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Spinal cord injury (SCI) is a devastating neurological condition prevalent worldwide. Where the pathological mechanisms underlying SCI are concerned, we can distinguish between primary injury caused by initial mechanical damage and secondary injury characterized by a series of biological responses, such as vascular dysfunction, oxidative stress, neurotransmitter toxicity, lipid peroxidation, and immune-inflammatory response. Secondary injury causes further tissue loss and dysfunction, and the immune response appears to be the key molecular mechanism affecting injured tissue regeneration and functional recovery from SCI. Immune response after SCI involves the activation of different immune cells and the production of immunity-associated chemicals. With the development of new biological technologies, such as transcriptomics, the heterogeneity of immune cells and chemicals can be classified with greater precision. In this review, we focus on the current understanding of the heterogeneity of these immune components and the roles they play in SCI, including reactive astrogliosis and glial scar formation, neutrophil migration, macrophage transformation, resident microglia activation and proliferation, and the humoral immunity mediated by T and B cells. We also summarize findings from clinical trials of immunomodulatory therapies for SCI and briefly review promising therapeutic drugs currently being researched.
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1 Introduction

Spinal cord injury (SCI) is a devastating neurological condition that most commonly results from vertebral fractures caused by traumatic accidents, including motor vehicle accidents, falls, and sports injuries. A few SCIs result from non-traumatic events such as infections or vascular damage (1). The clinical manifestations of SCI include loss of sensory and/or motor function below the level of injury. The symptoms can be partial or complete depending on the degree of injury and its location on the spinal cord (1). The estimated global incidence of total SCI in 2019 was 900,000, with an age-standardized incidence rate of 12 per 100,000 (2). Currently, patients who survive after severe SCI find it difficult to achieve complete recovery owing to the limited regenerative capacity of the lesioned spinal cord. As a result, SCI can not only causes serious disability but can also place great economic burden on patients’ families and society at large (3). Therefore, it is crucial to clarify the underlying cellular and molecular mechanisms of SCI pathophysiology and investigate novel therapeutic targets for intervention. After SCI onset, the primary injury caused by mechanical damage is the mechanical disruption of tissues and subsequent edema (4). This is followed by a secondary injury cascade that develops over the subsequent weeks and/or months. This involves vascular dysfunction (5), ischemia (6), excitotoxicity (7), ionic dysregulation (8), oxidative stress (9), neurotransmitter toxicity (10), lipid peroxidation (11), necrosis/apoptosis (12), immune-inflammatory response (13), and Wallerian degeneration and scar formation (14). These biological responses in secondary injury cause further damage to the spinal cord. Nevertheless, proper interventions in these processes can aid tissue regeneration and functional recovery after SCI.

The immune response appears to be the key molecular mechanism underlying these various pathophysiological processes and the main factor affecting the outcome of SCI (15). Immune response to SCI orchestrates the activation of different immune cells and the generation of various immunological factors. After SCI, astrocytes, the primary resident cells in the spinal cord, react rapidly by producing immunological mediators and recruiting or activating immune cells, including macrophages/monocytes, neutrophils, microglia, and T and B cells. The immunological mediators released by immune cells include not only inflammatory cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α, but also chemicals such as chondroitin sulfate proteoglycans (CSPGs). With recent developments in biotechnology, a more precise method to understand the heterogeneity of immune cells and immunological factors is now available. This provides novel perspectives for investigating new therapeutic targets. In this review, we focus on the latest findings on (i) the pathophysiological mechanisms underlying SCI, (ii) heterogeneity of these immune components and their roles in SCI, and (iii) clinical trials and promising basic research on immunomodulatory drugs for SCI.



2 The role of the immune response in pathophysiological processes in spinal cord injury

In traumatic SCI, primary injury is predominantly caused by the compression of,or distraction of the spinal cord resulting from dislocated bone fragments, discs, and ligaments (16). In traumatic SCI, primary injury is primarily caused by the compression of the spinal cord (17). Primary injury leads sequentially to local hemorrhage, edema, ischemia, and hypoxia at the site of injury (16). The disruption of blood vessels at the site of SCI results in hemorrhage and increased permeability of the blood–brain barrier (BBB)/blood–spinal cord barrier (BSCB). Following the release of vasogenic and cytotoxic factors, active chemicals infiltrate to site of injury, which causes tissue edema. Subsequent blood flow reduction at the injury site causes ischemia and hypoxia in local neurons and glial cells. Early surgical decompression of the spinal cord within 24 h of SCI onset is the best treatment to reduce neuronal damage caused by primary injury (18). Biological responses in the primary injury are significant proponents of the development and progression of a pathophysiological cascade of secondary injury, including oxidative stress, ischemia, BSCB disruption, inflammatory and immune response, apoptosis, and mitochondrial dysfunction. In acute SCI, secondary injuries are usually categorized into four phases: the acute phase (<48 h), subacute phase (2–14 days), intermediate phase (14–180 days), and chronic phase (>180 days) (16, 19). In the acute phase, a disrupted BBB/BSCB results in astrocyte polarization, the infiltration of immune cells, including neutrophils, monocytes, and T cells, into the injured site of the spinal cord, and the proliferation of resident microglia (15). These cells release pro-inflammatory and chemotactic factors, triggering inflammation, lipid peroxidation, necrosis, edema, oxidative stress, calcium influx, ion disturbance, and excitotoxicity (13). In the subacute phase, the critical characteristics include the commencement of reactive astrogliosis at the injury site and infiltration of macrophage (20, 21). The resolution of edema and BSCB repair are also initiated in this phase (19). In the intermediate phase, reactive astrogliosis continues and glial scars start maturing, which is followed by axonal sprouting of the corticospinal tract and reticulospinal fibers (22). The chronic phase is typically characterized by the stabilization of scar formation, cysts/syrinx formation, and Wallerian degeneration (16).

The immune response contributes to each phase of secondary injury and affects the clinical outcome. Moreover, immune cells and related immunological factors also modulate the pathophysiological reactions in SCI (
Figure 1
). Nguyen et al. reported that neutrophil infiltration led to cytotoxic tissue damage via the release of excessive cytokines, prostaglandins, and toxic granules, and also caused oxidative stress (23). Chen et al. demonstrated that a stronger local immune microenvironment inhibited apoptosis, thus aiding recovery in murine SCI (24). Mohrman et al. showed a strong immune response associated with the reduction of neuronal signal transmission and better recovery of the SCI animal model (25). Collectively, a better understanding of the immune response after SCI may help investigate effective therapeutic targets for protecting tissue and functional loss in response to SCI.




Figure 1 | 
The mechanism of spinal cord injury (SCI). Demonstration of primary injury and secondary injury, including four phases of SCI after trauma to the spinal cord.






3 How are the functions of immune cells and immune factors orchestrated in the pathophysiology of spinal cord injury?


3.1 Astrocytes


3.1.1 The dual roles of astrocytes in spinal cord injury pathophysiology

Astrocytes are the most abundant cells in the central nervous system (CNS) and contribute to the functional and structural homeostasis of the CNS (26) by regulating the balance of neurotransmitter ions (27) and maintenance of the BBB (28). Astrocytes do not belong to the immune system, but they play essential roles in immune responses to SCI by, for example, recruiting immune cells and secreting immunomodulatory molecules, such as transforming growth factor (TGF-β) and TNF-α. After SCI, astrocytes in the quiescent state (i.e., naïve astrocytes) gradually shift to an activated state (i.e., reactive astrocytes), forming a glial scar, which has dual roles that are either protective or detrimental to the recovery of injured tissues and neurological functions of patients (26).

Astrocytes proliferate and migrate in an overlapping manner to the lesion site, and are arranged into glial scars around the area of injury. With this, they form a network of tangles with other cells (including fibroblasts and oligodendrocyte precursor cells, among other cells) and secrete various cytokines to participate in the subsequent inflammation and repair process (29, 30). Glial scars prevent the spread of necrotic and apoptotic cells and restrict inflammation to the lesioned area (20). Simply eliminating astrocytes severely affects the pathology of and recovery after SCI, such as by causing more severe inflammation, increasing lesion volume, and worsening motor dysfunction. Although the physical and molecular properties of scars limit the spread of inflammation to the area of injury, the accumulation of excess astrocytes follows. The physical barrier also hinders the damage to axon regeneration and scaffolds disruption in the extracellular matrix, which will soften the tissue and lead to the failure of axon regeneration (31). In the final phase, astrocytes constitute the predominant cell type in the injury site (32) and form scar tissue as a barrier between necrotic and normal tissues (33). An in vitro study using primary astrocytes found that transforming growth factor β3 (TGFβ3) exerts neuroprotection effect and reverses the neurotoxic phenotype of astrocytes induced by aligned poly-L-lactic acid fibers (34). The formation of astrocyte scars aids rather than inhibits the regeneration of axons in the CNS. Blocking the formation of astrocytic scars significantly reduces the regrowth of laminin-dependent sensory axons and related molecules across scar-forming astrocytes (35). A robust stimulation was observed in the regeneration of propriospinal axons in the astrocyte scar border as well as in the lesion cores of non-neural tissue (35). The conditional deletion of sterile alpha and TIR motif-containing 1 (SARM1) in neurons and astrocytes improved the functional recovery of behavior performance post-SCI (36). After SCI, the traumatized spinal cord is protected by neuron-derived exosome-transmitted miR-124-3p via inhibited activation of neurotoxic microglia and astrocytes (37).

Traditional terms associated with astrocytes include reactive astrocytes and reactive astrogliosis. The modern concept of astrocyte polarization was proposed by Virchow, who described astrocyte polarization after trauma and neurodegenerative injury (38). In 2017, Liddelow et al. first proposed that reactive astrocytes can be characterized as inflammatory astrocyte 1 (A1) and neuroprotective astrocyte 2 (A2). The activation of A1-type astrocytes was induced by microglia in neuroinflammation, with C3 as a surface marker. Activated microglia in vitro and in vivo secrete IL-1α, TNFα, and C1q to activate A1 astrocytes (39). Based on this new classification method, recent studies have provided a new perspective. In 2021, Zhang et al. found that miR-21a-5p can aggravate the inflammatory response after traumatic SCI by increasing A1 polarization via the inhibition of the CNTF/STAT3/Nkrf signaling pathway (40). In the same year, in another study, Li et al. demonstrated that heat shock transcription factor 1 plays a key role in suppressing the excessive increase in neurotoxic A1 astrocytes (41). Wang et al. showed that the transformation of A1/A2 reactive astrocytes may be associated with functional recovery after SCI (42). Furthermore, a recent study based on single-cell RNA sequencing demonstrated that astrocytes in the injured tissue of SCI showed the altered expression of biomarkers, including Atp1b2, S100a4, Gpr84, C3/G0s2, GFAP/Tm4sf1, and Gss/Cryab, which can help achieve a more precise classification (43).



