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Exosomes are membranous lipid vesicles fused with intracellular multicellular bodies and then released into the extracellular environment. They contain various bioactive substances, including proteins, mRNA, miRNAs, lncRNAs, circRNAs, lipids, transcription factors, and cytokine receptors. Under certain conditions, bone marrow mesenchymal stem cells (BMSCs) can differentiate into osteoblasts, chondrocytes, adipocytes, and biological functions. This study provides a theoretical basis for the application of exosomes derived from bone marrow mesenchymal stem cells (BMSC-Exos) in osteology, exploring different sources of exosomes to improve bone microenvironment and resist bone metastasis. We also provided new ideas for the prevention and rehabilitation of human diseases by exosomes.
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INTRODUCTION

The exosome is a nanoscale membranous vesicle with a double-layer lipid membrane structure. It is spherical or cup-shaped, with a diameter of about 40–100 nm and a density of about 1.13–1.21 g/mL extracellularly secreted by various cells in the body. Exosomes can be used as a medium for communication between cells (Tkach and Thery, 2016). They contain various bioactive substances, including proteins, mRNA, miRNA, lncRNA, lipids, transcription factors, and cytokine receptors. The current general view is that exosomes are originally formed through endocytosis (Tkach and Thery, 2016). Briefly, the cell membrane is internalized to produce the endosome, after which small vesicles are formed inside the endosome by invading certain parts of the endosome membrane. Such an endosome is called a multivesicular body (MVB). Eventually, MVB fuses with the cell membrane and releases endosomal vesicles in the lumen into the extracellular space as exosomes.

Non-specific expression protein found in the exosomes can be used as the recognition of exosomes protein markers, including heat shock protein, tumor susceptibility gene101 (TSG101), four-molecule cross-linked transmembrane protein superfamily (CD9, CD63, CD81, CD82), and ALG-2-interacting protein (Alix) (Tkach and Thery, 2016). Moreover, some specific expression proteins are cell-derived and related to cell signal transduction. There are differences in the expression of these proteins under different physiological and pathological conditions, including osteoclast-derived exosomes containing receptor activator of NF-κB (RANK) and T cell-derived exosomes containing T-cell surface glycoprotein CD3ε chain (CD3) (Zhang et al., 2015). These proteins are very important in the diagnosis of diseases. Besides, exosomes contain nucleic acids, such as DNA, mRNA, miRNA, lncRNA, circRNA, etc., which have an important role in information transmission and regulation of a variety of physiological and pathological processes (Tkach and Thery, 2016). Previous studies have suggested that the proportion of miRNA in exosomes is higher than that in mother cells (Zhang et al., 2015).

The biological composition of exosomes is related to the types of cells, and exosomes secreted by different cells have different biological functions. The lipids, proteins, and nucleic acids carried by exosomes are transported to the recipient cells through endocrine or paracrine transportation to regulate the biological activity of the recipient cells. For example, activated T cells can recruit dendritic cells (DC) derived exosomes containing major histocompatibility complex (MHC) class II and down-regulate the immune response through the interaction of T cells and DC (Nolte-’t Hoen et al., 2009). Exosomes are also involved in cell phenotypic regulation and tissue regeneration. For example, exosomes derived from liver stem cells can promote liver cell regeneration (Herrera et al., 2010). Exosomes, which also have a beneficial role in sepsis by increasing the phagocytosis of apoptotic cells (Miksa et al., 2006), participate in disease transmission and the genesis of tumors. In addition, they can create a favorable microenvironment for tumors, lead to the failure of treatment, and promote the growth and metastasis of tumor cells (Tickner et al., 2014). Moreover, they can induce the differentiation of mesenchymal stem cells (MSCs) into carcinoma-associated fibroblasts (CAFs) (Cho et al., 2012), promote the proliferation and longevity of fibroblasts, weaken the immune response, and then lead to the invasion and metastasis of tumor cells.

In this review, we introduced and discussed the following: (1) The mechanism of exosomes derived from bone marrow mesenchymal stem cells (BMSC-Exos) regulating the proliferation and differentiation of osteoblasts and osteoclasts through mRNA, miRNA, lncRNA, and circRNA; (2) the impact of BMSC-Exos on human organs and their significant therapeutic effects on the motor system, cardiovascular system, and nervous system. If exosomes are used as research targets, they can have a prominent role in intervertebral disc degeneration, tendon regeneration, wound repair, cardiovascular system protection, nerve injury treatment, and clinical disease diagnosis. (3) The regulatory effects of exosomes from extraosseous sources on BMSCs, and the regulatory activity network of exosomes secreted by extraosseous organs and tissues on BMSCs.



THE STRUCTURE AND FUNCTION OF BONE MARROW MESENCHYMAL STEM CELLS-EXOS


Characteristics of Bone-Derived Exosomes

The composition of bone-derived exosomes differs from exosomes originated from other sources. During bone reconstruction, bone-derived exosomes may release protein involved in bone formation and factors, such as alkaline protease (ALP), bone morphogenetic protein (BMP), eukaryotic translation initiation factor2 (elF2) and non-collagenous matrix proteins, e.g., osteopontin (OPN), bone sialoprotein (BSP), and osteocalcin (OCN). Osteocyte-related exosomes also contain osteoclast differentiation-related proteins such as the receptor activator of nuclear factor κB–ligand (RANKL) and RANK (Huynh et al., 2016). In addition, they contain miRNAs-related to bone remodeling, such as miR-24, let-7, miR-143-3p, miR-10b-5p, miR-199b, miR-218, and miR-214-3p (Huynh et al., 2016; Li et al., 2016). These miRNAs have a crucial role in bone formation and resorption. Other specific mRNAs found in bone-related exosomes are factor TFIID subunit 7-like (TAF7L), SOX-11 of transcription factors, and lysophosphatidic acid receptor 1 (LPAR1) and zinc finger E-box-binding homeobox 2 (ZEB2) etc., that regulate transcription initiation of transcription (Morhayim et al., 2017). Yet, significant differences in the types of miRNAs in exosomes may be found during osteogenic induction compared with other stages. In addition, age can also affect another important factor of miRNAs in exosomes. Compared with mice of other age groups, the content of miR-96, miR-182, and miR-183 isolated from bone marrow tissue fluid of young mice was significantly higher compared to older mice (Davis et al., 2017). In addition, the release frequency of exosomes is also related to pathological conditions, such as inflammation, hypoxia, and pH changes (Deng et al., 2017).



The Characteristics and Function of Bone Marrow Mesenchymal Stem Cells-Exos

BMSCs derived from the mesoderm are a kind of stem cell with multi-differentiation potential that has an important role in bone regeneration and repair. BMSCs also have paracrine functions (Eirin et al., 2017). For example, the study found that BMSCs inhibit interleukin-1 β (IL-1β) induced degenerative effects in NP cells by their paracrine activity. Recent studies have found that the paracrine mechanism of BMSCs is closely involved in tissue repair (Fouraschen et al., 2012). At the same time, BMSCs-Exos can alleviate immune rejection and can have a biological function similar to stem cells (Ionescu et al., 2012; Yamaguchi et al., 2015).

BMSC-Exos contains a variety of anti-inflammatory factors and growth factors, such as tumor necrosis factor (TNF)-stimulated gene 6 (TSG-6), transforming growth factor-β (TGF-β), interleukin 10 (IL-10), and tumor necrosis factor-α (TNF-α). Compared with BMSCs, BMSC-Exos is smaller and has no cell activity. BMSC-Exos can act as a nanoscale target carrier, making good use of the enhanced osmotic effect. It can not only penetrate the blood-brain barrier and blood-spinal barrier but also selectively penetrate into the inflammatory tissue sites (van den Boorn et al., 2011; El Andaloussi et al., 2013). Transplantation of BMSC-Exos can promote bone regeneration and repair bone defects, having similar biological functions to BMSCs. BMSC-Exos, which promote bone regeneration by upregulating OCN expression, is associated with the activation of the Wnt/β-catenin pathway. Due to lower immunogenicity and cell activity, they are considered safer than transplanted stem cells (Liu et al., 2015).

BMSC-Exos have an obvious role in the prevention and rehabilitation of diseases of different organs and tissues, which can promote cardiovascular regeneration and inhibit myocardial infarction, help to accelerate tendon regeneration and skin wound healing, nerve repair, and improve the cognitive status of patients (Liu et al., 2015). Also, BMSC-Exos have been shown to be effective in the treatment of liver, lung, kidney, acute injury. Meanwhile, exercise can indirectly activate BMSC-Exos to improve osteoarthritis (OA) (Lai et al., 2016).

Compared to BMSCs, BMSC-Exos have certain advantages such as simple extraction method; extracted BMSC-Exos can be stored at –20°C for 6 months by keeping their biological activity (Lai et al., 2016); they possess strong proliferation ability, good anti-pollution, and strong viability, all of which have made them an interesting area of research over the years (Figure 1).


[image: image]

FIGURE 1. The structure of exosomes derived from bone marrow mesenchymal stem cells. Membrane-driven endocytosis forms intracellular vesicles in the cytoplasm and stores substances from extracellular fluid in the vesicles. As intracellular vesicles mature gradually in the cytoplasm, intracellular vesicles continue to form inside the vesicles. Intracellular vesicles can store substances in the cytoplasm and form MVB. Finally, MVB fused with the cell membrane and released the intracavinal vesicles, which completed the release of exosomes. In this process, if MVB is directly fused with lysosomes in the cytoplasm, polycysts will be degraded.




BONE MARROW MESENCHYMAL STEM CELLS-EXOS TRANSORGAN REGULATION


Effects of Bone Marrow Mesenchymal Stem Cells-Exos on Intervertebral Disc

The Intervertebral disc is a structure with hydrodynamic characteristics, composed of three parts: nucleus pulposus, annulus fibrosus, and cartilage plate. The nucleus pulposus is the central part; the annulus fibrosus is the peripheral part that surrounds the nucleus pulposus, while the cartilage plate is the upper and lower part, directly connected with the vertebral bone tissue. Intervertebral discs bear loads in complex ways during daily activities and are usually combined with compression, flexion, and torsion. When the intervertebral disc is under pressure, the pressure per unit area is about 1.5 times that of the external force as the nucleus pulposus can only be slightly compressed. Consequently, the pressure makes the intervertebral disc bulge around, and the peripheral tensile stress is mainly borne by the surrounding annular fibrous ring (Neidlinger-Wilke et al., 2014).


Effect of Bone Marrow Mesenchymal Stem Cells-Exos on Nucleus Pulposus Cells of Intervertebral Disc

The main pathological changes of intervertebral disc degeneration (IDD) are nucleus pulposus cells (NPC) reduction and extracellular matrix (ECM) decomposition. The current treatment strategies, including surgical and non-operative treatment, cannot supplement the reduced NP cells or reverse the pathological changes of IDD. Recent studies have found that MSCs can differentiate into NPC under certain conditions and alleviate the progression of IDD (Han et al., 2015; Shim et al., 2016). At present, the commonly used exogenous stem cells for the study and treatment of IDD mainly include bone marrow mesenchymal stromal cells, BMSCs, adipose mesenchymal stem cells, and muscle-derived stem cells, etc. As the most commonly used stem cells in cell therapy and tissue engineering, BMSCs show great advantages in IDD therapy (Feng et al., 2011). Recent studies have shown that BMSC-Exos might also be effective in repairing intervertebral discs degeneration. Cheng et al. (2018) found that BMSC-Exos can inhibit the apoptosis of NPC induced by TNF-α, which may be related to the fact that exosome miR-21 targets phosphatase and tensin homolog (PTEN) into NPC through phosphatidylinositol 3-kinase (PI3K)-serine/threonine-protein kinase (AKT) pathway. Xia found that BMSC-Exos may significantly prevent the occurrence of degeneration by inhibiting the activation of inflammatory mediators and NLRP3 inflammatory bodies in NPC in the rabbit IDD model (Xia et al., 2019). In addition, another study found that exosomes can provide mitochondrial proteins for NPC, and the damaged mitochondria can be repaired by supplementing exosomes (Xia et al., 2019). Matrix metalloproteinase (MMP), especially MMP-1 and MMP-3, is a marker protein of nucleus pulposus cell degeneration that can decompose ECM. Tissue inhibitor of metalloproteinase (TIMP) is a tissue inhibitor protein of MMPs, which can inhibit nucleus pulposus degeneration. By detecting these three marker proteins (Barile et al., 2017), it was found that BMSC-Exos could reduce the expression levels of MMP-1 and MMP-3 in nucleus pulposus cells and increase the expression level of TIMP-1, thus indicating that BMSC-Exos could alleviate the aging of nucleus pulposus cells.



Effect of Bone Marrow Mesenchymal Stem Cells-Exos on Annulus Fibrosus Cells of Intervertebral Disc

In the process of intervertebral disc degeneration, the synthesis and distribution of ECM tend to change. The synthesis of type II collagen by nucleus pulposus cells and inner annulus fibrosus cells decreases, while type I collagen increases (Yang and O’Connell, 2017). A large number of intracellular inflammatory factors such as IL-1β and tumor necrosis factor-α (TNF-α) has been found to be released outside the cell in the IDD, resulting in the high expression of MMP and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) enzymes in the ECM (Purmessur et al., 2013; Vo Nam et al., 2013). However, these two kinds of enzymes can destroy the ECM of the intervertebral disc, manifested by the massive loss of proteoglycan and type II collagen in the ECM and the increase of type I collagen content (Weiler et al., 2012). This, in turn, leads to pathological changes such as proliferation and disorder of collagen fibers in the annulus fibrosus of the intervertebral disc. Li et al. obtained exocrine bodies from BMSCs of patients with non-open femoral fractures (Li Z. Q. et al., 2020). Then, IL-1 β and IL-1 β were combined with exosomes to treat annulus fibrosus (AF) cells. He and his team found that BMSC-Exos inhibited IL-1β, induced inflammation, and apoptosis, and promoted the proliferation of AF cells. Further analysis also found that BMSC-Exos may reduce the inflammatory response of annulus fibrosus cells by inhibiting autophagy mediated by PI3K/AKT signal pathway.

Previous studies have preliminarily shown the great potential of BMSC-Exos in the treatment of IDD. BMSC-Exos can promote the proliferation of degenerated NPC (Lu et al., 2017). Exosomes derived from NPC can promote BMSCs migration and induce BMSCs to differentiate into NP-like phenotypes. As an important tool for information exchange between BMSCs and NPC, exosomes have multiple functions and advantages. The application or loading of specific genes and drugs alone is a new strategy for acellular therapy of IDD (Lu et al., 2017). Nevertheless, the participation of BMSC-Exos in IDD is mainly concentrated in nucleus pulposus cells, and there is a lack of research on annulus fibrosus cells (Figure 2A).
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FIGURE 2. BMSC-Exos transorgan regulation. (A) Effects of BMSC-Exos on intervertebral disc. MiR-21 in BMC-Exos inhibits NPC apoptosis by targeting PTEN through PI3K/AKT signaling pathway. BMC-Exos can provide NPC with mitochondrial proteins, and repair damaged mitochondria by supplementing exosomes. BMC-Exos can increase the expression level of TIMP-1 and inhibit the aging of nucleus pulposus cells. BMSC-Exos can reduce the expression levels of MMP-1 and MMP-3 in nucleus pulposus cells and alleviate the aging of nucleus pulposus cells, play an anti-inflammatory role in NP cells by inhibiting the activation of NLRP3 inflammatory bodies and in AFC by inhibiting autophagy mediated by PI3K/AKT signaling pathway. BMSC-Exos inhibited IL-1β induced inflammation and apoptosis, and promoted AFC proliferation. (B) Effects of BMSC-Exos on heart and blood vessel. BMSC-Exos miR-126 up-regulated the expression of VEGF and Ang-1 and promoted angiogenesis; activated the PI3K/Akt signaling pathway by targeting PIK3R2, and significantly increased the number of new capillaries on the wound. BMSC-Exos can promote angiogenesis by activating HMGB1/AKT signal pathway. High expression of MIF-BMSC-Exos can better enhance cardiac function; miR-125b carried by BMSC-Exos has a therapeutic effect on myocardial ischemia reperfusion injury. Under hypoxia/reoxygenation conditions, cells can inhibit excessive autophagy through the PTEN/AKT/mTOR signal pathway, and change the expression level ofmiR-29c, so as to reduce myocardial ischemia reperfusion injury. (C) Effects of BMSC-Exos on brain and nerve. BMSCs can reduce the apoptosis of OGD neurons and cells by regulating the expression of PTEN and activating the AKT signaling pathway. The combined treatment of BMSC-Exos and Rosuvastatin was more effective in inhibiting arterial occlusion. BMSC-Exos enhanced the expression of NeuN, increased the level of microRNA-146a and decreased the level of NF-κB in astrocytes, thereby increasing the expression of microRNa-146aAD in hippocampus and improving cognitive dysfunction. BMSC-Exos can increase the level of microRNA-146a and decrease the level of NF-κB in astrocytes, thereby increasing the expression of microRNa-146aAD in hippocampus and improving cognitive dysfunction. By activating the SphK/S1P signal pathway, BMSC-Exos enhance the expression of SphK1 and S1P1, and reduce the deposition of Aβ. BMSC-Exos rich in miR-146a-5p can directly down-regulate the expression of IRAK1 and NFAT5, inhibit the polarization of microglia M1, and improve neurological function. BMSC-Exos can exert the anti-inflammatory and anti-apoptotic effects of miR129-5p by inhibiting the activity of HMGB1-TLR4 pathway. (D) Effects of BMSC-Exos on lung, liver and kidney. BMSC-Exos can down-regulate the expression of Sema 3A through the delivery of miR-199a-3p to renal cells, thus activating the AKT and ERK signal pathways, protecting the kidney and alleviating kidney damage. BMSC-Exos can reduce the TLR4 and NF- κB by reducing apoptosis and inflammation, inhibit the TLR4/NF-κB, and alleviate acute lung injury caused by ischemia-reperfusion; up-regulate the expression of LC3 and Beclin-1, reduce the apoptosis of hepatocytes after acute liver failure. (E) Effects of BMSC-Exos on tendon. BMSC-Exos can enhance the expression of Mohawk, Tenomodulin and type I collagen, as well as the mechanical properties of the new tendon, and promote the proliferation of local TSPC in vivo. (F) Effects of BMSC-Exos on skin. BMSC-Exos can effectively promote the proliferation of human keratinocytes and dermal fibroblasts and accelerate the healing of skin wounds. BMSC-Exos can also up-regulate the expression of TGF-β3 and Smad7 in the TGF-β/Smad signal pathway, down-regulate the expression of TGF-β1, Smad2, Smad3, and Smad4, and promote skin wound healing.




Effects of Bone Marrow Mesenchymal Stem Cells-Exos on Brain and Nerve

Stroke can be classified into hemorrhagic stroke and ischemic stroke. Recent studies have found that BMSC-Exos have a positive role in preventing stroke and improving the recovery of neurological function after brain injury. A previous study found that BMSC-Exos rich in miR-146a-5p can directly down-regulate the expression of IRAK1 and NFAT5, inhibit the polarization of microglia M1 after intracerebral hemorrhage, reduce the inflammatory response, and reduce nerve cell apoptosis in male rats with intracerebral hemorrhage, and in turn protect and improve nerve function after cerebral hemorrhage (Duan et al., 2020). Similarly, BMSC-Exos also have a positive role in improving the early brain injury caused by subarachnoid hemorrhage. BMSC-Exos can exert the anti-inflammatory and anti-apoptotic effects of miR-129-5p by inhibiting the activity of the HMGB1-TLR4 pathway, thereby alleviating the early brain injury after subarachnoid hemorrhage (Xiong et al., 2020). Moreover, BMSC-Exos combined with rosuvastatin, a cholesterol-lowering drug, reduced the infarct size in rats with middle cerebral artery occlusion after 7 days compared to the control group treated with BMSC-Exos alone (Safakheil and Safakheil, 2020). The combination of BMSC-Exos and rosuvastatin as a new treatment regimen may have an important role in functional recovery and neuroprotection after ischemic stroke.

In addition, BMSC-Exos also have the special role in improving cognitive function and delaying the onset of Alzheimer’s disease (AD). BMSC-Exos injected into mice can reduce Aβ deposition, enhance the expression of SPHK1 and S1P1, and improve the spatial learning and memory ability by activating the SPHK/S1p signaling pathway. In addition, BMSC-Exos can also inhibit mice’s brain amyloid protein expression in the cortex and hippocampus, enhance the expression of NeuN, and promote the recovery of cognitive function in AD mice (Wang and Yang, 2021). BMSCs were injected into the ventricle and attached to the choroid plexus of the lateral ventricle so that BMSC-Exos could be secreted into the cerebrospinal fluid. When astrocytes ingest BMSC-Exos, they can increase the level of miR-146a in astrocytes and decrease the level of NF-κB, improve the inflammation of astrocytes, and synaptic formation, thus increasing the expression of miR-146aAD in the hippocampus and improving the cognitive impairment in mice (Nakano et al., 2020). To sum up, these data suggest that BMSC-Exos have an important role in treating stroke, promoting the recovery of neurological function, and improving cognitive function. Although there are still many problems to be solved, it is undeniable that BMSC-Exos represent a new treatment direction for the above-mentioned diseases and provide new possibilities for the rehabilitation of patients (Figure 2C).



Effects of Bone Marrow Mesenchymal Stem Cells-Exos on Heart and Blood Vessel

Over recent years, exosomes have shown a beneficial effect in protecting myocardial cells, inhibiting myocardial infarction, promoting angiogenesis, and maintaining cardiac function. Routine 3D-Exos culture of bone showed that 3D BMSC-Exos could promote proliferation and migration of endothelial cells by activating the HMGB1/AKT pathway, resulting in the formation of the vascular cavity and promoting angiogenesis. 3D BMSC-Exos are expected to become a potential therapeutic method for promoting angiogenesis in the field of human medical research (Gao et al., 2020).

High levels of micro RNA-126 (miR-126), an endothelium-specific miRNA associated with vascular homeostasis and angiogenesis, have been isolated from BMSC-Exos by the hypervelocity centrifugation method. Studies have shown that miR-126 of BMSC-Exos can promote the proliferation, migration, and angiogenesis of human umbilical vein endothelial cells by inducing the expression of vascular endothelial growth factor (VEGF) and angiotensin-1 (Ang-1), stimulating the PI3K/Akt signaling pathway by targeting PIK3R2, and in turn accelerating the wound healing in vivo (Zhang et al., 2021).

BMSC-Exos promote angiogenesis while maintaining cardiac function. BMSC-Exos have been widely used in the treatment of acute myocardial infarction and ischemic heart failure. Teng et al. (2015) found that BMSC-Exos could significantly enhance the tubular formation of umbilical vein endothelial cells, inhibit the proliferation of cells in vitro, damage the function of T cells, reduce the infarct area, retain the systolic and diastolic function of the heart, increase the density of new functional capillaries, and promote the recovery of blood flow, thus improving the cardiac function after ischemic injury in a rat myocardial infarction model. Moreover, BMSC-Exos contain a high level of miR-29c, cells under hypoxia/reoxygenation, which can inhibit excessive autophagy through PTEN/AKT/mTOR signal pathway and change the expression level of miR-29c, thus reducing myocardial ischemia-reperfusion injury (Li T. et al., 2020). In addition, Chen Q. et al. (2020) showed that miR-125b carried by BMSC-Exos have a certain therapeutic effect on myocardial ischemia-reperfusion injury in rats by improving the survival rate of myocardial cells after myocardial ischemia-reperfusion injury, reducing the rate of apoptosis, alleviating the pathological injury of myocardial tissue, and protecting the myocardium and maintaining cardiac function.

At present, BMSC-Exos has become a focal research area in the treatment of myocardial ischemia-reperfusion injury and heart repair. Differential gradient centrifugation has been used to isolate exosomes derived from BMSCs. Under pressure overload state, BMSC-Exos can protect cardiac muscle, avoid interference caused by cardiac hypertrophy, reduce myocardial cell apoptosis, promote premature senescence of fibroblasts, enhance the anti-fibrosis ability of the heart and protect cardiac function (Chen F. et al., 2020). BMSC-Exos with high expression of macrophage migration inhibitory factor (MIF) has a protective effect on the heart of rats with myocardial infarction. BMSC-Exos and MIF-BMSC-Exos were injected into the infarcted area, respectively; echocardiography was used to evaluate the cardiac function of rats. It was found that both exosomes could significantly restore cardiac function (Liu X. et al., 2020); however, the injection of MIF-BMSC-Exos can better enhance cardiac function, reduce mitochondrial fragmentation and apoptosis of cardiomyocytes. These data suggest that MIF-BMSC-Exos may become a new mechanism for the treatment of myocardial infarction death, and provide a new strategy for the treatment of cardiovascular diseases (Figure 2B).



Effects of Bone Marrow Mesenchymal Stem Cells-Exos on Lung, Liver, and Kidney

BMSCs have shown promising results in the treatment of acute lung injury (Chang et al., 2009). Liu et al. (2019) found that intravenous injection of BMSC-Exos into the rat model of acute lung injury could down-regulate TLR4 and NF-κB, inhibit TLR4/NF-κB and alleviate acute lung injury induced by ischemia-reperfusion by reducing apoptosis and inflammation. Similarly, Mao et al. (2021) discovered that continuous intravenous injection of BMSC-Exos for 5 days in mice with acute lung injury could inhibit cells apoptosis and promote the expression and relocation of connexin, restoring the barrier function of alveolar epithelial cells and protecting against pulmonary edema.

As a drug carrier, BMSC-Exos have a potential application prospect, especially in the treatment of hepatocellular carcinoma. BMSC-Exos carrying anticancer drug norcantharidin can repair damaged liver tissue in liver sections (Liang et al., 2021). In addition, BMSC-Exos can upregulate the expression of autophagy marker proteins LC3 and Beclin-1, promote the formation of autophagosomes, reduce hepatocyte apoptosis after acute liver failure, and exert a protective effect on the liver (Zhao et al., 2019). BMSCs can also reverse renal injury through exosomes. BMSC-Exos can down-regulate the expression of Sema3A by transporting miR-199a-3p to renal cells, thus activating AKT and ERK pathways, protecting kidneys, and alleviating renal injury (Zhu et al., 2019). Similarly, BMSCs can also minimize renal injury induced by gentamicin through RNA carried by exosomes microvesicles (Reis et al., 2012). These also provide new treatments for kidney disease (Figure 2D).



Effects of Bone Marrow Mesenchymal Stem Cells-Exos on Tendon and Skin

BMSC-Exos have been suggested as new biological regeneration therapeutic agents for tissue injury. BMSC-Exos can promote the proliferation, migration, and tendon differentiation of tendon stem/progenitor cells (TSPCs). BMSC-Exos embedded in fibrin injected into the patellar tendon defect area of rats showed that exosomes could be released by fibrin, retained in the defect area, and internalized by TSPC. Therefore, BMSC-Exos embedded in fibrin could significantly improve the histological score, enhance the expression of tenomodulin and type I collagen (Col I) and the mechanical properties of the new tendon, and promote the proliferation of local TSPC in vivo (Yu et al., 2020). This confirmed the beneficial role of BMSC-Exos in tendon regeneration and provided a potential application prospect for BMSC-Exos in the treatment of tendon injury.

BMSC-Exos have a positive role in wound healing. Skin regeneration is a complex and dynamic process. A full-thickness skin wound model was used to evaluate the effect of BMSC-Exos on skin wound healing cells. It was found that human BMSC-Exos could effectively promote the proliferation of human keratinocytes and human dermal fibroblasts, which accelerated the healing of skin wounds. At the same time, exosomes down-regulated the expression of transforming growth factor β1 (TGF- β1), Smad2, Smad3, and Smad4, and up-regulated TGF-β3 and Smad7 in the TGF-β/Smad signal pathway (Jiang et al., 2020). Furthermore, Wu D. et al. (2020) used magnetic nanoparticles and a constant magnetic field to stimulate BMSCs to construct a new type of exosomes (MAG-BMSC-Exos). Then, the wound healing model was established by scratch test, air hole test, and tube formation experiment. It was found that MAG-BMSC-Exos could promote cell proliferation, migration, and angiogenesis. Local transplantation of MAG-BMSC-Exos could accelerate wound healing, reduce the width of scar and promote angiogenesis. It is worth noting that BMSC-Exos, which were injected into the back skin, revealed a good potential therapeutic effect on alleviating skin ulceration and that the wound healing rate in the exosomes injection group was significantly quicker 2 weeks after operation (Ding et al., 2019). Therefore, BMSC-Exos represents a new therapeutic approach for the clinical treatment of diabetic complications and the treatment of skin trauma (Figures 2E,F).



REGULATION OF BONE MARROW MESENCHYMAL STEM CELLS BY EXOSOMES FROM EXTRA-SKELETAL ORGANS


Regulation of Bone Marrow Mesenchymal Stem Cells by Exosomes From Extra-Skeletal Organs Through Factors

Exosomes carry a variety of substances, including some bioactive substances such as proteins and lipids that are essential for signal transduction. Liu Z. et al. (2020) added exosomes derived from myeloma cells to BMSCs and found that IL-6 carried by exosomes could inhibit bone differentiation of BMSCs by down-regulating the expression of runt-related transcription factor 2 (Runx2), OCN, and osterix. Dai et al. (2019) found that exosomes of prostate cancer cells act on BMSCs through pyruvate kinase isozyme type M2 (PKM2) and up-regulate the production of CXCL12 in BMSCs in HIF-1α dependent manner, thereby promoting bone metastasis of tumor cells. In addition to tumor cells, Wang et al. (2014) found that exosomes isolated from dendritic cells can promote osteogenic differentiation of BMSCs in vitro. Adding exosomes to BMSCs for osteogenic induction can increase the expression level of Runx2 and the activity of ALP. In addition, glial cell-derived exosomes in the peripheral nervous system can promote the migration, proliferation, and differentiation of BMSCs, which can effectively improve the efficacy of titanium alloy scaffolds in bone repair (Wu Z. et al., 2020). Tofino-Vian et al. (2017) found that exosomes of adiposite-derived stem cells (ASCs) can resist the increased expression of IL-6 and matrix metalloproteinases induced by oxidative stress in osteoarthritis, and play an antioxidant and anti-inflammatory role in osteoarthritis. To delay the progression of osteoarthritis (Figure 3).


[image: image]

FIGURE 3. Regulation of BMSCs by exosomes from extra-skeletal organs. Exosomes derived from dendritic cells increased Runx2 expression and ALP activity, and promoted osteogenic differentiation of BMSCs. Neurogliocyte-derived exosomes can promote the migration, proliferation and differentiation of BMSCs. Exosomes secreted by human umbilical cord MSCs can reduce the apoptosis of BMSCs through the miR-1263/Mob1/Hippo signal pathway, and can effectively prevent osteoporosis. Exosomes derived from tumor cells lncRNA-CRNDE can regulate the chondrogenic differentiation of BMSC through SIRT1/SOX9. Exosomes derived from tumor cells act on BMSCs through PKM2, resulting in CXCL12 production in BMSCs, thereby promoting bone metastasis of tumor cells; myeloma cells can directly inhibit RUNX2 by releasing exosomes carrying lnc RUNX2-AS1 through paracrine action on BMSCs, thus inhibiting BMSCs osteogenic differentiation. IL-6 carried by exosomes derived from myeloma cells could inhibit bone differentiation of BMSCs by down-regulating the expression of Runx2, OCN, and Osterix. The expression of miR-34a-5p in muscle-derived exosomes was significantly increased, which could reduce Sirt1 expression and inhibit osteogenic differentiation. Exosomes derived from endothelial cells contain miR-31 into bone through blood circulation and act on BMSCs. Osteoblast differentiation was inhibited by inhibiting Frizzled-3 expression.




Regulation of Bone Marrow Mesenchymal Stem Cells by miRNA and lncRNA in Exosomes of Extra-Skeletal Organs

MiRNA is a class of non-coding small RNAs 17–24 nt in size that mediates post-transcriptional gene silencing by binding to the 3′-untranslated region (UTR) or open reading frame (ORF) of target Mrna (Bartel, 2004). miRNAs carried by exosomes have key roles in cell differentiation, immune response, tumor cell proliferation, and metastasis. miRNAs carried by muscle-derived exosomes can regulate the osteogenic differentiation of BMSCs. Fulzele et al. (2019) found that with aging and oxidative stress, the expression of miR-34a-5p in muscle and muscle-derived exosomes was significantly increased. The overexpression of miR-34a in C2C12 with lentiviral vector showed that the exosomes isolated from these transfected cells targeted bone in vivo and induced BMSCs senescence decreased Sirt1 expression and inhibited osteogenic differentiation (Fulzele et al., 2019). Moreover, exosomes secreted by extraosseous tissues regulate bone homeostasis through miRNA, not only from muscle. Also, the exocrine secreted by human umbilical cord MSCs can reduce BMSCs apoptosis through the miR-1263/Mob1/Hippo signal pathway and can effectively prevent osteoporosis in disuse osteoporosis rats (Yang et al., 2020). Weilner et al. (2016) found that senescent endothelial cells can secrete exosomes containing miR-31 into the bone through blood circulation and act on BMSCs, by inhibiting the expression of Frizzled-3 and then inhibiting osteogenic differentiation. Hashimoto et al. (2018) identified eight highly expressed miRNAs from exosomes isolated from prostate cancer cells by gene chip technology, and proved that mir-940 significantly promoted the osteogenic differentiation of hMSCs in vitro cell experiments. The exosomes of tumor cells contain much more specific miRNA than those of normal cells (Shao et al., 2016). However, the effect of tumor exosomes on BMSCs through miRNA has not been reported. Therefore, exploring the regulation of miRNA on BMSCs in exosomes of all kinds of tumor cells is helpful to further understand the mechanism of bone metastasis of tumor cells and provide guidance for the prevention and treatment of bone metastasis of tumor cells.

Long non-coding RNAs (lncRNAs) are a kind of non-coding RNAs with a length of more than 200 nt. LncRNA carried by exocrine mainly transmits information between cells through epigenetic modification, regulation of transcriptional expression, mediation of post-transcriptional regulation, and other specific regulatory modes (Peng et al., 2018). Unlike miRNAs, the correlative studies on the regulation of BMSCs by exosomes derived from extra-skeletal organs through lncRNA focus on bone metastasis of tumor cells. Li et al. (2018) found that myeloma cells can directly inhibit Runx2 through paracrine action on BMSCs by releasing exosomes carrying lncRUNX2-AS1, thus inhibiting the osteogenic differentiation of BMSCs. The expression of lncRNA-CRNDE in exosomes isolated from patients with colorectal cancer is increased, and lncRNA-CRNDE may be related to tumor cell metastasis (Liu et al., 2016). In addition, lncRNA-CRNDE can regulate the process of BMSCs chondrogenic differentiation through SIRT1/Sox9 and promote cartilage repair of osteoarthritis (Shi et al., 2021).

The endocrine regulation effect of exosomes derived from extra-skeletal organs on BMSCs is mainly mediated by cytokines, miRNAs, and lncRNAs. Currently, there are no studies on the regulation of BMSCs by carrying circRNAs; thus, exploring the effect of exocrine-carried circRNAs on BMSCs can further clarify the mechanism of exocrine-mediated intercellular information communication (Figure 3).



CONCLUSION

Exosomes have emerged as new elements in the field of medical science. Recent studies have shown that BMSC-Exos can regulate the proliferation and differentiation of osteoblasts and osteoclasts through proteins, lipids, and nucleic acids (mRNA, miRNA, lncRNA, etc.), exerting significant therapeutic effects on the cardiovascular system and nervous system, as well as on intervertebral disc degeneration, tendon regeneration, wound repair, cardiovascular system protection, nerve injury treatment, and clinical diagnosis. Exosomes enter target cells through endocytosis to employ a bioactive role, showing a similar ability to BMSCs. At the same time, they have no non-cellular activity and low immunity, which promotes their use in clinical work. Moreover, they can be easily obtained and stored for some time without damaging their biological activity.

However, our research on BMSC-Exos are still far from being thorough. Taking tumor as an example, for a long time, the research on exosomes has focused on the development of specific targeted anti-tumor vaccines. However, whether its anti-tumor effect is to enhance immunity or cause tolerance, promote proliferation or induce apoptosis, its internal mechanism still needs to be deeply explored. BMSC-Exos have a broad application prospect, and has significant therapeutic effects on the cardiovascular system, nervous system and skeletal muscle. If exosomes are used as research targets, they can play a prominent role in tendon regeneration, wound repair, cardiovascular system protection, nerve injury treatment, clinical disease diagnosis and other aspects. It also plays an important role in the occurrence and development of bone metabolic diseases and opens up new ideas for basic research and clinical diagnosis and treatment of skeletal related diseases. The in-depth study of BMSC-Exos in the future is expected to make this approach an ideal treatment that can be better used to safeguard human organs and tissues and reduce the pain induced by various diseases and complications.
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The incidence of degenerative spinal diseases, such as cervical spondylosis and thoracic and lumbar disc herniation, is increasing. These health problems have adversely affected human life and work. Surgical intervention is effective when intervertebral disc degeneration (IDD) causes nerve compression and/or severely limits daily activity. Early IDD patients generally do not require surgery. However, there is no effective method of impeding IDD progression. Thus, novel approaches to alleviating IDD deterioration are urgently required. Cystathionine-γ-lyase (CSE) and E-selectin (CD62E) are vital factors regulating vascular function and inflammation. However, their effects on IDD and vascular invasion in intervertebral discs (IVDs) are pending further exploration. Here, bioinformatics and human nucleus pulposus (NP) tissues analyses revealed that CSE was significantly downregulated and CD62E was upregulated in the NP tissues of IDD patients. We demonstrated that CSE overexpression, CD62E downregulation, and NF-κB (P65) inhibition mitigate inflammation and recover metabolic function in NP cells. Similarly, CSE attenuated vascular invasion induced by inflammatory irritation. Using a rat IDD model, we showed that CSE improved degeneration, inflammation, and microvascular invasion in NP tissue, whereas CD62E had the opposite effect. Taken together, our results indicated that the CSE/CD62E pathway could effectively improve the inflammatory environment and vascular invasion in IVD. Hence, the findings of this study propose a promising and valuable strategy for the treatment of patients with early IDD as well as postoperative adjuvant therapy in patients with severe IDD.

Keywords: intervertebral disc degeneration (IDD), inflammation, vascular invasion, cystathionine-γ-lyase (CSE), E-selectin (CD62E)


INTRODUCTION

Degenerative spinal diseases are associated with a series of chronic and progressive symptoms and can have a tremendous impact on the quality of human life (Khan et al., 2017; Molladavoodi et al., 2020; Yang et al., 2020). The incidence and early onset of degenerative spinal disease are increasing because of a growing aging population and an unhealthy lifestyle, respectively (Salminen et al., 1999; Karademir et al., 2017). Intervertebral disc degeneration (IDD) causes low back and leg pain and may compress spinal nerves in severe cases. However, obvious clinical symptoms do not always manifest in early IDD patients. Therefore, conservative treatments must be administered to alleviate certain clinical symptoms. Recently, a few studies reported that conservative treatments alone cannot attenuate the inflammatory environment or recover normal functioning of the nucleus pulposus (NP) in degenerating intervertebral discs (IVDs). Thus, IDD might recur or worsen (Sharifi et al., 2015; Zhao et al., 2019). Consequently, innovative therapies are required for IDD.

The pathogenesis of IDD mainly about metabolic dysfunction occurs in the extracellular matrix (ECM) of the IVD and the NP cells undergo apoptosis (Blanquer et al., 2015; Vergroesen et al., 2015). Several researchers investigated the risk factors associated with inflammatory irritation and recognized it as one of the major factors leading to ECM decomposition, NP cell apoptosis, and IDD pathogenesis (Feng et al., 2016; Khan et al., 2017; Ruiz-Fernández et al., 2019; Cazzanelli and Wuertz-Kozak, 2020). It was reported that the activation of inflammatory-related pathways, such as NF-κB, Akt/PI3K, and MAPK, increases the production and secretion of apoptotic proteins and proinflammatory ILs, TNF, and MMPs. These responses induce NP cell apoptosis and fibrotic matrix biosynthesis (Sakai and Grad, 2015). Microvessel invasion and angiogenesis in the IVD also aggravate IDD (Fontana et al., 2015; Sakai and Grad, 2015; Vergroesen et al., 2015; Oichi et al., 2020). Under normal physiological conditions, the function and hypoxic status of the IVD are regulated and maintained by the vascular tissue in the endplate cartilage (Dowdell et al., 2017). During IVD degeneration, NP protrusion and/or annulus fibrosus (AF) disruption may induce vascularization and innervation (Freemont et al., 2002; Oichi et al., 2020). These changes recruit immune cells and inflammatory factors into the IVD (Sun et al., 2020) and cause oxidative stress. Therefore, IVD inflammatory stimulation and vascularization create a vicious cycle aggravating IDD.

In the attempt to break this vicious circle, we sought new targets that can mitigate inflammation and angiogenesis in the IVD. A bioinformatics analysis of the differences between patients with adolescent idiopathic scoliosis and those with IDD disclosed that cystathionine-γ-lyase (CSE) was significantly downregulated in the IDD group compared to the normal (control) group. Recent published evidence revealed that CSE regulates vessel function and eliminates inflammation (Yang et al., 2008; Castelblanco et al., 2018; Sun et al., 2019; Éva Sikura et al., 2021). Nevertheless, the roles of CSE in IDD have not been explored. CD62E is a key inflammation mediator (Del Bo et al., 2019; Milošević et al., 2020) and might be regulated by CSE (Bibli et al., 2019). It may activate the NF-κB pathway, thereby exacerbating IVD degeneration (Tisherman et al., 2016; Chen et al., 2020a,b). Moreover, the vascular effects of inflammatory pathway activation also accelerate IDD deterioration (Wang et al., 2020). Therefore, the CSE regulatory effect on inflammation and vascular function is a potential mechanism of restricting IDD progression. It is useful to examine the relationship between CSE and CD62E to identify new targets for improving IDD.

Despite numerous research efforts in recent decades, the mechanisms of IDD have not been fully elucidated and few effective treatments for it have been identified. Our histochemical and bioinformatics analyses of NP tissues in patients with IDD have indicated that IDD progression is regulated by CSE, CD62E, and the NF-κB pathway. We hypothesized that downregulating CD62E with CSE and blocking downstream inflammatory pathways could effectively improve inflammation and vascular invasion in IDD. To test our hypothesis, we performed various in vitro and in vivo experiments to clarify the relationships among CSE, CD62E, and the NF-κB and VEGF-A pathways and establish their roles in IDD progression. The results of the study could lead to the discovery of novel targets for alleviating IDD as well as potential strategies for impeding IDD progression.



MATERIALS AND METHODS


Experimental Materials and Reagents

Recombinant human interleukin-1 beta (IL-1β), tumor necrosis factor-alpha (TNF-α), caffeic acid phenethyl ester (CAPE), and ICAM-1-IN-1 were purchased from MedChemExpress LLC, Monmouth Junction, NJ, United States. Cell Counting Kit-8 (CCK-8) was bought from Vazyme Biotech, Nanjing, China. Growth factor-reduced matrigel matrix (354234) was purchased from BD Biosciences, Franklin Lakes, NJ, United States. CSE overexpression adenovirus (AV-CSE) and CD62E overexpression adenovirus (AV-CD62E) were constructed by WZ Bioscience Inc., Wuhan, China.



Animals

Male Sprague–Dawley (SD) rats (6–8 weeks; 220 ± 20 g) were obtained from the Disease Control Center of Hubei, China. All animal experiments were conducted in specific pathogen-free (SPF) conditions at Tongji Animal Center (Wuhan, China) according to the International Guiding Principles for Animal Research and in compliance with regulations and guidelines of the Ethics Committee of Huazhong University of Science and Technology, Wuhan, China.



Cell Culture

Nucleus pulposus cells were harvested from the IVD inner tissue of SD rats (200–220 g). NP tissues were cut, separated, and digested with 0.25% trypsin at 37°C for 30 min and with type II collagenase at 37°C for 3 h. The cells were collected and cultured in DMEM/F12 supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, United States) and 1% penicillin/streptomycin (Gibco) in a 5% CO2 incubator at 37°C. Endothelial progenitor cells (EPCs) were obtained from the Chinese Academy of Sciences Cells Bank (Shanghai, China) and cultured under the foregoing conditions.



Human Nucleus Pulposus Tissue Collection

Human NP tissues were harvested from patients who had undergone surgery at the Department of Orthopedics of Tongji Hospital, Wuhan, China. The degenerated NP tissue was derived from IDD patients and the normal NP tissue was collected from patients with scoliosis or spinal fracture. During the operation, the isolated NP tissue was washed thrice with saline and adjacent non-NP tissue was removed. The NP tissue was either fixed with 4% paraformaldehyde (PFA) or the protein in it was extracted for further experimentation. This process was conducted with patient consent and reviewed by the Ethics Committee of Huazhong University of Science and Technology, Wuhan, China.



Cell Viability Assay

To evaluate their post-treatment viability, NP cells and EPCs were seeded into 96-well plates (5 × 103/well) and there were three replicate wells per group. After 24 h, the cells were subjected to IL-1β (20 ng/mL), TNF-α (20 ng/mL), CAPE (1 μM), ICAM-1-IN-1 (1 μM), and AV-CSE (MOI = 100) for 24 or 48 h. CCK-8 was used to evaluate cell viability, and the absorbance of each well was measured at 450 nm.



Bioinformatics Analysis

A microarray dataset (accession no. GSE34095) was obtained from the GEO database.1 This microarray dataset comes from the research “Expression data between human degenerative and non-degenerative intervertebral discs.” It provided valuable insight into the molecular mechanism of IDD and facilitated this research. Differentially expressed genes (DEGs) were those with p < 0.05 and |log2 (Fold Change)| > 1. They were depicted in a heat map and a volcano plot. A Gene Ontology (GO) analysis of the top genes was performed using DAVID Bioinformatics Resources.



Western Blot Analysis

Nucleus pulposus tissues or cells were homogenized in RIPA buffer containing phosphatase and protease inhibitors. Total proteins were collected and extracted by centrifugation at 12,000 rpm and 4°C for 30 min. A BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China) was used to evaluate the protein concentration. Thirty micrograms of total proteins was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred to a 0.45-μm PVDF membrane (Millipore, Billerica, MA, United States), blocked with 5% BSA for 1 h, and incubated with primary antibodies overnight at 4°C. The membrane was then immunoblotted with the corresponding secondary antibody and visualized with the SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientific, Waltham, MA, United States). The blots were analyzed with a Chemidoc XRS imaging system (Bio-Rad Laboratories, Hercules, CA, United States). The major antibodies used were GAPDH (60004-1-lg, 1:5000, Proteintech, Wuhan, China), CSE (12217-1-AP, 1:1000, Proteintech), CD62E (20894-1-AP, 1:1000, Proteintech), NF-κB P65 (#8242, 1:1000, Cell Signaling Technology, Boston, MA, United States), phospho-NF-κB (#3033, 1:1000, Cell Signaling Technology), VEGF-A (ab46154, 1:1000, Abcam, Cambridge, United Kingdom), MMP-3 (66338-1-lg, 1:1000, Proteintech), MMP-9 (10375-2-AP, 1:1000, Proteintech), MMP-13 (18165-1-AP, 1:1000, Proteintech), COL1A1 (#84336, 1:1000, Cell Signaling Technology), and COL2A1 (28459-1-AP, 1:1000, Proteintech).



RT-PCR Analysis

Total RNA was extracted with RNAiso Plus (TaKaRa Bio Inc., Kusatsu, Shiga, Japan) and reverse-transcribed to cDNA with reverse transcriptase (Toyobo, Osaka, Japan). The cDNA was amplified with specific primers and SYBR Premix Ex Tap (Tli RNaseH Plus) (2×) (Toyobo). Primer sequences are shown in Supplementary Table 1. The real-time PCR detection system (Bio-Rad Laboratories) was used to measure fluorescence. Target gene mRNA expression levels were quantified by the 2–ΔΔCt method.



Tube Formation Assay

Growth factor-reduced matrigel matrix (10 mg/mL) was added to a 96-well plate (50 μL per well) and incubated at 37°C for 30 min. After solidification, EPCs (1.0 × 104/well) were seeded into matrigel surfaces containing the various treatments and incubated at 37°C. Each well image was captured at 0, 3, and 6 h and stained with calcein-AM at the end of the experiment. There were three images per well and the magnifications used were 100× and 200×. The tube-like structures were enumerated and calculated with ImageJ (NIH, Bethesda, MD, United States).



Transwell Migration Assay

A 6.5-mm 24-well transwell plate with the 8.0-μm pore polycarbonate membrane insert (3422, Corning, NY, United States) was used in this assay. Serum-containing DMEM/F12 (10%) was added to the lower chamber. EPCs (2.0 × 104/well) were seeded into the upper chamber containing the serum-free medium. After 24 h incubation, non-migrating cells on the upper chamber side were scraped with cotton swabs. Migrating cells on the lower membrane sides were fixed with 4% PFA and stained with 0.1% crystal violet dye. Stained cells were enumerated and analyzed with ImageJ (NIH).



Immunohistochemistry Assay

Isolated NP tissues were fixed with 4% PFA for 24 h and decalcified with the EDTA solution for 1 month. The tissues were dehydrated, embedded in paraffin, sectioned, and mounted on slides. Hematoxylin–eosin (H&E) staining (Servicebio, Wuhan, China), Safranin O/Fast Green staining (Servicebio), and immunohistochemistry (IHC) staining assays were conducted according to the manufacturers’ protocols. The foregoing major antibodies were used, and they were diluted to 1:200. Bright-field images were captured with a microscope (ECLIPSE Ti; Nikon, Tokyo, Japan). The IHC staining was digitally quantitated with ImageJ (NIH).



Immunofluorescence Analysis

Nucleus pulposus cells were cultured in a 48-well plate (1 × 104/well) and incubated at 37°C. After cell attachment, the various treatments were applied to the cells for 24 h. Thirty minutes before fixation with 4% PFA, the cells were stimulated by adding the proinflammatory factors IL-1β and TNF-α to the culture medium. The cells were fixed, permeabilized with 0.1% Triton X-100, and blocked with 0.1% BSA according to the manufacturers’ protocols. NF-κB antibody (#8242, 1:200, Cell Signaling Technology) and phospho-NF-κB (#3033, 1:500, Cell Signaling Technology) were used to detect inflammatory changes. Freshly dissected NP tissues were fixed in 4% PFA for 24 h and embedded in paraffin. The vascular marker CD31 antibody (A11525, 1:200, ABclonal Technology, Woburn, MA, United States) was used to display blood vessel architecture and vascular invasion. Immunofluorescence (IF) images were observed and captured by fluorescence microscopy (EVOS FL auto, Thermo Fisher Scientific) and analyzed by ImageJ (NIH).



Magnetic Resonance Imaging

Each rat body was set in the prone position with tail straight under a 1.5-TMR scanner (Siemens, Berlin, Germany). The rats were maintained under 2% isoflurane/oxygen anesthesia throughout the examination. Eight consecutive sagittal T2-weighted images were obtained by scanning the surgical regions of the rats with a double-tuned volume radiofrequency coil. All vertebral disc regions were covered with a spin-echo sequence (Wei et al., 2020). The magnetic resonance imaging (MRI) images were analyzed by the Pfirrmann score (Pfirrmann et al., 2001).



Animal Model Generation and Treatment

An IDD model can be induced via needle puncture to a rat tail disc (Vergroesen et al., 2015; Mosley et al., 2019). The rats were anesthetized with isoflurane, disinfected with iodophor, and placed in a sterile surgical area. The intervertebral disc level was confirmed by palpation and a longitudinal incision (∼2 mm) was made on the tail skin and the tendon to expose the surgical field of the NP (Supplementary Figure 2B). The experimental animals were divided into four groups (n = 12) as follows: (1) The Sham group received no treatment and their incisions were sutured. (2) The NP tissues of the GFP group were injected with GFP adenovirus (AV-GFP) with a 31-gauge Hamilton syringe (Hamilton Co., Reno, NV, United States) and their incisions were sutured. (3) The NP tissues of the IDD + AV-GFP group were punctured with an 18-gauge (O.D.) needle for 10 s injected with AV-GFP and their incisions were sutured. (4) The NP tissues of the IDD + AV-CSE group were punctured and injected with AV-CSE as previously described. To determine the influences of AV-CD62E on IDD onset, the NP tissues were injected with saline (Sham), AV-GFP, or AV-CD62E (n = 12). The IVD models were then subjected to MRI and IHC at 2 and 4 weeks after surgery.



Statistical Analysis

Statistical analysis of all data was performed in GraphPad Prism 8 (GraphPad Software, La Jolla, CA, United States). Student’s t-test was used to compare group means, and one-way ANOVA (analysis of variance) was used to compare multiple samples. Data were presented as means ± standard deviation (SD). A Kruskal–Wallis H test was used to analyze the Pfirrmann score. Data were presented as medians with interquartile ranges and were ordinal variables. Statistical significance was considered as *p < 0.05, **p < 0.01, and ***p < 0.001.




RESULTS


Roles of Cystathionine-γ-Lyase and CD62E in Intervertebral Disc Degeneration

We conducted bioinformatics analyses of the gene expression profiles of patients with the degenerative disc disease and adolescent idiopathic scoliosis to determine the functions of CSE in intervertebral disc maintenance (Figure 1A). The identified DEGs revealed that CSE was significantly downregulated in IDD patients (Figure 1B) and closely associated with NF-κB pathway activation (Figure 1C). Human NP tissue western blot and IHC analyses disclosed that CSE was upregulated in patients with scoliosis and spinal fracture (NC group) compared to those with IDD and spinal fusion (IDD group). However, the CD62E expression pattern was the opposite (Figures 1D–F). Thus, CSE may delay IDD progression, whereas CD62E could accelerate it. For the in vitro experiments, the reagents used were not cytotoxic at their optimal concentrations after 24 or 48 h treatment (Supplementary Figures 1D–G). To establish the optimal conditions necessary to induce IDD models in vitro, rat NP cells were subjected to various IL-1β concentrations and exposure times. The total CSE and CD62E protein levels were significantly altered after 24 h of 5 ng/mL IL-1β treatment (Figures 1G–L). Similar trends were found for TNF-α, which may have a similar proinflammatory effect on NP cells (Supplementary Figures 1A–C). Therefore, the NP cells were exposed to 5 ng/mL of proinflammatory factors for 24 h to induce the IDD model for the subsequent experiments.
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FIGURE 1. Cystathionine-γ-lyase and CD62E expression in NP tissues and cells. Bioinformatics analysis of expression profiles of patients with IDD and adolescent idiopathic scoliosis. (A) Heat map of top 300 DEGs. (B) Volcano plot of DEGs shows significantly altered mRNA expression with p < 0.05 (green dots: upregulated DEGs; red dots: downregulated DEGs). (C) GO analysis term. (D) Western blot images of CSE and CD62E and (E) its quantitative analysis. (F) IHC images of NP tissue (CSE and CD62E). (G) Representative western blot images of NP cells after stimulation with various doses of IL-1β for 24 h and (H,I) its quantitative analysis. (J) Representative western blot images of NP cells after stimulation with 5 ng/mL IL-1β for different times and (K,L) its quantitative analysis. Black scale bar: 100 μm.




Intervertebral Disc Degeneration Promotes Microvascular Invasion and Angiogenesis

Western blot indicated that the NP tissues of the IDD patients presented with upregulated VEGF-A compared with those of the NC group (Figures 2A,B). The IF images showed that the blood vessel marker CD31 was also upregulated in the NP tissues of patients with IDD as well as those of the IDD animal model (Figures 2C,D). The in vivo assay confirmed that degenerative NP microenvironment may lead to microvascular invasion, angiogenesis, and IDD exacerbation. To confirm the effects of NP cell degeneration on blood vessels, EPCs were cultured for a vascular function assay. The NP cell supernatant was collected and used as NP conditioned (DMEM/F12) medium and as inflammatory NP conditioned (DMEM/F12 with IL-1β or TNF-α) medium. The EPCs were incubated with DMEM/F12, DMEM/F12 with IL-1β, NP conditioned medium, or IL-1β inflammatory NP conditioned medium. Tube formation and transwell migration assays were conducted to evaluate EPC angiogenesis and migration ability. EPCs treated with inflammatory NP conditioned medium exhibited the activation of vascular function (Figures 2E–H). This phenomenon might account for the microvascular invasion and angiogenesis characteristic of IDD progression. Moreover, a similar tendency was observed in EPCs treated with TNF-α inflammatory NP conditioned medium (Figures 2I–L).
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FIGURE 2. Effects of degenerated NP cells on blood vessel function. (A) Representative western blot images of VEGF-A in human NP tissue and (B) its quantitative analysis. (C) CD31 IF images of human and (D) rat NP tissues. (E) Bright-field images of migrated EPCs after incubation with IL-1β and (F) quantification by ImageJ. (G) Calcein-AM IF images of EPC tube formation assay after incubation with IL-1β and (H) quantification by ImageJ. (I) Bright-field images of migrated EPCs after incubation with TNF-α and (J) quantification by ImageJ. (K) Calcein-AM IF images of EPC tube formation assay after incubation with TNF-α and (L) quantification by ImageJ. Black scale bar: 100 μm. Yellow scale bar: 200 μm. White scale bar: 500 μm.




NF-κB Aggravates Intervertebral Disc Degeneration by Promoting Inflammation and Extracellular Matrix Decomposition

The NF-κB pathway is one of the principle mechanisms associated with inflammation. To explore the effects of the inflammatory microenvironment on NP cells, we evaluated the relative differences in the expression of the major ECM encoding and degrading genes and the secreted inflammatory factors after the proinflammatory factor IL-1β and the NF-κB inhibitor CAPE treatment. The MMP-3/9/13 and COL1A1 protein expression levels increased after IL-1β exposure and decreased after CAPE treatment. However, COL2A1 expression displayed the opposite trend in response to IL-1β and CAPE (Figures 3A,B). Similar results were obtained for MMP-3/9/13, COL1A1, and COL2A1 mRNA expression (Figures 3C–H). NP cells stimulated by IL-1β secreted the proinflammatory factors IL-6 and COX-2. Nevertheless, these effects were inhibited by CAPE (Figures 3I,J). Hence, blocking the NF-κB pathway may inhibit inflammation and ECM decomposition in NP cells. We explored the regulatory relationships among the NF-κB pathway-related proteins (P65 and p-P65), CSE, CD62E, and VEGF-A. Figures 3K–P indicate that CD62E, p-P65, and VEGF-A were significantly upregulated in response to IL-1β and TNF-α, whereas CSE was notably downregulated. Activated p-P65 and VEGF-A were inhibited by CAPE. However, CSE and CD62E had no obvious impact after blocking the NF-κB pathway (CAPE). The regulatory relationships among CSE, CD62E, and the NF-κB pathway require further investigation.
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FIGURE 3. NF-κB function in IDD. (A) Western blot analysis of MMPs and ECM components and (B) quantification. (C–J) RT-PCR measurement of mRNA levels of ECM-encoding genes, ECM-degrading genes, and secreted inflammatory factors. (K) Representative western blot images of CSE, CD62E, P65, p-P65, and VEGF-A and (L,M) quantification (IL-1β). (N) Representative western blot images of CSE, CD62E, P65, p-P65, and VEGF-A and (O,P) quantification (TNF-α).




Blocking CD62E Attenuated the P65 Pathway

To investigate the effects of CD62E on IL-1β-induced NP destruction, CD62E was blocked with ICAM-1-IN-1. After the NP cells responded to proinflammatory stimuli, CD62E inhibition downregulated MMP-3/9/13 and COL1A1 but upregulated COL2A1 at the mRNA expression and protein levels (Figures 4A–H). Similarly, the proinflammatory factor genes were downregulated (Figures 4I,J). To explore the effects of CD62E on the inflammation pathway, CSE, p-P65, and VEGF-A were detected by western blotting (Figures 4K–P). After the treatment, CSE that had been deactivated by IL-1β or TNF-α could not be reactivated by CD62E inhibition. In contrast, CD62E, p-P65, and VEGF-A upregulation was suppressed by ICAM-1-IN-1. Our results indicated that CD62E may be regulated by CSE and affects the P65 pathway in NP cells.
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FIGURE 4. Blocking CD62E influences inflammatory NP cells. (A) Representative western blot images and (B) quantification of effect of blocking CD62E in NP cells. (C–J) RT-PCR measurement of mRNA levels of ECM-encoding genes, ECM-degrading genes, and secreted inflammatory factors. (K) Representative western blot images of CSE, CD62E, P65, p-P65, and VEGF-A and (L,M) quantification (IL-1β). (N) Representative western blot images of CSE, CD62E, P65, p-P65, and VEGF-A and (O,P) quantification (TNF-α).




Effects of Cystathionine-γ-Lyase on Nucleus Pulposus Cell Inflammation and Extracellular Matrix by CD62/P65 Inhibition

To examine the anti-inflammatory effect of CSE, we overexpressed it in NP cells via AV-CSE and confirmed successful transfection (MOI = 100) (Supplementary Figure 2A). CSE overexpression exhibited good therapeutic efficacy against inflammation and ECM degeneration. It downregulated MMP-3/9/13 and COL1A1, upregulated COL2A1, and downregulated proinflammatory factor gene levels (Figures 5A–J). While CD62E, p-P65, and VEGF-A levels were promoted by inflammatory irritation, they were significantly inhibited by AV-CSE treatment (Figures 5K–P). Hence, the CD62E and NF-κB pathways in the NP cells might be regulated by CSE. To assess the association between CSE and P65, we detected P65 activation in NP cells induced by IL-1β or TNF-α. P65 is a nuclear factor that exerts transcriptional activity by translocating to the nucleus and phosphorylating to induce its downstream genes expression. IF images showed that P65 is normally distributed in the cytoplasm rather than the nucleus (NC group) and translocated to the nucleus only after inflammatory irritation. Similarly, phosphorylated P65 was mainly detected in the nucleus after inflammatory stimulation. However, nuclear translocation and phosphorylation of P65 induced by inflammatory stimulation were significantly inhibited by AV-CSE (Figures 5Q,R and Supplementary Figure 3). In addition, the suppression effect of vascular function by AV-CSE was also verified. Figure 6 shows that EPCs cultured in AV-CSE NP conditioned medium (DMEM/F12 with IL-1 ith IL-l-CSE) presented with reduced angiogenesis and migration compared with EPCs cultured in the inflammatory NP-conditioned medium. Thus, CSE could effectively regulate inflammation and vascular function in IDD progression.
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FIGURE 5. Cystathionine-γ-lyase overexpression inhibits CD62E and NF-κB signaling pathways in NP cells. (A) Representative western blot images and (B) quantification of effect of CSE overexpression in NP cells. (C–J) RT-PCR measurement of mRNA levels of ECM-encoding genes, ECM-degrading genes, and secreted inflammatory factors. (K) Representative western blot images of CSE, CD62E, P65, p-P65, and VEGF-A and (L,M) quantification (IL-1β). (N) Representative western blot images of CSE, CD62E, P65, p-P65, and VEGF-A and (O,P) quantification (TNF-α). (Q) IF analysis of P65 and (R) p-P65 after IL-1β treatment. White scale bar: 50 μm.
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FIGURE 6. Cystathionine-γ-lyase overexpression in NP cell inhibits vascular function. (A) Bright-field images of migrated EPCs after incubation with IL-1β and (B) quantification by ImageJ. (C) Calcein-AM IF images of EPC tube formation assay after incubation with IL-1β and (D) quantification by ImageJ. (E) Bright-field images of migrated EPCs after incubation with TNF-α and (F) quantification by ImageJ. (G) Calcein-AM IF images of EPC tube formation assay after incubation with TNF-α and (H) quantification by ImageJ. Black scale bar: 100 μm. Yellow scale bar: 200 μm.




Cystathionine-γ-Lyase Overexpression Alleviates Intervertebral Disc Degeneration Degradation in a Rat Intervertebral Disc Degeneration Model

To investigate the roles of CSE in IDD pathogenesis in vivo, a rat IDD model was induced by disc puncture and subjected to the foregoing treatments. After the surgical procedure, protein-level CSE overexpression in IVD was verified by western blot and IHC (Supplementary Figures 2C–E). MRI scans of the model IVD were performed at 2 and 4 weeks postoperatively. MRI images of the IDD + AV-GFP group revealed degenerative changes in the IVD and altered coccygeal intervertebral disc structures after surgery. By contrast, the IDD + AV-CSE group presented with a noticeable amelioration of the IDD (Figures 7A,B). Relative to the Sham group, there were no significant changes in the IVDs injected with AV-GFP alone. Hence, the adenovirus vector injection was not injurious to the NP tissues. H&E and Safranin O/Fast Green staining displayed a range of postoperative morphological changes. Post-surgery ECM reduction and aggravation of fibrosis in NP significantly decreased after the AV-CSE injections (Figures 7C,D). Besides, the expression of MMP-3 and MMP-13 was significantly decreased in the IDD + AV-CSE group compared to the IDD + AV-GFP group (Figures 7E–G). CD31 IF staining showed prominent blood vessel architecture and vascular invasion in the IDD + AV-GFP group NP tissue and suppression of these disease progression symptoms by AV-CSE (Figure 7H). Thus, CSE overexpression in the IVD mitigated inflammation and vascular invasion and impeded IDD progression.
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FIGURE 7. Effects of AV-CSE on rat IDD model. (A) T2-weighted MRI images of rat tail at 2 and 4 weeks post-surgery (red boxes: needle-puncture disc locations). (B) Pfirrmann MRI scores (n = 6). (C) Representative H&E and (D) Safranin O/Fast Green staining images. (E) IHC images of MMP-3 and MMP-13 and (F,G) quantification. (H) CD31 IF images. Black scale bar: 100 μm. White scale bar: 500 μm.




CD62E Overexpression Aggravates Intervertebral Disc Degeneration Degradation in a Rat Intervertebral Disc Degeneration Model

CD62E activation promoted inflammation in NP cells. To examine the roles of CD62E in IDD pathogenesis in vivo, we subjected rat’s NP tissue to Sham, AV-GFP, or AV-CD62E treatment. The MRI images in Figures 8A,B show that the vertebral discs in the AV-CD62E group were significantly degenerated compared to the others. H&E and Safranin O/Fast Green staining disclosed IDD deterioration in rats administered AV-CD62E by IVD injection (Figures 8C,D). Moreover, MMP-3 and MMP-13 were strongly upregulated in the AV-CD62E group, which presented with ECM decomposition and exacerbation of fibrosis (Figures 8E–G). CD31 IF staining revealed that blood vessels were far more distributed in the AV-CD62E group NP tissue than the AV-GFP or Sham group (Figure 8H). The foregoing results demonstrated that CD62E may aggravate IDD.
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FIGURE 8. Effects of AV-CD62E on rat IDD model. (A) T2-weighted MRI images of rat tail at 2 and 4 weeks post-surgery (red boxes: needle-puncture disc locations). (B) Pfirrmann MRI scores (n = 6). (C) Representative H&E and (D) Safranin O/Fast Green staining images. (E) IHC images of MMP-3 and MMP-13 and (F,G) quantification. (H) CD31 IF images. Black scale bar: 100 μm. White scale bar: 500 μm.





DISCUSSION

Conservative and drug therapies may be preferable in early-onset IDD. However, clinical trials have shown that surgery is an efficacious method of treating this disorder (Wu et al., 2020). The foregoing therapeutic measures have numerous limitations and side effects in the long term (Guterl et al., 2013). Furthermore, they only focus on alleviating the clinical symptoms of IDD rather than retarding IVD degeneration (van Uden et al., 2017). Hence, the pathological processes and mechanisms of IDD have become research hotspots and are potential targets for IDD drug therapy. To the best of our knowledge, the present study is the first to report that CSE and CD62E regulate NF-κB (P65) and VEGF-A expression and modulate IDD progression.

Intervertebral disc inflammation is a major molecular mechanism in IDD progression. Several factors contribute to the inflammatory environment of the IVD, including inflammatory factor stimulation (Podichetty, 2007; Wang et al., 2020), inflammatory macrophage activity (Vizcaíno Revés et al., 2020; Li et al., 2021), abnormal glucose metabolism (Qi et al., 2019; Shan et al., 2019; Silagi et al., 2020), and oxidative stress (Feng et al., 2017a,b; Kang et al., 2020), and so on. In the present study, IL-1β and TNF-α were used to induce NP cells and simulate the inflammatory disc environment (Wang et al., 2017, 2020). The regulatory relationships among CSE/CD62E/NF-κB (P65)/VEGF-A were then demonstrated at the protein levels under different intervention conditions (CSE overexpression, CD62, and NF-?B inhibition). CSE is a key protein that may inhibit the activation of downstream inflammatory pathways and, by extension, alleviate IVD inflammation. We also measured gene- and protein-level expression of MMPs, COL I, and COL II which reflect NP cell anabolism, under various conditions. NP cell ECM anabolism and function are recovered by upregulating CSE and inhibiting CD62/NF-κB (P65). This discovery confirmed that the foregoing pathway mitigates IVD inflammation and recovers the physiological function of NP cells. The MRI and IHC outcomes of our in vivo experiments validated our hypothesis. The deterioration of the rat disc IDD model was significantly ameliorated by the AV-CSE treatment compared to the IDD + AV-GFP group. By contrast, AV-CD62E administration exacerbated IDD progression. Hence, CSE could effectively treat IDD, whereas CD62E might initiate the inflammatory response.

Microvessel invasion in IVD is also a critical factor in IDD progression (Sakai and Grad, 2015; Oichi et al., 2020) and may be associated with intervertebral disc herniation and VEGF expression (Kokubo et al., 2008). Blood vessel emergence in the NP tissue might recruit proinflammatory cells and constitutes an auto-immune response of the NP (Sun et al., 2020). It also aggravates oxidative stress and accelerates IVD degeneration. Here, we performed several experiments on EPCs to determine whether CSE protein regulates vascular function. The results of the in vitro assays revealed that CSE effectively downregulated VEGF-A in NP cells and inhibited angiogenesis and migration in EPCs. The in vivo assays disclosed that the vascular function marker CD31 was significantly downregulated in the IDD model rat NP tissue after CSE adenovirus treatment. Therefore, CSE might be a therapeutic target for inhibiting vascular invasion in IDD.

There were certain limitations to the present research. In our previous study, we proposed that the presence of CSE was strongly associated with suppression of the CD62E/NF-κB (P65)/VEGF-A pathway. However, the specific mechanisms and target locations of these pathways in IDD pathogenesis and the involvement of CSE in other IDD-related signaling pathways remain to be established. IDD-associated research has achieved many impressive results. Nevertheless, it is difficult to intervene in clinical IVD cases and the practical application of CSE therapy for IDD might be challenging.

Despite these difficulties, it is undeniable that our current research on the mechanism of IDD has laid the foundation for the development and optimization of efficacious, innovative treatments for IDD degenerative disease. In this study, CSE exhibited potent anti-inflammatory efficacy, whereas CD62E activated the inflammatory environment. Subsequent in vitro and in vivo assays showed that CSE overexpression inhibited the CD62E-NF-κB (P65) pathway activation and downstream inflammatory factor secretion (VEGF-A, ILs, COX-2, and MMPs). These effects improved IDD by reducing inflammatory irritation, ECM decomposition, and microvascular invasion in the NP tissue (Figure 9). In conclusion, CSE protein simultaneously downregulated CD62E and blocked the NF-κB (P65) pathways in IVD. Hence, it may impede the progression of IDD. The encouraging results of this pilot study indicate that the pathways regulated by CSE are promising candidate targets for clinical IDD therapy.


[image: image]

