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Abstract

:

Cerebral ischemia is an acute disorder characterized by an abrupt reduction in blood flow that results in immediate deprivation of both glucose and oxygen. The main types of cerebral ischemia are ischemic and hemorrhagic stroke. When a stroke occurs, several signaling pathways are activated, comprising necrosis, apoptosis, and autophagy as well as glial activation and white matter injury, which leads to neuronal cell death. Current treatments for strokes include challenging mechanical thrombectomy or tissue plasminogen activator, which increase the danger of cerebral bleeding, brain edema, and cerebral damage, limiting their usage in clinical settings. Monoclonal antibody therapy has proven to be effective and safe in the treatment of a variety of neurological disorders. In contrast, the evidence for stroke therapy is minimal. Recently, Clone MTS510 antibody targeting toll-like receptor-4 (TLR4) protein, ASC06-IgG1 antibody targeting acid sensing ion channel-1a (ASIC1a) protein, Anti-GluN1 antibodies targeting N-methyl-D-aspartate (NMDA) receptor associated calcium influx, GSK249320 antibody targeting myelin-associated glycoprotein (MAG), anti-High Mobility Group Box-1 antibody targeting high mobility group box-1 (HMGB1) are currently under clinical trials for cerebral ischemia treatment. In this article, we review the current antibody-based pharmaceuticals for neurological diseases, the use of antibody drugs in stroke, strategies to improve the efficacy of antibody therapeutics in cerebral ischemia, and the recent advancement of antibody drugs in clinical practice. Overall, we highlight the need of enhancing blood–brain barrier (BBB) penetration for the improvement of antibody-based therapeutics in the brain, which could greatly enhance the antibody medications for cerebral ischemia in clinical practice.
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1. Introduction


According to the World Health Organization, stroke is generally referred to as the result of decreased or interrupted blood supply to the brain due to a blocked or ruptured artery, with neurological deficits persistent for over 24 h [1,2]. This undersupply results in a lack of nutrients or oxygen, causing brain cells to die. Globally, stroke is one of the leading causes of death, with the number of people affected being higher in low- and middle-income countries than in high-income countries [3]. According to the American Health Association’s 2020 Update, 1 in 19 deaths in the United States is attributable to stroke; the World Health Organization calls stroke the epidemic of the 21st century [4,5,6]. The risk factors for cerebral ischemia are similar to those for coronary and other vascular diseases. Therefore, effective therapeutic strategies targeting the major modifiable factors such as hyperlipidemia and diabetes would be helpful in reducing stroke risk. In addition, lifestyle risk factors can also be addressed [7]. Combined prevention strategies have been shown to be effective in reducing deaths from stroke even in some low-income countries [8,9]. Strokes are mainly classified into two types: ischemic strokes and hemorrhagic strokes, with transient ischemic attacks (TIAs) being a subtype of ischemic strokes and more than 80% of strokes being ischemic [10,11,12,13].



In an ischemic stroke (IS), there is a rapid decrease in blood supply to the brain, immediately depriving the brain of oxygen and glucose. The lack of blood supply leads to the death of neurons and glial cells, with subsequent loss of brain function. The incidence of a stroke triggers several pathological events, including the activation of glutamate receptors, leading to the release of glutamate and the influx of calcium ions, which activate nitric oxide, caspases, and proteases. This activation causes inflammation, free radical formation, and protein damage leading to neuronal cell death [14]. Other highlights of stroke include blood–brain barrier (BBB) damage, oxidative stress, cytokine-mediated toxicity, excitotoxicity, and loss of neuronal function [15]. Since stroke is the leading cause of death and neurological disability worldwide, new and effective therapies are critical [16,17]. Cerebral ischemic stroke is divided into thrombotic and embolic strokes, where thrombotic ischemic stroke is caused by blood vessel narrowing and embolic ischemic stroke is associated with blood vessel blockage that reduces blood flow to the brain [18]. However, the simultaneous activation of multiple signaling pathways makes the treatment of stroke challenging. Stroke treatment must focus on resolving blood clots, clearing blockages, and simultaneously treating the associated complications in the brain. Currently, the only pharmacologic intervention for treating ischemic stroke in the brain is tissue plasminogen activator (tPA), which dissolves the blood clot, improves blood flow, and is delivered directly to the brain. Surgical intervention is another option [16,19,20]. Another important treatment for cerebral ischemic stroke is recanalization, a technique to remove blood clots from the brain after ischemic stroke. After making a small incision in the groin, a physician threads a thin tube (catheter) through the blood vessels to the clot. A tiny device at the tip of the catheter grabs the clot and removes it, restoring blood flow to the brain. Recanalization is indicated in patients with persistent occlusion after intravenous thrombolysis. The occluded environment promotes inflammatory signals and contributes to tissue damage [21], warranting combination therapy as recommended in the STAIR guidelines [22,23]. Antibody-based therapies have been tested against various inflammatory molecules. Therefore, antibodies, when used in synergy, could help reduce inflammation and thus promote brain protection. The synthetic drug has been approved by the United States Food and Drug Administration (US-FDA) for IS. However, tPA must be administered less than 4.5 h after the onset of symptoms, which limits its effectiveness; the outcome can also be fatal if it is administered outside 4.5 h [24,25]. In addition to the narrow therapeutic window of tPA, more than 50% of patients receiving tPA acutely after stroke have significant long-term disability [25]. tPA, if not administered at the correct time and dose, can cause intracerebral hemorrhage, which can eventually lead to death. Intracerebral hemorrhage is referred as bleeding into the parenchyma of the brain, which may extend into the ventricles and, in rare cases, into the subarachnoid space. This type of hemorrhage accounts for 10% to 15% of all strokes and is associated with the highest mortality rate, with only more than 30% of affected patients surviving the first year [26]. Cerebral hemorrhagic strokes are defined as ischemic regions with a variable amount of blood cells leaking from damaged vessels, either due to increased permeability of the vessel walls or post-ischemic vessel rupture. Affected brain regions exhibit continuous blood leakage, resulting in hypoxia (due to decreased blood supply), increased intracranial pressure (which in turn negatively affects cerebral blood flow), and persistent irritation. These phenomena are considered even more severe than ischemic stroke. Subarachnoid hemorrhage is a less common subtype of stroke that results from the rapid rupture of a basal cerebral aneurysm [27]. This type of damage attracts white blood cells that further damage brain tissue. Treatment strategies are based on lowering intracranial pressure, controlling cerebral blood flow, removing malformations, and catheterization to drain excess cerebrospinal fluid to lower intracranial pressure [28,29]. Another treatment method is surgical cutting or wrapping to stop blood flow at the base of the ruptured vessel to maintain blood supply to the brain [30,31]. Surgical treatments are the only emergency treatment options available for hemorrhagic strokes, whereas for ischemic strokes, tPA therapy is widely used in addition to surgical interventions.




2. Antibody-Based Therapeutics


Because of the difficulties associated with tPA and the complexity of surgical procedures, it is necessary to consider other safe and effective therapeutic strategies for strokes. Therefore, new treatments are needed to improve outcomes in patients outside the 4.5-h therapeutic window of tPA [32]. Recently, accumulating evidence has indicated that targeting an endogenous molecule or signaling cascade with monoclonal antibodies would reduce the severity of damage or completely heal the damaged brain tissue (Figure 1). Antibody drugs for the treatment of stroke have attracted considerable attention in the scientific community.



After stroke, numerous signal transduction pathways are altered. Targeting certain harmful signaling pathways may delay brain damage and even increase the window of opportunity for revascularization therapy. In addition, interaction of antibodies with cytotoxic molecules and their receptors could rescue cell viability or delay cell death. Studies of immunotherapy for stroke are currently underway, including active immunization by inoculation with peptides and passive immunization by direct injection of antibodies into animals. Additionally, animal models are currently being used to research the effectiveness of targeting antibodies. For stroke treatment, a variety of molecules have been chosen as targets, and several antibodies have been created. These molecules can be accessed by antibodies since they are primarily found on or in the extracellular space of cells. A typical animal model of ischemic stroke is middle cerebral artery occlusion (MCAO). Clinical trials using numerous antibodies have failed due to subpar patient results, despite the fact that the majority of antibodies have been successful in reducing brain damage in animal models of stroke. However, despite significant advancements in brain shuttle techniques, it is still difficult for antibodies to pass the blood–brain barrier (BBB) in order to treat stroke. Bispecific transferrin receptor (TfR) antibodies, for example, have been shown to be effective in enhancing BBB exposure of several large compounds with limited brain permeability [33,34,35]. However, further improvements are needed to make this strategy a more reliable technology. Until then, cerebral ischemia medication discovery and development will continue to focus on optimizing the biophysical and binding qualities for optimal brain exposure [36]. More critically, additional clinical trials utilizing pertinent animal species and illness models are required in order to increase our understanding of the impact of antibody alteration on brain-targeted uptake and efficacy [37,38]. In this review article, we examine recent developments in the field of antibody medications for neurological disorders and which of these could potentially become an effective antibody drug for stroke treatment. Meanwhile, we also discuss the advanced methods that could increase the efficacy of antibody drugs in stroke, and the progress of antibody drugs in clinical practice.




3. Recent Antibody-Based Drugs for Neurological Disorders


Neurological diseases are the main cause of mortality and disability globally [39,40]. The adaptive immune system and the interactions with cells and structures in the central nervous system frequently play a role in the pathophysiology of injury and disease processes [41,42]. Because of this, there is much interest in creating neuroprotective antibody-based therapies that focus on neuroinflammatory and other signaling pathways relevant to the nervous system [43]. Clinical studies on a number of neuroprotective anti-inflammatory drugs have been conducted for a range of neurological disorders and traumas; however, despite FDA approval, the majority of these trials have produced unsatisfactory results, since the drugs do not have a superior impact on cognitive function [44,45]. Drug repurposing such as monoclonal antibodies (mAbs) has been used, as in other situations, for the treatment of neurological illnesses, saving time and money. Reusable drugs include azithromycin, which was tested in a preclinical study and showed a reduction in ischemic brain injury (22 h) after transient (2 h) middle cerebral artery occlusion (MCAO) in adult male rats [46]. Another example is tetracycline, which inhibited the morphological activation of microglia in the area adjacent to the infarct and also inhibited the induction of IL-1β-converting enzyme and decreased the expression of cyclooxygenase-2 and the production of prostaglandin E2 [47,48]. These novel methods have been demonstrated to be successful in treating diseases that were previously incurable, particularly when the diseases have comparable biological properties. Since 2017, mAbs have been used to treat a number of neurological conditions, opening up new therapeutic possibilities: Ocrelizumab for multiple sclerosis; Eculizumab for neuromyelitis optica spectrum disorder (NMOSD) or myasthenia gravis; Fremanezumab, Erenumab and Eptinezumab for migraine; Galcanezumab for chronic migraine and cluster headache; and Satralizumab, Inebilizumab and tocilizumab for NMOSD (Figure 2 and Table 1). These humanized IgG monoclonal antibodies were authorized for treatment in various neurological diseases by the FDA 4 years ago [49,50,51,52,53,54] (Table 1). Ocrelizumab was approved for primary progressive and relapsing remitting multiple sclerosis by the FDA in 2017 [55] (Table 1). This fully humanized IgG CD20 antibody was the first drug approved for primary progressive multiple sclerosis. Administration by infusion provokes more frequent and intense local reactions compared with other monoclonal antibodies [56]. In a phase III double-blind, placebo-controlled trial, Ocrelizumab was found to be superior to placebo across a number of efficacy measures, including a reduction in the proportion of patients who experienced confirmed disability progression at 12 and 24 weeks and a reduction in the proportion of brain volume loss [57]. In patients with neuromyelitis optica spectrum disease (NMOSD), demyelinating inflammation begins in the optic nerves, spinal cord, and brainstem as a result of humoral response directed against astrocytes. Pathogenic anti-aquaporin-4 (AQP4) antibodies have been linked to NMOSD in the majority of patients [58]. To treat adults with neuromyelitis optica spectrum disorder (NMOSD) who are seropositive for immunoglobulin G autoantibodies against AQP4-IgG, the Food and Drug Administration (FDA) approved the humanized monoclonal antibody, Inebilizumab, in 2020 [59] (Table 1). Tocilizumab is an antibody that blocks the signaling of the interleukin 6 receptor (IL-6R) [60] (Table 1). Increased synthesis of interleukin 6 (IL-6) and its subsequent enhancement of AQP4-IgG secretion has been linked to NMOSD. Tocilizumab has been demonstrated to be beneficial for individuals with NMOSD who have not responded to conventional therapy [61,62,63]. The approval of Satralizumab as a disease-modifying medication for anti-AQP4 seropositive NMOSD was based on the results of two phase III studies [64,65], making it the second humanized anti-IL-6 receptor IgG2 mAb to achieve this distinction. Eculizumab, a humanized antibody, has also been shown to be effective in the treatment of NMOSD, with recurrence rates decreasing from 43% to 3% in the treated group in patients with AQP4-IgG-seropositive NMOSD [66] (Table 1). It is well established that autoantibodies targeting AQP4 mediate their cytotoxic action through the complementary stimulation [67,68]. The AQP4 is a glial membrane water channel, highly expressed in astrocytic processes adjacent to cerebral capillaries and membranes lining the subarachnoid space [69,70]. A study in mice deficient in AQP4 showed that AQP4 inhibition may provide a new therapeutic option for reducing brain edema in a wide variety of cerebral disorders [71], which suggests that AQP4 could be a potential target for cerebral ischemia. Currently, this target has not been tested for brain stroke.