3.1.2 Pivotal immune chemicals released by astrocytes

Following SCI, reactive astrocytes in the glial scar produce high levels of CSPGs (44), which were initially known to inhibit axonal growth and regeneration (45), but were later found to be beneficial in spinal cord recovery (46). CSPGs are extracellular matrix proteins that contribute to the interactions between the matrix and the immune system (47). CSPGs bind to chemokines/cytokines, growth factors, and pro-inflammatory cytokines required for immune cell growth and recruitment, thereby modulating the immune system (47). Astrocytes also secrete monocyte chemoattractant protein-1 (MCP-1), which is a chemokine inhibiting the expansion of the lesioned spinal cord tissue by attracting M1 macrophages (48). Other chemokines, such as chemokine C–C motif ligand 2 (CCL2) (49) and C–X–C motif ligand 1 (CXCL1) are produced by astrocytes. These chemokines will intensify the recruitment of neutrophils and pro-inflammatory macrophages after SCI (50). Moreover, astrocytes release anti-inflammatory cytokines, such as IL-10 and TGF-β, which can enhance the transformation of microglia/macrophages to a pro-regenerative M2-like phenotype (51, 52).




3.2 Neutrophils


3.2.1 The dual roles of neutrophils in spinal cord injury pathophysiology

Neutrophils are fundamental members of the innate immune system (51). In humans, neutrophils are derived from bone marrow hematopoietic stem cells and are known as polymorphonuclear leukocytes. Although neutrophils have a short lifespan (less than 24 h), they have a generation rate of 1 × 1011 cells/day, which makes them the most abundant granulocytes in peripheral blood (53). In SCI, neutrophils are the first immune cells that arrive at the site of injury, i.e., within 3 h of SCI, and remain at the site for 3 days post injury. Large number of neutrophils gather at the site of injury within 24 h post SCI (54). The infiltration of neutrophils to the site of SCI exerts adverse effects via the secretion of neutrophilic tissue-damaging factors (54). These unfavorable factors trigger biological responses, such as oxidative stress, inflammation, pro-inflammatory cytokins release, and BSCB disruption, which interrupts vascular formation. In mice, neutrophil accumulation inhibition after SCI can improve white matter sparing and promotes rapid neurological recovery (55).

Although numerous studies have paid attention to the deleterious role and effect of neutrophils in SCI, we should take into account that neutrophils are heterogeneous, and the recruitment of neutrophil post SCI may not completely reflect the exacerbation of injury. Early pathogenesis of the contused spinal cord and long-term neurological recovery are mediated by neutrophils and monocytes (56). As the initial responders at the site of injury, neutrophils and monocytes can initiate the clearance of debris and generate pro-inflammatory cytokines that recruit other immune/inflammatory cells, such as macrophages, to engulf residual debris and promote tissue repair (57). Sas et al. revealed that a new subgroup of neutrophils (i.e., CD14+ Ly6G
low
) increases the survival of neurons and promotes axon regeneration in the CNS (58).



3.2.2 Pivotal immune chemicals released by neutrophils

Neutrophils activate more immune cells for migration to the injury site and clear debris by secreting pro-inflammatory factors. Neutrophils were also shown to participate in inflammation and tissue healing via the release of secretory leukocyte proteases (59). Myeloperoxidase (MPO) is one of the most abundantly expressed proteins in neutrophils. It is a peroxidase enzyme present in the granules of neutrophils. The enzyme induces the formation of hypochlorous acid to eliminate the invasion of pathogens; at the same time, it can also cause unintentional host tissue injury. Release of MPO attracts the aggregation of neutrophils, contributing to sustained damage (60). Matrix metallopeptidase 9 (MMP-9), secreted by neutrophils in response to SCI (61), has been shown to be involved in the BBB degradation, facilitating the entry of cells, such as inflammatory cells, into the CNS (62). Members of the MMP family affect functional recovery after SCI by modulating the BSCB (63–65).




3.3 Microglia


3.3.1 The roles of microglia in the pathophysiological process of spinal cord injury

Microglia are the resident immune cells of the CNS. Thus, they are the early immune cells that respond to tissue damage after SCI (66). Microglia account for approximately 10% of all CNS cells. These cells help maintain CNS homeostasis through continuous interactions with neuronal and non-neuronal cells. It is the first line of immune defense in the CNS. Microglia constantly remove damaged nerves, plaques, and infectious substances from the CNS. Activated microglia play an important role in neurodegenerative diseases such as Parkinson’s disease, multiple sclerosis, and Alzheimer’s disease (67). Microglia are activated soon after initial damage in the spinal cord. They mediate morphological change, neurotoxicity, and inflammatory cascade activation (68). However, hyperactivated or unregulated microglia can cause neurotoxicity, which is an important source of pro-inflammatory factors and oxidative stress inducers, such as TNFs, nitric oxide, ILs, and other neurotoxic substances. Microglia have similar properties to peripheral macrophages, and activated microglia include inflammatory microglia (M1 type) and anti-inflammatory microglia (M2 type). M1-type activated microglia play a neurotoxic role by secreting reactive oxygen species and inflammatory cytokines. M2-type activated microglia produce anti-inflammatory cytokines and neurotrophic factors, which exert an anti-inflammatory and neuroprotective effect (69).

Our understanding of the role of microglia in SCI remains preliminary. Often, microglia responses are confused with macrophage responses. When the abundance of microglia reduces after SCI, it disrupts glial scar formation, increases parenchymal immune infiltration, decreases neuronal and oligodendrocyte survival, and inhibits locomotor function recovery (70). Meanwhile, the pharmacological depletion of microglial cells reduces neuroinflammation in the brain and spinal cord after injury, and improves cognitive recovery, depression-like behavior, and motor function (71). The transplantation of microglia in the area with SCI in an acute period increases tissue sparing, but does not lead to functional recovery (72).



3.3.2 Immune chemicals released by microglia

Cytokines and chemokines released by activated microglia can induce the secretion of inflammatory factors and cytotoxic substances from leukocytes and macrophages, mediating neuroinflammation and neurotoxicity, and causing BBB disintegration and glial cell death. The sustained activation of M1-phenotype microglia causes excessive inflammatory factor and neurotoxic molecule secretion, leading to the death of normal cells and further damaging the tissue. Under treatment with lipopolysaccharides or interferon-gamma (IFN-γ), M1 microglia secrete pro-inflammatory cytokines, such as IL-1β, IL-2, IL-6, and TNF-α. Induced by IL-4 or IL-13, M2-type microglia secrete anti-inflammatory cytokines, such as IL-10, arginase 1, and TGF-β, which play a neuroprotective role and contribute to neuronal regeneration (70). Cytokines and chemokines released by activated microglia can induce leukocytes and macrophages to release inflammatory factors and cytotoxic substances, mediating neuroinflammation and neurotoxicity. This leads to the destruction of the BBB, and causes glial cell death (67). Recently, cytokines released by activated microglia after CNS injury occurrence have been found to influence the neurotoxic or neuroprotective effects of astrocytes (39). Aberrant growth factors such as IGF-1 are produced by the elimination of microglia. This leads to an increase in neuronal and oligodendrocyte death and a decline in locomotor performance (71).




3.4 Macrophages


3.4.1 The roles of M1 and M2 macrophages in spinal cord injury pathophysiology

Macrophages are one of the primary cells that infiltrate to the lesion after SCI. These cells produce and secrete inflammatory factors, thereby aggravating secondary injury (73). Based on the molecular phenotype and function, macrophages can be classified into two major subsets: classically activated pro-inflammatory (M1) cells and alternatively activated anti-inflammatory (M2) cells (74). M1 macrophages exhibit proteolytic activity, expressing TNF-α and inducible nitric oxide synthase (iNOS). M2 macrophages express unique molecular markers, possess immunomodulatory, phagocytic, and remodeling properties, and mediate tissue repair (73, 75). There is evidence that both M1 and M2 macrophages infiltrate lesions in SCI. The spinal cord environment favors the polarization of macrophages toward a predominantly M1 cytotoxic macrophage phenotype (76). Evidence from previous studies has shown that M1 macrophages are neurotoxic, whereas M2 macrophages promote axonal regeneration (77–80). Therefore, increasing the M2 cell population at the site of injury may be a promising strategy to repair tissue damage post SCI (81). In the subsequent stage, macrophages reduce edema and induce the formation of a cavity by removing dead cells and myelin debris (80).

Macrophages play pivotal roles in recognizing and degrading cellular and tissue debris. Furthermore, macrophages remove the debris and components inhibiting myelin function. Therefore, macrophages can promote remyelination and axonal regeneration. However, foam macrophages appear when excess lipids accumulate in cells; this results in dysregulated lipid metabolism. This can lead to further neurological decline (73). The metabolic fitness of macrophages is conducive to secondary damage, and strategies that promote oxidative phosphorylation may help mitigate the negative effects of macrophages in nerve injury (82). M2 macrophage-derived exosomes loaded with berberine could be used to treat SCI via the inhibition of M1 inflammatory activation and anti-apoptosis function (83).



3.4.2 Immune chemicals released by macrophages

Interferon-c (IFN-c) and prototypical T-helper type 1 cytokine can activate macrophages to produce cytotoxic mediators (such as reactive oxygen and nitrogen species) and pro-inflammatory cytokines [iNOS, IFN-c, TNF-α, C–C motif chemokine ligand 5 (CCL5), IL-6, IL-12, IL-6], and enhance their ability to kill pathogens present within cells. By contrast, the IL-13, IL-4, and T-helper type 1 cytokines inhibit macrophages from producing pro-inflammatory cytokines (15). Among these immunomodulatory chemicals, TNF-α is a protein with multiple functions. Targeting this cytokine could facilitate better SCI repair owing to its widespread inflammatory nature. TNF-α is a cytokine associated with acute and chronic inflammation. Predominant and prolonged TNF-α expression is counterproductive to post-SCI recovery (84). iNOS catalyzes the synthesis of nitric oxide, which participates in the apoptosis of neurons in the spinal cord (85). iNOS may exert a beneficial effect in the acute phase but plays a detrimental role in the chronic stage (86). TGF-β, also called human cytokine synthesis inhibitory factor, participates in cell differentiation and proliferation, which is mainly activate through type 1 and type 2 serine/threonine kinase receptors (87). In addition, TGF-β induces cellular apoptosis via activation of the SMAD pathway. IL-10 prevents the expression of IFN-c and TNF-α by keeping a check on CD8+ T cells (88) and inhibits MHC-II expression on the surface of monocytes/macrophages, which are involved in the presentation of antigens to T cells (89).




