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Regenerative medicine for intervertebral disc (IVD) disease, by utilizing chondrocytes, IVD cells, and stem cells, has progressed to clinical trials in the treatment of back pain, and has been studied in various animal models of disc degeneration in the past decade. Stem cells exist in their natural microenvironment, which provides vital dynamic physical and chemical signals for their survival, proliferation and function. Long-term survival, function and fate of mesenchymal stem cells (MSCs) depend on the microenvironment in which they are transplanted. However, the transplanted MSCs and the endogenous disc cells were influenced by the complicated microenvironment in the degenerating disc with the changes of biochemical and biophysical components. It is important to understand how the MSCs and endogenous disc cells survive and thrive in the harsh microenvironment of the degenerative disc. Furthermore, materials containing stem cells and their natural microenvironment have good clinical effects. However, the implantation of tissue engineering IVD (TE-IVD) cannot provide a complete and dynamic microenvironment for MSCs. IVD graft substitutes may need further improvement to provide the best engineered MSC microenvironment. Additionally, the IVD progenitor cells inside the stem cell niches have been regarded as popular graft cells for IVD regeneration. However, it is still unclear whether actual IVD progenitor cells exist in degenerative spinal conditions. Therefore, the purpose of this review is fourfold: to discuss the presence of endogenous stem cells; to review and summarize the effects of the microenvironment in biological characteristics of MSC, especially those from IVD; to explore the feasibility and prospects of IVD graft substitutes and to elaborate state of the art in the use of MSC transplantation for IVD degeneration in vivo as well as their clinical application.
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1 INTRODUCTION
The intervertebral disc (IVD) is the fibrocartilage connection of the adjacent vertebrae, like an elastic cushion, which can encounter the vibration of the spine from external forces and increase the amplitude of the spinal motion. As the senescence or other injury elements caused by multiple stresses occur and progressively develop, the degeneration of the IVD may happen, eventually leading to low back pain, disc herniation, etc., which impose a tremendous burden on global health. The IVD is avascular and can barely not repair itself (Chen et al., 2022). Currently, the molecular and pathogenesis mechanism of the degenerative disc disease is not totally understood. Surgery such as interbody fusion could relieve pain, but it restricted by the degeneration of the adjacent disc postoperation, so the present treatment is mainly physical therapies, anti-inflammatory medications and analgesic, all of which can not reverse the pathophysiological function of the degenerative IVD (Wu et al., 2020). Therefore, developing a new treatment to facilitate IVD regeneration is necessary.
Stem cells have multipotential to differentiate into many types of cells, which is a promising therapy and has already been applied to treating many diseases. Nowadays, many researchers have been studying on the stem cell-based treatment for IVD regeneration, such as mesenchymal stem cells (MSCs) (Yang et al., 2010; Sakai and Andersson, 2015). In recent years, more and more researchers have been focusing on the endogenous multipotent cells in the IVD. They reside in the IVD stem cell niche quiescently and can differentiate into chondrogenic cells, orthogenic cells and adipogenic cells after injuries or degeneration. However, when the IVD degeneration is ongoing, the disturbed catabolic-anabolic balance and the increasingly harsh microenvironment in the IVD might be unfavourable to progenitor cell activity (Chen et al., 2022). All above is a big challenge for stem cell-based treatments. Moreover, the properties of the IVD graft substitutes, like viscoelasticity, elasticity and microstructure, can determine the fate of stem cells (Chu et al., 2018; Gan et al., 2022). Hence, it is critical to figure out the effects of the materials-related microenvironment on the stem cell for IVD regeneration.
In this review, firstly, we will introduce the native IVD progenitors and the microenvironment changes in the progress of IVD degeneration. And then, the influence of the IVD microenvironment and IVD graft substitutes on the stem cells would be elucidated. At last, we will discuss the clinical applications and future perspectives based on the existing knowledge. We hope that this review can offer new insight for the repair and regeneration of IVD.
2 TISSUE-SPECIFIC PROGENITOR CELLS IN THE IVD
Stem cells usually stay quiescent in a region of the IVD, so-called stem cell niches, where they reside. Studies have suggested that IVD stem cell niches might exist in the outer zone of the AF as well as the perichondrium region adjacent to the epiphyseal plate (Figure 1) (Huang et al., 2011). Considering the ratio between the disc volume and the IVD cell number, it is reasonable to suppose the IVD as acellular, so the quantity of the progenitor cells is very small. Stem or progenitor cells have been proven to exist in the IVD in many species with the following supporting reasons. First, despite the avascular and aneural in IVD, the blood vessel and nerve growth, calcification and fibrocartilage-like tissue were found in the degenerated disc (Rutges et al., 2010). It is speculated that these pathological tissues might have derived from IVD progenitor and resident stem cells. Secondly, the application of autologous disc cells was beneficial for IVD regeneration. A number of these cells maintained self-renewal potential and multipotent differentiation, activating these progenitor cells could be a valuable strategy for IVD regeneration (Oehme et al., 2015; Hu et al., 2018).