Eculizumab blocks the terminal complement protein (C5) stimulation pathway by interacting with C5 with strong affinity and specificity [72]. Interestingly, the complement protein-target could be a potential target to be tested for cerebral ischemia therapy. Clinical studies with Eculizumab, Inebilizumab, and Satralizumab showed that these mAbs significantly lowered both the yearly recurrence rate and disability (mean expanded disability status scale score drop −0.51, 95% CI: −0.92 to −0.11, p = 0.01). Subpopulation results revealed that Eculizumab was more successful in reducing the on-trial recurrence probability in anti-AQP-4+ individuals [73]. Eculizumab was approved by the FDA in 2018 and 2019 for NMOSD and MG, respectively (Table 1). The FDA has also recently authorized four monoclonal antibodies (mAbs) for use as preventative therapies for migraine. They are all aimed targeting a specific mediator in the disease’s etiology known as calcitonin gene-related peptide (CGRP). As of now, mAbs are the only disease-specific and mechanism-based prophylactic for both episodic and chronic migraine. Eptinezumab, Fremanezumab, and Galcanezumab target the CGRP ligand, whereas Erenumab targets the CGRP receptor [74,75,76,77,78,79,80] (Table 1). Erenumab is the only completely human mAb that targets the CGRP receptor. In a meta-analysis of phase III studies using anti-CGRP mAbs for both episodic and chronic migraine, 50.8% (95% CI 44.9–56.6%) of patients saw at least a 50% reduction in mean migraine-days per month. Galcanezumab has also shown efficacy in treating cluster headaches [81]. Low dropout rates in clinical trials attest to their great tolerance and attractive risk-benefit profile [82,83]. This has ushered in a new era in the preventative treatment of migraine. Although Fremanezumab, Galcanezumab, and Erenumab all showed good tolerance and sustained increases in numerous effectiveness metrics throughout the course of long-term open-label studies lasting more than a year [84,85,86], their expensive price tag is the biggest downside. CGRP is an excellent endogenous vasoactive substance reported to be involved in the attenuation of cerebral ischemia [87]. A study showed that CGRP significantly reduced post-ischemic increase of brain edema with a 2-h therapeutic window in the transient model of focal cerebral ischemia [88]. Moreover, it seems that at least part of the anti-edematous effects of CGRP is due to decrease of BBB disruption by improving ultrastructural damage of capillary endothelium cells, enhancing basal membrane, and inhibiting AQP4 and its mRNA over-expression [89]. The data of the present study provide a new possible approach for acute stroke therapy by administration of CGRP or inhibiting the CGRP molecule with mAbs (Figure 2 and Table 1).



This suggests that the CGRP molecule may be a potential mAb target for stroke. Similarly, the study showed that IL-6, produced locally by resident brain cells promotes angiogenesis in the delayed phases of stroke recovery [90]. Moreover, IL-6 is a cytokine originally identified as a B-cell differentiation factor nearly 30 years ago and is capable of inducing the maturation of B cells into antibody-producing cells [91]. As with many other cytokines, it has been recognized that IL-6 is not only a factor involved in immune response but has many critical roles in major physiological systems, including the nervous system [91]. Its expression is affected in several of the major brain diseases, including cerebral ischemia, and animal models strongly suggest that IL-6 may play a role in the observed neuropathology and is therefore a clear target for therapies in cerebral ischemia [92].



Through the reviewing of recent advances in successful antibody-based drugs for neurological disorders, we emphasized the potential in repurposing of these effective antibody drugs for the treatment of cerebral ischemia in the near future. As the increasing amount of evidence showing the pathological roles of such targets as CD19, IL-6, C5 complement, CGRP, and CD20 in the modulating of cerebral ischemia severity in clinical reports or pre-clinical studies [93,94,95,96,97], we believe these currently available antibody-based drugs for different neurological disorders could soon been evaluated and re-purposed as an effective antibody drug for stroke treatment in clinic.




4. Application of Antibody-Based Drugs for Cerebral Ischemia


The use of the antibodies in stroke therapy further extends the window for treatment from days to weeks or even months after the stroke and enables the treatment of chronic strokes months after the acute infarction. In addition, various contributory factors, such as pro-inflammatory cytokines, make stroke treatment unfeasible. Stroke outcomes may be improved if monoclonal antibodies (mAbs) are utilized to target the inflammatory events. mAbs can be used to block the damaging processes connected to inflammation by blocking pro-inflammatory cytokines and their receptors. For instance, brain damage following an acute stroke is partially caused by ion channels and neurotransmitter receptors [98]. One potential therapy to treat the effects of acute stroke is the development of specialized monoclonal antibodies (mAbs) such as nanobodies that target particular inflammatory signaling pathways, cell death pathways, ion channels, and neurotransmitter receptors [98]. Nanobodies have the following special properties: small size of less than 400 daltons, stability in aqueous solutions, reversible folding, specificity, and high affinity for a single molecular target in the brain. These advantageous characteristics have compelled a number of academic research organizations, pharmaceutical companies, and biotech firms to utilize nanobodies as research tools or to develop new diagnostic and therapeutic applications.



Recent articles demonstrated the use of nanobodies in different animal models including cerebral stroke [99,100,101]. Experimentally, studies showed that nanobodies can penetrate epithelia or the blood–brain barrier [102,103,104,105]. Similarly, numerous studies have demonstrated that toll-like receptors (TLRs) are a key mediator of ischemic brain damage [106,107]. Following cerebral ischemia, TLR4 is strongly activated [108]. TLR4 defective mice were shown to be protective against ischemic stroke in several investigations [107,108,109,110]. Following the establishment of localized cerebral ischemia, intravascularly administered monoclonal antibodies penetrate the rodent brain [111]. The anti-inflammatory impact of TLR4-inhibition in experimental stroke was specifically established by the administration of TLR4 blocking antibody (mAbs clone MTS510) in vivo [112] (Table 2). In light of these findings, it is clear that intravascular TLR4 antibody administration effectively guards against ischemia damage for at least 48 h following reperfusion. These facts suggest that treating cerebral ischemia using antibody-based medications might result in a cure.



In cerebral ischemia, tissue acidosis is a known factor in neuronal cell death. Therefore, better treatment options for neuroprotection can be created with a deeper knowledge of the signaling mechanisms underlying acidotoxicity. Acid-sensing ion channels (ASICs), and more specifically, subtype ASIC1a, play a crucial role in acidosis-induced damage to brain neurons among the different proton-sensing systems [119,120]. The protective impact of ASIC1a gene deletion and/or pharmacological blockage in animal models of ischemic stroke [119] demonstrates the important involvement of ASIC1a in neuronal acidotoxicity. During inflammatory and ischemic brain injuries, local tissue acidosis and the activation of ASICs occur [121,122] (Figure 3). The ASIC1a subtype was shown to be the primary ASIC protein activated in neuronal damage [121,123]. This subtype seems to be permeable to both sodium and calcium and has a high sensitivity to protons [124]. Due to a lack of oxygen, anaerobic metabolism develops and lactic acid accumulates outside the cells in patients suffering from a severe ischemic stroke. Neuronal injury is triggered by extracellular acidosis, a temporary rise in calcium generated by the opening of the channel [121]. When activated, ASIC1a has a greater proton permeability than sodium [119], suggesting that acidosis-induced cell death may be caused by an inflow of protons. Thus, ASIC1a activation, which allows calcium ions through, is a therapeutic target in neuronal damage [125,126]. A highly specific and effective antibody against ASIC1a was therefore developed. When tested on a mouse model of stroke, researchers found that infusing the animals with this antibody decreased brain ischemic damage [121,123,127,128] (Figure 4). Because of this, these studies show that targeting ASIC1a with this antibody-based medicine could be used in the future to treat cerebral ischemia.



Meanwhile, some other antibody-based therapies have also been studied for their potential to treat stroke. Examples include anti-GluN1 antibodies, which block N-methyl-D-aspartate (NMDA) receptors linked to calcium influx [114] (Table 2 and Figure 4), anti-High Mobility Group Box-1 antibodies, which target High Mobility Group Box-1, an inflammatory protein [115] (Table 2 and Figure 3), the GSK249320 antibody, which is aimed at myelin-associated glycoprotein (MAG) [116], and the anti-Nogo-A antibody, 7B12, which targets the Nogo A myelin (NAM) associated neurite outgrowth protein [117]. Antibodies (MAb) enhance neuronal healing by binding to receptors and surface markers and blocking or neutralizing growth-inhibiting factors in neurons [98]. Myelin-associated glycoprotein (MAG), oligo-myelin glycoprotein, and Nogo-A are three primary inhibitors of neurite outgrowth and neuronal regeneration. MAG, oligo-myelin glycoprotein, and Nogo-A are increased [129,130] after an acute ischemic stroke (Table 2 and Figure 5). The inhibition of neurite outgrowth and neuronal regeneration by the MAG or Nogo-A signaling cascades block the functional recovery after the suffering of cerebral ischemia. Neuronal healing and axonal rewiring are boosted after an acute ischemic stroke when these inhibitors are blocked by MAb [98] (Figure 3 and Table 2). Because of this, monoclonal antibodies (mAbs) are being considered as possible therapeutic agents for stroke patients [131,132]. Animal models of middle cerebral artery occlusion (MCAO) show that the vast majority of mAbs used to treat stroke are effective at reducing infarct volume and improving neuronal function [98].



Furthermore, cerebral ischemia induces sterile inflammation that exacerbates initial brain injury and neurologic outcome [133,134]. Inducing molecules include adenosine triphosphate (ATP) as well as nicotinamide adenine dinucleotide (NAD), heat shock protein (HSP), and high mobility group box 1 protein (HMGB1). These molecules activate various signaling pathways, such as the ATP/P2X7 signaling pathway or the Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells (NFκB) signaling pathway [135,136]. One study shows that there is a substantial local increase in ATP after cerebral ischemia and that targeting the ATP receptor P2X7 with P2X7-specific antibodies could reduce ischemic tissue damage [118].



Meanwhile, a recent preclinical, randomized, controlled, multicenter trial testing cerebral ischemia therapy in a mouse model focused on anti-CD47d antibodies that inhibit leukocyte migration into the brain [137]. The study found that treatment with CD49d-specific antibodies significantly reduced both leukocyte invasion and infarct volume after permanent distal middle cerebral artery occlusion caused a small cortical infarct [137]. In contrast, anti-CD49d treatment did not reduce lesion size or affect leukocyte invasion after transient proximal middle cerebral artery occlusion that resulted in large lesions [137]. These results suggest that the utility of immunologic approaches may depend on the severity and location of the infarct.



In addition to this recent progress in antibody-based drugs for cerebral ischemia, as mentioned previously, the antibody-based drugs currently available for different neurological disorders (Table 1 and Figure 2) have great potential to be repurposed as an effective antibody drug for stroke treatment in the near future.




5. Pros and Cons of Antibody-Based Drugs for Cerebral Ischemia


A major obstacle to the current application of mAbs is the lack of similarities between humans and the preclinical models used for testing. The inflammatory responses, expression of receptors, and prevalence of targets elicited in humans and rats/mice may differ, limiting the success of mAbs in the clinic. Dose optimization for mAbs requires careful evaluation to eliminate the risk of adverse side effects such as bleeding during clinical trials [37]. Clinical research addressing the efficacy and safety of mAbs must be conducted to maximize the therapeutic benefits of mAbs. The use of nanobodies, i.e., antibodies isolated from alpaca, camel, llama, or shark heavy chain antibodies, may be more beneficial in cerebral ischemia because they improve BBB and tissue penetration and lend themselves to surface modification to allow site-specific targeting [38]. The following table provides an overview of both the benefits and the challenges associated with using antibodies as a treatment for cerebral ischemia (Table 3).



There are two possible explanations for the lack of success: (i) inadequate uptake of the antibody into the CNS via the BBB, and (ii) administration of the antibody at a stage in the course of the disease that is too late [138]. In this sense, the absence of biomarkers that can detect the early stages of disease is one of the most significant challenges that contemporary medicine needs to address and overcome. In spite of this, the most important step in the process of developing antibodies to treat disorders of the brain is to determine whether or not antibodies that are given in the periphery can pass the BBB, and if so, in sufficient quantities to trigger a therapeutic response in the brain itself. However, some of the failures of these mAbs that have been recorded were also related to safety problems, including both cerebral microhemorrhages and meningoencephalitis. It is possible that this is caused by an accumulation of mAb in the brain as a result of a low level of reverse transfer from the brain to the blood. Therefore, understanding antibody influx and efflux from the blood to the brain and back is going to be the most important challenge for pharmaceutical companies and academic groups to tackle in the near future. This will allow them to develop therapeutic antibodies that are safer and more effective for diseases that affect the central nervous system.




6. Strategies to Improve the Efficacy of Antibody-Based Drugs for Cerebral Ischemia


The development of chimeric, humanized, or fully human antibodies was a major breakthrough and led to a wave of antibodies approved by the FDA. Currently, more than 22 antibodies are marketed as therapeutics, mainly for the treatment of cancer and immune disorders. Impressive results have been achieved in cancer therapy, as demonstrated by the success of rituximab in the treatment of various cancers. However, this is not true for the use of antibodies to treat strokes due to the blood–brain barrier (BBB). The antibodies cannot cross this barrier. However, the use of cell receptor-mediated strategies would improve the efficacy of antibodies in treating strokes. This natural strategy takes advantage of the various receptors expressed at the BBB, as well as the physiological properties of the BBB (e.g., charge and lipid composition) [139,140]. These translocation mechanisms are fundamental for the uptake of essential substances to maintain brain homeostasis. They fall into several categories depending on their specific roles, including receptor-mediated transport (RMT), which is responsible for the translocation of large molecules such as transferrin or antibodies (Figure 6). To date, no study has exhausted the potential of the receptors. This receptor-mediated strategy achieves the goal of reaching the site of the brain of stroke patients in order to efficiently overcome the brain barrier [141]. These receptor-targeted molecules can be either peptides or antibodies [142].



