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Neurological disorders are major contributors to death and disability worldwide. The pathology of injuries and disease processes includes a cascade of events that often involve molecular and cellular components of the immune system and their interaction with cells and structures within the central nervous system. Because of this, there has been great interest in developing neuroprotective therapeutic approaches that target neuroinflammatory pathways. Several neuroprotective anti-inflammatory agents have been investigated in clinical trials for a variety of neurological diseases and injuries, but to date the results from the great majority of these trials has been disappointing. There nevertheless remains great interest in the development of neuroprotective strategies in this arena. With this in mind, the complement system is being increasingly discussed as an attractive therapeutic target for treating brain injury and neurodegenerative conditions, due to emerging data supporting a pivotal role for complement in promoting multiple downstream activities that promote neuroinflammation and degeneration. As we move forward in testing additional neuroprotective and immune-modulating agents, we believe it will be useful to review past trials and discuss potential factors that may have contributed to failure, which will assist with future agent selection and trial design, including for complement inhibitors. In this context, we also discuss inhibition of the complement system as a potential neuroprotective strategy for neuropathologies of the central nervous system.
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INTRODUCTION

Brain and neural injury is a non-specific disease category that includes traumatic brain injury (TBI), stroke, and intrinsic neurodegenerative diseases. Combined, these disease processes affect over 4 million people in the U.S. annually (1–6). A challenge in designing medical treatments for neurodegenerative diseases is the location and multifactorial nature of the pathologies, which are mostly complex and involve dysfunction of multiple homeostatic processes. Common links between these pathologies include metabolic disruption, cellular degeneration, protein aggregation, alterations in neurotransmitter signaling, and an ongoing neuroinflammatory response (7, 8). Anti-inflammatory and immune-modulating agents are gaining an increased level of interest for treating neurodegenerative diseases and conditions (9, 10). The goal of treatment has shifted from symptomatic management to approaches for neuroprotection and regeneration (11–15). Nevertheless, therapeutic success of various agents in pre-clinical models has largely failed to translate to success in clinical trials (16–18). With this in mind, the complement system is being increasingly discussed as an attractive therapeutic target for treating brain injury and neurodegenerative conditions, due to emerging data supporting a pivotal role for complement in promoting multiple downstream activities that promote neuroinflammation and degeneration.

The complement system is a collection of plasma and membrane proteins that together function to promote and modulate both innate and adaptive immune responses (19). There are three main pathways of complement activation: the classical, lectin, and alternative pathway (20). The classical pathway is mainly activated following the binding of C1q to Fc domains of antibodies. The lectin pathway is initiated by the binding of sugar recognition molecules (mannose binding lectin, ficolins, and collectins) to specific carbohydrates. The alternative pathway can be activated by spontaneous cleavage of C3, but is also an amplification loop for the other pathways. All three activation pathways converge at C3 cleavage, which produces C3a and C3b by an assembled C3 convertase. C3a is a soluble peptide, while C3b becomes bound to the activating surface and is further cleaved to iC3b and C3d, which function as opsonins recognized by immune cell receptors. Further downstream, n assembled C5 convertase cleaves C5 to produce C5a and C5b. Both the C5a and C3a products (anaphylatoxins) have pivotal roles in regulating innate and adaptive immune response (21). The C5b product initiates assembly of the terminal cytosolic membrane attack complex (MAC or C5b-9). Aberrant and over activation of the complement system is closely associated with inflammatory responses seen in multiple diseases and disease conditions, including neuroinflammatory responses in central nervous system (CNS) pathologies (22). For example, complement activation after TBI results in ongoing microglia and astrocyte activation, a reduction in dendritic and synaptic density, and inhibition of neuroblast migration (23). It has also been shown that following stroke in a murine model, microglia perform inappropriate synaptic pruning via a complement-dependent mechanism involving C3 opsonins (24). Similar complement-mediated processes are indicated in other CNS diseases, such as Alzheimer's disease (25) and Multiple Sclerosis (MS) (26). The C3a and C5a anaphylatoxins are also implicated in a variety of CNS disease pathologies via their chemotactic and cell activation properties resulting from their interaction with receptors on immune cells (27). Cell activation by complement activations products, including the terminal MAC, can result in the generation of multiple inflammatory molecules, such as cytokines, chemokines, and reactive oxygen species (28–30). Considering the multitude of anti-complement therapeutics now in clinical development (31), and with regard to preclinical data and trial design for the testing of new neuroprotectants, including complement inhibitors, we believe it will be informative to review anti-inflammatory and neuroprotective agents that have been investigated in clinical trials, even though most ended in failure. In Supplementary Table 1, we highlight the different drug classes and most of the clinical trials discussed in this review.



STROKE

Stroke is the second leading cause of death disability worldwide (32). Current therapies for acute ischemic stroke are reperfusion-based and consist of endovascular thrombectomy (EVT) and tissue plasminogen activator (tPA), the latter being the only approved pharmacological treatment for acute ischemic stroke (33, 34). However, in large part because of the short treatment window (4.5 h) and a requirement for neuroimaging to rule out intracerebral hemorrhage, tPA is used in only up to about 7% of patients suffering from acute ischemic stroke in the United States (33). While the effectiveness of EVT has been confirmed with a treatment window up to 24 h after symptom onset, there are limitations to its widespread use. The procedure can only be used in ischemic stroke patients with a proximal large artery occlusion, and many hospitals and stroke centers do not have the capability to perform the procedure. In addition, reperfusion therapy does not appear to prevent a subsequent neuroinflammatory response after stroke, and while successful reperfusion can improve motor function outcome, it does not appear to prevent cognitive decline (35). Thus, there remains an interest in developing neuroprotective strategies to treat stroke, even though very few neuroprotective agents have been shown to be unequivocally beneficial in randomized controlled clinical trials (36, 37). Figure 1 provides a representative scheme of the mechanism of action for the discussed therapeutics in stroke.
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FIGURE 1. Mechanism of action for the therapeutics discussed in stroke injury section. Lines ending with a flat dash indicate an inhibitory effect, and lines ending with arrows indicate a positive/stimulating effect. In brief, pexelizumab is a monoclonal antibody derivative which blocks complement at C5 activation. Minocycline is an immune-modulator which exhibits several inhibitory actions on activated microglia, neutrophils, T-cells, ROS, and others. Pioglitazone stimulates mitochondrial biogenesis and inhibits transcription of genes implicated in fatty acid oxidation. Citicoline stimulates stabilization of the cellular membrane and prevents excessive release in glutamate along with other functions. Neu2000 is a subtype-selective inhibitor of NMDA receptor and a ROS scavenger. NA-1 disrupts the interaction between PSD-95 and NMDA receptors, thus preventing overactivation of the NMDA receptor resulting in excitotoxicity. Verapamil and Magnesium sulfate block overactivation of L-type calcium channels, which will inhibit intracellular calcium dysregulation. Enoxaparin is an anti-coagulant, and DARB is a erythropoiesis-stimulating agent. All drawings of cells/molecules used in this figure were obtained and modified from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License (https://smart.servier.com/).



Complement Inhibitors

Pexelizumab is a single-chain antibody fragment derived from eculizumab, a Food and Drug Administration (FDA) approved anti-C5 monoclonal antibody that blocks C5 cleavage and the generation of C5a and the MAC (38). Stroke is a serious complication of coronary artery bypass graft (CABG) surgery due to an undesirable systemic inflammatory response (39). With this in mind, a 2003 phase II clinical trial assessed the use of Pexelizumab as a potential treatment in CABG patients to reduce complement-mediated tissue damage and associated systemic inflammation, with the goal of reducing neurological injury and deficits (40). Primary endpoints were not met, and the study showed no significant improvement in cognition or neurological deficits. There was, however, an improvement in visuospatial function, although this study was not followed up. Due to the fact this trial was purely observational, stroke was primarily assessed as an association of the number of strokes in hospital and 3-month patient outcomes, as opposed to a cause and effect relationship. Additionally, stroke was not the primary disease analyzed in this trial and was a retrospective study, filtered as a secondary incidence. Another phase III clinical trial was planned to assess the efficacy and safety profile of Pexelizumab, although no further data or information was recorded following this trial (Clinical Trial Identifier: NCT00048308).



Thiazolidones (Pioglitazone)

Pioglitazone is commonly used as an oral drug to reduce insulin resistance in Type II Diabetes. It is a peroxisome proliferator-activated receptor gamma (PPARγ) agonist and alters the transcription of genes implicated in fatty acid oxidation, which result in metabolic changes (41). A variety of neuroprotective mechanisms have been attributed to PPARγ, including the induction of genes involved in oxidative stress defense, induction of anti-inflammatory responses, and stimulation of mitochondrial biogenesis (42). Pioglitazone was shown to provide effective neuroprotection in an animal model of ischemic stroke, although the exact mechanism of action of its neuroprotective effect was not determined (43). Pioglitazone was evaluated in a clinical trial in acute stroke patients with hyperglycemia, but due to difficulty with participant enrollment, the phase II trial was terminated in 2016 (NCT02195791). The most recent phase III trial (NCT00091949), completed in 2015, analyzed the efficacy of Pioglitazone in preventing future strokes in non-diabetic patients who had previously suffered from an ischemic stroke. One major limitation of this clinical trial that was noted is that all participants had insulin resistance, with data analysis focusing on the prediabetic group. Therefore, with diabetes being the true end point in this trial, the true efficacy of Pioglitazone in stroke patients who are non-diabetic was not discernable.



Immune-Modulator

Minocycline is a second-generation, semi-synthetic tetracycline effective against gram-positive and gram-negative bacteria, and has been in therapeutic use for over 30 years (44). It has also been reported that Minocycline can exert anti-inflammatory and neuroprotective properties due to its inhibitory effect on microglial activation. A small number of preclinical studies demonstrated that Minocycline improved post-stroke outcomes, which led to it being evaluated in a Phase I and II trial in stroke patients in 2012. Minocycline was shown to be well-tolerated alone and in combination with tPA (45) (NCT00630396). However, no conclusion could be drawn with regard to the optimal tolerated dose due to insufficient recruitment of participants in the lower dose groups. In a subsequent pilot study completed in 2016 (NCT01805895), Minocycline's anti-inflammatory effects and pharmacokinetics in acute cerebral hemorrhage participants was investigated. Although the half-life of minocycline was compatible to the previous Phase I trial, there was a delayed oral absorption in this gravely ill patient group. The results from this trial found no significant differences between inflammatory profiles in the placebo vs. treated patient groups, but limitations of this trial included small sample size, a shortened enrollment window of at most 24 h, and participant heterogeneity. Future studies to assess efficacy and anti-inflammatory properties would benefit from enrolling larger and more severe stroke patient populations, as well as comparing intravenous vs. oral administration at a more chronic timepoint. Minocycline continues to be investigated in trials for stroke and neuroinflammation.



Calcium Channel Blockers

Verapamil is an L-type calcium channel blocker used to treat angina and hypertension, and is also used to treat cerebral vasospasm secondary to subarachnoid hemorrhage (46). It was the first calcium channel antagonist to be introduced into therapy (in the early 1960s) (47). As anti-hypertensive drugs, calcium channel blockers target a modifiable risk factor for stroke, but additional evidence indicate they have a neuroprotective action based on their ability to minimize carotid intima-media thickening (48) and the fact that intracellular calcium dysregulation can trigger ischemic cell death (49). A phase I clinical trial, completed in 2016, demonstrated neuroprotective activity of Verapamil when administered together with tPA and/or mechanical thrombectomy (NCT02235558). Combining the use of Verapamil with direct intra-arterial administration rapidly restored the cerebral artery, and may offer an opportunity to translate bench-side neuroprotective effects into bed-side success (46). This SAVER phase 1 clinical trial revealed the addition of Verapamil to thrombectomy, produced no thromboembolic complications. Due to the limited sample size of only 11 patients, this study did not have the power to demonstrate Verapamil's efficacy. Future studies should assess neuroprotection in regard to comorbidities and gender. There is an ongoing phase I study testing this agent for neuroprotection in stroke patients, which is estimated to be completed in the spring of 2020 (NCT03347786).

Magnesium sulfate has been investigated as a calcium channel blocker, as well as an anticonvulsant, a cardiovascular drug, an anesthetic, a tocolytic agent, an anti-arrhythmia drug, and an analgesic (PubChem CID: 24083). Magnesium sulfate has shown neuroprotective effect post-stroke in several animal models (50–53). However, a randomized clinical trial in stroke patients showed no overall benefit when magnesium sulfate was administered at times of ~7.5 h after stroke symptom onset (NCT01502761). An additional exploratory analysis was performed, and indicated a suggested, but non-significant, potential efficacy in a subgroup of patients with intracerebral hemorrhage treated within the first 3 h after symptom onset (54). A phase III trial completed in 2015 analyzed magnesium sulfate therapy when administered within 2 h after stroke, but although the therapy was safe, overall patient disability outcomes were not improved at 90 days post-stroke (55) (NCT00059332). Future studies could benefit from the inclusion and analysis of comorbidities, such as hypertension, hyperlipidemia, diabetes and visual impairment, as well as hospital readmission rates to more accurately reflect stroke care and stroke patient outcomes.



Multi-Target Neuroprotectants

Neu2000 was designed as a multi-target neuroprotectant that combines both NR2B subtype-selective blockade of the N-methyl-D-aspartate (NMDA) receptor and reactive oxygen species (ROS) scavenging (56), which are both connected to brain cell death in stroke. The therapeutic potential of Neu2000 has been shown in several animal models of stroke, and it has better efficacy and longer therapeutic window than either NMDA receptor antagonist or anti-oxidants alone (57). A phase II clinical trial completed in 2018 evaluated Neu2000 as an adjunct neuroprotective agent together with EVT in patients presented to stroke centers within 8 h of acute ischemic stroke (58) (NCT02831088). There has been no further update on the status of this trial.

Citicoline, or cytidine 5'-diphosphocholine (CDP-choline), a drug that combines neurovascular protection and repair promoting effects, has been used to treat acute ischemic stroke and other neurological disorders, and it has an excellent safety profile (59). Citicoline is a water-soluble compound, and pharmacokinetic studies on healthy adults have shown good absorption with both oral and intravenous routes of administration (60). Once absorbed, Citicoline is converted to choline and cytidine, which enter the systemic circulation and crosses the blood-brain barrier, where it is resynthesized into citicoline in the brain. Citicoline has been shown to possess several protective functions including promoting membrane stability, and inhibiting glutamate excitotoxicity, apoptosis, and oxidative stress (61, 62). In an experimental stroke model, citicoline increased SIRT1 (Citicoline-like activator) protein levels in the brain concomitant with neuroprotection (63). Doses of up to 2,000 mg have been administered in multiple clinical trials. A 2016 meta-analysis of acute ischemic stroke patients who received the highest dose of Citicoline in the first 24 h without tPA treatment showed improvements (64). Citicoline has a long therapeutic window compared to tPA, although as an adjunct to tPA, it offered limited benefit. In a hospital based study published in 2019, the efficacy of Minocycline was compared to placebo in acute ischemic stroke patients (65). There was no statistical significance between both placebo and treatment groups, when assessing improved functional outcomes at discharge and 90 day follow up. Future studies should optimally incorporate not only assessing stroke functional recovery using the NIHSS, Modified Rankin Score, or Barthel Index, but also assess cognitive recovery, per the Mini Mental State Examination, which would better represent stroke outcomes in their entirety.



NA-1

Nerinetide, more commonly known as NA-1, is a 20 amino acid peptide with the last 9 residues joined to the protein domain of human immunodeficiency virus type 1 (HIV-1) Tat protein, which confers cell permeable properties to the drug (66–68). Its mechanism of action, as determined in animal models of stroke, is to disrupt the interaction of the scaffolding protein, PSD-95, with NMDA receptor, thus preventing receptor signaling and protecting neurons from excitotoxicity (67–70). The ESCAPE-NA1 trial is the first phase III randomized controlled trial of neuroprotective medication in stroke patients in the context of endovascular thrombectomy. In this trial completed in 2019, the primary endpoint was a reduction in disability score in acute stroke patients with a small infarct core identified for abrupt EVT (71) (NCT02930018). Nerinetide did not show benefit in a majority of patients who had successful clinical outcomes after EVT when compared with those receiving placebo. However, although the primary outcome measure was not met, when patient groups were split based on t-PA treatment or not, the group that did not receive t-PA had significantly better outcomes and smaller infarct volume with NA-1 treatment. The main outcome assessed was functional recovery by the Modified Rankin Scale, which is not optimal for a neuroprotective clinical trial when the therapeutic agent is an adjunct to reperfusion techniques. This is because of the large size effect of reperfusion alone and the absence of a non-reperfused patient group. Limitations of the study included the fact that the trial was structured for stroke participants who were selected for thrombectomy. Secondly, no cognitive tests were performed during this trial or at least were not published. An alternative trial design would be to run two parallel trials comparing Nerinetide with placebo, one with and one without alteplase.



Erythropoiesis-Stimulating Agents

Darbepoetin alfa (DARB) is in a class of medications called erythropoiesis-stimulating agents (ESAs) that stimulate the bone marrow to produce red blood cells. It is also used to treat anemia in patients afflicted with kidney failure, as well as anemia caused by chemotherapy in patients with certain types of cancer. It is not uncommon for patients who undergo high-risk surgical procedures to develop ischemic CNS complications. In theory, administering a neuroprotective agent before such a surgery would improve the outcome of any subsequent ischemic CNS injury. In this context, a prospective adaptive dose-finding trial of prophylactic DARB was initiated in a phase II clinical trial in 2008, but the trial was terminated prematurely following the publication of an erythropoietin stroke study showing possible harm (NCT00647998). Enrollment was halted before dose adjustments. Prior to surgery, nine patients received 1 mg/kg IV DARB, and there were no significant effects of prophylactic DARB on clinical outcome or CSF markers of neurologic injury in this pilot study, although all point estimates favored treatment (72). Subsequent clinical trials should identify the optimal dose of DARB, as well as determining safety and efficacy in larger stroke patient sample sizes.



Anticoagulants

Enoxaparin, a low molecular weight heparin, is an anti-coagulant medication that is given as an injection. It is FDA approved and used to treat pulmonary embolism or deep vein thrombosis. Of relevance, it has been shown that anti-coagulant heparin can inhibit leukocyte accumulation in ischemic tissue by several mechanisms, including inhibition of adhesion molecule function and heparinase activity (73). Completed in 2018, the TEACH pilot randomized clinical trial compared antithrombotic drugs in hematological cancer patients who were afflicted with acute ischemic stroke. There was a failure in patient enrollment due to patient aversion to receiving injections. In addition, 40% of patients who were randomized to receive Enoxaparin ended up using aspirin due to discomfort with receiving injections (74) (NCT01763606). There is thus a lack of data to currently see a clear path forward for this drug, but future studies would need to assess the safety and feasibility of this therapeutic approach in this high-risk patient population in Phase 1 or 2 clinical trials. Additional studies could also compare aspirin to other oral antithrombotics which are FDA approved, such as Dabigatran, Rivaroxaban, or Apixaban, as opposed to injectables. Considering the failure in patient enrollment due to discomfort of injection, a focus on oral administration of antithrombotic reagents would be warranted.




TRAUMATIC BRAIN INJURY

Traumatic brain injury is a form of acquired brain injury resulting from an external blow or jolt to the head and leading to an altered mental state. The injury itself is divided into two main phases: primary and secondary, which lead to temporary or permanent neurological changes (75). The primary phase is the direct mechanical damage to the brain, which is non-predictable and non-preventable. The secondary phase is a combination of physiological responses to the primary insult, such as excitotoxicity and an ongoing inflammatory process that includes immune system access to the mechanically injured tissue (76, 77). Current treatments for TBI patients include anti-anxiety, anti-coagulant, and anti-depressant drugs, but there is no approved neuroprotective agent for protection against a secondary phase of inflammation and injury that can persist for months to years after the initial insult. Below, we review several neuroprotective agents that have been investigated in clinical trials, although most have failed to show any benefit. Figure 2 provides a representative scheme of the mechanism of action for the discussed therapeutics in TBI.


[image: Figure 2]
FIGURE 2. Mechanism of action for the therapeutics discussed in TBI section. Lines ending with a flat dash indicate an inhibitory effect, and lines ending with an arrows indicate a positive/stimulating effect. In brief, Minocycline is an immune-modulator which exhibits several inhibitory actions on activated microglia, neutrophils, T-cells, ROS, and others. Cyclosporine is an immune-modulator that inhibits the MPTP, thus inhibiting caspase cascade activation and ROS release. DHA is responsible for preventing protein accumulation (such as amyloid precursor protein APP), along with other functions. Statins, such as atorvastatin, play a stimulatory role on enforcing blood-brain barrier integrity and inhibition of glial activation. Gonadal hormones promote neuronal survival. Memantine and Magnesium inhibit overactivation of the NMDA receptor resulting in dysregulation of intracellular calcium and receptor toxicity. All drawings of cells/molecules used in this figure were obtained and modified from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License (https://smart.servier.com/).