[image: Figure 1]FIGURE 1 | Tissue-specific progenitor cells and the location of stem cell niche. The IVD is the fibrocartilaginous part of a three three-component construct that consists of the nucleus pulposus (NP) in the center and annulus fibrosus (AF) in the surrounding, both of which are connected by cartilaginous endplates (CE). Progenitor cells have been found in all three constructs, respectively, referred to NPSCs, AFSCs, and CESCs. The perichondrium region adjacent to the epiphyseal plate and the AF border to the ligament zone has been suggested to be the IVD stem cell niche.
Recently, tissue-specific progenitor cells have been identified in the IVD, and these cells could be targeted to promote intrinsic repair, suggested that IVD progenitor cells might have multiple origins. The tissue-specific progenitor cells are a form of three types of stem-like cells: annulus fibrosus-derived stem cells (AFSCs), nucleus pulposus-derived stem cells (NPSCs), and cartilage endplate-derived stem cells (CESCs) (Liang et al., 2017). Despite the different morphology in the structural organization of different anatomy of IVD, AFSCs, NPSCs and CESCs exhibited common multi-differentiation characteristics, proliferative and immunophenotype during cell culture (Blanco et al., 2010). Researchers have identified specific markers of IVD progenitor cells that are compatible with MSCs, such as CD105+, CD90+, CD73+, CD79−, CD34−, CD19−, CD14−, and HLA-DR (De Luca et al., 2020). Another study explored the multipotency of progenitor cells derived from NP cells, they found that NPSCs expressed stemness marker genes such as Nanog, CD133, OCT3/4, Sox2 and Nestin (Sakai et al., 2012; Huang S et al., 2013). Followed by: The current characterization and related study findings of IVD progenitor cell characteristics are described in Table 1. NPSCs are capable of differentiating into multiple neural cell types including neuron, oligodendrocyte and astroglial specific precursor cells in vivo, this provides a promising source of seeded cells for neural repair. Yao et al. identified that CESCs exist in the human degenerated CEP and are similar to bone-marrow mesenchymal stem cells (BMSCs) among the immunophenotype, proliferation rate, cell cycle, and stem cell gene expression (Yao et al., 2016). In our previous study, we separated and characterized a subpopulation of cells that possessed self-renewal, osteogenesis, and adipogenesis potential from rabbit AF tissue, and AFSCs exhibited several stem marker genes similar to that of MSCs (Liu et al., 2014). This suggests the AFSCs may be considered an ideal seeded cell for treating degenerative IVD. In general, IVD progenitor cells seem to meet the requirements for definition as MSCs, having multilineage potential expressing MSC markers, and being plastic adherent (Gan et al., 2021). However, further investigation of the in vivo characteristics is needed to fully address the cell localization, differentiation and functional role in the maintenance of IVD homeostasis (Kim et al., 2003).
TABLE 1 | Surface markers of IVD progenitor cells.
[image: Table 1]3 THE DEGENERATED IVD MICROENVIRONMENT
To date, the pathophysiology of the degenerative disc disease is not completely clear, but it is accepted that aging, smoking, mechanical overload, obesity, and diabetes contribution to disc degeneration (Wang et al., 2017; Zhang Y. et al., 2021). IVD stem cells are involved in cell replenishment during wound healing and tissue regeneration. However, it is still ambiguous how IVD stem cells are exhausted during degeneration and aging (Gan et al., 2021). One possibility is that the increasingly harsh microenvironment and metabolic imbalance in the IVD might cause the progressive reduction of the number and the function of the stem cells (Figure 2). Another possibility is that after multiple rounds of differentiation and proliferation, the self-renewal ability of IVD stem cells becomes exhausted in response to degeneration-related or age-related damage. The possible reason includes nutrition deprivation, hypoxia, less reactive oxygen species, inflammatory factors, increased extracellular matrix (ECM) stiffness, and cyclic tension (Li et al., 2014; Zhang et al., 2020b; Zehra et al., 2022).
[image: Figure 2]FIGURE 2 | IVD microenvironment changes and IVD progenitor cells in healthy and degenerated IVD. The microenvironment of the degenerated IVD is characterized by metabolic disorders, acidic, inflammatory, poor nutrient supply, and low oxygen level, which offer a hostile microenvironment for IVD progenitor cells. Degenerative disc disease can lead to decreased differentiation potency, survival, chemotaxis, and proliferation of the IVD progenitor cells, the hostile microenvironment in the IVD might be unfavorable to the activity of progenitor cell.
The calcification of the endplate happens as the IVD degeneration, which seriously influences the nourishment and oxygen supply of the IVD, would cause loss of NP ECM, NP cell death, and the collapse of IVD, leading to decreased height, eventually accelerating the progress of the IVD degeneration (Xu et al., 2021). Hypoxia can not only induce apoptosis and inhibit proliferation but also promote the IVD progenitor cells differentiate to chondrogenic cells (Huang S. et al., 2013). Yao et al. reported that the CESCs derived from degenerated IVDs had impaired osteogenic potential after the induction of HIF-1α or in hypoxic conditions (Yao et al., 2017a). In addition, the inflammatory cytokines (TNF-α, IL-1β, IL-8 and IL-6) could remodel the ECM metabolism from anabolism to catabolism, leading to an imbalance ECM and aggravating the pain response of IVD. The NPSCs with neurogenic potential may also contribute to innervation under inflammatory conditions, thus leading to DDD (Navone et al., 2012).
