

[image: image1]
Interleukin-17A: The Key Cytokine in Neurodegenerative Diseases












	
	REVIEW
published: 29 September 2020
doi: 10.3389/fnagi.2020.566922





[image: image2]

Interleukin-17A: The Key Cytokine in Neurodegenerative Diseases

Junjue Chen, Xiaohong Liu* and Yisheng Zhong*


Department of Ophthalmology, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China

Edited by:
Feiqi Zhu, Shenzhen University, China

Reviewed by:
Sachchida Nand Rai, University of Allahabad, India
Merja Jaronen, University of Eastern Finland, Finland

* Correspondence: Xiaohong Liu, hong203103@163.com
 Yisheng Zhong, yszhong68@126.com

Received: 29 May 2020
 Accepted: 31 August 2020
 Published: 29 September 2020

Citation: Chen J, Liu X and Zhong Y (2020) Interleukin-17A: The Key Cytokine in Neurodegenerative Diseases. Front. Aging Neurosci. 12:566922. doi: 10.3389/fnagi.2020.566922



Neurodegenerative diseases are characterized by the loss of neurons and/or myelin sheath, which deteriorate over time and cause dysfunction. Interleukin 17A is the signature cytokine of a subset of CD4+ helper T cells known as Th17 cells, and the IL-17 cytokine family contains six cytokines and five receptors. Recently, several studies have suggested a pivotal role for the interleukin-17A (IL-17A) cytokine family in human inflammatory or autoimmune diseases and neurodegenerative diseases, including psoriasis, rheumatoid arthritis (RA), Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), and glaucoma. Studies in recent years have shown that the mechanism of action of IL-17A is more subtle than simply causing inflammation. Although the specific mechanism of IL-17A in neurodegenerative diseases is still controversial, it is generally accepted now that IL-17A causes diseases by activating glial cells. In this review article, we will focus on the function of IL-17A, in particular the proposed roles of IL-17A, in the pathogenesis of neurodegenerative diseases.

Keywords: interleukin-17A, neurodegenerative diseases, microglia, astrocytes, oligodendrocytes, glaucoma


INTRODUCTION

Interleukin-17A (IL-17A) is the signature cytokine of a subset of CD4+ helper T cells known as Th17 cells (McGeachy et al., 2019). The feature of Th17 cells is the expression of the RAR-related orphan receptor γ (RORγt) transcription factor (Ivanov et al., 2006). Initially termed CTLA8, IL-17A was cloned firstly in 1993 from a cDNA library of subtractive rodents and the IL-17-binding receptor was first reported in 1995 (Rouvier et al., 1993; Gaffen, 2011a). Researchers were interested because the sequences of the receptor and ligand of this molecule are different from those of other known cytokines in mammals (McGeachy et al., 2019). In human inflammatory or autoimmune diseases and neurodegenerative diseases, the IL-17A cytokine family has been reported to play a crucial function (Infante-Duarte et al., 2000; Luzza et al., 2000). IL-17A is produced by Th17 cells and other variable sources. In different conditions, the sources may be immune cells, including CD8+(Tc17) cells, “natural” Th17 cells, group 3 innate lymphoid cells (LC3s) and natural killer T (NKT) cells, or resident cells of the central nervous system (CNS), such as microglia (Cua and Tato, 2010).

Neurodegenerative diseases are characterized by progressive loss of selectively vulnerable populations of neurons, which progressively worsens over time and eventually leads to dysfunction (Hammond et al., 2019). There is a convincing body of evidence that protein aggregation, neuronal loss, and immune pathway dysregulation are common features of neurodegeneration (Hammond et al., 2019). These diseases include AD, PD, dementia with Lewy Bodies (DLB), multiple sclerosis (MS), and glaucoma. Glaucoma is characterized by visual field loss and progressive damage to the optic nerve axon and retinal ganglion cells (RGCs; Tian et al., 2015). The elevated intraocular pressure (IOP) is thought to be a major risk factor (Quigley and Broman, 2006; Wei and Cho, 2019). Studies have shown that IL-17A is involved in the pathogenesis of CNS neurodegenerative diseases. Levels of IL-17A in cerebrospinal fluid (CSF) and plasma are significantly increased in patients with MS, AD, and PD, and the expression levels are related to the severity and progress of diseases (Gu et al., 2013; Zhang et al., 2013; Kostic et al., 2014). Although the function of IL-17A in CNS neurodegenerative diseases is less understood and remains somewhat controversial, IL-17A is described to induce the occurrence and development of diseases by activating glial cells (especially microglia; Gu et al., 2013; Kolbinger et al., 2016). Therefore, for this review article, we mainly focused on recent studies on IL-17A and its role in neurodegenerative diseases.



IL-17A AND IL-17 FAMILY CYTOKINES

There are six cytokines and five receptors in the IL-17 family (Gaffen, 2011b). The cytokines include IL-17A to IL-17F, and the receptors included IL-17RA to IL-17RE. These cytokines are dimer molecules, and they contain 163–202 amino acids with molecular weights ranging from 23 to 36 kDa (Gaffen, 2011b). The structures of these cytokines are similar to those of platelet-derived growth factor (PDGF) and nerve growth factor (NGF), which involve a special cystine knot fold architecture (Hymowitz et al., 2001). In the IL-17 family, IL-17A is the most studied cytokine, and it has the 57% sequence homology with the open reading frame 13 (ORF13) of Herpesvirus saimiri, a T cell tropic-herpesvirus that causes a lymphoproliferative syndrome (Gaffen, 2011b). Although they have a similar ORF13 sequence, the 3′ UTR of IL-17A has an adenylate-uridylate-rich (AU-rich) instability sequence, a common characteristic of growth factor and cytokine genes, and IL-17A can induce cytokine secretion in certain cells (Gaffen, 2011b). Thus, IL-17A is considered a cytokine (McGeachy et al., 2019). It has been shown that IL-17A exerts functions in the process of immune inflammation, neovascularization, and tumor development (Zhu et al., 2016; Kuwabara et al., 2017).

IL-17B through IL-17F was discovered when researchers screened for the homologous genes of IL-17A. IL-17B has been reported to play an important role in cancer and inflammation. The proliferation and migration of gastric carcinoma cells are facilitated by IL-17B through activating mesenchymal stem cells in vitro (Bie et al., 2017b). The resistance to the treatment of paclitaxel in breast cancer is promoted by IL-17B through activation of the extracellular regulated protein kinases 1/2 (ERK1/2) pathway (Laprevotte et al., 2017). IL-17B exerts a dual function in the development and progression of inflammation. In mucosal inflammation, IL-17B plays an anti-inflammation role (Reynolds et al., 2015). In rat models with indomethacin-induced intestinal inflammation, however, IL-17RB levels are increased, and intraperitoneal injection of IL-17B promotes the migration of neutrophils in normal mice, indicating that IL-17B has a pro-inflammatory function (Shi et al., 2000; Bie et al., 2017a). The source of IL-17C is different from IL-17A as IL-17C is produced by different cells, such as epithelial cells (Ramirez-Carrozzi et al., 2011). A recent study has shown that the peripheral nerve neurons are protected by IL-17C, which acts as a neurotrophic cytokine, during Herpes simplex virus reactivation (Peng et al., 2017). Also, through the expression of antimicrobial peptides, chemokines, and pro-inflammatory cytokines, epithelial inflammatory responses are stimulated by IL-17C. Although IL-17C plays a proinflammatory role in a skin inflammation model induced by imiquimod, it has a protective function in colitis elicited by dextran sodium sulfate (Ramirez-Carrozzi et al., 2011). IL-17D is preferentially expressed in some tissues, such as adipose tissue and skeletal muscle, as well as some organs, including lung, heart, and pancreas (Starnes et al., 2002). IL-17D has some effect during inflammation, tumors, and viral infection. Stimulation of endothelial cells with IL-17D induces a classic pro-inflammatory cytokine response, including granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6, and IL-8 and the increased expression of IL-8 is dependent on nuclear factor B (NF-κB)-dependent (Starnes et al., 2002). Compared to wild-type animals, IL-17D(−/−) mice showed a higher incidence of cancer and exacerbated viral infections, indicating that the expression of IL-17D after viral infection and tumors is essential for the protection of the host (Saddawi-Konefka et al., 2016). Moreover, IL-17D plays a role in tumors and virus surveillance mediated by NK-cells (Saddawi-Konefka et al., 2016). There are some differences between IL-17E (now called IL-25) and other family members of IL-17. IL-25 is associated with type 2 immune response marked by increased serum Immunoglobin E (IgE), IgG, and IgA levels as well as pathological changes in the gastrointestinal tract and lungs. In the digestive tract, IL-25 limits chronic inflammation and regulates type 2 immune response (Owyang et al., 2006). IL-25 induces IL-4, IL-5, and IL-13 gene expression (Fort et al., 2001). An early study indicated that IL-25 exerts an opposite function in the pathogenesis of organ-specific autoimmunity compared to IL-17A (Kleinschek et al., 2007). IL-17F and IL-17A are similar in terms of function and source. These two cytokines are not only the result of gene replication, as they are located next to each other on the same chromosome, but are also co-produced by Th17 cells (Waisman et al., 2015). Similar to IL-17A, IL-17F contributes to inflammatory responses and barrier surface protection (Puel et al., 2011).



RECEPTORS AND SIGNALING PATHWAYS OF IL-17

There are five receptors (IL-17RA to IL-17RE) in the IL-17 receptor family and these receptors are composed of two chains (Waisman et al., 2015). Among these receptors, IL-17A and IL-17F bind to the same receptor, which is a heterodimer composed of IL-17RA and IL-17RC (Ely et al., 2009; Hu Y. et al., 2010). The heterodimeric receptor composed of IL-17RA and IL-17RC is express in CNS resident cells, such as microglia and astrocytes, as well as CNS endothelial cells (Kebir et al., 2007; Das Sarma et al., 2009). However, the expression of the IL-17 receptor expresses on neurons remains controversial. Early studies have shown that rat dorsal root ganglion neurons and mouse neural stem cells express IL-17 receptors (Li et al., 2013; Segond von Banchet et al., 2013). Recently, human PD- induced pluripotent stem cell (iPSC)-derived midbrain neurons (MBNs) have been described to express IL-17 receptors (Kawanokuchi et al., 2008; Sommer et al., 2018).