NMDA Receptor Modulators

Memantine is an uncompetitive low-affinity NMDA receptor antagonist with neuroprotective effects that is used to treat dementia in Alzheimer's patients. Located at synaptic sites, NMDA receptors are essential for controlling calcium influx into neurons and activity-dependent re-establishment of synaptic strength (78, 79). Overactivation of NMDA receptors results in increased calcium influx into the cell, leading to membrane depolarization, production of ROS species, cellular toxicity, and neuronal death (80). This mechanism of NMDA-mediated damage has been shown to occur in several CNS injury models, including TBI and stroke (81). In animal models of TBI, memantine treatment decreased the accumulation of phosphorylated tau proteins in the cortical tissue at early, although not chronic time points (up to 30 days post-injury), and suppressed microglial activation (82). A similar study showed that memantine decreased cerebral infarct area, increased neuronal survival in the perilesional hemisphere, and decreased levels of microgliosis and astrogliosis (83). Unfortunately, success in preclinical TBI studies has not been mirrored in clinical studies (84), with a principle reason being failure in patient recruitment. In the U.S., there have been two trails carried out in the past 15 years. The first study (NCT00462228) was a phase IV clinical trial which was terminated in 2013 due to lack of recruitment. The second trial (NCT02240589) was completed in 2017, but results were inconclusive with the main limitation being small sample size (11 participants).

Magnesium has multiple roles in cellular function and nerve transmission, and interacts with and blocks the calcium channel within NMDA receptors in a regulatory manner (85), preventing overactivation of NMDA receptors and glutamatergic excitatory action. In a study evaluating patients 6 months after suffering severe TBI (GCS 3–12 upon administration), 81% percent of patients that showed a poor neurological outcome had a significant decrease in serum magnesium levels (86). Of three clinical trials registered in clinicaltrials.gov to study the efficacy of magnesium sulfate for the treatment in TBI, only one was completed (87) (NCT00004730). The study concluded that infusion of magnesium for the first 5 days after injury was not neuroprotective. Furthermore, patients receiving higher doses of magnesium had increased mortality. Although recruitment was not an issue for this study (499 participants), inclusion criteria based on GCS was very broad, which included participants that fell in the range of 3–12 on the GCS scale, and even those that were intubated. The authors did subsequently subdivide the groups into severe intubated and severe non-intubated (GCS 3-8), but the latter group would still have high variability in injury outcomes. Further dividing patients into more narrow subgroups based on similarity in GCS scores may be a consideration for further studies.



Immune-Modulator

Minocycline is a tetracycline antibiotic that possesses anti-inflammatory activity via modulation of enzyme activities, inhibition of apoptosis, inhibition of immune cell activation, and inhibition of cell proliferation (44). In mouse models, minocycline, administered either before or after TBI decreased lesion size and improved behavioral outcome acutely (88). Minocycline administration at early time points was also linked to a reduction in microglial activation and interleukin-1β expression, but not neutrophil infiltration (89). Furthermore, at a chronic time point of analysis (45 days) after acute minocycline treatment, levels of several inflammatory markers in serum and tissues were reduced to levels seen in non-injured sham controls (90).

A clinical trial to test the safety and feasibility of minocycline in acute TBI found that treatment had no impact on serum levels of S100 calcium binding protein B (S100-B), a well-established TBI biomarker, and no infections were recorded in liver function tests up to 12 months post-treatment, thus concluding that minocycline is safe for patients suffering from TBI (91) (NCT01058395). In another clinical study, minocycline was administered over a 12-week period to patients who had been subjected to a moderate-to-severe TBI at least 6 months prior. Patients were then reassessed 6 months after the beginning of treatment (92). Minocycline reduced the level of microglial activation but increased neurodegeneration as measured by axonal protein neurofilament light (NFL) in plasma. Thus, minocycline treatment was not beneficial, and the findings hint that that microglial activation in the chronic phase post-injury benefits the recovery of damaged axons. One limitation of this study was the very low patient numbers, which according to the authors was the reason they did not report clinical measures of drug effect. Another limitation was the focus on only microglia as a key cell type to determine efficacy of minocycline. Other cell types implicated in TBI such as astrocytes have been demonstrated to have an altered phenotype after minocycline treatment in pre-clinical models of TBI (93). Finally, the study relied on only one plasma marker, NFL, to assess neurodegeneration and efficacy of treatment.

Cyclosporine is an immune-modulator mainly used to treat transplant recipients. However, it also has neuroprotective properties via inhibiting the opening of the mitochondrial permeability transition pore (MPTP), which otherwise results in oxidative phosphorylation and rupture of the mitochondrial outer membrane, leading to the caspase cascade activation and neurodegeneration (94, 95). After murine TBI, cyclosporine resulted in a significant decrease in the production of ROS, key players in the ongoing excitotoxic effect after TBI, and restored mitochondrial membrane potential (96). A phase II study investigating the pharmacokinetics and safety of cyclosporine (NeuroSTAT) in patients with severe TBI [patients with a Glasgow Coma Scale (GCS) 4–8 were included] demonstrated it was safe and well-tolerated, with a trend in decreased cerebrospinal fluid levels of several TBI biomarkers, including glial fibrillary acidic protein (GFAP, an astroglial injury marker), NFL, Tau, and ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL-1, a neuronal cell body injury marker) (97) (NCT01825044). Of note, only 16 patients were enrolled in this open-label trial, and a randomized trial with a larger number of participants would be required to draw any conclusions on the efficacy of cyclosporine for treating TBI. Nevertheless, as with minocycline, cyclosporine is an immune-modulator that may not be an optimal therapeutic approach for patients with TBI at increased risk of infection.



Statin Treatment (Atorvastatin)

Statins are a class of lipid-lowering drugs that have anti-inflammatory activities and have been shown to reduce glial activation and increase blood-brain-barrier integrity (98). In a phase II clinical trial with 52 participants with mild TBI, atorvastatin administration for 7 days post-injury was safe but had no impact on neurological recovery (99) (NCT01013870). This phase II trial was not extended due to the inability to enroll sufficient numbers of patients. Another potential drawback of the trial was the timing of drug administration, which was allowed to be administered up to 24 h after injury, even though preclinical studies indicated treatment within the first few hours of injury is crucial for efficacy.



Omega-3 Fatty Acid Treatment—Docosahexaenoic Acid

Docosahexaenoic acid (DHA) is an omega-3 fatty acid mainly found in fish oil which possesses anti-oxidative (100), anti-inflammatory (101, 102), and neuroprotective effects (103). DHA has been shown to reduce the level of endoplasmic reticulum stress and to inhibit abnormal protein accumulation [such as amyloid precursor protein (APP) and phospho-Tau proteins] within the brain following TBI (104). DHA treated rats did not show TBI induced autophagy biogenesis and had reduced TBI-induced hippocampal and cortical damage (105). In a rat pup brain injury model, DHA decreased oxidative stress and microglial-proinflammatory activation and improved short term cognitive function (106). In a recent clinical trial, DHA supplementation for 12 weeks after a mild TBI (the mean GCS for both DHA and placebo was >14) did not significantly affect the quality of life as assessed by changes in physical and psychosocial functioning (107) (NCT00671099). This study did not investigate injury markers or pathological changes. Another study assessed the effect of DHA on biomarkers of trauma in American Football players. DHA administration decreased serum NFL levels compared to placebo-treated athletes, but although the authors suggested that DHA supplementation is therefore neuroprotective, NFL was the only marker measured (108). A major limitation of this study is the inability to measure or control for factors such as hit severity and number of hits during the study period. This would increase the variability in severity between the different athletes and potentially impact their response to treatment.



Gonadal Hormone Treatment

Estrogen and Progesterone are gonadal steroid hormones that have functions beyond roles in reproduction. Treatment with both hormones has shown neuroprotective effects in several diseases and injuries of the CNS, such as multiples sclerosis (109), stroke (110), and spinal cord injury (111). In rat models of TBI, estrogen promoted neuronal survival in the hippocampus and decreased neuronal degeneration in the hippocampus and cortex (112), and decreased brain edema (113, 114). And in a mouse and rat model of TBI, progesterone treatment reduced cerebral edema, apoptosis, and inflammation (115, 116). In a phase II clinical trial, progesterone treatment was given to 77 patients (vs. 23 placeboes), which included both severe and moderate injury classification. Overall, there was a strong trend toward fewer deaths when compared to placebo control. Progesterone treatment did not show promising improvement for severe patients (GCS 3–8) with regard to their Glasgow Outcome Scale-Extended and Disability Rating Scale scores. Moderate TBI (GCS 9–12) survivors treated with Progesterone were more likely to have a moderate to good outcome compared to the placebo-treated group (117) (NCT00048646). A phase III clinical trial extending this study, ProTECT III, was terminated due to a lack of demonstrable benefit (118) (NCT00822900). In another placebo-controlled clinical trial with 159 enrolled patients with a GCS ≤ 8 upon admission, progesterone treatment improved neurological outcome measurements at 3- and 6-months post-injury. The Progesterone treated group also had higher survival rates compared to the placebo group at 6 months (119). Only one clinical trial for Estrogen is listed in clinicaltrials.gov. The trial enrolled 48 TBI participants for Premarin IV treatment and was concluded in 2019, with no data currently available.




NEUROMYELITIS OPTICA (NMO)

Neuromyelitis optica (NMO) spectrum disorders are a family of disorders characterized by autoimmune inflammation commonly affecting the spinal cord and optic nerve. NMO has considerable clinical and pathological overlap with MS, both of which are demyelinating autoimmune disorders, but is a distinct entity. NMO has a worse prognosis than MS, as attacks are more severe, and recovery from attacks is often incomplete (120). NMO is commonly associated with an antibody against aquaporin-4, which is expressed by astrocytes near the ventricles in the brain (121). This antibody activates complement and causes antibody-dependent cellular toxicity, contributing to paraventricular lesions in the brain (122). Current therapeutic options include steroids for acute exacerbations and chronic immunosuppression. Plasma exchange for removing pathologic antibodies is another approved therapeutic option. While these therapies are helpful in reducing inflammation or reducing the frequency of relapses, they have negative systemic side effects and carry a risk of infection. Treating NMO with a more targeted neuroprotective therapy may reduce some of these side effects and help prevent neuronal damage that occurs in this disease. Figure 3 provides a representative scheme of the mechanism of action for the discussed therapeutics in NMO.
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FIGURE 3. Mechanism of action for the therapeutics discussed in NMO section. Lines ending with a flat dash indicate an inhibitory effect, and lines ending with an arrow indicate a positive/stimulating effect. Cinryze (a C1-esterase inhibitor), Eculizumab (monoclonal antibody inhibitor against C5), and Ravulizumab (a second-generation monoclonal antibody inhibitor against C5) are all complement inhibitors. Anti-apoptotic (A1AT) inhibits plasminogen activators, as well as elastases which are important for neutrophil activation. Rituximab and Ublituximab are anti-CD20 monoclonal antibodies that target and eliminate B cells. Inebilizumab is an anti-CD19 monoclonal antibody that also targets B cells. MMF is an immunosuppressant that blocks the proliferation of many cell types, mainly B and T lymphocytes. Immunoadsorption and plasma exchange has multiple effects, including the elimination of activated complement proteins, pathogenic antibodies and pro-inflammatory cytokines. All drawings of cells/molecules used in this figure were obtained and modified from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License (https://smart.servier.com/).



Complement Inhibition

The complement system plays a clear role in mediating damage in NMO via pathogenic autoantibodies, and there has therefore been interest in therapeutically inhibiting the complement system. A phase Ib clinical trial of the C1-esterase inhibitor Cinryze, which inhibits the C1 complex of the antibody-initiated classical complement pathway, was safe in humans, with no adverse events (123) (NCT01759602). However, the drug has not been studied further in NMO clinical trials, and a follow-up study in a rat model of NMO concluded that complement inhibition with this drug was too low to reduce pathology and to be of clinical benefit (124).

Eculizumab is an anti-C5 monoclonal antibody, and in a phase I and II clinical trials with 14 patients, the drug was shown to be well-tolerated, reduce attack frequency, and improved disability measures. However, one patient suffered meningococcal sepsis as a severe side effect (125) (NCT00904826). Following a phase III trial, eculizumab was approved by the FDA in 2019 to treat neuromyelitis optica in patients who test positive for anti-aquaporin-4 antibodies. In the phase III study involving 143 patients, the drug was shown to reduce the risk of relapse in combination with standard immunosuppression compared to placebo and immunosuppression. In the study, upper respiratory tract infections were more common in the eculizumab group, highlighting the risks associated with systemic complement inhibition and the need for monitoring patients receiving therapy (126) (NCT01892345). Eculizumab is currently undergoing a phase III clinical trial with pediatric NMO patients (NCT04155424), and Ravulizumab, a second-generation anti-C5 monoclonal antibody, is undergoing a phase III clinical trial with adult patients (NCT04201262).

The mechanism of classical complement pathway-mediated damage to autoantibody-targeted tissue in NMO bears some resemblance to myasthenia gravis (MG). While not specifically a CNS disease, MG is associated with complement-activating antibodies against components of the neuromuscular junction, most commonly the acetylcholine receptor. Eculizumab was approved for the treatment of MG in 2017 (127), and other inhibitors of C5 including Ravulizumab (NCT03920293) and Zilucoplan (NCT04225871) are undergoing clinical trials for MG.



Anti-apoptotic

Alpha-1-Antitrypsin (A1AT) is a serine protease inhibitor (128) and is an FDA approved medication for several diseases, including A1AT Deficiency (129). It can inhibit plasminogen activators, chymotrypsin, as well as elastases, and can function as an anti-inflammatory and tissue repair molecule (130–132). In 2014, a non-randomized phase I clinical trial was initiated to investigate A1AT in NMO, using a single weekly dose of 120 mg/kg until a 4-dose regimen was completed, but the trial was withdrawn, and there have been no further updates (NCT02087813).



Rituximab, Ublituximab, and Inebilizumab

Rituximab is a humanized glycosylated IgG antibody specific for CD20, a transmembrane protein expressed on both healthy and malignant B cells (133). Rituximab was approved by the FDA in 1997 and has been widely used in several autoimmune disorders, including: lupus, rheumatoid arthritis, and autoimmune anemia. A phase I clinical trial completed in 2010 analyzed the safety and tolerability of Rituximab in NMO patients (NCT00501748). Although enrollment was only 8 patients, 7 of the 8 had a decrease in neurological disability and remained symptom-free for up to 18 months. More recently, a multicenter, randomized, double-blinded, placebo-controlled clinical trial in Japan was conducted using Rituximab for patients suffering from NMO and were seropositive for aquaporin 4 (134) (UMIN000013453). Although the small sample size, treatment prevented relapses from occurring for up to 72 weeks in NMO patients. While these results are promising, additional clinical trials are needed to assess the safety and efficacy of this therapeutic agent in NMO patients.

Ublituximab is another monoclonal antibody that targets CD20, but with increased toxicity against malignant B-cells compared to Rituximab (135). A 2019 interventional clinical trial assessed the safety profile of Ublituximab as an adjunct therapy to steroids for the treatment of 5 NMO patients (136) (NCT02276963). A single intravenous dose of 450 mg resulted in successful B cell depletion within 8 weeks. Although there are numerous limitations to this clinical trial, there need to be more clinical trials that test Ublituximab's efficacy, as well as testing efficacy against a proper placebo group to determine this agent's impact in NMO patients. Ublituximab was safe in all 5 patients, with no serious adverse events reported and no opportunistic infections. Median Expanded Disability Status Scale (EDSS) scores dropped from 6.5 at admission to 4.0 at the 90-day follow-up. Two patients relapsed after not achieving complete B cell depletion. However, given that this study was only designed to assess safety, a full determination of efficacy will have to wait for a phase II study.

Inebilizumab is a monoclonal antibody that targets CD19, another protein expressed on B cells that is a viable therapeutic target independently of or in addition to CD20-targeting antibodies (137). Inebilizumab can also deplete plasma cells, while often express CD19 but not CD20. A 2014 phase 2/3 clinical trial comparing iv inebilizumab to placebo in 230 patients was ended early due to demonstration of efficacy. The inebilizumab-treated group showed a significant reduction in the risk of experiencing a relapse compared to placebo, and a similar adverse event profile (138) (NCT02200770). At the time of writing, this drug is still being reviewed for approval by the FDA.



Immunosuppressants

Mycophenolate Mofetil (MMF) is an immunosuppressant that acts as a reversible inhibitor of inosine monophosphate dehydrogenase, an enzyme essential for synthesis of DNA nucleotides, which are important for cell proliferation (139, 140). In a retrospective case series study, patients treated with mycophenolate mofetil had a reduction in relapse frequency, coupled with stabilized or reduced disability (141). Similar results were detected in a clinical trial conducted in Korea (142). A phase IV trial of Mycophenolate Mofetil treatment in Southern China patients revealed that low dose of MMF resulted in a reduction in clinical relapse and disability (143) (NCT02809079). Although it is currently not FDA approved for NMO, it is commonly used off-label for it, to the extent that it is considered as a first-line of immunotherapies (144).



Immunoadsorption/Plasma Exchange

Plasma exchange is a suggested therapeutic option used in NMO to prevent relapses (145). This treatment results in the elimination of pathogenic antibodies, complement components, and cytokines from the blood of patients suffering from NMO (146). A clinical trial carried out in India aimed at evaluating the efficacy of plasma exchange as a first line of treatment for acute attacks in NMO patients (147). Plasma exchange, especially if performed early after the first attack, resulted in a better outcome as assessed by percentage improvement in EDSS score. In the USA, a clinical trial is currently investigating plasma exchange in NMO patients, but no results have been reported (NCT01500681).




AMYOTROPHIC LATERAL SCLEROSIS

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by motor neuron death. Both upper and lower motor neurons are affected. Progressive muscle atrophy and weakness eventually lead to death from the weakness of the respiratory muscles, with half of patients dying within 2.5 years (148). There is no cure for this disease, and the two approved medications only modestly improve survival. Riluzole was the first drug approved by the FDA for the treatment of ALS. It is a glutamate antagonist that reduces glutamate-associated toxicity to motor neurons, slowing the course of the disease (149, 150). Edaravone (Radicava), an antioxidant that protects motor neurons from oxidative stress, was approved by the FDA in 2017 (151). Both drugs help to slow the rate of physical decline in ALS patients through their neuroprotective function. Although these are the only other drugs currently approved for treating ALS, there are numerous other neuroprotective agents in clinical trials which are discussed below.


NMDA Receptor Antagonist

Glutamate excitotoxicity is a mechanism by which damage occurs in motor neurons. Glutamate is the major excitatory neurotransmitter in the brain and spinal cord. Excessive concentrations of glutamate in the synaptic clefts, which can occur due to dysregulation of glutamate reuptake or excessive depolarization of the presynaptic cell, causes excessive depolarization of the post-synaptic cell. This depolarization causes an influx of calcium and leads to cellular swelling, activation of lytic enzymes, and eventually lysis, releasing cellular contents including glutamate and affecting nearby cells in a positive feedback loop. Riluzole acts through several mechanisms and inhibits glutamate release presynaptically, and activates receptors and channels post-synaptically (149, 152). In ALS, Riluzole exerts a neuroprotective effect in the spinal cord, where glutamate is used as a transmitter. The long history of the use of Riluzole to slow motor decline in ALS is an example of effective, albeit modest, neuroprotection. An early trial set out to determine the optimal dose of Riluzole to be administered in patients that were diagnosed with ALS in <5 years since onset (153). A 100 mg dose of Riluzole was determined as the optimal dose for the best benefit-to-risk ratio and improves survival rate.



Antioxidants

Oxidative stress is a major contributor to the decline in synaptic function at the neuromuscular junction. Edaravone is a free radical scavenger and antioxidant initially developed by Mitsubishi Yuka Pharmaceutical Corporation for the treatment of ischemic stroke (154, 155). Its potential use in ALS was recognized, and three clinical trials were completed leading to its approval as a treatment for ALS (151, 156) (NCT00330681, NCT00415519, and NCT01492686).



Iron Chelators

Oxidative stress can also be caused by free radicals generated by iron accumulation. Iron accumulation has been observed in several mouse models of ALS (157), as well as in post-mortem sections of motor tracts in ALS patients (158, 159). There is an ongoing phase III clinical trial with the iron chelator deferiprone in ALS with a projected end date of 2022 (NCT03293069). Deferiprone has been used for decades to treat iron overload with manageable side effects (160) and is also in other ongoing clinical trials for neurodegenerative diseases, including Alzheimer's disease (NCT03234686) and Parkinson's disease (NCT02728843).