3.5 T and B cells


3.5.1 The roles of T and B cells in spinal cord injury pathophysiology

T and B cells are two fundamental cells in adaptive immunity (90). SCI can activate T and/or B cells to induce autoimmune responses in the nervous system and maintain their activation for a long duration (91). There are different classification methods for T cells, including surface markers, transcriptional regulators, effector molecules, and functions. Based on the surface marker, T cells can be classified as CD4+ T cells and CD8+ T cells. The subpopulations of CD4+ T cells include helper T cells (Th1, Th2, and Th17) and regulatory T cells (Tregs) (90). T-cell infiltration in injured spinal cord tissues has been consistently reported in various SCI animal models (92). Jennifer et al. reported that a few CD8+ T cells were detected in human postmortem injured spinal cords, in both blood vessels and extravascular spaces, from hours to months after injury. The authors did not detect any CD20+ B cells in injured spinal cords (93). These findings were consistent with a recent study showing that CD8+ T cells are the major cell type among the few cells detected at the site of injury. Interestingly, CD138+/IgG+ plasma cells were found in a subpopulation of SCI, which serve as a reserve cell source in humoral immunity (82). Whether T cells cause secondary degeneration or mediate wound repair after SCI remains highly controversial. CD8+ T cell-derived perforin aggravates secondary SCI by damaging the BSCB (94). Chronic SCI impairs primary CD8+ T-cells’ antiviral immunity, but does not affect the generation or function of memory CD8+ T cells (95). Sirtuin 4 suppresses the anti-neuroinflammatory activity of infiltrating regulatory T cells at the SCI site (96). Programmed cell death protein 1 was shown to be essential for maintaining the anti-inflammatory function of infiltrating regulatory T cells in a murine SCI model (97). γδ T cells serve as an early source of IFN-γ to aggravate lesions in SCI. γδ T-cell recruitment to the SCI site promotes inflammatory responses and exacerbates neurological impairment (98). CCL2/CCR2 signaling is a vital mechanism underlying the recruitment of γδ T cells to the SCI site (99). SCI can trigger a demyelinating response, producing myelin basic proteins that activate T cells. Many cell adhesion molecules appear on the surface of activated T cells, which is useful for adhesion to vascular endothelial cells and to enable T cells to enter the CNS, inhibit axonal death, and promote neuroprotection (100).

The role and effect of B cells contributing to neurological changes after SCI occurrence has not been clarified. B cells can generate pathogenic antibodies that inhibit local lesion repair (90), leading to delayed recovery of neurological function. Precision therapeutic strategies that target B cells or block the effects of pathogenic antibodies have been proven to be effective (101). During the acute stage of injury, B cells in the bone marrow and spleen are substantial reduced. This is likely to be attributable to the reduction of B cell production, as the number and frequency of B cell progenitors in the bone marrow and periphery decrease at 8 days following SCI (15). The function of activated B cells that produce pro-inflammatory factors and maintain autoreactive T cells improves after B-cell knockout, but B cells also promote repair after SCI through their immunoregulatory Breg phenotype. Breg cells control antigen-specific T-cell autoimmune responses by producing IL-10 (91).



3.5.2 Role of immune factors released by T and B cells in spinal cord injury pathophysiology

Lymphocytes are the only cell type that can specifically recognize the antigens and initiating the adaptive immune response (15). However, even though mechanisms by which these autoreactive T cells are eliminated or inactivated are existent, these are inadequate and autoreactive phenomenon is observed after SCI. T and B cells are responsible for the induction of autoimmunity in individuals. After induction of protective autoreactivity, a process characterized with immune response modulation by neural-derived peptides, the presence of T cells with a Th2 phenotype in the lesion site favors functional recovery (102, 103). This is because T cells have the ability to synthesize nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and diverse neurotrophies (104, 105). CD4+ and CD8+ T cells in tandem with natural killer (NK) cells are the major sources of IFN-γ. There is a greater axial migration of T-cells in SCI mice, which is associated with an increase in macrophage/microglial activation and divergent expression patterns of growth factors and immune regulatory molecules (106). B cells benefit SCI repair by transforming to Breg phenotype, which regulate T cells’ autoimmune responses by controlling IL-10 production (107).





4 Potential pharmaceutical immunotherapeutic drugs for spinal cord injury


4.1 Methylprednisolone

Methylprednisolone is a classic drug recommended by SCI standard guidelines (108). A series of clinical trials over recent decades has demonstrated motor score improvements in patients with SCI treated with methylprednisolone. In addition, the 24-hour National Acute Spinal Cord Injury Study II (NASCIS II) dosing protocol has been shown to be relatively safe in SCI patients (109). Methylprednisolone treatment could inhibit the expression of TNF-α and the activity of NF-κB in SCI rats and promote the restoration of neurological function. Methylprednisolone can maintain biological activity in injured tissues and significantly reduce the inflammatory response and protein expression caused by secondary injury, thereby reducing edema (110, 111). Gao et al. have shown that methylprednisolone combined with amniotic mesenchymal stem cells suppressed MPO activity and cell apoptosis, reduced the expression of pro-inflammatory factors such as TNF-α, IL-1β, and IL-6, and increased the level of IL-10 (112). Methylprednisolone has been used in the treatment of SCI for more than 20 years, but owing to the major problems with respect to the time of treatment and dose, the appropriateness of its use has been debated. Therefore, for treating SCI using methylprednisolone, it is necessary to strictly control the dosage and time of administration to relieve pain. Methylprednisolone exhibits substantial immunosuppressive activity by increasing immune cell apoptosis and suppressing inflammatory responses (113). Furthermore, methylprednisolone can inhibit lipid peroxidation and protect oligodendrocytes from apoptosis-mediated cellular death after SCI. Methylprednisolone significantly attenuates the release of various inflammatory cytokines as well as the activation of T lymphocytes in symptomatic patients with multiple sclerosis (114). More importantly, methylprednisolone has been found to diminish the IL-12 levels in the CNS (115), indicating its competency for reducing autoreactive T-helper 1 lymphocyte reactions.



4.2 Minocycline

Minocycline is a lipophilic derivative of tetracycline that can penetrate the BBB (116). Casha et al. reported a single-center, double-blind, randomized clinical trial of minocycline administration after SCI. A total of 12 months after minocycline treatment, the motor function recovery of patients with SCI improved (117). Kobayashi et al. confirmed in an SCI mouse model that minocycline inhibited the expression of M1-type microglia surface markers and the generation of inflammatory cell factors in vivo and in vitro, but did not affect the expression of M2-type microglial surface markers in vivo. This is the first study to demonstrate the selectivity of minocycline in microglia subsets (118). The study showed that minocycline selectively inhibits the activation of microglia into pro-inflammatory states, which provides a basis for understanding the pathological changes that accompany many diseases involving microglia activation (118). Minocycline can achieve neuroprotection and functional recovery by eliminating secondary SCI injury (119).



4.3 Statins

Statins are inhibitors of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase. They can competitively combine with HMG-CoA reductase and inhibit cholesterol biosynthesis (120). Chung et al. reported that hyperlipidemia adversely affects the recovery of neurological function in patients with SCI. Therefore, theoretically, statins may reverse neurological disability in patients with SCI (121). However, in 2017, the only clinical trial investigating the efficacy of atorvastatin in patients with acute SCI found no significant improvement at the 3- and 6-month follow-up in patients receiving the drug (122). Nevertheless, various basic research studies have demonstrated the neuroprotective role of statins and elucidated the underlying molecular mechanisms. In 2014, Nacar et al. showed that the intraperitoneal administration of atorvastatin improved the recovery of locomotor activity in a rat SCI model constructed by single-level laminectomy at T10. Furthermore, atorvastatin reduced the levels of IL-1β, IL-6, and lipid peroxide in SCI rats. This indicates that atorvastatin affects SCI by modulating inflammatory cytokines (11). A single dose of atorvastatin used immediately after SCI inhibits inflammation and apoptosis and stimulates axon outgrowth, which may be important for functional outcomes improvement (123). Mirzaie et al. showed that lovastatin remarkably improved the functional outcomes of SCI treatment by reducing inflammation-induced tissue destruction, neuronal apoptosis, and demyelination post SCI. These findings indicated the neuroprotective role of lovastatin in SCI (124). Lovastatin could inactivate toll-like receptor 4 (TLR4) in microglia by targeting its co-receptor myeloid differentiation protein 2 (MD2) and alleviate neuropathic pain (125). However, there was a lack of robust neurological benefits with simvastatin or atorvastatin treatment after acute thoracic contusion SCI (126). More clinical research needs to be performed on this topic.



4.4 Human immunoglobulins

Immunoglobulins are a class of globulins that act as antibodies or have a chemical structure similar to that of antibodies. They are the primary reactive components in humoral immune response (127). Intravenous immunoglobulin (IVIG) has been used to treat various neurological diseases, but the evidence on its effects in SCI treatment is limited. In 2015, in a pioneer clinical trial named STRIVE (standard therapy for the treatment of transverse myelitis in adults and children), researchers attempted to investigate the efficacy of IVIG in SCI caused by infection. However, the study ended before completion because of the challenges associated with conducting a trial on a rare disease with a short enrolment window (128, 129). In 2018, another research team demonstrated that the intrathecal injection of neurite growth-promoting anti-Nogo-A antibodies contributed to neurological recovery in acute SCI (130). The effects of human immunoglobulin G in the recovery of tissue injury and neurological outcome after traumatic cervical SCI are with the involvement of the neurovascular unit (131). The delayed injection of high-dose human immunoglobulin G improves the outcome of traumatic cervical SCI via attenuating neuroinflammation and protecting the BSCB integrity (132).