The IL-17 receptor family has one thing in common, namely, it shares a cytoplasmic motif termed “SEFIR” (SEF/IL-17 receptor; Novatchkova et al., 2003). After contact with IL-17 family cytokines and the IL-17R complex, Act1) an adaptor protein) is recruited to the SEFIR domain of the receptor complex (Qian et al., 2007; Liu et al., 2011; Waisman et al., 2015). The intracellular SEFIR domain then interacts with a corresponding SEFIR motif on the Act1 adaptor. Act1 then rapidly ubiquitinates another E3 ubiquitin ligase, namely TNF-receptor associated factor 6 (TRAF6; Schwandner et al., 2000; Qian et al., 2007). Ultimately, IL-17 signaling triggers the activation of the canonical NF-κB cascade response (Qian et al., 2007). Collectively, transcriptional induction of target genes is triggered by these factors (McGeachy et al., 2019; Figure 1). When the NF-κB cascade response is activated, IL-17- NF-κB signaling induces several positive and negative feedback circuits to control related physiological function. NF-κB upregulates the expression of B cell lymphoma 3-encoded protein (Bcl3) and then, in turn, facilitates the expression of multiple IL-17-NF-κB-driven anti-microbial and proinflammatory genes (Ruddy et al., 2004; Karlsen et al., 2010). However, IL-17- NF-κB signaling induces several negative feedback circuits to restrain the activation of NF-κB, such as deubiquitination (Garg et al., 2013; Cruz et al., 2017). Among the above signaling pathways, Act1 is an essential activator. The absence of the Act1 gene has been shown to cause complete failure in the response of cells to IL-17 (Qian et al., 2007; Liu et al., 2011).
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FIGURE 1. Signaling pathway of Interleukin-17A (IL-17A). The heterodimer receptor consists of two subunits, IL-17RA and IL-17RF, which bind to IL-17A, IL-17F, and IL-17AF ligands. The intracellular SEF/IL-17 receptor (SEFIR) domains interact with a corresponding SEFIR motif on the Act1 adaptor (Novatchkova et al., 2003). TNF-receptor associated factor 6 (TRAF6) and TRAF2/5 proteins bind to the TRAF-binding site in Act1. After binding to Act1, TRAF6 mediates the activation of the classical nuclear factor-κB (NF-KB) pathway of MAPK:AP-1. Collectively, these pathways trigger the transcriptional induction of target genes (Qian et al., 2007). In the IL-17 signaling pathway, a pathway of post-transcriptional mRNA stabilization is promoted through the recruitment of TRAF2 and TRAF5 by Act1 (Schwandner et al., 2000). This physiological process is achieved by controlling multiple RNA-binding proteins, such as HuR and Arid5a.





FUNCTION OF IL-17A

Induction of the expression of chemokines, such as chemokine (C-X-C motif) ligand 1 (CXCL1), CXCL2, and CXCL8, is an important function of IL-17A. These chemokines can attract myeloid cells to injured or infected tissues (Onishi and Gaffen, 2010). IL-17A also induces the expression of IL-6 and granulocyte colony-stimulating factor (G-CSF), which promotes myeloid-driven innate inflammation (Gaffen et al., 2014). When encountering acute microbial invasion, IL-17A induces responses to protect the host. Overwhelming data suggest that IL-17A has a specific function in the prevention of Candida albicans. Antifungal immunity is regulated by IL-17A through upregulating antimicrobial peptides (e.g., defensins) and proinflammatory cytokines (e.g., CXCL1 and CXCL5; Conti and Gaffen, 2015; Drummond and Lionakis, 2019). The increased expression of proinflammatory cytokines and antimicrobial peptides has a synergistic effect on limiting fungal overgrowth (Conti and Gaffen, 2015; Drummond and Lionakis, 2019).

In injured psoriatic skin tissue, dysregulated IL-17 signaling promotes pathogenic inflammation. A phase 2 clinical trial has shown that inhibitory treatment of IL-17A is effective, indicating the pathogenic role of IL-17A in mediating important inflammatory pathways in psoriasis (Chiricozzi and Krueger, 2013). In ankylosing spondylitis (AS), another autoimmune disease, IL-17A has been shown to contribute to pathogenic inflammation. Two double-blinded phase-3 trials have reported that the use of secukinumab (an anti-IL-17A monoclonal antibody) to treat AS is effective (Baeten et al., 2015). However, researchers have failed to identify evidence of meaningful clinical efficacy with brodalumab (a human anti-IL-17A monoclonal antibody) treatment in rheumatoid arthritis (RA) at least when compared to treatment with methotrexate (Pavelka et al., 2015). Taken together, these data indicate that further studies are required to clearly understand the role of IL-17A in the pathogenesis of autoimmune diseases.

In healthy skin, commensal microflora induces the production of IL-17A, which provides anti-fungal protection (McGeachy et al., 2019). When injury destroys the epithelial barrier of the skin, IL-17A promotes epithelial-cell proliferation and can clear the pathogenic agents (Naik et al., 2015). Production of IL-17A from the local epithelium is driven by the microbiota, resulting in the anti-microbial function. Colonization with the segmented filamentous bacterium (SFB), a single commensal microbe, is sufficient to induce the production of IL-17A in the lamina propria of the small intestine of mice. SFB and Th17 cells mediate the protection from pathogenic microorganisms (Ivanov et al., 2009). A previous study has suggested that IL-17A is beneficial in controlling dysbiosis and maintaining a homeostatic balance in the gut. The predisposition to neuroinflammation is enhanced by abolishing the intestinal IL-17RA pathway, thus confirming the crucial role of the IL-17R pathway in mediating the protection of epithelial surface and interaction of host and microbiome (Ivanov et al., 2009; Kumar et al., 2016).

IL-17A promotes the repair of tissue. A crucial part of wound repair is the proliferation of epithelial keratinocytes. In keratinocytes, the expression of regenerating islet-derived protein 3-alpha (REG3A), an intestinal anti-microbial protein, is increased during psoriasis. IL-17A induces keratinocytes to express REG3A, and this process promotes the proliferation of keratinocytes after injury in psoriasis (Lai et al., 2012).

IL-17A and transcription factors that regulate adipocyte differentiation have been reported to act in concert to contribute to the suppression of adipogenesis (Ahmed and Gaffen, 2013). Mice with deficiency of both IL-17A and IL-17RA gain increased fat with age, and IL-17A suppresses the maturation of cells with adipogenic potential, indicating that IL-17A inhibits adipogenesis (Ahmed and Gaffen, 2013). In a healthy state, IL-17A directly influences the metabolic function of adipocytes. IL-17A produced by γδT cells controls the homeostasis of regulatory T cells and adaptive thermogenesis in adipose tissue (Kohlgruber et al., 2018).

These abovementioned findings show that IL-17A is not just an inflammatory factor. IL-17A usually protects the body during the acute injury, but when a wound takes a long time to heal and turns to a chronic injury, the effect of IL-17A may turn into erosion or hyperproliferation of the wound, ultimately leading to the loss of function (McGeachy et al., 2019).



ROLE OF IL-17A IN NEURODEGENERATIVE DISEASES

There are several divergent and shared pathological and clinical features of age-related CNS neurodegenerative diseases, such as diverse protein aggregation and selective vulnerability of the brain that impact the clinical presentation and immune responses of diseases (Hammond et al., 2019). Neurodegenerative diseases lead to impairments of a person’s memory and cognitive ability, and some of these diseases affect patients’ ability to speak, move, and breathe. Neurodegenerative disease is a multifactorial disease that included aging, mitochondrial defects, dysfunctions in autophagic lysosomal pathways, neurovascular toxicity, synaptic toxicity, accumulation of misfolded proteins, and liquid-phase transitions in pathological protein aggregation (Focus on Neurodegenerative Disease, 2018).

Neuroinflammation contributes, in part, to the occurrence of neurodegenerative diseases. Neuroinflammation in diseases, such as PD, AD, and ALS, is characterized by a reactive morphology of glial cells and increased levels of inflammatory mediators in the parenchyma (Ransohoff, 2016). To date, most pieces of evidence point to a pathogenic role for IL-17A in the CNS neurodegenerative diseases. IL-17A acts on multiple CNS resident cells to potentiate inflammation (Qian et al., 2007; Stromnes et al., 2008; Kang et al., 2010; Ji et al., 2013; Kang Z. et al., 2013; Liu et al., 2015; Rodgers et al., 2015; Liu Z. et al., 2019; Figure 2). It has been reported that IL-17A plays a regulatory factor in the induced cytokine network rather than as a direct role to mediate tissue damage during neuroinflammation (Zimmermann et al., 2013). Also, several studies have been reported the impact of medicinal plants on the level of IL-17A in neurodegenerative diseases (Table 1).


[image: image]

FIGURE 2. The way of glial cells respond to IL-17A. In central nervous system (CNS) neurodegenerative diseases, IL-17A binds to the receptor on the surface of microglia and activates microglia. Activated microglia secrete cytokines, exacerbating dopaminergic neurons loss. Astrocytes respond to IL-17A through generating chemokines to promote the recruitment of inflammatory cells, such as macrophages and neutrophils. IL-17A reduces the ability of astrocytes to absorb and transform glutamate as well as enhance the excitotoxicity of glutamate. IL-17A inhibits the maturation of oligodendrocyte lineage cells (OPCs) and exacerbates the TNF-α-induced oligodendrocyte apoptosis (Qian et al., 2007; Stromnes et al., 2008; Kang et al., 2010; Ji et al., 2013; Kang Z. et al., 2013; Liu et al., 2015; Rodgers et al., 2015; Liu Z. et al., 2019).



TABLE 1. The impact of medicinal plants on the level of interleukin-17A (IL-17A) in neurodegenerative diseases.
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AD is the most common type of late-onset dementia, and it is a complex molecular and genetic disease. The features of AD are neuronal and extensive synaptic loss, which leads to brain volume loss. Subsequently, the pathological changes of brain structure lead to a decline in patients’ memory and cognitive function that results in an inability to take care of themselves in daily life (Hammond et al., 2019). In recent years, the understanding of the pathological mechanism of AD has been constantly improved. The important pathological features of AD include intracellular neurofibrillary tangles resulting from the aggregation of hyperphosphorylated tau and deposition of extracellular neurotoxic plaques primarily composed of amyloid-β (Aβ; Holtzman et al., 2011). The aggregation of amyloid and tau eventually impacts the hippocampal, entorhinal cortex, and neocortical regions (Montine et al., 2012). Furthermore, Bussian et al. (2018) found that senescent microglia and astroglia influence neurofibrillary tangle formation and intraneuronal tau phosphorylation.

IL-17A may play a significant role in the pathogenesis of AD. In terms of clinical manifestations, elevated levels of IL-17A in plasma and CSF have been reported in patients with AD. For example, Chen et al. (2014) showed that IL-17A level in serum is increased in Chinese patients, and Hu W. T. et al. (2010) reported that the CSF level of IL-17A increases in patients. Also, Behairi et al. (2015) found that the baseline level of IL-17A is markedly higher in AD patients compared to controls. At the cellular and genetic level, there is also evidence of the correlation between IL-17A and the pathogenesis of AD. It has been reported that TH17 cell differentiation and activation as well as associated transcription factors are increased in patients with AD (Saresella et al., 2011). The induction and expression of IL-17A may be due to the polymorphism of Th17-related genes (Zota et al., 2009). BACE1 is a transmembrane asparty1 protease that plays a role in forming plaques in AD (Vassar, 2004). BACE1-deficient T cells have reduced IL-17A expression under Th17 conditions in AD mouse models (Hernandez-Mir et al., 2019). However, the effect of IL-17A on the pathogenesis of AD is controversial. Yang generated an AD mouse model with IL-17A overexpression and Yang et al. (2017) reported that IL-17A does not exacerbate neuroinflammation, and Yang also demonstrated that IL-17A overexpression decreases the level of soluble Aβ in the CSF and hippocampus as well as improves the metabolism of glucose (Yang et al., 2017). Two distinct human cohort studies have reported that the IL-17A level is decreased in AD patients compared to healthy controls (Doecke et al., 2012; Hu et al., 2013).

PD is the second most frequent form of neurodegenerative disease. PD is characterized by motor symptoms, including tremor, rigidity, and bradykinesia (Moustafa et al., 2016). A key pathological finding in PD is the aggregation of hallmark proteins (known as Lewy bodies), primarily composed of protein α-synuclein (Hamilton, 2000). There are certain routes for degeneration and aggregation of proteins generally spreading from the brain stem to the substantia nigra and other midbrain regions and then to the neocortex (Braak et al., 2004). Before the onset of symptoms, there is a massive loss of dopamine-producing neurons in the substantia nigra (Cheng et al., 2010). Recently, Sommer et al. (2018) have reported that T lymphocytes increase cell death in PD. iPSC-derived MBNs are mediated by IL-17A, indicating that IL-17A may be involved in PD pathogenesis. Liu et al. (2017) have demonstrated that Th17 cells infiltrated into the brain parenchyma through the disrupted blood-brain barrier (BBB) in PD. It has also been confirmed in animal experiments that IL-17A plays a role in the development of PD. Dopaminergic neurodegeneration, motor impairment, and BBB disruption are alleviated in mice with a deficiency of IL-17A (Liu Z. et al., 2019). However, the decreased plasma level of IL-17A is found in PD patients compared to controls (Rocha et al., 2018).

