate reader (TECAN, Austria).
2.8 Meniscus explant harvest and ex vivo meniscus defect model
Waste human menisci (N = 11, 9F/2M, 69 ± 7.82 years old) from joint replacement surgeries were used to harvest meniscus defect model explants. For each subject, the grossly healthier meniscus (Pauli et al., 2011) was used. Tissue explants were harvested using 8 mm diameter biopsy punches and cut to 2 mm thick explants (Figure 2A). Then a 3 mm diameter core was removed from each explant to create a full-thickness defect (Hennerbichler et al., 2007a; McNulty et al., 2010; McNulty and Guilak, 2008; McNulty et al., 2007; McNulty et al., 2009; Ruprecht et al., 2019; Lyons et al., 2019). The defect was filled with either a healthy (Figure 2B, Healthy scaffold + Meniscus) or OA scaffold (Figure 2C, OA scaffold + Meniscus). All samples were cultured in meniscus growth media and incubated at 37°C and 5% CO2 for up to 28 days. Growth media was changed every 2–3 days.
[image: Diagram with three panels. (A) Shows an 8mm meniscus tissue with an arrow pointing to a 3mm meniscus core. (B) Depicts a blue "Healthy MDM scaffold" placed on a larger disc labeled "Healthy scaffold + Meniscus". (C) Shows a red "OA MDM scaffold" placed on a similar disc labeled "OA scaffold + Meniscus".]FIGURE 2 | (A) Schematic of meniscal defect model. Implantation of (B) healthy and (C) OA scaffolds.
2.9 Evaluation of meniscus defect model explants
2.9.1 Fluorescent imaging of meniscus defect model explants
Meniscal defect model explants were harvested at days 7, 14, 21, and 28 (n = 3/group/timepoint) to visualize migration of cells from the outer meniscus tissue to the inner core by staining of live cells using calcein AM (Invitrogen, L3224) and matrix with Alexa fluor 633 NHS ester (Invitrogen, A20005) (Lyons et al., 2019; Ruprecht et al., 2019). A fluorescent microscope (IX83, Olympus) was used to visualize the cells and matrix.
2.9.2 Shear strength of repair
After 28 days of culture, meniscus defect model explants were subjected to a push-out test to measure shear strength of repair (n = 12/group) (Hennerbichler et al., 2007a; McNulty et al., 2010; Ruprecht et al., 2019; Lyons et al., 2019; McNulty et al., 2007). Explants were loaded into a dish containing a central 4 mm hole and placed in the test frame (ElectroForce 3220 Series III, MN, United States). A 2 mm piston connected to a 225N load cell (Honeywell, Morris Plains, NJ) and centered directly above the inner core was used to push-out the inner core. A 0.5 g tare load was held for 10 s, and then the piston was displaced at a rate of 0.083 mm/sec to 5 mm. Images of each explant were collected and imported into ImageJ (NIH, United States) to measure sample height. Shear strength of repair was calculated as the peak force divided by the area of the repair interface. The displaced inner core scaffolds were papain digested for biochemical analyses (see Biochemical assays above).
2.10 Statistical analyses
Statistical analyses were performed using GraphPad Prism 10. All data was tested for normality. For gross grading and the ex vivo biochemical data, unpaired t-tests were performed. For decellularization DNA content and in vitro biochemical outcomes, two-way ANOVAs followed Tukey’s post hoc testing were performed. For decellularization matrix content, cell viability, and proliferation, two-way ANOVAs with Sidak’s multiple comparison testing was used. The data for the shear strength of repair was not normally distributed so Mann-Whitney U testing was performed. For all experiments p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Assessment of meniscus tissue
Gross grading revealed that OA meniscus tissue had significantly higher scores than healthy meniscus tissue, indicative of degradative changes in the OA tissues (Figure 3A, p < 0.05). Histological staining of the healthy meniscus tissue showed sparce cells distributed throughout the tissue and there was strong proteoglycan staining in the inner zone (Figure 3B). On the other hand, in OA meniscus tissue, there was hypercellularity and diminished proteoglycan staining.
[image: Chart and histological images comparing healthy and osteoarthritis (OA) meniscus tissue. (A) Scatter plot shows a higher total meniscus gross grade in OA compared to healthy, with significance indicated. (B) Microscopic images depict structural differences between healthy and OA tissues in the inner and outer zones, with noticeable degradation in OA samples. Scale bars are visible.]FIGURE 3 | (A) Gross grading scores. The mean is indicated by a line for each group. *p < 0.05. (B) Safranin O and fast green staining of representative healthy and OA meniscus tissue.
3.2 Evaluation of decellularization of scaffolds
DNA content of the OA scaffolds was significantly higher than healthy scaffolds before decellularization (Figure 4A, p < 0.0001), indicating that the OA menisci contained more cells. Decellularization significantly decreased DNA content of both healthy and OA scaffolds (p < 0.0001). After decellularization, there were no detectable differences in the DNA content between the healthy and OA scaffolds. sGAG was not detectably different between scaffold types but was slightly reduced due to decellularization (Figure 4B, p < 0.05). On the other hand, collagen content was retained in both the healthy and OA scaffolds after decellularization and there were no detectable differences between the scaffold types (Figure 4C).
[image: Bar graphs labeled A, B, and C compare DNA, sGAG, and collagen content in healthy and osteoarthritic (OA) samples before and after decellularization. Graph A shows significantly higher DNA in OA after decellularization. Graph B shows a slight decrease in sGAG after decellularization in both groups. Graph C indicates little change in collagen content across samples. Statistical significance is marked by letters and "ns" indicating non-significance.]FIGURE 4 | (A) DNA, (B) sGAG, and (C) collagen content of healthy and OA scaffolds before and after decellularization (Decell). Data are expressed as the mean +SEM for all groups. All groups not sharing the same letter have p-values <0.0001.
3.3 Meniscus cellular responses on scaffolds
Actin immunostaining revealed the initial spherical shape of the human meniscus cells on both scaffold types at 1 and 3 h after seeding (Figure 5). For healthy scaffolds, the cells remained rounded at 6 h, while on the OA scaffolds the cells began to elongate. By 24 h, the cells appeared fibroblastic with cellular processes on both the healthy and OA scaffolds. Meniscus cells showed approximately 90% viability within both the healthy and OA scaffolds on both days 3 and 7 with no detectable differences between the scaffolds (Figures 6A,B). In both healthy and OA scaffolds, meniscus cells were more proliferative at day 4 than day 14 (Figures 7A,B, p < 0.05). There were no detectable differences in cellular proliferation between scaffold types.
[image: Fluorescent microscopy images comparing healthy and osteoarthritic (OA) scaffolds at different time intervals. The top row shows healthy scaffolds, while the bottom row displays OA scaffolds. Columns represent time intervals at one, three, six, and twenty-four hours. Blue and red borders indicate healthy and OA scaffolds, respectively. Scale bars are included for reference.]FIGURE 5 | Representative images of actin (green) and DAPI (blue) staining of human meniscal cells seeded onto healthy and OA scaffolds.
[image: Panel A shows fluorescence microscopy images of scaffolds. The top row represents healthy scaffolds at Day 3 and Day 7, and the bottom row shows OA scaffolds for the same days. Each image includes a scale bar of 150 micrometers. Panel B is a bar graph depicting cell viability percentages for healthy and OA scaffolds on Day 3 and Day 7. Blue bars represent healthy scaffolds, and red bars represent OA scaffolds, indicating viability near 100% for both.]FIGURE 6 | (A) Representative images of live (green) and dead (red) human meniscal cells seeded onto healthy and OA scaffolds. (B) Percent viability of cells on healthy and OA scaffolds. Data are expressed as the mean +SEM for all groups.
[image: Panel A shows fluorescent microscopy images of cell proliferation in healthy and OA scaffolds on days 4 and 14, with more intense labeling on day 14. Panel B is a bar graph comparing the percentage of proliferative cells on days 4 and 14 for healthy and OA scaffolds, indicating an increase over time, especially in OA scaffolds.]FIGURE 7 | (A) Representative images of Edu+ (green) cells and total (blue) human meniscus cells seeded on healthy and OA scaffolds. (B) Percent proliferative cells per total cells on healthy and OA scaffolds. Data is expressed as the mean +SEM for all groups.
3.4 Biochemical changes in meniscus cell seeded scaffolds
The DNA content of meniscus cell-seeded healthy and OA scaffolds was significantly increased over 14 days (Figure 8A, p < 0.0001). Overall meniscus cell-seeded OA scaffolds contained higher DNA content than healthy scaffolds (p < 0.05). Generally, CCK-8 measurements, indicative of viable cell number, significantly increased over the 14 days of culture for both scaffolds (Figure 8B, p < 0.0001). However, there were no detectable differences in CCK-8 between OA and healthy scaffolds. sGAG content trended towards an increase from days 7–14 for both meniscus cell-seeded scaffold types (Figure 8C). There were no detectable differences in collagen content between scaffold types or over time in meniscus cell-seeded scaffolds (Figure 8D).
[image: Four bar graphs labeled A to D compare biological data for healthy and osteoarthritis (OA) samples over days one, four, seven, and fourteen. Graph A shows DNA concentration, with increased levels in OA. Graph B indicates CCK-8 absorbance, higher in healthy samples. Graph C displays sGAG levels, similar between groups. Graph D shows collagen content, with OA levels slightly higher. Blue bars represent healthy samples, and red bars represent OA samples.]FIGURE 8 | (A) DNA content, (B) CCK-8, (C) sGAG, and (D) collagen content of human meniscus cell-seeded healthy and OA scaffolds. Data are expressed as the mean +SEM for all groups.
3.5 Meniscus cellular responses in the ex vivo defect model
Fluorescent imaging on day 7 demonstrated that cells were located throughout the meniscus tissue outer ring but not in the healthy and OA scaffold inner cores (Figure 9). On day 14, while no cells were detectable in the healthy scaffolds, there were meniscus cells that had migrated from the outer ring into the edge of the implanted OA scaffold. On day 21 few cells had migrated into the healthy scaffolds but there were abundant meniscal cells distributed throughout the OA scaffolds. By day 28, both scaffold groups showed cellular infiltration throughout the core and at the interface between the outer ring and inner core. However, there was greater visible cellular bridging between the inner core scaffolds and the outer ring meniscus tissue in the Healthy + Meniscus samples than the OA + Meniscus samples.
[image: Microscopic images of meniscus tissue over four time points: Day 7, 14, 21, and 28. The top row shows healthy meniscus tissue, while the bottom row shows osteoarthritis (OA) affected tissue. Each pair contrasts healthy and OA conditions with varying red and green fluorescence indicating tissue characteristics and changes over time. Blue and red outlines differentiate healthy from OA samples. Scale bar present in each image.]FIGURE 9 | Representative fluorescent images of the Healthy scaffold + Meniscus and OA scaffold + Meniscus in the ex vivo defect model. Live cells (green) and matrix (red) are stained.
3.6 Biochemical and shear strength evaluation in the ex vivo defect model
After 28 days of culture in the ex vivo repair model, there were no detectable differences between the DNA (Figure 10A), sGAG (Figure 10B), or collagen (Figure 10C) content between the healthy and OA scaffolds. However, the shear strength of repair was significantly lower in the defects filled with OA scaffolds compared to defects filled with healthy scaffolds (Figure 10D, p < 0.005).
[image: Four scatter plots labeled A to D display data on DMM, sGAG, Collagen, and Shear Strength for healthy and OA samples. Healthy data are marked in blue squares, OA in red triangles. D shows a significant difference. Below, E contains two stained tissue images comparing the meniscus of healthy and OA samples, with color differences highlighting structural variation.]FIGURE 10 | Day 28 (A) DNA, (B) sGAG, and (C) collagen content of healthy and OA scaffolds from the ex vivo meniscus defect model. (D) Shear strength of repair of the meniscus defect model. **p < 0.005. The mean is indicated by a line for each group. (E) Representative histological staining of the interface of the meniscus defect model explants. Sections were stained with Safranin-O (red: proteoglycans), fast green (blue: collagen), and hematoxylin (black: nuclei).
3.7 Histological analysis of the ex vivo defect model
Histological analysis revealed that both the healthy and OA scaffolds integrated with the surrounding meniscus tissue (Figure 10E). While proteoglycan staining was detectable in the surrounding meniscus tissue, the healthy and OA scaffolds predominately stained for collagen. Both scaffold types were porous; however, there was more collagenous matrix present in the healthy scaffolds compared to the OA scaffolds.
4 DISCUSSION
To our knowledge, this is the first study to compare the biocompatibility and functionality of healthy and OA MDM scaffolds that have potential for clinical practice as a cell-free tissue engineering strategy. Overall, we found that both healthy and OA scaffolds are biocompatible and promote cellular infiltration and growth. However, there was a significant difference in the functionality of the healthy and OA scaffolds based on the shear strength of repair, which quantifies the amount of healing between the meniscus tissue and the MDM scaffolds. Importantly, the shear strength of repair was reduced in meniscus defects containing OA scaffolds compared to healthy scaffolds, suggesting that the healthy scaffolds are promising for meniscus tissue engineering. In conclusion, we have shown that healthy human allograft tissue is a useful source for generating MDM scaffolds that can support cellular growth, ECM production, and ex vivo integrative repair of the meniscus, highlighting their suitability for future in vivo investigations.
In this study, we initially compared healthy and OA meniscus tissue. As expected (Pauli et al., 2011; Waldstein et al., 2016), OA tissue had higher gross grading scores than healthy tissue due to ECM disruption and meniscus tears. Furthermore, OA tissue contained regions of hypercellularity, which was consistent with the higher DNA content in the OA scaffolds prior to decellularization. Histologically, there were differences in Safranin-O staining in healthy versus OA tissue, but this difference was not statistically significant in the biochemical analysis of the MDM scaffolds. Much of the damage in the OA tissues was localized to the inner zone or resulted in the loss of the inner zone of the meniscus. Thus, due to the challenges of reproducibly identifying the inner zone and having enough remaining inner zone tissue for scaffold preparation, we used the whole meniscus to fabricate the scaffolds. It would be interesting to investigate the effects of zonal differences between healthy and OA scaffolds in the future.
The overall goal of this study was to compare healthy and OA scaffolds, but we were unable to remove age as a biological variable due to the patient populations. The OA tissues came from older donors than the healthy tissues. In this study, we cannot determine what differences in the scaffolds are specifically due to age-related changes versus osteoarthritis-related changes. Regardless, we were able to directly compare scaffolds generated from both healthy and OA meniscus tissues and show that there are functional differences between these scaffolds for meniscus tissue engineering applications.
To facilitate clinical translation of tissue engineering scaffolds, decellularization is necessary to reduce potential immunologic responses (Ahmed et al., 1983). The ideal decellularization is achieved when nucleic acid content is reduced, and the quantity and structure of ECM components are retained. In our prior work (Ruprecht et al., 2019; Lyons et al., 2019), we relied on loss of DNA content throughout cell culture; however, this prevents scaffolds from being implanted without prior culture. In this study, a new protocol was developed for the fabrication of decellularized MDM scaffolds from healthy and OA human menisci. Our decellularization method used a combined physical and enzymatic approach, which was effective at reducing the DNA content and retaining the majority of the major ECM components for both healthy and OA scaffolds. Following decellularization, on average each scaffold contained approximately 0.03 µg DNA/mg, which is a lower DNA concentration than several commercially available products used in patients, including MatriStem (1.56 μg/mg), which is a urinary bladder matrix, small intestinal submucosa (1.46 μg/mg), and XenMatrix (0.06 μg/mg), which is a dermis tissue (Huleihel et al., 2016). While the majority of sGAGs are preserved during our scaffold fabrication process, similar to prior studies (Rothrauff et al., 2017; Visser et al., 2015; Wu et al., 2015; Monibi and Cook, 2017), we experienced some loss of proteoglycans during our decellularization. Prior work has also revealed alterations in collagen content due to decellularization (Kasravi et al., 2023) but this was retained in both our healthy and OA MDM scaffolds.
Our in vitro results revealed that primary human meniscus cells attached, proliferated, were metabolically active, and retained ECM on both healthy and OA scaffolds for up to 14 days. Interestingly, the cellular responses were more promising on the OA scaffolds. Meniscus cells were able to spread into a fibroblastic morphology more quickly on the OA scaffolds compared to healthy scaffolds. This suggests that the OA scaffolds provide more adhesion sites and/or signaling cues for the cells, enhancing cell-biomaterial interactions (Goyal et al., 2017). Given that the cells were isolated from OA meniscus tissues, these cells may be primed for attachment to the adhesion sites in the OA scaffolds. Consistent with this difference in attachment, DNA content was higher in OA cell-seeded scaffolds throughout in vitro culture. Despite this observation, DNA content and CCK-8 measurements significantly increased over the 14 days in culture for both the healthy and OA scaffolds. In addition, there was high meniscus cell viability over time on both healthy and OA scaffolds. However, there was a decrease in the percent proliferative cells from day 4 to day 14 in both healthy and OA scaffolds. Notably, the proliferative cells were detected throughout the scaffolds on day 4; however, they were predominantly localized to the edges of the scaffolds on day 14. The change in location and number of proliferative cells over time is likely driven by cellular crowding within the interior of the scaffolds over time, resulting in reduced overall proliferation of the cells. Furthermore, ECM cues that drive proliferation (Sohrabi et al., 2023) may be less accessible at later times in culture. However, cellular growth and metabolic activity over time highlight the biocompatibility of the scaffolds. In future studies, it would be interesting to assess the gene expression profiles of meniscus cells on the scaffolds to understand transcriptomic changes in response to the healthy and OA scaffolds.
Both healthy and OA cell-seeded scaffolds produced similar amounts of sGAG throughout in vitro culture. However, there was an initial loss of GAG content that was likely due to leaching of the proteoglycans into the culture media from the scaffolds, which is similar to the phenomenon that is observed in meniscus explant culture (McNulty et al., 2010; Nishimuta and Levenston, 2012). Our prior work has shown that cross-linking of the MDM scaffolds can help to preserve the sGAG content (Lyons et al., 2019; Ruprecht et al., 2019) and may be useful to enhance retention of scaffold sGAGs in future studies. However, the sGAG content was trending towards an increase from days 7–14, indicating that the meniscus cells were able to synthesize new sGAGs that were incorporated into the scaffolds. These findings are similar to other work using PCL-meniscus ECM based hydrogel hybrid scaffolds or PCL nanofibrous scaffolds seeded with bovine meniscus cells, which showed a gradual increase in sGAG content over 14 days (Chen et al., 2019; Xia et al., 2021). Most promising is that in both healthy and OA scaffolds, meniscus cells secreted sGAGs that were retained during culture, which is an important feature for meniscus repair and regeneration.
The collagen content of both the healthy and OA cell-seeded scaffolds remained stable over the 14 days in culture. This data is consistent with another study that evaluated collagen content in meniscus cell-seeded ECM-PCL nanofibrous scaffolds after 2 weeks (Xia et al., 2021). Overall, both heathy and OA scaffolds can support collagen maintenance and/or production during culture.
Healthy and OA scaffolds showed nearly equivalent biochemical content but vastly different integrative shear strength of repair between the scaffold and native meniscus tissue in the ex vivo meniscus defect model. In native meniscus tissue, the dense collagen network is a barrier for cell migration to sites of meniscus injury (Qu et al., 2019; Qu et al., 2018). In our previous work, we showed that fabrication of the scaffolds with MDM powder leads to a porous structure that facilitates meniscus cell migration into the MDM scaffolds from the porcine meniscus tissue (Ruprecht et al., 2019; Lyons et al., 2019). We took advantage of this successful approach to compare human meniscus cell responses to healthy and OA scaffolds in a human ex vivo meniscus defect model. Cells from the meniscus tissue were initially able to migrate into the OA scaffolds more rapidly than the healthy scaffolds, suggesting that the OA scaffolds provide more chemotactic factors and/or adhesion sites (Goyal et al., 2017) to attract and adhere native meniscus cells. However, in both scaffold types, meniscal cells were viable over the 4 weeks in culture and native cells migrating from the surrounding meniscus tissue filled the interface and scaffolds. In our previous work, the addition of exogenous cells and scaffold cross-linking were not necessary to promote meniscus tissue repair (Ruprecht et al., 2019); therefore, we employed a cell-free approach and used non cross-linked scaffolds in this study. In this human ex vivo model system, without exogenous growth factors, both healthy and OA scaffolds promoted cellular migration into the scaffolds. However, the shear strength of repair was significantly lower in defects containing the OA scaffolds compared to the healthy scaffolds. This reduced shear strength in the OA scaffolds may be due to tissue health and/or age-related changes in the matrix integrity and composition of these scaffolds. While biochemically the healthy and OA scaffolds appeared similar, grossly and histologically it is clear that the OA tissue was more degraded and contained less proteoglycans. Furthermore, there are likely alterations in many other biochemical components in the OA tissue and scaffolds that were not quantified in this study. Additionally, the healthy scaffolds in the meniscus defect model showed more collagenous matrix histologically, which likely contributed to improved repair strength. In the future, proteomic analyses will be necessary to assess the compositional differences between the healthy and OA MDM scaffolds to determine the biochemical changes that may affect the functionality of the scaffolds.
A higher shear strength of repair is desired to improve clinical meniscus repair, as this indicates that the repair tissue can withstand greater mechanical forces. The repair strength of the healthy human MDM scaffolds in the ex vivo meniscus defect model was lower than previously observed for porcine MDM scaffolds in an ex vivo porcine meniscus defect model after 28 days (Ruprecht et al., 2019). This finding may be due to the use of human meniscus tissue from older patients with end stage osteoarthritis in this study. This older, OA tissue is likely not very metabolically active or amenable to repair. On the other hand, in our porcine work the tissue was from 2 to 3 year old pigs without remarkable OA changes (Ruprecht et al., 2019). Therefore, it would be interesting to see if the repair responses were improved in non-OA, acutely injured human meniscus tissue, which would likely be more amenable to meniscus repair. Additionally, a longer time in culture may increase cellular numbers in the scaffolds and improve ECM synthesis by these migrated cells (Hennerbichler et al., 2007b; Ionescu and Mauck, 2013). Furthermore, infiltration of the scaffolds by exogenous stem cells (Mandal et al., 2011b), structural modification of the scaffolds using cell adhesion motifs (Xu et al., 2020), cross-linking (Lyons et al., 2019), or coating with polymers or nanoparticle solutions (Li et al., 2021b) may further enhance cell migration and ECM synthesis but may impede translatability for future clinical applications. Additional studies will be necessary to determine if any of these modifications can further improve tissue repair.
In this study, we compared healthy and OA human MDM scaffolds and revealed that while OA scaffolds showed slightly more favorable cellular growth in vitro, both scaffold types were biocompatible and can provide a supportive environment for meniscal cells to attach, proliferate, and migrate but only the healthy MDM scaffolds could facilitate repair with native meniscus tissue. Therefore, healthy human allograft tissue is a useful source for generating MDM scaffolds that can support cellular growth, ECM production, and ex vivo integrative repair of the meniscus. Our findings highlight the suitability of the healthy MDM scaffolds for future testing in in vivo preclinical models for meniscus repair.
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Articular cartilage lines bones in synovial joints, and its main structural element, collagen, has an arcade-like arrangement formed from an initially random network in a process called postnatal maturation. This reshaping of the extracellular matrix is similar across all species and is critical for the lifelong strength and durability of cartilage. Collagen remodelling during maturation is difficult to study because it spans a period of time between birth and puberty, and in larger animals this can be months or years. In this study, we show that growth factor bone morphogenetic protein-9 (BMP9) induces collagen remodelling in intact immature articular cartilage explants within 21 days, generating the characteristic arcade-like structure and zonal anisotropic architecture of adult cartilage. In explants exposed to BMP9, collagen fibrils underwent angular displacement from 19° to 78° with respect to the surface, cell density decreased 1.77-fold, and chondrons were significantly larger. The absence of labelling with anti-COL2¾m, a marker of collagen turnover, showed that the existing fibril network was restructured. We found that stromelysin-1 (metalloproteinase-3, MMP3) gene expression was consistently upregulated, whilst other MMP transcript levels were unchanged or reduced. Remodelling was dependent on proteoglycan turnover and could be inhibited using PD166973. These data suggest a possible mechanism whereby MMP3 induces proteoglycan turnover and depolymerises collagen fibrils enabling them to undergo spatial reorganisation. This process may be driven by tissue swelling, which generates directional strain to align fibrils into an arcade-like pattern. The ability to induce tissue maturation advances the potential for engineering durable and functional cartilage for patients requiring joint repair due to diseases such as osteoarthritis.
Keywords: cartilage, postnatal maturation, collagen, BMP9/GDF2, Benninghoff arcades, zonal stratification