FIGURE 9. Schematic illustration of mitigation of inflammation, microvascular invasion, and ECM decomposition in IDD progression mediated by AV-CSE treatment.
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Spinal cord injury (SCI) is a devastating disease leading to loss of sensory and motor functions, whose pathological process includes mechanical primary injury and secondary injury. Macrophages play an important role in SCI pathology. According to its origin, it can be divided into resident microglia and peripheral monocyte-derived macrophages (hematogenous Mφ). And it can also be divided into M1-type macrophages and M2-type macrophages on the basis of its functional characteristics. Hematogenous macrophages may contribute to the SCI process through infiltrating, scar forming, phagocytizing debris, and inducing inflammatory response. Although some of the activities of hematogenous macrophages are shown to be beneficial, the role of hematogenous macrophages in SCI remains controversial. In this review, following a brief introduction of hematogenous macrophages, we mainly focus on the function and the controversial role of hematogenous macrophages in SCI, and we propose that hematogenous macrophages may be a new therapeutic target for SCI.
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BACKGROUND
Spinal cord injury (SCI) used to be considered a traumatic disease that mostly occurs in the youth (Pickett et al., 2006; Niemeyer et al., 2020). However, the incidence of SCI among the elder people has gradually increased in recent years due to the aging of the population (Wilson et al., 2020). It is estimated that 270,000 people suffer from SCIs in the United States (DeVivo and Chen 2011; Selvarajah et al., 2014). SCI patients may experience two stages: the acute stage and the chronic stage (Oyinbo 2011). Recent therapies for SCI include pharmacological therapies, genetic therapies, cell therapies, and endocrine therapies (Samantaray et al., 2016; Przekora and Juszkiewicz 2020).
Notably, macrophages are related to all these therapies (Popovich 1999; Shechter 2009; Greenhalgh and David 2014; Chen et al., 2021; Zheng et al., 2021), which may be attributed to their different performances in the acute phase and chronic phase. When SCI happens, there are two groups of macrophages participating in the pathophysiological process. The first group is “microglia,” which is regarded as a tissue resident macrophage, and the other one is hematogenous macrophage, which is derived from monocytes circulating in the peripheral vessel (Hanisch and Kettenmann 2007; Daneman 2018; Li and Barres 2018). Hematogenous macrophages infiltrate from the periphery to the lesion site after SCI, through the damaged blood–spinal barrier and blood vessels (Hao et al., 2021). Their phenotypes will change dynamically, which may further modulate the inflammation, phagocytosis, scar formation, and regeneration of SCI (Sica 2015; Kong and Gao 2017). Current studies have shown that macrophages have advantages in that they can reduce spinal cord inflammation and phagocytize tissue debris (Lech and Anders 2013) in preparation for nerve regeneration and matrix remodeling. However, uncontrollable inflammatory response that they bring can cause secondary damage and can impair long-lasting recovery (Shechter et al., 2011; Zhu 2015).
In this review, we will summarize the recent advances about hematogenous macrophages, for the purpose of discovering a new therapeutic target for SCI.
HEMATOGENOUS MACROPHAGES ARE DIFFERENT FROM MICROGLIA
Hematogenous Macrophage’s Origin and Development
Hematogenous macrophages are derived from monocytes. Bone marrow and the spleen are recently reported to be the two main origins of hematogenous macrophages (Ren and Young 2013; Swirski et al., 2014). Bone marrow-derived monocytes are defined as three subtypes in humans, which includes classical CD14++CD16−CCR2+, intermediate CD14++CD16+CCR2+, and nonclassical CD14+CD16++CCR2− monocytes (Urbanski et al., 2017; Shang et al., 2021). The transformation of monocytes into macrophages and migration to tissues depends on inflammatory circumstance (Figure 1).
[image: Figure 1]FIGURE 1 | It concisely shows the development process of the monocyte-derived macrophages from bone marrow to injured spinal cord. Monoblasts, origin from the bone marrow, circulate in the blood normally. When inflammation happens, various molecules are released to induce and transform hematogenous macrophages into two types, playing mostly different roles in spinal cord injury (SCI).
The spleen is now regarded as another major resource of monocytes. Blomster indicated that hematogenous macrophages mainly originate from splenic monocytes at the first 7 days post-injury (Blomster et al., 2013). Though splenic monocytes cannot be distinguished from counterparts that circulate in the blood vessels (Daneman 2018), further experiments found that they were spleen-resident monocytes rather than passing through the spleen within blood (Swirski and Nahrendorf 2009). Splenic monocytes can be divided into two subtypes including pro-inflammatory Ly-6C+ and anti-inflammatory Ly-6C−. After splenectomy, there is a reduction by about 75% of Ly-6C+ monocytes at the margin of myocardium infarction, which gave evidence that splenic macrophages play a critical role in inflammatory sites (Swirski and Nahrendorf 2009). What is more, according to the different anatomical parts of spleen, there are three different subsets of macrophages, namely, red pulp macrophage (RpMφ), marginal metallophilic macrophage (MMMφ), and marginal zone macrophage (MZMφ) (Mebius and Kraal 2005). They recognize aging or apoptotic red blood cells and eliminate them through SIRPα binding with CD47, as well as participate in pathogen-induced immune response (Burger et al., 2012). However, the relationship between spleen and SCI is unclear and still need further researches.
In physiological conditions, hematogenous macrophages make less contribution to tissue-resident macrophages than in pathological conditions (Hashimoto and Chow 2013). Hematogenous macrophages may infiltrate in different tissues in various situations, and this process is regulated by different secreted bioactive substances and enzymes (Margeta et al., 2018). For instance, in the breast tumor region lacking blood vessels, tumor cells may release cytokines such as vascular endothelial growth factor (VEGF), IL-8, and TGF-β to attract macrophages due to hypoxia, thus enabling them to play a role in promoting angiogenesis in tumor tissue (Kuroda and Jamiyan 2021). In obesity condition, insulin resistance may induce the increased expression of monocyte chemotactic protein 1 (MCP1), thereby promoting macrophage infiltration and inflammation in adipose tissue (Shimobayashi et al., 2018). In addition, during tissue hypoxia, the expression of activating transcription factor 4 (ATF4) increased, promoting the infiltration of M2 macrophages (Xia et al., 2017). In the SCI, pro-inflammatory cytokines such as IL-β, TNF-α, and IL-6, which are released by activated microglia cells (Jeong 2010), may promote the infiltration of hematogenous macrophages to the injury site.
Microglia’s Origin and Development
“Microglia” is different from “hematogenous macrophages,” regarded as tissue-resident macrophages to participate in homeostasis in the central nervous system (CNS) (Zhao et al., 2018). Microglia and hematogenous macrophages have similar morphology and are both involved in serial pathological processes of SCI such as inflammation phagocytosis and ischemic reperfusion injury (Nakajima et al., 2020). However, they also have many differences in origin, biological markers, and functions (Daneman 2018; Watanabe et al., 2019).
Distinct from hematogenous macrophages, microglia originates from the yolk sac of the embryo (Ginhoux and Guilliams 2016) and apparently is generated earlier than hematogenous macrophages (Gomez Perdiguero et al., 2013). Microglia is found mainly in immunologically privileged sites such as the brain, spinal cord, and eyeball (Morganti-Kossmann et al., 2007). Microglia dynamically detects surrounding microenvironment without interfering with neuronal activities (Prinz et al., 2021). It can be the first to be activated when small blood vessels and parenchyma are damaged due to acute or chronic injury (Denes et al., 2007), followed by infiltration of hematogenous macrophages (Feng et al., 2018). Meanwhile, some studies have shown that the distribution of these two types of macrophages after infiltration is different. Microglia cells are distributed in the epicenter and edge of the lesion, while most hematogenous macrophages remained at the edge of the injury center (Shechter 2009) (Table 1).
TABLE 1 | Distinction between hematogenous macrophage and microglia.
[image: Table 1]HEMATOGENOUS MACROPHAGES PARTICIPATE IN SPINAL CORD INJURY PATHOLOGY
Inflammation
Inflammation is the most important pathological process after SCI with complex mechanism (Perdiguero et al., 2011). Damaged tissue fragments, nucleotide-binding oligomerization domain (NOD) (Inohara and Nunez 2003), and heat shock proteins (HSPs) (Khandia et al., 2017) act as inflammatory stimulus, which work on Toll-like receptors (TLRs) (Gao et al., 2021) and mannose receptors (Zhou et al., 2018). Under the synergistic effect of the above factors, hematogenous macrophages are recruited from the peripheral through the damaged blood–spinal barrier (Gensel and Zhang 2015).
So far, two phenotypes of hematogenous macrophages have been described: M1 and M2. M1 macrophages are firstly polarized under the stimulation of TNF-α, IL-β, and lipopolysaccharide (LPS) in the early phase of inflammation (Sica 2015). Meanwhile, they release inflammatory cytokines like IL-β,TNF-α, IL-6 (Jeong 2010), chemokines (CCL8, CCL9, and CCL15) (Boche et al., 2013), inducible nitric oxide synthase (iNOS), and cox-oxidase (COX) (Han et al., 2019). All the above can be regarded as characteristics of M1 macrophages. Meanwhile, M1 macrophages showed stronger phagocytosis and antigen-presenting ability, which could eliminate the necrotic cells (Hou et al., 2020). However, excessive secretion of pro-inflammatory cytokines, reactive oxygen species (ROS), and reactive nitrogen species (RNS) after M1 cell polarization can impair neurons and glia and even cause more serious neuron apoptosis (Block et al., 2007).
M2 macrophages are stimulated mainly by IL-4, IL-10, and TGF-β (Mills 2012), which can inhibit the apoptosis of neurons and inflammatory reaction, which consequently promotes the repair of nerve tissue (Zhang et al., 2020). They have lower expression of the pro-inflammatory factors as compared with M1 macrophages (Motwani and Gilroy 2015). M2 macrophages can be divided into four subtypes according to different cell definition markers: M2a, M2b, M2c, and M2d. M2a macrophages can be marked by CD206, CD209, arginase-1, and YM1, which contribute to remyelination and reduction of dieback (Novak and Koh 2013). M2b macrophages are also called regulatory macrophages (Mregs), expressing CD86 and CD64. Different from other subtypes, they have both anti-inflammatory and pro-inflammatory functions (Nakai 2021). M2c macrophages can express CD163, CD206, and CCR2. They function as debris scavenging and remyelination (Novak and Koh 2013). M2d is typically regarded as tumor-associated macrophage (TAM), expressing vascular endothelial growth factor (VEGF) and promoting angiogenesis and tumor growth (Kuroda and Jamiyan 2021).
Phagocytosis
Hematogenous macrophages detect, engulf, and digest cellular and tissue debris in the process of phagocytosis (Jain et al., 2019). Fragments persist longer in hematogenous macrophages, which shows hematogenous macrophages have less efficient phagocytic capability and are more susceptible than microglia (Greenhalgh and David 2014). Myelin debris are inflammatory stimuli and neural outgrowth inhibitors generated after SCI; they also contain high amounts of lipid (Dimas et al., 2019). Foamy macrophage is another phenotype of hematogenous macrophage after phagocytizing myelin lipid. Studies recently have demonstrated that foamy macrophage may lose the capacity to phagocytize apoptotic cells and promote the release of pro-inflammatory cytokines (Wang 2015). Kong et al. indicated that macrophage scavenger receptor 1 (MSR1) participated in the formation of foamy macrophages accompanied with activating the NF-κB signaling pathway (Kong et al., 2020).
Furthermore, studies have shown that phagocytosis may have different effects in SCI. On the positive side, phagocytosis can provide a suitable environment for remyelination via receptor-mediated phagocytosis (McKerracher and Rosen 2015), because myelin debris produce regeneration inhibitors and inflammatory stimulus (He and Koprivica 2004). On the negative side, phagocytosis may lead to axonal dieback. Cx3cr1+/GFP hematogenous macrophages are involved in the process by directly contacting injured axons (Evans et al., 2014). What is more, Popovich et al. indicated that depleting hematogenous macrophages by clodronate liposomes decreased axonal dieback (Popovich 1999).
Glial Scar Formation
Astrocyte-producing chondroitin sulfate proteoglycans (CSPGs) contribute to the glial scar formation after SCI (Haan et al., 2015; Vismara et al., 2020). Researchers believe that an interaction exists between macrophages and CSPGs, because there are similar temporal and spatial characteristics between them (Song et al., 2019). Compared with normal mice, scar tissue in genetically engineered mice without macrophages was significantly reduced (Martin et al., 2003). In addition, scar formation is related to the macrophage subtypes (Hesketh et al., 2017). M1 macrophages show anti-fibrotic behavior but promote inflammation (Sun et al., 2020), while M2 macrophages induce scar formation on account of TGF-β secretion (Song 2019). Scar tissue has shown different effects after SCI. In the acute phase, scar tissue acts as a barrier to restrict the inflammation. This process can be dependent on STAT3 signaling pathway within astrocytes, while STAT3-deficient mice failed to corral inflammation (Wanner et al., 2013). Sahni et al. have indicated that bone morphogenetic protein receptor Ia (BMPRIa) contributes to gliosis and that BMPRIa ablation leads to less axon density and worse locomotor recovery after SCI (Sahni et al., 2010). In the chronic phase, the scar starts to show detrimental effects as a barrier for axonal regrowth (Dias 2018). Undesirable regenerative conditions can be attributed to the hostile scar tissue rather than the limited regeneration capacity of axons (Tom et al., 2004). Leukocyte common antigen-related phosphatase (LAR) is highly correlated with CSPGs in scar tissues. Xu et al. have indicated that LAR knockout mice show improvements in not only axonal regeneration but also functional recovery (Xu et al., 2015). What is more, type A pericytes, a subset of perivascular cells, have now come into view regarding their contribution to extracellular matrix deposition and scar composition (Picoli et al., 2019). Dias et al. have indicated that moderate inhibition of pericyte-derived scar formation can facilitate wound healing integrity as well as axonal regeneration (Dias 2018).
Regeneration
As mentioned above, macrophage-induced inflammation, phagocytosis, and scar formation are all like double-edged swords to SCI recovery. Likewise, regeneration can also be attributed to macrophage phenotypes (Wu et al., 2015; Zrzavy et al., 2021). From the perspective of macrophage phenotypes, it has been clear that macrophages can be activated into M1 and M2, and simply reducing macrophages without differentiating phenotypes at the damaged site is not conducive to the regeneration (Shechter 2009; Miron et al., 2013). When circulating pro-inflammatory M1 macrophages are eliminated, inflammation is attenuated and neuroprotective effects are shown (Jay 2015; Wang et al., 2019). However, Ma and colleagues demonstrated that M2 macrophage transplantation contributed to a better preservation of myelinated axons. What is more, M2 expresses fibroblast growth factor (Fgf2) and insulin-like growth factor-1 (Igf1) to stimulate angiogenesis, which is a crucial element to provide an environment promoting nerve regeneration (Jetten et al., 2014; Hu et al., 2019). Likewise, the p38/MAKP-1 pathway is involved in the transition of macrophages from an “inflammatory” to “anti-inflammatory” role, impairing inflammation and ameliorating the tissue repair (Song et al., 2021).
CONTROVERSY OVER THE TREATMENT OF SPINAL CORD INJURY BY HEMATOGENOUS MACROPHAGES
Due to the contradictory views on the influences of hematogenous macrophages in SCI, researchers are divided into two groups. They hold different views that infiltrating hematogenous macrophages after SCI have beneficial and detrimental effects. These views are listed as follows.
Hematogenous Macrophages May Inhibit Spinal Cord Injury Repair
Numerous studies demonstrated that reducing infiltration of hematogenous macrophages or clearing them at the injured site promotes the recovery of SCI.
Based on the previous evidence that macrophages are related to secondary damage, Blight conducted an experiment by injecting silica dust into animals at 2 days after SCI, which shows less vascularization of the lesion (Blight 1985). What is more, Popovich intravenously injected clodronate liposome to deplete hematogenous macrophages, which led to a reduction of infiltrating macrophages at the damaged edge. As a result, it decreased the tissue cavity in lesion and promoted the recovery of motor function (Popovich 1999). Arising from the hypothesis that macrophages may participate in scar formation, Zhu and colleagues applied the same approach with Popovich, getting the result that the density of neurofilament axon increased as compared with control group (Zhu 2015).
Instead of depleting hematogenous macrophages, Gris and colleagues chose the CD11d monoclonal antibody (mAb) to delay macrophage’s infiltration and to interfere with the early inflammatory response; the results showed that necrotic debris are significantly reduced and long-lasting sensorimotor function is improved. Compared with Popovich’s experiment, this method does not affect later aggregation of macrophages crucial for regeneration (Parvin et al., 2021). Besides the methods above, Mabon used an antibody to block the binding of αDβ2–VCAM1 in order to reduce recruitment of macrophages and neutrophils (Mabon 2000). Adiponectin, a hormone secreted by adipocytes, is also able to inhibit macrophage recruitment as well as its mediated neuroinflammation (Zhou 2019). Likewise, MCP-1 (Yang et al., 2018), TNF-α, and macrophage inflammatory protein 1 (MIP) (Maurer and von Stebut 2004) may also cause the infiltration of hematogenous macrophages. Inhibiting the infiltration of hematogenous macrophages shares the same results in that they controlled the inflammation and reduced myelin lipid accumulation, which can have potential for long-lasting sensorimotor function recovery in SCI (Huang 2019).
Hematogenous Macrophages Promote Spinal Cord Injury Repair
However, different from the above, many studies have demonstrated that hematogenous macrophages alleviate SCI.
Kobayakawa indicated that recruiting hematogenous macrophages to the lesion epicenter by high concentration of complement C5a leads to a lower incidence of axonal dieback and improvement of recovery, because after epicenter-directed accumulation, there will be less scattering hematogenous macrophages in lesions, which used to widely come into contact with neuron and cause axonal dieback (Kobayakawa 2019). In addition, hematogenous macrophages can secrete exosomes containing IL-10. Exosomes not only promote the polarization of anti-inflammatory microglia but also have neuroprotective effects and induce autophagy by downregulating the PI3K/AKT/mTOR signaling pathway (Huang 2019). Since M2 macrophages can produce anti-inflammatory cytokines and promote angiogenesis, Chen et al. adopted the method of transferring M2 to the injured spinal cord, which promoted neural development of injured spinal cord and inhibited neuronal death by regulating nucleoli and ribosome biogenesis (Chen et al., 2019). Similarly, in retinal injury, the direct transfer of naive monocytes to the injured mice also promotes neuroprotection and the renewal of retinal progenitor cells (London et al., 2011).
The above researches show the advantages of the infiltration of hematogenous macrophages; other researchers also have the same view by blocking the infiltration of hematogenous macrophages. For instance, interaction of monocyte chemoattractant protein-1 (MCP-1) with CCR2 is involved in the initial recruitment of hematogenous macrophages to the lesion (Zhang et al., 2021). When CCR2 was blocked, there was less infiltration of hematogenous macrophages, which leads to more myelin loss and worse recovery (Daneman 2018). What is more, Wattananit found that depleting hematogenous macrophages in the 7 days post-injury attenuates expression of anti-inflammatory gene like Ym1, TGF-βand CD163, while pro-inflammatory effects induced by microglia were increased (Wattananit et al., 2016) (Table 2).
TABLE 2 | Different treatments towards hematogenous macrophages.
[image: Table 2]Analysis of Causes of the Controversy
In this review, we discuss a number of experiments about hematogenous macrophages in SCI, which reflect the pathophysiological role of hematogenous macrophages likes a “double-edged sword.” In fact, it is because the polarization and executive functions of hematogenous macrophages are time-dependent and dynamically changing while infiltrating into the lesion location. At 3 days post-injury, hematogenous macrophages begin to infiltrate the injured site and then dominate the lesion core (Longbrake et al., 2007). At 7 days after SCI, the number of M2 macrophages peaked. However, the degree of infiltration gradually decreased till 14 dpi, which can be attributed to lipid accumulation of myelin fragments (Wang 2015). Beck et al. found that this decrease was not permanent and that the second wave of increase in hematogenous macrophages happened from 14 to 60 dpi. They also have a hypothesis that the hematogenous macrophage response of this phase plays a critical role in preventing further loss of function (Beck et al., 2010). However, the macrophages’ role after 60 dpi is unclear.
What is more, polarization of hematogenous macrophages occurs during this dynamic process. The researchers advocating the elimination of hematogenous macrophages are focusing on detrimental effects, which are mediated by M1 macrophages, such as inflammation (Gris 2004; Arafah et al., 2019). Others advocating the benefits of hematogenous macrophages have paid attention to the anti-inflammatory and regenerative effects of M2 macrophages (Kobayakawa 2019). The transformation of hematogenous macrophage subtypes is considered to be a key therapeutic target (Novak and Koh 2013). But the transformation will not take place spontaneously, as the injured lesion microenvironment is more suitable for the survival of M1 rather than M2 (David et al., 2015). Thus, scientists are now trying to promote M2 macrophage polarization to secure SCI; here are the studies that have been reported up to now.
For example, mTOR and peroxisome proliferator-activated receptor-γ (PPARγ) are involved in metabolic programs of anti-inflammatory macrophages, which can promote the polarization of M2 macrophages. Inhibition of mTOR leads to a decreasing expression of PPARγ, thereby inhibiting polarization of M2 macrophages (Kang et al., 2018). Signal transducer and activator of transcription 6 (STAT6) is proved to participate in the progress of the infiltration as well as the polarization of M2 macrophages, which is a potential therapy for SCI (Zhou et al., 2020). Thus, Yao et al. used an immune inhibitory receptor called programmed cell death 1 (PD-1) to induce the phosphorylation of STAT6, which brings positive effects like removing debris and facilitating tissue repair (Yao et al., 2014). Liu et al. first established that the inhibited expression of gene PTEN in macrophages resulted in increased M2 polarization. Inhibiting PTEN by bovine papillomavirus (bpV) shows satisfactory effects including promoting axonal outgrowth and improving tissue sparing in vivo after SCI (Liu et al., 2019). What is more, Grb1/2-associated binder (Gab) proteins are components in response to various extracellular stimuli, which are a determinant in M2 macrophage polarization. Deficiency of Gab1/2 attenuates macrophage sensitivity to IL-4 and leads to a depression in M2 polarization (Guo et al., 2017). Researchers also indicated that local injection of brain-derived neurotrophic factor (BDNF) can activate the polarization of M2 macrophages via IL-10 and IL-13, which attenuates inflammatory microenvironment. Meanwhile, BDNF has also shown its contribution to synaptic plasticity and axon regeneration in SCI by the high-affinity TrkB receptor (Ji et al., 2015). Nuclear factor-kappaB (NF-κB) is a major pro-inflammatory regulator of macrophages. Parthenolide is the principal active ingredient of herbs, which can inhibit NF-κB pathway to promote M1 transfer to M2. This treatment shows suppressed glial scar formation and inhibition of demyelination (Gaojian et al., 2020). Ma et al. indicated that implanting in vitro-polarized M2 macrophages directly to the lesion site will be a better method, which inhibits ROS production and promotes regeneration (Ma et al., 2015), because they think it is too late for transferred cells to reach the lesion site when the blood–brain barrier has been closed (Hu et al., 2012). Obviously, the above methods can increase the proportion of M2 macrophages to achieve a significant therapeutic effect. It is believed that in the future it will be a principle to promote M2 macrophage polarization in clinical treatment for SCI.
SUMMARY AND PERSPECTIVES
To sum up, the infiltrating and polarizing hematogenous macrophages show different functions at different times and states. As mentioned above, targeting infiltrating macrophages to treat SCI will be a major trend in the future. Simply clearing or promoting macrophages is not beneficial. The key is how to properly regulate their phenotypes. However, the methods for regulating polarization of hematogenous macrophages are still limited. It is necessary to find more ways to properly regulate the hematogenous macrophages after SCI. By then, there will be more evidences on the roles of macrophages in the treatment of SCI.
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Overactivated inflammation and catabolism induced by proinflammatory macrophages are involved in the pathological processes of intervertebral disc (IVD) degeneration (IVDD). Our previous study suggested the protective role of inhibiting heat shock protein 90 (HSP90) in IVDD, while the underlying mechanisms need advanced research. The current study investigated the effects of HSP90 inhibitor 17-AAG on nucleus pulposus (NP) inflammation and catabolism induced by M1-polarized macrophages. Immunohistochemical staining of degenerated human IVD samples showed massive infiltration of macrophages, especially M1 phenotype, as well as elevated levels of interleukin (IL)-1β, tumor necrosis factor (TNF)-α and matrix metalloproteinase (MMP)13. The conditioned medium (CM) of inflamed NP cells (NPCs) enhanced M1 polarization of macrophages, while the CM of M1 macrophages but not M2 macrophages promoted the expression of inflammatory factors and matrix proteases in NPCs. Additionally, we found that 17-AAG could represent anti-inflammatory and anti-catabolic effects by modulating both macrophages and NPCs. On the one hand, 17-AAG attenuated the pro-inflammatory activity of M1 macrophages via inhibiting nuclear factor-κB (NF-κB) pathway and mitogen-activated protein kinase (MAPK) pathways. On the other hand, 17-AAG dampened M1-CM-induced inflammation and catabolism in NPCs by upregulating HSP70 and suppressing the Janus kinase 2 (JAK2)-signal transducer and activator of transcription 3 (STAT3) pathway. Moreover, both in vitro IVD culture models and murine disc puncture models supported that 17-AAG treatment decreased the levels of inflammatory factors and matrix proteases in IVD tissues. In conclusion, HSP90 inhibitor 17-AAG attenuates NP inflammation and catabolism induced by M1 macrophages, suggesting 17-AAG as a promising candidate for IVDD treatment.
Keywords: intervertebral disc degeneration, nucleus pulposus cell, macrophage, inflammation, heat shock protein 90, 17-AAG
INTRODUCTION
Intervertebral disc (IVD) degeneration (IVDD) is a chronic, progressive disorder highly associated with low back pain (LBP). The microenvironment of degenerated IVD is featured with chronic inflammation, which contributes heavily to IVDD progression and LBP development (Risbud et al., 2014). Numerous studies supported the positive association between the levels of pro-inflammatory cytokines (such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, IL-6, IL-8, etc.) and the degree of IVDD (Lyu et al., 2021). Overactivated inflammation decreases the quantity and quality of IVD cells, and breaks the anabolic and catabolic balance of extracellular matrix (ECM) dynamics, resulting in structural and functional failures of IVD (Khan et al., 2017).
Macrophages, a class of immune effector cells present in multiple tissues, develop from circulating monocytes, and participate in inflammatory cascades (Murray et al., 2011). Under different stimuli, macrophages are polarized towards distinct phenotypes and exhibit distinct functions. Classically activated macrophages (M1 macrophages) work as powerful producers of multiple inflammatory cytokines, and mediate anti-infection and anti-tumor immunity. Alternatively activated macrophages (M2 macrophages) exert anti-inflammatory or immunoregulatory effects and enhance wound healing activities (Mosser and Edwards, 2008). The classical theory presumed that IVD is an immune-privileged organ, and circulating immune cells rarely influence the physiology and pathology of IVD. However, emerging evidence supported that macrophages could be recruited into IVD regions, especially in degenerated or herniated IVD tissues (Shamji et al., 2010).
Heat shock protein 90 (HSP90), a family of highly conserved molecular chaperones, modulates the biological activities of client proteins, thereby regulating various cellular processes, including growth, survival, differentiation and proteostasis (Schopf et al., 2017). Our previous study reported that HSP90 inhibition prevented compression-induced nucleus pulposus (NP) stem cells (NPSCs) death (Hu et al., 2020). Moreover, inhibiting HSP90 could impede cellular inflammation responses by not only activating anti-inflammatory effector HSP70 but also modulating client proteins degradation to suppress inflammatory signaling cascades (Tukaj et al., 2016). The chaperone function of HSP90 plays a vital role in the activation of Janus kinase 2 (JAK2)-signal transducer and activator of transcription 3 (STAT3) pathway, which is involved in the inflammation and catabolism of IVD cells (Marubayashi et al., 2010; Suzuki et al., 2017). Correspondingly, anti-HSP90 therapy emerged as a potential strategy to reverse the pro-inflammatory phenotype in multiple autoimmune/inflammatory diseases, such as rheumatoid arthritis (Rice et al., 2008), autoimmune dermatitis (Tukaj et al., 2017), etc.
Previous studies demonstrated that macrophages infiltrated into IVD tissues during IVDD progression and regulated the inflammatory microenvironment of IVD (Shamji et al., 2010; Nakazawa et al., 2018). However, the interactions between different phenotypes of macrophages and IVD cells have not been clearly elucidated, and targeted treatment strategies are insufficient to date. The present study aimed to explore the role of macrophages in NP inflammation and catabolism, and to address the anti-inflammatory and anti-catabolic effects of HSP90 inhibitor 17-AAG as well as underlying mechanisms.
MATERIALS AND METHODS
Single-Cell RNA Sequencing Data Analysis
A copy of previously published single-cell RNA sequencing data (GSE154884) using the 10X Genomics technology was further analyzed to detect macrophage population in IVD tissues (Wang et al., 2020). The sequencing count matrix was derived from the IVD samples of four male and four female wild-type Sprague-Dawley rats (8-week-old, 450 g). The quality control process was performed using Seurat package (Version 3.0.1) (Butler et al., 2018). In brief, cells with less than 300 or more than 7,000 unique molecular identifiers (UMIs), or cells with more than 10% mitochondrion-derived UMIs were excluded. Finally, 11,764 single cells with 15,407 genes were subjected to the following analyses. The main cell clusters were identified using the unsupervised FindClusters function in Seurat package with resolution at 1.2, and visualized in 2D model using T-distributed Stochastic Neighbor Embedding (t-SNE) method (Aliverti et al., 2020). FindAllMarkers function was used for the annotation of these clusters, based on the CellMarker database (Zhang et al., 2019).
Collection of Human IVD Tissues
Human IVD specimens were derived from twelve patients undergoing selective operations due to lumbar disc herniation in the Department of Orthopaedics, Wuhan Union Hospital. Written informed consents were obtained from all the relevant patients. IVD samples were fixed with 4% formaldehyde and embedded in paraffin for histological analysis. Based on preoperative magnetic resonance imaging (MRI), the IVD tissues were divided into two groups: mildly degenerated IVD (Grade I–II) and severely degenerated IVD (Grade III–V) according to Pfirrmann grade system (Pfirrmann et al., 2001). The characteristics of enrolled patients were listed in Supplementary Table S1.
Culture and Polarization of RAW264.7 Macrophages
The murine macrophage cell line RAW264.7 (RAW) was cultured in DMEM-High Glucose (HyClone, Logan, UT, United States) with 10% fetal bovine serum (FBS; Gibco, CA, United States) and 1% penicillin/streptomycin at 37°C, in humidified atmosphere with 5% CO2. Untreated RAWs were defined as M0 macrophages. To induce M1 or M2 polarization, RAWs were treated with 500 ng/ml lipopolysaccharide (LPS) (Beyotime, Shanghai, China) or 30 ng/ml murine IL-4 (PeproTech, Rocky Hill, NJ, United States) for 24 h, respectively.
Isolation and Culture of NP Cells (NPCs)
Mature female Sprague-Dawley rats (weighing 200–250 g) were obtained from the Experimental Animal Center of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). The rats were euthanized by cervical dislocation after anesthesia (pentobarbital 30 mg/kg b.w., i.p.). Then, lumbar spines were harvested and each disc was cut transversely to separate gelatinous NP tissues. NP samples were washed with phosphate buffer solution (PBS) for three times, minced into small fragments, and then digested in 0.2% (m/v) type II collagenase (Sigma-Aldrich, St. Louis, MO, United States) for 15 min at 37°C. Subsequently, digested NP tissues were centrifuged at 1,400 rpm for 5 min, resuspended and cultured in DMEM/F-12 (HyClone, Logan, UT, United States) with 10% FBS and 1% penicillin/streptomycin at 37°C, in humidified atmosphere with 5% CO2. The culture medium was changed every 3 days. The cells were trypsinized with 0.25% trypsin-EDTA (Gibco) for subculture at 80–90% confluence. The second passage of NPCs was used in the following experiments.
Collection of the Conditioned Medium of RAWs and NPCs
After the induction of M1 or M2 polarization, the medium of RAWs was changed to serum-free medium for an additional 24 h culture. Then, the CM was centrifuged at 2,000 g for 10 min at 4°C to remove cellular debris, and stored at -80°C for subsequent experiments. Repeated freeze-thaw cycles were not allowed, and the storage time was less than 72 h to avoid cytokine inactivation. The CM from different phenotypes of macrophage were defined as M0-CM, M1-CM and M2-CM, respectively. As for the collection of NPC CM, NPCs were stimulated with 20 ng/ml rat IL-1β (PeproTech) for 24 h and then the medium was changed. After another 24 h, the CM of untreated and IL-1β-treated NPCs were harvested and defined as control NPC-CM and IL-1β-treated NPC-CM, respectively.
Treatments of RAWs and NPCs
M0 RAWs were cultured with control NPC-CM and IL-1β-treated NPC-CM for 36 h to explore the effects of NPC-derived factors on macrophage polarization. In another experiment, M1-polarized macrophages were treated with 200, 500 and 750 nM 17-AAG (Selleck, Houston, TX, United States) to evaluate the effects of 17-AAG on the M1 polarization of macrophages. NPCs were incubated for 36 h with macrophage CM. In M1-CM groups, NPCs were treated with 100, 200 and 500 nM 17-AAG, 1 μM STAT3 inhibitor Stattic (Selleck) and 1 μM HSP70 activator TRC051384 (TRC) (Selleck).
Quantitative Real-Time PCR Analysis
After the designated treatments, RNA was extracted from NPCs or RAWs by the TRIzol reagent (Vazyme Biotech, Nanjing, China). Then, the concentrations of the total RNA were examined by the Nanodrop 2000. The isolated RNA was reverse-transcribed into complementary DNA (cDNA) by a Reverse Transcription Kit (Vazyme Biotech). The gene expression levels were quantified by a SYBR Prime Script RT-PCR Kit (Vazyme Biotech) on the Step One Plus Real-Time PCR system (Bio-Rad, Hercules, CA, United States). Relative quantities of target genes were normalized to Gapdh levels and calculated using the -ΔΔCt method, as previously reported (Schmittgen et al., 2008). A -ΔΔCt > 0 indicated that the expression of the target gene in the treatment group was more abundant than that in corresponding control group. The primer sequences used in the current study were listed in Supplementary Table S2.
Western Blot Analysis
After treatments, NPCs or RAWs were harvested, and lysed by the radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China) with a cocktail of protease and phosphatase inhibitors. Protein concentration was determined by an Enhanced BCA Protein Assay Kit (Beyotime). Then, protein samples were electrophoresed in sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes (EMD Millipore, Billerica, MA, United States). After being blocked in 5% (m/v) bovine serum albumin for 1 h at room temperature, the membranes were incubated with primary antibodies overnight at 4°C. Subsequently, the membranes were washed with Tris-buffered solution with Tween 20 (TBST) for three times and incubated with corresponding horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. The expression levels of proteins were detected using Electro-Chemi-Luminescence (ECL) detection reagent (Affinity Biosciences, OH, United States) according to the manufacturer’s instructions. The integrated density of gray-value for each western blot (WB) band was analyzed by ImageJ software (Bethesda, MD, United States). The density ratios of target proteins and GAPDH (internal control) were calculated, and the relative expression quantities of control groups were normalized to 1. The antibodies used in the current study were listed in Supplementary Table S3.
Co-Immunoprecipitation
Protein A/G Magnetic Beads (Bimake) were incubated with mouse anti-HSP90α/β antibody or control mouse IgG. Then, the beads were used to pull down the immunoprecipitates from cell lysates, and magnetized to discard the supernatant. After being thoroughly washed with lysis buffer, the beads were boiled in loading buffer and the pull-down proteins were revealed with antibodies of HSP90α, HSP90β, JAK2 and STAT3 by WB analysis.
Immunofluorescence Staining
NPCs seeded on glass coverslips were washed with PBS, fixed in 4% paraformaldehyde for 15 min, permeabilized with 0.5% Triton X-100 (Beyotime) for 15 min, and blocked with goat serum for 1 h at room temperature. Subsequently, cells were incubated with rabbit anti-p-STAT3 antibody (1:300) or the mixture of mouse anti-matrix metalloproteinase (MMP)3 antibody (1:300) and rabbit anti-MMP13 antibody (1:300) at 4°C overnight, followed by the incubation with Cy3-conjugated goat anti-rabbit antibody (1:300; Servicebio, Wuhan, China) or the mixture of FITC-conjugated goat anti-mouse antibody (1:300; Servicebio) and Cy3-conjugated goat anti-rabbit antibody (1:300). Finally, the nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) before being detected by a fluorescence microscope (Olympus IX71, Tokyo, Japan).
Immunohistochemical Staining
The paraffin-embedded samples were cut into 4 μm thick sections. The sections were deparaffinized, rehydrated and incubated with 3% H2O2 for 20 min at room temperature. Antigen retrieval was performed by microwaving in Tris-EDTA buffer (pH 9.0) for 15 min. Then, the sections were blocked with goat serum for 30 min at 37°C, followed by the incubation with anti-CD68 (1:100), anti-F4/80 (1:800), anti-CD86 (1:900), anti-CD206 (1:600), anti-IL-1β (1:250), anti-TNF-α (1:100), anti-MMP13 (1:250) antibodies at 4°C overnight. Non-immune rabbit IgG at the same dilution as the primary antibody was used as negative controls. After being washed, the sections were labelled with horseradish peroxidase-labeled goat anti-rabbit antibody at 37°C for 40 min, visualized with diaminobenzidine (DAB) and counterstained with hematoxylin.
In vitro Organ Culture Model of Murine Lumbar IVD Tissues
In vitro organ culture of murine IVD was conducted as previously described (Liu et al., 2017). Twenty-three male C57BL/6J mice (3 months old) (three for macrophage-IVD co-culture, twenty for macrophage CM treatment) were euthanatized by cervical dislocation after anesthesia (pentobarbital 30 mg/kg b.w., i.p.), lumbar spines were harvested under sterile conditions, and cultured in DMEM/F-12 with 20% FBS and 1% penicillin/streptomycin at 37°C. The culture medium was changed every 2 days. Transwell culture plates with permeable membrane of 0.4 μm pore size, which allowed the exchange of soluble factors, were used to establish macrophage-IVD co-culture system. RAWs were seeded in the lower compartment, and lumbar IVD tissues were placed in the upper compartment. The co-culture treatment was maintained for 3 days and RAWs were harvested for further testing. In another experiment, murine lumbar IVDs were treated with macrophage CM. Twenty mice were randomly assigned into four groups (five mice per group): control group, M1-CM group, M2-CM group, and M1-CM/17-AAG (500 nM) group. L2/3, L3/4 and L4/5 vertebrae-disc-vertebrae functional spinal units of each mouse were separated using aseptic techniques. After 10 days in vitro culture, IVD samples were collected for histological detections.
Puncture-Induced IVDD Model
Animal experiments were approved by the Medical Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology. The twenty-four male C57BL/6J mice (3 months old) were randomly divided into three groups (8 mice each group), and anesthetized with pentobarbital (30 mg/kg b.w., i.p.). The mice in group 1 were subjected to sham operation, which was performed by puncturing through the skin without injuring IVDs. The coccygeal (Co) 6/7 and 7/8 IVDs of group 2 and group 3 were percutaneously punctured by a 30-gauge needle parallel to the endplates. Then, the needle was rotated 180° and remained in the disc for 30 s. As for drug administrations, mice in group 3 were injected intraperitoneally with 17-AAG (40 mg/kg b.w.) three times per week, every other day except the seventh day after the surgery, as previously reported (Siebelt et al., 2013). For group 1 and group 2, equivoluminal DMSO was injected intraperitoneally. After 8 weeks, Co6/7 and Co7/8 IVD samples were fixed in 4% formaldehyde, decalcified with EDTA decalcifying solution.
Statistical Analysis
For in vitro experiments on NPCs, the NPCs in the three independent experiments were derived from different donors. As for RAW experiments, WB analysis and qRT-PCR were repeated three times by different researchers (Figure 2, Supplementary Figures S1,S2). All experimental data were expressed as the mean ± standard deviation (SD) and statistical analysis was conducted on GraphPad Prism 7.00. Student’s t-test (two groups) or one-way analysis of variance (ANOVA) followed by the least significant difference (LSD) test (three or more groups) were used to analyze the statistical difference. A p-value < 0.05 was considered statistically significant.
RESULTS
Detections of Macrophages in IVD Tissues
Previously published single-cell RNA sequencing data of rat IVDs were further analyzed (Wang et al., 2020). We identified a cluster of myeloid-like cells (Cluster 17) (1.33%), which specifically expressed the marker genes of immune cells (Ptprc, also known as Cd45), and myeloid cells (Lyz2). (Figure 1A) Additionally, macrophage marker Adgre1 (also known as Emr1)-positive cells were also detected.
[image: Figure 1]FIGURE 1 | The infiltration and polarization of macrophages into IVD tissues. (A) The t-SNE figure of 11,764 single cells of rat IVD tissues, and the expression levels of Ptprc, Lyz2 and Adgre1 (gray: low expression, red: high expression, circled cell cluster: Cluster 17). (B) IHC staining for CD68, CD86 and CD206 in mildly degenerated and severely degenerated human IVD tissues (white arrowheads: immunostaining-positive cells, black arrowheads: IVD cells). (C) The relative mRNA levels of Nos2, Il1b, Il6, Il8 and Mrc1 in RAW co-cultured with IVD tissues vs M0 RAW. (D) The relative mRNA levels of Il1b, Il6, Tnf, Ccl2 and Ccl5 in NPC stimulated with IL-1β vs. control NPC. (E) The relative mRNA levels of Nos2, Il1b, Il6, Il8 and Mrc1 in RAW cultured with IL-1β-treated NPC-CM vs. RAW cultured with control NPC-CM. C-E, data were presented as Mean ± SD of three replicates. (*p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant).
To further explore the association between IVDD degree and macrophage infiltration, we conducted immunohistochemical (IHC) staining for CD68, CD86 and CD206 in human lumbar IVD tissues. Compared to mildly degenerated IVD tissues, the severely degenerated discs showed massive infiltration of CD68-positive macrophages. As for the subtypes of macrophages, cells expressing CD86 (indicating M1 macrophages) and CD206 (indicating M2 macrophages) were identified only in severely degenerated discs. CD86-positive cells were more present than CD206-positive cells (Figure 1B).
Effects of IVD Tissues and Inflamed NPCs on Macrophages Polarization
The phenotype shift of macrophages is highly related with the function states. Based on PCR results, LPS-induced M1 macrophages expressed higher levels of Nos2, Il1b, Il6, Il8 and Tnf compared with M0 macrophages, while Mrc1 and Il4 were markedly elevated in IL-4-induced M2 macrophages. (Supplementary Figure S1).
We established a macrophage-IVD co-culture system to evaluate the modulation of macrophage phenotype by IVD tissues. In presence of IVD tissues, the levels of Nos2, Il1b, Il6 and Il8 were increased in RAWs to varying degrees, indicating an enhanced tendency toward M1 polarization. However, the results showed no obvious change in the expression of M2 macrophage marker Mrc1 (Figure 1C).
Secreted factors from inflamed NP cells may serve as crucial regulators of macrophage polarization. PCR showed that IL-1β treatment activated the expression of Il1b, Il6, Tnf, Ccl2 and Ccl5 in NPCs. (Figure 1D) Moreover, RAWs represented a tendency to polarize to M1 phenotype with increased mRNA expression of Nos2, Il1b, Il6 and Il8 after stimulated by IL-1β-treated NPC-CM (Figure 1E).
17-AAG Inhibits M1 Polarization of Macrophages by Targeting MAPK and NF-κB Pathways
To investigate the effects of 17-AAG on M1 polarization of macrophages, we conducted qRT-PCR analysis to measure the expression of M1 macrophage-related genes. The results showed that 17-AAG decreased the levels of Nos2, Il1b, Il6, Il8 and Tnf in M1 RAWs. (Figure 2A) Previous study reported that the MAPK and NF-κB pathways were markedly activated in M1- but not M2-polarized macrophages, and were involved in the phenotype maintenance of M1 polarization (Zhou et al., 2019). WB analysis revealed that 17-AAG inhibited the phosphorylation of JNK, ERK and p38 MAPK in RAWs dose-dependently. (Figure 2B) In the NF-κB pathway, the levels of both NF-κB p65 and p-NF-κB p65 were downregulated by 17-AAG treatment. (Figure 2C) Furthermore, the expression levels of HSP90α and HSP90β in RAWs were not markedly changed after 200, 500 and 750 nM 17-AAG treatment. (Supplementary Figure S2) Taken together, these data indicated that 17-AAG impeded M1 polarization of macrophages by inhibiting MAPK and NF-κB pathways.
[image: Figure 2]FIGURE 2 | 17-AAG dampens the M1 polarization of macrophages. (A) The mRNA levels of Nos2, Il1b, Il6, Il8 and Tnf in RAWs. (B,C) Representative WB graphs and statistical analysis of p-JNK, JNK, p-ERK, ERK, p-p38 MAPK, p38 MAPK, p-NF-κB p65, NF-κB p65 and GAPDH in RAWs. Data were presented as Mean ± SD of three repeated experiments. (*p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant).
17-AAG Ameliorates the Pro-inflammatory Phenotype of NPCs Induced by M1-CM
We explored the effects of macrophages CM and 17-AAG on the inflammatory phenotype of NPCs. IHC staining showed that the expression levels of IL-1β and TNF-α increased in the IVD cells of severely degenerated human IVD tissues. (Figure 3A) Under the stimulation of M1-CM, NPCs express elevated levels of Il1b, Il6, Tnf, Ccl2 and Ccl5, while treatment with 17-AAG partially reverse these changes. (Figures 3B,C)
[image: Figure 3]FIGURE 3 | 17-AAG suppresses the pro-inflammatory phenotype of NPCs induced by M1-CM. (A) IHC staining for IL-1β and TNF-α in mildly degenerated and severely degenerated human IVD tissues. (B,C) The mRNA levels of Il1b, Il6, Tnf, Ccl2 and Ccl5 in NPCs. (B,C), data were presented as Mean ± SD of three replicates. (*p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant).
17-AAG Ameliorates the Catabolic Phenotype of NPCs Induced by M1-CM
MMPs and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs) are two main families of catabolic proteases, which participate in the breakdown of ECM. IHC analysis of human discs detected that severely degenerated IVD tissues expressed higher level of MMP13 than mildly degenerated IVD tissues. (Figure 4A) As shown in Figure 4B, M1-CM treatment increased the mRNA levels of Mmp2, Mmp3, Mmp9 and Mmp13, but not Adamts4 and Adamts5 in NPCs compared with control group. WB analysis further revealed that M1-CM promoted the expression of MMP3 and MMP9 in NPCs. (Figure 4C) When M1-CM-stimulated NPCs were treated with 17-AAG, the mRNA levels of Mmp2, Mmp3, Mmp9 and Mmp13 were markedly decreased. (Figure 4D) Moreover, WB analysis (Figure 4E) and immunofluorescence (IF) staining (Figure 4F) also supported the inhibiting effects of 17-AAG on the expression of MMPs in NPCs.
[image: Figure 4]FIGURE 4 | 17-AAG attenuates the catabolic phenotype of NPCs induced by M1-CM. (A) IHC staining for MMP13 in mildly degenerated and severely degenerated human IVD tissues. (B,D) The mRNA levels of Mmp2, Mmp3, Mmp9, Mmp13, Adamts4 and Adamts5 in NPCs. (C,E) Representative WB graphs and statistical analysis of MMP3, MMP9 and GAPDH in NPCs. (F) Typical fluorescence photomicrographs of IF staining for MMP3 and MMP13 in NPCs. (B–E), data were presented as Mean ± SD of three replicates. (*p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant).
Collagen II is one of the main ECM components of NP tissues. Based on the results of PCR, M1-CM but not M2-CM decreased the levels of Col2a1 in NPCs, and 17-AAG prevented the decline of Col2a1 induced by M1-CM. (Supplementary Figures S3A,B) These results were also confirmed by WB analysis. (Supplementary Figures S3C,D) Taken together, 17-AAG is proved to be a promising agent to protect the anabolic and catabolic balance of ECM dynamics.
17-AAG Upregulates the Expression of HSP70 in NPCs
WB analysis was conducted to explore the expression of HSP70 and HSP90 in NPCs. As shown in Figure 5A, the expression levels of HSP70, HSP90α and HSP90β in NPCs were not obviously altered by macrophage CM treatment. In M1-CM-stimulated NPCs, administration of 17-AAG dose-dependently increased the expression of HSP70. However, the levels of HSP90α and HSP90β were not dramatically modified by 17-AAG treatment at the doses tested (Figure 5B).
[image: Figure 5]FIGURE 5 | 17-AAG induces the expression of HSP70 in NPCs. (A,B) Representative WB graphs and statistical analysis of HSP70, HSP90α, HSP90β and GAPDH in NPCs. (C) The relative mRNA levels of Il1b, Il6, Tnf, Ccl2 and Ccl5 in NPCs from TRC-treated M1-CM group vs. M1-CM group. (D) Representative WB graphs and statistical analysis of HSP70 and GAPDH in NPCs. A-D, data were presented as Mean ± SD of three replicates. (*p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant).
In order to further explore the role of HSP70 in NP inflammation induced by M1-CM, HSP70 activator TRC051384 was used. The results showed that treatment with 1 μM TRC051384 promoted the expression of HSP70, and decreased the expression of Il1b, Il6, Tnf, Ccl2 and Ccl5 in NPCs (Figures 5C,D).
17-AAG Downregulates the JAK2-STAT3 Pathway Activated by M1-CM
The JAK2-STAT3 pathway plays a crucial role in the signalling cascades of multiple cytokines and growth factors. WB analysis showed that p-JAK2/JAK2 ratio and p-STAT3/STAT3 ratio were increased by M1-CM stimulation in NPCs. (Figure 6A) Furthermore, 17-AAG impeded the activation of the JAK2-STAT3 pathway. (Figure 6B) IF staining also showed similar level changes of p-STAT3, which was mainly localized in the nuclei of NPCs. (Figure 6C) Co-immunoprecipitation assay confirmed that JAK2 and STAT3 specifically interacted with molecular chaperone HSP90 (Figure 6D).
[image: Figure 6]FIGURE 6 | The JAK2-STAT3 pathway is involved in the anti-inflammatory and anti-catabolic effects of 17-AAG. (A,B) Representative WB graphs and statistical analysis of p-JAK2, JAK2, p-STAT3, STAT3 and GAPDH in NPCs. (C) Typical fluorescence photomicrographs of IF staining for p-STAT3 in NPCs. (D) WB graphs of immunoprecipitation using control IgG or anti-HSP90 antibody. (E) The relative mRNA levels of Il1b, Il6, Tnf, Ccl2, Ccl5, Mmp2, Mmp3, Mmp9, and Mmp13 in NPCs from Stattic-treated M1-CM group vs. M1-CM group. (F) Representative WB graphs and statistical analysis of p-STAT3, STAT3 and GAPDH in NPCs. (G) Typical fluorescence photomicrographs of IF staining for p-STAT3 in NPCs. A-B, E-F, data were presented as Mean ± SD of three replicates. (*p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant).
A selective STAT3 inhibitor Stattic was used to further investigate the role of STAT3 in the degenerative phenotype of NPCs. PCR showed that 1 μM Stattic suppressed the gene expression of Il1b, Il6, Tnf, Ccl2, Ccl5, Mmp2, Mmp3, Mmp9 and Mmp13 in NPCs. (Figure 6E) The results of WB analysis (Figure 6F) and IF staining (Figure 6G) supported the inhibiting effects of Stattic on the phosphorylation of STAT3. Taken together, these data implied that the activation of the JAK2-STAT3 pathway was involved in the pro-inflammatory and pro-catabolic effects of M1-CM.
17-AAG Attenuates M1-CM-Induced IVD Inflammation and Catabolism in a Murine IVD in vitro Culture Model
Experimental organ culture models of IVD could mimic the pro-inflammatory and catabolic microenvironment in vitro, providing valuable insights on the mechanisms of IVDD and the explorations of novel therapeutic approaches (Pfannkuche et al., 2020). Our results showed that the expression of inflammatory factors IL-1β and TNF-α, and catabolic protease MMP13 in murine lumbar IVD tissues were upregulated in M1-CM group but not in M2-CM group compared with control group. In presence of 500 nM 17-AAG, all the above protein levels were reduced (Supplementary Figure S4).
17-AAG Alleviates IVD Inflammation and Catabolism in a Murine IVDD Model
To investigate the effects of 17-AAG on the IVDD pathology in vivo, we administrated 17-AAG for mice after coccygeal disc puncture. Hematoxylin and eosin (H&E) staining showed loss of IVD height and disruption of IVD structure in disc puncture group. IHC staining showed that macrophages stained by F4/80 infiltrated through annulus fibrosus (AF) lamellae surrounding the puncture tract, while 17-AAG treatment prevented the macrophage infiltration into degenerated IVDs. Of the infiltrated macrophage population, CD86-positive M1 macrophages were more abundant than CD206-positive M2 macrophages. Moreover, the levels of IL-1β, TNF-α and MMP13 were elevated in both NP and AF regions in disc puncture/vehicle groups. 17-AAG treatment downregulated the levels of IL-1β, TNF-α and MMP13, signifying the anti-inflammatory and anti-catabolic effects of 17-AAG in vivo (Figure 7).
[image: Figure 7]FIGURE 7 | Staining evaluations of murine IVDD models. H&E staining and IHC staining for F4/80, CD86, CD206, IL-1β, TNF-α and MMP13 in coccygeal IVD tissues of murine IVDD models.
DISCUSSION
IVDD, a common but complex process, is frequently associated with LBP. Evidence showed that the pro-inflammatory microenvironment played a critical role in IVDD progression and LBP development (Zhang et al., 2021a; Lyu et al., 2021). Multiple anti-cytokine agents and signaling pathway inhibitors were investigated to ameliorate IVD inflammation and delay IVDD in preclinical and clinical studies (Risbud et al., 2014). The current study demonstrated that IVD-infiltrated inflammatory macrophages promoted the inflammation and catabolism in degenerated IVDs. Moreover, the anti-inflammatory and anti-catabolic effects of 17-AAG were also addressed (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic diagram for proposed mechanisms of the effects of 17-AAG on NP inflammation and catabolism induced by M1-polarized macrophages.
Under microenvironmental stimuli, circulating monocytes were recruited into multiple tissues and differentiated into macrophages. IHC staining of macrophage markers in human disc tissues indicated that the frequency of macrophages markedly increased with degenerative grade (Shamji et al., 2010; Nakazawa et al., 2018). The following two pathological processes of IVDD might be involved in the infiltration of macrophages. On the one hand, ECM degradation during IVDD resulted in structural defects and blood vessels ingrowth, which facilitate the macrophage infiltration into degenerated IVD tissues (Kobayashi et al., 2009; Dongfeng et al., 2011). On the other hand, degenerated IVD is characterized by inflammatory microenvironment, involving the accumulation of senescent cells and damage-associated molecular patterns (Wang et al., 2016; Bisson et al., 2021). Inflammatory microenvironment may also induce the polarization of infiltrated macrophages towards inflammatory phenotype. Additionally, elevated levels of inflammatory and chemotactic mediators produced by IVD cells and infiltrated macrophages further promoted the recruitment of macrophages, which might aggravate the positive feedback loop of inflammation activation (Yoshida et al., 2005).
Pro-inflammatory macrophages are highly involved in the development of musculoskeletal diseases, such as osteoporosis and arthritis. Inflammatory factors derived from activated macrophages exert pro-inflammatory and destructive effects on bone and cartilage tissues (Rachner et al., 2011; Wu et al., 2020). The current study indicated that M1 macrophages and related inflammatory cascades also played an essential role in the pathological process of IVDD. Macrophages in or adjacent to IVD tissues may secrete various pro-inflammatory cytokines such as IL-1β, TNF-α, IL-6 and IL-8, thus exacerbating the inflammatory phenotype of NPCs. Additionally, M1 macrophages activate NPCs to release destructive enzymes, which might break down disc ECM components such as proteoglycans and collagens. Our findings are consistent with previous study which reported that pro-inflammatory M1 macrophages promoted the degenerative phenotypes of IVD cells (Ni et al., 2019; Yang et al., 2019).
Macrophages retain remarkable plasticity, and phenotype switch may occur over time in response to environmental signals. Deleting whole macrophages without discriminating the subtypes seems to be an arbitrary approach to alleviate tissue inflammation (Wu et al., 2017). Emerging evidence supported that the orchestration of M1/M2 macrophage populations played a critical role in tissue homeostasis. IL-4-treated macrophages could assume a wound-healing phenotype, which facilitate matrix reorganization and tissue repair, whereas, possess poorer pro-inflammation and anti-infection abilities than M1 macrophages (Mosser and Edwards, 2008). Thus, a hypothesis emerged that moderately activated wound-healing macrophages may be conducive to the tissue repair of degenerated IVD. Our results indicated that M2-CM did not promote NP inflammation and catabolism, while the anti-inflammatory and matrix-enhancing activities of M2 macrophages were not systematically investigated.
HSP90 is a highly conserved and widely expressed chaperone family, which modulates the maturation and stabilization of intracellular proteins involved in signal transduction and transcriptional regulation. Inhibiting HSP90 is recognized as a promising therapeutic strategy for multiple inflammatory diseases by upregulating HSP70 expression, mediating HSP90 client proteins degradation and dampening inflammatory signaling cascades. In inflammatory macrophages, HSP90 inhibitors EC144 and 17-DMAG could diminish the sensitization of macrophages to LPS, and decrease the release of inflammatory factors via inhibiting the MAPK, NF-κB and NOD-like receptor protein 3 (NLRP3) pathways (Yun et al., 2011; Ambade et al., 2014; Nizami et al., 2021). Our results revealed the similar effects of 17-AAG on the M1 polarization of macrophages. Moreover, HSP90 inhibitor 17-AAG could exert anti-inflammatory effects, and control the progression of diverse inflammatory diseases, such as autoimmune dermatitis (Tukaj et al., 2017), uveitis (Poulaki et al., 2007), etc. The current study demonstrated that 17-AAG dose-dependently restored NP inflammation and catabolism by simultaneously ameliorating the inflammatory phenotype of macrophages and NPCs. Our previous researches reported that HSP90 inhibitor BIIB021 and HSP70 activator TRC051384 could protect NPSCs viability and function via preventing mitochondrial dysfunction (Hu et al., 2020; Zhang et al., 2021b). Similarly, the protective effects of 17-AAG on NPCs were detected in our ongoing experiments, which further brightened the application prospects of 17-AAG in IVDD treatment.
The JAK2-STAT3 pathway is discovered as a critical part of cytokine signalling cascades, activated by a multitude of inflammatory cytokines, growth factors and peptide hormones, beyond IL-6 family members (Bharadwaj et al., 2020). Phosphorylated by JAK2, dimerized p-STAT3 enters the nucleus, and works as a transcription factor to initiate the expression of multiple genes and regulate downstream signaling pathways (Huynh et al., 2019). Inhibiting STAT3 is an effective strategy to treat chronic inflammation diseases including osteoarthritis (Latourte et al., 2017), muscle wasting (Tierney et al., 2014), etc. The STAT3 pathway was also involved in IL-6-stimulated inflammatory and catabolic phenotype of AF cells (Suzuki et al., 2017). JAK2 and STAT3 are clients of the molecular chaperone HSP90, and HSP90 tightly regulates the activation of JAK2-STAT3 signalling (Marubayashi et al., 2010; Serrano-Marco et al., 2011). Combination with HSP90 inhibitors is evaluated as an effective strategy to overcome the resistance of JAK2 inhibitors in fibrotic diseases and myeloproliferative neoplasms (Zhang et al., 2017). Correspondingly, our results showed that 17-AAG prevented M1-CM-induced IVD inflammation via inhibiting the aberrant activation of the JAK2-STAT3 pathway.
Several crucial but unsolved problems need to be further elucidated in the subsequent researches. Firstly, the classical M1/M2 subdivision hindered the understanding of macrophage plasticity, and several subtypes of M2 macrophages (M2a, M2b, M2c, and M2d) were recently categorized based on activating approaches and secreted cytokine profiles (Xue et al., 2014). Moreover, the temporal changes of macrophage phenotypes during IVD injury and repair required to be further investigated. Secondly, tissue-resident macrophages, a self-renewable cell population independently of circulating monocytes, developed from embryonic hematopoiesis and colonized most organs during embryogenesis (Ginhoux et al., 2016). Tissue-resident macrophages play a pivotal role in tissue homeostasis, inflammation and defense (Davies et al., 2013). However, the existence and nature of tissue-resident macrophages or macrophage-like cells in IVD were not well explored (Kawakubo et al., 2020). Thirdly, resident IVD cells might also express macrophage cell markers, such as CD68 (Jones et al., 2008). Hence, further efforts are needed to design more specific methodologies to detect macrophage populations in IVD.
Several limitations of the current research should be underlined. Firstly, our study addressed the detrimental role of M1 macrophages in severely degenerated IVD tissues. However, the mechanisms of the initiation of IVDD were not elucidated. Secondly, the number of mildly degenerated human IVD samples was relatively small due to the difficulty of obtaining Grade I-II discs.
CONCLUSION
M1 macrophages could secrete multiple destructive factors and promote degenerative changes of IVD. Moreover, HSP90 inhibitor 17-AAG represents therapeutic effects by not only attenuating the pro-inflammatory phenotype of M1 macrophages but also dampening NP inflammation and catabolism.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article or Supplementary Material. Further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by The Medical Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology. The patients/participants provided their written informed consent to participate in this study. The animal studies were reviewed and approved by The Animal Experimentation Committee of Tongji Medical College, Huazhong University of Science and Technology.
AUTHOR CONTRIBUTIONS
SZ, PW and BH shared co-first authorship. SZ, PW, BH, and WL performed the experiments and analyzed the data. SZ wrote the first draft of the manuscript. XL and SC edited the manuscript. ZS designed the study conception and acquired the funding.
FUNDING
This work was supported by the Major Research Plan of National Natural Science Foundation of China (No. 91649204), the National Natural Science Foundation of China (No. 81974352), and the National Key Research and Development Program of China (No. 2016YFC1100100).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.796974/full#supplementary-material
REFERENCES
 Aliverti, E., Tilson, J. L., Filer, D. L., Babcock, B., Colaneri, A., Ocasio, J., et al. (2020). Projected t-SNE for Batch Correction. Bioinformatics (Oxford, England) 36, 3522–3527. doi:10.1093/bioinformatics/btaa189
 Ambade, A., Catalano, D., Lim, A., Kopoyan, A., Shaffer, S. A., and Mandrekar, P. (2014). Inhibition of Heat Shock Protein 90 Alleviates Steatosis and Macrophage Activation in Murine Alcoholic Liver Injury. J. Hepatol. 61, 903–911. doi:10.1016/j.jhep.2014.05.024
 Bharadwaj, U., Kasembeli, M. M., Robinson, P., and Tweardy, D. J. (2020). Targeting Janus Kinases and Signal Transducer and Activator of Transcription 3 to Treat Inflammation, Fibrosis, and Cancer: Rationale, Progress, and Caution. Pharmacol. Rev. 72, 486–526. doi:10.1124/pr.119.018440
 Bisson, D., Mannarino, M., Mannarino, M., Racine, R., and Haglund, L. (2021). For Whom the Disc Tolls: Intervertebral Disc Degeneration, Back Pain and Toll-like Receptors. eCM 41, 355–369. doi:10.22203/eCM.v041a23
 Butler, A., Hoffman, P., Smibert, P., Papalexi, E., and Satija, R. (2018). Integrating Single-Cell Transcriptomic Data across Different Conditions, Technologies, and Species. Nat. Biotechnol. 36, 411–420. doi:10.1038/nbt.4096
 Davies, L. C., Jenkins, S. J., Allen, J. E., and Taylor, P. R. (2013). Tissue-resident Macrophages. Nat. Immunol. 14, 986–995. doi:10.1038/ni.2705
 Dongfeng, R., Hou, S., Wu, W., Wang, H., Shang, W., Tang, J., et al. (2011). The Expression of Tumor Necrosis Factor-α and CD68 in High-Intensity Zone of Lumbar Intervertebral Disc on Magnetic Resonance Image in the Patients with Low Back Pain. Spine 36, E429–E433. doi:10.1097/BRS.0b013e3181dfce9e
 Ginhoux, F., and Guilliams, M. (2016). Tissue-Resident Macrophage Ontogeny and Homeostasis. Immunity 44, 439–449. doi:10.1016/j.immuni.2016.02.024
 Hu, B., Zhang, S., Liu, W., Wang, P., Chen, S., Lv, X., et al. (2020). Inhibiting Heat Shock Protein 90 Protects Nucleus Pulposus-Derived Stem/Progenitor Cells from Compression-Induced Necroptosis and Apoptosis. Front. Cel Dev. Biol. 8, 685. doi:10.3389/fcell.2020.00685
 Huynh, J., Chand, A., Gough, D., and Ernst, M. (2019). Therapeutically Exploiting STAT3 Activity in Cancer - Using Tissue Repair as a Road Map. Nat. Rev. Cancer 19, 82–96. doi:10.1038/s41568-018-0090-8
 Jones, P., Gardner, L., Menage, J., Williams, G. T., and Roberts, S. (2008). Intervertebral Disc Cells as Competent Phagocytes In Vitro: Implications for Cell Death in Disc Degeneration. Arthritis Res. Ther. 10, R86. doi:10.1186/ar2466
 Kawakubo, A., Uchida, K., Miyagi, M., Nakawaki, M., Satoh, M., Sekiguchi, H., et al. (2020). Investigation of Resident and Recruited Macrophages Following Disc Injury in Mice. J. Orthop. Res. 38, 1703–1709. doi:10.1002/jor.24590
 Khan, A. N., Jacobsen, H. E., Khan, J., Filippi, C. G., Levine, M., Lehman, R. A., et al. (2017). Inflammatory Biomarkers of Low Back Pain and Disc Degeneration: a Review. Ann. N.Y. Acad. Sci. 1410, 68–84. doi:10.1111/nyas.13551
 Kobayashi, S., Meir, A., Kokubo, Y., Uchida, K., Takeno, K., Miyazaki, T., et al. (2009). Ultrastructural Analysis on Lumbar Disc Herniation Using Surgical Specimens. Spine 34, 655–662. doi:10.1097/BRS.0b013e31819c9d5b
 Latourte, A., Cherifi, C., Maillet, J., Ea, H.-K., Bouaziz, W., Funck-Brentano, T., et al. (2017). Systemic Inhibition of IL-6/Stat3 Signalling Protects against Experimental Osteoarthritis. Ann. Rheum. Dis. 76, 748–755. doi:10.1136/annrheumdis-2016-209757
 Liu, J. W., Lin, K. H., Weber, C., Bhalla, S., Kelso, S., Wang, K., et al. (2017). An In Vitro Organ Culture Model of the Murine Intervertebral Disc. JoVE 11, 55437. doi:10.3791/55437
 Lyu, F.-J., Cui, H., Pan, H., Mc Cheung, K., Cao, X., Iatridis, J. C., et al. (2021). Painful Intervertebral Disc Degeneration and Inflammation: from Laboratory Evidence to Clinical Interventions. Bone Res. 9, 7. doi:10.1038/s41413-020-00125-x
 Marubayashi, S., Koppikar, P., Taldone, T., Abdel-Wahab, O., West, N., Bhagwat, N., et al. (2010). HSP90 Is a Therapeutic Target in JAK2-dependent Myeloproliferative Neoplasms in Mice and Humans. J. Clin. Invest. 120, 3578–3593. doi:10.1172/jci42442
 Mosser, D. M., and Edwards, J. P. (2008). Exploring the Full Spectrum of Macrophage Activation. Nat. Rev. Immunol. 8, 958–969. doi:10.1038/nri2448
 Murray, P. J., and Wynn, T. A. (2011). Protective and Pathogenic Functions of Macrophage Subsets. Nat. Rev. Immunol. 11, 723–737. doi:10.1038/nri3073
 Nakazawa, K. R., Walter, B. A., Laudier, D. M., Krishnamoorthy, D., Mosley, G. E., Spiller, K. L., et al. (2018). Accumulation and Localization of Macrophage Phenotypes with Human Intervertebral Disc Degeneration. Spine J. 18, 343–356. doi:10.1016/j.spinee.2017.09.018
 Ni, L., Zheng, Y., Gong, T., Xiu, C., Li, K., Saijilafu, , et al. (2019). Proinflammatory Macrophages Promote Degenerative Phenotypes in Rat Nucleus Pulpous Cells Partly through ERK and JNK Signaling. J. Cel Physiol 234, 5362–5371. doi:10.1002/jcp.27507
 Nizami, S., Arunasalam, K., Green, J., Cook, J., Lawrence, C. B., Zarganes‐Tzitzikas, T., et al. (2021). Inhibition of the NLRP3 Inflammasome by HSP90 Inhibitors. Immunology 162, 84–91. doi:10.1111/imm.13267
 Pfannkuche, J.-J., Guo, W., Cui, S., Ma, J., Lang, G., Peroglio, M., et al. (2020). Intervertebral Disc Organ Culture for the Investigation of Disc Pathology and Regeneration - Benefits, Limitations, and Future Directions of Bioreactors. Connect. Tissue Res. 61, 304–321. doi:10.1080/03008207.2019.1665652
 Pfirrmann, C. W. A., Metzdorf, A., Zanetti, M., Hodler, J., and Boos, N. (2001). Magnetic Resonance Classification of Lumbar Intervertebral Disc Degeneration. Spine 26, 1873–1878. doi:10.1097/00007632-200109010-00011
 Poulaki, V., Iliaki, E., Mitsiades, N., Mitsiades, C. S., Paulus, Y. N., Bula, D. V., et al. (2007). Inhibition of Hsp90 Attenuates Inflammation in Endotoxin‐induced Uveitis. FASEB j. 21, 2113–2123. doi:10.1096/fj.06-7637com
 Rachner, T. D., Khosla, S., and Hofbauer, L. C. (2011). Osteoporosis: Now and the Future. The Lancet 377, 1276–1287. doi:10.1016/s0140-6736(10)62349-5
 Rice, J. W., Veal, J. M., Fadden, R. P., Barabasz, A. F., Partridge, J. M., Barta, T. E., et al. (2008). Small Molecule Inhibitors of Hsp90 Potently Affect Inflammatory Disease Pathways and Exhibit Activity in Models of Rheumatoid Arthritis. Arthritis Rheum. 58, 3765–3775. doi:10.1002/art.24047
 Risbud, M. V., and Shapiro, I. M. (2014). Role of Cytokines in Intervertebral Disc Degeneration: Pain and Disc Content. Nat. Rev. Rheumatol. 10, 44–56. doi:10.1038/nrrheum.2013.160
 Schmittgen, T. D., and Livak, K. J. (2008). Analyzing Real-Time PCR Data by the Comparative CT Method. Nat. Protoc. 3, 1101–1108. doi:10.1038/nprot.2008.73
 Schopf, F. H., Biebl, M. M., and Buchner, J. (2017). The HSP90 Chaperone Machinery. Nat. Rev. Mol. Cel Biol 18, 345–360. doi:10.1038/nrm.2017.20
 Serrano-Marco, L., Rodríguez-Calvo, R., El Kochairi, I., Palomer, X., Michalik, L., Wahli, W., et al. (2011). Activation of Peroxisome Proliferator-Activated Receptor-/- (PPAR-/- ) Ameliorates Insulin Signaling and Reduces SOCS3 Levels by Inhibiting STAT3 in Interleukin-6-Stimulated Adipocytes. Diabetes 60, 1990–1999. doi:10.2337/db10-0704
 Shamji, M. F., Setton, L. A., Jarvis, W., So, S., Chen, J., Jing, L., et al. (2010). Pro-inflammatory Cytokine Expression Profile in Degenerative and Herniated Human Intervertebral Disc Tissues. Arthritis Rheum. 62, 27444. doi:10.1002/art.27444
 Siebelt, M., Jahr, H., Groen, H. C., Sandker, M., Waarsing, J. H., Kops, N., et al. (2013). Hsp90 Inhibition Protects against Biomechanically Induced Osteoarthritis in Rats. Arthritis Rheum. 65, 2102–2112. doi:10.1002/art.38000
 Suzuki, S., Fujita, N., Fujii, T., Watanabe, K., Yagi, M., Tsuji, T., et al. (2017). Potential Involvement of the IL-6/JAK/STAT3 Pathway in the Pathogenesis of Intervertebral Disc Degeneration. Spine 42, E817–E824. doi:10.1097/brs.0000000000001982
 Tierney, M. T., Aydogdu, T., Sala, D., Malecova, B., Gatto, S., Puri, P. L., et al. (2014). STAT3 Signaling Controls Satellite Cell Expansion and Skeletal Muscle Repair. Nat. Med. 20, 1182–1186. doi:10.1038/nm.3656
 Tukaj, S., Bieber, K., Kleszczyński, K., Witte, M., Cames, R., Kalies, K., et al. (2017). Topically Applied Hsp90 Blocker 17AAG Inhibits Autoantibody-Mediated Blister-Inducing Cutaneous Inflammation. J. Invest. Dermatol. 137, 341–349. doi:10.1016/j.jid.2016.08.032
 Tukaj, S., and Węgrzyn, G. (2016). Anti-Hsp90 Therapy in Autoimmune and Inflammatory Diseases: a Review of Preclinical Studies. Cell Stress and Chaperones 21, 213–218. doi:10.1007/s12192-016-0670-z
 Wang, F., Cai, F., Shi, R., Wang, X.-H., and Wu, X.-T. (2016). Aging and Age Related Stresses: a Senescence Mechanism of Intervertebral Disc Degeneration. Osteoarthritis and cartilage 24, 398–408. doi:10.1016/j.joca.2015.09.019
 Wang, J., Huang, Y., Huang, L., Shi, K., Wang, J., Zhu, C., et al. (2021). Novel Biomarkers of Intervertebral Disc Cells and Evidence of Stem Cells in the Intervertebral Disc. Osteoarthritis and Cartilage 29, 389–401. doi:10.1016/j.joca.2020.12.005
 Wu, C.-L., Harasymowicz, N. S., Klimak, M. A., Collins, K. H., and Guilak, F. (2020). The Role of Macrophages in Osteoarthritis and Cartilage Repair. Osteoarthritis and cartilage 28, 544–554. doi:10.1016/j.joca.2019.12.007
 Wu, C.-L., McNeill, J., Goon, K., Little, D., Kimmerling, K., Huebner, J., et al. (2017). Conditional Macrophage Depletion Increases Inflammation and Does Not Inhibit the Development of Osteoarthritis in Obese Macrophage Fas-Induced Apoptosis-Transgenic Mice. Arthritis Rheumatol. 69, 1772–1783. doi:10.1002/art.40161
 Xue, J., Schmidt, S. V., Sander, J., Draffehn, A., Krebs, W., Quester, I., et al. (2014). Transcriptome-based Network Analysis Reveals a Spectrum Model of Human Macrophage Activation. Immunity 40, 274–288. doi:10.1016/j.immuni.2014.01.006
 Yang, H., Liu, B., Liu, Y., He, D., Xing, Y., An, Y., et al. (2019). Secreted Factors from Intervertebral Disc Cells and Infiltrating Macrophages Promote Degenerated Intervertebral Disc Catabolism. Spine 44, E520–E529. doi:10.1097/brs.0000000000002953
 Yoshida, M., Nakamura, T., Sei, A., Kikuchi, T., Takagi, K., and Matsukawa, A. (2005). Intervertebral Disc Cells Produce Tumor Necrosis Factor α, Interleukin-1β, and Monocyte Chemoattractant Protein-1 Immediately after Herniation: An Experimental Study Using a New Hernia Model. Spine 30, 55–61. doi:10.1097/01.brs.0000149194.17891.bf
 Yun, T. J., Harning, E. K., Giza, K., Rabah, D., Li, P., Arndt, J. W., et al. (2011). EC144, a Synthetic Inhibitor of Heat Shock Protein 90, Blocks Innate and Adaptive Immune Responses in Models of Inflammation and Autoimmunity. J.Immunol. 186, 563–575. doi:10.4049/jimmunol.1000222
 Zhang, S., Hu, B., Liu, W., Wang, P., Lv, X., Chen, S., et al. (2021a). The Role of Structure and Function Changes of Sensory Nervous System in Intervertebral Disc-Related Low Back Pain. Osteoarthritis and cartilage 29, 17–27. doi:10.1016/j.joca.2020.09.002
 Zhang, S., Liu, W., Wang, P., Hu, B., Lv, X., Chen, S., et al. (2021b). Activation of HSP70 Impedes Tert-Butyl Hydroperoxide (t-Bhp)-Induced Apoptosis and Senescence of Human Nucleus Pulposus Stem Cells via Inhibiting the JNK/c-Jun Pathway. Mol. Cel Biochem 476, 1979–1994. doi:10.1007/s11010-021-04052-1
 Zhang, X., Lan, Y., Xu, J., Quan, F., Zhao, E., Deng, C., et al. (2019). CellMarker: a Manually Curated Resource of Cell Markers in Human and Mouse. Nucleic Acids Res. 47, D721–D728. doi:10.1093/nar/gky900
 Zhang, Y., Liang, R., Chen, C.-W., Mallano, T., Dees, C., Distler, A., et al. (2017). JAK1-dependent Transphosphorylation of JAK2 Limits the Antifibrotic Effects of Selective JAK2 Inhibitors on Long-Term Treatment. Ann. Rheum. Dis. 76, 1467–1475. doi:10.1136/annrheumdis-2016-210911
 Zhou, F., Mei, J., Han, X., Li, H., Yang, S., Wang, M., et al. (2019). Kinsenoside Attenuates Osteoarthritis by Repolarizing Macrophages through Inactivating NF-ΚB/MAPK Signaling and Protecting Chondrocytes. Acta pharmaceutica Sinica B 9, 973–985. doi:10.1016/j.apsb.2019.01.015
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 © 2022 Zhang, Wang, Hu, Liu, Lv, Chen and Shao. 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.
		REVIEW
published: 14 January 2022
doi: 10.3389/fcell.2021.833840


[image: image2]
Mechanism of Action of Mesenchymal Stem Cell-Derived Exosomes in the Intervertebral Disc Degeneration Treatment and Bone Repair and Regeneration
Weishi Liang†,, Bo Han†,, Yong Hai*, Duan Sun and Peng Yin*
Department of Orthopedic Surgery, Beijing Chaoyang Hospital, Capital Medical University, Beijing, China
Edited by:
Bo Gao, Air Force Military Medical University, China
Reviewed by:
Zhongyang Liu, Chinese PLA General Hospital, China
Yusheng Li, Central South University, China
Shen Liu, Shanghai Jiao Tong University, China
* Correspondence: Yong Hai, yong.hai@ccmu.edu.cn; Peng Yin, yinpeng3904@126.com
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Molecular and Cellular Pathology, a section of the journal Frontiers in Cell and Developmental Biology
Received: 12 December 2021
Accepted: 27 December 2021
Published: 14 January 2022
Citation: Liang W, Han B, Hai Y, Sun D and Yin P (2022) Mechanism of Action of Mesenchymal Stem Cell-Derived Exosomes in the Intervertebral Disc Degeneration Treatment and Bone Repair and Regeneration. Front. Cell Dev. Biol. 9:833840. doi: 10.3389/fcell.2021.833840