MS is an inflammatory demyelinating disorder of the CNS (Kostic et al., 2014), and susceptible genes and environmental factors are involved in disease pathogenesis. MS is characterized by the onset of recurring clinical symptoms followed by partial or total recovery. After 10–15 years of the disease, progressive deterioration is observed in up to 50% of untreated patients (Kolbinger et al., 2016). In approximately 15% of MS patients, the disease deteriorates from its onset (Gold et al., 2010). At present, the pathophysiology of MS has not been elucidated. MS may be primarily a neurodegenerative disease in which inflammation occurs as a secondary response that amplifies the state of progression (Kassmann et al., 2007). Compared to other neurodegenerative diseases, IL-17A has been mostly studied in MS. A possible pathogenic function of IL-17A in the pathogenesis of MS has been suggested. Kostic et al. (2014) demonstrated that the IL-17A level is increased in MS patients. In human MS brain tissue, the IL-17A-producing cells have been found but not in noninflamed brain tissue or normal white matter (Tzartos et al., 2008). In human MS plaques samples, an increase of IL-17A mRNA has been detected (Lock et al., 2002), and it has been reported that IL-17A content is related to BBB disruption and neutrophil expansion in CSF (Kostic et al., 2017). In terms of pathogenesis, Th17 cells may utilize the excitotoxicity of glutamate as an effector mechanism in MS. In MS, IL-17A is directly related to glutamate levels and may stimulate the Ca2+-dependent release of glutamate (Kostic et al., 2017). In the experimental autoimmune encephalomyelitis (an animal model of MS, EAE), IL-17RA expression is significantly increased in the CNS (Das Sarma et al., 2009). After binding to the IL-17RA complex in the CNS, IL-17A participates in the pathogenesis of EAE by promoting CD4 cell migration and secreting chemokines (Liu G. et al., 2014).

Amyotrophic lateral sclerosis (ALS) is another chronic neurodegenerative diseases of the CNS. The feature of ALS is the loss of upper and lower motor neurons, leading to motor and extra-motor symptoms. The neuropathological feature of this disease is the aggregation and accumulation of ubiquitylated proteinaceous inclusions in the motor neurons. In most subtypes of ALS, TAR DNA-binding protein 43 (TDP43) is the main component of these inclusions, but other abnormal protein aggregates are also present, including neurofilamentous hyaline conglomerate and misfolded superoxide dismutase (SOD1; Hardiman et al., 2017). The potential culprits of this disease may be the high-molecular-weight complexes that appear before protein aggregation, and the high-molecular-weight protein might contribute to the cell-to-cell spread of disease (Marino et al., 2015). Microglia have some impact on ALS disease. In the SOD1 mouse model of ALS, microglia have been found to contribute to the severity and progression of the disease. In contrast, microglial plays a neuroprotective role in the TDP43-dependent mouse model of ALS (Spiller et al., 2018). Together, these data indicate that microglial may exert different roles depending on the specific animal model and stimulus in ALS. In ALS, the IL-17A-mediated pathway may play a critical role. It has been reported that IL-17A serum concentrations in sporadic ALS and familial ALS patients are significantly higher than control subjects without autoimmune disorders (Fiala et al., 2010; Rentzos et al., 2010).

Glaucoma is also known as a neurodegenerative disorder characterized by RGCs death and axonal damage of the optic nerve, and ultimately leading to irreversible blindness (Levin et al., 2017). Glaucoma is considered as a disease caused by multiple factors, including high IOP mechanical injury, neurotrophic factor deprivation, ischemia/reperfusion injury, oxidative stress injury, excitatory glutamate toxicity, and abnormal immune-inflammatory response (Burgoyne, 2011; Rieck, 2013; Križaj et al., 2014). Studies have shown that immune dysfunctions, such as changes in cytokine signaling, immune cell proliferation, migration, and phagocytosis, as well as reactive gliosis, are common features of neurodegenerative diseases (Hammond et al., 2019). Autoimmunity is related to the pathogenesis of glaucoma as evidenced by large amounts of serum autoantibodies in glaucoma patients and animal models (Wax et al., 2008; Bell et al., 2013). In glaucoma, the elevated IOP is thought to be a major risk factor (Wei and Cho, 2019). However, increasing pieces of evidence have shown that the immune response plays a part in the pathogenesis of glaucoma. In recent years, some researchers have studied the IL-17A levels in patients with glaucoma. Yang et al. (2019) reported that the plasma levels of IL-17A are comparable in glaucoma patients and healthy people, and they demonstrated that the average frequencies of Th17 cells in patients with glaucoma is not significantly higher than that in the control group. In another study, however, researchers have demonstrated that the frequency of IL-17A-secreting cells and IL-17A+ CD4 T cells is significantly higher in patients with glaucoma than in controls (Ren et al., 2019). Using a retinal ischemia-reperfusion (IR) mouse model caused by acute elevated IOP, researchers have reported that elevated IOP increases the expression of IL-17A (Li et al., 2018). Because these studies measured IL-17A in peripheral blood in human patients and glaucoma is a complex disease whose pathogenesis has not been fully understood, further studies are needed to understand the role of IL-17A in glaucoma.



THE ROLE OF IL-17A IN A DIFFERENT MODEL SYSTEM OF NEURODEGENERATIVE DISEASES

Some animal models are used for the research of neurodegenerative diseases. In APP/PS1 mice, a transgenic mouse model of AD that overexpresses amyloid precursor protein (APP) with the Swedish mutation and exon-9-deleted presenilin 1, IL-17A is reported to play a key role in the induction and development of AD (Browne et al., 2013). IL-17A-producing T cell infiltrates in the brains of APP/PS1 mice which enhances the activation of glial cells and exacerbates neurodegeneration (McManus et al., 2014; Ahuja et al., 2017). IL-17A overexpression in this transgenic mouse model reduces soluble Aβ levels, decreases cerebral amyloid angiopathy, and improves glucose metabolism (Yang et al., 2017). IL-17A does not exacerbate neuroinflammation and significantly improves learning and anxiety deficits in this IL-17A overexpressing APP/PS1 mice (Yang et al., 2017). In 5XFAD mice, another animal model of AD, the production of IL-17A is decreased in the gut-residing immune cells (Saksida et al., 2018). In another animal models of AD including hAPP mice, 3xTg-AD mice, Mo/Hu APPswe PS1dE9 mice and Aβ1–42-Induced AD rat model, the level of IL-17A shows a significant upregulation compared with wild type mice (Jin et al., 2008; Zhang et al., 2013; Zhang Y. et al., 2015; Chen et al., 2015, 2019; Yang et al., 2015; St-Amour et al., 2019). In MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) treaded mouse and MPP+ (1-methyl-4-phenylpyridinium) treated rats (animal models of PD), the levels of IL-17A are upregulated in the substantia nigra, spleen, serum, and mesenteric lymph nodes. Furthermore, IL-17A promotes neurodegeneration in PD depending on microglial activation and partly TNF-α release (Huang et al., 2014; Dutta et al., 2019; Liu Z. et al., 2019). The pathological role of IL-17A in EAE, an animal model of MS, has been demonstrated. A monoclonal anti-IL-17A Ab (MM17F3) autovaccination is reported to prevent histological and clinical manifestations of EAE (Uyttenhove et al., 2007). In the EAE mouse model with TnC−/−, the reduced ability of Th17 cells to produce IL-17 is observed in spleens (Momčilović et al., 2017). Also, IL-17A mRNA and protein levels increase in the cup-induced mouse model of MS (Sanadgol et al., 2017). For ALS, the SOD1G93A mice model is established and in this model, IL-17A is found to gradually increase with aging (Noh et al., 2014).



THE RELATIONSHIP BETWEEN IL-17A AND GLIAL CELLS IN NEURODEGENERATIVE DISEASES

Microglial cells are an important part of the glial population of the CNS, and they account for approximately 10% of the total number of cells and are the largest number of mononuclear phagocytes in the CNS (Colonna and Butovsky, 2017). Microglial cells play a key role in CNS development and maintenance of CNS homeostasis. During CNS injury, microglial cells play a neuroprotective role by morphologically changing, proliferating, and migrating to the damaged site to phagocytose and eliminate microbes, protein aggregates, and dead cells (Colonna and Butovsky, 2017). Also, microglial cells secrete many soluble factors, such as neurotrophic factors and neurotrophic factors, which are involved in the immune response of the CNS. Aberrations in the normal phenotype or functions of microglial cells may lead to excessive synapse loss, contributing to the pathogenic mechanism of neurodegenerative diseases of the CNS. For example, microglial cells are induced to engulf neurons by recognizing phosphatidylserine exposed on tau-laden neurons, produce nitric oxide, and release of the MFGE8 opsonin. MFGE8 is required for engulfment and uptake of neurons (Brelstaff et al., 2018). Molecules expressed on the surface of microglial cells, such as LRRC33 and TREM2, affect relevant cellular pathways by binding to specific proteins (Qin et al., 2018; Li et al., 2019). These biological processes play a role in the pathogenesis of neurodegenerative diseases.

Although the specific mechanism of IL-17A in neurodegenerative diseases is still controversial, it is generally accepted that IL-17A causes diseases by activating glial cells (especially microglia). In a PD model, IL-17A activates microglia in vitro and accelerates the death of dopamine neurons through activating microglial cells (Liu Z. et al., 2019). Consistently, the IL-17A effect is abrogated after inhibition of the IL-17RA signaling pathway in microglia (Liu Z. et al., 2019), confirming the pathogenic relevance of microglial cells in mediating neurodegeneration in PD. Compared to controls, the expression of IL-17RA is increased in microglial cells of the CNS in EAE mice, which may be due to Toll-like receptors (TLR) signaling inducing IL-17RA expression in neuroglial cells (Liu G. et al., 2014). In EAE, IL-17A treatment induces the upregulation of chemokine secretion by microglial cells (Das Sarma et al., 2009). In aged rats, IL-17A participates in the process of neuroinflammation and cognitive impairment induced by lipopolysaccharide (LPS) through microglia activation (Sun et al., 2015). In acute glaucoma mouse models, inhibition of microglial activation reduces the secretion of IL-17A (Li et al., 2018). However, the relationship between IL-17A and microglia in neurodegenerative diseases has not been elucidated. Yang et al. (2017) reported that IL-17A overexpression in the mouse brain does not promote activation of microglia in AD mouse models. The evidence above suggests that further studies are needed.

Astrocytes play a central role in maintaining homeostasis of CNS, including regulation of synapse formation and maintenance, preserving neurological function, supplying energy to neurons, and maintaining the function of BBB (Pellerin and Magistretti, 2004; Molofsky and Deneen, 2015; Almad and Maragakis, 2018). Astrocytes are not homogeneous but can be specialized according to different regions of the CNS in which they reside (Pekny and Pekna, 2016). These glial cells of the CNS affect the structure and function of surrounding neurons. In the tripartite synapse, astrocytes can modulate synaptic activity by gliotransmission (Haydon, 2016). In the CNS, astrocytes communicate with surrounding neurons, microglia, and oligodendrocytes through hemichannels, which act in concert to maintain the normal function of CNS (Almad and Maragakis, 2018). During the disease course of the CNS, phenotypic conversion of microglial cells is induced by signals from astrocytes (Locatelli et al., 2018). An astrocyte that loses its function (termed A1 astrocyte) is induced by activated neuroinflammatory microglia (Liddelow et al., 2017). Taken together these data highlight the crucial role of astrocyte-microglia communication in neurodegenerative diseases of CNS.