Mitochondrial Protection

Another therapeutically targetable mechanism of motor neuron distress is mitochondrial dysfunction. Oxidative stress, increased calcium, and cellular damage can induce pore formation in the mitochondrial membrane, leading to damage to and apoptosis of motor neurons. Olesoxime is a compound that binds to two outer mitochondrial membrane proteins associated with mitochondrial response to oxidative stress (161). Olesoxime is neuroprotective for rat neurons deprived of trophic factors in vitro (162) and was shown to improve motor performance and survival in an ALS mouse model. However, it failed two clinical trials as an add-on therapy for Riluzole for ALS (did not show a survival benefit) (163) (NCT00868166 and NCT01285583). It also failed to prevent a decline in motor function in clinical trials for spinal muscular atrophy (164) (NCT02628743 and NCT01302600). Preclinical studies with olesoxime showed it exerts its greatest protective effects on neuromuscular junctions and glial activation when administered before symptom onset (165), which may explain why a beneficial effect was not observed in ALS patients. Olesoxime is metabolized in a similar manner to cholesterol, so variability in cholesterol metabolism in patients may explain the high variation in bioavailability of olesoxime (163). Tauroursodeoxycholic acid (TUDCA) is another mitoprotective agent in clinical trials in ALS. TUDCA was originally developed to treat cholestatic liver disease due to its structural similarities to bile acid. However, it has also been shown to be anti-apoptotic via its interaction with mitochondria. It inhibits apoptosis by stabilizing the mitochondrial membrane and inhibiting the translocation of the pro-apoptotic protein, Bax, from the cell to the mitochondria (166). This finding has led to an interest in the compound as a treatment for various other neurodegenerative diseases in addition to ALS. TUDCA was shown to be safe for ALS (167) (NCT00877604) and is currently in a phase III clinical trial for ALS (NCT03800524).



Clearance of Protein Aggregates

The accumulation of toxic levels of protein aggregates is a common feature of neurodegenerative disorders and is seen in other disorders such as Alzheimer's disease, Parkinson's disease, and Huntington disease. In ALS, misfolded aggregates of the proteins TDP-43 (168) or SOD1 (169) in neurons contributes to neuronal death. Ibudilast is a phosphodiesterase 4 inhibitor that, among other things, enhances autophagy of protein aggregates through inhibiting mTORC1 activity, and protects motor neuron-like cells from TDP-43 induced cytotoxicity (170). Ibudilast is currently undergoing a phase IIb/3 clinical trial as an add-on for Riluzole for ALS (NCT04057898) and a phase I/II clinical trial as a stand-alone agent (NCT02714036). Results from a smaller phase II clinical trial for Ibudilast (NCT02238626) show that Ibudilast together with Riluzole reduces ALS disease progression relative to Riluzole alone; however, this effect was noted only in patients with a short (<600 day) history of ALS, and differences in baseline duration of ALS between treatment and placebo groups confound the results. The results of the phase IIb/III clinical trial will help clarify this result.



Complement Inhibition

Activation of the complement system is associated with neuronal damage and inflammation in ALS. Complement deposition has been observed at the neuromuscular junction in ALS patients (171), and C5a and the MAC are elevated in ALS patient blood (172). Preclinical murine studies have shown benefit when inhibiting C5a receptor 1 (C5aR1) with the experimental drug PMX205 (173, 174), or inhibiting the MAC with a C6 RNA antagonist (175). Several recent reviews have described the role of complement in the pathology of ALS and the possible therapeutic benefit of targeting complement (176–178). Two clinical trials have been announced recently that investigate complement inhibition in ALS, both at the level of C5. Alexion Pharmaceuticals has announced a phase III clinical trial of Ravulizumab that plans to enroll 354 participants (NCT04248465). Ra Pharmaceuticals has announced a phase II/III clinical trial of Zilucoplan, a synthetic peptide inhibitor of C5, with a planned enrollment of 480 participants (NCT04297683).




MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is a common autoimmune inflammatory disorder that can affect multiple parts of the central nervous system. The exact cause of MS is unknown, but the disease is the complex interplay of genetic factors, such as specific human leukocyte antigen (HLA) alleles or other polymorphisms and environmental factors, such as vitamin D levels, smoking, or certain viral infections (179). The disease is characterized by acute neurological episodes in which blood-brain barrier integrity is compromised, with cellular and molecular components of the immune system infiltrating focal areas of the CNS and contributing to demyelination (180). Common symptoms of an MS episode are visual deficits or eye pain due to optic neuritis, neuropathies or myelopathies due to spinal cord involvement, and ophthalmoplegia or nystagmus due to the involvement of different myelinated tracts (181). Patients can experience complete or partial recovery between episodes, with recovery attributed to a decrease in acute inflammation and ongoing remyelination. The goal of many therapies of MS is to reduce the incidence or severity of relapses. MS can be roughly divided into four subtypes, each with different etiologies and disease courses, but with similar symptoms. The most common subtype of MS, and for which the majority of approved therapies are for, is relapsing-remitting MS (RRMS) (182). There are several therapies for MS currently in clinical trials.


Antioxidant Therapeutics

Precise details of inflammatory cascades involved in MS pathogenesis remain unclear, but reactive oxygen and nitrogen species, as well as pro-inflammatory cytokines produced by infiltrating macrophages, have been strongly implicated in demyelination and axonal damage (183). Experimental models of MS show a protective effect of antioxidants (184), and several antioxidants have been tested in experimental models and in clinical trials.

Polyphenon E is a green tea extract (Camellia sinensis) with the active ingredient Epigallocatechin gallate (EGCG), a mitochondrial antioxidant that helps reduce oxidative stress and cell death (185). In experimental autoimmune encephalomyelitis (EAE) models of MS, EGCG was shown to have a neuroprotective effect (186, 187), which led to clinical trial trials (NCT00836719 and NCT01451723). However, the phase II trial was terminated early due to hepatotoxicity within a large number of participants (188).

Glutathione (GSH) is an endogenous antioxidant that protects cells from oxidative stress (189, 190), and reduced glutathione concentration and a simultaneous decrease in alpha-tocopherol levels in MS patients provided early evidence of elevated ROS during the active disease state (191). Challenges to GSH administration included solubility, absorption, and stability, thus limiting its practical use (192). Delivery of the precursor cysteine resulted in significant side effects (193). An alternative approach is to target the pathway of GSH synthesis. Activation of the nuclear factor (erythroid-derived 2)-2 (Nrf2) pathway is involved in the regulation of most enzymes necessary for GSH synthesis (194), and Dimethyl fumarate (DMF), an indirect activator of Nrf2, has shown promising results. Multiple phase II and III studies have reported a reduction in relapse episodes, as well as lesion number and size in MS patients (195) (NCT00835770, NCT00420212, NCT00451451, and NCT02047097).

Epidemiologic evidence suggests vitamin D involvement in MS progression. High levels of 25-hydroxyvitamin D [25(OH)D] have been associated with lower MS risk, and decreased risk of MS has been studied among offspring of mothers who had high 25(OH)D levels (196). Experimentally, vitamin D administration in an EAE model resulted in slowed disease progression with modulation of T-helper 17 (Th17) cell differentiation and interleukin-17a (IL-17a) expression (197). However, clinical trials failed to provide conclusive evidence that vitamin D slowed disease progression (198) (NCT00785473, NCT01339676). A possible reason for this may be related to causation vs. correlation. 25(OH)D is converted to calcitriol by 1-alpha-hydroxylase, an enzyme encoded by the CYP27B1 gene. Mutations in this gene have been found to be transmitted from heterozygous parents to MS offspring (199), and the relationship between 25(OH)D levels and MS disease progression may simply be due to multi-functionality of the same gene encoding the MS trait as well as vitamin D processing.



Neurotransmitter Modifiers

MS has long been known to be associated with neurochemical alterations in and outside of the CNS. Excessive extracellular accumulation of excitatory neurotransmitters, namely glutamate and aspartate, have been directly correlated with disease severity and neurologic deficits (200, 201). Multiple neurotransmitter-altering agents have been investigated in clinical trials for MS, including Riluzole, Fluoxetine, Memantine, Rivastigmine, and D-aspartate.

In a large clinical trial (MS-SMART) evaluating multiple agents in secondary progressive MS that included Amiloride (sodium channel blocker), Fluoxetine (a selective serotonin reuptake inhibitor), and Riluzole (glutamate receptor antagonist), there was no evidence of neuroprotection in any patient group compared to placebo, possibly due to low relevance of the pathways targeted (202) (NCT01910259). Memantine, an uncompetitive antagonist of NMDA-type glutamate receptor (see above), was tested in a randomized controlled trial of RRMS patients with cognitive impairment and found to have no effect on memory or cognition in patients with MS-related dementia; there were also significant neurological side-effects (203) (NCT01074619). Another agent tested for cognitive impairment in MS is Rivastigmine, an acetylcholinesterase inhibitor that has previously shown positive results in cognitive function in patients with Alzheimer's disease. Multiple clinical trials were conducted, with several showing low tolerance for side effects, while others showed no clinical efficacy in preventing disease progression of MS-related dementia. A tendency toward improvement in total recall was recorded, but low enrollment led to insufficient statistical power to demonstrate a significant effect, and other tests of cognition suggested no effect of rivastigmine relative to placebo (204, 205) (NCT00881205).

D-aspartate is an amino acid that can be localized to multiple brain regions and is used for the production of various hormones like gonadotropin-releasing hormones, luteinizing hormone, testosterone, and melatonin (206–208). A recently completed clinical study in Italy demonstrated positive effects of D-aspartate on neuroplasticity measured by trans-magnetic stimulation (TMS), suggesting further clinical studies are warranted (209).



Sodium Channel Blockers

Axonal sodium overload due to conduction block from nitric oxide is also implicated in neuronal injury during the degenerative process in MS (210–212), and an in vitro study demonstrated that partial blockade of sodium channels reduced axonal damage induced by persistent activation of sodium channels that led to an accumulation of extracellular ions (213). Sodium channel blockers have been used clinically for many years for seizure control and spasticity. Here we discuss sodium channel blockers that have been examined in the setting of MS.

A clinical trial for the sodium channel blocker, Lamotrigine, with an intention-to-treat design that ultimately enrolled 108 patients with placebo and treatment did not find evidence of neuroprotection or clinical improvement (214) (NCT00257855). Of note, the dose in an EAE model was 30 mg/kg, whereas dose in this clinical trial was 78 mg or 1.1 mg/kg for an average 70 kg human. However, elevated doses of this class of drugs can have severe side effects and neuronal disturbance and can be fatal.

Other agents such as carbamazepine and phenytoin are not as well-studied in MS. However, small scale clinical studies with carbamazepine were conducted to evaluate efficacy for paroxysmal disorders within MS, such as trigeminal neuralgia (215, 216). Higher doses were shown to have low efficacy, but with significant side effects. Phenytoin was studied in acute demyelinating optic neuritis, a feature of MS in which damage to vision occurs through optic nerve degeneration. In a small clinical study, phenytoin reduced the rate of loss of retinal nerve fiber layer thickness in affected eyes, suggesting a neuroprotective effect. However, no clinical benefit was found (217) (NCT01451593).

A common challenge with sodium channel blockers is the relatively high doses necessary for efficacy, which is accompanied by significant side effects and which in general precludes their use for promoting neuroprotection. They nevertheless remain common drugs for the treatment of spasticity and seizures.



Immunomodulation

Multiple sclerosis is an autoimmune disease, and many approved therapies and several current clinical trials focus on suppressing the immune response to reduce the severity of neurological episodes. Interferon beta was approved by the FDA in 1993 for MS (218). While its exact mechanism of action is unknown, it skews both T cell activity and cytokine profiles toward an anti-inflammatory phenotype (219). Corticosteroids, such as methylprednisolone, are used during acute exacerbation of MS to reduce the severity of episodes; they exert multiple anti-inflammatory effects, including reducing infiltration of inflammatory cells into the CNS and possibly inducing apoptosis (220). Adrenocorticotrophic hormone, which stimulates the endogenous production of corticosteroids, was approved by the FDA in 1978 (221). However, oral or intravenous steroids have superior efficacy in treating relapses (222) and are the standard of care for acute relapses.

Glatiramer acetate is an amino acid polymer with a similar structure to myelin basic protein, which is a known autoimmune target in MS. Due to this structural similarity, it may compete with myelin binding to antigen-presenting cells and suppress autoimmunity and induce an anti-inflammatory response. It also contributes to remyelination by inducing the secretion of neurotrophic factors from myelin-reactive T cells. An early phase III clinical trial using the glatiramer acetate, Copolymer1, resulted in a decreased relapse rate over a 2-year period, which was coupled with improved disability (223). Glatiramer acetate was approved by the FDA in 2018 for the treatment of RRMS (224).

Other immunomodulatory agents have been under investigation for MS. Methotrexate is an antimetabolite commonly used for rheumatoid arthritis and certain cancers. It inhibits nucleic acid synthesis, causing preferential toxicity in rapidly dividing cells such as lymphocytes. Methotrexate has been investigated in RRMS in several clinical trials (225) (NCT00037102, NCT00112034, and NCT00037115) and has efficacy similar to that of interferon beta-1a (226). Intrathecal methotrexate has also been shown to be safe in treating progressive forms of MS (227) (NCT02644044). Methotrexate is not currently FDA approved for treating either form of MS but is sometimes used off label as a second-line agent.

Minocycline is an antibiotic that exerts anti-inflammatory and neuroprotective effects (see above). Minocycline crosses the blood-brain barrier and modulates T cell behavior, reduces microglial activation, and prevents neuronal apoptosis (228). It has been the subject of several clinical trials for RRMS (NCT01134627, NCT04291456, NCT00203112, and NCT00666887), although with unclear results. Completed trials suggested a trend toward lower relapse rates (229) or lower risk of conversion of clinically isolated syndrome (CIS) to MS in the short term (230), but more studies are needed. In addition, Minocycline combined with administration of subcutaneous interferon-beta 1a showed no statistically significant benefit for MS patients (231).



Targeted Immunotherapy

There are several approved immunotherapy options for MS which differ from immunomodulation in that they are antibodies that have direct molecular targets, rather than compounds that exert multiple effects on the immune system.

One modality is anti-B cell or anti-lymphocyte antibodies, which are commonly used in treating RRMS and primary-progressive MS PPMS (232). These antibodies target mature B cells (CD20) or B and T cells (CD52). Ocrelizumab and Rituximab are two anti-CD20 antibodies used for the treatment of MS. Anti-B cell reagents such as these have been shown to reduce the relapse rate and presence of new lesions in the CNS (233). In several identically designed phase III studies, Ocrelizumab showed efficacy in treatment when compared to interferon-beta 1a with regard to improved outcomes in areas such as disability progression and suppression of new inflammatory lesions in the brain detected by magnetic resonance imaging (MRI) (234) (NCT01247324, NCT01194570, and NCT01412333). Similarly, Rituximab administration reduced inflammatory brain lesions along with a decrease in clinical relapses for 48 weeks (235) (NCT00097188). Alemtuzumab is an anti-CD52 antibody approved for RRMS that depletes B and T cells, with significant clinical benefit when compared to interferon beta-1a (236) (NCT00050778, NCT00530348, and NCT00548405). Natalizumab is another approved monoclonal antibody for MS that targets alpha4 integrin expressed on the surface of activated lymphocytes. This molecule is part of a receptor that interacts with vascular endothelium in the brain, tethering lymphocytes to the endothelium and allowing them to migrate through the blood-brain barrier. Natalizumab blocks this interaction, reducing the severity of relapses (237). In a phase III trial, Natalizumab resulted in visual improvement in relapsing MS patients (238) (NCT00027300). Natalizumab was approved by the FDA in 2007 after showing a reduction in relapse rate and severity (239). Of note, a particularly severe side effect of natalizumab therapy is progressive multifocal leukoencephalopathy, a fatal disorder caused by reactivation of the John Cunningham (JC) polyomavirus. Therefore, patients are screened for antibodies against JC virus before initiating therapy (237).




PARKINSON'S DISEASE

Parkinson's disease (PD) is one of the most common neurodegenerative disorders globally (240). It is a complex pathology that is primarily driven by progressive neuronal cell loss within the substantia nigra (241). At diagnosis, it is estimated that almost a 3rd of dopaminergic neurons are already lost (242). A common theme underlying PD is a generalized inflammatory response that leads to the accumulation of alpha-synuclein aggregates and reactive oxygen intermediates, ultimately resulting in dopaminergic cell loss (243, 244). Factors thought to be involved in PD progression include Monoamine oxidase B (MAO-B) that degrades dopamine, iron accumulation, protein aggregation, glutamatergic excitotoxicity, altered calcium gradients, and perpetual neuroinflammation. There are currently no curative treatments for PD, but the most effective drugs for symptom control are dopaminergic agonists such as Levodopa (242). In the context of neuroinflammation, multiple classes of drugs have been developed that interfere with inflammatory processes known to be involved in disease pathogenesis. Below we discuss several classes of neuroprotectants that have been investigated for the treatment of PD. Of note, however, no neuroprotectant has yet shown convincing efficacy in the clinic, although this is an active area of current research in PD treatment (245). Figure 4 provides a representative scheme of the mechanism of action for the discussed therapeutics in PD.
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FIGURE 4. Mechanism of action for the therapeutics discussed in PD section. Lines ending with a flat dash indicate an inhibitory effect, and lines ending with an arrow indicate a positive/stimulating effect. Dopamine agonists function to provide dopamine-mediating synaptic function which is lost in PD. They are either precursors of dopamine to ensure production, or dopamine receptor agonists to ensure signaling. Iron chelators inhibit both free iron production (which will result in ROS generation) and misfolded protein formation. Alpha-synuclein immunotherapy decreases the formation of Lewy bodies resulting from aggregation of alpha-synuclein. Neurotrophic factor treatment (such as GDNF) provides tyrosine hydroxylase which in turn results in dopamine production. CoQ10 is an antioxidant and ROS scavenger. Selegiline and Rasagiline are monamine oxidase B inhibitors that prevent dopamine from converting into DOPAC, which can then be oxidized and forms toxic metabolites. Calcium channel blockers prevent intracellular calcium dysregulation. Memantine, Amantadine and Riluzole have an inhibitory effect on NMDA receptors, which reduces excitotoxicity. All drawings of cells/molecules used in this figure were obtained and modified from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported License (https://smart.servier.com/).



Dopamine Agonists

Dopaminergic neurons are the primary cells lost in the inflammatory cascade in PD. Dopaminergic agonists have been the gold standard for treatment and symptomatic delay of patients with PD. Primary drugs in this class used to treat PD include Levodopa (dopamine precursor), bromocriptine (D2 receptor agonist) ropinirole and pramipexole (D2 and D3 receptor agonist), and R-apomorphine (D1 and D2 receptor agonist). These agents are thought to decrease nigrostriatal cell loss following dopaminergic auto-receptor stimulation (246–249). Drugs of this class have been in multiple clinical trials, and many have shown some symptomatic improvement of patients (250–253) (NCT00804479 and NCT00004733). In a randomized delayed-start trial, neither early nor late administration of the dopamine agonist pramipexole had any disease-modifying effects or improvements in PD patients (254) (NCT00321854). A likely contributing factor to the failure if this trial is the high dose required for pramipexole to show clinical efficacy (noted at 1.5 mg per day). At this dose, the study showed ~10% severe adverse effects and over 80% general adverse effects. This is in contrast to pre-clinical studies that utilized doses of 1 mg/kg/day (255). Similar results were obtained in another clinical trial that administered Levodopa at early and late time points after PD diagnosis (256) (Trial Number: ISRCTN30518857). Taken altogether, it remains unclear whether this class of therapeutic provides definitive neuroprotection or simply a symptomatic delay effect without a clear disease-modifying effect (250, 256).



Monoamine Oxidase B Inhibitors

Monoamine oxidase B inhibitors such as Selegiline and Rasagiline were developed to target the MPTP pathway (refer to TBI section above). These inhibitors have been used as an adjuvant that allows dosage reduction of dopamine agonists (levodopa), although recent data suggests that selegiline may have neuroprotective properties as a monotherapy (257). Large multi-center trials have shown a modest symptom delay when using selegiline compared to placebo, although it is unclear if this is due to a neuroprotective mechanism (258–264). On the other hand, Rasagiline was found to provide greater therapeutic benefit than Selegiline, with a higher antioxidant effect on peroxynitrite, MPTP, and 6-OHDA metabolism. One clinical trial using Rasagiline at 1 or 2 mg/day showed that the latter did not show any disease-modifying effect, but the 1 mg/day dose did provided benefits of a possible disease modifying effect using the Unified Parkinson's Disease Rating Scale (UPDRS) (265) (NCT00256204). However, a few years later, a large retrospective real-life study revealed no difference between Selegiline and Rasagiline in disease progression and time to levodopa (266). A potential pitfall for these trials is the assumption of a primary inflammatory pathway in PD, thus rationalizing monotherapy with Rasagiline as a neuroprotectant when a multi-therapy cocktail approach may be optimal.