Substrate elasticity and stiffness occur as a result of the biomechanical changes that regulate the differentiation of stem cells. Cells can sense the interactions with ECM via integrin mediation. When the matrix stiffness microenvironment of the IVD changes, stem cells make corresponding alterations (Zhang W. et al., 2020). For example, NPSCs exhibit reduced chondrogenic gene expression but promoted osteogenic gene expression cultured in a stiff synthetic hydrogel matrix (Navaro et al., 2015). In our previous study, we investigate the effects of fiber size and stiffness of scaffolds on the differentiation of AFSC. We found that the fiber size and the stiffness of scaffolds play critical roles in regulating the microenvironment for stem cells (Chu G. L. et al., 2019). In addition, mechanical loading could induce ECM synthesis, thus regulating the fate of stem cells. It is proved that applied forces, such as compression, hydrostatic, and tension, could significantly affect the lineage specification and maintenance of AF progenitor cells (Stemper et al., 2014; Rasoulian et al., 2021). Furthermore, continuous cyclic tensile strain can induce apoptosis and osteogenic gene expression in human CESCs (Zuo et al., 2019).
Acidic conditions could lead to reduced proliferation, ECM production and cell viability of stem cells in degenerated IVD. Owing to low nutrition and hypoxia in IVD, there is plenty of lactic acid generated and accumulated within IVD, this leads to the IVD microenvironment being slightly acidic (between 7.0 and 7.2). Consequently, the pH of the IVD microenvironment would be lower, and the situation for cells to survive would be rougher (Han et al., 2014). According to previous studies, the pH may decrease to 6.5 in the early stages of IVD degeneration. In more severe cases, it can drop to 5.6 (Liu et al., 2017).
After all, these results demonstrate that the components of the IVD microenvironment could influence the physiological activity of progenitor cells. Several studies have tried to inject MSCs into the degenerate IVD, but rapidly the cells could not be detectable, which shows the severe effects of the microenvironment of the degenerate IVD on cells (Borem et al., 2019; Wangler et al., 2019). IVD stem cells seem to be both negatively and positively influenced by mechanical loading and hypoxia, whereas their physiological activity may be compromised by ECM stiffness changes, proinflammatory signaling, and acidic conditions. If stem cells or progenitor cells are truly resident in the healthy or degenerated disc, they will offer a new application for the regeneration of IVD.
4 THE ROLE OF MICROENVIRONMENT IN THE APPLICATION OF STEM CELLS-BASED IVD REGENERATION
Although stem cell transplantation therapy offers hope for IVD regeneration, their clinical use is still hampered by the harsh microenvironment of hypoxia, nutrition deprivation, acidic conditions, excessive cyclic tension, high osmolarity, and inflammatory factors (Huang Y. C et al., 2013). Therefore, appropriate regulation of the microenvironment could be used to enhance the physiological function of IVD stem cells in the complicated microenvironment.
4.1 Hypoxia and low nutrition
The IVD is inherently avascular, and the transport of nutrients and excretion of metabolites in IVD tissues strictly depends on the diffusion from capillaries that originate from the CEP. The lack of blood circulation establishes a hypoxic microenvironment with the average physiological oxygen tension (6 ± 2%) in human and falls to 1% in the degenerated IVD consequently (Peck et al., 2021). The properties of stem cells within a normoxia (20% O2) microenvironment is quite different from their performance in the IVD microenvironment that is hypoxia (1–5% O2). According to a recent study, hypoxia is beneficial in maintaining better stemness compared with normoxia. BMSCs exhibited greater colony-forming units and proliferated faster through the downregulation of E2A-p21 by Hypoxia-inducible factor 1 (HIF-1) (Elabd et al., 2018). Besides, when adipose-derived stem cells (ADSCs) stay in hypoxic and low glucose conditions ex vivo, their cell viability and the synthesis of the ECM increase (Hwang et al., 2020). Yao et al. demonstrated that physiological hypoxia promotes the chondrogenic differentiation of the CESCs (Yao et al., 2017b). Likewise, de Vries et al. observed BMSCs could differentiate to acquire phenotypes similar to that of NP cells after exposure in 2% O2 and 10 ng/ml transforming growth factor β (TGF-β) (de Vries et al., 2016). Hypoxia is an essential regulator for BMSCs, however, when the oxygen tension is less than 1%, prolonged exposure with serum deprivation would lead to complete cell mortality (Wang et al., 2020). It is reported that HIF is a transcriptional factor that can initiate cellular signals that regulate enzymes dealing with hypoxia. HIF is stable regardless of the oxygen concentration and can regulate cell proliferation, extracellular matrix production, energy supply, cell autophagy, and apoptosis (Luo et al., 2021). The absence of HIF would promote the degeneration of the IVD, and small leucine-rich proteoglycans (SLRPs) can activate HIF then help IVD stem cells survive in the hypoxic microenvironment (Meng et al., 2018; Silagi et al., 2021). Agents that could promote the upregulation of SLRPs might help NPSCs survive in the hypoxic microenvironment (Merceron et al., 2014).