Astrocytes and IL-17A have been mainly studied in MS. One of the pathological features of MS is increased astrogliosis-associated neuroinflammation. Astrogliosis is a process by which astrocytes activate, proliferate, and upregulate the expression of the glial fibrillary acidic protein, and it is the main cause of MS plaque formation (Yi et al., 2014). By reducing the ability of astrocytes to absorb and transform glutamate, IL-17A enhances the excitotoxicity of glutamate (Kostic et al., 2017). Thus, astrocytes may act as a potential target for the neuroprotective effect of MS. In the CNS of EAE mice, the expression of IL-17RA is increased in astrocytes (Das Sarma et al., 2009; Colombo et al., 2014). Macrophage inflammatory protein-α (MIP-1α) is the β-chemokine that induces the directed migration of eosinophils, T lymphocytes and monoctyes, and it contributes to the pathogenesis of EAE. In primary astrocytes, IL-17A induces the expression of MIP-1α (Yi et al., 2014). Furthermore, miRNAs are involved in the pathogenesis mediated by IL-17A-expressing astrocytes in EAE (Liu X. et al., 2014, 2019; Shan et al., 2017). Under IL-17A stimulation, miRNAs participate in inflammatory cytokine production in astrocytes and, in turn, aggravate EAE development. Collectively, these findings suggest that the pathogenic role of the IL-17A-miRNA-astrocytes axis in EAE and may indicate a therapeutic target for treating MS. IL-17A blockade by Act1 ablation in astrocytes inhibits the induction of EAE and has a therapeutic effect (Kang et al., 2010; Yan et al., 2012). Also, in a mouse model of MS, proinflammatory gene expression induced by IL-17A is diminished through the abrogation of p38α in astrocytes (Huang et al., 2015; Figure 3). In vitro studies have shown that IL-17A secreted by activated astrocytes plays a neuroprotective role in acute neuroinflammation (Hu et al., 2014).


[image: image]

FIGURE 3. The relationship between IL-17A and astrocytes. In astrocytes, IL-17A induces expression of macrophage inflammatory protein-α (MIP-1α) through Src/MAPK/PI3K/NF-KB pathways (Yi et al., 2014). IL-17A enhances the excitotoxicity of glutamate by reducing the ability of astrocyte to absorb and transform glutamate (Kostic et al., 2017). In EAE mice, IL-17A triggers the downregulation of miR-497, thereby upregulating the hypoxia-inducible factor-1α (HIF-1α) transcription factor in astrocytes as well as IL-1β and IL-6 secretion by astrocytes. MiR-409-3p and MiR-1896 are involved in the process of IL-17A-mediated secretion of inflammatory cytokines by astrocytes by targeting the SOCS3/STAT3 signaling pathway in EAE mice. Under IL-17A stimulation, miR-873 participates in inflammatory cytokine production in astrocytes through the A20/NF-KB pathway in EAE mice (Liu X. et al., 2014; Shan et al., 2017; Liu X. et al., 2019). In EAE mice, proinflammatory gene expression induced by IL-17A is diminished through the abrogation of p38α in astrocytes, which was via the defective activation of MAPK-activated protein kinase 2 (Huang et al., 2015).



Oligodendrocytes are a group of glial cells in the CNS and have a supporting role for neuron migration, terminal differentiation, axon wrapping, axon recognition, myelin production, and myelin maintenance (Cai and Xiao, 2016). The main function of oligodendrocytes is the formation of myelin, which benefits nerve repair by maintaining myelin restoration (Bradl and Lassmann, 2010). Oligodendrocytes perform their physiological functions by communicating with neighboring astrocytes and neurons (Orthmann-Murphy et al., 2007). The loss or dysfunction of oligodendrocytes contributes to the vulnerability of the human brain to neurodegenerative diseases. For example, in AD and Huntington’s disease (HD), disturbances of myelin integrity are exacerbated compared to normal controls (Bartzokis et al., 2004, 2007). Increased numbers of oligodendrocyte progenitor cells (OPCs) are observed in ALS patients, indicating the failure of myelin regeneration (Kang S. H. et al., 2013). Recently, it has been reported that oligodendrocyte heterogeneity in human MS brain tissue may contribute to the disease progression (Jäkel et al., 2019). IL-17A plays a role in the development of oligodendrocyte lineage cells. IL-17A inhibits the maturation of oligodendrocyte lineage cells in vitro (Kang Z. et al., 2013) and it exacerbates the TNF-α-induced oligodendrocyte apoptosis (Paintlia et al., 2011). In EAE, mature oligodendrocytes and OPCs have different effects on the progression of the disease. Kang Z. et al. (2013) reported that the deletion of Act1, the adaptor protein required for IL-17 signaling, from mature oligodendrocytes does not affect the course of EAE. However, elimination of IL-17A signaling in OPCs (referred to as NG2 glia) reduces EAE severity.



CONCLUSION

IL-17A is a signature of a key T helper cell population and evidence suggests a crucial role for IL-17A in the pathogenesis of autoimmune diseases and neurodegenerative diseases. The function of IL-17A has been proven to be varied as it not only contributes to pathogenic inflammation but also induces innate-like acute immune defenses. Thus, IL-17A is not simply an inflammatory factor. Although the specific mechanism of IL-17A in neurodegenerative diseases is still controversial, it is generally accepted that IL-17A causes diseases by activating glial cells. The functions of IL-17A have proven to be more adaptable and diverse than initially discovered. IL-17A may also play a key role in tissue damage. Our understanding of these processes is still lacking, particularly in the role of IL-17A in the pathogenesis of glaucoma. Also, we are still in the early stages of understandin how IL-17A interacts with different cytokines and how IL-17A signals are transmitted in response to microbial stimuli. Understanding how IL-17A interacts with different cells and cytokines is important. Uncovering the molecular pathways may allow the identification of better targets to modulate these cellular processes. Novel therapeutic strategies may be discovered by such studies.



AUTHOR CONTRIBUTIONS

JC wrote and edited the manuscript. XL and YZ edited the manuscript. All authors read and approved the final manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

The authors would like to thank Huan Yu and Jun Sun for their support of this work.



ABBREVIATIONS

IL-17A, Interleukin-17A; Th cells, helper T cells; AD, Alzheimer’s disease; PD, Parkinson’s disease; MS, Multiple sclerosis; RORκt, transcription factor RAR-related orphan receptor gamma; NKT cells, natural killer T; LC3s, group 3 innate lymphoid cells; CNS, central nervous system; DLB, Dementia with Lewy Bodies; IOP, intraocular pressure; RGCs, retinal ganglion cells; CSF, cerebrospinal fluid; NGF, nerve growth factor; PDGF, platelet-derived growth factor; ORF13, open reading frame 13; iPSC, induced pluripotent stem cell; MBNs, midbrain neurons; TRAF6, TNF-receptor associated factor 6; NF-κB, nuclear factor κB; Bcl3, B cell lymphoma 3-encoded protein; AS, ankylosing spondylitis; RA, rheumatoid arthritis; IgE, immunoglobin E; IL, interleukin; SFB, segmented filamentous bacterium; REG3A, regenerating islet-derived protein 3-alpha; KKS, Kallikrein-Kinin System; Del-1, developmental endothelial locus-1; ICH, intracerebral hemeorrhage; BBB, blood-brain barrier; EAE, experimental autoimmune encephalomyelitis; TLR, Toll-like receptors; ALS, Amyotrophic lateral sclerosis; IR, ischemia-reperfusion; TNF-α, tumor necrosis factor-α; LPS, lipopolysaccharide; SERIF, SEF/IL-17 receptor; IL-17RB, IL-17 receptor B; ERK, extracellular regulated protein kinases; GM-CSF, granulocyte-macrophage colony stimulating factor; CXCL1, chemokine (C-X-C motif) ligand 1; G-CSF, granulocyte colony stimulating factor.



REFERENCES

Ahmed, M., and Gaffen, S. L. (2013). IL-17 inhibits adipogenesis in part via C/EBPα, PPARγ and Kruppel-like factors. Cytokine 61, 898–905. doi: 10.1016/j.cyto.2012.12.007

Ahuja, M., Buabeid, M., Abdel-Rahman, E., Majrashi, M., Parameshwaran, K., Amin, R., et al. (2017). Immunological alteration and toxic molecular inductions leading to cognitive impairment and neurotoxicity in transgenic mouse model of Alzheimer’s disease. Life Sci. 177, 49–59. doi: 10.1016/j.lfs.2017.03.004

Almad, A., and Maragakis, N. J. (2018). A stocked toolbox for understanding the role of astrocytes in disease. Nat. Rev. Neurol. 14, 351–362. doi: 10.1038/s41582-018-0010-2

Baeten, D., Sieper, J., Braun, J., Baraliakos, X., Dougados, M., Emery, P., et al. (2015). Secukinumab, an interleukin-17A inhibitor, in ankylosing spondylitis. N Engl. J. Med. 373, 2534–2548. doi: 10.1056/NEJMoa1505066

Bartzokis, G., Lu, P. H., and Mintz, J. (2004). Quantifying age-related myelin breakdown with MRI: novel therapeutic targets for preventing cognitive decline and Alzheimer’s disease. J. Alzheimers Dis. 6, S53–S59. doi: 10.3233/jad-2004-6s604

Bartzokis, G., Lu, P. H., Tishler, T. A., Fong, S. M., Oluwadara, B., Finn, J. P., et al. (2007). Myelin breakdown and iron changes in Huntington’s disease: pathogenesis and treatment implications. Neurochem. Res. 32, 1655–1664. doi: 10.1007/s11064-007-9352-7

Behairi, N., Belkhelfa, M., Mesbah-Amroun, H., Rafa, H., Belarbi, S., Tazir, M., et al. (2015). All-trans-retinoic acid modulates nitric oxide and interleukin-17A production by peripheral blood mononuclear cells from patients with Alzheimer’s disease. Neuroimmunomodulation 22, 385–393. doi: 10.1159/000435885

Bell, K., Gramlich, O. W., Von Thun Und Hohenstein-Blaul, N., Beck, S., Funke, S., Wilding, C., et al. (2013). Does autoimmunity play a part in the pathogenesis of glaucoma? Prog. Retin. Eye Res. 36, 199–216. doi: 10.1016/j.preteyeres.2013.02.003

Bie, Q., Jin, C., Zhang, B., and Dong, H. (2017a). IL-17B: a new area of study in the IL-17 family. Mol. Immunol. 90, 50–56. doi: 10.1016/j.molimm.2017.07.004

Bie, Q., Zhang, B., Sun, C., Ji, X., Barnie, P. A., Qi, C., et al. (2017b). IL-17B activated mesenchymal stem cells enhance proliferation and migration of gastric cancer cells. Oncotarget 8, 18914–18923. doi: 10.18632/oncotarget.14835

Braak, H., Ghebremedhin, E., Rüb, U., Bratzke, H., and Del Tredici, K. (2004). Stages in the development of Parkinson’s disease-related pathology. Cell Tissue Res. 318, 121–134. doi: 10.1007/s00441-004-0956-9

Bradl, M., and Lassmann, H. (2010). Oligodendrocytes: biology and pathology. Acta Neuropathol. 119, 37–53. doi: 10.1007/s00401-009-0601-5