NMDA Receptor Antagonists

Although glutamate is not the primary neurotransmitter implicated in PD, alterations of glutamatergic transmission contribute to the disease process through excitotoxicity (267, 268). NMDA glutamate receptor is an excitatory, ligand-gated ion channel composed of multiple subunits. NMDA receptors have multiple regulatory properties, and their presence in the striatum is essential for dopamine-glutamate interaction. Their number and function are modified by dopamine depletion, as well as by therapeutics that are used to treat PD (269, 270). The primary goal of NMDA antagonism in PD is to ameliorate Parkinsonian symptoms such as dyskinesia, as well as to reduce the long-term effects of dopamine-based PD treatments (levodopa) (269). Several agents have been developed for non-targeted NMDA inhibition including Amantadine (a nicotine and NMDA antagonist originally used as an antiviral medication) (271), Memantine (a non-competitive NMDA receptor antagonist), and Riluzole (primarily a sodium channel blocker with an indirect blockade effect on NMDA receptors) (149). Pre-clinical studies with Riluzole showed a promising protective effect on dopaminergic cells in the MPTP toxin model, but in clinical trials, Riluzole failed as a treatment modality for PD (264, 272, 273). This may be due to the broad effect of Riluzole on multiple receptors. Amantadine also had a modest effect on slowing disease progression in the MPTP animal model, and clinical studies demonstrated a protective effect (274–276). One of the first clinical trials with Amantadine was published in 1970 and showed modest neuroprotection for patients with various stages of PD, with a well-tolerated side effect profile (277). More trials have since shown temporary improvement in motor complications and reduced dyskinesia (278–280) (UMIN Clinical Trial Registry UMIN000000780). Most recently, the EASE LID study (NCT02136914) evaluated extended-release amantadine capsules and found significant efficacy in the reduction of dyskinesia with a more consistent daily effect (281, 282). Although using a relatively small sample size, memantine has been shown to improve PD symptoms, specifically PD-associated dementia (283) (Trial registry number ISRCTN89624516). On the other hand, in contradiction to this report, Emre et al. demonstrated that memantine administration to patients with mild to moderate PD-dementia or dementia with Lewy bodies (DLB) showed no significant improvement in the PD-dementia group and a possible clinical benefit in the DLB group (284) (NCT00855686). Other studies demonstrated a significant deterioration following the discontinuation of the agent, indicating a symptom-control mechanism rather than a neuroprotective effect (285).



Iron Chelators

Iron deposition in the substantia nigra pars compacta is implicated in PD progression via oxidative stress and protein misfolding that ultimately results in Lewy body deposition (286, 287). Iron chelators such as deferoxamine and phytic acid have had positive results in preclinical models, but clinical studies have not indicated any neuroprotective properties (288). Another iron chelator, deferiprone, was tested in a recent randomized controlled trial, and although it decreased iron content in the dentate and caudate nuclei, it did not provide significant clinical benefit (289) (NCT01539837). In another trial, investigators showed benefit of deferiprone treatment after 6 months of diagnosis translated by an improved UPDRS score when treatment was started early compared to a delayed treatment (290) (NCT00943748).

There are currently over 15 clinical trials investigating iron chelation for the treatment of neurodegenerative diseases, five of which are for PD (291). To date, clinical data remain inconclusive. A potential reason for the lack of success of iron chelation in the treatment of PD to date may be related to a dual role of iron in the basal ganglia and substantia nigra. Although its presence is associated with disease progression, iron is also necessary for energy production and dopamine synthesis, although the byproduct of this process is the redox-active form that ultimately results in the production of hydroxyl radicals (292). Another potential explanation, and which may be applied to several types of therapeutic under investigation, is that due to the multifactorial nature of PD, a single target is not adequate to induce significant neuroprotective effects.



Calcium Channel Blockers

L-type calcium channel (LTCC) blockers showed efficacy in both MPTP and 6-OHDA animal models of PD (293, 294). The rationale for calcium-based treatment stems from large epidemiologic studies that showed a reduced risk of developing PD in patients taking blood-brain barrier-permeable calcium channel blockers for hypertension (295–299). In vitro and in vivo studies demonstrated that LTCC-mediated Ca2+ entry into substantia nigra dopaminergic neurons resulted in high metabolic stress levels and an increase in PD stressors and cell death (300, 301). Additional studies revealed a LTCC-mediated balance between protective and degenerative signaling in substantia nigra dopaminergic (DA) neurons, with a PD stressor increase tipping the balance toward degenerative signaling (302–305). The current theory is that LTCC blockers restore the balance and reduce degenerative signaling to maintain a protective microenvironment (306). A large clinical trial evaluated the LTCC blocker Israpidine in patients with early PD (NCT02168842). Initial findings from the trial revealed no benefit relative to placebo (307), and the authors speculated that the drug dose was insufficient to engage target calcium channels to exert a neuroprotective effect. An additional challenge in developing a LTCC blocker is the similarity amongst different calcium channel subtypes, including T and N-type, and the potential for creating an unwanted global effect (308).



Neurotrophic Factors

Effects of growth factors on neurodegenerative disease modification have been extensively studied in preclinical models (250). In the MPTP animal model of PD, glial-derived neurotrophic factor (GDNF) increased the number and size of tyrosine hydroxylase (TH)-positive cells, indicating DA neuronal presence (309). An initial clinical study of intra-putaminal GDNF yielded a 39% improvement in the off-medication motor sub-score of the UPDRS, as well as a 64% reduction in dyskinesias (310). However, other studies investigating intraventricular or intra-putaminal administration did not result in significant clinical improvement (311–313). A likely cause of failure is the lack of blood brain barrier (BBB) penetrance for GDNF in the intraventricular groups. Furthermore, adequate putaminal administration would require significantly higher doses given the size of the target to confer clinical efficacy.



Coenzyme Q10

Coenzyme Q10 (CoQ10) is an antioxidant present within the mitochondrial respiratory chain and functions as a ROS scavenger (314). As such, CoQ10 has been investigated as a treatment for PD, since disease progression is linked to mitochondrial defects and oxidative stress (315). An early study that randomized patients to multiple doses showed some short-term improvement and lower deterioration in clinical function at very high doses (1,200 mg/d) (316). However, subsequent and larger clinical studies failed to show any benefit in patients treated with Coenzyme Q (317–319) (NCT00180037 and NCT00740714), although some studies did suggest a mild symptomatic relief due to its alternative effect as an anti-depressive agent (316). Furthermore, a neuroprotective effect could not be determined since functional testing was performed while CoQ10 was present in patient serum, without confirmation of continued improvement following systemic decline of drug levels (318).



Alpha-Synuclein Immunotherapy

Alpha-synuclein (alpha-syn) immunotherapy has emerged as a novel approach for the treatment of PD. Alpha-syn is a neuronal protein that is expressed in the presynaptic terminal and is involved in synaptic regulation (320). Alpha-syn protein accumulates extracellularly and forms Lewy bodies that are associated with PD dementia (320). There is an especially strong link between alpha-syn accumulation and PD (321). There are several known genetic mutations in the alpha-syn (SNCA) gene that are linked to both familial and sporadic forms of PD (322, 323). In a transgenic mouse model of PD, administration of recombinant alpha-syn protein generated antibodies that resulted in reduced behavioral deficits and reduced alpha-syn deposition (324). A monoclonal antibody has also been developed that recognizes an epitope for the C-terminal part of alpha-synuclein, causing decreased overall accumulation of alpha-syn aggregates and improving functional deficits in the mouse model, but no clinical studies have been conducted (325). A major challenge facing the successful translation of an anti-alpha-synuclein immunotherapy is the lack of specificity to pathologic alpha-syn (326). Also, the lack of BBB permeability would likely be an obstacle that could possibly be overcome by antibody engineering. Nevertheless, several clinical trials are underway to evaluate the efficacy of this therapy in PD patients. Active immunity drugs such as PD01A and PD03A, which are peptides mimicking c-terminus portions of the alpha-synuclein protein, have undergone phase I randomized controlled trials; they were tolerated at administered doses, but clinical data has not yet been published (327). Passive immunity drugs tested include PRX002, an anti-alpha-synuclein antibody, which was well-tolerated in humans and is currently undergoing a phase II clinical trial (328).




SUMMARY AND DISCUSSION

To date, neuroprotective therapeutics have, in general, provided disappointing results in clinical trials, despite the fact that most of the reagents investigated in the clinic showed promise in preclinical studies. There nevertheless continues to be optimism and a significant interest in the development of neuroprotectants for the treatment of CNS injury and disease. There are many potential explanations for the past failures of neuroprotectants in clinical trials. One such explanation is the selection of a drug candidate for clinical trials based on data from inappropriately designed preclinical studies, at least with regard to translation. Taking stroke as a case in point, potential reasons that preclinical success did not translate include: Treatments given too early in preclinical models, which does not translate; a focus on acute outcomes that do not account for chronic recovery; focus on gray matter injury without account for white matter injury; no comparison of rehabilitation-induced (standard of care) or spontaneous recovery; lack of account for gender and age-related effects. And of course, animal models are more homogenous in terms of reproducibility of injury mechanism and response to treatments compared to the heterogenicity of a patient population.

Other key considerations that can contribute to failure or difficulty in interpreting data include poor patient enrollment, especially when trying to match patients with comparable comorbidities, resulting in a vastly heterogeneous study population. In TBI trials for example, enrollment conditions for severity have, in general, not been optimal. Many studies enrolled individuals who had a GCS ≤ 8, but the nature of the injury is not uniform for all patients who receive a GCS ≤ 8. For example, a patient assigned a score of 4 with a pathologic reflex and no optical response is very different from a patient with a score of 7 and a purposeful reflex and optical response. Also, some clinical studies have used only one or two blood markers as a measure of treatment efficacy, and where possible, including more biomarkers would provide a broader and more conclusive outcome determination. Another consideration is that many of the therapeutics investigated, or that will be investigated, have systemic activity and may have dual function within the CNS vs. periphery, and which may have detrimental off-target effects which mask or render irrelevant on target benefits.

At the time of writing, complement inhibition has not been investigated in the clinic for MS, PD or TBI. We nevertheless included these diseases/injuries in this review because of the strong preclinical evidence indicating a role for complement in propagating pathology. For example, in the experimental autoimmune encephalomyelitis mouse model of MS, inhibition of C3 (329, 330), the alternative pathway (330, 331), or the terminal MAC provides protection against chronic disease and reduces neurological disability. Inhibition of C3 and specifically the alternative pathway protects against acute (332) and chronic (23) injury after TBI, and many other preclinical studies have demonstrated the effectiveness of complement inhibition in TBI [reviewed in (333–336)]. While no preclinical studies have investigated complement inhibition in PD models, complement components C1q (337) and C3 (338) deposit in the substantia nigra in PD. Also, the absence of complement receptor 3 (CR3) reduces loss of dopaminergic neurons in the paraquat and maneb-induced PD model (339), and the absence of C3 reduces loss of the dopaminergic neurons in the lipopolysaccharide challenge PD model (340). Thus, these preclinical studies suggest a role for complement in the pathogenesis of PD, although further study is needed.

Looking forward, an optimum candidate may be a multi-target, multi-pathway acting therapeutic that can selectively target injurious mechanisms while allowing for recovery. In this context, the complement system plays a central role in inflammation and modulates multiple downstream pathways once activated. Over the past several years, there has been explosive growth in both academic and commercial programs aimed at developing complement inhibitory drugs, with many anti-complement therapeutics now in various stages of clinical trials. Considering the evidence that complement plays key roles in driving multiple CNS pathologies [reviewed in (22, 177, 341–343)], diseases of the CNS would appear to be an attractive and viable target indication for the next generation of complement therapeutics.
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REFERENCES

 1. Twelves D, Perkins KS, Counsell C. Systematic review of incidence studies of Parkinson's disease. Mov Disord. (2003) 18:19–31. doi: 10.1002/mds.10305

 2. Tullman MJ. Overview of the epidemiology, diagnosis, and disease progression associated with multiple sclerosis. Am J Manag Care. (2013) 19:S15–20.

 3. Centers for Disease Control and Prevention. Report to Congress on Traumatic Brain Injury in the United States: Epidemiology and Rehabilitation. Atlanta, GA: National Center for Injury Prevention and Control; Division of Unintentional Injury Prevention (2015).

 4. Corrigan JD, Yang J, Singichetti B, Manchester K, Bogner J. Lifetime prevalence of traumatic brain injury with loss of consciousness. Inj Prev. (2018) 24:396–404. doi: 10.1136/injuryprev-2017-042371

 5. Raymond J, Oskarsson B, Mehta P, Horton K. Clinical characteristics of a large cohort of US participants enrolled in the National Amyotrophic Lateral Sclerosis (ALS) registry, 2010-2015. Amyotroph Lateral Scler Frontotemporal Degener. (2019) 20:413–20. doi: 10.1080/21678421.2019.1612435

 6. Barthels D, Das H. Current advances in ischemic stroke research and therapies. Biochim Biophys Acta Mol Basis Dis. (2020) 1866:165260. doi: 10.1016/j.bbadis.2018.09.012

 7. Amor S, Puentes F, Baker D, van der Valk P. Inflammation in neurodegenerative diseases. Immunology. (2010) 129:154–69. doi: 10.1111/j.1365-2567.2009.03225.x

 8. Stephenson J, Nutma E, van der Valk P, Amor S. Inflammation in CNS neurodegenerative diseases. Immunology. (2018) 154:204–19. doi: 10.1111/imm.12922

 9. Nguyen MD, Julien JP, Rivest S. Innate immunity: the missing link in neuroprotection and neurodegeneration? Nat Rev Neurosci. (2002) 3:216–27. doi: 10.1038/nrn752

 10. Jung YJ, Tweedie D, Scerba MT, Greig NH. Neuroinflammation as a factor of neurodegenerative disease: thalidomide analogs as treatments. Front Cell Dev Biol. (2019) 7:313. doi: 10.3389/fcell.2019.00313

 11. Diguet E, Gross CE, Bezard E, Tison F, Stefanova N, Wenning GK. Neuroprotective agents for clinical trials in Parkinson's disease: a systematic assessment. Neurology. (2004) 62:158; author reply 158–9. doi: 10.1212/wnl.62.1.158

 12. Grech LB, Butler E, Stuckey S, Hester R. Neuroprotective Benefits of Antidepressants in Multiple Sclerosis: Are We Missing the Mark? J Neuropsychiatry Clin Neurosci. (2019) 31:289–97. doi: 10.1176/appi.neuropsych.18070164

 13. Oh J, Ontaneda D, Azevedo C, Klawiter EC, Absinta M, Arnold DL, et al. Imaging outcome measures of neuroprotection and repair in MS: a consensus statement from NAIMS. Neurology. (2019) 93:46. doi: 10.1212/WNL.0000000000007525

 14. Motataianu A, Barcutean L, Balasa R. Neuroimmunity in amyotrophic lateral sclerosis: focus on microglia. Amyotroph Lateral Scler Frontotemporal Degener. (2020) 21:159–66. doi: 10.1080/21678421.2019.1708949

 15. Robicsek SA, Bhattacharya A, Rabai F, Shukla K, Dore S. Blood-related toxicity after traumatic brain injury: potential targets for neuroprotection. Mol Neurobiol. (2020) 57:159–78. doi: 10.1007/s12035-019-01766-8

 16. Menon DK. Unique challenges in clinical trials in traumatic brain injury. Crit Care Med. (2009) 37:S129–35. doi: 10.1097/CCM.0b013e3181921225

 17. Dunkel P, Chai CL, Sperlagh B, Huleatt PB, Matyus P. Clinical utility of neuroprotective agents in neurodegenerative diseases: current status of drug development for Alzheimer's, Parkinson's and Huntington's diseases, and amyotrophic lateral sclerosis. Expert Opin Investig Drugs. (2012) 21:1267–308. doi: 10.1517/13543784.2012.703178

 18. Moretti A, Ferrari F, Villa RF. Neuroprotection for ischaemic stroke: current status and challenges. Pharmacol Ther. (2015) 146:23–34. doi: 10.1016/j.pharmthera.2014.09.003

 19. Sarma JV, Ward PA. The complement system. Cell Tissue Res. (2011) 343:227–35. doi: 10.1007/s00441-010-1034-0

 20. Alawieh A, Elvington A, Tomlinson S. Complement in the homeostatic and ischemic brain. Front Immunol. (2015) 6:417. doi: 10.3389/fimmu.2015.00417

 21. Peng Q, Li K, Sacks SH, Zhou W. The role of anaphylatoxins C3a and C5a in regulating innate and adaptive immune responses. Inflamm Allergy Drug Targets. (2009) 8:236–46. doi: 10.2174/187152809788681038

 22. Brennan FH, Anderson AJ, Taylor SM, Woodruff TM, Ruitenberg MJ. Complement activation in the injured central nervous system: another dual-edged sword? J Neuroinflammation. (2012) 9:137. doi: 10.1186/1742-2094-9-137

 23. Alawieh A, Langley EF, Weber S, Adkins D, Tomlinson S. Identifying the role of complement in triggering neuroinflammation after traumatic brain injury. J Neurosci. (2018) 38:2519–32. doi: 10.1523/JNEUROSCI.2197-17.2018

 24. Alawieh A, Langley EF, Tomlinson S. Targeted complement inhibition salvages stressed neurons and inhibits neuroinflammation after stroke in mice. Sci Transl Med. (2018) 10:eaao6459. doi: 10.1126/scitranslmed.aao6459

 25. Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ramakrishnan S, et al. Complement and microglia mediate early synapse loss in Alzheimer mouse models. Science. (2016) 352:712–6. doi: 10.1126/science.aad8373

 26. Michailidou I, Willems JG, Kooi EJ, van Eden C, Gold SM, Geurts JJ, et al. Complement C1q-C3-associated synaptic changes in multiple sclerosis hippocampus. Ann Neurol. (2015) 77:1007–26. doi: 10.1002/ana.24398

 27. Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi V, Roumenina LT. Complement system part II: role in immunity. Front Immunol. (2015) 6:257. doi: 10.3389/fimmu.2015.00257

 28. Ten VS, Yao J, Ratner V, Sosunov S, Fraser DA, Botto M, et al. Complement component c1q mediates mitochondria-driven oxidative stress in neonatal hypoxic-ischemic brain injury. J Neurosci. (2010) 30:2077–87. doi: 10.1523/JNEUROSCI.5249-09.2010

 29. Yang J, Ahn HN, Chang M, Narasimhan P, Chan PH, Song YS. Complement component 3 inhibition by an antioxidant is neuroprotective after cerebral ischemia and reperfusion in mice. J Neurochem. (2013) 124:523–35. doi: 10.1111/jnc.12111

 30. Kerboua K, Meziane W, Hadjidj Z, Bouemediene A, Aribi M. Oxidative stress: the big bang of the complement-mediated pathologies. In: The First International Congress of Immunology and Molecular Immunopathology (CIMIP2014). (2014). doi: 10.3389/conf.fimmu.2014.04.00028

 31. Zelek WM, Xie L, Morgan BP, Harris CL. Compendium of current complement therapeutics. Mol Immunol. (2019) 114:341–52. doi: 10.1016/j.molimm.2019.07.030

 32. Katan M, Luft A. Global burden of stroke. Semin Neurol. (2018) 38:208–11. doi: 10.1055/s-0038-1649503

 33. Adeoye O, Hornung R, Khatri P, Kleindorfer D. Recombinant tissue-type plasminogen activator use for ischemic stroke in the United States: a doubling of treatment rates over the course of 5 years. Stroke. (2011) 42:1952–5. doi: 10.1161/STROKEAHA.110.612358

 34. Saver JL. Improving reperfusion therapy for acute ischaemic stroke. J Thromb Haemost. (2011) 9(Suppl 1:333–43. doi: 10.1111/j.1538-7836.2011.04371.x

 35. Alawieh AM, Langley EF, Feng W, Spiotta AM, Tomlinson S. Complement-dependent synaptic uptake and cognitive decline after stroke and reperfusion therapy. J Neurosci. (2020) 40:4042–58. doi: 10.1523/JNEUROSCI.2462-19.2020

 36. Kidwell CS, Liebeskind DS, Starkman S, Saver JL. Trends in acute ischemic stroke trials through the 20th century. Stroke. (2001) 32:1349–59. doi: 10.1161/01.str.32.6.1349

 37. Kikuchi K, Tanaka E, Murai Y, Tancharoen S. Clinical trials in acute ischemic stroke. CNS Drugs. (2014) 28:929–38. doi: 10.1007/s40263-014-0199-6

 38. Zelek WM, Taylor PR, Morgan BP. Development and characterization of novel anti-C5 monoclonal antibodies capable of inhibiting complement in multiple species. Immunology. (2019) 157:283–95. doi: 10.1111/imm.13083

 39. Palmerini T, Savini C, Di Eusanio M. Risks of stroke after coronary artery bypass graft - recent insights and perspectives. Interv Cardiol. (2014) 9:77–83. doi: 10.15420/icr.2011.9.2.77

 40. Mathew JP, Shernan SK, White WD, Fitch JC, Chen JC, Bell L, et al. Preliminary report of the effects of complement suppression with pexelizumab on neurocognitive decline after coronary artery bypass graft surgery. Stroke. (2004) 35:2335–9. doi: 10.1161/01.STR.0000141938.00524.83

 41. DeFronzo RA, Inzucchi S, Abdul-Ghani M, Nissen SE. Pioglitazone: the forgotten, cost-effective cardioprotective drug for type 2 diabetes. Diab Vasc Dis Res. (2019) 16:133–43. doi: 10.1177/1479164118825376