Exosomes are extracellular vesicles formed by various donor cells that regulate gene expression and cellular function in recipient cells. Exosomes derived from mesenchymal stem cells (MSC-Exos) perform the regulatory function of stem cells by transporting proteins, nucleic acids, and lipids. Intervertebral disc degeneration (IDD) is one of the main causes of low back pain, and it is characterized by a decreased number of nucleus pulposus cells, extracellular matrix decomposition, aging of the annulus fibrosus, and cartilage endplate calcification. Besides, nutrient transport and structural repair of intervertebral discs depend on bone and cartilage and are closely related to the state of the bone. Trauma, disease and aging can all cause bone injury. However, there is a lack of effective drugs against IDD and bone injury. Recent MSC-Exos fine tuning has led to significant progress in the IDD treatment and bone repair and regeneration. In this review, we looked at the uniqueness of MSC-Exos, and the potential treatment mechanisms of MSC-Exos with respect to IDD, bone defects and injuries.
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1 INTRODUCTION
Exosomes are bilayered extracellular functional vesicles released by different cells with a diameter ranging between 40–120 nm (Simons and Raposo, 2009). In the early stages, endosomes containing intraluminal vesicles (ILVs) are formed preliminarily, and then large mature multivesicular bodies (MVBs) within the cell release ILVs into the extracellular space to form exosomes (Zhang et al., 2019) (Figure 1). Exosomes carry out their functions by fusing with cell membranes or binding membrane proteins of the recipient cells. They contain functional proteins, nucleic acids (mRNA, miRNA, lncRNA, etc.) and lipids, and are carriers of intercellular communication between donor and recipient cells (Wang et al., 2021b). MiRNA is a crucial communication medium contained in exosomes, which can regulate the expression of genes and proteins in recipient cells and inhibit the degradation of exosomes (Valadi et al., 2007; Jong et al., 2012). After entering target cells, exosomal miRNA binds to target gene mRNA through partial sequence complementation and participate in tissue repair, inflammation, apoptosis and other processes, thus playing an important role in the regulation of gene expression (Ti et al., 2016; Chen et al., 2019). Exosomes originate from a wide range of sources, and almost all cells can secrete exosomes. The exosomes secreted under normal and pathological conditions are different, even for the same cells (Zhang et al., 2015). If exosomes fail to bind to their target cells in time, they are rapidly metabolized. When applied topically or injected throughout the body, they can provide multiple therapeutic benefits, such as repairing the damaged intervertebral discs and bone tissues (Riau et al., 2019).
[image: Figure 1]FIGURE 1 | Typical process of exosome generation, secretion, and transfer from the donor cells to the recipient cells, and the exosome structure is shown. Early endosomes containing ILVs are formed preliminarily and then developed into mature MVBs to release and form exosomes into the extracellular. The exosomes have a bilayered membrane structure containing functional proteins, nucleic acids (mRNA, miRNA, lncRNA, etc.), and lipids, some of which are released into recipient cells to regulate gene expression and cell function.
MSCs with multidirectional differentiation and self-replication potential have long been considered as an effective method for repairing intervertebral disc disorders and bone injuries, but there are many safety problems (Uccelli et al., 2008; Guadix et al., 2017). Many studies have demonstrated that exosomes derived from mesenchymal stem cells (MSC-Exos) have similar biological effects to MSCs in terms of tissue regeneration and repair functions (Cosenza et al., 2017). The application of MSCs avoids the problems associated with intact cell transplantation, such as immune rejection, infection, and non-directed cell differentiation (Lou et al., 2017). Exosomes secreted by MSCs from bone marrow, adipose, umbilical cord can all promote tissue regeneration and repair (Zhou et al., 2019; Li et al., 2020a; Zhang et al., 2021c). MSCs of different ages can regulate each other through exosomes, while younger MSC-Exos can enhance the proliferation and osteogenic differentiation of older MSCs (Jia et al., 2020).
IDD is associated with various factors such as aging, abnormal biomechanical burden, reduced nutrient supply to the cartilage endplates (Dowdell et al., 2017). In IDD, the water content of the nucleus pulposus decreases, and the pressure load decreases (Adams and Roughley, 2006). At the same time, the annulus fibrosus carries more load and is, therefore, more prone to damage. The healing potential of intervertebral discs without vascular nourishment is low, and there is no effective treatment to inhibit or even repair IDD (Urban and Roberts, 2003). Besides, the health of the surrounding bone and cartilage is closely related to the overall condition of the intervertebral disc, since the disc receives its nutrients from the endplate’s blood supply (Geer, 2018). Although new materials can reduce bone defects, it is still necessary to explore bioactive substances that can promote bone regeneration and repair (Dimitriou et al., 2011; Amini et al., 2012). Therefore, we focused on acellular MSC-Exos over the past years to elucidate their potential effectiveness on IDD treatment and bone regeneration and repair. In this review, we looked at the relationships between MSC-Exos and IDD, MSC-Exos and bone repair and regeneration, and further discussed the mechanism of action of MSC-Exos on the treatment of IDD and promoting bone repair and regeneration.
2 MESENCHYMAL STEM CELL-DERIVED EXOSOMES AND INTERVERTEBRAL DISC DEGENERATION
2.1 Relationship Between MSC-Exos and Intervertebral Disc Degeneration
Low back pain is a global health hazard (Manchikanti et al., 2014). Disc herniation and spinal stenosis caused by IDD are the main causes of low back pain, with a high incidence amongst the elderly (Croft et al., 2021). The pathogenesis of IDD is characterized by a decreased number of nucleus pulposus cells (NPCs), extracellular matrix (ECM) decomposition, annulus fibrosus aging, and cartilage endplate calcification (Grunhagen et al., 2011; Yang et al., 2020b). The nucleus pulposus is located at the center of the intervertebral disc and is composed of the proteoglycan elastin and ECM, which are important components responsible for pressure bearing in the intervertebral disc [2]. In IDD, the nucleus pulposus is the first to degenerate, mostly following an abnormal amount of stress on the vertebrae, aging, nutrition and other factors (Urban and Roberts, 2003). The exosomes derived from MSCs contain a variety of regulatory factors that inhibit the development of IDD. Studies have shown that MSC-Exos could prevent IDD by inhibiting apoptosis and promoting the proliferation of NPCs, inhibiting ECM degradation, alleviating inflammatory response and oxidative stress, promoting chondrogenic differentiation, and protecting endplate chondrocytes and annulus fibrosus. Therefore, MSC-Exos may be a promising option to delay or even reverse IDD (Hu et al., 2020; Krut et al., 2021). The related mechanisms are described in detail below and displayed in Figure 2.
[image: Figure 2]FIGURE 2 | Potential mechanisms of MSC-Exos for treating IDD. (A) Inhibiting NPC apoptosis and promoting NPC proliferation. MSC-Exos alleviate NPC apoptosis induced by acidic pH through repressing caspase-3 expression and attenuating caspase-3 cleavage. BMSC-Exos can increase miR-155 expression to upregulate HO-1 expression and downregulate Bach1 expression, subsequently activating autophagy in NPCs to inhibit the cell apoptosis in the state of low blood supply. MSC-Exos can deliver miR-532-5p, which targets RASSF5, and eventually inhibit TNF-α-induced NPC apoptosis. By delivering miR-142-3p to target MLK3 in NPCs, MSC-Exos inhibit the activation of the MAPK pathway and alleviate IL-1β-induced apoptosis and inflammation in NPCs. MSC-Exos can transfer miR-21, which directly targets PTEN; the PTEN silencing actives PI3K/Akt pathway and suppresses activation of Bad, Bax, and caspase-3 and inhibits TNF-α-induced NPC apoptosis. (B) Inhibiting ECM degradation. BMSC-Exos suppress the levels of MMP-1, MMP-3, MMP-13 in degenerative NPCs to inhibit ECM decomposition metabolism and evaluate expression levels of aggrecan, collagen II, SOX9, further inhibiting the ECM degradation. (C) Inhibiting inflammation response. MSC-Exos can decrease inflammatory factor expression including IL-1α, IL-1β, IL-6, IL-17, NF-κB-p65 and TNF-α in NPCs. MSC-Exos can inactivate the NLRP3 and inhibit the expression of NT-GSDMD, IL-18 and IL-1β proteins in degenerative NPCs, therefore inhibiting the NLRP3-mediated inflammatory pyroptosis. (D) Inhibiting oxidative stress. MSC-Exos can reduce the ROS and MDA level and inhibit oxidative stress-induced NPC apoptosis. MSC-Exos can activate Akt/ERK pathway to decrease CHOP protein expression, therefore inhibiting the cleavage of caspase-3, caspase-12 to treat AGEs-related ER stress-induced IDD. (E) Promoting chondrogenic differentiation. MSC-Exo treatment can induce chondrogenesis in degenerative NPCs earlier by increased the aggrecan, collagen II and SOX9 expression. (F) Protective effect on endplate chondrocytes. MSC-Exos containing miR-31-5p could negatively regulate ER stress by targeting ATF6, and further reducing caspase-3, caspase-7 and caspase-9 expression to inhibit apoptosis and calcification of endplate chondrocytes. (G) Protective effect on annulus fibrosus of IDD. BMSC-Exos can suppress PI3K/Akt/mTOR signaling pathway-mediated autophagy and inhibit the IL-1β-induced inflammation and apoptosis in annulus fibrosus cells.
2.2 Potential Mechanisms of Action of MSC-Exos in the Treatment of Intervertebral Disc Degeneration
2.2.1 Inhibiting Nucleus Pulposus Cell Apoptosis and Promoting Nucleus Pulposus Cell Proliferation
The main pathophysiologic mechanism of IDD involves a decline in the number of NPCs and ECM degradation, with multiple reactions such as inflammation and oxidative stress also being involved in this process. Therefore, inhibition of nucleus pulposus cell apoptosis and promotion of cell proliferation is the focus of IDD treatment. Exosomes derived from bone marrow mesenchymal stem cell (BMSC-Exos) have been reported to increase the proliferative ability of NPCs along with increasing the concentration of MSC-Exos (Li et al., 2020a; Hu et al., 2021). For exosomes derived from adipose-derived mesenchymal stem cells (ADMSC-Exos), the proliferation and migration rate of human NPCs were elevated through the ADMSC-Exo treatment (Zhang et al., 2021c). Furthermore, BMSC-Exos were able to prevent and mitigate NPC apoptosis induced by acidic pH by repressing caspase-3 expression and attenuating caspase-3 cleavage. When NPCs are placed in the pathological state of low blood supply, BMSC-Exos could increase miR-155 expression in NPCs, thereby downregulating Bach1 expression and upregulating heme oxygenase-1(HO-1) expression, activating autophagy in NPCs, inhibiting the level of apoptosis, thereby inhibiting IDD (Shi et al., 2021). Besides, BMSC-Exos could reduce the apoptosis rate of NPCs induced by tumor necrosis factor-α (TNF-α), while the miR-532-5p level was decreased in apoptotic NPCs. RASSF5 was demonstrated as a target of miR-532-5p; BMSC-Exos may inhibit apoptosis by targeting RASSF5 to deliver miR-532-5p to inhibit NPC apoptosis (Zhu et al., 2020a). BMSC-Exos also could alleviate interleukin-1β (IL-1β)-induced apoptosis and inflammation in NPCs, which may be mediated by delivering miR-142-3p to target mixed-lineage kinase-3 (MLK3) in NPCs and further inhibiting mitogen-activated protein kinase (MAPK) signaling (Zhu et al., 2020b). Using MSC-Exos enriched in miR-21 to transfer miR-21 to TNF-α-induced NPCs, the apoptosis level in the NPCs could be downregulated (Cheng et al., 2018). In this process, miR-21 directly targets phosphatase and tensin homolog (PTEN), which is negatively regulated by miR-21. The PTEN silencing actives phosphoinositide 3-kinases (PI3K)/ protein kinase B (Akt) pathway then decreases the activation level of downstream factors of Bad, Bax and caspase-3, and finally inhibit TNF-α-induced apoptosis.
2.2.2 Inhibiting ECM Degradation
Disc height is reduced due to the loss of matrix, which is mainly caused by matrix metalloproteinases (MMPs), which can hydrolyse ECM components such as proteoglycan collagen, thereby accelerating the pathological process of IDD (Kozaci et al., 2006). BMSC-Exo treatment can promote the expression levels of anabolic/matrix protective genes including aggrecan, collagen II, SRY-box transcription factor 9 (SOX9); suppress the levels of matrix-degrading genes such as MMP-1, MMP-3, MMP-13 in degenerative NPCs (Lu et al., 2017; Li et al., 2020a). Moreover, studies have shown that lactic acid accumulation can reduce the pH value in IDD (Malandrino et al., 2014). Acidic pH adversely affects the proliferation of NPCs, and destroys the metabolic balance of the ECM, which limits the therapeutic potential of MSCs and is a negative factor affecting intervertebral disc repair (Huang et al., 2013). Moreover, ADMSC-Exos have also been found to suppress the MMP-13 expression, inhibit ECM decomposition in degenerative NPCs, and increase collagen II expression to promote ECM formation (Xing et al., 2021).
2.2.3 Inhibiting Inflammation Response
Previous researches have confirmed inflammation and related signaling pathways as important factors in the onset and progression of IDD, an obvious etiologic factor of low back pain (Lyu et al., 2021). Studies have demonstrated that the secretion of inflammatory factors such as IL-1α, IL-1β, IL-6, IL-17, nuclear factor-κB p65 (NF-κB p65), TNF-α was increased in the NPCs from degenerative discs, and found that ADMSC-Exos could decrease the inflammation level (Zhang et al., 2021c). Additionally, ADMSC-Exos could inactivate the NLRP3 inflammasome, inhibit the expression of N-terminal gasdermin D (NT-GSDMD) and IL-1β proteins in degenerative NPCs, thereby more significantly reducing the inflammatory response (Xing et al., 2021). Besides, it was also shown that MSC-Exos significantly decrease NLRP3 expression and reduce caspase activation, hence downregulating the expression levels of downstream cytokines IL-18 and IL-1β, inhibiting NLRP3-mediated inflammatory pyroptosis in the degenerative NPCs (Zhang et al., 2020a). And the establishment of an ECM hydrogel system could sustainably release ADMSC-Exos, allowing exosomes to remain in the degenerative disc for up to 28 days to exert a more anti-inflammatory effect.
2.2.4 Inhibiting Oxidative Stress
Reactive oxygen species (ROS) is a crucial factor for intervertebral disc signal transduction, and the excessive production of ROS can accelerate IDD (Suzuki et al., 2015; Feng et al., 2017). Finding therapeutic targets to reduce excessive ROS is a valuable research orientation, which could work mainly by inhibiting oxidative stress. Hu et al. (Hu et al., 2021) found that BMSC-Exos could reduce ROS and malondialdehyde (MDA) level and inhibit oxidative stress-induced NPC apoptosis. Besides, suppressing the Akt/extracellular signal-regulated kinase (ERK) pathways was demonstrated to aggravate endoplasmic reticulum (ER) stress-induced apoptosis (Xu et al., 2017). MSC-Exos could protect the NPCs against advanced glycation end products (AGEs)-related ER apoptosis by activating Akt/ERK signaling, which could reduce C/EBP homologous protein (CHOP) expression, and attenuate the cleavage of caspase-3, caspase-12 (Liao et al., 2019). Therefore, BMSC-Exos may be the effective therapeutic method to treat AGEs-related ER stress-induced IDD.
2.2.5 Promoting Chondrogenic Differentiation
The reduction of chondrogenic NPCs and the lower expression of chondrogenic genes were the critical manifestations of IDD (Maldonado and Oegema, 1992; Choi et al., 2015). An important function of chondrocyte-like NPCs was to produce ECM, and more chondrocyte-like NPCs can produce more ECM (Adams and Roughley, 2006). SOX9 is one of the early markers of chondrogenesis for NPCs (Chimal-Monroy et al., 2003). It was reported that MSC-Exos could promote SOX9 expression in NPCs from degenerative NP tissue more quickly, meaning that MSC-Exo treatment can induce earlier chondrogenesis in degenerative NPCs (Hingert et al., 2020). A study (Zhang et al., 2021c) reported that after treatment of NPCs with ADMSC-Exos for 7, 14 and 21 days, the levels of chondrocytic genes (collagen II, aggrecan and SOX9) were significantly increased, suggesting that ADMSC-Exos had restored the chondrogenic differentiation properties of degenerative NPCs.
2.2.6 Protective Effect on Endplate Chondrocytes
Degenerative changes of the cartilage endplate can hinder nutrient transfer to the intervertebral disc and aggravate IDD (Zhu et al., 2016; Wong et al., 2019). It was reported that MSC-Exos containing miR-31-5p could negatively regulate activating endoplasmic reticulum (ER) stress by targeting transcription factor 6 (ATF6), and further inhibit expression of caspase-3, caspase-7, and caspase-9, thereby inhibiting tert-butyl hydroperoxide-induced apoptosis and calcification in endplate chondrocytes (Xie et al., 2020). By injecting MSC-Exos to the sub-endplate of the IDD model in rat tails, the MSC-Exos displays an inhibiting effect on IDD. Conversely, the protective effects were reduced when the miR-31-5p levels were downregulated in MSC-Exos.
2.2.7 Protective Effect on Annulus Fibrosus of Intervertebral Disc Degeneration
Due to complicated biomechanics, both the number of cells in the annulus fibrosus and nucleus pulposus are found to be considerably decreased during the IDD (Vergroesen et al., 2015). Gene analyses have delineated that autophagy-related gene expression is significantly increased in degenerative annulus fibrosus tissues. The number of autophagic vesicles and autophagosomes was enhanced, suggesting that autophagy may play an essential role in the pathogenesis of IDD (Gruber et al., 2015). Research has equally revealed that, BMSC-Exos could inhibit IL-1β-induced inflammation and apoptosis and promote the proliferation of annulus fibrosus cells, thus exerting a protective effect on the annulus fibrosus, and this may be by suppressing PI3K/Akt/mTOR signaling pathway-mediated autophagy (Li et al., 2020b).
3 MESENCHYMAL STEM CELL-DERIVED EXOSOMES AND BONE REPAIR AND REGENERATION
3.1 Relationship Between MSC-Exos and Bone Repair and Regeneration
Various bone defects caused by trauma, tumor, infection, congenital deformity and osteoporosis, seriously reduce the life quality of patients and are commonly seen in the clinic (Benjamin, 2010). A small quantity of bone defects or injuries can usually repair themselves, but large and complex bone defects usually need to be filled with artificial or autologous bone, but issues such as bone insufficiency and immune rejection are still encountered. Additionally, osteoarthritis is a common disease of progressive destruction of articular cartilage, accompanied by increased pain, currently lacking effective drugs targeting cartilage repair and regeneration (Li et al., 2013). MSC-Exos are effective at promoting bone repair and regeneration independently, and play an immunomodulatory role by binding with receptors to promote osteogenesis (Zhang et al., 2020b; Fan et al., 2021). Current research suggests that MSC-Exos can promote osteogenic differentiation and angiogenesis, regulate immune function, induce chondrogenesis and improve osteoporosis (Lu et al., 2019; Yang et al., 2021). The related mechanisms are described in detail in the following contents and shown in Figure 3.
[image: Figure 3]FIGURE 3 | Potential mechanisms of MSC-Exos for promoting bone repair and regeneration. (A) Promoting osteogenic differentiation. MSC-Exos can activate the PI3K/Akt signaling pathway to promote osteogenic differentiation and proliferation of BMSCs. The Wnt/β-catenin signaling pathway activated by MSC-Exos with increased expression of β-catenin and Wnt3a can promote osteoblast proliferation and differentiation. Exosomes enriched with miR-375 inhibit the IGFBP3 expression to promote osteogenic differentiation of hBMSCs. (B) Promoting angiogenesis. BMSC-Exos activates the Akt/mTOR pathway to stimulate angiogenesis and further promotes bone regeneration. Exosomal miR-21 can upregulate the NOTCH1/DLL4 pathway and promote angiogenesis. (C) Immunoregulation. MSC-Exos can decrease the gene expression of IL-1β, IL-6, TNF-α, and iNOS in the inflammatory macrophages. (D) Inducing chondrogenesis. MSC-Exos increase the protein and mRNA expression of collagen II and SOX9 to improve cartilage regeneration. MSC-Exos can promote the macrophage’s polarization toward the M2 phenotype and further inhibit the inflammatory response to benefit chondrogenesis. BMSC-Exo treatment can decrease the c-MYC expression level, which indicates the chondrocyte’s maturation. (E) Improving osteoporosis. MALAT1 contained in BMC-Exos promotes alkaline phosphatase activity of osteoblasts and mineralizes nodules by increasing SATB2 expression. Activating MAPK signaling and increasing the P-p38 and P-JNK expression by MSC-Exos can promote osteoblast differentiation. BMSC-Exos enriched with miR-196a can inhibit Dkk1 expression to activate the Wnt/β-catenin pathway, thereby improving osteoporosis. Exosomes derived from human umbilical cord MSCs can inhibit BMSC apoptosis through the miR-1263/Mob1/Hippo signaling pathway to improve osteoporosis.
3.2 Potential Mechanisms of MSC-Derived Exosomes for Promoting Bone Repair and Regeneration
3.2.1 Promoting Osteogenic Differentiation
MSCs have outstanding osteogenic differentiation capacity, and they have been widely used in promoting bone repair and regeneration (Pittenger et al., 1999; Jiang et al., 2002). The miRNAs, growth factors, cytokines contained in MSC-Exos could promote the osteogenic differentiation abilities of MSCs (Wang et al., 2015). Studies have shown that MSC-Exos can profoundly improve the osteogenic differentiation and proliferation of BMSCs, and reinforce the osteogenic response of BMSCs by activating the PI3K/Akt signaling pathway (Zhang et al., 2016). Besides, the exosomes derived from younger BMSCs depicted a stronger ability to promote osteogenic differentiation. It was reported that younger BMSC-Exos (2 weeks) could enhance the proliferation and osteogenic differentiation of older BMSCs (15 months) (Jia et al., 2020). The in vivo experiments also verified that bone regeneration was significantly accelerated in rats treated with MSC-Exos. Moreover, activation of the Wnt/β-catenin signaling pathway can stimulate osteoblast proliferation and differentiation, and promote bone fracture repair and regeneration (Gaur et al., 2005). The human umbilical cord MSC-Exos treatment could promote the expression levels of β-catenin and Wnt3a protein in the Wnt signaling pathway in fracture site cells, indicating that MSC-Exos probably promotes osteoblast proliferation and differentiation as well as bone fracture repair through the Wnt signaling pathway (Zhou et al., 2019). Furthermore, exosomes enriched with miR-375 could promote the osteogenic differentiation of BMSCs by inhibiting insulin-like growth factor binding protein 3 (IGFBP3) expression as a negative regulator of osteogenic differentiation (Chen et al., 2019).
3.2.2 Promoting Angiogenesis
Angiogenesis is a prerequisite for bone regeneration and provides the necessary growth factors and nutrients for the repair of bone injuries and defects (Yu et al., 2009). Besides, new blood vessels serve as a route for transferring the inflammatory cells, and the precursor cells of cartilage and bone, allowing them to reach the site of bone injury. Angiogenesis is regulated by various growth factors, such as various miRNAs, vascular endothelial growth factors (Hankenson et al., 2011). BMSC-Exos stimulates angiogenesis by activating the Akt/mammalian target of rapamycin (mTOR) pathway, which further promotes bone regeneration (Liang et al., 2019). Besides, MSC-Exos can enhance the proliferation, migration, and angiogenic differentiation of endothelial progenitor cells, further driving the process of angiogenesis (Zhang et al., 2021b). Mechanistic studies revealed that exosomal miR-21 promote angiogenesis by upregulating the NOTCH1/DLL4 pathway (Zhang et al., 2021b). It was also found that miR-214-3p was significantly increased in the BMSC-Exos of bone-losing mice. Moreover, knee loading was found to promote angiogenesis and bone regeneration by enhancing the formation of type H vessels and downregulating miR-214-3p levels in BMSC-Exos (Wang et al., 2021a).
3.2.3 Immunoregulation
Bone regeneration and healing is a complicated process, and the levels of cytokines produced in bone injury are first elevated and then gradually decline (Marsell and Einhorn, 2011; Einhorn and Gerstenfeld, 2015). However, continuous or abnormal activation of immune cells or secretion of proinflammatory molecules is detrimental to bone regeneration (Gibon et al., 2017). Macrophages as immune cells play a crucial role in bone regeneration, secreting inflammatory and chemotactic mediators, and initiating the recruitment of MSCs (Loi et al., 2016). MSC-Exos possess a sustained inflammation-regulatory ability, which could decrease the gene expression of IL-1β, IL-6, TNF-α, and suppress the expression of an M1 phenotypic marker (iNOS) mRNA in the inflammatory macrophages (Wei et al., 2019; Zhang et al., 2020b). The scanning electronic microscopy results depicted that the morphology of macrophages was significantly elongated after treatment with BMSC-Exos.
3.2.4 Inducing Chondrogenesis
Cartilage damage and defect regeneration remain challenges due to its limited healing capacity. (Sun et al., 2010; Chen et al., 2018). Osteoarthritis is one of the most common joint diseases associated with progressive damage and loss of articular cartilage, thus exploring drugs that promote cartilage regeneration could be promising for the treatment of osteoarthritis (Hunter and Bierma-Zeinstra, 2019). MSC-Exos could increase chondrocyte proliferation and improve cartilage regeneration by increasing the protein translation and mRNA expression of hyaline cartilage-specific genes aggrecan, collagen II, and SOX9 (Li et al., 2021; Liao et al., 2021). Similarly, MSC-Exos could promote macrophage polarization toward the M2 phenotype and further inhibit the inflammatory response, creating favorable conditions for osteochondral regeneration (Jiang et al., 2021). In the process of cartilage formation treated with BMSC-Exos, the expression level of c-MYC was reduced, indicating that the exosomes could promote cartilage maturation (Iwamoto et al., 1993).
3.2.5 Improving Osteoporosis
Osteoporosis is caused by complex metabolic factors and is characterized by an obvious decline in bone mineral density and bone microstructure damage (Saito and Marumo, 2010; Hamann et al., 2012). The disease is related to an imbalance between the number and function of osteoblasts and osteoclasts. Moreover, angiogenesis, inflammation, oxidative stress and miRNAs have been involved in the process of osteoporosis (Li et al., 2018; Lu et al., 2021). It was reported that MSC-Exos could promote osteogenesis of BMSCs and promote the proliferation of osteoblasts to alleviate osteoporosis (Qi et al., 2016; Zhao et al., 2018). It was demonstrated that BMSC-exosomal metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) promoted osteoblast activity in osteoporotic mice by the miR-34c/SATB2 signaling pathway (Yang et al., 2019). MALAT1 contained in exosomes derived from BMSCs promoted alkaline phosphatase activity of osteoblasts and mineralized nodules by increasing the expression level of SATB2 (Yang et al., 2019). Previous researches have demonstrated that activating MAPK signaling plays a crucial role in inducing osteoblasts differentiation to reduce and prevent osteoporosis, which may be mediated by increasing the expression levels of P-p38 and P-Jun N-terminal kinase (P-JNK) (Gallea et al., 2001; Zhao et al., 2018). Besides, MSC-Exos could suppress the activation of the NLRP3 inflammasome, inhibit the IL-1β and IL-18 secretion, and alleviate the inflammatory response to improve osteoporosis (Zhang et al., 2021a). Moreover, BMSC-Exos enriched with miR-196a could promote osteogenic differentiation (Peng et al., 2021). Mechanistic studies showed that miR-196a delivered by BMSC-Exos plays an essential role in enhancing osteoblastic differentiation by inhibiting Dkk1 expression to activate the Wnt/β-catenin pathway. Exosomes from human umbilical cord MSCs are also able to inhibit BMSC apoptosis and improve the degree of osteoporosis in rats, which was mediated via the miR-1263/Mob1/Hippo signaling pathway (Yang et al., 2020a).
4 CONCLUSION
Currently, exosomes are widely viewed as effective therapeutic components derived from MSCs, and the secretion of exosomes is an important way for MSCs to promote the repair of surrounding tissue injuries. There are ongoing researches on the benefits of therapy with MSC-Exos for IDD, as well as bone defects and injuries. The core underlying pathophysiologic mechanism of IDD are abnormalities and a reduced number of NPCs. The functional substance in MSC-Exos can regulate the cell metabolism and function by transferring to NPCs, endplate chondrocytes and annulus fibrosus cells, thus inhibiting IDD. Additionally, MSC-Exos also showed great therapeutic potential in terms of repair in bone defects and injuries via promoting osteogenic differentiation and angiogenesis and regulating the immune response, and similar results have been illustrated with respect to its therapeutic and preventive effects against cartilage injuries and osteoporosis. Furthermore, the application of novel biomaterials such as hydrogels could prolong the duration of exosomes at the bone injury site and maintain the function and stability of intracapsular proteins and miRNA. In order to enable MSCs to play a better role in repairing tissue injury, studies should continue the exploration of new methods to promote the delivery of bioactive substances in exosomes more efficient and novel biomaterials that can maintain the physiological state of MSC-Exos.
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Enhancer RNAs (eRNAs) are noncoding RNAs that synthesized at active enhancers. eRNAs have important regulatory characteristics and appear to be significant for maintenance of cell identity and information processing. Series of functional eRNAs have been identified as potential therapeutic targets for multiple diseases. Nevertheless, the role of eRNAs on intervertebral disc degeneration (IDD) is still unknown yet. Herein, we utilized the nucleus pulposus samples of patients and identified a key eRNA (LINC02569) with the Arraystar eRNA Microarray. LINC02569 mostly locates in nucleus and plays an important role in the progress of IDD by activating nuclear factor kappa-B (NF-κB) signaling pathway. We used a cationic polymer brush coated carbon nanotube (oCNT-pb)-based siRNA delivery platform that we previously designed, to transport LINC02569 siRNA (si-02569) to nucleus pulposus cells. The siRNA loaded oCNT-pb accumulated in nucleus pulposus cells with lower toxicity and higher transfection efficiency, compared with the traditional siRNA delivery system. Moreover, the results showed that the delivery of si-02569 significantly alleviated the inflammatory response in the nucleus pulposus cells via inhibiting P65 phosphorylation and preventing its transfer into the nucleus, and meanwhile alleviated cell senescence by decreasing the expression of P21. Altogether, our results highlight that eRNA (LINC02569) plays important role in the progression of IDD and could be a potential therapeutic target for alleviation of IDD.
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INTRODUCTION
Low back pain (LBP) is one of the leading causes of disability worldwide, and the disability that caused by LBP increased by 54% between 1990 and 2015 globally (Hartvigsen et al., 2018). It hase been reported that the incidence of LBP is closely correlated with IDD (Smith et al., 2011), which is the basis of a series of lumbar spine diseases (e.g., lumbar disc herniation). IDD is a multifactorial process characterized by cellular and biomechanical changes that lead to loss of extracellular matrix (ECM) proteoglycans, increased fibrillation and reduction of water content (Antoniou et al., 1996). It is established that progressive inflammatory response plays critical role in the development of disc degeneration and LBP (Khan et al., 2017; Zhang et al., 2019). The inflammatory-associated factors tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) are widely reported to be associated with IDD (Le Maitre et al., 2005; Le Maitre et al., 2007). Both the in vitro and in vivo studies have also demonstrated that inflammatory stimulation was able to trigger the degeneration of nucleus pulposus cells (NPCs) (Srivastava et al., 2017; Hernandez et al., 2020), (Rajan et al., 2013). Thus, attenuation of the inflammatory response in the intervertebral discs has long been considered as a specific therapeutic molecular target for treatment of IDD (Chou et al., 2020; Shao et al., 2020; Lyu et al., 2021).
Evidence has indicated that noncoding RNAs, including long non-coding RNAs (lncRNAs) and microRNAs (miRNAs), may play an important role in the generation of IDD (Tang et al., 2020; Zhou et al., 2021; Zhu et al., 2021). The noncoding RNAs, synthesized at active enhancers, are called eRNAs (Schaukowitch et al., 2014). These eRNAs have important regulatory characteristic, including cell/tissue specificity, and appear to be significant for maintenance of cell identity and information processing (Li et al., 2013; Mousavi et al., 2013; Sigova et al., 2015; Tsai et al., 2018). Currently, series of functional eRNAs have been identified as potential therapeutic targets for multiple diseases (e.g., cancer, cardiac fibrosis, leukemia) (Lai et al., 2013; Micheletti et al., 2017; Rahnamoun et al., 2017; Catarino and Stark, 2018; Miao et al., 2018). Although the regulatory mechanisms of these eRNAs have been generally expounded, their clinical translation is significantly impeded due to few efficient delivery strategies for regulating the biological functions of eRNAs. In addition, the proportion of currently discovered functional eRNAs is still very low and their regulatory mechanisms need to be explored. Recently, a new class of lncRNAs has emerged as lnc-eRNA or elncRNA, which are encoded in enhancer regions marked by histone 3 lysine 4 monomethylation (H3K4me1) and histone 3 lysine 27 acetylation (H3K27ac) (Miao et al., 2018), and the regulatory roles of these lncRNAs, especially those in the progression of IDD, has not been explored.
In this study, we utilized the nucleus pulposus (NP) samples of the patients who underwent discectomy in our hospital and identified a key lncRNA (LINC02569) with the Arraystar Microarray, which plays an important role in the progression of IDD via activating the NF-κB signaling pathway. Based on the regulatory mechanism, a oCNT-pb-based siRNA delivery platform that we previously designed, was used to transport si-02569 to NPCs for the attenuation of IDD. After administration, the siRNA loaded nanoparticles could accumulate in the NPCs with lower toxicity and higher transfection efficiency, compared with the traditional siRNA delivery system. Moreover, the results showed that delivery of si-02569 with this oCNT-pb platform could significantly alleviate the inflammatory response in the NPCs via regulating NF-κB signaling pathway. Taken together, these results highlighted the potential for oCNT-pb-based siRNA delivery of eRNA as a therapeutic strategy for the amelioration of inflammation mediated IDD.
MATERIALS AND METHODS
Tissues
Human lumbar disc tissues were obtained from patients who were performed NP resection due to disc herniation in our hopsital (Guangdong, China). The degree of IDD was determined by magnetic resonance imaging (MRI) scan following the Pfirrmann classification (Pfirrmann et al., 2001). Tissues of Pfirrmann I-II degree were used as normal control. This study was approved by the ethics committee of the Seventh Affiliated Hospital of Sun Yat-sen University.
Extraction and Culture of Human Nucleus Pulposus Cells
The NP tissues were digested in 0.2% type II collagenase (9001-12-1, BioFroxx) for 4 h at 37°C. After being washed with PBS, the digested tissues were transferred to DMEM/F12 (C11330500BT, Gibco, Life technologies) containing 10% fetal bovine serum (P30-3306, PAN Biotech) and 1% penicillin/streptomycin (15140-122, Gibco, Life technologies) in the incubator at 5% CO2 and 37°C. When confluent, the cells were passaged after digesting with 0.25% Trypsin-EDTA (25200-072, Gibco, Life technologies). Cells after the second passage were used in the following experiments.
Sa-β-Gal Staining
SA-β-Gal staining was conducted using Senescence β-Galactosidase Staining Kit (C0602 ,beyotime) according to the manufacturer’s instructions. In brief, after washed with PBS once, cells on plates were fixed with 4% Paraformaldehyde (BL539A, biosharp) for 15 min at room temperature. After that, cells were stained with working solution overnight in the absence of CO2. Images were captured using Leica DMI1 microscope and the percentages of SA-β-gal-positive cells were quantified for statistical analysis.
RNA Isolation and qRT-PCR
Total RNA was isolated from NPCs or tissues of NP and annulus fibrosus (AF) with TRIzol (15596026, Life technologies, United States) according to the manufacturer’s instructions. The concentration of RNA was detected using a NanoDrop spectrophotometer (Thermo Scientific, United States). cDNA synthesis was performed with PrimeScript™ RT reagent Kit (RR047A, Takara) by T100 Themal Cycler (Bio-Rad, United States). qRT-PCR was then performed with PowerUp™ SYBR™ Green Master Mix (A25742, Thermo Fisher Scientific, United States) by CFX96 Real-Time System (Bio-Rad, United States) in triplicate in three independent experiments. GAPDH was used as the internal control for mRNA and lncRNA expression. The relative expression was determined by the 2−ΔΔCt method. The primer sequences used in this study are shown in Supplementary Table S1.
Western Blot Analysis
RIPA Lysis Buffer (P0013K, Beyotime) and protease and phosphatase inhibitor cocktail (P1045, Beyotime) were used to isolate whole cell protein. Protein concentration was quantified with Pierce™ BCA Protein Assay Kit (23227, Thermo Scientific). Proteins were boiled with 5 × loading buffer, then separated by SDS-PAGE on polyacrylamide gels (PG213, EpiZyme). After that, samples were transferred to PVDF membranes (IPVH00010, Millipore). After blocking with 5% non-fat milk (P0216-1500g, Beyotime) for 1 h, membranes were incubated with primary antibodies at 4°C for 12–16 h. The next day, membranes were washed with TBS/Tween20 (TBST) and incubated with secondary antibodies at room temperature for 1 h. The protein signal was visualized by ECL chemiluminescence kit (P0018AS, Beyotime). Information for primary antibodies is shown in Supplementary Table S2.
Materials for the Synthesis of oCNT-pb
Materials used in this study was previously reported (Li et al., 2021). In brief, pristine-multi-walled-carbon-nanotubes (pCNT) were-purchased-from-Nanostructured-&-Amorphous-Materials-Inc., United States. Sulfuric acid (H2SO4, 98%) was-purchased-from-Honywell-Fluka™, Germany. Nitric-acid (HNO3, 65%) was-purchased-from-Acros-Organics, United States. Dopamine-hydrochloride (98%), triethylamine (Et3N, 99%), α-bromoisobutyryl-bromide (α-BiBB, 98%), 2-dimethylaminoethyl-methacrylate (DMAEMA, 98%), 2,2′-bipyridyl (bipy, 99%), copper (II) bromide (CuBr2, 99%), copper (I) chloride (CuCl, 99.995%) were-purchased-from-Sigma-Aldrich. Dopamine-hydrochloride-and CuCl-were-kept-sealed-until-use-and-purged-with-N2-gas-after-every-use-to-avoid-oxidation.
Synthesis and Characterization of oCNT-pb
The synthesis of oCNT-pb, was previously reported via “grafting from” method (Li et al., 2021). The procedure includes the oxidation of the pristine carbon nanotubes (CNTs), the coating of polydopamine on the oxidised CNTs, the deposition of initiators and the polymerisation of cationic polymer brushes on CNTs. Briefly, pristine CNTs were oxidised with a mixed acid solution of H2SO4 and HNO3. Then, polydopamine was coated on carbon nanotubes through π-π interaction with spontaneous oxidative polymerisation of dopamine hydrochloride in 10 mM tris-HCl buffer (pH 8.5), followed by the anchoring of α-BiBB initiators on CNTs via esterification reaction. Finally, the cationic PDMAEMA brushes were functionalized on CNTs with controlled architecture via surface-initiated atom transfer radical polymerisation (SI-ATRP).
The physicochemical properties, which include zeta potential (for surface charge), transmission electronic microscope (TEM, for morphology), thermogravimetric analysis (TGA, for polymer brush weight composition) and attenuated total reflection-fourier transform infrared spectroscopy (ATR-FTIR, for chemical functionalization) of the obtained oCNT-pb were characterized.
Transfection With siRNA
The transfection using oCNT-pb was performed as the following method: diluted the oCNT-pb and siRNA in Opti-MEMTM reduced serum medium (31985062, Thermo Fisher). Mixed oCNT-pb and siRNA solution and incubated for 10min at room temperature. Then add the mixed solution to the plate to make the final concentration at 50 μM for oCNT-pb and siRNA. The transfection using riboFECT™ CP (C10502-05, Robobio) was performed as the manufacturer’s instruction. The si-02569 and Fam labeled control siRNA was purchased from RiboBio Company. NPCs were seeded in 6-well plates and incubated in 2 ml of medium for 24 h. Then, the siRNA-oCNT-pb or siRNA-riboFECT complexes were added to silence the LINC02569 expression. After incubation for 6 h, cells were washed with PBS and incubated in fresh medium for another 48 h. The sequence of siRNA-LINC02569: 5′-GGT​CGT​ATC​TTT​ATC​TGG​T-3’.
Fluorescence In Situ Hybridization
Ribo™ Fluorescent In Situ Hybridization kit (R11060.7, Ribobio) was used according to the manufacturer’s instruction to measure the subcellular localization of LINC02569. In brief, after treated with 4% Paraformaldehyde and Triton X-100 (A110694-0100, Sangon Biotech), the cell slide was treated with LINC02569 probe hybridization solution labeled by Ribobio. The slide was hybridized at 37°C overnight and immersed in 4X, 2X and 1X SSC buffer (ES-8216, EcoTop Bio) in order, followed by staining with mounting medium with DAPI (ab104109, Abcam). The slide was imaged using the Zeiss LSM880 confocal microscope (Leica, Germany).
Immunofluorescence
Cells seeded on plates were treated with 4% Paraformaldehyde and Triton X-100, then blocked by goat serum (ZLI-9022, ZSGB-Bio) for 60 min at room temperature. Primary antibodies against COL2A1 (1:100) and ACAN (1:100) were applied to the incubation at 4°C overnight. Then, the slides were incubated with Alexa Fluor®647- labelled second antibodies (1:500) for 1 h and stained with mounting medium with DAPI. Last, slides were observed using the Zeiss LSM880 confocal microscope. ImageJ software 1.0 (Bethesda, MD, United States) was used for quantification of images.
Chromatin Immunoprecipitation Followed by Sequencing
ChIP was performed using the SimpleChIP® Plus Sonication ChIP kit (Cell Signaling Technology, Danvers, MA, United States) according to the manufacturer’s protocol. An anti-H3K27ac antibody (8173S, Cell Signaling Technology) was used. H3K27ac-ChIP DNA and the input DNA of NPCs were used for ChIP-Seq analyses (Aksomics, Shanghai, China). A region with a p-value (−10*log) ≥ 50 was defined as a GATA6-enriched region.
Cell Counting Kit-8 Assay
Cell proliferation was measured using cell counting kit-8 (CCK-8) (CK04, Dojindo). Cells (1 × 104/well) were seeded into a 96-well plate and incubated for 24 h. After treated with different concentration of oCNT-pb for 6 h, 10 μl CCK-8 reagent was added to each well at the time of harvest. After incubating at 37°C for 1 h, The absorbance at 450 nm was measured using the microplate reader (Synergy H1, BioTek). The data are representative of 3 independent experiments.
Cell Apoptosis Analysis
Cells were seeded in a 12-well plate (2 × 105 cells/well). After treated with oCNT-pb or riboFECT for 6 h, cells were harvested by 0.25% Trypsin-EDTA and washed with PBS three times, and then incubated with 1 μl of FITC-conjugated Annexin V (640906, Biolegend) and 0.5 μl of PI (79997, Biolegend) for 10 min at room temperature. The stained cells were detected by the flow cytometer (CytoFLEX, Beckman).
RNA Sequencing
NPCs were transfected with or without si-02569. Cells were harvested 48 h after transfection. Cellular RNAs were extracted from cell lysates using Trizol reagent. Total RNA is enriched by oligo (dT) magnetic beads (rRNA removed). KAPA Stranded RNA-Seq Library was used for RNA-seq library preparation.
Statistical Analysis
GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, United States) was used for statistical analysis. Data are presented as the mean ± SD. Graphs were generated with GraphPad Prism 8.0. Statistical analysis between 2 groups was performed using student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 were regarded as statistically significant.
RESULTS
LINC02569 Is Highly Expressed in Degenerative Nucleus Pulposus
To investigate the role of eRNA in the progression of NP degeneration, we set out to identify eRNAs modulated in degenerative NPs compared with normal ones with Arraystar Human SE-lncRNA Microarray (Figure 1A). We first filtered 695 differentially expressed lncRNA in degenerative NPs, of which 176 lncRNA was upregulated. Then we filtered for lncRNA with gold level. As a result, 12 of them were left. Next, 6 out of the 12 were picked and expression of these transcripts was determined via qRT-PCR using RNA isolated from NP tissues. We verified that LINC02569 was significantly up-regulated in degenerative NPs (Figure 1B), supporting the notion that LINC02569 could play an important role in the progression of NP degeneration.
[image: Figure 1]FIGURE 1 | Identification of lncRNAs. (A) Selection strategy of lncRNAs from a genome-wide profiling between normal and degenerative NPs. (B) Expression of LINC02569 and other 5 lncRNAs measured by qRT-PCR in severe degenerative NPCs as compared to mild degenerative ones. Quantitative results are shown as the mean ± SD. ∗∗p < 0.01. ns, not statistically significant.
LINC02569 expression Is Enriched in Nucleus Pulposus and Associated With Nucleus Pulposus Degeneration
According to NCBI database, LINC02569 is a transcription from chromosome 6. It was found to be distributed mostly in the nucleus compartments (Figures 2A,B), indicating that it could mainly play roles in transcriptional regulatory processes. LINC02569 was more highly enriched in NP than in AF (Figure 2C, p < 0.05), suggesting that it could have more important functions in this intervertebral disc composition. Interestingly, despite the annotation of the SE-lncRNA microarray, we found that LINC02569 was derived from enhancer region (Figure 2D). It was more accurate to defined it as elncRNA. Since LINC02569 was enriched in degenerative NP, we therefore evaluated whether the expression of LINC02569 correlated with genes linked to NP degeneration. LINC02569 expression was highly correlated with genes relevant to inflammation and ECM degradation (Figure 2E).
[image: Figure 2]FIGURE 2 | LINC02569 is eRNA and relevant to the progression of NP degeneration. (A) NPCs were stained with LINC02569 probe (red) and nuclear marker (DAPI, blue), while U6 and 18S was used as nucleus marker and cytoplasm marker respectively. Scale bar: 10 μm (B) Percentage of nucleus (blue bar) and cytoplasmic (red bar) average fluorescence intensity of U6, 18S and LINC02569 measured by ImageJ 1.0 after FISH. (C) qRT-PCR assay of LINC02569 expression in NP or AF. (D) ChIP-seq assay of H3K27ac signature of the locus encompassing LINC02569 in NPCs. (E) Scatter plot of qPCR assay showed correlation of expression between LINC02569 and IL6, ACAN, MMP13 and ADAMTS5. R2 and p values were determined by Pearson’s correlation test. Quantitative results are shown as the mean ± SD. ∗p < 0.05.
Characterization of oCNT-pb
The siRNA deliver system named oCNT-pb, showed a tube-like morphology with an average size of ≈200 nm, coated with polymer brush (Figures 3A,B). The physicochemical properties, which include zeta potential (Figure 3C, for surface charge), attenuated total reflection-fourier transform infrared spectroscopy (Figure 3D, ATR-FTIR, for chemical functionalization) and thermogravimetric analysis (Figure 3E, TGA, for polymer brush weight composition) of the oCNT-pb were characterized. Before transfection, we explored the concentration of oCNT-pb. CCK8 assay showed that oCNT-pb at N/P ratio of 2, 5 and 10 did not lead to reduced viability in NPCs, while RiboFECT led to a slight reduction (Figure 3F, p < 0.05). Moreover, oCNT-pb at N/P ratio of 5 showed less apoptosis (Figures 3G,H) and more transfection efficiency (Figures 3I,J). So oCNT-pb at N/P ratio of 5 was used in the following experiment.
[image: Figure 3]FIGURE 3 | Characterization of oCNT-pb. (A) TEM image of pCNT and oCNT-pb. (B) Schematic diagram of oCNT-pb and the chemical structure of polymer brush. Scale bar: 200 nm (C) Zeta potential measurements of pCNT and pCNT-pb in 10 mM PBS. (D) FTIR of pCNT and pCNT-pb with wavenumber range from 1000 to 3500 cm−1. (E) TGA of pCNT and oCNT-pb measured from 150 to 800°C. (F) The cytotoxic effect of oCNT-pb at various concentrations and Ribo transfection reagent on NPCs for 6 h was determined using a CCK8 assay. PBS was used as control. (G) Flow cytometry profile and (H) percentage of apoptosis of NPCs treated with oCNT-pb at various concentrations and Ribo transfection reagent for 6 h. (I) Flow cytometry profile and (J) percentage of FITC positive cells after NPCs were transfected with Fam-labeled control siRNA by oCNT-pb at various concentrations and Ribo transfection reagent for 6 h. Quantitative results are shown as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.
Knockdown of LINC02569 Attenuated Nucleus Pulposus Cells Degeneration and Alleviated Senescence
To investigate whether LINC02569 expression was associated with NPCs degeneration, knockdown of LINC02569 was performed (Figure 4A). Inflammation related gene (IL6) and ECM degeneration related genes (ACAN, MMP13, ADAMTS4 and ADAMTS5) was investigated. The results showed that reduction of LINC02569 expression led to mRNA level reduction of IL6, MMP13, ADAMTS4 and increase of ACAN (Figure 4B), meanwhile led to protein level reduction of IL6, ADAMTS5 and increase of ACAN (Figures 4C,D). LINC02569 could be up-regulated by IL-1β stimulation (Figure 4E), and knockdown of LINC02569 reversed IL-1β-induced inflammation and ECM degeneration (Figures 4F–L).
[image: Figure 4]FIGURE 4 | Knockdown of LINC02569 attenuated NPCs degeneration. (A) qRT-PCR assay of LINC02569 expression in LINC02569 knockdown NPCs. (B) qPCR assay of IL6, ACAN, MMP13, ADAMTS4 expression in LINC02569 knockdown NPCs. (C,D) Protein levels of IL6, ACAN and ADAMTS5 determined by WB analyses of lysates from LINC02569 knockdown NPCs. (E) qRT-PCR assay of LINC02569 expression in NPCs treated with IL-1β for 24 h. (F) qRT-PCR assay of IL6, ACAN, MMP13 and ADAMTS4 expression in LINC02569 knockdown NPCs treated with IL-1β. (G,H) Protein levels of IL6, ACAN and ADAMTS5 determined by WB analyses of lysates from LINC02569 knockdown NPCs treated with IL-1β. (K, L) Representative confocal images of ACAN (K) and COL2A1 (L) formation. Scale bar: 20 μm. (I) Quantitation of panel (K). (J) Quantitation of panel (L). Quantitative results are from 3 independent experiments and are shown as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01, ***p < 0.001.
Since cell senescence was reported to be closely related to NP degeneration (Novais et al., 2019; Che et al., 2020; Cherif et al., 2020), senescence related genes (P16, P21 and P53) were investigated. qRT-PCT assay of NP tissue isolated RNA showed positive correlation between LINC02569 and senescence related genes (Figure 5A), suggesting that LINC02569 expression was correlated with NP senescence. Knockdown of LINC02569 reduced mRNA level of P16 and P21 (Figure 5B) and protein level of P21 (Figures 5C,D), meanwhile reversed H2O2-induced NPCs senescence (Figures 5E–H).
[image: Figure 5]FIGURE 5 | Knockdown of LINC02569 alleviated NPCs senescence. (A) Scatter plot of qRT-PCR assay showed correlation of expression between LINC02569 and P16, P21 and P53. R2 and p values were determined by Pearson’s correlation test. (B) qRT-PCR assay of P16, P21 and P53 expression in LINC02569 knockdown NPCs. (C,D) Protein levels of P21 determined by WB analyses of lysates from LINC02569 knockdown NPCs. (E,F) Protein levels of P21 determined by WB analyses of lysates from LINC02569 knockdown NPCs treated with H2O2. (G,H) Representative SA-β-gal staining of NPCs from different groups. Scale bar: 100 μm. Quantitative results are from 3 independent experiments and are shown as the mean ± SD. ∗ p < 0.05, ∗∗ p < 0.01.
Knockdown of LINC02569 Attenuated Nucleus Pulposus Cells Degeneration by Blocking NF-κB Signaling Pathway
To determine how LINC02569 play role in the regulation of NP degeneration, RNA-seq was performed on normal control and LINC02569 knockdown NPCs. Key genes and target genes of NF-κB signaling pathway were found to be down-regulated (Figure 6).
[image: Figure 6]FIGURE 6 | Heatmap showed expression change of NF-κB related genes between LINC02569 knockdown group and negative control group in NPCs from RNA-seq.
We next determined whether suppression of LINC02569 attenuated NPCs degeneration by blocking NF-κB signaling pathway. IL-1β at 5 ng/ml/BMS-345541 at 20uM were proved to be the appropriate concentration to activate/suppress NFκB pathway in NPCs (Supplementary Figure 1A–G). WB analysis confirmed that the ratio of phosphorylated P65/total P65 was down-regulated in LINC02569 knockdown NPCs (Figures 7A,C, p < 0.01), while total P65 showed no significant difference (Figures 7A,B). Similarly, the knockdown also restored the activation of P65 phosphorylation by IL-1β (Figures 7D,F, p < 0.05), while total P65 showed no significant difference (Figures 7D,E). Besides, immunofluorescence analysis confirmed that suppression of LINC02569 decreased nucleus translocation of P65 and restored increased nucleus translocation of P65 induced by IL-1βin NPCs (Figures 7G,H, p < 0.05).
[image: Figure 7]FIGURE 7 | Knockdown of LINC02569 attenuated NPCs degeneration by blocking NF-κB signaling pathway. (A–C) Protein levels of total P65 and phosphorylated P65 determined by WB analyses of lysates from LINC02569 knockdown NPCs or NPCs treated with BMS-345541 (NF-κB inhibitor). (D–F) Protein levels of total P65 and phosphorylated P65 determined by WB analyses of lysates from LINC02569 knockdown NPCs or NPCs treated with BMS-345541 and IL-1β. (G–H) Representative immunofluorescence images of total P65 in NPCs from different groups. Quantitative results are from 3 independent experiments and are shown as the mean ± SD. ∗ p < 0.05, ∗∗ p < 0.01.
DISCUSSION
Intervertebral disc (IVD) is a complex fibrocartilaginous tissue that connects adjacent vertebral bodies and maintain mechanical loading to enable spinal motion. IDD, which is a widely recognized cause of back pain (Smith et al., 2011), worsens with age, and more than 80% of IVDs exhibit degeneration-related changes in people over 50 years old (Vo et al., 2016). The widely used treatment strategy for IDD consists of physiotherapy, drug therapy and surgery. This approach, however, has shown limited success. Recently, gene therapy seems to be a promising approach to delay or even reverse IDD, whereas the delivery system used to transfer exogenous genes into IVD cells remains a challenge (Blanquer et al., 2015; Micheletti et al., 2017). In this study, we identified a key lncRNA (LINC02569) with the Microarray, and demonstrated that using our previously designed cationic polymer brush-modified CNT-based siRNA delivery platform (Li et al., 2021) to transport si-02569 to NPCs, not only significantly increased the transfection efficiency but also decreased the potential toxicity. In addition, delivery of si-02569 with this nanoparticle platform could significantly alleviate the inflammatory response in the IL1β-induced degenerated NPCs via regulating NF-κB signaling pathway (Figure 8). These results provide us a promising alternative potential therapeutic strategy for biological intervention of IDD.
[image: Figure 8]FIGURE 8 | Graphical abstract for IL1β-induced LINC02569 promoted NPC degeneration through NF-κB. 1) LINC02569 was upregulated in degenerative NP or IL-1β-stimulated NPCs. LINC02569 promoted NF-kB activation, leading to the degeneration of NPCs. (See pathway consist of blue arrows. “+” represents promoting). 2) Silencing LINC02569 with oCNT-pb-meditated siRNA inhibited P65 phosphorylation and prevented the transfer into the nucleus, resulting in attenuation of NP degeneration. Moreover, LINC02569 silencing leaded to alleviation of cell senescence. (See pathway consist of red arrows. “−” represents restraining).
LncRNAs have been confirmed to play crucial roles in the regulation of various diseases (He et al., 2014; Zhu et al., 2019; Lin et al., 2020) and biological processes, including cellular differentiation, proliferation, apoptosis and gene regulation (Klattenhoff et al., 2013; Chen J. et al., 2017; Zhu et al., 2019). Thus, they have attracted more and more significant attention because of their imperative roles. For example, Huang et al. used microarray to obtain the expression profiles of lncRNAs in osteoarthritis (OA) cartilage and predicted the potential function and targets, which indicated them as the new biomarkers for diagnosis or novel therapeutic targets of OA (Fu et al., 2015). The elncRNAs are annotated lncRNAs in which initiation sites overlap with ehancer regions. Compared to other types of eRNAs, elncRNAs are acknowledged more stable (Li et al., 2016). Moreover, the interaction frequency of elncRNA-associated enhancer-promoter pairs was significantly higher than that of other enhancer-promoter pairs, suggesting that elncRNAs may regulate the gene expression more powerfully (Hou et al., 2019). Although, elncRNAs have been proved to play crucial roles in some human disease (Chowdhury et al., 2018), whether these kind of lncRNAs regulate IDD initiation and progression remains largely unknown. In this study, with the use of Microarray, we examined the elncRNA expression profiles of degenerated NP tissues, and identified LINC02569 as a key factor in regulating IDD. After using dozens of clinical samples to validate the association of LINC02569 with degenerative grades and exploring its molecular mechanism based on the RNA sequences, we demonstrated that this elncRNA can augment inflammatory response of NPCs via activating the NF-κB signaling pathway, which could be used as a potential therapeutic target for suppressing inflammation of IDD.
The inflammatory response and subsequent inflammatory-associated factors IL-1 β, IL-6 and TNF-α have been widely presented to be associated with IDD (Zhang et al., 2019). It has been reported that IL-1β and TNF-α are highly expressed in degenerative IVD tissues (Wei et al., 2015; Wei et al., 2019; Wang et al., 2020; Zhang et al., 2020). These cytokines, expressed by NPCs, are involved in multiple pathological progresses, including matrix degradation, cellular apoptosis, senescence and oxidative stress (Hoyland et al., 2008; Yang et al., 2015). Matrix Metallo Proteinases (MMP) and A Disintegrin And Metalloproteinases with Thrombospondin Motifs proteins (ADAMTS) are 2 important families of enzymes to mediate matrix degradation (Vo et al., 2013). Although many studies indicate that the expression levels of MMP and ADAMTS are regulated by a combination of many factors, including mechanical, inflammatory, and oxidative stress, some of which are mediated in part through the p38 mitogen-activated protein kinase and NF-κB signaling pathway. Inflammation is thought to be the main factor. The matrix degradation products then alleviated MMP inhibition and trigger inflammation in return, implying a cascade of structurally disrupting events (Marom et al., 2007). In our study, we also found that both MMP-13, ADAMTS4 and ADAMTS-5 were highly upregulated in the degenerated NPCs, which were in line with the inflammatory-associated factor IL-1β. This was consistent with the previous studies (Molinos et al., 2015). IL-1β stimulation has been widely used to establish NPC degeneration model (Lu et al., 2019; Wang et al., 2019). In this study, we also used IL-1β to treat NPCs for 24 h and found that the concentration of 5 ng/ml could sufficiently trigger the initiation of NPCs degeneration, which was lower than previous report (Wang et al., 2019). This might be due to the status of the cells individually. Various intracellular signaling pathways are activated in response to inflammatory stimulation during the process of IDD, subsequently mediating the increase in the secretion of a downstream effector that is closely involved in the progress of IDD (Wuertz et al., 2012). Being considered as one of the most important intracellular signaling proteins, NF-κB plays a crucial role in regulating the expression of genes associated with extracellular matrix (ECM) degradation in IL-1β-treated human NPCs (Feng et al., 2016; Kang et al., 2017). Suppressing the activation of NF-κB has been regarded as a potential therapeutic strategy against IDD. IκB, which is an inhibitory protein bonding NF-κB in the cytoplasm, prevents NF-κB from entering the nucleus under normal conditions. When stimulated by Il-1β, the IκB protein is phosphorylated and degraded, resulting in NF-κB phosphorylation and translation of NF-κB from the cytoplasm to the nucleus, subsequently upregulating the secrection of catabolic enzymes, inflammatory mediators and cytokines (Johnson et al., 2015; Chen Y. G. et al., 2017). In our study, to further elucidate the molecular mechanism underlying the effects of LINC02569 on IDD, we performed the RNA sequence analysis for the NPCs with and without LINC02569 knockdown, and found that the key genes and target genes of NF-κB pathway were downregulated, which suggested the potential association between LINC02569 and NF-κB signaling pathway. After delivery of si-02569 with oCNT-pb, the results revealed that the phosphorylation of P65, along with the nucleus translocation of P65, was significantly suppressed in NPCs with or without stimulation of IL1β. Subsequently, the degeneration of NPCs was alleviated confirmed by the expression of aggrecan and collagen II.
On the other hand, cellular senescence was reported to be a contributor to IDD and LBP (Cherif et al., 2020). In IDD, cellular senescence accumulates and is associated with reduced proliferation and increased inflammatory response. Senescence may occur as part of natural aging process, but can also be accelerated by growth factor deficiency, oxidative accumulation, and inflammatory stimulation (Wang et al., 2016). Reduction of senescent cells and senescence-associated secretory phenotype (SASP) could result in ECM improvement (Cherif et al., 2020). We demonstrated that suppression of LINC02569 decreased the expression of SASP, such as P16, P21 and P53, resulting in the alleviation of senescence. The results above suggest that elncRNA LINC02569 might be a promising therapeutic target in suppression of inflammation induced NP degeneration and senescence.
Accompanied by extensively elucidating numerous functional lncRNAs and their regulatory mechanisms, efforts to improve synthetic gene delivery have led to the development of various delivery systems (Allen and Cullis, 2013; You et al., 2018; Bi et al., 2020; Zhou et al., 2020; Zhang et al., 2021). RNA interference (RNAi) technology is widely used due to its remarkable ability to silence the expression of target genes. Due to the polyanionic and biomacromolecular characters of RNAi technique, various delivery vehicles have been developed to improve siRNA delivery (Ali et al., 2017; Xu et al., 2018). Previous studies have reported that nanoparticles showed great promise for improvement of siRNA delivery, and surprisingly, some of the nanoparticle platforms have been marketed or projected into the clinical trials to treat human diseases (Shi et al., 2017). Recently, carbon nanotubes (CNTs), which possess unique characters (i.e., hollow structure, high aspect ratios) have made themselves more attractive (Krishnamoorthy et al., 2017). However, efficient and safe systemic delivery of siRNAs into NPCs remains challenging. Cationic polymer brushes synthesized via surface-initiated atom transfer radical polymerization (SI-ATRP) have attracted more attention for the design of siRNA delivery systems, as they offer flexibility for tailoring the surface chemistries and architectures (Li et al., 2021). It has been confirmed that the cationic polymer brushes could significantly alter the surface properties of CNTs, such as hydrophilicity, biofunctionality (Zhang et al., 2017). In this study, we used our previously designed CNTs, which were modified and functionalized by the cationic polymer brushes, to deliver si-02569 to NPCs. The results demonstrated that it showed lower toxicity accompanied by higher transfection efficiency, compared with the traditional siRNA delivery system. These results inferred that the high hydrophilicity induced by cationic polymer brush modification and structural adjustment could increase the cellular uptake of siRNA with low toxicity. Taken together, these results highlight the potential for CNTs-based siRNA delivery of elncRNA as a therapeutic strategy for the amelioration of inflammation mediated IDD.
Several limitations of this study should be acknowledged. First, we did not perform the in vivo study to evaluate the efficiency of siRNA delivery. Animal study is essentially imperative for preparation of clinical translation. In addition, although the effects of elncRNA LINC02569 on inflammation-related IDD have been verified, the deep molecular mechanisms at the downstream was not studied, due to the limited funding. Hence, further studies are warranted in the near future to overcome the limitations mentioned above.
In conclusion, our results demonstrated that delivery of si-02569 with oCNT-pb platform could significantly alleviate the inflammation of degenerative NPCs via suppressing NF-κB signaling pathway, besides, alleviated the senescence of NPCs. This result highlights the potential for oCNT-pb-based siRNA delivery of elncRNA as a therapeutic strategy for the amelioration of inflammation mediated IDD.
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Intervertebral disc degeneration (IVDD) has been reported to be the most prevalent contributor to low back pain, posing a significant strain on the healthcare systems on a global scale. Currently, there are no approved therapies available for the prevention of the progressive degeneration of intervertebral disc (IVD); however, emerging regenerative strategies that aim to restore the normal structure of the disc have been fundamentally promising. In the last decade, mesenchymal stem cells (MSCs) have received a significant deal of interest for the treatment of IVDD due to their differentiation potential, immunoregulatory capabilities, and capability to be cultured and regulated in a favorable environment. Recent investigations show that the pleiotropic impacts of MSCs are regulated by the production of soluble paracrine factors. Exosomes play an important role in regulating such effects. In this review, we have summarized the current treatments for disc degenerative diseases and their limitations and highlighted the therapeutic role and its underlying mechanism of MSC-derived exosomes in IVDD, as well as the possible future developments for exosomes.
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1 INTRODUCTION
Low back pain (LBP) is a widespread health concern in modern society, resulting in high socioeconomic consequences (Katz, 2006; Kague et al., 2021). Epidemiological statistics show that approximately 80% of adults experience lower back pain at least once in their lifetime (Park et al., 2021); LBP is considered to be one of the most important reasons that limit the working capacity of people younger than 45 years (Deyo and Weinstein, 2001; Balague et al., 2012). Annually, the direct cost of treating LBP is approximately US$ 30 billion and the indirect socio-economic losses account for approximately US$ 100 billion in the United States (Binch et al., 2021). The incidence and prevalence of LBP in China have increased annually, and it has become one of the major diseases that affect both public health and people’s quality of life (Yao et al., 2011; Wu et al., 2019). Previous studies (Liao et al., 2019a; Au et al., 2020; Binch et al., 2021; Croft et al., 2021) showed that intervertebral disc (IVD) degeneration (IVDD) is the most prevalent contributor to LBP at present. Although the etiology of IVDD remains poorly understood, some influencing factors include metabolic disorders, aging, mechanical loading, trauma, infection, nutrition, and genetic predisposition (Deyo and Weinstein, 2001; Cherif et al., 2020). To date, the clinical treatment for LBP mainly includes bed rest, administration of non-steroid anti-inflammatory drugs (NSAIDs) and analgesics, lumbar discectomy, and interbody fusion (Binch et al., 2021). However, these approaches only focus on temporarily alleviating the symptoms rather than targeting the pathogenesis, and as such the progression of IVDD is neither delayed nor reversed (Hu et al., 2020; DiStefano et al., 2021). Therefore, novel treatment modalities are needed in IVDD therapy. In recent years, indeed, emerging strategies for the treatment of IVDD has gained the attention of researchers; MSC-based therapies and exosomes from MSCs show promising effects and have potential clinical applicability (Melrose, 2016; Richardson et al., 2016; Vadala et al., 2016; Loibl et al., 2019; Croft et al., 2021). The efficacy of MSCs in IVDD repair has been demonstrated in preclinical studies (Orozco et al., 2011; Peroglio et al., 2013; Zhang et al., 2021), and more recently in clinical trials (Elabd et al., 2016; Centeno et al., 2017; Pettine et al., 2017). Originally, it was thought that the injected MSCs could phenotypically differentiate into nucleus pulposus-like cells to replace the damaged tissue (Risbud et al., 2004a; Risbud et al., 2004b; Steck et al., 2005). However, this hypothesis was later challenged by the findings from numerous studies in the last decade. There exists a consensus that MSCs exert their therapeutic functions in vivo mostly via the paracrine process, such as the release of signaling molecules including growth factors, cytokines, and extracellular vesicles (Fayazi et al., 2021; Mohd Noor et al., 2021). Among them, exosomes, as the main transmission medium for intercellular communication, participate in a variety of pathological and physiological functions by means of influencing the gene expression, migration, proliferation, apoptosis, and metabolism in the recipient cells (Pourakbari et al., 2019; Shi et al., 2021). Recent years have witnessed an increase in the amount of research being carried out on the therapeutic value of exosomes for the treatment of IVDD. In view of this, we have concentrated our attention on IVDD, MSCs, and exosomes in the present research. Specifically, we focused on the potential mechanisms of MSC-derived exosomes for IVDD treatment.
2 PATHOLOGY OF IVDD
The intervertebral consists of an outer annulus fibrosus (AF) and center gel-like nucleus pulposus (NP), as well as 2 cartilaginous endplates (Zhang et al., 2019; Binch et al., 2021). In the human body, the IVD is known to be the largest avascular tissue (Liao et al., 2019b), the IVD has a very limited intrinsic healing potential. Several pathophysiological processes of IVDD include decreased proliferation and increased apoptosis of nucleus pulposus cells, growth of nerves and blood vessels into intervertebral disc tissue, metabolic disorders (decreased synthesis and increased degradation) of extracellular matrix, aging of annulus fibrosus, and calcification of cartilage endplate (Balague et al., 2012). These eventually result in the clinical symptoms due to the inability to maintain the normal hydrophilic characteristics of the intervertebral disc, a large loss of water content, partial atrophy of nucleus pulposus, the disappearance of the normal borderline between annulus fibrosus and nucleus pulposus, and loss of intervertebral height (Deyo and Weinstein, 2001) (Figure 1).
[image: Figure 1]FIGURE 1 | The intervertebral disc in healthy and pathological tissues.
3 CURRENT TREATMENTS FOR INTERVERTEBRAL DISC DEGENERATION DISEASES
3.1 Conservative and Surgical Treatments
At present, IVDD therapy generally includes conservative symptomatic and surgical treatments (Park et al., 2021). Conservative treatment usually exhibits good results for LBP (van Middelkoop et al., 2011; Quentin et al., 2021). It primarily includes oral drugs (including opioids, non-steroidal anti-inflammatory drugs (NSAIDs), skeletal muscle relaxants, acetaminophen), epidural steroid injections, and physical therapy. Surgical treatment tends to be restricted to people with severe or worsening symptoms, often after the conservative treatment has failed (Deyo and Weinstein, 2001; Binch et al., 2021). It includes interventional surgery (ozone radiofrequency ablation, etc.) and conventional surgery (discectomy, fusion, etc.) (Acosta et al., 2005; Binch et al., 2021). However, whether conservative treatment or surgical treatment are mainly targeted to the alleviation of pain symptoms rather than the underlying pathogenesis or reversing the process of IVDD and, although many patients respond in the short term, they generally have limited or no long-lasting clinical benefit. There are now a variety of biological and regeneration therapies aiming at targeting the illness at the cellular and molecular levels and reestablishing IVD functioning. As a result, these therapies have the potential to provide better clinical results.
3.2 Biologic and Small-Molecule Therapies
Since the exact mechanism of IVDD has not been completely understood, conservative therapies seem to be mostly inefficacious, and contemporary surgical interventions concentrate predominantly on removing pathological disc tissue and fusing the spine1. Various novel biologic therapies for IVDD degeneration have been evolved, including growth factor injection, platelet-rich plasma, gene therapy, cell-based therapy, and so on. Studies on small-molecule therapies have also been conducted.
3.2.1 Growth Factor-Based Therapy
The homeostasis of IVDD is regulated by actively maintaining the balance between catabolism and anabolism of IVD cells. Several growth factors have been reported to maintain this balance (Kennon et al., 2018). Han et al. (2015) have suggested that the direct injection of growth factors was among the most promising biological treatment modalities for the regeneration or repair of an IVD that has suffered from deterioration. Accumulating evidence implies that growth factors including growth and differentiation factor-5 (GDF-5), TGF-β, BMP-2, OP-1, basic fibroblast growth factor (bFGF/FGF2), epidermal growth factor (EGF), and IGF-1 in some models could promote cell proliferation and matrix synthesis (Imai et al., 2007; Ellman et al., 2008; Masuda, 2008; Cho et al., 2013; Travascio et al., 2014). It is worth noting that the response of different growth factors to different matrix structures and cellularity of the deteriorating disk is heterogeneous. Exogenous GDF-5, BMP-2, and TGF-βrepaired inner annular chondrocytes in degraded IVDs by promoting synthesis of NP and inner annulus, while IGF-1/b-FGF had little effect on these cells (Imai et al., 2007; Masuda, 2008; Cho et al., 2013; Travascio et al., 2014). Proteolytic enzymes such as ADAMTS and MMPs, as well as pro-inflammatory cytokines, act as an important role in the ECM degradation of NP. So, the injection of specific inhibitors or antagonists of these enzymes into the IVD is considered as a viable method to inhibit further degradation of ECM which was caused by the target protein hydrolases (Vo et al., 2013; Han et al., 2015). However, owing to the biological factors having short half-lives, the extremely low number of cells that are viable in terms of the capacity to be activated in IVDs that have already deteriorated IVDs, the limited effect of a single injection of growth factors, and the additional trauma and inflammatory reactions of repeated injections, all these factors make it difficult to apply growth factor-based therapy to clinical treatment (Mackiewicz et al., 2009; Kepler et al., 2013).
3.2.2 Platelet-Rich Plasma Therapy
Platelet-rich plasma (PRP) is known as an autologous blood concentrate of platelets. Once activated, it secretes a variety of chemokines, cytokines, growth factors, and other functional molecules (Wang et al., 2015). As a cocktail of multiple bioactive factors, PRP is widely clinically used as a therapeutic agent for tissue repair and regeneration. Several in vivo and in vitro investigations have shown the utility of PRP for IVD repair and regeneration (Obata et al., 2012; Wang et al., 2013; Pirvu et al., 2014). In addition as a therapeutic strategy, PRP has the merits of being low-cost, ease of preparation, ease of application, and autologous sources without rejection reaction (Chang and Park, 2021). Nevertheless, in view of the possible negative consequences of ossification, inflammation, and vascularization, more research on standardized formulations is of great necessity to validate the effectiveness and safety of PRP.
3.2.3 Gene Therapy
When compared to single injections of bio factors, gene therapy techniques are expected to possess a longer duration of action. Gene therapy is the process of delivering one or even more desirable genes into target cells with the aid of a vector (primarily a viral or non-viral vector) for the purpose of modifying the functioning state of targeted cells by releasing the product of the donor gene (Sakai and Grad, 2015). A large number of research reports have established strategies for delivering the desirable gene into IVD cells (Zhang et al., 2009; Liang et al., 2010; Ren et al., 2013). IVD regeneration has been investigated thoroughly using desired genetic encoding for anabolic factors (LMP-1, GDF-5, and BMPs), the transcription factor Sox-9 (Paul et al., 2003), anti-inflammatory agents (IL1ra) (Le Maitre et al., 2007), or metalloproteinase inhibitors (TIMP-1) (Wallach et al., 2003). Though gene therapy has shown promise, safety issues associated with immunogenicity, insertional mutations, and unregulated gene expression, as well as the assessment of long-term efficacy, must also be determined and addressed seriously. Furthermore, gene therapy is not a cost-effective solution because of the significant expense involved in the preparation of the vectors for gene delivery.
3.3.4. Small Molecules Therapy
Small molecular are defined as therapeutics with molecular weights of 600D or less, that can specifically bind to certain biological intracellular molecules and play a regulating role in particular biological processes (O'Shea et al., 2013). Unlike traditional drugs, small molecules are usually inhibitors of the relevant signaling pathway, which provides a promising target in the development of IVDD (Chen et al., 2017; Binch et al., 2021). Several studies have shown that small-molecule exhibited beneficial effects mainly through attenuation inflammatory signaling, apoptosis, catabolism, oxidative stress, and activation of anabolism by regulating a variety of signaling pathways (Colombier et al., 2014; Sakai and Grad, 2015; Chen et al., 2016; Li et al., 2017a; Pan et al., 2018; Zhang et al., 2018; Lin et al., 2019). Above, small molecular therapy is a positive alternative therapy for IVDD. Several of these small molecules have been shown to be effective in preventing disc cell deterioration. Furthermore, they are also crucial components in the regeneration of injured IVD in view of the fact that they regulate enzymes that are involved in the metabolism process (Kamali et al., 2021). Additionally, in contrast with cell- or growth factor-based treatment, small molecules are rarely biodegraded in vivo and are usually seen as a more cost-effective treatment option (Sun et al., 2019). However, small-molecule drugs still have relatively few clinical applications in IVDD. Currently, they do not show significantly better than NSAIDs based on existing clinical evidence (Daily et al., 2016; Chen et al., 2017; Grothe et al., 2017). The possible reasons are as listed: Firstly, small molecules always have weak specificity, which may affect other tissues resulting in unexpected side effects when systemically administered. Secondly, single-target strategies have not always brought optimistic results, due to complex diseases often needing to be tracked at various levels by modulating several targets simultaneously. The third reason is the limited number of clinical trials that have been conducted in this field, inadequate in vivo data as a consequence of a scarcity of comparable animal models, and the absence of patient stratification techniques to determine who would gain considerable benefit from a small molecule-based therapy.
Next-generation treatment strategies are based on regenerative medicine (Fernandez-Francos et al., 2021). The aim is to develop therapies that prevent LBP by delaying the IVD deterioration and promoting its repair. These strategies can be roughly split into two groups: cell-based and cell-free therapies (DiStefano et al., 2021); among the cell-free systems, exosomes have received a great deal of interest as a potentially effective therapeutic approach for IVDD in recent years.
4 MESENCHYMAL STEM CELL-BASED THERAPY IN IVDD TREATMENT
MSCs are pluripotent non-hematopoietic stem cells that may be obtained from a wide range of sources, such as the umbilical cord blood, urine, adipose tissue, liver, kidney, bone marrow, placenta, and so on (Meng et al., 2013; Quang et al., 2018). A minimum of three conditions must be met by MSCs in accordance with the report released by the International Society for Cellular Therapy (ISCT) (Dominici et al., 2006). In addition, when developed in vitro, MSCs are considered to be plastic-adherent. Moreover, MSCs should express the surface markers CD105, CD90, and CD73, while expressing none of the hematopoietic markers CD34, CD45, CD11b or CD14, CD19 or CD79α and HLA-DR. Furthermore, when grown under particular circumstances, MSC should be differentiated into chondroblasts, adipocytes, and osteoblasts. Different MSCs have emerged as trendsetters in the field of cell therapy research due to their ease of isolation and specific biological functions (Wang X. et al., 2019). On the one hand, because of their pluripotency, MSCs were believed to replicate and differentiate into specialized cells to replace the damaged tissue (Richardson et al., 2016; Fernandez-Francos et al., 2021); MSCs, on the other hand, may produce bioactive molecules in response to their contact with the host niche including platelet-derived growth factor (PDGF), matrix metalloproteinase-9, matrix metalloproteinase-2 (MMP-2), prostaglandin E2 (PGE2), interleukin-6 (IL-6), and, insulin-like growth factor-1 (IGF-1), and ultimately have the functions of anti-apoptosis, immunomodulatory, anti-inflammatory, angiogenic and anti-fibrosis (Ha et al., 2020; Sun S.-J. et al., 2021; Shi et al., 2021). As a consequence, the utility of MSC-based therapeutics has been brought to the forefront of research. Actually, mesenchymal stem cells (MSCs) have shown safety as well as therapeutic significance in the field of regenerative medicine (Mocchi et al., 2020). Currently, about 1,000 clinical trials worldwide have been reported to use MSCs to treat various diseases (Pittenger et al., 2019; Kabat et al., 2020), including inflammatory and fibrotic diseases (Ryu et al., 2020); liver disease (Zhu et al., 2021), bone and joint diseases (Li N. et al., 2020), inflammatory bowel diseases (Zhang X. et al., 2020), diabetes (Kuang et al., 2021), cardiovascular diseases (Chen et al., 2021), neurodegenerative diseases (Fayazi et al., 2021), spinal cord injuries (Huang et al., 2021) and so on. Likewise, the emergence of cell-based therapies has also paved the way for utilizing MSCs in IVDD treatment. A large number of preclinical studies have established the effectiveness of MSCs in the treatment of IVDD (Vadala et al., 2016; Sinkemani et al., 2020). On the one hand, under appropriate culture conditions, mesenchymal stem cells may differentiate into NP-like cells. For example, Stoyanov et al. (2011) examined if it was feasible to guide bone marrow-derived MSCs to take on the phenotype of natural killer cells (NPs). They discovered that hypoxia, growth/differentiation factor 5 (GDF5), and induction of markers associated with NP-cell-like phenotype by NPC co-culture have been shown to have an effect on the expression profiles of bone marrow-derived MSCs in humans. More recently, a similar finding was reported by Clarke et al. (2014). Other growth factors, including transforming growth factor-beta 3 (TGF-β3) and especially growth/differentiation factor 6 (GDF6), in addition to GDF5, were shown to significantly elevate the NP marker genes expressions in MSCs. Moreover, in an animal experiment in vivo, Sakai et al. (2005) transplanted autologous bone marrow MSCs labeled with green fluorescent protein into a rabbit model of the IVDD. Two weeks after transplantation, a large number of cells expressing green fluorescent protein were found in the transplantation space. Compared with the non-transplantation group, the expression of type II collagen and proteoglycan in the intervertebral disc of the transplantation group was substantially elevated, which indicated that the transplanted MSC could differentiate into the nucleus pulposus cells in the hypoxic environment of the IVD.
On the other hand, MSCs are reported to produce a wide range of trophic factors to rescue and activate nucleus pulposus cells isolated from degenerative intervertebral discs by enhancing ECM synthesis, down-regulating pro-inflammatory cytokines, and up-regulating NP marker genes (including SOX9, type II collagen, and proteoglycans) within the diseased disc (Barakat et al., 2019). In many preclinical studies promoting IVD regeneration, the role of this MSC paracrine has been proved (Qi et al., 2019; Zeng et al., 2020). A study (Qi et al., 2019) that induced nucleus pulposus mesenchymal stem cells (NPMSCs) apoptosis through high glucose (HG) treatment found that MSC conditioned medium (MSC-CM) has resumed the collagen II and aggrecan expression in NPMSCs, thereby alleviating extracellular matrix degradation. Another study (Zeng et al., 2020) also demonstrated that CM derived from umbilical cord-derived MSCs (UCMSCs) might enhance the regeneration ability of nucleus pulpo-sus-derived progenitor/stem cells from degenerated disc (D-NPSCs) by enhancing their proliferative and stemness abilities, indicating the prospects of treatment approach to reinvigorate IVD progenitor/stem cells via paracrine signaling, which could be achieved with the aid of viable factors generated from MSCs.
The utility of cell-based MSC treatment, on the other hand, has certain limitations. First, although results of cell transplantation (through injection) are preliminary for the treatment of intervertebral disc degeneration, most studies showed that the transplanted cells could not adapt to intra-disc ischemia and hypoxia and thus could not survive (Binch et al., 2021). This greatly limits the therapeutic effect of stem cells. Second, MSC-based therapies may lead to the risk of granulocytosis, graft rejection, ectopic bone formation, microvascular embolism, and tumorigenicity (Ryu et al., 2020; Sun S.-J. et al., 2021). Third, the standardized culture procedures, the timings, the methods of treatment, and the selection of donor cells need to be studied further (Binch et al., 2021). Therefore, an effective treatment strategy should not include the direct participation of stem cells. Indeed, accumulating evidence showed that the efficacy of cell-based therapies is mainly attributed to paracrine signaling (Ha et al., 2020; Ratajczak and Ratajczak, 2020; Bao and He, 2021; DiStefano et al., 2021). Novel therapeutic methods are developed as a result of this discovery, including the creation of cell-free techniques on the basis of the utilization of secretome fractions such as vesicular and soluble fractions as a possibly more attractive option to cell treatment. The identification and application of soluble vesicles in the secretome as a substitute for cell-free therapy is a hot spot of current research. As most cell types, including MSCs, can produce exosomes with comparable therapeutic effects, exosomes containing various paracrine mediators are a potential and attractive cell-free therapeutic strategy for IVDD.
5 MSC-DERIVED EXOSOMES
5.1 Exosome Biogenesis
Exosomes, a subset of extracellular vesicle (EVs), are phospholipid vesicles that are membrane-bound and released by nearly all tissues, cells, and body fluids (plasma, urine, saliva, amniotic fluid, gastrointestinal secretions, semen, synovial fluid, and breast milk) (Pegtel and Gould, 2019). EVs are classified into three categories as follows: exosomes (30–100 nm), microparticles (100–1,000 nm), and apoptotic bodies (1,000–5000 nm) (Malekpour et al., 2021) (Table 1). In addition to the differences in their size, the biogenesis of exosomes is a hallmark feature that distinguishes them from other EVs. Unlike microvesicles which are generated directly from the plasma membrane and apoptotic bodies that are generated in the process of apoptosis, the exosomes have endosomal origins (Birtwistle et al., 2021). Exosomes are derived from an endosomal compartment, then released into the extracellular environment upon fusion of multivesicular bodies (MVBs) comprising of intraluminal vesicles (ILVs) with the plasma membrane. (Figure 2). The endosomal sorting complexes required for transport (ESCRT) located on MVBs regulate exosomes loading and biogenesis (Birtwistle et al., 2021). The ESCRT is a family of proteins that associate in successive complexes (ESCRT-0, -I, -II, and -III) at the membranes of MVBs for the purpose of regulating the production of ILVs as well as their cargo (Gupta and Pulliam, 2014). Many associated proteins (such as Tsg101, Alix, VPS4) also participate in these processes (Birtwistle et al., 2021). Tsg101 (typical tumor susceptibility gene 101 protein) is a component of the cellular ESCRT-I complex, whereas Alix (encoded by PDCD6IP) is an auxiliary protein of the ESCRT-III complex (Wang B. et al., 2019). Furthermore, exosome biogenesis may be regulated by ESCRT-independent machinery, which is reliant on Hsp70 binding phospholipids to construct MVBs (DiStefano et al., 2021). Moreover, the biogenesis, as well as the release of exosomes generated by MSC, are both dependent on external cues to function normally. Moreover, under various stimuli, different contents and compositions of exosomes secreted from the same parental cells were observed (Stoyanov et al., 2011; Babaei and Rezaie, 2021). Upon being produced from the cell, exosomes have been found to be either guided to and taken up by recipient cells that are present in the microenvironment or are transported to other regions by the body’s circulatory system. The exosomes are mostly taken up by the recipient cells via three routes: 1) ligand-receptor interaction; 2) endocytosis of target cells; 3) direct membrane fusion (Sun S.-J. et al., 2021; Fayazi et al., 2021; Liu et al., 2021) (Figure 2). The release of exosome contents into the cytoplasmic space of recipient cells occurs after the exosomes merge with recipient cells, facilitating the horizontal transmission of their cargo.
TABLE 1 | Summary of details for exosomes, microvesicles, and apoptotic bodies.
[image: Table 1][image: Figure 2]FIGURE 2 | (A) The molecular composition of exosomes generated from MSCs. Exosomes generated from MSC contain adhesion molecules (CD73, CD44, and CD29), tetraspanins (CD9, CD63, and CD81), multivesicular body biogenesis-related proteins (Tsg101, Alix), and heat shock proteins. In addition to proteins, exosomes also comprise enzymes, lipids, and nucleic acids (DNA, miRNA, microRNA, and mRNA). (B) Biogenesis of exosomes produced from MSCs. As exosomes, these vesicles of endocytic origin are generated when the multivesicular body (MVB) membrane is subjected to inward budding, resulting in the formation of exosomes. ILV is found in MVBs. The production of exosomes occurs as a consequence of the fusion of MVBs with their plasma membrane. (C) Exosomes may infiltrate target cells by a variety of pathways, including membrane fusion, binding receptors, and endocytosis.
5.2 MSC-Derived Exosomes Components
Exosomes’ molecular structure is highly variable, depending on the parent cell type, epigenetic modifications, and numerous pathophysiological environmental factors (DiStefano et al., 2021). The exosomal components mainly include nucleic acids, proteins, and lipids and these determine the biological functions of the exosomes. In recent years, with the rapid development in biotechnology including transcriptomics, proteomics, lipidomics, and bioinformatics, the compositions of exosomes have been well studied, which provide a theoretical basis for exocrine therapy of diseases (Yu et al., 2014). The exosomal lipids mainly include phosphatidylserine, phosphatidic acid, cholesterol, sphingomyelin, arachidonic acid, prostaglandins, and leukotrienes; these not only participate in the formation of exosomes but also performs an instrumental function in the maintenance of their biological stability (Pegtel and Gould, 2019). Exosomes are also abundant in a variety of multifunctional proteins, including those involved in exosome synthesis (for example, the syntenin, ALIX, TSG101, and ESCRT complex), as well as membrane transporter and fusion proteins (for example, annexins, heat shock protein, and, Rab GTPases) (Xunian and Kalluri, 2020). In addition to proteins and lipids, various nucleic acids such as genomic DNA, cDNA, mitochondrial DNA (mtDNA), long noncoding RNAs (lncRNAs), circularRNAs, microRNAs (miRNAs), and mRNAs are excessively enriched in exosomes (Yu et al., 2014; Nakamura, 2019). These molecules have a role in the epigenetic remodeling of cells and the modulation of biological functions. Nevertheless, the cargo of each exosome colony differs significantly depending on the tissue and cell types of the secretory population (Ibrahim and Marban, 2016).
MSCs are known to produce more exosomes than do other types of primary cells (Yu et al., 2014). Proteomic analyses show that a total of 1,927 different proteins in MSC exosomes have multifaceted functions necessary for their functional and biogenesis characteristics (Li et al., 2020b). Not only do MSC-derived exosomes express ubiquitous exosome surface proteins including tetraspanins (CD81, CD63, and CD9), Alix, and Tsg101, as well as heat shock proteins (HSP90, HSP70, and HSP60), but also the MSC membrane proteins for several adhesion molecules such as CD73, CD44, and CD29. (Schorey and Bhatnagar, 2008; Colombo et al., 2014) (Figure 2). Like general exosomes, diverse types of nucleic acids including lncRNAs, miRNAs, and mRNA are enriched in MSC exosomes (Vlassov et al., 2012). They perform an integral function in changing the fate of recipient cells. Through the mechanism of exosome-cell contact, exosomal RNAs may be translated inside recipient cells, resulting in gene suppression and post-transcriptional modulation (Wu et al., 2020). Among them, micro-RNAs (miRNAs) have constantly garnered greater interest (Li et al., 2019; Zhang C. et al., 2020). miRNAs are thought to be a form of non-coding RNA which are approximately 22 nucleotides in length (Xie et al., 2020). They modulate post-transcriptional gene expression as they bind to the 30 UTR of the target mRNAs (Ma et al., 2020). miRs are among the major MSC exosomal effector molecules, which can participate in multiple biological processes including cell differentiation, apoptosis, angiogenesis, and inflammatory pathways. For example, tumor growth inhibitor miRs (miR-122, miR-125b, miR-24, miR-31, miR-223, miR-451, miR-214, and miR-23b) (Hassanzadeh et al., 2021) and inflammation modulatory miRs (miR-146 and miR-155) (Hulsmans and Holvoet, 2013) have been reported in MSC-derived exosomes. Notably, a single miR may control numerous messenger RNAs and a single messenger RNA could also be modulated by many miRs (Jin and Lee, 2015; Kong et al., 2015). These complex regulatory networks confer on MSC exosomes the potential to produce multiple functional effects, which in turn mediate various physiological and pathological processes.
6 METHODS FOR EXOSOME ISOLATION AND IDENTIFICATION
6.1 Isolation of Exosomes
There are several isolation techniques including centrifugation, ultrafiltration, size exclusion chromatography, polymer precipitation, immune-affinity capture, and microfluidics.
Centrifugation could either be ultracentrifugation or sucrose density gradient centrifugation. Ultracentrifugation is most commonly used and is known as the “gold standard” for separating exosomes (Ailuno et al., 2020). Ultracentrifugation is based on the differential sedimentation rate of proteins, vesicles, cell debris, and cells in uniform suspensions. By progressively elevating the centrifugal force and duration, cells and bigger particles can be eliminated. The exosomes are separated at ≥100,000 g/min and >2 h centrifugation (Gupta et al., 2018). As the density of exosomes is approximately 1.13∼ 1.19 g/ml (Raposo et al., 1996; Thery et al., 2006; Tauro et al., 2012), the density gradient centrifugation can be used for their separation. This method combines ultracentrifugation with a sucrose cushion or sucrose density gradient, and is based on the principle of separation and concentration according to gradient density after the removal of non-vesicular substances; exosomes with higher purity can be obtained using this method (Tauro et al., 2012). However, this method is time-consuming and has a lower yield. The quantity and quality of exosomes obtained are susceptible to uncertainties due to external factors. Further, it is difficult to separate other impurities of similar density, such as vesicles and proteins, from the obtained exosomes (Wang et al., 2021).
Size exclusion chromatography (SEC) is a chromatographic technique that separates small-molecule–protein complexes based on their size. (Veyel et al., 2018). The technique requires a chromatographic column made of porous polymer. First, the process involves removing cells as well as bigger particles via centrifugation at a low speed, subsequently filtering twice with a filter, and final purification by SEC (Sokolova et al., 2011). The most dazzling advantage of this method is that it requires only low centrifugal force, and hence avoids the demolition of the vesicle structure to a greater extent. However, the purity of the produced exosomes is lesser. The chromatogram column is easy to block and the adhesion leads to the loss of exosomes (Tauro et al., 2012; Xu et al., 2019).
Ultrafiltration (UF) is another technique of separation based on the size of exosomes (Sidhom et al., 2020). According to the diameter of exosomes, an ultrafiltration membrane that corresponds to the closest molecular weight is used to separate exosomes by centrifugation or pressurization (Li et al., 2017b). It is simple and rapid, but it has an obvious drawback that it is difficult to separate exosomes from other extracellular vesicles with similar diameters (Yu et al., 2018). The adhesion to the ultrafiltration membrane reduces the yield of exosomes, and the external force applied in the process of ultrafiltration may also cause the deformation or rupture of exosomes.
Isolation by immune-affinity chromatography is based on the interaction between antigens and antibodies with high specific affinity (Schiel and Hage, 2009). It is mainly used for the separation and purification of biological macromolecules. Certain antibodies against specific exosome surface indicators, including tetraspanins and TSG101 proteins, are generally utilized for exosome extraction and purification (Mondal and Whiteside, 2021).
Polymer precipitation is a process in which exosomes are precipitated from body fluids or cell cultures by altering their solubility or dispersion (Wei et al., 2021). It is usually used to precipitate exosomes from samples using polyethylene glycol or agglutinin. Currently, commercial kits such as ExoQuick and Exoquick-Tc kits from System Biosciences Company are available for extracting exosomes using polyethylene glycol (PEG) solutions. It is simple to use and does not require any special equipment; however, it is expensive. The reaction with body fluids or cell culture medium is incubated overnight at 4 °C and then centrifuged at a low speed.
Microfluidics is a new technology that uses micro-and nano-sized tubes to process and manipulate fluids (Chen et al., 2020). It can be divided into three categories: immune affinity, screening, and porous structure capture (Liga et al., 2015). Compared to the other techniques, this method is portable, fast, cost-effective, and automated, with a higher recovery rate. However, as it is a new emerging technology, it lacks standardization and large-scale sample data. Hence this method needs to be verified in future studies.
6.2 Identification of Exosomes
Currently, exosomal identification generally relies on the morphology, size, and their marker proteins using various methods including western blot analysis (WB), flow cytometry (FCM), nanoparticle tracking analysis (NTA), atomic force microscopy (AFM), scanning electron microscope (SEM), and transmission electron microscope (TEM) (Sokolova et al., 2011; Yang et al., 2019). The size and morphology of exosomes are usually observed using TEM, SEM, and AFM; among these TEM is most commonly used (Liu et al., 2018). NTA is used for the purpose of examining the exosome concentration and diameter. FCM and WB may detect exosomal surface marker proteins, including CD82, CD81, CD63, and CD9 (Yaghoubi et al., 2019). Usually, exosome identification involves a combination of two or more of these methods for a comprehensive assessment.
7 THE THERAPEUTIC PROMISE OF EXOSOMES GENERATED FROM MSCS IN A VARIETY OF TISSUES
Exosomes have been shown to have favorable effects in a significant number of experiments conducted over the last decade. Compared to the MSCs, MSC-derived exosomes not only play an indispensable role in tissue repair and regeneration but also have a more lasting, potent, and “easier-to-preserve” role (Mohd Noor et al., 2021). Owing to their small size, MSC-derived exosomes have greater stability and mitigate the risks associated with the administration of live cells, such as the possibility of microvascular blockage throughout the body. In addition, exosomes as small transporters can also easily get through the blood-brain barrier, while MSCs cannot.
In fact, many pre-clinical trials have illustrated the importance of exosomes derived from MSC in regaining tissue homeostasis and enhancing tissue regeneration. For example, exosomes derived from BM-MSCs (Collino et al., 2017) play a protective role in mice with acute renal injury. It involves the transfer of mRNAs and microRNAs to injured adrenocortical cells, which results in the reduction of apoptosis. Zhu et al. (2014) reported that MSC-derived exosomes alleviate acute lung injury (ALI) triggered by endotoxin in mice by transferring keratinocyte growth factor (KGF) mRNA to the injured alveoli. Previous studies also demonstrated that owning to the ability to cross the blood-brain barrier, MSC-derived exosomes may become an ideal therapy option for various degenerative brain disorders such as Parkinson’s disease, stroke, autism and Alzheimer’s disease (Perets et al., 2019; d'Angelo et al., 2020; Saint-Pol et al., 2020). Furthermore, modified exosomes were shown to be an effective vehicle for the administration of physiologically active components as well as medications. In addition to protecting payloads from enzymatic destruction, exosomes also enable them to target cells in a passive and particular manner. Overall, this is achieved due to their distinctive double-layered membrane structure (Liang et al., 2020; Han et al., 2021).
Moreover, in musculoskeletal repair and regeneration, the research using exosomes is still in its infancy. In previous studies (Pourakbari et al., 2019; Mohd Noor et al., 2021), the chondroprotective, anti-inflammatory, and antioxidant characteristics of MSC-derived exosomes have been found to deliver promising therapeutic benefits in the treatment of osteoarthritis (OA). As the most common forms of degenerative joint diseases, the phenotypic signs of OA and IVDD are very similar despite some obvious differences in their etiology and pathophysiology (Rustenburg et al., 2018). This suggests that at least a part of the treatment mechanism using MSC exosomes in OA can be used for the repair of intervertebral disc degeneration.
8 IMPACTS OF MSC-DERIVED EXOSOMES ON IVDD
Although the application of MSC-derived exosomes in IVDD treatment is still at an early stage, it is clear that there is growing interest in its use. Reduced ECM content, cell loss, inflammation, and increased oxidative stress are the pathophysiological hallmarks of IVDD. Encouragingly MSC-derived exosomes may restore the deteriorated IVD by targeting these four elements of the disease. Table 2 summarizes the findings of existing studies using MSC-derived exosomes in IVD regeneration and repair. In these 16 rescue-based research, MSC-derived exosomes were extracted from a number of cell sources, such as placenta-MSCs (1 study), umbilical cord (UC)-MSCs (1 study), adipose (AD)-MSCs (1 study), BM-MSCs (10 studies), unspecified (2 studies) tissues and human-induced pluripotent stem cells (1 study). Despite the differences in the tissue source, MSC-derived exosomes exert similar therapeutic effects in a pre-clinical model of IVDD mainly by restoring ECM homeostasis, promoting cell proliferation, reducing cell death, regulating inflammatory response, and attenuating oxidative stress. The specific mechanisms are described below:
TABLE 2 | Pre-clinical studies investigating the therapeutic potential of stem cell-derived exosomes on IVDD.
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One of the most significant characteristics of IVDD is the disruption of ECM homeostasis (Lu et al., 2019). Normally, anabolism and catabolism of ECM in IVD cells are in a dynamic balance, which is regulated by matrix catabolic factors (including matrix metalloproteinases (MMPs), matrix anabolic factors (including transforming growth factor (TGF)), and disintegrins and metalloprotease with thrombospondin motifs (ADAMTSs) (Chen et al., 2019). In addition, tissue inhibitors of metalloproteinases (TIMPs) can also regulate the activity of matrix-degrading enzymes (Chu et al., 2019). Earlier research reports have confirmed that when aging, injury, genetics or other exogenous stimuli disrupt the dynamic balance within the disc, certain pro-inflammatory cytokines including interleukin (IL)-1β and tumor necrosis factor (TNF)-a, may be secreted from IVD cells as well as infiltrating immune cells and lead to abnormal ECM remodeling via the mechanism of the up-modulation of catabolic enzymes (ADAMTSs and MMPs) and the downmodulation of ECM synthesis-related molecules (proteoglycan, aggrecan, and collagen type II) (Risbud and Shapiro, 2014) (Johnson et al., 2015). As a consequence, enhancing anabolism while simultaneously decreasing catabolism is critical for preserving the integrity of ECM and slowing the degeneration of intervertebral discs.
An accumulating amount of available data demonstrates that MSC-exosomes may effectively enhance the expression of extracellular matrix-related molecules and simultaneously inhibit their decomposition, thereby storing the ECM homeostasis (Bao and He, 2021; Mohd Noor et al., 2021). In previous studies, researchers used different in vitro cellular challenges (including IL-1β) (Zhu L. et al., 2020; Li Z.-q. et al., 2020), high glucose (Qi et al., 2019), LPS (Zhang J. et al., 2020), advanced glycation end products (AGEs) (Liao et al., 2019a), hydrogen peroxide (H2O2) (Bari et al., 2018; Xia et al., 2019), TNF-ɑ (Cheng et al., 2018; Zhu G. et al., 2020; Yuan et al., 2020), tert-butyl hydroperoxide (TBHP) (Xie et al., 2020), and acidic pH (Li et al., 2020a)) to simulate the degenerative microenvironment. For these biochemical challenges, exosomes produced from MSCs have been shown to have a protective impact on NPCs via the mechanism of increasing the expression of chondrocytes, aggrecan, and collagen II in the extracellular matrix and decreasing matrix disintegration via the mechanism of the down-modulation of matrix-degrading enzymes. Moreover, the effects of MSC-derived exosomes on ECM metabolism in IVD cells without any biochemical challenge have also been investigated (Lu et al., 2017; Hingert et al., 2020). One study (Lu et al., 2017) showed that after the intervention of exosomes derived from MSC, the ECM expression in degenerated nucleus pulposus cells increases significantly. The up-modulation of TIMP-1 and downmodulation of MMP-1/MMP-3 also indicate a healthier balance between catabolism and anabolism. Similar findings were presented by Hingert et al. (2020) When comparing degenerated disc cell pellets treated with MSC-derived exosomes to control cultures, it was observed that ECM synthesis was over three times greater in the treated pellets. MMP-1 secretion in the degenerated disc cells was similarly reduced as a result of the exosome therapy.
Furthermore, subsequent research has proven the strong relationship between miRNAs and the progression of IDD, which partially explains the effective role and its underlying mechanism of MSC exosomes in the IVD (Zhu G. et al., 2020; Wen et al., 2021). MicroRNA-199a in BMSC-secreted exosomes showed a superior protective role against ECM degradation by targeting GREM1 to inactivate the TGF-βpathway. Exosomes from BMSCs contain miR-532-5p, which inhibits matrix disintegration via the mechanism of targeting MMP-13 in degraded NPCs, resulting in the mitigation of IDD (Zhu G. et al., 2020). Moreover, Sun et al. demonstrated that iMSC-exosomes loaded exogenous miR-105-5p performed an integral function in the iMSC-sEV-mediated treatment impact by downregulating the catabolism markers of the ECM (ADAMTS-4 and MMP-3) and upregulating the anabolism markers (aggrecan and collagen II) (Sun Y. et al., 2021). This indicates that delivering exogenous micro-RNA via MSC exosomes might be a promising therapeutic approach for IVDD.
Together, the abovementioned findings suggest that MSC-derived exosomes have a pro-regenerative effect on terminally differentiated cells that have been derived from the degenerated IVD tissue via inhibition of catabolism and promotion of ECM synthesis.
8.2 Cell Proliferation Stimulation and Apoptosis Inhibition
In addition to an inflammatory environment, the central portion of degenerating discs comprises hypoxia, low glucose, elevated osmotic pressure, increased mechanical loading, low pH, and nutrient deficiency, which decreased cell viability and increased cell apoptosis (Ding et al., 2013; Sakai and Andersson, 2015). Exosomes produced from MSCs have been shown to enhance the proliferation of IVD cells while simultaneously inhibiting their apoptosis (Hu et al., 2020).
8.2.1 NP Cells
Most of the studies regarding IVD degeneration have been focused on nucleus pulposus cells (NPCs), which are the resident cells of the disc and perform instrumental functions in maintaining the normal function of IVD (Jia et al., 2016). Excessive nucleus pulposus cells apoptosis is one of the main reasons for the initiation and progression of IVDD (Guo et al., 2021). Previous studies showed that the co-culture of MSCs with nucleus pulposus cells not only stimulated the NPCs proliferation but also attenuated cell apoptosis in the degenerated IVD. Studies have shown that exosomes derived from MSC replicate these therapeutic effects of their parent cells (Faruqu et al., 2021; Zhu et al., 2021). For in vitro disc degeneration model induced by different biochemical challenges, including H2O2, LPS, IL-1β, TNF-ɑ, acidic pH, and high glucose, the administration of MSC-derived exosomes exerts pro-proliferation and anti-apoptosis effect via distinct mechanisms. One study (Cheng et al., 2018) reported that MSC-derived exosomes promoted NPC proliferation and prevented apoptosis in NPCs, and alleviate IVD degeneration through miR-21. Exosomal miR-21 restrains PTEN activity and thus regulates PI3K/Akt pathway in NPC apoptosis. Another study (Li et al., 2020a) demonstrated that MSC-derived exosomes were capable of preventing and attenuating NPC apoptosis by suppressing caspase-3 expression and alleviating caspase-3 cleavage triggered by acidic pH. In addition, Zhu G. et al. (2020) discovered that exosomes originating from BMSCs inhibit fibrotic accumulation, ECM disintegration, NPC apoptosis, and alleviate the progress of IDD through miR-532–5p. The RASSF5 has been shown to directly target the miR-532–5p gene which mediates the regulation of cell apoptosis. Similarly, miR-142-3p from MSC exosomes also stimulate NPCs proliferation and ameliorate the apoptosis of the NPC induced by IL1-β via targeting MLK3 to suppress MAPK signaling (Zhu L. et al., 2020).
Yuan et al. (2020) found that overexpression of miRNA-4450 in nucleus pulposus cells could promote cell apoptosis and inflammatory responses; conversely, the above results were opposite upon knocking out miRNA-4450 in the cells. Further bioinformatic analysis showed that miRNA-4450 could specifically bind to the zinc finger protein 121. When co-cultured with MSC-derived exosomes, the apoptosis rate in nucleus pulposus cells treated with TNF-ɑ decreased significantly. Thus, MSC-derived exosomes may reduce the apoptosis in nucleus pulposus cells by antagonizing the signaling pathways involving miRNA-4450 and zinc finger protein 121. Wen et al. (2021) also report that miR-199a from MSC exosomes promote the proliferation of NPCs and inhibit cell apoptosis via downregulating GREM1. Moreover, a recent study by our team also testified that exosomes originating from MSC might alleviate apoptosis induced by advanced glycation end products (AGEs) in vitro via activating AKT and ERK signaling pathways (Liao et al., 2019a).
8.2.2 Annulus Fibrosus Cells
Annulus fibrosus is a fibrous cartilage-like structure arranged in concentric circles outside the nucleus pulposus (van den Akker et al., 2016). It protects the jelly-like nucleus pulposus tissue and evenly distributes the pressure on it. Thus, the annulus fibrosus performs a critical function in maintaining the normal physiological function of the IVD. Li Z.-q. et al. (2020) found that BMSC-derived exosomes could not only promote proliferation but also significantly reduce the apoptosis induced by IL-1B in annulus fibrosus cells. Further studies show that IL-1B promotes autophagy-related proteins expression (LC3-II, LC3-I, and Beclin-1) and reduces the expression of P13K/mTOR/AKT signaling pathway-related proteins (p-mTOR and p-AKT). After the intervention using BMSC-derived exosomes, the effect of IL-1B could be reversed, and with the addition of rapamycin, an inhibitor of the H1TOR pathway, the expression of inflammatory cytokines and phagocytic associated proteins in BMSC-derived exosomes were significantly enhanced. Therefore, BMSC-derived exosomes may reduce the apoptosis in annulus fibrosus cells by inhibiting P13K/AKT/mTOR signaling pathway-mediated autophagy. Although there are few studies on the relationship between MSC-exosomes and annulus fibrosus apoptosis, given the important role of annulus fibrosus in IVDD, the inhibition of annulus fibrosus apoptosis by BMSC-derived exosomes need to be investigated in the future.
8.2.3 Cartilage Endplate Cells
The cartilage endplate (CEP) is known to be a hyaline cartilage layer existing between the vertebral bodies and intervertebral disc. Due to their rich micropore structure that allows nutrients and metabolites to pass through, the CEP is the predominant source of nutrients for the avascular IVD (Raj, 2008). Degeneration of the CEP, including calcification and excessive apoptosis of CEP cells, could impede nutrient diffusion, resulting in metabolic and functional disorders of IVD cells to initiate IVDD (Sakai and Grad, 2015). Therefore, CEP degeneration may be a pivotal initiating factor in IVDD pathogenesis, and inhibition of early CEP degeneration is very important to delay IVDD.
Currently, only a study focus on the relationship between MSC-derived exosomes and apoptosis in cartilage endplate cells (Xie et al., 2020). MSC-derived exosomes were shown to be effective in preventing and inhibiting apoptosis as well as calcification of cartilage endplate cells once exposed to oxidative stress caused by tert-butyl hydroperoxide (TBHP). Further analysis showed that MSC exosomes are rich in miRNA-31-5p, whereas down-modulation of miR-31-5p inhibited exosomal protective benefits on CEP. Pathway analysis showed that ATF6 was the miR-31-5p target, and the ATF6 expression was inversely modulated by miR-31-5p. It has also been shown thatATF6 can trigger cell apoptosis via the ER-stress pathway. CEPs were less susceptible to cell death and calcification when treated with MSC-exosomes, and the specific mechanism might be correlated with the pathway modulation of the miR-31-5p/ATF6-associated ER stress.
8.3 Anti-Oxidation Effects
Excessive oxidative stress is key in the early events of IVDD (Luo et al., 2019). It promotes the expression of catabolic factors, including MMP-3 and TNF-α (Song et al., 2018). Previous research shows that the pathological mechanisms underlying IVDD are closely associated with ROS and oxidative stress (Feng et al., 2017). Throughout the course of NP cell degradation, the homeostasis between the production of oxygen-free radicals and antioxidant defense is interrupted, thereby resulting in the buildup of reactive oxygen species (ROS), oxidative stress, and ultimately mitochondrial apoptosis in NPCs. Thus, anti-oxidative stress mechanisms are a feasible pathway for IVDD treatment. Recently, Bari et al. reported that although the freeze-dried secretome shows no free-radical scavenging activity, it was shown to be effective in protecting oxidative damage caused by oxidative stress at concentrations ranging from 5 to 50 mg/ml. According to the researchers, this capacity was due to the induction as well as the regeneration of physiologically active antioxidant systems inside cells (Bari et al., 2018). Xia et al. showed that attenuation of mitochondrial dysfunction caused by oxidative stress may greatly improve cellular homeostasis in NP cells once expose to IVDD. They hypothesized that MSC exosomes may provide mitochondrial proteins to NP cells, enabling the cells to repair the damaged mitochondrial components. The proteomic database developed by them also indicates that MSC exosomes contain antioxidant proteins including Prdx-1, Gpx 4, and Trap 1 (Xia et al., 2019). The separation and accurate identification of these proteins, nevertheless, would need more research. Moreover, our prior research showed that AGEs accelerated the onset of IDD by exacerbating mitochondrial dysfunction as well as oxidative stress. Inspired by this work and the therapeutic potential of MSC exosomes, we carried out a series of tests and demonstrated that MSC-derived exosomes might attenuate AGE-induced ER stress in vitro via the activation of the ERK and AKT signaling pathways. In addition, an in vivo trial demonstrated that the administration of MSC exosomes had a therapeutic impact on IVDD (Liao et al., 2019a).
8.4 Anti-Inflammatory Effects
Numerous studies have demonstrated that disc degeneration is associated with inflammatory response (Yang et al., 2015). During IVDD, degenerative intervertebral disc cells themselves produce proinflammatory chemokines includingCCL545, CCL4, CCL3, CXCL1, and XCL1 that are able to attract other leukocytes and produce pro-inflammatory cytokines including TNF-ɑ, IL-1, IL-2, IL-6, and IL-8 that quicken the IVDD progression by upmodulating the matrix catabolic enzymes (Cunha et al., 2018). As the degeneration cascade progresses, the production of pro-inflammatory molecules, particularly TNF–αand IL-1, increases rapidly. Although similar therapeutic effects were observed in these studies, the mechanism of action underlying MSC exosome-related alleviation of inflammation corresponds to the differences in the biochemical challenge. Exosomes from MSCs have been shown to have an anti-inflammatory effect on pathogenic NP cells via the mechanism of inhibiting the production of inflammatory markers and the activation of the NLRP3 inflammasome (Xia et al., 2019). MSC-exosomal miR-410 targets the 3′UTR of NLRP3 and reduces NPC pyroptosis after LPS treatment (Zhang J. et al., 2020).
Moreover, the accumulation of inflammatory factors can also increase the apoptosis of the annulus fibrosus, destroy its structure and function, and further aggravate the process of IVDD. Li et al. reported that exosomes generated from BMSC could not only enhance the proliferation of annulus fibrosus cells and reduce the apoptosis induced by IL-1B but could also reduce the production of inflammatory factors including prostaglandin E2, IL-6, and cyclooxygenase-2. Further analysis showed that BMSC-derived exosomes could reduce the inflammatory response in annulus fibrosus cells by inhibiting P13K/AKll/mTOR signaling pathway-mediated autophagy (Li Z.-q. et al., 2020). Zhu and his colleagues performed further investigations, demonstrating that BMMSCs-derived exosomes-packaged miR-142-3p mitigate inflammatory damage in NPCs via the mechanism of inhibiting the MAPK signaling pathway by targeting MLK3 (Zhu L. et al., 2020).
Therefore, the anti-inflammatory effects of MSC exosomes can combine the miRNA and corresponding messenger RNA functions to inhibit the formation of inflammatory bodies, the activation of inflammatory factors, and the inhibition of cell autophagy. Thus, reducing the series of inflammatory reactions could potentially delay IVDD.
9 CHALLENGES AND PROSPECTS
Exosome-based therapy is a novel option for the regeneration and repair of intervertebral discs. During the last decade, many research reports have revealed the therapeutic potential of MSC-derived exosomes in the treatment of a variety of illnesses. However, current investigations into the therapy of IVDD using exosomes derived from MSCs are at the stage of exploration; the majority of the preclinical trials have revealed potential benefits of MSC exosomes on NPCs; only one study reported the effects of MSC exosomes in AF cells; one study used CEP chondrocytes. For future investigations on therapeutic application, studies should focus on a comprehensive understanding of the regeneration and protection characteristics of this treatment approach on all terminally differentiated types of cells in IVD. Furthermore, the functions of exosomes produced from primordial cells in the human IVD in the regulation of regeneration and repair in IVDD should be explored further in the future. Furthermore, most preclinical studies on IVDD have used rodents, which compared to humans, have inherent differences between species (Lisieski et al., 2018). In addition, drug-induced or acupuncture-induced IVD degenerative animal models and in vitro cell line models may not reflect the true effect of exosomes on human intervertebral disc degeneration.
As a carrier of natural source signal molecules, exosomes have the advantages of nano-scale size, the permeability of biological barriers, low immunogenicity, low cytotoxicity, convenient storage, and their clinical applications are rapidly emerging (Hade et al., 2021). Exosomes generated from MSCs have gained widespread attention in the field of regenerative medicine due to their promising potential to regenerate damaged tissues on a par with MSCs themselves (Sakai and Grad, 2015). Furthermore, earlier research has proven that MSC-derived exosomes are appropriate alternatives to available MSCs for the purpose of overcoming the limits of these cells (Akao et al., 2011). However, although many preclinical studies demonstrated the good therapeutic potential of MSC-derived exosomes for IVDD, several critical issues will require careful consideration before using MSC exosomes in clinical settings. First, the absence of worldwide uniformity in the purification, separation, and profiling of MSC exosomes may result in controversial outcomes across various laboratory-based investigations. Uniform consensus on these aspects should be adopted to facilitate comparative research. Moreover, the preservation, transit, and storage of exosomes are crucial, which should be taken into consideration seriously. In spite of the fact that a study has shown that freeze-drying can purify exosomes and facilitate transportation and storage (Bari et al., 2018); however, further studies are needed to prove whether freeze-drying can change the characteristics of exosomes. Second, although some research reports have shown that exosomes generated from MSC are effective and safe in IVDD treatment, the pharmacological characteristics, such as bio-distribution, bioavailability, targeting, and pharmacokinetics, of exosomes in vivo remain unknown (Ailuno et al., 2020). Further studies directed towards these characteristics are needed, so as to elucidate their mechanism of action. Third, the optimal route of administration (local or systemic), administration dosing, interval, potency assays, and minimizing dose toxicity has not been effectively solved at present (Pittenger et al., 2019). Fourth, it is necessary to optimize the culture conditions and isolation methods for exosomes (Elabd et al., 2016; Lui, 2021). In order to produce safer and more effective functionalized exosomes on a large scale to cater to the needs of clinical research, the selection of appropriate culture conditions is critical to the development of exosome-based treatments for IVDD in the future. In addition, effective and scalable exosomes isolation methods from MSCs culture medium also should be in compliance with good manufacturing practices capable of reproducible purity and potency, which are essential for the exosomes yield (Forsberg et al., 2020). Last, the therapeutic outcomes of exosomes follow mainly from their intrinsic cargoes like RNA, DNA, lipids, and proteins. Despite the protein and RNA compositions of these exosomes have been quantitatively characterized, the specific mechanisms involved in the regeneration process need to be further elucidated. Moreover, current studies have mostly focused on regulators of miRNA sorting into exosomes, the effects of other exosomal components such as ncRNA, lncRNA, circRNA, tRNA, lipids, and proteins on the physiological functions of exosomes need to be further studied in the future.
10 CONCLUSION
In conclusion, exosomes generated from a variety of MSC sources have been shown to effectively exhibit anti-apoptotic, anti-oxidative stress, anti-inflammatory, and ECM homeostatic capabilities when delivered to IVDD patients in pre-clinical investigations. Hence, their therapeutic biological functions may provide a novel potential cell-free treatment for the regeneration and repair of IVD while minimizing the risks associated with cell therapy. Our knowledge about the biology and application of MSC-derived exosomes, however, is still incomplete. Further studies on the optimal route, interval, and dose of administration, the underlying mechanisms of MSC exosomes biological action are essential for optimizing the therapeutic effects. Clinical trials of standardized and reproducible MSC-derived exosomes preparation are needed before they can be applied to clinical practices.
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Low back pain (LBP) is a global health issue. Intervertebral disc degeneration (IDD) is a major cause of LBP. Although the explicit mechanisms underpinning IDD are unclear, endoplasmic reticulum (ER) stress caused by aberrant unfolded or misfolded proteins may be involved. The accumulation of unfolded/misfolded proteins may result in reduced protein synthesis and promote aberrant protein degradation to recover ER function, a response termed the unfolded protein response. A growing body of literature has demonstrated the potential relationships between ER stress and the pathogenesis of IDD, indicating some promising therapeutic targets. In this review, we summarize the current knowledge regarding the impact of ER stress on the process of IDD, as well as some potential therapeutic strategies for alleviating disc degeneration by targeting different pathways to inhibit ER stress. This review will facilitate understanding the pathogenesis and progress of IDD and highlights potential therapeutic targets for treating this condition.
Keywords: low back pain, intervertebral disc degeneration, endoplasmic reticulum, unfolded protein response, cellular homeostasis
INTRODUCTION
According to a systematic analysis by the Global Burden of disease study 2019, approximately 80% of individuals experience low back pain (LBP) during their lifetime. For the increased population and aging, disability-adjusted life-years (DALYs) caused by LBP increased by 46.9% between 1990 and 2019. Because of the highest prevalence and years of life lived with disability (YLDs) of all musculoskeletal diseases, LBP has caused a substantial socioeconomic burden on society (Diseases and Injuries, 2020; Cieza et al., 2021). Intervertebral disc degeneration (IDD), which is characterized by abnormalities in local physiological structure [reduced hydration of the nucleus pulposus (NP), disorganization of the annulus fibrosus (AF), and calcification of the cartilage endplates (CEP)] and radiological evidence [decreased disc height in radiography and reduced T2 signal intensity in magnetic resonance imaging (MRI)], is a major cause of LBP (Luoma et al., 2000; Brinjikji et al., 2015; Von Forell et al., 2015; Zheng and Chen, 2015; Luoma et al., 2016; van den Berg et al., 2017; Taylor and Bishop, 2019). The commonly used clinical therapeutic methods focus on symptomatic relief from pain by conservative treatments (restricted exercise, low-tension traction, physical therapy, injections, etc.) or surgical measures (disc decompression, disc replacement or spinal fusion) (Raj, 2008; Urits et al., 2019). However, these interventions possess a number of limits. As final selections, surgical operations usually bring heavy cost, surgery risks and a long journey of rehabilitation to patients. While conservative treatment showed no effect on inhibiting the progression of IDD or restoring the dampened IVD structure (Raj, 2008; Urits et al., 2019; O'Keeffe et al., 2020; Meroni et al., 2021). Thus, seeking new therapeutic strategies for inhibiting IDD process is a burning question for clinical researchers.
Intervertebral discs (IVDs) consist of three basic anatomical parts: the inner NP, outer AF, and superior and inferior CEP, which connect the vertebrae and offer flexibility to the spine (Adams and Dolan, 2012; Gopal et al., 2012; Pattappa et al., 2012; Kepler et al., 2013; Vergroesen et al., 2015). The intact IVD elements help the spine resist mechanical stress and maintain the range of motion. While a dampened IVD structure disrupts the stability of spine and thus leads to the pathogenic progress of IDD (Urban et al., 2004; Inoue and Espinoza Orias, 2011). The pathogenesis of IDD is complex and includes various risk factors, such as genetic variation, disorganized immune system status, excessive loading, circadian rhythm disorders, and aging (Ma et al., 2015; Bian et al., 2017; Dudek et al., 2017; Kitis et al., 2018; Xu et al., 2019). At cellular and molecular levels, these risk factors induce abnormal mitochondrial and endoplasmic reticulum (ER) function, impair redox and immunity homeostasis, and ultimately trigger IVD cell senescence and apoptosis, resulting in IDD (Chen et al., 2016; Cheng et al., 2018; Luo et al., 2019a; Liao et al., 2019). Although numerous factors contribute to the process of IDD, our understanding of its molecular mechanisms remains limited.
A stable extracellular matrix (ECM) is critical for maintaining IVD homeostasis. In NP tissue, synthesized ECM, mainly proteoglycans and type-II collagens, is highly hydrated, which helps the IVDs resist the axial mechanical loading. While in AF tissue, type-I collagens constitute the main components of the ECM, which shows the ability to bear the lateral deformation (Vergroesen et al., 2015; Bian et al., 2017). At the subcellular level, the ER plays critical roles in the synthesis of ECM on account of its function for protein folding, lipid/ion transfer, signaling, and metabolism. However, various stimulus for IVDs, such as hypoxia, starvation, inflammation, abnormal mechanical loading, imbalances in reactive oxygen species (ROS), and perturbation of Ca2+ levels, may trigger ER stress by interrupting protein folding and/or modification and thus dampen the synthesis of ECM. The evidence mentioned above implies that ER stress may be involved in the process of IDD (Wu et al., 2018; Reibe and Febbraio, 2019; Carlton et al., 2020).
Here, we review the molecular basis for the sensing and response of ER stress, the involvement of ER stress in the pathogenesis of IDD, and some promising therapeutic strategies by targeting ER stress pathway.
MOLECULAR BASIS FOR THE SENSING AND RESPONSE OF ER STRESS
To respond to ER stress, cells activate an adaptive response mainly with three distinct arms to reduce the quantity of mismodified proteins, which is called unfolded protein response (UPR) (Hetz, 2012; Senft and Ronai, 2015; Shpilka and Haynes, 2018; Hofmann et al., 2019). As an important responsive mechanism in cells under ER stress, UPR has been implicated in many chronic diseases such as cardiovascular diseases, musculoskeletal disorders, neurodegeneration, and endocrine disease (Ghosh et al., 2019; Hetz et al., 2019; Naiel et al., 2019; Pedersen and Maksymowych, 2019; Yang Y. et al., 2020; Hazari et al., 2020; Ji et al., 2020). Usually, the UPR senses the protein-folding status within the ER lumen and transduces this information to the cytosol and nucleus to relieve overloading of unfolded proteins, which is called adaptive UPR. However, under sustained ER stress conditions, the UPR triggers proapoptotic programs to eliminate existing cells and thus may aggravate the disease course, which is termed as proapoptotic UPR (Senft and Ronai, 2015; Shpilka and Haynes, 2018). The UPR signaling pathway involves two main components: ER stress sensors at the ER membrane and downstream transcription factors in the cytosol and nucleus. The whole picture of ER stress sensors and the downstream transcription factors were detailedly described in Figure 1.
[image: Figure 1]FIGURE 1 | ER stress-sensing and three arms of UPR. Upon ER stress, BiP binds to unfolded proteins in the ER lumen and activates three ER sensors, ultimately resulting in the occurrence of the UPR. The three arms of UPR (PERK, IRE1α and ATF6) activate a series of downstream transcription factors in the cytosol and nucleus, which thus reduce the protein synthesis or promote protein degradation, or ultimately result in cell apoptosis.
In the absence of ER stress, the ER chaperone binding immunoglobulin protein [BiP, also known as 78-kDa glucose-regulated protein (GRP78) or heat shock protein A5 (HSPA5)], binds to the luminal domain of three ER transmembrane protein sensors, namely inositol-requiring kinase 1α (IRE1α), protein kinase RNA-like ER kinase (PERK), and activating transcription factor 6 (ATF6), and inhibits their activation. Upon ER stress, BiP binds to excessively accumulated misfolded or unfolded proteins in the ER and loses the ability to inhibit the three ER sensors, ultimately resulting in the occurrence of the UPR (Gardner et al., 2013; Senft and Ronai, 2015; Shpilka and Haynes, 2018; Koopman et al., 2019; Kopp et al., 2019; Preissler and Ron, 2019; Siwecka et al., 2019). Based on the different sensors, the UPR is classically divided into three branches: IRE1α, PERK, and ATF6 (Senft and Ronai, 2015; Hetz and Saxena, 2017; Hofmann et al., 2019; Koopman et al., 2019; Mogilenko et al., 2019).
IRE1α, which is evolutionarily conserved in eukaryon, contains RNase and kinase functions under ER stress. Upon activation, IRE1α dimerizes and autotransphosphorylates, acting as a UPR transducer that leads to excision of a 26-nucleotide intron from the mRNA encoding the transcription factor X box-binding protein 1 (XBP1) within the cytosol. After excision, the reading frame of XBP1 mRNA transforms into an active and stable form, which is termed spliced XBP1 (XBP1s). XBP1s translocates to the nucleus to upregulate its target genes, which support cell survival, restore proteostasis, and activate ER-associated degradation (ERAD) (Calfon et al., 2002; Walter and Ron, 2011; Senft and Ronai, 2015; Chalmers et al., 2017; Hetz and Saxena, 2017). During the ERAD, the misfolded/unfolded proteins are transferred out of ER lumen and then degraded via proteasome-dependent pathway. In addition, IRE1α targets a group of endogenous mRNAs for degradation of ER-located proteins and certain microRNAs due to its RNase activity, a process termed regulated IRE1α-dependent decay (RIDD). In RIDD process, decreased mRNA abundance may result in a decreased level of protein folding and thus recover the ER homeostasis (Maurel et al., 2014; Carew et al., 2018; Huang et al., 2019).
In addition, ER stress also triggers the activation of PERK through the dimerization, oligomerization and autophosphorylation of PERK, which inhibits protein synthesis via direct phosphorylation of eukaryotic translation initiator factor 2α (eIF2α) (Back et al., 2009; Feng et al., 2014; Abdel-Nour et al., 2019; Balsa et al., 2019). Phosphorylation of eIF2α by PERK subsequently leads to the transcription of the mRNA encoding activating transcription factor 4 (ATF4), which promotes ER adaptation and cell survival (B'Chir et al., 2013; Balsa et al., 2019). PERK signaling also regulates the expression of several microRNAs that attenuate protein translational load or expand ER capacity. For example, miR-30c-2-3p is induced by the PERK pathway of the UPR and governs the expression of XBP1, which promotes secretory capacity and cell survival in the adaptive UPR (Byrd et al., 2012). In addition, PERK-dependent miR-211 induction directly targets the Chop promoter to repress C/EBP homologous protein (CHOP) expression and thereby protects cells from apoptotic commitment (Chitnis et al., 2012).
Moreover, ER stress also leads to the activation of ATF6, a member of the transcription factor family containing a basic Leu zipper (bZIP) structure. The ATF6 has two main isoforms, ATF6α and ATF6β (Glembotski et al., 2019). When cells undergo ER stress, ATF6 is readily trafficked from the ER to the Golgi apparatus. After being processed by site 1 protease (S1P) and site 2 protease (S2P), ATF6 is transformed into a cytosolic fragment termed ATF6f and transcriptionally upregulates genes encoding components involved in ERAD and XBP1 within the nucleus (Fass, 2019; Glembotski et al., 2019; Oka et al., 2019; Waldherr et al., 2019). Although the activation of ATF6 and XBP1 belong to different arms of UPR, they can both promote the transcription of genes encoding ER chaperones, and enzymes that help the protein secretion or the degradation of misfolded protein, indicating a potential synergistic effect of different arms of UPR (Shoulders et al., 2013).
Although all three arms of the UPR are crucial for cells to respond to ER stress, these sensors may be differentially activated in different conditions. For example, IRE1α and PERK are rapidly activated when the ER calcium content is depleted in CHO cells (DuRose et al., 2006), whereas reduced glycosylation or altered redox metabolism in HeLa-TetOff cell line preferentially activate ATF6 arm of UPR (Maiuolo et al., 2011). Consequently, it is necessary to distinguish different inducers of ER stress in different disease models.
ER STRESS AND THE UPR IN IDD
Previous studies have reported that ER stress is a major underlying mechanism involved in various musculoskeletal system disorders, such as rheumatoid arthritis (RA) (Yoo et al., 2012; Savic et al., 2014; Rahmati et al., 2018), osteoarthritis (OA) (Hosseinzadeh et al., 2016; Tang et al., 2017), myodegenerative disorders (Kustermann et al., 2018), abnormal bone mass (Collison, 2018; Li et al., 2018), and certain developmental diseases (dwarfishness, spondylolisthesis, etc.) (Woodman, 2013; Mullan et al., 2017; Zheng et al., 2019). Due to abundant synthesis and the secretion of matrix proteins, the ER in IVD cells is highly vulnerable to external stimuli. Moreover, the microenvironment of IVDs is quite complicated, suffering from high osmotic pressure, low pH, oxidative stress and mechanical load (Vergroesen et al., 2015). The increased expression of ER stress-related proteins and ER stress-related apoptosis markers, such as GRP78, CHOP, and caspase 12, have been reported in NP tissues of IDD patients (Zhao et al., 2010; Liao et al., 2019). The comparison of human NP samples with different degrees of degeneration revealed that increased expression levels of GRP78 and CHOP were positively correlated with the Pfirrmann grades of IDD (Liao et al., 2019). These research results strongly indicate that ER stress participates in the process of IDD.
Oxidative stress and inflammatory reaction are two major factors involved in IDD pathogenesis. Accumulation of ROS and proinflammatory factors can induce the degradation of ECM and reduce the number of IVD cells, which leads to the occurrence and development of IDD (Chen et al., 2016; Cheng et al., 2018). H2O2, a classic oxidative stress inducer, upregulates GRP78, CHOP, and caspase 12 in vitro and switches NP cells towards apoptosis, indicating oxidative stress is an ER stress inducer in IDD process (Luo et al., 2019a). Although it is still unclear how ROS signaling induces ER stress in IVDs, some possible mechanisms should be taken into consideration. On one hand, ROS disturbs the correct disulfide bond formation and proper protein folding, which may initiate the ER stress (Wang et al., 2016; Ochoa et al., 2018). On the other hand, ER-mitochondrial Ca2+ crosstalk may also play an important role in ROS-induced ER stress (Ochoa et al., 2018; Lin et al., 2021). Moreover, both IL-1 and TNF-α, two well-established proinflammatory cytokines involved in the development of IDD, can also induce ER stress and bias towards apoptotic signaling of IVD cells. Xiaotao Wang et al. verified that 10 ng/ml TNF-α for 24 h triggered the increased expression of BiP and the apoptosis of rat NP cells (Chen et al., 2018; Chen et al., 2019b). Xiangyang Wang et al. reported that 24 h treatment with 75 ng/ml IL-1β caused an increase in two UPR markers, CHOP and ATF6, in passage 2 human NP cells (Xu et al., 2017). Contrary to these findings, Olga et al. reported that TNF-α (5 and 10 ng/ml) did not activate ER stress, whereas IL-1β (5 and 10 ng/ml) activated gene and protein expression of GRP78 but did not influence [Ca2+]i flux and expression of CHOP in human primary NP cells (Krupkova et al., 2018). These discrepancies may be due to the distinct resources of NP cells or different dosages of IL-1β used.
Although ER stress have been verified an important mediator between inflammation/ROS and IDD, the ER stress can also induce inflammatory condition or ROS accumulation, which may in turn exacerbate the process of IDD induced by these factors. For examples, ER stress can initiate the ligand-independent activation of TRAIL receptors, which then results in caspase-8/FADD/RIPK1-depezndent nuclear factor-kappa B (NF-κB) activation and inflammatory cytokine production (Sullivan et al., 2020). NOD1 and NOD2, two members of the NOD-like receptor family, can also mediate ER stress-induced inflammation (Keestra-Gounder et al., 2016). Lu Chen et al. reported that the activation of XBP1 pathway favored the phosphorylation and nuclear translocation of p65 subunit of NF-κB in NP cells, indicating a potential crosstalk between ER stress and inflammation in the process of IDD (Chen et al., 2019c). In addition, ER stress can also promote ROS production. CHOP was reported to transcriptionally activate Ero1α and thus increase ROS level during ER stress. Moreover, Ero1α causes inositol-1,4,5-trisphosphate receptor (IP3R)-mediated Ca2+ leakage from the ER (Anelli et al., 2012). An excess of Ca2+ released from the ER can be taken up by mitochondria, which may result in an excessive release of cytochrome C from the mitochondrial matrix and thus enhance the production of ROS (Boehning et al., 2003; Wozniak et al., 2006). ER stress induced by impaired calcium homeostasis was also observed in NP cells, indicating a potential crosstalk between oxidative stress and ER stress in the process of IDD (Luo et al., 2019b).
Excessive mechanical loading is positively correlated with the process of IDD (Adams et al., 2000; Von Forell et al., 2015; Desmoulin et al., 2019). It has been reported that 1.0 MPa static compression was sufficiently high to induce an increase in CHOP, caspase12, and cleaved caspase12, resulting in apoptosis in rat NP cells (Wang et al., 2018). Li et al. reported that 20% surface elongation at a frequency of 6 cycles/min was also an external factor triggering ER stress and promoting NP cells apoptosis (Li et al., 2017). Moreover, supraphysiological tension also increased the expression of CHOP and triggered apoptosis in AF cells (Zhang et al., 2011). These studies indicated that mechanical stress was an ER stress inducer for IVD cells and excessive loading-induced ER stress resulted in the process of IDD. At molecule level, mechanical signaling transduction may mediate the excessive loading-induced ER stress. Piezo type mechanosensitive ion channel component 1 (Piezo1) protein, an important mechanosensitive ion channel, has been reported to participate in the mechanical signal transduction of eukaryotic cells (Zhao et al., 2018). Cao Yang et al. reported that increased ECM stiffness promoted the expression of mechanosensitive ion channel PIEZO1 and ER stress markers (GRP78 and CHOP). Piezo1 knockdown attenuated stiff ECM-induced ER stress and thus inhibited NP cell senescence and apoptosis (Wang et al., 2021). Furthermore, some other mechanosensitive molecules, such as transient receptor potential vallinoid-4 (TRPV4), N-cadherin adhesions, connexin 43 connexons or integrins, were reported to participate in the mechanical signal transduction of IVD cells and disfunction of which was connected with the process of IDD. Whether the mechanosensitive molecules mentioned above involves in mechanical loading-induced ER stress remains to be seen in further experiments.
Metabolic disturbance is another common incentive for the process of IDD. Due to hypoxia, anaerobic glycolysis is the main energy source of NP tissue, which results in an increased lactate production and a decreased pH level. High lactic acid concentration reduces the synthesis rates of matrix protein and promotes the apoptosis of NP cells, which leads to the process of IDD (Wu et al., 2014). Acidic environment was reported to result in an increase in GRP78, CHOP, caspase12, while the blockade of acid-sensing ion channel 1a (ASIC1a) partially alleviated IDD by the inhabitation of ER stress (Xie et al., 2017; Xie et al., 2018). These results indicate acid-sensing ion channel is enrolled in low pH-induced ER stress in IVDs. Moreover, abnormal glucose level is also involved in the occurrence of IDD (Zhang et al., 2019a). In hyperglycemic condition, advanced glycation end products (AGEs) accumulate in peripheral tissue and thus reduce collagen affinity for some key molecules (Gautieri et al., 2014). Addition of AGEs has been proved to increase the expression of ER stress as well as UPR markers and thus induce the apoptosis of NP cells. In addition, glucose deprivation time-dependently upregulated the levels of p-eIF2α and ATF4 in NP cells, suggesting that ER stress is triggered by nutrient deprivation via the eIF2α/ATF4 pathway (Chang et al., 2017).
POTENTIAL THERAPEUTIC STRATEGIES FOR IDD BY TARGETING ER STRESS AND UPR
Accumulated evidence suggests that IVDs are easily subject to ER stress, which may play a pivotal role in the process of IDD. Given the role of ER stress and UPR in IVD function and dysfunction, targeting molecules in inhibiting ER stress and modulating UPR is undoubtedly an attractive therapeutic method for disc degeneration.
Given the effect of stabilizing the folded protein and promoting the protein transfer out of the ER, chemical chaperones for reducing the level of unfolded protein in the ER lumen are effective drugs for inhibiting ER stress (Welch and Brown, 1996; Xie et al., 2002). Zengwu Shao et al. reported that tauroursodeoxycholic acid (TUDCA), a FDA-approved bile acid with chaperone properties, was able to alleviate the 1.0 MPa compression-induced apoptosis and necroptosis of NP cells by inhibiting ER stress (Wang et al., 2018). Another FDA-approved chemical chaperone, 4-phenylbutyricacid (4-PBA), has also been verified to alleviate IDD by inhibiting ER stress in different experiment condition, such as the application of cyclic tension on AF cells and the treatment of AGEs, H2O2, or TNF-α on NP cells (Chen et al., 2018; Chen J. et al., 2019; Luo et al., 2019a; Luo et al., 2019b). These results indicated that inhibiting ER stress by these chemical chaperones is a promising strategy for ameliorate the process of IDD.
Targeting molecules in the three arms of UPR to inhibit IVD cell death induced by excessive ER stress might be promising for future IDD therapy. Takeshi Fujii et al. reported that the PERK-ATF4 pathway was activated in human degenerative IVD tissues (Fujii et al., 2018). Pharmacological inhibition of PERK (GSK2606414) significantly suppressed the starvation-induced expression of TNF, ADAMTS5 transcripts and apoptosis in human AF cells. This result indicated that PERK inhibitors might be promising drugs for IDD (Fujii et al., 2018). However, Lu Chen et al. reported that both PERK inhibitor and IRE1 inhibitor increased cell apoptosis induced by TNF-α and reduced cell proliferation of NP cells, which seemed contradicted to the previous result (Chen et al., 2018). On the one hand, the discrepancy between the two results could attribute to the different cell types as well as in vitro models. On the other hand, PERK inhibitor used in the two studies was reported to inhibit cellular RIPK1 at a lower concentration, indicating some nonspecific effects of these inhibitors (Rojas-Rivera et al., 2017). In addition, previous studies showed that silencing some molecules in the downstream of UPR, such as ATF4 and CHOP, successfully reduced the expression of IL-6 and prevented the process of IDD, indicating that manipulating some molecules in UPR pathway could be a potential molecular target for IDD prevention (Fujii et al., 2018; Krupkova et al., 2018). Recently, Dike Ruan et al. reported that knockdown of IRE1-α or PERK was able to recover the dampened ECM synthesis induced by TNF- and IL-1, while knockdown of ATF6 showed no protective effect in this inflammation-induced model (Wen et al., 2021). However, ATF6 small interfering RNA (siRNA) markedly inhibited the tert-butyl hydroperoxide-induced apoptosis of CEP cells, indicating its protective effect in an oxidative stress-induced model (Xie et al., 2020). These results implied that not all three arms of UPR were simultaneously involved in the IDD induced by single pathogenic factor. It is very important to determine which sub-pathway is involved in a certain pathogenic process and provide personalized treatment.
Targeting autophagy-associated molecules might be another effective method for alleviating the process of IDD induced by overwhelming ER stress. Once the UPR pathway cannot alleviate the ER stress, autophagy and even apoptosis are eventually activated (Hetz, 2012). The PERK-eIF2α-ATF4 pathway has been confirmed to help the formation of the autophagosome. ATF4 and CHOP transcriptionally regulate numerous autophagy-associated genes (ATGs) by binding these factors to specific promoter cis elements of ATGs (B'Chir et al., 2013). In addition, the IRE1 arm also plays an important role in the activation of autophagy. Activation of IRE1α recruits the adaptor protein TNF receptor-associated factor 2 (TRAF2), which activates the apoptosis signal-regulating kinase 1 (ASK1) pathway and its downstream target JUN N-terminal kinase (JNK), enabling the dissociation of Beclin-1 (an essential autophagy regulator), activation of PI3K signaling, and triggering autophagy (Deegan et al., 2013; Liu et al., 2020). Meiqing Wang et al. showed that activating autophagy by rapamycin, an inhibitor of MTORC1, markedly reduced p-EIF2AK3-mediated ER stress-apoptosis in flow fluid shear stress-treated chondrocytes. This result implied that autophagy activation might be a promising strategy for inhibiting ER stress in IDD process (Yang H. et al., 2020). It has been reported that 1.0 MPa static compression is sufficiently high to trigger ER stress and promote the conversion of LC3B-I to LC3B-II (hallmark at an early stage of autophagy) (Ma et al., 2013; Wang et al., 2018). Transmission electron microscope (TEM) images also revealed that both the expansive endoplasmic reticula and autophagosomes were present in NP cells following exposure to 1.0 MPa for 36 h (Ma et al., 2013). In addition, knockdown of ATF4 with siRNA significantly attenuated the conversion of LC3-I to LC3-II, which also confirmed the link between the UPR and autophagy in IDD (Chang et al., 2017). Up to now, many small-molecule modulators of mammalian autophagy have been verified to alleviated IDD, indicating a huge potential for medical application (Chen et al., 2016; Zhang et al., 2019b; Wang et al., 2020). Exosomes derived from bone marrow mesenchymal stem cells also showed potential therapeutic effect for IDD model by activating autophagy and inhibiting ER stress (Liao et al., 2019; Shi et al., 2021), Some promising therapeutic treatment targeting ER stress pathway has been listed in Table 1.
TABLE 1 | Promising therapeutic treatment targeting ER stress.
[image: Table 1]DISCUSSION AND PROSPECTS
IDD is a major cause of LBP that presents an important scientific and social issue and has received substantial attention. DALYs and YLDs caused by this disc degenerative disease have imposed huge burden for the individuals and the whole society (Diseases and Injuries, 2020; Cieza et al., 2021). Due to the lack of efficient interventions to prevent the occurrence or halt the progression of IDD, it is necessary for us to figure out molecule mechanism of IDD and find out some effective therapeutic treatment.
The risk factors of IDD are complicated and its pathogenesis is still unclear. As large polymerized molecules in the ECM, collagens undergo extensive post-translational modifications and folding in the ER, which pose susceptibility to ER stress. Over the past 10 years, studies have indicated that ER stress results in aberrant IVD cell functions, such as decreased cell proliferation and ECM synthesis, increased cell apoptosis, senescence, ECM degradation, and secretion of various inflammatory cytokines. In order to handle the impact of ER stress, the activation of the UPR and other defensive processes orchestrates diverse pathways to recover IVD cell functions (Senft and Ronai, 2015; Krupkova et al., 2018; Chen et al., 2019b; Liao et al., 2019; Luo et al., 2019a; Luo et al., 2019b). This review summarized the relationship between ER stress and IDD and highlighted potential therapeutic targets for treating this condition (Figure 2). Although there is still a long way to realize the clinical transformation for these therapeutic strategies, drugs targeting ER stress pathway showed their charming potential. On the one hand, more studies in recent years attempted to illustrate the exact mechanism between ER stress and the pathogenesis of IDD, and more effective therapeutic strategies have been verified in pre-clinical experiments (Chen et al., 2019c; Liao et al., 2019). On the other hand, some drugs targeting ER stress have been accepted in clinical trials in patients and show some promising outcomes. For example, Bip administration showed the effectiveness and safety in patients with active RA. Compared with placebo group, patients in 5 or 15 mg Bip group showed significantly lower serum concentrations of C-reactive protein after 2-week treatment (Kirkham et al., 2016). Numerous interventional measures targeting ER stress pathway have been adopted in some pre-clinical experiments and even clinical trials, however, there still some tough challenges for the process of clinical transformation. First of all, among the limitations of these clinical trials were their small sample size as they were designed as randomized and controlled experiment, indicating a dampening credibility for their results. Furthermore, some local delivery systems with noninvasive or less invasive characteristics remain to be explored for the purpose of improving drugs’ efficiency and reducing their side effects. Last but not least, there are still some questions to be solved in ER stress response mechanism. Whether can the aberrant ECM components (collagens or proteoglycans) directly trigger the ER stress in IDD process? Do all three arms of UPR play a role in ER stress-induced IDD in a coordinated manner? What is the overall perspective of the crosstalk between IDD inducers and response mechanism of ER stress in the development of IDD? For screening out special therapeutic drugs, it is quite helpful to address these problems.
[image: Figure 2]FIGURE 2 | Schematic diagram for targeting ER stress to prevent IDD. Oxidative stress, inflammation, mechanical stimulus and metabolic disturbance are common factors affecting IVDs, which were confirmed to trigger ER stress in IDD process by a series of reasonable evidence. Some therapeutic strategies by targeting ER stress showed promising effect on ameliorating the process of IDD.
Data suggest that ER stress is a pivotal mediator in the pathogenesis of IDD in many recent experiments, whereas the direct evidence is still limited. For example, most studies paid their attention on the activation of ER stress or UPR pathway in IVDs via the expression of some ER stress or UPR markers, such as GRP78, CHOP or caspase 12, few studies showed the accumulation of misfolded protein in IVD cells in the process of IDD. To date, most ER stress-mediated IDD experiments in vitro have been performed on NP cells. Limited attention has been paid to ER stress-mediated degeneration of the AF, CEP, and even the entire structure of the functional spinal unit. Moreover, the exact relationships among different mechanisms responsible for IDD require further elucidation. For example, in spite of UPR, many ER stress-related models in vitro also showed some subcellular changes related to autophagy and mitochondrial problems (Hetz, 2012; Senft and Ronai, 2015). Cao Yang et al. also reported that berberine, an isoquinoline alkaloid usually functioning by modulating autophagy or mitochondrial dynamics, successfully inhibited the process of IDD by inhibiting ER stress. These results hinted that the crosstalk among different mechanisms of cell response might impose a comprehensive effect on maintaining physiological homeostasis for IVD cells. Thus, some small molecule drugs with a broad spectrum of activity these cellular responses, such as melatonin, quercetin, resveratrol or curcumin, may have a wide range of potential applications on IDD prevention. Based on our comprehensive understanding of ER stress and its responsible mechanism in IDD, some translational approaches (the clinical use of targeted therapy, exosomes from stem cells, potential conventional drugs, etc.) are promising.
CONCLUSION
The research on the relationship between ER stress and the pathogenesis of IDD is still in its infancy, with a growing number of studies available supporting this view. Our work summarized the current knowledge regarding the impact of ER stress on the process of IDD, as well as some potential therapeutic methods for alleviating IDD by targeting ER stress pathway. Further studies to explore ER stress and its responsible mechanisms in IDD may offer more efficient therapeutic strategies to prevent or halt the process of disc degenerative diseases.
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Various hydrogels have been studied for nucleus pulposus regeneration. However, they failed to overcome the changes in the acidic environment during intervertebral disc degeneration. Therefore, a new functionalized peptide RAD/SA1 was designed by conjugating Sa12b, an inhibitor of acid-sensing ion channels, onto the C-terminus of RADA16-I. Then, the material characteristics and biocompatibility of RAD/SA1, and the bioactivities and mechanisms of degenerated human nucleus pulposus mesenchymal stem cells (hNPMSCs) were evaluated. Atomic force microscopy (AFM) and scanning electron microscopy (SEM) confirmed that RAD/SA1 self-assembling into three-dimensional (3D) nanofiber hydrogel scaffolds under acidic conditions. Analysis of the hNPMSCs cultured in the 3D scaffolds revealed that both RADA16-I and RAD/SA1 exhibited reliable attachment and extremely low cytotoxicity, which were verified by SEM and cytotoxicity assays, respectively. The results also showed that RAD/SA1 increased the proliferation of hNPMSCs compared to that in culture plates and pure RADA16-I. Quantitative reverse transcription polymerase chain reaction, enzyme-linked immunosorbent assay, and western blotting demonstrated that the expression of collagen I was downregulated, while collagen II, aggrecan, and SOX-9 were upregulated. Furthermore, Ca2+ concentration measurement and western blotting showed that RAD/SA1 inhibited the expression of p-ERK through Ca2+-dependent p-ERK signaling pathways. Therefore, the functional self-assembling peptide nanofiber hydrogel designed with the short motif of Sa12b could be used as an excellent scaffold for nucleus pulposus tissue engineering. Moreover, RAD/SA1 exhibits great potential applications in the regeneration of mildly degenerated nucleus pulposus.
Keywords: intervertebral disc degeneration, acidic environment, self-assembled peptides, Sa12b, human nucleus pulposus mesenchymal stem cells, tissue engineering
INTRODUCTION
Low back pain (LBP) is a common health problem worldwide, with a lifetime incidence rate of approximately 80% (Jensen et al., 2017). It is believed that the main cause of chronic back pain and degenerative lumbar spine disease is lumbar disc degeneration, that is, the progressive structural destruction of the intervertebral disc (IVD) (Adams and Roughley, 2006; Bailey et al., 2020). The IVD is composed of the following three parts: central gelatinous nucleus pulposus (NP), outer multilayered annulus fibrosus (AF), and cartilage endplate (Lund and Oxland, 2011). NP can provide a suitable extracellular environment for the growth and secretion of NP cells; therefore, it is one of the most critical parts of the IVD (Richardson et al., 2008). Loss of cell viability, cell proliferation, and extracellular matrix (ECM) biosynthesis is observed in the local microenvironment of IVD (Le Maitre et al., 2007; Wang et al., 2016). At present, the gold standard for intervertebral disc disease (IVDD) treatment is spinal fusion, which focuses on alleviating painful symptoms and removing the degenerated disk. However, IVDD treatment cannot reverse the progression of degeneration or restore the normal mechanical function of the IVD (Lin et al., 2016; Bian et al., 2017). Therefore, in addition to reducing the symptoms, restoring IVD function should be the focus of IVDD treatment.
Many studies have shown that reduction in the ECM components, such as collagen Ⅱ and aggrecan, secreted by nucleus pulposus cells (NPCs) play an important role in IVDD (Buckwalter, 1995; Antoniou et al., 1996; Liu et al., 2001). Several studies have focused on stimulating the regeneration of the IVD by increasing the biological activity of NPCs through the injection of growth factors (Steck et al., 2005; Shen et al., 2009; Wang et al., 2011), biological materials (Su et al., 2010; Chen et al., 2013; Mercuri et al., 2013), and cells (Meisel et al., 2006; Orozco et al., 2011; Ruan et al., 2012). Although great progress has been made on these methods, they still exhibit certain limitations when used alone. Growth factors are unable to maintain long-term biological activity because they have a short half-life. It’s insufficient biological activity of the material itself that damage to biomaterials during implantation. In addition, because of the harsh internal environment of the IVD, the survival rate of transplanted cells is very low. Therefore, a promising treatment strategy that combines the advantages of growth factors, biomaterials, and cells is required to overcome these limitations.
In recent years, tissue engineering has been successfully used in clinical orthopedics for the treatment of defects in bones (Fröhlich et al., 2010), skeletal muscles (Ricchetti et al., 2012) and tendons (Martinello et al., 2014), and damaged tissues have been replaced with biological materials and cells. Self-assembling peptide nanofiber scaffolds are promising biomaterials that have been successfully used in tissue engineering and regenerative medicine, and have become a central topic in biomaterial research (Maude et al., 2013). Scaffolds exhibit excellent biocompatibility and biological activity (Guo et al., 2007; Guo et al., 2009; Liedmann et al., 2012). RADA16-I (Ac-RADARADARADARADA16-I) is composed of a 16-residue peptide and is one of the most commonly used self-assembling nanofiber peptides (Matson and Stupp, 2012). It can produce a stable β-sheet structure in water and perform molecular self-assembly to form nanofibers (Zhang et al., 2005). The nanofibers then form high-order interwoven nanofiber hydrogel scaffolds under physiological conditions by alternating hydrophobic and hydrophilic amino acids (Holmes et al., 2000), resulting in the formation of ordered ECM-like hydrogels (Holmes et al., 2000; Genove et al., 2005). The cells encapsulated in self-assembling peptides can be used for three-dimensional (3D) culture precisely because of these characteristics (Zhang et al., 2005). In addition, various biologically active short peptide motifs can be easily conjugated to their C-terminus to produce growth factor analogs, which is one of the most important features of RADA16-I. These functionalized self-assembling peptide nanofiber scaffolds exhibit great potential in bone, blood vessels, and nerve regeneration (Gelain et al., 2006; Horii et al., 2007; Guo et al., 2012; Liu et al., 2013).
The IVD microenvironment is characterized by hypoxia, low pH, hypertonicity, and poor nutritional supply; therefore, with age and intervertebral disc degeneration (IDD), the internal microenvironment changes significantly (Colombier et al., 2014). A large number of studies have reported that these changes in the microenvironment have an important impact on the biological activity of cells. For example, 2% hypoxia can promote the differentiation of bone marrow-derived and adipose-derived stem cells into NPCs (Kanichai et al., 2008; Li et al., 2013). Meanwhile, low pH, hypertonicity, and low nutrition inhibit the differentiation of hNPMSCs into NPCs. However, the inhibitory effect of low pH on hNPMSCs differentiation is the most significant (Wuertz et al., 2008; Wuertz et al., 2009). RADA16-I alone lacks tissue specificity, and the biological activity of hNPMSCs is insufficient (Tao et al., 2014). Till date, there are no studies on the effect of RADA16-I on cell activity in acidic environments. It has been found that low pH inhibits the proliferation, differentiation, and ECM production of hNPMSCs through acid-sensing ion channels (ASICs) (Liu et al., 2017). Therefore, identification of a short functional polypeptide fragment of an ASIC blocker can facilitate the construction a new functional self-assembling polypeptide nanofiber scaffold material that can overcome the acidic environment in the IVD. At present, there are several blockers that can be used to regulate ASICs, such as amiloride, pctx1, apetx2, and phcrtx1; however, there are no studies on their functional short peptides. Therefore, these blockers cannot be used to construct functional self-assembling polypeptide nanofiber scaffolds.
A recent study found that Sa12b (EDVDHVFLRF), an FMRFa-related peptide extracted from the venom of the solitary wasp silver-spotted butterfly, can be used as a new blocker of ASICs. Sa12b strongly inhibited ASIC currents in rat dorsal root ganglion (DRG) neurons (Hernández et al., 2019). Sa12b exhibits great potential in restoring the activity of hNPMSCs in an acidic environment in IVDD (Wang et al., 2022). Therefore, in this study, we conjugated Sa12b to the C-terminus of RADA16-I to obtain RSA1. The peptide were then mixed with RADA16-I to form novel functionalized self-assembling peptides RAD/SA1. Finally, we evaluated the biocompatibilities and biological activity of these functionalized self-assembling peptides (RAD/SA1, RADA16-I, and RSA1) with hNPMSCs in acidic environment in vitro, and the mechanism was further evaluated.
MATERIALS AND METHODS
Preparation of Self-Assembling Peptide Solutions
The RADA16-I (Ac-RADARADARADARADA16-I) and RSA1 (AC-(RADA)4-GG-EDVDHVFLRF-CONH2) peptides were synthesized by Sangon Biotech (purity >90%, Shanghai, China). These peptide powders were dissolved in MilliQ water at a final concentration of 1% (10 mg/ml), sonicated for 30 min, and filtered using a syringe-driven filter unit (0.22 mm HT Tuffrun membrane; Millipore). Then, the RSA1 solutions were mixed with 1% RADA16-I solution at a volume ratio of 1:1 to obtain 1% functionalized RAD/SA1 peptide mixtures.
Scanning Electron Microscopy Assessment
All the self-assembling peptide hydrogel scaffolds and cell/scaffolds were cultured for 3 days. The samples were then fixed, dehydrated, and coated with platinum and the microstructures and cellular attachments of these scaffolds were observed using SEM. The images were captured using a GeminiSEM 300 at ×400–×20,000 magnification and 3 kv voltage.
Atomic Force Microscopy Assessment
All peptide solutions were diluted to a working concentration of 0.01% (w/v), and 5 ml of each diluted sample was dropped onto a freshly cleaved mica surface for 25–30 s and rinsed twice gently with 100 ml distilled water. The samples were then air-dried and incubated at room temperature for 3–4 h. Images of the microstructures of the samples were acquired using AFM (Dimension Icon, United States). The scanning area was 1 × 1 μm, and the scan frequency was 1.00 Hz.
Rheological Analysis of the Self-Assembling Peptides
For rheological analysis, 100 μL of 1% (w/v) peptide solution (RAD/SA1) was added to the parallel sample plate of the rheometer (DHR-2, United States), and allowed to stand for 30 min. The clamp spacing was set to 300 μm, and the temperature was set to 37°C. The designer’s storage (elastic) modulus (G′) and loss (viscous) modulus (G″) of the self-assembling peptides were performed within a frequency sweep range of 25–100 rad/s. The frequency sweep was performed at 37°C under a constant shear stress of 1 Pa.
Circular Dichroism Assessment
We transferred the 25-μM peptide diluent into a quartz sample tank, and selected a path length of 0.5 cm, a wavelength range of 190–260 nm, a step length of 1 nm, and a bandwidth of 3 nm. A circular dichroic spectrum analyzer (Jasco-810-CD, Japan) was used to measure the spectra. The sample was measured thrice, the average of the three data points was determined, and the spectrum of distilled water was subtracted to obtain the final circular dichroism spectrum.
Isolation and Culture of hNPMSCs
Table 1 provides detailed information about the age, sex, and disease status of the subjects. The study was conducted according to the criteria set by the Declaration of Helsinki. All procedures were approved by the local ethics committees of our institution and were performed with the informed consent of the patients. After washing the sample twice with phosphate-buffered saline (PBS; Gibco), the annulus fibrosus and cartilaginous endplates were carefully removed and the hNPMSCs were isolated as previously described. Briefly, the nucleus pulposus (NP) tissues were cut into approximately 1 mm3 pieces, digested with 0.025% collagenase II (Sigma) in a serum-free medium, incubated at 37°C with 5% CO2 overnight, and centrifuged at 400 × g for 6 min. The supernatant was removed, and the cells were resuspended and cultured in a 75-cm2 flask containing Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with 10% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin, and 100 mg/ml streptomycin. The culture medium was changed every 2–3 days.
TABLE 1 | Sample Information.
[image: Table 1]Microscopic Observation of Cell Morphology
The culture medium was changed every three days using DMEM. Trypsin digestion and subculture was performed to observe the cell growth status, and the cell morphology was recorded daily.
Antigen Identification
Trypsin-digested P3 generation cells were centrifuged and suspended in 100 μL PBS. Monoclonal antibodies CD34-PE, CD45-PE, HLADR-PE, CD73-PE, CD90-PE, and CD105-PE were added to each tube, and incubated for 30 min in the dark. After washing, the cells were resuspended in 0.4 ml PBS and a negative control group was maintained. Flow cytometry was used to detect the positive expression rate of cell monoclonal antibodies.
Three-Line Differentiation Test