Brelstaff, J., Tolkovsky, A. M., Ghetti, B., Goedert, M., and Spillantini, M. G. (2018). Living neurons with tau filaments aberrantly expose phosphatidylserine and are phagocytosed by microglia. Cell Rep. 24, 1939.e4–1948.e4. doi: 10.1016/j.celrep.2018.07.072

Browne, T. C., McQuillan, K., McManus, R. M., O’Reilly, J. A., Mills, K. H., and Lynch, M. A. (2013). IFN-γ production by amyloid β-specific Th1 cells promotes microglial activation and increases plaque burden in a mouse model of Alzheimer’s disease. J. Immunol. 190, 2241–2251. doi: 10.4049/jimmunol.1200947

Burgoyne, C. F. (2011). A biomechanical paradigm for axonal insult within the optic nerve head in aging and glaucoma. Exp. Eye Res. 93, 120–132. doi: 10.1016/j.exer.2010.09.005

Bussian, T. J., Aziz, A., Meyer, C. F., Swenson, B. L., van Deursen, J. M., and Baker, D. J. (2018). Clearance of senescent glial cells prevents tau-dependent pathology and cognitive decline. Nature 562, 578–582. doi: 10.1038/s41586-018-0543-y

Cai, Z., and Xiao, M. (2016). Oligodendrocytes and Alzheimer’s disease. Int. J. Neurosci. 126, 97–104. doi: 10.1186/s40478-018-0515-3

Chen, J. M., Jiang, G. X., Li, Q. W., Zhou, Z. M., and Cheng, Q. (2014). Increased serum levels of interleukin-18, -23 and -17 in Chinese patients with Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 38, 321–329. doi: 10.1159/000360606

Chen, J. H., Ke, K. F., Lu, J. H., Qiu, Y. H., and Peng, Y. P. (2015). Protection of TGF-β1 against neuroinflammation and neurodegeneration in Aβ1–42-induced Alzheimer’s disease model rats. PLoS One 10:e0116549. doi: 10.1371/journal.pone.0116549

Chen, Y., Qi, Z., Qiao, B., Lv, Z., Hao, Y., and Li, H. (2019). Oxymatrine can attenuate pathological deficits of Alzheimer’s disease mice through regulation of neuroinflammation. J. Neuroimmunol. 334:576978. doi: 10.1016/j.jneuroim.2019.576978

Cheng, H. C., Ulane, C. M., and Burke, R. E. (2010). Clinical progression in Parkinson disease and the neurobiology of axons. Ann. Neurol. 67, 715–725. doi: 10.1002/ana.21995

Chiricozzi, A., and Krueger, J. G. (2013). IL-17 targeted therapies for psoriasis. Expert Opin. Investig. Drugs 22, 993–1005. doi: 10.1517/13543784.2013.806483

Colombo, E., Di Dario, M., Capitolo, E., Chaabane, L., Newcombe, J., Martino, G., et al. (2014). Fingolimod may support neuroprotection via blockade of astrocyte nitric oxide. Ann. Neurol. 76, 325–337. doi: 10.1002/ana.24217

Colonna, M., and Butovsky, O. (2017). Microglia function in the central nervous system during health and neurodegeneration. Annu. Rev. Immunol. 35, 441–468. doi: 10.1146/annurev-immunol-051116-052358

Conti, H. R., and Gaffen, S. L. (2015). IL-17-mediated immunity to the opportunistic fungal pathogen candida albicans. J. Immunol. 195, 780–788. doi: 10.4049/jimmunol.1500909

Cruz, J. A., Childs, E. E., Amatya, N., Garg, A. V., Beyaert, R., Kane, L. P., et al. (2017). Interleukin-17 signaling triggers degradation of the constitutive NF-κB inhibitor ABIN-1. Immunohorizons 1, 133–141. doi: 10.4049/immunohorizons.1700035

Cua, D. J., and Tato, C. M. (2010). Innate IL-17-producing cells: the sentinels of the immune system. Nat. Rev. Immunol. 10, 479–489. doi: 10.1038/nri2800

Das Sarma, J., Ciric, B., Marek, R., Sadhukhan, S., Caruso, M. L., Shafagh, J., et al. (2009). Functional interleukin-17 receptor A is expressed in central nervous system glia and upregulated in experimental autoimmune encephalomyelitis. J. Neuroinflammation 6:14. doi: 10.1186/1742-2094-6-14

Doecke, J. D., Laws, S. M., Faux, N. G., Wilson, W., Burnham, S. C., Lam, C. P., et al. (2012). Blood-based protein biomarkers for diagnosis of Alzheimer disease. Arch. Neurol. 69, 1318–1325. doi: 10.1001/archneurol.2012.1282

Drummond, R. A., and Lionakis, M. S. (2019). Organ-specific mechanisms linking innate and adaptive antifungal immunity. Semin. Cell Dev. Biol. 89, 78–90. doi: 10.1016/j.semcdb.2018.01.008

Dutta, D., Kundu, M., Mondal, S., Roy, A., Ruehl, S., Hall, D. A., et al. (2019). RANTES-induced invasion of Th17 cells into substantia nigra potentiates dopaminergic cell loss in MPTP mouse model of Parkinson’s disease. Neurobiol. Dis. 132:104575. doi: 10.1016/j.nbd.2019.104575

Ely, L. K., Fischer, S., and Garcia, K. C. (2009). Structural basis of receptor sharing by interleukin 17 cytokines. Nat. Immunol. 10, 1245–1251. doi: 10.1038/ni.1813

Fiala, M., Chattopadhay, M., La Cava, A., Tse, E., Liu, G., Lourenco, E., et al. (2010). IL-17A is increased in the serum and in spinal cord CD8 and mast cells of ALS patients. J. Neuroinflammation 7:76. doi: 10.1186/1742-2094-7-76

Focus on Neurodegenerative Disease. (2018). Focus on neurodegenerative disease. Nat. Neurosci. 21:1293. doi: 10.1038/s41593-018-0250-x

Fort, M. M., Cheung, J., Yen, D., Li, J., Zurawski, S. M., Lo, S., et al. (2001). IL-25 induces IL-4, IL-5, and IL-13 and Th2-associated pathologies in vivo. Immunity 15, 985–995. doi: 10.1016/s1074-7613(01)00243-6

Fragoulis, A., Siegl, S., Fendt, M., Jansen, S., Soppa, U., Brandenburg, L. O., et al. (2017). Oral administration of methysticin improves cognitive deficits in a mouse model of Alzheimer’s disease. Redox Biol. 12, 843–853. doi: 10.1016/j.redox.2017.04.024

Gaffen, S. L. (2011a). Life before seventeen: cloning of the IL-17 receptor. J. Immunol. 187, 4389–4391. doi: 10.4049/jimmunol.1102576

Gaffen, S. L. (2011b). Recent advances in the IL-17 cytokine family. Curr. Opin. Immunol. 23, 613–619. doi: 10.1016/j.coi.2011.07.006

Gaffen, S. L., Jain, R., Garg, A. V., and Cua, D. J. (2014). The IL-23-IL-17 immune axis: from mechanisms to therapeutic testing. Nat. Rev. Immunol. 14, 585–600. doi: 10.1038/nri3707

Garg, A. V., Ahmed, M., Vallejo, A. N., Ma, A., and Gaffen, S. L. (2013). The deubiquitinase A20 mediates feedback inhibition of interleukin-17 receptor signaling. Sci. Signal. 6:ra44. doi: 10.1126/scisignal.2003699

Gold, R., Wolinsky, J. S., Amato, M. P., and Comi, G. (2010). Evolving expectations around early management of multiple sclerosis. Ther. Adv. Neurol. Disord. 3, 351–367. doi: 10.1177/1756285610385608

Gu, C., Wu, L., and Li, X. (2013). IL-17 family: cytokines, receptors and signaling. Cytokine 64, 477–485. doi: 10.1016/j.cyto.2013.07.022

Hamilton, R. L. (2000). Lewy bodies in Alzheimer’s disease: a neuropathological review of 145 cases using α-synuclein immunohistochemistry. Brain Pathol. 10, 378–384. doi: 10.1111/j.1750-3639.2000.tb00269.x

Hammond, T. R., Marsh, S. E., and Stevens, B. (2019). Immune signaling in neurodegeneration. Immunity 50, 955–974. doi: 10.1016/j.immuni.2019.03.016

Hardiman, O., Al-Chalabi, A., Chio, A., Corr, E. M., Logroscino, G., Robberecht, W., et al. (2017). Amyotrophic lateral sclerosis. Nat. Rev. Dis. Primers 3:17071. doi: 10.1056/NEJMra1603471

Haydon, P. G. (2016). The evolving view of astrocytes. Cerebrum 2016:cer-12-16. doi: 10.1002/2016gc006279

Hernandez-Mir, G., Raphael, I., Revu, S., Poholek, C. H., Avery, L., Hawse, W. F., et al. (2019). The Alzheimer’s disease-associated protein BACE1 modulates T cell activation and Th17 function. J. Immunol. 203, 665–675. doi: 10.4049/jimmunol.1800363

Holtzman, D. M., Morris, J. C., and Goate, A. M. (2011). Alzheimer’s disease: the challenge of the second century. Sci. Transl. Med. 3:77sr71. doi: 10.1126/scitranslmed.3002369

Hu, M. H., Zheng, Q. F., Jia, X. Z., Li, Y., Dong, Y. C., Wang, C. Y., et al. (2014). Neuroprotection effect of interleukin (IL)-17 secreted by reactive astrocytes is emerged from a high-level IL-17-containing environment during acute neuroinflammation. Clin. Exp. Immunol. 175, 268–284. doi: 10.1111/cei.12219

Hu, W. T., Chen-Plotkin, A., Grossman, M., Arnold, S. E., Clark, C. M., Shaw, L. M., et al. (2010). Novel CSF biomarkers for frontotemporal lobar degenerations. Neurology 75, 2079–2086. doi: 10.1212/WNL.0b013e318200d78d

Hu, Y., Ota, N., Peng, I., Refino, C. J., Danilenko, D. M., Caplazi, P., et al. (2010). IL-17RC is required for IL-17A- and IL-17F-dependent signaling and the pathogenesis of experimental autoimmune encephalomyelitis. J. Immunol. 184, 4307–4316. doi: 10.4049/jimmunol.0903614

Hu, W. T., Watts, K., Grossman, M., Glass, J., Lah, J. J., Hales, C., et al. (2013). Reduced CSF p-Tau181 to Tau ratio is a biomarker for FTLD-TDP. Neurology 81, 1945–1952. doi: 10.1212/01.wnl.0000436625.63650.27

Huang, Y., Liu, Z., Wang, X. Q., Qiu, Y. H., and Peng, Y. P. (2014). A dysfunction of CD4+ T lymphocytes in peripheral immune system of Parkinson’s disease model mice. Zhongguo ying yong sheng li xue za zhi 30, 567–576. doi: 10.13459/j.cnki.cjap.2014.06.013

Huang, G., Wang, Y., Vogel, P., and Chi, H. (2015). Control of IL-17 receptor signaling and tissue inflammation by the p38α-MKP-1 signaling axis in a mouse model of multiple sclerosis. Sci. Signal. 8:ra24. doi: 10.1126/scisignal.aaa2147

Hymowitz, S. G., Filvaroff, E. H., Yin, J. P., Lee, J., Cai, L., Risser, P., et al. (2001). IL-17s adopt a cystine knot fold: structure and activity of a novel cytokine, IL-17F and implications for receptor binding. EMBO J. 20, 5332–5341. doi: 10.1093/emboj/20.19.5332

