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Abstract

:

The recent setbacks in the withdrawal and approval delays of antibody treatments of neurodegenerative disorders (NDs), attributed to their poor entry across the blood–brain barrier (BBB), emphasize the need to bring novel approaches to enhance the entry across the BBB. One such approach is conjugating the antibodies that bind brain proteins responsible for NDs with the transferrin molecule. This glycoprotein transports iron into cells, connecting with the transferrin receptors (TfRs), piggybacking an antibody–transferrin complex that can subsequently release the antibody in the brain or stay connected while letting the antibody bind. This process increases the concentration of antibodies in the brain, enhancing therapeutic efficacy with targeted delivery and minimum systemic side effects. Currently, this approach is experimented with using drug-transferring conjugates assembled in vitro. Still, a more efficient and safer alternative is to express the conjugate using mRNA technology, as detailed in this paper. This approach will expedite safer discoveries that can be made available at a much lower cost than the recombinant process with in vitro conjugation. Most importantly, the recommendations made in this paper may save the antibodies against the NDs that seem to be failing despite their regulatory approvals.
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1. Introduction


Neurodegenerative diseases (NDs) are complex disorders with multifactorial pathology that result in progressive damage to neuronal cells and loss of neuronal connectivity, ultimately leading to impaired mobility and/or cognition. Protein aggregation due to misfolding and oligomerization gives rise to extracellular or intracellular inclusions, a common hallmark for many NDs. Further spreading of these amyloid aggregates in the nervous system, like prion-based infections, hence, a prion-like mechanism, is often considered a significant element in the etiology of NDs [1]. In the past few decades, many of the genetic and biochemical causes underlying NDs associated with protein aggregation were uncovered, leading to the distinction between rarer familial forms, where disease-causing mutations are genetically inherited, and the more common sporadic forms, where genetic and environmental risk factors drive the pathogenesis [2]. In both cases, the affected proteins are found enriched in pathological aggregates, highlighting their importance in the manifestation of the disease. However, despite the accumulated knowledge and the many clinical trials in which attempts were made to alleviate protein aggregation, no therapeutic strategy has been broadly accepted to cure any of the NDs. This led many scientists to question whether protein aggregation was central to ND etiology or a manifestation of other underlying causes [3,4]. Nonetheless, collectively, the work of the past decades generated a more complex understanding of how each aggregation-prone protein engaged with many critical cellular pathways. This review aims to provide an overview of these intricate connections by combining core findings and more recent discoveries.



For each ND, different sets of genes are typically found mutated in the familial forms, and different brain regions and cell types are initially affected. For example, Huntington’s Disease (HD) and spinocerebellar ataxia type 1 (SCA1) are linked to the expansion of the CAG repeat of the huntingtin (HTT) and ataxin 1 (ATXN1) genes, respectively, resulting in proteins with an unusually long polyglutamine (polyQ) tract that is very prone to aggregation and causes intracellular deposits in striatal neurons [5,6]. In Alzheimer’s disease (AD), two different types of deposits are observed. The aberrant cleavage products of the transmembrane protein amyloid-β (Aβ) precursor protein (APP) form extracellular plaque deposits in the temporal and parietal brain regions. In contrast, the protein tau accumulates intracellularly in neurofibrillary tangles [7]. In Parkinson’s disease (PD), the primarily affected brain area is the substantia nigra (SN), where α-synuclein aggregates are found to accumulate in dopaminergic neurons [8]. In ALS, cellular aggregates of superoxide dismutase 1 (SOD1), RNA-binding protein FUS (FUsed in Sarcoma), and TAR-DNA-binding protein 43 (TDP-43) have been identified in motor neurons of the primary motor cortex, brainstem, and spinal cord [9].



Protein misfolding and aggregation of disease-associated proteins are facilitated by mutations and post-translation modifications (e.g., phosphorylation and protein cleavage) that avert the formation of the native protein structure. At the same time, in some other cases, misfolding can also seemingly occur sporadically without a clear explanation. Aggregation is first typically initiated by a seed or/and an oligomer, in which sequence-specific elements of the misfolded protein interact to adopt a non-native conformation, which can then convert other proteins into the toxic form. In many cases, the oligomerization of misfolded proteins leads to the formation of amyloid fibrils with a distinctive β-sheet structure that arises when soluble oligomers assemble into small protofibrils [10]. When more proteins are converted into non-native forms, these protofibrils become longer fibrils that can then form more extensive cellular inclusions visible by light microscopy. Recently, it has been proposed that oligomerization may be favored by liquid–liquid phase separation of aggregation-prone proteins [11]. Moreover, it is evident that there are different polymorphs for most amyloid fibrils in vitro and in vivo (polymorph is a term used to indicate the capacity of a polypeptide to generate fibrils with different structures) [12,13].



The protein fibrils formed would be expected to be removed by the autoimmune responses. Still, the less efficient production of antibodies in the brain must be supported by systemic entry of the BBB [14,15], leading to extensive research and development of these therapies.



An emerging therapeutic strategy in neurodegenerative diseases involves designing antibodies to target and clear abnormal protein aggregates. Two such monoclonal antibodies (mAbs), aducanumab and lecanemab, have received accelerated approval from the US FDA for the treatment of AD [16,17]; however, aducanumab is discontinued effective 2024, without reasons and with the claim that it is not due to issues with safety or efficacy [18]. Another monoclonal antibody, donanemab, was in the advanced stages of development for patients with early AD [19]. Still, the FDA has delayed its approval, likely due to a lack of proof of efficacy [20]. Another drug, Relyvrio (Cinpanemab), for ALS, is being recalled due to lack of efficacy [21,22]. The data reporting on clinicaltrials.gov show that around 250 interventional studies treat NDs involving antibodies [23]. However, the status of the failure of antibodies to provide a treatment solution for NDs requires rethinking whether an antibody alone can be effective in NDs without adding functions to promote their entry across the BBB.



The options available to enhance the entry of antibodies into the brain include invasive techniques, including intra-cerebral injection, convection-enhanced delivery, and intra-cerebroventricular infusion [24]. The BBB can be disrupted using bradykinin analogs, ultrasonography, and osmotic pressure [25]. Adding microbubbles makes these techniques more effective [26,27]. Pharmacological techniques involve encapsulating medications into liposomes or chemically modifying pharmaceuticals to lipophilic molecules [28]. Opsonization and drug delivery by nanoparticles across the blood–brain barrier is the process in which the drug is adsorbed onto the particles passively [29]. Intranasal delivery routes can bypass the BBB, offering a direct path to the CNS [30]. While all these approaches can be effective, none allow for a consistent and predictable response, which is one reason why these approaches have not been used in developing antibodies against NDs.




2. Transcytosis


One approach, a physiological procedure of transporter-mediated delivery, receptor-mediated transcytosis, and adsorptive-mediated transcytosis [31], offers a viable choice if the transcytosis mechanism is part of the drug structure. This is one of the several mechanisms involved in transporting various chemicals into the brain (Figure 1), as described in detail elsewhere [32].