Accumulating evidence suggests that certain BBB enriched receptors, such as transferrin receptor (TfR), insulin receptor (IR) and Diphtheria toxin receptor (DTR), low-density lipoprotein-related protein (LDLRP), insulin-like growth factor receptor (IGFR), nicotinic acetylcholine receptor (NACR), leptin receptor (LEPR) and Scavenger receptor, Class B, and Fc fragment of IgG receptor transports alpha (FCGRT) could be potentially conjugated to increase the efficacy of receptor-mediated transport of antibodies into the brain (Table 4). TfR and IR are the main BBB receptors that have been extensively studied by researchers. Pardridge et al. comprehensively documented the use of antibodies targeting these receptors [143,144,145]. In vivo studies showed accumulation of various anti-TfR monoclonal antibodies (mAbs) in the meninges and clear biodistribution. However, the high affinity of the antibodies for these receptors is a limitation because it leads to weak dissociation of the receptors. Consequently, the high-affinity antibodies follow the lysosome pathway during intracellular trafficking, which leads to their degradation [146]. Yu et al. elegantly solved the problem by reducing the affinity of anti-TfR antibodies to the receptors [147]. Similar to TfR, there are exciting studies targeting IR. Pardridge et al. demonstrated an overall 4% uptake in the brain 3 h after intravenous administration in rhesus monkeys. More importantly, effective targeting primarily requires an understanding of the physiology and anatomy of the blood–brain barrier. The other approach is to modify the surface of the drug-loaded nanoparticle by conjugating it with an antibody that is particularly specific to the brain, such as the OX26 antibody and the transferrin receptor. The antibody-drug conjugate recognizes a specific ligand (in this case, the transferrin receptor) and crosses the blood–brain barrier by receptor-mediated endocytosis. Antibodies are the most promising tools for targeting the blood–brain barrier receptors because of their ability to bind specifically. For example, antibodies targeting transferrin and insulin receptors can act as transporters to cross the blood–brain barrier and deposit drug molecules via receptor-mediated endocytosis. Several other therapeutics, like nerve growth factor and brain-derived neurotrophic factor, are also transported across the blood–brain barrier upon binding with the transferrin receptor antibody [148]. Another instance is the significantly increased uptake upon conjugation with a monoclonal antibody against the human insulin receptor following intravenous administration [149]. The table shows the existing endogenous brain barrier transporter strategies, such as receptor-mediated transport (RMT) [150].



RMT expressed on the endothelial surface of the BBB can be targeted by the genetically modified molecules (Figure 6). Other transporters include carrier-mediated targets (CMT) and (AET), which are in charge of transporting small molecules between the blood and brain such as glucose, nucleosides, and amino acids but are ineffective for moving big molecules [161]. Adsorptive-mediated target (AMT) is a non-specific process that transports a number of cationized proteins into the brain using a similar mechanism to a receptor-mediated process. It starts when cationic serum proteins interact with negatively charged areas on the endothelial luminal surface. Thereafter, proteins are delivered to the abluminal surface of endothelial cells and released into the brain by exocytosis [162,163].



In contrast, RMT systems are responsible for the transport of certain endogenous large molecules across the BBB (Figure 6). In RMT, molecules in the bloodstream can bind to specific receptors on the luminal surface of the brain. After binding, the receptor-ligand complex is internalized into the endothelial cell by receptor-mediated endocytosis. The ligand molecule is then transported into the brain through the abluminal membrane of the endothelial cell [141]. Many studies have targeted the RMT for its properties to develop molecules that can efficiently cross the BBB and deliver a therapeutic CNS drug to the brain, such as monoclonal antibodies that specifically target RMT receptors [164,165,166,167]. mAbs have long been an important tool in basic research due to their high specificity and affinity for target antigens. In addition, mAbs have significantly impacted medical care in a variety of diseases over the past two decades, as evidenced by the growing number of therapeutic mAbs on the market and in clinical trials, as well as the development of new recombinant antibody constructs as therapeutics [168]. For these reasons, recombinant antibodies against RMT receptors have a promising potential to be used as delivery vehicles to the brain for the treatment of cerebral ischemia (Figure 7).



Furthermore, nanoparticles can be used as a vehicle to transport the antibodies across the BBB [169]. They have shown many advantages. For example, they can pass through the BBB because of their small sizes, often are between 1 and 100 nanometers [169]. Additionally, they have fewer side effects due to their high specificity. Nowadays, different nanoparticles such as gold and liposomes can be combined with antibody fragments including scFv, Fab fragment, and single domain antibody fragment to treat cerebral ischemia. Their combination could facilitate the penetration of the BBB and provide multiple therapeutic effects [170]. Gold nanoparticles (AuNPs) have excellent biocompatibility and stability properties [170]. Their uses make them outstanding candidates in comparison with other nanoparticles (Figure 8). Like gold nanoparticles, liposomes are another excellent example in the field of nanoparticles. They have been widely used as carriers (Figure 8). Therefore, they can be applied in the combination with antibody drugs for cerebral ischemia therapy. Liposome contains an aqueous core and a lipid bilayer, whose unique structure is able to carry many different kinds of antibody-based drugs through the blood–brain barrier [171,172].




7. Clinical Translation of Antibody-Based Drugs for Cerebral Ischemia


Despite the fact that clinical trials of antibody-based drugs are currently underway, there are a number of obstacles that prevent these approaches from being successful in providing clinically relevant therapeutic interventions for cerebral ischemia. One of these is the BBB, whose role is to prevent chemicals from entering the brain by preventing them from crossing the bloodstream [173]. Stroke pathology leads to the activation of a number of signaling pathways, each of which acts as a preliminary obstacle to achieving the required level of efficacy [174]. However, this obstacle can be overcome by developing carriers with the ability of multimodal targeting. On the other hand, research in animal models of stroke has shown that certain inflammatory processes can positively influence the recovery process after stroke [99,100]. These findings were published in the Journal Stroke. According to the findings of a phase I/II study [116,175], the monoclonal antibody drug SAN DIEGO -GSK249320 appears to be safe for patients who have previously suffered a stroke. By encouraging axonal growth and counteracting the inhibition induced by myelin-associated glycoprotein (MAG), this medication has the potential to enhance the outcomes for patients who have suffered a stroke [47]. It is possible that SAN DIEGO -GSK249320 reverses the inhibition caused by MAG. In addition, there is no evidence that a single infusion of natalizumab increases the risk of infection or other serious adverse effects in people with multiple sclerosis [85], and these patients report that they tolerate the drug well. In the study ACTION, a phase 2 trial, patients who had recently suffered an acute ischemic stroke were given an intravenous infusion of natalizumab. This allowed researchers to assess both the safety and efficacy of the treatment for these patients. Currently, there are not many different treatment options [176]. This is despite the fact that many antibody-based treatment platforms for cerebral ischemia are still in development. However, there is a lack of appropriate animal models to test the safety and efficacy of antibody-based drugs in the treatment of cerebral ischemia [177,178]. This makes it difficult to determine whether these drugs are effective. It is necessary to find a solution to this problem.



Another factor that contributed to the difficulties was the high mortality rate of the animals during the study. We need a robust platform on which to test models of brain stroke if we are to successfully overcome all these challenges [179]. This platform should be useful to evaluate neuroprotective benefits, and it should also increase the success rate of antibody-based therapeutic approaches when tested in clinical trials [180]. The development of second-generation recombinant antibodies has made it possible to use more than 20 different mAbs for therapeutic purposes, resulting in a significant collection of clinical data. Researchers and antibody developers are currently using the clinical results to direct their efforts toward new methods that will lead to even more effective antibodies. Initial clinical trials are currently underway to test a new class of antibody drugs. These drugs have the potential to be much more successful than conventional mAbs, with the possibility of developing immunotherapeutic drugs that are even more effective in the future. This shows that antibody engineering will indeed have a significant positive impact on health, as expected.



Another study showed that delayed treatment with tissue plasminogen activator (tPA) increased the risk of intracerebral hemorrhage in patients with cerebral ischemia [181]. A study also showed that treatment with tPA caused hemorrhagic complications in a 4-h mouse model of middle cerebral artery occlusion (MCAO) when administered after reperfusion. In the same 4-h MCAO mouse model, anti-High Mobility Group Box 1 (αHMGB1) antibody therapy was tested to evaluate the benefit of αHMGB1 antibody treatment in the delayed phase of ischemia, outside the therapeutic time window of tPA [181]. The results showed that αHMGB1 antibody treatment reduced infarct volume and swelling and improved neurological impairment and motor coordination without hemorrhagic complications by inhibiting HMGB1 activity. In addition, the αHMGB1 antibody suppressed pathways of secondary inflammatory responses, such as IL-6 and TNF-α, after cerebral ischemia [181]. This study suggests that treatment with an αHMGB1 antibody may be an effective therapeutic option for patients who exceed the therapeutic window for tPA. Another randomized, controlled, open-label, phase II clinical trial with blinded outcome assessment was conducted [182]. This phase II study targeted one of the inflammatory molecules (complement C5 factor protein). The inflammatory response after aneurysmal subarachnoid hemorrhage (aSAH) has been associated with early brain injury, delayed cerebral ischemia, and poor functional outcome [182]. In an experimental study SAH, administration of C5 complement antibody shortly after SAH reduced brain injury by approximately 40% [182]. This study evaluated the pharmacodynamic efficacy and safety of eculizumab (a C5 complement antibody) in patients with aSAH. Eculizumab (1200 mg) was administered intravenously at < 12 h, day 3, and day 7 after ictus (a stroke, specifically a cerebrovascular accident) [182]. Patients in the intervention group received prophylactic antibiotics for 4 weeks and prophylactic antifungal therapy if the patient had central access or an external ventricular shunt and a positive fungal or yeast culture [182]. The trial is ongoing (not completed) but has successfully passed phase I (Netherlands Trial Register: NTR6752).




8. Limitation of Antibody-Based Drug for Cerebral Ischemia


The major challenges are that the complete antibody cannot cross the BBB unless one arm of the binding site is targeted to the receptor on the endothelial cells of the BBB. Another limitation is immunogenicity. If the antibody is antigenic, it will be removed from the parenchyma by the brain’s immune system. A further limitation is the fear of lack of efficacy in clinical trials. Most antibodies are studied in animal models, and it is not clear whether they work in humans as they do in animal studies.




9. Conclusions and Future Direction


The production of antibodies for the treatment of stroke still has a long way to go before it can be considered successful. Although a number of strategies, such as traditional antibodies, have been investigated, new techniques are now being developed. The results obtained so far with traditional antibodies have not been convincing, and there is not yet enough evidence to determine their exact mode of action. Nevertheless, much remains to be done to successfully deliver therapeutic doses of these mAbs to the brain and to ensure that they are safely cleared from the brain. Recent evidence that delivery of therapeutic antibodies to the CNS can be greatly improved by linking a therapeutic antibody to an antibody that crosses the BBB has fueled hope that therapeutic antibodies may one day be delivered directly to the nervous system. The techniques described above clearly demonstrate that there are many new methods to modify antibodies to better penetrate the BBB. These methods offer tremendous advantages by increasing the delivery of the injected dose and reducing the amount of antibody required for injection, which in turn reduces drug exposure and improves safety.



Despite these difficulties, efforts are currently concentrated on creating additional types of antibody therapies that can penetrate or somehow interact with the BBB for the best in vivo results. For the time being, brain targeting may not be possible using TfR receptors to deliver antibodies across the BBB. However, studies using the anti-TfR antibodies that are currently available have shed light on the BBB receptors’ modes of action and highlighted challenges in protein engineering that need to be addressed before an effective BBB shuttle can be created. The lack of observed species cross-reactivity in the existing antibodies is another difficulty with bringing anti-TfR antibodies to the clinic. To address this issue, either transgenic mice must be created to produce human antigens that tolerantly accept humanized antibodies, which will add significantly to development expenditures, or antibodies should be created for usage in each the species under inquiry. Additionally, all of the previously mentioned parameters, including target interaction, FcRn binding, molecular size, and surface charge, are likely to contribute to the movement of anti-receptor antibodies across the BBB in the search for a way to increase the penetration of antibodies in the brain for the successful treatment of cerebral ischemia.







Author Contributions


J.-M.S., C.-T.H., and C.-H.Y. conceived the concept of the review paper. T.-L.Y., J.-S.J., R.-D.T., and P.F.M. prepared and drew the images and tables. J.-M.S., R.T., C.-T.H., and C.-H.Y. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the Ministry of Science and Technology of Taiwan (MOST-110-2314-B-281 -006 -MY3 and MOST-110-2314-B-038-153).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not Applicable.




Conflicts of Interest


All the authors have no conflict of interest to declare.