1) Osteogenic differentiation: P3 generation cells were seeded in a six-well plate and cultured until the cell fusion rate reached approximately 70%. The media was then replaced with osteogenic differentiation medium (Cyagen, United States) to induce cell differentiation. The plate was incubated for 21 days and the medium was changed every three days. The cells were then fixed with 4% neutral formaldehyde solution (Sangon Biotech, China) for 30 min, stained with Alizarin Red (Cyagen, United States) for 5 min, and observed under a microscope to determine the presence of calcium nodules.
2) Chondrogenic differentiation: Approximately 5 × 105 P3 generation cells were collected, centrifuged, resuspended in 0.5 ml premix, and centrifuged. This procedure was repeated thrice. The cells were resuspended in 0.5 ml adult bone marrow mesenchymal stem cell chondrogenic differentiation medium (Cyagen, United States) and centrifuged at 150 × g for 5 min. After observing cell sedimentation, the cells were placed in a 37°C incubator containing 5% CO2. After 24 h, the bottom of the centrifuge tube was flicked to suspend the gathered pellets in the culture medium, and the medium was changed using 0.5 ml of complete chondrogenic differentiation medium every 2 days. After 28 days of continuous induction, the cells were stained with Alcian Blue (Cyagen, United States).
3) Adipogenic differentiation: The P3 generation cells were collected, seeded in a six-well plate, and cultured until the cell fusion rate reached 100%. The media was then switched to adipogenic differentiation medium A (Cyagen, United States), and after three days of induction, the media was switched to adipogenic differentiation medium B (Cyagen, United States). After 24 h, solution B was aspirated and the solution A was added for induction. This process was performed 3–5 times, and the culture was maintained with solution B for 4–7 days, followed by staining with Oil Red O (Cyagen, United States).
Preparation of Media With Different pH Values
An appropriate amount of sterilized HCL (1 mol/L) and NaOH (1 mol/L) were added to the culture medium, and the pH value was monitored using a pH microelectrode (Ramagnetic phs-25, China) to prepare culture media with different pH values. After the desired pH value (6.8 or 6.2) was obtained, the medium was incubated at 37°C with 5% CO2 for 3 days to establish a pH balance (depending on CO2).
3D Cell Culture in Self-Assembling Peptide Scaffolds
Transwell inserts (Corning, United States) were placed in a 24-well culture plate, and 400 μL of culture medium was added to each well. hNPMSCs were suspended in 10% sucrose prior to seeding. A 20-μL aliquot of cell suspension containing 1 × 105 hNPMSCs was mixed with 100 μL of the peptide solution, and the cell/peptide mixture was immediately placed in the inset. A 400-μL aliquot of culture medium was slowly added to the surface of each hydrogel piece. Gelation was allowed to proceed at 37°C for 10 min, and the medium was changed for another 30 min of incubation. The medium was changed at least twice to enhance peptide self-assembly and to equilibrate the pH. Subsequently, the medium was changed every two days.
Cell Proliferation Assessment in an Acidic Environment
The hNPMSCs were cultured on RAD/SA1 scaffolds and medium containing Sa12b (concentration of Sa12b was 8 μg/μL at pH 6.2 and 6 μg/μL at pH 6.8) in an acidic environment, and RADA16-I was used as the control group. After 1, 3, 5, 7, and 9 days, the number of cells was evaluated using cell counting kit-8 reagents (CCK-8, Dojindo, Japan). The absorbance at 450 nm, which indirectly reflects the number of cells, was measured using a microplate reader (Elx800, Bio-Tek, United States). The experiment was performed in triplicates.
Cell Viability Assessment
An aliquot of 1 × 105 hNPMSCs was 3D-cultured in each of the self-assembling peptide hydrogel scaffolds. After one and three days, the live and dead hNPMSCs were labeled using CAM and the nucleic acid dye propidium iodide (PI, Sigma, United States), respectively. Briefly, the cells/scaffolds were incubated with 2 μmol/L CAM and 5 μmol/L PI for 30 min at room temperature in the dark, and then gently rinsed thrice using PBS. The images were collected using laser confocal microscopy, and the number of live and dead cells in five randomly selected non-overlapping areas was counted by two independent assessors. The experiment was performed in triplicates.
Enzyme-Linked Immunosorbent Assay for ECM Secretion in an Acidic Environment
The hNPMSCs were cultured on RAD/SA1 scaffolds and medium containing Sa12b in an acidic environment, and RADA16-I was used as the control group. After culturing for 7, 14, and 28 days, the protein was extracted, and the expression levels of collagen II aggrecan, and SOX-9 in an acidic environment were detected using an ELISA kit (Colorful Gene Biological Technology Co. Ltd., China). The experiment was performed in triplicates.
Western Blotting of ECM Secreted in the Acidic Environment
The hNPMSCs were cultured on RAD/SA1 scaffolds and medium containing Sa12b in an acidic environment, and RADA16-I was used as the control group. After culturing for 7 days and 14 days, the protein was extracted, and the expression levels of collagen II and aggrecan in an acidic environment were detected using western blotting.
Quantitative Reverse Transcription Polymerase Chain Reaction Analysis of Gene Expression
The hNPMSCs were cultured on RAD/SA1 scaffolds and medium containing Sa12b in an acidic environment, and RADA16-I was used as the control group. After 7, 14, and 28 days, the cells were disrupted mechanically, and the total RNA was extracted using TRIzol reagent (Invitrogen, United States), according to the manufacturer’s instructions. Complementary DNA was synthesized from total RNA using a reverse transcription reagent (SYBR Premix Ex Taq, Takara, Japan). The experiment was performed in triplicates.
The expression levels of the hNPMSCs-related genes (encoding collagen I, collagen II, aggrecan and SOX-9) were analyzed using qRT-PCR, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene was used as the control. The primers for all of the genes were designed using Premier 5.0, and are listed in Table 2. A SYBR Premix Ex Taq PCR kit (Takara, Japan) and Mini OpticonTM Detector System (Bio-Med, United States) were used for qRT-PCR analysis. After an initial denaturation at 95°C for 20 s, 40 cycles of PCR amplification were performed at 95°C for 5 s and 60°C for 20 s. Then, a cycle threshold (Ct) value was obtained for each sample, and an average value of the experiment performed in triplicates was calculated. The 2−ΔΔCt values were used to evaluate the relative expression levels of these genes. All data were acquired in three independent experiments, in which each sample was evaluated in triplicates.
TABLE 2 | Primers used in qRT-PCR.
[image: Table 2]Evaluation of p-ERK Expression in Cells in an Acidic Environment
The hNPMSCs were cultured on RAD/SA1 scaffolds and medium containing Sa12b in an acidic environment, and RADA16-I was used as the control group. The protein was extracted, and the expression levels of p-ERK in an acidic environment were detected using western blotting.
Evaluation of the Amount of Ca2+ in Cells in an Acidic Environment
The hNPMSCs were cultured on RAD/SA1 scaffolds and medium containing Sa12b in an acidic environment, and RADA16-I was used as the control group. The Ca2+ kit (Dojindo Laboratories, Japan) was used to stain each group of cells, and a confocal microscope was used to detect the amount of Ca2+ in the cells.
Statistical Analysis
All data were statistically analyzed using SPSS 23.0 and are presented as the mean values ±standard deviation. An analysis of variance (ANOVA) of factorial design was performed to analyze the main effect and the interaction between the groups and the time periods. A one-way ANOVA was performed for multiple-group comparisons, and the Student−Newman−Keuls test (homogeneity of variance) or Tamhane’s test (heterogeneity of variance) was performed to compare any two groups. p < 0.05 was considered a significant difference.
RESULTS
Formation of Hydrogel-Like Materials by New Self-assembling Peptides and Survival of hNPMSCs.
Sa12b was conjugated to the C-terminus of RADA16-I using solid-phase synthesis to construct a functionalized self-assembling polypeptide, RSA1. Both RADA16-I and RAD/SA1 formed a transparent hydrogel-like material at 37°C in vitro (Figure 1A) with no significant differences in appearance; conversely, RSA1 failed to form a hydrogel-like material.
[image: Figure 1]FIGURE 1 | (A) Both RADA16-I and RAD/SA1 formed a transparent hydrogel-like material at 37°C in vitro. (B) The SEM images showed that all of the designer self-assembling peptides had formed nanofibers that had interwoven to form porous structures and that the hNPMSCs had attached to the nanofibers by extending many pseudopodia.
The self-assembling polypeptide RADA16-I and functionalized self-assembling polypeptide RAD/SA1 were prepared into hydrogel scaffold materials in vitro, and their ultrastructure was observed using SEM. The results showed that all peptides could form a large number of nanofibers in vitro and interweave into a staggered and ordered pore-like structure scaffold material (Figure 1B). The nanofiber diameter was approximately 10–40 nm, the pore diameter was approximately 5–200 nm, and its water content exceeded 99%. The ultrastructure of the ECM of natural intervertebral discs has similar features. In the new hydrogel scaffold material, a large number of hNPMSCs were tightly adhered to the nanofibers of the scaffold material by extending several pseudopodia-like structures, and their shape presented a 3D structure.
As shown in Figure 2A, AMF revealed that RADA16-I and functionalized self-assembling peptides formed several nanofibers, ranging in length from a few hundred nanometers to micrometers. However, the diameter of the nanofibers assembling from a mixture of functionalized peptides was larger than that of pure RADA16-I. RSA1 failed to form nanofibers. The diameters of nanofibers in RADA16-I and RAD/SA1 solutions are approximately 10–40 nm.
[image: Figure 2]FIGURE 2 | (A) The AFM results showed that nanofiber formation occurred in of all of the solutions of the self-assembling peptides. (B) Results of the oscillation frequency sweep data on 1% (w/v) of the designer self-assembling peptides with DMEM at 37°C. A typical gel-like behavior was evident as the storage modulus values of the RAD16-I and RAD/SA1 were higher than the loss modulus values in the range of the shear rate frequencies. (C) The functionalized self-assembling polypeptide mixed with RADA16-I in equal proportions resulted in a typical β-sheet structure.
The frequency sweep results obtained at 37°C showed that the viscoelasticity of this hydrogel was similar (including storage modulus and loss modulus values), and both G′ and G″ were independent of the shear rate frequency (Figure 2B). The typical gel-like behavior was observed and in the shear rate frequency range, the storage modulus (G′, 100 Pa) of this new type of hydrogel was greater than that of the loss modulus (G″, 100 Pa).
The results of circular dichroism spectroscopy (Figure 2C) showed that the self-assembling peptide RADA16-I formed a negative peak at 216 nm and a positive peak at 196 nm, indicating a typical β-sheet structure. Conjugation of the short functional fragment of Sa12b to the C-terminus of RADA16-I did not result in peak formation in the circular dichroic spectrum of the functionalized self-assembling polypeptide RSA1, indicating a free bond structure. The functionalized self-assembling polypeptide mixed with RADA16-I in equal proportions resulted in a typical β-sheet structure; however, the absolute peak value of RAD/SA1 was smaller than that of RADA16-I.
Identification of hNPMSCs
After the primary cells were cultured for 3–4 days, they adhered to the flask and appeared spindle- and vortex-shaped under the microscope. After approximately 20 days of culture, the cells fused, and fusion increased rapidly after passage. The cell morphology of P2 and P3 generations remained uniform and grew into spindle- and vortex-shaped cells (Figure 3).
[image: Figure 3]FIGURE 3 | (A) The hNPMSCs exhibited a short, rod-like shape in primary culture. (B) The hNPMSCs showed uniform spindle filament spiral growth after subculture.
Flow cytometry analysis revealed low expression of CD34 (3.09%), CD45 (3.02%) and HLA-DR (1.10%), and high expression of CD73 (99.7%), CD90 (97.2%) and CD105(97.9%) in the extracted cells (Figure 4A).
[image: Figure 4]FIGURE 4 | (A) Flow cytometry analysis showed low expression of CD34, CD45 and HLA-DR, and high expression of CD73, CD90 and CD105. (B) Three lineage differentiation of hNPMSCs. Alizarin red staining of calcium nodules indicated osteogenic differentiation. Alcian blue staining of cartilage indicated chondrogenic differentiation. Oil red O staining of intracellular lipid vacuoles indicated adipogenic differentiation.
Osteogenic differentiation and culture of P3 generation cells resulted in the formation of punctate opaque calcium nodules on the cell surface, which increased with culture time. After 21 days of induction, red calcium nodules were observed upon Alizarin red staining (Figure 4B). Chondrogenic differentiation of P3 cells was observed, and the microspheres exhibited a milky white mass after approximately one week of culture. After induction for 28 days, the white masses were fixed with 4% paraformaldehyde and embedded in paraffin. Alcian Blue staining revealed an evenly blue-stained ECM (Figure 4B). Adipogenic differentiation of P3 generation cells resulted in small lipid droplets that appeared in the cytoplasm. Oil Red O staining revealed that the lipid droplets became large and round after 28 days (Figure 4B).
Biological Activity of hNPMSCs in an Acidic Environment
The hNPMSCs were incorporated into the functionalized self-assembling polypeptide RAD/SA1 hydrogel and cultured with Sa12b for 1, 3, 5, 7, and 9 days. The CCK-8 experiment was performed using RADA16-I as a control. Assessment of cell proliferation ability under the two pH (pH = 6.2 and 6.8) environments revealed that the cell proliferation rate in the functionalized self-assembling polypeptide hydrogel scaffold material RAD/SA1 was significantly higher than that in the pure self-assembling polypeptide RADA16-I and Sa12b group(p < 0.01) (Figures 5A,B). The number of degenerated hNPMSCs gradually increased with an increase in culture time, and the interaction effect between grouping and culture time was statistically significant (p < 0.01).
[image: Figure 5]FIGURE 5 | CCK-8-based quantification analysis demonstrated that the amount of hNPMSCs 3D cultured in RAD/SA1 were significantly higher than those cultured in Sa12b and RADA16-I for 1 day, 3, 5, 7 and 9 days, respectively. When the two groups compared, ** indicates p < 0.01 and *** indicates p < 0.001. (A) hNPMSCs were cultured at pH 6.2. (B) hNPMSCs were cultured at pH 6.8. (C) Live and dead cell viability assay for hNPMSCs that were 3D cultured in RADA16-I and RAD/SA1 for 1 and 3 days, respectively. The green fluorescent cells are the live cells labeled with CAM, and the red fluorescent cells indicated by white arrows are dead cells labeled with PI.
The hNPMSCs were incorporated on the surface of the self-assembling polypeptide RADA16-I and functionalized self-assembling polypeptide RAD/SA1 hydrogel, and cultured for one and three days. Cytotoxicity testing of the scaffold material revealed that a small number of PI red-stained dead cells were visible inside the two groups of polypeptide hydrogel scaffold materials, and there was no significant difference between the groups (Figure 5C). The number of dead cells did not increase significantly with an increase in culture time. These results indicated that the functionalized self-assembling polypeptide nanofiber scaffold material did not increase the cytotoxicity of the self-assembling polypeptide hydrogel.
The hNPMSCs were incorporated in the functionalized self-assembling polypeptide RAD/SA1 hydrogel and 3D-cultured with Sa12b for 7, 14, and 28 days. RADA16-I was used as the control. ELISA revealed that the amounts of collagen II, aggrecan, and SOX-9 secreted by degenerated hNPMSCs were significantly different at pH 6.2 and pH 6.8 (p < 0.05) (Figure 6). The amounts of collagen II, aggrecan, and SOX-9 secreted by degenerated hNPMSCs at different culture time points also showed significant differences (p < 0.05). Moreover, the interaction effect between grouping and culture time was statistically significant for the expression of collagen II, aggrecan, and SOX-9 (p < 0.05). When compared with the pure self-assembling polypeptide RADA16-I hydrogel scaffold material, the RAD/SA1 hydrogel scaffold material effectively secreted degenerative hNPMSCs collagen II, aggrecan, and SOX-9 (p < 0.05). Furthermore, the functionalized self-assembling polypeptide hydrogel scaffold materials did not promote the secretion of collagen II, aggrecan, or SOX-9 with an increase in culture time. This change occurred 14 days prior to culture and was maintained for at least 28 days hNPMSCs were incorporated in the RAD/SA1 hydrogel and 3D-cultured with Sa12b for 7 and 14 days. RADA16-I was used as the control.
[image: Figure 6]FIGURE 6 | ELISA revealed that the amounts of collagen II, aggrecan and SOX-9 secreted by hNPMSCs were significantly different among the three groups (RAD/SA1, Sa12b and RADA16-I) after 7, 14 and 28 days, respectively. (A) hNPMSCs were cultured at pH 6.2. (B) hNPMSCs were cultured at pH 6.8. When the two groups compared, ** indicates p < 0.01, and *** indicates p < 0.001.
Western blotting was used to analyze the ability of hNPMSCs to secrete collagen II and aggrecan (Figure 7). The results indicated that the amount of collagen II and aggrecan secreted by hNPMSCs in the two scaffold materials were different at pH 6.2 and pH 6.8. When compared with the pure self-assembling polypeptide RADA16-I hydrogel scaffold material and pure Sa12b, the functional self-assembling polypeptide RAD/SA1 hydrogel scaffold material effectively promoted the secretion of collagen II and aggrecan by hNPMSCs, which increased with culture time (7 and 14 days).
[image: Figure 7]FIGURE 7 | Western blotting revealed that the amounts of collagen II and aggrecan secreted by hNPMSCs were significantly different among the three groups (RAD/SA1, Sa12b and RADA16-I) after 7 and 14 days, respectively. (A) hNPMSCs were cultured at pH 6.2. (B) hNPMSCs were cultured at pH 6.8. When the two groups compared, * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.
Furthermore, qRT-PCR analysis revealed that the mRNA expression of collagen I, collagen II, aggrecan, and SOX-9 secreted by hNPMSCs was significantly different among the three groups (Figures 8, 9). When compared with the pure self-assembling polypeptide RADA16-I and pure Sa12b, the functional self-assembling polypeptide hydrogel scaffold material RAD/SA1 significantly increased the expression of collagen II, aggrecan, and SOX-9, and significantly reduced the expression of collagen I (p < 0.05).
[image: Figure 8]FIGURE 8 | QRT-PCR analysis revealed that the mRNA expression of collagen I, collagen II, aggrecan, and SOX-9 secreted by hNPMSCs were significantly different among the three groups (pH = 6.2) after 7, 14 and 28 days, respectively. When the two groups compared, * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.
[image: Figure 9]FIGURE 9 | QRT-PCR analysis revealed that the mRNA expression of collagen I, collagen II, aggrecan, and SOX-9 secreted by hNPMSCs were significantly different among the three groups (pH = 6.8) after 7, 14 and 28 days, respectively.When the two groups compared, * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.
Apoptosis of hNPMSCs in an Acidic Environment Through the Ca2+/P-ERK Pathway
P-ERK is widely regarded as an important indicator of apoptosis. To check whether p-ERK phosphorylation was regulated by Sa12b, we performed western blotting analysis and found that the protein expression of p-ERK receptor in RAD/SA1 was significantly lower than that in the other two groups, and the control group had the highest expression level (Figure 10A) (p < 0.05). Therefore, the Sa12b functional fragment reduced the level of p-ERK when compared with that in the control group.
[image: Figure 10]FIGURE 10 | (A) Western blotting revealed that the protein expression of p-ERK receptor in RAD/SA1 was significantly lower than that in the other two groups, and the control group had the highest expression level. When the two groups compared, * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001. (B) The Ca2+ levels in the three groups of cells were measured using a Ca2+ kit. The results showed that the Ca2+ concentration in RADA16-I was higher than that in the other two groups, and the Ca2+ content in RAD/SA1 was the lowest.
hNPMSCs were incorporated in the functionalized self-assembling polypeptide RAD/SA1 hydrogel and 3D-cultured with Sa12b. RADA16-I was used as the control. The Ca2+ levels in the three groups of cells were measured using a Ca2+ kit. The results showed that the Ca2+ concentration in RADA16-I was higher than that in the other two groups, and the Ca2+ content in RAD/SA1 was the lowest (Figure 10B). Therefore, when compared with the control group, the Sa12b functional fragment reduced the amount of intracellular Ca2+.
DISCUSSION
Tissue engineering strategies are among the most promising methods for the treatment of IDD (Leung et al., 2011). The ideal biomaterial scaffold for tissue engineering must possess the following characteristics (Yang and Li, 2009; Francisco et al., 2013): 1) good biocompatibility, 2) good biological activity, 3) injectability, 4) in situ gelation. Previous studies have found that the self-assembling polypeptide RADA16-I has good biocompatibility and stimulates the biological activity of hNPMSC. Moreover, in situ gelation can be achieved using minimally invasive techniques, indicating broad clinical application. However, RADA16-I alone lacks tissue specificity, and the biological activity for NP cells is insufficient (Tao et al., 2014). Therefore, in this study, we used solid-phase synthesis to conjugate the short functional motif of Sa12b to the carbon end of RADA16-I to improve the biological activity of hNPMSCs in an acidic environment. The results indicated that functionalized self-assembling peptides could not only self-assemble into nanofiber hydrogel scaffolds but also promote the proliferation of human hNPMSCs and the biosynthesis of ECM in an acidic environment. These results indicate that the functionalized self-assembling peptide nanofiber hydrogel can be used as an ideal scaffold material for hNPMSCs regeneration in acidic environments.
Previous studies have reported that the nanofiber formation ability, self-assembly performance, and secondary structure of RADA16-I may be affected by the insertion of short functional fragments; however, this effect can be mitigated by shortening the insertion (Zhang et al., 2005; Gelain et al., 2006; Horii et al., 2007). In this study, we found that RSA1 failed to form β-sheets and nanofibers after inserting a short functional fragment, Sa12b, into the C-terminus of RADA16-I. The short functional fragment Sa12b can significantly affect the material properties of the self-assembling polypeptide RADA16-I. In addition, a typical β-sheet structure with nanofibers was formed and rapidly self-assembling into a hydrogel scaffold material in vitro when RSA1 was mixed with RADA16-I in an equal volume. This new hydrogel scaffold material can reduce the effect of functionalized self-assembling peptides containing short functional fragments of Sa12b on the properties of RADA16-I materials.
The NP tissue selected in this study was obtained from patients with lumbar disc herniation and belonged to the degeneration intervertebral disc (Pfirrmann grades IV-V). Isolation and in vitro culturing revealed adherent vortex-shaped cells, with low expression of CD34, CD45 and HLA-DR and high expression of CD73, CD90, and CD105. These cells also exhibited the ability to differentiate into osteocytes, adipocytes, and chondrocytes. Therefore, based on the standard evaluation of the International Stem Cell Therapy Association (Dominici et al., 2006), the isolated and cultured cells were hNPMSCs.
The 3D environment is very important for cell viability. In this study, we found that RAD/SA1 can form an ECM-like structure under physiological conditions. The microstructure confirms that the new peptide can form several long and high-order interwoven 3D nanofiber networks with a fiber diameter of 10–40 nm, a pore range of 5–200 nm, and an extremely high water content (>99%). These nanofiber structures were significantly smaller than high-density nanoparticles, which mimics a natural 3D microenvironment, such as an ECM. In addition, the nanofiber network was conducive to the diffusion of nutrients and excretion of metabolites. Due to the lack of nutrition in NP, this aspect is particularly important for NP engineering applications. In addition, the new peptide can spontaneously form a NP tissue-like hydrogel scaffold under physiological conditions, which indicates that the RAD/SA1 solution can be injected into NP by a minimally invasive method and can self-assemble into a nanofiber hydrogel scaffold in vivo.
The biocompatibility of biomaterials is another important aspect in tissue engineering. In our study, we evaluated the biocompatibility of RADA16-I-based peptide hydrogel scaffolds for NP tissue engineering. The hNPMSCs cultured in a peptide solution at 37°C successfully formed a hydrogel scaffold. We observed that high-density hNPMSCs could adhere to all the designed peptides by extending pseudopodia-like structures to the nanofibers of the hydrogel scaffold. The cell viability experiment results confirmed that the functionalized self-assembling polypeptide nanofiber scaffold material did not increase the toxicity of RADA16-1 to hNPMSCs. Therefore, this new type of hydrogel scaffold provides hNPMSCs with reliable biocompatibility.
The functional short motif Sa12b used in this study is an FMRFa-related peptide extracted from organisms. Studies have found that Sa12b has a strong inhibitory effect on ASIC currents in DRG neurons (Hernández et al., 2019). In this study, the results showed that Sa12b binds to the C-terminus of RADA16-I and provides bioactive stimulation for hNPMSCs in an acidic environment in the 3D hydrogel scaffold. When compared with the RADA16-I group, our results showed that the hydrogel scaffolds containing Sa12b functionalized peptides increased the proliferation of hNPMSCs in an acidic environment and upregulated the expression of collagen Ⅱ, SOX-9, and aggrecan. IVD is essential for maintaining its function in acidic environments, and Sa12b promotes the biological activity of cells. These findings indicate that the functional short peptide motif Sa12b derived from FMRFa-related peptides contributes to the biological activity of mesenchymal stem cells in an acidic environment in vitro and is essential for NP tissue regeneration.
To further evaluate the ability of RAD/SA1 to promote the biological activity of hNPMSCs, we cultured hNPMSCs in RADA16-I as a blank control group (BCG) and in a medium containing Sa12b as a positive control group (PCG). The results showed that the proliferation rate and ECM secretion level of hNPMSCs in PCG were significantly higher than those in the BCG. These results indicated that acid environment could inhibit the biological activity of hNPMSCs while Sa12b could improve the cell damage caused by the acid environment. After conjugating the functionalized peptide of Sa12b onto the C-terminus of RADA16-I, the bioactivities of the novel functionalized self-assembling peptide were remarkable advanced. The proliferation rate and ECM secretion level of hNPMSCs in RAD/SA1 were significantly higher than those both in the PCG and BCG. We speculated that the higher proliferation rate of hNPMSCs grown in the functionalized self-assembling peptide hydrogel in an acidic environment and the high secretion level of ECM were majorly due to the release of Sa12b to overcome the acidic environment and providing an easy-to-pass 3D environment by the self-assembling scaffold.
Although the biological activities of hNPMSCs in Sa12b were significantly higher than those in BCG, Sa12b was added to the culture medium every two days during the 28-day period because of its short half-life. Therefore, in order to maintain the biological activity of Sa12b in clinical applications, Sa12b must be injected multiple times into the IVD. However, it is unrealistic. On the other hand, in this study, we found that the biological activities of Sa12b can be maintained, at least for 28 days in vitro, by conjugating its short functional motif onto the C-terminal of RADA16-I. The reason for this might be that the chemical bonds (β-sheet) self-assembling to form a nanofiber hydrogel scaffold under physiological conditions were significantly stronger than those formed by traditional physical mixing method. Thus, the functional motifs Sa12b could be slowly released to increase the ECM secretion rate for at least 28 days in vitro. Moreover, the functionalized self-assembling peptide RAD/SA1 has superior clinical application potential than Sa12b.
To verify whether Sa12b inhibits the cell damage due to the acidic environment through the Ca2+/p-ERK pathway, we used the Ca2+ kit to detect the Ca2+ concentration in each group of cells, followed by western blotting to detect the expression of the p-ERK protein. We found that the intracellular Ca2+ concentration in the RAD/SA1 group was lower than that in the other two groups, and was the highest in the blank control group. The expression of p-ERK was the lowest in the RAD/SA1 group and the highest in the blank control group. These results indicate that Sa12b reduces the intracellular Ca2+ content as well as the expression of p-ERK. This is consistent with the results of other studies (Sun et al., 2018; Guo et al., 2019), Therefore, Sa12b can influence the biological activity of hNPMSCs in an acidic environment through Ca2+/p-ERK.
Although the functionalized self-assembling polypeptide nanofiber hydrogel scaffold material containing the short functional fragment of Sa12b exhibited good biocompatibility and biological activity for hNPMSCs in an acidic environment, the functionalized self-assembling polypeptide hydrogel scaffold materials exhibit poor biomechanical properties, which hinders potential clinical application (Reitmaier et al., 2012; Koutsopoulos and Zhang, 2013). The spine has strong axial pressure, which makes the purely functional self-assembling peptide hydrogel scaffold material unbearable. The IVD is a complex anatomical structure consisting of the central NP, peripheral fibrous annulus, and upper and lower endplates. The IVD alleviates the axial direction of the spine by changing the osmotic pressure in NP only when the peripheral fibrous annulus structure is complete (Antoniou et al., 1996; Adams and Roughley, 2006). Studies have shown that when the peripheral fibrous annulus is intact, even simple implantation of autologous bone marrow mesenchymal stem cells can repair the early and mid-stage IDD (Orozco et al., 2011). Therefore, functionalized self-assembling peptide hydrogel nanofiber scaffold materials are the same as other biological treatment methods, which are more suitable for the early and mid-stage IVDD, such as Pfirrmann grade II or III, when the structure of the annulus is still intact. However, this study has the following limitations: 1) we did not conduct in vivo experiments. An in vitro culture is different from in vivo conditions, and additional systemic reactions may occur under in vivo conditions. 2) A detailed investigation of the mechanism of action is required. Therefore, although the novel hydrogel is suitable for the treatment of clinical diseases, it is necessary to conduct further research to evaluate the effect of the material.
CONCLUSION
In this study, we firstly combined the functional short peptide Sa12b onto the C-terminus of RADA16-I, and then mixed with RADA16-I to obtain a novel functionalized self-assembling peptide RAD/SA1. The results demonstrated that the novel functionalized self-assembling peptide hydrogel scaffold RAD/SA1 exhibited excellent biocompatibilities for hNPMSCs in vitro. Moreover, RAD/SA1 had greater bioactivities for hNPMSCs than that in RADA16-I in an acidic environment in vitro. The relative protein secretion and gene expression (aggrecan, collagen II and SOX-9) of hNPMSCs in RAD/SA1 were significantly higher than those in RADA16-I. Furthermore, RAD/SA1 may play its biological role by inhibiting the expression of p-ERK through Ca2+-dependent p-ERK signaling pathways. Therefore, the functional self-assembling peptide nanofiber hydrogel designed with the short motif of Sa12b could be used as an excellent scaffold for nucleus pulposus tissue engineering. RAD/SA1 exhibits great potential applications in the regeneration of mildly degenerated nucleus pulposus.
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The incidence of distraction spinal cord injury (DSCI), which results from spinal cord ischemia due to vascular compromise and spinal cord tract disturbances, remains high. Furthermore, because no ideal animal model that mimics DSCI in clinical settings is available thus far, the related molecular mechanisms underlying DSCI remain unclear. Thus, this study aimed to establish a porcine model of DSCI and investigate the neuroinflammation and apoptosis mechanisms in these pigs. Before surgery, all pigs were randomly divided into three groups: sham group, osteotomy surgery only; the incomplete distraction spinal cord injury (IDSCI) and complete distraction spinal cord injury (CDSCI) group, osteotomy plus DSCI surgery with a motor-evoked potential (MEP) amplitude decreased by approximately 75% and 100%, respectively. After surgery, modified Tarlov scoring and MRC muscle strength scoring were used to evaluate neurologic function in each group. We observed the distracted spinal cord using MRI, and then all pigs were sacrificed. Inflammatory cytokine levels in the spinal cord and cerebrospinal fluid (CSF) were also analyzed. We used immunofluorescence staining to assess the neuronal and microglial structure and function and astrocyte hyperplasia in the central DSCI lesions (T15). Western blotting was used to determine the expression of apoptosis-related proteins. Results showed that the modified Tarlov scoring and muscle strength decreased significantly in the two DSCI groups. T2-MRI showed a relative enhancement at the center of the DSCI lesions. H&E and Lxol fast blue staining revealed that spinal cord distraction destroyed the normal structure of spinal cord tissues and nerve fiber tracts, exacerbating inflammatory cell infiltration, hyperemia, and edema. The IL-1β, IL-6, and TNF-α levels increased in the spinal cord and CSF following DSCI. Immunofluorescence staining results indicated the GFAP, Iba-1 expression increased following DSCI, whereas the NeuN expression reduced. Moreover, DSCI promoted the protein expression of P53, Bcl-2-associated X protein (Bax), and Caspase-3 in the spinal cord tissues, whereas it reduced the Bcl-2 expression. This study successfully established a porcine DSCI model that closely mimics DSCI in clinical settings, and clarified the mechanisms underlying DSCI-associated neuroinflammation and apoptosis; thus, our findings highlight potential DSCI-treatment strategies for further establishing suitable drug therapies.
Keywords: distraction spinal cord injury, neuroinflammation, apoptosis, inflammatory cytokines, porcine model
1 INTRODUCTION
Spinal cord injury (SCI), caused by contusion, dislocation, or distraction due to a sequential combination of primary and secondary injury (Chen et al., 2016), has devastating consequences for the physical, economic, and mental health of the patients and their caregivers (Ahuja et al., 2017). The changes in secondary degeneration are altered by the primary injury that should be highlighted both clinically and pre-clinically (Mattucci et al., 2021). Given population growth, there were 0.93 million new cases of SCI worldwide with age-standardized incidence rates of 13 per 100000, in 2016; this is expected to increase (Collaborators, 2019). Transection and contusion injury paradigms have been widely used in preclinical studies of SCI (Kjell and Olson, 2016). However, other injuries, such as spinal cord stretching from distraction injuries, contusion from vertebral burst fracture, and shearing from fracture-dislocation, also occur frequently in clinical settings (McDonald and Sadowsky, 2002). It has been reported that different neuroprotective strategies may be required for treating distinct clinically relevant SCIs.
Distraction spinal cord injury (DSCI) is thought to be caused by spinal cord ischemia due to vascular compromise and direct traction-induced spinal cord tract disturbances (Seyal and Mull, 2002). Currently, the main reason for SCI during spinal deformity correction is distraction injury (Hamilton et al., 2011; Charosky et al., 2012). With the application of the growing rod (Helenius et al., 2018) and the appearance of vertebral column resection osteotomy (Yang et al., 2016) in patients with severe deformities, the incidence of DSCI remains higher than that in the past few decades. Since DSCI was first reported in the 1970s (Martin et al., 1971; Fried, 1974), several clinical studies have focused on stretching-induced SCI and established relevant animal models using mice and rabbits (Wu et al., 2016; Bell et al., 2017; Tica et al., 2018; Guo et al., 2019). However, currently, a suitable DSCI model that mimics clinical DSCI and can be used to study the cytological and molecular mechanisms underlying DSCI is still unavailable.
The neuroinflammatory and apoptosis process are thought to play a pivotal role in secondary injury after SCI (Hohlfeld et al., 2007; Alizadeh et al., 2019). This process is characterized by acute microglial activation, followed by the delayed activation of astrocytes that exacerbates tissue damage by releasing reactive oxygen species, pro-inflammatory cytokines/chemokines, proteases, and lysosome enzymes (Ren et al., 2018). Inflammatory cytokines, as direct mediators, affect the prognosis of spinal cord injury to different degrees (Hu et al., 2016). One of the main pathological features of SCI is neuronal apoptosis (Huang et al., 2021), a kind of energy-dependent programmed death, which can be divided into exogenous and endogenous pathways according to triggering mechanisms (Ren et al., 2019). Apoptosis occurs within a few hours after primary SCI and reaches the peak within several days (Beattie et al., 2000). With the deepening of research, studies on SCI have paid more attention to the Bcl-2/Bcl-2-associated X protein (Bax)/Caspase-3 pathway in apoptosis gradually (Li et al., 2015). The expression of Bax and Caspase-3 and activated Bcl-2 can well reflect the regulation mechanism regarding apoptosis. In the present study, we successfully established a porcine DSCI model mimicking clinical DSCI, and clarified the role of microglial and astrocyte neuroinflammation and apoptosis in DSCI, highlighting potential strategies for DSCI treatment.
2 MATERIALS AND METHODS
2.1 Animal Caring
Nine newly purchased experimental Bama pigs (3-month-old, 11.40 ± 1.68 kg, China) were adaptatively fed for 1 week. All pigs were housed and underwent experiments in Large Animal Laboratory, Center of Experimental Animals of Capital Medical University, and kept in a humidity- and temperature-controlled environment with a 12-h light-dark cycle. Animal experiments complied with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication No. 8523, revised 2011, United States). All experimental projects and protocols were approved by the Medical Ethics Committee of Capital Medical University (AEEI-2019-098).
2.2 Grouping and Neuromonitoring
Prior to surgery, all pigs were randomly divided into three groups (Figure 1A): sham group (n = 3), osteotomy only with normal motor evoked potential (MEP); incomplete distraction spinal cord injury (IDSCI) group (n = 3): osteotomy with DSCI, MEP amplitude decreased by approximately 75%; and complete distraction spinal cord injury (CDSCI) group (n = 3): osteotomy with DSCI, MEP amplitude decreased to 0. Any abnormal MEP signals compared with the baseline amplitude were considered to imply accidental iatrogenic SCI, and we excluded these animals from the experimental group. The spinal cord-evoked potential was monitored using an electrophysiological monitor (Cadwell, United States) during the operation. The stimulating electrodes were placed in the C3-C4 cortical motor area, and the single stimulation intensity was 100–200 V. Needle-like recording and reference electrodes were placed on the gastrocnemius muscles of both hind limbs, and the distance between the two needle electrodes was approximately 1.5 cm. The compound muscle action potential induced by a single electrical stimulus was recorded. MEP was recorded and a baseline was established after successful anesthesia. MEP was monitored throughout the spinal cord during placing screws, osteotomy, distraction (Figure 1A). Applying longitudinal distraction force to the vertebra to stretch the spinal cord until the MEP amplitude decreased by approximately 75% or 100%, and maintained the amplitude changes for 10 min. Animals were sacrificed 7 days after magnetic resonance imaging (MRI), and spinal cords were collected and processed for histological, molecular and biochemical analyses.
[image: Figure 1]FIGURE 1 | Intraoperative MEP changes in pigs of three different groups, and the schematic diagram of surgical procedure of the porcine DSCI model establishment. (A) Representative images (baseline, after placing screws, after osteotomy, after distraction) of MEP responses were recorded in the gastrocnemius muscles of porcine hind limbs during DSCI surgery. (B) A midline longitudinal incision was made, and the laminae from T14, T15, and L1 were exposed with coagulation cautery throughout. (C) Pedicle screws and rods were used to fix T14 and L1 temporarily. (D) Global column osteotomy was performed at T15 under the protection of a root retractor, and the T15 vertebral body and adjacent discs were completely resected. (E) A spreader was used to pull the spine gradually, and the distance between the T14 and L1 pedicle screws was measured before and after distraction.
2.3 Generation of the Porcine Distraction Spinal Cord Injury Model
As shown in Figures 1B–E, the schematic of DSCI surgical procedure was displayed. A midline longitudinal incision extending from T13 to L2 was made, and the laminae from T14, T15, and L1 were exposed with coagulation cautery; 4.0 mm*25 mm short coccygeal pedicle screws (Weigao Orthopedic Materials Co., Ltd, China) were infixed into the vertebrae of T14 and L1. SINO rods of suitable length (Weigao Orthopedic Materials Co., Ltd, China) were installed on the pedicle screws on the right and left sides for temporary fixation. Global column osteotomy was performed at T15 under the protection of a root retractor, and the T15 vertebral body and adjacent discs were completely resected. A spreader was used to pull the spine at 1 mm intervals gradually. The distraction operation was performed according to MEP changes. The distance between the pedicle screws of T14 and L1 was measured before and after the DSCI procedure. After the muscles and skin were sutured, rigorous wound care was performed every 3 days. 1.5 g Cefuroxime sodium was administered for 3 days after surgery to prevent incision infection. Additionally, the bladder of each pig was manually emptied twice per day, and rigorous care of the perineum was taken to prevent urinary infection.
2.4 Anesthesia Monitoring and Wake-Up Test
The animals were made to fast for 24 h before anesthesia. We performed the operation under anesthesia with a solution of 3% pentobarbital sodium injected intramuscularly. Subsequently, the pigs were treated with an oxygen mask and isoflurane inhalation anesthesia. Each pig was intubated with an endotracheal tube and maintained under inhalation anesthesia without a muscle relaxant (Kaiser et al., 2006). The depth of anesthesia was monitored using pain and corneal reflex tests. The depth of anesthesia was adjusted at all times to ensure that the pig breathed smoothly to prevent convulsions during image acquisition. Three vital signs, including rectal temperature, respiratory rate, and heart rate, were continuously monitored using a multifunctional bedside physiological monitor (PVM-2701; Nihon Kohden Corporation, Tokyo, Japan).
At the end of the DSCI model generation surgery, a wake-up test was carried out to prevent any false-negative or false-positive MEP signals from occurring. Approximately 30 min after osteotomy stabilization in animal model generation surgery, the pigs were awakened from anesthesia. We tested and observed lower extremity movements and sensory responses to mechanical stimulation.
2.5 Postoperative Neurologic Function Assessment
Neurologic function assessment for pigs was performed at 1, 3, and 7 days postoperatively. According to the modified Tarlov score, we assessed pairs of hind limbs of the pigs. The modified Tarlov scoring was as follow (Assina et al., 2008): 0 point: no voluntary movement; 1 point: barely perceptible movement; 2 points: frequent movement of hind limbs, no weight support; 3 points: alternate stepping or propulsive movement, no weight support; 4 points: hind limbs can support weight; 5 points: ambulation with mild deficit; and 6 points: normal ambulation.
In addition, we assessed the muscle strength in each group. Muscle strength was divided into five grades according to the Medical Research Council (MRC) scale for muscle strength (Compston, 2010): grade 5: normal muscle strength; grade 4: muscle strength is reduced, but muscle contraction can still move the joint against resistance; grade 3: muscle strength is further reduced such that the joint can be moved only against gravity with the examiner’s resistance completely removed; grade 2: muscle can move only if the resistance of gravity is removed; grade 1: only a trace or flicker of movement is seen or felt in the muscle or fasciculations are observed in the muscle; grade 0: no movement is observed.
2.6 Magnetic Resonance Imaging Examination
To get better MRI images of the central spinal cord lesions, we removed internal fixation in pigs. Pigs were maintained under isoflurane inhalation anesthesia throughout the examination. MRI of the porcine spinal cord was performed using a 3.0-T MRI scanner (Siemens, Berlin, Germany) 1 week after DSCI. Fifteen consecutive sagittal T2-weighted images were obtained by scanning the surgical regions of the pigs using a double-tuned volume radiofrequency coil. The parameters were set as follows: repetition time/echo time (TR/TE), 3500/103 ms; slice thickness, 3 mm; and slice gap, 10 percent. T2-weighted images were used to calculate the T2 intensity at the central DSCI lesion region (T15) using ImageJ software (National Institutes of Health, United States) (Yao et al., 2021).
2.7 Histological Staining
Seven days after DSCI, spinal cord samples were acquired after sacrifice, and the specimens were fixed in buffered formalin. After being immersed in 4% paraformaldehyde for 24 h and embedding in paraffin, a serial cross-section was made at the central DSCI lesion region. Hematoxylin and eosin (H&E) staining and Luxol fast blue (LFB) staining were used to evaluate morphological and structural changes in the white and gray matter, nerve sheath, and general spinal cord conditions in the pigs of different groups.
2.8 Enzyme-Linked Immunosorbent Assay
An enzyme-linked immunosorbent assay (ELISA) was carried out on samples from central DSCI lesions and cerebrospinal fluid (CSF) at 7 days after DSCI. Twenty milliliters of CSF were collected for ELISA before the pigs were sacrificed (Duan et al., 2018). After the spinal cord tissue was homogenized and centrifuged at 4000 rpm for 10 min, the liquid supernatant and cerebrospinal fluid were detected at 450 nm wavelength according to the manufacturer’s instructions for the IL-1β, IL-6, and TNF-α ELISA kits (Shanghai Jianglai Biological Technology Co., Ltd, China). The ELISA samples were run in triplicates.
2.9 Immunofluorescence Staining
After the pigs were sacrificed, spinal cord sections (1 cm) from the central DSCI lesion region were collected and embedded in paraffin. Spinal cord sections (5 μm thick) from each specimen were deparaffinized with xylene and incubated in graded concentrations of ethanol. They were then washed with phosphate-buffered saline (PBS) for 3 × 5 min. The sections were incubated for blocking with a blocking solution (0.1% Triton X-100 in PBS and 10% normal goat serum) at room temperature for 2 h. The sections were incubated overnight with primary antibodies at 4°C. The primary antibodies used were anti-GFAP (1: 2000, GeneTex), anti-Iba-1 (1:200, Affinity), and anti-NeuN (1:100, Abcam). After rinsing with PBS for 3 × 5 min, the sections were incubated with secondary antibodies for 2 h at room temperature. The secondary antibody used in this study was goat anti-rabbit antibody (Alexa Fluor®594) (1:200, Abcam). Following three rinses with PBS, a drop of antifade mounting medium containing DAPI (Solarbio Biotechnology, China) was placed on each slide. Finally, a coverslip was placed on top of each sample. Immunofluorescence imaging was carried out using an Olympus fluorescence microscope.
2.10 Western Blotting
The spinal cord tissues were removed from the liquid nitrogen, and the spinal cord was cut into small pieces and subsequently homogenized in radioimmunoprecipitation assay lysis buffer. The supernatant was obtained after centrifugation at a low temperature, and the protein concentration was determined using a bicinchoninic acid kit. Proteins were separated by gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes. PVDF membranes were blocked with 5% non-fat dry milk for 2 hours and subsequently incubated with primary antibodies overnight at 4°C. The primary antibodies used were as follows: anti-Bcl-2 (1:2000, GeneTex), anti-Bax (1:1000, Biorbyt), anti-Caspase-3 (1:2000, Abcam), and anti-β-actin (1:5000, Proteintech). The washed membrane was incubated with goat anti-rabbit or goat anti-mouse IgG HRP-conjugated secondary antibody (1:5000). At last, PVDF membranes were exposed using a Tanon 5200 chemiluminescence image analysis system. Following exposure, ImageJ software (National Institutes of Health, United States) was used to analyze the gray values of bands.
2.11 Statistical Analysis
Statistical analyses were performed using GraphPad Software (United States). A student’s t-test was used to compare group means, and one-way analysis of variance (ANOVA) was used to compare multiple samples. Data are presented as the mean ± standard deviation (SD). Changes in muscle strength and modified Tarlov scores from baseline to day 7 were assessed with a generalized linear mixed model using PROC GLIMMIX in SPSS 22.0 (United States). A Bonferroni adjustment was carried out for multiple comparisons of the three groups. The interaction between time and degree of DSCI was also analyzed in the model. Statistical significance was considered *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the sham group.
3 RESULTS
3.1 Neurologic Function Changes of Hind Limbs Following Distraction Spinal Cord Injury
As shown in Figure 2, the muscle strength of the hind limbs and the modified Tarlov score in the sham group maintained nearly normal at the 1, 3, 7 days after DSCI. At each time point, both the levels of muscle strength and modified Tarlov score in the two DSCI groups showed a significant decrease compared with the sham group (p < 0.001). Over time, the muscle strength of pigs in the IDSCI and CDSCI groups did not recover, and time was a factor influencing muscle strength in the two groups (F = 600.00; p < 0.001). For the two DSCI groups, muscle strength and modified Tarlov score of the CDSCI group reduced more significantly. ANOVA for repeated measures indicated significant differences among the three groups reciprocally in hind limb muscle strength (p < 0.001). Differences in the modified Tarlov score defects among the three groups were statistically significant. The modified Tarlov scores of the IDSCI and CDSCI groups did not improve over time (F = 852.76; p < 0.001).
[image: Figure 2]FIGURE 2 | The neurologic function changes of hind limbs following DSCI. (A) The muscle strength of hind limbs at the different time points in the sham, IDSCI, and CDSCI groups. (B) The modified Tarlov score of the hind limbs at the different time points in the sham, IDSCI, and CDSCI groups. All values are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group.
3.2 DSCI Lesions Evaluated by MRI
We detected the imaging differences in the DSCI lesion area using MRI in live pigs of the three groups. As revealed in Figure 3A, T2-weighted MRI showed that hyperintense areas corresponded to central DSCI lesions areas of spinal cord in the IDSCI and CDSCI groups. Compared with the sham group, the increased enhancement in T2-weighted MRI was observed at the central DSCI lesions in the IDSCI (p < 0.001) and CDSCI groups (p < 0.01) (Figure 3B). And the relative intensity in T2-weighted MRI was higher in the CDSCI group with a higher degree of DSCI. The results may indicate that edema, inflammation, demyelination, axon loss, and astrogliosis occurred following DSCI.
[image: Figure 3]FIGURE 3 | The DSCI lesions examined by MRI in different groups. (A) Representative T2-MRI images of the spinal cord in the sham, IDSCI, and CDSCI group. The central DSCI lesions were indicated by the yellow arrows. (B) The T2-MRI intensity in the central DSCI lesions was semi-quantified using ImageJ software. All values are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group.
3.3 Pathological Changes in the Spinal Cord Tissues Following Distraction Spinal Cord Injury
As displayed in Figure 4, H&E staining showed a normal gray and white matter structure and normal neuronal morphology in the sham group. In the IDSCI group, it was revealed that damaged tissue structure, a decreased number of neurons, cell edema, and hyperemia in the spinal cord tissue. Injury to the spinal cord structure in the CDSCI group was more severe than that in the IDSCI group. The number of neurons decreased, hyperemia and edema were significant, alongside significant inflammatory cell infiltration.
[image: Figure 4]FIGURE 4 | The pathological changes in the spinal cord tissues of different groups following DSCI. The representative images of spinal cord tissues stained with H&E (40 × and 400 ×) and LFB staining (40 ×) were shown.
Moreover, LFB staining stained myelin fiber deep blue. It was shown that a clear boundary differentiated from the surrounding structures in the sham group. The spinal tissue of IDSCI group showed disordered white matter arrangement, decreased density of nerve fiber bundles, and edema of the myelin sheath. In the CDSCI group, the white matter structure was further destroyed, and nerve fiber bundles showed a sparse network; in addition, myelin edema was obvious.
3.4 Levels of IL-1β, IL-6 and TNF-α in Spinal Cord Tissues and Cerebrospinal Fluid Following Distraction Spinal Cord Injury
To detect the effect of different degrees of DSCI on the level of inflammatory cytokines in spinal cord tissues and CSF at 7 days after surgery, inflammatory cytokines were detected by ELISA (Figure 5). IL-1β, IL-6, and TNF-α levels in the two DSCI groups were significantly increased in spinal cord tissues after DSCI compared to the sham group (p < 0.001) (Figures 5A–C). Compared with the IDSCI group, the levels of IL-1β (p = 0.04), IL-6 (p = 0.03), and TNF-α (p < 0.001) were significantly higher in the CDSCI group.
[image: Figure 5]FIGURE 5 | The levels of inflammatory cytokines in spinal cord tissues and cerebrospinal fluid at 7 days after DSCI. (A–C) The levels of IL-1β, IL-6 and TNF-α in spinal cord tissues of different groups. (D–F) The expression of IL-1β, IL-6, and TNF-α in CSF of different groups. All values are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group.
Similarly, the levels of IL-1β, IL-6, and TNF-α in the CSF of the CDSCI group. These results indicate that the levels of inflammatory cytokines in CSF were elevated significantly in the two DSCI groups (p < 0.05) (Figures 5D–F). Among them, the concentration of IL-1β (p = 0.001), IL-6 (p < 0.001), and TNF-α (p = 0.002) were higher in the CSF of CDSCI group. These results indicate that the levels of inflammatory cytokines in spinal cord tissues and CSF increased with the increase in DSCI degree.
3.5 Neuroinflammatory Responses and Neuron Survival Maker Expression Detected by Immunofluorescence Staining in the Spinal Cord Lesions Following Distraction Spinal Cord Injury
To assess the neuroinflammatory responses and neuron survival in the central DSCI lesions 7 days after DSCI, we conducted immunofluorescence staining to detect the expression levels of GFAP, Iba-1, and NeuN, as presented in Figure 6. We measured the expression of GFAP, a major component of scar matrices, to study the gliosis process after DSCI (Figure 6A). Iba-1, a major cell type involved in neuroinflammation, was also used to explore microglial activation (Figure 6B). GFAP and Iba-1 fluorescence was slightly expressed in the sham group. The optical density of GFAP and Iba-1 in the IDSCI and CDSCI groups was significantly increased compared with that in the sham group (p < 0.05) (Figures 6D, E). The optical density of GFAP and Iba-1 were higher in the CDSCI group than that in the IDSCI group. The number of GFAP-positive astrocytes increased with the DSCI degree increasing, pointing to gliosis hyperplasia. NeuN staining was used to assess neuronal survival after DSCI (Figure 6C). The expression level of NeuN in the IDSCI and CDSCI groups was significantly lower than that in the sham group (p < 0.05), and the CDSCI group presented a lower level between the two DSCI groups (Figure 6F).
[image: Figure 6]FIGURE 6 | Immunofluorescence staining of GFAP, Iba-1, and NeuN in the central DSCI lesions at 7 days after DSCI in different groups. (A) Representative images (200 ×, scale bar = 50 μm) of GFAP (in red) and DAPI (in blue) staining. (B) Representative images (200 ×, scale bar = 50 μm) of Iba-1 (in green) and DAPI (in blue) staining. (C) Representative images (200 ×, scale bar = 50 μm) of NeuN (in green) and DAPI (in blue) staining. (D,E) The averaged optical density of GFAP, Iba-1, (F) and quantification of the NeuN-positive cells was measured (n = 3). All values are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group.
3.6 Expression Levels of P53-Mediated Bcl-2/Bax/Caspase-3 Apoptosis Signaling Pathway-Related Proteins Following Distraction Spinal Cord Injury
As represented in Figure 7, the expression levels of P53/Bcl-2/Bax/Caspase-3 apoptosis signaling pathway-related proteins were detected by western blotting. The results revealed that the expression levels of P53, Bax, and Caspase-3 proteins were significantly increased in the two DSCI groups (p < 0.05) except Bax protein in the IDSCI group, and the CDSCI group having a higher expression level. While Bcl-2 protein expression was significantly decreased in the two DSCI groups (p < 0.05), the decrease degree was more significant in the CDSCI group.
[image: Figure 7]FIGURE 7 | Determination of the expression levels of P53/Bcl-2/Bax/Caspase-3 signaling pathway-related proteins following DSCI. (A) The representative immunoblots of Bcl-2, Bax, Caspase-3, P53 and β-actin are listed. (B–E) Grayscale values were determined using ImageJ software based on the bands in the immunoblots (n = 3). All values are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the sham group.
4 DISCUSSION
DSCI is not uncommon in spinal surgery, and traumatic distraction has become a major cause of SCI, which was often accompanied by serious consequences such as complete paraplegia, incomplete paraplegia and neurological deficit. Most studies agree that there is always a potential risk of SCI during correction procedures by excessive spine distraction for spinal deformity (Heary et al., 2008; Pahys et al., 2009; Wu et al., 2016). The use of a growing rod for early-onset scoliosis increases the incidence of DSCI (Mattei et al., 2015). A review of 2209 SCI-related studies reported that 72.40% of SCI animal models were performed on rats (Cheriyan et al., 2014). However, due to the small size of the vertebrae in rats, pedicle screws cannot be inserted to simulate the distraction of the local spinal cord during surgery, as well as to mimic the changes in the spinal canal after osteotomy. Generally, DSCI models are established by stretching the spinal cord to simulate the tension forces experienced by the spinal cord in actual surgical SCI (Cheriyan et al., 2014). In the present study, we successfully established and verified a porcine DSCI model mimicking clinical DSCI, and preliminarily explored the role of microglial and astrocyte neuroinflammation and apoptosis in DSCI, providing potential strategies for DSCI treatment.
With regard to the model establishment approach of DSCI, computer-controlled stepping motor, distraction apparatus, and global column osteotomy with continuous distraction (GOCD) are the most common methods used in different animals (Chen et al., 2016; Wu et al., 2016; Bell et al., 2017; Wu et al., 2017; Shimizu et al., 2018; Tica et al., 2018; Guo et al., 2019; Wang J et al., 2019). From bench to bedside, severe spinal deformities can be treated by global column osteotomy techniques using an anterior, posterior, or a hybrid approach (Zhou et al., 2011). Moreover, GOCD mimics the process of osteotomy in spinal deformity correction surgery, which most likely leads to DSCI. In this study, GOCD was selected to establish the porcine DSCI models because it is close to various aspects of human DSCI.
The DSCI model was validated by T2-weighted MRI, neurologic function assessment of hind limbs, and histopathology examination in this study. T2-weighted MRI hyperintense areas may indicate the occurrence of edema, inflammation, demyelination, axon loss, and astrogliosis (Dalkilic et al., 2018). Compared with the sham group, in the two DSCI groups, the relative T2 hypodensity increased with the DSCI degree increasing, indicating that enhancement at the central DSCI lesions in T2-weighted MRI was more significant with the increase in the DSCI degree; further, edema, inflammation, demyelination, axon loss, and astrogliosis occurred after DSCI. Neurologic function results showed that porcine muscle strength and modified Tarlov score was significantly decreased after DSCI. Neurologic function defect of hind limbs was more severe in the CDSCI group with more serious DSCI. Histological staining of DSCI lesions was consistent with acute SCI pathologic changes shown as broken neural connective tissue, numerous vacuoles, and hemorrhagic infiltrations between the neural cells (Hong et al., 2016). These results indicated that GOCD could be used to establish the porcine DSCI model successfully. The GOGD method can be widely used for exploratory studies regarding the causes of, and potential treatment for, DSCI.
To our knowledge, this is the first report that discusses the potential molecular mechanisms underlying DSCI-associated microglial and astrocyte impairments. Based on our findings, the possible mechanisms of neuroinflammation and cell apoptosis in the spinal cord after DSCI are shown in Figure 8. The neuroinflammatory response is thought to play a pivotal role in secondary injury after SCI (Hohlfeld et al., 2007). DSCI induced acute activation of microglia, followed by delayed astrocyte activation. This study showed that the expression levels of TNF-α, IL-1β, IL-6, and Iba-1 in the DSCI lesions increased with the increase in the DSCI degree 7 days after injury, indicating that the occurrence of reactive gliosis and inflammation may be directly proportional to the degree of DSCI (Seifert et al., 2011).
[image: Figure 8]FIGURE 8 | The mechanisms of neuroinflammation and cell apoptosis in the spinal cord following DSCI. DSCI induced acute activation of microglia, followed by delayed astrocyte activation. DSCI induces the acute activation of resident microglia and upregulation of inflammatory cytokines, including TNF-α, IL-1β, IL-6. Delayed astrocyte activation increases the expression of GFAP, which results in the production of multiple inflammatory cytokines. In extrinsic pathways, TNF-α binds to TNF-R1 on the surface of neurons to initiate apoptosis via Caspase-3 and Caspase-8. The intrinsic lethal stimuli induced by DSCI, such as the cellular stress, may cause DNA damage and upregulate the P53 expression. P53 induces Bax/Bak oligomerization in the mitochondrial outer membrane, which can promote the release of various intermembrane proteins. Bcl-2 suppresses Bax-induced apoptosis by forming a homodimer and heterodimer. Finally, Caspase-8, Caspase-9, Caspase-3 were activated to up-regulate their expression and initiate cell apoptosis of DSCI.
Microglia, in a quiescent state under normal conditions, is the most common immune cell in the central nervous system (Greenhalgh et al., 2018). SCI induces the acute activation of resident microglia and upregulation of inflammatory cytokines, including TNF-α, IL-1β, IL-6, Iba-1, and iNOS (Saiwai et al., 2013). The GFAP expression in DSCI lesions increased with an increase in the degree of DSCI 7 days after injury. Astrocytes are immune effector cells that produce inflammatory cytokines (Duan et al., 2018). Delayed astrocyte activation increases the production of GFAP, which results in the production of multiple inflammatory cytokines (Yin et al., 2012). After the acute and subacute phases, the chronic phase is closely related to scar formation after injury and hinders nerve regeneration and repair (Li et al., 2019).
Overexpression of TNF-α, IL-1β, IL-6, Iba-1, and GFAP exacerbates inflammation and neurodegeneration (Hao et al., 2017). The inflammatory cytokines TNF-α and IL-1β can enhance vascular permeability (Mousavi et al., 2019). IL-6 regulates the inflammatory response and induces neural stem/progenitor cells to undergo astrocytic differentiation selectively, which is coordinated to hinder nerve repair after SCI (Mukaino et al., 2008). TNF-α, a mediator of cellular apoptosis, contribute to the apoptosis of oligodendrocytes in the spinal cord via the death domain of its cell surface receptor TNF-R1 (Cantarella et al., 2010). Microglial/macrophage activation and TNF-α and IL-6 overexpression in DSCI lesions causes oligodendrocyte necrosis and aggravates the damage to microglial cells (Yang et al., 2020).
In our study, NeuN staining revealed neuronal and oligodendrocyte death following DSCI. One of the primary causes of disability after DSCI is neuron damage and glial cell abnormity, which are not effectively replaced after injury. Cell death, mainly caused by the activation of apoptotic mechanisms during injury (Hurlbert et al., 2015), is a therapeutic target for DSCI treatment (Wang C et al., 2019). Apoptosis triggered by DSCI can be divided into extrinsic and intrinsic pathways. In extrinsic pathways, TNF-α binds to TNF-R1 on the surface of neurons to initiate apoptosis via Caspase-3 and Caspase-8 (Cantarella et al., 2010). DSCI induces the upregulation of death receptors and their ligands and the activation of caspases (Zhang et al., 2012). The intrinsic lethal stimuli of DSCI, such as the cellular stress by distraction, DNA damage and hypoxia, upregulates the expression of P53. P53 promotes the formation of BH3-only protein and induces Bax oligomerization in mitochondrial outer membrane, which can promote the release of various intermembrane proteins. P53 plays an essential role in regulating critical cellular processes, including cell cycle arrest and apoptosis. P53 overexpression has been reported to be occur during DSCI (Graham et al., 2020). Bcl-2 suppresses Bax-induced apoptosis of DSCI by forming a homodimer and heterodimer (Misgeld, 2005). Finally, Caspase-8 and Caspase-3 were activated to up-regulate their expression and initiate cell apoptosis of DSCI. Apoptosis is a programmed cell death process regulated by the signal transduction pathway; Bcl-2, Bax, and caspase-3 are the key proteins involved in apoptosis (Zhu et al., 2020). After DSCI, the proapoptotic proteins Bax and caspase-3 were upregulated, whereas the anti-apoptotic protein Bcl-2 was generally downregulated (Liu et al., 2015). In this study, we verified that apoptosis plays an important role in the progression of DSCI by determining the expression levels of P53-mediated Bcl-2/Bax/Caspase-3 apoptosis-related proteins. Our results were consistent with previous studies. The expression levels of P53, Bax, and Caspase-3 proteins promoting apoptosis increased significantly, while the expression of Bcl-2 protein that inhibits apoptosis decreased significantly in the two DSCI groups.
The limitations of this study are outlined as follows. At first, although the experimental objects of our study are large animals, our sample size is small. The mature modeling methods and molecular mechanisms provide a research basis for the DSCI experiments with large samples in the future. Secondly, due to the initial exploration of modeling methods and mechanisms of neuroinflammation and Apoptosis in DSCI, we did not carry out more intervention experiments. More interventions such as new synthetic and natural drugs and stem cell-derived exosomes will be conducted to identify optimal treatment options for DSCI.
5 CONCLUSION
In the present study, we successfully established porcine DSCI models with two different degrees of DSCI via GOCD. The DSCI models closely mimicked the mechanism of clinical DSCI and were used to elucidate the mechanisms underlying DSCI-associated neuroinflammation and apoptosis in DSCI. The neuroinflammation response after DSCI might be caused by the activation of microglia and astrocytes, which play a pivotal role in secondary injury after DSCI. The overexpression of IL-1β, IL-6, and TNF-α after DSCI may intensify the processes of inflammation and neurodegeneration. Moreover, the function and structure of impaired neurons and oligodendrocytes may be mediated by P53 mediated Bcl-2/Bax/Caspase-3 signaling pathway of apoptosis after DSCI. The neuroinflammation and apoptosis mechanisms presented in this study may provide potential therapeutic targets for DSCI in future research and therapy.
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The nucleus pulposus (NP), a heterogeneous tissue, is an essential functional component of the intervertebral disc. However, NP cell development route and regulation mechanism in intervertebral disc degeneration (IVDD) remain unknown. Here, we performed single-cell RNA sequencing of six NP samples with normal control, mild degeneration, and severe degeneration. Based on unbiased clustering of gene expression patterns from 30,300 single-cell RNA sequencing, we identified three cell lineage families of macrophages, endothelial, and chondrocyte cells and characterized seven chondrocyte subtypes, and defined two developmental pathways of the chondrocyte cell lineage families in the process of IVDD. Additionally, CellPhoneDB analysis revealed potential interactions between chondrocyte cells and other cells in IVDD. Chondrocytes in one of the differentiated orientations interact with macrophages and endothelial cells and have an inflammatory amplification effect, which were key factors causing IVDD. Collectively, these results revealed the dynamic cell landscape of IVDD development and offered new insights into the influence of NP cells differentiation on extracellular matrix homeostasis during degeneration, providing potential treatment targets for IVDD.
Keywords: single-cell RNA sequencing, intervertebral disc degeneration, nucleus pulposus, chondrocyte, differentiation and regulation
INTRODUCTION
IVDD (intervertebral disc degeneration), a persistent age-related disease, has been recognized as a primary source of low back pain (Risbud and Shapiro 2014). The senior population had an IVDD prevalence of more than 90%, resulting in a massive burden on the worldwide healthcare system (Teraguchi et al., 2014; Safiri et al., 2021). The nucleus pulposus (NP), annulus fibrous, and cartilaginous endplate (CEP) of the IVD link adjoining vertebral bodies sustain body load, absorb vertical vibration, and preserve spinal mobility (Humzah and Soames 1988). The NP is a gelatinous substance made up of nucleus pulposus cells (NPCs) and extracellular matrix (ECM). ECM in healthy NP is mostly made up of type II collagen and proteoglycan (Le Maitre et al., 2007). Because of its extremely hydrating characteristics, NP may deform reversibly, which helps to alleviate mechanical conduction and balanced load distribution (Iatridis et al., 1996).
IVDD is defined by changes in the biological structure and function of NP, which are primarily influenced by the phenotype and function of NPCs (Lawson and Harfe 2015; Li et al., 2019). During the development of IVDD, NPCs increased the expression of ECM degrading enzymes, such as matrix metalloproteinases (MMPs) and disintegrin-like and metalloprotease with thrombospondin motifs (ADAMTSs). While the inhibitor protein, tissue inhibitor of metalloproteinases (TIMPs), is not expressed adequately, it fails to buffer the increased catabolism process and preserve ECM homeostasis in NP (Le Maitre et al., 2007; Vo et al., 2013). Cytokines, including interleukin (ILs), tumor necrosis factors (TNFs), and growth factors (GFs), play an important role in regulating NPC activity and attracting inflammatory and endothelial cells (ECs) throughout this process (Risbud and Shapiro 2014; Kwon et al., 2017). The secretion of proteoglycan and type II collagen by NPCs declines as a result of different processes, while the synthesis of type I and III collagen rises, resulting in ECM remodeling, which damages the tissue structure of NP and the ecological balance of IVD (Le Maitre et al., 2007; Yan et al., 2017). As a result, the pathogenic mechanism of IVDD is a complicated network involving many cell connections and dynamic regulatory mechanisms.
The dynamic alterations in the expression profile of NPCs in IVDD development are now well characterized. For example, Risbud et al. (2007) first isolated NPCs with stem/progenitor cell features from IVDD tissues, while Gilson et al. (2010) discovered a notochordal-like cell subpopulation in the NP of adult bovine IVDs. Understanding the variability of NPCs might aid in the design of fundamental strategies for biological and targeted IVDD treatment. Most existing studies, however, have been limited to the bulk level, which fails to explore the heterogeneity of NPCs and their unique roles in IVDD from a high-resolution perspective; additionally, the transcriptional regulation and cellular interactions that contribute to disease progression are unknown.
Single-cell transcriptome sequencing (scRNA-seq) has become increasingly popular in the study of tissue and cell heterogeneity, and its molecular regulatory mechanisms in physiological development, pathological processes, inflammation, and immunity as high-throughput sequencing technology have improved and innovated (Potter 2018). In this study, we performed scRNA-seq of the NP with various degrees of IVDD and explore novel cellular interactions and crucial molecular pathways contributing to the disease development.
METHODS
Ethical Approval and Consent
The procedures used in this study were approved by the independent ethics committee of the Affiliated Hospital of Qingdao University (Qingdao, China). All subjects signed a written informed consent form, and all experiments were performed following study protocol.
Clinical Sample Procurement
NP tissue samples were obtained from the Department of Spinal Surgery in the Affiliated Hospital of Qingdao University. NP samples were obtained from patients with disc herniation, lumbar spondylolisthesis, and lumbar spinal stenosis who were undergoing interbody fusion surgery. During the operation, we only took tissue samples from the central area of the intervertebral disc. After that, we further cut the samples to remove residual annulus fibrosus and cartilage endplate to ensure maximum purity of the nucleus pulposus. NP samples were obtained from one patient without IVDD as the normal control group and five patients with IVDD as the IVDD group. We excluded participants who had a tumor or endocrine system diseases. Based on the preoperative lumbar MRI image, Pfirrmann grades (Pfirrmann et al., 2001) were utilized to assess the degree of degeneration. One patient (Ctrl) with spinal cord injury was diagnosed with Pfirrmann I and served as the normal control (NC); three patients (NP4, NP9, and NP10) were diagnosed with Pfirrmann II/III and served as the mild IVDD (IVDD-M); and two patients (NP2, NP8) were diagnosed with Pfirrmann IV/V and served as the severe IVDD (IVDD-S).
NP Sample Processing and Single-Cell Dissociation
The fresh NP sample at different grades was placed into the GEXSCOPE Tissue Preservation Solution (Singleron Biotechnologies) storage and transported at 2–8°C. Firstly, all samples were washed three times with Hanks Balanced Salt Solution (HBSS), cut into pieces (1–2 mm3), and subjected to enzymatic digestion with 2 ml GEXSCOPE Tissue Dissociation Solution (Singleron Biotechnologies) in a 15-ml centrifuge tube at 37°C constant temperature shaker for 15 min. Subsequently, cell suspension was filtered through a 40-μm sterile cell strainer (Corning). Cell suspensions were centrifuged at 500 g for 5 min at 4°C, the suspensions were discarded, and cell pellets were resuspended with 1 ml phosphate buffer saline (PBS) (HyClone). The cell suspension was incubated with 2 ml GEXSCOPE Red Blood Cell Lysis Buffer (Singleron Biotechnologies) at 25°C for 10 min. Then it was centrifuged at 500 g for 5 min, red blood cell was removed, and the suspension was resuspended with PBS. Finally, cells were counted using a TC20 automated cell counter (Singleron), and live cells were determined by trypan blue staining (Sigma). Isolated NP was directly prepared for cDNAs amplification and single-cell RNA-Seq library construction.
Singleron MatrixTM Single-Cell RNA Sequencing
The single-cell suspension with a concentration of 1 × 105 cells/ml was loaded onto the microfluidic chip. According to the manufacturer’s protocols (Singleron GEXSCOPE Single Cell RNA-seq Library Kit, Singleron Biotechnologies), the single-cell RNA-seq library was prepared, which was captured for sequencing by using an Illumina HiSeq X with 150 bp paired-end reads (Dura et al., 2019).
Single-Cell RNA-Seq Data Processing
To quantitatively analyze the gene expression of cells, we first removed low-quality reads by fast QC, fastp, and poly-A tails, and adaptor sequences were removed by cutadapt. After quality control, raw reads were mapped to the reference genome GRCh38 (Ensembl version 92 annotation) via STAR (Liao et al., 2014). Gene counts and unique molecular identifier (UMI) counts were acquired by the featureCounts software. Expression matrix files for subsequent analyses were generated based on gene counts and UMI counts. Cells were filtered by gene counts between 200 and 5,000 and UMI counts below 30,000. Cells with over 30% mitochondrial content were removed. We used functions from Seurat v2.3 for dimension-reduction and clustering (Butler et al., 2018). All gene expression was normalized and scaled using NormalizeData and ScaleData.
Dimension-Reduction and Clustering
We used principle component analysis (PCA) to analyze the top 2,000 variance genes, which were selected by FindVariableFeautres (Shaath et al., 2020). Cells were separated into three clusters by FindClusters using the top 20 principle components and resolution parameter at 1.0. For subclustering of chondrocyte types, we set the resolution at 1.2. The t-SNE algorithm was applied to visualize cells in a two-dimensional space. According to selected PC dimensions with the Seurat R package8, we performed the t-SNE analysis.
Differentially Expressed Gene Analysis
Differentially expressed genes (DEGs) in each cell cluster of NP were selected by Seurat FindMarkers based on Wilcox likelihood-ratio test with default parameters. Genes expressed in more than 10% of the cells in a cluster and with an average log (Fold Change) of greater than 0.25 were selected as DEGs.
Marker Gene Analysis and Identification of Cell Types
According to Seurat’s FindAllMarkers function, we determined the marker genes of each cell group relative to other cell clusters in NP by “Wilcox” (Wilcoxon rank sum test). The cell-type identity of each cluster was manually annotated with the expression of canonical markers combined with knowledge from literature. Heatmaps/dot/violin plots displaying the expression of markers used to identify each cell type were generated by Seurat DoHeatmap/DotPlot/Vlnplot.
Enrichment and Cell Interaction Analysis
The “clusterProfiler” R package version was used to perform enrichment analysis, including Gene Ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) analysis (Yu et al., 2012). Pathways with p_adj value < 0.05 were considered as significantly enriched. Cell–cell interaction (CCI) analyses were predicted based on known ligand–receptor pairs by Cellphone DB (Efremova et al., 2020). Based on the average log gene expression distribution for all genes across each cell type, individual ligand or receptor expression was thresholded by a cutoff. Predicted interaction pairs with p-value < 0.05 and of average log expression >0.1 were considered as significant and visualized by the circlize (0.4.10) R package.
Gene Set Variation Analysis
All canonical pathways in the website of the molecular signature database (MSigDB, version 6.2) were provided by the GSEABase package (version 1.44.0). Next, we applied the gene set variation analysis (GSVA) method with default settings to assign pathway activity estimates for individual cells, as implemented in the GSVA package (version 1.30.0). To quantify the differences in pathway activity between multiple clusters, we used a generalized linear model to contrast the enrichment scores for each cell.
Transcription Factor Analysis
Human transcription factors (TFs) were obtained from AnimalTFDB3.0 for the downstream analysis. Enrichment of the predicted targets was assessed by comparing gene expression in each cluster between different groups, and only significant TFs were selected as candidate TFs. The TF network was constructed by the SCENIC R (Aibar et al., 2017) toolkit using the scRNA expression matrix. The GENIE3 package predicted a regulatory network based on the co-expression of regulators and targets. RcisTarget and AUCell were employed to trim modules for targets and evaluate the activity of the regulatory network on all the cells, respectively.
Monocle Analysis
The Monocle package (version 2.99.0) was used to plot trajectories to illustrate the behavioral similarity and transitions (Qiu et al., 2017). We used an expression matrix derived from Seurat to build a CellDataSet for Monocle pipeline, and partition the cells into supergroups after dimensionality reduction. A simple PPT method was applied in organizing supergroups into a tree-like trajectory. A plot cell trajectory module was used to plot the trajectory and color the cells by subcluster type.
Statistical Analysis
Statistical analyses were performed using R packages. ANOVA or Student’s t-test with Student–Newman–Keuls post hoc test was performed to determine the statistical significance between differences, and p-value < 0.05 was considered as statistically significant. Statistical calculations were performed by SPSS 21.0. Statistical analyses were performed in GraphPad Prism (version 8.3).
RESULT
Cellular Constitution of Human NP in IVDD
To investigate cellular diversity, we used scRNA-seq analysis on six NP samples from five patients with various degrees of IVDD (IVDD-M: NP4, NP9, and NP10 and IVDD-S: NP2 and NP8) and one spinal cord injury patient without IVDD (NC) (Figure 1A). Clinical information was collected from the patient records as shown in Supplementary Table S1. A total of 30,300 cells were collected after data pre-processing and quality assessment. Each cell had an average of 6,089 UMIs and 1,671 genes. Unsupervised cell clustering revealed three major groups in parallel based on lineage-specific marker gene expression: chondrocytes (particularly expressing SOX9, ACAN, and COMP), endothelial cells (EC, specifically expressing PECAM1, CD34, and PLVAP), and macrophages (specifically expressing CD74, TYROBP, and LAPTM) (Figures 1B,C and Supplementary Figure S1A and Supplementary Table S2). Chondrocytes, which make up the majority of the cells in all samples, are further split into three empirically defined populations: cartilage progenitor cells (CPCs), fibrochondrocyte progenitors (FCPs), and homeostatic chondrocytes (HomCs), as well as four new populations known as C1–4 (Figures 1D,F). Figure 1F and Supplementary Figure S1B show each chondrocyte population based on cell lineage-specific marker gene expression. The top 20 differentially expressed genes (DEGs) are shown in Figure 1G and Supplementary Table S3.
[image: Figure 1]FIGURE 1 | Single-cell atlas of healthy and degenerative NP samples. (A) Schematic diagram of sample source and experimental workflow. (B) t-SNE of the 30,300 cells profiled three main cell types (left) and six samples (right) distribution. (C) t-SNE plots showing the expression of marker genes for chondrocyte, macrophage, and EC defined above each panel. (D) t-SNE of the chondrocytes profiled seven subclusters (left) and six samples (right) distribution. (E) Bar plots represented the proportion of the distinct cell clusters in NP from NC, IVDD-M, and IVDD-S. (F) t-SNE plots showing the expression of marker genes for seven chondrocyte subclusters defined above each panel. (G) Heatmap of top 20 DEGs for seven chondrocyte subclusters; each column represents a cell cluster, and each row represents a DEG for a cluster. (H) Heatmap showing pairwise Pearson correlations in each chondrocyte subcluster. NP, nucleus pulposus; t-SNE, t-distributed stochastic neighbor embedding; EC, endothelial cells; CPC, cartilage progenitor cells; FCP, fibrochondrocyte progenitors; HomC, homeostatic chondrocytes; DEGs, differentially expressed genes.
Next, we compared the distribution of subclusters in each group (Figure 1E and Supplementary Table S4) and discovered that chondrocytes were the majority in the samples, whereas EC and macrophage were only slightly present in IVDD-M and IVDD-S, which is consistent with the phenomenon of inflammatory response and vascular growth in IVDD (Kwon et al., 2017; Nakazawa et al., 2018). Interestingly, we discovered that three chondrocyte subclusters are linked to the IVDD process. C1 was seldom in the NC group, whereas it was the most common chondrocyte subtype in the degenerative samples. However, as IVDD progressed, the proportion of CPCs fell dramatically. Furthermore, C3 was only found in degenerative samples, and the proportion was greater in the IVDD-S group than in the IVDD-M group.
Characterization of Chondrocyte Subtypes
Chondrocytes secrete ECM such as collagen and proteoglycan, which are required for the NP’s structure and function. We performed Gene Ontology (GO) analysis with DEGs to objectively comprehend the heterogeneity and biological function of chondrocyte subgroups (Figures 2A–H). Specifically, we discovered genes like FGF2, HMOX1, CXCL8, and CXCL2 promote C1’s multifunctionality in the BP of positive regulation of vasculature development, antimicrobial humoral response, and transition metal ion homeostasis (Simons 2004; Semple et al., 2010; Loboda et al., 2016) (Figure 2A). Extracellular matrix organization and ossification were considerably enhanced in C2, C3, and C4, while the three chondrocytes expressed a distinct array of ECM proteins and MMPs, such as C2 expressing COL2A1 and VCAN, C3 expressing COL12A1 and MMP2, and C4 expressing COL3A1 and COL1A1. Furthermore, the GO analysis revealed that C2 is related to the cholesterol biosynthetic process, C3 is involved in extracellular matrix disassembly, and C4 is more prone to tissue remodeling (Figures 2B–D). In summary, C1 and C3 were classified as inflammatory response subsets. C2 has a high expression of collagen type II and proteoglycan to keep the ECM’s regular structure. C4 has a phenotype similar to fibroblasts and may contribute to ECM remodeling (Reeves et al., 2014).
[image: Figure 2]FIGURE 2 | Characterization of biological functions of chondrocyte subclusters. (A–G) Bar plots showed the upregulated pathways and representative genes corresponding to seven chondrocyte subclusters of C1, C2, C3, C4, CPC, FCP, and HomC, respectively, by GO analysis. (H) Dot plot showing the expression levels of selected representative genes among seven chondrocyte subclusters. Dot size indicates the percentage of cells expressing the particular genes, and the spectrum of color represents the mean average expression of the genes. (I) The proportion of cells annotated as the different cell cycle phases in seven chondrocytes subclusters. CPC, cartilage progenitor cells; FCP, fibrochondrocyte progenitors; HomC, homeostatic chondrocytes.
We also discovered that CPC, FCP, and HomC display different functions in IVDD. CPC, as NP-derived progenitor/stem cells, specifically expressed TOP2A, CENPF, and BIRC5, all of which are associated with chromosome segregation and mitotic nuclear division, which is consistent with our GO analysis (Bellayr et al., 2016; Kanfer and Kornmann 2016; Wheatley and Altieri 2019; Nielsen et al., 2020) (Figure 2E). Annotation of the cell cycle revealed that the fraction of CPC in the G2/M phase was substantially higher than that of other subpopulations, demonstrating its active proliferative ability (Figure 2I). FCP-related genes TRIB3 and CANX have been linked to protein folding quality control and ER stress (Mondal et al., 2016; Forrester et al., 2019) (Figure 2F). HomC has a significant capacity to respond to stress, such as response to topologically incorrect protein, response to temperature stimulus, and cellular response to TGFβ stimulus. FOS/JUN, as transcription factors (TFs), were crucial in regulating the HomC response to stress (Wagner 2001) (Figure 2G). Above all, these seven chondrocytes perform a variety of tasks while retaining a high degree of connection (Figure 1H).
Transcriptional Regulation in Chondrocyte Subpopulations
The single-cell regulatory network inference and clustering (SCENIC) approach was performed to investigate the TFs that may govern various chondrocyte phenotypes. This analysis revealed that several TF networks were enriched in distinct subclusters (Figure 3A). In C1 and C3, the NF-kappaB family (NFKB1, NFKB2, and REL) shows enhanced regulatory activity, which is consistent with the inflammatory response subgroups, but FOSL1 and its target genes, including MMP2, MMP3, and MMP13, are substantially upregulated in C3 (Chen et al., 2020). TCF4 regulon activity is greater in C4, which may contribute to C4’s fibrous characteristics (Mathew et al., 2011). TFDP1, BRCA1, and MYBL1 are CPC-specific regulons that play important roles in the cell cycle and DNA damage repair control (Qiao et al., 2007; Wu et al., 2010; Xie et al., 2020). Coincidentally, TFDP1 controls BRCA1 transcriptional activity in chondrocytes (Pellicelli et al., 2016). Furthermore, SCENIC results revealed that the regulatory activities of JUN and FOS regulons in HomC were highly elevated, which is consistent with GO analysis (Figures 3B,C and Supplementary Figure S1C). Thus, we investigated the potential upstream regulatory TFs, which will aid in our understanding of the heterogeneity of NPCs and their involvement in IVDD.
[image: Figure 3]FIGURE 3 | Transcriptional regulation of seven chondrocyte subclusters. (A) Heatmap indicating the expression regulation by TFs analyzed with SCENIC in seven chondrocyte subclusters. Numbers between brackets indicate the (extended) regulons for respective TFs. (B) Violin plots showing the expression levels of representative candidate TFs across the seven chondrocyte subclusters. (C) SCENIC analysis predicts selected TFs as central hubs governing the different chondrocyte subclusters. TF regulon activities were quantified using AUCell. TFs, transcription factors; SCENIC, single-cell regulatory network inference and clustering; CPC, cartilage progenitor cells; FCP, fibrochondrocyte progenitors; HomC, homeostatic chondrocytes.
The Trajectory of Chondrocytes in NP
Changes in chondrocyte expression patterns are closely linked to the development of IVDD (Li et al., 2019; Tsingas et al., 2020). To study the conversion of chondrocytes in NP during IVDD development, we performed a trajectory analysis of various chondrocyte subtypes by Monocle two method in all samples (Supplementary Figure S2A). However, we discovered that NP10 is not suitable for the current analysis programs because its pseudotime trajectory did not fit well enough with other samples from the IVDD-M group, which could be due to the presence of degenerative spondylolisthesis and the “intervertebral disc vacuum phenomenon” at the sample segment in this patient (Supplementary Figure S2B). Then, except for NP10, we ran a trajectory analysis on chondrocytes and created a pseudotime trajectory axis with two terminals corresponding to two distinct cell fates (Figures 4A–C). The cells in the root of the trajectory were labeled R-C, the cells in fate1 were labeled F1-C, and the cells in fate2 were labeled F2-C (Figure 4A). In the pseudotime trajectory, we compared the dispersion patterns of several chondrocyte subtypes. CPC is mostly found near the root. C1 mostly follows two fates, C3 and FCP primarily occupy the ends of the two fates, and C2, C4, and HomC are scattered along the trajectory (Figure 4C). Figure 4D revealed that the proportion of R-C progressively dropped, while the proportion of F1-C and F2-C steadily rose as the disease progressed. In general, our result indicates that the distribution of chondrocyte subsets in the chondrocyte fate differentiation curve was consistent with the IVDD pathological process.
[image: Figure 4]FIGURE 4 | Pseudotime trajectory analysis depicted chondrocyte fate differentiation in IVDD. (A) Monocle two trajectory plot contains three branches and one connecting point showing dynamics of chondrocyte subclusters (except NP10). (B,C) Projection of individual cell types and samples onto the trajectory of (A). (D) Bar plots represented the proportion of different cell states corresponded to three branches from NC, IVDD-M, and IVDD-S. (E) Heatmap showing the standardized kinetic curves of the genes in trajectory from root to fate1 or fate2. (F) Pseudotime kinetics of specific representative genes from the root of the trajectory to fate1 (solid line) and fate2 (dashed line). (G) Bar plots showing the top annotated GO terms in four genes sets, which are hierarchically clustered from (E). CPC, cartilage progenitor cells; FCP, fibrochondrocyte progenitors; HomC, homeostatic chondrocytes.
Next, using the results of the trajectory analysis, we deconstructed sample gene transformation patterns to investigate the precise impact of the alterations in cell fate (Figure 4E). These genes were divided into four distinct clusters. Cluster “A” enriched with genes (PMAIP1, CCL2, CXCL2, and ICAM1) linked to defense response to virus, type I interferon signaling pathway, and cellular response to TNF was dramatically elevated in the transition to fate2. Meanwhile, clusters C and D genes enriched in the ECM structure are also expressed in the direction of fate2, including MMP2, MMP3, POSTN, and COL1A1. Cluster “B” genes (COL2A1 and ACAN) highly expressed in normal ECM were dramatically enhanced in the transition to fate1 (Figures 4E–G).
Finally, trajectory analysis revealed that during IVDD, NPC differentiated into two cell fates (R-C to F1-C and R-C to F2-C). The process of chronic inflammation and changes in ECM has a high correlation with the two cell fates, implying that studying the differentiation direction of NPCs, particularly the mechanism network of fate2, may provide an effective strategy for the treatment of IVDD.
THE DIFFERENT CELL FATE DETERMINATION OF NPCS REFLECTS A LANDSCAPE OF IVDD DEVELOPMENT
To deeply insight into the mechanism behind IVDD, we utilized GSVA to characterize R-C, F1-C, and F2-C functions, and SCENIC to discover candidate TFs. Figures 5A–D and Supplementary Table S5 depict more precise information about cell distribution, cell cycle annotation, and DEGs from chondrocyte cells in three stages.
[image: Figure 5]FIGURE 5 | Transcriptional regulation related to chondrocyte differentiation fate. (A) t-SNE of the chondrocytes profiled three cell states (R-C, F1-C, and F2-C). (B) Bar plots represented the proportion of seven chondrocyte subclusters in R-C, F1-C, and F2-C. (C) Bar plots represented the proportion of cells annotated as the different cell cycle phases in R-C, F1-C, and F2-C. (D) Heatmap showing top 20 DEGs for R-C, F1-C, and F2-C; each column represents a cell state, and each row represents a DEG for a state. (E) The heatmap of GSVA of the GO and KEGG gene sets related to IVDD among the three cell states. (F) Heatmap indicating the expression regulation by TFs analyzed with SCENIC in three cell states. Numbers between brackets indicate the (extended) regulons for respective TFs. (G) The expression levels of the selected TFs on pseudotime trajectories. (H) Regulatory networks consisting of selected TFs and their target genes drive cell fate differentiation. A node represents a gene and edges represent the interactions. Red nodes are hub TFs. CPC, cartilage progenitor cells; FCP, fibrochondrocyte progenitors; HomC, homeostatic chondrocytes; DEGs, differentially expressed genes; TFs, transcription factors; SCENIC, single-cell regulatory network inference and clustering.
R-C is primarily concentrated in the cell cycle and oxidative phosphorylation (Figure 5E). However, when the cells are differentiated into the two cell fates, the expression of TFs (TFDP1, BRCA1, and MYBL1) is reduced (Figures 5F,G). F1-C cells are primarily enriched in protein targeting, translational initiation, and ribosome biogenesis (Figure 5E), indicating that these cells are primarily employed for protein synthesis, processing, and transport. Notably, the ECM produced at this stage was mostly comprised of collagen type II and proteoglycan (coded by COL2A1 and ACAN), with minimal expression of MMPs and ADAMTs (Figure 5D, Supplementary Table S5). We also discovered that FOSB and SOX9, the particular transcription factors predicted by SCENIC to control COL2A1 and ACAN, were significantly expressed in this condition (Figures 5F–H). F2-C genes were enriched in an ECM organization and ECM disassembly, such as COL1A1, COL1A2, COL3A1, and MMP13. Meanwhile, F2-C highly expressed a wide range of inflammatory chemokines, including CXCL8 and CXCL2. Furthermore, F2-C overexpressed several interferon-induced genes, including IFIT1, IFIT2, and IFIT3. Meanwhile, JAK1 and STAT1, which are upstream regulatory components of interferon-induced genes, were also considerably increased (Zhou et al., 2013) (Figures 5D,E and Supplementary Table S5). The interferon signaling pathway is widely recognized to have antiproliferation and pro-apoptotic effects, which may be one of the reasons for the reduction in the number of NPCs in IVDD. We discovered that NFKB1, FOSL1, IRF1, and REL have strong regulatory activity and can control each other at this stage using SCENIC, and interestingly, the predicted target genes of these TFs are the same genes that are highly expressed in F2-C. Furthermore, TNF, NF-κB, MAPK, IL17, and type I interferon signaling pathways enriched in F2-C can cause the upregulation or activation of these TFs (Beg and Baldwin 1994; Wang et al., 2017; Bonelli et al., 2019) (Figures 5E–H). Taken together, these data indicated TFs and signal pathways that govern the fate of various cells in IVDD, contributing to a better understanding of the disease mechanism.
Constructing a Cell Fate-Based Cell Communication Network for IVDD
The ligand–receptor pair facilitates cell contact, influences cell function and destiny, and promotes or inhibits disease development. In our study, macrophages and EC were only found in the IVDD group, and we utilized CellPhoneDB to investigate potential connections between chondrocytes and macrophages and EC at various cell fates (Figure 6A).
[image: Figure 6]FIGURE 6 | Network of regulatory mechanisms for IVDD. (A) Dot plots depicting ligand–receptor pairs between chondrocytes and macrophage (left) and EC (right). Dot size indicates the percentage of cells expressing the particular genes and the spectrum of color represents the mean average expression of the genes. (B) Diagram of the regulatory mechanisms of IVDD found in this study. Solid arrows represent the direction of cell differentiation; dashed arrows represent cytokines and extracellular matrix secreted by cells.
Macrophages secrete a large number of TNF ligand superfamily cytokines, including TNF, TNFSF10, and TNFSF14, whereas chondrocytes express corresponding receptors, including LTBR, TNFRSF1A, RIPK1, and FAS, indicating that the macrophage plays an apoptosis-mediated role in IVDD via the TNF signaling pathway. Surprisingly, our findings revealed that FAS-mediated programmed cell death favors F2-C (Wallach et al., 1999). Meanwhile, F1-C inhibits TNF signal-mediated apoptosis via GRN binding to TNF signaling receptors (Tang et al., 2011). Macrophages produce CCL3L1 and CXCL12, which bind to the DPP4 receptor expressed by chondrocytes. DPP4 is overexpressed in osteoarthritic chondrocytes to have a pro-inflammatory impact (Wang et al., 2020). F2-C, in turn, controls macrophage proliferation, migration, and differentiation via CSF1 and MDK (Sato et al., 2001; Lin et al., 2019). This reveals the interplay between F2-C and macrophages in inflammatory amplification. GFs are cytokines that control cell proliferation and differentiation. Our findings suggest that F1-C interacts more with macrophages via GFs (TGFB1, IGF2). Recent research has demonstrated that the TGF pathway promotes SOX9 production in chondrocytes (Lee et al., 2008), which helps to explain why SOX9 is so abundant in F1-C (Figure 6A).
Chondrocytes express vascular endothelial growth factors (VEGFs), which include VEGFA, VEGFB, and VEGFC, the most potent angiogenesis agents (Dai and Rabie 2007). VEGFs, as ligands, can stimulate EC proliferation, migration, and differentiation by binding to EC-expressed KDR and FLT1. The connection between chondrocytes and EC is also mirrored in the Notch family’s control of cell destiny (including NOTH1, NOTH2, and NOTH4) (Ramasamy et al., 2014), and these interactions are more visible in F2-C. Our findings revealed that R-C chondrocytes influenced EC via TGF-β, whereas EC influenced F1-C chondrocytes via TGF-β. Furthermore, SELE and LGALS9-expressing EC interact with the ligand CD44 produced by chondrocytes, which plays a crucial role in the regulation of cell contact and cell adhesion (Auguste et al., 2007; O'Brien et al., 2018) (Figure 6A).
Finally, examination of intercellular communication indicated signal crosstalk between chondrocytes, macrophages, and EC. F1-C was more active in the GF pathway, which can maintain the normal development of the chondrocytes. In contrast, in F2-C, macrophages and ECs interact with chondrocytes to promote chondrocyte apoptosis and enhance inflammatory response, which may be a key factor for the development of IVDD.
DISCUSSION
NPCs are a crucial functional component of the IVD, and thorough knowledge of their transcriptome profile in degeneration will aid in the development of innovative treatment methods. In this study, we found out several intriguing discoveries by doing single-cell sequencing on NPCs from different phases of IVDD.
Adults believe the healthy IVD to be an immune privilege, an avascular organ whose nutrient supply is largely dependent on fluid diffusion from the CEP (Urban et al., 2004). IVDD is an unavoidable aging process that involves an inflammatory response and subsequent ECM remodeling (Le Maitre et al., 2007; Chen et al., 2017; Tsingas et al., 2020), which is consistent with our results that macrophages and ECs were exclusively detected in the degenerative NP. The uneven distribution of macrophages and EC between IVDD-M and IVDD-S indicates that they play a role in the IVDD process.
Earlier research has demonstrated that the NP develops from the notochord during embryonic development (Lawson and Harfe 2015). As a result, we looked at the expression of the notochord cell markers KRT8, KRT18, KRT19, FOXA2, and TBXT in chondrocytes (Weiler et al., 2010) (Supplementary Figure S2C). Although these cells are sporadic and not clustered by the t-SNE, this result confirms earlier findings that as the NP develops, notochord lineage cells gradually vanish in the IVD, but a small number of cells continue to express notochord cell markers, at the same time indicating the dynamic evolution of the NP phenotype (Stosiek et al., 1988; Weiler et al., 2010).
In this study, we identified three empirically defined and four novel chondrocyte subsets. Our findings revealed that the quantity of C1 and C3 rose significantly in the IVDD group and that they were mostly dispersed in two branches of cell destiny in the trajectory tree. Furthermore, C1 and C3 had greater levels of chemokines (CXCL8 and CXCL2) and matrix-degrading enzymes (MMP2, MMP3, and MMP13), all of which are thought to be important mediators of the inflammatory response. Interestingly, C1 and C3 are also abundant in transition metal ion homeostasis, with genes CP, Hmox1, and STEAP4 playing key roles in iron and copper ion transport and redox processes. According to Jomova and Valko (2011), disturbance of transition metal ion homeostasis can cause oxidative stress and increased generation of reactive oxygen species, which can contribute to the onset of a variety of diseases, including chronic inflammation. Our previous research found that ferroptosis occurred in NPCs and accelerated IVD degeneration (Zhang et al., 2021). However, the underlying mechanism of ion-homeostasis system in IVDD needs to be investigated further. In summary, the functional study of seven chondrocyte subgroups offered more thorough knowledge of the maintenance and control of NP homeostasis by elucidating NP cell heterogeneity.