The BBB is a highly selective semipermeable border that separates the circulating blood from the brain and extracellular fluid in the CNS. The BBB is composed of microvascular endothelial cells, which tightly regulate the movement of molecules, ions, and cells between the blood and the brain, unlike in other body parts. This regulation is crucial for maintaining the brain’s stable environment, which is necessary for proper neuronal function. The BBB performs several critical roles, including protecting the brain from harmful substances in the blood, regulating the transport of essential nutrients, and maintaining a constant environment for the brain [33,34].



Substances allowed to cross the BBB include water, some gases (like oxygen and carbon dioxide), and lipid-soluble substances (e.g., alcohol, nicotine, and caffeine) that can diffuse through the cell membranes of the endothelial cells. Additionally, specific transport mechanisms exist for essential nutrients that the brain requires but are not lipid-soluble, such as glucose and amino acids. These substances use facilitated diffusion and active transport mechanisms to cross the BBB. Conversely, most large molecules, including many drugs and pathogens, are generally prohibited from passing through the BBB. This selective permeability presents a significant challenge for drug delivery to the brain, particularly for the treatment of brain diseases such as Alzheimer’s and Parkinson’s [35].



However, the BBB can be compromised under certain pathological conditions, such as inflammation, ischemic stroke, or high blood pressure, allowing for the substances usually blocked to enter the brain. This breach in the BBB’s integrity can contribute to the progression of various neurological disorders by permitting toxins, pathogens, and immune cells to invade and damage brain tissues [36].



Misfolded proteins in AD and PD follow a well-defined connectomics-based spatial progression. Several anti-tau and anti-alpha synuclein (aSyn) antibodies have failed to provide clinical benefit in clinical trials despite substantial target engagement in the experimentally accessible cerebrospinal fluid (CSF). The proposed mechanism of action is reducing neuronal uptake of oligomeric protein from the synaptic cleft. Integration with a physiologically based pharmacokinetic (PBPK) model has allowed for the simulation of clinical trials of anti-tau antibodies gosuranemab, tilavonemab, semorinemab, and anti-aSyn antibodies cinpanemab and prasineuzumab [37].



Some antibody fragments have many advantages over monoclonal antibodies, such as small sizes, lack of the crystallizable fraction (Fc), etc. There are three main antibody fragments: single-chain variable fragments (scFvs); Fab fragments; and single-domain antibody fragments. Nanoparticles can facilitate the entry of drug molecules across the blood–brain barrier, making them excellent carriers. Various kinds of nanoparticles have been applied in the treatment of AD. The combination of nanoparticles and antibody fragments against amyloid-β can be used to diagnose and treat Alzheimer’s disease, including antibody fragments against amyloid-β in AD [38].



Understanding the mechanisms of BBB permeability and its role in health and disease is a critical area of research, with implications for developing new therapeutic strategies for various neurological conditions.



Receptor-mediated transcytosis (RMT) is a highly specialized process that allows for the transport of specific molecules, particularly antibodies, across the BBB via receptors on the surface of endothelial cells. This process is vital for the delivery of essential nutrients and biomolecules that are not lipid-soluble and cannot diffuse via the endothelial cell membranes of the BBB. Several well-documented examples of RMT into the brain involve the transport of transferrin, insulin, and low-density lipoprotein (LDL) related proteins.



2.1. Transferrin


The transferrin receptor (TfR) is involved in the transport of iron into the brain via transferrin, a protein that binds iron tightly. The TfR-mediated transferrin transport across the BBB is crucial for maintaining iron homeostasis in the brain, as iron is essential for various brain functions, including oxygen transport, DNA synthesis, and electron transport [39,40]. The TfR [41] can effectively transport therapeutic levels of antibodies across the BBB [42] by attaching them to transferrin or transferrin-mimicking peptides, thereby facilitating their crossing of the BBB [43,44]. Another target is the insulin receptor (IR), which, like the TfR, can mediate the transport of antibodies across the BBB, offering a pathway for therapeutic intervention [45]. So, theoretically, a conjugate of insulin and an antibody should enhance the entry of antibodies across the BBB, though no such studies have been reported (Figure 2).




2.2. Insulin


The insulin receptor facilitates the transport of insulin across the BBB through RMT. Insulin in the brain is essential for multiple brain functions, including neuronal growth, survival, and regulating appetite and cognitive functions. Insulin transport into the brain is believed to play a role in the central regulation of peripheral glucose metabolism (Banks, 2004 [46]).




2.3. Low-Density Lipoprotein (LDL) Receptor-Related Proteins (LRP)


LRP1 and LRP2 (as megalin) transport various ligands across the BBB, including vitamin A-binding protein and apolipoprotein E-containing lipoproteins. These processes are essential for delivering vitamins, cholesterol, and other lipids crucial for brain development, maintenance, and function [47]. The low-density lipoprotein receptor-related protein-1 (LRP1) also serves as a conduit for the delivery of certain therapeutics into the brain, capitalizing on its role in transporting various molecules, including lipoproteins and amyloid-beta precursors [48]. LRP1, involved in transporting various endogenous ligands, including apolipoprotein E-containing lipoproteins, has been identified as an alternative pathway for BBB crossing. This receptor participates in the clearance of amyloid-beta from the brain and has been implicated in the transport of other therapeutic agents [49].



The other two proteins, GLUT1 and P-glycoprotein (P-gp), have not been well studied or found effective [35].



These examples of RMT highlight the complexity and specificity of the mechanisms that regulate the transport of molecules across the BBB. Understanding these pathways is crucial for developing strategies to enhance drug delivery to the brain, particularly for treating neurological diseases.



The decision to use transferrin or LRP1 as a delivery mechanism would, thus, be based on the specific requirements of the therapeutic agent, including its size, required dosage, and targeted area within the brain [50].





3. Transcytosis Approach


Using transferrin for the targeted delivery of therapeutic agents, including antibodies, to treat neurodegenerative disorders is based on exploiting the TfR pathway. This pathway facilitates crossing the BBB through receptor-mediated transcytosis. While numerous research efforts have been focused on utilizing this pathway to treat neurodegenerative diseases, such treatments’ development and clinical application are still in the early stages. AD research has explored using transferrin-conjugated nanoparticles or therapeutic agents to enhance delivery across the BBB. These approaches target amyloid-beta (Aβ) plaques or tau proteins, characteristic of AD pathology. For instance, a study by Liao et al. [51] investigated the use of transferrin-conjugated nanoparticles to deliver siRNA specifically targeting BACE1, a critical enzyme in producing Aβ, demonstrating successful delivery and therapeutic effects in a mouse model of AD. For PD, where dopaminergic neurons are progressively lost, research has focused on delivering neuroprotective agents directly to the affected brain regions. While direct examples of transferrin-antibody conjugates for PD are limited, the concept has been considered for delivering neurotrophic factors that could potentially halt or reverse neuronal degeneration.