INTRODUCTION
Articular cartilage is a soft tissue that provides a smooth, frictionless surface at the ends of bones, allowing pain-free movement and cushioning loads by dissipating forces throughout the skeleton (Sophia Fox et al., 2009). It is made of a dense network of insoluble collagen fibrils that, in newborns, are randomly organised (Rieppo et al., 2009). As animals mature into adulthood, their weight-bearing cartilage adapts to increased joint loading by undergoing a remarkable structural transformation, their collagen fibrils reorganise into an arcade-like pattern (Benninghoff, 1925). This spatial arrangement generates stratification of cartilage into a three-layer zonal architecture: superficial, middle, and deep zones, reflecting the new arrangement of collagen fibrils. This structure is mirrored by the distribution of cells, which are flattened at the surface, round and randomly distributed in the middle zone, and arranged in columns in the deep zone. Chondrocytes express the highly glycosylated proteoglycan, aggrecan (Maroudas, 1976), whose sulphated glycosaminoglycan carbohydrate chains generate a large osmotic pressure gradient that draws water into the extracellular matrix (ECM). The swelling pressure exerted by proteoglycans is restrained in deeper zones by columnar arrays of collagen fibrils, which increase cartilage’s hydrostatic pressure, and this forms the basis of its resistance to dynamic compressive loading (van Turnhout et al., 2011). Postnatal changes in collagen fibril content and organisation directly influence tissue function (van Turnhout et al., 2011; Williamson et al., 2001).
The modification in collagen architecture in articular cartilage occurs as part of a coordinated postnatal maturational process seen in mice (Hughes et al., 2005), rabbits (Hunziker et al., 2007; Julkunen et al., 2010), pigs (Rieppo et al., 2009; Gannon et al., 2015), sheep (van Turnhout et al., 2010), horses (Hyttinen et al., 2009), and humans (Aspden and Hukins, 1981). Sensitive methods that detect collagen turnover in tissues, such as aspartate racemisation (Maroudas et al., 1992) and nuclear bomb pulse 14C data (Heinemeier et al., 2016), strongly suggest that following maturation, collagen in joint cartilage remains fixed in place for the entire life of the individual (Eyre et al., 2006). There is no discernible repair or replacement of the collagen network following osteoarthritic disease, lending credence to the observation that joint cartilage ‘once destroyed, is not repaired’ (Hunter, 1743). Attempts to replace diseased or damaged cartilage with cartilage that approximates the correct zonal architecture using cell- or biomaterial-based techniques have yielded to little or no success. Therefore, understanding how articular cartilage undergoes postnatal maturational changes is critical to advancing our ability to create functional and durable tissue-engineered cartilage implants and, in a wider sense, to add to our knowledge of how collagen is patterned in tissues and organs during growth, development, and disease (Holmes et al., 2018; Musiime et al., 2021; Revell et al., 2021; Orgel et al., 2011).
Collagen remodelling from an isotropic network to one that is anisotropic and exhibiting zonal stratification in many animals occurs sometime between birth and puberty. In larger animals the latter time period can span months or years making studying this phenomenon difficult. As a result, the mechanisms driving changes in collagen orientation remain a matter of conjecture and debate (Hunziker, 2009). Bone morphogenetic protein-9 (BMP9) has diverse and pleiotropic developmental effects on cells and tissues, including chondrocytes and cartilage (Mostafa et al., 2019). Previously, we showed that BMP9 had the capacity to alter the trajectory of fibril growth in isolated chondrocytes grown as pellet cultures (Morgan et al., 2020); whether this property extends to intact cartilage is the subject of this study.
We show that the growth factor BMP9 rapidly induces collagen reorientation and columnar re-ordering of chondrocytes in intact immature bovine articular cartilage. Our analysis of this in vitro model of cartilage maturation found no significant collagen turnover, leading us to conclude that changes in fibril orientation are due to the reconfiguration of the existing network. We show that proteoglycan turnover is associated with collagen remodelling and that matrix metalloproteinase-3 (MMP3) expression levels rise whereas tissue inhibitor of metalloproteinase-1/2 expression decrease upon exposure to BMP9. Inhibition of MMP activity stops BMP9-induced collagen remodelling. The inter-relationship between collagen, proteoglycans, and water appears to control postnatal changes in fibril architecture, which is relevant to bioengineering tissues with architectures that specify their structural and functional competence (Revell et al., 2021).
RESULTS
BMP9 induces collagen fibril remodelling in immature articular cartilage
When freshly isolated immature articular cartilage chondrocytes are induced to differentiate as high-density pellet cultures in the presence of 100 ngmL-1 BMP9, they exhibit collagen architectures that are reminiscent of adult mature articular cartilage (Morgan et al., 2020). Therefore, we tested the ability of BMP9 to induce postnatal maturational changes in intact articular cartilage over a 21-day (d) culture period using 4-mm diameter explants taken from the metacarpophalangeal joints of immature bovine steers. We also included a separate group of explants exposed to fibroblast growth factor-2 (100 ngmL-1 FGF2) and transforming growth factor-β1 (10 ngmL-1 TGFβ1), which show some key aspects of postnatal maturation of cartilage, such as epiphyseal cartilage resorption, pericellular matrix formation, and accumulation of mature crosslinking, but no interterritorial collagen remodelling (Khan et al., 2011; Khan et al., 2013). Explants were analysed at two timepoints: 10.5 d and 21 d, by histological staining using toluidine blue and picrosirius red to identify proteoglycan and collagen deposition, respectively (Figure 1). In 10.5 d picrosirius red (PSR)-stained sections of control explants, chondrons were flattened at the surface, and in deeper layers, they had an almost uniform size (Figure 1A) (Supplementary Figure S1—for comparison with freshly isolated cartilage). Viewing the latter sections under polarised light microscopy (PLM), the characteristic collagen organisation of immature cartilage was observed; at the surface, the fibrils exhibited a parallel arrangement with strong birefringence, which gradually decreased, indicating a random alignment in the deeper regions. FGF2–TGFβ1 10.5 d-cultured explants were more cellular, and under PLM, there was an increased birefringence signal localised to the pericellular zones of chondrocytes, which was clearer in the mid to deeper regions. In 10.5 d BMP9-cultured explants, PSR-stained sections show a radically different morphology; flattened cells were still apparent at the surface, but there is a distinct increase in the chondron size in the succeeding layers. In deeper zones, chondrons appear elongated and merge to stack upon one another (Figure 1A). PLM imaging of BMP9-cultured explants shows significant changes throughout the tissue depth, particularly in the interterritorial matrix, where increasing birefringence deeper in the tissue signifies greater alignment of fibrils, providing evidence of significant remodelling of collagen. By 21 d, chondrocytes at the surface of control explants have slightly enlarged, but fibrils remain arrayed parallel to the surface with minimal angular displacement, below which there was little or no birefringence, again indicating random alignment of fibrils in deeper regions (Figure 1B). In FGF2–TGFβ1 explants, there was evidence of pericellular matrix remodelling, indicated by the presence of short orthogonal arrays of aligned collagen fibrils surrounding individual chondrocytes from the surface to deeper regions (Figure 1B). In contrast, BMP9-cultured explants under PLM display extensive regions of highly birefringent perpendicularly aligned collagen fibrils with respect to the cartilage surface, a characteristic feature of mature articular cartilage (Figure 1B) (also Supplementary Figures S2, 3). Chondron size remained large in the middle zone, and columnar stacking of chondrocytes was evident in the succeeding cell layers (Figure 1B). The other notable features were a reduction in toluidine blue (metachromasia) and PSR staining in BMP9 compared to control and FGF2–TGFβ1-cultured explants, which were more evident after 21 days.
[image: Histological sections showing cartilage differentiation with different staining methods: toluidine blue, picrosirius red, and polarized light microscopy (PLM). The images are arranged in grids labeled A and B. Each grid has columns for Control, FGF2-TGFβ1, and BMP9. Varying color intensities and patterns indicate differences in tissue composition and structure across the conditions.]FIGURE 1 | BMP9 induces postnatal maturational collagen remodelling in immature articular cartilage. Immature cartilage explants were cultured in serum-free medium, supplemented with FGF–TGFβ1 (100 ng mL-1 and 10 ng mL-1) or BMP9 (100 ng mL-1) for a total of 21 days. (A) Explants were removed from culture at 10.5 days for histological analysis using toluidine blue and picrosirius red staining. PSR sections were also visualised by polarised light microscopy. Bar = 100 μm. (B) Sectioned and stained explants visualised after 21 days in the culture. Data representative of explants taken from three or more individuals. Bar = 100 μm.
BMP9-cultured explants adopt the morphological characteristics of mature articular cartilage
A defining feature of mature articular cartilage are the Benninghoff arcades (Benninghoff, 1925), an arrangement of collagen fibrils in parallel orientation at the surface zone that appears to curve down in a perpendicular direction until they reach the calcified zone of the tissue. We used an ImageJ plugin, FibrilTool (Boudaoud et al., 2014), to provide a quantitative description of the overall direction of fibrils from PLM images of control and FGF2–TGFβ1- and BMP9-cultured explants (Figure 2A). The line length and angular direction for each analysed segment in Figure 2A correspond to the magnitude of anisotropy and the average orientation of fibrils with respect to (wrt) the cartilage surface, respectively. On 10.5 d, fibril alignment is the greatest at the surface zone, where parallel-orientated fibrils predominate. However, it is noteworthy that anisotropy (line length) decreases in BMP9 explants, indicating that a transition is occurring (Figure 2A). Despite the increase in birefringence in the latter sections, the collagen fibrils intersect and cancel each other out, resulting in a smaller measure of anisotropy. After 21 d, the orientation of mid and deep zone collagen fibrils in BMP9-cultured explants is slanted perpendicularly from the surface, whereas in control and FGF2–TGFβ1-cultured explants, anisotropy and angular displacement are only slightly increased (angular displacement for control, 19°; FGF2–TGFβ1, 20°; and BMP9, 78° wrt to the cartilage surface). Another feature of maturing cartilage is an increase in cell size (Decker et al., 2017), which in chondrocytes is demarcated by a thin layer of pericellular matrix forming the chondron (Poole, 1997), the unit cell structure of cartilage. Image analysis of chondron area of picrosirius red-stained sections showed that 21 d BMP9-cultured explants had a significantly larger area (383 ± 271 μm2) (ANOVA, p < 0.01) than FGF2–TGFβ1 (221 ± 111 μm2) or control explants (273 ± 135 μm2) (Figure 2B). We analysed the circularity and aspect ratios of chondrons as decreases in the former and increases in the latter are also characteristic of the transition to the mature cartilage phenotype (Figure 2C). Average cell circularity was significantly reduced in 21 d BMP9-cultured explants, 0.78 ± 0.12 (ANOVA, p < 0.01), compared to 0.85 ± 0.11 and 0.87 ± 0.09 for FGF2–TGFβ1 and control explants, respectively; a perfect circle equals 1 (Figure 1C). The average aspect ratios of chondrocytes in 21 d BMP9-cultured explants of 1.79 ± 0.66 were significantly increased (ANOVA, p < 0.01) compared to FGF2–TGFβ (1.42 ± 0.31) and control (1.46 ± 0.35) explants. The sparsity of cells in articular cartilage is another characteristic property of adult articular cartilage, where there is a greater ratio of extracellular matrix to cell number (Jadin et al., 2005) (Figure 2D). Previous studies culturing immature explants with FGF2–TGFβ1 observed a pronounced proliferative response in chondrocytes (Khan et al., 2011), and this was reproduced in our experiments, where we observed an 1.54-fold increase in cell density (ANOVA, p < 0.01) compared to control explants. Cell density was significantly lower in 21 d BMP9-cultured explants by 1.77-fold than in both control and FGF2–TGFβ1-cultured explants (p < 0.01). BMP9-treated explants appeared more swollen at the end of the culture period, and this was more pronounced at the surface. The average wet weight of explants was 70.7 ± 0.006 mg for 21 d BMP9-treated explants and 57.2 ± 0.009 mg for control explants (T-Test, p < 0.01), representing a 1.23-fold increase on average. The difference between the start and end wet weights for both groups is shown in Figure 2E. Bulk biochemical content analysis of BMP9 explants showed a 1.26-fold increase in sGAG (T-Test, p = 0.05) over control explants, but no significant difference in collagen values was observed (Figures 2F, G).
[image: The image consists of multiple panels displaying scientific data. Panel A shows a series of segmented lines categorized under conditions labeled as CON, FT, and BMP9 at D10.5 and D21. Panels B and C are bar charts comparing "Chondron area" and "Circularity" across the same conditions, highlighting significant differences with asterisks. Panels D to G feature bar charts comparing various metrics, such as "size per m m squared," "dw weight," "sGAG," and "Hyp," between CON and BMP9, also emphasizing significance with asterisks and annotations.]FIGURE 2 | Collagen fibril alignment and cell-specific changes in BMP9-induced postnatal maturation of immature cartilage mirror those observed in adult cartilage. (A) FibrilTool collagen alignment analysis of picrosirius red-stained sections from 10.5- and 21-day explants. The length and direction of each bar are equal to the degree of anisotropy of fibrils and the angular displacement with respect to the surface (bars represent sequential sampled areas of 75 μm in height). (B) Box and whisker plots of chondron area, and (C) circularity index from PSR-stained sections of 21-day cultured explants measured using ImageJ (for both analyses, total cell counts were 113 (control), 162 (FGF2–TGFβ1), and 45 (BMP9), ANOVA, post Tukey). Data representative of explants taken from three individuals. (D) Histogram displaying the cell density in the surface remodelling zone of explants, expressed as cells per μm2 (n = 3, 3 replicates per sample from different surface regions, total cell count per condition was 2411 (control), 3720 (FGF2–TGFβ1), and 1160 (BMP9), ANOVA, post hoc Tukey). Mean ± SD. (E) Change in wet weight of 21-day control and BMP9-cultured explants (n = 6, ANOVA, post hoc Tukey). Mean ± SD. (F) sGAG and (G) hydroxyproline (Hp) content of 21-day explants as a ratio of their dry weight (n = 6, ANOVA, post hoc Tukey). Mean ± SD.
BMP9-induced collagen fibril reorganisation does not occur through turnover of the existing fibril network
We next examined whether collagen reorganisation in BMP9-cultured explants is due to enzymatic turnover of the existing framework and synthesis of new fibrils with altered orientation. Anti-COL2¾m is a monoclonal antibody that recognises epitopes revealed by collagen denaturation (unwinding) caused by collagenase digestion (Hollander et al., 1994); therefore, the detection of epitopes at 10.5 d in BMP9-cultured explants, when collagen remodelling is highly active, would be indicative of enzymatic breakdown and resynthesis of a new network. Immunofluorescent analysis of antibody labelling of 10.5 d and 21 d BMP9-cultured explants showed no obvious enhancement of labelling in the surface zone, where collagen remodelling is most apparent, compared to that observed in control explants (Figure 3A). Epiphyseal cartilage in the deeper layers of immature articular cartilage is part of the growth plate, which is highly metabolic compared to the overlying hyaline cartilage and provides a natural internal control for collagenase activity. We found high levels of anti-COL2¾m labelling in the epiphyseal zone of all explants, with BMP9 10.5 d explants exhibiting the most intense labelling (Figure 3A). What, then, induces collagen reorganisation in explants? We earlier noted a decrease in toluidine blue staining, signifying proteoglycan depletion in the superficial zone of 10.5 d BMP9-cultured explants despite an overall increase in the bulk content. To confirm the presence of enzymatic activity leading to proteoglycan loss, we performed in situ zymography using a fluorogenic substrate, DQ gelatin, to reveal potential metalloproteinase (MMP) activity within 10.5 d frozen sections (Figure 3B). Explants cultured in FGF2–TGFβ1 were included in this assay as studies have shown that this combination of growth factors highly induces MMP activity in the deep zone of immature articular cartilage, leading to tissue resorption (Khan et al., 2011). Green fluorescent labelling indicative of MMP activity was found not only, as expected, in the deep zone of FGF2–TGFβ1 sections but also at lower levels in the deep zones of both control (wide band) and BMP9 (narrower band)-cultured explants (Figure 3B). In the superficial zone of explants, BMP9-cultured explants displayed intense pericellular and weaker extracellular matrix fluorescent labelling, contrasting with the relative lack of labelling observed in FGF2–TGFβ1 sections and weaker labelling in control sections (Figure 3B). PSR-stained sections of BMP9 explants show the rearrangement of cells into columns (Figure 1B and Supplementary Figure S3), and some studies have deduced that this is due to cellular proliferation (Hunziker et al., 2007; Kozhemyakina et al., 2015). Therefore, we also assayed 21 d explants for cell proliferation. Furthermore, we again used FGF2–TGFβ1-cultured explants for comparison as these growth factors have been shown to induce cellular proliferation in superficial zone cartilage (Figure 3C). Control explants showed no evidence of BrdU incorporation; we, however, observed sporadic BrdU incorporation across the surface of BMP9 explants, but there was no definitive pattern that could account for multiple columns of chondrocytes in the remodelling zone (Figure 3C). QPCR analysis of aggrecan (ACAN) gene expression showed a decrease of 2.36-fold (ANOVA, p < 0.05) at 21 d in BMP9-cultured explants compared to control explants, a pattern repeated for collagen type II (COL2A1) expression, where a decrease of 3.44-fold (KW, p < 0.01) was observed (Figure 4). There were no differences in expression between control and BMP9-cultured explants at the earlier timepoint (10.5 d) for either ACAN or COL2A1.
[image: Panel A shows surface and deep tissue staining for Beta-Catenin in control and BMP9 conditions at days 10.5 and 21. Panel B displays similar sections stained for GFAP, highlighting differences in control, FGF2:TGF0.1, and BMP conditions at day 10.5. Panel C depicts stained sections showing Ki67 expression in control, FGF2:TGF1, and BMP conditions at day 21.]FIGURE 3 | Collagen changes during BMP9-induced remodelling are not the result of fibril turnover. (A) Surface and deep zones of control and BMP9 of 10.5-day- and 21-day-treated explants are shown labelled with the antibody anti-COL2¾m. The secondary antibody used was anti-mouse IgG Alexa Fluor 594, and sections were counterstained with DAPI to visualise nuclei. Bar = 50 μm. (B) DQ gelatin labelling shows the surface (upper panel) and deep zones (lower panel) of 10.5-day control, FGF2–TGFβ1, and BMP9-cultured explants. The epiphyseal cartilage of the deep label with DQ gelatin in broader bands, and their extent is demarcated with a white line for each explant. Upper panel bar = 50 μm and lower panel bar = 200 μm. (C) BrdU labelling of 21-day-cultured explants. Secondary antibody, anti-mouse IgG Alexa Fluor 594; sections were counterstained with DAPI to visualise nuclei. Bar = 50 μm.
[image: Bar graphs displaying gene expression levels for ACAN, COL2A1, ADAMTS4, ADAMTS5, MMP1, MMP2, MMP3, MMP9, MMP13, TIMP1, TIMP2, and TIMP3. Each graph shows varying levels across different groups labeled as control, day one, day three, and day seven, with different colors representing these groups. The data implies comparisons of expression changes over time.]FIGURE 4 | QPCR analysis of absolute gene expression levels of selected biomarkers during BMP9-induced postnatal maturation of immature articular cartilage explants. The y-axis of graphs denotes the ratio of transcript levels in ng of the gene of interest divided by the housekeeping in ng. Each panel also includes samples taken from freshly isolated explants (CON, Day 0, n = 3), which were included to provide some perspective on the effect of culture conditions on expression levels. (n = 6, per condition, parametric analysis, ANOVA, post hoc Tukey, non-parametric analysis Kruskal–Wallis, and post hoc Conover/Holm). # denotes p = 0.07. Mean ± SD.
MMP3 gene expression is upregulated in BMP9-cultured explants
To identify which MMPs were being activated at the surface zone of 10.5 d BMP9-cultured explants, we performed targeted RT-qPCR of enzymes known to be active in articular cartilage during normal metabolism (Figure 4). For this analysis, we also included 21 d cultured explants. There was no change in the expression of aggrecanase ADAMTS4 at either timepoint, but a 0.49-fold decrease at 21 d in BMP9-treated explants for ADAMTS5 levels (KW, p < 0.001). Expression levels of gelatinases MMP2 and MMP9 were not altered over 21 d between explants. We identified a 10.7-fold increase in collagenase MMP1 expression in BMP9 explants (KW, p < 0.001); however, MMP1 transcript levels are 156-fold lower than MMP13, and therefore, this increase probably has little impact on collagen digestion. MMP13 expression levels in BMP9 explants decreased by 0.48- (KW, p = 0.07) and 0.25-fold (p < 0.001) at the two timepoints. The only protease that was consistently upregulated in BMP9 explants was MMP3, 1.78-fold at 10.5 d (KW, p < 0.026) and 1.72-fold at 21 d (p < 0.001). Tissue inhibitor of MMP-1/2 (TIMP) also showed consistent decreases over the two time periods in BMP9-treated explants compared to control explants (TIMP1 0.36- and 0.38-fold (KW, p < 0.001) and TIMP2 0.21- and 0.22-fold (KW, p < 0.001)).
Inhibition of MMP activity by PD166793 prevents collagen reorganisation in immature articular cartilage
MMP3 transcript levels are consistently elevated and TIMP1/2 decreased over the 3-week period in BMP9-cultured explants, and this occurs concurrently with an increase in gelatinase activity at the cartilage surface. Therefore, we hypothesised that it is proteoglycan turnover driven by MMP activity that initiates collagen reorganisation of the existing fibrillar network. First, we analysed proteoglycan loss over the 21 d culture period in cultured explants using the dimethylmethylene blue assay for sulphated glycosaminoglycan (sGAG) and observed a significant increase in sGAG release into the culture medium (ANOVA, p < 0.01) for BMP9-cultured explants, which released 1.4- and 1.8-fold more sGAG than either FGF2–TGFβ1 or control explants, respectively (Figure 5A). We then used an MMP3 inhibitor, PD166793 (IC50 values are similar for MMPs 2/3/13 but >750 higher for MMPs 1/7/9), to first determine the concentration at which it was able to inhibit sGAG release into the medium of BMP9-cultured explants (this was between 10 and 100 μM; Figure 5B). Next, we cultured immature cartilage explants for 21 d in the presence or absence of 10 or 100 μM PD166793 and BMP9. Histological analysis using toluidine blue staining and PLM of picrosirius-stained sections of control explants showed no overt changes when the culture medium was supplemented with either 10 μM or 100 μM PD166793 (Figure 5C). In BMP9-cultured explants, the loss of proteoglycan in BMP9 was visible through a marked reduction of toluidine blue staining, which is partially counteracted by the presence of 10 μM inhibitor and completely reversed by 100 μM inhibitor (Figure 5C). PLM imaging of corresponding picrosirius red-stained sections shows collagen remodelling, generating perpendicular arrays of fibrils, whose appearance is partially inhibited when explants are co-cultured with 10 μM PD166793 and completely inhibited with 100 μM PD166793.
[image: Bar graphs display mean cell area and count with error bars, comparing control and treatments. Microscopic images exhibit tissue stained with Toluidine Blue and PLM across different conditions: DMSO, 10 micromoles PD166793, and 100 micromoles PD166793, for both control and BMP groups.]FIGURE 5 | BMP9-induced collagen remodelling is repressed by the MMP inhibitor PD166793. (A) Histogram describing the total loss over 21 days of sGAG to the medium from explants (n = 6, ANOVA, post hoc Tukey). Mean ± SD. (B) Total sGAG loss to the medium over 21 days in control and BMP9 (100 ng mL-1)-cultured explants with or without 10 or 100 μM PD166793 (n = 6). Mean ± SD. (C) Toluidine blue staining, picrosirius red staining, and polarised light microscopy of control and BMP9-cultured explants cultured for 21 days with or without the stated concentrations of PD166793. Bar = 200 μm. Data representative of explants extracted from three different donors. Note the failure of BMP9-cultured explants to partially and completely undergo collagen remodelling when exposed to PD166793; under PLM, collagen fibrils are aligned parallel to the surface, and toluidine staining indicates minimal proteoglycan loss.
BMP9 induces perpendicular alignment of collagen fibrils during pellet culture of immature and mature articular chondrocytes
A pressing question when engineering articular cartilage is whether chondrocytes have the intrinsic capacity to generate adult articular cartilage, including the correct orientation of collagen fibrils, which are essential for the long-term functional competence of the tissue. To test this, we cultured freshly isolated chondrocytes from both immature and mature articular cartilage as high-density pellets either in the standard chondrogenic medium with or without BMP9 (Figure 6A). Polarised light microscopy shows the radical change in fibril alignment when BMP9 is added to immature chondrocytes, with the orientation of fibrils being predominantly perpendicular to the surface of the pellet, compared to control pellets, where the birefringent signal is predominantly pericellular (Figure 1A). In mature control chondrocyte pellets, birefringent fibrils exhibited increased density in the interterritorial regions of the ECM, and their predominant direction was perpendicular to the surface. In BMP9-treated mature chondrocyte pellets, the interterritorial regions were expanded, forming a band of perpendicularly aligned birefringent collagen fibrils containing elongated chondrons, which in some cases housed multiple chondrocytes (Figure 6A). A notable feature, as with previous experiments with explants (Figures 1A, B), was the reduction in picrosirius red and toluidine blue staining intensity of pellets (Figure 6A). Culture with BMP9 caused a significant increase in volume in immature and mature-derived chondrocytes compared to that observed in control pellets (Figure 6B), and our calculations show that this increase is mainly due to the significant accumulation of water, with an 8.6-fold increase in immature (ANOVA, p < 0.0001) and a 3.2-fold increase in mature (p < 0.0001) cell pellets. Biochemical analyses of proteoglycan content (sGAG) showed no significant difference in deposition between pellets as a proportion of dry weight (ANOVA, p = 0.205) (Figure 6C; however, when normalised to wet weight, values of BMP9-cultured immature, 1.9-fold (ANOVA, p < 0.01), and mature, 1.6-fold (p < 0.01), chondrocytes were significantly increased (Figure 6C). These data imply that in BMP9-cultured cartilage pellets, the interactions between proteoglycan and water are somehow different; measuring the hydration of mature pellets showed a decreasing trend, 91.8% ± 0.88% versus 88.6% ± 0.85% water (ANOVA, p = 0.06) between control and BMP9-cultured pellets, mirroring the decrease in the water content of cartilage as it matures. When we measured collagen (hydroxyproline) content in pellets, we found that as a proportion of dry weight, there was an 11.2-fold (ANOVA, p < 0.001) and 3.4-fold (p < 0.05) decrease in deposition in BMP9-cultured immature and mature pellets compared to their control counterparts (Figure 6C). This difference persisted when the proportion of collagen to wet weight was calculated with a 7.0-fold (ANOVA, p < 0.01) and 2.4-fold (p < 0.01) decrease in BMP9 pellets (Figure 6C). Therefore, exposure of BMP9 to freshly isolated chondrocytes results in collagen deposition in a perpendicular orientation to the cartilage pellet surface, and when mature cells are employed, there is greater interterritorial alignment of fibrils, implying these differences are developmentally encoded. There are clear similarities between the decrease in picrosirius red and toluidine blue staining in the region of pellets, where significant collagen alignment was observed, and the zone of remodelling in BMP9-treated intact immature cartilage.
[image: Panel A shows tissue samples stained with Toluidine Blue, Picrosirius Red, and observed under PLM, comparing intensity in immature, maturing, and mature contexts. Panel B displays four circular images labeled IMM Control, IMM BMP9, MAT Control, and MAT BMP9, showing varying densities. Panel C contains multiple bar graphs comparing control and BMP9 treatments, with significant differences indicated.]FIGURE 6 | BMP9 induces postmaturational phenotype changes in isolated immature and mature chondrocytes during cartilage growth. (A) Toluidine blue staining, picrosirius red staining, and polarised light microscopy of wax sections of 21-day immature and mature chondrocyte pellet cultures. Data are representative of chondrocytes extracted from three different donors. Note the decreased staining for proteoglycan and collagen in BMP9-cultured explants. Bar = 200 μm. (B) Photographic image of formalin-fixed pellets following 21 days of culture. Bar = 2 mm. (C) Biochemical analyses of sGAG and hydroxyproline content (in μg) of pellets expressed as ratios of their dry and wet weights (in μg) (n = 6 per condition, ANOVA, post hoc Tukey). Mean ± SD.
DISCUSSION
BMP9 stimulation of immature articular cartilage can model the postnatal transition of collagen architecture to generate the zonal stratification characteristic of mature adult tissue. We discovered that this transition involves a reconfiguration of the existing collagen network, and a contributory factor is proteoglycan turnover, which, if suppressed using a small molecule MMP inhibitor, stops matrix remodelling. QPCR analysis shows that MMP3 is consistently elevated in BMP9-treated cartilage explants, making it a likely candidate for initiating restructuring of the ECM to the mature configuration. We also show that chondrocytes isolated from immature and mature cartilage are phenotypically distinct when grown as pellet cultures with respect to the matrix they produce, but both generate perpendicularly aligned collagen fibrils characteristic of mature cartilage when stimulated with BMP9. Interestingly, the water content and volume of explants stimulated with BMP9 are significantly greater than controls, and we hypothesise that this is caused by MMP3-induced depolymerisation and hydration of collagen, expanding the tissue and generating a direction of principal strain, which acts to align collagen fibrils perpendicular to the tissue surface.
BMP9 is a member of the TGFβ superfamily of secreted factors and was originally discovered in foetal mouse livers, where it plays a role in tissue growth and homeostasis (Song et al., 1995). It is highly expressed by non-parenchymal cells (Miller et al., 2000) of the liver, where it enters the circulation accounting for 60 percent of serum BMP activity (Scharpfenecker et al., 2007). In serum, BMP9 acts as a vascular quiescence factor inhibiting endothelial cell sprouting through its high affinity receptor ALK1 and co-receptor endoglin (David et al., 2008) but in different contexts supports endothelial proliferation and angiogenesis (Suzuki et al., 2010). Intracellular BMP9 signalling occurs through the phosphorylation of receptor-regulated SMADs 1/5/8, which then form a complex with common mediator SMAD4, translocate to the nucleus where this heteromeric complex modulates gene expression. BMP9 appears to exert diverse and pleiotropic effects during postnatal growth and development of many tissues (Mostafa et al., 2019). In musculoskeletal cells and tissues, it is recognised as a potent osteogenic factor (Varady et al., 2001), stimulating robust and mature bone formation of intramuscularly implanted adenovirus-BMP9-infected osteoblast progenitors (Kang et al., 2004). BMP9 is a potent modulator of chondrogenic differentiation inducing precocious in vitro differentiation of articular and auricular chondroprogenitors and stimulating freshly isolated immature chondrocytes to increase matrix synthesis of collagen type II and aggrecan (Morgan et al., 2020; Blunk et al., 2003; Gardner et al., 2023; Hills et al., 2005). The overstimulation of chondrocytes with BMP9 in vitro can induce expression of markers of epiphyseal or calcifying cartilage such as alkaline phosphatase and collagen type X (Blunk et al., 2003; van Caam et al., 2015), and it is hypothesised that in ageing tissues, an imbalance in the ratio of ALK5:ALK1 signalling through their respective ligands TGFβ1 and BMP9 promotes osteoarthritic changes in cartilage, an example of antagonistic pleiotropy (van der Kraan, 2014; Mitteldorf, 2019). It also exhibits morphogenetic properties; in pellet cultures of immature chondrocytes, exposure to BMP9 produces cartilage with collagen fibrils aligned perpendicularly to the tissue surface, whereas TGFβ1 induces concentric alignment (Morgan et al., 2020). Yu et al. found BMP9 expression in the interzone of developing mouse joints and, using a model of non-regenerative digit amputation, showed that when the stump is treated sequentially with beads soaked in BMP2 and BMP9 this induces joint regeneration and the formation of a distal skeletal element (Yu et al., 2019). Therefore, as with other tissues, BMP9 has many context-dependent functions that affect cartilage growth and development, significantly including modulation of collagen fibril growth (Morgan et al., 2020), leading us to hypothesise that it induces postnatal collagen network remodelling in intact immature articular cartilage.
In this study, we discovered that BMP9 induces perpendicular reorientation of collagen fibrils in immature cartilage explants within 21 days, although changes in cell shape and collagen fibril order are apparent as early as day 10.5. As remodelling of the ECM proceeds, collagen birefringence under polarised light microscopy increases, highlighting progressive fibril alignment. Simultaneously, the angular displacement of aligned fibrils in BMP9-cultured explants increases from ∼20° in control explants to ∼78°. These latter changes bring about the anisotropic zonal stratification of cells and tissue into distinct superficial, transitional, and radial zones as opposed to a thin surface layer and isotropically arranged cells in the subsequent deeper layer, as found in native immature cartilage (Jadin et al., 2005). Postnatal maturation of cartilage is associated with puberty (Hunziker et al., 2007; Hunziker, 2009), and this starts between months 10 and 12 in bulls, well beyond the post-parturition period (7–28 days) at which time we obtained immature bovine cartilage (Brito et al., 2007). Another quantitative measure of the anisotropy of cartilage upon postnatal maturation is cellular hypertrophy (enlargement, not epiphyseal chondrocyte differentiation) (Hunziker et al., 2007), where we observed an average increase in chondron size of 40% in BMP9-treated explants compared to control explants.
Chondrons are the structural, functional, and metabolic units of cartilage and are composed of one or more chondrocytes surrounded by a thin shell of the pericellular matrix (Poole, 1997). In native maturing cartilage, chondrons in the deep zone become elongated and multicellular, and their aspect ratio (AR, maximum length/width) increases (Youn et al., 2006). This change was also observed in BMP9-treated explants, where the average AR of chondrons increased by 20%. There were only sporadic incidences of incorporation of BrdU in chondrocyte nuclei throughout the cartilage depth of explants. The latter assay was conducted to exclude the possibility that maturational changes in cellular organisation were the result of proliferation, as previously described in rabbit (BrdU) (Hunziker et al., 2007) and mouse cartilage (PRG4 (GFP-CreERt2) cell fate tracking) (Kozhemyakina et al., 2015). Organisational changes in the ECM structure and chondrocyte localisation in cartilage during maturation may be driven by a process of appositional growth. An opposing view, one partially shared by us, is proposed by Decker et al. (2017), who found no significant evidence of appositional or interstitial postnatal cellular proliferation that can account for maturation of cartilage. By using cell tracking of R26-Confetti and GDF5-CreERt2 reporter mice, Decker et al found that anisotropic cellular organisation and articular cartilage tissue expansion occurred mainly through cell enlargement and the rearrangement of co-localised cells into columns, similar to integrin β1-dependent columnar chondrocyte formation in the growth plate (Aszodi et al., 2003), where relocated cells remodel the collagen fibril network. It is our contention, which we expand on below, that collagen remodelling precedes topographical cell rearrangement. In our model, we saw no evidence of epiphyseal cartilage resorption and associated tidemark formation, which are also important features of mature anisotropic tissue organisation and result from the formation of the calcified zone, a layer of crenellating tissue that connects the subchondral bone and overlying hyaline cartilage. Thus, BMP9 only induces postnatal maturational changes limited to hyaline cartilage, and this is not unexpected as epiphyseal growth and differentiation are controlled by many well-defined local and systemic regulatory factors (Karimian et al., 2011).
Is the activity of BMP9 in collagen remodelling contingent upon the prior formation of the immature cartilage ECM, or does it induce gene expression programmes that generate mature cartilage phenotypes? We answered this question by growing freshly isolated chondrocytes from immature and mature articular cartilage as pellet cultures in the presence or absence of BMP9. Histological analyses show that chondrocytes from either source are phenotypically distinct, depending on the ECM they generate; however, in both instances, when BMP9 is present, fibrils perpendicular to the surface are produced. The orientation of fibrils in mature chondrocyte pellets was predominantly perpendicular; however, exposure to BMP9 induced the appearance of a band of aligned fibrils in the interterritorial matrix, which became more prominent and formed a distinct lamina across the pellet. The differences between immature and mature pellet formation may be accounted by the fact that prior to and during puberty, joint cartilage is still expanding, whereas following growth plate closure, the matrix is in a process of consolidation. These tissue states are likely governed by distinct transcriptional profiles and biomechanical inputs. These experiments show that fully differentiated, developmentally mature chondrocytes can be used to rapidly tissue-engineer articular cartilage that mirrors the anisotropic structure and function of native tissues.
Therefore, BMP9-induced postnatal maturation of immature articular cartilage provides a tractable model system to investigate the mechanisms driving collagen network remodelling. We first questioned whether changes in fibril order were the result of collagen proteolytic turnover. To address this, we used the antibody anti-COL2¾m, which is capable of sensitively detecting in situ collagenase activity (Hollander et al., 1994). Upon digestion with collagenase, the collagen type II triple helix is cleaved between residues Gly775 and Gln779, producing ¼ and ¾ fragments resulting in helix unwinding and revealing an epitope recognised by the antibody COL2¾m in the latter fragment (Billinghurst et al., 1997). We observed no significant anti-COL2¾m labelling in the surface region of BMP9-treated cartilage, where collagen remodelling was occurring over and above what was present in control explants. Immature hyaline cartilage is continuous in the deeper layers with epiphyseal cartilage, and here, the tissue is dynamically being remodelled, consequently showing significant labelling in the interterritorial matrix with anti-COL2¾m is present at these sites, providing a useful internal control for antibody labelling. A gene expression screen found reduced levels of collagenase MMP13, but an increase in MMP1 was observed. MMP1 transcript levels were, however, extremely low, approximately 156-fold lower than MMP13. Additionally, they were not upregulated above baseline levels at the time (day 10.5) when remodelling was occurring; therefore, MMP1 probably has little or no effect on fibril remodelling. Thus, the absence of detectable collagenase activity strongly suggests that fibril remodelling occurs by restructuring or realignment rather than enzymatic breakdown and synthesis of a de novo network. The lack of evidence for appositional growth, the decrease in cell density, and, most significantly, no increase in COL2A1 gene expression over the remodelling timespan are additional supporting evidence that neoformation of the surface zone is a much less likely explanation for the acquisition of anisotropic organisation. Wu et al. (1991) previously suggested that selective proteolysis by stromelysin-1 can initiate remodelling, reorganisation, and growth without having to remove the existing collagen fibril network.
In toluidine blue-stained images of BMP9-treated explants, there was a perceptible decrease in staining and metachromasia in the surface region, indicating proteoglycan loss or turnover, further confirmed by increased labelling by fluorescein-conjugated substrate DQ gelatin, identifying in situ activity of MMPs such as gelatinases and stromelysin. We included FGF2–TGFβ1-treated explants in this assay as a useful positive control as a previous study had shown that these growth factors induce elevated levels of MMP activity in the epiphyseal zone, contributing to resorption of the ECM (Khan et al., 2011). A gene expression screen of proteases known to be active in the ECM of articular cartilage revealed a sustained increase in MMP3 (stromelysin-1) over 21 days. MMP3 cleaves aggrecan in its interglobular domain between amino acids Asn341 and Phe342, releasing the entire glycosaminoglycan-containing portion of this protein (Fosang et al., 1991). Of similar significance is the sustained decrease in expression levels of MMP inhibitory proteins TIMP1 and TIMP2 in BMP9-treated explants, potentially accounting for further increased proteolytic activity. Analysis of DQ gelatin-assayed sections of BMP9-treated explants predicts that if TIMP activity falls in the deep zone, then the fluorescence signal should increase, but the zone of activity decreases compared to control explants, suggesting that reductions in TIMP1/2 expression may facilitate proteoglycan depletion in the upper zones of cartilage. The measurement of sGAG loss into the culture medium also confirmed proteolytic degradation of proteoglycan, and its return to baseline levels of turnover was used to determine the concentration of MMP inhibitor PD166793 to achieve this. The presence of 100 μM PD166793 inhibited collagen remodelling at the surface of BMP9-treated explants, implying that reorganisation of fibrils is conditional upon proteoglycan depletion or turnover.
Fibrillar collagens resist hydrodynamic, compressive, and tensile forces, and the amount and direction of strain positively correlate with the degree of collagen fibril alignment (Hapach et al., 2015). What, then, generates the internal tension within cartilage that aligns fibrils during BMP9 induced remodelling? Water (Cederlund and Aspden, 2022)? The loss of proteoglycan and depolymerisation of collagen not only free collagen to deform but also induce tissue swelling, and we suggest that water ingress generates the directional tensional stress to align fibrils. Proteoglycans within the cartilage ECM contribute to the fixed charge density and osmotic pressure, and this swelling pressure is counteracted by elastic forces within the collagen fibril network (Maroudas, 1976). With proteoglycan turnover, there is a reduction in swelling pressure, and consequently, the collagen matrix becomes less stiff (Maroudas et al., 1985), allowing it greater freedom to deform. The numerous glycosaminoglycan chains of the large aggregating proteoglycan aggrecan form electrostatic interactions with collagen, and this is suggested to occur through the axial d-periodic repeat gap of collagen, leading to the formation of an interlocked matrix exhibiting spatial organisation (Junqueira and Montes, 1983). Proteoglycans assemble with regularity along collagen type I fibrils in orthogonal arrays in tendon (Scott, 1991), and similar ordered associations between collagen type II and chondroitin sulphate containing proteoglycans have been confirmed using electron microscopy (Poole et al., 1982), low angle X-ray diffraction (Ronziere et al., 1985), and colloid force spectroscopy (Rojas et al., 2014). Therefore, proteoglycan turnover also has the effect of removing an imposed supramolecular order, further increasing the freedom of fibrils to be aligned under tension. Explants undergoing collagen remodelling significantly increase their water content during the culture period (∼66%), mainly at the surface region; the cause is two-fold. First, MMP3 activation not only induces proteolytic depletion of cartilage proteoglycans but also collagen type IX. Collagen type IX is a fibril-associated collagen with interrupted helices (FACIT) that is covalently linked to the surface of collagen type II fibrils (van der Rest and Mayne, 1988). Its amino terminal non-collagenous domain (NC4) and adjacent collagenous domain (col3) project away from the fibril surface and are available to interact with other molecules in the ECM (van der Rest and Mayne, 1988). In articular cartilage, collagen type IX NC4 domains stabilise collagen type II interfibrillar interactions through covalent linkages to adjacent type II telopeptides and type IX NC4 domains (Wu et al., 1991; Wu et al., 1992). MMP3 proteolytically cleaves collagen type IX in its C-terminal NC2 domain, releasing NC4 and uncoupling it from the surface of type II fibrils (Wu et al., 1991), which together with its telopeptidase activity causes the depolymerisation of collagen type II fibril networks. Second, prior to the loss of proteoglycan, collagen is not fully hydrated as water molecules are drawn to glycosaminoglycan covalently bound to aggrecan; however, once glycosaminoglycan density is reduced by proteoglycan degradation, depolymerised collagen is free to hydrate. Collagen is highly hygroscopic, and as an extended molecule, it presents many donor and acceptor sites for hydrogen bonding. In its fully hydrated state, it contains three times as much water volumetrically as the collagen ground substance alone, leading to tissue swelling (Andriotis et al., 2018). Andriotis et al. have shown that fully hydrated collagen is subject to fewer intermolecular van der Waals and/or electrostatic forces, resulting in increased intrafibrillar distances. This change opens deformation pathways that were previously closed (Andriotis et al., 2018). There is direct evidence of this mechanism in action in the developmentally regulated selective proteolysis of collagen type IX, which triggers corneal stroma matrix swelling (Fitch et al., 1988). Fitch et al found that when collagen type IX antibody reactivity in the stroma was lost, it coincided with matrix swelling. Type IX protein was found in soluble fractions of extracts, whereas collagen type II remained intact in the stroma and was found in insoluble fractions. Therefore, the ingress of water into the cartilage surface has the potential to hydrate a depolymerised collagen network and imposes a directional strain upon the tissue that is perpendicular to the surface. We hypothesise that the tensile stress directed to the surface as cartilage hydrates is sufficient to radially realign fibrils. If true, then in the absence of further collagen synthesis, the collagen density in this region should decrease as the tissue volume increases, and this should be reflected by a reduction in picrosirius red (collagen) staining, which is what we observed experimentally. The volumetric expansion of tissue, together with increased chondron size (Decker et al., 2017), accounts for the reduction in cellular density. In addition, proteoglycan composition as a fraction of dry weight should decrease as postnatal maturation proceeds as collagen remodelling is dependent on proteoglycan turnover, and when these analyses are performed, significant decreases ranging between 25% and 50% are observed in maturing cartilage (Gannon et al., 2015; Levin et al., 2005; Brama et al., 1999). Finally, collagen type IX has long or short, alternatively spliced isoforms that differ in the presence of the NC4 domain; their selective expression, along with collagen crosslinking lysyl oxidases (Zhang et al., 2017), which may underlie some of the phenotypic differences observed between immature and mature chondrocyte ECM growth during pellet development, as has been shown in the developing avian cornea (Fitch et al., 1995).