References


	



Johnson, W.; Onuma, O.; Owolabi, M.; Sachdev, S. Stroke: A global response is needed. Bull. World Health Organ. 2016, 94, 634–634A. [Google Scholar] [CrossRef] [PubMed]

	



Minhas, J.; Robinson, T. Latest Developments in Clinical Stroke Care. J. R. Coll. Physicians Edinb. 2017, 47, 360–363. [Google Scholar] [CrossRef] [PubMed]

	



Owolabi, M.O.; Akarolo-Anthony, S.; Akinyemi, R.; Arnett, D.; Gebregziabher, M.; Jenkins, C.; Tiwari, H.; Arulogun, O.; Akpalu, A.; Sarfo, F.S.; et al. The burden of stroke in Africa: A glance at the present and a glimpse into the future. Cardiovasc. J. Afr. 2015, 26, S27–S38. [Google Scholar] [CrossRef] [PubMed]

	



Chakroun-Walha, O.; Samet, A.; Ben Abdallah, M.; Benmansour, S.; Issaoui, F.; Rebai, M.; Ben Messaoud, K.; Benali, C.; Mokni, W.; Nasri, A.; et al. Stroke knowledge among emergency centre visitors: A cross-sectional multicenter survey. Afr. J. Emerg. Med. 2021, 11, 10–14. [Google Scholar] [CrossRef] [PubMed]

	



Sarikaya, H.; Ferro, J.; Arnold, M. Stroke Prevention—Medical and Lifestyle Measures. Eur. Neurol. 2015, 73, 150–157. [Google Scholar] [CrossRef] [PubMed]

	



Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.; Delling, F.N.; et al. Heart Disease and Stroke Statistics—2020 Update: A Report from the American Heart Association. Circulation 2020, 141, e139–e596. [Google Scholar] [CrossRef] [PubMed]

	



Johnston, S.C.; Mendis, S.; Mathers, C.D. Global variation in stroke burden and mortality: Estimates from monitoring, surveillance, and modelling. Lancet Neurol. 2009, 8, 345–354. [Google Scholar] [CrossRef]

	



O’Donnell, M.J.; Xavier, D.; Liu, L.; Zhang, H.; Chin, S.L.; Rao-Melacini, P.; Rangarajan, S.; Islam, S.; Pais, P.; McQueen, M.J.; et al. Risk factors for ischaemic and intracerebral haemorrhagic stroke in 22 countries (the INTERSTROKE study): A case-control study. Lancet 2010, 376, 112–123. [Google Scholar] [CrossRef]

	



Mayosi, B.M.; Lawn, J.E.; van Niekerk, A.; Bradshaw, D.; Karim, S.S.A.; Coovadia, H.M. Health in South Africa: Changes and challenges since 2009. Lancet 2012, 380, 2029–2043. [Google Scholar] [CrossRef]

	



Gibson, C.L. Cerebral ischemic stroke: Is gender important? J. Cereb. Blood Flow 2013, 33, 1355–1361. [Google Scholar] [CrossRef]

	



Zhang, J.; Yang, Y.; Sun, H.; Xing, Y. Hemorrhagic transformation after cerebral infarction: Current concepts and challenges. Ann. Transl. Med. 2014, 2, 81. [Google Scholar] [CrossRef]

	



Seet, R.C.S.; Rabinstein, A.A. Symptomatic Intracranial Hemorrhage following Intravenous Thrombolysis for Acute Ischemic Stroke: A Critical Review of Case Definitions. Cerebrovasc. Dis. 2012, 34, 106–114. [Google Scholar] [CrossRef] [PubMed]

	



Grysiewicz, R.A.; Thomas, K.; Pandey, D.K. Epidemiology of Ischemic and Hemorrhagic Stroke: Incidence, Prevalence, Mortality, and Risk Factors. Neurol. Clin. 2008, 26, 871–895. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, M.; Dávalos, A.; Rogalewski, A.; Schneider, A.; Ringelstein, E.B.; Schäbitz, W.-R. Toward a Multimodal Neuroprotective Treatment of Stroke. Stroke 2006, 37, 1129–1136. [Google Scholar] [CrossRef]

	



Kuriakose, D.; Xiao, Z. Pathophysiology and Treatment of Stroke: Present Status and Future Perspectives. Int. J. Mol. Sci. 2020, 21, 7609. [Google Scholar] [CrossRef]

	



Zhou, Z.; Lu, J.; Liu, W.-W.; Manaenko, A.; Hou, X.; Mei, Q.; Huang, J.-L.; Tang, J.; Zhang, J.H.; Yao, H.; et al. Advances in stroke pharmacology. Pharmacol. Ther. 2018, 191, 23–42. [Google Scholar] [CrossRef]

	



Gomez, C.R. Time is brain: The stroke theory of relativity. J. Stroke Cerebrovasc. Dis. 2018, 27, 2214–2227. [Google Scholar] [CrossRef]

	



French, B.R.; Boddepalli, R.S.; Govindarajan, R. Acute Ischemic Stroke: Current Status and Future Directions. Mo. Med. 2016, 113, 480–486. [Google Scholar]

	



Bevers, M.B.; Kimberly, W.T. Critical Care Management of Acute Ischemic Stroke. Curr. Treat. Options Cardiovasc. Med. 2017, 19, 41. [Google Scholar] [CrossRef]

	



Hasan, T.F.; Rabinstein, A.A.; Middlebrooks, E.H.; Haranhalli, N.; Silliman, S.L.; Meschia, J.F.; Tawk, R.G. Diagnosis and Management of Acute Ischemic Stroke. Mayo Clin. Proc. 2018, 93, 523–538. [Google Scholar] [CrossRef]

	



Iadecola, C.; Anrather, J.J.N.M. The immunology of stroke: From mechanisms to translation. Nat. Med. 2011, 17, 796–808. [Google Scholar] [CrossRef] [PubMed]

	



Lyden, P.; Buchan, A.; Boltze, J.; Fisher, M.; Ansari, S.; Broderick, J.P.; Campbell, B.C.; Chaisinanunkul, N.; Chen, C.; Grotta, J.C.; et al. Top Priorities for Cerebroprotective Studies—A Paradigm Shift: Report from STAIR XI. Stroke 2021, 52, 3063–3071. [Google Scholar] [CrossRef] [PubMed]

	



Savitz, S.I.; Baron, J.-C.; Fisher, M.; Stroke, S.X.C.J. Stroke treatment academic industry roundtable X: Brain cytoprotection therapies in the reperfusion era. Stroke 2019, 50, 1026–1031. [Google Scholar] [CrossRef]

	



Siniscalchi, A.; Iannacchero, R.; Anticoli, S.; Pezzella, F.R.; De Sarro, G.; Gallelli, L. Anti-inflammatory strategies in stroke: A potential therapeutic target. Curr. Vasc. Pharmacol. 2016, 14, 98–105. [Google Scholar] [CrossRef]

	



Zafar, M.; Memon, R.S.; Mussa, M.; Merchant, R.; Khurshid, A.; Khosa, F. Does the administration of sonothrombolysis along with tissue plasminogen activator improve outcomes in acute ischemic stroke? A systematic review and meta-analysis. J. Thromb. Thrombolysis 2019, 48, 203–208. [Google Scholar] [CrossRef]

	



Dennis, M.S.; Burn, J.P.; Sandercock, P.A.; Bamford, J.M.; Wade, D.T.; Warlow, C.P. Long-term survival after first-ever stroke: The Oxfordshire Community Stroke Project. Stroke 1993, 24, 796–800. [Google Scholar] [CrossRef] [PubMed]

	



Augusto, D.E.; Álvarez, L.M.; Costa, F.T. Actualización en hemorragia cerebral espontánea. Med. Intensiv. 2008, 32, 282–295. [Google Scholar] [CrossRef]

	



Kolias, A.G.; Viaroli, E.; Rubiano, A.M.; Adams, H.; Khan, T.; Gupta, D.; Adeleye, A.; Iaccarino, C.; Servadei, F.; Devi, B.I.; et al. The Current Status of Decompressive Craniectomy in Traumatic Brain Injury. Curr. Trauma Rep. 2018, 4, 326–332. [Google Scholar] [CrossRef]

	



Moradiya, Y.; Murthy, S.B.; Newman-Toker, D.E.; Hanley, D.F.; Ziai, W.C. Intraventricular Thrombolysis in Intracerebral Hemorrhage Requiring Ventriculostomy: A decade-long real-world experience. Stroke 2014, 45, 2629–2635. [Google Scholar] [CrossRef]

	



Ruan, C.; Long, H.; Sun, H.; He, M.; Yang, K.; Zhang, H.; Mao, B. Endovascular coiling vs. surgical clipping for unruptured intracranial aneurysm: A meta-analysis. Br. J. Neurosurg. 2015, 29, 485–492. [Google Scholar] [CrossRef]

	



Starke, R.M.; Kano, H.; Ding, D.; Lee, J.Y.K.; Mathieu, D.; Whitesell, J.; Pierce, J.T.; Huang, P.P.; Kondziolka, D.; Yen, C.-P.; et al. Stereotactic radiosurgery for cerebral arteriovenous malformations: Evaluation of long-term outcomes in a multicenter cohort. J. Neurosurg. 2017, 126, 36–44. [Google Scholar] [CrossRef]

	



Urdaneta, A.E.; Bhalla, P. Cutting Edge Acute Ischemic Stroke Management. Emerg. Med. Clin. North Am. 2019, 37, 365–379. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.J.; Watts, R.J. Developing Therapeutic Antibodies for Neurodegenerative Disease. Neurotherapeutics 2013, 10, 459–472. [Google Scholar] [CrossRef] [PubMed]

	



Gadkar, K.; Yadav, D.B.; Zuchero, J.Y.; Couch, J.A.; Kanodia, J.; Kenrick, M.K.; Atwal, J.K.; Dennis, M.S.; Prabhu, S.; Watts, R.J.; et al. Mathematical PKPD and safety model of bispecific TfR/BACE1 antibodies for the optimization of antibody uptake in brain. Eur. J. Pharm. Biopharm. 2016, 101, 53–61. [Google Scholar] [CrossRef]

	



Kanodia, J.S.; Gadkar, K.; Bumbaca, D.; Zhang, Y.; Tong, R.K.; Luk, W.; Hoyte, K.; Lu, Y.; Wildsmith, K.R.; Couch, J.A.; et al. Prospective Design of Anti-Transferrin Receptor Bispecific Antibodies for Optimal Delivery into the Human Brain. CPT Pharmacometrics Syst. Pharmacol. 2016, 5, 283–291. [Google Scholar] [CrossRef] [PubMed]

	



Rankovic, Z. CNS Drug Design: Balancing Physicochemical Properties for Optimal Brain Exposure. J. Med. Chem. 2015, 58, 2584–2608. [Google Scholar] [CrossRef]

	



Khawli, L.A.; Prabhu, S. Drug delivery across the blood–brain barrier. Mol. Pharm. 2013, 10, 1471–1472. [Google Scholar] [CrossRef]

	



Deo, A.K.; Theil, F.-P.; Nicolas, J.-M. Confounding Parameters in Preclinical Assessment of Blood–Brain Barrier Permeation: An Overview with Emphasis on Species Differences and Effect of Disease States. Mol. Pharm. 2013, 10, 1581–1595. [Google Scholar] [CrossRef]

	



Borsook, D. Neurological diseases and pain. Brain 2012, 135, 320–344. [Google Scholar] [CrossRef]

	



Dumurgier, J.; Tzourio, C. Epidemiology of neurological diseases in older adults. Rev. Neurol. 2020, 176, 642–648. [Google Scholar] [CrossRef]

	



Wraith, D.C.; Nicholson, L.B. The adaptive immune system in diseases of the central nervous system. J. Clin. Investig. 2012, 122, 1172–1179. [Google Scholar] [CrossRef] [PubMed]

	



Medina, K.L. Overview of the immune system. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The Netherlands, 2016; Volume 133, pp. 61–76. [Google Scholar]

	



Mamik, M.K.; Power, C. Inflammasomes in neurological diseases: Emerging pathogenic and therapeutic concepts. Brain 2017, 140, 2273–2285. [Google Scholar] [CrossRef] [PubMed]

	



Bedlack, R.S.; Cudkowicz, M.E. Clinical Trials in Progressive Neurological Diseases. In Clinical Trials in the Neurosciences; Karger Publishers: Basel, Switzerland, 2009; Volume 25, pp. 144–151. [Google Scholar]

	



Mitchell, A.J.; Kemp, S.; Benito-León, J.; Reuber, M. The influence of cognitive impairment on health-related quality of life in neurological disease. Acta Neuropsychiatr. 2010, 22, 2–13. [Google Scholar] [CrossRef]

	



Amantea, D.; Petrelli, F.; Greco, R.; Tassorelli, C.; Corasaniti, M.T.; Tonin, P.; Bagetta, G. Azithromycin Affords Neuroprotection in Rat Undergone Transient Focal Cerebral Ischemia. Front. Neurosci. 2019, 13, 1256. [Google Scholar] [CrossRef] [PubMed]

	



Weng, Y.C.; Kriz, J. Differential neuroprotective effects of a minocycline-based drug cocktail in transient and permanent focal cerebral ischemia. Exp. Neurol. 2007, 204, 433–442. [Google Scholar] [CrossRef]

	



Yrjänheikki, J.; Tikka, T.; Keinänen, R.; Goldsteins, G.; Chan, P.H.; Koistinaho, J. A tetracycline derivative, minocycline, reduces inflammation and protects against focal cerebral ischemia with a wide therapeutic window. Proc. Natl. Acad. Sci. USA 1999, 96, 13496–13500. [Google Scholar] [CrossRef] [PubMed]

	



Kaplon, H.; Reichert, J.M. Antibodies to watch in 2021. In MAbs; Taylor & Francis: New York, NY, USA, 2021; p. 1860476. [Google Scholar]

	



Kaplon, H.; Chenoweth, A.; Crescioli, S.; Reichert, J.M. Antibodies to watch in 2022. In MAbs; Taylor & Francis: New York, NY, USA, 2022; p. 2014296. [Google Scholar]

	



Dhillon, S. Eptinezumab: First Approval. Drugs 2020, 80, 733–739. [Google Scholar] [CrossRef]

	



Hoy, S.M. Fremanezumab: First Global Approval. Drugs 2018, 78, 1829–1834. [Google Scholar] [CrossRef]

	



Belin, A.C.; Ran, C.; Edvinsson, L. Calcitonin Gene-Related Peptide (CGRP) and Cluster Headache. Brain Sci. 2020, 10, 30. [Google Scholar] [CrossRef]

	