Infante-Duarte, C., Horton, H. F., Byrne, M. C., and Kamradt, T. (2000). Microbial lipopeptides induce the production of IL-17 in Th cells. J. Immunol. 165, 6107–6115. doi: 10.4049/jimmunol.165.11.6107

Ivanov, I. I., Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., et al. (2009). Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 139, 485–498. doi: 10.1016/j.cell.2009.09.033

Ivanov, I. I., McKenzie, B. S., Zhou, L., Tadokoro, C. E., Lepelley, A., Lafaille, J. J., et al. (2006). The orphan nuclear receptor RORγt directs the differentiation program of proinflammatory IL-17+ T helper cells. Cell 126, 1121–1133. doi: 10.1016/j.cell.2006.07.035

Jäkel, S., Agirre, E., Mendanha Falcão, A., van Bruggen, D., Lee, K. W., Knuesel, I., et al. (2019). Altered human oligodendrocyte heterogeneity in multiple sclerosis. Nature 566, 543–547. doi: 10.1038/s41586-019-0903-2

Ji, W., Shi, H., Zhang, H., Sun, R., Xi, J., Wen, D., et al. (2013). A formalized design process for bacterial consortia that perform logic computing. PLoS One 8:e57482. doi: 10.1371/journal.pone.0057482

Jin, J. J., Kim, H. D., Maxwell, J. A., Li, L., and Fukuchi, K. (2008). Toll-like receptor 4-dependent upregulation of cytokines in a transgenic mouse model of Alzheimer’s disease. J. Neuroinflammation 5:23. doi: 10.1186/1742-2094-5-23

Kang, Z., Altuntas, C. Z., Gulen, M. F., Liu, C., Giltiay, N., Qin, H., et al. (2010). Astrocyte-restricted ablation of interleukin-17-induced Act1-mediated signaling ameliorates autoimmune encephalomyelitis. Immunity 32, 414–425. doi: 10.1016/j.immuni.2010.03.004

Kang, S. H., Li, Y., Fukaya, M., Lorenzini, I., Cleveland, D. W., Ostrow, L. W., et al. (2013). Degeneration and impaired regeneration of gray matter oligodendrocytes in amyotrophic lateral sclerosis. Nat. Neurosci. 16, 571–579. doi: 10.1038/nn.3357

Kang, Z., Wang, C., Zepp, J., Wu, L., Sun, K., Zhao, J., et al. (2013). Act1 mediates IL-17-induced EAE pathogenesis selectively in NG2+ glial cells. Nat. Neurosci. 16, 1401–1408. doi: 10.1038/nn.3505

Karlsen, J. R., Borregaard, N., and Cowland, J. B. (2010). Induction of neutrophil gelatinase-associated lipocalin expression by co-stimulation with interleukin-17 and tumor necrosis factor-α is controlled by IκB-ζ but neither by C/EBP-β nor C/EBP-δ. J. Biol. Chem. 285, 14088–14100. doi: 10.1074/jbc.m109.017129

Kassmann, C. M., Lappe-Siefke, C., Baes, M., Brügger, B., Mildner, A., Werner, H. B., et al. (2007). Axonal loss and neuroinflammation caused by peroxisome-deficient oligodendrocytes. Nat. Genet. 39, 969–976. doi: 10.1038/ng2070

Kawanokuchi, J., Shimizu, K., Nitta, A., Yamada, K., Mizuno, T., Takeuchi, H., et al. (2008). Production and functions of IL-17 in microglia. J. Neuroimmunol. 194, 54–61. doi: 10.1016/j.jneuroim.2007.11.006

Kebir, H., Kreymborg, K., Ifergan, I., Dodelet-Devillers, A., Cayrol, R., Bernard, M., et al. (2007). Human TH17 lymphocytes promote blood-brain barrier disruption and central nervous system inflammation. Nat. Med. 13, 1173–1175. doi: 10.1038/nm1651

Kleinschek, M. A., Owyang, A. M., Joyce-Shaikh, B., Langrish, C. L., Chen, Y., Gorman, D. M., et al. (2007). IL-25 regulates Th17 function in autoimmune inflammation. J. Exp. Med. 204, 161–170. doi: 10.1084/jem.20061738

Kohlgruber, A. C., Gal-Oz, S. T., LaMarche, N. M., Shimazaki, M., Duquette, D., Koay, H. F., et al. (2018). γδ T cells producing interleukin-17A regulate adipose regulatory T cell homeostasis and thermogenesis. Nat. Immunol. 19, 464–474. doi: 10.1038/s41590-018-0094-2

Kolbinger, F., Huppertz, C., Mir, A., and Padova, F. D. (2016). IL-17A and multiple sclerosis: signaling pathways, producing cells and target cells in the central nervous system. Curr. Drug Targets 17, 1882–1893. doi: 10.2174/1389450117666160307144027

Kostic, M., Dzopalic, T., Zivanovic, S., Zivkovic, N., Cvetanovic, A., Stojanovic, I., et al. (2014). IL-17 and glutamate excitotoxicity in the pathogenesis of multiple sclerosis. Scand. J. Immunol. 79, 181–186. doi: 10.1111/sji.12147

Kostic, M., Zivkovic, N., Cvetanovic, A., Stojanovic, I., and Colic, M. (2017). IL-17 signalling in astrocytes promotes glutamate excitotoxicity: indications for the link between inflammatory and neurodegenerative events in multiple sclerosis. Mult. Scler. Relat. Disord. 11, 12–17. doi: 10.1016/j.msard.2016.11.006

Križaj, D., Ryskamp, D. A., Tian, N., Tezel, G., Mitchell, C. H., Slepak, V. Z., et al. (2014). From mechanosensitivity to inflammatory responses: new players in the pathology of glaucoma. Curr. Eye Res. 39, 105–119. doi: 10.3109/02713683.2013.836541

Kumar, P., Monin, L., Castillo, P., Elsegeiny, W., Horne, W., Eddens, T., et al. (2016). Intestinal interleukin-17 receptor signaling mediates reciprocal control of the gut microbiota and autoimmune inflammation. Immunity 44, 659–671. doi: 10.1016/j.immuni.2016.02.007

Kuwabara, T., Ishikawa, F., Kondo, M., and Kakiuchi, T. (2017). The role of IL-17 and related cytokines in inflammatory autoimmune diseases. Mediators Inflamm. 2017:3908061. doi: 10.1155/2017/3908061

Lai, Y., Li, D., Li, C., Muehleisen, B., Radek, K. A., Park, H. J., et al. (2012). The antimicrobial protein REG3A regulates keratinocyte proliferation and differentiation after skin injury. Immunity 37, 74–84. doi: 10.1016/j.immuni.2012.04.010

Laprevotte, E., Cochaud, S., du Manoir, S., Lapierre, M., Dejou, C., Philippe, M., et al. (2017). The IL-17B-IL-17 receptor B pathway promotes resistance to paclitaxel in breast tumors through activation of the ERK1/2 pathway. Oncotarget 8, 113360–113372. doi: 10.18632/oncotarget.23008

Levin, L. A., Crowe, M. E., and Quigley, H. A. (2017). Neuroprotection for glaucoma: requirements for clinical translation. Exp. Eye Res. 157, 34–37. doi: 10.1016/j.exer.2016.12.005

Li, Z., Li, K., Zhu, L., Kan, Q., Yan, Y., Kumar, P., et al. (2013). Inhibitory effect of IL-17 on neural stem cell proliferation and neural cell differentiation. BMC Immunol. 14:20. doi: 10.1186/1471-2172-14-20

Li, L., Xu, L., Chen, W., Li, X., Xia, Q., Zheng, L., et al. (2018). Reduced annexin A1 secretion by ABCA1 causes retinal inflammation and ganglion cell apoptosis in a murine glaucoma model. Front. Cell. Neurosci. 12:347. doi: 10.3389/fncel.2018.00347

Li, C., Zhao, B., Lin, C., Gong, Z., and An, X. (2019). TREM2 inhibits inflammatory responses in mouse microglia by suppressing the PI3K/NF-κB signaling. Cell Biol. Int. 43, 360–372. doi: 10.1002/cbin.10975

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481–487. doi: 10.1038/nature21029

Liu, G., Guo, J., Liu, J., Wang, Z., and Liang, D. (2014). Toll-like receptor signaling directly increases functional IL-17RA expression in neuroglial cells. Clin. Immunol. 154, 127–140. doi: 10.1016/j.clim.2014.07.006

Liu, X., He, F., Pang, R., Zhao, D., Qiu, W., Shan, K., et al. (2014). Interleukin-17 (IL-17)-induced microRNA 873 (miR-873) contributes to the pathogenesis of experimental autoimmune encephalomyelitis by targeting A20 ubiquitin-editing enzyme. J. Biol. Chem. 289, 28971–28986. doi: 10.1074/jbc.m114.577429

Liu, Y., Holdbrooks, A. T., Meares, G. P., Buckley, J. A., Benveniste, E. N., and Qin, H. (2015). Preferential recruitment of neutrophils into the cerebellum and brainstem contributes to the atypical experimental autoimmune encephalomyelitis phenotype. J. Immunol. 195, 841–852. doi: 10.4049/jimmunol.1403063

Liu, Z., Huang, Y., Cao, B. B., Qiu, Y. H., and Peng, Y. P. (2017). Th17 cells induce dopaminergic neuronal death via LFA-1/ICAM-1 interaction in a mouse model of Parkinson’s disease. Mol. Neurobiol. 54, 7762–7776. doi: 10.1007/s12035-016-0249-9

Liu, C., Swaidani, S., Qian, W., Kang, Z., Sun, P., Han, Y., et al. (2011). A CC’ loop decoy peptide blocks the interaction between Act1 and IL-17RA to attenuate IL-17- and IL-25-induced inflammation. Sci. Signal. 4:ra72. doi: 10.1126/scisignal.2001843

Liu, Z., Qiu, A. W., Huang, Y., Yang, Y., Chen, J. N., Gu, T. T., et al. (2019). IL-17A exacerbates neuroinflammation and neurodegeneration by activating microglia in rodent models of Parkinson’s disease. Brain Behav. Immun. 81, 630–645. doi: 10.1016/j.bbi.2019.07.026

Liu, X., Zhou, F., Yang, Y., Wang, W., Niu, L., Zuo, D., et al. (2019). MiR-409–3p and MiR-1896 co-operatively participate in IL-17-induced inflammatory cytokine production in astrocytes and pathogenesis of EAE mice via targeting SOCS3/STAT3 signaling. Glia 67, 101–112. doi: 10.1002/glia.23530

Locatelli, G., Theodorou, D., Kendirli, A., Jordão, M. J. C., Staszewski, O., Phulphagar, K., et al. (2018). Mononuclear phagocytes locally specify and adapt their phenotype in a multiple sclerosis model. Nat. Neurosci. 21, 1196–1208. doi: 10.1038/s41593-018-0212-3

Lock, C., Hermans, G., Pedotti, R., Brendolan, A., Schadt, E., Garren, H., et al. (2002). Gene-microarray analysis of multiple sclerosis lesions yields new targets validated in autoimmune encephalomyelitis. Nat. Med. 8, 500–508. doi: 10.1038/nm0502-500

Luzza, F., Parrello, T., Monteleone, G., Sebkova, L., Romano, M., Zarrilli, R., et al. (2000). Up-regulation of IL-17 is associated with bioactive IL-8 expression in Helicobacter pylori-infected human gastric mucosa. J. Immunol. 165, 5332–5337. doi: 10.4049/jimmunol.165.9.5332