Significant research has provided insight into the ability of mesenchymal stem cells to heal damaged intervertebral discs (Richardson et al., 2016). Despite the existence of progenitor cells developing into osteogenic, adipogenic, or chondrogenic lineages in degenerative adult IVD discovered in a previous work by Risbud et al. (2007), the monitoring of the resident progenitor cells in the NP has remained a mystery until now. Recently, a collection of single-cell sequencing data on articular cartilage was used to identify the existence of CPC (Ji et al., 2019). Based on our findings, CPC was plentiful in normal IVD and steadily reduced with degeneration, and has a high proliferative capacity and greater energy consumption. Above all, the findings of this study are likely to pave the way for a novel strategy to treating IVDD utilizing NP-derived progenitor cells.
Through pseudotime analysis, we established the trajectory of chondrocyte development toward two cell fates. During the degeneration process, we witnessed chondrocytes transforming into two opposing cell phenotypes. SCENIC revealed the major regulatory function of FOSB and SOX9 for COL2A1 and ACAN from R-C to F1-C (fate1). Furthermore, CellphoneDB indicated that chondrocytes have a higher contact with macrophages and EC in this phase via TGF-β signaling pathways. Previous research has shown that SOX9 stimulates NPC formation and maintains ECM homeostasis (Cucchiarini et al., 2007; Lefebvre and Dvir-Ginzberg 2017; Tsingas et al., 2020). Interestingly, recent studies have shown that the TGF-β signal pathway can increase the transcriptional level of COL2A1 and ACAN by upregulating the expression of SOX9 (Lee et al., 2008; Bozhokin et al., 2020), which explains why COL2A1 and ACAN are abundant at this phase.
On the other hand, our findings show that chondrocyte differentiation to fate2 is the primary factor causing IVDD. Chen et al. (2020) found that FOSL1 can regulate the expression of MMPs to promote the migration of decidua stromal cells. Forero et al. (2019) showed that IRF1 is activated by type I interferons and upregulates the expression of multiple inflammatory factors. Campbell et al. (2000) reported that NFKB1 and REL are essential for mediating inflammatory responses in rheumatoid arthritis. Our data establish that these TFs (NFKB1, IRF1, REL, and FOSL1) increased the production of collagen, inflammatory factors, and matrix-degrading enzymes, all of which are linked with ECM remodeling in IVDD. CellphoneDB research indicated that F2-C interacts with macrophages and EC, causing inflammation to be amplified. Macrophages boost F2-C’s inflammatory response by secreting IL6 and TNF, whereas F2-C’s CSF1 stimulates macrophage proliferation, differentiation, and migration. Furthermore, VEGFs are abundantly expressed in F2-C, where they stimulate EC proliferation, migration, and differentiation while also playing an essential role in the development of microvessels, which can speed up macrophage recruitment (Figure 6B). Thus, our findings indicate that cells from the same subpopulation produced by single-cell clustering have distinct fates in practice. However, the precise causes causing this occurrence must be investigated and debated further.
In conclusion, our single-cell sequencing data provided a detailed inventory of the NPCs in IVDD from a single-cell perspective. Our data corroborated earlier findings and presented fresh study paths with potential therapeutic targets by identifying critical cell subclusters, signal pathways, and TFs, modeling cell–cell interactions, and, most significantly, giving insights into cell fate determination.
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Intervertebral disc degeneration (IDD) has been considered as the primary pathological mechanism that underlies low back pain. Understanding the molecular mechanisms underlying human IDD is imperative for making strategies to treat IDD-related diseases. Herein, we report the molecular programs, lineage progression patterns, and paths of cellular communications during the progression of IDD using single-cell RNA sequencing (scRNA-seq) on nucleus pulposus (NP) cells from patients with different grades of IDD undergoing discectomy. New subtypes of cells and cell-type-specific gene signatures of the metabolic homeostatic NP cells (Met NPC), adhesive NP cells (Adh NPC), inflammatory response NP cells (IR NPC), endoplasmic reticulum stress NP cells (ERS NPC), fibrocartilaginous NP cells (Fc NPC), and CD70 and CD82+ progenitor NP cells (Pro NPC) were identified. In the late stage of IDD, the IR NPC and Fc NPC account for a large proportion of NPC. Importantly, immune cells including macrophages, T cells, myeloid progenitors, and neutrophils were also identified, and further analysis showed that significant intercellular interaction between macrophages and Pro NPC occurred via MIF (macrophage migration inhibitory factor) and NF-kB signaling pathways during the progression of IDD. In addition, dynamic polarization of macrophage M1 and M2 cell subtypes was found in the progression of IDD, and gene set functional enrichment analysis suggested a significant role of the macrophage polarization in regulating cell metabolism, especially the Pro NPC. Finally, we found that the NP cells in the late degenerative stage were mainly composed of the cell types related to inflammatory and endoplasmic reticulum (ER) response, and fibrocartilaginous activity. Our results provided new insights into the identification of NP cell populations at single-cell resolution and at the relatively whole-transcriptome scale, accompanied by cellular communications between immune cells and NP cells, and discriminative markers in relation to specific cell subsets. These new findings present clues for effective and functional manipulation of human IDD-related bioremediation and healthcare.
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INTRODUCTION
Low back pain (LBP), as one of the most common disorders in the musculoskeletal system (Ferguson and Steffen, 2003; Paige et al., 2017; Tong et al., 2017), causes significant economic losses worldwide each year (Hoffman and Dow, 2016; Juch et al., 2017; Hall et al., 2019). It has been reported that about 80% of adults suffered from low back or neck pain at least once during their lifetime, and the majority of patients would lose their labor capacity (Dawson et al., 2011; Blanquer et al., 2015; Sakai and Andersson, 2015). Despite the improvement in surgery and medicine, LBP remains one of the main causes of health expenditure and financial burden.
Intervertebral disc degeneration (IDD) has been considered as the primary pathological mechanism that underlies LBP, and receives increasing attention from precision-related regenerative medicine (Zingg and Kendall, 2017). It has been reported that the initial degeneration of intervertebral disc may be presented as early as in the adolescence, when 20% of youngsters have mild signs of the IDD (Boxberger et al., 2009). The disc is a physiological non-self-renewing avascular tissue and consists of annulus fibrosus and nucleus pulposus (NP), which undergoes cellular and extracellular matrix (ECM) changes during IDD at the early pathological stage (Mwale et al., 2014). The process of IDD encompasses the structural damage of the disc and the changes in number and composition of cells. With aging and advancing degeneration, the NP is primarily affected (Kos et al., 2019). Due to the poor self-repair ability of NP, it is difficult to reverse the degenerative process. Thus, it is still a challenge to repair or regenerate the structure and functions of the intervertebral disc by conservative or surgical therapies (Yim et al., 2014; Wang et al., 2015).
Although many researches (Risbud and Shapiro, 2014; Vergroesen et al., 2015) had shed light on identifying the various factors responsible for disc degeneration (inflammation, apoptosis, immunity, senescence, etc.), as well as strategies for regeneration, effective measures that lend promise in the coming years are still lacking. A better understanding of the pathophysiology and the mechanisms underlying the role of NP in the process leading to IDD is of critical importance. Nevertheless, recent biological approaches have gained thrust in the field of IDD and intense efforts have focused on the gene therapy or endogenous repair for NP regeneration in treating IDD (Sampara et al., 2018; Ma et al., 2019; He et al., 2021). However, NP cell-type composition, biochemical markers that can effectively predict IDD, and the cellular heterogeneity leading to IDD progression remain largely unknown.
Single-cell RNA sequencing (scRNA-seq) of different tissues has provided us an option to map the types, subsets, and states of cells in healthy and unhealthy conditions in an unprecedented manner (Sharma et al., 2018; Szabo et al., 2019; Iyer et al., 2020), which can also be used to provide deep insights into physiological and pathological processes (Svensson et al., 2017; Tian et al., 2019). For instance, Tang et al. recently reported that they identified seven molecularly defined populations of chondrocytes in the human osteoarthritis (OA) cartilage, and clarified the role of different cell types for the early diagnosis and treatment of OA (Ji et al., 2019). Zhang et al. used scRNA-seq to identify the cell subsets and their gene signatures in healthy human and degenerated meniscus cells (Sun et al., 2020), which could provide new insights into cell-based tissue engineering and novel therapeutic strategies. The development of scRNA-seq provides us with a new strategy for unprecedentedly deep data mining based on the level of single-cell gene expression and interaction, which would definitely shed light on novel cell therapies for multiple human diseases.
Here, we used scRNA-seq to chart a comprehensive census of NP cells from different grades of degenerated intervertebral discs based on the Pfirrmann grading system (Pfirrmann et al., 2001). We identified various cell subsets and their gene signatures to determine their differentiation relationships and characterize diversity within specific cell types. We also demonstrated the existence of NP stem/progenitor cells and their corresponding marker genes, and the interactions between immune cell types and NP progenitor cells and other NP cell types via cell communication analysis. Finally, we investigated the integral influence of IDD on NP cellular heterogeneity and identified a potential therapeutic target for IDD-related diseases.
RESULTS
Single-Cell Transcriptomic Overview and Clustering of the Human NP Tissue
To understand the clustering change and the molecular features of human NP cells during IDD, we disassociated NP tissues from three human IDD patients with different Pfirrmann degenerative grades [Pfirrmann II (between II and III, but more close to II), III, and IV], and single-cell RNA-seq of cells (scRNA) was performed based on the 10X Genomics platform (Figure 1A). There were 36,196 cells that had been successfully isolated from NP cell suspensions. The heterogeneity of cells was classified by gene expression and the functional analysis, and scRNA sequencing of NP tissues identified 11 clear separations of cell types, which included six types of NP cells (expressing SOX9 and ACAN) and five types of immune cells (Figure 1B). The proportion of each cell cluster in Pfirrmann grades II, III, and IV NP tissues is shown in Figure 1C. The heterogeneity of NPCs was classified by gene expression (Figure 1D), and the representative gene markers are shown in Figure 1E with the feature plot map. For instance, the collage 2A1 (col2A1), aggrecan (ACAN), and SOX9 were highly expressed in NP cells (Tu et al., 2021). Subsequently, six subtypes of NP cells, namely, metabolic homeostatic NP cells [Met NPC, highly expressing MXRA5 and DKK3 (Li et al., 2017; Poveda et al., 2017)], adhesive NP cells [Adh NPC, highly expressing VCAM1 (Rafat et al., 2012)], inflammatory response NP cells (IR NPC, highly expressing MMP3 and ADAMTS5), endoplasmic reticulum stress NP cells [ERS NPC, highly expressing TXNIP and HSPA1B (Ding et al., 2020)], fibrocartilagenous NP cells [Fc NPC, highly expressing FGF1 (Fernández et al., 2010)], and CD70+ and CD82+ progenitor NP cells (Pro NPC), were identified. As the proportion alterations of 11 cell types in grades II, III and IV are shown in Figure 1C, we can find that the proportion of metabolic homeostatic NP cells (Met NPC, 32.37%) was the highest at the early period (grade II) of disc degeneration, then the proportion of fibrocartilagenous NP cells (Fc NPC) increased at the middle (grade III, 40.64%) and late (grade IV, 31.11%) period of disc.
[image: Figure 1]FIGURE 1 | A single-cell atlas of human nucleus pulposus (NP) with IDD. (A) Schematic workflow of this experiment. (B) Uniform manifold approximation and projection (UMAP) view of 36,196 single cells, color-coded by assigned cell type. (C) The pie charts and bar plot depicting the proportions of cell type within different grading of NP tissues. (D) Heatmap revealing the scaled expression of differentially expressed genes for each cell cluster. (E) Feature plot map showing the expression levels and distribution of representative marker genes of each cell cluster on the UMAP map.
In addition, immune cells including macrophages (M1 and M2), T cells, myeloid progenitors, and neutrophils have also been found in the NP tissues. The clusters of immune cells were enriched with genes involved in immune response and inflammatory response, confirming the cell populations [like CD68+ and CD163+ for macrophage (Evans et al., 2013; Alvarado-Vazquez et al., 2017), S100A8+ for neutrophil] (Figure 1E). Furthermore, the results showed that the numbers of inflammatory response NP cells increased in grade IV than in grade II, but the metabolic homeostasis NP cells were significantly decreased, suggesting that NP cells may be influenced by the inflammatory factors from keeping homeostasis during disc degeneration. With the progression of IDD, the M2 polarized macrophage decreased significantly, followed by the cluster of progenitor NPC (Pro NPC). In contrast to M2, the proportion of M1 polarized macrophage increased gradually (Figure 1C), suggesting that the activity of Pro NPCs may be influenced by the macrophage polarization during disc degeneration.
Phenotype of NP Cells was Dramatically Altered in Different Grade IDD Patients
To our knowledge, insufficient nutrients were one cause of halted cell cycle and increased apoptosis in proliferating cells, and we had reported that endplate sclerosis may hinder nutrient penetration to NP tissue (Ling et al., 2020), which may induce IDD. To discover the proportion and gene changes of NP cells during disc degeneration, the NP cells were subsequently divided into six subtypes based on marker gene and the gene functional enrichment analysis (Figures 2A,G). We found that three subtype clusters, namely, IR NPC, ERS NPC, and Fc NPC, had been divided from inflammation NPC. What is more, to explore the gene changes of NPCs and identify novel markers for different cell types, the developmental trajectory of NP cells had been done, which revealed the cluster of Pro NPCs had proliferative activities at the early stage (Figure 2B). Similar to Adh NPCs, the Met NPCs were mainly expressed in early and late stages. However, IR NPCs, ERS NPCs, and Fc NPCs all had a similar trend by trajectory analysis (Figure 2C), which may mean a similar fate for them. With the degeneration of nucleus pulposus cells, the gene expression pattern changed (Figure 2E). We found that the expressions of NFkB and MIF increased gradually over time, and gene functional enrichment analysis also showed that the NFkB signaling pathway was activated at the late stage of degeneration, these suggested that there was a possible association between NFkB and MIF.
[image: Figure 2]FIGURE 2 | Single-cell RNA sequencing revealed transcriptional features of NPC subclusters. (A) UMAP view of NP cells, color-coded by subtypes (B,C) Monocle pseudotime trajectory showing the progression of Pro NPC, Met NPC, Adh NPC, IR NPC, FC NPC, and ERS NPC. (D) Heatmap revealing the scaled expression of differentially expressed genes for each NPC cluster. (E) The heatmap of genetic change with pseudotime and gene functional enrichment analysis of these genes in the progression of IDD. (F) The violin plot map of typical expressed genes in each subcluster of the NPCs. (G) The Gene Ontology (GO) analysis of each cluster of NPCs.
We next performed Gene Set Functional Enrichment Analysis to evaluate the molecular differences among the six types of NP clusters (Figure 2D). The results of the Heatmap (Figure 2F) indicated that DKK3 and MXRA5, which were related with transforming growth factor-β (TGF-β) signaling pathway (Li et al., 2017; Poveda et al., 2017), were upregulated in Met NPC. This predicted that TGF-β signaling pathway might play an important role in metabolism of NPCs. DDK3 and MXRA5 were also upregulated in Pro NPC and Adh NPC, suggesting that the cell metabolic homeostasis exists in different cell subtypes during disc degeneration. The genes of OPTN, ATG3, ATG5, and ATG12, which were related to the autophagy of mitochondria (Hailey et al., 2010; Radoshevich and Debnath, 2011; Richter et al., 2016), were significantly upregulated in Pro NPCs. This suggested mitochondrial autophagy might be important for keeping activity of Pro NPC. In addition, CD70 and CD82 were also significantly upregulated in Pro NPC, which might be the potential cell marker of this cluster. Importantly, macrophage migration inhibitory factor (MIF) was significantly upregulated in the six subclusters of NPCs, especially in Met NPC and Pro NPC. A previous study reported that MIF played an important role in macrophage activation (Kim et al., 2020). This predicted that MIF-mediated macrophage polarization might play an important role in the cellular activity of Pro NPC.
Phenotype of Immune Cells in NP Tissue was Altered in Different Grade IDD Patients
The immune cells including macrophages, T cells, myeloid progenitor cells, and neutrophils, were also been identified in the NP tissues. After the functional analysis, the results showed that most of the cells were involved in neutrophil activation, neutrophil degranulation, and regulation of the apoptotic signaling pathway (Figures 3A,F). Although there were a large proportion of the M1 macrophage and M2 macrophage in immune cells, most myeloid progenitors and T cells and a certain proportion of M2 macrophage populated at the root of the trajectory (Figure 3B), which indicated that the immune cells especially M1 macrophage and M2 macrophage contribute to all periods of disc degeneration (Figure 3C). As we know, macrophage polarization involved in inflammatory cascade might contribute to the process of IDD (Ling et al., 2020). To determine which gene affects macrophage cell polarization during immunization with the progression of IDD, functional prediction and the gene expression analysis of each cell cluster had been done (Figures 3D,E). The results carried out using heatmap showed that their genes being upregulated (MIF in both M1 and M2, CXCL3 and SELENOP in M2 macrophage, SPP1 and APOC1 in M1 macrophage, and S100A8 and S100A9 in neutrophil) might play a crucial role in the cellular activity and polarization. An interesting finding is that the proportion of M2 macrophage cluster drops with the progression of IDD, followed by the increasing trend of the proportion of M1 macrophage (Figure 1C). This suggested that macrophage polarization might play an important role in amplifying the inflammatory cascade in the process of IDD. The cellular interaction analysis among the immune cells also showed that nuclear factor kappa B (NF-κB) was highly expressed in both M1 and M2 macrophage, which suggested that NF-κB also played an important role in the macrophage polarization in the NP tissue.
[image: Figure 3]FIGURE 3 | Single-cell RNA sequencing revealed transcriptional features of immune cell clusters. (A) UMAP view of the immune cells, color-coded by subtypes. (B,C) Monocle pseudotime trajectory showing the progression of the immune cells. (D) The violin plot map of typical expressed genes in each subcluster of the immune cells. (E) Heatmap revealing the scaled expression of differentially expressed genes for each immune cell cluster. (F) The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of M1 and M2 polarization of macrophage cluster.
Cell-to-Cell Communication Between NP Cells and Immune Cells in NP Tissue
To study the main factors and the pathways that contribute to activation and steady state of NP homeostasis, especially between NP cells and immune cells under insufficient nutrient and inflammatory cascade in the process of IDD, CellChat analysis was performed to assess cell-to-cell communication in the whole cell populations. From the results of visualization inferred cell–cell communication network of the number of interaction and interaction weights (Figures 4A,B), strong cell interactions were found not only between M1 and M2 macrophages, among different kinds of NP cells, but also from the macrophages to all kinds of NP cells. Additionally, to uncover the pathway changes of different subtype clusters of NP tissue, significant ligand–receptor interactions including outcoming (Figure 5A) and incoming (Figure 5B) pattern of secreted signaling cellular communication among cells in NP tissue had been done; the MIF pathway and Secreted Phosphoprotein 1 (SPP1) pathway had a significant change between immune cells and NP cells (Figures 4E–H), especially between macrophages and Pro NPCs. As MIF was highly expressed in the cell clusters of MAC M1, Pro NPC, and IR NPC, cellular interaction analysis also showed that the MIF signaling pathway was highly activated between M1 and Pro NPC, ERS NPC, and Fc NPC (Figures 4E,F). The TGF-β pathway had been reported to be involved in the regulation of NP cell (Ling et al., 2020). In addition, in the TGF-β signaling network, M2 macrophage had connections to all kinds of NPC except for ERS NPC, and especially had strong connections to M1 macrophage and pro NPC (Figures 4C,D). These data indicated that M2 macrophage might be involved not only in regulating the macrophage polarization with M1 but also in regulating the function of Pro NPC by MIF and TGFβ signaling networks.
[image: Figure 4]FIGURE 4 | Cellular interaction analysis by CellChat. (A,B) The cellular interaction weights and number of interactions between the major clusters of NPCs and macrophage. (C,D) The TGF-beta signaling pathway network was significantly detected between the interactions of Macrophage and Pro NPCs. (E,F) The macrophage migration inhibitory factor (MIF) signaling pathway network was significantly detected between the interactions of macrophage and each NPC cluster. (G,H) The secreted phosphoprotein 1 (SPP1) signaling pathway network was significantly detected between the interactions of M1 polarized macrophage and Pro NPC, Met NPC and Adh NPC.
[image: Figure 5]FIGURE 5 | Cell–cell interaction networks in macrophage and each cluster of NPCs. (A) The cell–cell interaction network of NPC cluster on macrophage. (B) The cell–cell interaction network of macrophage on NPC clusters.
[image: Figure 6]FIGURE 6 | Schematic graph of the potential hypothetical cellular interactions and pathways.
The functions of these subsets remained to be elucidated. These findings provided a point of reference for examining the role of NP cell and immune cell subsets in the NP tissue, especially the potential regulatory mechanism between the immune cells and NP cells.
DISCUSSION
In this study, we used scRNA-seq to chart a comprehensive census of NP cells from different grades of intervertebral disc. We identified 11 clear separations of cell types, which included six types of NP cells and five types of immune cells. Then, the cellular communications, discriminative markers, and transcription factors in relation to specific cell subsets (i.e., NP cells and immune cells) were also analyzed. The results showed that the dynamic polarization of macrophage M1 and M2 cell subtypes, which might be mediated by NF-kB signaling pathways, plays a crucial role in the activity of NP progenitor cells. These new findings present clues for effective and functional manipulation of human IDD-related bioremediation and healthcare.
IDD and the related degenerative disc disease (DDD) have been recognized as a major cause of lower back pain. Although numerous methods are employed for the treatment of DDD, including physical therapy in the early stages and spinal fusion in the more advanced cases (Dowdell et al., 2017), all these therapies do not prevent DDD from progression. Moreover, spinal fusion surgery is a cost-effective procedure undertaken to relieve pain and restore spinal function for symptomatic DDD (Kim et al., 2018; Overley et al., 2018). An increasingly aging society, economic pressure, and the DDD epidemic all emphasize the demand for new strategies for the diagnosis and treatment of early-stage DDD, ultimately to reduce the need for spinal fusion surgery (Liu et al., 2020). Currently, an increasing number of studies support the idea that gene- and cell-based strategies effectively alleviate disc degeneration and improve regeneration (Oehme et al., 2015; Vedicherla and Buckley, 2017; Chen et al., 2020; Takeoka et al., 2020). Although effective outcomes have been reported by many in vivo studies (Feng et al., 2017; Gan et al., 2017), their clinical translation is significantly hindered due to the different cell types between species and less detailed understanding of the internal state of NP cell in IDD pathogenesis (McCann and Séguin, 2016). Thus, a deep elucidation of the gene- and cell-based pathogenesis of IDD is urgently needed for the promising biological intervention in the near future.
Herein, we investigated the NP cells at different stages at single-cell resolution using comprehensive gene expression profiling. To our knowledge, this is one of the earliest studies to describe the transcriptional cell atlas of NP tissues at single-cell resolution. We identified novel cell markers and signatures to verify each hypothesized NP cell cluster. It is worth noting that, besides the empirically inferred NP subtypes, we identified several new subtypes of NP cells, potential markers of the NP cell populations with strong proliferative ability, and the signaling pathways involved in the cell interaction and IDD pathogenesis based on scRNA-seq analysis. Importantly, we identified the CD70+ and CD82+ NP progenitor cells with highly proliferative ability and found the intimate interactions between macrophage cell types and NP progenitor cell types based on the single-cell resolution. We also found that the NP cells in the late degenerative stage are mainly composed of the cell types related to inflammatory and endoplasmic reticulum (ER) response, and fibrocartilaginous activity. These findings are exciting for us, as we exploit new strategies that contribute to the early diagnosis and therapeutic treatment of human DDD.
The matrix of the intervertebral disc consists mainly of a fibrillar collagen network that offers tensile strength (Antoniou et al., 1996) and aggregates proteoglycans that resist compressive loading. These major components form a mesh suited for containing water molecules, especially in the nucleus. The collagens of the disc comprise two major collagens: type I and II, which are the major constituents of the nucleus pulposus and annulus fibrosus, respectively (Eyre and Muir, 1976). In our scRNA-seq results, new subtypes of NP cells (Fc NPC) highly expressing collagen type II alpha 1 (col2A1) were found in the late stage of IDD process. Moreover, the proportion of this cell cluster showed an increasing trend with the progression of IDD. It seems that this result is not consistent with the previous studies, which revealed that the content of type II collagen decreased accompanied by type I collagen and increased with aging and the progression of IDD (Kim et al., 2003; Wei et al., 2015). This might be due to the debilitating synthesis of type II collagen with development and aging. It has been reported that the denaturation of type II collagen in discs, independent of grade, from the 2- to 5-year age group was markedly higher than that from the 0- to 2-year age group [48]. This high level of denaturation seen in the juvenile was also observed when degeneration developed in the adult (Antoniou et al., 1996). Thus, improving the synthetic activity of this cell cluster that highly expresses col2A1 might be a potential therapeutic strategy for retaining the fibrillar collagen network of the discs during the process of IDD. In addition, the genes of C-type lectin domain family 3 member A (CLEC3A), Collagen alpha-2(XI) chain (COL11A2), and fibroblast growth factor 1 (FGF1) in this Fc NPC cell cluster are highly expressed. Interestingly, the gene FGF1, expressed by the cell cluster Fc NPC, showed an increasing trend with the progression of IDD, suggesting that it plays a crucial role in the evolution of the NP cell fibrosis. Surprisingly, the Gene Ontology (GO) analysis showed that the cell clusters in the late stage of IDD were closely correlated to the cellular stress response, including inflammatory and endoplasmic reticulum (ER) stress response. It is speculated that these stress activities might be the main contributors accelerating IDD process in the late stage.
Although the intervertebral disc has been identified as an immune-privileged organ with no access to systemic circulation in the past few decades (Takada et al., 2002), structural deficits in the NP and annulus fibrosus (AF) and formation of tears and clefts and, in some instances, herniation allow immune cell activation and infiltration, which enhance aggrecan and collagen degradation (Risbud and Shapiro, 2014). An increasing number of studies have verified that IDD is thought to be mediated by the abnormal production of pro-inflammatory molecules secreted by both the NP and AF cells as well as macrophages, T cells, and neutrophils. Shamji et al. (2010) and Kokubo et al. (2008) reported that in herniated discs, along with the invading blood vessels, there was infiltration of CD68+ macrophages, neutrophils, and T cells (CD4+, CD8+). In our study, we identified four clusters of immune cells: M1 macrophage (Mac M1), M2 macrophage (Mac M2), T cells, neutrophils (Neu), and myeloid progenitor cells (Mye Pro C). The scRNA-seq in our study showed that apolipoprotein (APOE) was highly expressed in the M1 macrophage cluster that highly expressed CD163+, suggesting that APOE might play a crucial role in the cellular activity of M1 macrophage. Another interesting finding is that the proportion of M2 macrophage cluster drops with the progression of IDD, followed by the increasing trend of the proportion of M1 macrophage. This suggests that macrophage polarization might play an important role in amplifying the inflammatory cascade in the process of IDD. The cellular interaction analysis showed that nuclear factor kappa B (NF-κB) played an important role in the macrophage polarization. It has been reported that the NF-κB pathway was one of the most important signaling pathways that mediated inflammation in the IDD process (Wuertz et al., 2012; Hu et al., 2020). However, the deep mechanisms remains unclear. In this study, scRNA-seq analysis showed that MIFs were highly expressed in the cell clusters of MAC M1, Pro NPC, and IR NPC. Further cellular interaction analysis showed that MIF signaling pathway was highly activated between MAC M1 and Pro NPC. MIF is a protein coding gene, which plays a role in the regulation of macrophage function in host defense (Calandra and Roger, 2003). These results predicted that NF-κB-mediated macrophage polarization might influence the activity of Pro NPC via inducing inflammatory response through the MIF signaling pathway. In our scRNA-seq results, the cell cluster of neutrophils highly expressed gene S100A8, which has been considered as a diagnostic and therapeutic target in inflammation-associated disease (Wang et al., 2018). Sott et al. reported that S100A8 could mediate neutrophil accumulation by upregulating the integrin molecule CD11b (Scott et al., 2020). These interesting results suggest that targeting inflammation-dependent responses, such as macrophage amplification and neutrophil recruitment, could be a better therapeutic strategy for patients with DDD.
Cell metabolism, including anabolic and catabolic activities, is important for maintaining disc integrity and health by producing ECM components and chemicals responsible for breaking down the matrix, and even cell viability (Grunhagen et al., 2006; Wang et al., 2013). These anabolic and catabolic processes are highly energy demanding. It has been reported that the disc microenvironments, i.e., inflammatory cascade and mechanical stress, contribute significantly to the cell metabolic activity and senescence (Silagi et al., 2018). Therefore, a deeper mechanistic understanding of metabolic regulating network for cellular and cell–ECM interaction is of importance (Bedore et al., 2014; Wang et al., 2020). In this study, we identified two new populations of NP cells (Met NPC and IR NPC) that were closely related to metabolism and inflammatory response, respectively. Further analysis showed that matrix remodeling-associated protein 5 (MXRA5) and Dickkopf-related protein 3 (DKK3) were highly expressed in the Met NPC. MXRA5, also known as adhesion protein with leucine-rich repeats and immunoglobulin domains related to perlecan (Adlican), is a protein of unknown function belonging to the MXRA gene family. Poveda et al. reported that MXRA5 played a potential role in tissue injury and fibrosis. They identified that MXRA5 could be upregulated by transforming growth factor-β (TGFβ1) and functioned as an anti-inflammatory and anti-fibrotic molecule (Poveda et al., 2017). The cell-communication analysis showed that TGFβ signaling was the main pathway in the interaction between macrophages and Met PNC, which predicted that the MXRA5/TGFβ1 axis might be the potential target for immunometabolism intervention during the process of IDD.
Previous studies have reported that the degenerative changes in the intervertebral discs, such as composition of ECM, loss of disc cells, and proteoglycan and water content, were suggested to be the consequence of an upregulation of catabolic matrix metalloproteinases (MMPs) (Weiler et al., 2002). Consistent with previous studies, matrix metalloproteinase-3 (MMP3) was also found to be highly expressed in the inflammatory response NPC cluster (IR NPC), which accounted for a highly proportion of NP cells in the late stage of IDD. This is also consistent with our previous study that has demonstrated that inflammation was one of the main contributors to IDD (Molinos et al., 2015; Wei et al., 2015; Wei et al., 2019; Sun et al., 2021). Further analysis showed that the gene thioredoxin-interacting protein (TXNIP), early growth response 1 (ERG1), and fibroblast growth factor 1 (FGF1) were also highly expressed in this cluster. It has been reported that FGF1 was extensively related to tissue fibrosis (MacKenzie et al., 2015; Shimbori et al., 2016). In this study, highly expressed FGF1 in the IR NPC cluster might predict the close relationship between fibrosis and inflammation in the late stage of IDD. However, the specific mechanisms are warranted for further study. Functional enrichment analysis suggested that endoplasmic reticulum stress was activated in the IR NPC cluster. Consistent with this analysis, ERG1 was highly expressed in this cluster. A previous study reported that the extracellular regulated kinase (ERK) arm of the mitogen-activated protein kinase (MAPK) signaling pathway could mediate endoplasmic reticulum stress-induced ERG1 (Zou and Liu, 2021). These results provide new clues for gene intervention related to the progression of IDD.
Several limitations of this study should be acknowledged. First, the normal NP tissues were absent in this study due to the difficult collection of human samples in clinic. Therefore, the results might not fully identify the cell populations at single-cell resolution. In addition, to be honest, it is a real tough work to isolate adequate cells from highly degenerated discs. Thus, the most degenerated disc (grading Ⅴ based on the Pfirrmann grading system) was also not included in this study. Lastly, we did not verify most of the results using large-scale clinical samples and data. Hence, further studies are warranted in the near future, to overcome the limitations mentioned above.
In conclusion, our scRNA-seq results allowed for identification of NP cell populations at single-cell resolution and at the relatively whole-transcriptome scale, followed by the paths of cellular communications, discriminative markers, and transcription factors in relation to specific cell subsets (i.e., NP cells and immune cells), especially the interaction between macrophage polarization and the metabolism of NP progenitor cells, which might play a crucial role in the progression of IDD. These new findings open new possibilities for providing diagnostic and therapeutic strategies for IDD-related bioremediation and healthcare.
MATERIALS AND METHODS
NP Samples
NP tissues were obtained from three patients diagnosed with lumbar disc herniation at the levels of L4–L5 or L5–S1, who were undergoing discectomy. All the patients were males and the age was 23, 32, and 44 years old, respectively. All participants included were confirmed with MRI images before surgery. Pfirrmann grading was used to assess the degree of degeneration (Pfirrmann et al., 2001). This study was approved by the Ethics Committee of Zhongshan Hospital, Fudan University (B2019-178). All the patients signed informed consent forms before participation. The intervertebral disc tissue resected during the operation was transported immediately to the laboratory under 4°C cold storage for single-cell suspension preparation.
Isolation of Human NP Cells
When the NP samples were delivered, they were washed at least 3 times in sterile PBS buffer to wash away blood and prevent contamination. The NP tissues were then cut into 1 mm3 pieces in PBS buffer, and digested with 1 mg/ml type II collagenase (Gibco, United States) at 37°C in an atmosphere of 5% CO2 for 2–4 h until the tissue dissolved into a single-cell suspension. The isolated cells were filtered using 40-μm nylon filters (BD, United States) and washed twice with sterile phosphate-buffered saline containing 5% fetal bovine serum (Gibco) to remove cell fragments. All steps were performed on ice to preserve cell viability. Cell activity was determined by trypan blue staining; only samples with a viability of >80% were used in subsequent experiments. The cell density was then adjusted to 106/ml for scRNA-seq.
Library Construction for 10X scRNA-Seq
The libraries were prepared with Chromium Single cell 3′ Reagent v3 Kits (10× Genomics, United States) according to the manufacturer’s protocol. Each single-cell suspension was mixed with primers, enzymes, and the gel beads containing barcode information, and then loaded on a Chromium Single Cell Controller (10× Genomics) to generate single-cell gel beads in emulsions (GEMs). Each gel bead was bonded to one single cell and then wrapped with an oil surfactant. After generating the GEMs, reverse transcription was performed using barcoded full-length cDNA followed by the disruption of emulsions using the recovery agent and cDNA clean up with DynaBeads Myone Silane Beads (Thermo Fisher Scientific, United States). cDNA was then amplified by PCR with an appropriate number of cycles and thermal conditions that depended on the recovery cells. Subsequently, the amplified cDNA was fragmented, end-repaired, A-tailed, ligated to an index adaptor, and subjected to library amplification. The cDNA library was sequenced on a NovaSeq 6000 sequencer (Illumina, United States). These procedures were performed by OE Biotech, Inc., Shanghai, China. Raw data can be found in online repositories (https://www.biosino.org/node/search), and the accession number is oep001692.
snRNA-Seq Data Analysis
Alignment
Raw reads were aligned to the human genome (hg38), and gene expression matrices were generated for each sample by the cell ranger (v6.0.1) count function with default parameters.
Cell Clustering and Cell-type Annotation
The R package Seurat (v4.0.5) was used to cluster the cells in the merged matrix data. Cells with <200 transcripts and >5,000 transcripts detected were filtered out as low-quality cells. From the filtered cells, the gene expression matrices were normalized to the total UMI counts per cell and transformed to the natural log scale. To correct the batch effects, we integrated different samples using the R package Harmony. The FindVariableFeatures function was used to obtain the top 2,000 highly variable genes (HVGs) of each sample. The default dimensions parameters (1:20) were used for the anchor-weighting procedure. The integrated dataset on all cells was then used to scale and center the genes, and compute the principal components (PCs). After PCA to reduce dimensionality and build k-nearest neighbor graphs (k = 10) of the cells with the function FindNeighbors based on the Euclidean distance in the 50-dimensional PC space, the main cell cluster was identified using the Louvain-Jaccard graph-based method. For classifying all filtered cells, the clustering parameter resolution was set to be 2.0 with the function FindClusters in Seurat. Next, the function RunUMAP with dimensions parameters (1:30) in Seurat was used to reduce high dimension into two dimensions (2D) for visualization. Lastly, we run the Seurat FindAllMarkers function to identify the genes specifically expressed in each cluster. The significance of the differences in gene expression was determined using the Wilcoxon rank sum test with Bonferroni correction, and cell types were manually annotated based on the cluster markers. A marker-cluster heatmap was generated with the R pheatmap (v1.0.12) package, and the marker genes of each cluster were used to perform GO enrichment analysis with clusterProfiler (v3.14.3) R package.
DEGs Analysis
Differentially expressed genes (DEGs) testing of each cell type was performed using the FindMarkers function in Seurat. The significance of the differences in gene expression was determined using the Wilcoxon rank sum test with Bonferroni correction. The differences in genes of the two groups in each subcluster were determined based on following criteria: (1) expressed in more than 10% of the cells within either group or both groups; (2) |log2FC| > 0.25; and (3) Wilcoxon rank sum test adjusted p-value < 0.05.
GO Enrichment Analysis
Enrichment scores (p-values) for selected numbers of GO annotations were calculated by clusterProfiler (v3.14.3) R package with a hyper-geometrical statistical test with a threshold of 0.05, and the Benjamini-Hochberg method was used to estimate the false discovery rate (FDR). Enrichment was calculated for the input DEGs in subcluster. The background in human data was all the genes listed in the database of org.Hs.eg.db. Lastly, the barplot function was run for visualization.
Pseudotime Trajectory Construction
The trajectory analysis was performed using the Monocle2 R package (v2.14.0) to reveal cell state transitions in NP cell clusters and immune cell clusters. The data were normalized by the estimateSizeFactors and estimateDispersions functions with the default parameters. We used the differentially expressed genes (DEGs) to sort the cells into pseudo-time order. Dimensional reduction and cell ordering were performed using the DDRTree method and the orderCells function. Lastly, the plot_cell_trajectory function was run for visualization.
Cell–Cell Ligand–Receptor Interaction Analysis
CellChat (v1.1.3) was applied for ligand–receptor analysis. The normalized counts and cell-type annotations for each cell were imputed into CellChat to determine the potential ligand–receptor pairs. Interaction pairs with p value > 0.05 were filtered out from further analysis. The interaction of Macphage and NP cells was analyzed. Selected specific pairs were plotted in CellChat with default parameters.
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The neuron-restrictive silencer factor (NRSF), also known as repressor element 1 (RE-1) silencing transcription factor (REST) or X2 box repressor (XBR), is a zinc finger transcription factor that is widely expressed in neuronal and non-neuronal cells. It is a master regulator of the nervous system, and the function of NRSF is the basis of neuronal differentiation, diversity, plasticity, and survival. NRSF can bind to the neuron-restrictive silencer element (NRSE), recruit some co-repressors, and then inhibit transcription of NRSE downstream genes through epigenetic mechanisms. In neurogenesis, NRSF functions not only as a transcriptional silencer that can mediate the transcriptional inhibition of neuron-specific genes in non-neuronal cells and thus give neuron cells specificity, but also as a transcriptional activator to induce neuronal differentiation. Many studies have confirmed the association between NRSF and brain disorders, such as brain injury and neurodegenerative diseases. Overexpression, underexpression, or mutation may lead to neurological disorders. In tumorigenesis, NRSF functions as an oncogene in neuronal tumors, such as neuroblastomas, medulloblastomas, and pheochromocytomas, stimulating their proliferation, which results in poor prognosis. Additionally, NRSF-mediated selective targets gene repression plays an important role in the development and maintenance of neuropathic pain caused by nerve injury, cancer, and diabetes. At present, several compounds that target NRSF or its co-repressors, such as REST-VP16 and X5050, have been shown to be clinically effective against many brain diseases, such as seizures, implying that NRSF and its co-repressors may be potential and promising therapeutic targets for neural disorders. In the present review, we introduced the biological characteristics of NRSF; reviewed the progress to date in understanding the roles of NRSF in the pathophysiological processes of the nervous system, such as neurogenesis, brain disorders, neural tumorigenesis, and neuropathic pain; and suggested new therapeutic approaches to such brain diseases.
Keywords: neuron-restrictive silencer factor (NRSF), neuron-restrictive silencer element, brain disorders, neuropathic pain, neurogenesis, tumorigenesis
INTRODUCTION
The neuron-restrictive silencer factor (NRSF), also known as repressor element 1 (RE-1) silencing transcription factor (REST) or X2 box repressor (XBR), is a zinc finger transcription factor that is widely expressed in both neuronal and non-neuronal cells in different species as well as in normal and abnormal brain tissues (Zhao et al., 2017). It was initially reported independently by two study groups in 1995 to be a master repressor in neurogenesis (Schoenherr and Anderson, 1995a; Chong et al., 1995). NRSF inhibits the expression of target genes by binding to the neuron-restrictive silencer element (NRSE/RE-1) that is present in the regulatory region of the neuron-specific genes (Roopra et al., 2004; Valouev et al., 2008; Song et al., 2015). NRSF can also specifically activate neuron-related genes, mainly small non-coding region genes, such as the dynamin I gene (Yoo et al., 2001). The dynamic expression and variable levels of NRSF in different cells and tissues and at different stages throughout the development of the nervous system are vital to blocking the expression of neuron-specific genes in non-neuron cells and ensuring the establishment of neuronal specificity (Palm et al., 1998).
In recent decades, accumulating evidence has also shown the high involvement of NRSF in neurogenesis, brain disorders, tumorigenesis, as well as NPP. Chen et al. reported that knockdown of NRSF during embryogenesis could lead to brain abnormalities and the premature death of mice (Chen et al., 1998). Additionally, more and more compounds that target NRSF or its co-repressors, such as REST-VP16, X5050, and valproic acid (VPA), seem to be clinically effective against brain diseases, including seizures and NPP (Immaneni et al., 2000; Warburton et al., 2015; Zhao et al., 2017). These findings suggest that NRSF plays multiple roles in the pathophysiological process of the nervous system, and it may be a promising potential therapeutic target for certain brain disorders. Therefore, in the current review, we aimed to summarize the recent studies about NRSF in the nervous system, which will facilitate a better understanding of the pathophysiology of NRSF in the nervous system and promote NRSF-targeted clinical applications.
BIOLOGICAL CHARACTERISTICS OF NRSF
NRSE is a 21- to 23-bp DNA sequence that is highly conserved among species and is the target sequence for NRSF protein binding (Thiel et al., 1998). It was first identified in the voltage-gated type II sodium channel and the promoter of the superior cervical ganglion gene 10 (SCG10) (Kraner et al., 1992). NRSE may not be the only target sequence for NRSF. Otto et al. (2007) and (Johnson et al., 2010) found a bisect sequence that was different from the recognized common sequence of NRSE, and there were 16–19 bases between the two parts of the sequence, suggesting that there might be more NRSF binding sites.
NRSF is a transcription regulatory protein belonging to the Gli–Kruppel transcription factor family with a molecular weight of 116 ku and a full length of 1,069 amino acids (Schoenherr and Anderson, 1995b; Chong et al., 1995). Previous studies have shown that NRSF amino acid sequences in different species have high homology (Bruce et al., 2004). Generally, NRSF contains nine Cys/His2 zinc finger structures, one DNA-binding domain, one lysine-rich region, one proline-rich region, and two repression domains (N-terminal and C-terminal repressor domains) (Schoenherr and Anderson, 1995a; Chong et al., 1995). Zinc finger structures 2 through 5 mainly play the role of nuclear localization, zinc finger structures 6 to 8 can bind to target sequences, and zinc finger structure 9 has the function of target DNA and RNA recognition (Schoenherr and Anderson, 1995b; Chong et al., 1995). NRSF has different transcripts because of alternative splicing. These transcripts lack the C-terminal repressor structure compared to NRSF. They can antagonize the transcriptional inhibition by NRSF and activate gene transcription (Palm et al., 1998). For example, REST 4, a truncated form of NRSF found in humans or rodents and mainly expressed in neuronal cell or tissues, can act as “anti-silencer” that competitively binds to NRSE, thereby promoting neuron-specific gene expression (Tabuchi et al., 2002). In several pathophysiological processes, such as neurogenesis, neurological disorders, and non-neuronal tumorigenesis, the dynamic balance between REST 4 and NRSF has been reported as playing an important role (Coulson et al., 2000; Yu et al., 2009; Raj et al., 2011).
MECHANISM OF TRANSCRIPTIONAL INHIBITION BY NRSF
The NRSF-mediated transcriptional inhibition mechanism is very complicated (Figure 1). It is mainly based on repressor domains at both ends of NRSF and relies on the assistance of multiple regulatory factors. The N-terminal and C-terminal repression domains can independently exert transcriptional inhibition of neuron-specific genes by recruiting co-repressors. When NRSF specifically binds to the NRSE sequence of the target gene, the N-terminal repression domain can bind to mSin3A/B and recruit histone deacetylase (HDAC) transcriptional inhibition complexes. The complex deacetylates lysine residues of nucleosome histones, prompting tight nucleosome encapsulation to form heterochromatin that blocks the transcription of target genes and thus maintains gene silencing (Naruse et al., 1999). The C-terminal repression domain can bind to REST co-repressor proteins (CoRESTs). The SANT (SWI/SNF, ADA, NCoR, and TFIIIB) domain of CoRESTs provides a platform for the assembly of specific transcription inhibitors, and CoRESTs also act as molecular beacons to further attract HDAC1, HDAC2, methyl-CpG-binding protein-2 (MeCP2), and histone H3 and K4 lysine demethylase to promote and maintain methylated CPG-dependent gene silencing (Lakowski et al., 2006; Ooi and Wood, 2007). Under certain conditions, the transcriptional inhibition by NRSF also depends on the synergic repression by other epigenetic regulators, such as C-terminal binding protein, DNA methyltransferase, chromatin remodeling enzyme, Sp3 (one member of the Sp factor family), CDYL (chromodomain on Y-like), MED19, and MED26 (Shi et al., 2003; Mulligan et al., 2008; Ding et al., 2009; Formisano et al., 2015). For example, synergic repression by Sp3 is required for NRSF to suppress ncx1 gene transcription in brain ischemia (Formisano et al., 2015).
[image: Figure 1]FIGURE 1 | A schematic illustration of the transcriptional repression mechanism by NRSF. (A) After specifically binding of NRSF to the NRSE sequence of the target gene, the N-terminal repression domain of NRSF can bind to mSin3A/B, and recruit HDACs and other factors to form transcriptional inhibition complex. The complex deacetylates lysine residues of nucleosome histones, prompting tight nucleosome encapsulation to form heterochromatin that blocks the transcription of target genes and thus maintains gene silencing. (B) The C-terminal repression domain can bind to REST co-repressor proteins (CoRESTs), and further attract HDAC1, HDAC2, and MeCP2 to promote and maintain methylated CPG-dependent gene silencing. (C) LncRNAs and microRNAs regulate the expression of NRSF through the regulatory feedback mechanism. (D) Ubiquitin dynamically modulates NRSF expression by degrading NRSF through ubiquitin-mediated proteolysis. nSR100 negatively regulate NRSF by inducing alternative slicing of NRSF. NRSF transportation disorder reduces the NRSF level in the nucleus, thus alleviating the transcriptional repression by NRSF.
Noncoding RNAs, including microRNAs and lncRNAs, as well as ubiquitin and other factors, may be involved in NRSF-based transcription regulation. NRSF represses the expression of many microRNAs, while microRNAs can in turn regulate the expression of NRSF through the regulatory feedback mechanism and participate in the pathophysiological process of the nervous system (Kuwabara et al., 2004; Conaco et al., 2006; Laneve et al., 2010; Hwang et al., 2014; Rockowitz et al., 2014; Brennan et al., 2016). For instance, Laneve et al. (2010) and Conaco et al. (2006) reported that the interaction between miRNA-9 or miRNA-124a and NRSF may be related to the maintenance of neuronal-differentiation programs. Brennan et al. (2016) found that miR-124 is involved in epileptogenesis by effectively blocking NRSF upregulation and enhancing microglia activation and inflammatory cytokines. Ubiquitin is a NRSF regulator that modulates NRSF degradation through ubiquitin-mediated proteolysis via a Skp1-Cul1-F-box protein complex containing an E3 ubiquitin ligase (β-TRCP). Ubiquitin-mediated NRSF degradation is required for proper neuronal differentiation, which promotes the expression of neuron-specific genes in neuronal cells (Westbrook et al., 2008). In addition, other factors, such as nSR100, can also negatively regulate NRSF by inducing alternative slicing of NRSF. The transcripts of NRSF antagonize transcriptional inhibition by NRSF, and thereby activate the expression of NRSF-targeted genes (Raj et al., 2011).
NRSF transport disorder may also be involved in NRSF-mediated transcriptional inhibition. Normally, NRSF is synthesized in the cytoplasm. Most NRSFs need to be transported into the nucleus to bind with NRSE and play a transcriptional-inhibitory role (Zhao et al., 2017). Meanwhile, NRSF retained in the cytoplasm can be drawn to the ribosome to activate translation-initiation factors and upregulate neuron-specific gene expression. However, some special protein molecules, such as the Huntingtin protein, can reduce NRSF in the nucleus by “arresting” part of NRSF in the cytoplasm, thereby upregulating the expression of NRSF target genes in the nucleus (Bessis et al., 1997; Zuccato et al., 2003).
NRSF AND NEUROGENESIS
At the cellular level, nervous system development is the differentiation of embryonic stem (ES) cell-derived neuronal stem cells into neuronal progenitor cells with a limited self-renewal capacity and then into neuroblasts and glioblasts, which in turn give rise to neurons and glial cells. These changes are macroscopically expressed as the generation of the nervous system (D’Aiuto et al., 2014). Traditionally, the main mechanism of the regulation of nervous system development is believed to be that transcription activators that enhance gene expression are induced by the body step by step to activate neuron-specific gene expression, thus promoting the specialization of the nervous system. However, the advent of NRSF suggested that the “unlocking” of some key genes is also an important regulatory mechanism (Schoenherr and Anderson, 1995a). The release of NRSF from NRSE sequences of these genes results in the release of gene transcriptional inhibition and the expression of characteristic products of the nervous system. To date, these neuron-specific genes containing NRSE are known to include 1) ion channels, such as the NaCh II gene; 2) neurotransmitters and their synthases, such as the neurotransmitter gene TACl; 3) synaptic vesicle proteins; 4) cell-adhesion molecules, such as the protocadherin gene; 5) hormones, such as neurokinin B01 and human tyrosine hydroxylase; and 6) neurotrophic factors, cytoskeletal proteins, and extracellular matrix genes (Kraner et al., 1992; Sun et al., 2005; Kim M. Y. et al., 2006; Greco et al., 2007; D’Alessandro et al., 2009; Gillies et al., 2009; Abrajano et al., 2010; Tan et al., 2010). These NRSF-target genes are commonly involved in neuronal differentiation and synaptic plasticity, including ion conductance, axonal growth, and vesicle transport and release (Sun et al., 2005). Under the transcriptional regulation of NRSF, these neuron-specific genes are differentially expressed in various cells at different stages of nervous system development. However, the regulatory mechanism of NRSF synthesis remains unclear (Zhao et al., 2017). Several cytokines and signaling pathways have been shown to regulate NRSF expression, including IκB kinase α, bone morphogenetic protein, Oct4, β-TrCP, canonical Wnt pathways, and RA pathways (Nishihara et al., 2003; Kohyama et al., 2010; Ohnuki et al., 2010; Khoshnan and Patterson, 2012). Intriguingly, the NRSE sequence was also found to be contained in the gene promoter of NRSF, indicating that NRSF expression is also regulated by self-feedback (Sun et al., 2005; Abrajano et al., 2010).
NRSF is involved in the regulation of ES cell totipotency maintenance and self-renewal ability. In vitro, the silencing of NRSF target genes in ES cells of mice resulted in the loss of the self-renewal ability of these ES cells, and the expression levels of important genes maintaining cell totipotency, such as Oct4, Nanog, Sox2, Tbx3, and c-myc, were significantly downregulated. Exogenous addition of NRSF protein could restore the self-renewal ability of these cells (Kim S. M. et al., 2006; Singh et al., 2008). In vivo, knockout of the NRSF gene in mice resulted in early embryonic lethality with deficient neurogenesis due to the decreased self-renewal ability of ES cells (Zhao et al., 2017). In humans, Bahn et al. (2002) reported that neurological deficits in patients with Down syndrome are due to reduced NRSF expression in ES cells and the premature onset of neuronal differentiation, apoptosis, or neuronal loss. Decreased NRSF levels in ES cells and a mouse model of Down syndrome reduced the expression of totipotency maintenance–related transcription factors such as Oct4, Nanog, and Sox2, while the expression of specific differentiation-related transcription factors (e.g., GATA4, GATA6, FOXA2, PITX2, and SNAI1) were upregulated (Canzonetta et al., 2008). All this evidence suggests that NRSF plays an important role in the self-renewal ability and maintenance of totipotency of the inner cell mass during blastocyst formation. However, several contrary studies have shown that the perturbation of NRSF in embryonic stem cells does not alter their differentiation status (Buckley et al., 2009; Jørgensen et al., 2009; Yamada et al., 2010; Soldati et al., 2012). For example, Jørgensen et al. (2009) reported that NRSF-deficient embryonic stem cells remain pluripotent, capable of differentiating into cells of the three germ layers, i.e., mesoderm, endoderm, and ectoderm. They argued that ES cell pluripotency needs to be evaluated in a complex context, but not only under culture conditions. Moreover, extracellular matrix components, such as feeding cells and laminin, may salvage the role of NRSF in ESC pluripotency (Singh et al., 2012). Taken together, these findings suggest that NRSF is an important but not indispensable element in maintaining ES cell totipotency and self-renewal ability, though NRSF depresses the neuron-specific gene expression program.
NRSF also plays an important part in regulating neuronal differentiation and neurogenesis. In vitro, several studies have demonstrated that downregulation of NRSF is required to induce the differentiation of ES cells toward the neuronal lineage (Ekici et al., 2008; Gao et al., 2011). High levels of NRSF in the nucleus of ES cells and neuronal stem cells maintain high transcriptional inhibition of neuron-specific genes, while the level of NRSF in neuronal progenitor cells, neuronal precursor cells, and neurons is gradually decreased, and the expression level of NRSF-target genes such as Drd2, Syt2, and Kirrel3, is gradually increased on the whole, thereby ensuring the normal process of neuronal differentiation and endowing neuronal specificity (Sun et al., 2005). These findings are similar to those of studies by Gupta et al. (2009) and Yang et al. (2008), which found that NRSF regulates the differentiation of ES cells or bone marrow-derived mesenchymal stem cells into neurons, accompanied by the increased expression of various characteristic proteins of neurons. Additionally, several in vivo studies also confirmed the roles of NRSF in neuronal differentiation and neurogenesis (Chen et al., 1998; Olguín et al., 2006; Gao et al., 2011). In Xenopus embryos, NRSF inhibition resulted in abnormal neurogenesis, including perturbations of the cranial ganglia, neural tube, and visual development; reduced expression of neural crest markers; and expression loss of pro-neural, neuronal, and neurogenic genes (Olguín et al., 2006). In chicken embryos, NRSF inactivation caused repression of neuronal tubulin and several other neuronal genes, while overexpression of NRSF inhibited endogenous target genes and increased the frequency of axon guidance errors (Chen et al., 1998). Similar findings have been reported in zebrafish (Wang et al., 2012). Knockdown of NRSF resulted in gastrulation delay or blockage and subsequent embryo lethality with deficient neurogenesis (Wang et al., 2012). In summary, this evidence both in vivo and vitro demonstrates that NRSF-mediated neuron-specific gene repression is an important regulatory mechanism in neuronal differentiation and neurogenesis.
The development of the nervous system is a complex, continuous, and gradual process. Although NRSF-mediated gene repression is an important regulatory mechanism in the establishment and maintenance of neuronal identity, it also requires post-transcriptional downregulation of non-neuronal transcripts, which is modulated by the interaction between NRSF and microRNAs (Yu et al., 2011; Conti et al., 2012). For example, NRSF regulates the expression of miR-124, and miR-124 in turn targets the messenger RNA (mRNA) of small C-terminal domain phosphatase l, leading to reduced expression of small C-terminal domain phosphatase l in differentiated neurons and the downregulation of NRSF transcriptional inhibition, thus participating in cell differentiation and neurogenesis (Conti et al., 2012). It should be emphasized that NRSF is not the sole master regulator responsible for neuronal fate acquisition; instead, NRSF acts as a regulatory hub that mediates multiple levels of neuronal development (Zhao et al., 2017).
NRSF AND BRAIN DISORDERS
The above evidence has shown that NRSF is involved in multiple physiological processes of normal brain function. Therefore, overexpression, underexpression, mutation, or abnormal distribution of NRSF may lead to brain dysfunction. The following neurological diseases have been reported to closely correlate with aberrant expression of NRSF: neurodegenerative diseases (e.g., HD, PD, dementia, Down syndrome, and Niemann–Pick type C disease [NPC]), brain injury (e.g., ischemia injury, global ischemia, and stroke-related brain injury), seizures, mental diseases, and other disorders, like alcoholism (Lepagnol-Bestel et al., 2009; Cai et al., 2011; Yu et al., 2013; Henriksson et al., 2014; Hwang and Zukin, 2018; Kawamura et al., 2019). Comprehensive understanding the underlying mechanisms of NRSF and its copartners in these diseases contributes to identifying potential therapeutic targets.
HD is a neurodegenerative disease directly caused by mutations in the Huntington protein (Htt) (Hwang and Zukin, 2018). Under normal physiological conditions, dynactin p150Glued, huntingtin-associated protein 1 (HAP1), REST-interacting LIM domain protein (RILP), and huntingtin form a complex that can interact with NRSF and be involved in the translocation of NRSF into the nucleus, of which HAP1 is responsible for the cellular localization of NRSF in neurons. The wild-type Htt sequesters NRSF in the cytoplasm of mouse striatum neurons, thereby inhibiting its function (Shimojo and Hersh, 2006; Shimojo, 2008). However, the mutant Huntington protein reduces the binding ability of the complex to NRSF, and NRSF is massively transferred to the nucleus (Hwang and Zukin, 2018). The high concentration of NRSF in the nucleus highly inhibits the transcription of protein-coding genes and non–protein-coding genes containing NRSE sequences, thereby resulting in neuronal death (Zuccato et al., 2007; Johnson et al., 2010). For example, brain-derived neurotrophic factor (BDNF), an NRSF-target gene that is essential for neuronal survival, plasticity, and dendritic growth, is repressed in HD due to the high level of NRSF in the nucleus and the formation of the repressor complex on the promoter of BDNF, ultimately resulting in neurodegeneration (Zuccato et al., 2003). NRSF represses the transcription process of genes other than BDNF, which may also involve in the pathophysiological process of HD, such as synaptophysin, synaptosomal nerve-associated protein 25, fibroblast growth factor 1, and mitochondrial ornithine aminotransferase, which are responsible for synaptic activity, immunomodulation, neurotransmitter release, the secretion of neurotransmitters, striatal neuronal survival, and glutamate synthesis (Wong et al., 1982; Zuccato et al., 2007; Soldati et al., 2011). The underlying mechanisms of NRSF in HD are complicated and remain nebulous. On one hand, NRSF may be involved in HD by blocking the expression of these neuronal genes through an epigenetic mechanism. Deacetylation on the promoters of several neuronal genes that encode neuronal proteins responsible for morphogenesis and neurogenesis was increased, such as polo-like kinase and Ras and Rab interactor 1 (Guiretti et al., 2016). Furthermore, the use of HDAC inhibitors improved motor dysfunction and survival due to less neuronal loss in a mouse model of HD (Ferrante et al., 2004; Gardian et al., 2005). Complicatedly, the epigenetic pathway in HD is not only regulated by NRSF but also by other factors, and it may also occur in the absence of NRSF (Pogoda et al., 2021). On the other hand, NRSF may be involved in HD by interacting with microRNAs. For example, miR-9, a microRNA that regulates NRSF expression levels, upregulated NRSF in HD through a negative feedback mechanism (Packer et al., 2008).
PD is another neurodegenerative disease associated with abnormalities in NRSF. In human dopaminergic SH-SY5Y cells treated with neurotoxin 1 (MPP+), the NRSF expression level and nucleo-plasma distribution ratio in cells were changed, resulting in repression of NRSF-target genes and the death of dopaminergic neurons. Meanwhile, alternation of NRSF expression by RNAi techniques reversed cell viability (Yu et al., 2009). The synchronous occurrence of NRSF abnormality and dopaminergic neuron death suggests that NRSF is related to HD. Furthermore, the tyrosine hydroxylase gene, a rate-limiting enzyme of dopamine synthesis, may be an NRSF-target gene and is repressed by NRSF because suppression of NRSF with the HDAC inhibitor promotes tyrosine hydroxylase promoter activity (Kim M. Y. et al., 2006). Meanwhile, Ohnuki et al. (2010) observed that the expression of NRSF correlates with the dysregulation of striatal genes in an MPTP-lesioned monkey model. Taken together, this evidence implies that NRSF-mediated target gene repression is an important mechanism in the development of PD.
During normal aging, NRSF is induced in part by cell non-autonomous Wnt signaling, and targets and suppresses several genes that promote cell death and Alzheimer’s disease (AD) pathology. However, in several dementias, such as AD, frontotemporal dementia, and dementia with Lewy bodies, NRSF is almost absent from the nucleus of cortical and hippocampal neurons, while it is found in autophagosomes together with misfolded proteins, thus leading to the upregulation of NRSF-target genes and causing neurodegeneration, which is consistent with the finding that conditional deletion of NRSF from the mouse brain leads to age-related neurodegeneration (Lu et al., 2014). NRSF is also involved in NPC, a lysosomal storage disorder-related neurodegenerative disease characterized by cholesterol accumulation in late endosomes and lysosomes, which is caused by a null mutation in the NPC1 gene (Du et al., 2015). In NSCs derived from NPC1-deficient mice, valproic acid (VPA) increases neuronal differentiation and restores impaired astrocytes. Moreover, several neurotrophic genes, such as TrkB, BDNF, and NeuroD, are upregulated by blocking the function of NRSF with VPA treatment (Kim et al., 2007).
The above evidence confirms the involvement of NRSF in the development of neurodegenerative diseases. NRSF is involved in seizures and other epilepsy-promoting insults as well. Increased expression of NRSF in hippocampal neurons has been observed, and the epileptic phenotype can be attenuated by suppressing NRSF function (McClelland et al., 2011). Many NRSE-containing genes in the hippocampus that code for receptors, ion channels, and other important proteins can be restored by blocking the binding site of NRSF to chromatin, which further demonstrates the involvement of NRSF in the development of seizures (McClelland et al., 2014). Furthermore, brain ischemia, global ischemia injury, ischemia–reperfusion injury, or stroke-related injury that causes neuronal damage or delayed death of hippocampal CA1 pyramidal neurons may also be associated with aberrant expression of NRSF. On the one hand, increased NRSF expression in ischemia injury may suppress GluR2 promoter activity and gene expression, which is essential for synaptic plasticity and synaptic remodeling. In an in vitro model, Calderone et al. (2003) demonstrated that acute knockdown of the NRSF gene reverses GluR2 suppression and rescues post-ischemic neurons from ischemia-induced cell death. On the other hand, increased NRSF may downregulate mu opioid receptor 1 (MOR-1) mRNA and protein expression which is abundantly expressed in basket cells and inhibitory interneurons of CA1 via epigenetic modifications. Ischemia promotes the deacetylation of core histone proteins H3 and H4 and the dimethylation of histone H3 at lysine-9 over the MOR-1 promoter. Acute knockdown of MOR-1 gene expression protects against ischemia-induced death of CA1 pyramidal neurons in vivo and in vitro (Formisano et al., 2007). In recent research, Luo et al. (2020) reported that cerebral ischemia–reperfusion injury caused a downregulation of HCN1 expression by enhancing the nuclear NRSF–HDAC4 gathering that contributes to neuron damage, which further demonstrates the involvement of NRSF in brain ischemia injury. Additionally, the interaction of NRSF and casein kinase 1 (CK1) or miR-132 (a microRNA that is important for synaptogenesis, synaptic plasticity, and structural remodeling) is also implicated in ischemia-induced hippocampal cell death. Ischemic insults promote NRSF binding and epigenetic remodeling at the miR-132 promoter and silencing of miR-132 expression in selectively vulnerable hippocampal CA1 neurons. Depletion of NRSF by an RNAi technique blocks ischemia-induced loss of miR-132 in insulted hippocampal neurons in vivo, consistent with a causal relationship between the activation of NRSF and silencing of miR-132 (Wu and Xie, 2006; Hwang et al., 2014). In addition, overexpression of miR-132 in primary cultures of hippocampal neurons or delivered directly into the CA1 of living rats by means of the lentiviral expression system prior to induction of ischemia protects against ischemia-induced neuronal death (Hwang et al., 2014). Brain ischemia injury also triggered a downregulation of CK1 and an upregulation of NRSF in rat hippocampal CA1 neurons. Administration of the CK1 activator immediately after ischemia could successfully suppress the expression of NRSF and rescue neuronal death (Kaneko et al., 2014). In addition, several studies also revealed the involvement of NRSF in mental diseases. Tateno et al. showed that ethanol-induced neuronal loss is associated with increased NRSF. The abnormal neuronal differentiation of NSCs induced by ethanol can be rescued by lithium and mood-stabilizing drugs by blocking the binding activity of NRS to chromatin (Tateno et al., 2006; Tateno and Saito, 2008).
NRSF AND TUMORIGENESIS
NRSF plays different roles in different tumor types. Under normal physiological conditions, NRSF is highly expressed in non-neuronal cells, but there is almost no or very low expression of it in mature neuronal cells (Song et al., 2015; Zhao et al., 2017). On the contrary, NRSF expression is decreased in non-neural tumors and increased in neural tumors. Thus, NRSF is thought to play a tumor-suppressor role in non–nervous system tumors, while it acts as a proto-oncogene in nervous system tumors (Huang and Bao, 2012). Currently, the neurogenic tumors that have been reported to be related to NRSF mainly include gliomas, medulloblastomas, and pheochromocytomas, among which adverse drug reactions, high recurrence rate, and poor prognosis are still important problems for patients with such tumors. In this section, we focus on the progress made in the regulatory mechanisms of NRSF in neural tumors.
Glioma (neuroglioma) is the most common type of tumor of the central nervous system and has no effective therapies due to its poor differentiation, rapid proliferation, and strong tissue invasion (Reifenberger et al., 2017). NRSF was found to be highly expressed in glioma tumor cells and tissues. Conti et al. (2012) reported that the expression level of NRSF in tumorigenic glioma cell lines was significantly higher than that in brain-derived neural stem cells. Furthermore, the expression level of NRSF mRNA in glioma tumor tissues was two to five times higher than that in normal brain tissues (Conti et al., 2012). In vitro, NRSF was found to be involved in glioma cell line formation. Overexpression of NRSF prevents neuronal cells from differentiating into glial cells but induces glioma cell line formation (Bergsland et al., 2014). By altering the expression of telomere-binding protein 2 and ubiquitin ligase E3, the upstream regulators of NRSF, the growth of glioma stem cells was accelerated, and differentiation was reduced after the reduction in NRSF expression (Bai et al., 2014). Moreover, NRSF is a master regulator that maintains glioblastoma cell proliferation and migration. Inhibition of NRSF suppresses proliferation and migration in glioblastoma cells, partly through regulating the cell cycle by repressing downstream genes (Conti et al., 2012). In clinical practice, Wagoner and Roopra (2012) observed that glioblastoma patients with high NRSF expression have greater malignancy, less sensitivity to chemotherapy, and significantly lower overall survival than patients with low NRSF expression. Taken together, this evidence suggests that high expression of NRSF found in both glioma tissues and cell lines may regulate the growth of glioma cells by affecting their proliferative ability and tumorigenicity, and that NRSF may be a prognostic factor of glioma because the degree of deterioration of glioma is positively correlated with the level of NRSF expression. The underlying mechanisms of NRSF gliomas are complicated. On the one hand, NRSF can regulate the tolerance of glioma cells to glutamate by inhibiting GluR2 expression and improve their adaptability to the living environment. Glutamate secreted by glioma cells can produce a certain degree of cytotoxicity to itself through glutamate receptors on the cell surface, and interference with the expression of glutamate receptors can reduce the sensitivity of glioma cells to glutamate (Ekici et al., 2012). Ekici et al. (2012) reported that the overexpression of NRSF reduced the mRNA expression of the GluR2 gene (an important type of glutamate receptor subtype, containing an NRSF sequence), and the expression of GluR2 increases following interference in NRSF expression with shRNA or induction of NRSF mutation. On the other hand, the actions of NRSF in gliomas involve microRNAs. These microRNAs include tumor-promoting miR-21, miR-10b, and miR26a, and tumor-inhibiting miR-326, miR-128, miR-181, miR-7, and miR-124a (Fu et al., 2018; Huang et al., 2019; Bautista-Sánchez et al., 2020; Bhere et al., 2020; Rezaei et al., 2020; Stakaitis et al., 2020; Wang et al., 2020). For example, high NRSF expression in glioblastoma decreases the miR-124a expression, and thereby increasing the expression of NRSF-target genes, such as SNAI-1 (a transcription factor that promotes cell invasion and tumor metastases), Scp1, and PTPN12 (two small phosphatases), and finally stimulating cell proliferation (Tivnan et al., 2014). In addition, several studies have also confirmed the role of the balance between NRSF and REST4 in gliomas (Chen and Miller, 2013; Ren et al., 2015; Li et al., 2017). REST4 is a truncated transcript of NRSF that can affect the expression of NRSF in vivo and in vitro (Zhao et al., 2017). Chen and Miller (2013) observed selective shearing of NRSF in a variety of tumor tissues and cell lines, and found that pioglitazone, a peroxidase growth factor activator receptor 1 agonist, can induce selective shearing of NRSF to form REST4, resulting in the loss of an important part of nuclear translocation and preventing NRSF from binding to DNA. In addition, pioglitazone can inhibit the proliferation and induce apoptosis of glioma cells and has an anti-glioma effect, which may be related to the reduction of NRSF expression level regulated by REST4 (Ren et al., 2015).
Medulloblastoma (MB) is the most malignant glioma in the brain. In clinical practice, human MB cells showed high expression of NRSF compared to neuronal precursor cells (NTera2) and fully differentiated human neural cells (hNT), and MB patients with high NRSF expression had poorer overall survival and progression-free survival than patients with low NRSF expression (Lawinger et al., 2000; Taylor et al., 2012). Moreover, the proliferation of MB cells was decreased and apoptosis was increased when transfected with REST–VPL6, a recombinant transcription factor that is a competitive inhibitor of NRSF (Lawinger et al., 2000). These findings were consistent with the finding by Fuller et al. that NRSF was highly expressed in 17 of 21 MB tissues, while NRSF was not expressed in the adjacent tissues, and the growth of MB cells and tissue in the brains of mice was stopped by the use of REST–VPL6, competitively antagonizing the action of NRSF (Fuller et al., 2005). Taken together, this evidence suggests the involvement of NRSF in MB. However, the underlying mechanism of NRSF in MB is complicated and remains elusive. In vitro, sertraline, chlorprothixene, and chlorpromazine inhibit MB cell growth by acting with the NRSF-binding site of the corepressor mSin3 (Kurita et al., 2018). Furthermore, knockdown of NRSF, which is highly expressed in MB cells, can relieve the inhibitory effect on the gene encoding the de-ubiquitination enzyme USP37, upregulate the expression of USP37 protein and promote the de-ubiquitination of tumor suppressor p27 and stabilize its expression, thus inhibiting the proliferation of tumor cells, which indicates that the classical action of NRSF, namely NRSF-mediated transcription inhibition—especially the NRSF-USP37-P27 pathway—may be a vital regulatory mechanism in the development of MB (Das et al., 2013). Additionally, NRSF may also influence the proliferation and pathogenicity of MB through other mechanisms. For example, increased NRSF promotes the growth of MB, possibly by promoting vascular growth through autocrine and paracrine mechanisms, which further demonstrates the complexity of the NRSF regulatory mechanism in MB (Shaik et al., 2021).
In summary, various studies have implicated the oncogenic role of NRSF in neural tumors, and several NRSF-mediated regulatory mechanisms of tumorigenesis have been identified. However, further studies are warranted to reveal the comprehensive cell biological networks of tumorigenesis by which NRSF governs cell proliferation, cell transformation, and tumor growth.
NRSF AND NEUROPATHIC PAIN
NPP is a common chronic pain in clinical practice that is mainly caused by sensitization of the central or peripheral nervous system. It is widely considered one of the most difficult pain syndromes to treat, and current therapeutic strategies are largely ineffective due to a lack of understanding of its causes (Finnerup et al., 2021). In recent years, several studies have shown NRSF-mediated suppression of specific genes is an important component in the development and maintenance of NPP.
The Kcnd3 gene encodes the Kv4.3 channel protein, which is widely involved in the process of sensory signal transduction. In the Kcnd3 genes of mouse, rat, and human, a conserved NRSE sequence was verified. Using a mouse sciatic nerve injury model, (Uchida et al., 2010a), found that NRSF expression was upregulated and Kcnd3 expression was downregulated, with the binding of NRSF to NRSE in the promotor region of Kcnd3 significantly increased and histone H4 acetylation decreased. Anti-sense nucleotide knockdown of NRSF can reverse the downregulation of Kv4.3 channel expression, which further demonstrates that NRSF plays important roles in modulating the expression of Kv4.3 and the development and maintenance of NPP (Uchida et al., 2010b). In the Scn10a gene, similar regulatory mechanisms were observed. The expression of NRSF in the dorsal root ganglion (DRG) is increased after nerve injury, and it specifically binds to NRSE sequence in the promoter region of the Scn10a gene and downregulates the transcription and ion channel protein expression through an epigenetic mechanism, thereby participating in the primary sensory nerve C-fiber inactivation process. Knockdown of NRSF with the HDAC inhibitor trichostatin A, VPA, suberoylanilide hydroxamic acid or anti-sense oligonucleotide can effectively reverse the downregulation of Scn10a transcription and the inhibition of C fiber function (Uchida et al., 2010a). Our previous work in a sarcoma murine model verified that MOR mRNA expression is also regulated by NRSF. In DRG neurons of sarcoma-bearing mice, NRSF expression is upregulated while MOR mRNA expression is downregulated, accompanied by promoted binding of NRSF to NRSE within the promoter area of the MOR gene and a hypoacetylation state of histone H3 and H4. Genetically knocking down NRSF with anti-sense oligodeoxynucleotide rescued the expression of MOR and potentiated the analgesic effect of morphine (Zhu et al., 2017). These findings were also demonstrated in a nerve injury pain model, which further indicates that NRSF-mediated transcription inhibition of the MOR gene is an important regulatory mechanism in pain signal transduction (Kim et al., 2004). Chrm2 is another gene that is selectively repressed by NRSF in NPP. Zhang et al. (2018) reported that nerve injury persistently increased the NRSF expression and reduced Chrm2 expression in DRG neurons, as well as increasing the enrichment of NRSF in the Chrm2 promoter and diminishing the analgesic effect of muscarine. Knockdown or genetic ablation of NRSF in DRG neurons rescued the Chrm2 expression and augmented muscarine’s analgesic effect on NPP (Zhang et al., 2018). Currently, the NRSF-mediated transcriptional inhibition target gene pool has not been well established in NPP. Many genes upregulated in the microarray and RNA sequencing studies of NPP mouse models also have promoter regions that show occupancy by NRSF or its cofactors (such as SIN3A, CoREST, and HDAC1/2) in the ENCODE database. These genes include Cacna2d1 (an L-type voltage-gated calcium channel), GABAA receptor 5 subunit, vasoactive intestinal peptide, growth-associated protein 43, and Gadd45a (DNA demethylase) (Perkins et al., 2014). Further study is warranted to verify whether these genes are involved in NPP in the future. Taken together, these findings indicate that NRSF regulates the gene transcription of various nociceptive transduction molecules through epigenetic mechanisms to affect the development and maintenance of NPP.
The epigenetic mechanisms of NRSF-mediated selective gene repression in NPP remain elusive. On the one hand, in the same way as its classical action, NRSF recruits co-repressors, such as mSin3 and HDACs, and then deacetylates nucleosome histones, thereby inhibiting the transcription of target genes involved in NPP. In a diabetic pain model, Xiao-Die et al. (2020) reported that high glucose and high palmitic acid treatment induced the upregulation of NRSF and its cofactors (mSin3A, CoREST, and HDAC1) but the downregulation of GluR2 and NMDAR2B in the anterior cingulate cortex neurons. Knockdown of NRSF could partially reverse the expression changes of HDAC1 and NMDAR2B. These findings were further confirmed by Ueda et al. (2017), who found that a chemically optimized mimetic mS-11 (a mimetic of the mSin3-binding helix) can inhibit mSin3–NRSF binding and successfully reverse lost peripheral and central morphine analgesia in mouse models of pain. In addition, previous studies also have shown that HDAC inhibitors reduce pain symptoms in a variety of pain models by eliminating NRSF-mediated chromatin remodeling and transcriptional inhibition (Bai et al., 2015). On the other hand, pain-induced phosphorylation of MeCP2 may be another potential epigenetic mechanism for NRSF-mediated gene transcription inhibition in NPP. MeCP2 is a methylated DNA-binding protein that recruits co-inhibitory complexes and promotes NRSF recruitment of CoREST (Chen et al., 2003). In a mouse model of pain, elevated phosphorylation of MeCP2 was observed in DRG neurons. When MeCP2 is phosphorylated, its affinity for methylated DNA is reduced, and the transcription levels of its target genes are thereby promoted (Géranton et al., 2007). Additionally, whether the actions of NRSF in NPP involve microRNAs remains controversial, though several studies have documented decreased microRNA expression in chronic pain models (Descalzi et al., 2015). For example, expression levels of miR-7a, -134, and -96 were downregulated in the DRG neurons in various rodent pain models (Ni et al., 2013; Sakai et al., 2013; Chen et al., 2014). However, the promoter regions of these downregulated microRNAs do not contain NRSE or NRSF-related binding sequences (Willis et al., 2016). There are two possible explanations for the contrary phenomenon (altered expression but without NRSE sequences). First, the downregulation of these microRNAs may not be mediated by NRSF but instead by other inhibitory factors. Second, the decreased microRNAs may be modulated by distant NRSF complexes, because previous studies have demonstrated that several microRNAs are regulated by NRSF in several physiological or pathological processes of the nervous system. In the future, further studies are required to investigate the upregulation mechanism of NRSF expression and the molecular mechanism of NRSF regulation and inhibition of the transcription level and post-transcription level of target genes, as well as the roles of alternative splicing and microRNAs in NPP.
CLINICAL PROSPECTS
The abovementioned findings highlight the master role of NRSF not only in modulating neurogenesis by dynamically inhibiting neuron-specific genes expression, but also in certain brain disorders. It hence provides a potential therapeutic target for these disorders, which has attracted significant attention over the past few decades, especially regarding neurodegenerative diseases, epilepsy, and neural tumors. Here, we summarized some potential therapeutic approaches that target NRSF or its co-repressors for such disorders.
Some small molecules, such as 4SC-202 and SP2509, that target the interaction between the C-terminal domain of NRSF and CoREST have been tested (Inui et al., 2017). Such small molecules could inhibit the deacetylase and demethylase activity of the NRSF -CoREST complex in MB cells and negatively affected cell viability (Inui et al., 2017). Many drugs focusing on restoring the homeostasis of NRSF, such as X5050 or REST-VP16, may be more promising candidates for NRSF-related brain diseases (Su et al., 2004; Charbord et al., 2013). X5050, a chemical compound that targets NRSF degradation, can upregulate the expression of certain neuronal genes though promoting NRSF degradation. This was demonstrated in an HD model in which treatment with X5050 increased the expressions of BDNF and several other NRSF-regulated genes by degrading increased NRSF in the nucleus (Charbord et al., 2013). REST-VP16, a competitive antagonist of NRSF, can bind to the same DNA binding site as NRSF does. However, it functions as an activator instead of a repressor and can directly activate the gene transcription suppressed by NRSF. This mechanism has been verified by both in vitro and vivo studies (Su et al., 2004). In an HD model, heat shock protein 90 (Hsp90) was reported necessary to maintain the levels of NRSF and huntingtin proteins. Inhibition or knockdown of Hsp90 reduced the levels of NRSF and mutant huntingtin in the nucleus and rescued cells from mHtt-induced cellular cytotoxicity, thus providing neuroprotective activity (Orozco-Díaz et al., 2019). These findings suggest that rescuing the aberrant expression of NRSF is a promising approach for the related central nervous system disorders. However, much work is still needed to further investigate the underlying mechanisms as well as the accompanying side effects of such drugs. As there are hundreds of targets of NRSF, it may trigger distinct cellar pathways in different neurological disorders to exert its multiple roles.
CONCLUSION
NRSF acts as a master regulator in the pathophysiological processes of the nervous system. A dynamic level of NRSF under physiological conditions is required for proper neurogenesis, while aberrant expression is associated with many brain disorders, such as neurodegenerative diseases and neural tumors. At present, the comprehensive pathogenic mechanisms and promising therapeutic targets based on NRSF remain elusive, though several NRSF-targeting compounds or mimetics are being constructed and tested in various models.
Even though NRSF may be a promising clinical biomarker and treatment target of brain disorders in the future, some major problems remain to be solved. First, though it is one of the most important transcriptional regulators in nervous system development and mediates common signaling pathways in many brain diseases, the mechanism by which NRSF itself is regulated remains unknown. Second, NRSF acts not only as an inhibitor but also an activator, which means that it may trigger distinct cellar pathways in different neurological disorders. Hence, more evidence is required to confirm the comprehensive regulatory mechanism of NRSF. In particular, even though the interaction between NRSF and microRNAs in the nervous system has been reported, the combination and molecular mechanism remain unclear, which may be a novel therapeutic target in the future.
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Chronic low back pain is the number one cause of years lived with disability. In about 40% of patients, chronic lower back pain is related to intervertebral disc (IVD) degeneration. The standard-of-care focuses on symptomatic relief, while surgery is the last resort. Emerging therapeutic strategies target the underlying cause of IVD degeneration and increasingly focus on the relatively overlooked notochordal cells (NCs). NCs are derived from the notochord and once the notochord regresses they remain in the core of the developing IVD, the nucleus pulposus. The large vacuolated NCs rapidly decline after birth and are replaced by the smaller nucleus pulposus cells with maturation, ageing, and degeneration. Here, we provide an update on the journey of NCs and discuss the cell markers and tools that can be used to study their fate and regenerative capacity. We review the therapeutic potential of NCs for the treatment of IVD-related lower back pain and outline important future directions in this area. Promising studies indicate that NCs and their secretome exerts regenerative effects, via increased proliferation, extracellular matrix production, and anti-inflammatory effects. Reports on NC-like cells derived from embryonic- or induced pluripotent-stem cells claim to have successfully generated NC-like cells but did not compare them with native NCs for phenotypic markers or in terms of their regenerative capacity. Altogether, this is an emerging and active field of research with exciting possibilities. NC-based studies demonstrate that cues from developmental biology can pave the path for future clinical therapies focused on regenerating the diseased IVD.
Keywords: intervertebral disc – degeneration, conditioned media (CM), secretome, low back pain, extracellular matrix (ECM), cell therapeutic potential, Notochordal cell
INTRODUCTION
More than 80% of the human population experiences low back pain (LBP) at least once in their life (O’Sullivan et al., 2019). In 20% of patients who experience LBP, chronic LBP (LBP) may develop. LBP has been the leading cause of years lived in disability since 1990 and is ranked as the condition with the third highest burden of disease, after cardiovascular and cerebrovascular diseases (Wu et al., 2020). With such high prevalence and morbidity, LBP is an ailment with severe socioeconomic consequences. While the underlying cause of LBP is often non-specific, intervertebral disc (IVD) degeneration (IVDD) is the most common one (Luoma et al., 2000; Cheung et al., 2012).
Current first-line treatments for IVDD-induced LBP are multimodal and consist of lifestyle changes, physiotherapy, and analgesic medication. Surgery is a common last option, entailing either removal of herniated material during microdiscectomy and/or decompression, IVD removal with intervertebral fusion, or IVD prosthetic replacement, all with variable success in symptom management and considerable patient morbidities (Malik et al., 2013; Fujii et al., 2019). To manage pain, up to 30–60% of LBP patients are prescribed opioids (Kamper et al., 2020), even though there is poor evidence of efficacy, tolerability, and safety of their long-term use for LBP (Bialas et al., 2020). Thus, all current therapeutic approaches aim at symptom reduction (at least pain) and bring about treatment-specific limitations. Therefore, minimally invasive regenerative strategies that promote biological IVD repair are evolving to address this unmet need, by targeting LBP at an earlier stage, and hence delaying or reducing the necessity for surgery.
Biological IVD repair should ideally target the underlying degenerative process and induce regeneration of the degenerate IVD, ultimately aiming to restore the biomechanical tissue function to that of a healthy disc, allowing movement, flexibility, and integrity of the spine (Binch et al., 2021). For this reason, IVD regeneration strategies generally target the core of the IVD, the nucleus pulposus (NP), while some strategies targeting the annulus fibrosus (AF) that encapsulates the NP are also being developed (Figure 1) (Gluais et al., 2019; DiStefano et al., 2020; Sloan et al., 2020). Regenerative therapies often focus on cell-based approaches for the degenerate NP targeting underlying causes [reviewed by (Binch et al., 2021)]. Many clinical trials have employed allogeneic mesenchymal stromal cells [MSCs; reviewed in (Barakat et al., 2019)], and report clinical improvement in pain and patient function, however, to date there is no clear evidence for regeneration of the diseased IVD (Loibl et al., 2019). For long-term clinical efficacy in IVD-related LBP, however, it is anticipated that biologic disc repair is essential. An increasing number of studies focus on the relatively overlooked notochordal cells (NCs) residing within the core of the developing disc. The large vacuolated NCs are replaced by smaller nucleus pulposus cells (NPCs) in the IVD during maturation and ageing, which coincides with the onset of degenerative changes, indicating the role of NCs in maintaining tissue health.
[image: Figure 1]FIGURE 1 | Representation of the healthy and degenerated human intervertebral disc (IVD) at macroscopic and magnetic resonance imaging typically used to visualize the IVD. Human healthy and degenerated L4-L5 IVDs are employed, a location commonly affected in chronic low back pain. The core of the IVD [nucleus pulposus, NP (*)] is constrained by the two endplates and the annulus fibrosus [AF(#)]. A healthy IVD has a gel-like NP with high water and glycosaminoglycan content (white on the T2 weighted sequence). IVD degeneration starts with loss of glycosaminoglycan and water within the NP (black on T2w sequence). Images by courtesy of Prof. Joachim Wilke.
In this review, we assess the therapeutic potential of NCs for the treatment of IVD disease-related LBP and outline the important future directions in this evolving area. Given the essential role of NCs, the present review first provides an update on the journey the NCs travel, ending up in the developing and maturing disc and how they evolve with ageing and degeneration (Figure 2) in the human IVD. Within this context, an overview is provided on cell markers corresponding with the phenotypes of the cells residing in the core of the IVD, expanding on tools that will help to better understand their ontology and cell fate mapping, with a primary focus on the regenerative capacities of the NCs.
[image: Figure 2]FIGURE 2 | Schematic representation of intervertebral disc (IVD) maturation and degeneration during human life. During IVD maturation, a transition in nucleus pulposus (NP) cell phenotype occurs from large, vacuolated notochordal cells (NCs) to smaller, non-vacuolated nucleus pulposus cells (NPCs). Humans have lost (almost) all their NCs before adulthood. In immature human NPs (e.g,. fetuses and babies), vacuolated NCs (arrowhead), transitional cells with some small vacuoles remaining (*), and non-vacuolated NPCs (arrow) or only NPCs are present (dependent on the fetal stage/age of the donor). In maturated human IVDs (e.g., individuals >10 years), only NPCs are present. Degenerated IVDs contain single NPCs, or small or large clusters of NPCs (as a reactive reparative response during moderate/severe degeneration).
THE INTERVERTEBRAL DISC
The IVD consists of cartilaginous endplates (EPs) and AF, which together surround the NP (Figure 1). The healthy NP has a hydrated gelatinous extracellular matrix (ECM), mainly composed of glycosaminoglycans (GAGs) and type II collagen (Bergknut et al., 2013a). Cations are attracted to the negatively charged GAGs and draw water molecules into the NP by osmosis. The hydrated NP has the potential to swell but is restricted by the EPs and AF, which together pressurize the IVD. In this way, together with joint motion and muscle contraction, the IVD dissipates energy and distributes loading and axial compressive forces exerted on the spine (Smit, 2002). The IVD is the largest avascular organ of the body and the cells within the NP receive their nutrition by diffusion through the permeable cartilaginous EPs and the AF. The histology and physiology of the healthy IVD have been extensively reviewed (Pattappa et al., 2012; Sivan et al., 2014; Zeldin et al., 2020); here we focus on the (degenerative) changes of the IVD during maturation and ageing. During IVD ageing, changes occur, which overlap with those seen during maturation. To date, there is a grey area where histopathological changes seen in a subclinical stage reflect reactive degenerative changes (Figure 2; Box 1).
Generally, IVD degeneration is considered to start in the NP, since histologic signs of NP degeneration can already be present before AF tearing exists (Bergknut et al., 2013b). During the first stages of IVD degeneration, the GAG and water content of the NP decreases, while the relative collagen content increases with a switch from collagen type II to type I and increased collagen cross bridges. Altogether this results in less pressurized and more rigid tissue. The degenerate IVD is not able to effectively withstand circumferential loads, and since it cannot adequately repair its ECM, the IVD weakens and is further damaged by physiologic loading (Binch et al., 2021). With a less pressurized NP, the loading is converted to the other components, e.g. compression of the AF and bending loads on the EPs. This change in loading direction is considered to be initially responsible for AF tearing, EP fracturing, and/or disc herniation. IVD degeneration is further mediated by the production of cytokines by the disc cells themselves, which drives catabolic processes within the IVD (Phillips et al., 2015; Navone et al., 2017). In the otherwise avascular and aneural IVD, IVD degeneration results in ECM changes and the production of mediators by cells to create a permissive environment for ingrowth of nociceptive nerve fibers and blood vessels. This contributes to pain sensation, together with the production of inflammatory chemo/cytokines (e.g. interleukins, neurotrophins, substance P), and mechanical compression of nerve structures (Tolofari et al., 2010; Ito and Creemers, 2013; Navone et al., 2017).
Cellular Journey From the Notochord
While all components of the IVD are of mesodermal origin [reviewed by (de Bree et al., 2018; Séguin et al., 2018)], the NP is the only component that represents remnants of the notochord, the transient embryonic midline structure that defines all vertebrates. Fate mapping experiments in mice were the first to demonstrate that as the embryonic axial skeleton develops, the notochord is progressively dismantled in areas where the vertebral bodies form, but expands in areas that later form the NP (Choi et al., 2008). The different cells present within the NP (from conception towards adulthood) come with many different names and consensus in the field is lacking. To describe the key moments of cellular transition, and in the absence of nomenclature in this field, this review section introduces the complex terms surrounding the transition of embryonic notochordal cells (eNCs; residing within the notochord) towards NCs to NPCs. The vocabulary employed for cells residing in the NP from development to adulthood is explained in Box 2 with corresponding examples in Figure 3.
[image: Figure 3]FIGURE 3 | Histologic images to exemplify the terminology of embryonic notochord cells (eNCs), vacuolated notochordal cells (NCs), non-vacuolated nucleus pulposus cells (NPCs), and cells with a transitional phenotype (with some small vacuoles remaining). In E11.5 and E12.5 murine fetuses, the notochord is a rod-like structure with tightly packed small non-vacuolated eNCs confined by the basement membrane sheath (Alcian Blue). In mice, the appearance of small intracytoplasmic vacuoles (arrow) are an indication of eNC into NC transition observed from E12.5. By E14.5, the regression of the notochord is almost complete and the intervertebral discand vertebral bodies are being formed (Alcian Blue). At this stage, NCs exhibit large intracytoplasmic vacuoles. In contrast, a 10-week postconceptional human fetus (Safranin O/Alcian Blue), the notochord is pinching into NP tissue containing NCs, and the rest of the IVD (annulus fibrosus (AF) and vertebras) are being formed. The human NC, transitional cell type, and NPC (Safranin O/Fast Green) pictures were obtained from a 22-week postconceptional human fetus. Human NC generation image by courtesy of Wilson Chan and Vivian Tam; murine images by courtesy of Maeva Dutilleul. E, embryonic day; IVD, intervertebral disc; VB, vertebral body.