 42. Blackburn JK, Curry DW, Thomsen AN, Roth RH, Elsworth JD. Pioglitazone activates paraoxonase-2 in the brain: a novel neuroprotective mechanism. Exp Neurol. (2020) 327:113234. doi: 10.1016/j.expneurol.2020.113234

 43. Yu SJ, Reiner D, Shen H, Wu KJ, Liu QR, Wang Y. Time-dependent protection of CB2 receptor agonist in stroke. PLoS ONE. (2015) 10:e0132487. doi: 10.1371/journal.pone.0132487

 44. Garrido-Mesa N, Zarzuelo A, Galvez J. Minocycline: far beyond an antibiotic. Br J Pharmacol. (2013) 169:337–52. doi: 10.1111/bph.12139

 45. Fagan SC, Waller JL, Nichols FT, Edwards DJ, Pettigrew LC, Clark WM, et al. Minocycline to improve neurologic outcome in stroke (MINOS): a dose-finding study. Stroke. (2010) 41:2283–7. doi: 10.1161/STROKEAHA.110.582601

 46. Fraser JF, Maniskas M, Trout A, Lukins D, Parker L, Stafford WL, et al. Intra-arterial verapamil post-thrombectomy is feasible, safe, and neuroprotective in stroke. J Cereb Blood Flow Metab. (2017) 37:3531–43. doi: 10.1177/0271678X17705259

 47. Echizen H, Eichelbaum M. Clinical pharmacokinetics of verapamil, nifedipine and diltiazem. Clin Pharmacokinet. (1986) 11:425–49. doi: 10.2165/00003088-198611060-00002

 48. Inzitari D, Poggesi A. Calcium channel blockers and stroke. Aging Clin Exp Res. (2005) 17:16–30.

 49. Singh V, Mishra VN, Chaurasia RN, Joshi D, Pandey V. Modes of calcium regulation in ischemic neuron. Indian J Clin Biochem. (2019) 34:246–53. doi: 10.1007/s12291-019-00838-9

 50. Singh H, Jalodia S, Gupta MS, Talapatra P, Gupta V, Singh I. Role of magnesium sulfate in neuroprotection in acute ischemic stroke. Ann Indian Acad Neurol. (2012) 15:177–80. doi: 10.4103/0972-2327.99705

 51. Westermaier T, Stetter C, Kunze E, Willner N, Raslan F, Vince GH, et al. Magnesium treatment for neuroprotection in ischemic diseases of the brain. Exp Transl Stroke Med. (2013) 5:6. doi: 10.1186/2040-7378-5-6

 52. Avgerinos KI, Chatzisotiriou A, Haidich AB, Tsapas A, Lioutas VA. Intravenous magnesium sulfate in acute stroke. Stroke. (2019) 50:931–8. doi: 10.1161/STROKEAHA.118.021916

 53. Shadman J, Sadeghian N, Moradi A, Bohlooli S, Panahpour H. Magnesium sulfate protects blood-brain barrier integrity and reduces brain edema after acute ischemic stroke in rats. Metab Brain Dis. (2019) 34:1221–9. doi: 10.1007/s11011-019-00419-y

 54. Muir KW, Lees KR, Ford I, Davis S, Intravenous Magnesium Efficacy in Stroke Study I. Magnesium for acute stroke (Intravenous Magnesium Efficacy in Stroke trial): randomised controlled trial. Lancet. (2004) 363:439–45. doi: 10.1016/S0140-6736(04)15490-1

 55. Saver JL, Starkman S, Eckstein M, Stratton SJ, Pratt FD, Hamilton S, et al. Prehospital use of magnesium sulfate as neuroprotection in acute stroke. N Engl J Med. (2015) 372:528–36. doi: 10.1056/NEJMoa1408827

 56. Cho SI, Park UJ, Chung JM, Gwag BJ. Neu2000, an NR2B-selective, moderate NMDA receptor antagonist and potent spin trapping molecule for stroke. Drug News Perspect. (2010) 23:549–56. doi: 10.1358/dnp.2010.23.9.1513493

 57. Noh J, Koh YH, Chung JM. Attenuated effects of Neu2000 on hypoxia-induced synaptic activities in a rat hippocampus. Arch Pharm Res. (2014) 37:232–8. doi: 10.1007/s12272-013-0170-y

 58. Hong JM, Choi MH, Sohn SI, Hwang YH, Ahn SH, Lee YB, et al. Safety and optimal neuroprotection of neu2000 in acute ischemic stroke with reCanalization: study protocol for a randomized, double-blinded, placebo-controlled, phase-II trial. Trials. (2018) 19:375. doi: 10.1186/s13063-018-2746-9

 59. Overgaard K. The effects of citicoline on acute ischemic stroke: a review. J Stroke Cerebrovasc Dis. (2014) 23:1764–9. doi: 10.1016/j.jstrokecerebrovasdis.2014.01.020

 60. Martí-Carvajal AJ, Valli C, Sol à I, Martí-Fàbregas J, Bonfill Cosp X. Citicoline for treating people with acute ischemic stroke. Cochrane Database Syst Rev. (2018) 2018:CD013066. doi: 10.1002/14651858.cd013066

 61. Wignall ND, Brown ES. Citicoline in addictive disorders: a review of the literature. Am J Drug Alcohol Abuse. (2014) 40:262–8. doi: 10.3109/00952990.2014.925467

 62. Martynov MY, Gusev EI. Current knowledge on the neuroprotective and neuroregenerative properties of citicoline in acute ischemic stroke. J Exp Pharmacol. (2015) 7:17–28. doi: 10.2147/JEP.S63544

 63. Hurtado O, Hernandez-Jimenez M, Zarruk JG, Cuartero MI, Ballesteros I, Camarero G, et al. Citicoline (CDP-choline) increases Sirtuin1 expression concomitant to neuroprotection in experimental stroke. J Neurochem. (2013) 126:819–26. doi: 10.1111/jnc.12269

 64. Secades JJ, Alvarez-Sabin J, Castillo J, Diez-Tejedor E, Martinez-Vila E, Rios J, et al. Citicoline for acute ischemic stroke: a systematic review and formal meta-analysis of randomized, double-blind, and placebo-controlled trials. J Stroke Cerebrovasc Dis. (2016) 25:1984–96. doi: 10.1016/j.jstrokecerebrovasdis.2016.04.010

 65. Mehta A, Mahale R, Buddaraju K, Javali M, Acharya P, Srinivasa R. Efficacy of neuroprotective drugs in acute ischemic stroke: is it helpful? J Neurosci Rural Pract. (2019) 10:576–81. doi: 10.1055/s-0039-1700790

 66. Schwarze SR, Ho A, Vocero-Akbani A, Dowdy SF. In vivo protein transduction: delivery of a biologically active protein into the mouse. Science. (1999) 285:1569–72. doi: 10.1126/science.285.5433.1569

 67. Aarts M, Liu Y, Liu L, Besshoh S, Arundine M, Gurd JW, et al. Treatment of ischemic brain damage by perturbing NMDA receptor- PSD-95 protein interactions. Science. (2002) 298:846–50. doi: 10.1126/science.1072873

 68. Ballarin B, Tymianski M. Discovery and development of NA-1 for the treatment of acute ischemic stroke. Acta Pharmacol Sin. (2018) 39:661–8. doi: 10.1038/aps.2018.5

 69. Cui H, Hayashi A, Sun HS, Belmares MP, Cobey C, Phan T, et al. PDZ protein interactions underlying NMDA receptor-mediated excitotoxicity and neuroprotection by PSD-95 inhibitors. J Neurosci. (2007) 27:9901–15. doi: 10.1523/JNEUROSCI.1464-07.2007

 70. Sun HS, Doucette TA, Liu Y, Fang Y, Teves L, Aarts M, et al. Effectiveness of PSD95 inhibitors in permanent and transient focal ischemia in the rat. Stroke. (2008) 39:2544–53. doi: 10.1161/STROKEAHA.107.506048

 71. Hill MD, Goyal M, Menon BK, Nogueira RG, McTaggart RA, Demchuk AM, et al. Efficacy and safety of nerinetide for the treatment of acute ischaemic stroke (ESCAPE-NA1): a multicentre, double-blind, randomised controlled trial. Lancet. (2020) 395:878–87. doi: 10.1016/S0140-6736(20)30258-0

 72. Messe SR, McGarvey ML, Bavaria JE, Pochettino A, Szeto WY, Cheung AT, et al. A pilot study of darbepoetin alfa for prophylactic neuroprotection in aortic surgery. Neurocrit Care. (2013) 18:75–80. doi: 10.1007/s12028-012-9710-4

 73. Page C. Heparin and related drugs: beyond anticoagulant activity. ISRN Pharmacol. (2013) 2013:910743. doi: 10.1155/2013/910743

 74. Navi BB, Marshall RS, Bobrow D, Singer S, Stone JB, DeSancho MT, et al. Enoxaparin vs aspirin in patients with cancer and ischemic stroke: the TEACH Pilot randomized clinical trial. JAMA Neurol. (2018) 75:379–81. doi: 10.1001/jamaneurol.2017.4211

 75. Galgano M, Toshkezi G, Qiu X, Russell T, Chin L, Zhao LR. Traumatic brain injury: current treatment strategies and future endeavors. Cell Transplant. (2017) 26:1118–30. doi: 10.1177/0963689717714102

 76. Werner C, Engelhard K. Pathophysiology of traumatic brain injury. Br J Anaesth. (2007) 99:4–9. doi: 10.1093/bja/aem131

 77. McKee CA, Lukens JR. Emerging roles for the immune system in traumatic brain injury. Front Immunol. (2016) 7:556. doi: 10.3389/fimmu.2016.00556

 78. Forder JP, Tymianski M. Postsynaptic mechanisms of excitotoxicity: involvement of postsynaptic density proteins, radicals, and oxidant molecules. Neuroscience. (2009) 158:293–300. doi: 10.1016/j.neuroscience.2008.10.021

 79. Guo H, Camargo LM, Yeboah F, Digan ME, Niu H, Pan Y, et al. A NMDA-receptor calcium influx assay sensitive to stimulation by glutamate and glycine/D-serine. Sci Rep. (2017) 7:11608. doi: 10.1038/s41598-017-11947-x

 80. Quillinan N, Herson PS, Traystman RJ. Neuropathophysiology of brain injury. Anesthesiol Clin. (2016) 34:453–64. doi: 10.1016/j.anclin.2016.04.011

 81. Carvajal FJ, Mattison HA, Cerpa W. Role of NMDA receptor-mediated glutamatergic signaling in chronic and acute neuropathologies. Neural Plast. (2016) 2016:2701526. doi: 10.1155/2016/2701526

 82. Mei Z, Qiu J, Alcon S, Hashim J, Rotenberg A, Sun Y, et al. Memantine improves outcomes after repetitive traumatic brain injury. Behav Brain Res. (2018) 340:195–204. doi: 10.1016/j.bbr.2017.04.017

 83. Wang CC, Wee HY, Hu CY, Chio CC, Kuo JR. The effects of memantine on glutamic receptor-associated nitrosative stress in a traumatic brain injury rat model. World Neurosurg. (2018) 112:e719–31. doi: 10.1016/j.wneu.2018.01.140

 84. Keiski MA. Memantine: a safe and tolerable NMDA antagonist with potential benefits in traumatic brain injury. In: New Therapeutics for Traumatic Brain injury. Prevention of Secondary Brain Damage and Enhancement of Repair and Regeneration. Cambridge, MA: Academic Press (2017). p. 253–71. doi: 10.1016/B978-0-12-802686-1.00016-X

 85. Nikolaev MV, Magazanik LG, Tikhonov DB. Influence of external magnesium ions on the NMDA receptor channel block by different types of organic cations. Neuropharmacology. (2012) 62:2078–85. doi: 10.1016/j.neuropharm.2011.12.029

 86. Nayak R, Attry S, Ghosh SN. Serum magnesium as a marker of neurological outcome in severe traumatic brain injury patients. Asian J Neurosurg. (2018) 13:685–8. doi: 10.4103/ajns.AJNS_232_16

 87. Temkin NR, Anderson GD, Winn HR, Ellenbogen RG, Britz GW, Schuster J, et al. Magnesium sulfate for neuroprotection after traumatic brain injury: a randomised controlled trial. Lancet Neurol. (2007) 6:29–38. doi: 10.1016/S1474-4422(06)70630-5

 88. Sanchez Mejia RO, Ona VO, Li M, Friedlander RM. Minocycline reduces traumatic brain injury-mediated caspase-1 activation, tissue damage, and neurological dysfunction. Neurosurgery. (2001) 48:1393–9; discussion: 1399–1401. doi: 10.1097/00006123-200106000-00051

 89. Bye N, Habgood MD, Callaway JK, Malakooti N, Potter A, Kossmann T, et al. Transient neuroprotection by minocycline following traumatic brain injury is associated with attenuated microglial activation but no changes in cell apoptosis or neutrophil infiltration. Exp Neurol. (2007) 204:220–33. doi: 10.1016/j.expneurol.2006.10.013

 90. Kovesdi E, Kamnaksh A, Wingo D, Ahmed F, Grunberg NE, Long JB, et al. Acute minocycline treatment mitigates the symptoms of mild blast-induced traumatic brain injury. Front Neurol. (2012) 3:111. doi: 10.3389/fneur.2012.00111

 91. Meythaler J, Fath J, Fuerst D, Zokary H, Freese K, Martin HB, et al. Safety and feasibility of minocycline in treatment of acute traumatic brain injury. Brain Inj. (2019) 33:679–89. doi: 10.1080/02699052.2019.1566968

 92. Scott G, Zetterberg H, Jolly A, Cole JH, De Simoni S, Jenkins PO, et al. Minocycline reduces chronic microglial activation after brain trauma but increases neurodegeneration. Brain. (2018) 141:459–71. doi: 10.1093/brain/awx339

 93. Shinozaki Y, Shibata K, Yoshida K, Shigetomi E, Gachet C, Ikenaka K, et al. Transformation of astrocytes to a neuroprotective phenotype by microglia via P2Y1 receptor downregulation. Cell Rep. (2017) 19:1151–64. doi: 10.1016/j.celrep.2017.04.047

 94. Matsumoto S, Friberg H, Ferrand-Drake M, Wieloch T. Blockade of the mitochondrial permeability transition pore diminishes infarct size in the rat after transient middle cerebral artery occlusion. J Cereb Blood Flow Metab. (1999) 19:736–41. doi: 10.1097/00004647-199907000-00002

 95. Kalani K, Yan SF, Yan SS. Mitochondrial permeability transition pore: a potential drug target for neurodegeneration. Drug Discov Today. (2018) 23:1983–9. doi: 10.1016/j.drudis.2018.08.001

 96. Sullivan PG, Thompson MB, Scheff SW. Cyclosporin A attenuates acute mitochondrial dysfunction following traumatic brain injury. Exp Neurol. (1999) 160:226–34. doi: 10.1006/exnr.1999.7197

 97. Kelsen J, Karlsson M, Hansson MJ, Yang Z, Fischer W, Hugerth M, et al. Copenhagen head injury ciclosporin study: a phase iia safety, pharmacokinetics, and biomarker study of ciclosporin in severe traumatic brain injury patients. J Neurotrauma. (2019) 36:3253–63. doi: 10.1089/neu.2018.6369

 98. Wible EF, Laskowitz DT. Statins in traumatic brain injury. Neurotherapeutics. (2010) 7:62–73. doi: 10.1016/j.nurt.2009.11.003

 99. Robertson CS, McCarthy JJ, Miller ER, Levin H, McCauley SR, Swank PR. Phase II clinical trial of atorvastatin in mild traumatic brain injury. J Neurotrauma. (2017) 34:1394–401. doi: 10.1089/neu.2016.4717

 100. Clementi ME, Lazzarino G, Sampaolese B, Brancato A, Tringali G. DHA protects PC12 cells against oxidative stress and apoptotic signals through the activation of the NFE2L2/HO-1 axis. Int J Mol Med. (2019) 43:2523–31. doi: 10.3892/ijmm.2019.4170

 101. Kim YJ, Chung HY. Antioxidative and anti-inflammatory actions of docosahexaenoic acid and eicosapentaenoic acid in renal epithelial cells and macrophages. J Med Food. (2007) 10:225–31. doi: 10.1089/jmf.2006.092

 102. Yang B, Li R, Michael Greenlief C, Fritsche KL, Gu Z, Cui J, et al. Unveiling anti-oxidative and anti-inflammatory effects of docosahexaenoic acid and its lipid peroxidation product on lipopolysaccharide-stimulated BV-2 microglial cells. J Neuroinflammation. (2018) 15:202. doi: 10.1186/s12974-018-1232-3

 103. Kim HY. Neuroprotection by docosahexaenoic acid in brain injury. Mil Med. (2014) 179:106–11. doi: 10.7205/MILMED-D-14-00162

 104. Begum G, Yan HQ, Li L, Singh A, Dixon CE, Sun D. Docosahexaenoic acid reduces ER stress and abnormal protein accumulation and improves neuronal function following traumatic brain injury. J Neurosci. (2014) 34:3743–55. doi: 10.1523/JNEUROSCI.2872-13.2014

 105. Yin Y, Li E, Sun G, Yan HQ, Foley LM, Andrzejczuk LA, et al. Effects of DHA on hippocampal autophagy and lysosome function after traumatic brain injury. Mol Neurobiol. (2018) 55:2454–70. doi: 10.1007/s12035-017-0504-8

 106. Schober ME, Requena DF, Casper TC, Velhorst AK, Lolofie A, McFarlane KE, et al. Docosahexaenoic acid decreased neuroinflammation in rat pups after controlled cortical impact. Exp Neurol. (2019) 320:112971. doi: 10.1016/j.expneurol.2019.112971

 107. Noguchi H, Nishi D, Matsumura K, Hamazaki K, Hamazaki T, Matsuoka YJ. Limited effect of omega-3 fatty acids on the quality of life in survivors of traumatic injury: a randomized, placebo-controlled trial. Prostaglandins Leukot Essent Fatty Acids. (2017) 127:1–5. doi: 10.1016/j.plefa.2017.09.018

 108. Oliver JM, Jones MT, Kirk KM, Gable DA, Repshas JT, Johnson TA, et al. Effect of docosahexaenoic acid on a biomarker of head trauma in american football. Med Sci Sports Exerc. (2016) 48:974–82. doi: 10.1249/MSS.0000000000000875

 109. Kipp M, Beyer C. Impact of sex steroids on neuroinflammatory processes and experimental multiple sclerosis. Front Neuroendocrinol. (2009) 30:188–200. doi: 10.1016/j.yfrne.2009.04.004

 110. Dang J, Mitkari B, Kipp M, Beyer C. Gonadal steroids prevent cell damage and stimulate behavioral recovery after transient middle cerebral artery occlusion in male and female rats. Brain Behav Immun. (2011) 25:715–26. doi: 10.1016/j.bbi.2011.01.013

 111. Ludwig PE, Patil AA, Chamczuk AJ, Agrawal DK. Hormonal therapy in traumatic spinal cord injury. Am J Transl Res. (2017) 9:3881–95.

 112. Day NL, Floyd CL, D'Alessandro TL, Hubbard WJ, Chaudry IH. 17beta-estradiol confers protection after traumatic brain injury in the rat and involves activation of G protein-coupled estrogen receptor 1. J Neurotrauma. (2013) 30:1531–41. doi: 10.1089/neu.2013.2854

 113. Khaksari M, Abbasloo E, Dehghan F, Soltani Z, Asadikaram G. The brain cytokine levels are modulated by estrogen following traumatic brain injury: which estrogen receptor serves as modulator? Int Immunopharmacol. (2015) 28:279–87. doi: 10.1016/j.intimp.2015.05.046

 114. Naderi V, Khaksari M, Abbasi R, Maghool F. Estrogen provides neuroprotection against brain edema and blood brain barrier disruption through both estrogen receptors alpha and beta following traumatic brain injury. Iran J Basic Med Sci. (2015) 18:138–44.