Collagen alignment can occur through direct or indirect physiological and non-physiological mechanisms (Revell et al., 2021). In tendons, fibril alignment is along the principal longitudinal axis of tension, and fibrils are assembled directionally from plasma membrane invaginations called fibropositors (Canty et al., 2004). These structures have not been detected in chondrocytes, and this is unsurprising as these cells are surrounded by a thin shell of the pericellular matrix, although chondrocytes are capable of directional polarisation through the orientation of mechanoresponsive primary cilia (Meier-Vismara et al., 1979; Poole et al., 1985). Another reason for disregarding the latter mechanism for remodelling in cartilage is our data strongly suggest an indirect mechanism of fibril alignment. Fibroblasts, using cell traction forces, are capable of long range (1.5 cm) deformation and remodelling of collagen gels to form aligned ligamentous straps between cell masses (Harris et al., 1981). The generation of tractional forces is a product of cell migration, which occurs through the formation of lamellipodia and filopodia over traction sites—features noticeably absent in chondrocytes from intact cartilage (Morales, 2007). Although we have shown bulk loss of proteoglycans, further analyses need to be conducted using antibodies that can detect aggrecan degradation products to precisely map the regions of increased turnover in the explant. Similarly, MMP3 expression localised by in situ hybridisation would provide further evidence of its role in collagen realignment.
In conclusion, this study has uncovered a possible mechanism governing collagen remodelling during postnatal articular cartilage maturation that generates Benninghoff arcade-like structures (Benninghoff, 1925). The central idea is that collagen–collagen and collagen–proteoglycan interactions provide spatial order in the ECM, but when enzymatic activity induces proteoglycan turnover and causes collagen depolymerisation, this allows fibrils the freedom to realign. Water hydrates depolymerised collagen fibrils, imparting further freedom whilst simultaneously inducing tissue expansion, which generates tensile stress to align fibrils along the direction of principal strain, in this case, perpendicular to the surface. This hypothesis can be tested in future studies in several ways to induce collagen reorganisation through, for example, specific enzymatic action or inhibiting the process by preventing tissue expansion. Furthermore, it will be instructive to know whether BMP9-treated cartilage is stiffer or whether further biochemical or biomechanical conditioning is required to fully mature the structure. Collagen is the most abundant protein in the human body and serves as the backbone of connective tissues, which form a myriad of specialised structures with tissue-specific three-dimensional organisations, including the cylindrical, calcified concentric lamellae of bone, the capsules that enclose tissues and organs, the circumferentially aligned fibres of arteries and veins, and the orthogonal lamellae of the cornea. Understanding precisely how these structures are made is important; only then can we engineer them to repair, replace, or regenerate tissues when they are damaged, diseased, or absent. The most successful method of replacing diseased cartilage is using donor transplants of pristine cartilage, not an economically viable solution for millions who suffer from osteoarthritis. The results of this study show that engineering durable cartilage implants with a mature anisotropic organisation may be closer to realisation.
METHODS AND MATERIALS
Articular cartilage explant culture: 7–28-day-old bovine feet were freshly obtained from local abattoirs, thoroughly washed, disinfected with 70% ethanol, and skin removed. Institutional ethical permission was granted for this study as the bovine feet are by-products of the human food chain, and their use complies with the Retained Animal By-Products Regulation (EC)1069/2009. In a sterile hood, metacarpophalangeal joints were opened using a size 23 scalpel, and cartilage explants from the inner aspects of the medial and lateral condyles were cored using a 4-mm biopsy punch. Explants were removed by cutting the inferior surface of the cores. These explants were placed in adjacent pairs or triplets in 24-well culture dishes (Corning, UK), with 1.5 mL of the chondrogenic medium consisting of Dulbecco’s modified Eagle medium (DMEM) high glucose and GlutaMAX™, 1 x insulin–transferrin–selenium (ITS). In addition, 100 μg ml-1 L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate, 10 mM HEPES (pH 7.5), and 50 μg mL-1 gentamicin were included, and the explants were allowed to equilibrate overnight. For treatments, control explants had their medium replaced, while growth factor additions included bone morphogenetic protein-9/growth and differentiation factor-2 (BMP9/gdf2, Peprotech Ltd., UK) at a concentration of 100 ng mL-1, fibroblast growth factor-2 (FGF2, Peprotech Ltd., UK) at 100 ng mL-1, and transforming growth factor-β1 (TGFβ1, Peprotech Ltd., UK) at 10 ng mL-1. The culture medium was replaced every 4th day for both 10.5- and 21-day cultured explants. For inhibitor studies, PD166793 (Tocris, UK), dissolved in dimethyl sulphoxide (DMSO), was added at a final concentration of either 10 μM or 100 μM to explant medium, with control explants receiving the same volume of DMSO. Inhibitor was replenished at medium changes.
Histological analysis: explants were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight at 4°C and then processed into wax, and 8 μm sections were cut. Dewaxed and rehydrated sections were either stained for proteoglycan using the metachromatic stain 1% (aq) toluidine blue for 60 s or collagen by picrosirius red for 60 min following treatment with 1% w/v hyaluronidase for 60 min at 37°C to remove proteoglycan. Polarised light microscopy was conducted using a Leica DMLP Microscope equipped with a circular stage where picrosirius red stained sections were orientated with the surface zone at 45˚ to the crossed polarising filters in order to detect birefringent light signal. Image analysis: the cell density of explants was quantified using ImageJ using fluorescent images of 4′,6-diamidino-2-phenylindole (DAPI)-stained histological sections. The image was converted to 16-bit greyscale and threshold adjusted to highlight cell nuclei, and the merged nuclei were separated using the watershed function and counted using the Analyse Particles function. The same technique was used to highlight chondrons in picrosirius red-stained sections and measure their circularity, aspect ratio, and area from spatially calibrated images (approximate dimensions 300 × 100 microns, l x w) using the Analyse Particles function. Analysis of collagen fibrils was performed using the ImageJ plugin FibrilTool (Boudaoud et al., 2014), which provides a quantitative description of the average orientation and anisotropy of fibrous arrays in tissues. Five sequential 75 μm × 75 μm areas from the surface of polarised light microscopy-imaged sections of explants were analysed for anisotropy and average orientation, and the outputs from the log file were re-plotted to lines (line length = anisotropy and line direction = average orientation).
Biochemical analysis: explants for cryosectioning or biochemical analysis were snap-frozen in beakers filled with n-hexane pre-cooled in a dry-ice and ethanol bath. Frozen explants were digested in 20 mM sodium phosphate (pH 6.8), 1 mM EDTA, 2 mM dithiothreitol, and 300 μg mL-1 papain at 60°C for 60 min. Proteoglycan in explants and explant culture medium was determined indirectly through the measurement of sulphated glycosaminoglycan (sGAG) content in papain-digested solutions using the dimethylmethylene blue assay and shark chondroitin sulphate to generate a standard curve (Farndale et al., 1986). Collagen content was determined indirectly through the quantification of hydroxyproline content of papain-digested solutions by alkali hydrolysis as described by Cissell et al. (2017).
Antibody labelling: cryosections, 5 μm, were cut and washed in Tris-buffered saline/0.1% (v/v) Tween-20 (TBST) to remove optimal cutting temperature cryomountant (OCT: RA Lamb), treated with 1% (w/v) hyaluronidase in TBST for 60 min at 37°C to remove proteoglycan, blocked with 10% goat serum in TBST for 30 min, and then incubated with 1 μg mL-1 of the primary antibody, mouse monoclonal IgG anti-COL2¾m in TBST, overnight at 4°C. Following several washes at room temperature with TBST, labelled epitopes were detected using 5 μg mL-1 of the secondary antibody, goat anti-mouse Alexa Fluor 594 (Thermo Fisher Scientific, UK) for 60 min, washed in TBST, overlaid with DAPI containing antifade mounting medium (VECTASHIELD, VectorLabs, UK), and imaged using an Axio Imager M1 Fluorescence Microscope (Zeiss, UK). For the in situ detection of bromodeoxyuridine (BrdU) incorporation in immature cartilage, 10 μg mL-1 BrdU was added to the medium for the final 3 days of cultures of 21-day explants, at the end of which explants were washed in DMEM, fixed in 4% paraformaldehyde in PBS overnight 4°C, and processed to generate 8-μm wax sections. Standard procedures for antibody labelling were performed, as described above, with the addition of an incubation step of 60 min in 0.2 M HCL to denature DNA, followed by incubation with 0.1 M sodium borate buffer (pH 8.5) to neutralise acid. In addition, 1 μg mL-1 mouse monoclonal antibody G3G4 (obtained from Development Studies Hybridoma Bank, U. Iowa, United States) was used to detect labelled DNA and goat anti-mouse Alexa Fluor 594 as a secondary antibody.
In situ zymography: frozen 5-μm sections were washed in TBST, then rinsed with wax, and overlaid with 100 μg mL-1 DQ gelatin (Thermo Fisher Scientific, UK) in 50 mM Tris-HCL (pH 7.6), 5 mM CaCl2, and 150 mM NaCl for 60 min at 37°C in a humidified chamber. Sections were then washed three times for 5 min in TBST, overlaid with DAPI containing VECTASHIELD, and imaged using fluorescence microscopy.
Reverse transcription-quantitative polymerase chain reactions (RT-qPCR): all explants were snap-frozen in n-hexane, as described above, prior to processing for RNA extraction. Samples were placed in liquid nitrogen-frozen metal chambers containing 0.5 mL of TRIzol reagent (Merck, UK) and homogenised in a dismembrator at 2000 cycles per min for 120 s (Micro-dismembrator U, B. Braun Melsungen AG, Germany); the resulting powder was placed in an Eppendorf tube containing chloroform, vigorously mixed, and microcentrifiuged for 15 min. The clear supernatant was then added to an equal volume of 70% ethanol. The mixture was transferred to a collection column from the RNeasy Plus Kit (QIAGEN, UK), and the supplier’s protocol was followed to isolate total RNA. Complementary DNA was synthesised using 1 μg total RNA and M-MLV reverse transcriptase (Promega, UK) under the supplier’s recommended conditions. QPCR was performed using the GoTaq SYBR Green Master Mix (Promega, UK), 0.3 μM forward and reverse primers, and 12.5 ng of cDNA. Reactions were run on a CFX96 programmable thermal cycler (Bio-Rad, UK) with the following program: at 95°C for 10 min, at 95°C for 30 s, at 60°C for 30 s, and at 72°C for 30 s for 40 cycles. Data are shown as absolute values in nanogrammes as a ratio of 18SrRNA for each sample. Primer sequences were obtained from previously published sources (Khan et al., 2011; Khan et al., 2013; Zhang et al., 2017).
High-density pellet culture: full-depth slices of cartilage were dissected from the metacarpophalangeal joints of immature (7–14-day old) and mature (18–23-month old) bovine steers under sterile conditions. The cartilage slices were temporarily placed in DMEM. Cartilage was finely diced and then incubated for 1 h at 37°C under constant agitation in DMEM high glucose and GlutaMAX™, supplemented with 10 mM HEPES (pH 7.5), 50 μg mL-1 gentamicin, and 0.1% (w/v) pronase (from Streptomyces griseus, Merck, UK). After the initial incubation, the pronase solution was replaced with 0.06% collagenase (from Clostridium histolyticum, Merck, UK) and 2.5% foetal bovine serum, and the cartilage was then digested for 12 h at 37°C under constant agitation. The extract was poured through a Falcon™ 40 μm cell strainer to produce a single-cell isolate. Cells were washed in the chondrogenic medium and re-suspended at a concentration of 0.5 × 106 cells mL-1 in the chondrogenic medium, with or without 100 ng mL-1 BMP9, in 1.5 mL Eppendorf tubes. The tubes were spun at 500 x g for 5 min to generate cell pellets. Medium was replaced every 4th day. Pellets were cultured for 21 days, following which they were fixed in 4% paraformaldehyde in PBS for 12 h at 4°C. The fixed pellets were processed for wax embedding and sectioning.
Statistical analyses: the results are presented as the mean ± standard deviation (s.d.). All datasets involving multiple groups were assessed for normal distribution using the Shapiro–Wilk test and homogeneity of variances using Levene’s test prior to parametric analysis of variance (one-way ANOVA with post hoc testing using the Tukey’s method) or non-parametric analysis (the Kruskal–Wallis test with post hoc testing using the Conover/Holm method). For analysis of the averages of two groups, we used a two-tailed Student’s t-test. Sample size, replicate descriptions, and details regarding the use of representative datasets are specified in each case in the figure legends. Significant differences are annotated in graphs using asterisks as follows: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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Introduction: Adipose-derived cell therapies are one of the most common regenerative therapeutic options to alleviate the multi-component damage of osteoarthritis (OA). Adipose stromal vascular fraction (SVF) has gained scientific consensus for its ability to interact protectively with the joint microenvironment. Recently, the wide range of enzyme-free tissue processing systems has outperformed classical treatments, because of their ability to produce connective micrografts enriched with the SVF (mctSVF). This preclinical in vivo study evaluates the chondroprotective potential of a newly generated mctSVF compared with in vitro expanded adipose stromal cells (ASC) in OA.Methods: A mild grade of OA was induced through bilateral anterior cruciate ligament transection (ACLT) surgery in 32 Specific Pathogen Free (SPF) Crl: KBL (NZW) male rabbits followed by the surgical excision of inguinal adipose tissue. After 2 months, OA joints were treated with an intra-articular (IA) injection of mctSVF or ASC. Local biodistribution analysis was used to determine migration patterns of PKH26-labelled cells in the knee joint after 1 month. Efficacy was assessed by gross analysis, histology and immunohistochemistry on the osteochondral unit, synovial membrane and meniscus.Results: We elucidate the effectiveness of a one-step approach based on mechanical isolation of mctSVF. Through epifluorescence analysis, we found a similar pattern of cell distribution between cell treatments, mainly towards articular cartilage. Similar regenerative responses were observed in all experimental groups. These effects included: (i) osteochondral repair (promotion of typical anabolic markers and reduction of catabolic ones); (ii) reduction of synovial reactions (reduced synovial hypertrophy and inflammation, and change of macrophage phenotype to a more regenerative one); and (iii) reduction of degenerative changes in the meniscus (reduction of tears).Discussion: Our study demonstrates the validity of a novel mechanical system for the generation of the mctSVF micrograft with chondroprotective potential in a preclinical model of moderate OA. The resulting final product can counteract inflammatory processes beyond the OA microenvironment and protect cartilage through the colonization of its structure. The intact and active microanatomy of mctSVF makes it a suitable candidate for translational medicine to treat OA without the need for cell manipulation as with ASC.Keywords: adipose stromal cells, articular cartilage repair, cell-based therapies, preclinical in vivo study, osteoarthritis, stromal vascular fraction, connective tissue micrograft
1 INTRODUCTION
The multicomponent nature of osteoarthritis (OA) pathogenesis poses a major orthopaedic challenge because of the limited benefit of current clinical interventions (Vrouwe et al., 2021). In this context, cell-based therapeutics have attracted great attention for their pleiotropic wound-healing effects not only on cartilage but also on various joint tissues, affected during OA (Djouad et al., 2009; Filardo et al., 2013; Vinatier and Guicheux, 2016). While clinical studies on bone marrow and adipose tissue, the most common tissue sources for regenerative medical purposes (Zhang and Schon, 2022), have shown promising chondroprotective properties, it is still debated which of them will best counteract the hallmarks of OA (Beane et al., 2014; El-Badawy et al., 2016; Gun-II Im et al., 2005). However, the minimally invasive nature of adipose tissue harvesting, the wide range of isolation methods (Cicione et al., 2023; Gentile et al., 2019; Ossendorff et al., 2023), and the highest yield of mesenchymal stromal cells have led to its more prevalent use than bone marrow (Ibrahim et al., 2022; Oberbauer et al., 2015).
The classical enzymatic procedure, which includes treatment of the tissue with clinical-grade collagenases and/or dispases, permits the SVF first and then adipose stromal cells (ASC) isolation and subsequent culture expansion. Good clinical results have been reported using expanded ASC to improve joint pain and function (Perucca Orfei et al., 2023; Perdisa et al., 2015). Despite their benefits, the long-term cell culture and the need for two-step procedures make them time-consuming, increasing the risk of potential cell changes in apoptosis and senescence (Danisovic, 2017; Froelich et al., 2013) and the need for a GMP cleanroom (Si et al., 2019). On the other hand, the techniques available for mechanically disaggregating adipose tissue into fragments require various steps (centrifugation, filtration, and washing) (Greenwood et al., 2022; Aronowitz JA, 2014), by overcoming some of the limitations associated with the use of expanded cells. Typically, the final products from mechanical isolation may encompass clusters of free cells or fragmented adipose tissue, characterized by a structural connective tissue with its ASC-rich derivatives (mainly SVF) (Francesco et al., 2021). With a size range from micrometres to nanometers, which depends on the filtration system chosen, these components present a significant advantage: they are effectively retained in the OA knee joint, enhancing their therapeutic potential (Cicione et al., 2023; Gentile et al., 2019; Ossendorff et al., 2023). Of note, the various mechanical approaches available may be more advantageous than enzymatic isolation because they avoid the use of exogenous enzymes and preserve the native three-dimensional (3D) structure with intrinsic cues. However, they pose the need for rigorous preclinical studies to select the most promising clinical solutions (Francesco et al., 2021; Busato et al., 2021; Trivisonno et al., 2019; Aronowitz et al., 2015; Aronowitz et al., 2015). In this direction, several studies have compared enzymatic and mechanical isolation techniques using different systems (such as Cytori, Celution, Lipogems, etc.) to better understand their molecular signatures for clinical applications. While mechanical isolation techniques typically yield fewer nucleated cells than enzymatic methods, they are generally safe, cost-effective, and quick to process (Aronowitz et al., 2015). Despite common features, there are differences between filtration systems in terms of: (i) fragment size; (ii) cell population maintained; (iii) paracrine properties; (iv) differentiation potential; and (v) immunomodulatory properties (Gentile et al., 2017; Uguten et al., 2024). Our previous in vitro research demonstrated similar outcomes between mechanical and enzymatic isolation methods, showing that both systems contain functional cell populations capable of supporting osteochondral regeneration (Desando et al., 2021). Given the promising in vitro evidence, our focus was to validate in vivo the characteristics of the Hy-Tissue SVF system (Fidia Farmaceutici, Abano Terme), a CE-marked class IIa device for microfractionation of adipose tissue, and its potential to treat mild OA. This interest stems from the potential benefits that may arise from the use of mctSVF to overcome some of the ethical, regulatory and safety concerns that may be associated with expanded ASC (Desando et al., 2021). Herein, we aimed to test the therapeutic potential of connective tissue micro-fragments enriched with SVF (mctSVF), as an optional treatment for OA, in a validated rabbit model allowing good prediction of tissue repair and clinical translatability. It was hypothesized that the mctSVF encased in native connective tissue would stabilize at the articular site of the knee and have a greater ability to heal than ASC treatment. By characterizing the response to intra-articular (IA) administration of mctSVF, we can conclude that this approach is effective in restoring the osteochondral unit and reducing inflammation, with the potential for clinical translation in this clinical setting.
2 MATERIALS AND METHODS
2.1 Ethics committee approval and experimental design
All in vivo procedures were performed following the animal care and use guidelines in compliance with the Italian Law (Law by Decree no 26/2014) and according to the European Commission Recommendation on guidelines for the accommodation and care of animals used for experimental and other scientific purposes (2007/526/EC). The in vivo protocol was developed following the PREPARE guidelines (Planning Research and Experimental Procedures on Animals: Recommendations for Excellence); it was approved by the Animal Welfare Body of IRCCS-Istituto Ortopedico Rizzoli (IOR) on 14th May 2019, authorized by the Italian Ministry of Health (Aut. n. 557/2019-PR on 23rd July 2019) and foresaw the efficacy testing of one-step and in vitro expanded cell-based and viscosupplementant products. To further improve the quality of this study, the in vivo research methodology has been reported according to criteria set in the Animal in Research: Reporting of in Vivo Experiments (ARRIVE 2.0) guidelines (Percie du Sert et al., 2020). The ARRIVE Essential checklist is provided in Supplementary Table 1. The sample size was calculated using the software G*Power v.3.1.9.2 (Franz Faul, Universität Kiel, Germany): by assuming that an effect f ≥ 0.63 could be obtained for Laverty’s histomorphometric score, in a one-way ANOVA model (type of treatment) with α = 0.05 and 1-β = 0.80, it was calculated that a minimum number of n = 8 animals per experimental group was required. Following the principle of the 3Rs, the sample size of the control groups, SHAM, and OA was reduced to n = 4 per group, considering previous studies (Desando et al., 2013; Grigolo et al., 2009) and literature efficacy studies (Mainil-Varlet et al., 2013) with the same animal model.
The present work reports data and results to compare ASC and mctSVF products in the treatment of rabbit knee OA versus the control groups. Animals received from the vendor with the same age were divided into 6 groups (OA (n = 4 + n = 9 from previous studies), SHAM (n = 4 + n = 7 from previous studies), ASC (n = 8), mctSVF (n = 8), PKH-26 ASC (n = 4), PKH26 mctSVF (n = 4)) and received the same stabling conditions. No randomization was applied to allocate animals to groups; however, outcome assessors (GD, AC) were blind to the allocation groups during the assessment and analysis of the data to minimize performance and detection biases. Animals in the same group receiving the same treatment were placed in closely spaced cages to minimise potential co-founders. No animal or data points were excluded before the final analysis. The primary outcome measure of this study was femoral and synovial histological analysis, supported by semi-quantitative scoring systems, to assess the efficacy of the 2 cell treatments.
2.2 Rabbit in vivo model and procedures
2.2.1 Surgical OA induction
Thirty-two SPF Crl: KBL (NZW) male rabbits (Charles River Laboratories, Italy), 2.7 ± 0.2 kg b. w., were used and housed in single cages in standard controlled conditions with free access to water and pellet diet and specific enrichments. A 10-day conditioning period with frequent animal handling was pursued to acclimate animals.
Surgical procedures were aseptically performed after a 10-day quarantine period and under general anaesthesia induced by premedication with i. m. injections of ketamine (44 mg/kg) and xylazine (0.3 mg/kg) and maintained with O2/air and 2%–3% halogenate (isofluorane) in spontaneous breathing by a facial mask. A 2 cm surgical incision was bilaterally carried out in the lateral surface of the knee: after the articular capsule incision, the patellar bone was displayed medially, and the anterior cruciate ligament (ACL) was exposed and transected with the knee placed in full flexion. To avoid spontaneous healing, a small fragment of 2.5-mm length was removed. The articular capsule and skin were sutured by layers. In the SHAM group, skin and articular capsule incisions were performed, without ACL transection.
In the immediate post-op, i. m. injection of anaesthetics (3.75 mg of a solution 7.5 mg/mL of ropivacaine), applied locally to the surgical site, and 1/3 of a 50 μg/h/72 h fentanyl transdermal patch were used; in the following 5 days, analgesic (50 mg/kg/die) and antibiotic (10 mg/kg enrofloxacin) therapies were administered s. c. In the post-op, animals were clinically monitored daily in the first week and weekly thereafter, unless any complications occurred, by the control of the general conditions, weight measurements, major organ functions, and food and water consumption.
The following humane endpoints were set: loss of body weight greater than 20% of their physiological growth curve, severe limb lesions or irreversible alterations in major organic functions. Criteria for exclusion from analyses were severe intra-anaesthesiologic complications, knee infections or humane endpoint achievement.
2.2.2 Surgical harvest of adipose tissue, tissue processing and IA treatments
Under general anaesthesia and aseptic conditions, inguinal adipose tissue (AT) was surgically collected and processed, as described in detail in a previous article (Desando et al., 2021), for i) the generation of in vitro expanded ASC and ii) the production of mctSVF. For the expanded-ASC, inguinal AT was harvested 2 weeks before IA treatments and treated with 0.4 U/mL NB4 collagenase standard grade (Serva Electrophoresis, GmbH, Heidelberg, Germany, Cat. DS17454.01) for 30 min at 37°C to obtain the SVF and then kept a fortnight until passage 2 in α-MEM (Gibco, Carlsbad, CA, United States) medium containing 15% fetal bovine serum (FBS, Euroclone) and 0.05 g/mL penicillin G (Gibco). Cell count was evaluated at SVF isolation and expansion.
As for mctSVF, the inguinal AT was harvested on the same day of IA injection and processed in a single sterile disposable device Hy-Tissue SVF (Fidia Farmaceutici, Abano Terme, Italy). After collection, AT was minced with scissors, resuspended with saline, and then moved into a closed sterile bag to perform mechanical fragmentation. Duografter (Fidia Farmaceutici) subjected the filtered intermediate adipose product to centrifugation at 600 g for 10 min to generate the final product (Desando et al., 2021).
Eight weeks after OA induction, animals received IA injection of 2 × 106 ASC (n = 8) or mctSVF (n = 8) in each knee to assess their efficacy. For local biodistribution groups, 2 ×106 ASC and mctSVF were labelled with 2 μM PKH26 (Sigma-Aldrich, Cat. PKH26GL), and injected in each knee to monitor cell migration at 1 month from treatments. Live&Dead test (Thermo Fisher Scientific, Waltham, MA, United States, Cat. L10119) was performed on all adipose products for efficacy analyses before the IA treatment. Live (green staining) and dead (red staining) cells were evaluated with the DS-Ri2 microscope (Nikon, Tokyo, Japan), by using fluorescence channels: fluorescein isothiocyanate (FITC) and tetramethyl rhodamine isothiocyanate (TRITC). Trypan blue staining was used to assess the number of viable labelled cells in the cell suspension before IA injection for biodistribution analysis. The dye stains non-viable cells in blue, while it is excluded from living cells.
2.2.3 Experimental times and tissue explants
At the selected experimental times, rabbits were pharmacologically euthanized under deep general anaesthesia with intravenous administration of 1 mL of Tanax® (Hoechst AG, Frankfurt-am-Main, Germany). Animals allocated in the local biodistribution groups were euthanized after 1 month from IA treatments: femoral condyles, tibial plateaus, menisci, synovial fluids and membranes and posterior cruciate and collateral ligaments were harvested for analysis through the assessment of the fluorescent cells with the DS-Ri2 microscope (Nikon, Tokyo, Japan). Briefly, biopsies were fixed with 10% neutral buffered formalin, decalcified when the bone component was present, paraffin-embedded, and microtome-cut. Dried cytospin preparations of synovial fluid were prepared after centrifugation for 10′ at 600 g in a cytocentrifuge (Thermo Fisher Scientific, Waltham, MA, United States). Then, cell nuclei of all samples were counterstained with 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). Image analysis was performed with the NIS-Elements software, using the Hue/Saturation/Intensity (HSI) system, to quantify the percentage of positive cells at different specimen depths to better understand cell penetration within the tissues. Specifically, we presented a percentage of the stained cells over the total cells per tissue.
Animals allocated in the efficacy treatment groups were euthanized after 2 months from IA treatments: femoral condyles, meniscus and synovial membranes were explanted and processed for analyses.
2.3 Treatment efficacy on tissue samples: macroscopic and immunohistochemical analyses
Several methodologies were used to test the bio-functional properties of the osteochondral unit in the medial femoral condyle, synovial membrane and menisci in the control and experimental groups by two blinded investigators to the groups (GD and AC), according to the specific scores.
2.3.1 Macroscopic assessment on articular cartilage
Outerbridge score was used for macroscopic analysis of femoral condyles in the control and experimental groups. This method allows a first assessment of articular cartilage, discriminating early, mild and severe degrees of OA. Specifically, the Outerbridge score has a value from 0 (an indicator of healthy tissue) to 4 (severe OA grade) (Laverty et al., 2010).
2.3.2 Histological assessment on osteochondral, synovium and meniscus specimens
Next, histological examinations on different joint tissues were made to assess their architecture to ensure adequate function, using specific stainings with Safranin O/Fast green (Sigma Aldrich) for articular cartilage and meniscus and haematoxylin/eosin for synovial membrane. In general, seven sagittal sections per tissue, spaced 10 sections apart, were assessed to investigate the impact of cell treatments on cartilage and meniscus repair.
Specifically, we have used the Laverty score to provide a quantitative measurement of cartilage repair after treatments. This score has values ranging from 0 (healthy tissue) to 24 (severe OA) (Laverty et al., 2010). Parameters of this score, commonly associated with OA changes, include: (i) safranin-O staining to evaluate proteoglycan content; (ii) cartilage structure to assess extracellular matrix composition; (iii) chondrocyte density; and (iv) cluster formation.
As for subchondral bone, we have examined tissue architecture examining cellularity and bone marrow spaces using a semiquantitative score, which has a range from 0 (an indicator of healthy tissue) to 3 (an indicator of severe OA) (Aho et al., 2017).
Synovial specimens were stained with Hematoxylin/Eosin (Sigma Aldrich) to estimate their architectural appearance with a semi-quantitative analysis with Laverty score (Laverty et al., 2010). This score considers different parameters of synoviopathy, such as proliferation, hypertrophy, and inflammatory status, which affect tissue function.
As for the meniscus, with a pivotal role in knee biomechanics, a modified Pauli’s score was included in the study to assess its histopathological features during OA, including tears. This score shows a range from 0 to 18, where 0 is an index of healthy tissue and 18 of severe OA (Chevrier et al., 2009; Pauli et al., 2011).
2.3.3 Immunohistochemical analysis on cartilage, bone, synovial and meniscus specimens
Further in-depth assessments were carried out on articular cartilage and synovial membrane using indirect colourimetric immunohistochemistry (IHC) with a dedicated panel of markers. Biotin-streptavidin (4plus Universal AP Detection; Biocare Medical) and the alkaline phosphatase detection system (Fast Red Substrate Kit; Biocare Medical) were used on biological replicates from the control and experimental groups. As for the articular cartilage, we used the following antibodies mouse monoclonal collagen type I (COL1) (2 μg/mL) (Sigma-Aldrich), mouse monoclonal collagen type II (COL2) (2 μg/mL) (Hybridoma Bank, Department of Biological Sciences, University of Iowa City, IA), mouse monoclonal matrix metalloproteinase (MMP)-3 (5 μg/mL) (Chemicon, Temecula, CA).
As for the subchondral bone, we tested osteocalcin (OC) (2 μg/mL) (Thermo Fisher Scientific, Waltham, MA, United States; Catalog #MA1-20788).
As for the synovial membrane, the protein expression of mouse monoclonal RAM-11 (1.5 μg/mL) (Dako) (macrophages found in inflammatory atherosclerotic plaques in rabbits), mouse monoclonal CD-163 (1 μg/mL) (Abcam) (macrophages with a regenerative phenotype) and MMP-3 (5 μg/mL) (Chemicon, CA) was performed to evaluate macrophage subtypes and catabolic processes, respectively.
As for the meniscus specimens, the protein expression of mouse monoclonal collagen type I (COL1) (2 μg/mL) (Sigma-Aldrich) and mouse monoclonal matrix metalloproteinase (MMP)-3 (5 μg/mL) (Chemicon, CA) was carried out.
The selection of markers has been made based on the anabolic and catabolic processes that are involved in joint degeneration in OA. Before incubation with the primary antibodies, specific unmasking procedures were done for articular cartilage with 1 mg/mL pronase (Sigma-Aldrich). Negative controls were run by omitting the primary antibodies or using an isotype-matching control.
Image analysis was performed on specimens immunostained to provide a quantitative assessment. Specifically, the Hue Saturation Intensity (HSI) system was adopted to define the threshold of positivity for each marker and establish a percentage value of positivity, ranging from 0 (no positivity) to 100 (highest positivity). All assessments were conducted by trained scientists (AC, GD) using a DS-Ri2 microscope (Nikon, Tokyo, Japan), blind to the type of treatment.
2.4 Statistical analysis
The Statistical Package for the Social Sciences (SPSS Inc., Chicago, IL, United States) software version 15.0 (SPSS Inc.) was used for statistical analyses. The presence of outliers was checked using the ROUT test (Q = 1%) before each test. If present, outliers were removed from each dataset. Kolmogorov-Smirnov (K-S) and Shapiro-Wilk tests were carried out to test the normality of data distribution. Datasets showing a Gaussian distribution were assayed by one-way ANOVA and general linear model (GLM) tests with the Sidak post hoc test for multiple comparisons. Specifically, a one-way ANOVA and Sidak tests were used to assess differences in cell biodistribution between ASC and mctSVF groups, which showed a normal distribution. Datasets from macroscopic and immunohistochemical assessments, that showed a normal distribution, were assayed the GLM with Sidak correction for multiple comparisons. In particular, the GLM with Tweedie/gamma distribution and log link function was used to analyse the parameters comprising the histological scores of cartilage, synovium, and meniscus (mPauli); the total score was the dependent variable and the cases were the fixed effects.
Datasets with no Gaussian distribution, as observed for the number of nucleated cells and cell viability were assayed with the Kruskall-Wallis and Dunn’s post hoc test. The estimated expected values with Wald 95% confidence intervals were compared using contrasts versus OA and Sidak correction for multiple comparisons. The non-parametric Spearman’s rank-order method was used to find correlations between viable cells of ASC and mctSVF treatments and (1) cartilage score; (2) synovium score; and (3) meniscus score. Data were considered significant at P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****).
3 RESULTS
3.1 Report on adverse effects
No fractures, infections or changes in major organ functions were found in the post-op period. Some minor side effects mainly related to the type of surgery and the experimental model were found; in particular, 7/32 animals showed moderate joint effusion on the first post-op day, which resolved in 3–4 days, 10/32 animals developed lameness that resolved 1 week after surgery and 2/32 animals received analgesics for further 72 h. All cases were included in the data analysis. As detailed in the figure legends, for the SHAM and OA groups, we included additional cases from previous studies, conducted using the same surgical protocols and procedures, to increase the statistical power according to the principles of the 3Rs.
3.2 The mechanical process with Hy-tissue SVF produces viable cells
As a quality control, mctSVF cells were counted with the Turk stain and tested using the Live&Dead assay to monitor cell number and viability, respectively. The interval range of the mctSVF cells produced was from 3.5 × 104 to 3.5 × 105 nucleated cells/g of adipose tissue. Conversely, eSVF and ASC showed a higher amount of nucleated cells/g of adipose tissue, a mean value of 1.15 × 106 and 7.3 × 105, respectively (Figure 1A). Comparable values of cell viability among enzymatic SVF, expanded ASC and mctSVF were found, by reporting optimal percentages. The PKH26 staining had no effects on cell viability. According to the guidelines proposed by the International Federation for Adipose Therapeutics and Science (IFATS), all cell products showed good potential for clinical translation (Figure 1B) (Desando et al., 2021). We found a negative correlation between the cell viability of both cell groups and the cartilage, synovial, and meniscus scores (Supplementary Table 2). The highest levels of cell viability correlated with the lowest scores, reflecting better tissue repair. This suggests that higher levels of cell viability are associated with improved histological outcomes.
[image: A composite image with four panels: A) Box plot showing significantly different gene expression levels (Ki67) in ASC, eASC, and RNAseK groups. B) Box plots depicting similar cell viability percentages across different groups. C) Diagram of an experimental procedure illustrating mechanical retrieval, fluorescent dye use, and SI injection in a rabbit. D) Stacked bar chart displaying tissue distribution percentages for ASC and eASC across various tissue types including cartilage, synovium, meniscus, ligament, and synovial fluid.]FIGURE 1 | (A) Graphical representation of the number of nucleated cells (NC)/g of adipose tissue (AT) in enzymatic stromal vascular fraction (eSVF), ASC and mctSVF samples. (B) Graph of the percentage of cell viability, reported as mean, standard deviation and 95% confidence intervals, in eSVF, ASC, mctSVF after AT processing and PKH26-ASC and PKH26-mctSVF after labelling for local biodistribution assessment. The dotted line shows the 70% threshold suggested by the IFATS to consider a cell treatment clinically eligible. Results from the Kruskall-Wallis test and Dunn’s test are reported (n = 8 samples/group). ****P < 0.0001 NC of ASC versus mctSVF; ****P < 0.0001 NC of eSVF versus mctSVF. (C) Schematic workflow of in vitro labelling of ASC and mctSVF before IA treatment with Biorender software http://Biorender.com/q879319. (D) Graphical representation of the percentage of local distribution of ASC (n = 8 articular joints: right and left hind limbs) and mctSVF (n = 8 articular joints: right and left hind limbs) in the entire articular joint. Percentage of cell positivity in synovial fluids, ligaments, menisci, synovia and articular cartilage at 1-month follow-up from the injection.
3.3 PKH26-ASC and mctSVF accumulate to a higher level in the cartilage at 1 month
Analysis of cell migration using a fluorescent dye, PKH26, was performed to track the distribution of ASC and mctSVF products to provide some mechanistic insights on their potential clinical translation in OA (Figures 1C, D). PKH26-ASC and PKH26-mctSVF showed a high tropism towards injured areas of articular cartilage (cell clones and fibrillated areas) after 1 month. In the ASC group, the cartilage tissue showed the highest percentage of labelled cells, displaying an increased percentage of 29.3%, 28.3%, 14.3%, and 27.7% than synovia, meniscus, ligaments, and synovial fluids, respectively. Both synovia and meniscus also showed the lowest migration pattern of 15% and 14% than the ligaments. ASC group reported a significantly higher percentage of cell distribution in cartilage than in the meniscus and ligaments. Similarly to ASC, the mctSVF group showed most cells migrating towards cartilage reporting higher values of the distribution pattern of 34%, 25.8%, 23%, and 26.7% than synovia, meniscus, ligaments, and synovial fluids, respectively. Labelled mctSVF showed a minor tropism to the synovial membrane, which displayed also reduced values than the meniscus. mctSVF group showed significantly higher mean values of distribution in cartilage than the meniscus and ligaments. Significant differences in the migration pattern between the two cell-treated groups were found only at the meniscal level, with a higher distribution pattern for mctSVF than the ASC group (Figure 1C) (Supplementary Tables 3, 4).
3.4 mctSVF treatment protects the cartilage from OA-related structural degradation
After 8 weeks from ACLT surgery, the femoral condyles of the OA group were analyzed to evaluate histopathological features (Figures 2A–D). The macroscopic assessment showed fibrillation areas and the presence of greater erosive zones in the medial femur. The IA treatment with ASC and mctSVF provided several benefits in reducing macroscopic OA features such as fibrillation and erosion in the articular cartilage. In particular, the Outerbridge score, a semi-quantitative measure of the macroscopic OA severity process, demonstrated a significant OA reduction especially after ASC-based therapy and to a lesser extent in the mtcSVF group (Figure 2A). As for the OA group, histochemical staining with Safranin-O/Fast green confirmed macroscopic assessments showing a rough articular surface, reduced articular thickness, irregular cell organization interspersing cell clones and empty areas, and reduced proteoglycan content (Figure 2B). On a 2-month follow-up after ASC and mctSVF treatments, several repair processes were evident in the femur which displayed a regular surface, proper cell distribution and density, and adequate proteoglycan content, similar to the SHAM group. Histochemical semi-quantification of the OA changes with Laverty’s score showed a great ability of both cell therapies to counteract OA-related structural degradation (restoration of cell distribution and matrix organization), with a significantly lower score than the OA group (Figure 2B). Specifically, cartilage features related to safranin-o content, structure and cell clones, which are some of Laverty’s parameters, were noticeably improved in both cell treatments. However, a significant improvement in cell density was only observed following the treatment with mctSVF (Supplementary Figure 4). IHC analyses showed the lowest percentage of COL2 positivity in the OA group, mainly confined in the deep cartilage layer, near the tidemark. Both ASC and mctSVF treatments contributed to a significantly increased positivity of this marker when compared to the OA group, mainly diffused in the extracellular matrix (ECM) in the superficial and the deep cartilage. (Figures 3A, B). Moreover, COL1 and MMP-3, specific markers associated with cartilage degeneration, were assessed (Figure 3). COL1 protein expression was highly observed at the cellular level in the OA group than in the SHAM group (Figures 3A, C). A significant reduction of COL1 expression was mainly observed after the IA treatment with ASC and mctSVF. As for MMP-3, the OA group displayed a strong cellular positivity mainly close to cell clones and fibrillated areas. The IA treatment with both ASC and mctSVF significantly reduced its expression by showing similar values to the SHAM group (Figures 3A, D).
[image: Four panels show box plots and histological images. Panels A, B, and C are box plots comparing SHAM, OA, ASC, and mctSVF groups for cartilage, lacuna, and bone scores, showing significant differences. Panel D presents histological images of tissue sections from each group, illustrating variations in tissue structure.]FIGURE 2 | Graphical representation of Outerbridge score (A), Laverty’s score (B) and bone score (C), reported as mean, standard deviation and 95% confidence intervals. (D) Representative histological images of medial femoral condyle with Safranin-O/Fast green staining in SHAM (n = 11), OA (n = 13), ASC (n = 8) and mctSVF (n = 8) groups at low (scale bar = 100 μm) (upper panel) and high magnification (scale bar = 50 μm) (lower panel). Red/pinkish staining: proteoglycan content; green staining: collagen content. The general linear model (GLM) with Sidak correction for multiple comparisons was used to assess the efficacy of ASC and mctSVF on all joint tissues. Outerbridge score: ****P < 0.0001 ASC vs. OA; ***P < 0.001 mctSVF vs. OA. Laverty’s score: **P < 0.01 ASC vs. OA; ***P < 0.001 mctSVF vs. OA. Bone score: ****P < 0.0001 ASC vs. OA, and mctSVF vs. OA.
[image: Histological and data analysis of tissue samples. Panel A shows stained tissue sections labeled COL 2, COL 1, and MMP-3 across four conditions: SHAM, OA, ASC, and mctSVF. Panels B, C, and D display box plots comparing IOD of COL 2, COL 1, and MMP-3 among the conditions, with significance levels indicated.]FIGURE 3 | Representative immunohistochemical images of the medial femoral condyle in SHAM, OA, ASC and mctSVF-treated groups for COL2, COL1 and MMP-3 (A) (scale bar = 50 μm). Graphical representation of image analysis expressed as the percentage of positivity for COL2 (B), COL1 (C) and MMP-3 (D), reported as mean, standard deviation and 95% confidence intervals, in SHAM (n = 11), OA (n = 13), ASC (n = 8) and mctSVF (n = 8) groups. The general linear model (GLM) with Sidak correction for multiple comparisons was used to assess the efficacy of ASC and mctSVF for cartilage repair. COL2: ****P < 0.0001 ASC vs. OA and mctSVF vs. OA. COL1: ****P < 0.0001 ASC vs. OA; ***P < 0.001 mctSVF vs. OA. MMP-3: ****P < 0.0001 ASC vs. OA and mctSVF vs. OA.
3.5 IA administration of mctSVF improves subchondral bone architecture similar to ASC
To better understand the biological changes in the knee joint and how treatments differentially modulate them, specific IHC studies were performed in detail on trabecular bone and bone marrow. The baseline condition observed in the untreated group depicts a histological picture characterized by altered tidemark integrity, subchondral bone thickness, reduced number of trabecular bone and medullary spaces rich in adipose tissue, and low cell counts. Qualitative histological analysis of the ASC and mctSVF groups showed some regenerative processes, as evidenced by an increase in the number of trabecular bone and the cell number within the bone marrow spaces, similar to the SHAM group, with a low number of osteoclasts, identified with haematoxylin/eosin staining for their typical multinucleated features. The scoring system used for examining the bone characteristics gave evidence of a better architecture in both treated groups reporting a significantly lower score, index of a better bone structure, than the OA group (Figure 2C). IHC analysis for the OC marker, one of the most abundant non-collagenous proteins in the bone matrix (Desando et al., 2021; Rodrigues et al., 2012), was examined to further assess bone repair after the IA treatments (Figure 4). The untreated OA and experimental groups showed different patterns of positivity for this marker between the medullary cavity and the bone compartment. Interestingly, the OA group showed positive staining in cells embedded in the bone matrix and located in the medullary cavities, whereas treated groups had mainly a marked positivity in the medullary cavities than the bone matrix (Figures 4A–C). Image analysis showed a significantly higher level of OC protein expression in the medullary cavities in both ASC/mctSVF treatments than in the OA group, and similar values to the SHAM group.