4.5 Other potential immunomodulatory drugs under basic research

In the past few years, several basic research studies have been conducted on immunomodulatory options, which may be the focus of therapeutic strategies for SCI in the future. Neuroimmunophilin ligands are a class of compounds that have great potential in the treatment of neurological diseases, which easily penetrate the BBB. Several drugs targeting neuroimmunophilins, such as cyclosporin A, FK-506, and FK1706, have shown significant positive effects after SCI (133–135). Following SCI, the blockade of IL-6 signaling can facilitate the production of alternatively activated macrophages, and thereby alter the inflammatory response after SCI and promote spinal cord regeneration with functional recovery (136). Immunomodulatory therapy of SCI with ChABC yielded significant neuroprotective and potential neuroregenerative effects (137). Histone deacetylase (HDAC) is widely accepted as an enzyme that can eliminate acetyl groups from lysine residues localized on histone proteins and suppress transcription and gene expression (138). HDAC inhibitors, CI-994 inhibitors (139), RGFP966 (140), and valproic acid (141) were shown to exert significant neuroprotective effects in SCI. Finally, drugs targeting T and B cells like FTY720 also show beneficial effects in SCI (142). Furthermore, advanced therapies based on stem cells (112, 143) and new biomaterials that improve the tissue microenvironment are also promising direction (144, 145). 
Table 1
 shows recent findings on inflammation and immunotherapy with potential application in SCI. This may provide further guidance in both the research and the treatment for SCI.


Table 1 | 
Summary of key clinical trials on immunotherapy after spinal cord injury (SCI).







5 Limitations and perspectives

In the past decades, there have been significant advances in elucidating post-SCI immune responses and their relationships with other molecular mechanisms such as inflammation, axon regeneration, and scar formation. Nevertheless, there remain several limitations in research published to date: (i) there is a lack of a clear temporal–spatial profile of immune cells and immunological factors post SCI, (ii) there is a lack of substantial evidence on the safety of new immunomodulatory drugs, (iii) studies on novel drug carriers, such as nanomaterials, are promising but still at the nascent stage, and (iv) there is lack of sensitive and specific detection methods for clinical use for monitoring the progression of SCI. Therefore, more basic and clinical research should be undertaken, with a focus on the following: (i) immune cells and their roles at different time points and positions in the tissue microenvironment post SCI should be characterized more precisely, (ii) the safety of emerging drugs should be investigated thoroughly to ensure that physiological functions are not affected with their use, (iii) the application of new biomaterials to transport immunomodulatory drugs should be explored and characterized, and (iv) detection methods with high sensitivity and specificity should be developed to reflect comprehensive immune components after SCI. Collectively, as various experimental therapies are being developed or have been explored in clinical trials, promising therapies for SCI are expected.



Author contributions

YG and XJ designed and drafted the manuscript. HT, LJ, GZ, and ZP revised the manuscript. All the authors finalized the paper and provided suggestions to improve it. All authors contributed to the article and approved the submitted version.




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.



References

1. WHO. Spinal cord injury. (2017).Available at: https://www.who.int/news-room/fact-sheets/detail/spinal-cord-injury.


2. Ding, W, Hu, S, Wang, P, Kang, H, Peng, R, Dong, Y, et al. Spinal cord injury: The global incidence, prevalence, and disability from the global burden of disease study 2019. Spine (Phila Pa 1976) (2022) 47:1532–40. doi: 10.1097/BRS.0000000000004417


3. Collaborators, GBDN. Global, regional, and national burden of neurological disorders, 1990-2016: A systematic analysis for the global burden of disease study 2016. Lancet Neurol (2019) 18:459–80. doi: 10.1016/S1474-4422(18)30499-X


4. Tator, CH. Update on the pathophysiology and pathology of acute spinal cord injury. Brain Pathol (1995) 5:407–13. doi: 10.1111/j.1750-3639.1995.tb00619.x


5. Kumar, H, Ropper, AE, Lee, SH, and Han, I. Propitious therapeutic modulators to prevent blood-spinal cord barrier disruption in spinal cord injury. Mol Neurobiol (2017) 54:3578–90. doi: 10.1007/s12035-016-9910-6


6. Young, W. Secondary injury mechanisms in acute spinal cord injury. J Emerg Med (1993) 11(Suppl 1):13–22.


7. Kartha, S, Ghimire, P, and Winkelstein, BA. Inhibiting spinal secretory phospholipase A2 after painful nerve root injury attenuates established pain and spinal neuronal hyperexcitability by altering spinal glutamatergic signaling. Mol Pain (2021) 17:17448069211066221. doi: 10.1177/17448069211066221


8. Munteanu, C, Rotariu, M, Turnea, M, Ionescu, AM, Popescu, C, Spinu, A, et al. Main cations and cellular biology of traumatic spinal cord injury. Cells (2022) 11:1–18. doi: 10.3390/cells11162503


9. Fatima, G, Sharma, VP, Das, SK, and Mahdi, AA. Oxidative stress and antioxidative parameters in patients with spinal cord injury: Implications in the pathogenesis of disease. Spinal Cord (2015) 53:3–6. doi: 10.1038/sc.2014.178


10. Jiang, W, He, F, Ding, G, and Wu, J. Dopamine inhibits pyroptosis and attenuates secondary damage after spinal cord injury in female mice. Neurosci Lett (2022) 792:136935. doi: 10.1016/j.neulet.2022.136935


11. Nacar, OA, Eroglu, H, Cetinalp, NE, Menekse, G, Yildirim, AE, Uckun, OM, et al. Systemic administration of atorvastatin improves locomotor functions and hyperacute-acute response after experimental spinal cord injury: An ultrastructural and biochemical analysis. Turk Neurosurg (2014) 24:337–43. doi: 10.5137/1019-5149.JTN.8131-13.1


12. Yang, Y, Xu, J, Su, Q, Wu, Y, Li, Q, Ma, Z, et al. Lysophosphatidic acid induced apoptosis, DNA damage, and oxidative stress in spinal cord neurons by upregulating LPA4/LPA6 receptors. Mediators Inflamm (2022) 2022:1818758. doi: 10.1155/2022/1818758


13. Hellenbrand, DJ, Quinn, CM, Piper, ZJ, Morehouse, CN, Fixel, JA, and Hanna, AS. Inflammation after spinal cord injury: a review of the critical timeline of signaling cues and cellular infiltration. J Neuroinflamm (2021) 18:284. doi: 10.1186/s12974-021-02337-2


14. Buss, A, Brook, GA, Kakulas, B, Martin, D, Franzen, R, Schoenen, J, et al. Gradual loss of myelin and formation of an astrocytic scar during wallerian degeneration in the human spinal cord. Brain (2004) 127:34–44. doi: 10.1093/brain/awh001


15. Ahmed, A, Patil, AA, and Agrawal, DK. Immunobiology of spinal cord injuries and potential therapeutic approaches. Mol Cell Biochem (2018) 441:181–9. doi: 10.1007/s11010-017-3184-9


16. Quadri, SA, Farooqui, M, Ikram, A, Zafar, A, Khan, MA, Suriya, SS, et al. Recent update on basic mechanisms of spinal cord injury. Neurosurg Rev (2020) 43:425–41. doi: 10.1007/s10143-018-1008-3


17. Ren, ZX, Xu, JH, Cheng, X, Xu, GX, and Long, HQ. Pathophysiological mechanisms of chronic compressive spinal cord injury due to vascular events. Neural Regener Res (2023) 18:790–6. doi: 10.4103/1673-5374.353485


18. Fehlings, MG, Vaccaro, A, Wilson, JR, Singh, A, Cadotte, DW, Harrop, JS, et al. Early versus delayed decompression for traumatic cervical spinal cord injury: results of the surgical timing in acute spinal cord injury study (STASCIS). PloS One (2012) 7:e32037. doi: 10.1371/journal.pone.0032037


19. Siddiqui, AM, Khazaei, M, and Fehlings, MG. Translating mechanisms of neuroprotection, regeneration, and repair to treatment of spinal cord injury. Prog Brain Res (2015) 218:15–54. doi: 10.1016/bs.pbr.2014.12.007


20. Gaudet, AD, and Fonken, LK. Glial cells shape pathology and repair after spinal cord injury. Neurotherapeutics (2018) 15:554–77. doi: 10.1007/s13311-018-0630-7


21. Venkatesh, K, Ghosh, SK, Mullick, M, Manivasagam, G, and Sen, D. Spinal cord injury: pathophysiology, treatment strategies, associated challenges, and future implications. Cell Tissue Res (2019) 377:125–51. doi: 10.1007/s00441-019-03039-1


22. Hill, CE, Beattie, MS, and Bresnahan, JC. Degeneration and sprouting of identified descending supraspinal axons after contusive spinal cord injury in the rat. Exp Neurol (2001) 171:153–69. doi: 10.1006/exnr.2001.7734


23. Nguyen, HX, O'Barr, TJ, and Anderson, AJ. Polymorphonuclear leukocytes promote neurotoxicity through release of matrix metalloproteinases, reactive oxygen species, and TNF-alpha. J Neurochem (2007) 102:900–12. doi: 10.1111/j.1471-4159.2007.04643.x


24. Chen, YQ, Wang, SN, Shi, YJ, Chen, J, Ding, SQ, Tang, J, et al. CRID3, a blocker of apoptosis associated speck like protein containing a card, ameliorates murine spinal cord injury by improving local immune microenvironment. J Neuroinflamm (2020) 17:255. doi: 10.1186/s12974-020-01937-8


25. Mohrman, AE, Farrag, M, Huang, H, Ossowski, S, Haft, S, Shriver, LP, et al. Spinal cord transcriptomic and metabolomic analysis after excitotoxic injection injury model of syringomyelia. J Neurotrauma (2017) 34:720–33. doi: 10.1089/neu.2015.4341


26. Pekny, M, Pekna, M, Messing, A, Steinhauser, C, Lee, JM, Parpura, V, et al. Astrocytes: A central element in neurological diseases. Acta Neuropathol (2016) 131:323–45. doi: 10.1007/s00401-015-1513-1


27. Paluzzi, S, Alloisio, S, Zappettini, S, Milanese, M, Raiteri, L, Nobile, M, et al. Adult astroglia is competent for Na+/Ca2+ exchanger-operated exocytotic glutamate release triggered by mild depolarization. J Neurochem (2007) 103:1196–207. doi: 10.1111/j.1471-4159.2007.04826.x


28. Feng, D, Zhou, J, Liu, H, Wu, X, Li, F, Zhao, J, et al. Astrocytic NDRG2-PPM1A interaction exacerbates blood-brain barrier disruption after subarachnoid hemorrhage. Sci Adv (2022) 8:eabq2423. doi: 10.1126/sciadv.abq2423


29. Cregg, JM, DePaul, MA, Filous, AR, Lang, BT, Tran, A, and Silver, J. Functional regeneration beyond the glial scar. Exp Neurol (2014) 253:197–207. doi: 10.1016/j.expneurol.2013.12.024


30. Bush, TG, Puvanachandra, N, Horner, CH, Polito, A, Ostenfeld, T, Svendsen, CN, et al. Leukocyte infiltration, neuronal degeneration, and neurite outgrowth after ablation of scar-forming, reactive astrocytes in adult transgenic mice. Neuron (1999) 23:297–308. doi: 10.1016/S0896-6273(00)80781-3