Besides oxygen tension, glucose is another source of energy that significantly affects the differentiation, proliferation and viability of IVD progenitor cells. The consequence of low glucose availability is a decreased viability of IVD cells (Huang et al., 2014; Mahmoud et al., 2020). Some researchers have demonstrated the effect of glucose concentration on regulating the chondrogenic and osteogenic differentiation potential of CESCs to affect the differentiation of CESCs, which may represent a target for CE degeneration therapy (Sun et al., 2019). Furthermore, to adapt to the changes in the microenvironment, IVD progenitors correspondingly change their metabolism by increasing matrix synthesis and anaerobic glycolysis in low glucose conditions (5 mM), which allows generating energy while producing less reactive oxygen species (ROS) and consuming less O2 (Yin et al., 2020).
4.2 pH
The glucose concentration and oxygen tension are easy to be kept accurately to simulate the microenvironment of healthy IVD, the biggest challenge for IVD progenitor cells to survive in the microenvironment should be the ECM acidity, ranging from 7.0 to 7.2 in a healthy disc, whereas in degenerated IVD is between 6.8 and 6.2 (Cai et al., 2019). It has shown that under IVD-like acidic pH, the viability of BMSCs was impaired due to apoptosis and secondary necrosis, and the proliferation was also inhibited. In addition, this descending tendency was amplified within the lower pH between 7.4 and 6.5. Compared with ADSCs, NPSCs demonstrated less inhibition of viability and proliferation, which showed better performance to adapt to the acidic pH in IVD (Li et al., 2012). Another study also claimed that the acidic microenvironment of the degenerated IVD can induce BMSCs apoptosis by activating Ca2+-permeable ASIC1a (Cai et al., 2019). Additional modifiers might be used to enhance the function of progenitor cells located in the stem cell niche. A study demonstrated that the diuretic amiloride could block acid-sensing ion channels of cells and might help NPSCs to survive in an acidic microenvironment (Han et al., 2014).
4.3 Mechanical stimulation and osmotic conditions
Mechanical stimulation is a natural constituent of IVD, numerous studies have demonstrated the critical roles of mechanical loadings in regulating the fate of progenitor cells, including compression, shear, torsion, flexion and hydrostatic pressure (Fernando et al., 2011; Tsai et al., 2014). The intradiscal pressure of the healthy IVDs between L4 and L5 is about 0.1–0.24 MPa in the supine position. When the back is flexed with a loading of 20 kg, the intradiscal pressure can increase to 2.0 MPa (Liang et al., 2018). Moreover, the complex mechanical loading makes microenvironmental osmotic condition change. In daily life activities, the IVD osmolarity varies from 430 mOsm/L to 496 mOsm/L. Their osmolarity changes by around 25% during each diurnal cycle. The main component to regulate the IVD osmotic pressure is negatively charged sulphated GAGs linked with aggrecan, which can intake the water into the IVD tissue. The IVD osmotic conditions is fluctuating all the time corresponding to many factors such as tissue hydration, mobile ions transportation and disc loading (Lyu et al., 2019). IVD osmolarity has different impacts on the stem cells owing to its variation. Zhang et al. demonstrated that hyperosmolarity inhibited ADSCs proliferation and viability, promoted the ADSCs differentiate to NP-like cells, activated Foxa1/2-Shh signaling and increased the expression of KDM4B and (Zhang et al., 2020c).
External mechanical stimuli also influence the migration, inflammatory response, proliferation and ECM synthesis of stem cells, which depend on the loading level and mode. Our study demonstrated that AFSCs presented different behaviors when subject to cyclic tensile strain with the magnitudes of 2, 5, and 12%. The catabolic and inflammatory gene increased at high magnitude of cyclic tensile strain with 12% by activating Caveolin-1 mediated NF-κB and integrin β1 signaling pathways. However, cell proliferation, migration and anabolism were found to increase after exposure to moderate cyclic tensile strain with 5% magnitude (Zhang W. et al., 2021). Hence, AFSCs seem to be affected positively and negatively by mechanical stimulation, and physiological mechanical loading might play a therapeutic role in AF regeneration (Figure 3).
[image: Figure 3]FIGURE 3 | Effects of different modes of mechanical loading on the influence of IVD in vivo. (A) Gross observation of rat tail IVDs in the sham group, compression group, release group and traction group. (B) Magnetic resonance images (MRI) of IVDs from the groups as described above. (C) H&E staining of IVDs from the groups as described above. Reproduced with permission from Zhang et al. (Zhang W. et al., 2021).
4.4 Proteinase and cytokines
The ECM is biochemical and structural support to the IVD stem cells. There are collagen type I, collagen type II, hyaluronic acid (HA) and other components in the ECM. ECM can retain water, arrange collagen tissue and provide viscoelastic properties (Penolazzi et al., 2020). The IVD degeneration is related to excessive matrix catabolism. Many cytokines and endogenous proteases increased during the degeneration progress, creating another complicated microenvironment for stem cell transplantation. The interaction between matrix metalloproteinases (MMPs) and tissue inhibitor of metalloproteinases (TIMPs) is biologically important for the remodeling of IVD tissue, which could impact many aspects of the cells, such as viability, proliferation, differentiation and apoptosis (Hingert et al., 2020). Therefore, maintaining the ECM metabolism of natural tissues is very important. A mechanotransducer-targeted drug that mediates ECM stiffness to maintain the phenotype of IVD progenitor cells can prevent IVD degeneration. A study reported that the upregulation of TIMPs could restore the balance between catabolic and anabolic environments, suggesting TIMPs might be a possible therapeutic target for promoting the IVD regeneration (Le Maitre et al., 2004).