Marino, M., Papa, S., Crippa, V., Nardo, G., Peviani, M., Cheroni, C., et al. (2015). Differences in protein quality control correlate with phenotype variability in 2 mouse models of familial amyotrophic lateral sclerosis. Neurobiol. Aging 36, 492–504. doi: 10.1016/j.neurobiolaging.2014.06.026

McGeachy, M. J., Cua, D. J., and Gaffen, S. L. (2019). The IL-17 family of cytokines in health and disease. Immunity 50, 892–906. doi: 10.1016/j.immuni.2019.03.021

McManus, R. M., Higgins, S. C., Mills, K. H., and Lynch, M. A. (2014). Respiratory infection promotes T cell infiltration and amyloid-β deposition in APP/PS1 mice. Neurobiol. Aging 35, 109–121. doi: 10.1016/j.neurobiolaging.2013.07.025

Molofsky, A. V., and Deneen, B. (2015). Astrocyte development: a guide for the perplexed. Glia 63, 1320–1329. doi: 10.1002/glia.22836

Momčilović, M., Stamenković, V., Jovanović, M., Andjus, P. R., Jakovčevski, I., Schachner, M., et al. (2017). Tenascin-C deficiency protects mice from experimental autoimmune encephalomyelitis. J. Neuroimmunol. 302, 1–6. doi: 10.1016/j.jneuroim.2016.12.001

Montine, T. J., Phelps, C. H., Beach, T. G., Bigio, E. H., Cairns, N. J., Dickson, D. W., et al. (2012). National Institute on Aging-Alzheimer’s Association guidelines for the neuropathologic assessment of Alzheimer’s disease: a practical approach. Acta Neuropathol. 123, 1–11. doi: 10.1016/j.jalz.2011.10.007

Moustafa, A. A., Chakravarthy, S., Phillips, J. R., Gupta, A., Keri, S., Polner, B., et al. (2016). Motor symptoms in Parkinson’s disease: a unified framework. Neurosci. Biobehav. Rev. 68, 727–740. doi: 10.1016/j.neubiorev.2016.07.010

Naik, S., Bouladoux, N., Linehan, J. L., Han, S. J., Harrison, O. J., Wilhelm, C., et al. (2015). Commensal-dendritic-cell interaction specifies a unique protective skin immune signature. Nature 520, 104–108. doi: 10.1038/nature14052

Noh, M. Y., Cho, K. A., Kim, H., Kim, S. M., and Kim, S. H. (2014). Erythropoietin modulates the immune-inflammatory response of a SOD1(G93A) transgenic mouse model of amyotrophic lateral sclerosis (ALS). Neurosci. Lett. 574, 53–58. doi: 10.1016/j.neulet.2014.05.001

Novatchkova, M., Leibbrandt, A., Werzowa, J., Neubüser, A., and Eisenhaber, F. (2003). The STIR-domain superfamily in signal transduction, development and immunity. Trends Biochem. Sci. 28, 226–229. doi: 10.1016/s0968-0004(03)00067-7

Onishi, R. M., and Gaffen, S. L. (2010). Interleukin-17 and its target genes: mechanisms of interleukin-17 function in disease. Immunology 129, 311–321. doi: 10.1111/j.1365-2567.2009.03240.x

Orthmann-Murphy, J. L., Freidin, M., Fischer, E., Scherer, S. S., and Abrams, C. K. (2007). Two distinct heterotypic channels mediate gap junction coupling between astrocyte and oligodendrocyte connexins. J. Neurosci. 27, 13949–13957. doi: 10.1523/jneurosci.3395-07.2007

Owyang, A. M., Zaph, C., Wilson, E. H., Guild, K. J., McClanahan, T., Miller, H. R., et al. (2006). Interleukin 25 regulates type 2 cytokine-dependent immunity and limits chronic inflammation in the gastrointestinal tract. J. Exp. Med. 203, 843–849. doi: 10.1084/jem.20051496

Paintlia, M. K., Paintlia, A. S., Singh, A. K., and Singh, I. (2011). Synergistic activity of interleukin-17 and tumor necrosis factor-α enhances oxidative stress-mediated oligodendrocyte apoptosis. J. Neurochem. 116, 508–521. doi: 10.1111/j.1471-4159.2010.07136.x

Pavelka, K., Chon, Y., Newmark, R., Lin, S. L., Baumgartner, S., and Erondu, N. (2015). A study to evaluate the safety, tolerability, and efficacy of brodalumab in subjects with rheumatoid arthritis and an inadequate response to methotrexate. J. Rheumatol. 42, 912–919. doi: 10.3899/jrheum.141271

Pekny, M., and Pekna, M. (2016). Reactive gliosis in the pathogenesis of CNS diseases. Biochim. Biophys. Acta 1862, 483–491. doi: 10.1016/j.bbadis.2015.11.014

Pellerin, L., and Magistretti, P. J. (2004). Neuroenergetics: calling upon astrocytes to satisfy hungry neurons. Neuroscientist 10, 53–62. doi: 10.1177/1073858403260159

Peng, T., Chanthaphavong, R. S., and Sun, S. (2017). Keratinocytes produce IL-17c to protect peripheral nervous systems during human HSV-2 reactivation. J. Exp. Med. 214, 2315–2329. doi: 10.1084/jem.20160581

Puel, A., Cypowyj, S., Bustamante, J., Wright, J. F., Liu, L., Lim, H. K., et al. (2011). Chronic mucocutaneous candidiasis in humans with inborn errors of interleukin-17 immunity. Science 332, 65–68. doi: 10.1542/peds.2011-2107cccc

Qian, Y., Liu, C., Hartupee, J., Altuntas, C. Z., Gulen, M. F., Jane-Wit, D., et al. (2007). The adaptor Act1 is required for interleukin 17-dependent signaling associated with autoimmune and inflammatory disease. Nat. Immunol. 8, 247–256. doi: 10.1038/ni1439

Qin, Y., Garrison, B. S., Ma, W., Wang, R., Jiang, A., Li, J., et al. (2018). A milieu molecule for TGF-β required for microglia function in the nervous system. Cell 174, 156.e16–171.e16. doi: 10.1016/j.cell.2018.05.027

Quigley, H. A., and Broman, A. T. (2006). The number of people with glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol. 90, 262–267. doi: 10.1136/bjo.2005.081224

Ramirez-Carrozzi, V., Sambandam, A., Luis, E., Lin, Z., Jeet, S., Lesch, J., et al. (2011). IL-17C regulates the innate immune function of epithelial cells in an autocrine manner. Nat. Immunol. 12, 1159–1166. doi: 10.1038/ni.2156

Ransohoff, R. M. (2016). How neuroinflammation contributes to neurodegeneration. Science 353, 777–783. doi: 10.1126/science.aag2590

Ren, Y., Qi, Y., and Su, X. (2019). Th17 cells in glaucoma patients promote Ig production in IL-17A and IL-21-dependent manner. Clin. Exp. Pharmacol. Physiol. 46, 875–882. doi: 10.1111/1440-1681.13141

Rentzos, M., Rombos, A., Nikolaou, C., Zoga, M., Zouvelou, V., Dimitrakopoulos, A., et al. (2010). Interleukin-17 and interleukin-23 are elevated in serum and cerebrospinal fluid of patients with ALS: a reflection of Th17 cells activation? Acta Neurol. Scand. 122, 425–429. doi: 10.1111/j.1600-0404.2010.01333.x

Reynolds, J. M., Lee, Y. H., Shi, Y., Wang, X., Angkasekwinai, P., Nallaparaju, K. C., et al. (2015). Interleukin-17B antagonizes interleukin-25-mediated mucosal inflammation. Immunity 42, 692–703. doi: 10.1016/j.immuni.2015.03.008

Rieck, J. (2013). The pathogenesis of glaucoma in the interplay with the immune system. Invest. Ophthalmol. Vis. Sci. 54, 2393–2409. doi: 10.1167/iovs.12-9781

Rocha, N. P., Assis, F., Scalzo, P. L., Vieira, E. L. M., Barbosa, I. G., de Souza, M. S., et al. (2018). Reduced activated T lymphocytes (CD4+CD25+) and plasma levels of cytokines in Parkinson’s disease. Mol. Neurobiol. 55, 1488–1497. doi: 10.1007/s12035-017-0404-y

Rodgers, J. M., Robinson, A. P., Rosler, E. S., Lariosa-Willingham, K., Persons, R. E., Dugas, J. C., et al. (2015). IL-17A activates ERK1/2 and enhances differentiation of oligodendrocyte progenitor cells. Glia 63, 768–779. doi: 10.1002/glia.22783


Rouvier, E., Luciani, M. F., Mattéi, M. G., Denizot, F., and Golstein, P. (1993). CTLA-8, cloned from an activated T cell, bearing AU-rich messenger RNA instability sequences and homologous to a herpesvirus saimiri gene. J. Immunol. 150, 5445–5456.


Ruddy, M. J., Wong, G. C., Liu, X. K., Yamamoto, H., Kasayama, S., Kirkwood, K. L., et al. (2004). Functional cooperation between interleukin-17 and tumor necrosis factor-α is mediated by CCAAT/enhancer-binding protein family members. J. Biol. Chem. 279, 2559–2567. doi: 10.1074/jbc.m308809200

Saddawi-Konefka, R., Seelige, R., Gross, E. T., Levy, E., Searles, S. C., Washington, A. Jr., et al. (2016). Nrf2 induces IL-17D to mediate tumor and virus surveillance. Cell Rep. 16, 2348–2358. doi: 10.1016/j.celrep.2016.07.075

Saksida, T., Koprivica, I., Vujičić, M., Stosić-Grujičić, S., Perović, M., Kanazir, S., et al. (2018). Impaired IL-17 production in gut-residing immune cells of 5xFAD mice with Alzheimer’s disease pathology. J. Alzheimers Dis. 61, 619–630. doi: 10.3233/jad-170538

Sanadgol, N., Golab, F., Tashakkor, Z., Taki, N., Moradi Kouchi, S., Mostafaie, A., et al. (2017). Neuroprotective effects of ellagic acid on cuprizone-induced acute demyelination through limitation of microgliosis, adjustment of CXCL12/IL-17/IL-11 axis and restriction of mature oligodendrocytes apoptosis. Pharm. Biol. 55, 1679–1687. doi: 10.1080/13880209.2017.1319867

Saresella, M., Calabrese, E., Marventano, I., Piancone, F., Gatti, A., Alberoni, M., et al. (2011). Increased activity of Th-17 and Th-9 lymphocytes and a skewing of the post-thymic differentiation pathway are seen in Alzheimer’s disease. Brain Behav. Immun. 25, 539–547. doi: 10.1016/j.bbi.2010.12.004

Schwandner, R., Yamaguchi, K., and Cao, Z. (2000). Requirement of tumor necrosis factor receptor-associated factor (TRAF)6 in interleukin 17 signal transduction. J. Exp. Med. 191, 1233–1240. doi: 10.1084/jem.191.7.1233

Segond von Banchet, G., Boettger, M. K., Konig, C., Iwakura, Y., Brauer, R., and Schaible, H. G. (2013). Neuronal IL-17 receptor upregulates TRPV4 but not TRPV1 receptors in DRG neurons and mediates mechanical but not thermal hyperalgesia. Mol. Cell. Neurosci. 52, 152–160. doi: 10.1016/j.mcn.2012.11.006

Shan, K., Pang, R., Zhao, C., Liu, X., Gao, W., Zhang, J., et al. (2017). IL-17-triggered downregulation of miR-497 results in high HIF-1α expression and consequent IL-1β and IL-6 production by astrocytes in EAE mice. Cell. Mol. Immunol. 14, 909–923. doi: 10.1038/cmi.2017.12