[image: Histological analysis and data visualization of bone and bone marrow in four treatment groups: SHAM, OA, ASC, and mctSVF. Panel A shows stained tissue sections for each group, highlighting structural differences. Panel B presents a box plot comparing osteoclast expression in bone among groups, showing significant variations. Panel C displays a box plot for osteoclast expression in bone marrow, indicating significant differences.]FIGURE 4 | Representative immunohistochemical images of subchondral bone in medial femoral condyle in SHAM, OA, ASC and mctSVF-treated groups for osteocalcin (OC) in the bone matrix and medullary cavity (scale bar = 50 μm) (A). Graphical representation of image analysis expressed as the percentage of positivity for OC in bone matrix (B) and medullary cavity (C), reported as mean, standard deviation and 95% confidence intervals, in SHAM (n = 11), OA (n = 13), ASC (n = 8) and mctSVF (n = 8) groups. The general linear model (GLM) with Sidak correction for multiple comparisons was used to assess the efficacy of ASC and mctSVF for bone repair. OC (bone): ****P < 0.0001 ASC vs. OA and mctSVF vs. OA. OC (bone marrow): ***P < 0.001 ASC vs. OA and mctSVF vs. OA.
3.6 IA administration of ASC and mctSVF improves synovial architecture
Further analyses on the synovial architecture and synovial macrophage activity were performed to assess how they may be modulated after ASC and mctSVF treatments and how they may impact tissue repair in our ACLT model. As for the OA group, qualitative analyses with H/E staining showed hypertrophic and hyperplastic processes in the synovial lining layer, resulting in synovial thickness. In addition, some degenerative aspects with a vascular ECM and some inflammatory infiltrates were also observed in this group. Conversely, both ASC and mctSVF groups displayed a smooth surface with decreased hypertrophy and vascularization in the sub-synovium and a substantial lowering of OA characteristics. The semi-quantification with Laverty’s score confirmed some benefits of both cell-based treatments, with significant evidence only from the mctSVF group (Figures 5A, B) (Supplementary Figure 2). Further analyses were focused on the evaluation of some markers beyond tissue catabolism and macrophage activation by IHC. As for the macrophage component, both treatments lowered the protein expression of RAM-11 in cells located in the lining layer, typically expressed by the inflammatory atherosclerotic plaques in rabbits. Conversely, both treatments increased protein expression for the CD-163 marker, typical of M2c-like macrophages (Figures 5C, D). The catabolic mediator MMP-3 was at its highest level in the OA group and mainly located in the lining layer. Interestingly, showing a similar pattern to the SHAM group, the IA delivery of both ASC and mctSVF significantly downregulated MMP-3 expression compared to the OA group (Figure 5E) (Supplementary Figure 3).
[image: Panel A shows histological images of tissue sections for SHAM, OA, ASC, and mctSVF groups. Panels B to E present box plots comparing different variables across these groups, with significant differences indicated by asterisks and lines.]FIGURE 5 | Representative histological images of the synovial membrane with hematoxylin/eosin staining in SHAM, OA, ASC and mctSVF groups at low (bar = 100 μm) (upper panel) and high magnification (lower panel) (scale bar = 50 μm) (A). Graphical representation of Laverty’s score (B) and image analysis for RAM-11 (C), CD-163 (D) and MMP-3 (E). in the synovial membrane reported as mean, standard deviation and 95% confidence intervals in SHAM (n = 11), OA (n = 13), ASC (n = 8) and mctSVF (n = 8) groups. The general linear model (GLM) with Sidak correction for multiple comparisons was used to study the impact of ASC and mctSVF on synovium tissue. Laverty’s score: **P < 0.01 mctSVF vs. OA. RAM-11, CD-163 and MMP-3: ****P < 0.0001 ASC vs. OA and mctSVF vs. OA.
3.7 ASC and mctSVF contribute to lower typical features of meniscus degeneration
Given that meniscal lesions can lead to knee biomechanical abnormalities with important implications for OA progression, specific histological evaluations have been performed for both anterior and posterior anatomical sites of the meniscus. During the qualitative analysis using Safranin-O/Fast Green staining, we observed an increase in tears, cell clones, and proteoglycans in the OA group in both the anterior and posterior zones. In contrast, both ASC and mtcSVF treatments played an active role in counteracting OA-related structural degradation through (i) the reduction of tears and cell clones, and (ii) the restoration of proteoglycan content and cell distribution in the ECM. Semi-quantitative analysis of histochemical OA changes with mPauli’s score showed a worse histological scenario in the anterior rather than the posterior horn of the medial meniscus in the OA group. Interestingly, a significantly lower mPauli’s score, an index of tissue repair, was observed following ASC and mtcSVF treatments compared to the OA group; however, no differences were found between the two treatments (Figure 6) (Supplementary Figures 4, 5). Immunohistochemical analyses confirmed regenerative processes after ASC and mctSVF therapies, reporting an increase of COL-1 and a reduction of MMP-3 in both the anterior and posterior horns of the medial meniscus (Figure 6).
[image: Histological images and box plots compare treatments for osteoarthritis. Panels A and E show anterior and posterior horn tissues stained in red and blue for SHAM, OA, ASC, and mctSVF samples. Panels B, C, D, F, G, and H present box plots of data metrics, showing comparisons between groups with significant differences marked with asterisks.]FIGURE 6 | (A) Representative histological images of the medial meniscus with Safranin-O/Fast green in SHAM, OA, ASC and mctSVF groups at low (scale bar = 100 μm) and high magnification (scale bar = 50 μm) in the anterior horn (upper panel). (B–D) Graphical representation of mPauli’s score, COL-1 and MMP-3 analyses in the anterior horn of the medial meniscus, reported as mean, standard deviation and 95% confidence intervals SHAM (n = 11), OA (n = 13), ASC (n = 8) and mctSVF (n = 8) groups. The general linear model (GLM) with Sidak correction for multiple comparisons was used to study the impact of ASC and mctSVF in the anterior horn of the medial meniscus. mPauli’s score: ****P < 0.0001 SHAM vs. OA, **P < 0.01 ASC vs. OA, ***P < 0.001 mctSVF vs. OA; COL-1: ****P < 0.0001 SHAM vs. OA, ****P < 0.0001 ASC vs. OA; ****P < 0.0001 mctSVF vs. OA. (E) Representative histological images of the medial meniscus with Safranin-O/Fast green in SHAM, OA, ASC and mctSVF groups at low (scale bar = 100 μm) and high magnification (scale bar = 50 μm) in the posterior horn (lower panel). (F–H) Graphical representation of mPauli’s score, COL-1 and MMP-3 analyses in the posterior horn of the medial meniscus, reported as mean, standard deviation and 95% confidence intervals SHAM (n = 11), OA (n = 13), ASC (n = 8) and mctSVF (n = 8) groups. The general linear model (GLM) with Sidak correction for multiple comparisons was used to study the impact of ASC and mctSVF on the posterior horn of the meniscus: mPauli’s score: **P < 0.01 mctSVF vs. OA; COL-1: ***P < 0.001 SHAM vs. OA, **P < 0.01 ASC vs. OA, ****P < 0.0001 mctSVF vs. OA; MMP-3: ****P < 0.0001 SHAM vs. OA, ****P < 0.0001 ASC vs. OA, ****P < 0.0001 mctSVF vs. OA.
4 DISCUSSION
The search for alternative options to halt or delay the progression of OA and consequently joint replacement surgery has sparked great interest. Within the musculoskeletal field, an emerging trend is the development of biological approaches that process and maintain 3D tissue interactions as an alternative to other cell-based solutions. Point-of-care (POC) systems require minimal manipulation of biological samples to preserve the biophysical and biochemical cues of the native tissue microenvironment (Oberbauer et al., 2015; Greenwood et al., 2022; Aronowitz, 2014). With a focus on adipose-derived therapies (Ossendorff et al., 2023; Agarwal et al., 2021), this preclinical in vivo study aims to provide new bio-insights into the orthobiologic product mctSVF, obtained by the Hy-Tissue SVF system (Fidia Farmaceutici, Abano Terme) for OA treatment, compared to the ASC-based therapy (Agarwal et al., 2021). A preliminary in vitro study indicated that wrapping mctSVF in its native microenvironment ensures optimal cell viability and preserves phenotypic and functional properties (Desando et al., 2021). It has been proposed that the potential use of mctSVF in the treatment of OA may be explained by its ability to remain functionally active due to its spatial distribution and cell-matrix interaction. In particular, it was hypothesized that the IA delivery of mctSVF can exhibit greater stability at a joint injury site and superior ability than ASC to attach to and penetrate joint tissue. This is based on the notion that the maintenance of the native tissue structure within mctSVF is crucial to preserve the stemness of tissue and to uphold native crosstalk with complex and multivalent signals (Gattazzo et al., 2014; Hynes, 2009). Given the multifaceted and multicompartmental nature of the OA phenotype (Mobasheri et al., 2019), various biological processes (inflammation, degradation, hypertrophy, and regeneration) need to be sufficiently characterized to assess the successful translation of mctSVF in clinics.
First, in line with the majority of studies on different SVF formulations (Boada-Pladellorens et al., 2022), this work highlighted the lack of adverse events and the efficacy of the current mctSVF micrograft product to improve preclinical outcomes in a post-traumatic OA model, similar to ASC. Interestingly, we found a correlation between cell viability and scoring systems, leading to the mechanistic conclusion that cell viability plays a relevant role in promoting tissue repair by ensuring a sufficient number of effective cells. IA delivery of ASC and mctSVF promoted comparable cell stabilization in the articular cartilage surface (Huang et al., 2022). We can speculate that similar cell migration may be the result of matrix degradation of mctSVF by enzymes in the in vivo microenvironment at 30 days, with the release of single cells, as occurs for ASC treatment. The lack of a short-term study, which is a limitation in evaluating local biodistribution, precludes providing information on the fate of cells following IA administration and early initiating events responsible for joint repair. This may help to better understand the mechanisms that go beyond tissue repair and to elucidate which are the first tissues to be involved in remodelling. Indeed, the lack of adverse effects on joint tissues and the cell engraftment observed at 2 months mainly to damaged areas of articular cartilage would indicate a tendency to promote cartilage repair by counteracting OA progression. To a lesser extent, the presence of cells in the adjacent joint tissues like the synovial membrane and meniscus provides indications of their potential role in modulating tissue remodelling in the articular joint. Moreover, the long-term assessment gives clues about cell integration into the articular cartilage, which may reflect the observed chondroprotective effects, similar to another study (Huang et al., 2022).
Second, the current study confirmed the repair potential of mctSVF to restore the hierarchical structure and functionality of the osteochondral tissue, crucial for facilitating metabolic exchange and joint biomechanics and restoring proper cellularity (Nukavarapu and Dorcemus, 2013). Although the cell yield of the mechanical procedure with Hy-tissue SVF is much lower than the enzymatic isolation, the tissue repair of mctSVF can have different interpretations. In particular, it may likely be the direct result of: (i) ASC (representing up to 10%), and (ii) cell complexes within its adipose-connective niche (ACN). ASC and ACN, the latter with a heterogenous reservoir of cells, could be active instructive players by: (1) fostering osteogenic and chondrogenic differentiation; and (2) modulating inflammatory and regenerative processes in the articular microenvironment thanks to their paracrine activity. A previous in vitro study demonstrated the osteochondral potential of this micrograft and the release of some biomolecules, like VEGF and HGF, that may have clinical benefits in the osteochondral microenvironment (Desando et al., 2021; Traktuev et al., 2009). Despite the promising findings on such biomolecules, further studies aimed at investigating mechanisms beyond bone repair will require careful analysis of markers involved in bone resorption and deposition.
There has been a growing body of knowledge on the clinical significance of the correct interplay between bone and cartilage to protect cartilage, with bone nourishing articular cartilage and protecting it against degradative changes such as proteoglycan depletion (Nukavarapu and Dorcemus, 2013). Additionally, the enhanced proteoglycan content observed in the ECM of articular cartilage following cell-based treatments may be attributed to the secretion of HGF, reported in vitro for both ASC and mctSVF (Desando et al., 2021; Pak et al., 2014).
A major hurdle in cartilage repair, and the reason most treatments fail, is the formation of fibrocartilage. In particular, COL1 in articular cartilage is an indicator of ineffective cartilage repair, as the newly formed tissue, due to its fibrous profile, is unable to provide the correct biomechanical properties and joint loading. This study gives collective evidence towards the benefits of mctSVF treatment in counteracting fibrocartilage formation in favour of a hyalin-like phenotype, similar to ASC treatment. Similar to ASC, the mctSVF treatment effectively counteracts MMP-3 protein expression, a typical protease involved in COL2 cleavage. This is a further indication of its potential therapeutic value in inhibiting the reduction of this typical cartilage marker, which is often at low levels in OA conditions.
Third, tissue regeneration processes were also observed in the meniscus following ASC and mctSVF treatments, consistent with other studies focusing on this cell approach (Pak et al., 2014). Although at a low rate, the local biodistribution of ASC, and especially of mctSVF in the meniscus, could contribute to the reduction of several degenerative changes such as tearing (Pak et al., 2014). However, understanding this behaviour would require further analysis, which could open new insight into different orthopaedic contexts where meniscus lesions occur.
Fourth, attenuating the immune response at the injection site through immunomodulation may help to regenerate the host tissue. As natural components of the immune microenvironment of the joint, synovial macrophages are known to adopt either pathogenic or protective phenotypes in response to microenvironmental stimuli (Chen et al., 2020), and their role in OA pathogenesis is well established. By evaluating the macrophage profile in synovial samples after treatment, we found that both mctSVF and ASC effectively reduced fibrosis in terms of reduction of COL1 and drove the synovial macrophage subset towards a CD-163 phenotype, expressed by the M2 macrophage subset. Indeed, the release of interleukin (IL)-10 found in a previous in vitro study characterizing mctSVF could reflect the change of macrophage phenotype from an inflammatory to a regenerative profile. However, to clarify this aspect and provide new insights into the role of potential immunomodulatory strategies for cartilage regeneration in OA (Kennedy et al., 2024), further research is needed. Specifically, modelling specific in vitro human culture systems with immunomodulatory molecules, such as anti-programmed death ligand (PDL1), an immune checkpoint whose blockade causes the development of OA in mice (Liu et al., 2019), might be a promising alternative to provide interesting insights in immune response attenuation.
A further suggestion for the mechanism of action underlying the use of ASC and mctSCF is the reduced expression of serum IL-10 and tumour necrosis factor (TNF)-α, which is characteristic of patients with post-traumatic OA, in favour of an inflammatory phenotype (Barker et al., 2021). The high level of IL-10 expression found in previous in vitro studies for the adipose cell-based strategies analyzed could re-establish an appropriate IL-10/TNF-α ratio, which is necessary to counteract some of the typical hallmarks of OA (i.e., inflammation, hypertrophy, fibrosis, etc.). Valuable insights into the factors and pathways involved in tissue regeneration could be gained from further in vitro studies modelling co-cultures and three-dimensional models between mctSVF and typical joint cells such as chondrocytes, osteoblasts and synoviocytes.
The lack of a comparative study between enzymatic and mechanical SVF using only expanded-ASC as a comparator group is a limitation of this study. Evidence for the safety and efficacy of enzymatic SVF as an injective intervention or augmentation of surgical procedures is available from various preclinical and clinical studies. However, they are often clinical case series with heterogeneous experimental designs. In general, it has been observed that the SVF has many advantages over the ASC being: 1) immediately available without the need for cell culture; 2) immediately available thanks to faster processing and direct delivery on the same day of the surgery. Mechanical processing alternatives have been proposed to overcome some of the concerns associated with enzymatic treatment. Although mechanical processing often provides a lower number of available cells, it ensures comparable and/or superior chondroprotective and immunomodulatory properties (Aletto et al., 2022).
Given these findings, tissue manipulation with the Hy-Tissue SVF system preserved the phenotypical and functional characteristics of the generated mctSVF without altering its regenerative potential, thus exerting disease-modifying effects on the joint tissue. Because of the similar profile of effectiveness between the 2 cell therapies, it would be more convenient to use mctSVF treatment by avoiding issues related to cell manipulation (enzymatic isolation, cell expansion, etc.) and the need for a GMP facility, by minimizing the costs. Indeed, a major clinical limitation of the mctSVF approach is the variability of cell precursors and bioactive molecules within the ACN, which does not guarantee similar clinical outcomes among OA patients. The patient’s age, comorbidities (obesity, diabetes, etc.), lifestyle, site of aspiration of adipose tissue, and quality of adipose tissue are other key variables contributing to the variability in SVF yield and cell potency. In this context, a thorough evaluation of the harvested tissue’s viability covers a relevant role in fostering tissue repair by ensuring an adequate amount of effective cells in vivo. Indeed, the development of standardized protocols for harvesting and processing SVF are another critical step, that might contribute to reducing the variability in SVF efficiency (Jeyaraman et al., 2024). In-depth studies aimed at evaluating a cohort of patients, considering age, gender, body mass index, and inflammation, may be a valuable tool for selecting patient groups having more advantageous benefits to receive this treatment, and to develop more personalized treatments.
Taken together, our results demonstrate that IA delivery of mctSVF is safe, effective and minimally invasive, accelerating cartilage repair and shifting the balance from cartilage destruction to chondroprotection with potential translatability to different orthopaedic clinical conditions.
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Background: The use of intra-articular orthobiologics in hip osteoarthritis (HOA) has been presented as a therapeutic option and to postpone arthroplasty. There is little scientific evidence on the clinical application of platelet-rich plasma (PRP) associated with hyaluronic acid as dual therapy. Thus, the aim of our systematic review is to compare the clinical improvement with the use of PRP with versus without hyaluronic acid (HA) in hip osteoarthritis.Methods: We systematically searched Cochrane, PubMed, and Embase databases for studies evaluating patients with HOA who received PRP with vs. without HA. Pain and functional score were collected and pooled at 3-, 6-, and 12-months follow-up. Mean differences (MD) and 95% intervals were calculated, and heterogeneity was assessed using I2 statistics. All statistical analysis was performed using R with the meta package.Results: We included 2 randomized controlled trials (RCTs) and 1 cohort study, comprising 190 patients, of whom 88 received the PRP plus HA. Relative to PRP alone, dual therapy led to significantly higher pain scores at 3 months (SMD 0.35; 95% CI 0.06 to 0.64; p < 0.01; I2 = 0%) and at 12 months (MD 11.92 points; 95% CI 3.87 to 19.97; p < 0.01; I2 = 0%), translating into worsening of pain including HA. There was no difference between groups at any follow-up regarding functional score or pain at 6 months.Conclusion: Joint infiltration in HOA with PRP combined to HA showed higher perception of pain scores. Our findings suggest that the addition of HA in PRP treatment does not bring significant improvement and worsens patients’ quality of life. However, more randomized trials with larger populations may increase robustness.Systematic Review Registration: identifier, CRD42024581335Keywords: hip, osteoarthritis, platelet, PRP, hyaluronic acid, viscosupplementation
1 INTRODUCTION
Mobility issues directly impact the quality of life. Cartilage integrity plays a fundamental role in the movement. Established osteoarthritis is characterized by disrupted joint homeostasis, the development of osteophytes, subchondral bone sclerosis, and a decrease in joint space, as observed on radiographic assessment. Clinically, the painful symptoms and functional impairment are disabling. The hip is the second joint most affected by osteoarthritis, with femoro-acetabular impingement, previous traumatic events, osteonecrosis of the femoral head and rheumatic disease being the main predisposing pathological conditions. In this context, chondral damage is increased with mechanical overload in high-impact activities or with the aging process. Hip osteoarthritis (HOA) is a common condition affecting the joint, surrounding structures, leading to pain, stiffness, and often impairment of daily living (Sambe et al., 2023).
Approximately 10%–25% of people over 60 years of age are affected by HOA, with a slightly higher incidence in men, placing a worrying disease by the economic burden of expensive treatment. When there is resistance to clinical therapy, non-operative procedures have grown in importance in recent years, mainly because they do not imply a worsening of chondral damage and provide another option for controlling joint pain (Kravos and Jerman, 2012). Orthobiologics are most commonly used in knee osteoarthritis with promising results; they are increasingly important in HOA, particularly for delaying or postponing hip replacement surgery for younger patients or when patients refuse more aggressive procedures, such as hip replacement (Zhao et al., 2020).
Inside this complex degenerative disease, the balance between cartilage production and its destruction gained focus in the recent scientific literature. The intervention strategy involves approaching the early stages, slowing down the progression of cartilage damage and total hip arthroplasty for advanced cases. Non-surgical treatments, such as cell therapy using platelet-rich plasma (PRP)extracted from peripheral blood, have gained popularity primarily for the repair of tendon and ligament injuries. Due to the benefits generated at the extra-articular level, clinical articular application has been extended, delaying the need for joint replacement (Lim et al., 2023). PRP is theorized to aid cartilage repair by stimulating cell activity, reducing inflammation to relieve pain, and improving joint function. It may also enhance joint lubrication by increasing synovial fluid viscosity, potentially slowing disease progression. However, more robust clinical research is needed to confirm its effects on cartilage health. There are different PRP formulations available depending on the leukocyte concentration and centrifugation process of obtaining, which implies a greater catabolic effect of cytokines to the detriment of the repairing anabolic action on platelets (Lim et al., 2023).
PRP is a blood-derived product rich in growth factors, vascular and transforming factors, in addition to a high level of platelets. During the process of obtaining the final PRP product, there are two or more centrifugation phases with different speeds, which bring about satisfactory clinical results. However, the lack of a specific protocol, depending on the number and speed of centrifugation, results in uncertain and poorly reproducible results (Tjandra et al., 2024). With the increasing use of PRP for osteoarthritis, there is still no optimal formulation of PRP with platelet counts and attention has been focused on leukocyte concentrations in PRP. In the study by Filardo et al., side effects were observed in the treatment of osteoarthritis compared to pure PRP (P-PRP), which had a lower concentration of leukocytes, possibly due to the release of pro-inflammatory cytokines by leukocytes. Therefore, the best clinical response was found with the P-PRP formulation (Xu et al., 2017; Filardo et al., 2012). Their use can be added to HA to stimulate chondrogenesis and inhibit degenerative enzymes, in addition to its mechanical properties (Ye et al., 2018). Although there is insufficient scientific evidence to support the widespread application of PRP in osteoarthritis, and its stimulation of chondrogenesis is not well-established in vivo or in vitro, it has shown potential as a promising therapeutic alternative, particularly for improving pain control (Owaidah, 2024).
The synergistic action of these biological products in joint applications has been further investigated in knee osteoarthritis, with promising results. For HOA, results in agreement with knee osteoarthritis are expected when combining orthobiologics as we have HA with higher molecular weight (MW) concentrations and better standardization of the use of PRP (Gazendam et al., 2021). Depending on the MW of HA, there are different clinical responses and varying effects on osteoarthritis, with pain relief, improved function, and postponement of surgery. Considering the safety profile, viscosupplementation may be an effective option in the treatment of chondral damage, with emphasis on the use of HA with higher MW (Lu et al., 2023). Clinical improvement in short-term outcomes appears to be influenced by the cellular composition of intra-articular PRP and the severity of osteoarthritis. The interaction between these factors warrants further investigation by the scientific community (Filardo and Kon, 2016).
With an understanding of the biochemical actions of HA for joint health in promoting improved viscosity, adhesion capacity and anti-inflammatory and analgesic effects, it is considered a biological product for use in joint diseases, playing a crucial role in maintaining joint stability and facilitating movement. Once osteoarthritis is diagnosed, we notice a 33%–50% decrease in the concentration levels of this natural orthobiological product and an increase in infiltrations, which disrupts the homeostasis of the joint environment. With the ease of access to ultrasound-guided procedures for hip infiltrations, we have seen greater use of HA, but the number of studies evaluating improvements in pain and joint function is still limited. Regardless of the joint being treated by HA, the physiological environment of an osteoarthritic joint improves by restoring protective viscoelasticity, reducing friction, and enhancing mobility (Leite and Buehler, 2018). In the search for an addition of anabolic effects with a reduction in inflammatory cytokines, dual therapy has been used, combining two orthobiologics.
The combination of PRP and HA in osteoarthritis was initially studied in the knee joint following promising results in laboratory animal models. This combination exhibits a synergistic biochemical action through independent mechanisms, facilitating cell signaling by releasing inflammatory molecules, catabolic enzymes, cytokines, and growth factors. The repair of degenerated cartilage is mediated by orthobiologics, which modulate the role of inflammatory cytokines in chondrocyte destruction through specific mediators such as CD44 and TGF-β. These actions theoretically inhibit the inflammatory response and slow the progression of osteoarthritis (Leite and Buehler, 2018; Chen et al., 2014; Andia and Abate, 2014). However, this association has been minimally investigated in hip osteoarthritis as it requires the use of ultrasound to guide the procedure (Zahir et al., 2021).
To avoid heterogeneity of the sample, recent systematic reviews have focused on comparing PRP plus HA versus PRP alone, particularly on knee degeneration, showing promising results when some outcomes were evaluated (Ivander and Anggono, 2024; Baria et al., 2022). The present meta-analysis aims to evaluate the influence of HA in combination with PRP compared to PRP alone in the therapeutic management of HOA in different follow-ups, considering pain and functional score outcomes.
2 MATERIALS AND METHODS
This systematic review and pairwise meta-analysis were conducted in accordance with the Cochrane Collaboration recommendations and Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines and Protocols checklist (available in the online version of this article (Belk et al., 2022; Sterne et al., 2016). As such, its protocol was prospectively registered in PROSPERO database under the protocol CRD42024581335.
2.1 Eligibility criteria
In the study selection process, we started with deduplication and independently screened all potentially eligible studies. Four independent reviewers (FJA; FVZ; FMD; MCVF) and one validator (MSS) collaborated in combining outcomes from three databases and evaluated the studies for inclusion. Initially, they were excluded based on title and abstract if they did not pertain to the subject of interest. The remaining studies were then reviewed in full to verify eligibility. According to the inclusion criteria, two PRP centrifugation processes were accepted and we did not discriminate the leukocyte content of the final product to be infiltrated into the joint. We excluded trials not concluded, technical reports, editor responses, narrative reviews, systematic reviews, meta-analyses, non-comparative research, scientific posters, study protocols, conference abstracts not published as well as any pre-clinical studies or those not published in English. Unrelated papers not addressing the application of orthobiologics to treat hip osteoarthritis were also excluded.
We finished with a full independent reading of the papers by two authors, and we emphasized the presence of the following points: 1) peer-reviewed articles; 2) compared PRP in association with HA to PRP alone. Studies were excluded if they (1) were ongoing trials, not concluded; (2) were basic science research; (3) did not provide data on HOA patients; or (4) were case reports. We made no exclusions related to the publication date. Data extraction was manually performed.
Discrepancies were resolved through consensus between the reviewers and a third author (FJA) made the final decision in the event divergence was reached.
2.2 Search strategy
A comprehensive search was conducted across MEDLINE (via PUBMED), EMBASE (via OVID), and Cochrane databases from their inception until August 2024. No language restrictions were applied, and our search terms were a combination of Medical Subject Headings terms and keywords relating to “hip,” “osteoarthritis,” “platelet-rich plasma,” and “hyaluronic acid.” References from eligible studies and systematic reviews were also examined for additional relevant research. The specific search strategies for each database are available in Supplementary Table S1.
2.3 Clinical analysis tools
The data were extracted from eligible studies: study details—title, authors, publication year, study design, study definition, and inclusion/exclusion criteria; participant information—sample size, mean age, sex ratio, and HOA severity according to the Kellgren-Lawrence radiographic classification (K-L scale), which ranges from grade I (doubtful), grade II (mild), grade III (moderate), and grade IV (severe).
When extracting clinical data from articles, we choose outcomes compatible with PICOTT (population - HOA, intervention - Dual therapy, outcomes, control group- PRP alone, type of study-therapeutic, no restriction time) as main outcomes: pain, functional impairment. We used the numerical rating scale (NRS) ranging from 0 to 10 (or 100) mm as the data is reported, and functional questionnaires applied for general osteoarthritis, as the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) score (from 0 to 100, in which 0 denotes the lowest degree of OA and 100 denotes the highest degree of OA) and in the hip joint, it was considered HARRIS HIP SCORE (HHS), ranging <70 is a poor result, 70–80 is fair, 80–90 is good, and a score of 90–100 is excellent. The final score of the functional questionnaires represented the current clinical condition. As the clinical improvement based on the final score in each questionnaire is with the inversion of the values upwards (increasing - HHS) and downwards (WOMAC), the tabulation was changed to a negative sign in the spreadsheet for the correct interpretation of the final data in the analysis in the statistical program. After treatment with each orthobiologic, final scores from these questionnaires were recorded.
2.4 Group analysis
Data extracted from studies included: 1) study details such as authors, sample size, intervention groups, and follow-up duration; 2) patient information including mean age, standard deviation, gender, and K-L scale (Kohn et al., 2016); 3) outcomes for pain and functional at 3, 6, and 12- months.
Due to the restricted number of studies at the end of the selection process and the availability of data, we choose a minimum of 2 studies for analysis according to the follow-up. Pain and functional scores outcomes were evaluated at 3-, 6- and 12- month follow-ups. In the 3-month pain outcome, all articles were included because they made PICOOT data available. In the functional score outcome, we only restricted the analysis to 2 articles in the 6-month follow-up due to lack of data.
In the intervention group of studies, we restricted the analysis to those who received the combination of PRP and hyaluronic acid. While in the control group, only in Palco et al. did the participants in the control group receive leukocyte-poor PRP (Palco et al., 2021).
2.5 Quality of evidence
In line with Cochrane guidelines, we employed the revised Cochrane risk-of-bias tool for non-randomized studies (ROBINS-I) to assess observational studies. The Cochrane risk-of-bias tool for randomized trials (ROB-2) was used to evaluate RCTs (Moher et al., 2009; Sterne et al., 2019). Pain was the primary outcome assessed using both ROBINS-I and ROB-2. Disagreements were resolved through consensus after discussion between the authors (MS and FV).
Considering that the level of evidence represents confidence in the information provided, the GRADE (Grading of Recommendation, Assessment, Development, and Evaluation) system was used, which assesses the quality of evidence for each available outcome. GRADE was a tool applied to assess the certainty of evidence in this Systematic Review, with four levels of classification: high, moderate, low and very low. Study design, publication bias, effect magnitude, dose-response gradient, and residual confounding factors were the main factors considered to determine the level of evidence.
2.6 Assessment of publication bias
Two review authors (FVZ; DVSC) assessed the risk of bias in each study by using the revised Cochrane risk of bias (RoB2/ROBINS-I tools). The examination domains included biases arising from the randomization process, deviations from intended interventions, missing outcome data, measurement of the outcome, and selection of the reported result. After responding to the signaling questions, one of three types of bias judgments was selected, namely “low,” “high,” and “some concerns.” In the case of conflicts, a third author (DTS) was contacted as an unbiased arbitrator. The limited number of studies (fewer than ten) precluded a quantitative analysis for small study effects or publication bias (Sterne et al., 2016).
2.7 Statistical analysis
Mean differences (MD) with 95% confidence intervals (CIs) were used as the measure of association when units were consistent; otherwise, standardized mean differences (SMD) were calculated when the measurements were reported in a non-identical way in each study, either with regard to the pain scale or the functional questionnaire (WOMAC/HHS) with individual interpretation for each final score. A restricted maximum likelihood (REML) random-effects model was applied using the inverse variance method (Schwarzer et al., 2019). As there were 03 studies in the systematic review, we limited the meta-analysis by comparing the means at different times, without using other statistical studies.
Statistical analyses were conducted with R software (version 4.3.0; R Foundation for Statistical Computing, Vienna, Austria). Heterogeneity was assessed using Higgins and Thompson’s I2 statistics. P-values less than 0.05 were considered statistically significant. Heterogeneity was categorized as high (I2 ≥ 50%), moderate (I2 25%–50%), or low (I2 < 25%) (Deeks et al., 2019).
3 RESULTS
3.1 Study selection and characteristics
As shown in Figure 1, the initial search yielded 1,657 results. After a meticulous review of titles, abstracts, and full texts, we eliminated 547 duplicate entries, and 1,092 studies that did not meet the criteria were excluded. At final selection, 18 studies remained for evaluation based on predetermined inclusion standards. From these, 3 studies were selected: 2 RCTs and 1 cohort study. These studies involved 190 participants, with 88 individuals receiving dual therapy.
[image: Flowchart for study selection process. Identification: PubMed yielded 559 results, Embase 830, Cochrane 268. Screening: 1,657 records screened; 547 duplicates removed, 1,092 excluded by title/abstract. Eligibility: 18 full-text articles reviewed; 3 trials not concluded, 5 review papers, 2 with no clinical studies, 5 lacked stratified data for hiplp. Included: 3 studies.]FIGURE 1 | PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) Flow diagram of study screening and selection to the studies identified with the search strategy.
There was a similar distribution by gender in both the control group (PRP treatment alone or leukocyte-poor PRP) and the intervention group (dual therapy), with a mean age of 50.62–64.9 years, considering the lack of data available in Dallari et al. (Dallari et al., 2016; Nouri et al., 2022). Patients were included based on both the clinical criteria and a radiological grading system, using the K-L scale. 2 studies included patients with K-L grades 2 and 3, while the last study split the sample to all grades. The molecular weight of HA was reported in 2 studies and ranged from 1,500 to 3,200 kDa. The studies’ characteristics are presented in Table 1.
TABLE 1 | Baseline characteristics of the included studies.
[image: Table summarizing studies on the use of platelet-rich plasma and hyaluronic acid. Columns include author and year, study design, Kellgren-Lawrence scale values, hips, follow-up months, molecular weight, group, sample size, age, and female count. Dallari et al. (2016) and Nouri et al. (2022) designs are RCTs; Palco et al. (2021) is a cohort study. Follow-up times are six or twelve months. Molecular weights and ages vary; some data are missing, indicated as MD.]3.2 Pooled analysis
3.2.1 Pain at 3, 6, and 12 months
Compared with PRP injections alone, combined PRP and HA injections resulted in significantly higher pain at 3 months (MD 0.35; 95% CI: 0.06–0.64; p = 0.02; I2 = 0%; Figure 2A) and 12 months (MD 11.92; 95% CI: 3.87–19.97; p < 0.01; I2 = 65%; Figure 2B). Nevertheless, the 6-month assessment showed comparable results between the approaches (MD 0.30; 95% CI: −0.28–0.88; p = 0.31; I2 = 66%; Figure 2C).
[image: Three forest plots comparing PRP plus HA and PRP alone for pain at different time intervals. Panel A shows data at 3 months with a standard mean difference favoring PRP plus HA. Panel B presents 6-month pain levels with mixed results, and Panel C shows 12-month data indicating minor differences. Each plot includes mean, standard deviation, total number, and confidence intervals with corresponding study weights.]FIGURE 2 | Forest plots for the following endpoints: (A) Pain at 3 months; (B) Pain at 6 months; (C) Pain at 12 months.
3.2.2 Functional score at 3, 6, and 12 months
The analysis revealed no statistically significant variations in functional outcomes between groups at 3-, 6-, 12- months. The results were as follows: (MD -0.35; 95% CI: −0.85–0.15; p = 0.17; I2 = 66%; Figure 3A), (MD -6.36; 95% CI: −18.72–6.00; p = 0.31; I2 = 88%; Figure 3B), and (MD -0.27; 95% CI: −0.61–0.07; p = 0.12; I2 = 0%; Figure 3C), respectively. All three studies show no improvement in functional scores, likely due to greater joint damage as classified by the Kellgren-Lawrence scale. This damage, particularly the reduced femoro-acetabular joint space, may result in mechanical blockage, limiting the potential impact of the synergistic effect of orthobiological combined treatments. In the study by Dallari et al., patients are distributed across the four K-L grades, while in the other studies, they are distributed across K-L grades 2–3, which justifies a population sample with more advanced joint degeneration (Palco et al., 2021; Dallari et al., 2016; Nouri et al., 2022).
[image: Forest plot consisting of three panels (A, B, C) illustrating comparisons of PRP combined with HA versus PRP alone on functional scores at different months. Each panel includes study details, mean scores, standard deviations, and total sample sizes. Standardized mean differences and mean differences are displayed with 95% confidence intervals. Small blue squares represent individual study results, while horizontal lines indicate confidence intervals. A diamond at the bottom of each panel represents the overall effect estimate. The x-axis shows standard mean difference, favoring PRP combined with HA on the left and PRP alone on the right.]FIGURE 3 | Forest plots for the following endpoints: (A) Functional score at 3 months; (B) Functional score at 6 months; (C) Functional score at 12 months.
Interpretation of findings about NRS and functional outcomes showed no significant differences, but the confidence intervals are wide, suggesting low statistical power.
3.3 Risk of bias evaluation
As shown in Supplementary Figure S1A, the two RCTs exhibited some concerns about this confounding factor. Both were unable to blind the patients given the need to collect blood samples to prepare PRP before its administration. However, given that this was the only point of deviation in the direction of bias - and inherent to the type of intervention - we maintained the level of bias as “some concerns.” Additionally, Supplementary Figure S1B reveals that Palco et al., had some concerns in the ROBINS-I evaluation. These concerns primarily arose from issues related to confounding and participant selection (Sterne et al., 2016; Palco et al., 2021; McGuinness and Higgins, 2021). This figure shows overall concerns, primarily due to confounding issues.
3.4 Quality assessment
The GRADE quality assessment revealed very low confidence in pain at 3 months and functional score at 12 months, moderate confidence in both outcomes at 6 months, and high confidence in pain outcome at 12 months. The very low and low confidence ratings were due to serious concerns about inconsistency and imprecision in the studies. Consequently, the actual effects may differ from the estimated effects, as depicted in Supplementary Figure S2. The GRADE assessment was performed using GRADEpro GDT (GRADE pro Guideline Development Tool, McMaster University and Evidence Prime, 2024) (Guyatt et al., 2011).
The GRADE quality assessment indicated very low confidence in the functional score outcome at 3 months, low confidence in both pain at 3 months and functional score at 12 months, moderate confidence in pain and functional score at 6 months, and high confidence in pain at 12 months.
4 DISCUSSION
With the inclusion of 3 studies, representing 190 patients, we evaluated the comparative efficacy of intra-articular PRP with versus without HA for managing pain in patients with HOA in any K-L scale awaiting arthroplasty. Our findings revealed: 1) a statistically significant reduction in NRS at 3 and 12 months favoring the PRP group, and 2) no significant improvement in functional scores at any follow-up or in NRS at 6 months. In addition, no significant improvement in pain was noted at 6 months and in functional outcome at any follow-up.
In chronic joint inflammatory processes, there is a reduction in the MW and concentration of HA. When considering viscosupplementation in hip osteoarthritis, studies have shown better clinical response with the use of high molecular weight and severity according to the K-L scale up to 6 months. In this systematic review, we observed that even the use of medium MW (1,500–3,200 kDa) HA was related to a reduction in pain levels for up to 12 months (Schünemann et al., 2013; Wu et al., 2021). However, we observed a lack of standardization in both the molecular weight of HA and the preparation of PRP, which makes a more accurate analysis of the results difficult. A beneficial clinical response is observed when comparing PRP alone with corticosteroids in hip or Knee osteoarthritis in longer follow-ups. In addition to the short duration of pain relief with corticosteroids, it also brings adverse effects that limit their use (Zhao et al., 2020; Freire et al., 2020). However, the use of PRP alone as a regenerative therapy has been more studied, with less than encouraging results, despite knowing its biological properties and safety of use in hip osteoarthritis during a similar period (Pogliacomi et al., 2018).
Regarding knee osteoarthritis of mild and moderate severity, the benefit of dual therapy has been observed in pain control for up to 1 year, while functional improvement is maintained only for the first 3 months (Medina-Porqueres et al., 2021). Given the larger number of studies with bigger sample sizes on the use of orthobiologicals in knee osteoarthritis, we applied this understanding to the hip. It is noted that in knee osteoarthritis, there are better results in pain control and joint function with the addition of HA to PRP than with PRP alone, up to 1 year of administration follow-up. However, combined therapy proved to be superior in long-term follow-up at 2 years. Otherwise, the Gao et al. study shows superiority of the therapy compared to monotherapy, HA, or PRP alone. Still considering this segment, conflicting results have been reported with PRP monotherapy vs. PRP plus HA because there is no standardized procedure for preparation and specific dosage of PRP (Gao et al., 2024; Lana et al., 2016; Howlader et al., 2023; Cole et al., 2017).
Nevertheless, although the basic scientific rationale for adding HA is convincing due to its rheological properties, randomized clinical studies have shown no statistical significance in knee osteoarthritis. It confirmed the benefit in the clinical parameters of pain and function and the improvement both with the isolated use of PRP and with dual therapy using HA of different MW. Even with the comparison between groups, there was no superiority of any intervention (Garcia et al., 2020; Gormeli et al., 2017). The non-discrimination of MW in one of the studies included in our systematic review did not allow the analysis of the results according to this variable since HA with a MW < 3,200 kDa was used. But even so, we observed that regardless of the molecular weight of HA, there was no contribution to pain improvement when associated with PRP. This differs from other studies, corroborating the positive effect of high MW infiltrations in hip joint osteoarthritis (Safali et al., 2024).
This study is the first systematic evaluation of the clinical response of dual therapy (PRP + HA) versus PRP alone for HOA. Considering the paucity of studies in HOA, our results regarding pain outcomes in monotherapy with PRP are similar to the Baria et al. (2022), which saw similar results in knee osteoarthritis (Baria et al., 2022). However, no significant improvement in functional score was found in dual therapy at any follow-up when compared with the PRP group (Filardo et al., 2021). When analyzing the clinical results in younger patients and those with less structural cartilage damage, a better response is seen with the use of PRP alone, but even so there are few studies that support this statement in both knee and hip osteoarthritis. In this way, the results of the functional score using orthobiologics in HOA demonstrate a reduction in pain about specific domains, but considering the final score, no improvement was found (Jacob et al., 2017). However, it is important to notice that this outcome involves many variables, especially within the biopsychosocial context, which may influence these findings (Bennell et al., 2017). While the response to PRP monotherapy in HOA is beneficial for up to 1 year, there is no significant improvement when compared to HA in the same period, when considering intra-articular hip pathologies and any MW of HA (Zaffagnini et al., 2022).