Apart from the effects of MMPs and TIMPs on stem cells, interleukins and other pro-inflammatory cytokines in IVD also regulated the behavior of stem cells. First, Interleukins (IL-1α, IL-1β) and TNF-α, prostaglandin E2 (PGE2), chemokines, and IFNγ played an important role in inducing the cell apoptosis, autophagy, and senescence to upregulate the synthesis of ADAMTS (-1, -4, -5, -9, and -15) and MMPs (-1, -3, -7, -9, and -13), thus leading to ECM breakdown and the development of discogenic low back pain (Jacobsen et al., 2021; Kim et al., 2021). Furthermore, TNF-α has been demonstrated to inhibit the differentiation of adipocytes, as well as the adipogenesis of stem cells. Besides, TNF-α plays a critical role in ECM remodeling by reducing the expression of YAP/TAZ and consequently impairing the chondrocytogenesis of IVD progenitor cells (Ekram et al., 2021).
Conversely, many cytokines also indicate a more favorable outcome to treatment. It was shown that many interleukins exhibit chemotactic features, which might play an important role in stem cell recruitment into degenerated IVD (Zhao et al., 2020). Besides, IVD progenitor cells have been demonstrated to secrete cytokines and proteinase that support NP cell functionality and viability under stress. For instance, insulin-like growth factor 1 (IGF-1) and TGF-β have been described to reduce ECM degradation and inflammation of IVD tissue, while bone morphogenetic protein 7 (BMP-7) and IGF-1 protected NP cells against apoptosis (Yang et al., 2015). Moreover, many interleukins significantly upregulated the immunosuppressive ability of stem cells. It was shown that IL-6 regulated the stemness of stem cells and maintained the undifferentiated state and the proliferation of MSCs through ERK signaling pathway (Marimuthu and Pushpa Rani, 2021). Because of the complicated molecular network in the degenerative disc disease, the synergistic and antagonistic effects of proteinase and cytokines on stem cells required further investigation.
5 ROLE OF IVD GRAFT SUBSTITUTES IN STEM CELL MICROENVIRONMENT
An ideal graft for IVD regeneration should provide prolonged and instant mechanical properties, biochemical cues and adequate space for seeded stem cells to differentiate, proliferation, and produce ECM (Wei et al., 2021; Luo et al., 2022). Illustrating the interactive mechanisms between the components such as seeded stem cells, environmental factors, ECM components and biological factors in the IVD microenvironment makes therapeutic strategies more rational. In addition, the hostile degenerated IVD microenvironment will be considered when developing IVD substitutes. The IVD graft substitutes should mimic the native IVD tissue with good mechanical strength to withstand the multidirectional and complex mechanical stimulations. Considering the pathological changes of degenerative disc disease, they should also mimic the anisotropic biochemical property, viscoelasticity and topography of native IVD tissue, meeting biological and mechanical compatibilities are crucial for the longevity and efficacy of the IVD repair and regeneration.
5.1 Elasticity
Substrate elasticity and stiffness have regulatory in stem cell adhesion, migration, proliferation and differentiation, thus become an important designing factor in IVD tissue engineering. NPSCs cultured in a stiff synthetic hydrogel matrix showed reduced chondrogenic gene expression and increased osteogenic gene expression (See et al., 2012). In addition, the elastic modulus of the scaffolds was found to affect stem cell fate and direct their lineage specification significantly. Recently, in order to mimic the gradient stiffness close to that of native AF tissue, we fabricated a series of electrospun poly (ether carbonate urethane) urea membranes and evaluated the behavior of AFSCs cultured on it. The expression of phenotypic marker genes of inner AF zone decreased with the substrate stiffness, while the expression of phenotypic marker genes of outer AF zone showed an opposite trend (Zhu et al., 2016). Similarly, Wan et al. fabricated a biphasic substrate to structurally and elastically mimic the AF, the outer phase of the scaffold is demineralized bone matrix gelation (BMG), while the inner part of the scaffold is poly (polycaprolactone triol malate) (PPCLM). The biphasic structure attempt to recapitulate the distribution and mechanical properties of native AF, thus offers enhanced tensile stress and compressive strength than uniphasic scaffold, making it a promising candidate for AF repair and regeneration (Wan et al., 2008).
NP replacement has been explored in various stages of clinical development for the treatment of degenerative disc disease. A variety of synthetic polymeric materials and natural materials such as collagen, chitosan, agarose, and alginate have been studied for creating a successful engineered NP tissue replacement, and the equilibrium Young modulus (Ey) of unconfined human NP was ∼5 kPa, and a percent relaxation of ∼65% (Yao et al., 2006). Lin et al. used photocross-linked alginate to encapsulate bovine NP cells, which promote the proliferation and maintain the viability of the seeded cells in vitro and in vivo (Lin et al., 2016).
After all, physical cues such as elasticity and stiffness, originated from cellular microenvironment, can direct stem cell differentiation and influence the physiological function of cultured stem cells. These findings will facilitate IVD bioengineering with mechanical functions approximate to the native IVD tissue for IVD regeneration.