 115. Cutler SM, Cekic M, Miller DM, Wali B, VanLandingham JW, Stein DG. Progesterone improves acute recovery after traumatic brain injury in the aged rat. J Neurotrauma. (2007) 24:1475–86. doi: 10.1089/neu.2007.0294

 116. Zhang M, Wu J, Ding H, Wu W, Xiao G. Progesterone provides the pleiotropic neuroprotective effect on traumatic brain injury through the Nrf2/ARE signaling pathway. Neurocrit Care. (2017) 26:292–300. doi: 10.1007/s12028-016-0342-y

 117. Wright DW, Kellermann AL, Hertzberg VS, Clark PL, Frankel M, Goldstein FC, et al. ProTECT: a randomized clinical trial of progesterone for acute traumatic brain injury. Ann Emerg Med. (2007) 49:391–402.e1–2. doi: 10.1016/j.annemergmed.2006.07.932

 118. Wright DW, Yeatts SD, Silbergleit R, Palesch YY, Hertzberg VS, Frankel M, et al. Very early administration of progesterone for acute traumatic brain injury. N Engl J Med. (2014) 371:2457–66. doi: 10.1056/NEJMoa1404304

 119. Xiao G, Wei J, Yan W, Wang W, Lu Z. Improved outcomes from the administration of progesterone for patients with acute severe traumatic brain injury: a randomized controlled trial. Crit Care. (2008) 12:R61. doi: 10.1186/cc6887

 120. Kira J. Neuromyelitis optica and opticospinal multiple sclerosis: Mechanisms and pathogenesis. Pathophysiology. (2011) 18:69–79. doi: 10.1016/j.pathophys.2010.04.008

 121. Lennon VA, Kryzer TJ, Pittock SJ, Verkman AS, Hinson SR. IgG marker of optic-spinal multiple sclerosis binds to the aquaporin-4 water channel. J Exp Med. (2005) 202:473–7. doi: 10.1084/jem.20050304

 122. Pittock SJ, Weinshenker BG, Lucchinetti CF, Wingerchuk DM, Corboy JR, Lennon VA. Neuromyelitis optica brain lesions localized at sites of high aquaporin 4 expression. Arch Neurol. (2006) 63:964–8. doi: 10.1001/archneur.63.7.964

 123. Levy M, Mealy MA. Purified human C1-esterase inhibitor is safe in acute relapses of neuromyelitis optica. Neurol Neuroimmunol Neuroinflamm. (2014) 1:e5. doi: 10.1212/NXI.0000000000000005

 124. Tradtrantip L, Asavapanumas N, Phuan PW, Verkman AS. Potential therapeutic benefit of C1-esterase inhibitor in neuromyelitis optica evaluated in vitro and in an experimental rat model. PLoS ONE. (2014) 9:e106824. doi: 10.1371/journal.pone.0106824

 125. Pittock SJ, Lennon VA, McKeon A, Mandrekar J, Weinshenker BG, Lucchinetti CF, et al. Eculizumab in AQP4-IgG-positive relapsing neuromyelitis optica spectrum disorders: an open-label pilot study. Lancet Neurol. (2013) 12:554–62. doi: 10.1016/S1474-4422(13)70076-0

 126. Pittock SJ, Berthele A, Fujihara K, Kim HJ, Levy M, Palace J, et al. Eculizumab in aquaporin-4-positive neuromyelitis optica spectrum disorder. N Engl J Med. (2019) 381:614–25. doi: 10.1056/NEJMoa1900866

 127. Howard JF Jr, Utsugisawa K, Benatar M, Murai H, Barohn RJ, Illa I, et al. Safety and efficacy of eculizumab in anti-acetylcholine receptor antibody-positive refractory generalised myasthenia gravis (REGAIN): a phase 3, randomised, double-blind, placebo-controlled, multicentre study. Lancet Neurol. (2017) 16:976–86. doi: 10.1016/S1474-4422(17)30369-1

 128. Hunt JM, Tuder R. Alpha 1 anti-trypsin: one protein, many functions. Curr Mol Med. (2012) 12:827–35. doi: 10.2174/156652412801318755

 129. Brantly ML, Lascano JE, Shahmohammadi A. Intravenous alpha-1 antitrypsin therapy for alpha-1 antitrypsin deficiency: the current state of the evidence. Chronic Obstr Pulm Dis. (2018) 6:100–14. doi: 10.15326/jcopdf.6.1.2017.0185

 130. Mahadeva R, Atkinson C, Li Z, Stewart S, Janciauskiene S, Kelley DG, et al. Polymers of Z alpha1-antitrypsin co-localize with neutrophils in emphysematous alveoli and are chemotactic in vivo. Am J Pathol. (2005) 166:377–86. doi: 10.1016/s0002-9440(10)62261-4

 131. Petrache I, Fijalkowska I, Medler TR, Skirball J, Cruz P, Zhen L, et al. alpha-1 antitrypsin inhibits caspase-3 activity, preventing lung endothelial cell apoptosis. Am J Pathol. (2006) 169:1155–66. doi: 10.2353/ajpath.2006.060058

 132. Alam S, Li Z, Janciauskiene S, Mahadeva R. Oxidation of Z alpha1-antitrypsin by cigarette smoke induces polymerization: a novel mechanism of early-onset emphysema. Am J Respir Cell Mol Biol. (2011) 45:261–9. doi: 10.1165/rcmb.2010-0328OC

 133. Salles G, Barrett M, Foa R, Maurer J, O'Brien S, Valente N, et al. Rituximab in B-cell hematologic malignancies: a review of 20 years of clinical experience. Adv Ther. (2017) 34:2232–73. doi: 10.1007/s12325-017-0612-x

 134. Tahara M, Oeda T, Okada K, Kiriyama T, Ochi K, Maruyama H, et al. Safety and efficacy of rituximab in neuromyelitis optica spectrum disorders (RIN-1 study): a multicentre, randomised, double-blind, placebo-controlled trial. Lancet Neurol. (2020) 19:298–306. doi: 10.1016/S1474-4422(20)30066-1

 135. Babiker HM, Glode AE, Cooke LS, Mahadevan D. Ublituximab for the treatment of CD20 positive B-cell malignancies. Expert Opin Investig Drugs. (2018) 27:407–12. doi: 10.1080/13543784.2018.1459560

 136. Mealy MA, Levy M. A pilot safety study of ublituximab, a monoclonal antibody against CD20, in acute relapses of neuromyelitis optica spectrum disorder. Medicine. (2019) 98:e15944. doi: 10.1097/MD.0000000000015944

 137. Chen D, Gallagher S, Monson NL, Herbst R, Wang Y. Inebilizumab, a B cell-depleting anti-CD19 antibody for the treatment of autoimmune neurological diseases: insights from preclinical studies. J Clin Med. (2016) 5. doi: 10.3390/jcm5120107

 138. Cree BAC, Bennett JL, Kim HJ, Weinshenker BG, Pittock SJ, Wingerchuk DM, et al. Inebilizumab for the treatment of neuromyelitis optica spectrum disorder (N-MOmentum): a double-blind, randomised placebo-controlled phase 2/3 trial. Lancet. (2019) 394:1352–63. doi: 10.1016/S0140-6736(19)31817-3

 139. Zimmermann AG, Gu JJ, Laliberte J, Mitchell BS. Inosine-5'-monophosphate dehydrogenase: regulation of expression and role in cellular proliferation and T lymphocyte activation. Prog Nucleic Acid Res Mol Biol. (1998) 61:181–209. doi: 10.1016/s0079-6603(08)60827-2

 140. Fakih R, Matiello M, Chitnis T, Stankiewicz JM. Efficacy and safety of mycophenolate mofetil in progressive multiple sclerosis patients. J Neurol. (2018) 265:2688–94. doi: 10.1007/s00415-018-9050-1

 141. Jacob A, Matiello M, Weinshenker BG, Wingerchuk DM, Lucchinetti C, Shuster E, et al. Treatment of neuromyelitis optica with mycophenolate mofetil: retrospective analysis of 24 patients. Arch Neurol. (2009) 66:1128–33. doi: 10.1001/archneurol.2009.175

 142. Huh SY, Kim SH, Hyun JW, Joung AR, Park MS, Kim BJ, et al. Mycophenolate mofetil in the treatment of neuromyelitis optica spectrum disorder. JAMA Neurol. (2014) 71:1372–8. doi: 10.1001/jamaneurol.2014.2057

 143. Huang Q, Wang J, Zhou Y, Yang H, Wang Z, Yan Z, et al. Low-dose mycophenolate mofetil for treatment of neuromyelitis optica spectrum disorders: a prospective multicenter study in South China. Front Immunol. (2018) 9:2066. doi: 10.3389/fimmu.2018.02066

 144. Zhang L, Tian J-Y, Li B. Current immunotherapies for multiple sclerosis and neuromyelitis optica spectrum disorders: the similarities and differences. Neuroimmunol Neuroinflamm. (2019) 6:8. doi: 10.20517/2347-8659.2019.06

 145. Bonnan M, Cabre P. Plasma exchange in severe attacks of neuromyelitis optica. Mult Scler Int. (2012) 2012:787630. doi: 10.1155/2012/787630

 146. Lehmann HC, Hartung HP, Hetzel GR, Stuve O, Kieseier BC. Plasma exchange in neuroimmunological disorders: Part 1: Rationale and treatment of inflammatory central nervous system disorders. Arch Neurol. (2006) 63:930–5. doi: 10.1001/archneur.63.7.930

 147. Kumawat BL, Choudhary R, Sharma CM, Jain D, Hiremath A. Plasma exchange as a first line therapy in acute attacks of neuromyelitis optica spectrum disorders. Ann Indian Acad Neurol. (2019) 22:389–94. doi: 10.4103/aian.AIAN_365_19

 148. Kiernan MC, Vucic S, Cheah BC, Turner MR, Eisen A, Hardiman O, et al. Amyotrophic lateral sclerosis. Lancet. (2011) 377:942–55. doi: 10.1016/S0140-6736(10)61156-7

 149. Doble A. The pharmacology and mechanism of action of riluzole. Neurology. (1996) 47(6 Suppl. 4):S233–41. doi: 10.1212/wnl.47.6_suppl_4.233s

 150. Hinchcliffe M, Smith A. Riluzole: real-world evidence supports significant extension of median survival times in patients with amyotrophic lateral sclerosis. Degener Neurol Neuromuscul Dis. (2017) 7:61–70. doi: 10.2147/DNND.S135748

 151. Bhandari R, Kuhad A, Kuhad A. Edaravone: a new hope for deadly amyotrophic lateral sclerosis. Drugs Today. (2018) 54:349–60. doi: 10.1358/dot.2018.54.6.2828189

 152. Bellingham MC. Pre- and postsynaptic mechanisms underlying inhibition of hypoglossal motor neuron excitability by riluzole. J Neurophysiol. (2013) 110:1047–61. doi: 10.1152/jn.00587.2012

 153. Lacomblez L, Bensimon G, Leigh PN, Guillet P, Meininger V. Dose-ranging study of riluzole in amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis/Riluzole Study Group II Lancet. (1996) 347:1425–31. doi: 10.1016/s0140-6736(96)91680-3

 154. Watanabe T, Yuki S, Egawa M, Nishi H. Protective effects of MCI-186 on cerebral ischemia: possible involvement of free radical scavenging and antioxidant actions. J Pharmacol Exp Ther. (1994) 268:1597–604.

 155. Watanabe K, Tanaka M, Yuki S, Hirai M, Yamamoto Y. How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis? J Clin Biochem Nutr. (2018) 62:20–38. doi: 10.3164/jcbn.17-62

 156. Writing G, Edaravone ALSSG. Safety and efficacy of edaravone in well defined patients with amyotrophic lateral sclerosis: a randomised, double-blind, placebo-controlled trial. Lancet Neurol. (2017) 16:505–12. doi: 10.1016/S1474-4422(17)30115-1

 157. Moreau C, Danel V, Devedjian JC, Grolez G, Timmerman K, Laloux C, et al. Could conservative iron chelation lead to neuroprotection in amyotrophic lateral sclerosis? Antioxid Redox Signal. (2018) 29:742–8. doi: 10.1089/ars.2017.7493

 158. Kwan JY, Jeong SY, Van Gelderen P, Deng HX, Quezado MM, Danielian LE, et al. Iron accumulation in deep cortical layers accounts for MRI signal abnormalities in ALS: correlating 7 tesla MRI and pathology. PLoS ONE. (2012) 7:e35241. doi: 10.1371/journal.pone.0035241

 159. Sheelakumari R, Madhusoodanan M, Radhakrishnan A, Ranjith G, Thomas B. A potential biomarker in amyotrophic lateral sclerosis: can assessment of brain iron deposition with SWI and corticospinal tract degeneration with DTI Help? AJNR Am J Neuroradiol. (2016) 37:252–8. doi: 10.3174/ajnr.A4524

 160. Kontoghiorghes GJ. Clinical use, therapeutic aspects and future potential of deferiprone in thalassemia and other conditions of iron and other metal toxicity. Drugs Today. (2001) 37:23–35. doi: 10.1358/dot.2001.37.1.608779

 161. Bordet T, Berna P, Abitbol JL, Pruss RM. Olesoxime (TRO19622): a novel mitochondrial-targeted neuroprotective compound. Pharmaceuticals. (2010) 3:345–68. doi: 10.3390/ph3020345

 162. Bordet T, Buisson B, Michaud M, Drouot C, Galea P, Delaage P, et al. Identification and characterization of cholest-4-en-3-one, oxime (TRO19622), a novel drug candidate for amyotrophic lateral sclerosis. J Pharmacol Exp Ther. (2007) 322:709–20. doi: 10.1124/jpet.107.123000

 163. Lenglet T, Lacomblez L, Abitbol JL, Ludolph A, Mora JS, Robberecht W, et al. A phase II-III trial of olesoxime in subjects with amyotrophic lateral sclerosis. Eur J Neurol. (2014) 21:529–36. doi: 10.1111/ene.12344

 164. Bertini E, Dessaud E, Mercuri E, Muntoni F, Kirschner J, Reid C, et al. Safety and efficacy of olesoxime in patients with type 2 or non-ambulatory type 3 spinal muscular atrophy: a randomised, double-blind, placebo-controlled phase 2 trial. Lancet Neurol. (2017) 16:513–22. doi: 10.1016/S1474-4422(17)30085-6

 165. Sunyach C, Michaud M, Arnoux T, Bernard-Marissal N, Aebischer J, Latyszenok V, et al. Olesoxime delays muscle denervation, astrogliosis, microglial activation and motoneuron death in an ALS mouse model. Neuropharmacology. (2012) 62:2346–52. doi: 10.1016/j.neuropharm.2012.02.013

 166. Vang S, Longley K, Steer CJ, Low WC. The unexpected uses of urso- and tauroursodeoxycholic acid in the treatment of non-liver diseases. Glob Adv Health Med. (2014) 3:58–69. doi: 10.7453/gahmj.2014.017

 167. Elia AE, Lalli S, Monsurro MR, Sagnelli A, Taiello AC, Reggiori B, et al. Tauroursodeoxycholic acid in the treatment of patients with amyotrophic lateral sclerosis. Eur J Neurol. (2016) 23:45–52. doi: 10.1111/ene.12664

 168. Chen Y, Cohen TJ. Aggregation of the nucleic acid-binding protein TDP-43 occurs via distinct routes that are coordinated with stress granule formation. J Biol Chem. (2019) 294:3696–706. doi: 10.1074/jbc.RA118.006351

 169. Sheng Y, Chattopadhyay M, Whitelegge J, Valentine JS. SOD1 aggregation and ALS: role of metallation states and disulfide status. Curr Top Med Chem. (2012) 12:2560–72. doi: 10.2174/1568026611212220010

 170. Chen Y, Wang H, Ying Z, Gao Q. Ibudilast enhances the clearance of SOD1 and TDP-43 aggregates through TFEB-mediated autophagy and lysosomal biogenesis: the new molecular mechanism of ibudilast and its implication for neuroprotective therapy. Biochem Biophys Res Commun. (2020) 526:231–8. doi: 10.1016/j.bbrc.2020.03.051

 171. Bahia El Idrissi N, Bosch S, Ramaglia V, Aronica E, Baas F, Troost D. Complement activation at the motor end-plates in amyotrophic lateral sclerosis. J Neuroinflammation. (2016) 13:72. doi: 10.1186/s12974-016-0538-2

 172. Mantovani S, Gordon R, Macmaw JK, Pfluger CM, Henderson RD, Noakes PG, et al. Elevation of the terminal complement activation products C5a and C5b-9 in ALS patient blood. J Neuroimmunol. (2014) 276:213–8. doi: 10.1016/j.jneuroim.2014.09.005

 173. Woodruff TM, Costantini KJ, Crane JW, Atkin JD, Monk PN, Taylor SM, et al. The complement factor C5a contributes to pathology in a rat model of amyotrophic lateral sclerosis. J Immunol. (2008) 181:8727–34. doi: 10.4049/jimmunol.181.12.8727

 174. Lee JD, Kumar V, Fung JN, Ruitenberg MJ, Noakes PG, Woodruff TM. Pharmacological inhibition of complement C5a-C5a1 receptor signalling ameliorates disease pathology in the hSOD1(G93A) mouse model of amyotrophic lateral sclerosis. Br J Pharmacol. (2017) 174:689–99. doi: 10.1111/bph.13730

 175. El Idrissi NB, Fluiter K, Vieira FG, Baas F. Complement component C6 inhibition decreases neurological disability in female transgenic SOD1G93A mouse model of amyotrophic lateral sclerosis. Ann Neurodegener Dis. (2016) 1:1015.

 176. Kjaeldgaard AL, Pilely K, Olsen KS, Pedersen SW, Lauritsen AO, Moller K, et al. Amyotrophic lateral sclerosis: the complement and inflammatory hypothesis. Mol Immunol. (2018) 102:14–25. doi: 10.1016/j.molimm.2018.06.007

 177. Carpanini SM, Torvell M, Morgan BP. Therapeutic inhibition of the complement system in diseases of the central nervous system. Front Immunol. (2019) 10:362. doi: 10.3389/fimmu.2019.00362

 178. Parker SE, Hanton AM, Stefanou SN, Noakes PG, Woodruff TM, Lee JD. Revisiting the role of the innate immune complement system in ALS. Neurobiol Dis. (2019) 127:223–32. doi: 10.1016/j.nbd.2019.03.003

 179. Dobson R, Giovannoni G. Multiple sclerosis - a review. Eur J Neurol. (2019) 26:27–40. doi: 10.1111/ene.13819

 180. Nourbakhsh B, Mowry EM. Multiple sclerosis risk factors and pathogenesis. Continuum. (2019) 25:596–610. doi: 10.1212/CON.0000000000000725

 181. Efendi H. Clinically isolated syndromes: clinical characteristics, differential diagnosis, and management. Noro Psikiyatr Ars. (2015) 52(Suppl. 1), S1–11. doi: 10.5152/npa.2015.12608

 182. Saleem S, Anwar A, Fayyaz M, Anwer F, Anwar F. An overview of therapeutic options in relapsing-remitting multiple sclerosis. Cureus. (2019) 11:e5246. doi: 10.7759/cureus.5246

 183. Witherick J, Wilkins A, Scolding N, Kemp K. Mechanisms of oxidative damage in multiple sclerosis and a cell therapy approach to treatment. Autoimmune Dis. (2010) 2011:164608. doi: 10.4061/2011/164608

 184. Schreibelt G, van Horssen J, van Rossum S, Dijkstra CD, Drukarch B, de Vries HE. Therapeutic potential and biological role of endogenous antioxidant enzymes in multiple sclerosis pathology. Brain Res Rev. (2007) 56:322–30. doi: 10.1016/j.brainresrev.2007.07.005

 185. Schroeder EK, Kelsey NA, Doyle J, Breed E, Bouchard RJ, Loucks FA, et al. Green tea epigallocatechin 3-gallate accumulates in mitochondria and displays a selective antiapoptotic effect against inducers of mitochondrial oxidative stress in neurons. Antioxid Redox Signal. (2009) 11:469–80. doi: 10.1089/ARS.2008.2215

 186. Aktas O, Prozorovski T, Smorodchenko A, Savaskan NE, Lauster R, Kloetzel PM, et al. Green tea epigallocatechin-3-gallate mediates T cellular NF-kappa B inhibition and exerts neuroprotection in autoimmune encephalomyelitis. J Immunol. (2004) 173:5794–800. doi: 10.4049/jimmunol.173.9.5794

 187. Herges K, Millward JM, Hentschel N, Infante-Duarte C, Aktas O, Zipp F. Neuroprotective effect of combination therapy of glatiramer acetate and epigallocatechin-3-gallate in neuroinflammation. PLoS ONE. (2011) 6:e25456. doi: 10.1371/journal.pone.0025456

 188. Lovera J, Ramos A, Devier D, Garrison V, Kovner B, Reza T, et al. Polyphenon E, non-futile at neuroprotection in multiple sclerosis but unpredictably hepatotoxic: phase I single group and phase II randomized placebo-controlled studies. J Neurol Sci. (2015) 358:46–52. doi: 10.1016/j.jns.2015.08.006

 189. Marklund SL, Westman NG, Lundgren E, Roos G. Copper- and zinc-containing superoxide dismutase, manganese-containing superoxide dismutase, catalase, and glutathione peroxidase in normal and neoplastic human cell lines and normal human tissues. Cancer Res. (1982) 42:1955–61.