31. McKeon, RJ, Schreiber, RC, Rudge, JS, and Silver, J. Reduction of neurite outgrowth in a model of glial scarring following CNS injury is correlated with the expression of inhibitory molecules on reactive astrocytes. J Neurosci (1991) 11:3398–411. doi: 10.1523/JNEUROSCI.11-11-03398.1991


32. Popovich, PG, Wei, P, and Stokes, BT. Cellular inflammatory response after spinal cord injury in sprague-dawley and Lewis rats. J Comp Neurol (1997) 377:443–64. doi: 10.1002/(SICI)1096-9861(19970120)377:3<443::AID-CNE10>3.0.CO;2-S


33. Sofroniew, MV. Dissecting spinal cord regeneration. Nature (2018) 557:343–50. doi: 10.1038/s41586-018-0068-4


34. Gottipati, MK, D'Amato, AR, Ziemba, AM, Popovich, PG, and Gilbert, RJ. TGFbeta3 is neuroprotective and alleviates the neurotoxic response induced by aligned poly-l-lactic acid fibers on naive and activated primary astrocytes. Acta Biomater (2020) 117:273–82. doi: 10.1016/j.actbio.2020.09.057


35. Anderson, MA, O'Shea, TM, Burda, JE, Ao, Y, Barlatey, SL, Bernstein, AM, et al. Required growth facilitators propel axon regeneration across complete spinal cord injury. Nature (2018) 561:396–400. doi: 10.1038/s41586-018-0467-6


36. Liu, H, Zhang, J, Xu, X, Lu, S, Yang, D, Xie, C, et al. SARM1 promotes neuroinflammation and inhibits neural regeneration after spinal cord injury through NF-kappaB signaling. Theranostics (2021) 11:4187–206. doi: 10.7150/thno.49054


37. Jiang, D, Gong, F, Ge, X, Lv, C, Huang, C, Feng, S, et al. Neuron-derived exosomes-transmitted miR-124-3p protect traumatically injured spinal cord by suppressing the activation of neurotoxic microglia and astrocytes. J Nanobiotechnol (2020) 18:105. doi: 10.1186/s12951-020-00665-8


38. Virchow, R. Ein fall von progressiver muskelatrophie. Archiv für Pathologische Anatomie und Physiologie und für Klinische Medicin (1861) 8:573–40. doi: 10.1007/BF01936110


39. Liddelow, SA, Guttenplan, KA, Clarke, LE, Bennett, FC, Bohlen, CJ, Schirmer, L, et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature (2017) 541:481–7. doi: 10.1038/nature21029


40. Zhang, Y, Meng, T, Chen, J, Zhang, Y, Kang, J, Li, X, et al. miR-21a-5p promotes inflammation following traumatic spinal cord injury through upregulation of neurotoxic reactive astrocyte (A1) polarization by inhibiting the CNTF/STAT3/Nkrf pathway. Int J Biol Sci (2021) 17:2795–810. doi: 10.7150/ijbs.60509


41. Li, L, Li, Y, He, B, Li, H, Ji, H, Wang, Y, et al. HSF1 is involved in suppressing A1 phenotype conversion of astrocytes following spinal cord injury in rats. J Neuroinflamm (2021) 18:205. doi: 10.1186/s12974-021-02271-3


42. Wang, X, Zhang, Z, Zhu, Z, Liang, Z, Zuo, X, Ju, C, et al. Photobiomodulation promotes repair following spinal cord injury by regulating the transformation of A1/A2 reactive astrocytes. Front Neurosci (2021) 15:768262. doi: 10.3389/fnins.2021.768262


43. Hou, J, Bi, H, Ge, Q, Teng, H, Wan, G, Yu, B, et al. Heterogeneity analysis of astrocytes following spinal cord injury at single-cell resolution. FASEB J (2022) 36:e22442. doi: 10.1096/fj.202200463R


44. Fuller, ML, DeChant, AK, Rothstein, B, Caprariello, A, Wang, R, Hall, AK, et al. Bone morphogenetic proteins promote gliosis in demyelinating spinal cord lesions. Ann Neurol (2007) 62:288–300. doi: 10.1002/ana.21179


45. Lau, LW, Keough, MB, Haylock-Jacobs, S, Cua, R, Doring, A, Sloka, S, et al. Chondroitin sulfate proteoglycans in demyelinated lesions impair remyelination. Ann Neurol (2012) 72:419–32. doi: 10.1002/ana.23599


46. Bradbury, EJ, Moon, LD, Popat, RJ, King, VR, Bennett, GS, Patel, PN, et al. Chondroitinase ABC promotes functional recovery after spinal cord injury. Nature (2002) 416:636–40. doi: 10.1038/416636a


47. Stephenson, EL, and Yong, VW. Pro-inflammatory roles of chondroitin sulfate proteoglycans in disorders of the central nervous system. Matrix Biol (2018) 71-72:432–42. doi: 10.1016/j.matbio.2018.04.010


48. Matsubara, K, Matsushita, Y, Sakai, K, Kano, F, Kondo, M, Noda, M, et al. Secreted ectodomain of sialic acid-binding ig-like lectin-9 and monocyte chemoattractant protein-1 promote recovery after rat spinal cord injury by altering macrophage polarity. J Neurosci (2015) 35:2452–64. doi: 10.1523/JNEUROSCI.4088-14.2015


49. Glabinski, AR, Balasingam, V, Tani, M, Kunkel, SL, Strieter, RM, Yong, VW, et al. Chemokine monocyte chemoattractant protein-1 is expressed by astrocytes after mechanical injury to the brain. J Immunol (1996) 156:4363–8.


50. Pineau, I, Sun, L, Bastien, D, and Lacroix, S. Astrocytes initiate inflammation in the injured mouse spinal cord by promoting the entry of neutrophils and inflammatory monocytes in an IL-1 receptor/MyD88-dependent fashion. Brain Behav Immun (2010) 24:540–53. doi: 10.1016/j.bbi.2009.11.007


51. Brambilla, R, Persaud, T, Hu, X, Karmally, S, Shestopalov, VI, Dvoriantchikova, G, et al. Transgenic inhibition of astroglial NF-kappa b improves functional outcome in experimental autoimmune encephalomyelitis by suppressing chronic central nervous system inflammation. J Immunol (2009) 182:2628–40. doi: 10.4049/jimmunol.0802954


52. Yang, L, Zhou, Y, Jia, H, Qi, Y, Tu, S, and Shao, A. Affective immunology: The crosstalk between microglia and astrocytes plays key role? Front Immunol (2020) 11:1818. doi: 10.3389/fimmu.2020.01818


53. Athens, JW, Haab, OP, Raab, SO, Mauer, AM, Ashenbrucker, H, Cartwright, GE, et al. Leukokinetic studies. IV. the total blood, circulating and marginal granulocyte pools and the granulocyte turnover rate in normal subjects. J Clin Invest (1961) 40:989–95. doi: 10.1172/JCI104338


54. Zivkovic, S, Ayazi, M, Hammel, G, and Ren, Y. For better or for worse: A look into neutrophils in traumatic spinal cord injury. Front Cell Neurosci (2021) 15:648076. doi: 10.3389/fncel.2021.648076


55. McCreedy, DA, Lee, S, Sontag, CJ, Weinstein, P, Olivas, AD, Martinez, AF, et al. Early targeting of l-selectin on leukocytes promotes recovery after spinal cord injury, implicating novel mechanisms of pathogenesis. eNeuro (2018) 5:101–18. doi: 10.1523/ENEURO.0101-18.2018


56. Lee, SM, Rosen, S, Weinstein, P, van Rooijen, N, and Noble-Haeusslein, LJ. Prevention of both neutrophil and monocyte recruitment promotes recovery after spinal cord injury. J Neurotrauma (2011) 28:1893–907. doi: 10.1089/neu.2011.1860


57. Trivedi, A, Olivas, AD, and Noble-Haeusslein, LJ. Inflammation and spinal cord injury: Infiltrating leukocytes as determinants of injury and repair processes. Clin Neurosci Res (2006) 6:283–92. doi: 10.1016/j.cnr.2006.09.007


58. Sas, AR, Carbajal, KS, Jerome, AD, Menon, R, Yoon, C, Kalinski, AL, et al. A new neutrophil subset promotes CNS neuron survival and axon regeneration. Nat Immunol (2020) 21:1496–505. doi: 10.1038/s41590-020-00813-0


59. Ghasemlou, N, Bouhy, D, Yang, J, Lopez-Vales, R, Haber, M, Thuraisingam, T, et al. Beneficial effects of secretory leukocyte protease inhibitor after spinal cord injury. Brain (2010) 133:126–38. doi: 10.1093/brain/awp304


60. Kubota, K, Saiwai, H, Kumamaru, H, Maeda, T, Ohkawa, Y, Aratani, Y, et al. Myeloperoxidase exacerbates secondary injury by generating highly reactive oxygen species and mediating neutrophil recruitment in experimental spinal cord injury. Spine (Phila Pa 1976) (2012) 37:1363–9. doi: 10.1097/BRS.0b013e31824b9e77


61. de Castro, RC Jr., Burns, CL, McAdoo, DJ, and Romanic, AM. Metalloproteinase increases in the injured rat spinal cord. Neuroreport (2000) 11:3551–4. doi: 10.1097/00001756-200011090-00029


62. Song, J, Hu, Y, Li, H, Huang, X, Zheng, H, Hu, Y, et al. miR-1303 regulates BBB permeability and promotes CNS lesions following CA16 infections by directly targeting MMP9. Emerg Microbes Infect (2018) 7:155. doi: 10.1038/s41426-018-0157-3


63. Lee, JY, Kim, HS, Choi, HY, Oh, TH, Ju, BG, and Yune, TY. Valproic acid attenuates blood-spinal cord barrier disruption by inhibiting matrix metalloprotease-9 activity and improves functional recovery after spinal cord injury. J Neurochem (2012) 121:818–29. doi: 10.1111/j.1471-4159.2012.07731.x


64. Lee, JY, Choi, HY, Ahn, HJ, Ju, BG, and Yune, TY. Matrix metalloproteinase-3 promotes early blood-spinal cord barrier disruption and hemorrhage and impairs long-term neurological recovery after spinal cord injury. Am J Pathol (2014) 184:2985–3000. doi: 10.1016/j.ajpath.2014.07.016