Notochordal development is observed in human embryos between Carnegie stages 7–12 (15–30 days of embryonic development) (de Bakker et al., 2016; de Bree et al., 2018). The notochord is essentially a rod comprised of a core of large, vacuolated eNCs surrounded by a thick basement membrane sheath composed of collagen, laminins and proteoglycans (Choi and Harfe, 2011) (Figure 3). eNCs have been extensively studied in the zebrafish: each eNC essentially gives rise to a single fluid-filled vacuole that occupies the entire cell volume (Bagwell et al., 2020). It is this retention of the hydrated material within the large vacuole while being confined by the notochordal sheath that attributes the structural properties of the notochord, allowing for notochord expansion in an anteroposterior axis. As the fetus develops, the formation of the vertebra condenses the notochord into regions where the IVD would later appear (Rodrigues-Pinto et al., 2016). In human embryos from 3.5 weeks postconception, the first appearance of eNCs has been described, while these cells became restricted within the fetal IVD segments after 8–10 weeks postconception (Rodrigues-Pinto et al., 2016). During this later stage, eNCs were completely absent from the vertebral bodies, with just remnants of the notochordal sheath being present in this region. From 10 to 18 weeks postconception, with the trapping of the eNCs within the developing NP, the cells transition into NCs (Rodrigues-Pinto et al., 2016). These NCs retain the vacuoles of the eNCs, but the vacuoles become increasingly fragmented when compared to the large, non-fragmented vacuole of eNCs. NCs show an increased extracellular matrix production capacity compared with eNCs, which is released into the extracellular space. This ECM is rich in GAGs and separates the originally condensed cells of the notochord into cell clusters (Séguin et al., 2018). While the exact mechanisms responsible for the transition of the notochord (eNCs) into NPs (NCs) is unknown, two potential mechanisms have been discussed and include a pressure (during the formation of vertebra, eNCs are pushed into regions where the IVDs are formed) and a repulsion/attraction (eNC movement is driven by attractant/repulsive protein expression, e.g. Eph and/or Robo/Slit pathway) model (Lawson and Harfe, 2015).
As the fetal IVD matures, a transition in NP phenotype is again observed (Figure 4). The large vacuolated NCs gradually disappear, with NC transition towards NPC occurring in human embryos as early as 22 weeks postconception (Bach et al., 2015) (Figure 3), giving way to the appearance of cells with a transitional phenotype. With time, a heterogeneous population of non-vacuolated NPCs, which may possess a variety of phenotypic and functional profiles (Hunter et al., 2004; Richardson et al., 2017) (Figure 2). Human individuals start losing their NCs already before birth (Bach et al., 2015), and their NCs are completely replaced by NPCs at around 10 years of age (Hunter et al., 2004). In other species, this change in cellular phenotype also occurs, but at different ages/life stages (Figure 4). Mature NPs from sheep (Hunter et al., 2004), goats (Daly et al., 2016), and cows (Alini et al., 2008) contain no NCs, while mature NPs from mice (Alini et al., 2008), rabbits (Alini et al., 2008), rats (Alini et al., 2008), and pigs (Hunter et al., 2004) maintain the NC population throughout adulthood. In dogs, NCs are lost at about 1 year of age in chondrodystrophic breeds (e.g., Beagles and Dachshunds), while NCs remain in the NP until middle/old age in non-chondrodystrophic breeds (e.g. Shepherds and Mongrels) (Smolders et al., 2013a). Why vacuolated NCs transition towards non-vacuolated NPCs has many reasons, including genetics, considering the differences in NC preservation in breeds within one species (e.g. observed in dogs (Smolders et al., 2013a) and mice [Barrionuevo et al., 2006; Bedore et al., 2013; Merceron et al., 2014; Bach et al., 2016a; Choi et al., 2018; Zhang et al., 2018; Tsingas et al., 2020)]. Furthermore, the presence and disappearance of vacuoles is influenced by physicochemical parameters, including osmotic (Hunter et al., 2007; Wuertz et al., 2007; Spillekom et al., 2014; Palacio-Mancheno et al., 2018) and mechanical stress (Purmessur et al., 2013a; Bian et al., 2017), as well as nutritional deprivation (Guehring et al., 2009).
[image: Figure 4]FIGURE 4 | High level differences in embryonic and postnatal cell transitions within the nucleus pulposus (NP). Cellular morphological transitions of the cells in the NP and associated interspecies variation in species commonly used as models to study NC (pathobiology) are provided. Large animal models, including sheep, goats and cows lose their NCs rapidly after birth (Alini et al., 2008). *, Authors have evidence that pigs keep their NCs until at least 2 years of age. CD, chondrodystrophic; E, embryonic day; eNC, embryonic notochord cell; IVD, intervertebral disc; NC, notochordal cell; NCD, non-chondrodystrophic; NP, nucleus pulposus; NPC, nucleus pulposus cell.
IVD degeneration results in specific changes in the NP, with NPC cell clusters dominating the moderately and severely degenerated NP; a clear difference from the single cells seen in postnatal mature and early degenerated discs (Le Maitre et al., 2005). These cell clusters of 4–12 cells are typically considered reactive degenerative changes and have been recently proposed to represent expanding IVD progenitor cells within the degenerate NP (Brown et al., 2018).
Gene and Protein Expression Analysis of Notochordal Cells
Temporal gene and protein expression changes occur during the transition of the cells residing within the core of the disc. Combining developmental biology studies and fate mapping strategies in mice have highlighted key differences in signaling and cellular biosynthesis associated with each stage of cell transition within the NP [reviewed by (Tessier and Risbud, 2021)]. Since mice maintain their NCs beyond adulthood, direct extrapolation of the information available from mice towards humans is not justified.
In 2014, members of the Orthopaedic Research Society Spine Section recommended a panel of human NP markers including stabilized expression of Hypoxia-inducible factor 1α (HIF-1α), Glucose transporter 1 (GLUT-1), Sonic Hedgehog (SHH), Brachyury (T), cytokeratin (KRT) 18/19, Carbonic anhydrase 12 (CA12), CD24 and an aggrecan/collagen type II ratio >20 (Risbud et al., 2015). Here we review key publications from 2010 to 2020 to compile expression analysis of the human NP (Table 1). Studies attempting to reproduce the aforementioned markers and validate them at the protein level, however, found limited agreement (Thorpe et al., 2016). To date, there are no specific markers that can uniquely and exclusively identify the cells of the human NP, at any stage of development. Key contributions into NP biomarkers at the protein level have mainly used immunostainings. While immunostainings identify NP markers at single-cell resolution, it is inherently biased by the effects of tissue processing, and the availability, choice, and cross-reactivity of antibodies and could thereby also possibly explain contradictory reported findings.
TABLE 1 | Expression markers reported on human specimens that may define the journey of embryonic notochord cells (eNC) into notochordal cells (NCs) residing within the disc, eventually losing their vacuolated phenotype and becoming non-vacuolated nucleus pulposus cells (NPCs).
[image: Table 1]From a practical standpoint, NP-specific markers can broadly be differentiated depending on the age of the tissue of the harvested NP cells: markers that are expressed by a) cells from the notochord (eNCs), b) cells in fetal NP tissue (fetal NP markers), c) healthy postnatal tissue from birth until 25 years of age, including tissue graded up to the macroscopic Thompson score of 2, and d) degenerate NP tissue with Thompson score ≥3. To date, it is impossible to discern between markers of maturing NPCs or NPCs undergoing early degenerative changes. There are markers that overall decrease with ageing and degeneration, like KRT8/18/19 (Weiler et al., 2010). Depending on the age of the donor, there are scarcely studied markers that allow for identification of eNCs/NCs from the AF [carbonic anhydrase (CA) III (Silagi et al., 2018)] and/or EP (galectin-3; LGALS3) (Rodrigues-Pinto et al., 2016). Furthermore, there are, probably due to technical challenges that come with isolation of these cells from human fetuses and postnatal donor samples, contradicting findings reported on KRT19, CD90, and TIE2. KRT19 was proposed to be an NP-specific marker for embryonic discs (Rodrigues-Pinto et al., 2016) and was later shown to be co-expressed by the AF cells in young adult discs (Thorpe et al., 2016). Furthermore, while CD90 and TIE2 were undetectable on NP immunostainings (Rodrigues-Pinto et al., 2016); TIE2 was later shown to be present in human fetal NP tissue via immunostainings and flow cytometry, while CD90 appeared universally expressed in TIE2+ or TIE2-human NP cells (Sakai et al., 2018). A unique subset of NP progenitor cells (NPPCs) that shares some similarities with typical MSC markers was also identified (Risbud et al., 2007; Sakai et al., 2012; Brown et al., 2018). The transition of NPPC towards mature NP cells with the concurrent expression of surface markers has been studied in detail. Given the intrinsic reparative capacity, declining with ageing and degeneration, NP cell clusters in the human degenerate IVD have also been studied and assumed to originate from progenitors (Turner et al., 2014; Brown et al., 2018). To date, it is unclear how the NPPCs relate to NCs, other than that NCs can also express TIE2 (Sakai et al., 2018).
From a fundamental perspective, defining the heterogenous NP cell population via single-cell analysis, will assist in assessing the regenerative capacity of the different subpopulations and define which phenotypes are the most potent. This set of markers can be further enriched by discoveries in NC studies in the species that preserve them [e.g., markers that demonstrate the presence of vacuoles, like the aquaporin transmembrane channel proteins previously shown in canine NCs (Snuggs et al., 2019)], but will need to be confirmed on human tissues. From a clinical perspective, such sets of markers are essential in characterizing and benchmarking the NC-based therapies, to the healthy NP cells and also compare them to the standard of care currently in the clinic (e.g., MSCs) and NPPCs.
Single-Cell Studies
With the available set of markers as a start, follow-up studies employing emerging technologies will fill the gap in NP markers. While mRNA profiling gives an unbiased assessment of marker expression, bulk analysis of the heterogenous NP cell population often falls short in defining the NP phenotypic profile. Recent advances in single-cell technologies have improved the resolution of experiments from the tissue to the cellular level, finally opening up the possibility to address cellular heterogeneity. This is particularly interesting for the scarcely available human tissues during embryonic development and maturation of the disc.
Thousands of single cells can be studied in one experiment; yet, this sheer volume of data makes analysis and statistical interpretation a challenge (Angerer et al., 2017; Jew et al., 2020). Additionally, data from single-cell analysis remain noisy compared to bulk RNA-seq (Jew et al., 2020) and is further challenged by the overlap and asynchrony between the developmental stages of a cell, as shown in blood development (Angerer et al., 2017). These challenges in single-cell data analysis and interpretation need to be taken into account when reviewing the limited single-cell studies available to date from human IVD tissues (Fernandes et al., 2020; Gan et al., 2021). While single-cell analysis is just gaining momentum in the field, Fernandes et.al (2020) was the first to analyze transcriptomes of human NP and AF cells at a single cell level of a limited number of cells that were expanded before profiling. However, as culture in vitro is known to affect the cell phenotype, profiling expanded cells may not necessarily reflect the native NP cell profile. Gan et al., 2021 elegantly analysed single-cells from NP, AF and EP of five healthy human postnatal IVD samples (Pfirrmann grade I, from four donors aged 16–31). The analysis was able to focus on nine prominent cell clusters in the IVD tissues analyzed, with three clusters of SOX9+ expressing NPCs, coexpressing the ECM genes, COL2A1 and ACAN, broadly classified into three functional patterns, regulatory, homeostatic and hypertrophic on gene expression. A smaller, NC cluster with high T brachyury expression along with cytokeratins (KRT8) was identified in the NP, together with an NPPC cluster marked by the expression of the mesenchymal progenitor cell markers, PDGFRA and PRRX1, and growth factor IGF1 were identified among the clusters. The low number of NCs identified is in line with the decline of NCs in the human IVD with age, and is possibly a reflection of the Pfirrmann grade I samples from the relatively young donors included in the analysis. Further, single-cell isolation techniques that rely on steps to strain away bigger cell clusters may entrap the larger vacuolated NCs, further hindering the identification and processing of the larger vacuolated NCs. These studies also highlight the difficulty of obtaining NC containg IVD samples of sufficient quantity and quality for these single-cell studies. Despite minor setbacks, the ability to assemble a detailed and multidimensional view of each cell, within the context of throusands of other cells gives the opportunity create a comprehensive cellular map of the IVD. Ultimately, these results question the notion of a unique “cell type”. When looking at the complex landscape of single-cell transcriptomics, what exists are diverse, transient, and plastic cell behaviors, indicating that we should view the cellular composition of the NP beyond the current rigid cell landscape.
Notochordal Cell Ontogeny Models
Fate Mapping Strategies
While single-cell transcriptomics has just become popular in the field of IVD biology to deconvolute the cell types within the heterogeneous populations of the NP, another way to determine NP phenotypic markers is to follow the cells as they differentiate. In mice, fate mapping strategies together with whole transcriptome analysis have been key to exploring differential marker expression associated with different stages of cell transition within the NP. NP of young and adult mice (<1 year of age) mainly consist of NCs (Winkler et al., 2014; Mohanty and Dahia, 2019; Mohanty et al., 2019). Notochord-specific lineage-tracing studies often make use of tissue-specific-inducible Cre-based reporters to trace the fate of eNCs (Chan et al., 2014). Previous work based on the SHH-Cre (Choi et al., 2008; Peck et al., 2017), NOTO-Cre (McCann et al., 2012), and the tamoxifen-inducible SHH-CreERT2 (Choi et al., 2008) and KRT19-CreERT (Mohanty et al., 2020) mouse models indicate that all cell types within the NP of mice are derived from the embryonic notochord. Studies on aged mice are rare and scarce work indicate that the NC to NPC transition occurs between 9 months 1 and 2 years of age (Winkler et al., 2014; Mohanty and Dahia, 2019; Mohanty et al., 2019).
Another attractive strategy is the use of reporters to select specific cells at different stages of differentiation. These fate-mapping studies can only be done in mice, but are instrumental as exploratory studies to find markers that can later be verified in human IVD tissue. For instance, cells isolated from SHH-Cre; ROSA:YFP mice at E12.5 and postnatal day 0 can be employed to investigate specific cells populations that represent eNC to NC transformation (Peck et al., 2017). Significant SHH pathway expression was demonstrated in eNCs, while the transforming growth factor-β (TGF-β)/insulin-like growth factor pathway, and ECM expression was significantly higher in NCs (Peck et al., 2017).
Mouse Models
Such strategies can be further enriched by using mouse models to study IVD degeneration (Table 2), which can provide insight into the role of genetics and specific genes in NCs towards NPC transition, as well as the use of live-cell imaging technology to monitor this transition (Joo Han Kim et al., 2009). These fundamental and mechanistic studies involving mice will not only shed light on NC (patho)physiology but will also assist in further identifying and confirming cell markers for the specific life-stages of NCs; its journey from the notochord to the disc and its role during maturation and ageing. With the identification of the different NP cell phenotypic profiles and the ability to isolate the targeted cell populations becoming more achievable, the following sections highlight the advantages of using NCs for the treatment of IVD degeneration-related LBP.
TABLE 2 | Mouse models and genes shown to play a role in preservation of the notochordal cell phenotype (in alphabetical order).
[image: Table 2]BOX 1 | Terminology of Intervertebral Disc Maturation and Degeneration in Humans
IVD maturation entails transitional changes in the IVD, e.g. decrease in GAG:collagen ECM ratio (and water content) and a change in cellular phenotype of the NP (from NCs to NPCs), that do not yet lead to low back pain (Figure 2). This process already starts before birth (in fetal and juvenile IVDs) in human individuals and precedes the development of IVD degeneration (Hunter et al., 2004), while its starts at a later life stage (adolescence/adulthood) in other species, e.g. dogs, pigs (Alini et al., 2008).
IVD degeneration encompasses reactive changes compared to the matured IVD, e.g. further decrease in GAG:collagen ratio and the presence of about 100% NPCs within the NP, but also AF bulging/tearing, EP fracturing and vertebral sclerosis, eventually leading to IVD collapse and/or disc protrusion/extrusion (Figure 2). The large vacuolated NCs disappear in humans during maturation (in early childhood) and the age of onset of IVD degeneration is on average around 30–50 years of age. As such, the presence of non-vacuolated chondrocyte-like cells (NPCs) does not relate with clinical disease. Accordingly, progression in IVD degeneration based on (radiographic) imaging is also seen in asymptomatic individuals, although MRI finding are more prevalent in adults with LBP than controls (Brinjikji et al., 2015).
 | 
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Several cell-based therapies that focus on regeneration of the IVD are at different stages of completion or have already reached the clinics (Binch et al., 2021). Therapies applied intradiscally that have undergone or are undergoing clinical trials are described in different reviews (Thorpe et al., 2018; Clouet et al., 2019). Generally, two main approaches have been tested for disc repopulation efforts; tissue-specific NPCs or mesenchymal stem cells (MSCs). Tissue-specific cell-based trials employ either autologous disc cells from herniated IVD tissue (Tschugg et al., 2016) or allogeneic disc cells from healthy donors (Thorpe et al., 2018). Although NPCs have a certain regenerative potential (Nishimura and Mochida, 1998; Nomura et al., 2001; Meisel et al., 2007; Hohaus et al., 2008), in an autologous approach, NPCs from degenerated and herniated IVDs are expected to be less potent and less suitable for regenerative purposes (Ciapetti et al., 2012). These autologous approaches are hampered by low cell numbers which require extensive expansion before transplantation and have to demonstrate their efficacy in clinical use. To overcome this, many clinical trials employ allogeneic/autologous MSCs (Yim et al., 2014; Law et al., 2019). MSC-based studies report clinical improvement in pain and patient function, but do not exert a regenerative effect on the diseased IVD. This is evidenced by improved visual analog scale (VAS) and Oswestry Disability Index (ODI) scores, but show large placebo effects and absence of structural tissue improvement on MRI (Mesoblast, 2021). For long-term efficacy, however, it is anticipated that disc regeneration is essential to return tissue composition and structure, improve tissue biomechanics of the entire IVD and thereby interrupt the positive feedback of tissue damage and the aberrant biological catabolic/inflammatory response. NC-based approaches may address this gap given their regenerative effects amongst others, which will be discussed in the next sections.
The potential therapeutic effects of NCs has been studied in several ways, either in co-culture with (degenerated) NPCs or by NC-conditioned medium (NCCM) (Figure 5). Initially reviewed by Purmessur et al. (2013), an increasing body of literature has since reported further corroborating evidence on the potential of NCs in inducing regenerative (e.g. anabolic, anti-catabolic, anti-apoptotic, anti-neurogenic, and anti-angiogenic) effects (Figure 6). Overall, NCs appear to have the potency to rejuvenate the IVD tissue, by increasing NP cell numbers, maintaining healthy NP morphology with high GAG and water content, a loose, flexible collagen type II-rich network, and reduced tissue catabolism, which effectively inhibits neurovascular growth and nociceptive stimuli, thereby reducing pain sensation.
[image: Figure 5]FIGURE 5 | The therapeutic potential of notochordal cells (NCs) has been studied in several ways: either in co-culture with (degenerated) nucleus pulposus cells (NPCs) or by NC-conditioned medium (NCCM). NCCM contains all (bioactive) factors that NCs have secreted, and has been shown to exert regenerative effects on for instance canine and human NPCs (species that suffer from clinical IVD disease). In NCCM, several proteins (growth factors) have been identified, besides extracellular vesicles (EVs). The recent focus of several research groups has shifted from NCCM towards NC-derived extracellular matrix (ECM). This NC-derived ECM (both non-decellularized and decellularized) has been shown to exert regenerative effects, even in in vivo canine and rabbit studies. Species that are most commonly used to generate NCCM or NC-derived ECM are small rodents (mice, rats), rabbits, pigs, non-chondrodystrophic dogs. In limited studies, human NC-rich tissues have been employed derived from fetal IVD or from diseased children.
[image: Figure 6]FIGURE 6 | Overview of the number of studies (1999–2021) on the regenerative potential of Notochordal cells. A trend is observed in time from mainly coculture- and NCCM-based studies towards NC-derived matrix and NC-like cell generation studies. Details of these studies are provided in Supplementary Materials S1, S2 and the main text. NCCM, Notochordal cell-conditioned medium; NC, Notochordal cell; ES, embryonic stem cell; iPSC, induced pluripotent stem cells.
Co-Cultures of NCs
Co-culture studies generally involve the culture of NC and NPCs together, with the expectation that cell to cell signalling cascades, either via contact or via secretion of bioactive compounds, can exert a synergistic regenerative response. Aguiar et al. (1999) was the first to show that NCs exerted regenerative effects on NPCs in vitro and since then, several studies have confirmed the regenerative potential of porcine and canine NCs on bovine NPCs (Aguiar et al., 1999; Gantenbein-Ritter and Chan, 2012; Gantenbein et al., 2014). However, not all studies could underscore a NC-specific effect due to the absence of control conditions confirming the cell-specific effect (e.g., co-culture of NPCs with other than NCs). However, it is notable that some studies did not observe this regenerative potential of canine and porcine NCs; probably due to changes in NC phenotype in long-term culture under conditions that do not favor their physiology (Potier et al., 2014; Potier and Ito, 2014; Arkesteijn et al., 2015) (see Preservation of the NC phenotype). Therefore, NC-conditioned medium (NCCM) offered an alternative to co-culture for studying the therapeutic potential of NCs. More recently, several studies focused on NC-derived ECM.
Notochordal Cell-Conditioned Medium
To overcome the challenges of cell co-culture, NCCM was employed to study the possible therapeutic effects of NCs. NCCM is typically generated by incubating NC-rich NP tissue in media for a period of up to 4 days, whereafter with the aid of filtering and centrifugation, the conditioned medium is collected (Bach et al., 2015). In the study by Aguiar et al. (1999), besides NC:NPC co-cultures, NCCM was also employed demonstrating that NCs induced GAG synthesis by NPCs independent of cell-cell contact. Since then, more than 20 studies have shown that NCCM (generated from different species, mostly porcine and non-chondrodystrophic canine, under different conditions with different culture media) exerted beneficial effects on various cell types, e.g., NPCs (Aguiar et al., 1999; Erwin et al., 2006; Erwin et al., 2011; Abbott et al., 2012; Gantenbein et al., 2014; Potier et al., 2014; Bach et al., 2015; de Vries et al., 2015; Bach et al., 2016b; Mehrkens et al., 2017), MSCs (Korecki et al., 2010; Purmessur et al., 2011; de Vries et al., 2015), AF cells (Boyd et al., 2004; Gantenbein et al., 2014), (EP) chondrocytes (Ki- Won Kim et al., 2009; Müller et al., 2016) and NP explants (de Vries et al., 2016) (Supplementary Material S1). Importantly, NCCM also exerted positive effects on NPCs from degenerated IVDs of species suffering from clinical IVD disease, e.g., canines (de Vries et al., 2015; Bach et al., 2016b) and humans (Abbott et al., 2012; Bach et al., 2015; Müller et al., 2016; Bach et al., 2017a; Mehrkens et al., 2017). The therapeutic NCCM effects consisted of increased healthy NP-like ECM synthesis (Aguiar et al., 1999; Boyd et al., 2004; Erwin et al., 2006; Erwin and Inman, 2006; Korecki et al., 2010; Erwin et al., 2011; Purmessur et al., 2011; Abbott et al., 2012; Gantenbein et al., 2014; Bach et al., 2015; de Vries et al., 2015; Bach et al., 2016b; de Vries et al., 2016; Müller et al., 2016; Bach et al., 2017a), increased cell proliferation (Erwin et al., 2006; Erwin and Inman, 2006; Bach et al., 2015; de Vries et al., 2016; Müller et al., 2016) and/or decreased apoptosis (Erwin et al., 2011; Mehrkens et al., 2017) (Supplementary Material S1). Intradiscal injection of NCCM even promoted regeneration of degenerated rat NPs in vivo (Matta et al., 2017). Other possible beneficial effects of NCCM are the inhibition of angiogenesis (Cornejo et al., 2015) and neurogenesis (Purmessur et al., 2015), although these effects were not reproduced by de Vries et al. (2018). The addition of chondroitin sulphate (a major GAG component of NCCM) alone inhibited vessel formation in HUVEC cells in both studies (Cornejo et al., 2015; de Vries et al., 2018), indicating that chondroitin sulphate from NCCM may be sufficient to prevent neurite and vessel growth, although other factors from NCCM may also be present. Furthermore, it remains to be determined whether and how the effects of NCCM depend on the species, breed, and age of the donor.
Altogether, the factors secreted by NCs exert beneficial effects on many different cell types of relevance to IVD regeneration. The pronounced regenerative effects of NCs on NPCs imply that NCs play a vital role in maintaining IVD integrity. Therefore, NCs are considered a promising target for regenerative and/or symptom modifying therapies for IVD disease. The mechanism of how NCs exert their trophic effects, however, remains to be further elucidated. Several studies have been conducted that provide possible clues on the mode of action of NCCM; these include bioactive proteins secreted by NCs (see section Proteins Identified in NCCM, Proteins Identified in the Matrisome, Notochordal Cell-Derived ECM and Decellularized NP Tissue) and the exchange of bioactive factors via NC secreted extracellular vesicles (EVs) (see section NC-Secreted Extracellular Vesicles).
Proteins Identified in NCCM
NCCM contains the NC-secreted factors, either soluble or ECM-bound, as well as ECM components that are released due to tissue remodeling during culture. To date, five studies focused on the identification of (bioactive) proteins present in NCCM (Erwin and Inman, 2006; Purmessur et al., 2011; Gantenbein et al., 2014; Bach et al., 2016b; Matta et al., 2017) (Figure 7). Based on these studies, it appears that NCCM contains many proteins primarily associated with ECM, anti-catabolism, and growth factors (Figure 7), while upstream analysis identified possible transcription factors involved. The detected matricellular proteins reflect the matrisome produced and remodeled by the NCs. Several of those (including clusterin, tenascin, and α2-macroglobulin) have been suggested to have protective effects for NP cells (Tortorella et al., 2004; Purmessur et al., 2011). In line with this thought, decellularized ECM derived from passaged porcine NCs induced proliferation and chondrogenic ECM production in porcine synovium derived MSCs, indicating that this microenvironment favors differentiation into an NP-like phenotype (Pei et al., 2012).
[image: Figure 7]FIGURE 7 | Overview of the proteins that were identified in human, canine, and/or porcine NCCM and murine, human and bovine fetal NC-rich matrisome. The Upset plot depicts the number of proteins identified in the specific study and relates to the number of proteins that overlap with other studies. Intersection size indicates the number of proteins identified in each specific comparison. The set size indicates the number of proteins identified in the specific study. The heatmap depicts the overlap of proteins between the different studies. The main functions of the discovered proteins are provided in a Venn diagram. Purmessur et al. (2011) and Gantenbein et al. (2014) identified proteins in porcine NCCM, while Erwin et al. (2006) and Matta et al. (2017) used canine NCCM. In the study of Bach and de Vries et al. (2016), only proteins that were identified in both human, canine, and porcine NCCM were included in this analysis. Rajasekaran et al. (2020), Rajasekaran et al. (2020b) identified proteins in human fetal matrisome, Caldeira et al. (2017) in bovine fetal matrisome, and Kudelko et al. (2021) in murine matrisome. The study by Tam et al. (2020) was not included in this comparative proteomic overview focusing on NC-rich tissues, since it used NPC-containing adolescent human NP tissue.
The NC secretome, rich in ECM molecules, is deposited in the form of a GAG-rich matrix in the NP tissue and brings up challenges in detecting growth factors. Bach et al. (2016) by employing NCCM in proteomic analysis did not detect growth factors. Growth factors secreted by NCs may be overshadowed by large quantities of ECM proteins released by the NP tissue during culture. Furthermore, growth factors may sequestrate within the robust GAG content. The study of Matta et al. (2017) fractionated non-chondrodystrophic canine NCCM by size-exclusion and identifoied that upto 31% of the identified proteins were ECM-related. Several growth factors were also detected, and these include connective tissue growth factor (CTGF, also known as CCN2), TGF-β, Wnt-induced soluble protein 2, insulin-like growth factor binding protein-7, angiopoietin-like 7, and their modulators (chordin, sclerostin and cartilage intermediate layer protein) (Matta et al., 2017).
Within the context of the mode of action of NCs, CTGF is a multifunctional growth factor that interacts with other growth factors such as TGF-β and bone morphogenetic proteins (BMPs), thereby mediating ECM interactions (Figure 7). Furthermore, CTGF can independently induce ECM synthesis (Nakanishi et al., 2000) and plays a role in apoptosis (Gygi et al., 2003; Croci et al., 2004). Pathway analysis demonstrated that the signaling pathways TGFβ, Wnt/β-catenin, axonal guidance, nitric oxide synthase, leucocyte extravasation signaling, and inflammation associated matrix degradation were significantly covered (Matta et al., 2017). Complementary upstream analysis of detected proteins may allow for the identification of potential binding sites and transcription factors involved in NC physiology, including activator protein 1 (AP-1) and paired box gene 4 (PAX4) (Bach et al., 2016b). Furthermore, linking to the possible anti-angiogenic and anti-neurogenic effects (Cornejo et al., 2015; Purmessur et al., 2015), class 3 semaphorins (SEMA) were identified in proteomic analysis of canine (Matta et al., 2017) and porcine (Bach et al., 2016b) NCCM. SEMA3C plays a role in the innervation and vascularization of degenerated human IVDs and has been linked to LBP (Binch et al., 2015). The finding of class 3 semaphorins in canine and porcine NCCM, supports the inhibitory role of semaphorins in nerve and blood vessel growth (Bagnard et al., 1998).
What is the ideal combination of bioactive (growth) factors that can be employed to harness the therapeutic potential of NCs? Anecdotally, only specific growth factors (CTGF and TGF-β) were selected for further analysis given their pivotal role in regulating the expression of several ECM proteins and interaction with other growth factors (Matta et al., 2017). Combinatory treatment with TGF-β1 and CTGF restored a healthy, NC-rich NP in a preclinical rat model with induced IVD degeneration (Matta et al., 2017). Also, a single intra-discal injection into degenerated canine IVDs resulted in increased disc height, expression of healthy ECM proteins, and reduced expression of inflammatory mediators (Matta et al., 2018). However, the study did not look into the possible enhancement of tumor development or tissue fibrosis (Bach et al., 2017b; Chen et al., 2020; Zhao et al., 2020). As for an ideal combination for bioactive factors, the key consideration will be to maximize the positive effects of detected bioactive factors in the NCCM, while minimizing their detrimental effects.
Proteins Identified in the Matrisome
The NCCM-based proteomic studies observed a plethora of possible (bioactive) components and signaling pathways involved in disc physiology. These possible candidates were recently confirmed in proteomic analysis of human fetal NP tissue at 24 weeks of gestation (Rajasekaran et al., 2020a; Rajasekaran et al., 2020b), bovine fetal NC-rich matrisome at 7 months of gestation (Caldeira et al., 2017) and young murine matrisome (Kudelko et al., 2021) where mainly ECM-related proteins were found (Figure 7). In contrast, the matrisome of NC- and NPC-containing adolescent human NP tissue was distinct from the NC rich matrisome; while these NC low matrisomes contained many ECM-related proteins, they contained even more non-matrisome proteins (Tam et al., 2020). Taken together, these studies shed light on factors important for the composition of healthy NC-containing NPs, but since the fetal tissues of these species, even at these early stages, may have contained NPCs besides NCs (Alini et al., 2008; Bach et al., 2015), the results cannot be confirmed as NC-specific.
Notochordal Cell-Derived ECM and Decellularized NP Tissue
Challenged by the complexity of pinpointing the hub-bioactive factors secreted by NCs that exert essential disease-modifying effects, the ECM of NC-rich tissue, the so called NC-derived matrix (NCM), has recently become a focus of attention. It is being considered as a potential candidate, or at least a model system, because of both the bioactive factors it contains, secreted by NCs, as well as replenishing the NP ECM constituents. NCM may, when applied as clinical therapy, comparable to demineralized bone matrix that is widely used in bone regeneration (Gruskin et al., 2012), serve as an ‘instructive matrix’ by locally releasing growth factors and in this way facilitate tissue repair (Bach et al., 2018). Therefore, intradiscal injection of NCM could be a promising regenerative treatment for IVD disease, circumventing the cumbersome identification of bioactive NC-secreted substances or the ethical and regulatory issues raised by the use of NCs in cell-therapy approach (see, Ethics).
Recent studies suggested that partially digested rabbit NC-rich NP tissue co-cultured with human NPCs increased ECM production, proliferation, T and KRT18 expression (Bai et al., 2017), indicating that NC-derived NP tissue indeed has regenerative properties (Supplementary Material S2). Furthermore, porcine NCM increased the DNA and GAG content of bovine NPCs in vitro (de Vries et al., 2018). In this study, the NCM concentration in the medium was adjusted to obtain a similar protein concentration as NCCM (∼0.4 mg/ml) to allow for comparison. Interestingly, NCM’s anabolic effect on adult human NPCs was stronger compared with NCCM derived from the same porcine spines. In another in vitro study, however, 2 mg/ml NCM did not exert any anti-angiogenic and anti-neurogenic effects (de Vries et al., 2018b). Based on the overall promising anabolic in vitro benefits, the effect of 10 mg/ml NCM (concentration based on the dose-finding in-vitro pilot on canine NPCs) was tested in vivo on mildly (spontaneously) and moderately (induced) degenerated chondrodystrophic canine IVDs (Bach et al., 2018). NCM injected in moderately degenerated canine IVDs exerted beneficial effects at a macroscopic level and on MRI, induced type 2 collagen-rich ECM production and improved the disc height. Furthermore, NCM exerted anti-inflammatory effects in bovine NPCs in vitro (de Vries et al., 2018) and ameliorated local inflammation in the canine IVD degeneration model in vivo (Bach et al., 2018). Although these results look very promising, when translated towards the clinic, one of the bottlenecks that need to be addressed is the decellularization of the NCM to avoid host versus xenogeneic graft responses.
In parallel, promising studies have been conducted with decellularized porcine NCM to support cell-based translational studies (Supplementary Material S2). With this decellularized NCM, human NPC viability was maintained and GAG synthesis in vitro was enhanced (Wachs et al., 2017). Furthermore, human MSCs cultured on decellularized porcine NCM expressed NP-cell markers and deposited GAGs and collagens (Mercuri et al., 2011; Mercuri et al., 2013; Zhou et al., 2018; Xu et al., 2019). In the latter study, the cultured constructs of NCM that were seeded with MSCs counteracted IVD degeneration in a rabbit model (Xu et al., 2019). Similar findings were also reported for decellularized porcine NCM combined with rabbit MSCs that partly restored the ECM content of degenerated rabbit NPs in vivo (Zhou et al., 2018). Xu et al., 2019 (Xu et al., 2019) also analyzed the MSC-NCM tissue constructs by mass spectrometry and detected the presence of abundant important signaling molecules, e.g. TGF-β1, which is in line with the observations from the upstream analysis of proteins detected in NCCM, indicating the involvement of transcription factors mediating TGF signaling (Bach et al., 2016b) Affirmatively, the in vitro results of this study were (partially) mediated by increased TGF-β Smad2/3 signaling (Xu et al., 2019), albeit functional inhibitory studies to confirm this observation is still lacking.
Decellularization is necessary to allow the use of porcine NCM for clinical application. Different decellularization methods have been employed to remove the NCs from the tissue and maintain the ECM. (Supplementary Material S2) Nonetheless, the GAG and collagen content of the decellularized constructs was negatively affected by the decellularization processes in all studies. Since cellular components have numerous ligand-binding domains important for cell-ECM interactions, specific associations with cytokines, chemokines, morphogens, and growth factors that regulate cell differentiation and proliferation (Caterson, 2012), decellularization could affect these bioactive factors; impacting the instructive role of the ECM. Therefore, optimal decellularization agents and protocols remain to be established for this specific application, balancing the safety and maximum instructive capacity of the NCM. Within this context, while fundamental research focuses on the mode of action of NC-based decellularized scaffolds, and follow-up translational work should focus on injectability, dose-finding, and subsequent translation from bench to bedside. Although porcine tissue-derived products have already been clinically applied (Stone et al., 2007; Konertz et al., 2011), safety aspects including methods to remove α-Gal (Park et al., 2009; Wong and Griffiths, 2014) and genetic material [endogenous retroviruses (van der Laan et al., 2000)] without affecting its biologic activity would need to be optimized before the decellularized tissue can be applied clinically in patients. Despite the reduced instructive capacity, decellularized NCM could serve as a cell-free approach or be employed in combination with cell-based therapies. The decellularized NCM could be used as a carrier or even as a primer during the production of the cells to enhance the effects of cell therapy alone.
NC-Secreted Extracellular Vesicles
Vesicle related proteins have been identified in porcine, canine, and human NCCM (Bach et al., 2016b) and NC-rich fetal bovine NP matrisome (Caldeira et al., 2017), indicating a role of extracellular vesicles (EVs) in NC biology. EVs are small lipid bilayer-enclosed particles released by cells, that have attracted attention as potential targets for the development of regenerative therapies in the cartilage/IVD field (Malda et al., 2016; Piazza et al., 2020). EVs serve in intercellular signaling, since they are protective carriers for biologically active molecules (e.g., mRNA, miRNA, DNA, protein, lipid) and have the ability to interact with cells in a context-dependent manner (Malda et al., 2016).
Within the context of the IVD, SHH, a key factor in notochord and IVD development, was found to be the cargo of two specific EV fractions from primary chick cells derived from the notochord (Vyas et al., 2014). These two EV fractions contained distinct sets of vesicular miRNAs and proteins with differential effects on the SHH target genes (Vyas et al., 2014), indicating that notochordal EVs play a complex role during embryonic development. A recent study demonstrated that EVs are abundantly secreted by porcine NCs and that these EVs exert anabolic effects upon canine and human NPCs derived from degenerated IVDs (Bach et al., 2017a). Thus, the involvement of EVs within the effects observed by NCCM warrants further investigation. It remains to be determined whether EVs also hold promise for symptom modification, e.g., by inhibiting inflammation, angiogenesis, neurogenesis, or catabolism. Further identifying the bioactive EV-associated cargo, how the micro-environment influences it, the subsets of EVs and their possible distinct biologic effects will provide a better understanding of the NC’s mode of action. This fundamental knowledge will instruct future cell-free regenerative therapies that employ either the native EVs or synthetic nanovesicles delivering specified EV-associated biomolecules (Malda et al., 2016).
DISCUSSION
NC-based therapeutic strategies have regenerative prospectives to address a yet unmet clinical need for the LBP patient. Next to the scientific advances in NC biology and technology employing their cellular and matrix biology to develop clinically feasible therapeutic strategies, several challenges come with NC-based approaches. These include the bottleneck of maintaining the NC phenotype, ethical considerations with the use of human NCs, and the risk of tumor formation.
Preservation of the NC Phenotype
From the perspective of employing NCs in cell-based therapies and on the course of fundamental research into their physiology, there are considerable challenges in the preservation of the NC phenotype in vitro, since NCs lose their vacuolated phenotype and NC-specific markers during (expansion) culture. Several studies have aimed to optimize the culture conditions for NCs, and the results indicate that NCs retained their morphologic phenotype better by using 3D instead of 2D cultures (Erwin et al., 2009; Smolders et al., 2012; Gantenbein et al., 2014), hypoxic conditions (1–5% O2) (Erwin et al., 2009; Omlor et al., 2014; Humphreys et al., 2018), soft (<720 Pa) substrate surfaces (e.g., laminin-coated) (Gilchrist et al., 2011; Fearing et al., 2019; Barcellona et al., 2020) possibly functionalized with ECM-mimetic peptides (Bridgen et al., 2017; Barcellona et al., 2020), increased culture medium osmolarity (from 300 to 400 mOsm/L) (Spillekom et al., 2014), serum-free culture media (Arkesteijn et al., 2016), and low instead of high glucose culture medium (Spillekom et al., 2014; Humphreys et al., 2018). The latter is because NCs are subjected to low glucose concentrations in vivo due to the absence of a direct blood supply (Urban et al., 2004). Affirmatively, hyperglycemia has been positively correlated with IVD degeneration in diabetic rats (Mahmoud et al., 2020) and it has been shown that a high glucose environment stimulates apoptosis and inhibits proliferation of NCs in vitro (Park and Park, 2013). Altogether, this is a particularly understudied, but essential, field to bring NC-based technologies a step forward within regenerative medicine.
Ethics
Given that the availability of autologous NPCs (and especially NCs) is extremely low in the adult human IVD (Humphreys et al., 2018), autologous NC treatment is deemed impossible. NCs could be sourced from human specimens (allogeneic; e.g., deceased fetuses-children) with considerable ethical challenges and uncertainties concerning the use of fetal cells/tissues (de Wert et al., 2002; Peng et al., 2020) or from other species (xenogeneic; e.g., porcine). Since the intact IVD is thought to be immune-privileged because of its avascularity (Yang et al., 2009) and the expression of Fas ligand by NPCs, which induces apoptosis of invading Fas-bearing T-cells (Takada et al., 2002; Hiyama et al., 2008), the introduction of allogeneic/xenogeneic cells is not likely to induce a host-versus-graft response. However, even the use of allogenic and xenogeneic cells in regenerative medicine is ethically charged (Niemansburg et al., 2013; Niemansburg et al., 2014) because IVD-related LBP is a disease affecting the quality of life, as opposed to life-threatening, with diseases like heart failure and cancer. As such, the benefits of regenerative medicine-based interventions within the orthopedic field need to be safe and outbalance the probability and possible magnitude of adverse effects, including graft-versus-host disease or tumor formation.
Risk of Tumor Formation
While research on NCs shows opportunities towards promising therapeutic avenues, there are concerns about their safety. Previous work demonstrated that a few dormant NCs persist in the adult vertebral body and, if activated, may proliferate and give rise to chordomas, which are, however, very rare (McMaster et al., 2001; Bakker et al., 2018). Chordomas contain cells similar to NCs in terms of morphology and express NC-related genes (e.g., T, KRT8/18/19) (Vujovic et al., 2006). Interestingly, although 20% of adult human vertebrae were observed to have NC remnants, they did not develop into tumors (Yamaguchi et al., 2004; McCann et al., 2016). To date, it remains unclear which initiating mechanisms are crucial for the development of chordomas. In line with the minor prevalence of chordomas in humans, in dogs (who typically maintain their NCs throughout life and only lose them at predilection locations to develop LBP) that suffer from variable cancers too, only two cases of histologically confirmed chordomas have been described (Gruber et al., 2008; Stigen et al., 2011). Nonetheless, when aiming for regenerative NC-based treatment strategies, factors that are known to be associated with tumor formation should be carefully investigated.
Future Perspectives
Consensus Terminology
The regenerative potential of NCs is evidenced by the increasing body of literature. NC-based approaches are considered promising for regenerative and/or symptom modifying therapies for LBP due to IVD degeneration. Further efforts to bring NC-based therapies from the bench towards the bedside have to involve alternatives to employing primary NCs. These strategies are hampered by the lack of consensus terminology in defining the cells residing within the NP from development to adulthood (see Box 2), and by the lack of more precise phenotypic descriptions that single-cell technologies are likely to enable in the near future. Such terminology does not only allow for improved communication within the scientific community, most importantly it will assist in defining the specific set of NP cell phenotypic markers. These markers are essential in defining the outcomes of fundamental and translational research. Even more so, these markers will be used to benchmark NC-based therapies being developed.
The Role of NC Vacuoles
In the developing notochord, NC vacuoles are considered to be the driving force of axis elongation (Ellis et al., 2013). The NC vacuoles are presumably mechanoprotected by the caveolae, flask-shaped structures of the plasma membrane that express caveolins (Nixon et al., 2007; Sinha et al., 2011; Bach et al., 2016a) and by the ECM of the notochordal sheath, rich in collagens, proteoglycans (mostly chondroitin sulfate and heparan sulfate), laminins, and fibronectins (Yasuoka, 2020). Since the vacuoles play an important biomechanical role in the developing embryo, they might also have a biomechanical role in the postnatal IVD by maintaining intracellular pressure to resist mechanical loading (Hong et al., 2018). Since NC vacuoles are important organelles in the embryonic notochord and postnatal NP, they might also be involved in the NC-mediated regenerative effects. For instance, they may contain bioactive substances in their membrane or vacuole content. During IVD maturation, vacuolated NCs are replaced by non-vacuolated NPCs (Hunter et al., 2003). It is interesting to determine if and how the cargo changes during maturation of the NCs and transition into non-vacuolated NPCs. In addition to the cargo content, also the self-renewal ability of the NCs is a topic of debate. There is evidence that the presence of large intracytoplamic vacuoles is a limiting factor for cell proliferation (Joo Han Kim et al., 2009; Hong et al., 2018), which is important to consider when aiming for NC-based regenerative therapies. Taken together, studying the NC vacuoles may provide novel information, possibly enabling guidance for NC-based IVD regeneration. For this reason, future studies should elucidate the content, composition, and specific role(s) of the NC vacuoles. Lastly, it would be worthwhile studying the exact relationship between the EVs and vacuoles of NCs.
Generating NC-Like Cells
Considering the above-mentioned limitation in NC-based approaches, emerging avenues that hold promise involve the generation of NC-like cells from other cell sources, e.g., embryonic (Diaz-Hernandez et al., 2020) or induced pluripotent stem cells (ES and iPS cells) (Liu et al., 2014; Liu K. et al., 2015; Yongxing Liu et al., 2015; Tang et al., 2018; Sheyn et al., 2019; Xia et al., 2019; Colombier et al., 2020; Zhang et al., 2020). Protocols for differentiation into the NC-lineage are highly variable, but generally involve differentiating pluripotent cells towards mesodermal lineages through activation of WNT signaling followed by the transient induction of early embryonic notochordal markers. The published studies do not compare the generated NC-like cells with native NCs in terms of their regenerative capacity or marker expression. While the histologic analysis suggested the presence of vacuolated cells in two studies (Tang et al., 2018; Zhang et al., 2020); their presence needs to be confirmed by markers typically expressed on the membranes of vacuoles. In an in vivo study, iPS cell-generated NC-like cells were tested in a porcine model in which degeneration was induced by annular puncture (Sheyn et al., 2019). Although the iPS-derived NC-like cells were detected 8 weeks after injection by KRT18/19, T, and NOTO expression, histology did not show the typical vacuolated NC morphology. Moreover, the GAG or collagen content was not quantified in the treated IVDs, and therefore, regeneration of the porcine IVDs was not confirmed. Interestingly, in a parallel study, porcine NC-derived ECM promoted the differentiation of human iPS cells into NC-like cells (Liu et al., 2014), indicating that modifying the local niche can improve their differentiation. Lastly, the culture conditions optimal for NC preservation (see section Preservation of the NC phenotype) can also be used to further optimize the differentiation of pluripotent cells into NC-like cells. Taken together, ES/iPS-based technology to generate NC-like cells can be used for fundamental research to better understand NC development, physiology and regenerative therapies. This is an active field of research with exciting possibilities, but also with ES/iPS-specific and general advanced therapy medicinal product-related bottlenecks and challenges. Examples of ES/iPSC-specific challenges include the improvement of differentiation efficiency, further identification of distinct NC-markers, purification of the differentiated cells, and importantly, maturation into the desired NC phenotype that can thrive and exert therapeutic effects within the hostile degenerative disc environment.
Besides ES or iPS cells, the earlier mentioned local tissue-specific NPPCs (TIE2+ cells) can be considered as an alternative for NC-like cell generation. The relationship between NPPCs and NCs is not clear yet, since NCs can be either TIE2+ or TIE2 negative (Sakai et al., 2018). Moreover, NPPCs can be detected in very young, but also (to a lesser extent) in older human individuals (Sakai et al., 2012), an age at which NCs are not present in the disc anymore. Therefore, NPPCs are considered a specific cell population in the NP, and might not be part of the NC or NPC population per se. Also, the fact that NCs have a low (Joo Han Kim et al., 2009), while NPPCs have a high proliferation capacity (Sakai et al., 2012) provides evidence against the hypothesis that NPPCs represent the (entire) NC population. Therefore, TIE2+ NPPCs might be a more suitable tissue-specific cell source for NC-like generation, that might differentiate even more efficiently into the desired cell type than other types of stem cells.
Regenerative Effects Beyond the Borders of the Disc
Although this review focuses on LBP due to IVD degeneration, patients with related neck pain (Peng and DePalma, 2018) due to IVD degeneration can probably benefit from NC-based regenerative treatments in the future. Furthermore, during osteoarthritis (OA), the articular cartilage undergoes processes resembling late stages of IVD degeneration, such as hypertrophic differentiation and calcification (Rutges et al., 2010; Rustenburg et al., 2018). Since NPCs closely resemble articular chondrocytes and NCs can induce regenerative effects on NPCs, they may exert positive effects on chondrocytes as well. Confirming this hypothesis, NCCM was demonstrated to exert anabolic and anti-inflammatory effects on human OA chondrocytes (Müller et al., 2016). Moreover, a recent study tested the potency of NC-derived ECM as a bioactive regenerative lubricant for the osteoarthritic joint (de Vries et al., 2018a). This NC-derived matrix exerted anabolic and anti-inflammatory effects on healthy bovine articular chondrocytes and showed promising lubricating properties, comparable to hyaluronic acid (de Vries et al., 2018a). Future studies are warranted to determine the effect of NC-secreted substances on human OA cartilage explants, which may respond differently from (healthy) chondrocytes. Altogether, these two studies show that local application of NC-secreted substances could have potential as a treatment not only for IVD disease but also OA and perhaps even other (orthopedic) diseases.
CONCLUSION
The now historic observation that NCs are lost when humans show signs of IVD disease has given rise to many studies suggesting the presence of NCs can have a positive effect on the maintenance of a healthy IVD status. In the last few decades, research into NCs has considerably improved, both qualitatively and quantitatively, with enhanced methods, markers, and more specific scientific questions. Results show promise that NC and their secreted substances (proteins, EVs, and ECM) have a regenerative capacity upon other cell types, such as NPCs. The scarcity of NCs in adult IVDs indicates that regenerative treatments require NC-like cell generation (e.g., embryonic- and induced pluripotent-stem cells) using methods currently being determined and optimized. For future perspectives, however, more efficacy and safety studies are needed, mainly into the long-lasting effects (e.g., tumor formation). In conclusion, NC-based studies demonstrate that by applying the fundamental concepts from developmental biology, the path can be paved for future clinical therapies focused on regenerating the diseased IVD.
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Low back pain (LBP) is quite common in clinical practice, which can lead to long-term bed rest or even disability. It is a worldwide health problem remains to be solved. LBP can be induced or exacerbated by abnormal structure and function of spinal tissue such as intervertebral disc (IVD), dorsal root ganglion (DRG) and muscle; IVD degeneration (IVDD) is considered as the most important among all the pathogenic factors. Inflammation, immune response, mechanical load, and hypoxia etc., can induce LBP by affecting the spinal tissue, among which inflammation and immune response are the key link. Inflammation and immune response play a double-edged sword role in LBP. As the main phagocytic cells in the body, macrophages are closely related to body homeostasis and various diseases. Recent studies have shown that macrophages are the only inflammatory cells that can penetrate the closed nucleus pulposus, expressed in various structures of the IVD, and the number is positively correlated with the degree of IVDD. Moreover, macrophages play a phagocytosis role or regulate the metabolism of DRG and muscle tissues through neuro-immune mechanism, while the imbalance of macrophages polarization will lead to more inflammatory factors to chemotaxis and aggregation, forming an “inflammatory waterfall” effect similar to “positive feedback,” which greatly aggravates LBP. Regulation of macrophages migration and polarization, inhibition of inflammation and continuous activation of immune response by molecular biological technology can markedly improve the inflammatory microenvironment, and thus effectively prevent and treat LBP. Studies on macrophages and LBP were mainly focused in the last 3–5 years, attracting more and more scholars’ attention. This paper summarizes the new research progress of macrophages in the pathogenesis and treatment of LBP, aiming to provide an important clinical prevention and treatment strategy for LBP.
Keywords: macrophages, inflammatory immune response, low back pain, intervertebral disc degeneration, muscle, dorsal root ganglion
INTRODUCTION
Low back pain (LBP) is extremely common and mostly manifested as lumbosacral pain with or without radicular symptom (Knezevic et al., 2021), up to 75–80% of people suffer from LBP during their lifetime at some point (Chen et al., 2017). LBP greatly affects the patients’ quality of life, and even makes patients disabled in severe cases, bringing huge socioeconomic burden. The Lancet reported that LBP ranks sixth in the global disease burden (Global Burden of Disease Study 2013 Collaborators, 2015). In 2016 alone, the United States spent $134.5 billion on the treatment of LBP and neck pain (Dieleman et al., 2020), and the indirect loss caused by LBP is even higher than the direct medical costs (Kigozi et al., 2019). With the advent of aging society, the prevalence and number of patients with LBP continue to increase globally; meanwhile, the incidence of LBP also displays a gradual increased trend in young people. It is reported that about 40% children aged from 9 to 18 years suffer from LBP (Calvo-Muñoz et al., 2013; Kędra et al., 2021).
The conventional treatment for LBP includes physical therapy, oral medicine, local injection and surgical treatment (Table 1). Generally, physical exercise therapy is the first choice, but patients’ compliance is often poor during the implementation of such therapy. Patients should be guided to actively cooperate pain treatment and alleviate fear related to pain and avoidance behavior (Vlaeyen et al., 2018). If the symptoms of LBP are not relieved or progressively worsen, oral drug is often required. The non-steroidal anti-inflammatory drugs (NSAIDs) are the commonly used drugs. The alternative drugs also include opioids, antidepressants and muscle relaxants etc. American College of Physicians guidelines consider NSAIDs or muscle relaxants to be the first choice drugs for acute or subacute LBP (Qaseem et al., 2017). For oral drugs with poor efficacy and long-term side effects such as gastrointestinal discomfort or addiction, local injection of drugs should be taken into consideration. The steroid is commonly used local injection drug, which exert analgesic effect on LBP caused by nucleus pulposus (NP) herniation, but has a poor effect on most patients with spinal stenosis or IVDD without nerve compression (Cohen et al., 2013). Following above treatment, if the LBP continues to aggravate, surgery should be actively performed. Compared with other therapies, surgical treatment can relieve pain faster and markedly improve function (Bailey et al., 2020). However, 10–40% of patients may develop into failured back surgery syndrome (FBSS), which means that patients will suffer from recurrent LBP accompanied by neurological symptoms after one or several surgeries (Chan and Peng, 2011). The non-surgical treatment only relieve the symptoms, and surgical treatment has the defects of recurrence, aggravation of adjacent segment degeneration and difficulty in restoring normal biological function of the spine. In-depth explore the precise pathogenesis of LBP is expected to provide new strategy for effective prevention and treatment of LBP, which has important scientific significance and clinical value.
TABLE 1 | Conventional treatment options for LBP.
[image: Table 1]Literatures have confirmed that IVDD and the dysfunction of IVD peripheral structures, such as paraspinal muscles, dorsal root ganglia (DRG), and facet joints, are the direct cause and core link of LBP. The IVD consists of the gelatinous NP in the central part, the inner and outer annular fibers (AF), and the upper and lower cartilage endplates (CEP). IVDD is the most important pathogenic factor of LBP. During the process of IVDD, inflammation, mechanical load and other factors could cause diminished function and decreased number of IVD cells, and degradation of proteoglycans and type II collagen, which further aggravates the damage to IVD microenvironment and results in discogenic LBP (Gilbert et al., 2016). When IVDD occurs, infiltration of sensory nerves and blood vessels into the CEP can further irritate the inflammation of the IVD, which is a crucial source of LBP. Modic et al. (1988) discovered that patients with LBP often exhibit changes in MRI signal intensity of endplates (EP) and adjacent vertebral subchondral bone. Inflammation and immune response exert an pivotal role in the pathological process of Modic changes, ultimately triggering LBP to a large extent. Additionally, the abnormal structure and function of muscle, DRG, facet joint etc., are closely related to inflammation and immune response. Macrophages migrate to the damaged area and release inflammatory factors, which cause inflammatory cascade reactions. Increased inflammatory and chemokine factors will lead to hyperalgesia. The abnormal structure and function of vertebral adjacent tissues interact with the degeneration of the IVD and inflammatory immune response to activate the “positive feedback” amplification effect, which is extremely crucial in inducing and exacerbating LBP.
Structural and functional abnormalities of the IVD and its adjacent tissues often result in LBP, which is attributed to macrophage-mediated inflammation and immune response to a certain extent. In this paper, the latest basic research progress of macrophages in the pathogenesis of LBP is summarized, in order to explore the key molecules or signal pathways that can be precisely targeted and regulated, and provide an important basis for effective clinical prevention and treatment of LBP.
Literatures Screening Methods
This review selected literatures from PubMed, Scopus and MEDLINE databases, all literatures were searched with the key words of “Macrophages and Intervertebral disc”, “Macrophages and Nucleus pulposus,” “Macrophages and Annulus fibrosus,” “Macrophages and Endplate” and “Macrophages and Low back pain” since January 2017. Then, 222 articles were retrieved from PubMed database, 307 articles from Scopus, and 212 articles from MEDLINE. In total, 741 references were obtained. After removal of duplicates, each article was carefully examined according to inclusion and exclusion criteria. After screening, 68 articles met inclusion criteria, including: 1. English language, 2. Full text, 3. Relevant to LBP or IVDD (Figure 1). We reviewed 68 non-duplicate original articles to elucidate the effects of macrophages polarization on IVD structures and their adjacent structures; discussed the mechanisms of macrophages-induced LBP and potential intervention molecular targets.
[image: Figure 1]FIGURE 1 | Database search flowchart. Five independent literature searches were conducted using defined search terms through three literature databases, and the identified articles were screened for exclusion or inclusion. Then, 741 articles were obtained from the initial database search; after screening, 68 non-duplicated original research articles were included in this review.
Macrophages and Orthopedic Diseases Origin, Type and Function of Macrophages
Macrophages have long been considered to be important immune effector cells; they are mainly derived from adult bone marrow-derived hematopoietic stem cells (HSCs), while others are produced by embryonic hematopoietic progenitor cells (Ginhoux and Guilliams, 2016). The macrophages originate from the yolk sac and present two waves, one directly generated in the yolk sac and then distributed throughout the embryo (Hoeffel et al., 2015). Another wave is made up of yolk sac-derived myeloid-biased progenitor cells and migrate into the liver, several lineages are produced, including monocytes; and then differentiate into macrophages, myeloid progenitor cells in liver and specialize into monocytes and granulocytes, respectively (McGrath et al., 2015). Macrophages were differentiated from monocytes, which indicated that hematopoietic progenitors produced by yolk sac have the ability to differentiate into macrophages in liver (Bian et al., 2020). Macrophages exist in tissues in a stable state, participate in inflammatory reactions and produce chemokines (Brown et al., 2012). Monocytes can be divided into “inflammatory” and “resident” subpopulations before they differentiate into macrophages. Inflammatory monocytes can rapidly recruit and migrate to the region of injury or infection via C-C chemokine receptor type 2 (CCR2), C-C motif chemokine ligand 2 (CCL2), monocyte chemotactic protein-1 (MCP-1), and C-X-C motif ligand 10 (CXCL10). The resident monocytes lack CCR2 expression and could patrol the vascular system, fill normal tissues, and regulate inflammatory responses (Orozco et al., 2021). Aegerter et al. (2020) reported that influenza-induced alveolar macrophages produced more interleukin-6 (IL-6) and had better resistance to Streptococcus pneumoniae infection in mice. Yao et al. (2018) documented that viral infection induce long-acting memory alveolar macrophages and control bacterial infection. Macrophages have a large plastic phenotype and display distinct subtype changes and functional differences in different microenvironments.
M0 macrophages are non-activated, which can be activated in both classical activation (M1) and alternative activation (M2). Some scholars further divided M2 macrophages into M2a, M2b and M2c subtypes. M1 macrophages secrete many pro-inflammatory cytokines and have high bactericidal activity. M2a macrophages could exert anti-inflammatory effects, promote tissue remodeling and wound healing. M2b macrophages can promote tumor growth and exert immunomodulatory effects. M2c macrophages can enhance apoptotic body phagocytosis, tissue remodeling and immunosuppressive effects (Viola et al., 2019). Due to overlapping expression markers, the “M1/M2” taxonomy is currently most commonly used. The surface markers of M1 macrophages are mainly CD197 (CCR7), CD80 and CD86, which can secrete inflammatory factors such as tumor necrosis factor-α (TNF-α), IL-1β, IL-6, IL-12, and MCP-1, displaying notable pro-inflammatory effect. The surface markers of M2 macrophages are mainly CD163 and CD206, which can secrete anti-inflammatory factors such as IL-4, IL-10, transforming growth factor-β (TGF-β) and platelet-derived growth factor (PDGF), primarily playing anti-inflammatory and promoting tissue repair role.
Role of Macrophages in Orthopedic Diseases
Macrophages are crucial in the pathogenesis of various musculoskeletal diseases such as osteoarthritis (OA) and osteoporosis (OP) (Xie et al., 2019; Muñoz et al., 2020; Tamaddon et al., 2020). Human CD14+ synovial macrophages can produce matrix metalloproteinases (MMPs), such as MMP-1 and MMP-13, which lyses type II collagen, worsen the inflammatory microenvironment of extracellular matrix (ECM), and accelerate the degeneration process (Wang and He, 2018). Synovial macrophages and monocyte-derived pro-inflammatory macrophages negatively regulate the chondrogenesis of bone marrow mesenchymal stem cells (MSCs) (Lepage et al., 2019). Inflammatory response in the synovium promote macrophages aggregation and synovial hyperplasia, ultimately leading to OA. Macrophages are extremely critical in maintaining osteogenic/osteoclast balance by influencing the secretion of inflammatory factors from osteoclasts (Srivastava et al., 2018). In inflammatory state, TNF-α, IL-1β and IL-6 promote osteoclast differentiation and bone resorption (Jung et al., 2019). Besides, macrophages are also closely involved in the regulation of rheumatism, rheumatoid arthritis, ankylosing spondylitis and femoral head necrosis.
Traditionally, the IVD was thought to be an immune privileged avascular organ (Stapels et al., 2016). However, Nakazawa et al. (2018) reported the existence of macrophages labeled with CCR7+, CD163+ and CD206+ in human IVD, and more and more scholars have focused on researching the role of macrophages in IVDD recently. Silva et al. (2019) discovered that many macrophages exist in degenerative IVD, and macrophages are often released into tissues through the circulatory system (Takeoka et al., 2020). Risbud and Shapiro (2014) confirmed that under inflammatory environment, NP secrete chemokine CCL2, CCL3 and CXCL10, which promote macrophages polarization, recruitment and migration, and produce more IL-1β and TNF-α, enhance the synthesis of MMPs, ultimately aggravate the IVDD. Zhang et al. (2016a) reported that the expressions of IL-17, CCL20 and CCR6 were markedly increased in the rat IVDD model, and it may be recruited into the degenerative IVD tissue through the CCL20/CCR6 system. The expression of IL-17 in the degenerative IVD tissue was notably correlated with CCL20 and CCR6. Chemokines and damaged tissue fragments lead to a large number of macrophages to recruit into damaged site, which further exacerbated the inflammatory microenvironment of IVD (Sainoh et al., 2015; Wiet et al., 2017; Torre et al., 2019).
Effect of Macrophages on Low Back Pain by Acting on Intervertebral Disc
IVDD is mainly characterized by IVD dehydration, ECM degradation, decreased proteoglycan content, collagen type transformation and AF rupture (Cazzanelli and Wuertz-Kozak, 2020), its exact mechanism remains to be elucidated (Murray et al., 2012; Zhang et al., 2016b). Due to the progressive degeneration process is often accompanied by increased levels of pro-inflammatory cytokines, IVDD is often considered as a chronic inflammatory state (Risbud and Shapiro, 2014; Cornejo et al., 2015). However, this inflammatory response is more likely to occur in response to tissue damage of the IVD rather than antigen specific inflammatory immune response. The traditional view is that immune cells have no effect on the pathophysiological process of IVD. Studies have reported that macrophages could recruit into the degenerative or herniated IVD region, infiltrate into closed NP (Shamji et al., 2010), which notably exacerbates IVDD (Figure 2).
[image: Figure 2]FIGURE 2 | During the process of IVDD, the NP tissue protrude along the ruptured AF, nerves and blood vessels infiltrate and grow into IVD,and its adjacent tissues,and chemokines recruit macrophages from peripheral tissue of IVD and peripheral blood into IVD. The macrophages M1 polarization can secrete pro-inflammatory factors such as IL-1β and TNF-α, which aggravate the degeneration of IVD, while the macrophages M2 polarization can secrete anti-inflammatory factors such as IL-4 and IL-10. When the IVD is in a state of persistent inflammation, the degradation of ECM enhances; the inflammatory microenvironment promote the macrophages toward M1 polarization and secrete more pro-inflammatory factors, forming a vicious circle and inducing disc degeneration. The increased ingrowth of nerves into the IVD, and the continuous exposure of the IVD and DRG to inflammatory microenvironment further exacerbate IVDD.
Macrophages can promote the synthesis and release of inflammatory factors and aggravate IVDD (Wang et al., 2016; Peng et al., 2021). M1 macrophages-induced inflammatory effect act as a crucial role in IVDD (Zhang et al., 2021). M1 macrophages activate NP cells to secrete pro-inflammatory cytokines and chemokines, release proteolytic enzymes, break down the ECM components of the IVD, and exacerbate IVDD (Zhao et al., 2021). With the aggravation of IVDD, macrophages further infiltrate into the IVD. The secretion of inflammatory mediators tends to derive from the degenerative NP tissues (Willems et al., 2016). Nakazawa et al. (2018) detected the degenerative IVD and demonstrated that the expression of macrophages markers in damaged NP, AF and EP regions notably increased with the deterioration degree, and these markers were not found in healthy IVD. Long-term inflammation of the AF result in fissures, and in severe cases the NP protruded, which cause or aggravate LBP (Zhou et al., 2021). The literature documented (Nakazawa et al., 2018) that CCR7+, CD163+ and CD206+ cells in EP gradually increased with the deterioration, and the cell morphology and tissue structure exhibited obvious irregularities, supporting the hypothesis that exogenous macrophages infiltrate through the EP.
Effect of Macrophages on Low Back Pain by Acting on NP
Macrophages infiltrating the NP may influence IVDD through the following pathways. On the one hand, the increased ECM degradation leads to the destruction of the IVD structure and the ingrowth of neovascularization, which promotes the more macrophages infiltration into the IVD. In the early stage of IVDD, the lysosomes in macrophages release degrading enzymes to decompose harmful substances phagocytized into cells, acting as an important role in local defense (Dongfeng et al., 2011; Zhang et al., 2016b). On the other hand, the inflammatory environment formed in the degenerative IVD will induce the accumulation of senescent cells, promote the infiltration of macrophages toward pro-inflammatory M1 polarization, and worsen IVD inflammatory microenvironment (Bisson et al., 2021). IL-4-induced macrophages to M2 polarization efficiently promote wound healing and tissues repair, but their pro-inflammatory and anti-infection abilities are weaker than those of M1 macrophages (Mosser and Edwards, 2008). Macrophages in or near IVD tissues can secrete pro-inflammatory factors such as IL-1β, TNF-α, IL-6 etc., which aggravate the inflammatory phenotype of NP. The exposed NP stimulates the recruitment of circulating monocytes into the NP tissues to differentiate into macrophages and secretes IFN-γ, which further promotes the migration of macrophages into the IVD (Shamji et al., 2010).
Dongfeng et al. (2011) confirmed that TNF-α and CD68 positive cells were highly expressed in the high-density area of IVD. The CD68 is a macrophage-specific antigen, and CD68 immunostaining positive cells were observed in the degenerated NP and AF. Macrophages, neutrophils, and T cells infiltrate the herniated and degenerated IVD following releasing chemokines from IVD cells (Risbud and Shapiro, 2014). Inflammatory factors infiltration into the IVD and those produced by the NP together contribute to IVD inflammatory microenvironment and aggravate IVDD (Guo et al., 2020; Hernandez et al., 2020; Qi et al., 2020). The expression of IL-1β, TNF-α, vascular endothelial growth factor (VEGF) and its receptor basic fibroblast growth factor (BFGF) are up-regulated in degenerative IVD, the catabolism of neovascularization is accelerated, and MMP synthesis is increased (Risbud and Shapiro, 2014). Yokozeki et al. (2021) documented that TGF-β can regulate resident macrophages in adult mice in addition to its self-regulatory effect, and age-related decline in TGF-β expression leads to decreased amount of macrophages in IVD, which is critical for tissue homeostasis and immune regulation. Hence, the excessively decrease in macrophages may result in imbalance homeostasis of IVD microenvironment, triggering or exacerbating LBP.
Effect of Macrophages on Low Back Pain by Acting on AF
Due to the functional and structural integrity of normal IVD, nerves and blood vessels cannot grow into the interior of the IVD. When IVDD occurs, the degradation of ECM increases, and the AF (especially the outer AF) produces cracks. The fissure penetrates the AF and the interior of the IVD, creating a prerequisite for the migration and infiltration of macrophages into the IVD (Yamamoto et al., 2022). Kadow et al. (2015) confirmed that after AF tear, granulation tissue grows along the fissure from the outer AF to the inner AF and NP, and the vascularized AF and NP recruit macrophages to migrate into the IVD, generating more pro-inflammatory factors; above phenomenon eventually exacerbated inflammation of the IVD and promotes the occurrence and development of LBP.
The AF is affected by inflammatory factors secreted from macrophages, the synthesis of type II collagen and proteoglycan reduced, and production of tissue inhibition of metalloproteinase-1 (TIMP-1) increased, making the damaged IVD difficult to repair (Chu et al., 2018). Sainoh et al. (2015) confirmed that IL-6 and IL-6 receptor (IL-6R) levels peaked on the first day following IVD injury, IL-6/IL-6R positive cells in the AF and EP might be the macrophages infiltration into IVD. Following the AF injury, macrophages activation will trigger phagocytosis and pro-inflammatory reaction to remove necrotic cells and tissue fragments, chemokines and damaged tissue fragments will result in a large number of macrophages to recruit at the damaged region; during the process of elimination tissue fragments, the inflammatory microenvironment of the IVD will further deteriorated, which induce or exacerbate IVDD (Torre et al., 2019). Lin et al. (2020) reported that the expression of Tenomodulin (Tnmd) is markedly upregulated in the outer AF, and the loss of Tnmd promote IVD angiogenesis and macrophages infiltration, aggravate IVD inflammation and lead to LBP. Tnmd could efficiently inhibit angiogenesis and reduce inflammatory response induced by macrophages infiltration, which provides a new direction for the development of new drugs for preventing and treating LBP caused by IVDD.
Effect of Macrophages on Low Back Pain by Acting on Endplate
The EP is composed of hyaline cartilage and subchondral bone. When the EP is damaged, the NP can directly expose to immune microenvironmental condition, producing many inflammatory mediators, M1 macrophages and activated T cells etc., resulting in further aggravation of EP injury and occurrence of LBP (Zheng et al., 2018). Ni et al. (2019) confirmed that during EP degeneration, osteoblast/osteoclast imbalance exacerbated porous structure in EP, stimulated sensory nerve fibers grew into EP and even the inside of IVD; the innervation level of Prostaglandin E2 (PGE2) and sensory nerve in porous EP increased, and PGE2 could activate its receptor EP4 in sensory nerve, and ultimately leads to spinal hyperalgesia. Multiple cavities formed in the EP as degeneration worsen, which may be largely attributed to inflammation mediated by macrophages (Rodriguez et al., 2012). M1 macrophages secrete TNF-α, IL-1β and IL-6 to promote the formation of osteoclasts, and M1 macrophages can also directly differentiate into osteoclasts (Yamaguchi et al., 2016; Dou et al., 2018). Chen et al. (2021) recently documented that during the co-culture of macrophages and bone MSCs (BMSCs), after the macrophages were polarized from M1 to M2, the expression of pro-inflammatory factors TNF-α, IL-1β and CCR7 in BMSCs notably decreased, while the expression of anti-inflammatory factors IL-4, IL-10 and CD206 were markedly increased, the expression of osteogenesis-related molecules were increased, and the alkaline phosphatase activity was enhanced. M1 and M2 macrophages have different effects on BMSCs osteogenic differentiation. M1 macrophages contribute to bone formation but do not promote matrix mineralization in the early stage of fracture repair, while M2 macrophages can promote matrix mineralization and MSCs osteogenic differentiation (Pajarinen et al., 2019). In conclusion, promotion of macrophages polarization to M2 is expected to efficiently repair the cavities in degenerative EP, inhibit the growth of nerves and blood vessels into IVD, and thus relieve LBP.
EP gradually calcifies during degeneration, increasing the risk of EP microfracture; promotion macrophages toward M2 polarization is expected to efficiently alleviate EP degeneration (Nagaraja et al., 2015; Noriega et al., 2017; Che-Nordin et al., 2018). EP degeneration often accompanied with Modic changes. The Modic changes refer to the bone marrow signal changes in MRI of vertebral EP and subchondral bone, which can predict the occurrence of LBP to a large extent. Modic changes are classified into three different types: Type I changes (low T1 and high T2 signals) are associated with EP tears and subchondral intramedullary vascular proliferation; Type II changes (high T1 and T2 signals), reflecting bone marrow steatosis; Type III changes (low T1 and T2 signals) mainly reflected as subchondral bone sclerosis. Type I Modic changes are more closely associated with LBP than other types. Dudli et al. (2016) confirmed that EP injury and autoimmunity are potential risk factors for Modic changes, and the number of protein gene product 9.5 (PGP9.5) nerve fibers and TNF-α positive cells in Type I and Type II changes in EP significantly increased. Yamamoto et al. (2022) reported that bone marrow derived macrophages (BMDMs) infiltrate the outer AF and EP in the degenerative IVD, and tissue-resident macrophages appear in the AF and NP. The macrophages are mainly M2 polarized, and M2a macrophages can result in tissues fibrosis and sclerosis, exacerbate the process of IVDD. As far as we known, BMDMs are the precursor cell of osteoclast, and the infiltration of BMDMs into EP are mainly M2 macrophages; the BMDMs in EP might enhance the EP sclerosis and eventually worsen IVDD.
Macrophages Affect Low Back Pain Through Intervertebral Disc Adjacent Tissue
Macrophages affect LBP through the surrounding tissues of the vertebral body (Figure 2). The low back muscles can maintain the stability and function of the spine, muscle atrophy, increased myoelectric activity or muscle spasm will induce LBP (Hodges and Danneels, 2019). Vertebral facet joints can limit spinal hyperactivity, but with the aggravation of IVDD, facet joints are prone to degeneration (Perolat et al., 2018). When DRG is compressed by herniated disc and stimulated by inflammation, the symptoms of LBP will occur (Walker et al., 2014; Yu et al., 2020). James et al. (2018) discovered that macrophages and TNF-α expression obviously increased in multifidus muscle in degenerative disc segment of sheep, and M1 macrophages secreted TNF-α in paravertebral multifidus muscle. The number of M1 macrophages increased after muscle injury, inducing satellite cell proliferation and fibroblast progenitor cell apoptosis, promoting myoblast fusion. Slow fiber loss in multifidus induces macrophages M1 polarization. Multifidus structure changes in the subacute stage express a variety of inflammatory factors, facilitate macrophages migration into the injured site, aggravate paravertebral muscle inflammation and bring about LBP (Hodges et al., 2014; Hodges et al., 2015). When Netzer et al. (2016) detected facet joints in patients with degenerative lumbar spinal stenosis, they found extensive de novo bone formation and inflammatory cell infiltration into subchondral bone marrow cavity, characterized by high abundance of macrophages. In the muscles, DRG, and facet joints around the IVD, the accumulation of macrophages caused by mechanical load, chronic injury and other reasons; macrophages combined with factors such as pro-inflammatory factors, neural factors, and vascular nerve ingrowth, together triggering or exacerbating LBP.
Macrophages Affect Low Back Pain Through Muscle
The macrophages M1 polarization lead to the transformation of muscle from slow muscle fiber to fast muscle fiber, resulting in lactic acid accumulation and macrophage-dominated inflammatory response. Macrophages secrete inflammatory factors that engulf necrotic muscles, reduce contraction potential, irritate hyperalgesia, and aggravate LBP (James et al., 2018). Villalta et al. (2009) reported that skeletal muscle of MDX transgenic mice contained more pro-inflammatory, typically activated M1 macrophages, which lysed muscle through the synthesis and release of nitric oxide synthase in vitro. The two different polarized forms of macrophages maintain the muscle lysis-fibrosis balance during muscle remodeling and avoid the occurrence of LBP. Muscle fatigue down-regulated the PH and activates acid-sensitive ion channel 3 (ASIC3) in resident macrophages, which release pain-related chemicals and cause hyperalgesia. Gong et al. (2016); Gregory et al. (2016) reported that the gene deletion of ASIC3 and pharmacological inhibition of APETx2 on ASIC3 in mice can prevent hyperalgesia induced by muscle fatigue. Exercise/acupuncture therapy for muscle pain can effectively promote macrophages toward anti-inflammatory M2 polarization and the release of anti-inflammatory factor IL-10. Fatigue metabolites can activate macrophages to locally release IL-10 and promote the macrophages toward M2 polarization, which efficiently relieve LBP (Leung et al., 2016). Novak et al. (2014) confirmed that the transition of the muscle macrophages population from an early heterogenous and hybrid phenotype to the subsequent inactivation state was due to IL-10 producted by macrophages.
James et al. (2016) verified that although MSCs therapy prevent fat infiltration and fibrosis of multifidus when IVDD occurs, it cannot adequately prevent muscle inflammation and muscle fiber type transformation; it is necessary to combine the induction of macrophages toward M2 polarization in order to relieve LBP. Du et al. (2017) reported that in the wild-type mouse muscle injury model, macrophages in the injured muscles secrete A Disintegrin and Metalloproteinase with Thrombospondin Motif 1 (ADAMTS1) in large amounts, and ADAMTS1 activate muscle stem cells by inhibiting Notch1 signaling pathway, promote regeneration of injured muscles, and obviously relieve LBP. Zhao et al. (2016) documented that in mouse models of acute skeletal muscle injury, deletion of chemokine receptor CX3C chemokine receptor 1 (CX3CR1) in macrophages has not affect the number of monocytes/macrophages in the injured muscles, but impaired the phagocytic function of macrophages, reduced the expression of insulin-like growth factor-1 (IGF-1) in macrophages, and delayed the repair of damaged muscles. Muscles repair depends on macrophage-mediated inflammation to some extent, and the influence of CX3CR1 on macrophage function will lead to persistent pain. Varga et al. (2016) displayed that peroxisome proliferator-activated receptor γ (PPARγ) regulates the expression of growth differentiation factor 3 (GDF3), a member of the TGF-β family, and is extremely important for muscle repair and regeneration. Macrophages are the main source of GDF3 in damaged tissues. Macrophage-mediated muscle regeneration is largely correlated with the PPARγ-GDF3 pathway, which provides a new idea for repairing muscle injury to alleviate LBP.
Macrophages Affect Low Back Pain Through Dorsal Root Ganglion
Macrophage-mediated inflammation and immune response play an important role in neurogenic pain (Scholz and Woolf, 2007). Kim and Moalem-Taylor (2011) discovered that the infiltration of macrophages, neutrophils, and dendritic cells in the injured sciatic nerve and ipsi-lateral DRG markedly increased, and the density of macrophages at the injured site increased up to 7 times, inducing or aggravating pain. The acute infiltration of neutrophils to injured nerve reaches its peak within a few hours after injury, and neutrophils release can sensitize a variety of chemokines, notably promoting the recruitment and activation of macrophages (Kumar and Sharma, 2010). Nadeau et al. (2011) reported that sciatic nerve injury induces the production of IL-1β and TNF-α, resulting in neutrophils and M1 macrophages infiltrating the distal nerve. Compared with wild-type mice, neutrophils and M1 macrophages were significantly reduced in IL-1R1 and TNFR1 deficient mice, which are critical for inducing macrophages to infiltrate into the damaged nerve.
Macrophages can affect nerve regeneration by regulating nerve growth factor (NGF), and the recovery of nerve function depends on the expression of IL-1β and TNF-α to some extent; and thus, severe depletion of macrophages hinder the axons regeneration in damaged nerves (Barrette et al., 2008). Increased levels of NGF, brain-derived neurotrophic factor (BDNF) and inflammation promote the nerve fibers of DRG growth into the AF and NP, enhance the sensitivity of pain cationic channel, and bring about LBP (Risbud and Shapiro, 2014; Kadow et al., 2015). There are resident macrophages expressing CD163 in the DRG, as well as macrophages containing CD68+ lysosomes and major histocompatibility complex II (McLachlan and Hu, 2014). Within days to weeks of sciatic nerve injury, activated macrophages and T lymphocytes migrate from lymph nodes and spleen to the injured region, and selectively migrate and recruit to the damaged DRG (Kim and Moalem-Taylor, 2011; Schmid et al., 2013). Immune cells, which are rich in ganglia, release the pro-inflammatory factor TNF-α, has been reported to directly increase neuronal firing rates (Ibeakanma and Vanner, 2010) or modify gene expression (Grisanti et al., 2011). Together, the macrophage-mediated inflammation and its positive feedback activation further exacerbate DRG damage, leadind to spinal hyperalgesia and LBP.
Macrophages Affect Low Bacl Pain Through Facet Joint
Studies on the degenerative joint capsule demonstrated that inflammatory pain mediators and chondrodegrading enzymes were highly upregulated (Netzer et al., 2016); the histopathological features of subchondral bone were infiltration of macrophages and enhancement of de novo bone formation in bone marrow. Kim et al. (2015) confirmed the infiltration of CD11d positive cells (macrophages) and increased production of inflammatory cytokines in the facet joint and capsule tissues with severe degeneration. Compared with normal facet joint, the levels of proinflammatory factors and chondrodegrading enzymes in degenerative facet joints are increased, and macrophages play an important role in the structural and functional changes of facet joints. Not only pro-inflammatory cytokines and chondrodegrading enzymes increased, but also anti-inflammatory cytokines and chondrodegrading enzyme inhibitors IL-10, IL-13, TIMP-2 and TIMP-3 were also upregulated, suggesting that this might be a tissue repair reaction (Kim et al., 2015). Migration and aggregation of macrophages may be an pivotal causative factor of LBP attributed to facet joint degeneration (Perolat et al., 2018). After facet joint injury, synovial macrophages secrete pro-inflammatory signaling molecules, such as Alarmins (van den Bosch et al., 2016), IL-1 and TNF-α (Manferdini et al., 2016), meanwhile the production of MMPs and inflammatory factors increases, which aggravate facet joint degeneration. Spinal degenerative diseases can be accompanied by facet joint-derived LBP, middle-aged and elderly patients as well as patients with spinal deformity should be paid more attention.
Macrophages Affect Low Back Pain Through Other Tissue
In the fat and connective tissue adjacent to IVD, macrophage-mediated inflammation can result in LBP. James et al. (2018) used immunofluorescence to localize macrophages in sheep IVDD model; the results demonstrated that TNF expression in adipose and connective tissue in multifidus muscle was markedly increased, which was positively correlated with pro-inflammatory M1 macrophages. James et al. (2021) evaluated the multifidus muscle and subcutaneous fat in 24 patients with disc disorders, and found that TNF expression was notably increased in patients with high infiltration of fat in multifidus muscle, suggesting that inflammatory factors might be an crucial driver of fat formation. It has been reported (Dalmas et al., 2011) that adipose tissue inflammation is largely attributed to the proinflammatory action of macrophages from bone marrow derived white adipose tissue (WAT). The WAT macrophages localize to dead adipose cells and form coronal structures (CLS) that fuse into pro-inflammatory multinucleated giant cells, and these CLS account for more than 90% of infiltrating macrophages (Dalmas et al., 2011). Although some reports (Chung et al., 2017; Nøhr et al., 2017) suggested that macrophage-induced inflammation obviously inhibit fat browning, there still remains controversial. Yang et al. (2018) reported that spinal disc puncture modeling in rats distinctly increase the number of microglias in the lumbar spinal cord, and the expression of colony stimulating factor 1 receptor (CSF1R) in microglias is increased, and the CSF1/CSF1R signaling pathway contributes to microglia activation, which further enhance the neurosensitivity of the central nervous system and lead to LBP.
Targeted Regulation of Macrophages to Relieve Low Back Pain
Activation of macrophages can induce or exacerbate IVDD; if the pathogenic factors are not removed in time, IVDD will gradually worsen to irreversible pathological state. Under the condition of macrophage-mediated inflammation, tissue damage and structural remodeling of adjacent IVD tissues also induce or aggravate LBP (Figure 3). Rajan et al. (2013) displayed that the expression of toll-like receptor 4 (TLR4) in NP, AF and EP cells is controlled by its ligand. When ligand binding to TLR4, it will result in upregulation of inflammatory mediators, such as TNF-α, IL-1β, IL-6 and macrophage migration inhibitory factor, damaging the normal IVD structure. Targeted regulation of TLR4 expression is expected to effectively relieve LBP caused by IVDD. Wu et al. (2017) discovered that the levels of pro-inflammatory factors such as IFN-γ, TNF-α and IL-1β were notably increased in facet joints; the injection of platelet rich plasma exerts an excellent anti-inflammatory effect by down-regulation inflammatory mediators in synovium cells and chondrocytes, and the effect is better than cortisol injection. Ohtori et al. (2012a); Ohtori et al. (2012b) confirmed that, in patients with lumbar spinal stenosis, TNF-α activation in DRG is closely related to pain generation and maintenance. Spinal epidural use of TNF-α inhibitors or anti-IL-6γ monoclonal antibodies markedly alleviates sciatica. In a 3-years follow-up of randomised double-blind trial, Genevay reported similar results (Genevay et al., 2012), effective relief in leg pain was observed following subcutaneous injection human anti-TNF-α antibodies (Table 2).
[image: Figure 3]FIGURE 3 | Macrophages can chemotaxis and migrate to adjacent tissues of IVD such as paraspinal muscles, DRG, facet joints and fat; and then synthesize more pro-inflammatory factors such as TNF-α, IL-1β and IL-6, resulting in spinal cord hyperalgesia, inducing or exacerbating LBP. The macrophages toward M1 polarization will lead to the accumulation of lactic acid in muscle, and the decrease of PH value can up-regulate the expression of ASIC3. Macrophages infiltrating into the damaged DRG promote the secretion of inflammatory mediators and induce neurogenic pain; macrophages can infiltrate the facet joints, aggravate the inflammation and degeneration of the facet joints, and cause LBP. Macrophages are the main source of GDF3 in damaged tissues, and PPARY in macrophages can promote tissue repair and regeneration by regulating the expression of GDF3. Chemokines CX3CL1 and CCL2 recruit macrophages and bind to CX3CR1 and CCR on macrophages,respectively, inhibiting the release of IGF1 and aggravating the inflammatory response; the chemokine MCP-1 could bind to CCR2, inducing and aggravating inflammation. The LPS acting on TLR4 in macrophages will lead to increased release of pro-inflammatory factors through the NF-KB signaling pathway.
TABLE 2 | Molecular targets related to treatment of LBP by regulating macrophages-mediated inflammation.
[image: Table 2]Regulation of Macrophages to Relieve Low Back Pain Caused by Intervertebral Disc Degeneration
Macrophages infiltrate into the IVD and act as critical role in initiating IVD inflammation and immune response (Chou et al., 2020; Kawakubo et al., 2020). Targeted regulation of macrophages polarization helps to the development of tissue repair and relief of LBP. The migration inhibitors not only play an important role in macrophages migration, but also positively regulate other pro-inflammatory factors (Kang and Bucala, 2019). During disc degeneration, macrophages can indirectly participate in inflammation by recruiting monocytes through blood, therefore inhibition of monocyte recruitment is an effective strategy to prevent inflammation and IVDD (Kawakubo et al., 2020).
Hasvik et al. (2019) illustrated that many miRs affect the expression of disc degeneration diseases related genes, for instance, miR-17 simultaneously regulates the synthesis of signal regulator protein α (SIRPα) in NP cells and its mediated activation of macrophages, increasing TNF production. The miR-17 play a pro-inflammatory effect by stimulating the expression of TNF, and regulation of miR-17 might be an effective strategy for the prevention and treatment of LBP. Nakawaki et al. (2020) reported that TNF-α facilitates the synthesis of CCL2 in disc degeneration, which in turn mediates the recruitment and macrophages toward M1 polarization, accelerating IVDD process. Wang et al. (2013) analyzed the degeneration of human NP and discovered that it could induce the expression of CCL3 stimulated by p38 mitogen-activated protein kinase (MAPK) under proinflammatory factors; CCL3 binds to its receptor CCR1 and exerts a pivotal role in macrophages migration, which was positively correlated with IVDD. Li et al. (2017) demonstrated that the expression of CCL4 was increased in human degenerative NP tissues, which notably induced macrophages migration to NP by binding CCR1. Further studies have shown that the binding of statin to its receptor and TLR4 in the NP promoted the expression of CCL4 through P38 MAPK and nuclear factor kappa B (NF-κB) pathway. Xiong et al., (2012) confirmed that migration inhibitors in human degenerative IVD may interfere with the ability of CEP derived stem cells (CESCs) to migrate into inflammatory region. Hence, restore the migration function of CESCs is able to promote the regeneration and repair of degenerative IVD.
Hou et al. (2020) in situ injected adeno-associated virus carrying DNA methyltransferase 1 (DNMT1) shRNA into macrophage-specific CD68 promoter in a mouse model of IVDD, they found that shDNMT1 efficiently attenuated the levels of TNF-α, IL-1β and IL-6, promoted the anti-inflammatory factor IL-4 and IL-10 expression, and led to macrophages toward M2 polarization. Xiao et al. (2019) synthesized a novel formyl peptide receptor-1 (FPR-1) coupling targeting C60 nanoparticleft-C60 (FTC60), which has excellent targeting ability to the highly expressed FPR-1 receptor on macrophages. After binding with macrophages, FTC60 exerts a strong anti-inflammatory effect and remarkedly reduces the expression of IL-6, IL-1, TNF- α and COX-2. Inflammation and immune response are double-edged swords, mild inflammation is beneficial to tissue repair and remodeling. Analgesic treatment should be aimed at inhibiting excessive activation of inflammation rather than completely blocking inflammatory response. The specific strategy of regulating macrophages polarization to intervene inflammation and immune response, and then to relieve or even block LBP needs further study (Ellis and Bennett, 2013).
Regulation of Macrophage-Mediated Inflammation and Immune Reponses in Muscles and Other Tissues to Relieve Low Back Pain
Villalta et al. (2011) confirmed that IL-10 inhibit macrophages toward M1 polarization in mouse muscle, induce the activation of M2c macrophages, promote muscle repair and regeneration, and regulate the balance between macrophages M1/M2c polarization can effectively treat muscular dystrophy. One study (Ruffell et al., 2009) investigated the role of M2 macrophages in the repair of muscle injury in mice and discovered that deletion of two binding sites in the cAMP response element binding protein-CCAAT enhancer binding protein β (CREB-C/EBPβ) pathway blocks the expression of M2 macrophage-associated phenotypic molecules. CREB-mediated elevated of C/EBPβ expression promotes M2 macrophage-related phenotypic molecular and muscle regeneration, accelerating muscle remodeling and relieving pain. Scholz and Woolf (2007) reported that CX3C chemokine ligand 1 (CX3CL1) and CCL2 released by DRG neurons after nerve injury leads to aggregation of macrophages, which can release TNF acting on TNFR1-P38-MAPK signaling pathway to enhance tetrodotoxin-resistant voltage-gated sodium channel, resulting in spinal hyperalgesia and LBP. Sato et al. (2015) evaluated the regulatory effect of anti-NF-κB receptor activator ligand antibody on sensory nerves in inflammatory areas, and displayed that receptor activator of NF-κB ligand (RANKL) expression was elevated in animal models of pain or disc herniation. Anti-RANKL not only inhibited the expression of pain-related neural peptide calcitonin gene-related peptide in DRG neurons, but also reduced the level of inflammatory factors in IVD. RANKL may be an effective target molecule for the treatment of discogenic LBP.
Jeon et al. (2009) reported that a variety of molecules are involved in the regulation of pain induced by nerve injury, such as MCP-1 and its receptor CCR2 in DRG. After nerve injury, the expression of MCP-1 in DRG reaches its peak and then declines before the complete onset of pain hypersensitivity; inhibition of MCP-1 efficiently relieved DRG-induced pain. Activation of neuronal TLR pathway regulates the macrophages polarization near DRG by generating CCL2 chemokine in nociceptors (Liu et al., 2012; Liu et al., 2014). Kuang et al. (2012) confirmed that TLRs targeting DRG directly regulate the expression of IFN-γ, IL-1β and TNF-α, and inhibition of TLR reduce the inflammatory factors expression and improve local inflammatory microenvironment of DRG. Targeted treatment of DRG is the focus of future research. Wu et al. (2010) documented that TLR4 antagonists and siRNA-TLR4 effectively inhibit the activation of NF-κB and production of TNF and IL-1β in rat models, alleviating mechanical pain and heat-sensitive pain caused by chronic contractile injury. The inhibition of TLR4 is a promising strategy for treatment of neurogenic pain. Wang et al. (2018) discovered that injection of low concentration Ozone obviously reduce the expression of pro-inflammatory factors, and therefore alleviate mechanical pain in rats with chronic radiculopathy. The cAMP, cGMP and NF-κB are downstream signaling molecules of phosphodiesterase. Low concentration of Ozone inhibits inflammatory response by regulating pDE2A-cAMP/cGMP-NF-κB/P65 signaling pathway, markedly relieving pain symptoms. Ozone stimulates macrophages to phagocytose and absorb the protrusion to keep the NP rejuvenated in the intervertebral space. Ozone also promote the macrophages from M1 to M2 polarization (Erario et al., 2021), which can be used as an effective treatment for LBP.
Limitation
Although the research on the pathogenesis and prevention of LBP has been progressing, there are still some limitations. As most of the data reported so far are from high-income countries, it is unclear whether they apply to low and middle-income countries. There is a “network-like” interactive regulation between macrophages and inflammatory chemokines, it is difficult to precisely regulate a certain factor. The different macrophages polarization and the dynamics of their chemotactic aggregation and distribution in degenerated IVD is difficult to trace, so transgenic animals or near-infrared fluorescent macrophages probe in vivo tracing technology are needed. In addition to conventional treatment, regenerative medicine technology has great prospects, however, most of the current research is in the basic experimental stage, and many anti-inflammatory molecules or new drugs reported through cell experiments or animal models have not been used in clinic. Before the new targeted anti-inflammatory drugs discovered in basic research can be used in clinical treatment of patients with LBP, further research is needed to evaluate their safety and effectiveness.
CONCLUSION