Markham, A. Erenumab: First Global Approval. Drugs 2018, 78, 1157–1161. [Google Scholar] [CrossRef]

	



Frampton, J.E. Ocrelizumab: First Global Approval. Drugs 2017, 77, 1035–1041. [Google Scholar] [CrossRef] [PubMed]

	



Sirbu, C.A.; Budisteanu, M.; Falup-Pecurariu, C. Monoclonal antibodies—A revolutionary therapy in multiple sclerosis. Neurol. i Neurochir. Polska 2020, 54, 21–27. [Google Scholar] [CrossRef]

	



Montalban, X.; Hauser, S.L.; Kappos, L.; Arnold, D.L.; Bar-Or, A.; Comi, G.; de Seze, J.; Giovannoni, G.; Hartung, H.-P.; Hemmer, B.; et al. Ocrelizumab versus Placebo in Primary Progressive Multiple Sclerosis. N. Engl. J. Med. 2017, 376, 209–220. [Google Scholar] [CrossRef] [PubMed]

	



Papadopoulos, M.C.; Verkman, A. Aquaporin 4 and neuromyelitis optica. Lancet Neurol. 2012, 11, 535–544. [Google Scholar] [CrossRef]

	



Frampton, J.E. Inebilizumab: First Approval. Drugs 2020, 80, 1259–1264. [Google Scholar] [CrossRef]

	



Chihara, N.; Aranami, T.; Sato, W.; Miyazaki, Y.; Miyake, S.; Okamoto, T.; Ogawa, M.; Toda, T.; Yamamura, T. Interleukin 6 signaling promotes anti-aquaporin 4 autoantibody production from plasmablasts in neuromyelitis optica. Proc. Natl. Acad. Sci. USA 2011, 108, 3701–3706. [Google Scholar] [CrossRef] [PubMed]

	



Ayzenberg, I.; Kleiter, I.; Schröder, A.; Hellwig, K.; Chan, A.; Yamamura, T.; Gold, R. Interleukin 6 Receptor Blockade in Patients with Neuromyelitis Optica Nonresponsive to Anti-CD20 Therapy. JAMA Neurol. 2013, 70, 394–397. [Google Scholar] [CrossRef] [PubMed]

	



Kieseier, B.C.; Stüve, O.; Dehmel, T.; Goebels, N.; Leussink, V.I.; Mausberg, A.K.; Ringelstein, M.; Turowski, B.; Aktas, O.; Antoch, G.; et al. Disease Amelioration with Tocilizumab in a Treatment-Resistant Patient with Neuromyelitis Optica: Implication for cellular immune responses. JAMA Neurol. 2013, 70, 390–393. [Google Scholar] [CrossRef] [PubMed]

	



Araki, M.; Aranami, T.; Matsuoka, T.; Nakamura, M.; Miyake, S.; Yamamura, T. Clinical improvement in a patient with neuromyelitis optica following therapy with the anti-IL-6 receptor monoclonal antibody tocilizumab. Mod. Rheumatol. 2013, 23, 827–831. [Google Scholar] [CrossRef]

	



Yamamura, T.; Kleiter, I.; Fujihara, K.; Palace, J.; Greenberg, B.; Zakrzewska-Pniewska, B.; Patti, F.; Tsai, C.-P.; Saiz, A.; Yamazaki, H.; et al. Trial of Satralizumab in Neuromyelitis Optica Spectrum Disorder. N. Engl. J. Med. 2019, 381, 2114–2124. [Google Scholar] [CrossRef]

	



Traboulsee, A.; Greenberg, B.M.; Bennett, J.L.; Szczechowski, L.; Fox, E.; Shkrobot, S.; Yamamura, T.; Terada, Y.; Kawata, Y.; Wright, P.; et al. Safety and efficacy of satralizumab monotherapy in neuromyelitis optica spectrum disorder: A randomised, double-blind, multicentre, placebo-controlled phase 3 trial. Lancet Neurol. 2020, 19, 402–412. [Google Scholar] [CrossRef] [PubMed]

	



Pittock, S.J.; Berthele, A.; Fujihara, K.; Kim, H.J.; Levy, M.; Palace, J.; Nakashima, I.; Terzi, M.; Totolyan, N.; Viswanathan, S.; et al. Eculizumab in Aquaporin-4–Positive Neuromyelitis Optica Spectrum Disorder. N. Engl. J. Med. 2019, 381, 614–625. [Google Scholar] [CrossRef]

	



Misu, T.; Fujihara, K.; Kakita, A.; Konno, H.; Nakamura, M.; Watanabe, S.; Takahashi, T.; Nakashima, I.; Takahashi, H.; Itoyama, Y. Loss of aquaporin 4 in lesions of neuromyelitis optica: Distinction from multiple sclerosis. Brain 2007, 130, 1224–1234. [Google Scholar] [CrossRef]

	



Saadoun, S.; Waters, P.; Bell, B.A.; Vincent, A.; Verkman, A.S.; Papadopoulos, M. Intra-cerebral injection of neuromyelitis optica immunoglobulin G and human complement produces neuromyelitis optica lesions in mice. Brain 2010, 133, 349–361. [Google Scholar] [CrossRef]

	



Zador, Z.; Stiver, S.; Wang, V.; Manley, G.T. Role of Aquaporin-4 in Cerebral Edema and Stroke. In Handbook of Experimental Pharmacology; Springer: Cham, Switzerland, 2009; pp. 159–170. [Google Scholar] [CrossRef]

	



Saadoun, S.; Papadopoulos, M. Aquaporin-4 in brain and spinal cord oedema. Neuroscience 2010, 168, 1036–1046. [Google Scholar] [CrossRef] [PubMed]

	



Manley, G.T.; Fujimura, M.; Ma, T.; Noshita, N.; Filiz, F.; Bollen, A.W.; Chan, P.; Verkman, A.S. Aquaporin-4 deletion in mice reduces brain edema after acute water intoxication and ischemic stroke. Nat. Med. 2000, 6, 159–163. [Google Scholar] [CrossRef] [PubMed]

	



Rother, R.P.; Rollins, S.A.; Mojcik, C.F.; Brodsky, R.A.; Bell, L. Discovery and development of the complement inhibitor eculizumab for the treatment of paroxysmal nocturnal hemoglobinuria. Nat. Biotechnol. 2007, 25, 1256–1264. [Google Scholar] [CrossRef] [PubMed]

	



Xue, T.; Yang, Y.; Lu, Q.; Gao, B.; Chen, Z.; Wang, Z. Efficacy and Safety of Monoclonal Antibody Therapy in Neuromyelitis Optica Spectrum Disorders: Evidence from Randomized Controlled Trials. Mult. Scler. Relat. Disord. 2020, 43, 102166. [Google Scholar] [CrossRef]

	



Ashina, M.; Saper, J.; Cady, R.; Schaeffler, B.A.; Biondi, D.M.; Hirman, J.; Pederson, S.; Allan, B.; Smith, J. Eptinezumab in episodic migraine: A randomized, double-blind, placebo-controlled study (PROMISE-1). Cephalalgia 2020, 40, 241–254. [Google Scholar] [CrossRef]

	



Goadsby, P.J.; Reuter, U.; Hallström, Y.; Broessner, G.; Bonner, J.H.; Zhang, F.; Sapra, S.; Picard, H.; Mikol, D.D.; Lenz, R.A. A Controlled Trial of Erenumab for Episodic Migraine. N. Engl. J. Med. 2017, 377, 2123–2132. [Google Scholar] [CrossRef]

	



Dodick, D.W.; Silberstein, S.D.; Bigal, M.E.; Yeung, P.P.; Goadsby, P.J.; Blankenbiller, T.; Grozinski-Wolff, M.; Yang, R.; Ma, Y.; Aycardi, E. Effect of Fremanezumab Compared with Placebo for Prevention of Episodic Migraine: A Randomized Clinical Trial. JAMA 2018, 319, 1999–2008. [Google Scholar] [CrossRef] [PubMed]

	



Stauffer, V.L.; Dodick, D.W.; Zhang, Q.; Carter, J.N.; Ailani, J.; Conley, R.R. Evaluation of Galcanezumab for the Prevention of Episodic Migraine: The EVOLVE-1 Randomized Clinical Trial. JAMA Neurol. 2018, 75, 1080–1088. [Google Scholar] [CrossRef]

	



Skljarevski, V.; Matharu, M.; Millen, B.A.; Ossipov, M.H.; Kim, B.-K.; Yang, J.Y. Efficacy and safety of galcanezumab for the prevention of episodic migraine: Results of the EVOLVE-2 Phase 3 randomized controlled clinical trial. Cephalalgia 2018, 38, 1442–1454. [Google Scholar] [CrossRef] [PubMed]

	



Detke, H.C.; Goadsby, P.J.; Wang, S.; Friedman, D.I.; Selzler, K.J.; Aurora, S.K. Galcanezumab in chronic migraine: The randomized, double-blind, placebo-controlled REGAIN study. Neurology 2018, 91, e2211. [Google Scholar] [CrossRef]

	



Gklinos, P.; Mitsikostas, D.D. Galcanezumab in migraine prevention: A systematic review and meta-analysis of randomized controlled trials. Ther. Adv. Neurol. Disord. 2020, 13, 1756286420918088. [Google Scholar] [CrossRef] [PubMed]

	



Goadsby, P.J.; Dodick, D.W.; Leone, M.; Bardos, J.N.; Oakes, T.M.; Millen, B.A.; Zhou, C.; Dowsett, S.A.; Aurora, S.K.; Ahn, A.H.; et al. Trial of Galcanezumab in Prevention of Episodic Cluster Headache. N. Engl. J. Med. 2019, 381, 132–141. [Google Scholar] [CrossRef]

	



Kokoti, L.; Drellia, K.; Papadopoulos, D.; Mitsikostas, D.D. Placebo and nocebo phenomena in anti- CGRP monoclonal antibody trials for migraine prevention: A meta-analysis. J. Neurol. 2020, 267, 1158–1170. [Google Scholar] [CrossRef]

	



Drellia, K.; Kokoti, L.; Deligianni, C.I.; Papadopoulos, D.; Mitsikostas, D.D. Anti-CGRP monoclonal antibodies for migraine prevention: A systematic review and likelihood to help or harm analysis. Cephalalgia 2021, 41, 851–864. [Google Scholar] [CrossRef]

	



Ashina, M.; Goadsby, P.J.; Reuter, U.; Silberstein, S.; Dodick, D.W.; Xue, F.; Zhang, F.; Lima, G.P.d.S.; Cheng, S.; Mikol, D.D. Long-term efficacy and safety of erenumab in migraine prevention: Results from a 5-year, open-label treatment phase of a randomized clinical trial. Eur. J. Neurol. 2021, 28, 1716–1725. [Google Scholar] [CrossRef]

	



Goadsby, P.J.; Silberstein, S.D.; Yeung, P.P.; Cohen, J.M.; Ning, X.; Yang, R.; Dodick, D.W. Long-term safety, tolerability, and efficacy of fremanezumab in migraine: A randomized study. Neurology 2020, 95, e2487–e2499. [Google Scholar] [CrossRef]

	



Camporeale, A.; Kudrow, D.; Sides, R.; Wang, S.; Van Dycke, A.; Selzler, K.J.; Stauffer, V.L. A phase 3, long-term, open-label safety study of Galcanezumab in patients with migraine. BMC Neurol. 2018, 18, 188. [Google Scholar] [CrossRef] [PubMed]

	



Yamazaki, Y.; Ogihara, S.; Harada, S.; Tokuyama, S. Activation of cerebral sodium-glucose transporter type 1 function mediated by post-ischemic hyperglycemia exacerbates the development of cerebral ischemia. Neuroscience 2015, 310, 674–685. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Liu, Q.; Cai, H.; Xu, C.; Liu, G.; Li, Z. Calcitonin gene-related peptide prevents blood–brain barrier injury and brain edema induced by focal cerebral ischemia reperfusion. Regul. Pept. 2011, 171, 19–25. [Google Scholar] [CrossRef]

	



Shao, B.; Zhou, Y.L.; Wang, H.; Lin, Y.S. The role of calcitonin gene-related peptide in post-stroke depression in chronic mild stress-treated ischemic rats. Physiol. Behav. 2015, 139, 224–230. [Google Scholar] [CrossRef] [PubMed]

	



Gertz, K.; Kronenberg, G.; Kälin, R.E.; Baldinger, T.; Werner, C.; Balkaya, M.; Eom, G.D.; Hellmann-Regen, J.; Kröber, J.; Miller, K.R.; et al. Essential role of interleukin-6 in post-stroke angiogenesis. Brain 2012, 135, 1964–1980. [Google Scholar] [CrossRef]

	



Erta, M.; Quintana, A.; Hidalgo, J. Interleukin-6, a Major Cytokine in the Central Nervous System. Int. J. Biol. Sci. 2012, 8, 1254–1266. [Google Scholar] [CrossRef] [PubMed]

	



Pawluk, H.; Woźniak, A.; Grześk, G.; Kołodziejska, R.; Kozakiewicz, M.; Kopkowska, E.; Grzechowiak, E.; Kozera, G. The Role of Selected Pro-Inflammatory Cytokines in Pathogenesis of Ischemic Stroke. Clin. Interv. Aging 2020, 15, 469–484. [Google Scholar] [CrossRef]

	



Mantani, P.T.; Ljungcrantz, I.; Andersson, L.; Alm, R.; Hedblad, B.; Björkbacka, H.; Nilsson, J.; Fredrikson, G.N. Circulating CD40 + and CD86 + B Cell Subsets Demonstrate Opposing Associations with Risk of Stroke. Arter. Thromb. Vasc. Biol. 2014, 34, 211–218. [Google Scholar] [CrossRef]

	