5.2 Viscoelasticity
Besides the commonly known elasticity, a number of studies have demonstrated that viscoelasticity of matrix markedly affects cellular physiological functions, such as differentiation, proliferation and cell spreading (Lang et al., 2021; Jia et al., 2022). When cultured in hydrogel (17 kpa) with fast relaxation rate, MSCs preferentially differentiate toward osteoblast and produce rich mineralized collagen type I (Yue et al., 2019). In order to recapitulate the fibrillar architecture and viscoelasticity of the ECM, Lou et al. develop an interpenetrating network hydrogel system by using the crosslink of hyaluronic acid with collagen through dynamic covalent. They demonstrated that the faster relaxation of the interpenetrating network hydrogel system could improve the fiber remodeling, cell spreading, and hyaluronic acid formation of stem cells embedded in this system (Lou et al., 2018).
Degenerative disc disease is associated with alternations in the biochemical composition of the IVD tissue, such as increased collagen deposition, decreased proteoglycan concentration, and decreased water content, which would have great influence on mechanical function of IVD in shear and compression. Such changes may also affect the dynamic viscoelasticity of IVD tissue and thus alter the ability of IVD to dissipate energy under physiologic loading (Lee and Teo, 2004). In addition, IVD cells within tissues use their contractile machinery to probe and surveil the local microenvironment in both healthy and diseased states. By utilizing a puncture model in rabbit AF, Bonnevie et al. showed that the loss of residual strain in ruptured AF could lead to aberrant cellular changes to fibrotic phenotype and promote the short-term apoptosis of AF cells (Bonnevie et al., 2019). In addition, Eberhardsteiner et al. suggested that viscoelasticity of the AF ECM function is essential in resistance to bulk tissue failure by stress distribution between fibers (Eberhardsteiner et al., 2014). Therefore, viscoelasticity changes initiated the activation of aberrant mechanotransductive events with a loss of prestrain that targets cellular contractility and ultimately leads to disc degeneration.
5.3 Topography
Besides stiffness or viscoelasticity of the ECM, topographic factors including shape, size, and geometric arrangement are also considered critical biophysical cue that influences cell behaviors (Johnson et al., 2006; Peng et al., 2021). Bhattacharjee et al. fabricated scaffolds with fibers alignment that mimics the fibrous orientation of AF by using silk fibroin, the fibers offer the chondrogenic re-differentiation support and the cell/ECM alignment (Bhattacharjee and Ahearne, 2020). At both micro-and nano-scale, behaviors of stem cells can be significantly influenced by the size of topographical features. In a study using aligned nanofibrous scaffolds which resembled nonlinear dependence of modulus native AF. Research have demonstrated that the scaffolds guided the alignment of AF cells and formed ECM with considerable alignment (Nerurkar et al., 2011).
In order to engineer the structural anisotropy and key length scales of AF, aligned fibrous scaffolds with different fiber sizes are currently preferred for AF regeneration (Figure 4). Our group recently found that the fiber size of the grafts significantly affected the morphology and differentiation of stem cells cultured on it, AFSCs were able to differentiate into cell phenotypes similar to AF cells in various zones. Moreover, we found that microstructure features and mechanical property of firbous scaffolds exert a combine effect on AFSC differentiation, possibly through a Yes-associated protein (YAP) dependent mechanotransduction mechanism. (Chu G. et al., 2019; Chu et al., 2021). Above all, the topographical and geometric arrangement of graft could regulate physiological behavior of stem cells such as differentiation, matrix synthesis and apoptosis.
[image: Figure 4]FIGURE 4 | Combined effects of substrate topography and stiffness on the influence of AFSC differentiation. (A) Assembly of electrospun fibrous membranes with different fiber size and stiffness led to specifically differentiated AFSCs that mimic the hierarchical stratified structure of native AF tissue. Reproduced with permission from Zhou et al. (Zhou et al., 2021). (B) The morphology and YAP expression of AFSCs on scaffolds. (C) Expression of AF phenotypic marker genes cultured on electrospun fibrous membranes scaffolds for 7 days. Reproduced with permission from Chu et al. (Chu G. et al., 2019).
5.4 Chemical composition
In addition to providing topographic support and mechanical stimulus for cells, IVD grafts could also be loaded with bioactive agents (Guan et al., 2021; Chen and Jiang, 2022). In order to achieve antioxidant properties in NP, Cheng et al. fabricated an injectable thermosensitive hydrogel scaffold incorporated with ferulic acid as a controlled release system. After loading with the ferulic acid, the hydrogel scaffolds achieved excellent antioxidant properties (Cheng et al., 2013). Vadala et al. fabricated a bioactive electrospun PLLA scaffold with TGF-β1 for the repair and regeneration of damaged AF, the PLLA/TGF scaffold promoted cell proliferation as well as glycosaminoglycan and collagen production. The slow-releasing profile of TGF-β1 from the scaffold exhibited a sustained delivery that allows envisaging an application for AF repair and tissue engineering strategies (Vadala et al., 2012). Conventional technologies have constructed amounts of scaffolds with single bioactive factor, which have limitations in replicating the composition of native tissues or organs. Bao et al. reported an anti-bacterial PCL scaffolds incorporation of antimicrobial agents for AF tissue engineering, the combining scaffolds showed a sustained strong anti-bacterial and anti-fungal activity after 1 month (Bao et al., 2013). In a study using silk hydrogels recombined with human IGF and BMP-2 could induce the stem cells to differentiate into chondrogenic and osteogenic phenotypes. The silk hydrogels are finally used for the regeneration of EP cartilage-to-bone interface (Wang et al., 2009). Guillaume et al. developed a covalently cross-linked alginate hydrogel combined with continuous delivery of active compounds as FGF-2 and TGF-β3, the combined porous scaffolds exhibit successful ECM deposition to promote the regeneration of AF defects (Guillaume et al., 2014). Above all, substrates combined with bioactive factors attract increasing attention for IVD regeneration.
