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Osteoarthritis (OA) is one of the most common degenerative joint diseases, significantly impacting individuals and society. With the acceleration of global aging, the incidence of OA is increasing. The pathogenesis of osteoarthritis is not fully understood, and there is no effective way to alleviate the progression of osteoarthritis. Therefore, it is necessary to develop new disease models and seek new treatments for OA. Cartilage organoids are three-dimensional tissue masses that can simulate organ structure and physiological function and play an important role in disease modeling, drug screening, and regenerative medicine. This review will briefly analyze the research progress of OA, focusing on the construction and current development of cartilage organoids, and then describe the application of cartilage organoids in OA modeling, drug screening, and regeneration and repair of cartilage and bone defects. Finally, some challenges and prospects in the development of cartilaginous organoids are discussed.
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INTRODUCTION
Lasting nearly a century of exploring developmental biology and cell biology, the self-organizing ability of vertebrate cells, i.e., the cells can reassemble and reconstruct the original structure of organs after complete separation, has been revealed and demonstrated (Lancaster and Knoblich, 2014). In the last century, in vitro experiments on tissue cells were extensively developed, and isolated sponge cells were first found to be able to reaggregate and self-organize into intact sponges in 1907 (Wilson, 1907), followed by the reconstruction of entire organs from chicken embryo cells (Weiss and Taylor, 1960). These discoveries provided a new understanding of cells’ self-organizing ability and further promoted the study of cell dissociation and reaggregation. Meanwhile, the discovery and research of stem cells are developing rapidly. In 1981, pluripotent stem cells (PSCs) were isolated and established from mice (Evans and Kaufman, 1981), and subsequently, human-derived embryonic stem cells (hESCs) were successfully isolated (Thomson et al., 1998; Yu et al., 2007). Since then, a large number of research efforts have led to a growing understanding of the functional behavior of stem cells and have begun to intervene in the fate of stem cells or progenitor cells at the molecular level, such as controlling specific differentiation directions (Holtfreter, 1944; Pierce and Verney, 1961). The development of stem cell biology and the understanding of the ability of cells to self-organize have contributed to the development of organ reconstruction research using stem or progenitor cells in vitro, resulting in the derivation of cartilaginous organoids (Figure 1).
[image: Figure 1]FIGURE 1 | Significant research advances in history related to organoid development. PSCs, pluripotent stem cells; iPSC, induced pluripotent stem cells; ESCs, embryonic stem cells.
Under appropriate culture conditions, by providing a corresponding three-dimensional culture environment, stem cells form a structure similar to the related tissues and organs, and this culture is called an organoid. Organoids originate from pluripotent or adult stem cells, which are capable of developing into a variety of cell types and, through spontaneous self-organization, form organ structures similar to those in vivo and have at least some of the functions of the corresponding organs (Rossi et al., 2018; He et al., 2020). Developing organoids is one of the essential achievements in stem cell research and marks a new stage in stem cell culture. The development of organoids has provided innovative means for the development of in vitro biological models and significantly promoted the evolution of developmental biology and stem cell biology. Organoids have a wide range of applications in basic biology, disease modeling, drug discovery, and regenerative medicine (Clevers, 2016).
Osteoarthritis (OA) is the most common disabling joint disorder and is associated with a high economic burden (Manivong et al., 2023). With the acceleration of global aging, the incidence of OA is increasing. Thus, seeking more promising methods for the prevention and treatment of OA is urgent. Currently, most studies on OA are based on animal models and cell cultures. However, due to the structural and physiological differences between species as well as the two-dimensional limitations, the actual situation of human homeostasis cannot be duplicated. Cartilage organoids are a new organoid model derived from organoid development (Kretzschmar and Clevers, 2016). Cartilage organoids have great potential in tissue development, disease modeling, and drug screening.
This review will briefly summarize the research progress of OA, focusing on the construction and current development status of cartilage organoids, and then describe the application of cartilage organoids in the OA modeling, drug screening, and regeneration and repair of bone and cartilage defect. Finally, some of the challenges and prospects in the development of cartilage organoids will be discussed.
OSTEOARTHRITIS
The occurrence of OA is related to many factors, such as age, obesity, mechanical injuries, and genetic factors. The pathological changes of OA include cartilage destruction, synovial inflammation, subchondral bone sclerosis, and osteophyte formation. OA involves lesions of the whole joint structure, but articular cartilage damage is usually considered the central pathological feature. A complete joint structure ensures the normal function of the joint and provides appropriate resistance to stress (Martel-Pelletier et al., 2016). However, the structure and composition of articular cartilage will change during the development of OA. Mechanical damage or inflammation can disrupt chondrocytes’ homeostasis, leading to OA’s development and progression (Pritzker et al., 2006). The pathogenesis of OA is not yet fully clear. Disorders of decomposition and anabolism of chondrocytes are important factors in the occurrence and development of OA. Abnormal increases in chondrocyte catabolism, such as upregulated expression of cartilage matrix metalloproteinases (MMPs) and aggregate enzymes (ADAMTs), mediate the degradation of the cartilage matrix, leading to the occurrence of OA (Mueller and Tuan, 2011; Wang et al., 2013). In addition, the release of cartilage degradation products into the joints further promotes the inflammatory response and accelerates the development of OA (Mueller and Tuan, 2011; Wang et al., 2013).
Although OA has been studied for decades, the exact mechanisms leading to the abnormal expression of matrix-degrading enzymes have yet to be defined. Thanks to studies on animal experiments and cell models in vitro, it has been found that changes in a variety of signaling pathways may be involved in the occurrence of OA pathological state, such as the Wnt/β-catenin (Lietman et al., 2018), NF-kB (Lepetsos et al., 2019), AMPK (Zheng et al., 2021), BMP (Jaswal et al., 2023) signaling pathway. A deeper understanding of the interaction between these signals will provide new potential targets for the intervention and treatment of OA, and some compounds targeting the related signaling pathways may also become potential drugs for the treatment of OA (Ashruf and Ansari, 2022).
Most of the current OA treatments focus on relieving pain to improve quality of life. Clinically, non-drug treatments for OA mainly include physical therapy, weight loss, and active exercise. Non-steroidal anti-inflammatory drugs, glucocorticoids, and opioids such as morphine are used to relieve pain symptoms of OA but cannot stop the disease process (Arden et al., 2021). Damaged articular cartilage has a poor capacity for self-repair and there is so far no efficient curative treatment available for OA (Nazempour and Van Wie, 2016). Biological therapy has become a new research strategy for the treatment of OA, which is favored by a large number of researchers. For example, platelet-rich plasma (PRP) injection into the joint cavity can improve the clinical symptoms of patients (Sax et al., 2022). Furthermore, mesenchymal stem cell therapy has also shown a positive effect in the treatment of OA, which can relieve pain and improve joint function to a certain extent after the injection of stem cells (Pers et al., 2016; Harrell et al., 2019). However, the above biological therapy still faces some problems. First, pain is relieved after the treatment, but the pathological changes of OA are still not improved. Second, the survival rate of injected stem cells in the joint cavity is low, which cannot achieve sustained therapeutic effects. Last, more research is needed on the dose, cell type, and duration of intervention of biologically based therapies. Therefore, we still need to explore better models to study OA mechanisms and seek new therapeutic strategies.
DEFINITION AND CONSTRUCTION OF CARTILAGE ORGANOIDS
In recent decades, research on organoids has developed rapidly, and remarkable achievements have been made in the small intestine (Sato et al., 2009; Sugimoto et al., 2018), brain (Lancaster et al., 2013; Mansour et al., 2018), liver (Coll et al., 2018), kidney (Takasato et al., 2014; Shi et al., 2023), lung (Matkovic Leko et al., 2023), and retina (Eiraku et al., 2011; Nakano et al., 2012; Völkner et al., 2016). The review by Fatehullah et al. summarizes other research progress on organoids (Fatehullah et al., 2016). However, the research on organoids in the skeletal system, particularly cartilage tissue, is still limited. Cartilage organoids are an extension of organoid development. They are formed by differentiation of embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), or adult stem cells (ASCs) with self-renewal and self-organization ability and have the basic spatial structure and partial physiological functions of cartilage tissue (GBD, 2017 Disease and Injury Incidence and Prevalence Collaborators et al., 2018; Lin et al., 2023). Cartilage organoids have the basic spatial structure and partial physiological functions of cartilage tissue and have important potential value in the research and treatment of articular cartilage diseases.