Pawluk, H.; Kołodziejska, R.; Grześk, G.; Kozakiewicz, M.; Woźniak, A.; Pawluk, M.; Kosinska, A.; Grześk, M.; Wojtasik, J.; Kozera, G. Selected Mediators of Inflammation in Patients with Acute Ischemic Stroke. Int. J. Mol. Sci. 2022, 23, 10614. [Google Scholar] [CrossRef]

	



van Dijk, B.J.; Meijers, J.C.; Kloek, A.T.; Knaup, V.L.; Rinkel, G.J.; Morgan, B.P.; van der Kamp, M.J.; Osuka, K.; Aronica, E.; Ruigrok, Y.M.; et al. Complement C5 Contributes to Brain Injury After Subarachnoid Hemorrhage. Transl. Stroke Res. 2020, 11, 678–688. [Google Scholar] [CrossRef]

	



Du, Z.; Zhang, H.; Chen, Q.; Gao, Y.; Sun, B. Intranasal Calcitonin Gene-Related Peptide Protects Against Focal Cerebral Ischemic Injury in Rats Through the Wnt/β-Catenin Pathway. Med. Sci. Monit. 2018, 24, 8860–8869. [Google Scholar] [CrossRef]

	



Kimura, M.; Fujiwara, S.; Tanaka, A.; Omura, Y.; Yamashita, D.; Hinoda, T.; Sakai, N.; Kohara, N. Multiple Cerebral Hemorrhages with Microbleeds in Intravascular Large B-Cell Lymphoma. J. Stroke Cerebrovasc. Dis. 2020, 29, 104798. [Google Scholar] [CrossRef]

	



Yu, C.Y.; Ng, G.; Liao, P. Therapeutic Antibodies in Stroke. Transl. Stroke Res. 2013, 4, 477–483. [Google Scholar] [CrossRef] [PubMed]

	



Moreira, P.I.; Siedlak, S.L.; Aliev, G.; Zhu, X.; Cash, A.D.; Smith, M.A.; Perry, G. Oxidative stress mechanisms and potential therapeutics in Alzheimer disease. J. Neural Transm. 2005, 112, 921–932. [Google Scholar] [CrossRef] [PubMed]

	



Oddo, S.; LaFerla, F.M. The role of nicotinic acetylcholine receptors in Alzheimer’s disease. J. Physiol. 2006, 99, 172–179. [Google Scholar] [CrossRef]

	



Wenk, G.L.; Rosi, S.; McGann, K.; Hauss-Wegrzyniak, B. A nitric oxide-donating flurbiprofen derivative reduces neuroinflammation without interacting with galantamine in the rat. Eur. J. Pharmacol. 2002, 453, 319–324. [Google Scholar] [CrossRef] [PubMed]

	



Ishii, T.; Asai, T.; Oyama, D.; Agato, Y.; Yasuda, N.; Fukuta, T.; Shimizu, K.; Minamino, T.; Oku, N. Treatment of cerebral ischemia-reperfusion injury with PEGylated liposomes encapsulating FK506. FASEB J. 2013, 27, 1362–1370. [Google Scholar] [CrossRef]

	



Peng, T.; Britton, G.L.; Kim, H.; Cattano, D.; Aronowski, J.; Grotta, J.; McPherson, D.D.; Huang, S.-L. Therapeutic Time Window and Dose Dependence of Xenon Delivered via Echogenic Liposomes for Neuroprotection in Stroke. CNS Neurosci. Ther. 2013, 19, 773–784. [Google Scholar] [CrossRef]

	



Qu, C.; Ni, J.; Yang, P.; Zhang, H.; Lin, L.; Li, J.; Tian, J.; Fu, J.; Yin, X.; Kong, H. Altered plasma and brain disposition of isopropylidene shikimic acid liposome in rats and the brain protection in cerebral ischemia–reperfusion. Drug Dev. Ind. Pharm. 2013, 39, 1291–1295. [Google Scholar] [CrossRef]

	



Migliore, M.; Ortiz, R.; Dye, S.; Campbell, R.; Amiji, M.; Waszczak, B. Neurotrophic and neuroprotective efficacy of intranasal GDNF in a rat model of Parkinson’s disease. Neuroscience 2014, 274, 11–23. [Google Scholar] [CrossRef]

	



Babcock, A.A.; Wirenfeldt, M.; Holm, T.; Nielsen, H.H.; Dissing-Olesen, L.; Toft-Hansen, H.; Millward, J.M.; Landmann, R.; Rivest, S.; Finsen, B.; et al. Toll-Like Receptor 2 Signaling in Response to Brain Injury: An Innate Bridge to Neuroinflammation. J. Neurosci. 2006, 26, 12826–12837. [Google Scholar] [CrossRef]

	



Tang, S.-C.; Arumugam, T.V.; Xu, X.; Cheng, A.; Mughal, M.R.; Jo, D.-G.; Lathia, J.D.; Siler, D.A.; Chigurupati, S.; Ouyang, X.; et al. Pivotal role for neuronal Toll-like receptors in ischemic brain injury and functional deficits. Proc. Natl. Acad. Sci. USA 2007, 104, 13798–13803. [Google Scholar] [CrossRef] [PubMed]

	



Caso, J.; Pradillo, J.; Hurtado, O.; Lorenzo, P.; Moro, M.A.; Lizasoain, I. Toll-Like Receptor 4 Is Involved in Brain Damage and Inflammation After Experimental Stroke. Circulation 2007, 115, 1599–1608. [Google Scholar] [CrossRef] [PubMed]

	



Cao, C.-X.; Yang, Q.-W.; Lv, F.-L.; Cui, J.; Fu, H.-B.; Wang, J.-Z. Reduced cerebral ischemia-reperfusion injury in Toll-like receptor 4 deficient mice. Biochem. Biophys. Res. Commun. 2007, 353, 509–514. [Google Scholar] [CrossRef] [PubMed]

	



Bell, M.T.; Puskas, F.; Agoston, V.A.; Cleveland, J.C., Jr.; Freeman, K.A.; Gamboni, F.; Herson, P.S.; Meng, X.; Smith, P.D.; Weyant, M.J.; et al. Toll-Like Receptor 4–Dependent Microglial Activation Mediates Spinal Cord Ischemia–Reperfusion Injury. Circulation 2013, 128, S152–S156. [Google Scholar] [CrossRef]

	



Chekhonin, V.P.; Lebedev, S.V.; Ryabukhin, I.A.; Petrov, S.V.; Gurina, O.I.; Dmitrieva, T.B.; Volkov, A.I.; Kashparov, I.A.; Skoblov, Y.S. Selective accumulation of monoclonal antibodies against neurospecific enolase in brain tissue of rats with middle cerebral artery occlusion. Bull. Exp. Biol. Med. 2004, 138, 343–347. [Google Scholar] [CrossRef]

	



Andresen, L.; Theodorou, K.; Grünewald, S.; Czech-Zechmeister, B.; Könnecke, B.; Lühder, F.; Trendelenburg, G. Evaluation of the Therapeutic Potential of Anti-TLR4-Antibody MTS510 in Experimental Stroke and Significance of Different Routes of Application. PLoS ONE 2016, 11, e0148428. [Google Scholar] [CrossRef]

	



Qiang, M.; Dong, X.; Zha, Z.; Zuo, X.-K.; Song, X.-L.; Zhao, L.; Yuan, C.; Huang, C.; Tao, P.; Hu, Q.; et al. Selection of an ASIC1a-blocking combinatorial antibody that protects cells from ischemic death. Proc. Natl. Acad. Sci. USA 2018, 115, E7469–E7477. [Google Scholar] [CrossRef] [PubMed]

	



Green, T.N.; Hamilton, J.R.; Morel-Kopp, M.-C.; Zheng, Z.; Chen, T.-Y.T.; Hearn, J.I.; Sun, P.P.; Flanagan, J.U.; Young, D.; Barber, P.A.; et al. Inhibition of NMDA receptor function with an anti-GluN1-S2 antibody impairs human platelet function and thrombosis. Platelets 2017, 28, 799–811. [Google Scholar] [CrossRef]

	



Wang, D.; Liu, K.; Wake, H.; Teshigawara, K.; Mori, S.; Nishibori, M. Anti-high mobility group box-1 (HMGB1) antibody inhibits hemorrhage-induced brain injury and improved neurological deficits in rats. Sci. Rep. 2017, 7, srep46243. [Google Scholar] [CrossRef]

	



Cash, D.; Easton, A.C.; Mesquita, M.; Beech, J.; Williams, S.; Lloyd, A.; Irving, E.; Cramer, S.C. GSK249320, A Monoclonal Antibody Against the Axon Outgrowth Inhibition Molecule Myelin-Associated Glycoprotein, Improves Outcome of Rodents with Experimental Stroke. J. Neurol. Exp. Neurosci. 2016, 2, 28–33. [Google Scholar] [CrossRef] [PubMed]

	



Wiessner, C.; Bareyre, F.M.; Allegrini, P.R.; Mir, A.K.; Frentzel, S.; Zurini, M.; Schnell, L.; Oertle, T.; Schwab, M.E. Anti—Nogo-A Antibody Infusion 24 Hours after Experimental Stroke Improved Behavioral Outcome and Corticospinal Plasticity in Normotensive and Spontaneously Hypertensive Rats. J. Cereb. Blood Flow Metab. 2003, 23, 154–165. [Google Scholar] [CrossRef] [PubMed]

	



Wilmes, M.; Espinoza, C.P.; Ludewig, P.; Stabernack, J.; Liesz, A.; Nicke, A.; Gelderblom, M.; Gerloff, C.; Falzoni, S.; Tolosa, E.; et al. Blocking P2X7 by intracerebroventricular injection of P2X7-specific nanobodies reduces stroke lesions. J. Neuroinflammation 2022, 19, 256. [Google Scholar] [CrossRef] [PubMed]

	



Waldmann, R.; Champigny, G.; Bassilana, F.; Heurteaux, C.; Lazdunski, M. A proton-gated cation channel involved in acid-sensing. Nature 1997, 386, 173–177. [Google Scholar] [CrossRef] [PubMed]

	



Gründer, S.; Chen, X. Structure, function, and pharmacology of acid-sensing ion channels (ASICs): Focus on ASIC1a. Int. J. Physiol. Pathophysiol. Pharmacol. 2010, 2, 73–94. [Google Scholar] [PubMed]

	



Xiong, Z.-G.; Zhu, X.-M.; Chu, X.-P.; Minami, M.; Hey, J.; Wei, W.-L.; MacDonald, J.F.; Wemmie, J.A.; Price, M.P.; Welsh, M.J.; et al. Neuroprotection in Ischemia: Blocking Calcium-Permeable Acid-Sensing Ion Channels. Cell 2004, 118, 687–698. [Google Scholar] [CrossRef]

	



Gao, J.; Duan, B.; Wang, D.-G.; Deng, X.-H.; Zhang, G.-Y.; Xu, L.; Xu, T.-L. Coupling between NMDA Receptor and Acid-Sensing Ion Channel Contributes to Ischemic Neuronal Death. Neuron 2005, 48, 635–646. [Google Scholar] [CrossRef]

	



Wang, Y.-Z.; Wang, J.-J.; Huang, Y.; Liu, F.; Zeng, W.-Z.; Li, Y.; Xiong, Z.-G.; Zhu, M.X.; Xu, T.-L. Tissue acidosis induces neuronal necroptosis via ASIC1a channel independent of its ionic conduction. eLife 2015, 4, e05682. [Google Scholar] [CrossRef]

	



Petroff, E.; Leonard, A.S.; Schnizler, M.K.; Abboud, F.M.; Welsh, M.J. Extracellular acidosis increases neuronal cell calcium by activating acid-sensing ion channel 1a. Proc. Natl. Acad. Sci. USA 2004, 101, 6752–6757. [Google Scholar] [CrossRef]

	



Baron, A.; Lingueglia, E. Pharmacology of acid-sensing ion channels—Physiological and therapeutical perspectives. Neuropharmacology 2015, 94, 19–35. [Google Scholar] [CrossRef]

	



Li, M.-H.; Inoue, K.; Si, H.-F.; Xiong, Z.-G. Calcium-permeable ion channels involved in glutamate receptor-independent ischemic brain injury. Acta Pharmacol. Sin. 2011, 32, 734–740. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.-J.; Liu, F.; Yang, F.; Wang, Y.-Z.; Qi, X.; Li, Y.; Hu, Q.; Zhu, M.X.; Xu, T.-L. Disruption of auto-inhibition underlies conformational signaling of ASIC1a to induce neuronal necroptosis. Nat. Commun. 2020, 11, 475. [Google Scholar] [CrossRef] [PubMed]

	



Heusser, S.A.; Pless, S.A. Acid-sensing ion channels as potential therapeutic targets. Trends Pharmacol. Sci. 2021, 42, 1035–1050. [Google Scholar] [CrossRef]

	



Li, S.; Carmichael, S.T. Growth-associated gene and protein expression in the region of axonal sprouting in the aged brain after stroke. Neurobiol. Dis. 2006, 23, 362–373. [Google Scholar] [CrossRef] [PubMed]

	



Cheatwood, J.L.; Emerick, A.J.; Schwab, M.E.; Kartje, G.L. Nogo-A Expression After Focal Ischemic Stroke in the Adult Rat. Stroke 2008, 39, 2091–2098. [Google Scholar] [CrossRef] [PubMed]

	



Perera, M.N.; Ma, H.K.; Arakawa, S.; Howells, D.W.; Markus, R.; Rowe, C.C.; Donnan, G.A. Inflammation following stroke. J. Clin. Neurosci. 2006, 13, 1–8. [Google Scholar] [CrossRef]

	