6 CLINICAL APPLICATIONS AND FUTURE PERSPECTIVES
There have been promising results in clinical trials for stem cell treatment of LBP. Therapies that have been verified helpful in preclinical trials are in different phases of being attempted in clinical trials to demonstrate their safety and efficacy (Urits et al., 2019; Binch et al., 2021). In a case of EuroDISC study, IVD cells were introduced to the discs after discectomy. No adverse events were found in clinical trials, and relief of pain was noted in the injection group compared to discectomy alone on a 2-years follow-up. Furthermore, patients who underwent discectomy and autologous disc chondrocyte transplantation were proved to have less adjacent segment disease than those who underwent discectomy alone (Yoshikawa et al., 2010). In another clinical trial, autologous MSCs were injected into the disc of 13 patients followed for 1 year as part of a pilot study. Results have shown the technique to be feasible and safe, while there was no disc height change in these patients, some benefits with pain relief occurred in most patients, and improved disc hydration was noted in 10/13 on MRI at 6 months (Orozco et al., 2011). Another study by Henriksson et al. traced the MSC injected into the discs of patients who subsequently undergoing spinal fusion surgery, the investigators were able to detect the labeled MSCs and found that the MSCs had the tendency of differentiating into chondrocyte-like cells (Henriksson et al., 2012). These measurements proved to compare favorably to disc replacement and spinal fusion while offering the benefit of being less invasive (Table 2). However, despite the encouraging clinical trials outcomes, there are many difficulties that remain prior to the cell-based therapies in clinical applications. The biggest obstacle was the harsh microenvironment such as hypoxia, nutrition deprivation, acidic conditions, excessive cyclic tension, high osmolarity, and inflammatory factors during the disc degeneration. The hostile microenvironment that may negatively impact cell-based and biological therapy in the progress of disc regeneration (Kong et al., 2020). According to the results of the clinical and experimental trials, stem cells could be effective to mildly degenerative disc, but not be sufficient to support the view that the stem cells will regenerate the advanced degenerative IVD (Du et al., 2021). In NP cells, HIF is stable in an oxygen-independent fashion, which enables NP cells to survive the harsh microenvironment. Future studies of cell-based therapy should focus on identifying the correct properties of microenvironment to adapt to the harsh environment that is present (Guerrero et al., 2021). Furthermore, the EP role as the nutrition transport regulator for disc regeneration and degeneration. The potential cross-talk between the cartilaginous EP and transplanted MSCs may open a new dimension to investigate the regenerative mechanisms.
TABLE 2 | Clinical studies utilizing cell-based therapies to treat chronic low back pain.
[image: Table 2]7 CONCLUDING REMARKS
Over the past decade, understanding the potential stem cell-based clinical application for IVD regeneration has dramatically improved. These advances have led to the development of new candidate therapies and, in some cases, clinical trials. So far, the use of stem cells for IVD repair and degeneration is still at the stage of pre-clinical and Phase 1 stage, mainly due to the low survival rate post-transplantation, the complicated microenvironment cells interact with and the detail functions for IVD regeneration are not fully understood. Among the harsh microenvironment posed to biological therapy for the degenerative disc disease are the chronic inflammation, reduced PH, excessive mechanical loading, and metabolic disorders. To overcome these challenges, it is necessary to figure out the influence of the microenvironment on the stem cell for IVD regeneration. Newly designed IVD graft substitutes may be able to simultaneously regulate cellular physiological function, and the controlled release of bioactive factors and therapeutic drugs while providing proper structural support, antibiosis, anti-inflammation. However, most strategies are still in the experimental stage, the relief of the symptoms do not mean that degeneration has stopped, as IVDs remain in a hostile microenvironment. Every therapeutic strategy has a deficiency. Future studies should pay more attention to making full use of biomaterials-mediated delivery of biomechanics or mechanical stimulation to stimulate stem cell differentiation and survival effectively. Therefore, an in-depth understanding of the microenvironment during degeneration and regeneration of IVD will help find a new way to restore the homeostatic microenvironment of IVD and ultimately achieve effective treatment for degenerative disc disease.
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Clinical details