In regulatory and ethical considerations on the use of combined therapy, we have seen that PRP is considered a biological product and may be subject to different regulatory frameworks depending on the country and must be prepared from fresh blood and used during the same medical session and in the same room. HA, on the other hand, is often classified as a medical device or a drug. Given the lack of specific guidelines, it is advisable to consult local regulatory authorities before mixing PRP with HA ex vivo. Ensuring compliance with general standards for autologous product preparation and medical device use is crucial. Transparency with patients regarding risks and benefits were essential in all studies. There are ethical concerns and the patients must be appropriately consented in each study.
This study has limitations. The number of published trials available on databases was a significant impediment in formulating this systematic review, with many of the included studies of low confidence ratings not in accordance with the Consolidated Standards of Reporting of Trials (CONSORT) (The CONSORT Statement, 2022), which may limit the reliability of the conclusions. As one of the studies was a retrospective cohort with a reduced sample size, it also represents a factor that prevents a more accurate inference from the general population. Second, the relatively small sample size of 102 patients in the PRP group and 88 patients in the PRP + HA group in the final analysis of the selected studies could affect the generalizability of the results. Third, the variability in study design (including two RCTs and one cohort study) and follow-up duration may introduce methodological and statistical heterogeneity. Considering the different PRP preparation techniques, the MW of HA and the frequency of joint infiltrations that show variation in results also contribute to high heterogeneity. Fourth, the scales used to analyze pain and functional deficit of the hip differed across studies, and this is one more factor that introduces bias in the outcomes. The lack of significant improvement in functional scores suggests that while pain management might be enhanced, the overall clinical benefit remains unclear. These limitations can be addressed by using orthobiologicals with standardized PRP preparation methods and higher molecular weight HA in patients with similar degrees of hip osteoarthritis. This approach could improve the measurement of outcomes, aiming to enhance clinical applications and provide greater benefits to patients.
5 CONCLUSION
The outcomes analyzed in this meta-analysis suggest that the utilization of dual therapy versus PRP in the context of HOA confers a significant reduction in pain. However, this does not apply to the improvement in quality of life-related to the application of functional questionnaires at any follow-up time without statistical significance. The addition of HA did not influence the improvement in clinical response to pain and function outcomes. Finally, we found a significant reduction in pain at 3- and 12- months, favoring joint infiltration with PRP alone, relative to HA plus PRP, which leads to maintenance of clinical improvement for a longer period, even considering it is a chronic degenerative disease. Although our results showed promising results favoring the use of orthobiologics, we understand that the low number of trials and sample size limits make our conclusions preliminary warranting more trials with larger population samples. Nevertheless, large sample sizes are also warranted to validate our findings about the benefit of HA plus PRP in HOA before these results are implemented in clinical practice. We recognize that standardized PRP/HA protocols are needed before strong clinical recommendations can be made that provide a more balanced interpretation. Therefore, high-quality RCTs and longer follow-up periods (>12 months). Are warranted to understand the clinical benefit of HA plus PRP in HOA.
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Objective: Osteoarthritis (OA) is a widespread and debilitating joint disease characterized by synovial inflammation, cartilage degeneration, and chronic joint pain. Mesenchymal stromal cells (MSCs) have shown therapeutic efficacy for many diseases with a strong inflammatory profile, including OA. However, the disease-specific mechanisms of action underpinning the effects of post-local MSC delivery remain unaddressed. In this study, we aimed to characterize the disease-induced profile of MSCs following exposure to the in vivo osteoarthritis environment.Methods: Murine syngeneic GFP + bone marrow-derived MSCs (BM-MSCs) were delivered via intra-articular injection in a mouse collagenase-induced osteoarthritis (CIOA) model (n = 8). BM-MSCs were retrieved by cell sorting on days 14 and 56, following whole mouse knee digestions. The retrieved cells were expanded in culture and characterized based on their phenotype, immunomodulatory effects on lymphocytes and macrophages, and transcriptomic profile.Results: Retrieved BM-MSCs (1.33%) had minimal effects on lymphocyte proliferation but induced macrophage anti-inflammatory activity. Surviving retrieved BM-MSCs activated various pathways, with their secretome impacting immune system regulation and extracellular matrix organization, correlating with the disease stage. Data comparing the transcriptomic profiles of retrieved and in vitro-licensed BM-MSCs suggested a chondroprogenitor profile and identified BRINP3 as a novel factor in MSC function for potential OA modulation.Conclusion: The beneficial effects of BM-MSCs in OA post-local delivery could be attributed to a specific subset of cells able to resist the micro-inflammatory milieu and contribute to cartilage healing and suppression of associated synovial inflammation. Furthermore, data suggest a paradigm of environmentally guided plasticity associated with MSCs upon local delivery in both early and late OA.Keywords: mesenchymal stromal cells, osteoarthritis, murine model, disease-stage response, chondroprogenitor cells
1 INTRODUCTION
Osteoarthritis (OA) is a widespread, debilitating, and chronic joint disease characterized by inflammation and degradation of articular cartilage (AC). It is a major global contributor to disability, becoming more prevalent in aging populations with a severe impact on the quality of life (Das and Farooqi, 2008; Yucesoy et al., 2015). It also represents a significant economic burden in terms of loss of income and healthcare delivery (Xie et al., 2016). Despite the global burden, OA is still an untreatable disease with no pharmacological, biological, or medical intervention that reverses the degradative course. As such, there is a clear need for disease-modifying interventions that can slow progressive joint destruction, reduce pain, restore function, and delay or eliminate the need for joint replacement.
AC injuries are difficult to treat with slow cellular turnover, contributing to limited intrinsic reparative capacity (Sophia Fox et al., 2009). Endogenous mesenchymal stem/stromal cells (MSCs), localizing to synovium, synovial fluid, fat pad, the superficial zone of AC, perichondral groove of Ranvier, and meniscal red zone, can be recruited in response to OA, traumatic injuries, and aging. However, due to age-related and disease-induced changes, the capacity of endogenous MSCs to induce significant disease amelioration is limited (Mantripragada et al., 2019). The ability of MSCs to respond to the injured joint environment in vivo by secreting reparative factors was first shown in a caprine model of OA. In this model, cells injected into joints subjected to meniscectomy and anterior cruciate ligament destabilization engrafted onto the synovium and the surface of the regenerated, host cell-derived medial meniscus (Murphy et al., 2003). Although engrafted MSCs survived for at least 6 weeks post intra-articular (IA) injection, they did not differentiate into chondrocytes in vivo but significantly impeded the progression of osteoarthritic symptoms. In addition, IA administration of murine MSCs resulted in minimal engraftment in arthritic knee joints in multiple studies (8) with a decreased expression of inflammatory mediators in the synovium described in the collagenase-induced OA model (CIOA) in mice (Ter Huurne et al., 2012; Schelbergen et al., 2014). Associations between apoptosis and MSC-based immunosuppressive effects were first shown in a graft-versus-host disease model, where intravenously introduced MSCs underwent apoptosis; apoptotic cells were phagocytosed by macrophages with induced release of indoleamine-pyrrole 2,3-dioxygenase (IDO), promoting the resolution of inflammation (Galleu et al., 2017).
We hypothesized that MSC-induced OA modulation following local delivery is initially associated with apoptosis-mediated immune reprogramming through phagocytosis by synovial lining macrophages, and surviving MSCs were licensed through exposure to the inflamed OA joint environment, enabling them to respond by molecular reprogramming specific to the “injured” environment. To investigate the fate and molecular mechanisms underpinning MSC therapeutic effects in OA, syngeneic eGFP BM-MSCs were retrieved from whole joint digests using fluorescence-activated cell sorting (FACS) after local IA delivery in a murine OA model induced by collagenase type VII. Molecular and phenotypic characterization of the surviving implanted cells was performed to identify mechanisms underpinning 1) the MSC therapeutic response after joint injury and 2) the molecular response to the established OA environment.
2 MATERIALS AND METHODS
2.1 Isolation of murine BM-MSCs
Wild-type (wt) BM-MSCs were isolated from C57BL/6 mice (Charles River Laboratories, Margate, Kent, United Kingdom). GFP + BM-MSCs were isolated from C57BL/6-Tg (UBC-GFP) 30Scha/J mice (Jackson Laboratory, Bar Harbor, ME, United States) (Da Silva Meirelles and Nardi, 2003). All animals (male, 8–12 weeks) were maintained on a 12-h light/dark cycle with ad libitum access to standard laboratory chow and water. All procedures were approved by the Animal Care and Research Ethics Committee (ACREC) of the National University of Ireland, Galway, and conducted under licenses issued by the Health Products Regulatory Authority (HPRA), Dublin, Ireland.
Following euthanasia, femurs and tibias were dissected, and the flushed BM was filtered using a 40-μm cell strainer and centrifuged at 400x g for 10 min. The obtained pellet was stained with trypan blue (Sigma-Aldrich), and the cells were cultured at a density of 2 × 106/cm2 in a humidified 5% CO2 incubator at 37°C for 3–5 days. The medium was changed to remove non-adherent cells, and BM-MSCs were fed every 3–4 days until they reached ∼80% confluence. At this point, they were detached using trypsin/EDTA (ethylenediaminetetraacetic acid) (Gibco, Thermo Fisher Scientific) and re-plated at a density of 5 × 103/cm2.
2.2 Intra-articular injection
Experimental CIOA was initiated bilaterally in the knee joints of C57BL/6 mice by IA injection of 1 unit of purified bacterial type VII collagenase (Sigma-Aldrich) in 7 μL of physiological saline. The control group (sham) received saline only, with n = 6 mice per each group. IA injections were performed under isoflurane-induced anesthesia using a 10-μL syringe (Hamilton Company, Nevada, United States) with a 27G needle inserted laterally to prevent patellar ligament damage. Two collagenase treatments were carried out on days 0 and 2. On day 7, the mice received an IA injection of 2 × 105 GFP + BM-MSCs suspended in 7 µL of α-MEM (Gibco, Thermo Fisher Scientific). All animals were included in the analysis.
2.3 Digestion of whole mouse knees
C57BL/6 mice were euthanized 12 h and 72 h post-BM-MSC delivery by CO2 overdose, followed by cervical dislocation. Whole limbs were removed and cleaned of muscle tissue while preserving the synovium. The AC was exposed by the dissection of the synovial membrane along with the frontal cruciate ligament. The exposed tissue was incubated with 100 µL of 1 mg/mL collagenase type I (Clostridium histolyticum, Sigma-Aldrich C0130). After 3 h, the released cell suspension was collected, and fresh collagenase was added for an additional 3 h. Knee digests from the same experimental groups were pooled.
2.4 Cell sorting
For FACS-coupled cell sorting of the retrieved BM-MSCs, the cell suspensions were washed in FACS buffer (PBS, 1% FBS, 2 mM EDTA, and 25 mM HEPES) and sorted using FACS Aria (BD Biosciences). Controls for establishing gating included a non-injected knee digest and a knee digest spiked with 1 × 105 GFP-MSCs. DRAQ7 viability dye was used to exclude dead cells. Receiving tubes were pre-coated with FBS and filled with 1 mL of the MSC culture medium. Retrieved BM-MSCs were cultured in this medium, fed every 3–4 days, and passaged at approximately 80% confluence until passage 2. Cell-conditioned medium (CM) was collected at after 48 h of passage 2 culture, and cell debris was removed by centrifugation.
2.5 Immunophenotyping of naïve and retrieved BM-MSCs
For immunophenotyping, cells were stained using antibodies (Supplementary Table S1) targeting CD105, CD106, CD146, CD44, and Ly-6A/E (Sca-1) (BioLegend); CD140b and CD29 (eBioscience); and CD90.2, CD11b, and CD45 (BD Pharmingen) in FACS buffer (PBS with 2% FBS and 0.05% sodium azide (NaN3) at 4°C in the dark for 30 min. Isotype controls were used to differentiate non-specific background signals. All samples were analyzed on a FACS Canto A (BD Biosciences) using FACS Diva software (BD Biosciences).
2.6 ELISA assays for cytokine quantification
Next, we investigated the immunomodulatory ability of retrieved cells from SHAM and CIOA joints (Section 1.2 of Supplementary Material and Methods). Commercially available ELISA kits were used to determine the concentration of soluble cytokines in MSC and BMDM culture media, as per the manufacturer’s instructions. For IL-10, IL-12 p70, and TNF-α, DuoSet ELISAs (R&D systems DY417, DY419, and DY410) were used with minor modifications to the manufacturer’s protocol. These cytokines have been previously identified in the osteoarthritic synovial fluid of human patients with knee OA (Sohn et al., 2012) and validated in a preliminary study aimed at identifying the in vivo inflammatory profile of the CIOA model (Section 1.3 of Supplementary Material and Methods; Supplementary Table S5). In brief, 96-well flat-bottom plates were coated with rat anti-mouse IL-10/IL-12 p70/TNF-α capture antibodies, diluted in PBS, and incubated overnight at RT. Following sample incubation, plates were washed, and biotinylated goat anti-mouse IL-10/IL-12 p70/TNF-α detection antibodies diluted in reagent diluent were added. After incubation, plates were washed, and streptavidin-horseradish peroxidase (1:200 dilution) was added. Plates were incubated and washed, and the TMB/E substrate solution (Merck Millipore) was added, followed by a stop solution (2N H2SO4). Optical density was determined using a Wallac 1420 Victor 3 plate reader set to 540/450 nm. For PGE2 quantification, the Parameter Assay Kit (R&D systems KGE004) was used.
2.7 Nitric oxide assay
The amount of nitric oxide (NO) present in cell culture supernatants was measured using Griess assays. In brief, Griess reagent, consisting of H2O, 1% sulphanilamde, 0.1% naphthylethylene diamine, and 5% phosphoric acid, was added in a 1:1 ratio to samples or standards (sodium nitrite, NaNO2, 1,000 to 15.625 μM in culture medium), and incubated for 10 min at RT in the dark. Optical density was determined using a Wallac 1420 Victor 3 plate reader set to 540 nm.
2.8 Retrieval and molecular analysis of BM-MSCs
GFP + BM-MSCs from sham or CIOA knee joints were sorted directly into ice-cold PBS, snap-frozen, and stored at −80°C. Control, non-injected GFP-MSCs (5 × 103) treated with 50 ng/mL of IL6 or a combination of 50 ng/mL IL6, IFN-γ, and monocyte chemoattractant protein-1 (MCP-1) (triple licensing cocktail) were also included for analysis. RNA was isolated from all samples using the RNeasy® Micro RNA Isolation Kit (QIAGEN), following the manufacturer’s instructions and making the following adjustments due to the low cell numbers available. RNA was quantified using the RNA 6000 Pico Kit and analyzed using the Bioanalyzer 2100 (both from Agilent Technologies). First-strand cDNA synthesis was performed using the SMART-Seq® v4 Ultra® Low Input RNA Kit (TaKaRa Bio USA, INC.), and cDNA quality was determined using bioanalyzer high-sensitivity DNA chips. Following quality control using the bioanalyzer, tagmentation was performed using the Nextera XT DNA Sample Preparation Kit and Nextera XT DNA Index Kit (both from Illumina). Once tagged, samples were normalized and pooled. Sample quality control was performed prior to sequencing at the Genomics Core Technology Unit (Queen’s University Belfast, Northern Ireland), and FASTQ files were generated for further bioinformatics analysis (Section 1.5 of Supplementary Materials and Methods).
2.9 Immunofluorescence staining validation
Murine joints were dissected, fixed in 10% formalin for 1 h, and decalcified in 10% EDTA in PBS for 2 weeks at 4°C. E14–E15 embryonic mouse limb sections (Murphy et al., 1999) and chondrogenic pellets from human BM-MSCs and articular cartilage progenitor cells (ACPs) (Anderson et al., 2018) were analyzed. For the latter, 1 × 105 cells/pellet were processed for chondrogenic differentiation induced by 10 ng/mL TGF-β3 (Peprotech) and 100 ng/mL BMP-2 (Peprotech) at 2% O2 and 5% CO2 for 28 days. The pellets and decalcified mouse joints were washed, fixed in 10% formalin, dehydrated (Leica ASP300 S), paraffin embedded, sectioned, and mounted for IF staining. Fixed or fixed and decalcified sections were heated at 60°C for 1 h and rehydrated in graded ethanol (100%–75%) before antigen retrieval using 1 mg/mL pronase in PBS for 5–10 min and blocked with 10% goat serum for 1 h at room temperature. The primary antibodies anti-FAM5C (ab254837, Abcam), anti-lubricin/MSF (ab254937), and anti-Collagen II (ab185430) were applied overnight (1:100–1:200) at 4°C, and the signal was visualized post 1 h incubation with the corresponding secondary fluorochrome-conjugated antibodies (Anti-rabbit IgG (H + L), F (ab’) 2 Fragment–Alexa Fluor 488, Alexa Fluor 555; and Anti-mouse IgG (H + L), F (ab’) 2 Fragment–Alexa Fluor 555, Cell Signaling Technology) at room temperature with DAPI-mounting medium used for nuclei staining. BRINP3 antibody specificity was validated in human teratomas (Supplementary Figure S11) and rabbit isotype control IgG (ab37415, Abcam) was used in tested samples to confirm BRINP3 signal specificity. Confocal microscopy images were taken using the Olympus Fluoview FV3000 Microscope (FV31S-SW software).
2.10 Statistical analyses
Statistical analysis was performed using GraphPad Prism version 5. Significance was assessed using one-way or two-way ANOVA, followed by a Tukey test. Error bars represent the mean ± standard error of the mean (SEM) of biological replicates, and p-values ≤0.05 were considered statistically significant. Statistical significance was assessed. When the sample number was n ≤ 3, data were considered biological replicates (different donor), and where biological replicates were not available (n = 1), the mean ± SEM of technical triplicates is shown without statistical analysis.
3 RESULTS
3.1 Characterization of retrieved vs. naïve BM-MSCs
QDot-labeled syngeneic MSCs (2 × 105) were delivered to CIOA mouse joints by IA injection to quantify cell survival using Cryoviz imaging (Supplementary Figure S1). A single cluster of cells was detected in the joint 1 h post-delivery, with 1.4% of injected cells surviving at 72 h, indicating rapid clearance of the majority of delivered cells. Similarly, retrieval optimization experiments performed in healthy mice (n = 4; 8 knee joints) with 2 × 105 GFP + BM-MSCs delivered via bilateral IA injection recovered only 1.627% of the injected cells (Supplementary Figure S2). When these transplanted, retrieved, and sorted GFP + BM-MSCs were cultured, they proliferated with growth kinetics and morphology similar to the control (untransplanted) population. Retrieved cells showed increased clonogenicity as measured by CFU-F activity and demonstrated greater osteogenic and chondrogenic propensity compared to control cells (Supplementary Figure S3). Data indicated the retrieval of a small population of engrafted cells that retained overt characteristics of BM-MSCs.
Experiments (n = 3) involving the delivery and retrieval of GFP-MSCs in CIOA joints were then assessed. In brief, 2 × 105 BM-MSCs were delivered bilaterally via IA injection to knees previously treated with collagenase Type VII to induce CIOA or saline as a control (sham) (n = 6; 12 knee joints). Three days post-administration, whole joints from both groups were exposed and digested to generate single-cell suspensions. GFP+ cells were separated from the suspension by fluorescent cell sorting. Yields varied between 0.01% and 0.332% of 2 × 105 cells injected (Supplementary Table S2). The mean quantitative recovery of cells from OA joints (0.134% of injected cells) was consistently higher than that from sham joints (0.02% of injected cells), suggesting greater persistence of engrafted cells in the OA environment. Retrieved GFP + BM-MSCs formed characteristic colonies in cultures with comparable morphology and proliferation rates to control non-injected MSCs. Control GFP + BM-MSCs (CTRL) and retrieved sham- and CIOA-injected cells were negative for CD45, CD31, and CD11b, with Sca-1, CD29, and CD140b highly expressed. CD105 and CD90 were minimally detected in both cell populations (Figure 1).
[image: Graph A shows a positive trend over time across three groups (CTRL, SHAM, CDCA) with a bar chart below representing mean values. Image B includes greyscale and fluorescence images of cells under three conditions (CTRL, SHAM, CDCA) across three phases (P0, P1, P2). Graph set C displays multiple flow cytometry plots for each condition, showing data distribution changes among the groups.]FIGURE 1 | Characterization of BM-MSCs retrieved from the CIOA joint. (A) Proliferation of retrieved BM-MSCs and CFU-F efficiency at passage 2 post-retrieval; mean + SEM (n = 3). (B) Representative images of sorted cells; bright field (left) and FITC (right); scale bar, 100 µm. (C): Surface marker expression of retrieved MSCs.
3.2 Retrieved MSCs exhibit an immunomodulatory effect on T cells and bone marrow-derived macrophages
The assessment of immunomodulation by non-injected (Ctrl), sham, and CIOA-retrieved BM-MSCs revealed that MSC populations were unable to inhibit T-cell proliferation in co-culture experiments, except for the inhibition of CD8-positive cells by sham-retrieved BM-MSCs (Figure 2).
[image: Grouped bar charts display various parameters in five panels labeled A to E. Panel A shows GDP-L-galactose, B depicts GDP-xylose, C illustrates GDP-L-fucose, D highlights pathway visuals, and E presents parameters like FucA, FKP, KdsB, and Fcl. Each chart presents comparative data across different conditions with measurements on the y-axis and categories on the x-axis. Error bars indicate variability.]FIGURE 2 | Immunomodulatory potential of retrieved BM-MSCs. (A) Proliferation of CD4+ and CD8+ T cells after the third generation, quantified by CTV staining. (B) Expression of CD25 by CD4+ and CD8+ T cells. (C) CD4+/CD8+ T cell relative quantity. Secretion of NO, PGE2, IL12p70, IL-10, and TNF-alpha from (D) naïve (CTRL) or retrieved BM-MSCs from the sham and CIOA experimental groups and from (E) BMDMs in activated or resting state and/or treated with conditioned media from control, sham, and CIOA BM-MSCs (data were shown as the mean ± SEM (n = 3). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. Statistical significance compared to activated macrophages (ACTIV) as positive control, unless indicated by brackets.
Bone marrow derived macrophages (BMDMs) were cultured with CM from control, sham, and CIOA-retrieved BM-MSCs. BMDMs released anti-inflammatory IL-10 in response to LPS-mediated activation; while naive MSC-CM induced low IL-10 levels, CM from SHAM- and CIOA-challenged MSC upregulated IL-10 compared to both macrophages alone and the CTRL-MSC-treated sample. Macrophages exposed to the CIOA environment produced IL10 at levels significantly higher than sham and control BM-MSCs. Immunosuppressive effects of BM-MSCs were supported by decreased, although not significant, TNF-α levels. PGE2 was detected at similar levels in all BM-MSC supernatants, whereas activated and resting BMDMs released PGE2 at comparable levels. Low levels of IL-12 p70 were produced by MSCs, while BMDMs showed high secretion in all groups (Figure 2).
3.3 Establishment of the molecular therapeutic phenotype of MSCs in osteoarthritis
Optimal times for cell retrieval to define molecular changes were selected by defining the inflammatory environment in mouse joints and local and systemic macrophage profiles (Supplementary Figure S4). A mouse cytokine panel was designed based on the expression of inflammatory cytokines in the human OA synovial fluid (Sohn et al., 2012) and joint cytokine levels in CIOA, determined 7 to 56 after the first injection of collagenase type VII or saline. Relative levels of selected factors in CIOA versus sham joints demonstrated a pattern of expression where MCP-1, IFNγ, IL-6, RANTES (CCL5 (Chemokine (C-C motif) ligand 5), IL-13, and TNFα showed peak of expression (Supplementary Figure S5). Days 14 and 56 were chosen as selected time points for the injection of MSCs (Ferrao Blanco et al., 2022) for retrieval 12 h and 3 days post-injection to generate the MSC therapeutic signature in OA. For this purpose, additional retrieval experiments were conducted. Supplementary Figure S6, summarizing the numbers of retrieved MSC populations from n = 8 mice (16 knee joints)/per group and timepoint, indicates that significantly more MSCs survived and engrafted in CIOA compared to sham-injected joints, with increased fold recoveries ranging from 1.9 (56 days CIOA, 3-day) to 4.4 fold (14 days CIOA, 0.5-day).
An initial heat map assessment of the RNAseq analysis indicated the extensive gene upregulation and activation of multiple pathways at the 12-h retrieval time point for both early and late CIOA (days 14 and 56, respectively) (Supplementary Figure S7). The 3-day retrieval time point was, therefore, used to identify therapeutic mechanisms. On days 14 and 56, respectively, 878 and 1,606 differentially expressed genes (DEGs) were identified between BM-MSCs retrieved from CIOA and SHAM knee joints. The top 100 upregulated and downregulated genes are listed in Supplementary Tables S6–S9. Figure 3A shows the 10 most significantly upregulated and downregulated genes in each group. Upregulated genes in early OA retrieved cells were associated with promoting cell survival and proliferation, repression of apoptosis through Akt signaling (PROKR1), TGF-beta/SMAD activation (MEGF6), and autophagy (ATP6V0D2), indicating an association between autophagy and cell survival.
[image: Charts depict gene expression analysis data. Section A shows bar charts of top up-regulated and down-regulated DEGs in different datasets. Section B presents pathway analysis with bar charts indicating positive and negative z-scores. Section C is a Venn diagram illustrating gene set overlaps. Section D is a table listing top canonical pathways with p-values and overlap percentages.]FIGURE 3 | Identification and bioinformatics analysis of DEGs in day 14- and day 56-retrieved cells. (A) Top 10 upregulated and downregulated DEGs in 14D and 56D, expressed as log2fold change. (B) Top 10 canonical pathways identified with the ingenuity pathway analysis on 14D and 56D. (C) Overlap of DEGs between 14D and 56D with a representative heatmap of similarly and differently expressed genes. (D) Canonical pathways associated with the common DEGs between 14D- and 56D-retrieved BM-MSCs, ranked based on their p-value. For each pathway, the gene overlap compared to the IPA database is shown as numerical value and percentage.
BM-MSCs retrieved at the later OA stage play an immunomodulatory role, interacting with local immune cells through the complement cascade (C1QB and C1QC), secretion of cytokines and adipokines (LCN2 and CXCL3), growth factors (PGF), and cells expressing M2 macrophage markers (ARG1).
All DEGs were analyzed to generate canonical pathways associated with early and late OA retrieved cells using ingenuity pathway analysis (IPA) (Figure 3B). In 14D retrieved cells, “leukocyte extravasation signaling” was associated with the highest activation, while “inhibition of matrix metalloproteinases” and “EIF2 signaling” had the lowest activation z-scores. The highest activated pathways in 56D retrieved cells were “TREM1 signaling,” “dendritic cell maturation,” “role of pattern recognition receptors in recognition of bacteria and viruses,” “complement system,” and “apelin cardiomyocite signaling pathway,”, while “role of NFAT in cardiac hypertrophy” had a negative activation z-score (Figure 3B). The cellular molecular fingerprint predicted upstream regulators at both time points. For early OA-retrieved MSCs, IL-1 beta, IFN-gamma, NF-kB, and HIF-1 alpha were the most activated upstream regulators, with TCL1A, STAT3, IL-1 beta, OSM, and CCR3 associated with 56D cells (Supplementary Table S10).
An analysis of DEGs identified in early and late OA-retrieved MSCs identified 156 common elements (Figure 3C), and for these, the top five canonical pathways were identified in IPA (Figure 3D). “Role ofmacrophages, fibroblasts, and endothelial cells in rheumatoid arthritis” showed the highest p-value and gene overlap score, indicating a potential immunomodulatory role in cells retrieved from both time points.
All differentially expressed genes were further analyzed for Gene Ontology (GO) enrichment annotations for biological processes, molecular functions, and cellular components. Supplementary Table S11 lists the top five most enriched terms for each ontology in both datasets.
In 14D-retrieved BM-MSCs, the five most enriched GO biological processes were associated with ECM metabolism, regulation of cell migration, and establishment of apical–basal polarity. These terms suggest that MSCs are directly involved in the maintenance of ECM structural integrity, with increased migratory abilities toward injury sites. In 56D-retrieved BM-MSCs, the five most enriched GO biological processes were related to immune processes involving leukocyte aggregation, macrophage differentiation, and T-helper cell differentiation, as well as transport of amino acids. These may suggest that MSCs injected and retrieved in the later CIOA stage exhibit strong immunomodulatory activities through a synergy of mechanisms involved in CD4-positive T-cell and macrophage differentiation. This finding was also supported by the expression of chemokine receptors, promoting interactions with chemokines secreted by the microenvironment. A possible mechanism to counterbalance autophagy-mediated deprivation of essential molecules might be mediated by the upregulation of transport complexes and the enrichment of extracellular amino acid uptake (Zhang et al., 2018).
3.4 Disease-related differences in the secretome profile of early and late OA-retrieved MSCs
To understand the molecular cross-talk between MSCs and the OA microenvironment, the predicted secretome in day 14- and day 56-retrieved cells was investigated, identifying 157 and 278 predicted secreted genes, respectively (39 common elements) (Supplementary Figure S8). More secreted elements were found in the late retrieved MSCs, indicating that at this disease stage, with overt OA changes to cartilage and synovium, a stronger MSC–OA interaction may be present. Clusters were generated to mimic the cellular structure, and interaction networks were organized based on subcellular components (Zhu et al., 2015). In both time points, the highest number of elements were located in the membrane and extracellular components, in line with the top KEGG pathways corresponding to cytokine–cytokine interactions and cell adhesion molecules (Figures 4, 5). Enrichment analysis showed functional differences between the time points, indicating that the disease stage influences the nature of the cellular secretome. Based on enriched biological processes (BPs), on 14D, the network of proteins seemed to be mainly involved in ECM organization and collagen metabolism, whereas on 56D, these were concentrated on chemotaxis and immune responses. Similarly, these differences were further observed in the identified reactome pathways, where catabolic and anabolic processes correlated with the extracellular matrix and collagen were enhanced on 14D, while chemotactic receptors and their activation were upregulated on 56D. Mapping the elements to various tissue sources resulted in the identification of similarities between the retrieved cells and certain cell types. These followed the same time-point-related pattern since 14D-retrieved cells seem to be similar to synoviocytes and articular chondrocytes, whereas 56D-retrieved cells had similarities with granulocytes, neutrophils, and blood cells, potentially indicating a role in the immune response.
[image: Diagram A visualizes the interaction between cellular components, with groups labeled such as extracellular, membrane, and nucleus connected by lines. Diagram B consists of bar charts showing various categories: Biological Process, KEGG Pathways, Molecular Function, Reactome Pathways, Cellular Component, and Tissue. Each category features bars representing different processes or components with False Discovery Rate (FDR) values.]FIGURE 4 | Analysis of the predicted secretome in 14D-retrieved cells. (A) Protein–protein interaction (PPI) network visualizing clustering results, where each cluster represents a cellular compartment. Unknown clusters contain elements not mapped to any specific cell location. Green lines represent STRING interaction lines (Zeng et al., 2022). (B) Representative enrichment results, including Gene Ontology elements, pathways, and tissues corresponding to the PPI network. Terms are ranked based on the FDR value, and for each term, the number of corresponding genes is represented.
[image: Diagram A shows a network of interconnected cellular components, including extracellular, membrane, cytoplasm, and vesicle, represented by circles of varying sizes and colors. Diagram B presents six bar charts displaying categories such as Biological Process, KEGG pathways, Molecular Function, Reactome pathways, Cellular Component, and Tissue, with bars indicating the number of genes and corresponding FDR values.]FIGURE 5 | Analysis of the predicted secretome in 56D-retrieved cells. (A) PPI network visualizing clustering results, where each cluster represents a cellular compartment. Unknown clusters contain elements not mapped to any specific cell location. Green lines represent STRING interaction lines, and the red lines are generated based on the published literature (Zeng et al., 2022). (B) Representative enrichment results including Gene Ontology elements, pathways, and tissues corresponding to the PPI network. Terms are ranked based on the FDR value, and for each term, the number of corresponding genes is represented.
3.5 Validation of BRINP3 as a therapeutic target: protein expression and licensing effects on mesenchymal stromal cells
To further analyze the predicted secretome of retrieved cells as therapeutically licensed by the OA environment, we compared 14D and 56D datasets with the predicted secretome of control groups: in vitro-licensed MSCs with IL-6 alone or IL-6, MCP-1, and IFN-gamma combined (Supplementary Figure S9). BRINP3, identified as a novel predicted secreted gene expressed by BM-MSCs in all groups, was selected for further validation. The possible role of BRINP3 in synovial joint development in mouse embryo histological sections was assessed in tissues corresponding to gestational age E14–E15 (Martin, 1990), enabling the assessment of involvement in synovial joint cavitation and cartilage differentiation confirmed by the positive expression of PRG4 (Rhee et al., 2005). BRINP3 and PRG4 were detected at the superficial layer of the distal end of the digit and in the interdigital tissue. Both signals were detected in specific joint-forming locations comprised of cells undergoing active proliferation and differentiation, such as the remnant element of the joint interzone transiting toward cavitation. Chondrocytes located near the proximal and distal regions stained positive; however, signal intensity seemed to be reduced in cells, assuming a hypertrophic phenotype, and no signal was detected in the developing bone subchondral plate (Figure 6A). Given the premise that BRINP3 protein is highly conserved among vertebrates (Kawano et al., 2004) and to further assess its role in cartilage development, expressions of chondrogenically induced human MSCs and AC progenitor cells (ACPs) were assessed (Anderson et al., 2018). BRINP3 expression was identified in both cell types at D28 (Figures 6B, C), with higher magnification (×60) images revealing a diverse pattern of the BRINP3 signal. Expression in MSC pellets was identified in the cell cytoplasm and ECM as positive for collagen II staining, as well as in the external pellet layer, suggesting that MSCs under these conditions might synthesize and secrete BRINP3. ACPs also formed chondrogenic pellets, as confirmed by Safranin-O staining, containing fibroblast-like cells that generated a dense ECM, where the BRINP3 signal was detected in cells and the pericellular matrix surrounding the cells.
[image: Microscopic images display various immunofluorescence and histological staining. Panels A through E show cellular and tissue structures with fluorescent markers. A, B, and D focus on specific protein expressions with different colored dyes. C and E include Safranin O staining to highlight tissue morphology and bone distinctions. Each image contains scale bars for reference, highlighting regions of interest with magnified views labeled A1 insets.]FIGURE 6 | Validation of BRINP3 protein expression by immunofluorescence detection. (A) BRINP3 and PRG4 expression in developing digits of mouse embryos (E14–E15). (B) Co-expression of BRINP3 and collagen-II in the extracellular matrix in 28-day chondrogenically differentiated human BM-MSCs. (C) Expression of BRINP3 in the extra-cellular matrix and histological evidence of chondrogenic differentiation with Safranin-O staining in 28-day chondrogenically differentiated human ACPs (D/E). Immunofluorescent detection of BRINP3 in articular cartilage and meniscus in a murine CIOA (D) and DMM (E) model. For reference of anatomical structures, Safranin-staining of consecutive sections has been included for the CIOA and DMM models.
The expression of BRINP3 was further assessed in animal-induced OA models to examine its possible role in cartilage degradation. In murine CIOA and surgical destabilization of the medial meniscus (DMM) models (Farrell et al., 2016; Figures 6D, E), the BRINP3 signal was detected in a monolateral pattern on the meniscal and articular cartilage surface, corresponding to the healthy section of the joint. The lack of proteoglycans evidenced with Safranin-O staining was evidenced at the contralateral joint structures in both models, suggesting that BRINP3 expression might be lost during the pathophysiological process affecting the OA joint.
From a functional perspective, licensing with recombinant BRINP3 contributed to the maintenance of a normal fibroblast-like morphology in human MSCs. In terms of immunomodulatory effects, there was an absence of IDO secretion and increased gene expression of PTGS-2, hence potentially affecting the secretion of PGE2, a known modulator of anabolic and catabolic processes in OA (Goldring and Berenbaum, 2004). This finding suggests a possible role in the immunomodulation in OA (Supplementary Figure S10).
4 DISCUSSION
The successful translation of MSC-based therapies from bench to bedside is still a persistent challenge in clinical practice. The missing link correlating mechanistic insights and clinical efficiency is an important barrier to the design of disease-relevant potency assays and effective clinical decision-making. To address the issue, we describe a strategy to characterize therapeutic mechanisms underpinning local MSC effects, whether delivered as a therapy to prevent the development of the disease post-joint injury or used to treat established OA. BM-MSCs were introduced via IA injection in a syngeneic murine CIOA model, mimicking autologous BM-MSC-based treatments, and surviving BM-MSCs were retrieved for analysis.
The results demonstrated that (1) the majority of cells do not survive 3-day post-delivery with impaired cell survival more evident in sham-injected mice, suggesting that the inflammatory milieu induces a survival stimulus; (2) retrieved BM-MSCs can secrete trophic factors capable of polarizing macrophages to an anti-inflammatory IL-10-producing phenotype; and (3) the transcription profile differs between cells retrieved in early and late-stage OA, indicating the important role of host environments in coordinating therapeutic outcomes.
This indicates that MSCs act via a hit-and-run mechanism characterized by short interactions with the inflammatory-diseased microenvironment, cell death, and lack of significant cell engraftment (Cheung et al., 2019) that does not, however, hinder their therapeutic efficacy (Murphy et al., 2003).
To assess the subsequent therapeutic effects, we investigated the immunomodulatory abilities of sham- and CIOA-retrieved BM-MSCs. Conditioned medium from retrieved cells could alternatively polarize in vitro-activated BMDMs, resulting in the lower surface expression of MHC-II and CD86 and increased expression of IL-10 known to be secreted by anti-inflammatory macrophages (Melief et al., 2013a; Melief et al., 2013b). This is in line with increasing evidence on immunomodulatory interactions between apoptotic MSCs and local microenvironments through the release of membrane particles and direct interaction with host monocytes and macrophages, resulting in the secretion of IL-10, TGF- β, IDO, and PGE2 (Antonio et al., 2017; Morrison et al., 2017; Masterson et al., 2019; Giacomini et al., 2023; Schrodt et al., 2023).
In this study, retrieved- and naïve in vitro-expanded BM-MSCs were similar in their morphology and cell surface marker expression, although transcriptomic analysis revealed differences associated with gene patterns and pathways involved in OA modulation and the chondrogenic phenotype. This confirms the hypothesis that upon transplantation, cell differentiation pathways can be activated or arrested, which could explain the observed differences in the retrieved cell data (Friedenstein et al., 1966). Our results imply that certain cell populations have an intrinsic enhanced ability to survive or that the inflammatory milieu induces transcriptional changes, promoting survival in responding cells. Differences in early- and late-CIOA-retrieved BM-MSCs reflect a direct cell response to OA disease status. Early stages are characterized by structural matrix-associated anabolic- and catabolic-driven changes; data revealed a distinct mapping profile related to the restoration of ECM organization and cell migration in early CIOA-retrieved BM-MSCs, a possible response to stimuli that accompany initial stages of joint synovitis with ECM degradation (Seol et al., 2014), aiming to resurface the joint and provide chondroprotection. Surviving cells in established OA, characterized by chronic inflammation and significant structural changes, were enriched for immune response regulation pathways known to counteract and modulate disease progression (Leijs et al., 2012). The inflammatory milieu may activate mechanistic cascades controlling cell death and differentiation, paracrine signaling, and immunomodulation, underlining the importance of injury and the local inflammatory status for successful cell treatments. The database of secretory gene expression generated represents a valuable catalog of the in vivo profile of BM-MSCs in the context of experimental osteoarthritis. However, future work needs to elucidate whether these mechanisms and associated pathways can be activated after cell transplantation in naturally occurring OA in both human and veterinary patients.
Although different expression profiles were observed between early- and late-retrieved BM-MSCs, progenitor cell markers active during limb development were characteristic of surviving BM-MSCs.
Differential expressions of genes with fundamental roles in synovial joint organogenesis were identified (PRG4 and GREM-1), suggesting the involvement of embryonic and fetal development pathways in surviving BM-MSCs. The potential therapeutic cell capacity can be correlated with the ability of putative chondroprogenitor PRG4+ cells to restore the AC surface in an in vivo cartilage wound model (Massengale et al., 2023). These cells express a pattern of unique chondrocyte-like markers, distinguishing naïve MSCs from mature chondrocytes, similar to what we identified in our study.
The BRINP3 signal was observed for the first time on the surface of AC and meniscus in a mouse OA model. BRINP3/FAM5C is diversely methylated in human OA being hypomethylated in cartilage (Fernández-Tajes et al., 2014) and hypermethylated in subchondral bone in intermediate-late disease phases (Zhang et al., 2016). However, it is unknown whether its methylation status contributes to OA onset and progression or is merely a consequence of joint tissue changes in response to synovial inflammation, potentially driven by the upregulation of pro-inflammatory cytokines such as TNF-α, IL-6, IL-1β, and LPS (Sato et al., 2014). Here, BRINP3 was tested as a licensing factor in human BM-MSCs and showed the ability to regulate the gene expression of key inflammatory mediators in OA, resulting in the upregulation of PTGS-2, associated with MSC-mediated immunosuppression (Paradiso et al., 2022) and the downregulation of TSG-6, one of the most highly upregulated genes in OA associated with cartilage degradation (Chou et al., 2018). Further studies are needed to fully elucidate the effect of BRINP3 and, in addition, the cumulative effect of multiple cytokines and immune cell populations present in the OA synovial fluid.
BRINP3 is involved in bat short digit development (Wang et al., 2014), and it is also expressed in human embryonic stem cells and derived chondrogenic progenitors (Griffiths et al., 2020). The current literature, along with this study’s findings, indicate that BRINP3, involved in human limb development, could be a novel factor expressed by surviving BM-MSCs in response to the OA inflammatory milieu. Molecular analysis data of retrieved cells also contribute to the premise that (1) BM-MSCs exposed to the joint inflammatory milieu may assume a cartilage-derived progenitor/stem cell-like phenotype or (2) a specific subpopulation of adult MSCs, known to express transcripts of embryonic cell types, survive as progenitor-like cells with enhanced capacity to engraft, survive, and mediate tissue repair and/or joint protection.
The limitations to our study include the number of pooled retrieved cells because the size of the mouse joint and larger animal models would be able to yield a higher number of cells, allowing a more comprehensive validation of the predicted secretome. Performing an additional analysis of the in vivo apoptotic profile of IA-injected BM-MSCs would enable the elucidation of the mechanisms involved in cell death and correlate them with desired therapeutic outcomes.
Our data highlight species-related differences in skeletal regulatory pathways between mice and humans, which must be considered for the translational value of this work. The database of secretory gene expression generated represents a valuable catalog of the in vivo profile of BM-MSCs in the context of experimental osteoarthritis. Furthermore, the relevance of this secretory gene expression profile needs to be considered for the design of potency assays, the evaluation of quality control of MSC or MSC-derived therapeutic products, and the development of new clinical strategies for OA. Addressing these gaps will be beneficial for understanding and optimizing clinical applications of the cells and defining pharmacokinetic and pharmacodynamic parameters necessary for any medicinal product used in the clinical setting.
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Engineered mesenchymal stromal cells with interleukin-1beta sticky-trap attenuate osteoarthritis in knee joints
Christopher Kim1,2*†, Biao Li1,2†, Sayaka Nakamura2, Eric J. Neely1, Jason S. Rockel2, Tatiana Oussenko1, Puzheng Zhang1, Mohit Kapoor2 and Andras Nagy1,3,4
1Lunenfeld Tanenbaum Research Institute, Sinai Health System, Toronto, ON, Canada
2Schroeder Arthritis Institute, Krembil Research Institute, University Health Network, Toronto, ON, Canada
3Department of Obstetrics and Gynaecology and Institute of Medical Science, University of Toronto, Toronto, ON, Canada
4Australian Regenerative Medicine Institute, Monash University, Melbourne, VIC, Australia
Edited by:
Elizabeth Vinod, Christian Medical College and Hospital, India
Reviewed by:
Mildred Embree, Columbia University, United States
Roland Adam Takacs, University of Debrecen, Hungary
* Correspondence: Christopher Kim, christopher.kim@uhn.ca
†These authors have contributed equally to this work and share first authorship
Received: 11 January 2025
Accepted: 24 March 2025
Published: 08 April 2025
Citation: Kim C, Li B, Nakamura S, Neely EJ, Rockel JS, Oussenko T, Zhang P, Kapoor M and Nagy A (2025) Engineered mesenchymal stromal cells with interleukin-1beta sticky-trap attenuate osteoarthritis in knee joints. Front. Cell Dev. Biol. 13:1559155. doi: 10.3389/fcell.2025.1559155