 190. Forman HJ, Zhang H, Rinna A. Glutathione: overview of its protective roles, measurement, and biosynthesis. Mol Aspects Med. (2009) 30:1–12. doi: 10.1016/j.mam.2008.08.006

 191. Karg E, Klivenyi P, Nemeth I, Bencsik K, Pinter S, Vecsei L. Nonenzymatic antioxidants of blood in multiple sclerosis. J Neurol. (1999) 246:533–9. doi: 10.1007/s004150050399

 192. Johnson WM, Wilson-Delfosse AL, Mieyal JJ. Dysregulation of glutathione homeostasis in neurodegenerative diseases. Nutrients. (2012) 4:1399–440. doi: 10.3390/nu4101399

 193. Wu JH, Batist G. Glutathione and glutathione analogues; therapeutic potentials. Biochim Biophys Acta. (2013) 1830:3350–3. doi: 10.1016/j.bbagen.2012.11.016

 194. Lin SX, Lisi L, Dello Russo C, Polak PE, Sharp A, Weinberg G, et al. The anti-inflammatory effects of dimethyl fumarate in astrocytes involve glutathione and haem oxygenase-1. ASN Neuro. (2011) 3:e00055. doi: 10.1042/AN20100033

 195. Bomprezzi R. Dimethyl fumarate in the treatment of relapsing-remitting multiple sclerosis: an overview. Ther Adv Neurol Disord. (2015) 8:20–30. doi: 10.1177/1756285614564152

 196. Raghuwanshi A, Joshi SS, Christakos S. Vitamin D and multiple sclerosis. J Cell Biochem. (2008) 105:338–43. doi: 10.1002/jcb.21858

 197. Na S, Ma Y, Zhao J, Schmidt C, Zeng QQ, Chandrasekhar S, et al. A nonsecosteroidal vitamin D receptor modulator ameliorates experimental autoimmune encephalomyelitis without causing hypercalcemia. Autoimmune Dis. (2011) 2011:132958. doi: 10.4061/2011/132958

 198. Pozuelo-Moyano B, Benito-Leon J, Mitchell AJ, Hernandez-Gallego J. A systematic review of randomized, double-blind, placebo-controlled trials examining the clinical efficacy of vitamin D in multiple sclerosis. Neuroepidemiology. (2013) 40:147–53. doi: 10.1159/000345122

 199. Ramagopalan SV, Dyment DA, Cader MZ, Morrison KM, Disanto G, Morahan JM, et al. Rare variants in the CYP27B1 gene are associated with multiple sclerosis. Ann Neurol. (2011) 70:881–6. doi: 10.1002/ana.22678

 200. Barkhatova VP, Zavalishin IA, Askarova L, Shavratskii V, Demina EG. Changes in neurotransmitters in multiple sclerosis. Neurosci Behav Physiol. (1998) 28:341–4. doi: 10.1007/BF02464784

 201. Sheldon AL, Robinson MB. The role of glutamate transporters in neurodegenerative diseases and potential opportunities for intervention. Neurochem Int. (2007) 51:333–55. doi: 10.1016/j.neuint.2007.03.012

 202. Chataway J, De Angelis F, Connick P, Parker RA, Plantone D, Doshi A, et al. Efficacy of three neuroprotective drugs in secondary progressive multiple sclerosis (MS-SMART): a phase 2b, multiarm, double-blind, randomised placebo-controlled trial. Lancet Neurol. (2020) 19:214–25. doi: 10.1016/S1474-4422(19)30485-5

 203. Peyro Saint Paul L, Creveuil C, Heinzlef O, De Seze J, Vermersch P, Castelnovo G, et al. Efficacy and safety profile of memantine in patients with cognitive impairment in multiple sclerosis: a randomized, placebo-controlled study. J Neurol Sci. (2016) 363:69–76. doi: 10.1016/j.jns.2016.02.012

 204. Porcel J, Montalban X. Anticholinesterasics in the treatment of cognitive impairment in multiple sclerosis. J Neurol Sci. (2006) 245:177–81. doi: 10.1016/j.jns.2005.07.021

 205. Maurer M, Ortler S, Baier M, Meergans M, Scherer P, Hofmann W, et al. Randomised multicentre trial on safety and efficacy of rivastigmine in cognitively impaired multiple sclerosis patients. Mult Scler. (2013) 19:631–8. doi: 10.1177/1352458512463481

 206. Schell MJ, Cooper OB, Snyder SH. D-aspartate localizations imply neuronal and neuroendocrine roles. Proc Natl Acad Sci USA. (1997) 94:2013–8. doi: 10.1073/pnas.94.5.2013

 207. D'Aniello A, Di Fiore MM, Fisher GH, Milone A, Seleni A, D'Aniello S, et al. Occurrence of D-aspartic acid and N-methyl-D-aspartic acid in rat neuroendocrine tissues and their role in the modulation of luteinizing hormone and growth hormone release. FASEB J. (2000) 14:699–714. doi: 10.1096/fasebj.14.5.699

 208. Pampillo M, Scimonelli T, Bottino MC, Duvilanski BH, Rettori V, Seilicovich A, et al. The effect of D-aspartate on luteinizing hormone-releasing hormone, alpha-melanocyte-stimulating hormone, GABA and dopamine release. Neuroreport. (2002) 13:2341–4. doi: 10.1097/00001756-200212030-00034

 209. Nicoletti CG, Monteleone F, Marfia GA, Usiello A, Buttari F, Centonze D, et al. Oral D-Aspartate enhances synaptic plasticity reserve in progressive multiple sclerosis. Mult Scler. (2020) 26:304–11. doi: 10.1177/1352458519828294

 210. Redford EJ, Kapoor R, Smith KJ. Nitric oxide donors reversibly block axonal conduction: demyelinated axons are especially susceptible. Brain. (1997) 120 (Pt 12):2149–57. doi: 10.1093/brain/120.12.2149

 211. Shrager P, Custer AW, Kazarinova K, Rasband MN, Mattson D. Nerve conduction block by nitric oxide that is mediated by the axonal environment. J Neurophysiol. (1998) 79:529–36. doi: 10.1152/jn.1998.79.2.529

 212. Inglese M, Madelin G, Oesingmann N, Babb JS, Wu W, Stoeckel B, et al. Brain tissue sodium concentration in multiple sclerosis: a sodium imaging study at 3 tesla. Brain. (2010) 133(Pt 3):847–57. doi: 10.1093/brain/awp334

 213. Garthwaite G, Goodwin DA, Batchelor AM, Leeming K, Garthwaite J. Nitric oxide toxicity in CNS white matter: an in vitro study using rat optic nerve. Neuroscience. (2002) 109:145–55. doi: 10.1016/s0306-4522(01)00447-x

 214. Kapoor R, Furby J, Hayton T, Smith KJ, Altmann DR, Brenner R, et al. Lamotrigine for neuroprotection in secondary progressive multiple sclerosis: a randomised, double-blind, placebo-controlled, parallel-group trial. Lancet Neurol. (2010) 9:681–8. doi: 10.1016/S1474-4422(10)70131-9

 215. Espir ML, Millac P. Treatment of paroxysmal disorders in multiple sclerosis with carbamazepine (Tegretol). J Neurol Neurosurg Psychiatry. (1970) 33:528–31. doi: 10.1136/jnnp.33.4.528

 216. Solaro C, Messmer Uccelli M, Uccelli A, Leandri M, Mancardi GL. Low-dose gabapentin combined with either lamotrigine or carbamazepine can be useful therapies for trigeminal neuralgia in multiple sclerosis. Eur Neurol. (2000) 44:45–8. doi: 10.1159/000008192

 217. Raftopoulos R, Hickman SJ, Toosy A, Sharrack B, Mallik S, Paling D, et al. Phenytoin for neuroprotection in patients with acute optic neuritis: a randomised, placebo-controlled, phase 2 trial. Lancet Neurol. (2016) 15:259–69. doi: 10.1016/S1474-4422(16)00004-1

 218. Jacobs L, Brownscheidle CM. Appropriate use of interferon beta-1a in multiple sclerosis. BioDrugs. (1999) 11:155–63. doi: 10.2165/00063030-199911030-00002

 219. Dhib-Jalbut S, Marks S. Interferon-beta mechanisms of action in multiple sclerosis. Neurology. (2010) 74(Suppl. 1):S17–24. doi: 10.1212/WNL.0b013e3181c97d99

 220. Ontaneda D, Rae-Grant AD. Management of acute exacerbations in multiple sclerosis. Ann Indian Acad Neurol. (2009) 12:264–72. doi: 10.4103/0972-2327.58283

 221. Berkovich R. Treatment of acute relapses in multiple sclerosis. Neurotherapeutics. (2013) 10:97–105. doi: 10.1007/s13311-012-0160-7

 222. Lattanzi S, Cagnetti C, Danni M, Provinciali L, Silvestrini M. Oral and intravenous steroids for multiple sclerosis relapse: a systematic review and meta-analysis. J Neurol. (2017) 264:1697–704. doi: 10.1007/s00415-017-8505-0

 223. Johnson KP, Brooks BR, Cohen JA, Ford CC, Goldstein J, Lisak RP, et al. Copolymer 1 reduces relapse rate and improves disability in relapsing-remitting multiple sclerosis: results of a phase III multicenter, double-blind placebo-controlled trial. The Copolymer 1 Multiple Sclerosis Study Group. Neurology. (1995) 45:1268–76. doi: 10.1212/wnl.45.7.1268

 224. Tselis A, Khan O, Lisak RP. Glatiramer acetate in the treatment of multiple sclerosis. Neuropsychiatr Dis Treat. (2007) 3:259–67. doi: 10.2147/nedt.2007.3.2.259

 225. Cohen JA, Imrey PB, Calabresi PA, Edwards KR, Eickenhorst T, Felton WL III, et al. Results of the Avonex Combination Trial (ACT) in relapsing-remitting MS. Neurology. (2009) 72:535–41. doi: 10.1212/01.wnl.0000341934.12142.74

 226. Ashtari F, Savoj MR. Effects of low dose methotrexate on relapsing-remitting multiple sclerosis in comparison to interferon beta-1alpha: a randomized controlled trial. J Res Med Sci. (2011) 16:457–62.

 227. Stark JW, Josephs L, Dulak D, Clague M, Sadiq SA. Safety of long-term intrathecal methotrexate in progressive forms of MS. Ther Adv Neurol Disord. (2019) 12:1756286419892360. doi: 10.1177/1756286419892360

 228. Chen X, Ma X, Jiang Y, Pi R, Liu Y, Ma L. The prospects of minocycline in multiple sclerosis. J Neuroimmunol. (2011) 235:1–8. doi: 10.1016/j.jneuroim.2011.04.006

 229. Metz LM, Li D, Traboulsee A, Myles ML, Duquette P, Godin J, et al. Glatiramer acetate in combination with minocycline in patients with relapsing–remitting multiple sclerosis: results of a Canadian, multicenter, double-blind, placebo-controlled trial. Mult Scler. (2009) 15:1183–94. doi: 10.1177/1352458509106779

 230. Metz LM, Li DKB, Traboulsee AL, Duquette P, Eliasziw M, Cerchiaro G, et al. Trial of minocycline in a clinically isolated syndrome of multiple sclerosis. N Engl J Med. (2017) 376:2122–33. doi: 10.1056/NEJMoa1608889

 231. Sorensen PS, Sellebjerg F, Lycke J, Farkkila M, Creange A, Lund CG, et al. Minocycline added to subcutaneous interferon beta-1a in multiple sclerosis: randomized RECYCLINE study. Eur J Neurol. (2016) 23:861–70. doi: 10.1111/ene.12953

 232. Ancau M, Berthele A, Hemmer B. CD20 monoclonal antibodies for the treatment of multiple sclerosis: up-to-date. Expert Opin Biol Ther. (2019) 19:829–43. doi: 10.1080/14712598.2019.1611778

 233. Moreno Torres I, Garcia-Merino A. Anti-CD20 monoclonal antibodies in multiple sclerosis. Expert Rev Neurother. (2017) 17:359–71. doi: 10.1080/14737175.2017.1245616

 234. Turner B, Cree BAC, Kappos L, Montalban X, Papeix C, Wolinsky JS, et al. Ocrelizumab efficacy in subgroups of patients with relapsing multiple sclerosis. J Neurol. (2019) 266:1182–93. doi: 10.1007/s00415-019-09248-6

 235. Hauser SL, Waubant E, Arnold DL, Vollmer T, Antel J, Fox RJ, et al. B-cell depletion with rituximab in relapsing-remitting multiple sclerosis. N Engl J Med. (2008) 358:676–88. doi: 10.1056/NEJMoa0706383

 236. Havrdova E, Horakova D, Kovarova I. Alemtuzumab in the treatment of multiple sclerosis: key clinical trial results and considerations for use. Ther Adv Neurol Disord. (2015) 8:31–45. doi: 10.1177/1756285614563522

 237. Brandstadter R, Katz Sand I. The use of natalizumab for multiple sclerosis. Neuropsychiatr Dis Treat. (2017) 13:1691–702. doi: 10.2147/NDT.S114636

 238. Balcer LJ, Galetta SL, Polman CH, Eggenberger E, Calabresi PA, Zhang A, et al. Low-contrast acuity measures visual improvement in phase 3 trial of natalizumab in relapsing MS. J Neurol Sci. (2012) 318:119–24. doi: 10.1016/j.jns.2012.03.009

 239. Hutchinson M. Natalizumab: a new treatment for relapsing remitting multiple sclerosis. Ther Clin Risk Manag. (2007) 3:259–68. doi: 10.2147/tcrm.2007.3.2.259

 240. Kalia LV, Lang AE. Parkinson's disease. Lancet. (2015) 386:896–912. doi: 10.1016/S0140-6736(14)61393-3

 241. Kalia LV, Kalia SK. Alpha-synuclein and Lewy pathology in Parkinson's disease. Curr Opin Neurol. (2015) 28:375–81. doi: 10.1097/WCO.0000000000000215

 242. Cheng HC, Ulane CM, Burke RE. Clinical progression in Parkinson disease and the neurobiology of axons. Ann Neurol. (2010) 67:715–25. doi: 10.1002/ana.21995

 243. Langston JW. The MPTP story. J Parkinsons Dis. (2017) 7:S11–9. doi: 10.3233/JPD-179006

 244. Tong J, Rathitharan G, Meyer JH, Furukawa Y, Ang LC, Boileau I, et al. Brain monoamine oxidase B and A in human parkinsonian dopamine deficiency disorders. Brain. (2017) 140:2460–74. doi: 10.1093/brain/awx172

 245. Kulisevsky J, Oliveira L, Fox SH. Update in therapeutic strategies for Parkinson's disease. Curr Opin Neurol. (2018) 31:439–47. doi: 10.1097/WCO.0000000000000579

 246. Hall ED, Andrus PK, Oostveen JA, Althaus JS, VonVoigtlander PF. Neuroprotective effects of the dopamine D2/D3 agonist pramipexole against postischemic or methamphetamine-induced degeneration of nigrostriatal neurons. Brain Res. (1996) 742:80–8. doi: 10.1016/s0006-8993(96)00968-7

 247. Grunblatt E, Mandel S, Berkuzki T, Youdim MB. Apomorphine protects against MPTP-induced neurotoxicity in mice. Mov Disord. (1999) 14:612–8. doi: 10.1002/1531-8257(199907)14:4<612::aid-mds1010>3.0.co;2-6

 248. Fornai F, Battaglia G, Gesi M, Orzi F, Nicoletti F, Ruggieri S. Dose-dependent protective effects of apomorphine against methamphetamine-induced nigrostriatal damage. Brain Res. (2001) 898:27–35. doi: 10.1016/s0006-8993(01)02125-4

 249. Mishra A, Singh S, Shukla S. Physiological and functional basis of dopamine receptors and their role in neurogenesis: possible implication for Parkinson's disease. J Exp Neurosci. (2018) 12:1–8. doi: 10.1177/1179069518779829

 250. Djaldetti R, Melamed E. New drugs in the future treatment of Parkinson's disease. J Neurol. (2002) 249(Suppl. 2):II30–5. doi: 10.1007/s00415-002-1206-2

 251. Parkinson Study G. Dopamine transporter brain imaging to assess the effects of pramipexole vs levodopa on Parkinson disease progression. JAMA. (2002) 287:1653–61. doi: 10.1001/jama.287.13.1653

 252. Whone AL, Watts RL, Stoessl AJ, Davis M, Reske S, Nahmias C, et al. Slower progression of Parkinson's disease with ropinirole versus levodopa: the REAL-PET study. Ann Neurol. (2003) 54:93–101. doi: 10.1002/ana.10609

 253. Fahn S, Oakes D, Shoulson I, Kieburtz K, Rudolph A, Lang A, et al. Levodopa and the progression of Parkinson's disease. N Engl J Med. (2004) 351:2498–508. doi: 10.1056/NEJMoa033447

 254. Schapira AH, McDermott MP, Barone P, Comella CL, Albrecht S, Hsu HH, et al. Pramipexole in patients with early Parkinson's disease (PROUD): a randomised delayed-start trial. Lancet Neurol. (2013) 12:747–55. doi: 10.1016/S1474-4422(13)70117-0

 255. Iravani MM, Sadeghian M, Leung CC, Tel BC, Rose S, Schapira AH, et al. Continuous subcutaneous infusion of pramipexole protects against lipopolysaccharide-induced dopaminergic cell death without affecting the inflammatory response. Exp Neurol. (2008) 212:522–31. doi: 10.1016/j.expneurol.2008.04.037

 256. Verschuur CVM, Suwijn SR, Boel JA, Post B, Bloem BR, van Hilten JJ, et al. Randomized delayed-start trial of levodopa in Parkinson's disease. N Engl J Med. (2019) 380:315–24. doi: 10.1056/NEJMoa1809983

 257. Tabi T, Vecsei L, Youdim MB, Riederer P, Szoko E. Selegiline: a molecule with innovative potential. J Neural Transm. (2020) 127:831–42. doi: 10.1007/s00702-019-02082-0

 258. Group PS. DATATOP: a multicenter controlled clinical trial in early Parkinson's disease. Parkinson Study Group. Arch Neurol. (1989) 46:1052–60. doi: 10.1001/archneur.1989.00520460028009

 259. Tetrud JW, Langston JW. The effect of deprenyl (selegiline) on the natural history of Parkinson's disease. Science. (1989) 245:519–22. doi: 10.1126/science.2502843

 260. Parkinson Study G. Effects of tocopherol and deprenyl on the progression of disability in early Parkinson's disease. N Engl J Med. (1993) 328:176–83. doi: 10.1056/NEJM199301213280305

 261. Olanow CW, Hauser RA, Gauger L, Malapira T, Koller W, Hubble J, et al. The effect of deprenyl and levodopa on the progression of Parkinson's disease. Ann Neurol. (1995) 38:771–7. doi: 10.1002/ana.410380512

 262. Palhagen S, Heinonen EH, Hagglund J, Kaugesaar T, Kontants H, Maki-Ikola O, et al. Selegiline delays the onset of disability in de novo parkinsonian patients. Swedish Parkinson Study. Group Neurol. (1998) 51:520–5. doi: 10.1212/wnl.51.2.520

 263. Larsen JP, Boas J, Erdal JE. Does selegiline modify the progression of early Parkinson's disease? Results from a five-year study. The Norwegian-Danish Study Group. Eur J Neurol. (1999) 6:539–47. doi: 10.1046/j.1468-1331.1999.650539.x

 264. Olanow CW, Jankovic J. Neuroprotective therapy in Parkinson's disease and motor complications: a search for a pathogenesis-targeted, disease-modifying strategy. Mov Disord. (2005) 20(Suppl. 11):S3–10. doi: 10.1002/mds.20457

 265. Olanow CW, Rascol O, Hauser R, Feigin PD, Jankovic J, Lang A, et al. A double-blind, delayed-start trial of rasagiline in Parkinson's disease. N Engl J Med. (2009) 361:1268–78. doi: 10.1056/NEJMoa0809335

 266. Peretz C, Segev H, Rozani V, Gurevich T, El-Ad B, Tsamir J, et al. Comparison of selegiline and rasagiline therapies in Parkinson disease: a real-life study. Clin Neuropharmacol. (2016) 39:227–31. doi: 10.1097/WNF.0000000000000167

 267. Mandel S, Grunblatt E, Riederer P, Gerlach M, Levites Y, Youdim MB. Neuroprotective strategies in Parkinson's disease: an update on progress. CNS Drugs. (2003) 17:729–62. doi: 10.2165/00023210-200317100-00004

 268. Ambrosi G, Cerri S, Blandini F. A further update on the role of excitotoxicity in the pathogenesis of Parkinson's disease. J Neural Transm. (2014) 121:849–59. doi: 10.1007/s00702-013-1149-z

 269. Hallett PJ, Standaert DG. Rationale for and use of NMDA receptor antagonists in Parkinson's disease. Pharmacol Ther. (2004) 102:155–74. doi: 10.1016/j.pharmthera.2004.04.001

 270. Vanle B, Olcott W, Jimenez J, Bashmi L, Danovitch I, IsHak WW. NMDA antagonists for treating the non-motor symptoms in Parkinson's disease. Transl Psychiatry. (2018) 8:117. doi: 10.1038/s41398-018-0162-2

 271. Golan DE, Armstrong EJ, Armstrong AW. Principles of Pharmacology: The Pathophysiologic Basis of Drug Therapy. 4th ed. Philadelphia, PA: Wolters Kluwer Health (2016).