Several aspects need to be clarified for the construction of cartilage organoids (Figure 2). First, the original cell of the organoids, which is the main component of organoids establishment and plays a vital role in the physiological characteristics of organoids, should be determined. Second, it is necessary to construct a proper culture environment, select appropriate culture materials and biomaterials, and simulate the natural culturing environment to promote cell growth and differentiation. In addition, different culture methods affect the structure formation of organoids.
[image: Figure 2]FIGURE 2 | Construction of cartilage organoids. The cells used in the culture of cartilage organoids are mainly stem cells including ESCs, hPDCs, iPSCs, and MSCs. These cells are induced and differentiated by various differentiation and growth factors, including BMP-2, TGF-β1, and FGF-2, and then self-assemble into organoids in scaffold-based or scaffold-free culture. ESCs, embryonic stem cells; iPSCs, induced pluripotent stem cells; hPDCs, human periosteal-derived cells; MSCs, mesenchymal stem cells. BMP-2, bone morphogenetic protein 2; TGF-β1, transforming growth factor β1; FGF-2, fibroblast growth factor 2.
CELL ORIGIN OF CARTILAGE ORGANOIDS
The culture and proliferation of initiating cells is the first step in constructing organoids. The primary source of cells for cartilaginous organoids is from isolated and cultured stem cells, i.e., ESCs, iPSCs, mesenchymal stem cells (MSCs), human periosteal-derived cells (hPDCs), and other stem cells or pluripotent cell lines, as well as chondrocytes of autologous digestive origin.
Embryonic stem cell
ESCs are totipotent cells derived from early mammalian embryos or primitive gonads, which have the characteristics of unlimited proliferation and multi-directional differentiation in vitro. The first isolation of ESCs was derived from mouse tissues. Evans and Kaufman first isolated embryonic stem cell lines from mouse embryos in 1981 and carried out preliminary culture and identification (Evans and Kaufman, 1981). Thomson et al. successfully isolated ESCs from human tissues in 1998 (Thomson et al., 1998). ESCs are pluripotent and capable of developing into various tissues in the three germ layers (ectoderm, mesoderm, and endoderm) through cell proliferation and induced differentiation. Cultured in vitro, ESCs can differentiate into functional hepatocytes and express hepatocyte markers such as tyrosine aminotransferase and secreted albumin (Cai et al., 2007). ESCs can be induced to differentiate into cardiomyocytes by successively adding activin A and bone morphogenetic protein 4 (BMP4) (Laflamme et al., 2007). Furthermore, ESCs can also differentiate into hematopoietic cells (Matsumoto et al., 2009), nerve cells (Reubinoff et al., 2001), alveolar epithelial cells (Wang et al., 2007), chondrocytes (Wang T. et al., 2019), and other tissue cells. The unlimited proliferation and differentiation pluripotency of ESCs have been used to construct various organs, such as liver organoids (Wang S. et al., 2019) and reproductive system organoids (Jiang et al., 2021). Correspondingly, ESCs have great potential in the study of cartilage organoids. Lauren et al. differentiated ESCs into neural crest stem cells and then further differentiated and self-assembled into craniofacial cartilage organoids (Foltz et al., 2021). Mass spectrometry analysis showed that cartilage organoids highly expressed cartilage marker proteins, providing new insights for studying craniofacial cartilage development and cell signaling (Foltz et al., 2021). However, the ethical consideration over separating ESCs has limited its application.
Induced pluripotent stem cells
Using the reprogramming technique, differentiated cells can be restored to pluripotency, which is called induced pluripotent cells (Takahashi and Yamanaka, 2006). iPSCs were first induced in 2006 by Takahashi and Yamanaka, who restored the pluripotency of these cells by adding transcription factors during fibroblast culture, and they exhibited the morphology and characteristics of ESCs (Takahashi and Yamanaka, 2006). On the one hand, the successful creation of iPSCs dramatically solves the ethical concern ESCs face (Takebe et al., 2013; Taguchi et al., 2014). On the other hand, iPSCs can be induced from autologous mature somatic cells, avoiding the immune rejection of allogeneic transplantation (Okita et al., 2011). iPSCs have the characteristics of stem cells and can differentiate into various tissues. iPSCs have been successfully differentiated into cartilage and osteogenic lineages driven by TGF-β and BMP and have been widely used in osteochondral tissue engineering (Diekman et al., 2012; Wu et al., 2017; Limraksasin et al., 2020). Therefore, iPSCs have become a powerful cell source for constructing cartilage organoids. Li et al. successfully induced iPSCs to differentiate into cartilage organoids in vitro and characterized them, which supported the ability of iPSCs to be the initiating cells of cartilage organoids (Li et al., 2022).
Mesenchymal stem cells
MSCs, one of the critical members of the stem cell family, were first discovered and isolated, and cultured in the bone marrow. Thus, they are also called bone marrow mesenchymal stem cells (BMSCs) (Haynesworth et al., 1992). In addition to bone marrow, MSCs have been found in other tissues, such as adipose and muscle tissue (Krawczenko and Klimczak, 2022). MSCs have multi-directional differentiation potential in vivo or in vitro. They can differentiate into bone, cartilage, fat, muscle, and other mesenchymal tissue cells under specific induction conditions (Pittenger et al., 1999) and still have differentiation potential even after continuous subculture and cryopreservation (Bruder et al., 1997). Currently, researchers have used MSCs to generate cartilage organoids. Bian et al. induced cartilage-like tissue formation in vivo and in vitro by encapsulating MSCs with hyaluronic acid gel, and the local delivery of TGF-β3 can promote the cartilage formation of MSCs (Bian et al., 2011). In addition, Vail et al. compared the microRNA transcriptome level between MSCs cultured cartilage organoids and natural articular cartilage, revealing microRNA’s complex regulatory role in cartilage differentiation (Vail et al., 2022).
Human periosteum-derived cells
The periosteum is a connective tissue attached to the bone surface and rich in blood vessels. Periosteum-derived cells play an important role in bone development, regeneration, and repair after injury. The periosteum is involved in intramembranous osteogenesis and endochondral osteogenesis (Agata et al., 2007). Studies have shown that periosteal cells and MSCs are derived from the same embryonic mesenchymal lineage. However, compared with MSCs, periosteal cells have higher regenerative capacity, which may be attributed to the skeletal stem cells enriched in the periosteum (Duchamp de Lageneste et al., 2018). In another study, cells isolated from the periosteum of the femoral neck of arthritis patients were cultured and compared with the bone marrow stromal cells (Chang et al., 2014). The hPDCs showed significant similarities in proliferation rate, morphology, and surface receptor expression with bone marrow stromal cells cultured under the same in vitro conditions (Chang et al., 2014). Thus, cells isolated from the periosteum are considered a potential source of autologous stem cells. The discovery of pluripotency of periosteum-derived cells makes it possible for them to be used in tissue engineering research. Cartilage microtissues (soft callus organoids) formed by periosteum-derived cells can form bone organs in vivo and have the ability to repair bone defects (Nilsson Hall et al., 2020). In addition, callus organoids formed by hPDCs and cartilage microtissues constructed by iPSCs were combined and sequentially differentiated into bone and cartilage in vivo (Hall et al., 2021).
CONSTRUCTION OF THE CULTURE ENVIRONMENT OF CARTILAGE ORGANOIDS
The growth and development of tissues and organs require specific conditions, and stem cell-derived organoids also need a particular culture environment to induce stem cells’ proliferation and differentiation to self-assemble into organoids. In living organisms, the extracellular matrix (ECM) is synthesized by cells and secreted outside the cell. Its main components are polysaccharides and proteins, such as collagen, elastin, laminin, fibronectin, glycosaminoglycans, and other macromolecules, which are capable of forming a complex meshwork structure (Theocharis et al., 2016; Karamanos et al., 2021). Moreover, the extracellular matrix can release various growth factors, cytokines, and chemokines, which are vital for cell adhesion, growth, spreading, and differentiation, connecting and supporting tissue structure stability and regulating tissue cells’ physiological functions (Theocharis et al., 2016; Karamanos et al., 2021).