Osteoarthritis (OA) is a common chronic inflammatory joint disease, in which innate immunity plays a pivotal role in pathogenesis. Anti-interleukin-1(IL-1) therapies have shown inconsistent results in clinical trials, potentially due to a mismatch in the spatial and temporal dynamics of interleukin-1beta (IL-1β) production and therapeutic interventions. To address this issue, we developed a novel IL-1β “sticky-trap” utilizing cell and gene-based technologies from our lab and evaluated its efficacy in reducing osteoarthritis progression using a murine destabilization of the medial meniscus (DMM) OA model and a compact bone-derived mesenchymal stromal cell (MSC)-based gene expression system. The extracellular domain of interleukin-1 receptor 2 (IL1R2) was employed to design the sticky IL1R2 trap (stkIL1R2). A murine compact bone-derived MSC line was engineered for gene delivery. Although stkIL1R2 was undetectable in the engineered MSC supernatants by enzyme-linked immunosorbent assay (ELISA) and Western blot, it was localized on the cell surface and extracellular matrix (ECM) and demonstrated specific binding to IL-1β using a fluorescent protein-fused binding assay. Doxycycline (Dox)-induced expression of stkIL1R2 significantly inhibited lipocalin-2 (LCN2) expression which is a biomarker of IL-1β activity. For in vivo experiments, 5 × 104 Dox-inducible stkIL1R2f expressing MSCs were injected into the knee joints of DMM mice. Bioluminescence imaging revealed MSC survival in the knee joints for up to 7 weeks post-injection. Histological analyses at 10 weeks post-injection, including Safranin-O and Masson trichrome staining, showed that stkIL1R2 treated joints exhibited significantly less cartilage degradation and synovitis compared to controls, as assessed by Osteoarthritis Research Society International (OARSI) scoring of the femur, tibia, and synovium. Moreover, stkIL1R2 treatment reduced matrix metalloproteinases-13 (MMP-13) positive cells and collagen type II degradation in the affected joints. In conclusion, we developed a MSC line expressing an inducible IL1 sticky-trap, which localized to the cell surface and ECM and specifically bound IL-1β. These engineered MSCs survived in normal and DMM knee joints for up to 7 weeks and significantly delayed OA progression and inflammation in the murine model. This study introduces a promising therapeutic approach to combat OA progression.
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1 INTRODUCTION
Osteoarthritis (OA) is a chronic, degenerative, whole-joint disease characterized by the breakdown of articular cartilage, osteophyte formation, remodeling of subchondral bone, and inflammation of the synovial membrane (Pelletier et al., 2001). An imbalance of chondrocyte homeostasis leads to the progressive degradation of cartilage extracellular matrix, involving pro-inflammatory cytokines and matrix metalloproteinases (MMPs) (Pelletier et al., 2001). OA stands as a leading cause of disability, pain, loss of function and decreased quality of life (QOL) in the elderly (Hunter et al., 2014).
Increasing evidence suggests that OA is a low-grade inflammatory condition of the joint (Robinson et al., 2016; Scanzello, 2017a). Notably, the interaction between cartilage and the synovial membrane is critical in sustaining this chronic low-grade inflammation (Chou et al., 2020; Hamasaki et al., 2021; Sanchez-Lopez et al., 2022; Scanzello and Goldring, 2012). The term “low-grade inflammation” distinguishes OA from inflammatory arthritis like rheumatoid arthritis (RA). Unlike RA, where inflammation primarily arises from adaptive immunity, OA’s inflammation stems from innate immunity, either systemic or local (Knights et al., 2023; Roover et al., 2023). The pro-inflammatory cytokine interleukin-1beta (IL-1β) plays a key role in innate immunity (Hoseini et al., 2018; Im and Ammit, 2014; Keyel, 2014) and has been implicated in both preclinical and clinical OA conditions (Krenytska et al., 2023; Panina et al., 2017; Wang et al., 2019). However, anti-interleukin-1 (IL-1) therapies adapted from RA treatments have shown limited success in OA (Chevalier et al., 2009; Cohen et al., 2011; Fleischmann et al., 2019; Kloppenburg et al., 2018; 2019), with debates surrounding IL-1β′s role in OA (Chevalier et al., 2009; Cohen et al., 2011; Fleischmann et al., 2019; Kloppenburg et al., 2018; 2019). These debates were clarified by the Canakinumab Antiinflammatory Thrombosis Outcome Study (CANTOS), where IL-1β inhibition significantly reduced the need for hip or knee replacements (Ridker et al., 2017; Schieker et al., 2020). The variability in preclinical and clinical outcomes can be attributed to OA’s inflammatory heterogeneity, its diverse phenotypes and endotypes (Bosch et al., 2024; Chevalier et al., 2013), and the short half-life of IL-1β in serum (Kudo et al., 1990; REIMERS et al., 1991). This underscores the need for precise timing and delivery strategies for anti-IL-1 therapies.
Presently, OA remains incurable and no approved medications, biological therapy, or procedure cures or prevents the progressive destruction of the joint. Present treatment options primarily offer symptomatic relief rather than preventative or regenerative results. There is an urgent call to innovate, validate, and explore new biological therapeutics. Among these, cell-based therapies involving the injection of MSCs to the osteoarthritic knee joint have surfaced as a promising solution to address this clinical challenge.
Our lab has pioneered a novel approach to express local-acting biologics, termed “sticky-trap” technology, which was previously successful in trapping vascular endothelial growth factor (VEGF) in the eye (Michael et al., 2014). Building on this success, we developed a IL-1β sticky-trap using the extracellular domain of IL-1 receptor 2 (IL1R2) and employed isogenic mouse compact bone-derived MSCs as carriers. This study explores whether this cell-based therapy can mitigate inflammation and slow OA progression in a murine DMM model. Our hypothesis is that intraarticular injection of local acting IL-1β sticky trap expressing MSCs could reduce inflammation and attenuate the progression of OA.
2 METHODS
2.1 Mouse studies
Mouse studies were conducted following a protocol approved by the Institutional Animal Care and Use Committee of The Toronto Phenogenomics (TCP, Toronto)(AUP #25–0308H). Mice were housed in a room with controlled temperature (21°C–23°C), humidity (40%–60%), and a light cycle consisting of 12 h of light (starting at 07:00) and 12 h of dark (starting at 19:00). Mice were kept in individual ventilated cages (Techniplast Greenline GM500 cage, LABEX Inc., MA, United States) and provided with quality water via an automated watering system (Avidity Science, WI, United States) with a sterile quick-disconnect Avidity Science water valve. They were fed with extruded pellets from Envigo (Inotiv Inc., WI, United States). C57BL/6J mice were purchased from TCP and maintained in the mouse room.
2.2 MSC isolation and culture
MSCs were isolated from compact bone as per Zhu et al. (2010). Briefly, a 3-week-old C57BL/6J mouse was euthanized by cervical dislocation. The carcass was rinsed in 70% ethanol for 3 min, and femurs were dissected in a sterile 100-mm dish. Bone marrow was flushed out using 5 mL of α-MEM (Gibco, Thermo Fisher, cat. no. 12571063), supplemented with 0.1% penicillin/streptomycin (P/S) and 2% FBS (Multicell, Wisent Inc., cat. no. 080150) until the bones became clear. The femurs were then chopped into 1–3 mm3 pieces using scissors. Bone chips were digested in 3 mL of α-MEM containing 10% FBS and 1 mg/mL collagenase II (Sigma, cat. no. C6885) and incubated at 37°C with shaking (200 rpm) for 2 h. The bone chips were washed three times with 5 mL of α-MEM and seeded into a 100-mm sterile dish with 10 mL of DMEM/F12 medium (Gibco, Thermo Fisher, cat. no. 11330-032) supplemented with 10% FBS, 1% P/S, and 10 ng/mL bFGF (PeproTech, cat. no. 100-18B). Cells were incubated at 37°C in a 5% CO2 incubator for 3 days without disturbance. The medium was changed every 3 days until confluence. These cells were defined as passage 0 (P0). MSCs were cultured in DMEM/F12 with 10% FBS, 10 ng/mL bFGF, and 1% P/S. Cells were passaged with 0.25% trypsin-EDTA and cryopreserved at −80°C for 1 day before being transferred to liquid nitrogen.
2.3 FACS sorting
Cells were harvested by trypsin digestion, washed twice with cold PBS, and incubated with antibodies on ice for 10 min. After washing, cells were filtered and analyzed by flow cytometry using a Beckman Coulter Gallios and BD Fortessa X-20 flow cytometer. Data were analyzed using Beckman Coulter Kaluza and FlowJo software (BD Biosciences, ver. 10.10.0). Antibodies used for flow analysis were listed in Supplementary Table S1.
2.4 Quantitative PCR
Freshly harvested cells were used for total RNA purification with Trizol regent (cat. no. 15596-026, Invitrogen). The purified RNA was dissolved in DEPC-treated water (Diethyl pyrocarbonate) (cat. no. D5758-25 mL, sigma). RNA concentration was quantified by Nanodrop 1000 spectrophotometer (Thermo Scientific). A total of 1 [image: The lowercase Greek letter mu, represented in a simple serif font.] g of RNA was reverse transcribed to cDNA using the iScript cDNA Synthesis Kit (cat. no. 1708891, Bio-Rad) following the manufacturer’s instructions. For amplification, 1 [image: Mathematical symbol representing the Greek letter "mu" in a serif font style.] l of 1:100 diluted cDNA sample was applied in the SsoAdvanced Universal SYBR green supermix (cat. no. 1725271, Bio-Rad) in a total reaction volume of 5 [image: The Greek letter mu (μ) is depicted in a simple, lowercase style.] l, prepared in a 384-well plate (cat. no. HSP3805, Bio-Rad). The reactions were were run on a DNA amplifier (CFX384 Real-Time system, C1000 Thermal cycler, Bio-Rad). All samples were analyzed in duplicate. Relative quantification of gene expression was calculated using the comparative Ct method (Schmittgen and Livak, 2008). The ΔCt value was determined by subtracting the Ct value of the house keeping gene from respective respective target gene Ct value for each sample. Relative expression levels were calculated as 2−ΔCt, and incremental changes in target gene expression were determined as 2−ΔΔCt. Primers used in this study are listed in the Supplementary Table S2.
2.5 Generation of enhanced luciferase expression cell line
The PB-CAG-e-Luciferase-IRES-eGFP plasmid was generated in our lab and used to transfect mouse MSCs. MSCs (2 × 106) were plated in a 100-mm plate and incubated overnight at 37°C in 5% CO2. When cells reached 70%–90% confluence, they were transfected using jetPRIME transfection reagent (Poly-Plus Transfection, France, cat. no. #114-15) according to the manufacturer’s instructions. Briefly, 10 μg of DNA was diluted in 500 μL jetPRIME buffer, mixed with 20 μL jetPRIME reagent, and incubated at room temperature for 10 min. The mixture was then added to the cells. The plate was incubated at 37°C in 5% CO2 for 24–48 h. Gene expression was confirmed by the GFP signal observed under fluorescence microscopy.
2.6 Cell differentiation
MSC differentiation reagents were purchased from LONZA (www.lonza.com). Adipocyte, chondrocyte, and osteocyte differentiation protocols were followed as recommended by the manufacturer. For each differentiation protocol, the same number of cells were cultured in standard MSC medium for the same duration as the control group.
2.7 Bioluminescence imaging (BLI)
Bioluminescent signals from e-luciferase and luciferin reactions in cells were acquired using the IVIS Lumina III BLI System (PerkinElmer, Guelph, Canada; Part No. CLS136334). Mice were injected with 200 μg of luciferin (Promega, Madison, United States, cat. no. P1043) in 100 μL PBS via intraperitoneal injection, anesthetized with isoflurane USP (Piramal Critical Care Inc., Bethlehem, United States, cat. no. DVM-102190), and imaged. Care was taken to remove hair from the knees of the mice before imaging.
2.8 Generation of inducible gene expression plasmids
The extracellular domain cDNA sequence, including the signal peptide of murine IL1R2 (nt1-1065), was used for constructing the short trap IL1R2 (sIL1R2) and sticky trap IL1R2 (stkIL1R2) plasmids. Additional domains included a GS linker, IgG1-CH3 domain, heparin-binding domain (exons 6 and 8), a Flag tag, and an His tag (x8). Inducible expression plasmids for stkIL1R2 and sIL1R2 were generated using Invitrogen Gateway Technology. The target gene cDNA sequences were flanked by att-B and att-P sequences (Eurofins Genomics, Toronto, Canada). Synthesized DNAs were subcloned into a pDNOR221 plasmid via BP reaction, then transformed into One Shot TOP10 chemically competent E. coli (Invitrogen, cat. no. 4040-10). After enzyme digestion, the targeted plasmid was confirmed by DNA sequencing (ACGT Corp., Toronto, Canada). The confirmed plasmid was then used for an LR reaction with the final targeting plasmid (PB-teto-GW-IRES-GFP/mCherry). The plasmids were transformed into E. coli, and the final plasmids were confirmed by enzyme digestion. Colonies were maxi-prepped (Qiagen, Hilden, Germany) for high-quality DNA. This protocol was also used for other expression plasmids in this study. IgG and stk plasmid controls in protein generation studies using HEK293 cells were kindly donated by coauthor, Dr. Eric Neely.
2.9 Western blot analysis
Tissues and cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA) with protease inhibitor mix (Sigma). Homogenization was performed using a TissueLyser (Bio-Rad), followed by centrifugation at 13,200 rpm for 15 min at 4°C. The supernatant was collected for protein analysis. Protein concentration was measured by the Pierce BCA protein assay kit (Thermo Scientific, cat. no. 23225).
20 μg of protein was resolved on a NuPAGE 4%–12% Bis-Tris SDS-PAGE gel (Thermo Scientific, cat. no. NP0336) and transferred to a PVDF membrane using an iBlot 2 PVDF mini stack transfer kit (Thermo Scientific, cat. no. IB24002). After blocking with 5% non-fat milk, the membrane was incubated with primary antibody overnight at 4°C, followed by incubation with HRP-conjugated secondary antibody. Proteins were detected using the Amersham ECL prime Western blotting detection reagent (GE Healthcare Life Sciences, cat. no. RPN2232). Images were acquired and processed using a ChemiDoc XRS + system (Bio-Rad).
Antibodies used: rabbit monoclonal to lipocalin-2 (LCN2) (Abcam, cat. no. 216462), goat anti-rabbit IgG H&L HRP secondary antibody (Abcam, cat. no. ab7090), and mouse monoclonal anti-β-Actin antibody (Sigma, cat. no. A3854).
2.10 ELISA
To assess IL1R2 expression, 5 × 105 inducible sIL1R2 and stkIL1R2 expressing MSCs were plated into a 6-well plate, with Dox either present or absent. The cells were cultured at 37°C in 5% CO2 for 72 h, and the supernatants were collected for ELISA analysis. Mouse IL1R2 was quantified using the mouse IL1R2 ELISA kit (cat. no. RD-IL1R2-mu, RedDot Biotech Inc., Kelowna, Canada) following the manufacturer’s protocol. Briefly, samples were diluted according to the kit’s instructions using calibrator diluent and incubated for 2 h at room temperature (RT) with the primary antibody-coated 96-well strips. After four washes with washing buffer, the samples were incubated with the HRP-conjugated secondary antibody for 2 h at RT. Following an additional four washes, substrate solution was added for 30 min, and the reaction was stopped with the provided stop solution. Optical density (OD) was measured at 450 nm and 540 nm using an EnSpire 2300 multilabel reader (PerkinElmer, ON, CA). A standard curve was constructed using the provided mouse LCN2 standard, and OD values were corrected by subtracting OD540 from OD450. The corrected OD values were then used to calculate IL1R2 concentration based on the standard curve.
2.11 Protein generation
HEK-293F cells were used for protein production. The cells were cultured in Freestyle 293 medium (cat. no. 12338-018, Gibco) supplemented with 2.5 mM sodium butyrate (cat. no. 303410, Sigma) at 37°C and 5% CO2, shaking at 1.5 mm/s for 3 days. pH and glucose levels were monitored daily to maintain a pH of 6.8 and glucose concentration between 18 and 27 mmol/L. After 3 days, the cells were spun down, and the supernatant was collected and stored at 4°C. The cells were then resuspended in fresh medium without sodium butyrate and cultured for another 3 days. The supernatants from both collections were combined for protein purification. To remove cellular debris, the supernatants were filtered through a 0.45 µm Nalgen filter (cat. no. 166-0045, Thermo Scientific), then incubated with Heparin Sepharose 6 Fast Flow beads (cat. no. 17-0998-01, Qiagen) at 4°C overnight. The beads were packed into a column the following day, eluted with NaCl, and the eluates were bound to a Ni-NTA column (cat. no. 30410, Qiagen) and eluted with imidazole (cat. no. 15513–25 g, Sigma). The eluates were concentrated to 2–3 mL using an Amicon Ultra-15 centrifugal filter (EMD Millipore, United States) and desalted with a PD10 column (cat. no. 17-0851-01, GE Healthcare Life Sciences). Finally, proteins were eluted from the PD10 column with 3 mL storage buffer (5% D-Mannitol, 5% D-Trehalose dihydrate in PBS) (Sigma). Protein concentration was determined using Bradford reagent (cat. no. 15513, Bio-Rad).
2.12 Protein binding assay
To generate the IL-1β sticky-trap, we constructed two plasmids: PB-tetO-stkIL1R2-mCherry-IRES-puromycin (which expresses stkIL1R2-mCherry under Dox induction) and PB-tetO-IL-1β-GFP-IRES-puromycin (which expresses IL-1β-GFP under Dox induction) (Figure 3A). The stkIL1R2-mCherry plasmid was transfected into R61MSC and HEK-293F cells, and protein expression was induced by Dox. Fluorescent signals were monitored using a fluorescent microscope. The IL-1β-GFP plasmid was transfected into HEK-293F cells, and the supernatant was collected for IL-1β-GFP protein purification.
For the sticky-trap assay, 7.5 × 104 cells expressing IL-1β sticky-trap were plated onto coverslips in a 6-well plate and incubated with Dox (1.5 μg/mL) for 48 h. The medium was removed, and the cells were washed three times with PBS, then fixed with 4% paraformaldehyde (PFA) (cat. no. J61899, Alfa Aesar) in PBS (unpermeabilized) for 10 min at RT. After fixation, cells were washed three times with PBS and blocked for 1 h at RT using blocking buffer (2% BSA in PBS). The cells were washed three times with PBS and incubated with IL1β-GFP protein (5 ng/mL) for 1 h at RT. After washing, coverslips were mounted with VECTASHIELD Antifade Mounting Medium with DAPI (cat. no. H-1200-10, Vector Laboratories) and imaged using a Carl Zeiss LSM 780 confocal microscope.
2.13 DMM mouse knee OA model
The DMM model was used to induce OA in male C57BL/6J mice (10 weeks old). The procedure followed Glasson et al. (2007). Mice were anesthetized with isoflurane and the right hind leg was disinfected with 70% ethanol. A 3 mm longitudinal incision was made over the distal patella to the proximal tibial plateau. The joint capsule medial to the patella tendon was opened with micro-iris scissors, and the medial meniscotibial ligament (MMTL) and medial meniscus (MM) were visualized and transected with micro-iris scissors. Transection was confirmed by lifting the medial meniscus from the tibial plateau. The joint capsule and skin were sutured closed. Sham surgeries were performed with identical aseptic technique, but without ligament transection. DMM and sham surgeries were performed by the same surgeon. Depending on the experimental group, mice were administered Dox chow (Envigo, green) post-surgery.
2.14 Histology
Following euthanasia, freshly dissected mouse hind limbs without skin were fixed overnight in 4% paraformaldehyde/PBS (cat. no. J61899, Alfa Aesar). Tissues were then decalcified in 10% EDTA for 1 week, embedded in paraffin, sectioned sagittally, and stained with H&E, Safranin-O, Fast Green, and Masson’s Trichrome. For Immunohistochemistry (IHC), paraffin slides were deparaffinized in xylene, followed by alcohol treatment. Antigen retrieval was performed using 10 mM citrate buffer (pH 6.0). Slides were blocked with Dako protein block for 10 min at RT, then incubated overnight at 4°C with primary antibodies. After washing with PBS-T, slides were incubated with HRP-conjugated secondary antibody for 1 h at RT. Following washes, slides were developed using 3,3′-diaminobenzidine (DAB), and counterstained with H&E. OARSI score was used to quantify the pathological changes in femur, tibia and synovial membrane. OARSI scoring was performed by two independent researchers using the OARSI semi-quantitative scoring system (Glasson et al., 2010). Both scorers were blinded to the experimental groups.
2.15 Statistical analysis
Data were presented as mean ± SEM. Data were first analyzed using an F-test to determine if the variances were significantly different or not. Then, a two-tailed unpaired Student’s t-test, accounting for equal or unequal variance, was performed to compare two independent groups, p < 0.05 was recognized as a significant difference, with all analyses performed in Microsoft Excel and Prism 10 (GraphPad Software Inc). Figures were generated using Prism 10.
3 RESULTS
3.1 Isolation and primary culture of compact bone derived MSC cell line
MSCs are a heterogeneous population of cells with self-renewal properties and the multipotential ability to differentiate into mesodermal cells, such as adipocytes, chondrocytes, and osteocytes (Pittenger et al., 1999). Injection of MSCs to the OA knee joint have surfaced as a promising cell-based therapy (Harrell et al., 2019). To establish a joint-friendly MSC cell line, we followed Zhu’s protocol to generate a cell line from mouse compact bones (Zhu et al., 2010). This resulted in a heterogeneous population of cells with various morphologies, such as spindle, stellate, and polygonal shapes (Figure 1A, P0, P2).
[image: Panels illustrate various microscopy and flow cytometry analyses. Panel A shows cells in vitro. Panel B presents flow cytometry dot plots for stem cell markers. Panel C is a brightfield image of cell morphology. Panel D displays histograms of surface marker expression. Panel E depicts a schematic for GFP expression with fluorescence microscopy images. Panels F, G, and H show staining results with H&E, Alizarin Red, and Oil Red, highlighting differentiation over time. Panel I exhibits a timeline of cell cultures over several weeks. Each section shows controls and test samples at various stages.]FIGURE 1 | The generation of a mesenchymal stromal cell line. (A) Bone chips were seeded in the plate, and several days later, cells grew out from the bone chip (P0, magnification ×5), the cells were a heterogenous population (P2, magnification ×10); (B) Primary cultured cells were bunk sorted according to the expression of negative markers TER119 and CD45, and both PDGFRα and Scal-1 positive, the sorting gate was defined by isotype antibody controls; (C) The sorted cells looked more homogenous (magnification ×10); (D) The MSC negative and positive marker expressions on MSCs with different passages; (E) The components of e-Luciferase expression plasmid based on PB transposon system, which contained a GFP tag, the e-luciferase-GFP transfected MSC still kept the spindle morphology (magnification ×10); (F) The e-luciferase-GFP transfected MSCs were differentiated to chondrocytes (stained by Alcian blue) (magnification ×5), C-complete medium; (G) The e-luciferase-GFP transfected MSCs were differentiated to adipocytes (stained by Oil red) (magnification ×5), I-induction medium, M-maintenance medium; (H) The e-luciferase-GFP transfected MSCs were differentiated to osteocytes (stained by Alizarin red) (magnification ×5), I-induction medium; (I) 5 × 104 of e-luciferase-GFP transfected MSCs were injected into C57BL6/J mouse joints, and monitored by luciferase-Luciferin reaction using BLI.
To make the cell population more homogeneous and enriched with proliferative and active cells, we further sorted the cells against negative MSC markers CD45 and TER119, then further sorted CD45−TER119- cells by their expression of PDGFRα and Sca-1, finally, we collected the CD45−TER119−PDGFRα+Sca-1+ populations (Morikawa et al., 2009) (Figure 1B). After sorting, the cells appeared much more homogeneous (Figure 1C). To investigate whether MSC marker expression changed after multiple passages, we characterized MSC marker expression in passage 8, 15, and 30, and compared them with unsorted passage 1 cells, using bone marrow cells as a control (Figure 1D). Most of the MSC markers were stably expressed even up to passage 30.
To observe the morphological changes of the cells and track them after injection into mouse knees, we generated a PiggyBac-based e-Luciferase expression plasmid tagged with eGFP to transfect the MSCs. The engineered MSCs (transfected MSCs) were bulk sorted based on eGFP expression (Figure 1E). We then further tested the multilineage differentiation ability of these eLuciferase-eGFP engineered MSCs by differentiating them into chondrocytes, adipocytes, and osteocytes (Figures 1F–H). For chondrocyte differentiation, pellets were collected at day 28 following the protocol provided by the manufacturer and H&E and Alcian blue stains were used to confirm the presence of chondrocytes (Figure F). For adipocyte differentiation, engineered cells at 100% confluence were cultured with 3 cycles of induction/maintenance medium, while control cells were cultured in normal MSC culture medium. Cells were stained with Oil Red and numerous lipid droplets were observed in the differentiation group (Figure 1G). For osteocyte differentiation, induction medium was used for the entire differentiation protocol, while control cells were maintained in normal MSC culture medium. By day 21, Alizarin red staining was used and revealed the morphology of osteocytes (Figure 1H).
To explore how long MSCs can survive in the mouse knees, we injected 5 × 104 MSCs into mouse knees and tracked the cells by intraperitoneal injection of luciferin, monitoring the local signal using BLI (Figure 1I). Interestingly, most of the injected cells survived in the knee joint for up to 7 weeks, with the longest survival reaching up to 72 days. Injected cells were not observed in other body parts of the mouse.
MSCs, which serve as precursors to chondrocytes, play a pivotal role in the initiation and progression of OA. To investigate how compact bone-derived MSCs respond to pro-inflammatory cytokines, we stimulated them with IL-1β at a concentration of 100 pg/mL and compared their responses to those induced by interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) at the same dosage (Figure 2). IL-1β significantly increased the expression of tissue matrix metalloproteinases (MMPs), including MMP13, MMP3, and MMP10, while notably reducing the expression of MMP inhibitors such as tissue inhibitor of metalloproteinase 1 (TIMP1), TIMP2, and TIMP3. Additionally, it suppressed MMP2, A disintegrin and metalloproteinase with thrombospondin motifs 1 (ADAMTS1), ADAMTS5, and collagen type II alpha 1 (COL2A1). Collectively, these changes promote catabolic processes associated with OA progression. Interestingly, IL-1β also significantly elevated the levels of Lipocalin 2 (LCN2) and monocyte chemoattractant protein 1 (MCP-1). The relevance of the LCN2 increase is further explored in our other paper (Biao Li et al., submitted for publication).
[image: Bar graphs comparing relative expression levels of various genes (MMP13, MMP3, MMP2, MMP10, TIMP1, TIMP2, TIMP3, LCN2, ADAMTS1, ADAMTS5, MCP-1, Col2a1) across different conditions (HSC, HSC+IL-1β, HSC+TNFα, HSC+IL-1β+TNFα). Error bars are present, with asterisks indicating statistical significance.]FIGURE 2 | The response of primary cultured MSCs to pro-inflammatory cytokines. 100 pg/mL of IL-1β, IL-6 and TNF-α were used to stimulate MSCs respectively. IL-1β significantly induced the expression of MMP13, MMP3, MMP10, LCN2 and MCP-1 (IL-1β vs. Control, p < 0.05–0.001, n = 4–6); IL-1β significantly inhibited the expression of MMP2, TIMP1, TIMP2, TIMP3, ADAMTS1, ADAMTS5 and Col2a1(IL-1β vs. Control, p < 0.05–0.001, n = 4–6); while the same dosage of IL-6 and TNF-α did not induce significant changes. Data are expressed as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001.
3.2 Generation of soluble IL1R2 trap (sIL1R2) and sticky IL1R2 trap (stkIL1R2)
IL1R2 is a transmembrane protein that consists of three key domains: an intracellular domain (spanning residues R382 to N410), a transmembrane domain (residues V356 to M381), and an extracellular domain (residues M1 to E355) (Figure 3A). The extracellular domain includes three Ig-C2 motifs responsible for ligand binding. To generate a sIL1R2 while maintaining optimal binding efficiency to its ligands, we truncated the extracellular domain at the E355-V356 boundary, using the soluble fragment from M1 to E355 to develop our biologic.
[image: A: Diagram showing the structure of soluble and sticky IL2R, with labeled domains and transducing signals. B: Vector maps for sIL2R and stIL2R constructs with fluorescent markers. C: Microscopy images in different conditions showing the expression of mCherry and eGFP in absence/presence of DOX. D: Bar graph comparing IL2R expression levels with/without DOX in different cell lines, showing significant increase marked by asterisks. E: Western blot image showing protein expression levels in various conditions and constructs.]FIGURE 3 | The generation of sticky IL-1 receptor 2 (stkILR2) biologics and stable expression cell lines. (A) The strategy and the primary components of ILR2, sIL1R2 and stkIL1R2; (B) The expression plasmids of sIL1R2 and stkIL1R2 based on PB transposon system, which included a TetO operator; (C) sIL1R2 and stkIL1R2 plasmids were transfected into MSCs, the expression of sIL1R2 and stkIL1R2 were under the control of Dox (magnification ×5); (D) In the presence of Dox, there was a significant increase of sIL1R2 in the supernatant quantified by ELISA (No Dox vs. Dox, p < 0.001, n = 3), while there was significant expression of stkIL1R2 in the supernatant; (E) Forced expression of sIL1R2 and stkIL1R2 in HEK293 cells detected by Western blot assay, the protein samples were from the supernatants in the presence of Dox. Data are expressed as mean ± SEM, ***p < 0.001.
The final sIL1R2 biologic comprises the IgG1-CH3 domain, a FLAG tag, and eight His tags, all connected by GS linkers (Figure 3A). In comparison, the stkIL1R2 contains an additional cassette, including a heparin-binding domain (HBD) encoded by VEGF-A exon 6 and a non-HBD encoded by VEGF-A exon 8 (Michael et al., 2014). This additional domain is flanked by GS linkers and inserted between the IgG1-CH3 domain and the FLAG tag of sIL1R2 (Figure 3A).
A Dox-inducible gene expression cassette, utilizing the Tet-ON system, was employed to enable inducible expression (Das et al., 2016). The plasmids for inducible expression were constructed using the PiggyBac (PB) transposon system. In this system, the upstream promoter cassette, TetO, is activated following the binding of rtTA in the presence of Dox, it triggers the downstream fluorescence signal, with mCherry used for sIL1R2 and GFP for stkIL1R2 (Figure 3B).
To create MSC lines for injection, an inducible stkIL1R2 engineered MSC line was generated by co-transfecting PB-TetO-stkIL1R2-IRES-eGFP and PB-CAG-eLuc-IRES-mCherry plasmids into MSCs. An sIL1R2 MSC line was also generated as a control (Figure 3C). For cells stably expressing sIL1R2 or stkIL1R2, supernatants were collected and analyzed using an ELISA kit designed to detect the extracellular domain of IL1R2. With Dox induction, ELISA detected the expression of sIL1R2 in the engineered MSC supernatant and did not detect the expression of stkIL1R2 in the supernatant (Figure 3D).
As we did not detect the expression of stkIL1R2 in the transgenic MSC supernatant (Figure 3D), and we wanted to confirm the presence of stkIL1R2 protein, we resorted to the protein generation platform HEK293 cells. sIL1R2 and stkIL1R2 expression plasmids were transfected into the HEK293F protein production cell line to force the production of proteins. IgG and stk plasmids were used and served as controls. The collected supernatants were analyzed by Western blot to detect the protein forms (Figure 3E). We can see there were clear protein expression of sIL1R2 and stkIL1r2 proteins, which means our transgenes did generate proteins.
3.3 In vitro functional test of stkIL1R2
To visualize the binding ability of stkIL1R2 with IL-1β and demonstrate that stkIL1R2 protein adheres to the cell surface and ECM, we developed a novel binding test platform. First, we generated a fusion protein IL-1β-GFP gene expression plasmid (PB-CAG-IL-1β-GFP-IRES-puro-PB) and an inducible fusion protein stkIL1R2-mCherry gene expression plasmid (PB-TetO-stkIL1R2-mCherry-IRES-puro-PB) (Figure 4A).
[image: Diagram of experimental setups and results in a scientific study.   A shows plasmid maps for B-iL1β-GFP and B-iSIL-R2-mCherry vectors. B displays phase contrast and fluorescent images of GFP expression. C shows phase contrast and fluorescent images of mCherry expression. D shows a western blot for LCN2 with controls. E presents immunofluorescence for DAPI, mCherry, and GFP in MSCs and B-iL1β-GFP expressing cells. F displays a western blot and bar graph comparing LCN2 expression under different conditions, with statistical analysis indicated.]FIGURE 4 | In vitro functional test of stkIL1R2. (A) The components of IL-1β-GFP fusion protein gene and stkIL1R2-mCherry fusion protein gene expression plasmids based on PB transposon system; (B) The expression of IL-1β-GFP fusion protein in MSCs, which showed an evenly distribution in the cytoplasm (magnification ×10); (C) The expression stkIL1R2-mCherry fusion protein in MSCs looked like clumps in the cells, which was obviously different from the expression pattern of IL-1β-GFP fusion protein (magnification ×10); (D) The home-made IL-1β-GFP fusion protein had similar function the commercial IL-1β in inducing LCN2 expression, which is a specific biomarker of IL-1β; (E) stkIL1R2-mCherry fusion gene transfected HEK293F cells and MSCs were plated on slides with and without Dox respectively, cells were fixed without perforated regents, then IL-1β-GFP fusion protein were added to each, then washed out with PBS, the binding of IL-1β-GFP fusion protein on the cell membrane and co-localized with mCherry signal clearly demonstrated that stkIL1R2 was on the cell membrane and ECM (magnification ×5); (F) Western blotting of IL-1β biomarker LCN2 expression in MSCs showed that both sIL1R2 and stkIL1R2 significantly blocked the function of 100 pg/mL of IL-1β (For sIL1R2, Dox + vs. Dox-, p = 0.0198, n = 3; For stkIL1R2, Dox + vs. Dox-, p = 0.0004, n = 3). Data are expressed as mean ± SEM, *p < 0.05; ***p < 0.001.
Both plasmids were transfected into MSCs, and after puromycin selection, most MSCs expressed the target proteins. Interestingly, the IL-1β-GFP protein exhibited an even distribution of GFP signal within the cells (Figure 4B), whereas the stkIL1R2-mCherry protein displayed an entirely different distribution pattern. It appeared as variably sized dots randomly scattered throughout the cell surface and ECM (Figure 4C).
To produce IL-1β-GFP fusion protein, the IL-1β-GFP plasmid was transfected into HEK293F cells, and the IL-1β-GFP fusion protein was isolated from the supernatant. Functionally, the IL-1β-GFP fusion protein was comparable to commercial IL-1β in inducing LCN2 expression in MSCs (Figure 4D). Subsequently, the stkIL1R2-mCherry plasmid was transfected into both HEK293F cells and MSCs (Figure 4E). Following Dox induction, stkIL1R2-mCherry expression appeared as random nuclear and cytoplasmic dots in the cells. The cells were fixed without permeabilization reagents, and purified IL-1β-GFP fusion protein was added to the surface of fixed cells. In the absence of Dox induction, there was little to none binding of IL-1β-GFP fusion protein to the cells. However, when Dox was present, there was significant binding of IL-1β-GFP fusion protein to the cells, with GFP signals co-localizing strongly with mCherry signals. This strategy clearly demonstrated that stkIL1R2 adhered to the cell membrane and extracellular matrix (ECM) and effectively bound to IL-1β.
To further confirm the binding ability and function of stkIL1R2, we evaluated the response of stkIL1R2-transfected MSCs to IL-1β stimulation. Unstimulated MSCs and Dox added MSC were served as negative controls, while MSCs stimulated with 100 pg/mL of IL-1β served as positive controls. For both sIL1R2 and stkIL1R2, IL-1β induced a notable expression of LCN2 compared to positive control, while under the induction of Dox, sIL1R2 expression significantly reduced the expression of LCN2 induced by IL-1β (No Dox vs. Dox, p < 0.05, n = 3); Dox induced expression of stkIL1R2 also significantly reduced the expression of LCN2 induced by IL-1b (No Dox vs. Dox, p < 0.001, n = 3) (Figure 4F).
3.4 In vivo evaluation of stkIL1R2
To examine the efficiency of the stkIL1R2 trap in slowing the progression of OA, we utilized the destabilization of the murine DMM model, a well-established post-traumatic OA (PTOA) model. The study groups were as follows: 1) Sham + PBS + Dox; 2) Sham + MSC + Dox; 3) Sham + stkIL1R2 MSC–Dox; 4) Sham + stkIL1R2 MSC + Dox; 5) DMM + PBS + Dox; 6) DMM + MSC + Dox; 7) DMM + stkIL1R2 MSC–Dox; 8) DMM + stkIL1R2 MSC + Dox. One week after surgery, phosphate-buffered saline (PBS), 5 × 104 MSCs, or stkIL1R2 expressing MSCs were injected intra-articular into the right knees of mice. Dox chow was administered to the Dox + groups. At 10 weeks post-surgery, all mice were sacrificed, and their knees were collected for analysis (Figure 5A).
[image: Schematic diagram depicting a study timeline from week zero to week ten with surgery and interventions, followed by various data representations including images of stained tissue sections comparing PBS and MSC treatments, bar graphs showing histological scores for femur, tibia, and synovium, and graphs showing staining intensity for specific markers. Staining intensity is visually represented, with plots indicating quantitative data analyses across different conditions.]FIGURE 5 | MSC expressed stkIL1R2 attenuated the progression of OA in DMM. (A) The study design of in vivo test of stkIL-1R2; (B) The BLI monitoring results from stkIL-1R2 expression MSCs injected into the joint cavities; (C) The histological results of femur and tibia from Sham and DMM groups after 10 weeks (magnification ×10); (D) The histological results of synovium from Sham and DMM groups after 10 weeks (magnification ×10); (E) Quantification of the pathological changes by OARSI score on femur, stkIL1R2 expression significantly reduced the OARSI scores in femur from DMM group (stkIL1R2 MSC + Dox vs. MSC + Dox and stkIL1R2 MSC-Dox, p < 0.05, n = 8 for each); (F) Quantification of the pathological changes by OARSI score on tibia, stkIL1R2 expression significantly reduced the OARSI scores in tibia from DMM group (stkIL1R2 MSC + Dox vs. MSC + Dox and stkIL1R2 MSC-Dox, p < 0.05, n = 8 for each); (G) Quantification of the pathological changes by OARSI score on synovium, stkIL1R2 expression significantly reduced the OARSI score in synovium (stkIL1R2 MSC + Dox vs. PBS + Dox, MSC + Dox and stkIL1R2 MSC-Dox respectively, p < 0.05, n = 8 for each); (H) IHC staining of the expression of MMP-13 on femur and tibia (magnification ×10); (I) Quantification of MMP-13 expression cells on both femur and tibia of DMM groups, stkIL1R2 significantly reduced the expression of MMP-13 (stkIL1R2 MSC + Dox vs. MSC + Dox and stkIL1R2 MSC-Dox, p < 0.05, n = 4 for each); (J) IHC staining of C1,C2 expression on femur and tibia of DMM groups (magnification ×10). Data are expressed as mean ± SDM, *p < 0.05. IA: Intraarticular.
BLI of luminescent signals from luciferin-luciferase reaction in groups 3, 4, 7, and 8 was monitored for up to 7 weeks (Figure 5B). Representative images of safranin-O-stained sections from sham-only and DMM-only groups were analyzed (Supplementary Figure S1). Compared to sham-only sections (Supplementary Figures 1A1–5), DMM-only sections (Supplementary Figures 1B1–5) exhibited loss of safranin-O staining, cartilage erosion, vertical clefts, and lesions extending to the calcified layer, affecting 25%–50% of the articular cartilage. Moderate to severe synovitis was also observed (Supplementary Figures 1B1–4). OARSI scoring for the femur, tibia, and synovium confirmed that the DMM-only group had significantly higher scores for OA damage and synovitis compared to the sham-only group (Supplementary Figures 1C–E), validating the OA changes induced in the DMM group.
Next, we assessed the efficacy of the stkIL1R2 trap in slowing OA progression in the DMM model. No significant differences were observed in the severity of cartilage degeneration or synovitis among the sham groups (Figures 5C,D, Sham), which was confirmed by the quantification using OARSI score (Figures 5E–G, Sham). On the other side, in both of the femur and tibia of DMM groups (Figures 5E,F, 5DMM), DMM + stkIL1R2 MSC + Dox significantly attenuated DMM-induced cartilage degeneration as quantified by OARSI scoring, compared to the DMM + stkIL1R2 MSC–Dox and DMM + MSC + Dox groups. Synovitis was also significantly reduced in the DMM + stkIL1R2 MSC + Dox group compared to all other DMM groups (Figures 5G,DMM).
To confirm the effectiveness of our new biologics in OA treatment, we evaluated cartilage breakdown markers: MMP-13 and collagen type I/II cleavage neoepitope (C1,2C). Immunohistochemical stained sections for MMP-13 (Figures 5H,I) and C1,2C (Figure 5J) showed a significant decrease in the percentage of MMP-13-positive cells and C1,2C expression in the DMM + stkIL1R2 MSC + Dox group compared to the DMM + stkIL1R2 MSC–Dox and DMM + MSC + Dox groups.
4 DISCUSSION
In this study, we developed an inducible, locally acting IL-1β sticky-trap (stkIL1R2) plasmid based on the PiggyBac transposon system and transfected it into murine MSCs derived from compact bone. This approach established a cell-based gene expression therapeutic platform, which was tested for its efficacy using the murine DMM model. Our findings demonstrated that the IL-1β sticky-trap effectively delayed OA progression and reduced synovitis in the DMM model.
OA is increasingly recognized as a low-grade inflammatory whole-joint disease, with innate immunity playing a central role in its inflammatory pathology (Knights et al., 2023; Robinson et al., 2016; Roover et al., 2023; Scanzello, 2017b). Among pro-inflammatory cytokines, IL-1β has been well-documented to contribute to OA pathogenesis (Krenytska et al., 2023; Panina et al., 2017; Wang et al., 2019). However, anti-IL-1 strategies have produced inconsistent results. Given that IL-1β is a small molecule with activity in the picogram range (Gentile et al., 2013) and a short serum half-life, these challenges are likely due to spatial and temporal mismatches between IL-1β activity and the administered therapeutic agents (Kudo et al., 1990; REIMERS et al., 1991). To overcome this limitation, we employed a cell-based, locally expressed sticky biologics technology, generating MSCs that inducibly express stkIL1R2 biologics.
IL-1R2 is a decoy receptor with high binding affinity for both interleukin-1alpha (IL-1α) and IL-1β, surpassing that of IL-1 receptor type 1 (IL-1R1) (Mantovani et al., 1998). We harnessed this strong binding capacity, integrating IL-1R2 with the sticky-trap technology previously developed in our lab (Michael et al., 2014) to create the novel biologic stkIL1R2. This construct was introduced into compact bone-derived MSCs via an inducible expression plasmid. Fluorescent protein tagging confirmed that stkIL1R2 was expressed on the cell membrane and could bind IL-1β. Functional assays further demonstrated that MSCs expressing stkIL1R2 effectively blocked 50 pg/mL of IL-1β induced LCN2 expression.
To assess the therapeutic efficacy of stkIL1R2, we utilized the classical surgical OA model through the DMM, which mimics PTOA. In this model, transection of the medial meniscotibial ligament destabilizes the medial meniscus, leading to cartilage damage and subsequent OA (Glasson et al., 2007). At 10 weeks post-surgery, histological analysis of DMM joints revealed three key pathological changes: loss of cartilage integrity between the femur and tibia, thinning of subchondral bone, and significant inflammatory cell infiltration at the joint periphery. These findings were quantified using OARSI scores for the femur, tibia, and synovium, confirming the successful induction of moderate to severe OA, consistent with previous studies (Glasson et al., 2010).
In this study, we administered 5 × 104 MSCs per injection into the murine knee joint. The survival of injected cells was monitored via BLI, revealing cell viability for up to 7 weeks. Histological analyses at 10 weeks post-surgery showed that the IL-1β sticky trap significantly reduced joint OA and synovitis compared to sham and other DMM control groups. These findings were corroborated by decreased expression of cartilage breakdown markers MMP-13 and collagen cleavage neoepitope C1,2C in the stkIL1R2 treated groups.
Despite these promising results, the study has some limitations. First, the compact bone-derived MSCs used were sorted in bulk, resulting in a heterogeneous cell population with variable reproducibility and biologic productivity. Second, the luciferase-luciferin tracking system has its limitations for monitoring injected cells in the knee joints as luciferin delivery to the cells may be low due to post traumatic changes to the knee joint and limited blood supply to the joint cavity, cartilage and parts of the meniscus. Also, the strength of the luminescence may need to be a stronger luciferase variant to detect and improve cell tracking in the knee joint. Lastly, the efficacy of stkIL1R2 was evaluated using a PTOA model, which may not fully represent other forms of OA. Future studies should explore its performance in chemically induced OA models or other relevant systems.
In conclusion, this study developed a novel, locally acting IL-1β sticky-trap (stkIL1R2) expressed in compact bone-derived MSCs. We demonstrated its binding ability to IL-1β and its therapeutic efficacy in preventing OA progression using the murine DMM model. The stkIL1R2 biologic shows strong potential as a stand-alone treatment or in combination with other therapeutic strategies for OA. These findings provide a foundation for new approaches to combat OA.
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Introduction: The stromal vascular fraction (SVF) is a complex and heterogeneous suspension derived from adipose tissue, containing both cellular and noncellular components. Its cellular fraction includes adipose-derived stem cells (ASCs), endothelial precursor cells, pericytes, macrophages, lymphocytes, and smooth muscle cells. The acellular “secretome” of SVF includes bioactive molecules such as growth factors, cytokines, chemokines, extracellular vesicles, and fragments of extracellular matrix (ECM), which contribute to its regenerative potential. Bone defeatures can be stimulated by mesenchymal stem cells (MSCs) that differentiate into osteoblast to support the healing and repair process. In addition to its cell content, the SVF is rich in growth factors, cytokines and chemokines, extracellular vesicles, and extracellular matrix components, which could stimulate regenerative processes through a trophic effect. Studies showed that hyaluronic acids are usually involved in healing processes. This study was focused on the healing potency of stromal stem cells isolated from adipose tissues by mechanical digestion, and the role of low-molecular-weight hyaluronic acid (LMW-HA, ACP) in the healing process was tested in calvarial defeatures in a mouse model, in comparison with the enzymatic digestion method.Methods: The bone healing and remodeling process was evaluated in vivo using magnetic resonance imaging (MRI) up to 15 days post-treatment, and differences in the quality of bone regeneration were assessed by ex vivo histological analysis, immunofluorescences, and ultrastructural analysis. The bone matrix formed after treatment with mechanically digested Hy tissue stromal vascular fraction + hyaluronic acid (HT-SVF + ACP) was compared to that formed with enzymatically digested stromal vascular fraction + hyaluronic acid (ED-SVF + ACP), with the saline group serving as the control group.Results: In this study, we explore a groundbreaking approach using HT-SVF combined with ACP to promote bone regeneration. Through comparative analysis with ED-SVF in a calvarial defect mouse model, we demonstrate the superior efficacy of HT-SVF + ACP in enhancing bone healing, reducing fibrotic tissue, and improving bone matrix maturity.Discussion: The findings establish the potential of HT-SVF as a cost-effective and efficient method for bone regenerative therapy.Keywords: bone repair, stromal vascular fraction, calvarial bone defects, hyaluronic acid, adipose-derived stem cell
INTRODUCTION
Bone is a dynamic tissue with a highly vascularized dense structure that enables its unique capacity to leave no scars after the healing and remodeling processes (Simunovic and Finkenzeller, 2021). The stress and biological environment are relevant to bone function and structure formation (Rubin et al., 2001). New bone development is thought to occur under low oxygen tension (Brighton and Krebs, 1972), allowing the expression of specific genes that increase cell survival under hypoxic conditions and re-establish the vasculature for oxygen delivery (Semenza, 2000). In addition, hypoxia induces the production of chemotactic factors implicated in cell migration, differentiation, and new bone formation.
During the natural healing process of bone, the reparative cascade is activated. Platelets, inflammatory cells, and stem cells arrive at the site of injury, secreting cytokines and growth factors, including IL-1 to IL-6, platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and bone morphogenetic protein (BMP) (Rui et al., 2012). This cellular response leads to the invasion of mesenchymal stem cells (MSCs), which differentiate into osteoblasts and chondrocytes to complete the repair (Schindeler et al., 2008). Numerous studies have confirmed that MSCs form bone by differentiating into osteoblasts (Bruder et al., 1998; Gu et al., 2012; Zhu et al., 2012). In addition, many other studies have confirmed that the recruitment of factors with an adequate amount of MSCs and the micro-environment around the fracture are effective for fracture repair (Tsai et al., 2012; Zhi et al., 2011; Zuo et al., 2013).
Bone defects often arise from trauma, tumor resection, reconstructive surgery, congenital malformations, infections, and orthopedic or maxillofacial surgery procedures, and promoting bone regeneration is a unique challenge for both clinicians and scientists. Based on these observations, the regenerative medicine could be considered one of the major promises for all the patients suffering from bone problems, which has a huge detrimental effect on patient’s lives and society (Majidinia et al., 2018). Unlike in other tissues, most bone injuries (fractures) heal without forming scar tissue, and bone is regenerated with its preexisting properties (Einhorn, 1998). However, there are complex clinical conditions in which a large amount of bone regeneration is required, such as skeletal reconstruction of extensive bone defects created by trauma, infection, tumor resection, skeletal abnormalities, or cases in which the regenerative process is compromised, such as vascular necrosis and osteoporosis (Dimitriou et al., 2011). In fields such as oral and maxillofacial surgery, several treatment methods are currently available, which can be used either alone or in combination for the enhancement or management of these complex clinical situations (Dimitriou et al., 2011). Standard approaches clinically applied to stimulate or augment bone regeneration included distraction osteogenesis and bone transplantation (Aronson, 1997; Green et al., 1992), but there are also other several bone-grafting methods, such as autologous bone grafts, allografts, and bone-graft substitutes or growth factors (Giannoudis et al., 2005; Giannoudis and Einhorn, 2009). Furthermore, bone grafting is commonly performed in orthopedic and maxillofacial surgery as a “gold standard” approach (Bauer and Muschler, 2000) because it is the patient’s own tissue; autologous bone is histocompatible and non-immunogenic, reducing the likelihood of immunoreactions and transmission of infections to a minimum. Nevertheless, harvesting requires an additional surgical procedure, with well-documented complications and discomfort for the patient (Ahlmann et al., 2002). In this direction, wide progress has been made in cellular and molecular biology, allowing detailed histological analyses, in vitro and in vivo characterization of bone-forming cells, and identification of transcriptional and translational profiles of the genes and proteins involved in the process of bone regeneration and fracture repair (Komatsu and Warden, 2010). With an improved understanding of fracture healing and bone regeneration at the molecular level (Dimitriou et al., 2005), a number of key molecules that regulate this complex physiological process have been identified and are already in clinical use or under investigation to enhance bone repair. Among these molecules, bone morphogenic proteins (BMPs) have been the most extensively studied as they are potent osteo-inductive factors.
However, there are several issues with their use, including safety (because of the supraphysiological concentrations of growth factors needed to obtain the desired osteo-inductive effects), the high cost of treatment, and, more importantly, the potential for ectopic bone formation (Argintar et al., 2011).
MSCs or stromal stem cells are adult cells isolated from mesenchymal tissues. They have the property of being able to differentiate into many other cell types (Quintero Sierra et al., 2023; Wakao et al., 2011; Kuroda et al., 2013). The application of stem cells in cell-based therapy promotes the repair response of diseased, dysfunctional, or injured tissue. This is obtained by using both the stem cell progenitor, which in vitro differentiates into tissue-specific cells, and their derivative (a subpopulation of mature cells derived from stem cell differentiation in vitro) (Kuroda et al., 2013). In humans, MSC sources include bone marrow, adipose tissue, umbilical cord tissue, dermis, and peripheral blood (Sato et al., 2020). The fact that these MSCs are adipose tissue-resident cells makes them potentially attractive as they could be extracted and isolated from easily harvested fat by liposuction (Wakao et al., 2011; Wakao et al., 2014; Dai Prè et al., 2020). The application of MSCs in regenerative medicine presents two key advantages: first, a low risk of tumorigenesis, and second, a high differentiation capacity, which permits their application to the restoration of various pathological cell loss conditions (Wakao et al., 2011; Wakao et al., 2014; Rigotti et al., 2009; Heneidi et al., 2013).
Moreover, due to their origin from mesodermal lineage, they are able to differentiate into cells such as osteocytes, chondrocytes, adipocytes, skeletal muscle cells, endothelial cells, and cardiomyocytes. Therefore, they can find numerous applications in regenerative therapy studies (De Francesco et al., 2021a; Ogura et al., 2014; Ossanna et al., 2024).
Another alternative cellular source is the stromal vascular fraction (SVF). The SVF consists of adipose-derived stem cells (ASCs), endothelial precursor cells, macrophages, smooth muscle cells, lymphocytes, pericytes, and pre-adipocytes (Grünherz et al., 2019; Lo Furno et al., 2017; Capuzzo et al., 2023). Moreover, the SVF secretum consists of proliferative, pro-angiogenic, pro-differentiative, and pro-antiapoptotic factors, along with extracellular matrix components (Quintero Sierra et al., 2023; Simonacci et al., 2017; De Francesco et al., 2021b; Kachgal and Putnam, 2011). Altogether, the SVF contains a milieu of cells that constitute the functional cellular niche for regenerative processes (Xue et al., 2020; Rosa et al., 2021). Interestingly, adipose tissue contains a higher number of stem cells than bone marrow (Doornaert et al., 2019), making it a more effective source (500 times greater when counted per unit volume than bone marrow) with no ethical concerns regarding its procurement (Deptuła et al., 2021). The ASC content within the SVF of lipoaspirate samples is well known, and consequently, the SVF is used in several therapies and in a wide range of human regenerative medicine approaches (De Francesco et al., 2024). The contents of SVF can promote revascularization, activate local stem cell niches, modulate immune responses via paracrine secretion of numerous bioactive molecules, promote wound healing, exhibit anti-inflammatory activity, and promote angiogenesis. These regenerative effects could be partially due to the MSC content of the SVF (Capuzzo et al., 2023; Bora and Majumdar, 2017; Luck et al., 2018).
The SVF can be obtained from adipose tissue either through enzymatic methods by using collagenase enzyme that allows to separation the contents into two distinct phases: the floating mature adipocyte fraction and the cellular components in the lower aqueous fraction (Matsumoto et al., 2006; Zuk et al., 2001), resulting in an MSC-rich product, or non-enzymatic techniques, in which their mechanical strategies help desegregate adipose tissue, with cellular yield lower than enzymatic methods but with highly preserved micro-fragments of connective tissue (Quintero Sierra et al., 2023). Altogether, the SVF contains a milieu of cells that constitute the functional cellular niche for regenerative processes (De Francesco et al., 2009; Ferraro et al., 2013).
Hyaluronic acid, a critical component of the extracellular matrix, is a good example of natural molecule that has been applied in regenerative medicine with good results (Valachová and Šoltés, 2021; Carton and Malatesta, 2024). In the last decade, it has become clear that, in addition to their scaffolding properties, low-molecular-weight hyaluronic acid (LMW-HA) molecules can also contribute to other mechanisms like in the processing of injury and healing (Marinho et al., 2021).
In this work, we aim to evaluate the regenerative potential of SVF, containing the stem cell niches activated by mechanical processes (HT-SVF) and mixed with a low molecular weight hyaluronic acid (ACP) as a scaffold, in order to maintain the pro-regenerative product in the calvarial defect locus during the reparative process, and comparing the obtained product by enzymatic digestion mixed with ACP, along with control groups (ACP and saline). In particular, our goal was to investigate the ability of wound healing and tissue repairing, specifically in the case of hard tissues like bone, which was promoted by a new mechanical stromal vascular fraction in a calvarial defect model.
MATERIALS AND METHODS
Fat harvesting
The adipose tissue was harvested from women (n = 3) subjected to ambulatory liposuction, aged between 41 and 69 years. Informed consent was signed by patients prior to tissue harvesting, and all processes were carried out according to the ethical guidelines established by the review committee for human studies of AOU “delle Marche,” Ancona, Italy (Micro-adipose graft_01, 18 May 2017). In brief, the Klein solution was injected (2% lidocaine solution: 0.08% w/v; adrenaline 1 mg/mL solution: 0.1% v/v in 0.9% saline) and left to rest for 8–10 min before starting the liposuction. The cannula and the 20-mL Vac-Lock syringe provided in the kit were used (11G, six holes) to lipoaspirate 20 mL of fat from each donor. Moreover, harvested fat was received and used in experimental protocols, from the University of Verona Laboratory, following the guidelines of the Human Research Approval Committee protocol number 2/2019.
ED-SVF and HT-SVF productions
The extraction of the SVF was performed following the methodologies already proven in the laboratory, with the enzymatic and mechanic digestion systems. In summary, 20 mL of adipose tissue from each healthy informed donor (n = 3) was divided into two portions. The first portion (10 mL) was processed enzymatically using collagenase type I (Gibco; lot number: 17100017), following the study reported by Busato et al. (2020). The cells extracted using this method were named ED-SVF. The second portion (10 mL) was treated mechanically using a Hy-tissue-SVF kit (Fidia Farmaceutici, Abano Terme, Italy). The method consists of a sterile, single-use double bag, containing an inner filter bag with a mesh size of 120 µm. A volume of 10 mL of lipoaspirate was introduced into the inner porous bag using an upper syringe. The adipose tissue was manually processed for 5 min with the plastic rod located within the microporous bag. The micro-fragmented tissue was then collected through a syringe in the lower part of the outer bag and centrifuged at 1,200 × g for 10 min. The cellular pellet obtained was named HT-SVF. All SVF preparations were obtained freshly from individual donor samples and processed within the same experimental session to minimize inter-sample variability. The use of three biological replicates (n = 3 donors) allowed comparative analysis across treatment groups. No cryopreservation or storage was applied; thus, all samples were used immediately after isolation. Based on current protocols and previous experience in our laboratory, mechanical processing tends to yield SVF products with a lower but more consistent cell count and preserved ECM components, whereas enzymatic digestion results in a higher cellular yield but increased variability depending on the enzyme batch and exposure time.
ACP preparation and characterization
The ACP used in this study was manufactured by FIDIA Farmaceutici S.P.A. (Abano Terme, Padova, Italy). The ACP formulation has a molecular weight of approximately 200 kDa and undergoes a proprietary auto-crosslinking post-modification process. It was supplied as a sterile, ready-to-use injectable solution and used without further modification. This crosslinking is designed to increase the residence time of the product at the injection site, enhancing the local availability of the bioactive compound during the early regenerative phases. The selection of LMW-HA is based on its known bioactivity in promoting cell migration and proliferation in regenerative contexts. Prior to in vivo application, its physicochemical properties (viscosity and molecular weight distribution) were confirmed using gel permeation chromatography and rheological analysis according to the manufacturer’s certificate of analysis. Its selection was based on its known regenerative and scaffold-supportive roles in wound- and bone-healing environments.
Animal model
Ten-week old, homozygote male nude mice (n = 12) were purchased from Envigo (Milan, Italy). Animals were housed in each cage, with controlled temperature and humidity. They had free access to chops and water. After 1 week of adaptation, animals were housed individually in each cage. To evaluate the potential effect of cellular treatment in bone regeneration, an in vivo cranial damage model, known as “Calvaria defect mouse model,” was designed in homozygote nude mice. The animals were randomly divided into four groups: HT-SVF + ACP (n = 3), ED-SVF + ACP (n = 3), ACP (n = 3), and saline solution as the control group (n = 3). Each lipoaspirate (n = 3) was equally used for a single series of experimental groups in order to confront the effect of single-donor lipoaspirates between all the tested conditions.
To perform the cranial defect, animals were first anesthetized with isoflurane (Ugo Basile S.R.L, Varese, Italy). Furthermore, an incision was made using a scalpel, cutting through both dermal layers and the periosteum, to expose the cranial bone. Damage was created bilaterally in the parietal cortex using a mini-drill with a 2-mm-diameter tip.
The created non-trespassing holes (approximately 0.5 mm depth) were filled with 50 µL of ACP mixed with the respective treatment (ED-SVF or HT-SVF), or 50 µL ACP or 50 µL saline. To avoid any leakage of the evaluated treatments, a 2.5-mm-diameter dish of Attiva film (sterile transparent polyurethane adhesive dressing, Svas Biosana S.p.A.) was used to cover the injured cranial bone and then fixed with a drop of tissue glue (3M Vetbond Tissue Adhesive). The superficial skin of the animal was finally sutured with resorbable stitches (737H silk sutures, ETHICON 3-0). In order to ameliorate the animal during postoperative recovery, animals were treated subcutaneously with an analgesic (carprofen, Rimadyl®, 1 mL/kg, 1:10; Pfizer, Roma, Italy) and a wide-spectrum antibiotic (enrofloxacin, Baytril®, 10 mL/kg, 1:50, Bayer S.p.a., Milano, Italy) every other day, for 5 days.
To ensure humane treatment of the animals, euthanasia was performed using an overdose of sodium pentobarbital, administered intraperitoneally at a dose of 150 mg/kg. This method was chosen for its rapid effectiveness and to minimize animal discomfort. All the procedures involving animals were approved by the Italian NHI, authorization 56DC9.79. All procedures were conducted in full compliance with the ARRIVE guidelines, and all methods were carried out in accordance with relevant guidelines and regulations.
Immunophenotyping
Cells from ED-SVF and HT-SVF were characterized by flow cytometry. For this purpose, both SVF products were passed through a 45-μm cells strainer to remove cellular aggregates; then, the cell pellet was incubated with 1 mL of erythrocyte lysis buffer 1X (Macs Miltenyi Biotec, Milan, Italy) for 10 min and filtered through a 70-μm cell strainer. Next, cells were collected and counted with trypan blue exclusion assay using a CytoSMART counter (Automated Image-Based Cell Counter, version 1.5.0.16380; CytoSMART Technologies B.V, Eindhoven, Netherlands), and 20,000 cells were washed with PBS (1X) and incubated with a specific monoclonal antibody on ice for 30 min. After incubation, the pellets were centrifuged (5,000 rpm, 7 min) and resuspended in 100 μL of PBS (1X).
The following antibodies were used: CD73 V-450A conjugate (1:5 dilution), CD34 PE-A conjugate (1:20 dilution), and CD105 PerPC-Cy-5-5-A conjugate (1:5 dilution). For cell viability, propidium iodide was used. All antibodies were purchased from BD Biosciences (Becton Dickinson Italy S.P.A., Milano, Italy). Immunophenotyping was performed through a chant II FACS (BD, Becton Dickinson, Milano, Italy).
Magnetic resonance imaging
The animals were monitored at 5 and 15 days after the surgery through magnetic resonance imaging (MRI) by performing T2_turboRARE_highres analysis (Bruker, Karlsruhe, Germany) equipped with a 7 T (T), 33-cm bore horizontal magnet (Oxford Ltd., Oxford, United Kingdom).
Given that bone is not directly visualized in magnetic resonance, this technique allows to observe the organization and integrity of structures such as the meninges, periosteum, and skin. In addition, the MRI technique provides information regarding the different degree of wound healing by assessing the integrity of tissues adjacent to the point of damage.
Sample fixation and histological analysis
At 15 dpi, the animals were sacrificed, and the crania were collected for subsequent analysis. The parietal area of the skull was fixed in 4% paraformaldehyde (PFA) for 48 h, decalcified for 24 h using Biodec R (Bio-Optica, Milan, Italy), and then washed with 0.1 M phosphate buffer (pH 7.4). The damage in the right hemisphere of each animal was embedded in OCT and frozen at −20°C. Successively, the samples were cryosectioned at a thickness of 15 µm. For each experimental group, the following histological stainings were performed: hematoxylin/eosin for a morphological evaluation, fibrosis, and inflammatory infiltrates; Alcian blue/Fast red to evaluate the extracellular matrix component formation; Alizarin red/hematoxylin to check the presence of calcium at the site of injury across all the samples. Three slices from each animal were collected for each histological staining. Slides were first washed with PBS 1X for 5 min, stained with Meyer’s hematoxylin (H&E, Bio-Optica, Milan, Italy) for 30 s, washed in running water, stained with 1/10 eosin (H&E, Bio-Optica) for 10 s, and washed with distilled water. Second, slices were washed with PBS 1X, stained with Alcian blue (Merck KGaA, Darmstadt, Germany) for 30 min, washed with distilled water, stained with Fast red solution (Bio-Optica) for 20 min, and washed with distilled water. For the last staining, slices were washed with PBS 1X, stained with Alizarin red (Bio-Optica) for 30 min, washed with distilled water, stained with Meyer’s hematoxylin (H&E, Bio-Optica, Milan, Italy) for 20 min, and washed with distilled water.
Slides were dehydrated with increasing concentrations of alcohol (60, 80, 95, and 100%, each for 10 min), ending with a double wash in xylene for 10 min. Finally, slides were mounted with Entellan (Merck KGaA), dried, and gently cleaned with ethanol. Slides were examined by light microscopy using an Olympus BX-51 microscope (Olympus, Tokyo, Japan) equipped with a JVC DKY-F58 CCD digital camera (Yokohama, Japan).
Immunofluorescence analysis