 272. Jankovic J, Hunter C. A double-blind, placebo-controlled and longitudinal study of riluzole in early Parkinson's disease. Parkinsonism Relat Disord. (2002) 8:271–6. doi: 10.1016/s1353-8020(01)00040-2

 273. Obinu MC, Reibaud M, Blanchard V, Moussaoui S, Imperato A. Neuroprotective effect of riluzole in a primate model of Parkinson's disease: behavioral and histological evidence. Mov Disord. (2002) 17:13–9. doi: 10.1002/mds.1272

 274. Schwab RS, Poskanzer DC, England ACJr, Young RR. Amantadine in Parkinson's disease. Review of more than two years' experience. JAMA. (1972) 222:792–5. doi: 10.1001/jama.222.7.792

 275. Rojas P, Altagracia M, Kravsov J, Rios C. Partially protective effect of amantadine in the MPTP model of Parkinson's disease. Proc West Pharmacol Soc. (1992) 35:33–5.

 276. Greulich W, Fenger E. Amantadine in Parkinson's disease: pro and contra. J Neural Transm Suppl. (1995) 46:415–21.

 277. Jorgensen PB, Bergin JD, Haas L, Cuningham JA, Morah DD, Pollock M, et al. Controlled trial of amantadine hydrochloride in Parkinson's disease. N Z Med J. (1971) 73:263–7.

 278. Shannon KM, Goetz CG, Carroll VS, Tanner CM, Klawans HL. Amantadine and motor fluctuations in chronic Parkinson's disease. Clin Neuropharmacol. (1987) 10:522–6. doi: 10.1097/00002826-198712000-00003

 279. Thomas A, Iacono D, Luciano AL, Armellino K, Di Iorio A, Onofrj M. Duration of amantadine benefit on dyskinesia of severe Parkinson's disease. J Neurol Neurosurg Psychiatry. (2004) 75:141–3.

 280. Sawada H, Oeda T, Kuno S, Nomoto M, Yamamoto K, Yamamoto M, et al. Amantadine for dyskinesias in Parkinson's disease: a randomized controlled trial. PLoS ONE. (2010) 5:e15298. doi: 10.1371/journal.pone.0015298

 281. Hauser RA, Pahwa R, Tanner CM, Oertel W, Isaacson SH, Johnson R, et al. ADS-5102 (amantadine) extended-release capsules for levodopa-induced dyskinesia in Parkinson's disease (EASE LID 2 study): interim results of an open-label safety study. J Parkinsons Dis. (2017) 7:511–22. doi: 10.3233/JPD-171134

 282. Oertel W, Eggert K, Pahwa R, Tanner CM, Hauser RA, Trenkwalder C, et al. Randomized, placebo-controlled trial of ADS-5102 (amantadine) extended-release capsules for levodopa-induced dyskinesia in Parkinson's disease (EASE LID 3). Mov Disord. (2017) 32:1701–9. doi: 10.1002/mds.27131

 283. Aarsland D, Ballard C, Walker Z, Bostrom F, Alves G, Kossakowski K, et al. Memantine in patients with Parkinson's disease dementia or dementia with Lewy bodies: a double-blind, placebo-controlled, multicentre trial. Lancet Neurol. (2009) 8:613–8. doi: 10.1016/S1474-4422(09)70146-2

 284. Emre M, Tsolaki M, Bonuccelli U, Destee A, Tolosa E, Kutzelnigg A, et al. Memantine for patients with Parkinson's disease dementia or dementia with Lewy bodies: a randomised, double-blind, placebo-controlled trial. Lancet Neurol. (2010) 9:969–77. doi: 10.1016/S1474-4422(10)70194-0

 285. Leroi I, Overshott R, Byrne EJ, Daniel E, Burns A. Randomized controlled trial of memantine in dementia associated with Parkinson's disease. Mov Disord. (2009) 24:1217–21. doi: 10.1002/mds.22495

 286. Sian-Hulsmann J, Mandel S, Youdim MB, Riederer P. The relevance of iron in the pathogenesis of Parkinson's disease. J Neurochem. (2011) 118:939–57. doi: 10.1111/j.1471-4159.2010.07132.x

 287. Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L. The role of iron in brain ageing and neurodegenerative disorders. Lancet Neurol. (2014) 13:1045–60. doi: 10.1016/S1474-4422(14)70117-6

 288. Mounsey RB, Teismann P. Chelators in the treatment of iron accumulation in Parkinson's disease. Int J Cell Biol. (2012) 2012:983245. doi: 10.1155/2012/983245

 289. Martin-Bastida A, Ward RJ, Newbould R, Piccini P, Sharp D, Kabba C, et al. Brain iron chelation by deferiprone in a phase 2 randomised double-blinded placebo controlled clinical trial in Parkinson's disease. Sci Rep. (2017) 7:1398. doi: 10.1038/s41598-017-01402-2

 290. Devos D, Moreau C, Devedjian JC, Kluza J, Petrault M, Laloux C, et al. Targeting chelatable iron as a therapeutic modality in Parkinson's disease. Antioxid Redox Signal. (2014) 21:195–210. doi: 10.1089/ars.2013.5593

 291. Nunez MT, Chana-Cuevas P. New perspectives in iron chelation therapy for the treatment of neurodegenerative diseases. Pharmaceuticals. (2018) 11:109. doi: 10.3390/ph11040109

 292. Uranga RM, Salvador GA. Unraveling the burden of iron in neurodegeneration: intersections with amyloid beta peptide pathology. Oxid Med Cell Longev. (2018) 2018:2850341. doi: 10.1155/2018/2850341

 293. Bove J, Prou D, Perier C, Przedborski S. Toxin-induced models of Parkinson's disease. NeuroRx. (2005) 2:484–94. doi: 10.1602/neurorx.2.3.484

 294. Kalia LV, Kalia SK, Lang AE. Disease-modifying strategies for Parkinson's disease. Mov Disord. (2015) 30:1442–50. doi: 10.1002/mds.26354

 295. Ritz B, Rhodes SL, Qian L, Schernhammer E, Olsen JH, Friis S. L-type calcium channel blockers and Parkinson disease in Denmark. Ann Neurol. (2010) 67:600–6. doi: 10.1002/ana.21937

 296. Gudala K, Kanukula R, Bansal D. Reduced risk of Parkinson's disease in users of calcium channel blockers: a meta-analysis. Int J Chronic Dis. (2015) 2015:697404. doi: 10.1155/2015/697404

 297. Lang Y, Gong D, Fan Y. Calcium channel blocker use and risk of Parkinson's disease: a meta-analysis. Pharmacoepidemiol Drug Saf . (2015) 24:559–66. doi: 10.1002/pds.3781

 298. Mullapudi A, Gudala K, Boya CS, Bansal D. Risk of Parkinson's disease in the users of antihypertensive agents: an evidence from the meta-analysis of observational studies. J Neurodegener Dis. (2016) 2016:5780809. doi: 10.1155/2016/5780809

 299. Warda A, Reese JP, Tanislav C, Kostev K. The association between antihypertensive therapy and the incidence of Parkinson's disease in patients followed in general practices in Germany. Int J Clin Pharmacol Ther. (2019) 57:483–8. doi: 10.5414/CP203559

 300. Simuni T, Borushko E, Avram MJ, Miskevics S, Martel A, Zadikoff C, et al. Tolerability of isradipine in early Parkinson's disease: a pilot dose escalation study. Mov Disord. (2010) 25:2863–6. doi: 10.1002/mds.23308

 301. Biglan KM, Oakes D, Lang AE, Hauser RA, Hodgeman K, Greco B, et al. A novel design of a Phase III trial of isradipine in early Parkinson disease (STEADY-PD III). Ann Clin Transl Neurol. (2017) 4:360–8. doi: 10.1002/acn3.412

 302. Bolam JP, Pissadaki EK. Living on the edge with too many mouths to feed: why dopamine neurons die. Mov Disord. (2012) 27:1478–83. doi: 10.1002/mds.25135

 303. Pacelli C, Giguere N, Bourque MJ, Levesque M, Slack RS, Trudeau LE. Elevated mitochondrial bioenergetics and axonal arborization size are key contributors to the vulnerability of dopamine neurons. Curr Biol. (2015) 25:2349–60. doi: 10.1016/j.cub.2015.07.050

 304. Surmeier DJ, Obeso JA, Halliday GM. Selective neuronal vulnerability in Parkinson disease. Nat Rev Neurosci. (2017) 18:101–13. doi: 10.1038/nrn.2016.178

 305. Gantz SC, Ford CP, Morikawa H, Williams JT. The evolving understanding of dopamine neurons in the substantia nigra and ventral tegmental area. Annu Rev Physiol. (2018) 80:219–41. doi: 10.1146/annurev-physiol-021317-121615

 306. Liss B, Striessnig J. The potential of L-type calcium channels as a drug target for neuroprotective therapy in Parkinson's disease. Annu Rev Pharmacol Toxicol. (2019) 59:263–89. doi: 10.1146/annurev-pharmtox-010818-021214

 307. Parkinson Study Group S-PDIIII. Isradipine versus placebo in early Parkinson disease: a randomized trial. Ann Intern Med. (2020) 172:591–8. doi: 10.7326/M19-2534

 308. Zamponi GW. Targeting voltage-gated calcium channels in neurological and psychiatric diseases. Nat Rev Drug Discov. (2016) 15:19–34. doi: 10.1038/nrd.2015.5

 309. Schapira AH. Progress in neuroprotection in Parkinson's disease. Eur J Neurol. (2008) 15(Suppl. 1):5–13. doi: 10.1111/j.1468-1331.2008.02055.x

 310. Gill SS, Patel NK, Hotton GR, O'Sullivan K, McCarter R, Bunnage M, et al. Direct brain infusion of glial cell line-derived neurotrophic factor in Parkinson disease. Nat Med. (2003) 9:589–95. doi: 10.1038/nm850

 311. Nutt JG, Burchiel KJ, Comella CL, Jankovic J, Lang AE, Laws ERJr, et al. Randomized, double-blind trial of glial cell line-derived neurotrophic factor (GDNF) in PD. Neurology. (2003) 60:69–73. doi: 10.1212/wnl.60.1.69

 312. Lang AE, Gill S, Patel NK, Lozano A, Nutt JG, Penn R, et al. Randomized controlled trial of intraputamenal glial cell line-derived neurotrophic factor infusion in Parkinson disease. Ann Neurol. (2006) 59:459–66. doi: 10.1002/ana.20737

 313. Domanskyi A, Saarma M, Airavaara M. Prospects of neurotrophic factors for Parkinson's disease: comparison of protein and gene therapy. Hum Gene Ther. (2015) 26:550–9. doi: 10.1089/hum.2015.065

 314. Jing L, He MT, Chang Y, Mehta SL, He QP, Zhang JZ, et al. Coenzyme Q10 protects astrocytes from ROS-induced damage through inhibition of mitochondria-mediated cell death pathway. Int J Biol Sci. (2015) 11:59–66. doi: 10.7150/ijbs.10174

 315. Beal MF. Therapeutic effects of coenzyme Q10 in neurodegenerative diseases. Methods Enzymol. (2004) 382:473–87. doi: 10.1016/S0076-6879(04)82026-3

 316. Shults CW, Oakes D, Kieburtz K, Beal MF, Haas R, Plumb S, et al. Effects of coenzyme Q10 in early Parkinson disease: evidence of slowing of the functional decline. Arch Neurol. (2002) 59:1541–50. doi: 10.1001/archneur.59.10.1541

 317. Muller T, Buttner T, Gholipour AF, Kuhn W. Coenzyme Q10 supplementation provides mild symptomatic benefit in patients with Parkinson's disease. Neurosci Lett. (2003) 341:201–4. doi: 10.1016/s0304-3940(03)00185-x

 318. Storch A, Jost WH, Vieregge P, Spiegel J, Greulich W, Durner J, et al. Randomized, double-blind, placebo-controlled trial on symptomatic effects of coenzyme Q(10) in Parkinson disease. Arch Neurol. (2007) 64:938–44. doi: 10.1001/archneur.64.7.nct60005

 319. Parkinson Study Group QEI, Beal MF, Oakes D, Shoulson I, Henchcliffe C, Galpern WR, et al. A randomized clinical trial of high-dosage coenzyme Q10 in early Parkinson disease: no evidence of benefit. JAMA Neurol. (2014) 71:543–52. doi: 10.1001/jamaneurol.2014.131

 320. Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces of alpha-synuclein: from structure and toxicity to therapeutic target. Nat Rev Neurosci. (2013) 14:38–48. doi: 10.1038/nrn3406

 321. Forno LS. Neuropathology of Parkinson's disease. J Neuropathol Exp Neurol. (1996) 55:259–72. doi: 10.1097/00005072-199603000-00001

 322. Satake W, Nakabayashi Y, Mizuta I, Hirota Y, Ito C, Kubo M, et al. Genome-wide association study identifies common variants at four loci as genetic risk factors for Parkinson's disease. Nat Genet. (2009) 41:1303–7. doi: 10.1038/ng.485

 323. Simon-Sanchez J, Schulte C, Bras JM, Sharma M, Gibbs JR, Berg D, et al. Genome-wide association study reveals genetic risk underlying Parkinson's disease. Nat Genet. (2009) 41:1308–12. doi: 10.1038/ng.487

 324. Masliah E, Rockenstein E, Adame A, Alford M, Crews L, Hashimoto M, et al. Effects of alpha-synuclein immunization in a mouse model of Parkinson's disease. Neuron. (2005) 46:857–68. doi: 10.1016/j.neuron.2005.05.010

 325. Masliah E, Rockenstein E, Mante M, Crews L, Spencer B, Adame A, et al. Passive immunization reduces behavioral and neuropathological deficits in an alpha-synuclein transgenic model of Lewy body disease. PLoS ONE. (2011) 6:e19338. doi: 10.1371/journal.pone.0019338

 326. Lee JS, Lee SJ. Mechanism of anti-alpha-synuclein immunotherapy. J Mov Disord. (2016) 9:14–9. doi: 10.14802/jmd.15059

 327. Salamon A, Zadori D, Szpisjak L, Klivenyi P, Vecsei L. Neuroprotection in Parkinson's disease: facts and hopes. J Neural Transm. (2020) 127:821–9. doi: 10.1007/s00702-019-02115-8

 328. Jankovic J, Goodman I, Safirstein B, Marmon TK, Schenk DB, Koller M, et al. Safety and tolerability of multiple ascending doses of PRX002/RG7935, an anti-alpha-synuclein monoclonal antibody, in patients with Parkinson disease: a randomized clinical trial. JAMA Neurol. (2018) 75:1206–14. doi: 10.1001/jamaneurol.2018.1487

 329. Li Q, Nacion K, Bu H, Lin F. The complement inhibitor FUT-175 suppresses T cell autoreactivity in experimental autoimmune encephalomyelitis. Am J Pathol. (2009) 175:661–7. doi: 10.2353/ajpath.2009.081093

 330. Hu X, Tomlinson S, Barnum SR. Targeted inhibition of complement using complement receptor 2-conjugated inhibitors attenuates EAE. Neurosci Lett. (2012) 531:35–9. doi: 10.1016/j.neulet.2012.10.012

 331. Hu X, Holers VM, Thurman JM, Schoeb TR, Ramos TN, Barnum SR. Therapeutic inhibition of the alternative complement pathway attenuates chronic EAE. Mol Immunol. (2013) 54:302–8. doi: 10.1016/j.molimm.2012.12.018

 332. Leinhase I, Rozanski M, Harhausen D, Thurman JM, Schmidt OI, Hossini AM, et al. Inhibition of the alternative complement activation pathway in traumatic brain injury by a monoclonal anti-factor B antibody: a randomized placebo-controlled study in mice. J Neuroinflammation. (2007) 4:13. doi: 10.1186/1742-2094-4-13

 333. Garrett MC, Otten ML, Starke RM, Komotar RJ, Magotti P, Lambris JD, et al. Synergistic neuroprotective effects of C3a and C5a receptor blockade following intracerebral hemorrhage. Brain Res. (2009) 1298:171–7. doi: 10.1016/j.brainres.2009.04.047

 334. Longhi L, Perego C, Ortolano F, Zanier ER, Bianchi P, Stocchetti N, et al. C1-inhibitor attenuates neurobehavioral deficits and reduces contusion volume after controlled cortical impact brain injury in mice. Crit Care Med. (2009) 37:659–65. doi: 10.1097/CCM.0b013e318195998a

 335. Fluiter K, Opperhuizen AL, Morgan BP, Baas F, Ramaglia V. Inhibition of the membrane attack complex of the complement system reduces secondary neuroaxonal loss and promotes neurologic recovery after traumatic brain injury in mice. J Immunol. (2014) 192:2339–48. doi: 10.4049/jimmunol.1302793

 336. Ruseva MM, Ramaglia V, Morgan BP, Harris CL. An anticomplement agent that homes to the damaged brain and promotes recovery after traumatic brain injury in mice. Proc Natl Acad Sci USA. (2015) 112:14319–24. doi: 10.1073/pnas.1513698112

 337. Depboylu C, Schafer MK, Arias-Carrion O, Oertel WH, Weihe E, Hoglinger GU. Possible involvement of complement factor C1q in the clearance of extracellular neuromelanin from the substantia nigra in Parkinson disease. J Neuropathol Exp Neurol. (2011) 70:125–32. doi: 10.1097/NEN.0b013e31820805b9

 338. Loeffler DA, Camp DM, Conant SB. Complement activation in the Parkinson's disease substantia nigra: an immunocytochemical study. J Neuroinflammation. (2006) 3:29. doi: 10.1186/1742-2094-3-29

 339. Hou L, Wang K, Zhang C, Sun F, Che Y, Zhao X, et al. Complement receptor 3 mediates NADPH oxidase activation and dopaminergic neurodegeneration through a Src-Erk-dependent pathway. Redox Biol. (2018) 14:250–60. doi: 10.1016/j.redox.2017.09.017

 340. Bodea LG, Wang Y, Linnartz-Gerlach B, Kopatz J, Sinkkonen L, Musgrove R, et al. Neurodegeneration by activation of the microglial complement-phagosome pathway. J Neurosci. (2014) 34:8546–56. doi: 10.1523/JNEUROSCI.5002-13.2014

 341. Tenner AJ, Stevens B, Woodruff TM. New tricks for an ancient system: physiological and pathological roles of complement in the CNS. Mol Immunol. (2018) 102:3–13. doi: 10.1016/j.molimm.2018.06.264

 342. Lee JD, Coulthard LG, Woodruff TM. Complement dysregulation in the central nervous system during development and disease. Semin Immunol. (2019) 45:101340. doi: 10.1016/j.smim.2019.101340

 343. Brennan FH, Lee JD, Ruitenberg MJ, Woodruff TM. Therapeutic targeting of complement to modify disease course and improve outcomes in neurological conditions. Semin Immunol. (2016) 28:292–308. doi: 10.1016/j.smim.2016.03.015

Conflict of Interest: ST is cofounder and consultant for Q32Bio, a company developing complement inhibitors.

The remaining 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 Mallah, Couch, Borucki, Toutonji, Alshareef and Tomlinson. 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/fimmu-11-02021-g003.gif
Olgodendrocyte

cinye
Rovazumabs
vlumab






OPS/images/fimmu-11-02021-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Anti-inflammatory and Neuroprotective Agents in Clinical Trials for CNS Disease and Injury: Where Do We Go From Here?



		Introduction



		Stroke



		Complement Inhibitors



		Thiazolidones (Pioglitazone)



		Immune-Modulator



		Calcium Channel Blockers



		Multi-Target Neuroprotectants



		NA-1



		Erythropoiesis-Stimulating Agents



		Anticoagulants







		Traumatic Brain Injury



		NMDA Receptor Modulators



		Immune-Modulator



		Statin Treatment (Atorvastatin)



		Omega-3 Fatty Acid Treatment—Docosahexaenoic Acid



		Gonadal Hormone Treatment







		Neuromyelitis Optica (NMO)



		Complement Inhibition



		Anti-apoptotic



		Rituximab, Ublituximab, and Inebilizumab



		Immunosuppressants



		Immunoadsorption/Plasma Exchange







		Amyotrophic Lateral Sclerosis



		NMDA Receptor Antagonist



		Antioxidants



		Iron Chelators



		Mitochondrial Protection



		Clearance of Protein Aggregates



		Complement Inhibition







		Multiple Sclerosis



		Antioxidant Therapeutics



		Neurotransmitter Modifiers



		Sodium Channel Blockers



		Immunomodulation



		Targeted Immunotherapy







		Parkinson's Disease



		Dopamine Agonists



		Monoamine Oxidase B Inhibitors



		NMDA Receptor Antagonists



		Iron Chelators



		Calcium Channel Blockers



		Neurotrophic Factors



		Coenzyme Q10



		Alpha-Synuclein Immunotherapy







		Summary and Discussion



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Anti-inflammatory and
Neuroprotective Agents in Clinical
Trials for CNS Disease and Injury:

Where Do We Go From Here?





OPS/images/fimmu-11-02021-g001.gif





OPS/images/fimmu-11-02021-g002.gif
JE e o

4 )‘._' "










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