It is, therefore, necessary to mimic the properties of ECM in natural tissues to provide a better environment required for organoid culture. Several ECM-derived materials have been used for organoid culture (Kim et al., 2020). Matrigel is the most commonly used matrix. It is a gel-like protein mixture secreted by mouse osteosarcoma cells and contains extracellular matrix protein components, such as collagen, fibronectin, and proteoglycan. It is a natural ECM and can be a suitable scaffold for cells to attach and organize into organoids (Kleinman and Martin, 2005). It has been widely used in the study of early organoids. However, the reproducibility of the experiments is limited by the complexity of the composition of the natural matrix glue and the differences between batches. To this end, researchers have developed decellularized ECM as an alternative to organoid culture, which retains the basic components of the natural ECM and can support organoid culture. The culture of endodermal organoids was achieved by obtaining acellular ECM from porcine small intestinal mucosa/submucosa cells by acellular treatment (Giobbe et al., 2019). Furthermore, Crispim et al. using an acellular biological matrix processed from porcine nucleus pulposus tissue as a medium additive, achieved massive proliferation of chondrocytes and self-assembly into organoids similar to hyaline cartilage (Crispim and Ito, 2021). With the rapid development in the field of biomaterials, more matrix glue substitutes have been developed and used for organoid cultures, such as natural biological materials alginate, hyaluronic acid, chitosan, and other polysaccharides, and protein gelatins (e.g., fibrin and collagen and controllable synthetic hydrogels) (Kaur et al., 2021; Kozlowski et al., 2021). The continuous progress of ECM-derived materials provides more suitable culture conditions for organoid culture, which is more conducive to cell proliferation and differentiation (Greggio et al., 2013). It promotes the continued development of organoid research. In addition, introducing a variety of growth factors such as TGF-β, BMP2, and FGF-2 during the culture process can better promote the proliferation and differentiation of stem cells (Wu et al., 2021). Moreover, the appropriate addition of some signaling regulators will more stably induce stem cells to differentiate toward specific cell lineages (Kawata et al., 2019).
CULTIVATION METHODS OF CARTILAGE ORGANOIDS
Achieving self-assembly of three-dimensional cellular structures is one of the critical parts of organoid culture, and the current methods of organoid culture are mainly scaffold-based and scaffold-free.
Scaffold-based culture methods support cell adhesion and proliferation by using biomaterials with multiple pores and self-assembling them into multi-layered organoid structures along specific spatiotemporal orientations. As mentioned above, matrix glue or decellularized matrix and other hydrogel materials, in addition to serving as a cell culture medium to provide a particular cultural environment, can also act as a temporary scaffold for cell self-organization and to maintain the structural stability of organoids to a certain extent (Qu et al., 2017). Xiahou et al. designed a porous hydrogel capable of regulating stem cell-to-hydrogel matrix and cell-to-cell interactions to incubate cartilage microtissues in vitro (Xiahou et al., 2020). Crispim et al. developed a new strategy to construct hyaline cartilage in vitro (Crispim and Ito, 2021). After applying an ECM to promote the proliferation of chondrocytes, cells and ECM components self-assemble into organoids, and chondrocytes are distributed in the ECM space (Crispim and Ito, 2021). Cells interact with the scaffold material and can form more stable organoids.
In contrast, scaffold-free culture methods are based on the self-organization of cells, placing cells in suspension cultures, or cultivating organoids by developing spherical intermediate tissues. Yamashita et al. produced scaffold-free hyaline cartilage by culturing PSC cells in scaffold-free suspension cultures (Yamashita et al., 2015). Mizuno et al. used bovine cartilage cells from different regions to culture spherical cartilage organoids and reproduced the regional characteristics of articular cartilage at different longitudinal depths (Mizuno et al., 2016). In addition, O'Connor et al. developed a scaffold-free and bioreactor-free method to expose iPSC cells to cartilage continuously and osteogenic-inducing factors such as TGF-β and BMP, thereby mimicking endochondral osteogenesis conditions to generate osteochondral organoids in vitro (O'Connor et al., 2021). Other scaffold-free culture methods have also been used in cartilage organoid research. For example, Irie et al. used a hollow fiber as a cell culture device and then induced chondrocytes to form cylindrical organoids by centrifugation (Irie et al., 2008). In addition, tissue engineering research on the production of cartilage and bone tissue from stem cells using rotating bioreactors or simulated microgravity environments has been extensively developed, and microgravity conditions and their applications are well described in some excellent reviews (Aleshcheva et al., 2016; Mochi et al., 2022). Rotating bioreactors and microgravity environments will provide more efficient methods for culturing scaffold-based or scaffold-free cartilage organoids.
In the scaffold-based organoid culture, by using the assistance of scaffolds and the intervention of artificially regulated growth and differentiation factors, cells can proliferate and differentiate better to form complex organoids. Scaffold-free culture, however, is simple and reproducible, enabling massive cell proliferation to form cell aggregates and rapid organoid production.
APPLICATION OF CARTILAGE ORGANOIDS
Although research in cartilage organoids is still in its infancy (Table 1), cartilage organoids have a wide range of potential applications in biological development, disease modeling, drug screening, and regeneration and repair.
TABLE 1 | Development status of cartilaginous organoids.
[image: Table 1]Building disease models
Organoid structures are generated from pluripotent stem cells or adult cells by induced differentiation and through their self-organizing properties. The organoid composition and structure are similar to the originating tissue and reproduce some of the physiological functions of similar organs. Therefore, organoids are good models for simulating development and studying diseases (Fatehullah et al., 2016). Joint diseases such as OA have become common worldwide, causing pain and disability (GBD, 2017 Disease and Injury Incidence and Prevalence Collaborators et al., 2018). Currently, animal experiments and two-dimensional cell experiments are still the mainstream models for preclinical OA research. However, simple monolayer cell cultures lack intercellular interactions and cannot simulate the complex physiological situation between tissues; although animal models can partially compensate for cell cultures, they are also limited by structural and physiological differences between species and substantial economic costs (Bjornson-Hooper et al., 2022). Although other in vitro research models, such as tissue explant models, bioreactor models, and organ-on-chips, have also been developed for OA research (Singh et al., 2021). These in vitro models can increase the understanding of different cell-cell interactions and imitate and recapitulate some human tissues and organs’ complex physiological microenvironments and functions, which may reduce the need for animal experiments to a certain extent (Singh et al., 2021). However, these models are still relatively new and require continuous optimization and innovation. Osteochondral organoids with similar structures and physiological functions will be an ideal model for the study of bone and joint development and diseases in the future. For example, OA is a complex disease involving the whole joint, and cartilage and subchondral bone play a vital role in the initiation and development of OA. Through organoid culture, in vitro disease models with more structural components can be constructed. For example, Abraham et al. constructed a “mini-joint” composite bone and cartilage model with cells isolated from bone and cartilage tissue (Abraham et al., 2022). Furthermore, the constructed osteochondrosis organoids were treated with interleukin-1β [a proinflammatory factor that is closely related to the occurrence and development of osteoarthritis (Kapoor et al., 2011)] to establish a joint inflammation model (Abraham et al., 2022). In addition, this multi-level model containing bone and cartilage can simulate the excessive area in the joint, thus providing a better in vitro model for studying the role of subchondral bone in the pathogenesis of OA (Abraham et al., 2022).