Biologic drugs are large molecules that do not cross the BBB. Brain penetration is possible following re-engineering the biological drug as an IgG fusion protein. The IgG domain is a mAb against an endogenous BBB receptor such as the TfR. The TfRmAb acts as a molecular Trojan horse to ferry the fused biological drug into the brain via receptor-mediated transport on the endogenous BBB TfR. The BBB delivery of biologic drugs is possible following re-engineering as a fusion protein with a molecular Trojan horse such as a TfRmAb. The efficacy of this technology will be determined by the outcome of future clinical trials [52].



Transferrin conjugates have shown promise in the treatment of neurodegenerative disorders, demonstrating the effectiveness of transferrin as a delivery vector for nerve growth factor (NGF) in targeting the central nervous system (CNS) and improving recognition and memory in neurodegenerative diseases [53,54].



Transferrin receptor antibody-NGF conjugate prevented the degeneration of cholinergic striatal neurons in a model of Huntington’s disease [55]. The ability of transferrin to transport neurotrophic factors across the blood–brain barrier showed that an OX-26-GDNF conjugate enhanced the survival of spinal cord motor neurons [56]. However, the potential role of transferrin in the uptake of neurotoxic agents remains a concern [57].



A recent study shows that mucopolysaccharidosis type I causes systemic accumulation of glycosaminoglycans due to a genetic deficiency of alpha-L-iduronidase, which results in progressive systemic symptoms affecting multiple organs, including the central nervous system (CNS). A genetically modified protein consisting of IDUA fused with humanized anti-human TfR antibody (lepunafusp alfa) shows distribution into the brain [58], bringing about systemic reductions in heparan sulfate and dermatan sulfate concentrations.



Single-domain shark antibodies that bind to the TfR1 on brain endothelial cells have been used to shuttle antibodies and other cargos across the BBB to the brain. The TXB4 brain shuttle was fused with a TrkB neurotrophin receptor agonist antibody for these studies. The TXB4-TrkB fusion retained potent agonist activity at its cognate receptor and, after systemic administration, showed a 12-fold increase in brain levels over the unmodified antibody [59].



Pabinafusp alfa is a novel enzyme drug that crosses the blood–brain barrier by transcytosis via transferrin receptors [60].



Erythropoietin, a hematopoietic growth factor and a promising therapy for Alzheimer’s disease, has low permeability across the blood–brain barrier. The transferrin receptor antibody fused to erythropoietin, a chimeric monoclonal antibody that ferries EPO into the brain via the transvascular route [61].



The TfR has remained a popular target since its original description for this purpose, although the clinical progression of TfR-targeted drug constructs or nanomedicines remains unsuccessful [62].



One issue related to using TfR-targeting in nanomedicines is the efficient tuning of the ligand density on the nanoparticle surface [63].



Targeting TfR on the surface of brain capillaries has been a popular strategy to give a preferential accumulation of drugs or nanomedicines, but several aspects of this targeting strategy remain elusive; monovalent ligands may be beneficial for obtaining transcytosis of TfR-targeted nanomedicines across the BBB, which is relevant for future design of nanomedicines for brain drug delivery [64].



Recombinantly fused two single-chain variable fragments (scFv) of the TfR antibody 8D3 to the light chains of mAb158, an antibody selectively binding to Abeta protofibrils, which are involved in the pathogenesis of AD, markedly increasing mAb158 brain uptake, which makes it a strong candidate for improved Abeta immunotherapy and as a PET radioligand for early diagnosis and evaluation of treatment effect in AD [65].



Monoclonal antibodies directed against the TfR have been proposed as potential carrier candidates [66]. Anti-amyloid antibodies (AAA) are under development as new therapeutics that disaggregate the amyloid plaque in the brain in AD. An AAA was re-engineered for receptor-mediated transport across the BBB via the endogenous BBB TfR [67].




4. Conjugation


This antibody–transferrin conjugation strategy is particularly valuable in the development of targeted drug delivery systems as it can potentially enhance the ability of therapeutic agents to cross the blood–brain barrier via receptor-mediated transcytosis, exploiting transferrin’s natural ability to bind to transferrin receptors that are abundantly expressed on the surface of brain capillary endothelial cells [68].



Connecting an antibody to a transferrin protein requires meticulous bioconjugation techniques. This process starts with the purification and accurate quantification of both proteins to ensure the success of subsequent reactions [69]. The transferrin protein undergoes chemical activation to introduce functional groups capable of forming stable bonds with the antibody. This step typically employs cross-linking agents. There are several ways to create an antibody–transferrin conjugate; the most common method is to bind an antibody to transferrin in vitro; this process involves a series of biochemical techniques aimed at creating a conjugate that can be used for various research and therapeutic purposes. This process, known as antibody–transferrin conjugation, typically starts with the purification of the antibody and transferrin to ensure their compatibility and functionality in subsequent steps. One common method for conjugation uses bifunctional cross-linking agents, such as N-succinimidyl 3-(2-pyridyldithio)propionate or succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate, which can form stable bonds with amine groups on the antibody and thiol groups on the transferrin [70]. However, creating a flexible link to remove constraints is desirable so that both molecules can interact independently. These linkers can include polyethylene glycol spacers, which not only increase the flexibility of the conjugate but also enhance its solubility and reduce immunogenicity. The flexibility provided by such linkers can be crucial for allowing the proteins to move and interact with their targets effectively [71].



The conditions under which transferrin is activated—temperature, pH, and reaction time—are carefully controlled to preserve protein integrity and function. The antibody is then introduced to the activated transferrin under conditions favoring the coupling reaction between the functional groups of both proteins. Optimal conditions are maintained to facilitate effective conjugation while preserving the biological functions of each molecule. Post-reaction, the conjugation mixture necessitates purification to isolate the desired antibody–transferrin conjugate from unreacted components and by-products. Techniques such as dialysis, gel filtration chromatography, or affinity chromatography are commonly employed for this purpose, each selected based on the specific properties of the conjugate and the reagents used. Finally, the success and efficiency of the conjugation process are established using analytical techniques like SDS-PAGE, Western blotting, or mass spectrometry to verify the formation of the conjugate and assess its molecular weight and purity. The biological activity of the conjugate, particularly its target specificity and cell-binding efficiency, is then tested in relevant bioassays to ensure that the functionalities of both the antibody and transferrin have been retained post-conjugation. This meticulous validation ensures that the final product is suitable for its intended diagnostic or therapeutic applications [72].




5. Linkers


Several considerations must be considered when selecting a linker to bind an antibody to transferrin to facilitate entry into the brain. First and foremost, it is crucial to understand the mechanisms by which molecules, including antibodies, can cross the BBB [73]. TfRs are one of the targets for transporting molecules across the BBB. Therefore, conjugating antibodies to transferrin can facilitate brain entry via receptor-mediated transcytosis. Secondly, the linker should be designed to be stable during circulation but cleavable in the brain milieu to release the antibody from transferrin. Various cleavable linkers, such as protease-sensitive or pH-sensitive linkers, can be considered [52,74]. Thirdly, the linker should maintain stability in the bloodstream to prevent premature release of the antibody–transferrin conjugate. Stability can be influenced by factors such as serum proteases and pH [75].