10 patients with low back pain and evidence of DDD

2 patients with back pain and sciatica, with
radiological evidence of DDD and lumbar canal
stenosis

4 patients undergo MSC injection and who later
opted for spinal surgery

33 patients with lower back pain and disc bulge

10 patients with low back pain due to DDD

5 patients with back pain and sciatica

24 patients with low back pain

28 patients undergoing microdiscectomy with back
pain

Cells transplanted
Autologous MSCs

Autologous marrow MSCs

autologous MSCs

Autologous BM-MSCs

Autologous AT-MSCs

Autologous hypoxic-cultured
BM-MSCs

Allogenic BM-MSCs

Autologous culture expanded
disc derived chondrocytes

Results

Clinical improvement in back pain, leg pain and disability.
Disc height not recovered. Increased MRI T2 signal

Clinical improvement in both patients. Increased MRI
T2 signal. Less instability

The labelled MSCs have differentiated into chondrocyte-like
cells and were distributed at different parts of the IVD

Mean 60% Clinical improvement in all patients. MRI showed
areduction in disc bulge. Patients with greater bulge reduction
reported less pain

No statistical difference between high and low dose arms.

1 Patient with improved Pfirmann grade. Greater than 50%
(Oswestry Disability Index) ODI and (visual analog scale)
VAS in 13 patients

A positive association between clinical improvement and stem
cell therapies. MRI showed reduced disc protrusion

MRI showed improvement in MSC patients VS. disc
degeneration in controls. Stem cell patients had significant
ODI VAS and ODI VAS reductions at 3, 6, 12 months. MRI
showed disc degeneration in controls VS. improvement in
MSC patients

Patients receiving cell transplantation had reduced back pain
at 2 years. Increased MRI T2 signal of treated and adjacent
discs
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