Macrophages can migrate into the IVD under the action of a series of inflammatory and chemokinetic factors, and play the role of triggering and cascading inflammatory and immune responses, inducing and aggravating IVDD and LBP. Meanwhile, macrophages induce inflammation and immune responses in tissues adjacent to the IVD, such as DRG, muscle, and facet joint, leading to spinal hyperalgesia and exacerbating LBP. Using specific drugs or tissue engineering to intervene macrophages and promote their transformation into anti-inflammatory M2 polarization is expected to provide a new strategy for effective prevention and treatment of LBP. It is of great significance to further deepen the basic research on the pathogenesis and treatment of macrophages-mediated LBP, which is expected to provide an exact drug target for the clinical treatment of IVDD and LBP.
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Senolytics are a class of drugs that selectively eliminate senescent cells and ameliorate senescence-associated disease. Studies have demonstrated the accumulation of senescent disc cells and the production of senescence-associated secretory phenotype decrease the number of functional cells in degenerative tissue. It has been determined that clearance of senescent cell by senolytics rejuvenates various cell types in several human organs, including the largest avascular structure, intervertebral disc (IVD). The microvasculature in the marrow space of bony endplate (BEP) are the structural foundation of nutrient exchange in the IVD, but to date, the anti-senescence effects of senolytics on senescent vascular endothelial cells in the endplate subchondral vasculature remains unclear. In this study, the relationships between endothelial cellular senescence in the marrow space of the BEP and IVD degeneration were investigated using the aged mice model. Immunofluorescence staining was used to evaluate the protein expression of P16, P21, and EMCN in vascular endothelial cells. Senescence-associated β-galactosidase staining was used to investigate the senescence of vascular endothelial cells. Meanwhile, the effects of senolytics on cellular senescence of human umbilical vein endothelial cells were investigated using a cell culture model. Preliminary results showed that senolytics alleviate endothelial cellular senescence in the marrow space of BEP as evidenced by reduced senescence-associated secretory phenotype. In the aged mice model, we found decreased height of IVD accompanied by vertebral bone mass loss and obvious changes to the endplate subchondral vasculature, which may lead to the decrease in nutrition transport into IVD. These findings may provide evidence that senolytics can eliminate the senescent cells and facilitate microvascular formation in the marrow space of the BEP. Targeting senescent cellular clearance mechanism to increase nutrient supply to the avascular disc suggests a potential treatment value of senolytics for IVD degenerative diseases.
Keywords: intervertebral disc degeneration, aging, senescence, senolytics, bony endplate
1 INTRODUCTION
Intervertebral disc degeneration (IDD) has been accepted as a primary cause of low back pain, LBP (Smith et al., 2011), which is ranked as one of the top causes of years lived with disability (Buser et al., 2019). In addition to LBP, IDD can also be secondary to a series of spinal degenerative diseases. Once it is advanced, the options of clinical interventions are admittedly limited, and the patients usually require surgery interventions in the late stage of IDD (Wenger and Cifu, 2017; Kamali et al., 2021). It gives rise to an urgent need to understand the underlying mechanisms of disc degeneration and develop solutions to delay or ameliorate the age-dependent progression of intervertebral disc (IVD), especially in the early or middle period of IDD (Vergroesen et al., 2015; Vo et al., 2016).
As research continues, it is now recognized that aging exacerbates disc degeneration and disease progression (Vo et al., 2013; van Deursen, 2014). In recent years, researchers have identified the senescent cells during IVD aging and degeneration, which is characterized by cell cycle arrest and the production of catabolic factors known as the senescence-associated secretory phenotype (SASP) (Wang et al., 2016; Novais et al., 2019). These specific cell phenotypes were found to be induced in response to a variety of adverse stimulation and accumulated in degenerated IVDs with apoptotic resistance by activating relevant signaling pathways. Previous studies have revealed their numbers increase in aged animals and humans, which demonstrates that crucial roles of cellular senescence in the initiation and development of IDD (Ngo et al., 2017; Yamane et al., 2020). Meanwhile, a large class of drugs that can induce apoptosis in senescent cells, allowing the remaining non-senescent population to preserve or restore tissue function, have created greater interest for their ability of selectively eliminating senescent cells (Kirkland et al., 2017; Cherif et al., 2020). Dasatinib (D), a Src/tyrosine kinase inhibitor, and quercetin (Q), a natural flavonoid that binds to BCL-2 and modulates cell cycle proteins, are an extensively representative drug class, termed senolytics. It has been reported that dasatinib can clear senescent adipocyte progenitor cells, while quercetin can kill senescent endothelial cells (ECs) and osteoblast (Zhu et al., 2015). As a result, the combination of dasatinib and quercetin also has a promising prospect in clinical use for the potential therapeutic effect on improving physical condition and life span (Xu et al., 2018). A recent study by Novais et al. (2021) revealed that long-term treatment with targeting cellular senescence has a stronger effect on preventing age-related disc degeneration in mice. While these studies implicate senescent cells in driving disc degeneration, it is still a key issue to confirm that the elimination of senescent cell has the great promoting effect on alleviating multiple senescence-related phenotypes in IVD and takes it as the priority therapeutic target.
With the increase of age, the function and interaction of three unique IVD compartments: the central nucleus pulposus (NP), the circumferential annulus fibrosus (AF), and the cranial and caudal cartilaginous endplates (CEP) continue to deteriorate, which is difficult to avoid (Roberts et al., 2006; Sharifi et al., 2015). Importantly, normal IVD is the largest avascular structure in human body and exchanges metabolites via diffusion from the adjacent capillary bed penetrating the subchondral bone of the endplate and the capillaries around the fibrous ring. The main nutrient supply of the IVD comes from the bony endplate vasculature, and material exchange between the vertebral body and the IVD is carried out through the diffusion of the cartilaginous endplate, which is the nutrient supply route of the disc cells (Urban et al., 2004; Gullbrand et al., 2014). As life span increases, so does the cartilaginous endplate osteosclerosis changes, accompany with the number of microvessels under the bony endplate gradually decreases, and the permeability disappears, resulting in the imbalance of energy metabolism of nucleus pulposus cells (Benneker et al., 2005; Ashinsky et al., 2020). Consequently, microvessels under the bony endplate and nutrient availability at the bone–disc interface decreases may be a key factor of IDD that could not be neglected. During IVD degenerative process, there are inevitable interactions between the human IVD cells and adjacent non-IVD cells, including ECs which play a major part in vascular structure formation (Hwang et al., 2020). The senescent vascular endothelial cellular accumulation, which leads to the altered cellularity, vascular regression, and extracellular matrix composition, might set the IVD on a slow course toward degeneration. Additionally, the positive association of the vascular endothelial cellular senescence with the decrease of microvasculature in the marrow space of the bony endplate, which can hinder transport from nutrient supply to the disc or result in changes in cell phenotype, even death. In consideration of the results of our previous study showing that degenerative changes in the endplate, which blocked the nutrient diffusion from vessel network under the bony endplate, occurred earlier than the nucleus pulposus degeneration (Zhong et al., 2016; Ling et al., 2020), we wonder whether cellular senescence in development of vascular aging phenotypes under bony endplate involves in the mechanism of preventing disc degeneration by senolytics.
In this study, we aimed to investigate whether the elimination of senescent cells by senolytics (dasatinib and quercetin) could prevent microvascular changes in the marrow space of bony endplate, and in particular, endothelial cell senescence phenotypes in the aged mouse model. We also studied in vitro the indirect effects of senolytics on facilitating bony endplate microvessel formation, which provides important evidence that senescent endoepithelial cells play a significant role in the progression of IDD and senolytics have a promising prospect as an effective clinical therapeutic in age-dependent disc degeneration in the future.
2 MATERIALS AND METHODS
2.1 Animal Model and Design
We purchased the female mice (C57BL/6J background) from the Animal Center of Sun Yat-sen University (Guangzhou, China) at 3 months and 18 months of age. Administrative Committee of the Experimental Animal Care and Use of Sun Yat-sen University (Approval No. 2021000259) authorized the animal study. Pathogen-free mice were maintained under regulated settings of temperature (22–28°C) and relative humidity (40–60%) with day and night rotations. The mice were housed in mouse small shoebox cages with freely available food and tap water as well. Eighteen-month-old mice were randomly allocated into two equal groups (six in one cage) after a 1-week adaption period: vehicle group and dasatinib and quercetin group. Three-month-old mice (six in one cage) were selected randomly as a reference: control group. According to the procedure established previously (Su et al., 2020), dasatinib (S1021, Selleck Chemicals, Houston, TX, United States) and quercetin (S2391, Selleck Chemicals, Houston, TX, United States) were diluted in 10% PEG400 and delivered to the dasatinib and quercetin group by oral gavage at dosages of 5 and 50 mg/kg/day, respectively. The control and vehicle groups were treated with the same amount of normal saline daily and their food intakes were matched as well. The animals were euthanized at the day after receiving a 6-month gavage, and pentobarbital sodium (90 mg/kg, i.p.) anesthesia was used during the procedure. The L2–L5 spinal motion segments were dissected and collected for future experiments (Figure 1).
[image: Figure 1]FIGURE 1 | Overall experimental design. (A) Schematic showing research time points of aged mice model in this study. (B) Experimental flow chart. Micro-CT, microcomputed tomography; Ctr, control group (3-month-old mice, saline); Veh, vehicle group (18-month-old mice, saline); D + Q, dasatinib and quercetin group (18-month-old mice, 5 mg/kg/day dasatinib plus 50 mg/kg/day quercetin).
2.2 Microcomputed Tomography Scanning and Analysis
The L2–L5 vertebrae were dissected free of soft tissue from mice, analyzed by using a desktop Micro-CT SkyScan1276 (Bruker Micro CT, Belgium) after fixing with 4% paraformaldehyde for 24 h. The scanner was set at a voltage of 85 kVp and a current of 200 μA with a spatial scanning resolution of 6.8 μm per pixel. Aluminum (1-mm thick) filter was used for optimal image contrast. The order of the vertebrae from L2 to L5 was identified based on the ribs on the lower thoracic. Image reconstruction software (NRecon v1.6), data analysis software (CTAn v1.9), and three-dimensional model visualization software (CTVol v2.0) were used to analyze the parameters of L2–L5 vertebrae. L3 and L4 were separated from cortical bone by free-drawing region of interest (ROI). Volume of interest (VOI, L3 and L4 vertebral bodies) was chosen within 80 continuous slices. Morphologic measurements were performed in CTAn and the trabecular bone volume fraction (BV/TV; %) was obtained.
The scanner was set at a voltage of 49 kVp, a current of 200 μA, and a resolution of 6.8 μm per pixel to measure the L3/4 IVD. Coronal images of the L3/4 IVD were used to perform three-dimensional histomorphometric analyses of IVD. IVD volume was defined by the ROI to cover the whole invisible space between L3 and L4 vertebrae. EP was defined by a free-drawing ROI that was positioned over the visible bony plate close to the vertebral bodies, separated by the growth plates. The bone volume (BV)/total volume (TV), trabecular number (Tb.N; 1/mm), trabecular pattern factor (Tb.pf; mm), trabecular separation (Tb.Sp; mm), and structural model index (SMI) were calculated by assigning a threshold content within 80 continuous slices through software CTAn. Then, three-dimensional models of volume of interest (VOI) were reconstructed with model visualization software, CTVol for morphologic measurements. The operator conducting the micro-CT analysis was blinded to the treatments associated with samples.
2.3 Histological Assessment
The L2–L5 spinal motion segments fixed with 4% neutral paraformaldehyde for 72 h were decalcified in 0.5 M ethylene diamine tetraacetic acid (EDTA, pH 7.4) for 7 days at room temperature, followed by paraffin embedding or frozen embedding. The coronal surfaces of decalcified L2–L5 vertebrae were sectioned longitudinally in 4-µm-thick sections. According to standard procedures, hematoxylin–eosin (H&E) staining, safranin O-fast green staining, immunofluorescence staining, and senescence-associated β-galactosidase staining were performed and the number of positive stained cells per square millimeter (N. per mm2) was measured in the area from 0 to 0.2 mm below bony endplate.
2.3.1 H&E and Safranin O Staining
Paraffin tissue slices were deparaffinized and hydrated to distilled water. Then, H&E and safranin O-fast green were guided by the instructions of the reagent kits (Servicebio Biological Technology Co., Ltd., China). H&E staining was used to well distinguish bone tissue structure and cells in bone marrow cavity as well as determine the disc construction. After safranin O-fast green staining, the cartilage and mucin will be stained orange to red and the nuclei will be stained black, which was performed for the analysis of IVD microstructure. The images were observed and captured by an image scanning microscope (Leica, Germany). And then, we applied a quantitative mouse IVD histopathological scoring system to evaluate the IDD from safranin O-fast green sections. The scoring system could analyze key histopathological features including NP, AF, EP, and AF/NP/EP boundary regions. Each image was scored independently by two blinded raters, and the average score was used for further analysis.
2.3.2 Immunofluorescence Staining
Paraffin tissue slices were rehydrated, then antigens were repaired using EDTA-Tris (70°C, 90 min). After washing with PBS three times, antigens were closed in 10% goat serum for 1 h and incubated with primary antibodies against P16 (1:100, Abcam ab211542), P21 (1:100, Proteintech 28248), Ki67 (1:200, Abcam ab15580), OCN (1:200, Proteintech 23418), EMCN (1:500, Santa Cruz Biotechnology), and VEGF (1:500, Affinity AF5131) at 4°C for overnight. Tissue sections were washed with PBST three times next day and incubated with Alexa Fluor plus 488 goat anti-rat (1:500 Thermo Fisher Scientific A48262) or Alexa Fluor plus 594 goat anti-rabbit (1:500 Thermo Fisher Scientific A32740) at room temperature for 1 h. After washing samples with PBST three times for 5 min each, nuclei were counterstained with DAPI (S2110, Solarbio, China). Sections were visualized with an Axio Imager 2 microscope using a 5/0.15 N-Achroplan or 20/0.5 EC Plan Neofluar objective and caught on an Axiocam MRm monochrome camera (Carl Zeiss) using of Zen2TM software (Carl Zeiss AG, Germany). ImageJ software v1 was used to quantify the number of positive stained cells per square millimeter of the endplate subchondral bone region (N. per mm2), which was measured from 0 to 0.2 mm below bony endplate. Images containing chosen ROIs were established the threshold limit value to remove background, converted to binary format, and then stained cell numbers were determined by using analysis particle function of ImageJ software v1.
2.3.3 Senescence-Associated β-Galactosidase Staining
Frozen tissue slices were stained using SA-β-Gal staining kit (Solarbio, G1580) according to the manufacturer’s instructions. In brief, frozen sections were thawed for 30 min at room temperature. After washing the tissue with PBS for three times, we applied the required amount of SA-β-Gal fixative to cover the tissue completely and left it to cure for at least 15 min at room temperature. Then, rinsed the tissue three times in PBS, each time for at least 5 min. The staining working solution was set up according to the directions’ ratio and incubated for 8 h at 37°C. After staining, senescent cells were identified as blue-stained cells under a light microscope. Image Pro Plus was used to catch the area from 0 to 0.2 mm below bony endplate and quantify the number of blue-stained cells per square millimeter (N. per mm2).
2.4 Extracellular Matrix of Vertebral Body Collection
The lumbar vertebral bodies (VBs) were dissected from the L2 to –L5 spinal motion segments of 3- and 18-month-old female mice, which were treated with either dasatinib and quercetin dose or vehicle, and were removed under sterile conditions. The collected L2–L5 VBs were rinsed with the Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA, United States) supplemented with 1% penicillin–streptomycin (MediaTech, Dallas, TX, United States) and 10% lot-selected fetal bovine serum (FBS, Atlanta Biologicals), and the cell supernatant had been collected after centrifugation at 2,000 g for 10 min. The combination of equal parts of cell supernatant and DMEM supplemented with 1% penicillin–streptomycin and 10% FBS is the extracellular matrix of vertebral bodies (ECM VBs) from Ctr, Veh, and D + Q groups. The ECM VBs were stored at −80°C for use of downstream experience.
2.5 Cell Culture and Tube Formation Assay
Cryopreserved human umbilical vein endothelial cells (HUVECs) were purchased from ATCC (PCS-100-013, Gaithersburg, MD). Matrigel (BD Biosciences) was plated in 96-well culture plates and incubated at 37°C to polymerize for 45 min. Then, HUVECs were seeded onto Matrigel-coated 96-well plates at a density of 1 × 105 cells/well and the cell culture medium was changed into DMEM supplemented with 1% penicillin–streptomycin and 10% FBS, or individual ECM VBs medium prepared as described earlier and cultured for 24 h. Thus, HUVECs, a cell line with tube formation, were exposed to conditioned medium (CM) collected from Ctr, Veh, and D + Q groups. Tube formation was observed under the microscopy, and the cumulative tube lengths and loops were measured after incubation at 37°C for 6 h.
2.6 Statistical Analysis
Statistical analysis complied with the recommendations on experimental design and analysis in pharmacology and was performed using Prism software (version 6.0.1). For all data comparisons, Shapiro–Wilk normality and homogeneity of variance tests were performed and quantitative data were represented as mean ± standard deviation. For comparisons between three groups’ quantitative data, we used one-way analysis of variance with post hoc Tukey’s honest significant difference test after the evaluation of normal distribution and homogeneity of variance. In all analyses, when p values were below 0.05, differences were considered statistically significant. The experiment was randomized, and the assignment was blind during the experiment and result analysis. The same sample is not measured repeatedly. The reported results were consistently repeated across multiple experiments.
3 RESULTS
3.1 D + Q Treatment Increases Vertebral Bone Mass and Intervertebral Disc Volume in Aged Mice
Previous studies have reported that the clearance of senescent cells using senolytics show a positive effect on improving bone mass and inhibiting IDD (Farr et al., 2017; Lim et al., 2022). To determine the effectiveness of the dasatinib and quercetin to attenuate an age-dependent progression of disc degeneration, aged mice were given dasatinib and quercetin through daily oral gavage for 6 months and then were sacrificed for Micro-CT measurement. The characteristics of vertebrae and IVD in each group were measured and compared by micro-CT image reconstruction (Figure 2A). The bone trabeculae in the vehicle group were sparser than the other two groups accompanied with IVD height loss (Figure 2B). Similarly, the results of quantitative examination of vertebrae trabecular formations revealed that the vehicle group exhibited a significant reduction compared to the control group as well as the D + Q group (Figure 2C). The parameter analysis of microarchitecture of vertebral body indicates a decrease in vertebral bone mass in the vehicle group and an increase in the D + Q group. In addition, markedly increased bone volume (BV)/total volume (TV), trabecular number (Tb.N; 1/mm), and decreased trabecular separation (Tb.Sp (mm), trabecular pattern factor (Tb.pf; mm), and structural model index (SMI) in the D + Q group are shown when compared with the vehicle group. In addition, progressively narrowed IVD space is the major characteristics of age-related IDD. As can be seen in representative view of reconstructive IVD volume (Figure 2B), the D + Q group showed generally higher IVD volume and height of IVD space. The quantity analysis of the IVD volume (Figure 2D) indicated that the effective increase especially occurred in ventral and dorsal IVD. These results showed that the vertebral bone mass and IVD volume decreased with age, which could be reversed by the D + Q senolytics treatment.
[image: Figure 2]FIGURE 2 | Changes in L2–L5 microarchitecture parameters of the intervertebral disc and vertebral bone determined by microcomputed tomography. (A) Coronal view of microcomputed tomography reconstructed image of L2–L5 vertebrae bone. The white dotted box is zoomed in, as coronal view of the L3/4 intervertebral disc. The red area represents the disc volume. (B) Coronal and sagittal section view of L3 and L4 vertebrae bone. The white dotted box is zoomed in, as coronal view of the L3/4 intervertebral disc. The red area represents the disc volume. (C) The bone morphometry parameters of L2–L5 trabecular bone. Markedly increased bone volume (BV)/total volume (TV), trabecular number (Tb.N; 1/mm), and decreased trabecular pattern factor (Tb.pf; mm), trabecular separation (Tb.Sp (mm), and structural model index (SMI) in the D + Q group are shown when compared with the control group. (D) The quantified data of L3/4 intervertebral disc volume. Markedly increased volume of intervertebral disc in the D + Q group is shown when compared with the control group. EP, endplate; Ctr, control group; Veh, vehicle group; D + Q, dasatinib and quercetin group. The ROI of the disc is indicated by the red color. Significance was determined using one-way analysis of variance with post hoc Tukey’s honest significant difference test. D + Q vs. Ctr group and Veh group; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.
3.2 D + Q Treatment Ameliorates IDD by Restoring IVD Structure
For further research, a histology investigation was conducted to examine whether dasatinib and quercetin was linked to the maintenance of the normal microstructure of IVD. In comparison to the control group, H&E staining (Figure 3A) showed widening and disorganization of AF lamellae in the vehicle group. The AF of the vehicle group generated an increased number of traps, higher collagen disorganization, and fewer cells. And rare fibrous stands between NP cells were noted, resulting to cluster of small and rounder NP cells. Safranin O-fast green staining (Figure 3B) revealed mild loss of NP-AF boundary with inward fibrosis and merger of AF into NP in the vehicle group, while abnormal IVD height was apparent. In addition, the D + Q group revealed more stellate or spindle-shaped normal NP cells and less rounder cells than the vehicle group. It suggested that in the D + Q group, signatures of IDD were also found, but it was greatly slighter than the vehicle group. To evaluate the whole degenerative IVD by quantitative method, mouse IVD histopathological scoring system previously described (Melgoza et al., 2021) was used to score the NP, AF, and AF/NP/EP boundary regions in every single IVD of each group (Figure 3C). The results showed that in spite of no difference in AF, the vehicle group generally had a significant higher score than the control group, while the D + Q group scored slightly lower. Together, these findings indicate that the degeneration of the whole IVD progressed with age, especially in the NP regions, which could be mitigated by dasatinib and quercetin treatment.
[image: Figure 3]FIGURE 3 | Histological evaluation of intervertebral disc degeneration. (A) Coronal sections of IVD stained by hematoxylin and eosin in Ctr, Veh, and D + Q groups. Panoramic images of IVD pathology and higher magnification of the annulus fibrosus (AF), endplate (EP), and nucleus pulposus (NP). Increased number of traps in AF (red arrow), rare fibrous located between NP cells (blue arrow) and cluster of small and rounder NP cells (black arrow). (B) Coronal sections of IVD and endplate stained by safranin O-fast green in Ctr, Veh, and D + Q groups. Red indicates proteoglycan and green stains calcified cavities. Panoramic images of IVD pathology and higher magnification of the AF, EP, and NP. Loss of NP-AF boundary (red arrow), rare fibrous located between NP cells (blue arrow) and cluster of small and rounder NP cells (black arrow). (C) Combined IVD score, NP score, AF score, and AF/NP/EP boundary score of Ctr, Veh, and D + Q groups. IVD, intervertebral disc; EP, endplate; Ctr, control group; Veh, vehicle group; D + Q, dasatinib and quercetin group; scale bar = 200 μm (upper), 100 μm (middle), 50 μm (lower); D + Q vs. Ctr group and Veh group; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
3.3 D + Q Treatment Targets and Reduces the Number of Senescent Cells in the Marrow Space of the Bony Endplate
It had been reported that senolytics could eliminate senescent cells and increase the number of proliferating cells in cultures from degenerated IVD (Cherif et al., 2019). Given that senescent ECs may have a role in age-associated IVD. Our intent was to study the ability of dasatinib and quercetin to eliminate the senescent ECs. The expression of SA-β-Gal and P16, P21 in tissue was detected using SA-β-Gal staining and immunofluorescence staining assay. We first employed SA-β-Gal staining for frozen sections, which revealed that in the vehicle group, a considerable number of blue-stained cells formed in the marrow space of the bony endplate (Figure 4A). In the same space, the accumulation of senescent cells existed, whereas the D + Q group had a smaller accumulation of these cells. Preliminary results showed that in the vehicle group, there was a significant increase in accumulation of senescent cells in the region, but D + Q could clear part of the positive cells. D + Q appeared to have an inhibitory impact on cellular senescence in the marrow space of the bony endplate. To further study cellular senescence in the degenerated IVD, we used immunofluorescence labeling for senescence markers (P16 and P21) in tissue staining. P16 marker was expressed in the IVDs of all three groups, mainly in IVDs of the vehicle group (Figure 4B). P21 marker was shown to be expressed in the vehicle and D + Q groups and was nonexistent in the control group (Figure 4C). The quantified data showed that compared to the vehicle group, the expression of P16 and P21 were both lower in the control and D + Q groups. As a result, these findings implied that the combination of dasatinib and quercetin can partially eliminate senescent cell in the marrow space of the bony endplate to halt the progress of senescence and extracellular matrix dysfunction with age.
[image: Figure 4]FIGURE 4 | Qualitative and quantitative detection of senescent cells in the sub-endplate region. The expression of (A) SA-β-gal, (B) P16, and (C) P21 could be observed in the intervertebral disc (IVD) by histological assessment. Cell nuclei (B, C) were stained with DAPI (blue). (D-F) Quantitation of the number of SA-β-gal, P16, and P21 positive cells in the sub-endplate region. Data are represented as mean ± SD. NP, nucleus pulposus; AF, annulus fibrosus; EP, endplate; Ctr, control group; Veh, vehicle group; D + Q, dasatinib and quercetin group. Scale bar = 100 μm (upper), 50 μm (lower). D + Q vs. Ctr group and Veh group; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
3.4 D + Q Treatment Increases the Number of Vascular Endothelial and Osteoblast Cells and Facilitates Bony Endplate Microvessel Formation
To further evaluate the role of decreased cellular senescence in IDD and bone metabolism, we performed staining of osteogenic marker OCN, proliferative marker Ki67, and vessel marker EMCN and VEGF, respectively. Immunofluorescence staining of OCN and Ki67 (Figure 5A) revealed that a large number of mature osteoblasts accumulated in the vertebral body in the control group where OCN positive cells were detected intensively. Instead, positive cells number in the vehicle group was significantly lower than the control group, but the D + Q group had a considerable improvement. Additionally, D + Q treatment also partly restored the number of Ki67 positive cells compared to the vehicle group (Figure 5B). According to quantitative results (Figures 5C,D), it is suggested that D + Q reduces growth arrest and senescence in certain cell types. In addition, a large number of EMCN staining positive cells and VEGF positive cells were present in the marrow space of the bony endplate in the control and D + Q groups (Figures 6A,B), while the number of positive cells in the vehicle group was much less. Quantitative immunofluorescence analyses showed increases in EMCN and VEGF in both Ctr and D+Q groups relative to the Veh group (Figures 6C,D). The similar expression patterns of Ki67, EMCN, and VEGF suggest that the clearance of senescent cells may contribute to the proliferation of newborn ECs and osteoblasts, which promote the coupling of angiogenesis and osteogenesis in the vertebral bone. To further confirm this, HUVECs, a cell line with tube formation ability, were exposed to individual extracellular matrix of vertebral bodies (ECM VBs) medium collected from the control, vehicle, and D + Q groups, respectively. The results showed that the ECM VBs of the vehicle group produced adverse effects on the angiogenesis of HUVECs (Figure 7A) compared with other two groups. Indeed, D + Q ECM VBs treatment can eliminate these adverse effects on HUVECs and markedly improve their ability of tube formation. Meanwhile, it could be observed that the tube structure of the D + Q group was richer than that of other two groups. The length and loops of tubes, which simulated sprouting of vascular, was calculated more in D + Q groups (Figures 7B,C). Given the above findings, D + Q appears to have a stimulative impact on the formation of newborn microvessels under bony endplate and subsequently improve the nutrient supply to the adjacent IVD and vertebral bone.
[image: Figure 5]FIGURE 5 | Qualitative and quantitative detection of osteogenic and proliferative marker in the sub-endplate region. The expression of (A) OCN and (B) Ki67, which could be observed in the sub-endplate region by histological assessment. Cell nuclei were stained with DAPI (blue). (C,D) Quantitation of the number of OCN and Ki67 cells in the sub-endplate region. Data are represented as mean ± SD. NP, nucleus pulposus; AF, annulus fibrosus; EP, endplate; Ctr, control group; Veh, vehicle group; D + Q, dasatinib and quercetin group. Scale bar = 100 μm (upper), 50 μm (lower); D + Q vs. Ctr group and Veh group; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
[image: Figure 6]FIGURE 6 | Qualitative and quantitative detection of endothelial and angiogenic marker in the sub-endplate region. Immunofluorescence staining of vascular endothelial cell marker (A) EMCN and (B) VEGF could be observed in the coronal sections of intervertebral disc (IVD). Cell nuclei were stained with DAPI (blue). (C,D) Quantitative data of the EMCN and VEGF cells in the marrow space of bony endplate. Data are represented as mean ± SD. NP, nucleus pulposus; AF, annulus fibrosus; EP, endplate; Ctr, control group; Veh, vehicle group; D + Q, dasatinib and quercetin group. Scale bar = 100 μm (upper), 50 μm (lower); D + Q vs. Ctr group and Veh group; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
[image: Figure 7]FIGURE 7 | The effect of extracellular matrix of vertebral bodies (ECM VBs) medium on the tube formation of HUVECs. (A) Microscopy image shows capillary-like structures and a branching network after 6 h of exposure to the ECM VBs from Ctr group (left). Capillary-like structures and branching network formation are suppressed when exposed to the ECM VBs from Veh group (middle). D + Q exposure gets back to form capillary-like structures and looped branching networks after the 6 h culture period (right). Scale bar = 200 μm. (B,C) Quantitative data of loops and length of tubes. Data are represented as mean ± SD. NP, nucleus pulposus; AF, annulus fibrosus; EP, endplate; Ctr, control group; Veh, vehicle group; D + Q, dasatinib and quercetin group. D + Q vs. Ctr group and Veh group; ns, no significance; *p < 0.05.
4 DISCUSSION
Degeneration of the IVD is one of the major causes of LBP. Yet there is currently no effective therapy for IDD, and spine fusion surgery is the only option for patients in the late stage of IDD (Dowdell et al., 2017). As a result, to find a treatment that can slow or stop the progression of IDD is critical and meaningful. Since the underlying mechanism involved IDD remains unclear, a better understanding of IDD pathogenesis could provide a better treatment for IDD (Feng et al., 2016). The pathogenesis of IDD mainly includes trauma, oxidative stress, genetic susceptibility, and aging, which is rarely investigated. Cellular senescence, a permanent state of cell cycle arrest, plays a possible role in the pathogenesis of age-associated IDD (Wang et al., 2016). Currently, cellular senescence is associated with age-related, microenvironment-derived stresses that may lead to accelerated disc degeneration. On the other hand, the IVD consists of the nucleus pulposus, annulus fibrosus, and endplate. It has been determined that senescence of nucleus pulposus cells and annulus fibrosus cells plays a significant role in IDD (Chen et al., 2016; Gao et al., 2018). However, the effect of senescent cells in endplate subchondral bone on IDD has not been clarified.
It is well-known that the nucleus pulposus and two thirds of the annulus fibrosus are avascular, whose nutrient supply relies on molecular diffusion from capillaries in the sub-endplate region (Yuan et al., 2015). With increasing age, the senescence of vascular ECs and osteoblasts in the marrow space of endplate may be related to the decrease of bone mass and capillaries in sub-endplate, which inevitably leads to the reduced nutrient supply of IVD. Therefore, we propose that the use of senolytics to eliminate senescent cells in the marrow space of the bony endplate could improve the coupling of angiogenesis and osteogenesis, and greatly improve the nutrient supply of IVD. In this study, we looked at the degenerative change of IVD in 18-month-old mice (Veh and D + Q), and in the same way, 3-month-old mice (Ctr) were designed as a point of reference. In our aged mice model, the vertebral bone mass and IVD height loss that worsened with age was linked to the development of IDD, as validated by various research (Khosla et al., 2018; Kague et al., 2021). While most previous studies on senolytics targeted senescent cells in the nucleus pulposus and annulus fibrosus, our study creatively put forward that senolytics could improve IVD blood supply by elimination of senescent cells in the marrow space of the bony endplate, further alleviate IDD. Indeed, due to the absence of blood vessels in the nucleus pulposus and inner two-third annulus fibrosus, many drugs with larger molecular weights are difficult to reach the target site, and previous studies have not confirmed whether senolytics can directly enter the nucleus pulposus or not. In this study, it is more persuasive that senolytics can directly reach the sub-endplate region with abundant microvessels. In addition, senolytics can indirectly play an anti-senescence role by improving the nutrient supply of IVD and promoting energy metabolism of NP and AF cells, even if they cannot reach the IVD directly to clear senescent nucleus pulposus cells and annulus fibrosus cells. Therefore, the treatment for IDD by elimination of senescent cells in the marrow space of the bony endplate is sufficiently scientific and feasible.
However, this study is still not perfect in view of the following aspects. First, because our study only had one observation time point, it is still unclear whether the benefits reported are restorative or preventive, and further in vivo research that focus on the middle and later stages of the IDD are needed. Second, in this investigation, we exclusively used female mice to decrease animal individual differences. Although it is still uncertain if gender has a role in disc degeneration, the results of this study are now confined to females. Third, in terms of imaging, only Micro-CT was used to evaluate the degeneration of the disc, while MR with T1ρ or T2map sequences could more comprehensively evaluate the quantitative changes of the extracellular matrix of the NP during disc degeneration and regeneration, which should be applied in our future studies. Finally, although the increase of microvessels in sub-endplate is persuasive in the causal relationship between improved nutrient supply and energy metabolism of the IVD, we did not directly observe the corresponding changes within the IVD. In future studies, we will adopt more advanced research methods, for example, quantitative detection of energy metabolism changes of IVDs, especially nucleus pulposus cells, by 18F-FDG combined with micro-PET-MR. Nonetheless, to our knowledge, this study is the first to demonstrate the effectiveness of D + Q in eliminating senescent cells in the marrow space of the bony endplate, promoting the increase of bone mass and capillary density in endplate subchondral marrow, and thus alleviating IDD. Future research, we anticipate, will continue to conduct in-depth research in this field and provide more reliable evidence for the therapeutic use of senolytics in clinical treatment of IDD.
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Application of electrophysiological measures in degenerative cervical myelopathy
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Degenerative cervical myelopathy (DCM) is one of the leading causes of progressive spinal cord dysfunction in the elderly. Early diagnosis and treatment of DCM are essential to avoid permanent disability. The pathophysiology of DCM includes chronic ischemia, destruction of the blood–spinal cord barrier, demyelination, and neuronal apoptosis. Electrophysiological studies including electromyography (EMG), nerve conduction study (NCS), motor evoked potentials (MEPs) and somatosensory evoked potentials (SEPs) are useful in detecting the presymptomatic pathological changes of the spinal cord, and thus supplementing the early clinical and radiographic examinations in the management of DCM. Preoperatively, they are helpful in detecting DCM and ruling out other diseases, assessing the spinal cord compression level and severity, predicting short- and long-term prognosis, and thus deciding the treatment methods. Intra- and postoperatively, they are also useful in monitoring neurological function change during surgeries and disease progression during follow-up rehabilitation. Here, we reviewed articles from 1979 to 2021, and tried to provide a comprehensive, evidence-based review of electrophysiological examinations in DCM. With this review, we aim to equip spinal surgeons with the basic knowledge to diagnosis and treat DCM using ancillary electrophysiological tests.
Keywords: degenerative cervical myelopathy (DCM), electrophysiological studies, preoperative assessment, intraoperative monitoring (IOM), postoperative evaluation
INTRODUCTION
Degenerative cervical myelopathy (DCM) is related to spinal cord neural dysfunctions caused by degeneration and acquired stenosis of the cervical functional spinal unit (FSU), which was comprised of the intervertebral disc, adjacent vertebra, endplate, facet joints, and paravertebral muscle together (Badhiwala et al., 2020). In normal conditions, the integrity of FSU maintains not only the spinal biomechanical steady and flexibility, but also protects and provides environment for neural tissue homeostasis inside the spinal canal. In DCM however, the degeneration of FSU such as cervical spondylosis, disc protrusion, or ossification of the posterior longitudinal ligament (OPLL) cause the cervical spinal cord compression and myelopathy (White and Panjabi, 1988; Baptiste and Fehlings, 2006).
The DCM diagnosis primarily depends on the clinical signs or symptoms suggesting involvement of spinal long tracts (spastic paraparesis associated with a variable degree of lower limb ataxia) and motor and sensory neurons in the gray matter (compromised sensory and motor function) (Mayfield, 1979). Neuroimagings including magnetic resonance imaging (MRI) of the spinal cord can show canal stenosis and signal abnormalities at the cervical cord lesion, but cannot directly indicate the neural dysfunction in DCM. Electrophysiological testing is thus recommended as an extension of the history, physical and radiographic examinations, for it can be used to assess the conductive functions of central and peripheral neural pathways. The value of electrophysiological examinations in the DCM assessment is multifaceted: 1) they help diagnosis and enable quantitative longitudinal assessment; 2) they help to rule out other neuromuscular diseases including peripheral neuropathy and motor neuron disease, which mimics DCM; 3) they can be used to predict the outcomes after decompressive surgeries (Dvorak et al., 2003; Capone et al., 2013; Nardone et al., 2016; Badhiwala et al., 2020).
We reviewed and summarized published electrophysiological studies in DCM patients, in order to assess their indication and usefulness in this disease. The MEDLINE and EMBASE electronic databases were searched using the medical subject headings (MeSH): ‘compressive myelopathy’, ‘cervical spondylotic myelopathy’, ‘degenerative cervical myelopathy’, ‘neurophysiology’, ‘electrophysiology’, ‘transcranial magnetic stimulation’, ‘evoked potentials’, ‘electromyography’ and ‘nerve conduction studies’, and full-text articles in English language were retrieved. Both prospective and retrospective studies were included. Two reviewers evaluated the methodological quality of each study and risk of bias independently. The search strategy described above yielded 88 results. Only articles reporting data on studies using the above-mentioned neurophysiological techniques in patients with DCM were considered eligible for inclusion; therefore, 80 papers were provisionally selected and contributed to this review, among of which 28 papers were included in quantitative synthesis (meta-analysis). The earliest paper was published in 1979 and the most recent in 2021. A flow chart (Figure 1) illustrates the selection/inclusion process.
[image: Figure 1]FIGURE 1 | Flow chart illustrating the selection and inclusion process.
PHYSIOLOGICAL BASIS AND ANATOMICAL ORIGINS OF SPINAL-CORD-RELATED ELECTROPHYSIOLOGICAL TESTS
Evoked potentials (EPs) or evoked responses refer to the specific electrical activity generated by the nervous system (including peripheral or central) after receiving an internal or external stimulation. The neuronal membrane electrical activity underlies the generation and transduction of EPs. Action potentials in neuronal cell membranes can be generated in response to effective stimuli. In unmyelinated axon, the action potential is propagated because more voltage-gated Na + channels are opened as the depolarization spreads. As that depolarization spreads, new voltage-gated Na + channels open and more ions rush into the cell, spreading the depolarization farther along the length of the axon. In myelinated axons, electrical currents jump from one Ranvier node to the next, and the conduction velocity is significantly faster than that of unmyelinated axons. The conduction of evoked potential is also influenced by synaptic transmissions. By using these features and properties, researchers or clinicians can thus exert standardized artificial stimuli, such as electrical current, sound, light and magnetic field in a strictly controlled manner in respect to the quantity, intensity and frequency on the corresponding nervous structures to produce stable and reproducible EPs. Along with the standardization of recording and analysis methods, the electrophysiological tests can be used for mutual communication and clinical research applications.
Different electrophysiological tests have specific stimuli and recording methods, and thus have different use and values in the context of DCM management. Electromyography (EMG) is a test of muscles and also an indirectly test for nerve damage of the supplying motor nerve fibers. It is highly sensitive for detecting neuromuscular damage due to anterior horn cells destruction from compression and ischaemia in DCM, as well as differentiating DCM patients from patients with musculogenic lesions (Dvorak et al., 2003). The nerve conduction study (NCS) includes the compound muscle action potential (CMAP) and sensory nerve action potential (SNAP), which are used to assess the function of motor and sensory nerves, respectively (Tavee, 2019). The F wave and H-reflex are late CMAP examining the nerve roots conduction (Jerath and Kimura, 2019). The cutaneous silent period (CSP) is a robust and reproducible nociceptive EMG suppression, mediated by small-diameter A-δ afferents at the spinal level (Kofler et al., 2019). The MEPs are recorded over target muscles and are stimulated over the motor cortex and spinal roots with a transcranial magnetic (TMS) or electrical (TES) method (Lefaucheur, 2019). Robust normative MEP latency and conduction time variables can be established for healthy controls. The delayed central motor conduction time (CMCT) in DCM could be caused by several factors: slowed conduction in demyelinated corticospinal fibers, conduction along other oligosynaptic pathways, or reduction of size and synchrony of corticospinal volleys reaching the anterior horn cells (Felix and Wiesendanger, 1971). MEP amplitude may be unstable and no normative data can be reliably used in clinical practice. However, an obvious asymmetry in MEP morphology or size (>50%) is relevant for diagnosis (Lefaucheur, 2019). Somatosensory evoked potentials (SEPs) are time-locked electric potentials stimulated at the sensory peripheral nerves and recorded along the large-fiber somatosensory pathway. The SEPs mainly reflect the transduction functions of the dorsal column (Muzyka and Estephan, 2019). Contrary to SEPs, the laser evoked potentials (LEPs) and contact heat evoked potentials (CHEPs) are ascending sensory signals recorded from the scalp, but evoked by physical stimuli on dermatomes on the skin. Both the LEPs and CHEPs can be used to study spinothalamic tract conduction all along the spinal cord (Cruccu et al., 2000; Chen et al., 2001; Iannetti et al., 2001). (Figure 2 Adapted from (Dietz and Curt, 2006)) However, it is difficult for them to identify the precise level of the spinal cord lesion in DCM and traumatic spinal cord injury patients because of the Lissauer tract. Lissauer tract is a white matter tract in the spinal cord that projects up or down across one or two spinal segments. Somatosensory information arising from the skin must go through the Lissauer before entering into the dorsal horn of the spinal cord.
[image: Figure 2]FIGURE 2 | Neurophysiological techniques to study the function of specific spinal tracts and of the peripheral nervous system (adapted from (Dietz and Curt, 2006)). The clinical neurological examination can be complemented by electrophysiological recordings to obtain quantifiable measures about the affection of different spinal pathways. The location of the spinal pathways outlined in the table are numerically assigned in the schematic diagram. MEP = motor evoked potentials; SSEP = somatosensory evoked potentials; SSR = sympathetic skin response; LEP = laser evoked potentials; GVS = galvanic vestibular stimulation; NCS = nerve conduction study; EMG = electromyography; AMP = amplitude; LAT = latency; NCV = nerve conduction velocity.
ELECTROPHYSIOLOGY TESTS FOR DCM DIAGNOSIS
Diagnostic sensitivity
“Diagnostic sensitivity” is the percentage of persons who have a given disorder (DCM) who are identified by the assay (Electrophysiological tests) as positive for the disorder. Detection of DCM is sometimes difficult, especially in those patients presenting without typical myelopathic signs or clinical and radiological mismatch. Objective measure of spinal cord dysfunction by MEPs and/or SEPs could help solve this problem (Abbruzzese et al., 1988; Maertens de Noordhout et al., 1991; Di Lazzaro et al., 1992; Herdmann et al., 1992; De Mattei et al., 1993; Tavy et al., 1994; Chistyakov et al., 1995; Kameyama et al., 1995; Chan et al., 2009). Table 1 summarizes the use of classical neurophysiological (MEPs, SEPs, EMG/NCS) tests for detecting preclinical, mild, and clinical DCM patients from various studies. The preclinical DCM, also called as presymptomatic or silent DCM, refers to patients with positive MRI signs but without any DCM symptoms (Bednarik et al., 2008). Mild DCM is defined as positive MRI signs with a modified Japanese Orthopaedic Association (mJOA) score >15 points, or with non-specific complaint of cervical pain, headache, dizziness, hand or leg paresthesia (Feng et al., 2020). Patients with clinical long-tract signs and symptoms, irrespective of the presence of MRI signs are classified as the clinical DCM patients (Lo et al., 2004). For these patients with unmatched clinical and radiographic presentations, electrophysiological tests were especially useful in confirming the diagnosis and predicting early progression (Bednarik et al., 2008).
TABLE 1 | Diagnostic sensitivity of neurophysiological tests for preclinical or mild DCM.
[image: Table 1]In preclinical DCM, the incidence of abnormal MEPs varied greatly from 8% (not significantly different from control subjects) to 86% (Masur et al., 1989), SEPs from 4.3 to 80%, and EMG from 21.2 to 23.1% (Bednarik et al., 2008). Despite the divergence between studies, it can be concluded that neurophysiological studies could detect dysfunction of the spinal cord which may predate cervical myelopathy symptoms (Travlos et al., 1992). Preclinical DCM patients with abnormal MEPs and SEPs were significantly more likely to develop clinical symptoms and signs compared to patients with normal evoked potential tests (Bednarík et al., 1998). It should be noted that seven of the 15 presented studies reported poor sensitivity (<20%) of classical neurophysiological methods (particularly SEPs) to detect incipient DCM, i.e. preclinical and mild DCM patients. Recently, some other neurophysiological recording methods of spinothalamic pathways including the LEPs and CHEPs are also feasible and sensitive to the assessment of damage to central sensory nerve fibres (Kramer et al., 2012; Haefeli et al., 2013). CHEPs are reported to be more sensitive to damage than SEPs and enable primary assessment of individual cervical segments by testing along defined dermatomes in traumatic spinal cord injury cases (Jutzeler et al., 2016; Jutzeler et al., 2017). These novel neurophysiological methods are promising in improving the detection sensitivity of conduction fascicular damage in incipient DCM.
In clinically diagnosed DCM patients, both the MEPs (Lo et al., 2006) and SEPs (Berthier et al., 1996; Nakai et al., 2008) have been reported to be equally or even more sensitive over MRI or myelography. In clinical DCM patients, the occurrence of abnormal evoked potentials were significantly higher in MRI compressed group compared with non-compressed group (Lo et al., 2004; Lo et al., 2006; Nakai et al., 2008). The CMCT was the most important parameter in MEPs, followed by the cortical MEP latency and CMAP/MEP ratio (Kalupahana et al., 2008; Takahashi et al., 2008). For SEPs, the mostly used parameters are the latency and amplitude of N13 and N20, followed by the N9-N13 and N13-N20 intervals of the median and ulnar nerve (Nakai et al., 2008). The Right-Left differences of the same patients’ MEP or SEP parameters are also crucial in detecting abnormalities. DCM patients’ CMCT prolonged significantly at cervical extension or flexion positions compared with that at neutral, and thus the dynamic MEPs could also be used to increase the diagnostic sensitivity (Park et al., 2020). We also developed dynamic SEPs to achieve higher diagnostic sensitivity and specificity for DCM than ordinary SEPs or MEPs (Qi et al., 2020; Yu et al., 2020).
NCS including CSPs can also be used in the assessment of mild DCM (Stetkarova and Kofler, 2009). The CSP is a protective reflex that is mediated by spinal inhibitory circuits and is reinforced in part by parallel modulation of the motor cortex, and abnormal CSPs are highly related to cervical intramedullary lesions and spinothalamic dysfunction (Kofler et al., 2003). Lo et al. (2007) reported abnormal CSPs in 96% of patients with the clinical diagnosis of DCM. Another study reported CSP abnormalities were more sensitive than SEP, almost equally sensitive as upper limb MEPs in detecting the DCM patients, but were highly associated with spinothalamic dysfunction (Stetkarova and Kofler, 2009).
Diagnostic specificity (differential diagnosis)
“Diagnostic specificity” is the percentage of persons who don’t have DCM and are identified by the assay (Electrophysiological tests) as negative. There are many neurological conditions such as those caused by autoimmune, infectious, inflammatory, and metabolic abnormalities can present similarly to DCM, especially in cases where spondylosis may be coexistent. Excluding the coexistence of DCM is necessary for deciding the management methods. In this review we mainly discuss the differential diagnosis of DCM from multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), Hirayama disease (HD), cervical spondylotic amyotrophy (CSA) and peripheral nerve entrapment by using neurophysiological examinations (Table 2).
TABLE 2 | Differential diagnosis.
[image: Table 2]MS patients usually affect a specific population (females age 20–40s) and most often have a history of visual symptoms and MRI periventricular white matter lesions, which can distinguish from DCM pathology (Kim et al., 2013). MEP, SEP or EMG parameters alone are not helpful in distinguish MS from DCM, but additional visual and auditory evoked potentials are useful as the MS also frequently affects the optic and auditory nerves (Hardmeier and Fuhr, 2021).
The ALS can be harder to differentiate from DCM as it presents weakness, muscle atrophy, fasciculations, gait difficulty, and no specific MRI features in the cervical spine. In ALS, the pattern of MEP abnormalities is different from that in DCM: the CMCT is usually reported as normal or marginally prolonged, with a reduced MEP amplitude and abnormal morphology in ALS patients (Eisen et al., 1993; Khalili-Ardali et al., 2021). This implies that in an ALS patient with radiological evidence of cervical spondylosis and/or myelopathy, a normal CMCT and normal or reduced threshold would suggest that the spondylosis and/or myelopathy is of no clinical relevance, and thus these patients should not be selected for surgical treatment. ALS patients’ SEPs were absent or significantly altered, which is not significant in differentiating them from DCM (Khalili-Ardali et al., 2021). NCS and EMG are of great significance in deciphering ALS from DCM. Kalita et al. (2017) introduced the split hand index (SHI) calculated by the CMAP of APB and ADM muscles, and found that a lower SHI was sensitive for screening ALS. Furthermore, EMG will demonstrate findings in all four limbs as well as the sternocleidomastoid, whereas patients with DCM will not exhibit abnormalities in the sternocleidomastoid (Kang and Fan, 1995; Ishpekova and Milanov, 2000).
HD and CSA are two kinds of disease characterized with weakness and wasting of upper limb muscles. In HD, dynamic neurophysiological tests show a reversible significant prolonged CMCT in MEP and decreased SEP N13 amplitude and prolonged N13–N20 interval only upon neck flexion (Restuccia et al., 2003; Zheng et al., 2017; Park et al., 2019), whereas DCM patients show MEP and SEP deterioration at both extension and flexion (Park et al., 2020; Qi et al., 2020; Yu et al., 2020). Furthermore, Preethish-Kumar et al. (2016) used EMG to reveal grossly reduced CMAP amplitudes of affected muscles in HD patients. CSA usually presents prolonged CMCT (Zheng et al., 2019), which is not helpful in the differential diagnosis of DCM. Dynamic SEPs are effective for differentiating DCM from CSA, for SEP amplitudes changed more significantly in DCM than CSA (Qi et al., 2020). Jin et al. introduced the use of CMAP and SNAP to differentiate CSA from ALS and HD (Jin et al., 2014). The ulnar/median CMAP ratio (UM ratio) was found to be significantly lower in HD, significantly higher in ALS and no different in CSA compared with the normal range from previous studies (0.89–1.60) and with the healthy controls (1.15 ± 0.23), indicating its value in the differential diagnosis of these diseases.
PREOPERATIVE EVALUATIONS FOR DCM SEVERITY AND CHARACTERISTIC
Severity assessments
Some investigators also tried to correlate neurophysiological findings with clinical and radiographic signs quantitatively. CMCT is significantly related to disability measured by JOA score and clinical signs of hyperreflexia and the presence of a Babinski sign (Tavy et al., 1994; Kameyama et al., 1995). It is also correlated with MRI findings including the number of compression levels (Chistyakov et al., 1995), spinal cord compression degrees and intramedullary hyperintensity (Tavy et al., 1994; Misra and Kalita, 1998; Lo et al., 2004; Lo et al., 2006). SEPs prolonged latencies and decreased amplitudes also strongly correlate with clinical signs such as gait disturbance (Lee et al., 2011), the severity of myelopathy indicated by preoperative JOA scores, and MRI signs of spinal cord impingement and canal stenosis level (Restuccia et al., 1994; Lyu et al., 2004; Hu et al., 2008; Kerkovsky et al., 2012). Dynamic SEPs N13 amplitude ratio is associated with pre- and post-operative mJOA scores and several MRI measurements, demonstrating its role in evaluating disease severity and predicting postoperative prognosis (Yu et al., 2020). Chistyakov et al. (1995) used the combined test of MEPs, SEPs and F-wave responses and found that the central sensory and motor conduction time in DCM group was significantly prolonged, especially in patients with multiple stenotic segments compared to those with single disc herniation. Contrary to the SEPs results, the MEPs combined with F-wave results of patients with radiculopathy showed significant damage to peripheral conduction. Therefore, the combination of MEP and F-wave examination is more suitable for the evaluation of patients with radiculopathy, while the severity of conduction damage in myelopathic patients should be evaluated by the combination of MEPs and SEPs tests (Chistyakov et al., 1995).
Quantitative EMG examination reveals subclinical disorders of motor neurons even in patients with normal muscle power on manual testing, rather than long tract lesions in the spinal cord. It provides important perspectives on the status of muscle and motor neurons in DCM patients. Upper limb EMG motor unit potentials (MUPs) were related to radiologic level of cord compression and compression degree in DCM (Hattori et al., 2010). In DCM cases, increased mean duration of MUPs could result from axonal degeneration, denervation of the muscle fibers after partial loss of their motor neurons or axons, and reinnervation of the denervated muscle fibers by sprouting from adjacent terminal nerve branches (Hattori et al., 2010). Lower limb EMG is used to record muscle activity in order to analyze gait and functional balance in DCM patients, which enables care practitioners to objectively quantify disease severity and objectively documenting the effectiveness of their intervention, and may also lead to the development of new rehabilitation strategies (Haddas et al., 2018; Haddas et al., 2019). NCS including CSPs can be used in the assessment of mild DCM (Stetkarova and Kofler, 2009). The CSP onset latency was correlated with upper limb MEP CMCT, JOA score, and SEP N13 amplitude in DCM patients (Stetkarova and Kofler, 2009).
Above all, electrophysiological studies provide objective evidence for functional deficit in DCM patients, which are correlated with clinical manifestations, as well as spinal cord compression degree and locations in MRI imaging.
Outcomes prediction
Although the effect of surgery in DCM seems to be beneficial, the prognosis varies among individuals (Braakman, 1994). Preoperative neurophysiological evaluation provides an effective tool for predicting postoperative prognosis, and thus could influence the decision on surgeries. Table 3 summarizes the prognosis prediction by neurophysiological tests. Multiple studies reported preoperative MEPs or SEPs are significantly correlated with both the preoperative and postoperative JOA score (Hu et al., 2008; Takahashi et al., 2008; Nakanishi et al., 2014; Feng et al., 2020). Prolonged MEP CMCT in DCM patients might suggest slowed conduction in demyelinated corticospinal fibers, conduction along other oligosynaptic pathways, or reduction of size and synchrony of corticospinal volleys reaching the anterior horn cells, usually associating with worse prognosis (Felix and Wiesendanger, 1971). In a comparison between CMCT data and surgical outcome, Yonenobu et al. (1986) reported poor prognosis in patients with prolonged preoperative CMCT and with enhancement of intensity in spinal compressed region in T2 contrast MRI image, because of the irreversible changes in spinal cord. For SEPs, N9-20 was most correlated with surgical outcomes among median SEP variables (Lyu et al., 2004). The trial-to-trial variability in SEP was reported to possess higher prognostic accuracy and sensitivity than the conventional averaged SEP (Cui et al., 2015). The N13 amplitude ratios in dynamic SEPs also significantly correlate with the baseline mJOA score and 2-years post-operative recovery ratio (Yu et al., 2020). A large-scale prospective study concluded that the presence of symptomatic cervical radiculopathy and electrophysiological abnormalities of cervical cord dysfunction detected by MEPs or SEPs were associated with time-to-DCM development and early development (<12 months) of DCM, while MRI hyperintensity predicted later (<12 months) progression to symptomatic DCM in pre-symptomatic (preclinical) patients (Bednarik et al., 2008). Thus, neurophysiological abnormalities might be an indicator for early surgical decompression in preclinical DCM patients. Combined use of SSEPs and MEPs can be helpful in evaluating patients with asymptomatic (preclinical) degenerative cervical spinal cord compression, as they can detect subclinical involvement of the spinal cord or nerve roots more sensitively than using either of them alone, thereby identifying patients who should be monitored vigilantly for development of myelopathy (Bednarík et al., 1998; Tavy et al., 1999; Bednarik et al., 2008; Wilson et al., 2013).
TABLE 3 | Prognosis prediction by electrophysiological test.
[image: Table 3]Abnormal upper limb EMGs are also unfavorable predictors for DCM prognosis (Bednarik et al., 2004; Bednarik et al., 2008). Abnormal NCS and EMG can indicate anterior horn cell lesion in cervical cord and are associated with poor prognosis (Bednarik et al., 2008). The hindered upper or lower extremity EMG combined with T2WI intramedullary hyperintensity correlated with a worse post-operative recovery (Liu et al., 2013).
INTRA-OPERATIVE MONITORING
Neuronavigation systems including the intraoperative CT, MRI and ultrasound techniques (Ganau et al., 2018a) as well as intraoperative neurophysiological monitoring (IONM) system including MEPs, SEPs and EMG are two kinds of technological aids routinely used high-risk spinal cord surgeries (Hilibrand et al., 2004; Devlin et al., 2006; Clark et al., 2013; Hadley et al., 2017; Takeda et al., 2018). The former is mainly for guiding the surgical team step by step and the latter is mainly for detecting changes in spinal cord function related to patient pre- and intra-operative positioning, hemodynamic effects during anterior cervical discectomy and fusion, and C5 injury during posterior laminectomy (Bose et al., 2007; Wang et al., 2016; Wang et al., 2020). The utilization of multimodal IONM can assist the surgeon in taking corrective measures to reduce or prevent permanent neurological deficits, and thus minimize the occurrence of position-related brachial plexus injury, post-operative C5 palsy, paraparesis and other complications in both anterior and posterior approach surgeries (Fan et al., 2002; Bose et al., 2007; Jahangiri et al., 2011; Clark et al., 2013). Intraoperative MEP is generally reckoned as the most important monitoring method, and is most related to post-operative prognosis (Hilibrand et al., 2004; Clark et al., 2013; Wang et al., 2020). Wang et al. reported some patients could have intraoperative MEP improvement after the procedure of cervical cord decompression, and these patients showed a better immediate and long-term neurologic recovery compared with those without intraoperative MEP improvement (Wang et al., 2016). Another study reported that positive changes in MEP during IONM may affect functional improvement 1 month after operation and early discharge without significant complications in DCM patients (Park et al., 2018). Several mechanisms can explain the relationship between intraoperative MEP and postoperative functional improvement. One is that in DCM, nervous tissue of the spinal cord does not undergo necrosis but limits the capability of neurological function; thus, it is reversible through surgical decompression (Wang et al., 2016). Thus, improvements in MEP after neural decompression are probably due to improvements in the excitability of neurons or the corticospinal tract (Macdonald, 2006). Secondly, an increase arterial supply can also alleviate spinal cord ischemia and thus result in MEP improvements during surgery (Wang et al., 2016).
Intraoperative SEP alerts also had a high sensitivity and specificity for predicting new neurologic deficits in the early postoperative period (Garcia et al., 2010), and the use of SEPs to monitor upper extremity nerves before and during surgery also a valid and useful technique to minimize the brachial plexus injuries during positioning and surgical procedures (Jahangiri et al., 2011; Plata Bello et al., 2015). The dorsal column function indicated by SEPs might be more vulnerable to the compression, and thus, the lack of significant changes in SEP after cervical decompression might be related to the anatomical vulnerability of this region. Previous studies also revealed that MEP changes are more sensitive than SEP changes during surgery (Hadley et al., 2017).
POST-OPERATIVE EVALUATION FOR DCM PATIENTS
Functional improvement as indicated by symptomatic relieve and increased clinical assessment scores such as JOA and mJOA after decompression surgery are well recognized. However, these assessments are usually subjective and cannot directly reflex the neural conductive function. Postoperative electrophysiological studies may provide valuable information in quantifying the degree of functional involvement of the spinal cord after surgery. Pre- and 1-year post-operative MEP tests indicate that cervical laminoplasty improves corticospinal tract function as presented by shortened CMCT (Nakanishi et al., 2014). Further, the CMCT parameters before or 1 year after surgery correlated significantly with the JOA score both before and 1 year after surgery, and the CMCT recovery ratio from the longer CMCT in the ADM significantly correlated with the clinical recovery ratio (Nakanishi et al., 2014). de Noordhout et al. (1998) tracked the MEP and SEP changes in DCM patients who received either surgeries or conservative treatments in a 1-year period. They reported that in surgically treated DCM patients, MEP abnormality changed from 95.3 to 72.1%, while from 66.7 to 91.7% in conservatively treated patients in 1 year. The tibial SEP and MEP abnormalities persisted in spite of clinical improvement in most surgically treated patients, which probably reflects permanent vascular or necrotic lesions induced in the cord by spondylotic changes. Some authors also reported discrepancy between functional recovery and electrophysiological findings in DCM patients after surgery. Tadokoro et al. (2019) reported CSP abnormalities persisted after surgery in most cases in a 1-year period, indicating irreversible damage of the intramedullary reflex circuit, despite the JOA score recovery. The high sensitivity of neurophysiological studies including MEPs, SEPs and NCS might make them useful to monitor disease progression in post- or unoperated patients. The phenomenon of JOA score recovery without neurophysiological recovery also provides insight into postoperative neural recovery in DCM.
CONCLUSION AND FUTURE PROSPECTS
In conclusion, the clinical and radiographic presentations of DCM are highly variable, making the diagnosis difficult in some cases. Electrophysiological studies exhibit an excellent sensitivity in identifying spinal neural compromise, but are of less value in the differential diagnosis, which can be improved by using the dynamic SEPs and MEPs. Neurophysiological tests are useful for assessing cervical cord dysfunction and predicting the prognosis of DCM, and thus are valuable in deciding the treatment methods. They are also useful in monitoring neurological function during surgeries and disease progression in post- or unoperated patients during follow-up rehabilitation.
For future perspectives, machine-learning and artificial intelligence are warranted to decipher more information from those multi-dimensional neurophysiological results. Hu et al. (Zhang et al., 2009; Cui et al., 2015; Wang et al., 2017; Cui et al., 2019) used the random forests-based time-frequency analysis technique to sort out meaningful information contained in various SEP components, in order to identify lesion locations, quantify the severity and predict prognosis in both spinal cord compression rat models and DCM patients. However, these studies contained only a relatively small sample, and more clinical studies are required to assess the validity of this technique in humans. Moreover, machine learning-based neurophysiological studies could be used to detect neurological deficits and predicting response to various treatment of DCM more precisely in the future. Along with the relevance of electrophysiological measures at various timepoints in the management of DCM patients, other recent trends in basic and clinical research point toward the relevance of fast-paced advances in imaging, clinical diagnostic tools, molecular genetics, surgical techniques, and reparative/regenerative strategies (Ganau et al., 2018b). Altogether those research efforts are allowing spine surgeons to reshape the management strategies available for an aging population that suffers increasingly from this degenerative condition.
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A novel regulated network mediated by downregulation HIF1A-AS2 lncRNA impairs placental angiogenesis by promoting ANGPTL4 expression in preeclampsia
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Preeclampsia (PE) is the predominant medical condition leading to maternal and fetal mortality, and the lack of effective treatment increases its risk to the public health. Among the numerous predisposing factors, the ineffectual remodeling of the uterine spiral arteries, which can induce abnormal placental angiogenesis, has been focused to solve the pathogenesis of PE. According to the preceding research results, abnormal expression of long non-coding RNAs (lncRNA)s could be associated with the pathological changes inducing PE. To be more specific, lncRNA HIF1A-AS2 was proposed for its potential to participate in the molecular mechanisms underlying PE. In vitro, in trophoblast cell lines HTR-8/SVneo and human umbilical vein endothelial cells HUVECs, HIF1A-AS2 knockdown inhibited cell proliferation, migration and tube formation. Mechanistically, transcription factor FOXP1 could regulate the expression of HIF1A-AS2. Moreover, a series of assays, including RNA pull down and mass spectrometry, RNA immunoprecipitation and chromatin immunoprecipitation assay, revealed that HIF1A-AS2 interacted with Lamin A/C (LMNA) to inhibit ANGPTL4 expression in trophoblast cells, thus further participating in the progression of PE. Taken together, these findings suggested that further analysis on HIF1A-AS2 could contribute to the development of prospective therapeutic strategy for PE.
Keywords: preeclampsia, lncRNA, HIF1A-AS2, placental angiogenesis, ANGPTL4, LNMA
INTRODUCTION
Preeclampsia (PE) is a hypertensive disorder specifically occurred in pregnancy, which is characterized by the new onset of increased blood pressure and proteinuria after 20 weeks of pregnancy in a previously normotensive woman. According to the recent epidemiological estimations, PE impacts 3%–8% of pregnancy women worldwide (Bouter and Duvekot, 2020) and causes serious hazard to the health of mothers and their fetuses. Moreover, it has been generally admitted that PE has remarkable causal relationship with maternal and perinatal mortality, especially in low-income and middle-income countries (Ives et al., 2020; Aukes et al., 2021). Globally, PE could result in more than 50,000 maternal deaths annually (Ananth et al., 2021). Concerning the limitations of the existing medical treatment, the conventional choice of drug for the alleviation of PE is aspirin, but it is unable to prevent the development of the disease. Although novel therapies for PE are being developed, placenta delivery is still the main and only effective treatment for PE (Mol et al., 2016).
Because PE originate in the placenta, placental dysfunction underlies a spectrum of PE-related symptoms (Phipps et al., 2019; Stepan et al., 2020). To induce PE, the aberrant development and dysfunction of placenta can be associated with abnormal remodeling of maternal uterine arteries, the main cause of which is impaired extravillous trophoblast (EVT) functional phenotype. Many papers proposed that inadequate EVT invasion could prevent the proper engrafting and remodeling of uterine spiral arteries, consequently inducing the occurrence of PE (Redline and Patterson, 1995; Staff, 2019; Staff et al., 2020). Overall, it is suggested to further explore the mechanisms underlying the abnormal EVT functional phenotypes and spiral artery remodeling, thereby expanding the theoretical basis for improving the clinical treatment of PE.
Long non-coding RNA (lncRNA) is defined by its length (more than 200 nucleotides) and the lack of protein-coding capability. The family of lncRNAs has been increasingly focused by various studies in recent years (Delas and Hannon, 2017; Palazzo and Koonin, 2020). To date, numerous lncRNAs have been recognized as critical factors to modulate biological functions, such as chromatin modifiers recruitment (Davidovich and Cech, 2015), immune response (Jiang et al., 2018), cell differentiation (Jiang et al., 2017), and disease-related dysfunctions (Wu et al., 2017; Hu et al., 2020). Aberrant expressions of lncRNAs are known to be closely related to various human diseases, as well as to the different stages of the diseases, such as the occurrence, the development, and the prevention, especially in PE (Xu et al., 2018a; Wu et al., 2018; Xu et al., 2020). For instance, the lncRNA TUG1 modulates RND3 expression by binding to EZH2, in order to modulate cell proliferation, migration and network formation in vitro (Xu et al., 2017). Therefore, to improve the diagnosis and the treatment for PE, the key lncRNAs in the relevant molecular pathways should be identified, and their functions should be thoroughly investigated, which would contribute to the understanding of PE pathogenesis.
Hypoxia-inducible factor 1 alpha-antisense RNA 2 (HIF1A-AS2), a 2051-bp lncRNA gene, locates on chromosome14q23.2. Our previous study has reported that HIF1A-AS2 expression in PE placental tissues were dramatically downregulated. HIF1A-AS2 can participate in the invasive apoptotic biological process of trophoblast cells, in which it inhibits PHLDA1 expression by binding to LSD1 (Wu et al., 2019). Although lncRNAs can modulate the biological functions of cells through multiple mechanistic pathways, our particular interest is to explore how HIF1A-AS2 participates in the pathways relating to angiogenesis. To reveal furthermore details of the relevant molecular pathways, this study was also designed to identify the upstream and downstream regulatory factors for HIF1A-AS2 inducing the abnormal cellular activities in PE trophoblast cells, in order to recognize novel instructive clues for the improvement of clinical application in the future. Based on those findings, the association between PE and abnormal HIF1A-AS2 expression was evaluated, in order to recognize novel instructive clues for the improvement of clinical application in the future.
RESULTS
HIF1A-AS2 promotes the proliferation, migration and invasion in vitro
Previously, our team demonstrated that HIF1A-AS2 was dramatically down-expressed in PE placental tissue compared to the expression level of normal pregnant women. Meanwhile, the enhancement of HIF1A-AS2 expression promoted the proliferation of trophoblast cells and thereby contribute to the uterine spiral artery recasting. The further analyses focused on the correlation between HIF1A-AS2 expression and placental vasculature. The first step was to select trophoblast cell line (HTR-8/SVneo) and Human umbilical vein endothelial cells (HUVECs), which should be associated with placental angiogenesis and thus enable the demonstration of the relevant regulatory functions of HIF1A-AS2. To evaluate the influences of the changes in HIF1A-AS2 expression on the placental blood vessels, HIF1A-AS2 was silenced with specific siRNAs or overexpressed with plasmid (pcDNA3.1-HIF1A-AS2) in the two selected cell lines, respectively. To exclude off-target effects, three different siRNAs were specifically designed. After the transfection with siRNAs into the HTR-8/SVneo and HUVEC, qPCR assays confirmed that HIF1A-AS2 expression was silenced in the cells treated with si-HIF1A-AS2 1#, siHIF1A-AS2 2# and siHIF1A-AS2 3#, respectively (Figures 1A,B). Therefore, si-HIF1A-AS2-1# and/or si-HIF1A-AS2-3# were used for subsequent experiments. Depending on the application of pcDNA3.1-HIF1A-AS2 plasmid, the upregulation of HIF1A-AS2 expression was also achieved (Figures 1C,D).
[image: Figure 1]FIGURE 1 | Modulation of HIF1A-AS2 expression in trophoblasts. qPCR analysis of HIF1A-AS2 expression in HTR-8/SVneo (A) and HUVECs (B) after transfected with HIF1A-AS2–specific siRNAs, respectively. HIF1A-AS2 expression levels were tested by qPCR after treating with empty vector and pcDNA3.1-HIF1A-AS2 plasmid in HTR-8/SVneo (C) and HUVECs (D). Error bars are mean with SEM of technical replicates (n = 3). *p < 0.05, **p < 0.01; significance by Student’s t test.
In response to abnormal HIF1A-AS2 expression levels, the cellular activities of trophoblasts were expected to exhibit corresponding changes. To verify the association, transwell experiments were conducted to evaluate the invasion and migration abilities of HTR-8/SVneo and HUVEC cells. For establishing blood flow between maternal and fetal systems, appropriate cellular motility and adhesion of trophoblasts is essential, whereas the impaired placental vascular development of PE patient is induced by suppressed trophoblast activities. The silencing of HIF1A-AS2 could inhibit the invasion and migration of HTR-8/SVneo and HUVECs (Figures 2A,C), while the upregulated HIF1A-AS2 expression presented causal relationship with boosted trophoblast invasion and migration (Figures 2B,D).
[image: Figure 2]FIGURE 2 | HIF1A-AS2 promotes trophoblast proliferation, migration and invasion in vitro. Transwell assays showed the migratory and invasive abilities of siHIF1A-AS2-treated in HTR-8/SVneo (A) and HUVECs (C). The quantity of cells was markedly decreased compared to siCon control. With the treatment of overexpressed HIF1A-AS2, the 2 cell lines showed significant increase than that in pcDNA control (B,D). Colony formation assay to assess the ability of proliferation in HTR-8/SVneo and HUVEC cells, transfected with siRNAs or plasmid. Silenced HIF1A-AS2 expression in HTR-8/SVneo and HUVEC cells (E) and overexpressed-HIF1A-AS2 (F). The statistics of the relevant data is on the right side of the corresponding graph. Error bars are mean with SEM of technical replicates (n = 3), *p < 0.05, **p < 0.01; significance by Student’s t test.
Next, in the colony formation assay, when HIF1A-AS2 was silenced, both tested cell lines showed decreased clone numbers (Figure 2E). Conversely, the elevated HIF1A-AS2 expression facilitated cell number increases in vitro (Figure 2F), confirming the positive relationship between HIF1A-AS2 expression and the proliferation of the tested cell lines. Thus, verified by these noticeable findings, HIF1A-AS2 could effectively modulate the proliferation, invasion and migration of trophoblast cells and umbilical vein endothelial cells.
HIF1A-AS2 promotes angiogenesis in vitro and in vivo
Abnormal development of uterine spiral artery remodeling in placenta is one of the main predisposing conditions of PE, which can induce ischemia, hypoxia, oxidative stress, and excessive release of various cytokines into the maternal blood circulation, leading to systemic Inflammatory immune overactivation and vascular endothelial damage. In order to recognize the association between HIF1A-AS2 and vascular remodeling, for the two essential cells in the placental blood vessels recasting, tube formation assay was applied. HIF1A-AS2 silencing inhibited the tube formation ability of HTR-8/SVneo cells and HUVECs (Figure 3A). Consistently, the numbers of segments and total segments lengths were both decreased compared to the controls. HIF1A-AS2 overexpression resulted in the opposite trend (Figure 3B). The presence of red plugs in the tested cell lines was significantly different from that of the vector control cell sample, confirming that enhanced HIF1A-AS2 expression promoted the angiogenic activities of HTR-8/SVneo and HUVECs cells (Figure 3D). Knock-down of HIF1A-AS2 led to the opposite outcome (Figure 3C). To summarize these observations, HIF1A-AS2 played a pivotal role in proangiogenic activities of HTR-8/SVneo cells and HUVECs.
[image: Figure 3]FIGURE 3 | HIF1A-AS2 affects angiogenesis of HTR-8/SVneo trophoblast and HUVEC cells in vitro and in vivo. Consequent to network formation, the number of segments and total segments length of the network were decreased in HIF1A-AS2 with siRNAs (A) and increased in overexpressed with pcDNA3.1-HIF1A-AS2 (B) in HTR-8/SVneo and HUVECs, respectively. The quantity of cells is shown below the corresponding graph. The Matrigel plug assay showed that HIF1A-AS2-related siRNA inhibited angiogenesis in nude mice (C), and overexpression of HIF1A-AS2 promoted angiogenesis (D). Error bars are mean with SEM of technical replicates (n = 3). *p < 0.05, **p < 0.01; significance by Student’s t test.
HIF1A-AS2 can be activated by the transcription factor forkhead box P1
The expression patterns of various lncRNAs had been proved to be mediated by transcription factors in previous research (Sato et al., 2010; Xu et al., 2020). Relying on the bioinformatic approach, the JASPAR database (http://jaspar2014.genereg.net) could be utilized to identify the candidate factors activating or inactivating HIF1A-AS2 expression. As listed in Table 1, in HIF1A-AS2 promoter region, there were 15 Forkhead box P1 (FOXP1)-binding putative sites, implying that HIF1A-AS2 may be regulated by transcription factor FOXP1 in trophoblast cells. In our previous study, we analyzed the expression levels of FOXP1 in 64 pairs of PE samples and adjacent normal samples with normalization to GAPDH by quantitative real-time PCR assay. The expression of FOXP1 was significantly downregulated in PE placenta compared with that in control. The same trend was also obtained in the animal model of preeclampsia (Xu et al., 2022). Subsequently, FOXP1 expression at both RNA and protein levels in the HTR-8/SVneo were silenced with siRNAs (Figures 4A,B), and in response to the manipulation, HIF1A-AS2 expression showed obvious decreases (Figure 4C). The putative binding sites of FOXP1 on HIF1A-AS2 promoter region, and four potentially relevant binding sequences were acquired by using the JASPAR website (Figure 4D).
TABLE 1 | Putative FOXP1-binding sites in the HIF1A-AS2 promoter region by JASPAR.
[image: Table 1][image: Figure 4]FIGURE 4 | HIF1A-AS2 interacts with the transcription factor FOXP1. FOXP1 expression level was detected at RNA and protein level by qPCR (A,C) and Western blotting (B), respectively, after FOXP1-specific siRNAs were transfected into HTR-8/SVneo. After the treatment with siRNAs against HIF1A-AS2, the lncRNA expression was tested by qPCR (C). The putative binding sites of FOXP1 on HIF1A-AS2 promoter region, and four potentially relevant binding sequences were acquired by using the JASPAR website (D). ChIP assay confirmed the binding of FOXP1to the promoter of HIF1A-AS2 in HTR-8/SVneo. qPCR data were compared with IgG negative control (E). Error bars are mean with SEM of technical replicates (n = 3). *p < 0.05, **p < 0.01; significance by Student’s t test. Performing network formation, cells transfected with FOXP1 siRNAs and HIF1A-AS2 plasmid showed an increase in node numbers as compared with silencing of FOXP1 in HTR-8/SVneo (F). Error bars are mean with SEM of technical replicates (n = 3). *p < 0.05 and **p < 0.01; significance by one-way ANOVA with Tukey post-test. All data are representative of at least two independent experiments.
Next, the interpretation of ChIP assays supported that the binding of FOXP1 to the HIF1A-AS2 promoter region could upregulate the lncRNA at RNA level (Figure 4E). Then we performed tube formation assay in HTR-8/SVneo, the results showed that the inhibition of FOXP1 and upregulation of HIF1A-AS2 can promote antiogenesis compare with silencing of FOXP1 (Figure 4F). Therefore, FOXP1 was suggested to be the most potent candidate factor for the upstream regulation on HIF1A-AS2 activation.
HIF1A-AS2 could regulate angiopoietin like 4 by binding to lamin A/C
Our research group had carried out RNA transcriptome sequencing for the siRNA (siCon) and siHIF1A-AS2-transfected HTR-8/SVneo cells with the presence of negative control, in order to identify the downstream influences of altered HIF1A-AS2 expression (Wu et al., 2019). Relying on the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases, the biological pathways relevant to HIF1A-AS2 activation could be identified. In response to HIF1A-AS2 silencing, a bunch of genes responsible for vascular development were significantly affected in their expression levels (Wu et al., 2019). Through qPCR, Angiopoietin Like 4 (ANGPTL4), a transcript related to vascular development was selected, the expression of which showed significant downregulation based upon HIF1A-AS2 overexpression (Figure 5A) and upregulation based upon HIF1A-AS2 knockdown in HTR-8/SVneo (Figure 5B).
[image: Figure 5]FIGURE 5 | HIF1A-AS2 binds to LMNA to inhibit ANGPTL4 expression. qPCR analysis of HTR-8/SVneo cells uncovered the relative mRNA expression of vascularized genes, with (A) HIF1A-AS2 overexpression or (B) knockdown by siHIF1A-AS2. RNA pull down, silver staining and mass spectrometry analysis were combined to analyze several potential binding proteins (C). After transfected with siHIF1A-AS2, the changes in the mRNA expression of several possible binding proteins were analyzed by qPCR (D). RIP results showed that HIF1A-AS2 could bind LMNA in HTR-8/SVneo cells (E). After LMNA knockdown, the expression of ANGPTL4 was increased at RNA levels (F,G). Error bars are mean with SEM of technical replicates (n = 3). *p < 0.05, **p < 0.01; significance by Student’s t test. ChIP assays revealed the enrichment of LMNA in ANGPTL4 promoter region (H). Consequent to tube formation, the number of segments and total segments length of the tube were decreased in the inhibition of HIF1A-AS2 and LMNA (I); ANGPTL4 and LMNA expression levels were detected at protein level by WB in HTR-8/SVneo (J). Error bars are mean with SEM of technical replicates (n = 3). *p < 0.05 and **p < 0.01; significance by one-way ANOVA with Tukey post-test. All data are representative of at least two independent experiments.
Our previous studies had clarified the distribution of HIF1A-AS2 RNA, mainly in the nucleus of HTR-8/SVneo cells (Wu et al., 2019). Accordingly, HIF1A-AS2 might have functions in transcriptional regulation via recruiting RNA-binding proteins. To examine the prediction, RNA pull down assay and mass spectrometry analysis were conducted, and the results showed that HIF1A-AS2 might interact with Lamin A/C (LMNA) (Figure 5C). However, qPCR assays found that there was almost no change in LMNA expression at the RNA level (Figure 5D) after knocked down HIF1A-AS2. Subsequently, relying on the results of RNA immunoprecipitation (RIP) analysis, it was also proved that HIF1A-AS2 could recruit LMNA in HTR-8/SVneo (Figure 5E).
The protein products of the LMNA gene, Lamin A/C proteins, are essential for the normal functions of the nuclear lamina due to their multiple cellular functions, including the modulation of DNA transcription, the maintenance of chromatin organization and nuclear stability, the regulation of cell cycle, and the initiation of apoptosis (Nishikawa et al., 2021). Then, our results revealed that the expression of ANGPTL4 was increased after down-regulating LMNA with specific-siRNAs at RNA level (Figures 5F,G). Moreover, we performed ChIP assays and revealed that LMNA could directly interact with ANGPTL4 promoter regions (Figure 5H). If considering the downstream interactions as an integrated mechanism, it suggested that HIF1A-AS2 might regulate the expression of ANGPTL4 in trophoblasts through interacting with LMNA. Then we performed tube formation assay, and the results indicated that the inhibition of HIF1A-AS2 and LNMA can promote antiogenesis compare with silencing of LNMA (Figure 5I). Also, the western blotting assays were conducted, and the expression of ANGPTL4 was significantly elevated in the inhibition of HIF1A-AS2 and LMNA compare with that in the silencing of LNMA (Figure 5J).
Angiopoietin like 4 expression is significantly elevated in preeclampsia placental tissues
To evaluate the relevance between ANGPTL4 and PE, mRNA expression levels of ANGPTL4 were compared between placental tissue samples from severe PE patients and healthy pregnant participants. qPCR assays were carried out, and the results suggested increased ANGPTL4 mRNA expression in severe PE tissue samples compared with the control (Figure 6A). Furthermore, we performed immunohistochemistry assay and consequently confirmed that ANGPTL4 expression levels of the PE-positive placental samples were elevated at protein level (Figures 6B,C). In conclusion, for the patients of severe PE, ANGPTL4 expression level had significant negative correlation with that of HIF1A-AS2 in their placental tissue samples.
[image: Figure 6]FIGURE 6 | Expression of ANGPTL4 in preeclampsia placental tissues. qPCR results showed the fold change of placental tissue in PE patients compared to healthy pregnant women (n = 34) (A). The abundance of ANGPTL4 protein was detected by immunohistochemistry (B), quantification was performed by positive areas (C). All data are representative of at least three independent experiments. *p < 0.05, **p < 0.01; significance by Student’s t test.
DISCUSSION
Among the large variety of non-coding RNAs existing in human genome, the two major types, microRNAs (miRNAs) and lncRNAs (>200 nucleotides), are currently sorted by the lengths, and their total number is approximately 16.000. Due to the necessity of their functions to maintain the normal running of relevant biological processes, the correlations between the abnormal expression of specific lncRNAs and the occurrences of diseases had been increasingly noticed (Sun et al., 2018; Statello et al., 2021). To be specific, the interest of our group was the association between the candidate lncRNAs and the pathogenesis of PE. Our published papers had identified some PE-related lncRNAs, including TUG1, PVT1, and HOXA11-AS1 (Xu et al., 2017; Xu et al., 2018a; Xu et al., 2018b). Based on the precedent studies, this study aimed to verify the relationship between HIF1A-AS2 and PE, thereby revealing more details of the pathogenetic mechanisms at molecular level and proposing the new candidates for further analyses to evaluate their potential in clinical practice against PE.
Multiple preceding studies had revealed that HIF1A-AS2 could effectively participate in the pathogenetic mechanisms of various malignancies (Wang et al., 2019a; Wang et al., 2019b; Si et al., 2021). Combined with our existing research work, the PE-related functions of HIF1A-AS2 could be preliminarily identified. To obtain more details at molecular level, this study was designed to further evaluate the influences of abnormal HIF1A-AS2 expression on HTR-8/SVneo and HUVEC. In vitro, the silencing of HIF1A-AS2 expression resulted in remarkably suppressed proliferation, invasion, migration and vascularization of trophoblast cells, and consistently, overexpressed HIF1A-AS2 also induced significant changes in these cellular activities at the opposite direction. In vivo, we observed that upregulation of HIF1A-AS2 could promote angiogenesis in trophoblast cells and vascular endothelial cells. The observations supported the effective participance of HIF1A-AS2 in the development of PE, which depended on the regulatory functions of the lncRNA, and might indicate its clinical significance in PE. Overall, our further analyses on the underlying molecular mechanisms should be promising.
Next, we performed high-throughput sequencing (RNA-seq) to explore the downstream objects of HIF1A-AS2. According to the in-vitro tests, after suppression of HIF1A-AS2, noticeable increases of the cellular inactivator ANGPTL4 could be detected at both the mRNA and proteins level. ANGPTL4, located on chromosome 19p13.2, encodes a peptide hormone belonging to the family of adipokines. Its protein product has a variety of biological functions, including the modulatory effects on cell cycle progression, metastasis and angiogenesis (Guo et al., 2014; Yang et al., 2020). However, the exact mechanisms establishing the association between ANGPTL4, and preeclampsia remains a mystery. For the accessibility between ANGPTL4 and HIF1A-AS2, our previous study had reported the predominant nuclear localization of HIF1A-AS2 in trophoblast cells (Wu et al., 2019). The subsequent mechanism experiments included RIP assay, RNA pull down and mass spectrometry analysis. The results provided more details to confirm the interaction between HIF1A-AS2 and LMNA in trophoblasts. According to the findings, in the pathogenetic mechanism of PE, a part of the downstream pathways for HIF1A-AS2 might rely on its binding to LMNA, thereby suppressing ANGPTL4 expression in trophoblasts.
Mounting studies stated that transcript factor could activate/inactivate lncRNA transcription further regulating target expression which accelerates the progression of PE (Ma et al., 2014; Ghosh et al., 2018; Huh et al., 2019). For example, Xu et al. (2019) reported that KLF5 could act as transcriptional factor and modulate lncRNA 00346-prompted gastric cancer progression. Reported by our published work, the transcript factor FOXP1 could contribute to the activation of AGAP2-AS1 expression in trophoblasts (Xu et al., 2020). Accordingly, for this study, the bioinformatic analysis also suggested that FOXP1 might promote HIF1A-AS2 expression at transcriptional level (Xu et al., 2020). To verify this conjecture, ChIP-PCR results demonstrated that FOXP1 could directly bind to the promoter region of HIF1A-AS2 in HTR-8/SVneo. Furthermore, FOXP1 upregulation could enhance HIF1A-AS2 transcription in trophoblasts. Together, these findings established that HIF1A-AS2 could be activated by FOXP1, emphasizing the complicity of the upstream regulation on the expression patterns of lncRNAs.
CONCLUSION
To summarize the discoveries in this study, among the pathogenetic mechanisms of PE, the abnormal HIF1A-AS2 downregulation can induce the enhancement of ANGPTL4 expression via the LMNA-mediated regulatory pathway, resulting in aggravated dysfunction of angiogenesis (Figure 7). Thus, HIF1A-AS2 has the potential to be investigated as a candidate molecular target which may facilitate the improvement of clinical strategies against PE. However, for the limitation of this study, the potential biological phenotypes of HIF1A-AS2 have not been completely explored, while the identification of other achievable downstream and regulatory mechanisms could still be expected. Further studies are required to illuminate other relevant upstream and downstream pathways, through which HIF1A-AS2 can exert its regulatory functions on the cellular activities of trophoblasts in PE.
[image: Figure 7]FIGURE 7 | Schematic of the regulatory pathway.
MATERIALS AND METHODS
Cell culture
Human trophoblast cell (HTR-8/SVneo) and human umbilical vein endothelial cells HUVECs were offered by the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). RPMI 1640 medium, added by 10% fetal bovine serum (FBS, GIBCO, United States) and antibiotics (100 U/ml of penicillin and 100 mg/ml of streptomycin), was the choice to culture HTR-8/SVneo cell. HUVEC cells were cultured in ECM medium. The temperature set for cell growth was 37.0°C, with high humidity and 5% CO2 in the incubating condition.
Cell transfection
DNA Midiprep kits (QIAGEN, Hilden, Germany) were chosen, which enable the plasmid vectors (pcDNA3.1-HIF1A-AS2) to arrayed. The sequences of siRNAs, including HIF1A-AS2-specific siRNAs, FOXP1 siRNA, LAMA siRNA and scrambled siCon, were designed by Gene Pharma; their details were listed in Supplementary Table S1. After HUVECs or HTR-8/SVneo cells were inoculated on 12-well plates, transfection could be carried out when the degree of cell fusion reached 70%–80%. Reagent Lipofectamine 2000 (Invitrogen, United States) was applied for siRNA transfection. FuGENE HD Transfection reagent (Roche, Pennsburg, Germany) was applied to treat the plasmid. The processing steps complied with manufacturer’s instructions. After 24 h, the treated cells were collected for further analyses.
Extract RNA and qPCR
FastPure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme, Nanjing, China) was chosen to conduct total RNA extraction. The following measurements of RNA concentration and purity was achieved with Onedrop. RNA was reversely transcribed into cDNA using HiScript®III RT SuperMix for qPCR (+gDNA Wiper (Vazyme, Nanjing, China). ChamQ SYBR qPCR Master Mix (High ROX Premixed) (Vazyme, Nanjing, China) was applied to detect the expression of HIF1A-AS2 and LAMA, and the mixture was configured according to the instructions of StepOnePlus™ (Thermo Fisher Scientific, Waltham, MA, United States) instrument. The qPCR data were analyzed by StepOne™ software v2.3. The PCR primers were listed in Supplementary Table S1.
Colony formation assays
For colony formation capability, each cell sample had been treated with a specific siRNA or the plasmid before the seeding. Each well of the 6-well plate was filled with 600, 800 or 1,000 cells and had the addition of 2 ml 10% FBS complete medium. About 10–14 days after the formation of colony, with the fixation used methanol and the staining used 0.1% crystal violet. The capability of colony formation was quantified as the number of stained colonies.
Migration and invasion assays
To assess cell migration and invasion, the transwell chamber (pore size 8 μm) was placed in a 24 well plate. Briefly, the 4–6 × 104 cells suspended in 300 μl empty medium were seeded into the chamber inside, and 700 μl complete medium containing 10% FBS was infused into the chamber outside. The diluted Matrigel Matrix (Corning, United States) was coated or uncoated on top of the membrane for invasion or migration assays, respectively. Culturing for 24–48 h, the cells below the membrane were fixed with methanol and stained with 0.5% crystal violet. Under the light microscopy, from each chamber, 3-5 areas were picked up by random selection for photographing and data recording.
Tube formation assays
The precooled Matrigel Matrix (Corning, United States) was added to the wells in the 96-well plates, in order to achieve polymerization by incubation at 37°C for half an hour. HUVECs or HTR-8/SVneo cells were inoculated onto 12-well plates, followed by being transfected with 3 nM siRNAs or 2 μg plasmid for 24 h. The treated HUVECs or HTR-8/SVneo were digested. Subsequently, each sample was suspended in 150 μl conditioned medium and then transferred to a coated 96-well plate (4 × 104 cells/well or 6 × 104 cells/well). The incubation conditions were set at 37°C in 5% CO2 for 8–16 h. Under light microscopy, photographs were taken. The analysis of the formed tube was conducted by an ImageJ Angiogenesis Analyzer.
Western blotting assays
Total proteins in cells or tissues were extracted with cold lysates and separated by 10% TGX FastCast acrylamide gel (Bio-Rad, United States), followed by being transferred to 0.45 μm PVDF membranes (Millipore, United States). Subsequently, the PVDF membrane was sealed with a blocking solution for 15 min at room temperature. The appropriate dilution antibody (FOXP1, CST, Catalog No. D35D10, United States) and anti-GAPDH antibody (Proteintech, Catalog No. 10494-1-AP, United States) were applied for overnight incubation on a shaker in a 4°C fridge. After washing, the secondary antibody was applied for 1 h incubation. The chemiluminescence (Thermo) fluid was applied for exposure. Quantity One software (Bio-RAD) read the protein bands and interpreted the patterns into numeric data.
RNA pull down and mass spectrometry
After the linearization of the plasmid templates, the mMESSAGE mMACHINE T7 Transcription Kit (Life Technologies, United States) was applied for in vitro transcription. Subsequently, complying with the manufacturer’s instructions, the major steps of RNA pull down assay was conducted as below. A single biotinylated nucleotide was attached to label RNA 3′terminus with T4 RNA ligase. Labeled HIF1A-AS2 capture was achieved with streptavidin magnetic beads, which was then incubated with cell protein lysates from HTR-8/SVneo. After silver staining, the protein eluted solution was ready for mass spectrometry analysis on Q Exactive mass spectrometer (Proxeon Biosystems, now Thermo Fisher Scientific), Analysis of the mass spectrometry data are listed in Supplementary Table S2.
Chromatin immunoprecipitation assays
EZ-Magna ChIP A kit (Catalog No. 17–408, Merck & Millipore) was applied to for the ChIP assay. The steps complied with the manufacturer’s instructions. After growth, HTR-8/SVneo cells were treated with formaldehyde, which crosslinks proteins to DNA to ensure co-precipitation. Then, the cells were broken open, which allowed the sonication to shear the chromatins into 200-1,000 bp DNA pieces. Immunoprecipitation was performed using primary antibodies or control IgG. Next, after the chromatin proteins were removed by DNA purification, qPCR was applied. The detailed information about specific ChIP primers were exhibited as Supplementary Table S1.
RNA immunoprecipitation assays
Following the procedures introduced by Xu et al. (2018a), RIP assays were set up. The producer of the LMNA antibodies was Millipore (Billerica, MA, Catalog No. 17–701 Merck & Millipore United States). For statistical analyses, qPCR was conducted to interpret the presence of HIF1A-AS2 and IgG into numeric data.
Matrigel plug assay in nude mice
All experiments on mice complied with the guidance of Laboratory Animal Management Regulations, the national law of China and the instruction of the local authority. The approval of Zoopery was issued by the Ethics Committee of Nanjing Medical University Animal Welfare (IACUC-2106050). The plug assay was carried out as the conventional method reported by previous studies (Aktas et al., 2017; Ding et al., 2019). Briefly, female BALB/c nude mice (4–6 weeks after birth) were qualified for the experiments. The cells were resuspended with 0.2 ml serum-free medium and evenly mixed with equal volume of High Concentration Matrigel (BD Biosciences). Immediately, the mixture was injected subcutaneously. After the injection, 2 weeks later, Matrigel plugs were removed from the euthanized mice.
Statistical analysis
The data came from three independent experiments. GraphPad Prism version 8.0 (GraphPad Software) conducted the statistical calculations. Adobe Photoshop 2020 contributed to the graphic presentation. The evaluation of results passed two-tailed Student’s t test and expressed as mean ± S.E.M. **p < 0.01, *p < 0.05 were considered significant.
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NO. Patients