Additionally, the linker should be designed to be cleavable within the unique microenvironment of the BBB, which may have different enzymatic activities or pH compared to other tissues [76]. Once a linker design is proposed, it is crucial to validate its efficacy in facilitating brain entry and cleavage in preclinical models [77]. Optimization may be necessary to achieve the desired pharmacokinetics and brain distribution. Finally, assessing the safety profile of the linker and ensuring the specificity of brain targeting are important considerations to minimize off-target effects and potential toxicity [73].



The pH-sensitive linkers play a crucial role in drug delivery systems, as they are designed to remain stable at physiological pH but become cleavable under acidic conditions typically found in endosomes or lysosomes. One example is hydrazone linkers, which form via the reaction between a hydrazide and a carbonyl group under acidic conditions. They exhibit stability at neutral pH but undergo hydrolysis in acidic environments, facilitating linker cleavage. This mechanism has been utilized in various drug delivery systems, including liposomes and polymer conjugates [78]. Another commonly used pH-sensitive linker is the acetal linker, which remains stable at neutral pH but undergoes acid-catalyzed hydrolysis to release the payload under acidic conditions. This linker has found applications in polymeric micelles and nanoparticles, offering controlled drug release in response to pH changes [79]. Vinyl ether linkers represent another type of pH-sensitive linker, remaining stable at neutral pH but rapidly hydrolyzing under acidic conditions. They have been employed in antibody-drug conjugates and prodrugs for targeted drug delivery, showcasing their versatility in pH-responsive drug release systems [80].



Additionally, ortho ester linkers are stable at neutral pH but undergo rapid hydrolysis under acidic conditions. This property has been exploited in various drug delivery systems, including polymeric nanoparticles and liposomes, enabling controlled intracellular drug release in response to acidic environments [81]. These examples highlight the significance of pH-sensitive linkers in achieving controlled drug release at specific sites within the body, enhancing the efficacy and safety of drug delivery systems.



Designing peptide linkers for targeted cleavage in the brain involves intricate knowledge of protease activity and substrate specificity. Examples include neprilysin (NEP) and its substrates [82], tPA and plasmin system [83], peptide linker design in therapeutic proteins [84], and bioinformatics tools for linker design [85].




6. Molecular Modeling and Testing


A molecular docking exercise can help select a particular fragment. Molecular docking is a pivotal bioinformatics technique that predicts the preferred orientation of one molecule to a second when bound to each other to form a stable complex. Understanding the interaction between antibody fragments (such as Fab, F(ab’)2, or scFvs) and target proteins like amyloid-beta or alpha-synuclein is crucial. Tools like AutoDock Vina (https://vina.scripps.edu/ accessed on 1 March 2024), one of the most cited and utilized software in molecular docking studies, enable researchers to simulate the docking process and evaluate the binding affinity between molecules [86,87]. Another widely used platform is Schrödinger’s suite, which offers comprehensive tools, including Glide, for high-throughput virtual screening and precise docking [88]. For specifically dealing with proteins like amyloid-beta and alpha-synuclein, Rosetta’s protein–protein docking protocol has been effectively employed to predict the structure of protein complexes in a near-native state [89]. A more straightforward approach is to use HADDOCK [https://wenmr.science.uu.nl/haddock2.4/ accessed on 14 March 2024] and PRODIGY [https://bianca.science.uu.nl/prodigy/. accessed on 14 March 2024] platforms.



These tools collectively provide a robust suite for predicting and analyzing the molecular interactions between antibody fragments and their specific targets, offering insights into the mechanism of action and facilitating the optimization of therapeutic antibodies for neurodegenerative diseases. Through applying these bioinformatics tools, researchers can gain a deeper understanding of the complex interactions at play, guiding the development of more effective and targeted treatments.



To test whether a projected conjugate is effective, isotope labeling can be exploited as a powerful technique for tracing the entry and distribution of proteins and their fragments, such as therapeutic antibodies, into the brain. This method involves labeling proteins with stable or radioactive isotopes, such as 13C 15N, or radioisotopes like 131I, which can be detected using various imaging and analytical techniques. A prominent application of this approach is in studying the BBB permeability and the biodistribution of therapeutics targeting neurological conditions. One commonly used method is positron emission tomography (PET), where isotopically labeled proteins can be visualized in vivo, providing real-time data on their brain uptake. For instance, labeling antibody fragments targeting amyloid-beta or alpha-synuclein with 11C or 18F allows for the PET imaging of their distribution within the brain, offering valuable insights into their therapeutic potential and mechanism of action [90].



Additionally, stable isotope labeling with amino acids in cell culture is used in proteomics to incorporate isotopically labeled amino acids into proteins, enabling the quantitative analysis of protein dynamics and interactions through mass spectrometry. This approach can elucidate the trafficking and metabolism of therapeutic proteins and peptides within the brain tissue [91]. These isotopic labeling methods, combined with advanced imaging and analytical tools, provide a robust framework for understanding how therapeutic proteins and their fragments cross the BBB and interact with target sites in the brain, contributing significantly to developing effective treatments for neurodegenerative diseases.




7. mRNA-Based Transcytosis


This process involves the ribosome moving along the mRNA strand, reading its sequence three nucleotides (a codon) at a time. Each codon specifies a particular amino acid, the building block of proteins. Transfer RNA (trNA) molecules carrying specific amino acids match up with the codons on the mRNA strand via their anticodon region. As the ribosome facilitates this matching, it also catalyzes the formation of peptide bonds between the amino acids, elongating the protein chain. This continues until the ribosome encounters a stop codon, signaling the end of the protein-coding sequence. The newly formed protein then folds into its functional three-dimensional structure and begins performing its role in the cell. As suggested in this paper, the protein could be an antibody, a fragment of an antibody, or a conjugate with transferrin protein. This should be compared with the recombinant manufacturing of proteins and in vitro conjugation. Recombinant manufacturing involves complex cloning, transformation, and purification steps, requiring significant biotechnological infrastructure and expertise. The mRNA-based production simplifies some of these steps by directly utilizing the host’s cellular machinery for protein synthesis, bypassing the need for culturing cells and extracting the protein. The mRNA synthesis can be faster and more easily scaled than traditional recombinant protein production, which is advantageous for rapid response scenarios, such as vaccine development during a pandemic. While recombinant protein production is a well-established and versatile method suitable for a wide range of proteins, mRNA-based production is particularly effective for applications where direct expression within the host is desired, such as vaccine development or delivery of antibody–transferrin conjugates. Presently, antibodies to treat NDs are produced by a recombinant engineering process that is expensive and takes a long time to establish the safety and efficacy of an antibody. The bioconjugation process then follows their production and purification. However, the conjugate can be produced by in vivo translation using mRNA; in that case, the conjugation can be made using a variety of linkers, such as glycine–serine-rich linkers often used in fusion proteins to provide flexibility and distance between functional domains [92]. The (Gly-Gly-Gly-Ser)n linkers provide highly flexible links to minimize interference with the biological activity of the linked domains [93]. The elastin-like polypeptides provide elasticity and flexibility [94]. The helix-forming linkers adopt a helical structure to bridge protein domains to provide a balance between flexibility and stability [95]. Some chemical linkers do not apply to the mRNA translation of antibody–transferrin conjugate. Still, as shown below, the glycine–serine linker provides sufficient stability and does not interfere with the binding.