65. Noble, LJ, Donovan, F, Igarashi, T, Goussev, S, and Werb, Z. Matrix metalloproteinases limit functional recovery after spinal cord injury by modulation of early vascular events. J Neurosci (2002) 22:7526–35. doi: 10.1523/JNEUROSCI.22-17-07526.2002


66. Papa, S, Rossi, F, Ferrari, R, Mariani, A, De Paola, M, Caron, I, et al. Selective nanovector mediated treatment of activated proinflammatory microglia/macrophages in spinal cord injury. ACS Nano (2013) 7:9881–95. doi: 10.1021/nn4036014


67. Vidal-Itriago, A, Radford, RAW, Aramideh, JA, Maurel, C, Scherer, NM, Don, EK, et al. Microglia morphophysiological diversity and its implications for the CNS. Front Immunol (2022) 13:997786. doi: 10.3389/fimmu.2022.997786


68. Pottorf, TS, Rotterman, TM, McCallum, WM, Haley-Johnson, ZA, and Alvarez, FJ. The role of microglia in neuroinflammation of the spinal cord after peripheral nerve injury. Cells (2022) 11:1–36. doi: 10.3390/cells11132083


69. Ronaldson, PT, and Davis, TP. Regulation of blood-brain barrier integrity by microglia in health and disease: A therapeutic opportunity. J Cereb Blood Flow Metab (2020) 40:S6–S24. doi: 10.1177/0271678X20951995


70. Bellver-Landete, V, Bretheau, F, Mailhot, B, Vallieres, N, Lessard, M, Janelle, ME, et al. Microglia are an essential component of the neuroprotective scar that forms after spinal cord injury. Nat Commun (2019) 10:518. doi: 10.1038/s41467-019-08446-0


71. Li, Y, Ritzel, RM, Khan, N, Cao, T, He, J, Lei, Z, et al. Delayed microglial depletion after spinal cord injury reduces chronic inflammation and neurodegeneration in the brain and improves neurological recovery in male mice. Theranostics (2020) 10:11376–403. doi: 10.7150/thno.49199


72. Akhmetzyanova, ER, Mukhamedshina, YO, Zhuravleva, MN, Galieva, LR, Kostennikov, AA, Garanina, EE, et al. Transplantation of microglia in the area of spinal cord injury in an acute period increases tissue sparing, but not functional recovery. Front Cell Neurosci (2018) 12:507. doi: 10.3389/fncel.2018.00507


73. Van Broeckhoven, J, Sommer, D, Dooley, D, Hendrix, S, and Franssen, A. Macrophage phagocytosis after spinal cord injury: when friends become foes. Brain (2021) 144:2933–45. doi: 10.1093/brain/awab250


74. Shapouri-Moghaddam, A, Mohammadian, S, Vazini, H, Taghadosi, M, Esmaeili, SA, Mardani, F, et al. Macrophage plasticity, polarization, and function in health and disease. J Cell Physiol (2018) 233:6425–40. doi: 10.1002/jcp.26429


75. Mosser, DM, and Edwards, JP. Exploring the full spectrum of macrophage activation. Nat Rev Immunol (2008) 8:958–69. doi: 10.1038/nri2448


76. Gensel, JC, and Zhang, B. Macrophage activation and its role in repair and pathology after spinal cord injury. Brain Res (2015) 1619:1–11. doi: 10.1016/j.brainres.2014.12.045


77. Li, J, Liu, Y, Xu, H, and Fu, Q. Nanoparticle-delivered IRF5 siRNA facilitates M1 to M2 transition, reduces demyelination and neurofilament loss, and promotes functional recovery after spinal cord injury in mice. Inflammation (2016) 39:1704–17. doi: 10.1007/s10753-016-0405-4


78. Li, F, Cheng, B, Cheng, J, Wang, D, Li, H, and He, X. CCR5 blockade promotes M2 macrophage activation and improves locomotor recovery after spinal cord injury in mice. Inflammation (2015) 38:126–33. doi: 10.1007/s10753-014-0014-z


79. Ji, XC, Dang, YY, Gao, HY, Wang, ZT, Gao, M, Yang, Y, et al. Local injection of lenti-BDNF at the lesion site promotes M2 macrophage polarization and inhibits inflammatory response after spinal cord injury in mice. Cell Mol Neurobiol (2015) 35:881–90. doi: 10.1007/s10571-015-0182-x


80. Blight, AR. Delayed demyelination and macrophage invasion: a candidate for secondary cell damage in spinal cord injury. Cent Nerv Syst Trauma (1985) 2:299–315. doi: 10.1089/cns.1985.2.299


81. Kong, X, and Gao, J. Macrophage polarization: a key event in the secondary phase of acute spinal cord injury. J Cell Mol Med (2017) 21:941–54. doi: 10.1111/jcmm.13034


82. Zrzavy, T, Schwaiger, C, Wimmer, I, Berger, T, Bauer, J, Butovsky, O, et al. Acute and non-resolving inflammation associate with oxidative injury after human spinal cord injury. Brain (2021) 144:144–61. doi: 10.1093/brain/awaa360


83. Gao, ZS, Zhang, CJ, Xia, N, Tian, H, Li, DY, Lin, JQ, et al. Berberine-loaded M2 macrophage-derived exosomes for spinal cord injury therapy. Acta Biomater (2021) 126:211–23. doi: 10.1016/j.actbio.2021.03.018


84. Lin, S, Zhou, Z, Zhao, H, Xu, C, Guo, Y, Gao, S, et al. TNF promotes M1 polarization through mitochondrial metabolism in injured spinal cord. Free Radic Biol Med (2021) 172:622–32. doi: 10.1016/j.freeradbiomed.2021.07.014


85. Huo, J, Ma, R, Chai, X, Liang, HJ, Jiang, P, Zhu, XL, et al. Inhibiting a spinal cord signaling pathway protects against ischemia injury in rats. J Thorac Cardiovasc Surg (2019) 157:494–503.e491. doi: 10.1016/j.jtcvs.2018.07.045


86. Satake, K, Matsuyama, Y, Kamiya, M, Kawakami, H, Iwata, H, Adachi, K, et al. Nitric oxide via macrophage iNOS induces apoptosis following traumatic spinal cord injury. Brain Res Mol Brain Res (2000) 85:114–22. doi: 10.1016/S0169-328X(00)00253-9


87. Blank, U, and Karlsson, S. TGF-beta signaling in the control of hematopoietic stem cells. Blood (2015) 125:3542–50. doi: 10.1182/blood-2014-12-618090


88. Ouyang, W, Rutz, S, Crellin, NK, Valdez, PA, and Hymowitz, SG. Regulation and functions of the IL-10 family of cytokines in inflammation and disease. Annu Rev Immunol (2011) 29:71–109. doi: 10.1146/annurev-immunol-031210-101312


89. Chadban, SJ, Tesch, GH, Foti, R, Lan, HY, Atkins, RC, and Nikolic-Paterson, DJ. Interleukin-10 differentially modulates MHC class II expression by mesangial cells and macrophages in vitro and in vivo
. Immunology (1998) 94:72–8. doi: 10.1046/j.1365-2567.1998.00487.x


90. Martinez, GJ, and Dong, C. T Cells: the usual subsets. Nat Rev Immunol (2010). Available at: https://docs.abcam.com/pdf/immunology/t_cells_the_usual_subsets.pdf.


91. Jones, TB. Lymphocytes and autoimmunity after spinal cord injury. Exp Neurol (2014) 258:78–90. doi: 10.1016/j.expneurol.2014.03.003


92. Milling, S, and Edgar, JM. How t'reg-ulate healing of the injured spinal cord? Immunology (2019) 158:253–4. doi: 10.1111/imm.13148


93. Fleming, JC, Norenberg, MD, Ramsay, DA, Dekaban, GA, Marcillo, AE, Saenz, AD, et al. The cellular inflammatory response in human spinal cords after injury. Brain (2006) 129:3249–69. doi: 10.1093/brain/awl296


94. Liu, Z, Zhang, H, Xia, H, Wang, B, Zhang, R, Zeng, Q, et al. CD8 T cell-derived perforin aggravates secondary spinal cord injury through destroying the blood-spinal cord barrier. Biochem Biophys Res Commun (2019) 512:367–72. doi: 10.1016/j.bbrc.2019.03.002


95. Norden, DM, Qatanani, A, Bethea, JR, and Jiang, J. Chronic spinal cord injury impairs primary CD8 T cell antiviral immunity but does not affect generation or function of memory CD8 T cells. Exp Neurol (2019) 317:298–307. doi: 10.1016/j.expneurol.2019.03.010


96. Lin, W, Chen, W, Liu, W, Xu, Z, and Zhang, L. Sirtuin4 suppresses the anti-neuroinflammatory activity of infiltrating regulatory T cells in the traumatically injured spinal cord. Immunology (2019) 158:362–74. doi: 10.1111/imm.13123


97. He, X, Lin, S, Yang, L, Tan, P, Ma, P, Qiu, P, et al. Programmed death protein 1 is essential for maintaining the anti-inflammatory function of infiltrating regulatory T cells in a murine spinal cord injury model. J Neuroimmunol (2021) 354:577546. doi: 10.1016/j.jneuroim.2021.577546


98. Sun, G, Yang, S, Cao, G, Wang, Q, Hao, J, Wen, Q, et al. Gammadelta T cells provide the early source of IFN-gamma to aggravate lesions in spinal cord injury. J Exp Med (2018) 215:521–35. doi: 10.1084/jem.20170686


99. Xu, P, Zhang, F, Chang, MM, Zhong, C, Sun, CH, Zhu, HR, et al. Recruitment of gammadelta T cells to the lesion via the CCL2/CCR2 signaling after spinal cord injury. J Neuroinflamm (2021) 18:64. doi: 10.1186/s12974-021-02115-0


100. Hu, JG, Shen, L, Wang, R, Wang, QY, Zhang, C, Xi, J, et al. Effects of Olig2-overexpressing neural stem cells and myelin basic protein-activated T cells on recovery from spinal cord injury. Neurotherapeutics (2012) 9:422–45. doi: 10.1007/s13311-011-0090-9


101. Waubant, E. Spotlight on anti-CD20. Int MS J (2008) 15:19–25.


102. Hauben, E, Nevo, U, Yoles, E, Moalem, G, Agranov, E, Mor, F, et al. Autoimmune T cells as potential neuroprotective therapy for spinal cord injury. Lancet (2000) 355:286–7. doi: 10.1016/S0140-6736(99)05140-5


103. Schwartz, M, Moalem, G, Leibowitz-Amit, R, and Cohen, IR. Innate and adaptive immune responses can be beneficial for CNS repair. Trends Neurosci (1999) 22:295–9. doi: 10.1016/S0166-2236(99)01405-8


104. Moalem, G, Leibowitz-Amit, R, Yoles, E, Mor, F, Cohen, IR, and Schwartz, M. Autoimmune T cells protect neurons from secondary degeneration after central nervous system axotomy. Nat Med (1999) 5:49–55. doi: 10.1038/4734


105. Santambrogio, L, Benedetti, M, Chao, MV, Muzaffar, R, Kulig, K, Gabellini, N, et al. Nerve growth factor production by lymphocytes. J Immunol (1994) 153:4488–95.