Malone, K.; Amu, S.; Moore, A.C.; Waeber, C. Immunomodulatory Therapeutic Strategies in Stroke. Front. Pharmacol. 2019, 10, 630. [Google Scholar] [CrossRef]

	



Dirnagl, U.; Iadecola, C.; Moskowitz, M.A. Pathobiology of ischaemic stroke: An integrated view. Trends Neurosci. 1999, 22, 391–397. [Google Scholar] [CrossRef]

	



Huang, J.; Upadhyay, U.M.; Tamargo, R.J. Inflammation in stroke and focal cerebral ischemia. Surg. Neurol. 2006, 66, 232–245. [Google Scholar] [CrossRef]

	



Gelderblom, M.; Sobey, C.G.; Kleinschnitz, C.; Magnus, T. Danger signals in stroke. Ageing Res. Rev. 2015, 24, 77–82. [Google Scholar] [CrossRef]

	



Hattori, M.; Gouaux, E. Molecular mechanism of ATP binding and ion channel activation in P2X receptors. Nature 2012, 485, 207–212. [Google Scholar] [CrossRef]

	



Llovera, G.; Hofmann, K.; Roth, S.; Salas-Pérdomo, A.; Ferrer-Ferrer, M.; Perego, C.; Zanier, E.R.; Mamrak, U.; Rex, A.; Party, H.J.S.t.m. Results of a preclinical randomized controlled multicenter trial (pRCT): Anti-CD49d treatment for acute brain ischemia. Sci. Transl. Med. 2015, 7, 299ra121. [Google Scholar] [CrossRef] [PubMed]

	



Spencer, B.; Masliah, E. Immunotherapy for Alzheimerâ€™s disease: Past, present and future. Front. Aging Neurosci. 2014, 6, 114. [Google Scholar] [CrossRef] [PubMed]

	



Tajes, M.; Ramos-Fernández, E.; Weng-Jiang, X.; Bosch-Morató, M.; Guivernau, B.; Eraso-Pichot, A.; Salvador, B.; Fernàndez-Busquets, X.; Roquer, J.; Muñoz, F.J. The blood-brain barrier: Structure, function and therapeutic approaches to cross it. Mol. Membr. Biol. 2014, 31, 152–167. [Google Scholar] [CrossRef] [PubMed]

	



Pulgar, V.M. Transcytosis to Cross the Blood Brain Barrier, New Advancements and Challenges. Front. Neurosci. 2018, 12, 1019. [Google Scholar] [CrossRef]

	



Pardridge, W.M.; Boado, R.J. Reengineering Biopharmaceuticals for Targeted Delivery Across the Blood–Brain Barrier. Methods Enzymol. 2012, 503, 269–292. [Google Scholar] [CrossRef]

	



Pardridge, W.M. Drug Transport across the Blood–Brain Barrier. J. Cereb. Blood Flow Metab. 2012, 32, 1959–1972. [Google Scholar] [CrossRef] [PubMed]

	



Coloma, M.J.; Lee, H.J.; Kurihara, A.; Landaw, E.M.; Boado, R.J.; Morrison, S.L.; Pardridge, W.M. Transport across the primate blood-brain barrier of a genetically engineered chimeric monoclonal antibody to the human insulin receptor. Pharm. Res. 2000, 17, 266–274. [Google Scholar] [CrossRef] [PubMed]

	



Pardridge, W.M. Blood-brain barrier drug targeting: The future of brain drug development. Mol. Interv. 2003, 3, 90–105. [Google Scholar] [CrossRef]

	



Zhang, Y.; Pardridge, W.M. Blood–brain barrier targeting of BDNF improves motor function in rats with middle cerebral artery occlusion. Brain Res. 2006, 1111, 227–229. [Google Scholar] [CrossRef]

	



Bien-Ly, N.; Yu, Y.J.; Bumbaca, D.; Elstrott, J.; Boswell, C.A.; Zhang, Y.; Luk, W.; Lu, Y.; Dennis, M.S.; Weimer, R.M.; et al. Transferrin receptor (TfR) trafficking determines brain uptake of TfR antibody affinity variants. J. Exp. Med. 2014, 211, 233–244. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.J.; Zhang, Y.; Kenrick, M.; Hoyte, K.; Luk, W.; Lu, Y.; Atwal, J.; Elliott, J.M.; Prabhu, S.; Watts, R.J.; et al. Boosting Brain Uptake of a Therapeutic Antibody by Reducing Its Affinity for a Transcytosis Target. Sci. Transl. Med. 2011, 3, 84ra44. [Google Scholar] [CrossRef] [PubMed]

	



Pardridge, W.M.; Wu, D.; Sakane, T. Combined use of carboxyl-directed protein pegylation and vector-mediated blood-brain barrier drug delivery system optimizes brain uptake of brain-derived neurotrophic factor following intravenous administration. Pharm. Res. 1998, 15, 576–582. [Google Scholar] [CrossRef] [PubMed]

	



Wu, D.; Yang, J.; Pardridge, W.M. Drug targeting of a peptide radiopharmaceutical through the primate blood-brain barrier in vivo with a monoclonal antibody to the human insulin receptor. J. Clin. Investig. 1997, 100, 1804–1812. [Google Scholar] [CrossRef]

	



Patel, M.M.; Goyal, B.R.; Bhadada, S.V.; Bhatt, J.S.; Amin, A.F. Getting into the Brain. CNS Drugs 2009, 23, 35–58. [Google Scholar] [CrossRef]

	



Qian, Z.M.; Li, H.; Sun, H.; Ho, K. Targeted Drug Delivery via the Transferrin Receptor-Mediated Endocytosis Pathway. Pharmacol. Rev. 2002, 54, 561–587. [Google Scholar] [CrossRef]

	



Cannon, R.E.; Peart, J.C.; Hawkins, B.T.; Campos, C.R.; Miller, D.S. Targeting blood-brain barrier sphingolipid signaling reduces basal P-glycoprotein activity and improves drug delivery to the brain. Proc. Natl. Acad. Sci. USA 2012, 109, 15930–15935. [Google Scholar] [CrossRef]

	



Gorin, F.; Harley, W.; Schnier, J.; Lyeth, B.; Jue, T. Perinecrotic glioma proliferation and metabolic profile within an intracerebral tumor xenograft. Acta Neuropathol. 2004, 107, 235–244. [Google Scholar] [CrossRef]

	



Guo, L.; Ren, J.; Jiang, X. Perspectives on brain-targeting drug delivery systems. Curr. Pharm. Biotechnol. 2012, 13, 2310–2318. [Google Scholar] [CrossRef]

	



Pardridge, W.M. Blood–brain barrier delivery. Drug Discov. Today 2007, 12, 54–61. [Google Scholar] [CrossRef]

	



Xin, H.; Sha, X.; Jiang, X.; Zhang, W.; Chen, L.; Fang, X. Anti-glioblastoma efficacy and safety of paclitaxel-loading Angiopep-conjugated dual targeting PEG-PCL nanoparticles. Biomaterials 2012, 33, 8167–8176. [Google Scholar] [CrossRef]

	



Kumar, P.; Wu, H.; McBride, J.L.; Jung, K.-E.; Kim, M.H.; Davidson, B.L.; Lee, S.K.; Shankar, P.; Manjunath, N. Transvascular delivery of small interfering RNA to the central nervous system. Nature 2007, 448, 39–43. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, S.-H.; Wen, C.-J.; Al-Suwayeh, S.; Chang, H.-W.; Yen, T.-C.; Fang, J.-Y. Physicochemical characterization and in vivo bioluminescence imaging of nanostructured lipid carriers for targeting the brain: Apomorphine as a model drug. Nanotechnology 2010, 21, 405101. [Google Scholar] [CrossRef]

	



Geldenhuys, W.J.; Allen, D.D. The blood-brain barrier choline transporter. Cent. Nerv. Syst. Agents Med. Chem. 2012, 12, 95–99. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.-T.; Li, W.; Meng, G.; Wang, P.; Liao, W. Strategies for transporting nanoparticles across the blood–brain barrier. Biomater. Sci. 2016, 4, 219–229. [Google Scholar] [CrossRef] [PubMed]

	



Gabathuler, R. Approaches to transport therapeutic drugs across the blood–brain barrier to treat brain diseases. Neurobiol. Dis. 2010, 37, 48–57. [Google Scholar] [CrossRef] [PubMed]

	



Patel, M.M.; Patel, B.M. Crossing the Blood–Brain Barrier: Recent Advances in Drug Delivery to the Brain. CNS Drugs 2017, 31, 109–133. [Google Scholar] [CrossRef]

	



Zhu, X.; Jin, K.; Huang, Y.; Pang, Z. Brain drug delivery by adsorption-mediated transcytosis. In Brain Targeted Drug Delivery System; Elsevier: Amsterdam, The Netherlands, 2019; pp. 159–183. [Google Scholar]

	



Soni, V.; Jain, A.; Khare, P.; Gulbake, A.; Jain, S.K. Potential approaches for drug delivery to the brain: Past, present, and future. Crit. Rev. Ther. Drug Carr. Syst. 2010, 27, 187–236. [Google Scholar] [CrossRef]

	



Pardridge, W.M. Re-Engineering Biopharmaceuticals for Delivery to Brain with Molecular Trojan Horses. Bioconjugate Chem. 2008, 19, 1327–1338. [Google Scholar] [CrossRef]

	



Pardridge, W.M. Drug and gene targeting to the brain with molecular trojan horses. Nat. Rev. Drug Discov. 2002, 1, 131–139. [Google Scholar] [CrossRef]

	



Pardridge, W.M. Molecular Trojan horses for blood-brain barrier drug delivery. Discov. Med. 2009, 6, 139–143. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva, F.A.; Corte-Real, S.; Goncalves, J. Recombinant Antibodies as Therapeutic Agents. BioDrugs 2008, 22, 301–314. [Google Scholar] [CrossRef] [PubMed]

	



Thangudu, S.; Cheng, F.-Y.; Su, C.-H. Advancements in the Blood–Brain Barrier Penetrating Nanoplatforms for Brain Related Disease Diagnostics and Therapeutic Applications. Polymers 2020, 12, 3055. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Mazouzi, Y.; Salmain, M.; Liedberg, B.; Boujday, S. Antibody-Gold Nanoparticle Bioconjugates for Biosensors: Synthesis, Characterization and Selected Applications. Biosens. Bioelectron. 2020, 165, 112370. [Google Scholar] [CrossRef]

	



Sun, Z.-T.; Ma, C.; Li, G.-J.; Zheng, X.-Y.; Hao, Y.-T.; Yang, Y.; Wang, X. Application of Antibody Fragments Against Aβ With Emphasis on Combined Application with Nanoparticles in Alzheimer’s Disease. Front. Pharmacol. 2021, 12, 654611. [Google Scholar] [CrossRef] [PubMed]

	



Gopalan, D.; Pandey, A.; Alex, A.T.; Kalthur, G.; Pandey, S.; Udupa, N.; Mutalik, S. Nanoconstructs as a versatile tool for detection and diagnosis of Alzheimer biomarkers. Nanotechnology 2021, 32, 142002. [Google Scholar] [CrossRef] [PubMed]

	



Neves, V.; Aires-Da-Silva, F.; Corte-Real, S.; Castanho, M.A.R.B. Antibody Approaches to Treat Brain Diseases. Trends Biotechnol. 2016, 34, 36–48. [Google Scholar] [CrossRef]

	



Bai, B.; Yan, Z.; Hao, Y.; Zhang, Z.; Li, G.; Dekker, J.; Qiu, C. A randomised controlled multimodal intervention trial in patients with ischaemic stroke in Shandong, China: Design and rationale. Lancet 2017, 390, S13. [Google Scholar] [CrossRef]

	



Cramer, S.C.; Enney, L.A.; Russell, C.K.; Simeoni, M.; Thompson, T.R. Proof-of-Concept Randomized Trial of the Monoclonal Antibody GSK249320 Versus Placebo in Stroke Patients. Stroke 2017, 48, 692–698. [Google Scholar] [CrossRef]

	



Ruck, T.; Nimmerjahn, F.; Wiendl, H.; Lünemann, J.D. Next-generation antibody-based therapies in neurology. Brain 2022, 145, 1229–1241. [Google Scholar] [CrossRef]

	



Kumar, A.; Aakriti; Gupta, V. A review on animal models of stroke: An update. Brain Res. Bull. 2016, 122, 35–44. [Google Scholar] [CrossRef] [PubMed]

	



Patel, D.; Wairkar, S. Biotechnology-based therapeutics for management of cerebral stroke. Eur. J. Pharmacol. 2021, 913, 174638. [Google Scholar] [CrossRef] [PubMed]

	



West, F.D.; Kaiser, E.E. Large animal ischemic stroke models: Replicating human stroke pathophysiology. Neural Regen. Res. 2020, 15, 1377–1387. [Google Scholar] [CrossRef] [PubMed]

	



Kleinschnitz, C.; Fluri, F.; Schuhmann, M. Animal models of ischemic stroke and their application in clinical research. Drug Des. Dev. Ther. 2015, 9, 3445–3454. [Google Scholar] [CrossRef] [PubMed]

	



Nakano, T.; Tagashira, Y.; Egashira, S.; Morimoto, M.; Irie, K.; Hosokawa, M.; Hayashi, T.; Egawa, T.; Hayakawa, K.; Mishima, K. Therapeutic effect of anti-HMGB1 antibody in a mouse model of 4-h middle cerebral artery occlusion: Comparison with tissue plasminogen activator. Neuroreport 2022, 33, 297–303. [Google Scholar] [CrossRef] [PubMed]

	



Koopman, I.; Tack, R.W.; Rinkel, G.J.; Vergouwen, M.D. CLASH study group Abstract 96: CompLement C5 Antibodies for Decreasing Brain Injury After Aneurysmal Subarachnoid Hemorrhage (CLASH): A Randomized Controlled Phase II Clinical Trial. Stroke 2022, 53, A96. [Google Scholar] [CrossRef]