The mRNA technology is preferred for its faster and lower cost development and does not face the complexity of the upstream and downstream processes and post-translational modification consideration. The mRNA sequence can be synthesized by in vitro transcription in a cell-free environment: a linearized, plasmid DNA molecule is combined with ribonucleotides in the presence of bacteriophage RNA polymerase (of which T7 is the most widely used); the polymerases then recognize the promoter region in the DNA template and synthesize the RNA transcripts in the presence of ribonucleotides [96,97] (Figure 3).



mRNA Design


The mRNA template used to deliver antibodies is shown in Table 1, wherein the antibody heavy and light chains are linked using the GGGS link, and the transferrin is connected. The final sequence of the mRNA is presented for the antibodies currently in use or waiting to enter the market. For mRNA translation, a single chain is structured as follows: Transferrin (PO2787)-GSGSGSGS-Heavy chain-linker-light chain, ending in a linear chain sequence; the linker need not break provided there is enough flexibility that can be tested using bioinformatics tools.



Interestingly, many of the currently approved or tested antibodies against NDs also show activity using single-chain variable fragments (scFvs), Fab fragments, and single-domain antibody fragments that provide a remarkable opportunity for further development of the current antibodies as these smaller sizes are more functional and more accessible to construct.





8. Regulatory


The ND products mentioned above that have failed or are failing under development to treat NDs have cost billions of dollars. Such losses will dampen the research in the field of ND treatment by antibodies; however, these products can be rejuvenated using a regulatory plan based on the FDA’s new guideline [98] that encourages innovative approaches that apply to the regulatory plan. While conjugates have been designed with transferrin in vitro, a much lower cost and faster development can be achieved using the mRNA technology. For example, suppose the current failing drugs are conjugated with transferrin and expressed through mRNA. In that case, these will still be new biological license applications, but with fewer and shorter studies that can be readily affordable and completed quickly.



To establish the proof of efficacy, as suggested above, a pharmacokinetic analysis based on a radioactive drug [99] in animal species should suffice; the process involves making the current product radioactive and conjugating it with transferrin first in vitro, comparing the radio image with the same molecule but without conjugation, before transforming the process to mRNA. Since these studies do not involve humans, they can be conducted without regulatory involvement within a very short time [100] and with almost negligible cost. Once the proof of concept is established, the regulatory agencies should be approached with a development plan that includes efficacy testing. However, these studies could be minimized by using a “generally accepted scientific knowledge-based” presentation based on comparable animal studies [98].




9. Challenges


The initiation of new mRNA-based protein production faces several significant challenges and difficulties spanning technical, regulatory, and intellectual property landscapes. First, the patent landscape for mRNA technology is complex and densely populated, with key intellectual property rights held by a few entities, which can hinder new entrants from accessing foundational technologies without navigating costly licensing agreements [101]. Secondly, the expertise required to design, optimize, and manufacture mRNA constructs and the lipid nanoparticles crucial for their delivery is highly specialized, representing a significant barrier to entry [102]. Moreover, rigorous testing and regulatory approval processes, which include preclinical studies, clinical trials, and manufacturing quality control, are time-consuming and resource-intensive [103]. These processes are critical to ensuring the safety and efficacy of mRNA-based therapies but represent a substantial upfront investment with no guaranteed outcome. Developing mRNA technology for new proteins also requires overcoming scientific challenges such as ensuring stability, efficient cellular uptake, and precise control over protein expression levels [104]. Each area presents challenges, making initiating new mRNA-based protein production complex and multifaceted.



The advancement and global dissemination of mRNA technology have been significantly supported by a network of international agencies and partnerships committed to public health innovation and equitable vaccine access. The Coalition for Epidemic Preparedness Innovations, launched in 2017, has emerged as a key player in funding mRNA vaccine research, emphasizing the importance of readiness for future epidemics [105].



Similarly, the World Health Organization has been central to coordinating the global health response, including efforts to ensure equitable distribution of mRNA vaccines via initiatives aimed at technology transfer to low- and middle-income countries (LMICs) [106].



GAVI, the Vaccine Alliance, through its COVAX facility, has worked tirelessly to facilitate fair access to COVID-19 vaccines, underscoring the role of global collaborations in addressing vaccine equity [107]. Non-profit organizations like PATH and philanthropic entities such as The Bill & Melinda Gates Foundation have also supported mRNA vaccine development and addressed the logistical and economic challenges of vaccine deployment in underserved regions. The WHO’s mRNA Technology Transfer Hub initiative also represents a concerted effort to enhance manufacturing capacity for mRNA vaccines globally, aiming to democratize production and ensure broader vaccine access [108]. These resources make the deployment of technology more accessible, yet the regulatory cost remains formidable, a primary concern for developing new biological drugs. However, this can be reduced by producing multiple products over a short period and testing them before entering phase I stages.




10. Conclusions


Therapeutic antibodies represent one of the fastest-growing segments in the pharmaceutical industry [109], expanding the scope to various antibody types, including nanobodies and Ab fragments, with optimized affinity, stability, and solubility [110].



NDs frequently involve disordered proteins that the inefficient immune system of the brain is not capable of removing, leading to scores of untreatable disorders. Much of current research is focused on designing antibodies, and a few have been approved, yet their use remains limited due to their poor entry into the brain, even as nanobodies. The effectiveness of these antibodies can be substantially higher if they are conjugated with transferrin protein as a choice modification to enhance their entry into the brain. Currently, the dose of antibodies entering the brain is less than 1%; thus, any change brought by improved transit across the brain will dramatically change their efficacy. In our opinion, this modification should be a standard approach for all future treatments since this provides a more reproducible means of promoting the entry of antibodies into the brain compared to dozens of other invasive and noninvasive techniques [32].



We recommend that aducanumab and lecanemab, which have received accelerated approval from the US FDA for the treatment of AD [16,17], donanemab [19], and Relyvrio (Cinpanemab) for ALS [21,22] can be good targets to investigate their transferrin conjugates expressed by mRNA as a logical option to rejuvenate their status and frontline ND treatment.