Drug screening and testing
Most drugs require lengthy research and in vitro and in vivo testing before clinical approval. Particularly, the limitations of animal and simple cellular models lead to the need for the representativeness of drug testing and screening in animal and cellular experiments, which only partially reflects the true efficacy and toxic effects of drugs in humans. Translating drug development from traditional animal and cell-based experiments to the clinic has yet to be very seamless. The construction of organoids to simulate the pathophysiological environment of human diseases will provide new ideas for drug screening and testing (Rossi et al., 2018). As described above, joint inflammation models were constructed by cartilage organoid cultures and used to test the protective effect of the drug A2AR agonist on inflammation (Abraham et al., 2022) [A2AR is an adenosine receptor agonist, which targets adenosine receptors that play an essential role in articular cartilage homeostasis and arthritis development (Corciulo et al., 2017)]. Cartilage organoids are supported as a novel in vitro drug screening and testing models. Furthermore, using engineering techniques to rapidly and massively produce cartilage organoids for high-throughput drug screening provides a more advantageous research strategy for drug development of OA.
Regeneration and restoration engineering
Cartilage destruction is the main pathological change of OA, but due to the unique structural and physiological properties of articular cartilage, cartilage repair and reconstruction becomes a great challenge. Currently, the clinical intervention methods for cartilage defects mainly include microfracture and autologous or allogeneic chondrocyte transplantation. Still, due to the limited donor tissue and the poor integration of the graft with the surrounding tissue, it takes work to achieve good expected results (Richter et al., 2016; Riboh et al., 2017). Interventions based on regenerative repairs, such as cell therapy to promote cartilage defect repair by injecting stem cells directly into the joint cavity (Zelinka et al., 2022), have shown promising results in preclinical and clinical studies and are progressing toward clinical translation but still face many problems. Integrating implants into native cartilage tissue is a crucial step in cartilage repair and one of the critical challenges in cartilage regeneration and repair research. A recent study demonstrated the integration between organoid implants and native cartilage tissue from OA patients (Kleuskens et al., 2022). By implanting cartilage organoids cultured in vitro into explants obtained from the human tibial plateau, the integration and interaction of the implanted cartilage organoids with the surrounding native cartilage were observed (Kleuskens et al., 2022). This experiment demonstrates a promising implantation strategy for cartilage organoids as grafts for cartilage defect repair. In another study, cartilage organoids derived from allogeneic induced pluripotent stem cells were transplanted into articular cartilage defects of non-primates to achieve cartilage tissue repair at the defect site (Abe et al., 2023). Histological staining also confirmed that the repaired tissue was hyaline cartilage rather than fibrocartilage, and the fixed tissue remained active for an extended period (Abe et al., 2023). This kind of cartilage tissue repair in the form of hyaline cartilage will provide a new option for treating articular cartilage defects. More interestingly, osteochondral organoids with dual bone and cartilage tissue structures have achieved layered cartilage and subchondral bone regeneration in vivo (Yang et al., 2023).
The above studies demonstrate that cartilage organoids have substantial application potential in OA in vitro modeling and drug screening. Cartilage organoids have demonstrated impressive therapeutic effects in the repair of articular cartilage defects. In the future, developing new OA disease models and new treatment strategies using cartilage organoids will further promote the understanding and treatment of OA disease. In fact, cartilage organoids have more than just applications in skeletal diseases. Studies by Nilsson Hall et al. (2020) and Tam et al. (2021) have shown that after constructing callus organoids (a cartilage intermediate) and priming them by targeting hypertrophy-promoting and pro-inflammatory mediators, callus organoids can bridge bone tissue around critical size bone defects and promote bone defect repair. In addition, combining the 3D bioprinting technology of DLP (digital light processing) with a microsphere-based culture system can realize the engineering of bone callus tissue organoids and achieve rapid bone regeneration and repair (Xie et al., 2022) (Figure 3).
[image: Figure 3]FIGURE 3 | Cartilage organoids and regeneration repair. iPSCs, hPDCs, and MSCs are induced to differentiate under the influence of growth and differentiation factors, including BMP-2/4, TGF-β1, FGF-2, and GDF-5. A variety of cell signals are involved in regulating the differentiation and maturation of chondrocytes. Small molecule compounds such as CHIR99021, TTNPB, and Wnt3A can promote the differentiation and maturation of stem cells into chondrocytes more stably. Cells spread and grow on Matrigel scaffolds or in a scaffold-free environment, and form cartilage organoids. Using cartilage organoids as grafts can be used to repair cartilage defects and bone defects. BMP-2, bone morphogenetic protein 2; TGF-β1, transforming growth factor β1; FGF-2, fibroblast growth factor 2; GDF-5, growth differentiation factor 5; CHIR99021, a glycogen synthase kinase 3 inhibitor; TTNPB, a retinoic acid receptor agonist. iPSCs, induced pluripotent stem cells; hPDCs, human periosteal-derived cells; MSCs, mesenchymal stem cells.
SUMMARY AND PROSPECTS
Although the research on cartilage organoids is still in its infancy, from the current findings, it is clear that cartilage organoids show great potential in tissue engineering. Cartilage organoids have shown positive research value in biological development, disease modeling, drug screening, regeneration, and repair. However, the current research on cartilage organoids still faces many challenges.
Firstly, cartilage organoids have the original tissue’s basic structure and some physiological functions. However, due to tissue cells’ diversity and physiological complexity in vivo (tissue cells interact with cells through complex signal factors to exert different physiological functions), cartilage organoids cannot fully reproduce the physiological environment in vivo. More studies are needed to address these shortcomings. Secondly, the maturity of cells is also an important issue, which may limit the application of organoids in biological development models (Akiva et al., 2021; Steinhart et al., 2023). The differentiation and maturation of cells require complex biological information regulation and nutritional support, which may be improved by adding appropriate signaling factors during culture and developing better systems to promote the distribution of nutrients. Rotary bioreactors and microfluidic culture systems have been shown to facilitate nutrient and oxygen diffusion (Jeong et al., 2023), but more research explorations are needed. Furthermore, because intact organs consist of multiple types of cells and interact with each other, how to construct cartilaginous organoids with multiple lineages is the direction of future research, and the top-down co-culture model provides some reference value but still needs to be improved. Finally, as the load-bearing tissue of the body, the biomechanical properties of cartilage organoids still need further consideration. It is expected to study cartilage organoids that exhibit normal mechanical stress in organisms to be better used in the research and treatment of bone diseases.
In addition, many problems need to be paid attention to in applying cartilage organoids. For example, in treating bone and cartilage defects, cartilage organoids have been shown to integrate the surrounding tissue better. However, further studies are still needed to maintain cellular phenotype and biological properties after transplantation. 3D printing techniques and tissue engineering techniques are dedicated to the construction of vascularized bone tissue constructs, and it has been proved that the formation of vascular networks contributes to the osteogenic differentiation of MSCs (Hann et al., 2021). Therefore, using cartilage organoids as bio-ink combined with a 3D printing technique to construct callus organoids with vascular components may better promote the regeneration and repair of bone defects.
Although there are still many challenges in the research and application of cartilage organoids, it has broad prospects in bone and joint development and disease simulation, drug screening, and regenerative medicine. The continuous development of techniques, such as biomaterials science, 3D bioprinting technique, organ-on-a-chip technique, and new gene editing techniques, will undoubtedly help organoids further exert their potential.
AUTHOR CONTRIBUTIONS
DZ: Data curation, Formal Analysis, Writing–original draft. YeC: Data curation, Formal Analysis, Writing–original draft. ZL: Data curation, Writing–original draft, Formal Analysis. GW: Data curation, Writing–original draft, Project administration. XH: Data curation, Methodology, Writing–original draft. RL: Data curation, Project administration, Writing–original draft. WL: Conceptualization, Visualization, Writing–review and editing. DY: Conceptualization, Visualization, Writing–review and editing. YaC: Conceptualization, Visualization, Writing–review and editing.