30 preclinical
Conservative

Follow-up

2-years

Electrophysiological test

1/3 patients with entry MEP or SEP abnormality (5 in 15) in comparison with no patients with
normal EP tests (0 in 15) developed clinical myelopathic signs

Feng et al. (2020)

200 Conservative

I-year

SEP classifications predict decline in mJOA

Hu et al. (2008) 76 Surgery 1,3,6,12,and SEP classifications predict JOA recovery ratio
24 months
Yu et al. (2020) 39 Surgery 2-years Dynamic SEP N13 amplitude ratios correlate with baseline mJOA score and 2-years post-
operative recovery ratio
de Noordhout et al. 43 surgery; I-year MEPs: 10 in 43 normalized after surgery; 4 in 12 worsened without surgery

(1998)

12 conservative

SEPs: 5 normalized after surgery; 4 in 12 worsened without surgery

Misra and Kalita,
(1998)

20 Conservative

1.5 and 3 months

MEPs: 15 in 20 improved at 1.5m, 4 in the above 15 further improved at 3 m

30 conservative

6,12,24 months

SEPs: 11 in 20 improved at 1.5m, no change at 3 m

‘The association between initial MEP or SEP abnormality and clinical manifestation of SCM
during the 2-year period was statistically significant (Fisher’s exact test, p = 0.02)

Bednarik et al. (2004)

30 Surgery

66 Conservative

6,12,24 months.

2 years

MEP latency, amplitude and spinal cord motor conduction velocity (SCMCV) improvement
after surgical treatment might occur in clinically milder patients but not in severe patients after
6 months. A lower SCMCV measurement in clinically severe patients may accompany an
insufficient outcome of decompression surgery. Limited electrophysiological and neurologic
improvement appears to occur at 1 or 2 years after surgery

13 patients with abnormal initial MEPs (19.7%): 5 developed myelopathy (38.5%) and 8 didn’t
(15%); no significant difference

10 patients (15.2%) with abnormal initial SEPs: 5 developed myelopathy (38.5%) and 5 didn’t
(9.4%); the difference was significant (p = 0.016)

14 patients with abnormal initial EMG (21.2%): 8 developed myelopathy (61.5%) and 6 didn’t
(11.3%); difference was highly significant (p < 0.001)

Bednarik et al. (2008)

199 conservative

2 years

37 patients (18.6%) with abnormal initial MEPs: 18 developed myelopathy (40%) and 19 didn’t
(12.4%); the difference was significant (p < 0.001); significantly related to early clinically
myelopathy symptom (<12 months). 37 patients (18.6%) with abnormal initial SEPs:

17 developed myelopathy (37.8%) and 20 didn’t (13%); the difference was significant (p <
0.001); significantly related to early clinically myelopathy symptom (<12 months). 46 patients
(23.1%) with abnormal initial EMG: 19 developed myelopathy (42.2%) and 27 didn’t (17.5%);
the difference was significant (p < 0.001); significantly related to early clinically myelopathy
symptom (<12 months)

Takahashi et al. (2008)

56 Surgery

I-year

CMCT for patients with poor outcome was significantly longer; CMCT of 15 milliseconds or
more in the upper extremities or that of 22 milliseconds or more in the lower extremities
indicated poor prognosis

Nakanishi et al. (2014)

Tadokoro et al. (2019)

42 Surgery

16 Surgery

I-year

3,6, 12 months

MEP latencies and CMCT were significantly shorter 1-year after surgery; The CMCT
parameters before or 1 year after surgery correlated significantly with the JOA score both before
and 1 year after surgery; CMCT recovery ratio from the longer CMCT in the ADM correlated
significantly with the JOA recovery ratio

Preoperative CSP abnormalities (84%). Preoperative and 1-year post-operative JOA scores did
not vary significantly among CSP classification groups, probably because of the small sample
size
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MEP SEP EMG/NCS/Others

DCM Prolonged CMCT; significantly prolonged Decreased amplitude, prolonged latency; NCS can be normal or can see signs of

CMCT at flexion and extension neck positions  significantly decreased N13 amplitude at dynamic  radiculopathy: prolonged F-wave, delayed CSP;
neck positions EMG: can have long duration, high amplitude,
polyphasic motor units with reduced recruitment

MS Prolonged CMCT Scalp-recorded SEPs are present in only 50-86%  Abnormal visual-evoked potentials; May have

and short-latency N13 from the neck or P14 from  abnormal brain auditory-evoked potentials
the scalp in 69-94%

ALS Normal or marginally prolonged CMCT, Absent or significantly altered NCS: CMAP reduced amplitudes of APB, ADM
reduced MEP amplitude and abnormal and EDI, especially APB. Higher UM ratio and
morphology, reduced cortical threshold lower SHL Delayed CSP. EMG: Fibrillation and

fasciculations

HD Prolonged CMCT, especially upon flexion decreased N13 amplitude and prolonged NC: significantly lower ulnar CMAP amplitudes

NI3-N20 interval upon flexion lower U/M CMAP ratio
CSA Prolonged CMCT not change at dynamic neck positions NCS: Slightly decreased ulnar and median CMAP

amplitudes; normal U/M CMAP ratio

Peripheral nerve
entrapment

Normal CMCT, prolonged PMCT

Abnormal Erb potential

Abnormal nerve conduction Velocity
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References ~ NO. Patients

30 preclinical

MEPs

Abnormal MEPs(36.7%)

SEPs

Abnormal SEPs (40%)

EMG/NCS

23 preclinical

Abnormal MEPs (65%)

Tavyetal. (1999) 25 preclinical

Bednarik etal. 66 preclinical

Abnormal MEPs (8%), not
significantly different from controls

Abnormal MEPs (19.7%)

Abnormal SEPs (4.3%), not
significantly different from controls

Abnormal SEPs (15.2%)

abnormal upper limb EMG (21.2%)

(2004)

Bednarik etal. 199 preclinical Abnormal MEPs (18.6%) Abnormal SEPs (18.6%) abnormal upper limb EMG (23.1%)
(2008)

Masur et al. 15 preclinical, 4 DCM Preclinical: Abnormal MEPs Preclinical: Abnormal SEPs (80%);

(1989) (86.7%); DCM: Abnormal DCM: Abnormal SEPs (100%)

MEPs (100%)

Kameyama et al.
(1995)

24 preclinical, 67 DCM

Preclinical: no significantly different
CMCT or silent period compared
with normal control; DCM:
significantly prolonged CMCT

Preclinical: no significantly different
silent period compared with normal
control; DCM: significantly
shortened silent period

imo etal. (2004) 29 preclinical, 22 DCM

Preclinical: abnormal MEPs (10%),
DCM: abnormal MEPs (818%)

Preclinical: abnormal SEPs (7%),
DCM: abnormal SEPs (45.5%)

Kerkovsky et al. 27 preclinical, 18 DCM

Preclinical: abnormal MEPs (25.9%),

Preclinical: abnormal SEPs (29.6%),

(2012) DCM: abnormal MEPs (50%) DCM: abnormal SEPs (55%)
Nakai et al. 48 clinical DCM, 6 without MRI Abnormal SEPs (90%) in all clinical
(2008) abnormality, 42 with positive DCM; DCM without MRI sign:

MRI findings

abnormal SEPs (66.7%), DCM with
MRI sign: abnormal SEPs (92.9%)

Lo etal. (2004) 141 clinical DCM. 28 without
MRI cord compression, 113 with
mild to severe MRI cord

impingement

DCM without MRI compression:
abnormal MEPs (0%); DCM with
MRI compression: abnormal
MEPs (91.2%)

NCS and EMG showed changes
supportive of radiculopathy (72%)

Lo et al. (2006) 223 clinical DCM. 50 without
MRI cord compression, 176 with

MRI cord impingement

DCM without MRI compression:
abnormal MEPs (0%); DCM with
MRI compression: abnormal
MEPs (98%)

DCM without MRI compression:
abnormal EMG (18%); DCM with
MRI compression: abnormal
EMG (88.1%)

Feng etal. (2020) 200 mild DCM

abnormal SEPs (66%)

Nakamae et al.
(2010)

482 milder (non-operative)
DCM, 349 operative DCM

Non-operative group: abnormal
MEPs (75%). Operative group:
abnormal MEPs (100%)

Stetkarova and 21 mild DCM

Kofler, (2009)

Abnormal MEP (90.5%)

Abnormal SEPs (47.6%)

Abnormal CSP (81%), abnormal
EMG (33.3%)s

Preclinical DCM: MRI, signs (cervical canal stenosis, cord impingement or cord compression) without clinical symptoms.
Mild DCM: MRI, signs with mJOA, score >15 or with main complaint of non-specific cervical pain, headache, diziness, hand or leg paresthesia.
Clinical DCM: myelopathic signs and symptoms (including weakness or numbness in the upper and lower limbs, hyper-reflexia, clonus, positive Hoffman sign) with or without MRI,signs.

DCM: myelopathi
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Origin (Miich et al., 2019)
Location

Morphology (Milch, Ryan and
Lee 2019)
marker

Phagocytosis capacity (Green
ot al., 2016)

Note. SCI, spinal cord injury.

Hematogenous macrophage

Myeloid progenitor cells
Peripheral blood and tissue and margin of the lesion site after SCI
(Belver-Landete 2019)

Lager

CD11b*/CD45"/CX3CR17/CCR2*/CD163 (Lu et al., 2018; Glavind et al.,
2020)/P2Y1 (Chekeni et al., 2010)
More efficient phagocytosis

Microglia

Yolk sac of the embryo
Central nervous system and lesion core after SCI (Kroner and
Rosas Amanza 2019)

Small volume

CD11b7/CD45 " TMEM119/CX3CR1*/P2Y12/HIF-1a (Lin
et al., 2020; Fu et al,, 2021)
Transient phagocytosis
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Objective

To prove Mg is detrimental
(Huang 2019)

To prove Mg is beneficial

Treatment
Silica dust (Blight 1985)
Clodronate (Popovich 1999)
Anti-CD11d mAb (Gris 2004)
Anti-aD2 mAb (Mabon 2000; Naeini
etal, 2021)
Adiponectin (Zhou 2019)
C5a (Dander et al., 2021)

Transplantation (Han et al., 2021)

Anti-CCR2 antibody (Daneman
2018)

Experimental principle
Exert cytotoxic effects to Mg

Deplete peripheral Mg

Block the interaction between endothelial cell
and hematogenous Mg

Block the connection of aDp2-VCAM-1
Suppress myelin lipid accumulation

Induce epicenter-directed macrophage
migration

Transfer M2 to injured spinal cord

Selectively deplete the CD115+CD11b + LyBC+
monooytes

Result

Less myeiin axons and less vascularization n the
lesion

Decreased the tissue cavity and promoted
motor function

Increasing density of neurofiament axon

Less necrotic debris and long-lasting
sensorimotor function recovery

Reduced myeii lipid accumulation and
impaired neurogenesis

Avoid neuron contact and reduce incidence of
axonal dieback

Promote reactive oxygen species production
and regeneration

Greater myelin loss
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Mouse model

ACANT“RT230X9"" mice

CAV1 null mice

CTGF null mice

HIF-1a null mice

SM/J mice

Phenotype

Transcription factor SOX9 conditionally deleted in aggrecan expressing cels. Progressive degeneration of the end plates
and extracelular matrix remodeling in both the NP and AF, consistent with human disc degeneration Tsingas et al. (2020).
SOX9 null discs showed the presence of non-vacuolated NP cells Tsingas et al. (2020), while conditional SOX9 deletion
results in NC death in developing notochord Barrionuevo et al. (2006).

The NP of <6 month old WT mice is rich in viable NCs, whereas the NP of CAV1 null mice mainly contains NPCs and
increased NP cell death at already 1.5 months of age Smolders et al. (2013b); Bach et al. (2016a). Relevance o other
species: In humans and canines, NCs also express high levels of CAV1 Smolders et al. (2013b); Bach et al. (2016a).

Notochord specific CTGF loss disrupted the IVD phenotype in embryonic until aged mice Bedore et al. (2013). Although not
stated, the histological examples provided appear to demonstrate that NPCs had replaced NCs in the NP of 12- and 17-
month old CTGF null mice, whereas NCs were still present in WT murine NPs Bedore et d. (2013), implying that CTGF is
essential for NC preservation.

Progressive disappearance of the NCs from E15.5, concurrent replacement with a novel tissue that resembles fibrocartilage
Merceron et al. (2014). This process resembles the changes usually observed during human IVD degeneration.

Poor regenerative healing capacity; early onset IVD degeneration compared with LG/J mice (good healers) Choi et d. (2018);
Zhang et al. (2018). In SM/J, the presence of NPCs is already observed at 2 weeks of age Choi et al. (2018); Zhang et al.
(2018). Contrary, LG/J mice maintain a relatively constant pool of NCs during the first months of ife Choi et al. (2018); Zhang
et al. (2018).

ACAN: aggrecan, AF: annulus fibrosus, CAV1: caveolin-1, CTGF: connective tissue growth factor, NC: notochordal cell, NP: nucleus pulposus, NPC: nucleus pulposus cel, SOX9: SRY-

Box Transcription Factor 9, WT: wild type.
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2010 X
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Weiler 2010
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i Pinto 20167 2010° | Weiler2010 | WWeler2020
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Richardson 2017
FOXF1 Risbud 2015
Thorpe 2016
Richardson 2017
pAX1 Risbud 2015
Thorpe 2016
CA12 Risbud 2015
CAIl Silagi 2018
Laminin & Thorpe 2016
HiFia Thorpe 2016
- Sakai | Sakai | Sakai 2018 Sakai 2018,
2018 | 2018 | Sakai2012 Sakai 2012
CD73,CD90, Risbud 2007
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CD166 Risbud 2007 | _Sakai 2012
CD63, CD49a, -
p75NTR,CD133/1 Risbud 2007
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5.C0271 FLT-1 Sokaizng
INOTCH1 Turner 2014

Based on immunostainings, markers for the cells residling within the notochord (<8~10 weeks postconception) and the core of the itervertebral disc (IVD), the nucleus pulposus (NF) have
been plotted based on the following ffe stages: a) human fetal notochord, b) fetal NP, tissue, and ¢) postnatally, in healthy discs after birth unti 25 years of age (macroscopical grading
Thompson score 2). Furthermore, markers studied i relation to stemness have been provided to demonstrate possible overiap, includinga) NP cell clusters that typically represent reactive
degenerative changes, but may also relate to an attempt for repair, and b) NPP progenitor cels with replicative capacities. The majority of these markers is expressed higherin the NP, than in
the annulus fibrosus (AF). Of note, immunopositivity is largely dependent on the antibodiies employed and tissue processing methods. CA, carbonic anhydrase; CD, cluster of
differentation; a CD; cell surface markers typical of stem cells; CDH2, N-cadherin; FLT-1, flotilin-1; FOX, forkhead box; GD2, disialoganglioside 2; GLUT, glucose transporter; HIFTa,
Hypoxia-inducible factor 1a; KRT, cytokeratin; LGALS3, galectin-3; NOG, noggin; NOTCH1, Notch homolog 1; p75NTR, p75 low-affinity growth factor receptor; PAX1, Paired Box 1; T,
brachyury; TIEZ, tyrosine-protein kinase receptor.

“Specific immunostaining in the NP at specific life stages while undetectable in AF or endplates.

Undetectable in the AF.

°TIE2 + GD2-CD24-~ cells (TIE2 single-positive cells) behave like dormant stem cells that switch into TIE2 and GD2 double-positive (TIE2 + GD2 + CD24~ Cells) active stem cels, with
higher expression of the MSC markers, CD44, CD49f, CD56, CD73, CD90, CD105, CD166, CD271 and flotilin-1 (FLT-1). The stem cells then transition in to GD2+ single positive, NP cell
progenitors and finally to CD24 single positive NP cells.
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Categories Name Mechanism of action Ref

Chemical chaperones  TUDCA Reducing unfolded protein in ER Wang et . (2018)

4-PBA (Chen et al., 2018; Chen et al., 2019a; Luo et al., 2019a; Luo et al., 2019b)
UPR regulators GSK2606414  PERK inhibitor Fuji et al. (2018)

SIRNA for PERK  Inhibiting PERK-elF2a-ATF4-CHOP pathway ~ Wen et al. (2021)

SIRNA for ATF4 Fuji et al. (2018)

SIRNA for CHOP (Fuii et al., 2018; Krupkova et al., 2018)

SIRNA for IRE1-a  Inhibiting IRE1-a arm Wen et al. (2021)

SRNA for ATF6  Inhibiting ATF6 arm Xie et al. (2020)
Autophagy regulator  Exosomes Activating autophagy and inhibiting ER stress  (Liao et al., 2019; Shi et al., 2021)

Rapamycin Inducing p-EIF2AK3-mediated ER stress Yang et al. (2020a)
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Different types of EVs

Characteristics Exosomes

Size (nm) 50-150 nm

Morphology Cup-shaped

Origin Endosomal compartment of cells; Multivesicular
body (MVB)

Mechanism of Exocytosis of MVB

discharge

Biomarkers CDB3, CDY, CD8, aliX, TSG101, tetraspanins,
HSP70, etc.

Cargos MRNA, microRNA, INcRNA, GircRNA, DNA lipid,
protein, etc.

Microvesicles
100~1,000 nm
Heterogenous
Plasma membrane
Budding off the plasma membrane

©D40 ligand, selectins, integrins

mRNA, microRNA, other non-coding RNA,
protein, etc.

Apoptotic bodies

1,000~5000 nm
Heterogenous
Apoptotic cell membrance

Outward blebbing of the cell
membrane
Histones, Annexin V'

Nucear fractions, cell
organelies, etc.

ALIX. apaptosis-inked gene 2-interacting protein X: CD, cluster of ciferentiation: HSP70, 70 kilodalion heat shock proteine: TSG101, tumar susceptibilty gene 101 protain.
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Study

Qiet al.

Li et al.

Li et al.

Yuan
etal.

Zhu
etal.

Wen
etal.

Zhu
etal.

Cheng
et al.

Znang
etal.

Hingert
ot al.

Sun
et al.

Lu et al.

Xia et al.

et al.

Xie et al.

Liao
etal.

Cell
type

uc-
MSCs

BM-
MSCs

BM-
MSCs

PLMSCs

BM-
MSCs

BM-
MSCs

BM-
MSCs

BM-
MSCs

MSCs

BM-
MSCs

iMSCs

BM-
MsC

BM-
MSCs

ASCs

MSCs

BM-
MSCs

Species
of cell
source

Human

Human

Human

Human

Rat

Rat

Mouse

Human

Human

Human

Rat

Human

Mouse

Human

Rat

Human

Size
of EV

around
100 nm

around
100 nm

30-150 nm

mainly
109.3 nm

about
80 nm

80 nm

average
87 nm

around
100 nm

average
144 +
222nm

80-200 nm

30-100 nm

50-130 nm

1718 +
18.3 nm

30-200 nm

average
94.3 nm

Isolation

Uttra-
centrifugation

Ultra-
centritugation

Ultra-
centritugation

Ulra-
centrifugation

Ulra-
centrifugation

Ultra-
centrifugation

Ultra-
centrifugation

Ulra-
centrifugation

Ultra-
centrifugation

Serial
centrifugation

Ulra-
centritugation

Uttra-
centrifugation

Ultra-
centritugation

Uttrafiltration

Uttra-
centrifugation

ExoQuick
reagent

Model

In vitro

In vitro

In vitro

In vitro
In vivo

In vitro

In vitro
In vivo

In vitro

In vitro
In vivo

In vitro
In vivo

In vitro

In vitro
Invivo

In vitro

In vitro
In vivo

In vitro

In vitro
In vivo

In vitro
In vivo

Modeling
method

Injection of
absolute ethanol

into sub-endplate
in rat tail to induce
IVD degeneration

The model of disc
degeneration was
established by
needle puncture.
(needie-stab
model)

The IVDD model
was established by
annulus fibrosus
(AF) needle
puncture

The IVDD model
was established by
annulus fibrosus
(AF) needie
puncture

An VD
degeneration
rabbit model was
induced with a fine
needle puncture

The IVDD SD rat
model was
established by
needle puncture

Injection of AGEs
into in SD rat tail to
induce IVD
degeneration

In vitro
appraisement

1. MSC-exosome has
the potential to alleviate
HG induced
extracelular matrix
degradation via the p38
MAPK pathway

2. HG also significantly
inhibited collagen Il
and aggrecan
expression in
NPMSCs, and leads to
an increase in the rate
of NPMSCs apoptosis
3. mRNASs array
results and
bioinformatics analysis
predicted that miR-
221-3p, let-7a-5p, and
miR-21-6p derived
from hUCMSCs-EXO
may be closely related
to extracellular matrix
synthesis of NPMSCs

1. In the pathological
acid environment, MSC-
derived exosome
promotes the
expression of
chondrocyte
extracellular matrix,
collagen Il, and
aggrecan, and reduces
matrix degradation by
downregulating matrix-
degrading enzymes.

2. MSC-derived
exosomes was able to
prevent and mitigate
NPC apoptosis
through repressing
caspase---

3 expression and
attenuating caspase-3
cleavage induced by
acidic pH

1.BM-MSC-derived
exosomes inhibits IL-
1b-induced
inflammation and
apoptosis of AF cels by
suppressing PIBK/AKT/
mTOR signaling
pathway-mediated
autophagy

2. BV-MSC-exosomes
supported AF cell
viability after IL1-p
treatment

1. MSC exosomes
tiched in antagomiR-
4450 ameiiorates NPC
damage by promoting
proliferation and
migration

2.EV-derived
AntagomiR-4450
decreased MMP13, IL6,
IL1-B, CASP3,
expression, and
increased COL2 and
ACAN expression
3.miR-4450 was
significantly upregulated
while ZNF121 was
downregulated in IDD
and miR-4450
exacerbated NPC
damage by targeting
ZNF121

1. MSC-exosomes
could inhibit TNF-a-
induced increase of
apoptotic process,
activation of apoptotic
proteins, imbalance of
anabolism/catabolism
levels, and
accumulation of
collagen | in NPc
through the deiivery of
miR-532-5p

2. RASSFS is a direct
target gene of miR-
532-5p to mediate the
cell apoptosis regulation

1. The expression of col
Iland Aggrecan, SA-p
gal positive cells and
apoptoss rate of NPCs.
were decreased after
MSG exosomes
intervention

2. Reducing miR-19%a
carried by MSC
exosomes led to an
impaired protective
effect of exosomes on
NPCs

3. miR-199a from MSC
exosomes promotes
repair by targeting
GREM1 and
downreguiating the
TGF-p pathway
1.MSCs exosomes
alleviated NPCs
apoptosis by reducing
IL-1p-induced
inflammatory cytokines
secretion and MAPK
signaling activation

2. MSCs exosomes
inhibited NPCs
apoptosis and MAPK
signaling by delivering
miR-142-3p that targets
mixed lineage kinase 3
(MLK3)

1. MSC-exosomes were
taken up by NPCs and
suppressed NPC
apoptosis induced by
TNF-a

2.miR-21 in MSC-
exosomes alleviated
TNF-ainduced NPC
apoptosis

3.Delivery of miR-21 in
MSC-exosomes
inhibited NPC apoptosis
by targeting PTEN
through PIBK-Akt
pathway

1) MSCs-derived
exosomes play an anti-
pyroptoss role by
suppressing the NLRP3
pathway

2) MSC-derives
exosomes treatment
inhibit LPS-induced
pyroptosis in NPCs
3)miR-410 derived from
MSC exosomes inhibit
LPS-induced
pyroptosis in NPCs

1.MSC exosomes
treatment increased oell
viability and prolferation
of degenerated disc
cells

2. MSC exosomes
treatment induced early
production of crucial
ECM components such
as proteoglycan,
aggrecan, and collagen
type Il

3. EV treatment
suppressed apoptosis
and the secretion of
MMP-1 in disc cells

1. miR-140-5p riched
in iIMSC-exosomes
played a pivotal role in
the IMSC-sEV-
mediated therapeutic
effect by upreguiating
of anabolism markers
of the ECM (collagen Il
and aggrecan), and
downregulating of
catabolism markers of
the ECM (MMP-3 and
ADAMTS-4)
2.iMSC-sEVs could
rejuvenate senescent
NPCs and restore the
age-related function
by activating the Sirt6
pathway in vitro

1) EV treatment
increased prolferation
activity of NPC

2) EV treatment
generate a healthier
extracellular matrix by
upregulating
expression levels of
anabolic/matrix
protective genes
(aggrecan, colla-gen
1l, s0x-9 and TIMP-1)
and downregulating
matrix degrading
genes (MMP1 and
MMP3)

1. BMSC-derived
exosomes attenuate
apoptosis in NP cells
treated with H20,

2 Exosomes dampen
H,0,-induced
inflammatory marker
expression and matrix
degradation in NP
cells

3. Exosome attenuate
TXNIP-NLRP3
inflammasome
activation and
caspase-1 cleavage
induced by H,0,

4. Exosomes replenish
mitochondrial -related
proteins and attenuate
mitochondrial
dysfunction

1. at concentrations
between 5 and 50 mg/
ml, freeze-dried
secretome showed to
in vitro counteract the
oxidative stress damage
induced by H,0, on
nucleus pulposus cells
2. Freeze-dried
secretome became
cytotoxic to NPCs at a
concentration of over
50 mg mi-1

1. Exosomes reduced
apoptosis and
calcification of EPCs
induced by TBHP
2.The downregulated
level of miR-31-5p in
exosomes impaired
exosomal protective
effects on EPC.

3. miR-31-5p negatively
reguiated ATF6-related
ER stress and inhibited
apoptosis and
calcification in EPCs

1) MSC-exos reduced
AGEs-induced ER
stress and amelorated
NP cells apoptosis

2) MSC-exos inhibited
the activation of UPR
under AGEs-induced
ER stress, and
decreased CHOP
expression

3) MSC-exos attenuate
ER stress-induced
apoptosis by activating
AKT and ERK signaling
in human NPCs

In vixo
appraisement

1.The EXO-
antagomiR-4450
attenuated VDD
damage by repressing
miR-4450 and
Upregulating ZNF121
expression

2.The EXO-
antagomiR-4450 could
partially decine the
pro-inflammatory
factors and MMPs in
DD mice

1.After MSCs-
‘exosomes treatment,
MMP-2, MMP-6,
TIMP1 and TUNEL-
positive cells were
decreased, and miR-
199a was increased in
DD mice

2. BVSCs-EVs
promote proliferation of
NPCs and inhibit
apoptosis

1. Intradiscal injection
of MSC-exosomes
alleviated the NPG
apoptosis and VD
degeneration in a rat
model

1. MSCs-exosomes
and miR-410 treatment
alleviated the severity
degree of MDD

1. NPC senescence
and IVDD were
significantly improved
after intradiscally
injecting iMSC-
exosomes

1. Exosomes attenuate
the progression of
VDD

2. Exosomes delay
matrix degradation
during the progression
of VDD

1.Sub-endplate
injection of MSC-
exosomes can
ameliorate VDD

2. Downreguiation of
miR-31-5p from
exosomes inhibited
exosomal protective
effects on EPC

1. MSC-exos
modulated ER stress-
related apoptosis and
retarded IDD
progression in a rat tail
model

Additional
Manipulation

High glucose
(HG) induced
degradation
of VD

Acidic pH-
induced NPCs
apoptosis

IL1-B treatment
(10ngm-')

TNF-a
(10ngmi™)
treatment

TNF-a
(20ngmi)
treatment

IL1- treatment
(10ng mi')

TNF-a
(Gngmi)
treatment

LPS
(5 mmol L")
treatment

No

No

No

H,0,(800 x
10i)

Hy0,(1 x 1077)

TBHP (20 x
10-°t0 60 x
1075m)

AGEs
(200 ug mi~)

MSC, mesenchymal stem cell; BM-MSC, bone marrow-derived mesenchymal stem cell; NPC, nucleus pulposus cell; AFC, annulus fibrosus cel; UC-MSC, umbilical cord-derived
mesenchymal stem cell; EPCs,endplate chonarocytes; ASC. adipose-derived mesenchymal stromal cel; CEPC, cartilage endplate chonarocyte; PLMSC, placental mesenchymal stem

cal: TBHP. tert-butyl hydropenoxide; ER, endoplasmic reliculum: UPR, unfolded protein response;

HOP. C/E homologous protein; AGEs, Advanced gication end products.
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Therapeutic mechanism and target References

IL-1p GCR antagonist reduce the IL-1p-mediated disc inflammation; Chou et al. (2020)
MGP-1 expression in macrophages increased with IL-1p, downregulation of IL-1 reduce macrophage recruitment; Kawakubo et al. (2020)
Macrophage migration inhibitory factor controls the expression of NLRP3, induced IL-1§ activation; Kang et al. (2019)
Upregulation of silent information regulator 2 homolog 1 by tyrosol suppress the IL-1p-mediated inflammation Qietal. (2020)

L6 Inhibiting IL-6/IL-6R expression through gp130/JAK-STATS signaling pathway, relieve LBP induced by inflammation; Torre et al. (2019)
Epidural injection of anti-IL-6 receptor monoclonal antibody relieve radicular pain; Ohtori et al. (2012b)
Nanoparticle FT-C60 bind to FPR-1 on macrophages can notably attenuate the expression of IL-1, IL-6 and TNF-q; Xiao et al. (2019)
Intradiscal injection of the IL-6 inhibitor alleviate LBP Sainoh et al. (2015)

TNF-a In IVD injury mode!, TNF-a stimulates CCL2-mediated reoruitment of macrophages; Nakawaki et al. (2020)
Epidural application of TNF-a inhibitor etanercept can effectively relieve pain; Ohtori et al. (2012a)
RhoA rescued IVD cells from TNFa-induced inflammation and mechanobiological disruption Hernandez et al. (2020)

IL-4 ShDNMT1 notably increased IL-4, induced M2 macrophages polarization Hou et al. (2020)

IL-10 Physical activity increases the percentage of reguiatory macrophages in muscle which can relieve chronic musculoskeletal  Leung et al. (2016)
pain, and that IL-10 is an essential medator; Villlta et al. (2011)
IL-10 reguiate and relieve the muscular dystrophy by reducing M1 macrophages activation

PGE2 Inhibiting of the PGE2/EP4 pathway efficiently improves spinal hyperalgesia Ni et al. (2019)

ASIC3 The decreases in pH induce release of inflammatory cytokines possioly through activation of ASIC3 on macrophages, and  Gong et al. (2016)
eventually result in hyperalgesia; Gregory et al. (2016)
Injecting the ASIC3 antagonist ApeTx2 into the muscle efficiently inhibit pain sensitivity; Zhao et dl. (2021)
Lactate regulates ROS generation through ASIC3, promoting IL-1B release

CCR GCR antagonist reduce the IL-1p-mediated disc inflammation; Chou et al. (2020)
IL-1p notably upregulate CCR? expression and increase production of IL-6 on macrophages; Siva et al. (2019)
TNF-a and IL-1p dependent CCL, induce macropahges migration through CCR activation Wang et al. (2013)

TLR4 TLR4 relieves pain by inhibiting the expression of TNF and IL-1 activated by the NF-xB signaling pathway; Wu et al. (2010)
Resistin binds to TLR4 in NP cells, result in macrophages infiltration; Lietal. (2017)
Following administration of TLR4 inhibitor, TNF-a and IL-1p markedly decreased, while IL-10 increased Kuang et al (2012)

CSF1/CSFIR  Targeted inhibition of GSF1/CSF 1R signaling pathway to suppress microglia activation and related infiammation might bea  Yang et . (2018)

promising strategy to alleviate LBP
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Treatment options

Behavioural
management

Physical therapy

Pharmacological
treatment

Local injection

Characteristics

Advice to stay active, Patient education, Cognitive behavioural therapy;
Relieve mild LBP

$Spinal manipulation, Diathermy therapy, Acupuncture; Have a certain effect
for LBP

Non-steroidal ant-inflammatory drugs (NSAIDS) or muscle relaxants; First
choice for acute LBP

Antidepressants, weak opioids Second-ine drug options for chronic LBP
Opioids Last-line drug options for chronic LBP

Epidural steroid injection; Reduces nerve root pain

Disadvantage

Poor patient seff-management

Small improvements

Gastrointestinal side effect
Short-term
Addictive potential

Risk of puncture into blood vessels,
infection

References

Viaeyen et al. (2018)

Knezevic et al. (2021)

Qaseem et al. (2017)

Knezevic et al. (2021)
Knezevic et al. (2021)

Cohen et al. (2013)

Surgery

Discectomy, laminectomy, lumbar fusion; Faster pain relef and functional
improvement

Failed back surgery syndrome

Bailey et al. (2020)
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