106. Jones, TB, Hart, RP, and Popovich, PG. Molecular control of physiological and pathological T-cell recruitment after mouse spinal cord injury. J Neurosci (2005) 25:6576–83. doi: 10.1523/JNEUROSCI.0305-05.2005


107. Chen, ZR, Ma, Y, Guo, HH, Lu, ZD, and Jin, QH. Therapeutic efficacy of cyclosporin a against spinal cord injury in rats with hyperglycemia. Mol Med Rep (2018) 17:4369–75. doi: 10.3892/mmr.2018.8422


108. Huang, H, Young, W, Skaper, S, Chen, L, Moviglia, G, Saberi, H, et al. Clinical neurorestorative therapeutic guidelines for spinal cord injury (IANR/CANR version 2019). J Orthop Translat (2020) 20:14–24. doi: 10.1016/j.jot.2019.10.006


109. Fehlings, MG, Wilson, JR, Harrop, JS, Kwon, BK, Tetreault, LA, Arnold, PM, et al. Efficacy and safety of methylprednisolone sodium succinate in acute spinal cord injury: A systematic review. Global Spine J (2017) 7:116S–37S. doi: 10.1177/2192568217706366


110. Li, S, Ou, Y, Li, C, Wei, W, Lei, L, and Zhang, Q. Therapeutic effect of methylprednisolone combined with high frequency electrotherapy on acute spinal cord injury in rats. Exp Ther Med (2019) 18:4682–8. doi: 10.3892/etm.2019.8147


111. Xu, J, Fan, G, Chen, S, Wu, Y, Xu, XM, and Hsu, CY. Methylprednisolone inhibition of TNF-alpha expression and NF-kB activation after spinal cord injury in rats. Brain Res Mol Brain Res (1998) 59:135–42. doi: 10.1016/S0169-328X(98)00142-9


112. Gao, S, Ding, J, Xiao, HJ, Li, ZQ, Chen, Y, Zhou, XS, et al. Anti-inflammatory and anti-apoptotic effect of combined treatment with methylprednisolone and amniotic membrane mesenchymal stem cells after spinal cord injury in rats. Neurochem Res (2014) 39:1544–52. doi: 10.1007/s11064-014-1344-9


113. Liu, Z, Yang, Y, He, L, Pang, M, Luo, C, Liu, B, et al. High-dose methylprednisolone for acute traumatic spinal cord injury: A meta-analysis. Neurology (2019) 93:e841–50. doi: 10.1212/WNL.0000000000007998


114. Martinez-Caceres, EM, Barrau, MA, Brieva, L, Espejo, C, Barbera, N, and Montalban, X. Treatment with methylprednisolone in relapses of multiple sclerosis patients: immunological evidence of immediate and short-term but not long-lasting effects. Clin Exp Immunol (2002) 127:165–71. doi: 10.1046/j.1365-2249.2002.01725.x


115. Bartosik-Psujek, H, Magrys, A, Montewka-Koziol, M, and Stelmasiak, Z. Change of interleukin-4 and interleukin-12 levels after therapy of multiple sclerosis relapse with methylprednisolone. Neurol Neurochir Pol (2005) 39:207–12.


116. Lawless, S, and Bergold, PJ. Better together? treating traumatic brain injury with minocycline plus n-acetylcysteine. Neural Regener Res (2022) 17:2589–92. doi: 10.4103/1673-5374.336136


117. Casha, S, Zygun, D, McGowan, MD, Bains, I, Yong, VW, and Hurlbert, RJ. Results of a phase II placebo-controlled randomized trial of minocycline in acute spinal cord injury. Brain (2012) 135:1224–36. doi: 10.1093/brain/aws072


118. Kobayashi, K, Imagama, S, Ohgomori, T, Hirano, K, Uchimura, K, Sakamoto, K, et al. Minocycline selectively inhibits M1 polarization of microglia. Cell Death Dis (2013) 4:e525. doi: 10.1038/cddis.2013.54


119. Papa, S, Caron, I, Erba, E, Panini, N, De Paola, M, Mariani, A, et al. Early modulation of pro-inflammatory microglia by minocycline loaded nanoparticles confers long lasting protection after spinal cord injury. Biomaterials (2016) 75:13–24. doi: 10.1016/j.biomaterials.2015.10.015


120. Gorabi, AM, Kiaie, N, Aslani, S, Sathyapalan, T, Jamialahmadi, T, and Sahebkar, A. Implications on the therapeutic potential of statins via modulation of autophagy. Oxid Med Cell Longev (2021) 2021:9599608. doi: 10.1155/2021/9599608


121. Chung, WF, Liu, SW, Chang, PY, Lin, FS, Chen, LF, Wu, JC, et al. Hyperlipidemia and statins affect neurological outcome in lumbar spine injury. Int J Environ Res Public Health (2015) 12:402–13. doi: 10.3390/ijerph120100402


122. Aghazadeh, J, Samadi Motlagh, P, Salehpour, F, Meshkini, A, Fatehi, M, Mirzaei, F, et al. Effects of atorvastatin in patients with acute spinal cord injury. Asian Spine J (2017) 11:903–7. doi: 10.4184/asj.2017.11.6.903


123. Bimbova, K, Bacova, M, Kisucka, A, Pavel, J, Galik, J, Zavacky, P, et al. A single dose of atorvastatin applied acutely after spinal cord injury suppresses inflammation, apoptosis, and promotes axon outgrowth, which might be essential for favorable functional outcome. Int J Mol Sci (2018) 19:1–27. doi: 10.3390/ijms19041106


124. Mirzaie, J, Nasiry, D, Ayna, O, Raoofi, A, Delbari, A, Rustamzadeh, A, et al. Neuroprotective effects of lovastatin against traumatic spinal cord injury in rats. J Chem Neuroanat (2022) 125:102148. doi: 10.1016/j.jchemneu.2022.102148


125. Peng, Y, Zhang, X, Zhang, T, Grace, PM, Li, H, Wang, Y, et al. Lovastatin inhibits toll-like receptor 4 signaling in microglia by targeting its co-receptor myeloid differentiation protein 2 and attenuates neuropathic pain. Brain Behav Immun (2019) 82:432–44. doi: 10.1016/j.bbi.2019.09.013


126. Mann, CM, Lee, JH, Hillyer, J, Stammers, AM, Tetzlaff, W, and Kwon, BK. Lack of robust neurologic benefits with simvastatin or atorvastatin treatment after acute thoracic spinal cord contusion injury. Exp Neurol (2010) 221:285–95. doi: 10.1016/j.expneurol.2009.11.006


127. Ramphul., A. A. J. V. Z. J. P. P. K. Immunoglobulin. Updated 2022 Sep 9. Available at: https://www.ncbi.nlm.nih.gov/books/NBK513460/.


128. Absoud, M, Brex, P, Ciccarelli, O, Diribe, O, Giovannoni, G, Hellier, J, et al. A multicentre randomiSed controlled TRial of IntraVEnous immunoglobulin compared with standard therapy for the treatment of transverse myelitis in adults and children (STRIVE). Health Technol Assess (2017) 21:1–50. doi: 10.3310/hta21310


129. Absoud, M, Gadian, J, Hellier, J, Brex, PA, Ciccarelli, O, Giovannoni, G, et al. Protocol for a multicentre randomiSed controlled TRial of IntraVEnous immunoglobulin versus standard therapy for the treatment of transverse myelitis in adults and children (STRIVE). BMJ Open (2015) 5:e008312. doi: 10.1136/bmjopen-2015-008312


130. Kucher, K, Johns, D, Maier, D, Abel, R, Badke, A, Baron, H, et al. First-in-Man intrathecal application of neurite growth-promoting anti-Nogo-A antibodies in acute spinal cord injury. Neurorehabil Neural Repair (2018) 32:578–89. doi: 10.1177/1545968318776371


131. Chio, JCT, Wang, J, Badner, A, Hong, J, Surendran, V, and Fehlings, MG. The effects of human immunoglobulin G on enhancing tissue protection and neurobehavioral recovery after traumatic cervical spinal cord injury are mediated through the neurovascular unit. J Neuroinflamm (2019) 16:141. doi: 10.1186/s12974-019-1518-0


132. Chio, JCT, Wang, J, Surendran, V, Li, L, Zavvarian, MM, Pieczonka, K, et al. Delayed administration of high dose human immunoglobulin G enhances recovery after traumatic cervical spinal cord injury by modulation of neuroinflammation and protection of the blood spinal cord barrier. Neurobiol Dis (2021) 148:105187. doi: 10.1016/j.nbd.2020.105187


133. Voda, J, Yamaji, T, and Gold, BG. Neuroimmunophilin ligands improve functional recovery and increase axonal growth after spinal cord hemisection in rats. J Neurotrauma (2005) 22:1150–61. doi: 10.1089/neu.2005.22.1150


134. Yamaji, T, Yamazaki, S, Li, J, Price, RD, Matsuoka, N, and Mutoh, S. FK1706, a novel non-immunosuppressant neurophilin ligand, ameliorates motor dysfunction following spinal cord injury through its neuroregenerative action. Eur J Pharmacol (2008) 591:147–52. doi: 10.1016/j.ejphar.2008.06.064


135. Gao, SJ, Liu, Y, Wang, HJ, Ban, DX, Cheng, SZ, Ning, GZ, et al. New approach to treating spinal cord injury using PEG-TAT-modified, cyclosporine-a-loaded PLGA/polymeric liposomes. J Drug Target (2017) 25:75–82. doi: 10.1080/1061186X.2016.1191082


136. Guerrero, AR, Uchida, K, Nakajima, H, Watanabe, S, Nakamura, M, Johnson, WE, et al. Blockade of interleukin-6 signaling inhibits the classic pathway and promotes an alternative pathway of macrophage activation after spinal cord injury in mice. J Neuroinflamm (2012) 9:40. doi: 10.1186/1742-2094-9-40