FUNDING
The authors declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by grants from National Natural Science Foundation of China (82060406), Natural Science Foundation of Guangxi (2022JJA141126), Advanced Innovation Teams and Xinghu Scholars Program of Guangxi Medical University, China Postdoctoral Science Foundation (2019M650235), Key R&D Project of Qingxiu District, Nanning, Guangxi (2021003), and Guangdong Basic and Applied Basic Research Foundation grant (2021A1515111075).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abe, K., Yamashita, A., Morioka, M., Horike, N., Takei, Y., Koyamatsu, S., et al. (2023). Engraftment of allogeneic ips cell-derived cartilage organoid in a primate model of articular cartilage defect. Nat. Commun. 14 (1), 804. doi:10.1038/s41467-023-36408-0
 Abraham, D. M., Herman, C., Witek, L., Cronstein, B. N., Flores, R. L., and Coelho, P. G. (2022). Self-assembling human skeletal organoids for disease modeling and drug testing. J. Biomed. Mater. Res. Part B, Appl. biomaterials 110 (4), 871–884. doi:10.1002/jbm.b.34968
 Agata, H., Asahina, I., Yamazaki, Y., Uchida, M., Shinohara, Y., Honda, M. J., et al. (2007). Effective bone engineering with periosteum-derived cells. J. Dent. Res. 86 (1), 79–83. doi:10.1177/154405910708600113
 Akiva, A., Melke, J., Ansari, S., Liv, N., van der Meijden, R., van Erp, M., et al. (2021). An organoid for woven bone. Adv. Funct. Mater. 31 (17), 2010524. doi:10.1002/adfm.202010524
 Aleshcheva, G., Bauer, J., Hemmersbach, R., Slumstrup, L., Wehland, M., Infanger, M., et al. (2016). Scaffold-free tissue formation under real and simulated microgravity conditions. Basic and Clin. Pharmacol. Toxicol. 119 (Suppl. 3), 26–33. doi:10.1111/bcpt.12561
 Arden, N. K., Perry, T. A., Bannuru, R. R., Bruyère, O., Cooper, C., Haugen, I. K., et al. (2021). Non-surgical management of knee osteoarthritis: comparison of esceo and oarsi 2019 guidelines. Nat. Rev. Rheumatol. 17 (1), 59–66. doi:10.1038/s41584-020-00523-9
 Ashruf, O. S., and Ansari, M. Y. (2022). Natural compounds: potential therapeutics for the inhibition of cartilage matrix degradation in osteoarthritis. Life (Basel, Switz. 13 (1), 102. doi:10.3390/life13010102
 Bian, L., Zhai, D. Y., Tous, E., Rai, R., Mauck, R. L., and Burdick, J. A. (2011). Enhanced msc chondrogenesis following delivery of tgf-β3 from alginate microspheres within hyaluronic acid hydrogels in vitro and in vivo. Biomaterials 32 (27), 6425–6434. doi:10.1016/j.biomaterials.2011.05.033
 Bjornson-Hooper, Z. B., Fragiadakis, G. K., Spitzer, M. H., Chen, H., Madhireddy, D., Hu, K., et al. (2022). A comprehensive atlas of immunological differences between humans, mice, and non-human primates. Front. Immunol. 13, 867015. doi:10.3389/fimmu.2022.867015
 Bruder, S. P., Jaiswal, N., and Haynesworth, S. E. (1997). Growth kinetics, self-renewal, and the osteogenic potential of purified human mesenchymal stem cells during extensive subcultivation and following cryopreservation. J. Of Cell. Biochem. 64 (2), 278–294. doi:10.1002/(SICI)1097-4644(199702)64:2<278::AID-JCB11>3.0.CO;2-F
 Cai, J., Zhao, Y., Liu, Y., Ye, F., Song, Z., Qin, H., et al. (2007). Directed differentiation of human embryonic stem cells into functional hepatic cells. Hepatol. Baltim. Md) 45 (5), 1229–1239. doi:10.1002/hep.21582
 Chang, H., Docheva, D., Knothe, U. R., and Knothe Tate, M. L. (2014). Arthritic periosteal tissue from joint replacement surgery: a novel, autologous source of stem cells. Stem cells Transl. Med. 3 (3), 308–317. doi:10.5966/sctm.2013-0056
 Clevers, H. (2016). Modeling development and disease with organoids. Cell 165 (7), 1586–1597. doi:10.1016/j.cell.2016.05.082
 Coll, M., Perea, L., Boon, R., Leite, S. B., Vallverdú, J., Mannaerts, I., et al. (2018). Generation of hepatic stellate cells from human pluripotent stem cells enables in vitro modeling of liver fibrosis. Cell stem Cell 23 (1), 101–113.e7. doi:10.1016/j.stem.2018.05.027
 Corciulo, C., Lendhey, M., Wilder, T., Schoen, H., Cornelissen, A. S., Chang, G., et al. (2017). Endogenous adenosine maintains cartilage homeostasis and exogenous adenosine inhibits osteoarthritis progression. Nat. Commun. 8, 15019. doi:10.1038/ncomms15019
 Crispim, J. F., and Ito, K. (2021). De novo neo-hyaline-cartilage from bovine organoids in viscoelastic hydrogels. Acta Biomater. 128, 236–249. doi:10.1016/j.actbio.2021.04.008
 Diekman, B. O., Christoforou, N., Willard, V. P., Sun, H., Sanchez-Adams, J., Leong, K. W., et al. (2012). Cartilage tissue engineering using differentiated and purified induced pluripotent stem cells. Proc. Natl. Acad. Sci. 109 (47), 19172–19177. doi:10.1073/pnas.1210422109
 Duchamp de Lageneste, O., Julien, A., Abou-Khalil, R., Frangi, G., Carvalho, C., Cagnard, N., et al. (2018). Periosteum contains skeletal stem cells with high bone regenerative potential controlled by periostin. Nat. Commun. 9 (1), 773. doi:10.1038/s41467-018-03124-z
 Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S., et al. (2011). Self-organizing optic-cup morphogenesis in three-dimensional culture. Nature 472 (7341), 51–56. doi:10.1038/nature09941
 Evans, M. J., and Kaufman, M. H. (1981). Establishment in culture of pluripotential cells from mouse embryos. Nature 292 (5819), 154–156. doi:10.1038/292154a0
 Fatehullah, A., Tan, S. H., and Barker, N. (2016). Organoids as an in vitro model of human development and disease. Nat. Cell Biol. 18 (3), 246–254. doi:10.1038/ncb3312
 Foltz, L., Levy, T., Possemato, A., and Grimes, M. (2021). Craniofacial cartilage organoids from human embryonic stem cells via a neural crest cell intermediate. bioRxiv. doi:10.1101/2021.05.31.446459
 GBD 2017 Disease and Injury Incidence and Prevalence Collaborators Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., et al. (2018). Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990-2017: a systematic analysis for the global burden of disease study 2017. Lancet (London, Engl. 392 (10159), 1789–1858. doi:10.1016/s0140-6736(18)32279-7
 Giobbe, G. G., Crowley, C., Luni, C., Campinoti, S., Khedr, M., Kretzschmar, K., et al. (2019). Extracellular matrix hydrogel derived from decellularized tissues enables endodermal organoid culture. Nat. Commun. 10 (1), 5658. doi:10.1038/s41467-019-13605-4
 Greggio, C., De Franceschi, F., Figueiredo-Larsen, M., Gobaa, S., Ranga, A., Semb, H., et al. (2013). Artificial three-dimensional niches deconstruct pancreas development in vitro. Dev. Camb. Engl. 140 (21), 4452–4462. doi:10.1242/dev.096628
 Hall, G. N., Tam, W. L., Andrikopoulos, K. S., Casas-Fraile, L., Voyiatzis, G. A., Geris, L., et al. (2021). Patterned, organoid-based cartilaginous implants exhibit zone specific functionality forming osteochondral-like tissues in vivo. Biomaterials 273, 120820. doi:10.1016/j.biomaterials.2021.120820
 Hann, S. Y., Cui, H., Esworthy, T., Zhou, X., Lee, S. J., Plesniak, M. W., et al. (2021). Dual 3d printing for vascularized bone tissue regeneration. Acta Biomater. 123, 263–274. doi:10.1016/j.actbio.2021.01.012
 Harrell, C. R., Markovic, B. S., Fellabaum, C., Arsenijevic, A., and Volarevic, V. (2019). Mesenchymal stem cell-based therapy of osteoarthritis: current knowledge and future perspectives. Biomed. Pharmacother. 109, 2318–2326. doi:10.1016/j.biopha.2018.11.099
 Haynesworth, S. E., Goshima, J., Goldberg, V. M., and Caplan, A. I. (1992). Characterization of cells with osteogenic potential from human marrow. Bone 13 (1), 81–88. doi:10.1016/8756-3282(92)90364-3
 He, J., Zhang, X., Xia, X., Han, M., Li, F., Li, C., et al. (2020). Organoid technology for tissue engineering. J. Mol. Cell Biol. 12 (8), 569–579. doi:10.1093/jmcb/mjaa012
 Holtfreter, J. (1944). Experimental studies on the development of the pronephros. Revcanbiol . 