Cranial slices were defrosted at room temperature for 10 min and then washed in PBS 1X solution for 10 min and incubated for 30 min in blocking solution (0.25% Triton X-100, 2% bovine serum albumin in PBS 1X). Slices were then incubated overnight at 4°C with a solution containing the selected primary antibody (anti-mouse HLA with human reactivity, Abcam, ab70328; anti-rabbit osteopontin with mouse reactivity, Abcam, ab63856), diluted in blocking solution (1:200). The next day, slices were washed six times for 5 min, each with the blocking solution, and incubated at room temperature under dark condition for 4 h in the secondary antibody solution (anti-mouse ab150113 Abcam, 488; anti-rabbit ab175471 Abcam in 568, respectively), composed by specific secondary antibodies diluted in the blocking solution (1:500). After this step, slices were washed thrice for 5 min, each with the blocking solution, and then washed again thrice for 5 min, each with PBS 1X. Slices were then incubated for 10 min with a solution containing 4,6-diamino-2-phenylindole dihydrochloride (DAPI, Molecular Probes-Thermo Fisher Scientific, 1:2,000) diluted in PBS 1X for the nuclei staining. Finally, slices were washed with PBS 1X, and cover slides were mounted using 1,4-diazabicyclo [2.2.2] octane (DABCO, Sigma-Aldrich).
Scanning electron microscopy
The damage in the left parietal cortex was processed for scanning electron microscopy (SEM). The samples were post-fixed in 1% osmium tetroxide (OsO4) diluted in 0.1M phosphate buffer for 1 h. Subsequently, the samples were dehydrated by increasing concentrations of ethanol and finally using the critical point dryer (CPD 030, Balzers, Vaduz, Liechtenstein). They were then metallized with gold using an MED 010 coater (Balzers) and were viewed using an FEI XL30 scanning electron microscope (FEI Company, Eindhoven, Netherlands). The images were acquired in transversal cross-section.
RESULTS
Characterization of the stromal vascular fraction
FACS analysis displayed high cell viability in both ED and HT-SVF. Moreover, HT-SVF and ED-SVF cytofluorimetric analysis showed that CD34+ cell population (endothelial, pericytes, and adipose-derived stem cells) was 9.9% ± 1.5% and 3.7% ± 1.3%, respectively. Additionally, the frequency of cells positive for CD73 and CD105 (mesenchymal stem cells) was analyzed. The percentages of expression in HT-SVF were 7.61% ± 2.59% and 6.28% ± 2.40% for CD73 and CD105, respectively, not thus far from the percentage of expression obtained for the same antibody with ED-SVF (10.14% ± 2.91% and 9.98% ± 1.49%, respectively), as presented in Figure 1.
[image: Bar chart sets compare ED-SVF and HT-SVF for four markers: P.I., CD34, CD105, and CD73. Each graph shows counts against fluorescence intensity. ED-SVF has lower intensity except for CD73, which is higher than HT-SVF. Numerical values and deviation percentages are noted under each graph.]FIGURE 1 | The cell viability and population of ED-SVF and HT-SVF were characterized by flow cytometry by using the P.I., CD34, CD105, and CD73 markers. Data are expressed in percentage of positive cells ±SEM.
Visual evaluation of wound healing
As a follow-up post-surgery procedure, different experimental groups were systematically monitored and evaluated. After the surgery, the degree of wound scarring was assessed at 15 dpi in the different experimental groups through visual evaluation. As shown in Figure 2, the wounds of animals treated with HT-SVF + ACP appeared to be completely healed after 15 days of study, compared to the other experimental groups, which still showed large scars and open wounds.
[image: Four panels show dorsal views of a rat, each labeled: Saline, ACP, ED-SVF + ACP, and HT-SVF + ACP. Arrows point to specific areas in each image.]FIGURE 2 | Visual observation of the wound after 15 days post-surgery. The black arrows indicate the wounds. All the experimental groups are presented, including controls (saline and ACP) and treatments (HT-SVF and ED-SVF).
In vivo monitoring with MRI
After inducing the bone injury, mice were monitored by magnetic resonance at 5 and 15 days after the surgery. The MRI images allowed to control if the defect was performed satisfactorily by supervising that the surrounding structures underlying the cranial bone do not appear compromised.
MRI images (Figure 3) show that treatment with HT-SVF + ACP promotes greater integrity of the skin tissue that covers the cranial bone, unlike all other treatments. In fact, it can be observed how the meninges, periosteum, and skin in the case of treatment with HT-SVF + ACP are structurally more organized and intact, if compared with all the other experimental groups. Moreover, animals that received ED + ACP and ACP showed partial integrity of the observed structures compared to those that received saline treatment. The latter showed a lower integrity of the damaged skin tissues than the other experimental groups.
[image: MRI scans showing cross-sections of tissue under different treatments: Saline, ACP, ED-SVF + ACP, and HT-SVF + ACP. Each row includes images from 5 and 15 days post-treatment. Arrows indicate specific areas of interest or changes in tissue structure.]FIGURE 3 | Representative MRI of the wound healing process at 5 and 15 days after the operation. The squares are representative for the magnifications, and the white arrows indicate the injury sites. All the experimental groups are presented, including controls (saline and ACP) and treatments (HT-SVF and ED-SVF).
Histological analysis
After 15 days of surgery, the treated site of the bone-injured area had been removed to proceed with the different histological analysis. The skulls have been cryo-sectioned and stained with different methodologies that allow us to evaluate different parameters related to the possible regeneration of the damaged bone.
Hematoxylin and eosin
The hematoxylin and eosin staining analysis had been used on the cross-sectioned calvarial bone in order to study tissue regeneration and their cellular components. As shown in Figure 4, skulls derived from animals treated with saline and ACP have a greater amount of scar material at the site of bone damage than skulls derived from animals treated with HT-SVF + ACP and ED-SVF + ACP, where a lower amount of scar tissue was found. Moreover, the gap in the injured site was reduced, as represented in Figure 4. In fact, the holes of animals that received cellular treatments appeared to have a smaller diameter than those of animals in the controls. However, in Figure 4, on the right, it can also be seen that the bone damage site in HT-SVF + ACP and ED-SVF + ACP treatments had a greater amount of newly formed bone tissue than the bone damage site in saline and ACP controls.
[image: Histological analysis showing four longitudinal tissue sections labeled Saline, ACP, ED-SVF + ACP, and HT-SVF + ACP, stained to highlight cellular structures. The sections are compared for tissue composition and regeneration. Enlarged areas on the right provide detailed views of cellular morphology. Scale bars indicate magnification levels.]FIGURE 4 | Morphological evaluation with hematoxylin/eosin staining. The squares represent the magnifications in the right column, the black lines represent the initial hole diameter, and the dotted lines represent the newly formed bone area and scar tissue. All the experimental groups are presented, including controls (saline and ACP) and treatments (HT-SVF and ED-SVF).
Alcian blue and Fast red
As fracture bone healing is associated with transient cartilage formation, we proceeded to investigate the association between cartilage and the bone defects. Therefore, Alcian blue staining identifies the extracellular matrix components, which are essential precursors of bone regeneration, and Fast red stains cell nuclei red. As shown in Figure 5, the skull treated with HT-SVF + ACP shows a greater blue staining intensity degree than that treated with ED-SVF + ACP, which has a high amount of these bone precursor components. In contrast, saline and ACP control groups display poor blue staining at the site of bone injury. The greater blue staining at the site of cranial damage that can be observed in the cellular treatments (HT-SVF + ACP and ED-SVF + ACP) highlights a greater amount of glycosaminoglycan bone precursors, which result in a greater bone regeneration capacity. In particular, HT-SVF + ACP treatment shows a greater thickness of newly formed bone than treatment with ED-SVF + ACP, ACP, and saline controls.
[image: Histological images showing tissue samples stained in varying shades of purple and blue. The main samples are labeled "Saline," "ACP," "ED-SVF + ACP," and "HT-SVF + ACP," with detailed inset sections on the right. Scale bars indicate sizes of 2 millimeters and 200 micrometers.]FIGURE 5 | Glycosaminoglycan evaluation with Alcian blue/Fast red staining. The squares represent the magnifications in the right column, the black lines represent the initial hole diameter, and the dotted lines represent the newly formed bone area. All the experimental groups are presented, including controls (saline and ACP) and treatments (HT-SVF and ED-SVF).
Alizarin red and hematoxylin
For further confirmation of bone maturation, Alizarin red has been used to mark calcium deposits, which is the main and essential precursor for the bone regeneration process. As shown in Figure 6, the damage area treated with HT-SVF + ACP shows a greater intensity of red coloration than that treated with ED-SVF + ACP. However, the saline and ACP controls display less staining intensity, as can be seen from the damaged zone magnification in Figure 6. In addition, as observed in the other staining analyses, the HT-SVF + ACP and ED-SVF + ACP treatments show a reduction in the cranial hole diameter. The greater intensity of staining at the cranial damage site that can be observed in cellular treatments is linked to a greater amount of calcium deposits, which is one of the essential components of bone neoformation.
[image: Histological sections of vascular tissue are displayed in four horizontal panels labeled as Saline, ACP, ED-SVF + ACP, and HT-SVF + ACP. Each panel exhibits red-stained areas indicating vascular structures. To the right, a vertical arrangement of magnified views reveals detailed tissue morphology. A scale bar is present, measuring two millimeters at the bottom of the panels and one hundred micrometers beside the magnified views.]FIGURE 6 | Calcium deposit evaluation with Alizarin red and hematoxylin. The squares represent the magnifications in the right column, the black lines represent the initial hole diameter, and the dotted lines represent the magnification zone of the newly formed area. All the experimental groups are presented, including controls (saline and ACP) and treatments (HT-SVF and ED-SVF).
Immunofluorescence analysis
Human cell analysis
The immunofluorescence technique was carried out to assess the presence of human cells 15 days after the treatment in the cranial region of injury. Positive control is represented by a human capsular contracture. As shown in Figure 7, the first row in the panel shows the immunofluorescent staining related to DAPI, which marks the cell nuclei in blue; the second row depicts the channel related to the immunofluorescent staining of the human leukocyte antigen (HLA) marker, which is in green; and the third row defines the co-localization of the two channels. As shown in Figure 7, after 15 days, cellular treatments present some positivity of HLA+ human cells on the calvarial defect scar surface for the presence of human cells in the HT-SVF + ACP and ED-SVF + ACP treatment groups, whereas there was no positivity in the other experimental groups.
[image: Fluorescent microscopy grid showing tissue samples. Rows display DAPI, Human HLA, and Amoxicillin detection, with varying treatments: CTRL+, Saline, ACP, ED-SVF + ACP, HT-SVF + ACP. Fluorescent signals range from blue to green, indicating differing protein expressions across treatments.]FIGURE 7 | Immunofluorescence analysis of HLA+ human cells. The columns consist of different experimental groups (CTRL+, saline, ACP, ED-SVF + ACP, and HT-SVF + ACP). Each row represents different markers, including nuclei marker (DAPI, blue), human leukocyte antigen marker (HLA, green), and composite of markers. All the images were acquired with a ×20 magnification objective.
New bone formation analysis with osteopontin
Anti-OPN analysis revealed that the newly formed tissue derived from cellular treatments presents some positivity for the osteopontin marker, which is a neoformation bone marker. As shown in Figure 8, the first row shows the immunofluorescent staining related to DAPI, which marks the cell nuclei in blue; the second row depicts the channel related to the immunofluorescent staining of the osteopontin marker; and the third row defines the co-localization of the two channels. It can be seen from the panel that there is higher positivity of the osteopontin marker in HT-SVF + ACP than in ED-SVF + ACP, whereas weak signal was observed in the other experimental groups (saline and ACP).
[image: Microscopic images showing results of four different treatments: Saline, ACP, ED-SVF + ACP, and HT-SVF + ACP. Each row represents different staining: DAPI, SP, and CGRP. Blue, green, and blue-green colors highlight variations in staining intensity across treatments, with notable differences in the presence of SP and CGRP between ED-SVF and HT-SVF treatments.]FIGURE 8 | Immunofluorescence analysis of the newly formed bone marker. The columns consist of different experimental groups (CTRL+, saline, ACP, ED-SVF + ACP, and HT-SVF + ACP). Each row represents different markers, including nuclei marker (DAPI, blue), bone neoformation marker (OPN, green), and composite of markers. All the images were acquired with a ×20 magnification objective.
Ultrastructural analysis: scanning electron microscopy
SEM is a useful technique to analyze the microstructural organization of the sample’s surface. As shown in Figure 9, the newly formed tissue in HT-SVF + ACP and ED-SVF + ACP treatments have a more defined, compact, and organized structure in the cranial damaged region. In contrast, ACP and saline controls show a poorly organized structure, with cracks and breaks in the newly formed material. In addition, both the cellular treatments appear to promote greater bone-like morphology of the newly formed tissue.
[image: Three rows of microscopic images show different treatments: Saline, ACP, ED-SVF + ACP, HT-SVF + ACP. Each row has three sections depicting tissue structure. Variations in texture and density are visible between treatments.]FIGURE 9 | Ultrastructural analysis using scanning electron microscopy (SEM). The squares represent the magnification areas, and the right column represents its further magnification. All the experimental groups are presented, including controls (saline and ACP) and treatments (HT-SVF and ED-SVF).
DISCUSSION
Regenerative medicine has profoundly transformed the landscape of bone repair, offering innovative solutions through the integration of stem cell-based therapies and bioactive scaffolds (De Francesco et al., 2023). These approaches address long-standing challenges in treating extensive and complex bone defects, particularly where traditional methods, such as grafting or mechanical fixation, have shown limited efficacy. By leveraging the body’s intrinsic healing mechanisms, cell-based therapies, especially autologous approaches, minimize immunogenic risks and enhance biocompatibility, making them a cornerstone in modern bone regeneration strategies.
In our study, both HT-SVF and ED-SVF demonstrated comparable cell viability and ADSC content, highlighting their potential as regenerative tools. However, HT-SVF emerged as a superior alternative, owing to its ability to preserve the extracellular matrix and secretory factors. This preservation is pivotal, as the extracellular matrix not only provides structural support but also serves as a reservoir for pro-regenerative cytokines, growth factors, and chemokines. These elements collectively create a conducive microenvironment for cellular migration, proliferation, and differentiation, accelerating wound healing and osteogenesis.
The combination of HT-SVF with ACP further amplified its therapeutic efficacy. ACP acts as both a scaffold and a bioactive agent, facilitating the retention and gradual release of regenerative factors while supporting cellular adhesion and tissue integration. Our histological analyses revealed that the HT-SVF + ACP treatment significantly enhanced osteogenesis, as evidenced by the presence of mature bone and enhanced expression of bone precursor markers. These findings underscore the synergy between HT-SVF and ACP in promoting rapid and robust bone regeneration, reducing fibrotic tissue formation, and improving the structural and functional quality of the newly formed bone matrix.
Although ED-SVF + ACP also demonstrated regenerative potential, the differences in outcomes highlight the advantages of mechanical processing. Mechanical digestion methods, as used for HT-SVF, retain micro-fragments of connective tissue and associated vascular niches, which are often disrupted in enzymatic digestion. This retention may explain the superior regenerative outcomes observed with HT-SVF + ACP as these niches are critical for maintaining cellular viability and functionality. Although this study focused on calvarial bone regeneration, the biological features of SVF, including its multi-lineage differentiation capacity and secretory profile, make it a promising candidate for applications in other tissues. The preservation of stromal architecture in HT-SVF further supports its potential translational use across various regenerative medicine fields.
Despite the promising results, there are limitations to be considered. The reliance on a murine model introduces challenges in extrapolating findings to human clinical scenarios. Murine physiology, particularly in bone remodeling and healing dynamics, differs significantly from that of humans. Additionally, the relatively short follow-up period in this study limits the ability to assess long-term outcomes, such as the durability and integration of the regenerated bone under physiological stress. It is important to acknowledge that the present study is limited to the use of a murine calvarial defect model, which, although valuable for initial proof-of-concept data, does not fully replicate the complex biomechanical and physiological environment of human bone tissue. Moreover, the 15-day follow-up period, although sufficient to evaluate early stages of healing and bone matrix formation, precludes assessment of long-term outcomes such as structural remodeling, integration, and mechanical strength. Future studies should consider larger animal models and extended monitoring periods to validate the translational potential of HT-SVF + ACP therapy.
Future research should address these gaps by extending the duration of studies and incorporating larger animal models that better mimic human bone physiology. Translational studies focusing on the scalability, safety, and efficacy of HT-SVF + ACP in clinical settings are crucial. Moreover, exploring the potential of combining HT-SVF with other bioactive molecules or advanced scaffold designs could further enhance its regenerative capabilities. Investigating its application in more complex defect models, such as those involving load-bearing bones or multi-tissue interfaces, would also provide valuable insights into its clinical utility.
In conclusion, the findings from this study establish HT-SVF as a transformative approach in bone regenerative medicine. Its cost-effectiveness, simplicity, and superior regenerative outcomes position it as a viable alternative to enzymatic methods. When combined with bioactive scaffolds like ACP, HT-SVF holds the potential to address a wide range of clinical challenges in bone repair, paving the way for innovative, patient-specific therapies that restore both form and function in severe and complex bone injuries.
CONCLUSION
In this study, we demonstrate that HT-SVF significantly enhances the healing process of bone defects, outperforming conventional methods. Cranial bone regeneration was characterized by early connective tissue formation in the cortical bone region, followed by accelerated remodeling and maturation. The rapid healing observed with HT-SVF + ACP can be attributed to its enriched regenerative compounds and the synergistic effect of ACP, which together provide a robust scaffold for bone growth.
Our findings underscore the pivotal role of SVF, not only in delivering stem cells essential for bone repair but also in leveraging the trophic effects of the extracellular matrix and associated regenerative niches preserved through mechanical purification. Moreover, HT-SVF presents a simplified, cost-effective alternative to enzymatic methods, making it a viable option for clinical application.
In conclusion, these results establish the efficacy of SVF supplementation as a transformative approach for severe bone injuries. The insights gained pave the way for combining SVF with other bioactive molecules, such as hyaluronic acid, to develop innovative, highly effective strategies for enhancing bone regeneration and repair in complex clinical scenarios.
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Background
Repair and regeneration of the musculoskeletal system are critical for maintaining mobility, physical function, and overall quality of life. This study aimed to optimize the size and concentration of graphene oxide (GO) to achieve a balance that enhances the proliferation and myogenic differentiation of C2C12 cells and investigate the underlying mechanisms, including the activation of key myogenic genes and signaling pathways. Additionally, the effects of exosomes derived from GO-treated C2C12 myoblasts on osteoblasts were explored.
Methods
C2C12 cells were cultured with different concentrations (0.1, 0.5, 2.5, 12.5, and 62.5 μg/mL) and particle sizes (>500 and <500 nm) of GO. Thereafter, cell viability, proliferation, cycle, and migration were evaluated via fluorescence staining, CCK-8, flow cytometry, and scratch assays, respectively. Immunofluorescence, polymerase chain reaction, and RNA sequencing (RNA-seq) were used to detect the effects of GO on C2C12 cell differentiation and explore the related molecular mechanisms. Furthermore, RNA-seq analysis was performed to investigate the impact of exosomes derived from GO-treated C2C12 myoblasts on MC3T3-E1 cells.
Results
GO with particle sizes of >500 nm at a concentration of 2.5 μg/mL significantly enhanced C2C12 cell proliferation and myogenic differentiation. Increased GO conductivity played a crucial role in supporting MyoD expression and promoting myocyte differentiation, likely by modulating membrane electrical activity and facilitating intercellular signaling. These effects were associated with the activation of the PI3K-Akt signaling pathway and the upregulation of the NFATc1 gene, further highlighting the role of GO’s conductive properties in regulating myogenic differentiation. Exosomes derived from GO-treated myoblasts upregulated genes such as PDGFRB, COL12A1, and TBX2 while downregulating inflammation-related genes such as C3, thereby demonstrating the crosstalk between muscle and bone cells.
Conclusion
The conductive properties and surface roughness of GO significantly enhanced interactions between muscle and bone tissues, consequently facilitating effective musculoskeletal repair. This study suggests that GO can serve as a promising material for integrated approaches in musculoskeletal tissue engineering by promoting both myogenic differentiation and osteoblastic activity. Our findings highlight the potential utility of GO in regenerative medicine, offering a novel strategy for musculoskeletal regeneration.
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1 INTRODUCTION
Skeletal muscles, which account for 40%–50% of adult body weight, are essential for movement, posture, breathing, and heat production (Laumonier and Menetrey, 2016). Muscle damage caused by trauma, overuse, or degenerative conditions such as Duchenne muscular dystrophy, facioscapulohumeral muscular dystrophy (FSHD), and myotonic dystrophy type 1 (DM1) can lead to severe pain, loss of mobility, and a markedly reduced quality of life (Duan et al., 2021; Papaefthymiou et al., 2022; Dumont et al., 2015). Over the past 3 decades, musculoskeletal disorders have increased by 30% (Global, 2019; Safiri et al., 2021). Muscle repair relies on satellite cells, which are activated by signals from the damaged environment to migrate to the injury site, proliferate, and regenerate muscle tissue (Liu et al., 2018). However, this regenerative capacity is limited, allowing compensation for up to 20% of muscle mass loss; beyond this point, its adaptive and regenerative potential becomes inadequate (Liu et al., 2018; Corona et al., 2015). Repair is further complicated by challenges such as incomplete regeneration, scar tissue formation, chronic inflammation, and limited vascularization, hindering effective healing. This regenerative ability is impaired in conditions such as muscular dystrophy, leading to muscle dysfunction. Furthermore, aging and poor integration with surrounding tissues impede recovery, highlighting the urgent need for novel therapies that enhance muscle regeneration and address these challenges to effectively restore muscle function (Moiseeva et al., 2023).
The musculoskeletal system comprises bones, muscles, tendons, ligaments, and other connective tissues that work together to support the body structure, enable movement, and maintain stability. Bone and muscle tissues interact in a dynamic manner, with muscle contraction exerting forces on bones through tendons, allowing joint movement. This interaction is essential for mobility, posture, and overall function. Furthermore, skeletal muscles and bones are influenced by shared biochemical and biomechanical signals that regulate their development, maintenance, and response to injury (Herrmann et al., 2020). Disruption in the interaction between muscles and bones, often observed in conditions such as osteoporosis, muscular dystrophies, and age-related degeneration, can impair the ability of the musculoskeletal system to maintain function and stability (He et al., 2020; Catalano et al., 2022; Chagarlamudi et al., 2017; Gielen et al., 2023; Lu et al., 2018).
Current repair strategies for the musculoskeletal system primarily focus on addressing bone and muscle injuries independently. For bone repair, these strategies include the use of bone grafts, synthetic scaffolds, and osteogenic growth factors to promote healing (Safari et al., 2021; Stamnitz and Klimczak, 2021). Meanwhile, muscle repair is typically approached through the activation of satellite cells, myoblast transplantation, and the use of biomaterials to stimulate myogenic differentiation (Sousa-Victor et al., 2022; Nuge et al., 2021). Although these approaches have shown some success, they often fail to address the complex interconnected nature of muscle–bone interactions. For example, bone repair strategies often overlook the role of muscle strength and function in maintaining bone health, whereas muscle repair techniques do not sufficiently account for the influence of bones on muscle regeneration. Furthermore, numerous existing therapies do not fully restore function, particularly in degenerative conditions such as muscular dystrophies or age-related sarcopenia, wherein both muscles and bones are compromised. The complexity of these interactions presents challenges in developing therapies that target both systems simultaneously, and more research is necessary to optimize such integrated approaches.
Graphene oxide (GO) exhibits exceptional physical properties, including higher hardness than diamond, an elastic modulus of up to 1 TPa, and a tensile strength of ∼130 MPa (Lee et al., 2008). These properties render GO ideal for simulating the mechanical strength and elasticity of skeletal muscles. Furthermore, its nanoscale roughness effectively mimics that of natural extracellular matrix (ECM), which can promote protein adsorption and cell adhesion (Bacakova et al., 2011). The π–π interactions and the presence of oxygen-containing functional groups on GO enhance its ability to bind proteins, further facilitating muscle cell adhesion and differentiation (Kenry et al., 2018; Luong-Van et al., 2020). Skeletal muscles are highly responsive to electrical signals, and processes such as cell communication, proliferation, differentiation, and contraction depend on these stimuli. The excellent electrical conductivity of GO, resulting from its sp2 hybridized carbon structure and free-moving π electrons, can influence gene expression, thereby enhancing muscle cell adhesion, proliferation, and differentiation (Jung et al., 2008; Dong et al., 2020; Han et al., 2023; Chen et al., 2013).
In addition to its effects on muscle cells, GO has demonstrated considerable potential in bone regeneration. International studies have reported that GO enhances osteoblast proliferation and differentiation, thereby improving bone mineralization and accelerating bone repair processes (Bahrami et al., 2021; Berrio et al., 2021; Wong et al., 2020; Ș et al., 2022). MC3T3-E1 cells are osteoblastic precursor cells derived from mouse calvaria that can differentiate into mature osteoblasts to form a mineralized bone matrix under appropriate conditions. These cells are extensively used in bone biology research because of their relevance in osteogenesis and bone tissue repair (Izumiya et al., 2021; Seo et al., 2010; Fukuda et al., 2013).
To investigate the impact of GO on skeletal muscle proliferation and differentiation and the effects of the interplay between muscles and bones (musculoskeletal crosstalk), this study evaluated the effects of GO on C2C12 cells, examining how different GO concentrations and sizes influence cell viability, migration, and differentiation. GO was found to promote the intracellular flow of calcium ions through its electrical conductivity, in turn activating the NFATc1 signaling pathway, which leads to the upregulation of MyoD and promotes myogenic differentiation. Furthermore, we explored the effects of exosomes derived from GO-treated C2C12 cells on MC3T3-E1 cells, highlighting GO’s potential for comprehensive musculoskeletal regeneration. This dual focus emphasizes the interconnectedness of muscle and bone regeneration and highlights potential pathways through which GO can promote comprehensive musculoskeletal repair, thereby offering a holistic approach to addressing musculoskeletal disorders.
2 METHODS
2.1 Characterization and conductivity
The GO used in this research was purchased from Nano Xianfeng Company, China. We observed the shape and size of GO using scanning electron microscopy (SEM) (Tescan MIRA, Czech Republic) and measured its surface roughness using atomic force microscopy (AFM) (PARK NX-Hivac, Korea).
The samples with particle sizes greater and less than 500 nm were diluted to concentrations of 0.1, 0.5, 2.5, 12.5, and 62.5 μg/mL, respectively, following a concentration gradient. The conductivity of each dilution was subsequently measured using a conductivity detector (HANNA HI8733, Italy).
2.2 Cell culture
The C2C12 cell line was purchased from Procell (CL-0044, China) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) (HyClone, United States) supplemented with 10% fetal bovine serum (HyClone) and 1% penicillin–streptomycin (HyClone). The cells were maintained at 37°C in a humidified incubator containing 5% CO2 (Zhang et al., 2023). The medium was replaced every 2–3 days to ensure optimal growth conditions. The cells were passaged when they reached approximately 80%–90% confluence. All subsequent cell culture experiments were performed with at least three biological replicates (n = 3) to ensure reproducibility.
2.3 Cell viability assay
To evaluate the effects of different concentrations and sizes of GO on the viability of C2C12 cells, these cells were seeded in 96-well plates (NEST, United States) at a density of 1 × 104 cells per well. The cells were allowed to adhere for 12 h and then treated with two types of GO differing in sheet size: one with diameters of >500 nm and the other with diameters of <500 nm. The treatments were administered at concentrations of 0, 0.1, 0.5, 2.5, 12.5, and 62.5 μg/mL. On days 1, 3, and 5 after treatment, 10 µL of the CCK-8 reagent (Beyotime Biotechnology, China) was added to each well containing cells in a 96-well plate. The cells were then incubated with the reagent for 2 h. The absorbance measured by the microplate reader was recorded for further analysis to assess the effects of both types of GO on cells over time.
The C2C12 cells were seeded into 24-well plates (NEST) at a density of 2 × 104 cells per well and allowed to adhere. Following cell attachment, the cells were treated with two types of GO (diameters >500 nm and diameters <500 nm) at concentrations of 0, 0.1, 0.5, 2.5, 12.5, and 62.5 μg/mL with particle sizes of either >500 nm or <500 nm. The cells were incubated for 24 h, following which they were washed with phosphate-buffered saline (PBS). Subsequently, the cells were stained using a live/dead cell staining kit (ScienCell, United States) and photographed with a fluorescence microscope (Olympus CKX53, Japan).
2.4 Flow cytometric analysis
The C2C12 cells were seeded in six-well plates at a density of 1 × 105 cells per well. They were treated with different concentrations of GO, particularly 0.1, 0.5, 2.5, and 62.5 μg/mL, with particle sizes of either >500 nm or <500 nm. Following a 24-h incubation period, the cells were harvested, fixed in 70% ethanol, and stained with propidium iodide (PI) to label DNA. Flow cytometric analysis was performed to determine the percentage of cells in each phase of the cell cycle—G0/G1, S, and G2/M.
The C2C12 cells were seeded into six-well plates at a density of 1 × 105 cells per well. Upon reaching 70%–80% confluence, the cells were treated with varying concentrations of GO (0.5 and 2.5 μg/mL) and particle sizes of >500 and <500 nm. After 48 h of treatment, the cells were washed thrice with Hank’s balanced salt solution (HBSS, Siwega) and then incubated with Fluo-4 AM working solution (YEASEN, China). After incubation, the cells were washed thrice with HBSS and then further incubated in HBSS at 37°C for an additional 30 min to allow the complete uptake of Fluo-4 AM. Subsequently, the adherent cells from each treatment group were trypsinized, suspended in a medium, and centrifuged at 1,000 rpm for 5 min. The supernatant was discarded, and the cells were resuspended in PBS. The suspension was centrifuged again at 1,000 rpm for 5 min. This washing step was repeated 1 to 2 times. Finally, the cells were transferred to flow cytometry tubes for detection.
2.5 Cell migration
The C2C12 cells were cultured in six-well plates until they reached ∼90% confluence. A sterile 200-µL pipette tip was then used to create a straight scratch in each well to simulate a wound. The cells were gently washed with PBS to remove detached cells and debris, and fresh culture medium was added, followed by treatment with two types of GO with different sheet sizes (diameters >500 nm and diameters <500 nm) at concentrations of 0.5 and 2.5. Images were captured using a Nikon DS-Qi2 optical microscope immediately after scratching and 24 h after scratching. To assess the scratch width at 0 and 24 h, six measurement points in the image were selected using ImageJ software. The cell migration rate was then calculated using the following formula: migration rate (%) = [(Scratch width at 0 h − Scratch width at 24 h)/Scratch width at 0 h] × 100%.
2.6 F-actin staining
The C2C12 cells were seeded in a 12-well plate (NEST, United States) with round coverslips (Biosharp, China) at a density of 1 × 105 cells per well. Subsequently, the cells were treated with two types of GO with different sheet sizes at concentrations of 0.5 and 2.5 μg/mL until they reached 70% confluence. The cells were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature (24°C). Then, the cells were permeabilized with 0.1% Triton X-100 (BioFroxx, Germany) in PBS for 5 min. After permeabilization, the cells were incubated with a blocking solution of 3% bovine serum albumin (BSA) (Beyotime, China) in PBS for 30 min to prevent nonspecific binding. Actin-Tracker Red (Beyotime, China) was then diluted with secondary antibody diluent at a ratio of 1:150, and 200 µL of the solution was added to each sample. The mixture was then incubated for 60 min at room temperature in the dark. The cells were subsequently washed with PBS and counterstained with 4ʹ,6-diamidino-2-phenylindole (DAPI) to visualize the nuclei. Images were captured using a fluorescence microscope (Zeiss Axio Imager A2, Germany). From the obtained fluorescence images, cell width, length, and aspect ratio data were analyzed using ImageJ. The aspect ratio was calculated as follows: Aspect Ratio = Cell Length/Cell Width.
2.7 Cell differentiation
The cell viability assay results indicated that GO at concentrations of ≤2.5 μg/mL exhibited good biocompatibility. The C2C12 cells were differentiated in DMEM containing 2% horse serum (Procell, China) and 1% penicillin–streptomycin. The experimental groups were treated with GO having diameters of >500 nm and <500 nm at concentrations of 0.1, 0.5, and 2.5 μg/mL, with a control group lacking GO. Medium changes were performed every 2–3 days.
2.7.1 Real-time polymerase chain reaction
Based on the biocompatibility assessments results, 5 days after the C2C12 cells were treated with two types of GO with different sheet sizes (diameters >500 nm and diameters <500 nm) at concentrations of 0.5 and 2.5 μg/mL, the cells were collected for real-time polymerase chain reaction (PCR) to assess gene expression associated with muscle differentiation. The cells were collected and lysed using TRIzol reagent, and the total RNA was isolated according to the manufacturer’s protocol. The RNA concentration was measured using a NanoDrop One spectrophotometer (NanoDrop Technologies, United States). Complementary DNA (cDNA) was synthesized from 1 µg of RNA using a reverse transcription kit (Vazyme, China) according to the manufacturer’s instructions. Real-time PCR was subsequently performed using specific primers for the muscle differentiation markers MyoD (Sangon Biotech, China) and NFATc1 (Sangon Biotech), along with a SYBR Green or TaqMan PCR master mix. The PCR reactions were run on a real-time PCR machine under appropriate thermal cycling conditions. The relative gene expression levels were quantified using the 2−ΔΔCTmethod, with glyceraldehyde-3-phosphate dehydrogenase used as the internal control. Data were analyzed to compare the effects of different treatment conditions on the expression of muscle-specific genes.
2.7.2 Immunofluorescence assay
According to the PCR results, the C2C12 cells were differentiated and cultured for 5 days at a concentration of 2.5 μg/mL, and MyHC expression was analyzed using immunofluorescence. The experimental groups were as follows: GO (>500 nm, 2.5 μg/mL) with horse serum, GO (<500 nm, 2.5 μg/mL) with horse serum, GO (>500 nm) without horse serum, GO (<500 nm) without horse serum, and a control group without GO. The cells were then treated as described in Section 2.6 for 5 days to promote myotube formation. Following the differentiation period, the cells were fixed with 4% paraformaldehyde at 24°C for 15 min. The cells were permeated with 0.1% Triton X-100 (Bio Froxx, Germany) for 10 min. The cells were blocked with 3% BSA for 30 min to prevent nonspecific binding. The primary antibody against MyHC (1:200, ABclonal, China, myosin heavy chain, a marker of muscle development and differentiation) was incubated with the cells overnight at 4°C. Then, the cells were incubated with a fluorescently labeled secondary antibody (1:500, Jackson, United States) for 1 h at room temperature in the dark. Following additional washes, the nuclei were stained with DAPI for 5 min. Images were captured using a fluorescence microscope (LEICA DM2000LED, China) and analyzed with ImageJ.
2.8 MC3T3-E1 cell treatment
The C2C12 cells were cultured in six-well plates in DMEM supplemented with 2% horse serum to induce differentiation. This setup served as the control group. For the experimental group, the cells were cultured under identical conditions but with the addition of GO (diameter >500 nm, 2.5 μg/mL) to assess its impact on exosome production. After 5 days of treatment, the culture media from both the control and experimental groups were collected separately, and the exosomes were isolated using ultracentrifugation. The media were centrifuged at 300 × g for 10 min to remove cell debris, followed by centrifugation at 10,000 × g for 30 min to pellet the exosomes. MC3T3-E1 cells (CL-0710, Pricella) were cultured in the MC3T3-E1 cell culture medium (CM-0710, Pricella) until they reached 70%–80% confluence.
The exosomes derived from the C2C12 cells, which were cultured with or without GO, were added to the MC3T3-E1 cells at a concentration of 50 μg/mL and incubated for 48 h. In the experimental group, the MC3T3-E1 cells were treated with the exosomes derived from the C2C12 cells exposed to GO and 2% horse serum, whereas the control group received exosomes from the C2C12 cells cultured with 2% horse serum alone.
2.9 RNA sequencing analysis
Based on the finding that GO at a concentration of 2.5 μg/mL and particle sizes of >500 nm can promote the proliferation and myogenic differentiation of C2C12 cells, this GO size and concentration were used for RNA sequencing (RNA-seq). The C2C12 cells were differentiated under three conditions: (A) 2% horse serum, (B) a combination of 2% horse serum and GO (diameter >500 nm, 2.5 μg/mL), and (C) GO (diameter >500 nm, 2.5 μg/mL). After a 5-day differentiation period, the cells from each condition were collected for RNA-seq analysis.
In a parallel experiment, the MC3T3-E1 cells were exposed to the exosomes derived from the C2C12 cells cultured under the aforementioned conditions. Following 48 h of exosome treatment, the MC3T3-E1 cells were harvested, and the total RNA was extracted using a commercial RNA extraction kit according to the manufacturer’s instructions. RNA quality and quantity were assessed using a NanoDrop spectrophotometer and an Agilent Bioanalyzer. The RNA samples were subsequently prepared for sequencing by generating libraries and performing RNA-seq using Illumina. The resulting raw sequencing data were analyzed to determine gene expression levels.
2.10 Statistical analysis
All data are expressed as means ± standard deviations. The statistically significant differences between groups were analyzed using one-way or two-way analysis of variance in GraphPad Prism 9.5. Differences with p-values of <0.05 were considered statistically significant.
3 RESULTS
3.1 Characterization of different sheet sizes of GO
The AFM and SEM results revealed clear differences in the surface morphology and structure of GO sheets of various sizes. The larger GO sheets exhibited a more uniform surface topology, whereas the smaller GO sheets displayed more irregular structures (Figures 1A,B).
[image: (A) Atomic force microscopy images showing the surface topography of graphene oxide (GO) with sizes greater than five hundred nanometers and less than five hundred nanometers. Height sensors indicate variations from -3.1 to 2.7 nm for larger GO and 229.5 pm to 2.7 nm for smaller GO. (B) Scanning electron microscopy images of GO sheets, exhibiting structural differences based on size. Scale bars are 1 µm. (C) Line graph comparing conductivity of GO solutions with concentrations ranging from 0.1 to 62.5 µg/mL, showing increasing conductivity with higher GO concentration across both size categories.]FIGURE 1 | Physical and chemical properties of graphene oxide (GO). (A) Atomic force microscopy images of GO (diameter >500 nm) and GO (diameter <500 nm). Scale bars = 4 μm. (B) Scanning electron microscopy images of GO at ×10,000 magnification. (C) Conductivity of GO at different concentrations (0.1–62.5 μg/mL) and diameters (*P < 0.05, ****P < 0.0001).In terms of conductivity, measurements indicated that the electrical conductivity of GO significantly improved with increasing concentration, regardless of the sheet size (Figure 1C). At the same concentration, smaller GO sheets exhibited slightly higher electrical conductivity than larger GO sheets, possibly because of their increased surface area and better charge mobility (Kim et al., 2017).
3.2 Effects of GO on C2C12 cell viability
In the CCK-8 assay evaluating the effects of GO on C2C12 cells, on the third day of culture, low concentrations of GO with sheet diameters of >500 nm were found to promote C2C12 cell proliferation (Figure 2B). By the fifth day, GO at concentrations of ≤2.5 μg/mL did not exert cytotoxic effects, indicating good biocompatibility at lower doses. However, at concentrations of ≥12.5 μg/mL, GO induced significant cytotoxicity, reducing cell viability. Moreover, smaller GO sheets (<500 nm) were found to be more cytotoxic than larger sheets, likely because of their higher surface area and increased interaction with cellular membranes. These results highlight the importance of the size and concentration of GO in determining its biocompatibility with C2C12 cells. Low concentrations of larger GO sheets appeared to support cell growth, whereas higher concentrations and smaller sheets exerted cytotoxic effects.
[image: Panel A displays fluorescence microscopy images of cells treated with varying concentrations of graphene oxide (GO) larger and smaller than five hundred nanometers. The images exhibit different levels of green fluorescence indicative of cell viability. Panel B presents bar graphs showing cell viability percentages for the same GO concentrations over days one, three, and five. The graphs compare viability between GO sizes greater and less than five hundred nanometers, with statistical significance marked by asterisks.]FIGURE 2 | Cytotoxicity of graphene oxide (GO) with different concentrations and diameters. (A) Fluorescence images show the results of the live/dead staining with viable cells appearing green and dead cells (white arrow) appearing red. Scale bars = 100 μm. CG represents the conventional culture medium control group without GO. (B) CCK-8 assay results on days 1, 3, and 5 (n = 4, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).Live and dead staining experiments were conducted on myoblasts cultured for 1 day with various concentrations and sizes of GO. The results demonstrated that GO concentrations from 0.1 μg/mL to 12.5 μg/mL with particle sizes of >500 nm did not cause cell death, similar to that observed in the control group (Figure 2A). However, at a concentration of 62.5 μg/mL, few dead cells were detected. For GO with particles sizes of <500 nm, concentrations ranging from 0.1 μg/mL to 2.5 μg/mL did not induce cell death; however, at concentrations of >12.5 μg/mL, costaining with both calcein-AM and PI was observed. This costaining indicates that some cells exhibited compromised membrane integrity while still being capable of metabolizing calcein-AM, suggesting that these cells are in a state of stress or early apoptosis.
The flow cytometry analysis of C2C12 myoblasts cultured with varying concentrations and diameters of GO for 1 day revealed that when the concentration of GO was <12.5 μg/mL, its impact on cell cycle progression was relatively mild compared with that in higher concentrations. At 2.5 μg/mL, the distribution of cells in the G0/G1, G2/M, and S phases closely mirrored that of the control group, indicating minimal interference with the cell cycle (Figure 3). However, at a higher concentration of 62.5 μg/mL, a notable increase in the number of cells in the G0/G1 phase and a corresponding decrease in the number of cells in the G2/M and S phases were observed, suggesting that elevated concentrations of GO induce cell cycle arrest at the G0/G1 phase, potentially limiting cell division.
[image: Flow cytometry histograms showing cell cycle distribution at different compound concentrations: 0.1, 0.5, 2.5, 12.5, and 62.5 micrograms per milliliter. Each panel displays percentages of cells in G0/G1 (red), G2/M (blue), and S phase.]FIGURE 3 | Cell cycle analysis of C2C12 cells treated with graphene oxide (GO); CG represents conventional culture medium control group without GO.3.3 Effects of GO on C2C12 cell migration
According to the CCK8 results, the control group without GO was compared with the groups treated with GO at 0.5 and 2.5 μg/mL (<500 nm and >500 nm). The cell migration analysis revealed that treatment with GO enhanced the migration rate of myoblasts compared with that in the control group without GO. Alternatively, treatment with 2.5 μg/mL GO with particle sizes of >500 nm resulted in a more pronounced increase in myoblast migration, significantly enhancing cellular motility compared with the that in control group and the 0.5 μg/mL condition (Figures 4A,B). These results suggest that GO influences myoblast migration in a concentration-dependent manner, with higher concentrations of larger GO sheets (diameter >500 nm, 2.5 μg/mL) exerting a more substantial effect on promoting cell mobility.
[image: (A) Microscopy images showing cell migration over 24 hours under different graphene oxide (GO) conditions. (B) Bar graph comparing relative migration rates. Significant differences marked with asterisks. (C) Bar graphs displaying cell length, width, and aspect ratio under different conditions. Significant differences marked with asterisks. (D) Fluorescent microscopy images showing actin filaments in red, nuclei in blue, and their merge, across various GO conditions. Each scale bar is fifty micrometers.]FIGURE 4 | Migration and cytoskeleton of C2C12 cells treated with graphene oxide (GO). (A,B) Representative images and quantitative analysis of the scratch assay in C2C12 cells. (**p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Morphology analysis of C2C12 cells. (*p < 0.05, **p < 0.01, ***p < 0.001; n = 50 cells per condition). (D) Cytoskeleton of C2C12 cells treated with GO. Red: F-actin (phalloidin), blue: nuclei (DAPI). CG represents conventional culture medium control group without GO. Scale bars = 4 μm.3.4 Effects of GO on the cytoskeleton of C2C12 cells
Cytoskeletal experiments revealed that GO influenced the cytoskeletal organization and morphology of C2C12 cells in a concentration-dependent manner. In the control group without GO, the actin filaments were well-organized, supporting the typical spindle-shaped morphology of myoblasts with moderate migration. At a concentration of 0.5 μg/mL, both smaller GO sheets (diameter <500 nm) and larger GO sheets (diameter >500 nm) slightly enhanced cytoskeletal integrity and motility, with well-maintained actin filaments and improved cell spreading (Figure 4D). At 2.5 μg/mL, the GO sheets, particularly those with diameters of >500 nm, promoted cytoskeletal reorganization, resulting in pronounced stress fiber formation, enhanced cell adhesion, and a substantial improvement in cell migration. Quantitative analysis of the cytoskeleton revealed that treatment with 0.5 μg/mL GO exerted minimal effects on both cell length and width. At a concentration of 2.5 μg/mL, an increase in the cell length and aspect ratio was observed. Notably, GO with diameters of >500 nm increased the cell width, whereas GO with diameters of <500 nm decreased the cell width, accompanied by an increase in the aspect ratio (Figure 4C).
3.5 Effects of GO on calcium ion flow in C2C12
Flow cytometry analysis of calcium ion flux revealed that higher concentrations of GO, particularly at 2.5 μg/mL, induced greater fluorescence intensity of calcium ions than at concentration of 0.5 μg/mL. Moreover, the particle size of GO influenced the fluorescence intensity, with GO with diameters of <500 nm exhibiting slightly higher calcium ion flux than GO with diameters of >500 nm at the same concentration (Figure 5). Cells treated with 2.5 μg/mL GO—particularly the smaller-sized GO sheets (<500 nm)—showed more pronounced calcium signaling responses. This finding suggests that increased conductivity associated with increased GO concentration and surface area (for smaller particles) enhanced calcium ion influx. The enhanced electrical conductivity of GO appears to facilitate the entry of calcium ions through the cell membrane, likely by modulating ion channel activity, which in turn activates intracellular signaling pathways.
[image: Flow cytometry histograms and bar chart illustrating calcium ion (Ca\(^{2+}\)) levels in cells treated with varying concentrations of GO (greater than and less than 500 \( \mu \)g/mL at 0.5 and 2.5 \( \mu \)g/mL) compared to control (CG). Histograms display Fluo-4 AM negative and positive cell counts. Bar chart on the right shows mean fluorescence intensities with significance levels indicated by asterisks: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.]FIGURE 5 | Fluorescence curve and quantitative analysis of calcium ion flux in C2C12 myoblasts treated with graphene oxide (GO) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).3.6 Effects of GO on C2C12 cell differentiation
PCR was performed to assess the expression of the NFATc1 and MyoD genes. The results demonstrate a synergistic effect between GO and horse serum, leading to a significant upregulation of MyoD expression. At concentrations below 2.5 μg/mL, the expression levels of NFATc1 and MyoD increased in correlation with the electrical conductivity of GO. However, at a concentration of 2.5 μg/mL, GO with a larger size induced higher MyoD expression compared to its smaller counterpart (Figures 6A,B).
[image: Bar graphs and fluorescence microscopy images analyzing cell expression levels and fusion indices under different conditions. Graphs (A) and (B) show expression levels of NFATc1 and MyoD with varying GO concentrations. Graph (C) shows fusion indices. Microscopy images (D) display MyHC and DAPI staining and merged views under various GO treatments, with differences in cell density and structure visible in magnified insets.]FIGURE 6 | Effects of graphene oxide (GO) on C2C12 cell differentiation. (A,B) Polymerase chain reaction (PCR) results of NFATc1 and MyoD after 5 days of differentiation in cultures with only horse serum and GO combined with horse serum (n = 3, *p < 0.05, **p < 0.01, ****p < 0.0001). (C,D) Immunofluorescence image and fusion index analysis of MyHC after 5 days of differentiation with or without GO (**p < 0.01, ***p < 0.001, ****p < 0.0001). CG means a control group containing only 2% horse serum without GO.Immunofluorescence analysis revealed that GO combined with 2% horse serum enhanced the formation of multinucleated myotubes and promoted myoblast fusion, regardless of the GO diameter (Figure 6C). Meanwhile, GO with diameters of >500 nm combined with 2% horse serum not only synergistically promoted the formation of multinucleated myotubes but also increased the length and diameter of the myotubes (Figure 6D). These results suggest that GO size, along with the differentiation medium, influences both the fusion process and the elongation of myotubes, with larger GO having a more pronounced effect.
The C2C12 cells were differentiated under three conditions: GO, horse serum, and GO combined with horse serum. RNA-Seq analysis revealed distinct gene expression changes in all the groups compared with those in the control group (containing 2% horse serum). In the GO plus horse serum group, 563 genes were upregulated and 93 were downregulated, whereas, in the GO-only group, 1,758 genes were upregulated and 425 were downregulated (Figure 7A).
[image: Panel A displays three volcano plots comparing gene expression: "HS vs. GO+HS," "HS vs. GO," and "GO+HS vs. GO." Each plot shows log2 fold change against negative log10 P values, highlighting upregulated, downregulated, and non-differentially expressed genes. Panel B features bar charts representing gene ontology terms across three categories: Biological Process, Molecular Function, and Cellular Component. It compares "HS vs. GO+HS," "HS vs. GO," and "GO+HS vs. GO," indicating the number of upregulated and downregulated genes for each term.]FIGURE 7 | Summary of differentially expressed genes (DEGs) of C2C12 cells after 5 days of differentiation in cultures with horse serum, graphene oxide (GO), and GO combined with horse serum. (A) Volcano plot displaying an overview of the DEGs. HS represents the control group with 2% horse serum and no GO; GO + HS indicates the experimental group with GO and 2% horse serum. GO refers to the experimental group with GO but without horse serum. (B) GO channel enrichment statistical histogram.GO treatment upregulated binding and catalytic activities, suggesting enhanced protein interactions and enzymatic activity. In cellular components, increase in the amount of cellular anatomical entities and protein-containing complexes indicates cytoskeletal remodeling. Biological processes remained dominated by cellular processes, biological regulation, and metabolism, implying enhanced differentiation and metabolic activity, especially in the GO plus horse serum group (Figure 7B). KEGG analysis revealed strong enrichment in metabolic and regulatory pathways, with horse serum partially mitigating GO-induced changes. GO significantly influenced signal transduction, with minor differences between the GO and GO plus horse serum groups, suggesting that horse serum modulates but does not override the effects of GO (Figure 8A).
[image: Panel A shows a bar chart comparing gene numbers across three conditions: HS vs. GO+HS, HS vs. GO, and GO+HS vs. GO. Pathways include metabolism, organismal systems, cellular processes, genetic information processing, and environmental information processing. Panel B presents a heatmap, displaying gene expression levels, labeled with gene names. Color scale ranges from -1 (blue) to 1 (red), indicating expression differences.]FIGURE 8 | KEGG analysis results and differential gene expression analysis. (A) KEGG pathway enrichment histogram. (B) RNA-seq gene expression heat maps. (A) Control group with 2% horse serum and no graphene oxide (GO). (B) Experimental group with GO and 2% horse serum. (C) Experimental group with GO without horse serum.In the GO plus horse serum group, the genes associated with muscle differentiation, including MyoD1, Myf5, and MyH8, were significantly upregulated, indicating enhanced myogenesis. Furthermore, the genes associated with the PI3K-Akt signaling pathway, such as Pik3r4, were upregulated in the GO plus horse serum and GO-only groups. Akt3 was significantly upregulated, specifically in the GO plus horse serum group. The Myo9b gene, which is associated with cell adhesion, also exhibited elevated expression in both the treatment groups compared with that in the control group. The upregulation of NFATc1 suggested that GO activated the NFAT signaling pathway, which has been implicated in the regulation of muscle growth and regeneration (Meissner et al., 2007). This activation is potentially linked to the enhanced electrical conductivity of GO, which can modulate intracellular signaling cascades. These findings collectively highlight the positive effects of GO and horse serum on myogenic differentiation and related signaling pathways (Figure 8B).
3.7 Effect of exosomes on MC3T3-E1 cells after C2C12 cell differentiation with or without GO
RNA-Seq analysis of MC3T3-E1 cells treated with the exosomes derived from C2C12 cells cultured with GO revealed the upregulation of 26 genes and the downregulation of 18 genes compared to that in the control group (Figure 9A).
[image: (A) A volcano plot showing differential gene expression with points in red for upregulated, blue for no difference, and yellow for downregulated genes. (B) A bar graph displaying Gene Ontology terms categorized into biological processes, molecular functions, and cellular components. Red indicates upregulation and yellow downregulation. (C) A heatmap illustrating gene expression levels across samples CK and EG with a color scale from blue to red. (D) A bubble chart showing pathways with varying gene ratios, sizes indicate gene number, and colors indicate significance levels from blue to red.]FIGURE 9 | Effects of exosomes on MC3T3 cells after C2C12 cell differentiation with or without graphene oxide (GO). (A) Volcano plots. (B) Comparison of GO enrichment. (C) RNA-seq gene expression heat maps. (D) KEGG pathway concentration statistical bubble chart (CK represents the control group of MC3T3-E1 cells treated with normal medium, whereas, EG represents the experimental group of MC3T3-E1 cells treated with exosomes derived from C2C12 cells cultured with GO).The GO-treated exosomes exhibited changes in cellular processes, biological regulation, biological process regulation, and metabolic processes. This finding suggests that the exosomes derived from GO-cultured C2C12 cells affects the metabolic activities and growth of MC3T3-E1 cells. Additionally, changes in functions such as catalytic activity and other functional aspects were observed (Figure 9B). In the experimental group, significant upregulation was observed for genes such as Tbx2 (involved in cell differentiation and development), PDGFRB (a receptor critical for cell proliferation), and COL12A1 (a collagen essential for the ECM structure) (Chen et al., 2001; Bretaud et al., 2019; Khayal et al., 2018). Furthermore, TRIB3 (involved in stress response and metabolic regulation), SLC22A15 (a transporter), and CORO6 (important for cell migration) were upregulated (Bai et al., 2021). Alternatively, genes such as CXCL5 and CXCL3 (encoding chemokines related to immune cell recruitment), C3 (encoding a complement system component), and ApoB (encoding a lipoprotein negatively correlated with bone mineral density) were downregulated (Figure 9C) (Zhu et al., 2022). The differential genes are primarily enriched in the IL-17 and TNF signaling pathways (Figure 9D).
4 DISCUSSION
Herein, GO promoted C2C12 myoblast proliferation at diameters of >500 nm and concentrations of 2.5 μg/mL. CCK-8 assay and flow cytometry analysis revealed that the cytotoxicity of GO is dose-dependent, with low concentrations exhibiting high biocompatibility (Mittal et al., 2016).
At the same concentration, GO with a larger diameter exhibited lower electrical conductivity (Figure 1C), which corresponded with the observed calcium ion influx across various concentration gradients (Figure 5). Notably, our evaluation of myogenic differentiation via PCR revealed that the expression of myogenic differentiation markers generally increased with increasing conductivity (across different sizes and concentrations of GO; Figures 6A,B). However, at a concentration of 2.5 μg/mL, the larger-sized GO (>500 nm) significantly enhanced myogenic gene expression than the smaller-sized GO. We speculate that this difference can be attributed to the superior biocompatibility of the larger GO sheets. GO exhibits excellent myogenic differentiation ability, mainly because of its electrical conductivity and surface morphology. Calcium ions (Ca2+) can activate NFATc1 (Kar et al., 2011). Increased GO conductivity plays a significant role in supporting the expression of MyoD and enhancing myogenic differentiation, with effects likely mediated through the regulation of Ca2+ channels and the subsequent activation of intracellular signaling cascades. The conductivity of GO appears to influence membrane electrical activity, facilitating the activation of voltage-gated calcium channels on the surface of C2C12 cells. This process enables the influx of Ca2+ ions into cells, which is essential for the various signaling pathways involved in muscle differentiation. An increase in intracellular calcium concentration can stimulate the calcineurin/NFATc1 pathway. Calcineurin, a calcium/calmodulin-dependent phosphatase, is activated by an increase in Ca2+ ions. Upon activation, calcineurin dephosphorylates NFATc1, causing it to translocate into the nucleus where it acts as a transcription factor to regulate genes involved in muscle differentiation and growth. The upregulation of NFATc1 in response to GO treatment indicates that GO’s conductivity helps trigger this pathway, which is essential for the regulation of genes such as MyoD—an early marker and driver of myogenic differentiation (Zammit, 2017). Moreover, the conductive properties of GO enhance cellular membrane activity, likely promoting the sustained activation of PI3K-Akt (Xu et al., 2024). This pathway plays a pivotal role in regulating growth and differentiation by phosphorylating and activating various downstream targets, including myogenic regulatory factors, such as MyoD (Xu and Wu, 2000). These observations are consistent with those reported in previous studies highlighting the effects of conductive materials on skeletal muscle cell differentiation, wherein conductivity has been shown to improve gene expression and cell arrangement required for effective differentiation (Dong et al., 2020; Wang et al., 2021; Dong et al., 2017).
GO promoted the upregulation of adhesion-related genes, such as ITGB2 and GM2A, in C2C12 cells. Cytoskeletal immunofluorescence results further confirmed that GO enhanced cell adhesion, likely due to the increased surface roughness of GO, which improves cell adhesion by providing more contact points and increasing the surface area for cell–material interactions (Taylor et al., 2017). This promotes stronger attachment, further promoting the diffusion of cells and the stability of the differentiation process.
Furthermore, previous studies have reported that GO-based materials promote osteogenic differentiation and antimicrobial activity in MC3T3-E1 osteoblasts (Daulbayev et al., 2022; Park et al., 2016; Chen et al., 2016). Despite these insights, limited research has been conducted on the effects of GO in the broader musculoskeletal system. Herein, MC3T3-E1 cells were cultured with the exosomes derived from C2C12 myoblasts differentiated in the presence of GO; these exosomes upregulated genes such as PDGFRB, COL12A1, and TBX2, while downregulating inflammation-related genes such as C3 (Liu et al., 2022). This indicates that GO can help create a favorable microenvironment for bone formation and repair. The dual effects of GO on muscle and bone cells highlight its potential as a therapeutic strategy for addressing musculoskeletal complex injuries, degenerative diseases, and age-related declines in musculoskeletal integrity (Figure 10).
[image: Diagram illustrating the effects of graphene oxide on cell differentiation. Graphene oxide enhances electrical conductivity and surface roughness, influencing myogenic differentiation in C2C12 cells into myotubes. It also affects exosome interactions, leading to osteogenic differentiation in MC3T3-E1 cells. Key pathways include PI3K, AKT, and NFATc1 with muscle-specific markers like MyHC.]FIGURE 10 | Mechanism diagram of GO promoting skeletal muscle complex regeneration.Future studies on GO applications should investigate its systemic effects on different cell types within the musculoskeletal system and potential immune responses to GO. Furthermore, exploring potential synergies between GO and other regenerative approaches, such as stem cell therapies and growth factor delivery, could further enhance muscle and bone tissue engineering outcomes. Another key area for further investigation is the role of the exosomes derived from C2C12 myoblasts in mediating GO’s beneficial effects on MC3T3-E1 cells. Analyzing the exosome cargo—including specific proteins, microRNAs, and metabolites—may reveal new signaling pathways and mechanisms that drive osteogenic differentiation and ECM formation. Identification of the factors associated with the exosomes responsible for these effects could lead to new therapeutic possibilities. Finally, previous studies have highlighted the significant potential of GO-based scaffolds for in vivo applications, particularly in the fields of tissue engineering and regenerative medicine (Jo et al., 2020; Gwon et al., 2024; Valencia et al., 2018). Based on these insights and our current findings, we believe that the GO formulation presented herein—with a diameter of >500 nm and a concentration of 2.5 μg/mL, which demonstrated the highest bioactivity in vitro—can be combined with other materials to construct composite scaffolds for the in vivo repair of skeletal muscle defects. However, the practical feasibility and therapeutic efficacy of this approach remain to be further validated through comprehensive animal studies.
5 CONCLUSION
GO with diameters of >500 nm and at concentrations of 2.5 μg/mL promotes balanced enhancement of C2C12 cell proliferation and myogenic differentiation. The increased electrical conductivity of GO stimulates calcium ion flow across the cell membrane and the upregulation of NFATc1 and MyoD genes, thereby promoting the myoblast differentiation of C2C12 cells. GO enhances cell adhesion and promotes the upregulation of adhesion-related genes. Furthermore, the exosomes derived from GO-treated myoblasts upregulate genes such as PDGFRB, COL12A1, and TBX2 while downregulating inflammation-related genes such as C3. These findings provide valuable insights into optimizing GO size, concentration, electrical conductivity, and surface roughness for improved biocompatibility and differentiation of both myoblasts and osteoblasts. This study highlights the potential of GO as a therapeutic material for simultaneous muscle and bone regeneration, facilitating the repair of the musculoskeletal complex.
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Background