Shi, Y., Ullrich, S. J., Zhang, J., Connolly, K., Grzegorzewski, K. J., Barber, M. C., et al. (2000). A novel cytokine receptor-ligand pair. Identification, molecular characterization and in vivo immunomodulatory activity. J. Biol. Chem. 275, 19167–19176. doi: 10.1074/jbc.M910228199

Singh, N. P., Hegde, V. L., Hofseth, L. J., Nagarkatti, M., and Nagarkatti, P. (2007). Resveratrol (trans-3,5,4′-trihydroxystilbene) ameliorates experimental allergic encephalomyelitis, primarily via induction of apoptosis in T cells involving activation of aryl hydrocarbon receptor and estrogen receptor. Mol. Pharmacol. 72, 1508–1521. doi: 10.1124/mol.107.038984

Sommer, A., Marxreiter, F., Krach, F., Fadler, T., Grosch, J., Maroni, M., et al. (2018). Th17 lymphocytes induce neuronal cell death in a human iPSC-based model of Parkinson’s disease. Cell Stem Cell 23, 123–131. doi: 10.1016/j.stem.2018.06.015

Spiller, K. J., Restrepo, C. R., Khan, T., Dominique, M. A., Fang, T. C., Canter, R. G., et al. (2018). Microglia-mediated recovery from ALS-relevant motor neuron degeneration in a mouse model of TDP-43 proteinopathy. Nat. Neurosci. 21, 329–340. doi: 10.1038/s41593-018-0083-7

St-Amour, I., Bosoi, C. R., Paré, I., Ignatius Arokia Doss, P. M., Rangachari, M., Hébert, S. S., et al. (2019). Peripheral adaptive immunity of the triple transgenic mouse model of Alzheimer’s disease. J. Neuroinflammation 16:3. doi: 10.1186/s12974-018-1380-5

Starnes, T., Broxmeyer, H. E., Robertson, M. J., and Hromas, R. (2002). Cutting edge: IL-17D, a novel member of the IL-17 family, stimulates cytokine production and inhibits hemopoiesis. J. Immunol. 169, 642–646. doi: 10.4049/jimmunol.169.2.642

Stromnes, I. M., Cerretti, L. M., Liggitt, D., Harris, R. A., and Goverman, J. M. (2008). Differential regulation of central nervous system autoimmunity by T(H)1 and T(H)17 cells. Nat. Med. 14, 337–342. doi: 10.1038/nm1715

Sun, J., Zhang, S., Zhang, X., Zhang, X., Dong, H., and Qian, Y. (2015). IL-17A is implicated in lipopolysaccharide-induced neuroinflammation and cognitive impairment in aged rats via microglial activation. J. Neuroinflammation 12:165. doi: 10.1186/s12974-015-0394-5

Tian, K., Shibata-Germanos, S., Pahlitzsch, M., and Cordeiro, M. F. (2015). Current perspective of neuroprotection and glaucoma. Clin. Ophthalmol. 9, 2109–2118. doi: 10.2147/opth.s80445

Tzartos, J. S., Friese, M. A., Craner, M. J., Palace, J., Newcombe, J., Esiri, M. M., et al. (2008). Interleukin-17 production in central nervous system-infiltrating T cells and glial cells is associated with active disease in multiple sclerosis. Am. J. Pathol. 172, 146–155. doi: 10.2353/ajpath.2008.070690

Uyttenhove, C., Sommereyns, C., Théate, I., Michiels, T., and Van Snick, J. (2007). Anti-IL-17A autovaccination prevents clinical and histological manifestations of experimental autoimmune encephalomyelitis. Ann. N Y Acad. Sci. 1110, 330–336. doi: 10.1196/annals.1423.035

Vassar, R. (2004). BACE1: the β-secretase enzyme in Alzheimer’s disease. J. Mol. Neurosci. 23, 105–114. doi: 10.1385/JMN:23:1-2:105

Waisman, A., Hauptmann, J., and Regen, T. (2015). The role of IL-17 in CNS diseases. Acta Neuropathol. 129, 625–637. doi: 10.1007/s00401-015-1402-7

Wang, J., Chen, F., Zheng, P., Deng, W., Yuan, J., Peng, B., et al. (2012). Huperzine A ameliorates experimental autoimmune encephalomyelitis via the suppression of T cell-mediated neuronal inflammation in mice. Exp. Neurol. 236, 79–87. doi: 10.1016/j.expneurol.2012.03.024

Wang, Y., Mei, Y., Feng, D., and Xu, L. (2008). Triptolide modulates T-cell inflammatory responses and ameliorates experimental autoimmune encephalomyelitis. J. Neurosci. Res. 86, 2441–2449. doi: 10.1002/jnr.21683

Wax, M. B., Tezel, G., Yang, J., Peng, G., Patil, R. V., Agarwal, N., et al. (2008). Induced autoimmunity to heat shock proteins elicits glaucomatous loss of retinal ganglion cell neurons via activated T-cell-derived fas-ligand. J. Neurosci 28, 12085–12096. doi: 10.1523/jneurosci.3200-08.2008

Wei, X., and Cho, K. S. (2019). Neuroinflammation and microglia in glaucoma: time for a paradigm shift. J. Neurosci. Res. 97, 70–76. doi: 10.1002/jnr.24256

Yan, Y., Ding, X., Li, K., Ciric, B., Wu, S., Xu, H., et al. (2012). CNS-specific therapy for ongoing EAE by silencing IL-17 pathway in astrocytes. Mol. Ther. 20, 1338–1348. doi: 10.1038/mt.2012.12

Yang, S. H., Kim, J., Lee, M. J., and Kim, Y. (2015). Abnormalities of plasma cytokines and spleen in senile APP/PS1/Tau transgenic mouse model. Sci. Rep. 5:15703. doi: 10.1038/srep15703

Yang, J., Kou, J., Lalonde, R., and Fukuchi, K. I. (2017). Intracranial IL-17A overexpression decreases cerebral amyloid angiopathy by upregulation of ABCA1 in an animal model of Alzheimer’s disease. Brain Behav. Immun. 65, 262–273. doi: 10.1016/j.bbi.2017.05.012

Yang, X., Zeng, Q., Goktas, E., Gopal, K., Al-Aswad, L., Blumberg, D. M., et al. (2019). T-lymphocyte subset distribution and activity in patients with glaucoma. Invest. Ophthalmol. Vis. Sci. 60, 877–888. doi: 10.1167/iovs.18-26129

Yi, H., Bai, Y., Zhu, X., Lin, L., Zhao, L., Wu, X., et al. (2014). IL-17A induces MIP-1α expression in primary astrocytes via Src/MAPK/PI3K/NF-kB pathways: implications for multiple sclerosis. J. Neuroimmune Pharmacol. 9, 629–641. doi: 10.1007/s11481-014-9553-1

Zhang, J., Ke, K. F., Liu, Z., Qiu, Y. H., and Peng, Y. P. (2013). Th17 cell-mediated neuroinflammation is involved in neurodegeneration of aβ1–42-induced Alzheimer’s disease model rats. PLoS One 8:e75786. doi: 10.1186/s12974-014-0201-8

Zhang, Y., Liu, M., Sun, H., and Yin, K. (2015). Matrine improves cognitive impairment and modulates the balance of Th17/Treg cytokines in a rat model of Aβ1–42-induced Alzheimer’s disease. Cent. Eur. J. Immunol. 40, 411–419. doi: 10.5114/ceji.2015.56961

Zhang, J., Zeng, Y. Q., Zhang, J., Pan, X. D., Kang, D. Y., Huang, T. W., et al. (2015). Tripchlorolide ameliorates experimental autoimmune encephalomyelitis by down-regulating ERK1/2-NF-κB and JAK/STAT signaling pathways. J. Neurochem. 133, 104–112. doi: 10.1111/jnc.13058

Zhao, X., Kan, Q., Zhu, L., and Zhang, G. X. (2011). Matrine suppresses production of IL-23/IL-17 and ameliorates experimental autoimmune encephalomyelitis. Am. J. Chinese Med. 39, 933–941. doi: 10.1142/s0192415x11009317

Zhu, Y., Tan, W., Demetriades, A. M., Cai, Y., Gao, Y., Sui, A., et al. (2016). Interleukin-17A neutralization alleviated ocular neovascularization by promoting M2 and mitigating M1 macrophage polarization. Immunology 147, 414–428. doi: 10.1111/imm.12571

Zimmermann, J., Krauthausen, M., Hofer, M. J., Heneka, M. T., Campbell, I. L., and Muller, M. (2013). CNS-targeted production of IL-17A induces glial activation, microvascular pathology and enhances the neuroinflammatory response to systemic endotoxemia. PLoS One 8:e57307. doi: 10.1371/journal.pone.0057307

Zota, V., Nemirovsky, A., Baron, R., Fisher, Y., Selkoe, D. J., Altmann, D. M., et al. (2009). HLA-DR alleles in amyloid β-peptide autoimmunity: a highly immunogenic role for the DRB1*1501 allele. J. Immunol. 183, 3522–3530. doi: 10.4049/jimmunol.0900620

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 © 2020 Chen, Liu and Zhong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnagi-12-566922-g003.gif
o 18]

ee” IL-6

)
PY .. MIP-laI

IL-17A
<
)
=

miR-497 Astrocytes Uptake glutamate l

Transform glutamate l

3P/miR-1896





OPS/images/fnagi-12-566922-g002.gif
Active cytokines secretion

Microgial wicroglal

~ Dead neurons

Neutrophils

chemokines secretion
/ Macrophages
Astrocytes - e \ ‘
IL-17A
®— 880
_
Glutamine .
\ OPCs

Mature oligodendrocytes

R

oligodendrocytes

Dead oligodendrocytes






OPS/images/fnagi-12-566922-t001.jpg
Authors Disease Medicinal plant Effects on the level of IL-17A

Zhang Y. et al. (2015) D Matrine Reduction
Fragoulis et al. (2017) D Kavalactones methysticin Reduction
Chen et al. (2019) AD Oxymatrine Reduction
Sanadgol et al. (2017) Ms Ellagic acid Reduction®
Zhang J. et al. (2015)/Wang et al. (2008) Ms Tripchlorolide Reduction®
Wang et al. (2012) Ms Huperzine A Reduction®
Zhao et al. (2011) Ms Matrine Reduction
Singh et al. (2007) Ms Resveratrol Reduction

AD, Aizheimer's disease; MS, Multiple sclerosis; 2Ellagic acid decreases IL-17A s dose-dependent; b Tripchiorolide suppressed the mRNA levels of IL-17A; *Huperzine A down-regulates
mRNA and protein levels of IL-17A.





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Interleukin-17A: The Key Cytokine in Neurodegenerative Diseases



		Introduction



		Il-17A And Il-17 Family Cytokines



		Receptors And Signaling Pathways Of Il-17



		Function Of Il-17A



		Role Of Il-17A In Neurodegenerative Diseases



		The Role Of Il-17A In A Different Model System Of Neurodegenerative Diseases



		The Relationship Between Il-17A And Glial Cells In Neurodegenerative Diseases



		Conclusion



		Author Contributions



		Acknowledgments



		Abbreviations

















OPS/images/crossmark.jpg





OPS/images/fnagi-12-566922-g001.gif
IL-17A

IL-17RF






OPS/images/cover.jpg
’ frontiers
In Aging Neuroscience

Interleukin-17A: The Key Cytokine
in Neurodegenerative Diseases









OPS/images/logo.jpg
, frontiers
in Aging Neuroscience