 Irie, Y., Mizumoto, H., Fujino, S., and Kajiwara, T. (2008). Reconstruction of cartilage tissue using scaffold-free organoid culture technique. J. Biosci. Bioeng. 105 (5), 450–453. doi:10.1263/jbb.105.450
 Jaswal, A. P., Kumar, B., Roelofs, A. J., Iqbal, S. F., Singh, A. K., Riemen, A. H. K., et al. (2023). Bmp signaling: a significant player and therapeutic target for osteoarthritis. Osteoarthritis and cartilage. Osteoarthr. Cartil. S1063, 00834. doi:10.1016/j.joca.2023.05.016
 Jeong, E., Choi, S., and Cho, S. W. (2023). Recent advances in brain organoid technology for human brain research. ACS Appl. Mater Interfaces 15 (1), 200–219. doi:10.1021/acsami.2c17467
 Jiang, X., Li, X., Fei, X., Shen, J., Chen, J., Guo, M., et al. (2021). Endometrial membrane organoids from human embryonic stem cell combined with the 3d Matrigel for endometrium regeneration in asherman syndrome. Bioact. Mater. 6 (11), 3935–3946. doi:10.1016/j.bioactmat.2021.04.006
 Kapoor, M., Martel-Pelletier, J., Lajeunesse, D., Pelletier, J. P., and Fahmi, H. (2011). Role of proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat. Rev. Rheumatol. 7 (1), 33–42. doi:10.1038/nrrheum.2010.196
 Karamanos, N. K., Theocharis, A. D., Piperigkou, Z., Manou, D., Passi, A., Skandalis, S. S., et al. (2021). A guide to the composition and functions of the extracellular matrix. FEBS J. 288 (24), 6850–6912. doi:10.1111/febs.15776
 Kaur, S., Kaur, I., Rawal, P., Tripathi, D. M., and Vasudevan, A. (2021). Non-matrigel scaffolds for organoid cultures. Cancer Lett. 504, 58–66. doi:10.1016/j.canlet.2021.01.025
 Kawata, M., Mori, D., Kanke, K., Hojo, H., Ohba, S., Chung, U. I., et al. (2019). Simple and robust differentiation of human pluripotent stem cells toward chondrocytes by two small-molecule compounds. Stem Cell Rep. 13 (3), 530–544. doi:10.1016/j.stemcr.2019.07.012
 Kim, J., Koo, B. K., and Knoblich, J. A. (2020). Human organoids: model systems for human biology and medicine. Nat. Rev. Mol. Cell Biol. 21 (10), 571–584. doi:10.1038/s41580-020-0259-3
 Kleinman, H. K., and Martin, G. R. (2005). Matrigel: basement membrane matrix with biological activity. Seminars cancer Biol. 15 (5), 378–386. doi:10.1016/j.semcancer.2005.05.004
 Kleuskens, M. W. A., Crispim, J. F., van Donkelaar, C. C., Janssen, R. P. A., and Ito, K. (2022). Evaluating initial integration of cell-based chondrogenic constructs in human osteochondral explants. Tissue Eng. Part C. Methods 28 (1), 34–44. doi:10.1089/ten.TEC.2021.0196
 Kozlowski, M. T., Crook, C. J., and Ku, H. T. (2021). Towards organoid culture without Matrigel. Commun. Biol. 4 (1), 1387. doi:10.1038/s42003-021-02910-8
 Krawczenko, A., and Klimczak, A. (2022). Adipose tissue-derived mesenchymal stem/stromal cells and their contribution to angiogenic processes in tissue regeneration. Int. J. Mol. Sci. 23 (5), 2425. doi:10.3390/ijms23052425
 Kretzschmar, K., and Clevers, H. (2016). Organoids: modeling development and the stem cell niche in a dish. Dev. Cell 38 (6), 590–600. doi:10.1016/j.devcel.2016.08.014
 Laflamme, M. A., Chen, K. Y., Naumova, A. V., Muskheli, V., Fugate, J. A., Dupras, S. K., et al. (2007). Cardiomyocytes derived from human embryonic stem cells in pro-survival factors enhance function of infarcted rat hearts. Nat. Biotechnol. 25 (9), 1015–1024. doi:10.1038/nbt1327
 Lancaster, M. A., and Knoblich, J. A. (2014). Organogenesis in a dish: modeling development and disease using organoid technologies. Science 345 (6194), 1247125. doi:10.1126/science.1247125
 Lancaster, M. A., Renner, M., Martin, C. A., Wenzel, D., Bicknell, L. S., Hurles, M. E., et al. (2013). Cerebral organoids model human brain development and microcephaly. Nature 501 (7467), 373–379. doi:10.1038/nature12517
 Lepetsos, P., Papavassiliou, K. A., and Papavassiliou, A. G. (2019). Redox and nf-κb signaling in osteoarthritis. Free Radic. Biol. Med. 132, 90–100. doi:10.1016/j.freeradbiomed.2018.09.025
 Li, Z. A., Shang, J., Xiang, S., Li, E. N., Yagi, H., Riewruja, K., et al. (2022). Articular tissue-mimicking organoids derived from mesenchymal stem cells and induced pluripotent stem cells. Organoids 1 (2), 135–148. doi:10.3390/organoids1020011
 Lietman, C., Wu, B., Lechner, S., Shinar, A., Sehgal, M., Rossomacha, E., et al. (2018). Inhibition of wnt/Β-catenin signaling ameliorates osteoarthritis in a murine model of experimental osteoarthritis. JCI insight 3 (3), e96308. doi:10.1172/jci.insight.96308
 Limraksasin, P., Kondo, T., Zhang, M. L., Okawa, H., Osathanon, T., Pavasant, P., et al. (2020). In vitro fabrication of hybrid bone/cartilage complex using mouse induced pluripotent stem cells. Int. J. Of Mol. Sci. 21 (2), 581. doi:10.3390/ijms21020581
 Lin, W., Wang, M., Xu, L., Tortorella, M., and Li, G. (2023). Cartilage organoids for cartilage development and cartilage-associated disease modeling. Front. Cell Dev. Biol. 11, 1125405. doi:10.3389/fcell.2023.1125405
 Manivong, S., Cullier, A., Audigié, F., Banquy, X., Moldovan, F., Demoor, M., et al. (2023). New trends for osteoarthritis: biomaterials, models and modeling. Drug Discov. today 28 (3), 103488. doi:10.1016/j.drudis.2023.103488
 Mansour, A. A., Gonçalves, J. T., Bloyd, C. W., Li, H., Fernandes, S., Quang, D., et al. (2018). An in vivo model of functional and vascularized human brain organoids. Nat. Biotechnol. 36 (5), 432–441. doi:10.1038/nbt.4127
 Martel-Pelletier, J., Barr, A. J., Cicuttini, F. M., Conaghan, P. G., Cooper, C., Goldring, M. B., et al. (2016). Osteoarthritis. Nat. Rev. Dis. Prim. 2 (1), 16072. doi:10.1038/nrdp.2016.72
 Matkovic Leko, I., Schneider, R. T., Thimraj, T. A., Schrode, N., Beitler, D., Liu, H. Y., et al. (2023). A distal lung organoid model to study interstitial lung disease, viral infection and human lung development. Nat. Protoc. 18 (7), 2283–2312. doi:10.1038/s41596-023-00827-6
 Matsumoto, K., Isagawa, T., Nishimura, T., Ogaeri, T., Eto, K., Miyazaki, S., et al. (2009). Stepwise development of hematopoietic stem cells from embryonic stem cells. PloS one 4 (3), e4820. doi:10.1371/journal.pone.0004820
 Mizuno, S., Takada, E., and Fukai, N. (2016). Spheroidal organoids reproduce characteristics of longitudinal depth zones in bovine articular cartilage. Cells, tissues, organs 202 (5-6), 382–392. doi:10.1159/000447532
 Mochi, F., Scatena, E., Rodriguez, D., Ginebra, M. P., and Del Gaudio, C. (2022). Scaffold-based bone tissue engineering in microgravity: potential, concerns and implications. NPJ microgravity 8 (1), 45. doi:10.1038/s41526-022-00236-1