The advantages of mRNA over recombinant process are well established [111]; besides the safety of RNA products, as they do not enter the nucleus, the benefit of developing these products at a fraction of the cost of developing recombinant products and with the speed that had never been possible in any new drug development should be the choice approach to save these drugs. While safety and efficacy testing should never be comprised of the development cost, making these products accessible to the developing world is a dire humanitarian cause [112], particularly when treating NDs [113]. Since the development of mRNA is fast and costs much less than recombinant production [102], we have estimated that per dose cost of goods should not be higher than one dollar [102,111,114], not counting the amortization of the development cost, but that too is much lower than the billions of dollars spent on recombinant drugs.







Author Contributions


S.K.N.: concept, structure, research; M.M.: research, review, and writing. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors are developers of mRNA therapies as executives of RNA Therapeutics, Inc., Deerfield, IL, USA. The mRNA sequence reported is part of several pending US patents held by the authors. None of the authors are paid employee of RNA Therapeutics, Inc.




References


	



Goedert, M. Neurodegenration: Alzheimer’s and Parkinson’s diseases: The prion concept in relation to assembled Aβ, tau, and α-synuclein. Science 2015, 349, 1255555. [Google Scholar] [CrossRef]

	



Bertram, L.; Tanzi, R.E. The genetic epidemiology of neurodegenerative disease. J. Clin. Invest. 2005, 115, 1449–1457. [Google Scholar] [CrossRef]

	



Walsh, D.M.; Selkoe, D.J. A critical appraisal of the pathogenic protein spread hypothesis of neurodegeneration. Nat. Rev. Neurosci. 2016, 17, 251–260. [Google Scholar] [CrossRef]

	



Makin, S. The amyloid hypothesis on trial. Nature 2018, 559, S4–S7. [Google Scholar] [CrossRef]

	



Ross, C.A.; Tabrizi, S.J. Huntington’s disease: From molecular pathogenesis to clinical treatment. Lancet Neurol. 2011, 10, 83–98. [Google Scholar] [CrossRef]

	



Orr, H.T.; Zoghbi, H.Y. SCA1 molecular genetics: A history of a 13 year collaboration against glutamines. Hum. Mol. Genet. 2001, 10, 2307–2311. [Google Scholar] [CrossRef]

	



Selkoe, D.J.; Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 2016, 8, 595–608. [Google Scholar] [CrossRef]

	



Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P.; Volkmann, J.; Schrag, A.E.; Lang, A.E. Parkinson disease. Nat. Rev. Dis. Primers 2017, 3, 17013. [Google Scholar] [CrossRef]

	



Foerster, B.R.; Welsh, R.C.; Feldman, E.L. 25 years of neuroimaging in amyotrophic lateral sclerosis. Nat. Rev. Neurol. 2013, 9, 513–524. [Google Scholar] [CrossRef] [PubMed]

	



Iadanza, M.G.; Jackson, M.P.; Hewitt, E.W.; Ranson, N.A.; Radford, S.E. A new era for understanding amyloid structures and disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 755–773. [Google Scholar] [CrossRef] [PubMed]

	



Mathieu, C.; Pappu, R.V.; Taylor, J.P. Beyond aggregation: Pathological phase transitions in neurodegenerative disease. Science 2020, 370, 56–60. [Google Scholar] [CrossRef] [PubMed]

	



Petkova, A.T.; Leapman, R.D.; Guo, Z.; Yau, W.M.; Mattson, M.P.; Tycko, R. Self-propagating, molecular-level polymorphism in Alzheimer’s beta-amyloid fibrils. Science 2005, 307, 262–265. [Google Scholar] [CrossRef] [PubMed]

	



Fitzpatrick, A.W.P.; Falcon, B.; He, S.; Murzin, A.G.; Murshudov, G.; Garringer, H.J.; Crowther, R.A.; Ghetti, B.; Goedert, M.; Scheres, S.H.W. Cryo-EM structures of tau filaments from Alzheimer’s disease. Nature 2017, 547, 185–190. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, D. Rogue antibodies involved in almost one-fifth of COVID deaths. Nature 2021, 597, 162. [Google Scholar] [CrossRef] [PubMed]

	



Zakariya, S.M.; Zehra, A.; Khan, R.H. Biophysical Insight into Protein Folding, Aggregate Formation and its Inhibition Strategies. Protein Pept. Lett. 2022, 29, 22–36. [Google Scholar] [CrossRef] [PubMed]

	



Cummings, J.; Osse, A.M.L.; Cammann, D.; Powell, J.; Chen, J. Anti-Amyloid Monoclonal Antibodies for the Treatment of Alzheimer’s Disease. BioDrugs 2024, 38, 5–22. [Google Scholar] [CrossRef] [PubMed]

	



Cummings, J. Anti-Amyloid Monoclonal Antibodies are Transformative Treatments that Redefine Alzheimer’s Disease Therapeutics. Drugs 2023, 83, 569–576. [Google Scholar] [CrossRef]

	



Association, A.s. Aducanumab to Be Discontinued as an Alzheimer’s Treatment. Available online: https://www.alz.org/alzheimers-dementia/treatments/aducanumab (accessed on 14 March 2024).

	



Mintun, M.A.; Lo, A.C.; Duggan Evans, C.; Wessels, A.M.; Ardayfio, P.A.; Andersen, S.W.; Shcherbinin, S.; Sparks, J.; Sims, J.R.; Brys, M.; et al. Donanemab in Early Alzheimer’s Disease. N. Engl. J. Med. 2021, 384, 1691–1704. [Google Scholar] [CrossRef] [PubMed]

	



Post, W. FDA delays Alzheimer’s Drug for Further Review in Surprise Move. Available online: https://www.washingtonpost.com/business/2024/03/08/eli-lilly-alzheimers-donanemab-fda/ (accessed on 14 March 2024).

	



Times, N.A.L.S. Drug Relyvrio Fails Clinical Trial and May Be Withdrawn from the Market. Available online: https://www.nytimes.com/2024/03/08/health/als-drug-relyvrio.html (accessed on 14 March 2024).

	



Today, P.s.N. Biogen Discontinues Development of Cinpanemab. Available online: https://parkinsonsnewstoday.com/news/biogen-announcement-discontinue-cinpanemab-parkinsons/ (accessed on 14 March 2024).

	



Clinicaltrials.gov. Alzheimer’s Disease Antibody Response. Available online: https://clinicaltrials.gov/search?cond=Neurological%20Disorder&aggFilters=studyType:int&term=Antibody%20Response&intr=antibody2024 (accessed on 14 March 2024).