Studies have indicated that cystic lesions play a crucial role in the repair processes of steroid-induced osteonecrosis of the femoral head and its subsequent collapse. Here, we employed single-cell RNA sequencing (scRNA-seq) technology to investigate the transcriptomic landscape and repair mechanisms of cystic lesions in SIONFH.





Methods

We applied scRNA-seq combined with computational approaches to characterize distinct cell subsets and their molecular signatures within cystic lesions from three SIONFH patients. Additionally, histological assays were conducted to observe pathological manifestations of these lesions.





Results

Eight cell types were identified in cystic lesions of SIONFH. Among them, chondrocytes were divided into five subgroups. Among them, chondrocytes were divided into five subgroups: homeostatic chondrocytes (HomC), fibrocartilage chondrocytes (FC), prehypertrophic chondrocytes (preHTC), inflammatory chondrocytes (InflamC), and hypertrophic chondrocytes (HTC). Additionally, histological assays showed the presence of chondrocytes and a transition zone from chondrocytes to bone tissue within the cystic lesions. Notably, we report that one of the HTC clusters with CLIC3+ expression exhibited a strong involved in bone mineralization, osteoblast differentiation, and cell differentiation.





Conclusion

We have delineated the cellular heterogeneity and molecular signatures of cystic lesions in SIONFH. The results reveal a distinct repair program within these lesions, which might be driven by chondrocyte hypertrophy and might culminate in osteogenic differentiation.
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1 Introduction

Steroid-induced osteonecrosis of the femoral head (SIONFH) represents a predominant subtype of non-traumatic ONFH, constituting nearly 40% of clinical cases (1, 2). This debilitating orthopedic condition arises primarily from prolonged high-dose glucocorticoid exposure - an unavoidable therapeutic necessity for managing various systemic diseases despite its iatrogenic consequences. The multifactorial pathogenesis involves complex interplay among genetic susceptibility, vascular compromise, metabolic disturbances (particularly lipid dysregulation), and elevated intraosseous pressure, collectively culminating in ischemic bone marrow necrosis and subsequent femoral head collapse (3). Characteristic radiographic progression manifests through three hallmark features: initial crescent sign formation, development of cystic lesions, and ultimately articular surface collapse - the latter serving as the definitive radiological threshold for advanced disease staging (4). This terminal collapse event precipitates rapid joint degeneration, leading to refractory hip pain, progressive mobility impairment, and in most cases, inevitable requirement for total hip arthroplasty.

Emerging evidence indicates that cystic lesions potentiate femoral head collapse risk, accelerate SIONFH progression, and adversely impact long-term prognostic outcomes (5). According to the Association Research Circulation Osseous (ARCO) staging system, cystic lesions represent a pathognomonic feature of Stage II osteonecrosis of the femoral head, radiographically characterized by subchondral radiolucent foci (6). Pathologically, these lesions predominantly consist of fibrous granulation tissue (7). The pathogenesis of cystic lesions formation remains elusive. Current models postulate that aberrant mechanical loading on sclerotic rims induces osteoclastic resorption, initiating a cystogenic cascade (8). It has been established that cystic lesions are associated with the collapse of the femoral head and disease prognosis in SIONFH (5). However, the reparative potential of cystic lesions in SIONFH remains largely unexplored. Lakhotia et al. observed varying degrees of new bone ingrowth in the cystic areas after femoral varus derotation osteotomy of ONFH patients using computed tomography (9). He et al. also found that spontaneous reparative transformation in subsets of cystic lesions during disease progression (10). These findings demonstrate that cystic lesions possess bone repair potential. Nevertheless, the underlying biological mechanisms remain to be elucidated.

Single-cell RNA sequencing (scRNA-seq) is a high-throughput sequencing technique that enables sequencing at the individual cell level (11). By sequencing the transcriptome of individual cells, scRNA-seq provides spatiotemporal dynamics of cellular processes, gene expression patterns, and cell heterogeneity. This technology possesses the capability to discern distinct cell types and acquire knowledge regarding physiological and pathological processes of certain disease. ScRNA-seq holds considerable clinical significance in domains such as oncology, immunology, and embryonic development (12–14). Presently, the majority of investigations on cystic lesions based on imaging and histological methods. Nevertheless, the utilization of scRNA-seq technology in studying cystic lesions remains unexplored.

Therefore, this study aims to systematically investigate the transcriptomic heterogeneity and aberrant repair mechanisms within cystic lesions of SIONFH using scRNA-seq technology. Our analysis delineates the cellular atlas of cystic lesions and identifies a pathological repair cascade characterized by chondrocyte hypertrophy with subsequent osteogenic differentiation, which might to be a hallmark of this unique microenvironment.




2 Materials and methods



2.1 Clinical specimen collection

All cystic lesions specimens were obtained from SIONFH patients undergoing total hip arthroplasty at the Third Affiliated Hospital of Guangzhou University of Chinese Medicine. Research protocols involving human subjects were approved by the Ethics Committee of the Third Affiliated Hospital of Guangzhou University of Chinese Medicine (approval number: GYH202101-04). All participants in this study were asked for Informed consent. The clinical and demographic characteristics of the patients were collected from medical records (Supplementary Table 1). The representative imaging data information are shown in Supplementary Figure 1.




2.2 Single-cell suspension preparation

After acquirement, fresh samples were washed with phosphate-buffered saline (PBS), then minced into approximately 1-millimeter pieces on ice. Tissue fragments were digested with 0.2% collagenase II (#2195526, Gibco, USA) in DMEM solution at 37°C for 2 h. The digested suspension was filtered through a 70-μm cell strainer. After centrifugation at 500 x g for 8 minutes, erythrocytes were lysed using erythrocyte lysis buffer.




2.3 Single-cell RNA-seq using 10x genomics chromium

According to the manufacturer’s instructions, the Chromium Single Cell 3e V2/V3 Kit was used to construct the scRNA-seq library. Briefly, cells were loaded into Chromium microfluidic chips with 3’ chemistry and barcoded using 10x Chromium Controller. Then, RNA from the barcoded cells underwent reverse transcription, followed by cDNA amplification and library construction. Sequencing was performed on an Illumina NovaSeq 6000 system.




2.4 Cell clustering and annotating

Gene expression levels were processed using the LogNormalize method of the”Normalization”function in the Seurat package. Dimensional reduction was conducted via principal components analysis (PCA). Batch effects were removed using Harmony (v0.1.0). The top 20 principal components were selected for clustering analysis in our default workflow. Identified clusters were visualized with the t-distributed stochastic neighbor embedding (t-SNE). Cell types were annotated by combining cellular biomarkers from previous articles and Gene Ontology (GO) analysis.




2.5 Gene enrichment analysis

Enrichment analysis included GO enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. Enrichment analysis were performed using the enrichGO and enrichKEGG functions of the clusterProfiler (V 3.18.0) R package.




2.6 Cell–cell communication analysis

To identify potential intercellular interactions, we performed cell–cell communication analysis using the CellPhoneDB Python package (version 2.1.7) (15). CellPhoneDB primarily utilizes the profiles information of receptors in one cell type and ligands in another cell type to infer interactions between different cell types. We identified the most relevant cell type-specific interactions between ligands and receptors and visualized the inferred intercellular communication networks for each ligand-receptor pair and each signaling pathway by circle plots.




2.7 Pseudotime analysis

Pseudotime analysis was performed using Monocle2 (version 2.14.0) to characterize chondrocyte differentiation (16). Per standard protocol, integrated gene expression data were imported into Monocle2, Cells were ordered based on differentially expressed genes (DEGs) between chondrocytes subclusters. Employing the DDRTree method for dimensionality reduction and using default parameters in Monocle2 for cell ordering, we inferred the differentiation trajectories of chondrocytes.




2.8 Histological analysis

Stereotactic whole section sampling of the femoral head was used. Each specimen were sectioned at 5-mm intervals, and the portion of each section containing cystic lesions was sampled. Specimens were fixed in 4% paraformaldehyde (PFA) solution (G1101–500 ML Servicebio, Wuhan, China) for 2 days at room temperature. After decalcified by 10% EDTA solution, samples were embedded in paraffin and serially cut into 5 µm-thick sections. Following a previously reported procedure, every fifth section of two sections were selected and stained with Safranin-O/fast green (#G1371, Solarbio, Beijing, China), hematoxylin and eosin (H&E) (#C0105, Beyotime), and Alisin blue (#C0155M, Beyotime) to evaluate histological characteristic (17). After that, the sections were observed under a digital section scanner (3DHISTEC, Pannoramic MIDI).




2.9 Immunofluorescence and immunohistochemical staining

The dewaxing and rehydration process was performed on paraffin-embedded sections.

To perform immunofluorescent staining, sections were blocked with endogenous catalase blocker for 15 min and 3% BSA (MP Biomedicals, Cat.# 0218054990) for 40 min. Then, sections were incubated overnight at 4°C with primary antibodies as follows: MMP13 (rabbit, 1:1000, 66034-1-IG, 2C8F3, PROTEINTECH GROUP, USA), COL10A1 (1:100; Proteintech Group, Inc), SPP1 (1:100; Proteintech Group, Inc) and RUNX2 (1:100; Proteintech Group, Inc). After that, sections were stained with secondary antibody for immunohistochemical staining (IHC) (horseradish peroxidase-conjugated anti-mouse&rabbit: absin, Cat.# 996, [1:200]) or immunofluorescence staining (IF) (Goat pABs to Rb IgG (Alexa Fluor® 488): Abcam, Cat.# ab150081; Goat pABs to Ms IgG (Alexa Fluor® 555): Abcam, Cat.# ab150118, [1:200]) for 2 h at room temperature. Sections were washed with PBST three times and stained with hematoxylin for IHC or DAPI (Invitrogen, Cat.# D1306) for IF. Sections were visualized with the confocal fluorescence microscope (LSM800, Carl Zeiss, Germany) or digital section scanner (3DHISTEC, Pannoramic MIDI).




2.10 Western blot

Femoral head bone samples from three femoral neck fracture (FNF) and three SIONFH patients were obtained after total hip arthroplasty. Cystic lesions and bone sample were collected and immediately frozen in liquid nitrogen. Tissue lysates were prepared using RIPA buffer (Beyotime, P0013B) with protease inhibitors(Beyotime, P0013B). Protein concentrations were determined by BCA assay (Beyotime, P0009). Samples (30 μg/lane) were resolved on 10% SDS-PAGE gels and transferred to PVDF membranes (Beyotime, FFP20). After blocking with 5% non-fat milk (Beyotime, P0216) in TBST (1 h, RT), membranes were incubated overnight at 4°C with primary antibodies: anti-SPP1 (1:1000; Abcam, ab58632), anti-RUNX2 (1:800; CST, #94808), anti-ColoA1 (1:800; CST, #94808), anti-MMP3(1:800; CST, #94808), anti-CLIC3 (1:800; CST, #94808), anti-GAPDH (1:5000; Proteintech, 60004-1-Ig). Following TBST washes (3 × 10 min), HRP-conjugated secondary antibodies (1:5000; Affinity, S0001) were applied (1 h, RT). Signals were detected with ECL substrate (Beyotime, P0018S) using a ChemiDoc MP System (Bio-Rad).




2.11 RT-qPCR

Total RNA isolation was conducted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) per manufacturer guidelines. Complementary DNA (cDNA) was synthesized employing a reverse transcription kit (Takara, Tokyo, Japan) according to established protocols. The polymerase chain reaction amplification profile comprised: initial denaturation (95°C, 1 min), followed by 40 cycles of denaturation (95°C, 20 s), primer annealing (55°C, 20 s), and extension (72°C, 30 s). GAPDH served as the endogenous control. All reactions were performed in triplicate, with relative quantification determined via the 2-ΔΔCq method. Primer sequences are documented in Supplementary Table 2.




2.12 Statistical analysis

SPSS software (version 23.0) was used to perform statistical analysis. Data were presented as mean values ± SD. Shapiro-Wilk test and Levene method were used for the estimation of the data normal distributions and homogeneity of variance, respectively. For the comparation of mean values between two groups, paired or unpaired two-tailed Student’s t test was used. One-way or two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc tests were used to assess the statistical significance of the mean values of more than two groups. Differences with p < 0.05 indicates statistical significance.





3 Result



3.1 Cell clusters in cystic lesions

To determine cellular subtypes and their genetic characteristics, we obtained three cystic lesion specimens from the hip joints of three SIONFH patients and performed scRNA-seq analysis (Figure 1A). In total, 30,224 individual cells were obtained for subsequent analysis after strict quality filtration (Supplementary Figure 2). Based on t-SNE analysis, 16 distinct cluster cells were identified based on unbiased cell type recognition (Supplementary Table 3). Among them, eight major cell types were defined by specific marker genes, including endothelial cells (ECs) (expressing PECAM1, PLVAP, and FLT1), fibroblasts cells (FBs) (expressing THY1, PDGFRB, COL1A1, and COL1A2), chondrocytes (expressing ACAN, SOX9, and COL2A1), monocytes cells (expressing PLAC8), macrophages (expressing CD163, CD68, and MRC1), T cells (expressing CD3D, CD3E, and CD8A), mast cells (expressing TPSAB1, TPSB2, and KIT), and osteoclasts (expressing ACP5, CTSK, and MMP9) (Figures 1B–D). To gain a deeper understanding of the function on different cell types, GO enrichment analysis was conducted. Each cell type-specific gene displayed high enrichment in the GO terms expected (Supplementary Figure 3, Supplementary Table 4). For example, genes that are specifically expressed in ECs cluster are significantly enriched in angiogenesis and vasculature development; specific genes of chondrocyte cluster are significantly enriched in cartilage condensation and chondrocyte differentiation; specific genes of osteoclast cluster are significantly enriched in osteoclast differentiation. These analyses strongly support the accuracy of our cell‐type assignments.

[image: Diagram illustrating the process of cystic tissue analysis, beginning with tissue extraction followed by cell dissociation and 10x Genomics sequencing. A t-SNE plot categorizes cells like chondrocytes and fibroblasts. Additional t-SNE plots show expression for genes like ACP5 and CD3D across cell populations. A heatmap displays gene expression patterns across different groups such as chondrocytes and macrophages.]
Figure 1 | Single-cell RNA-seq of cystic lesions in SIONFH. (A) Schematic workflow of the experimental strategy. (B) t-SNE plot showing eight cell clusters in cystic lesions. (C) t-SNE plots showing eight cell type identified by marker gene expression (ACP5: osteoclasts; CD3D: T cells; CD163: macrophages; TPSAB1: mast cells; ACAN: chondrocytes; PECAM1: endothelial cells; PLAC8: monocytes cells; THY1: fibroblasts cells). (D) Heatmap plot showing scaled expression of canonical cell type-associated genes for clusters. SIONFH, steroid-induced osteonecrosis of the femoral head; scRNA-seq, Single-cell RNA sequencing; t-SNE, t-distributed stochastic neighbor embedding.




3.2 Identification of FBs and ECs

Through cluster analysis of the FBs, five subclusters (Supplementary Figure 4A) were identified. Among them, three major cell types were defined by specific marker genes. Myofibroblast cells (Myo_FBs) cluster was enriched in genes controlling the angiogenesis, muscle contraction, smooth muscle contraction, and muscle organ development, with high expression levels of ACTA2 and TAGLN (Figures 2A, C, Supplementary Figures 4B, E). Osteogenic fibroblast cells (Osteogenic_FBs) cluster was high in genes associated with collagen fibril organization, osteoblast differentiation, and skeletal system development, showing an upregulation of GJA1, MMP2, and COL1A1 (Figures 2A, C, Supplementary Figures 4B, E). Additionally, cells in the inflammatory fibroblast cells (Inflammatory_FBs) cluster were significantly enrich in immune response, cell surface receptor signaling pathway, and inflammatory response, with high expression levels of CXCR4, IL32, and PTPRC (Figures 2A, C, Supplementary Figures 4B, E).

[image: A composite image consisting of multiple panels: Panel A and B show t-SNE plots with clusters representing different fibroblast and endothelial cell types, colored differently. Panel C and D present bar charts indicating gene expression enrichment across fibroblast and endothelial cell types with several biological processes listed. Panel E displays two microscopic images stained with COL1A1 and DAPI, and PECAM1 and DAPI, highlighting cellular components in red and blue.]
Figure 2 | Identification of FBs and ECs. (A) t-SNE plot showing three subclusters of FBs. (B) t-SNE plot showing four subclusters of ECs. (C) The enriched GO terms results of marker genes of three cell subcluster of FBS. (D) The enriched GO terms results of marker genes of four cell subcluster of ECs. (E) Immunofluorescence expression of marker genes of FBs and ECs, respectively. Scale bar, 50 µm. t-SNE, t-distributed stochastic neighbor embedding; FBs, fibroblasts cells; ECs, endothelial cells; GO, gene ontology.

To investigate ECs heterogeneity in cystic lesions, four subclusters (Supplementary Figure 4C) were identified. We identified four empirically defined populations: vein endothelial cells (Vein_ECs), artery endothelial cells (Artery_ECs), endothelial mesenchymal transition endothelial cells (EndMT_ECs), and lymphatic endothelial cells (Lymphatic_ECs) (Figure 2B). Vein_ECs was identified as cluster with high expression of genes related to blood coagulation and angiogenesis, including ACKR1 and VWF (Figure 2D, Supplementary Figures 4D, F). Artery_ECs were highly enriched in angiogenesis, aortic valve morphogenesis, and response to mechanical stimulus, with high expression with HEY1, IGFBP3, and EFNB2 (Figure 2D, Supplementary Figures 4D, F). EndMT_ECs cluster was enriched in genes associated with collagen fibril organization, extracellular matrix organization, and ossification, including COL1A1, COL1A2 and THY1 (Figure 2D, Supplementary Figures 4D, F). Additionally, cells in the Lymphatic_ECs cluster were mainly enriched in immune response, defense response to virus, and inflammatory response, with upregulated expression of CD69 and CXCR4 (Figure 2D, Supplementary Figures 4D, F). Immunofluorescence analysis confirmed the expression of these FB and EC markers in cystic lesions (Figure 2E).




3.3 Identification of macrophage cells

Through cluster analysis of macrophages, 12 subclusters (Supplementary Figure 5A) were identified. Among them, three major cell types were defined by specific marker genes (Figure 3A), including M1 macrophages (expressing IL1B and CD80), M2 macrophages (expressing MRC1 and CD163), and M2/M1 macrophages (expressing IL1B, CD80, MRC1 and CD163) (Figure 3B, Supplementary Figure 5B) (18, 19). Trajectory analysis revealed that M2/M1 macrophages and M2 macrophages can transform into M1 macrophages over time (Figure 3C). A dynamic pattern of gene expression changes along the entire lineage differentiation trajectory is displayed in Figure 3D. The marker genes of M2/M1 macrophages and M2 macrophages such as MRC1 and CD163 decreased along pseudotime progression; while the marker genes of M1 macrophages such as CD80 and IL1B gradually increased along pseudotime progression (Figure 3E). Immunofluorescence analysis confirmed high CD163 expression in cystic lesions (Supplementary Figure 5C).

[image: Five panels depicting expression analysis:  A) Scatter plot showing t-SNE clustering of cell types M1, M2, and M2/M1.  B) Violin plots of IL1B, CD80, MRC1, and CD163 expression levels by cell type.  C) Pseudotime trajectory analysis in bifurcation plots for cell type progression.  D) Heatmap displaying gene expression patterns clustered by groups.  E) Line graphs show relative expression of CD163, CD80, IL1B, and MRC1 over pseudotime for different cell types.]
Figure 3 | Identification of macrophage cells. (A) t-SNE plot showing three subclusters of macrophage cells. (B) Violin plots showing three cell type identified by marker gene expression (IL1B and CD80: M1 macrophages; MRC1 and CD163: M2 macrophages; IL1B, CD80, MRC1 and CD163: M2/M1). (C) Trajectory analysis of three subclusters of macrophage cells. (D) Dynamic pattern of gene expression changes along the entire lineage differentiation trajectory. (E) Expression of macrophage markers on a pseudo-time scale. t-SNE, t-distributed stochastic neighbor embedding.




3.4 Identification of chondrocyte cells

To determine the identify of chondrocytes clusters, we identified five putative subclusters based on several transcriptomic studies of human chondrocytes, including: homeostatic chondrocytes (HomC), fibrocartilage chondrocytes (FC), prehypertrophic chondrocytes (preHTC), inflammatory chondrocytes (InflamC), and hypertrophic chondrocytes (HTC) (Figure 4A) (20, 21). Representative markers for HomC, FC, preHTC, InflamC, and HTC were revealed (Figures 4B, C), representing new combinations of genes to distinguish chondrocyte populations. In addition, the GEO term revealed that HomC cluster was mainly enriched in negative regulation of growth and cellular zinc ion homeostasis; FC cluster was enriched in collagen fibril organization and actin filament organization; preHTC cluster was highly enriched in cartilage condensation and chondrocyte differentiation; InflamC cluster with high expression of genes related to immune response and inflammatory response; HTC cluster was significantly enriched in ossification, collagen catabolic process, osteoblast differentiation, and cell differentiation (Figure 4D). To further validate the differentiation process of chondrocytes, pseudotime analysis was conducted. The pseudotime trajectory axis derived from Monocle indicated that preHTC were existed in the start of the trajectory and the front of HTC, InflamC and HomCs distributed along trajectory, HTC and FC were mainly existed in the end, suggesting that the pseudotime trajectory conforms to the regular pattern of chondrocytes differentiation (Figure 4E). Additionally, we performed H&E staining, Alcian blue staining, and Safranin O-fast green staining to evaluate histological characteristic of the cystic lesions (Figure 5). Figure 5A showed the cystic lesions obtained from necrosis femoral head. H&E staining showed the presence of a certain number of chondrocytes and HTC at the edge of the cystic lesions (Figure 5B). Alcian blue and Safranin O-fast green staining indicated that these cells were surrounded by a certain amount of cartilage matrix (Figure 5B). Meanwhile, we found a transition from cartilage tissue to bone matrix, suggesting the presence of a transitional zone from cartilage to bone tissue within the cystic lesions (Figure 5B).


[image: A set of scientific graphs and charts depicting data analysis related to cell types and gene expressions.   A: A t-SNE plot shows clustering of data points in four distinct groups labeled HomC, FC, preHTC, InfamC, and HTC.  B: Five t-SNE plots display gene expression levels (LOXL1, CILP2, MMP13, PRG4, CCL2) with varying intensity mapped in cluster formations.  C: A heatmap presents gene expression levels across different groups with a color scale from -1.5 to 1.5.  D: A bar graph illustrates the significance of various biological processes in multiple cell types using negative log p-values.  E: Two plots visualize pseudotime trajectory analysis and cell type distribution, with data points colored by pseudotime and celltype.]
Figure 4 | Identification of chonrocytes cells. (A) t-SNE plot showing five subclusters of chonrocytes cells. (B) t-SNE plots showing five cell type identified by marker gene expression (LOXL1: FC; CILP2: preHTC; MMP13: HTC; PRG4: HomC; CCL2: InflamC). (C) Heatmap plot showing scaled expression of canonical cell type-associated genes for five subclusters of chonrocytes cells. (D) The enriched GO terms results of marker genes of five subcluster of chonrocytes cells. (E) Trajectory analysis of five subcluster of chonrocytes cells. t-SNE, t-distributed stochastic neighbor embedding; FC, fibrocartilage chondrocytes; preHTC, prehypertrophic chondrocytes; HTC, hypertrophic chondrocytes; HomC, homeostatic chondrocytes; InflamC, inflammatory chondrocytes; GO, gene ontology.

[image: Panel A shows two close-up images of a piece of tissue. Panel B displays histological sections with three staining methods: H&E, Alcian Blue, and Safranin-O, each in two magnifications. The images reveal differing tissue structures and compositions, highlighted by variations in staining.]
Figure 5 | The pathological manifestations of cystic lesions. (A) The macroscopic appearance of cystic lesions in femoral head from SIONFH patients. (B) The results of H&E staining, Alcian blue staining, and Safranin O-Fast Green staining. Scale bar: left, 2.5 mm; middle, 100 µm; right, 50 µm. SIONFH, steroid-induced osteonecrosis of the femoral head.




3.5 Identification of HTC

To characterize the features of the HTC cluster, we divided the HTC cluster into three subclusters (Figure 6A). Among them, HTC.1 was identified as osteogenics-related cluster with high expression of genes enriched in ossification, bone mineralization, and osteoblast differentiation, MAPK and PI3K-Akt signaling pathway, with high expression levels of SPP1, RUNX2, and MMP13 (Figures 6B, C). HTC.2 cluster expressed unique markers that enriched in extracellular matrix organization and protein digestion and absorption, including ASPN and NDUFA4L2 (Figures 6B, C). HTC.3 cluster expressed high levels of SFRP4 and MMP11, with functional enrichment in immune response, iron ion homeostasis, and negative regulation of cell differentiation, along with KEGG pathway enrichment in ferroptosis signaling (Figures 6B, C). In order to explore the possible mechanisms of endochondral ossification for HTC, we further detected the significant key genes involved in this process. CLIC3, a marker gene associated with chloride ion channel, was calculated via DEGs by comparing HTC.1 to HTC.2 and HTC.3 (Figure 6D). There is a great difference in the expression multiples between three clusters of HTC, indicating that CLIC3 is a specific gene for regulating the differentiation of HTC into osteoblasts. Western blot and RT-qPCR analyses revealed that both protein and gene expression levels of osteogenic markers (SPP1 and RUNX2), hypertrophic chondrocyte (HTC) markers (COL10A1 and MMP13), and CLIC3 were markedly elevated in cystic lesions compared to those in bone samples from FNF patients (Figures 6E, F). Immunohistochemical analysis revealed a high expression of osteogenic markers (SPP1 and RUNX2), HTC markers (COL10A1 and MMP13), and CLIC3 at the edge of the cystic lesions (Figure 6G). The results of immunofluorescence analysis were consistent with that of immunohistochemical analysis (Supplementary Figure 6).

[image: A collection of images depicting scientific data and analyses related to gene expression and protein studies. Panel A shows a scatter plot with tSNE dimensions highlighting different cell clusters labeled HTC1, HTC2, and HTC3. Panel B includes violin plots illustrating the expression levels of genes such as SPP1, RUNX2, and MMP11 across these clusters. Panel C presents a bar graph of GO enrichment analysis. Panel D features a violin plot of CLIC3 expression. Panel E compares gene expression in FNF versus cystic tissues using violin plots. Panel F consists of Western blot images with corresponding graphs for protein levels. Panel G shows immunohistochemistry images with highlighted areas.]
Figure 6 | Identification of HTC cells. (A) t-SNE plot showing three subclusters of HTC. (B) Violin plots showing three cell type identified by marker gene expression (SPP1 and RUNX2: HTC.1; ASPN and NDUFA4L2: HTC.2; SFRP4 and MMP11: HTC.3). (C) The enriched GO terms results of marker genes of three subcluster of HTC. (D) The expression level of CLIC3 was significantly increased in HTC.1 cluster. (E) RT-qPCR analyses revealed that the gene expression levels of SPP1, RUNX2, COL10A1, MMP13, and CLIC3 were elevated in cystic lesions compared to those in FNF bone samples. (F) Western blot analyses revealed that the gene protein expression levels of SPP1, RUNX2, COL10A1, MMP13, and CLIC3 were elevated in cystic lesions compared to those in FNF bone samples. (G) Immunohistochemical expression of SPP1, RUNX2, COL10A1, MMP13, and CLIC3 in cystic lesions. Scale bar: left, 250 µm; right, 50 µm. HTC, hypertrophic chondrocytes; GO, gene ontology. **p < 0.01; ***p < 0.001.




3.6 Cellular interaction in cystic lesions

We identified eight types of cells, including four types of immune cells, repair-related cells like fibroblasts and endothelial cells and other cells like chondrocyte and osteoclast. Through CellChat analysis, we obtained a network map of interactions between cells (Figure 7A), and detected 75 significant ligand-receptor pairs among these 8 cell types, further categorizing them into 31 signaling pathways, including SPP1, MIF, VISFATIN, VEGF, CXCL, CCL, and MIF pathways (Figure 7B). The output of this analysis is a set of communication patterns linking cell populations with signaling pathways, whether in the context of output signals (treating cells as senders) or input signals (treating cells as receivers). The application of this analysis revealed three outgoing signaling patterns and four incoming signaling patterns (Figure 7C). For instance, the output indicated that all immune cells and osteoclasts exhibit outgoing signals characterized by pattern 1, representing multiple pathways including but not limited to SPP1, GALECTIN, CXCL, VEGF, and CCL. Fibroblasts and endothelial cells exhibit outgoing signals characterized by pattern 2, representing MK, PERIOSTIN, PTN, ANGPT, FGF among others. Chondrocytes exhibit outgoing signals characterized by pattern 3, representing ANGPTL, SEMA3, ncWNT among others. On the other hand, the communication signal patterns of target cells show that incoming signals from all immune cells are characterized by pattern 3, representing MIF, GALECTIN, CXCL, ANNEXIN, TNF, IL16 among others. Incoming signals from chondrocytes and fibroblasts are characterized by pattern 1, including TGFβ, GAS, PDGF, FGF among others. Incoming signals from endothelial cells are characterized by pattern 2. Incoming signals from osteoclasts are characterized by pattern 4, representing CSF, RANKL among others. We also found the FGF signaling network inferred by CellChat indicates that chondrocytes are the main source of receptors (Figure 7D). It exhibits weak autocrine activity in chondrocytes, primarily achieved through the ligand-receptor pair FGF1/FGFR1, but mainly secreted by fibroblasts, primarily through the ligand-receptor pair FGF7/FGFR1 (Figure 7E).
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Figure 7 | CellChat analysis of the communications between eight cell types in cystic lesions. (A) Analysis of the number of interactions among different cell types. (B) Overview of the outgoing signaling and incoming signaling of eight cell types. (C) Overview of the outgoing communication patterns of secreting cells and incoming communication patterns of target cells. (D) Communication roles played by eight cell types in FGF signaling pathway. (E) Bubble plot showing the ligand-receptor between fibroblasts and chondrocytes.





4 Discussion

SIONFH is an intractable orthopedic condition with disability risk (22, 23). Current conventional approaches focusing on imaging feature identification and clinical symptom management in hip preservation therapy have demonstrated limited efficacy. Emerging evidence suggests that targeting necrotic femoral head repair mechanisms may represent a promising therapeutic strategy. Previous studies have demonstrated the regenerative capacity of cystic lesions, yet their underlying pathophysiology and repair mechanisms remain unknown (9, 10). In this study, we employed scRNA-seq technology to characterize the transcriptome profile of cystic lesions for the first time. Significantly, we identified a novel osteogenic differentiation repair pattern mediated by hypertrophic chondrocytes, providing mechanistic insights into femoral head regeneration (Figure 8).

[image: Diagram illustrating the process of bone repair involving cystic lesions and scRNA-seq analysis. On the left, cells such as endothelial cells, fibroblasts, macrophages, and others are identified. The center shows bone repair with mesenchymal stem cells differentiating into chondrocytes and osteoblasts. The right side outlines the repair pattern, highlighting gene expressions like COL10A1, MMP13, and interactions leading to osteoblast formation and chondrocyte apoptosis. A legend identifies various cell types.]
Figure 8 | A graphical scheme of revealing the single-cell transcriptomic landscape of cystic lesions and the existence of a repair pattern involving chondrocyte hypertrophy and subsequent osteogenic differentiation in cystic lesions in SIONFH.

Eight cell populations were identified in cystic lesions, including endothelial cells, fibroblasts, chondrocytes, tissue stem cells, macrophages, T cells, osteoclasts, and monocytes. Previous studies have indicated that the pathological characteristics of cystic lesions include fibrous granulation tissue (7). Consistent with this, gross examination of numerous necrotic femoral head specimens revealed substantial red or grayish-white tissue within the cystic lesion areas, exhibiting histological characteristics consistent with granulation or fibrotic tissue. Quantitative analysis confirmed fibroblasts as the predominant cellular component, validating the scRNA-Seq methodology employed in this study. Subgroup analysis of fibroblasts identified three distinct subtypes: Myo_FBs, Osteogenic_FBs, and Inflammatory_FBs. Several reports suggested that fibroblasts possess intrinsic osteogenic differentiation capacity independent of pluripotent stem cell transition (24, 25). Our scRNA-Seq data suggest active fibroblast participation in osseous repair processes within cystic lesions, though the exact molecular mechanisms require further elucidation. The results also revealed a significant proportion of endothelial cells. Studies have shown a close relationship between angiogenesis and bone formation, where H-type blood vessels have shown potential to induce bone formation, concurrent with higher expression levels of EMCN and PECAM-1 within these vessels (26). Therefore, promoting neovascularization represents a promising therapeutic strategy to prevent femoral head collapse in SIONFH. We found that both Vein_ECs and Artery_ECs are highly enriched in angiogenesis biological processes within the endothelial cell subgroups, which may contribute to the repair of cystic change in SIONFH.

Accumulating evidence in recent years highlights the indispensable role of bone immunology in the pathogenesis of SIONFH (27, 28). Immune cells can regulate the activation and function of various bone cells (osteoblasts, osteoclasts, mesenchymal stem cells, etc.), thereby regulating the processes of bone formation and repair (29). In this study, we observed significant immune cell infiltration in cystic lesions, including T cells, macrophages, monocytes, and mast cells. Consistent with previous studies, histological and bioinformatics analyses of ONFH revealed that the necrotic tissue contains a large number of immune cell infiltrations, such as macrophages, T lymphocytes, and B lymphocytes, implicating immune cells in ONFH onset and progression (30–32). The stimulation and inhibition of osteoblasts and osteoclasts by T cells are closely related to T cell subpopulations and cytokines, mainly achieved through the RANKL/RANK/OPG system (27). Macrophages, a type of “proliferative” immune cell, play a key role in the innate immune response. Macrophages can be “polarized” into different phenotypes based on their microenvironment, that is, “classically activated” M1 macrophages have pro-inflammatory effects, while “selectively activated” M2 macrophages have anti-inflammatory effects (33). Building on this, we identified three macrophage subtypes within the lesions. Pseudotemporal analysis found that M2/M1 macrophages and M2 macrophages can be transformed into M1 macrophages over time, indicating that in the local immune microenvironment of SIONFH cystic lesions, macrophages continuously polarize towards M1, leading to an increase in the M1/M2 ratio and causing imbalance of bone immunity, which may be one of the pathogenic mechanisms of SIONFH. Curcumin can prevent inflammation-mediated osteocyte apoptosis in a mouse model of glucocorticoid-related femoral head necrosis by inhibiting the polarization of M1 macrophages (34). Mongolicin can regulate inflammation and promote bone formation by inhibiting the TLR4/NF-κB pathway and M1 macrophage polarization, reducing the incidence of femoral head osteonecrosis and alleviating pathological manifestations within the femoral head (35). Therefore, inhibiting M1 macrophage polarization represents a promising therapeutic strategy for SIONFH.

Interestingly, we identified chondrocytes within the cystic lesions. Our analysis distinguished five chondrocyte subtypes based on established markers from prior articular cartilage scRNA-seq studies (20, 21). The pseudotime trajectory axis derived from Monocle matched well with cell types and the cell arrangement in the pseudospace trajectory corresponded to spatial relationships of the cells. Bone formation occurs via intramembranous ossification or endochondral ossification (36). In endochondral ossification, there are three major models of transdifferentiation of chondrocytes to osteoblasts. Recently, growing evidences revealed that chondrocytes will mature and hypertrophy, and that they do not apoptose, but instead differentiate directly into osteoblasts and subsequently into osteocytes (37, 38). Consistent with this, we found that HTC were enriched in ossification, collagen catabolic process, and osteoblast differentiation. Cluster analysis revealed a distinct HTC.1 subpopulation with significant involvement in ossification and bone mineralization. We further conducted pathological observations on the cystic lesions. Through H&E, Alcian blue, and Safranin O-fast green staining, we observed the presence of chondrocytes and HTC and a transition zone from chondrocytes to bone tissue within the cystic lesions. The results of immunohistochemistry and immunofluorescence also indicated high expression of HTC markers and osteogenesis-related gene at the edge of the cystic lesions. Numerous studies have revealed that a multitude of signaling and transcription factors are critical for endochondral bone formation, including BMP (Bone Morphogenetic Proteins) signaling, Wnt/β-catenin signaling, Indian hedgehog (Ihh) pathway, and FGF signaling (39–41). Lyu et al. demonstrated that intraperitoneal injection of the BMP signaling inhibitor LDN193189HOU in mice rescues osteogenic activation in chondrocytes (42). Runx2, a core regulatory gene of osteogenic differentiation, exhibits dual functionality during chondrocyte-to-osteoblast transition: promoting chondrocyte hypertrophy while simultaneously activating osteoblast differentiation programs. Previous studies confirm that excessive activation of Runx2 accelerates chondrocyte catabolism (43). Consistent with this, our findings via Western blot, RT-qPCR, and immunohistochemistry analyses showed significantly elevated Runx2 expression levels within cystic lesions regions. Meanwhile, expression of the hypertrophic marker COL10A1 and catabolic enzyme MMP13 was markedly increased, providing direct evidence for chondrocyte hypertrophy and osteogenic transdifferentiation within cystic lesions. Notably, we found that a type of CLIC3+HTC might be associated with ossification, indicating that these cells are potentially involved in osteogenic process in cystic lesions. CLIC3 is a soluble protein that regulates chloride conductance and cell growth. Previous study reported that CLIC3 is a key gene modulating osteoblast differentiation and enhancing bone formation (44). It may regulate osteoblast differentiation via cytoskeleton-associated signaling processes. In addition, the KEGG analysis showed that HTC.1 were enriched in MAPK signaling pathway, indicating that CLIC3 may regulate osteoblast differentiation through MAPK signaling pathway, but this requires further investigation.

The strength of this study is that we provide the first single-cell transcriptomic landscape of cystic lesions in SIONFH. In addition, the results of scRNA-seq analysis revealed a repair pattern of HTC differentiating into osteoblast in cystic lesions. In terms of limitations, first, the sample size is relatively small, and subsequent scRNA-seq studies will require more samples. Second limitation is the lack of an animal model for cystic changes, which prevents us from validating our findings in vivo. Third, although our findings delineate a repair pattern in SIONFH cystic lesions, the current cohort was confined to Chinese patients; future multi-ethnic studies are required to verify this pattern’s universality.




5 Conclusion

In summary, we have delineated the cellular heterogeneity and molecular signatures of cystic lesions in SIONFH. Our research reveal a distinct repair program within these lesions, which might be driven by chondrocyte hypertrophy and might culminate in osteogenic differentiation. These findings will provide novel therapeutic targets for the repair of necrotic bone in SIONFH.
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