 Mueller, M. B., and Tuan, R. S. (2011). Anabolic/catabolic balance in pathogenesis of osteoarthritis: identifying molecular targets. PM R J. Inj. Funct. rehabilitation 3 (6), S3–S11. doi:10.1016/j.pmrj.2011.05.009
 Nakano, T., Ando, S., Takata, N., Kawada, M., Muguruma, K., Sekiguchi, K., et al. (2012). Self-Formation of optic cups and storable stratified neural retina from human escs. Cell stem Cell 10 (6), 771–785. doi:10.1016/j.stem.2012.05.009
 Nazempour, A., and Van Wie, B. J. (2016). Chondrocytes, mesenchymal stem cells, and their combination in articular cartilage regenerative medicine. Ann. Biomed. Eng. 44 (5), 1325–1354. doi:10.1007/s10439-016-1575-9
 Nilsson Hall, G., Mendes, L. F., Gklava, C., Geris, L., Luyten, F. P., and Papantoniou, I. (2020). Developmentally engineered callus organoid bioassemblies exhibit predictive in vivo long bone healing. Adv. Sci. (Weinheim, Baden-Wurttemberg, Ger. 7 (2), 1902295. doi:10.1002/advs.201902295
 O'Connor, S. K., Katz, D. B., Oswald, S. J., Groneck, L., and Guilak, F. (2021). Formation of osteochondral organoids from murine induced pluripotent stem cells. Tissue Eng. Part A 27 (15-16), 1099–1109. doi:10.1089/ten.TEA.2020.0273
 Okita, K., Nagata, N., and Yamanaka, S. (2011). Immunogenicity of induced pluripotent stem cells. Circulation Res. 109 (7), 720–721. doi:10.1161/RES.0b013e318232e187
 Pers, Y. M., Rackwitz, L., Ferreira, R., Pullig, O., Delfour, C., Barry, F., et al. (2016). Adipose mesenchymal stromal cell-based therapy for severe osteoarthritis of the knee: a phase I dose-escalation trial. Stem cells Transl. Med. 5 (7), 847–856. doi:10.5966/sctm.2015-0245
 Pierce, G. B., and Verney, E. L. (1961). An in vitro and in vivo study of differentiation in teratocarcinomas. Cancer 14, 1017–1029. doi:10.1002/1097-0142(196109/10)14:5<1017::aid-cncr2820140516>3.0.co;2-p
 Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J. D., et al. (1999). Multilineage potential of adult human mesenchymal stem cells. Science 284 (5411), 143–147. doi:10.1126/science.284.5411.143
 Pritzker, K. P., Gay, S., Jimenez, S. A., Ostergaard, K., Pelletier, J. P., Revell, P. A., et al. (2006). Osteoarthritis cartilage histopathology: grading and staging. Osteoarthr. Cartil. 14 (1), 13–29. doi:10.1016/j.joca.2005.07.014
 Qu, Y., Han, B., Gao, B., Bose, S., Gong, Y., Wawrowsky, K., et al. (2017). Differentiation of human induced pluripotent stem cells to mammary-like organoids. Stem Cell Rep. 8 (2), 205–215. doi:10.1016/j.stemcr.2016.12.023
 Reubinoff, B. E., Itsykson, P., Turetsky, T., Pera, M. F., Reinhartz, E., Itzik, A., et al. (2001). Neural progenitors from human embryonic stem cells. Nat. Biotechnol. 19 (12), 1134–1140. doi:10.1038/nbt1201-1134
 Riboh, J. C., Cvetanovich, G. L., Cole, B. J., and Yanke, A. B. (2017). Comparative efficacy of cartilage repair procedures in the knee: a network meta-analysis. Knee Surg. sports traumatology, Arthrosc. official J. ESSKA 25 (12), 3786–3799. doi:10.1007/s00167-016-4300-1
 Richter, D. L., Schenck, R. C., Wascher, D. C., and Treme, G. (2016). Knee articular cartilage repair and restoration techniques: a review of the literature. Sports health 8 (2), 153–160. doi:10.1177/1941738115611350
 Rossi, G., Manfrin, A., and Lutolf, M. P. (2018). Progress and potential in organoid research. Nat. Rev. Genet. 19 (11), 671–687. doi:10.1038/s41576-018-0051-9
 Sato, T., Vries, R. G., Snippert, H. J., van de Wetering, M., Barker, N., Stange, D. E., et al. (2009). Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 459 (7244), 262–265. doi:10.1038/nature07935
 Sax, O. C., Chen, Z., Mont, M. A., and Delanois, R. E. (2022). The efficacy of platelet-rich plasma for the treatment of knee osteoarthritis symptoms and structural changes: a systematic review and meta-analysis. J. arthroplasty 37 (11), 2282–2290.e2. doi:10.1016/j.arth.2022.05.014
 Shi, M., McCracken, K. W., Patel, A. B., Zhang, W., Ester, L., Valerius, M. T., et al. (2023). Human ureteric bud organoids recapitulate branching morphogenesis and differentiate into functional collecting duct cell types. Nat. Biotechnol. 41 (2), 252–261. doi:10.1038/s41587-022-01429-5
 Singh, Y. P., Moses, J. C., Bhardwaj, N., and Mandal, B. B. (2021). Overcoming the dependence on animal models for osteoarthritis therapeutics - the promises and prospects of in vitro models. Adv. Healthc. Mater. 10 (20), e2100961. doi:10.1002/adhm.202100961
 Steinhart, M. R., van der Valk, W. H., Osorio, D., Serdy, S. A., Zhang, J., Nist-Lund, C., et al. (2023). Mapping oto-pharyngeal development in a human inner ear organoid model. Dev. Camb. Engl. 150 (19), dev201871. doi:10.1242/dev.201871
 Sugimoto, S., Ohta, Y., Fujii, M., Matano, M., Shimokawa, M., Nanki, K., et al. (2018). Reconstruction of the human colon epithelium in vivo. Cell stem Cell 22 (2), 171–176.e5. doi:10.1016/j.stem.2017.11.012
 Taguchi, A., Kaku, Y., Ohmori, T., Sharmin, S., Ogawa, M., Sasaki, H., et al. (2014). Redefining the in vivo origin of metanephric nephron progenitors enables generation of complex kidney structures from pluripotent stem cells. Cell stem Cell 14 (1), 53–67. doi:10.1016/j.stem.2013.11.010
 Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell 126 (4), 663–676. doi:10.1016/j.cell.2006.07.024
 Takasato, M., Er, P. X., Becroft, M., Vanslambrouck, J. M., Stanley, E. G., Elefanty, A. G., et al. (2014). Directing human embryonic stem cell differentiation towards a renal lineage generates a self-organizing kidney. Nat. Cell Biol. 16 (1), 118–126. doi:10.1038/ncb2894
 Takebe, T., Sekine, K., Enomura, M., Koike, H., Kimura, M., Ogaeri, T., et al. (2013). Vascularized and functional human liver from an ipsc-derived organ bud transplant. Nature 499 (7459), 481–484. doi:10.1038/nature12271
 Tam, W. L., Freitas Mendes, L., Chen, X., Lesage, R., Van Hoven, I., Leysen, E., et al. (2021). Human pluripotent stem cell-derived cartilaginous organoids promote scaffold-free healing of critical size long bone defects. Stem Cell Res. Ther. 12 (1), 513. doi:10.1186/s13287-021-02580-7
 Theocharis, A. D., Skandalis, S. S., Gialeli, C., and Karamanos, N. K. (2016). Extracellular matrix structure. Adv. drug Deliv. Rev. 97, 4–27. doi:10.1016/j.addr.2015.11.001
 Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J., Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from human blastocysts. Science 282 (5391), 1145–1147. doi:10.1126/science.282.5391.1145
 Vail, D. J., Somoza, R. A., and Caplan, A. I. (2022). Microrna regulation of bone marrow mesenchymal stem cell chondrogenesis: toward articular cartilage. TISSUE Eng. PART A 28 (5-6), 254–269. doi:10.1089/ten.tea.2021.0112