	



Pardridge, W.M. Drug targeting to the brain. Pharm. Res. 2007, 24, 1733–1744. [Google Scholar] [CrossRef]

	



Fortin, D.; Gendron, C.; Boudrias, M.; Garant, M.P. Enhanced chemotherapy delivery by intraarterial infusion and blood-brain barrier disruption in the treatment of cerebral metastasis. Cancer 2007, 109, 751–760. [Google Scholar] [CrossRef]

	



Hynynen, K.; McDannold, N.; Vykhodtseva, N.; Jolesz, F.A. Noninvasive MR imaging-guided focal opening of the blood-brain barrier in rabbits. Radiology 2001, 220, 640–646. [Google Scholar] [CrossRef]

	



Burgess, A.; Hynynen, K. Noninvasive and targeted drug delivery to the brain using focused ultrasound. ACS Chem. Neurosci. 2013, 4, 519–526. [Google Scholar] [CrossRef] [PubMed]

	



Bradley, M.O.; Swindell, C.S.; Anthony, F.H.; Witman, P.A.; Devanesan, P.; Webb, N.L.; Baker, S.D.; Wolff, A.C.; Donehower, R.C. Tumor targeting by conjugation of DHA to paclitaxel. J. Control Release 2001, 74, 233–236. [Google Scholar] [CrossRef]

	



Moghimi, S.M.; Szebeni, J. Stealth liposomes and long circulating nanoparticles: Critical issues in pharmacokinetics, opsonization and protein-binding properties. Prog. Lipid Res. 2003, 42, 463–478. [Google Scholar] [CrossRef]

	



Dhuria, S.V.; Hanson, L.R.; Frey, W.H., 2nd. Intranasal delivery to the central nervous system: Mechanisms and experimental considerations. J. Pharm. Sci. 2010, 99, 1654–1673. [Google Scholar] [CrossRef]

	



Jones, A.R.; Shusta, E.V. Blood-brain barrier transport of therapeutics via receptor-mediation. Pharm. Res. 2007, 24, 1759–1771. [Google Scholar] [CrossRef]

	



Niazi, S.K. Non-Invasive Drug Delivery across the Blood-Brain Barrier: A Prospective Analysis. Pharmaceutics 2023, 15, 2599. [Google Scholar] [CrossRef]

	



Abbott, N.J.; Patabendige, A.A.K.; Dolman, D.E.M.; Yusof, S.R.; Begley, D.J. Structure and function of the blood–brain barrier. Neurobiol. Dis. 2010, 37, 13–25. [Google Scholar] [CrossRef]

	



Pardridge, W.M. Biopharmaceutical drug targeting to the brain. J. Drug Target. 2010, 18, 157–167. [Google Scholar] [CrossRef]

	



Pardridge, W.M. The blood-brain barrier: Bottleneck in brain drug development. NeuroRx 2005, 2, 3–14. [Google Scholar] [CrossRef]

	



Daneman, R.; Prat, A. The blood-brain barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [Google Scholar] [CrossRef] [PubMed]

	



Geerts, H.; Bergeler, S.; Walker, M.; van der Graaf, P.H.; Courade, J.P. Analysis of clinical failure of anti-tau and anti-synuclein antibodies in neurodegeneration using a quantitative systems pharmacology model. Sci. Rep. 2023, 13, 14342. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Kniesel, U.; Wolburg, H. Tight Junctions of the Blood–Brain Barrier. Cell. Mol. Neurobiol. 2000, 20, 57–76. [Google Scholar] [CrossRef] [PubMed]

	



Moos, T.; Morgan, E.H. Transferrin and transferrin receptor function in brain barrier systems. Cell Mol. Neurobiol. 2000, 20, 77–95. [Google Scholar] [CrossRef]

	



Gao, Y.; Zhu, J.; Lu, H. Single domain antibody-based vectors in the delivery of biologics across the blood-brain barrier: A review. Drug Deliv. Transl. Res. 2021, 11, 1818–1828. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Pardridge, W.M. Drug transport across the blood-brain barrier. J. Cereb. Blood Flow. Metab. 2012, 32, 1959–1972. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Boado, R.J.; Zhang, Y.; Zhang, Y.; Pardridge, W.M. Humanization of anti-human insulin receptor antibody for drug targeting across the human blood-brain barrier. Biotechnol. Bioeng. 2007, 96, 381–391. [Google Scholar] [CrossRef]

	



Banks, W.A. The source of cerebral insulin. Eur. J. Pharmacol. 2004, 490, 5–12. [Google Scholar] [CrossRef]

	



Storck, S.E.; Meister, S.; Nahrath, J.; Meißner, J.N.; Schubert, N.; Di Spiezio, A.; Baches, S.; Vandenbroucke, R.E.; Bouter, Y.; Prikulis, I.; et al. Endothelial LRP1 transports amyloid-β(1-42) across the blood-brain barrier. J. Clin. Invest. 2016, 126, 123–136. [Google Scholar] [CrossRef] [PubMed]

	



Deane, R.; Bell, R.D.; Sagare, A.; Zlokovic, B.V. Clearance of amyloid-beta peptide across the blood-brain barrier: Implication for therapies in Alzheimer’s disease. CNS Neurol. Disord. Drug Targets 2009, 8, 16–30. [Google Scholar] [CrossRef]

	



Deane, R.; Wu, Z.; Sagare, A.; Davis, J.; Du Yan, S.; Hamm, K.; Xu, F.; Parisi, M.; LaRue, B.; Hu, H.W.; et al. LRP/amyloid beta-peptide interaction mediates differential brain efflux of Abeta isoforms. Neuron 2004, 43, 333–344. [Google Scholar] [CrossRef] [PubMed]

	



Zlokovic, B.V. The blood-brain barrier in health and chronic neurodegenerative disorders. Neuron 2008, 57, 178–201. [Google Scholar] [CrossRef]

	



Liao, Y.; Du, X.; Li, J.; Lönnerdal, B. Human milk exosomes and their microRNAs survive digestion in vitro and are taken up by human intestinal cells. Mol. Nutr. Food Res. 2017, 61, 1700082. [Google Scholar] [CrossRef]

	



Pardridge, W.M. Blood-brain barrier drug delivery of IgG fusion proteins with a transferrin receptor monoclonal antibody. Expert. Opin. Drug Deliv. 2015, 12, 207–222. [Google Scholar] [CrossRef]

	



Liao, G.S.; Li, X.B.; Zhang, C.Y.; Shu, Y.Y.; Tang, S.X. Pharmacological actions of nerve growth factor-transferrin conjugate on the central nervous system. J. Nat. Toxins 2001, 10, 291. [Google Scholar]

	



Aloe, L.; Rocco, M.L.; Balzamino, B.O.; Micera, A. Nerve Growth Factor: A Focus on Neuroscience and Therapy. Curr. Neuropharmacol. 2015, 13, 294–303. [Google Scholar] [CrossRef] [PubMed]

	



Kordower, J.H.; Charles, V.; Bayer, R.; Bartus, R.T.; Putney, S.; Walus, L.R.; Friden, P.M. Intravenous administration of a transferrin receptor antibody-nerve growth factor conjugate prevents the degeneration of cholinergic striatal neurons in a model of Huntington disease. Proc. Natl. Acad. Sci. USA 1994, 91, 9077–9080. [Google Scholar] [CrossRef] [PubMed]

	



Albeck, D.S.; Hoffer, B.J.; Quissell, D.O.; Sanders, L.A.; Zerbe, G.O.; Granholm, A.-C.E. A non-invasive transport system for GDNF across the blood-brain barrier. Neuroreport 1997, 8, 2293–2298. [Google Scholar] [CrossRef] [PubMed]