137. Grosso, MJ, Matheus, V, Clark, M, van Rooijen, N, Iannotti, CA, and Steinmetz, MP. Effects of an immunomodulatory therapy and chondroitinase after spinal cord hemisection injury. Neurosurgery (2014) 75:461–71. doi: 10.1227/NEU.0000000000000447


138. Seto, E, and Yoshida, M. Erasers of histone acetylation: the histone deacetylase enzymes. Cold Spring Harb Perspect Biol (2014) 6:a018713. doi: 10.1101/cshperspect.a018713


139. Zhang, S, Fujita, Y, Matsuzaki, R, and Yamashita, T. Class I histone deacetylase (HDAC) inhibitor CI-994 promotes functional recovery following spinal cord injury. Cell Death Dis (2018) 9:460. doi: 10.1038/s41419-018-0543-8


140. Kuboyama, T, Wahane, S, Huang, Y, Zhou, X, Wong, JK, Koemeter-Cox, A, et al. HDAC3 inhibition ameliorates spinal cord injury by immunomodulation. Sci Rep (2017) 7:8641. doi: 10.1038/s41598-017-08535-4


141. Abdanipour, A, Schluesener, HJ, and Tiraihi, T. Effects of valproic acid, a histone deacetylase inhibitor, on improvement of locomotor function in rat spinal cord injury based on epigenetic science. Iran BioMed J (2012) 16:90–100. doi: 10.6091/ibj.1060.2012


142. Wang, J, Wang, J, Lu, P, Cai, Y, Wang, Y, Hong, L, et al. Local delivery of FTY720 in PCL membrane improves SCI functional recovery by reducing reactive astrogliosis. Biomaterials (2015) 62:76–87. doi: 10.1016/j.biomaterials.2015.04.060


143. Shao, A, Tu, S, Lu, J, and Zhang, J. Crosstalk between stem cell and spinal cord injury: pathophysiology and treatment strategies. Stem Cell Res Ther (2019) 10:238. doi: 10.1186/s13287-019-1357-z


144. Zhu, Y, Wang, W, Cheng, J, Qu, Y, Dai, Y, Liu, M, et al. Stimuli-responsive manganese single-atom nanozyme for tumor therapy via integrated cascade reactions. Angew Chem Int Ed Engl (2021) 60:9480–8. doi: 10.1002/anie.202017152


145. Zhu, Y, Jin, D, Liu, M, Dai, Y, Li, L, Zheng, X, et al. Oxygen self-supply engineering-ferritin for the relief of hypoxia in tumors and the enhancement of photodynamic therapy efficacy. Small (2022) 18:e2200116. doi: 10.1002/smll.202200116


146. Bracken, MB, Collins, WF, Freeman, DF, Shepard, MJ, Wagner, FW, Silten, RM, et al. Efficacy of methylprednisolone in acute spinal cord injury. JAMA (1984) 251:45–52. doi: 10.1001/jama.1984.03340250025015


147. Bracken, MB, Shepard, MJ, Collins, WF, Holford, TR, Young, W, Baskin, DS, et al. A randomized, controlled trial of methylprednisolone or naloxone in the treatment of acute spinal-cord injury. results of the second national acute spinal cord injury study. N Engl J Med (1990) 322:1405–11. doi: 10.1056/NEJM199005173222001


148. Bracken, MB, Shepard, MJ, Holford, TR, Leo-Summers, L, Aldrich, EF, Fazl, M, et al. Administration of methylprednisolone for 24 or 48 hours or tirilazad mesylate for 48 hours in the treatment of acute spinal cord injury. results of the third national acute spinal cord injury randomized controlled trial. national acute spinal cord injury study. JAMA (1997) 277:1597–604. doi: 10.1001/jama.1997.03540440031029




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.

Copyright © 2023 Tang, Gu, Jiang, Zheng, Pan and Jiang. 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.



OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.1070540_cover.jpg
’ frontiers l Frontiers in Immunology

The role of immune cells and
associated immunological
factors in the immune
response to spinal cord injury





OEBPS/Images/fimmu-13-1070540-g001.jpg
Healthy

Acute Sub-acute Intermediate Chronic
-BSCB disruption -Reactive astrogliosis -Glial scar -Mature glia scar
-Inmmune cells infiltration -Macrophage infiltration -Cyst formation -Mature cysts
-Oxidative stress -BSCB repair - Wallerian degeneration
-lonic toxicity

-Demyelination

-Apoptosis/autophagy

CSPs
Astrocyte - MCP-1
% Microglia IL-1 B,TNF-C(
L iNOS,IL-12
l " Reactive | M te/ IL-10,IL-1Ra
} siacjie astrocyte : onocyte TGF-B,Arg-1
; : macrophage
| ) . Activated :
| Microglia microglia | I : I
1 : 1\ 9) Neutrophils
l : 7 : MPO -
‘ | Neutrophils | melp | pmp-g  |--------- Leucocyte recruitment
1 @ Monocyte/macrophage e i N e e R T ey
“““““““““““““““““““““““““““““““““ iNOS,IFN-c,
):ﬁ:( TBCell | il | TNE-0CELS, Adaptive immunit
IL-12,IL-23,
IL-6 and IL 1b






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The role of immune cells and associated immunological factors in the immune response to spinal cord injury

      

        		

          1 Introduction

        



        		

          2 The role of the immune response in pathophysiological processes in spinal cord injury

        



        		

          3 How are the functions of immune cells and immune factors orchestrated in the pathophysiology of spinal cord injury?

        

          		

            3.1 Astrocytes

          

            		

              3.1.1 The dual roles of astrocytes in spinal cord injury pathophysiology

            



            		

              3.1.2 Pivotal immune chemicals released by astrocytes

            



          



          



          		

            3.2 Neutrophils

          

            		

              3.2.1 The dual roles of neutrophils in spinal cord injury pathophysiology

            



            		

              3.2.2 Pivotal immune chemicals released by neutrophils

            



          



          



          		

            3.3 Microglia

          

            		

              3.3.1 The roles of microglia in the pathophysiological process of spinal cord injury

            



            		

              3.3.2 Immune chemicals released by microglia

            



          



          



          		

            3.4 Macrophages

          

            		

              3.4.1 The roles of M1 and M2 macrophages in spinal cord injury pathophysiology

            



            		

              3.4.2 Immune chemicals released by macrophages

            



          



          



          		

            3.5 T and B cells

          

            		

              3.5.1 The roles of T and B cells in spinal cord injury pathophysiology

            



            		

              3.5.2 Role of immune factors released by T and B cells in spinal cord injury pathophysiology

            



          



          



        



        



        		

          4 Potential pharmaceutical immunotherapeutic drugs for spinal cord injury

        

          		

            4.1 Methylprednisolone

          



          		

            4.2 Minocycline

          



          		

            4.3 Statins

          



          		

            4.4 Human immunoglobulins

          



          		

            4.5 Other potential immunomodulatory drugs under basic research

          



        



        



        		

          5 Limitations and perspectives

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Clinical trials

Phase of Design of Study Trial
study study completion registration

Treatment Conclusion

Methylprednisolone

Multicenter, No difference in neurological recovery
NASCIS T USA N/A double- 1984 N/A was observed between standard-dose (146)
blinded RCT and high-dose groups
Yilicsie: b S
NASCISIT | USA N/A double- 1990 N/A by o i (147)
blinded RCT not improve neurological recovery after
acute SCI
Double- Motor function improvement in patients
NASCIS IIT USA N/A blind, 1997 N/A who received a 48-h methylprednisolone (148)
randomized infusion starting at 3-8 h after injury
Placebo
Minocycline Canada Phase 111 controlled, Be halted* NCT01828203 Improvement of motor function (117)
randomized
Flacebo Improvement of sensory and motor
Statin Iran N/A controlled, 2015 2014032113947 Pre R (122)
’ function
randomized
Human immunoglobin
Ant_n-Nogo-A Switzerland Phase 11 Multicenter, Dec. 2023 NCT03935321 Promoting ai\xonal regeneration and (130)
antibody RCT neurobehavioral recovery
Anti-RGMa- Double-
antibody Japan Phase IT blinded Mar. 2023 NCT04295538 Enhanced recovery of manual dexterity = N/A
RCT
Basic research
Model/ Mode of :
N Drug L . Dose Interval Outcome Mechanism Ref
Species administration
Inhibiting immune responses and
Cyclosporin Every 12 h for Improved mitochondrial permeability transition
SCI/Rat P 10 mg/kg ) neurological PemeR ey (135)
A 3 days functio through both calcineurin-dependent and
inction
calcineurin-independent mechanisms
Daily for 11 | [proved Stimulating retrograde-labeled
SCI/Rat FK-506 Subcutaneous 2 mg/kg ALy neurological PIRNSLISIEISaCe Rt menny | (139)
weeks : in the red nucleus
function
Daily for 11 Improved Stimulating retrograde-labeled neurons
il i - u
SCI/Rat FK1706 Subcutaneous 2 mg/kg ¥ neurological . 8 i (133)
weeks . in the red nucleus
function
IL-6 Improved Promoting the formation of alternativel
SCI/Mice " ‘, . IP 50 ug/g Once neurological r?mo ing the formation of afternatively (136)
inhibitor . activated M2 macrophages
function recovery
Less cavitation
With volume and neuron
Weekly for 4 D ing S1P1 i d glial
SCI/Rat FTY720 polycaprolactone | 0.5 or 3 mg eeky for loss, improved ccreasing SIP1 expression and glia (142)
weeks scarring
membrane recovery of motor
function
Improved functional
recovery of Promoting regeneration of both
6ul (10 U/ Alternate d:
SCI/Rat ChABC Injury site m; ( fore:(‘)]:: Says locomotor and ascending sensory projections and (46)
¥ proprioceptive descending corticospinal tract axons
behavior
ClL9s4 1, 10, or 30 Daily for 14 Improved r?covery .Suppressing neutro;?hil accumlelaiion,
SCI/Mouse i 1P of neurological inflammatory cytokine expressions, and (139)
inhibitor mg/kg days .
function neuronal loss
2,24,and 48 h I t of § y
SCI/Mouse RGFP966 P 10 mg/kg ‘3?1 mpmveme‘? ° Dampened inflammatory cytokines (140)
after injury motor function
Valproic Daily for 7 Improvement of s o
! P Et Red dary d: 141
SCI/Rat acid 00 mg/kg days locomiotot Bisctist eduction in secondary damage (141)

*The study was discontinued owing to poor patient enrolment.
**This registration number is from the Iranian Registration of Clinical Trial Center (IRCT).
SCI, spinal cord injury; RCT, randomized controlled trial; ChABC, chondroitinase ABC; IP, intraperitoneal.