[image: Pharmaceutics 15 00145 g001 550] 





Figure 1. Schematic representative diagram demonstrating intravenous or subcutaneous injection of different forms of antibody-based medications to a stroke patient. The development of stroke triggers several mechanisms, including activation of glutamate receptors, which leads to the release of glutamate and influx of calcium ions that activate nitric oxide, caspases, and proteases. This activation leads to inflammation, producing free radicals, and protein damage, resulting in neuronal cell death. Other important aspects of stroke include blood–brain barrier (BBB) damage, oxidative stress, cytokine-mediated toxicity, excitotoxicity, and loss of neuronal function [14,15]. 
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Figure 2. Schematic representative of recently developed antibody-based drug in different neurological diseases. Antibody-based drugs exert their therapeutic effects through a variety of mechanisms. Some antibodies block the function of the membrane receptors. Others target specific complement proteins for cell depletion. Finally, antibody-based drugs can target specific effector molecules from interacting with their ligands. Immunogens include IL-6L/R, interleukin 6 ligand/receptor; CGRPL/R: calcitonin gene-related peptide ligand/receptor; CD19/20: cluster of differentiation 19/20; C5: complement factor 5 protein. 
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Figure 3. Schematic illustration of function of HMGB1 or TLR4 in the pathology of stroke. The high mobility group box 1 (HMGB1) protein is a typical damage-associated molecular pattern (DAMP) protein that can bind to the toll-like receptor 4 (TLR4) and initiates and activates the NF-κB signaling axis. The activation of the NF-κB pathway significantly increases the production of pro-inflammatory cytokines, including TNF-α, IL-6, and IL-1β, which causes exaggerated neuroinflammation, BBB disruption, and neuronal degeneration after cerebral ischemia. Inhibition of TLR4 or HMGB1 with antibody-based drugs can ameliorate the neuroinflammatory responses and neuronal damage after stroke. 
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Figure 4. Schematic illustration for the function of ASIC1a or NMDAR in the development of stroke. Acidosis caused by anaerobic glycolysis is a common side effect of stroke. When pH levels drop after stroke, ASIC1a is activated, allowing calcium to flood the cell, creating an improper ionic balance and osmotic pressure. On the other hand, glutamate is the chief excitatory neurotransmitter in the central nervous system and displays critical roles in synaptic communications and flexible synaptic plasticity. However, the extensive and rapid accumulation of glutamate at the synaptic cleft after ischemic stroke can lead to over-excitation of the NMDARs (N-methyl-D-aspartate receptors), which can eventually be lethal to neurons. Both of the membrane-originated pathological events lead to edema and depolarization, which in neurons causes massive excitotoxicity from increased intracellular calcium ions and eventually, inflammation, hence ischemia injury. Inhibition of the ASIC1a or GluN1 with antibody-based drugs can reverse the neuronal death and protect against cerebral ischemia. 
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Figure 5. Schematic illustration of MAG or Nogo-A signaling cascades in the pathology of cerebral ischemia. The overproduction of Myelin-associated glycoprotein (MAG) Neurite outgrowth inhibition protein-A (Nogo-A) after cerebral ischemia activates the signaling cascades linked to the RhoA/ROCK pathway, which collapses neuronal growth cones and inhibits axonal growth. Such inhibitory events significantly suppress the functional recovery after the suffering of cerebral ischemia. Inhibition of the MAG or Nogo-A with highly specific antibody-based therapeutics can enhance the axonal regeneration and neurite outgrowth dramatically, which leads to better functional recovery after cerebral ischemia. 
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Figure 6. Schematic illustration of ATP and P2X7 signaling cascades in the pathology of cerebral ischemia. Under cerebral ischemia, energy deprivation causes anoxic and irreversible depolarization, which leads to excessive release of glutamate and ATP. ATP could act as a damage-associated molecular pattern (DAMP) that activates P2X7 receptors on both neurons and glia cells. Neuronal-expressed P2X7 receptors initiate calcium overload and extensive excitotoxic neurological injury. On the other hand, microglia-expressed P2X7 receptors regulate its aberrant activation and over-production of reactive oxygen species and pro-inflammatory cytokines. These ATP-P2X7 signaling cascades modulate immune responses, ROS production, and eventually progressive neurological damage. 
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Figure 7. Sketch illustration of the brain’s processes for antibody-based drug transport via the blood–brain barrier. In a receptor-mediated target (RMT), the ligand and antibody in the blood specifically bind to RMT receptors in the apical cell membrane; (2) the receptors and ligands are internalized in an energy-dependent manner to form an intracellular vesicle; and (3) these vesicles are shuttled through the cell cytoplasm, and the antibodies and ligands are released into the brain via the fusion of vesicles with the basolateral cell membrane. In an adsorptive-mediated target (AMT), the positively charged antibodies interact electrostatically with the negatively charged apical cell membrane, forming intracellular vesicles containing antibodies through energy-independent endocytosis. Finally, after traveling through the cell cytoplasm and fusing with the basolateral cell membrane, these vesicles release their contents into the brain. 






Figure 7. Sketch illustration of the brain’s processes for antibody-based drug transport via the blood–brain barrier. In a receptor-mediated target (RMT), the ligand and antibody in the blood specifically bind to RMT receptors in the apical cell membrane; (2) the receptors and ligands are internalized in an energy-dependent manner to form an intracellular vesicle; and (3) these vesicles are shuttled through the cell cytoplasm, and the antibodies and ligands are released into the brain via the fusion of vesicles with the basolateral cell membrane. In an adsorptive-mediated target (AMT), the positively charged antibodies interact electrostatically with the negatively charged apical cell membrane, forming intracellular vesicles containing antibodies through energy-independent endocytosis. Finally, after traveling through the cell cytoplasm and fusing with the basolateral cell membrane, these vesicles release their contents into the brain.



[image: Pharmaceutics 15 00145 g007]







[image: Pharmaceutics 15 00145 g008 550] 





Figure 8. Strategies to improve the efficacy of antibody-based drugs for cerebral ischemia. The over-activation of immunological responses by the antibody drugs could cause serious biological and clinical consequences. The recent development of fully human or humanized antibodies has greatly reduced the risk for inducing exaggerated immune responses compared to the mouse or chimeric antibodies. Meanwhile, bivalent conjugation of an antibody of BBB enriched receptors, such as TfR, LDLRP, or NACR, with the target antibody drug could significantly increase the efficacy of receptor-mediated transport of antibodies into the brain. Nanoparticles or liposomes, which prevent the degradation of antibody drugs and show better efficacy in BBB penetration, can be used as vehicles to transport the antibody into the brain after cerebral ischemia. 
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Table 1. Antibody-based drugs approved during 2017–2021 for neurological disorders.
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	Generic Names
	Antigens
	Designs
	Neurological

Conditions
	Administration
	FDA Approval
	Funders





	Inebilizumab-cdon
	CD19
	Humanized IgG1
	Neuromyelitis optica and neuromyelitis optica spectrum disorders
	Intravenous infusion
	2021
	Viela Bio



	Satralizumab-mwge
	IL-6R
	Humanized IgG2
	Neuromyelitis optica spectrum disorders
	Subcutaneous injection
	2020
	Genentech Inc.



	Tocilizumab
	IL-6R
	Humanized IgG1
	Neuromyelitis optica spectrum disorder
	Intravenous infusion
	2019
	Chugai/Roche



	Eculizumab
	C5 complement protein
	Humanized IgG2
	Neuromyelitis optica spectrum disorder, Myasthenia gravis
	Intravenous infusion
	2019, 2018, respectively
	Alexion Pharmaceuticals



	Eptinezumab
	CGRP ligand
	Humanized IgG1
	Episodic or chronic migraine
	Intravenous infusion
	2020
	Lundbeck Seattle Biopharmaceuticals, Inc.



	Galcanezumab-gnlm
	CGRP ligand
	Humanized IgG4
	Cluster headache or chronic migraine
	Subcutaneous injection
	2019
	Eli Lilly and Company



	Fremanezumabvfrm
	CGRP ligand
	Humanized IgG2
	Episodic or chronic migraine
	Subcutaneous injection
	2018
	Teva Pharmaceuticals



	Erenumab-aooe
	CGRP receptor
	Human IgG2
	Episodic or chronic migraine
	Subcutaneous injection
	2018
	Amgen and Novartis



	Ocrelizumab
	CD20
	Humanized IgG1
	Relapsing-remitting Multiple sclerosis
	Intravenous infusion
	2017
	Hoffmann-La Roche







CGRP: calcitonin gene-related peptide; IL-6R: interleukin 6 receptor; CD: cluster of differentiation; IgG: immunoglobulin gamma; C5: complement factor 5.
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Table 2. Evaluation of mAbs in animal models of cerebral ischemia.
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	Antibody
	Antigen
	Design
	Route
	Main Findings
	Citation





	mABs clone MTS510
	TLR4
	Recombinant
	Intravenous infusion
	
	
Decreased infarct size, brain edema, and improved neurological performance.





	[112]



	ASC06-IgG1
	ASIC blocker
	Recombinant IgG1
	Intravenous infusion
	
	
The infarct volume was 23% smaller when calcium transport was blocked compared to control group.





	[113]



	Anti-GluN1 antibodies
	Blocks NMDA receptor

associated calcium influx
	Recombinant
	Subcutaneous injection
	
	
Protects neurons from damage by preventing thrombus development and decreasing platelet aggregation.





	[114]



	Anti-High Mobility Group Box-1 mAbs
	HMGB1,

inflammatory proteins
	Recombinant
	Intravenous infusion
	
	
Brain–blood barrier (BBB) disruption, less oxidative stress, more powerful antioxidants, and less brain swelling.





	[115]



	GSK249320
	MAG
	Humanized

recombinant IgG1
	Intravenous infusion
	
	
Increases neurological function and penetrates the region of the lesion.





	[116]



	Anti-Nogo-A antibody 7B12
	NAM-associated

neurite

outgrowth

protein
	Recombinant IgG1
	Intravenous infusion
	
	
Improves sensory and behavioral outcomes and returns levels to pre-lesion levels, indicating effective penetration at the lesion site.





	[117]



	Anti-P2X7 antibodies
	Adenosine

triphosphate (ATP)
	Recombinant nanobodies
	Intravenous and icv

injections
	
	
Reduced stroke size.



	
Inhibits ATP-triggered calcium influx in microglial cells.





	[118]







mABs: monoclonal antibodies; MAG: myelin-associated glycoprotein; ASIC: acid-sensing ion channel; TLR4: toll-like receptor 4; HMGB1: high mobility group box-1; NMDAR: N-methyl-D-aspartate receptor; NAM: nogo A myelin; P2X7: P2X purinoceptor 7.
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Table 3. Advantages and disadvantages of antibody-based drugs in cerebral ischemia.
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	Pros
	Cons





	1
	Monoclonal antibodies are extremely sensitive and specific for antigens.
	Injection-related reactions (IRRs). They occur most

frequently in a period of 10 min to 4 h after the start of

antibody administration. However, anaphylactic reactions are not expected to occur during the first mAbs infusion, except in the rare case that pre-existing immunoglobulins E (IgEs) cross-react with the infused mAb.



	2
	Without alteration, nanobodies such as VHH can cross the blood–brain barrier.
	Cytokine release syndrome (CRS) depends largely on the cell type targeted by the mAb rather than its allergenic properties. mAbs that activate T cells are most likely to cause CRS, when large amounts of proinflammatory

cytokines are released by activated astrocytes and white blood cells, including B cells, T cells, natural killer cells, macrophages, dendritic cells, and monocytes.



	3
	Antibodies are stable, especially nanobodies in

extreme conditions such as temperature and pH.
	The more immunogenic the mAbs, the more likely they are to produce anti-drug antibodies (ADA). This explains why ADAs are more likely to be produced against chimeric than human mAbs, and ADA production can lead to neutralization of mAbs, rapid elimination, and loss of efficacy.



	4
	Nanobodies can penetrate hard-to-reach epitopes.
	Opportunistic infections occur when mAbs affect immune function by depleting cell populations (e.g., ocrelizumab) or blocking immune cell migration through endothelial barriers; dizziness.



	5
	Bispecific antibodies (BsAbs) can facilitate transport across the BBB. They are designed to contain one arm with specificity against a BBB RMT receptor that drives their migration across the BBB and a second arm with a therapeutic function that produces the pharmacological effect when the BsAb encounters the target.
	MAb-associated malignancy. In a phase III study of the treatment of primary progressive multiple sclerosis with ocrelizumab, an anti-CD20, B-cell-depleting mAb, 11 cases of malignancy were reported in the active treatment group, 4 of which were adenocarcinomas of the breast [57]; back pain; diarrhea.



	6
	Antibodies can be easily cleared from the system without causing damage to the tissues as compared to chemotherapy.
	Autoimmune disorders; nasopharyngitis
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Table 4. The main blood–brain barrier transporters.
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	Receptor-Mediated Targets (RMT)
	Citations





	1
	Transferrin receptor (TfR)
	[151,152,153]



	2
	Insulin receptor (IR) and Diphtheria toxin receptor (DTR)
	[154,155]



	3
	Low-density lipoprotein-related protein (LDLRP)
	[154,156]



	4
	Insulin-like growth factor receptor (IGFR)
	[154]



	5
	Nicotinic acetylcholine receptor (NACR)
	[154,155,157]



	6
	Leptin receptor (LEPR) and Scavenger receptor, Class B
	[154,155,158,159]



	7
	Fc fragment of IgG receptor transports alpha (FCGRT)
	[155,158,160]
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