 Völkner, M., Zschätzsch, M., Rostovskaya, M., Overall, R. W., Busskamp, V., Anastassiadis, K., et al. (2016). Retinal organoids from pluripotent stem cells efficiently recapitulate retinogenesis. Stem Cell Rep. 6 (4), 525–538. doi:10.1016/j.stemcr.2016.03.001
 Wang, D., Haviland, D. L., Burns, A. R., Zsigmond, E., and Wetsel, R. A. (2007). A pure population of lung alveolar epithelial type ii cells derived from human embryonic stem cells. Proc. Natl. Acad. Sci. U. S. A. 104 (11), 4449–4454. doi:10.1073/pnas.0700052104
 Wang, M., Sampson, E. R., Jin, H., Li, J., Ke, Q. H., Im, H. J., et al. (2013). Mmp13 is a critical target gene during the progression of osteoarthritis. Arthritis Res. Ther. 15 (1), R5. doi:10.1186/ar4133
 Wang, S., Wang, X., Tan, Z., Su, Y., Liu, J., Chang, M., et al. (2019b). Human esc-derived expandable hepatic organoids enable therapeutic liver repopulation and pathophysiological modeling of alcoholic liver Injury. Cell Res. 29 (12), 1009–1026. doi:10.1038/s41422-019-0242-8
 Wang, T., Nimkingratana, P., Smith, C. A., Cheng, A., Hardingham, T. E., and Kimber, S. J. (2019a). Enhanced chondrogenesis from human embryonic stem cells. Stem Cell Res. 39, 101497. doi:10.1016/j.scr.2019.101497
 Weiss, P., and Taylor, A. C. (1960). Reconstitution of complete organs from single-cell suspensions of chick embryos in advanced stages of differentiation. Proc. Natl. Acad. Sci. U. S. A. 46 (9), 1177–1185. doi:10.1073/pnas.46.9.1177
 Wilson, H. V. (1907). A new method by which sponges may Be artificially reared. Science 25(649), 912–915. doi:10.1126/science.25.649.912
 Wu, C. L., Dicks, A., Steward, N., Tang, R., Katz, D. B., Choi, Y. R., et al. (2021). Single cell transcriptomic analysis of human pluripotent stem cell chondrogenesis. Nat. Commun. 12 (1), 362. doi:10.1038/s41467-020-20598-y
 Wu, Q., Yang, B., Hu, K., Cao, C., Man, Y., and Wang, P. (2017). Deriving osteogenic cells from induced pluripotent stem cells for bone tissue engineering. Tissue Eng. Part B Rev. 23 (1), 1–8. doi:10.1089/ten.teb.2015.0559
 Xiahou, Z., She, Y., Zhang, J., Qin, Y., Li, G., Zhang, L., et al. (2020). Designer hydrogel with intelligently switchable stem-cell contact for incubating cartilaginous microtissues. ACS Appl. Mater. Interfaces 12 (36), 40163–40175. doi:10.1021/acsami.0c13426
 Xie, C., Liang, R., Ye, J., Peng, Z., Sun, H., Zhu, Q., et al. (2022). High-efficient engineering of osteo-callus organoids for rapid bone regeneration within one month. Biomaterials 288, 121741. doi:10.1016/j.biomaterials.2022.121741
 Yamashita, A., Morioka, M., Yahara, Y., Okada, M., Kobayashi, T., Kuriyama, S., et al. (2015). Generation of scaffoldless hyaline cartilaginous tissue from human ipscs. Stem Cell Rep. 4 (3), 404–418. doi:10.1016/j.stemcr.2015.01.016
 Yang, Z., Wang, B., Liu, W., Li, X., Liang, K., Fan, Z., et al. (2023). In situ self-assembled organoid for osteochondral tissue regeneration with dual functional units. Bioact. Mater. 27, 200–215. doi:10.1016/j.bioactmat.2023.04.002
 Yu, J., Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J. L., Tian, S., et al. (2007). Induced pluripotent stem cell lines derived from human somatic cells. Science 318 (5858), 1917–1920. doi:10.1126/science.1151526
 Zelinka, A., Roelofs, A. J., Kandel, R. A., and De Bari, C. (2022). Cellular therapy and tissue engineering for cartilage repair. Osteoarthr. Cartil. 30 (12), 1547–1560. doi:10.1016/j.joca.2022.07.012
 Zheng, L., Zhang, Z., Sheng, P., and Mobasheri, A. (2021). The role of metabolism in chondrocyte dysfunction and the progression of osteoarthritis. Ageing Res. Rev. 66, 101249. doi:10.1016/j.arr.2020.101249
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Zeng, Chen, Liao, Wei, Huang, Liang, Lu, Yi and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1278692-g003.gif





OPS/images/fbioe-11-1278692-t001.jpg
Time  References Cell sources  Organoid characteristics and applications

2016 Mimnoetal (2016)  chondrocyte | Spheroid organoids formed by chondrocytes in different longitudinal regions with cartilage extracellular matrix
components and gene expression characteristic of longitudinal region dependence

2020 | Nilsson Halletal. (2020) = hPDCs hPDCs differentiated into chondrocyte microspheres and self-assembled into callus organoids (cartilage
intermediate). Afier subcutancous implantation in mice, they formed bone microorganisms with bone marrow
cavities and were able to bridge bone defect tissue

2021 Tam et al. (2021) hPSCs hPSCs were induced to differentiate into chondrocytes and assembled into cartilage organoids under suspension
culture. After stimulating pro-inflammatory factors, the matrix turnover of cartilage organoids was accelerated to
promote the repair of crucial bone defects

2021 Crispim and Ito (2021) | chondrocyte | Chondrocytes were rapidly expanded in the decellularized matrix and self-assembled into cartilage organoids in a
rotating flask, and then assembled with viscoelastic hydrogels to generate hyaline cartilage tissue in vitro

2021 O'Connor et al. (2021) | miPSCs After gradual exposure to growth factors (TGE-B3, BMP-2), miPSC underwent endochondral ossification and formed
osteochondral organoids in vitro

2022 Abraham etal (2022) | chondrocyte | Bone and cartilage organoids were generated by organoid culture, and osteochondral dual-tissue organoids were
constructed by the co-culture method to establish an arthritis model and drug testing

2022 Lietal (2022) MSCs, iPSCs | MSCs and iPSC differentiated to form bone, cartilage, and adipose organoids in the ECM secreted by stem cells, and
osteochondral organoids with high ossification centers and cartilaginous shells were obtained by induction of
osteogenic and chondrogenic sequences

2023 Abe et al. (2023) iPSCs After differentiation, iPSCs were induced to form cartilage organoids by suspension culture and chondrogenic

medium. Cartilage organoids were transplanted into cartilage defects to form articular cartilage, and the expression of
proteoglycan 4 (PRG4) was increased

2023 Yang et al. (2023) MSCs MSCs were induced into cartilage and osteogenesis in custom-made gels and self-assembled into osteochondral
organoids in vitro, enabling simultaneous cartilage and bone regeneration in vivo

hPDCs, human periosteal-derived cells; hPSCs, human pluripotent stem cells; miPSCs, mouse induced pluripotent stem cells; MSCs, mesenchymal stem cells; iPSCs, induced pluripotent stem
cells. TGF-B3, transforming growth factor $3; BMP-2, bone morphogenetic protein 2.
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