	



Morris, C.M.; Candy, J.M.; Court, J.A.; Whitford, C.A.; Edwardson, J.A. The role of transferrin in the uptake of aluminium and manganese by the IMR 32 neuroblastoma cell line. Biochem. Soc. Trans. 1987, 15, 498. [Google Scholar] [CrossRef]

	



Harmatz, P.; Giugliani, R.; Martins, A.M.; Hamazaki, T.; Kubo, T.; Kira, R.; Minami, K.; Ikeda, T.; Moriuchi, H.; Kawashima, S.; et al. alpha-L-iduronidase fused with humanized anti-human transferrin receptor antibody (lepunafusp alfa) for mucopolysaccharidosis type I: A phase 1/2 trial. Mol. Ther. 2024, 32, 609–618. [Google Scholar] [CrossRef]

	



Clarke, E.; Stocki, P.; Sinclair, E.H.; Gauhar, A.; Fletcher, E.J.R.; Krawczun-Rygmaczewska, A.; Duty, S.; Walsh, F.S.; Doherty, P.; Rutkowski, J.L. A Single Domain Shark Antibody Targeting the Transferrin Receptor 1 Delivers a TrkB Agonist Antibody to the Brain and Provides Full Neuroprotection in a Mouse Model of Parkinson’s Disease. Pharmaceutics 2022, 14, 1335. [Google Scholar] [CrossRef] [PubMed]

	



Okuyama, T.; Eto, Y.; Sakai, N.; Nakamura, K.; Yamamoto, T.; Yamaoka, M.; Ikeda, T.; So, S.; Tanizawa, K.; Sonoda, H.; et al. A Phase 2/3 Trial of Pabinafusp Alfa, IDS Fused with Anti-Human Transferrin Receptor Antibody, Targeting Neurodegeneration in MPS-II. Mol. Ther. 2021, 29, 671–679. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Sun, J.; Castellanos, D.M.; Pardridge, W.M.; Sumbria, R.K. Eliminating Fc N-Linked Glycosylation and Its Impact on Dosing Consideration for a Transferrin Receptor Antibody-Erythropoietin Fusion Protein in Mice. Mol. Pharm. 2020, 17, 2831–2839. [Google Scholar] [CrossRef]

	



Ramalho, M.J.; Loureiro, J.A.; Coelho, M.A.N.; Pereira, M.C. Transferrin Receptor-Targeted Nanocarriers: Overcoming Barriers to Treat Glioblastoma. Pharmaceutics 2022, 14, 279. [Google Scholar] [CrossRef]

	



Johnsen, K.B.; Bak, M.; Melander, F.; Thomsen, M.S.; Burkhart, A.; Kempen, P.J.; Andresen, T.L.; Moos, T. Modulating the antibody density changes the uptake and transport at the blood-brain barrier of both transferrin receptor-targeted gold nanoparticles and liposomal cargo. J. Control. Release 2019, 295, 237–249. [Google Scholar] [CrossRef] [PubMed]

	



Johnsen, K.B.; Bak, M.; Kempen, P.J.; Melander, F.; Burkhart, A.; Thomsen, M.S.; Nielsen, M.S.; Moos, T.; Andresen, T.L. Antibody affinity and valency impact brain uptake of transferrin receptor-targeted gold nanoparticles. Theranostics 2018, 8, 3416–3436. [Google Scholar] [CrossRef]

	



Hultqvist, G.; Syvanen, S.; Fang, X.T.; Lannfelt, L.; Sehlin, D. Bivalent Brain Shuttle Increases Antibody Uptake by Monovalent Binding to the Transferrin Receptor. Theranostics 2017, 7, 308–318. [Google Scholar] [CrossRef]

	



Cabezon, I.; Manich, G.; Martin-Venegas, R.; Camins, A.; Pelegri, C.; Vilaplana, J. Trafficking of Gold Nanoparticles Coated with the 8D3 Anti-Transferrin Receptor Antibody at the Mouse Blood-Brain Barrier. Mol. Pharm. 2015, 12, 4137–4145. [Google Scholar] [CrossRef]

	



Sumbria, R.K.; Hui, E.K.; Lu, J.Z.; Boado, R.J.; Pardridge, W.M. Disaggregation of amyloid plaque in brain of Alzheimer’s disease transgenic mice with daily subcutaneous administration of a tetravalent bispecific antibody that targets the transferrin receptor and the Abeta amyloid peptide. Mol. Pharm. 2013, 10, 3507–3513. [Google Scholar] [CrossRef] [PubMed]

	



Daniels, T.R.; Delgado, T.; Rodriguez, J.A.; Helguera, G.; Penichet, M.L. The transferrin receptor part I: Biology and targeting with cytotoxic antibodies for the treatment of cancer. Clin. Immunol. 2006, 121, 144–158. [Google Scholar] [CrossRef] [PubMed]

	



Wilchek, M.; Bayer, E.A. The avidin-biotin complex in bioanalytical applications. Anal. Biochem. 1988, 171, 1–32. [Google Scholar] [CrossRef]

	



Sasso, J.M.; Tenchov, R.; Bird, R.; Iyer, K.A.; Ralhan, K.; Rodriguez, Y.; Zhou, Q.A. The Evolving Landscape of Antibody–Drug Conjugates: In Depth Analysis of Recent Research Progress. Bioconjugate Chem. 2023, 34, 1951–2000. [Google Scholar] [CrossRef] [PubMed]

	



Veronese, F.M.; Pasut, G. PEGylation, successful approach to drug delivery. Drug Discov. Today 2005, 10, 1451–1458. [Google Scholar] [CrossRef] [PubMed]

	



Senter, P.D.; Sievers, E.L. The discovery and development of brentuximab vedotin for use in relapsed Hodgkin lymphoma and systemic anaplastic large cell lymphoma. Nat. Biotechnol. 2012, 30, 631–637. [Google Scholar] [CrossRef]

	



Hervé, F.; Ghinea, N.; Scherrmann, J.M. CNS delivery via adsorptive transcytosis. AAPS J. 2008, 10, 455–472. [Google Scholar] [CrossRef]

	



Salvati, E.; Re, F.; Sesana, S.; Cambianica, I.; Sancini, G.; Masserini, M.; Gregori, M. Liposomes functionalized to overcome the blood-brain barrier and to target amyloid-β peptide: The chemical design affects the permeability across an in vitro model. Int. J. Nanomedicine 2013, 8, 1749–1758. [Google Scholar] [CrossRef]

	



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

	



Pardridge, W.M. A Historical Review of Brain Drug Delivery. Pharmaceutics 2022, 14, 1283. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.K.; Sonawane, P.; Kumar, A.; Singh, H.; Naumovich, V.; Pathak, P.; Grishina, M.; Khalilullah, H.; Jaremko, M.; Emwas, A.H.; et al. Challenges and Opportunities in the Crusade of BRAF Inhibitors: From 2002 to 2022. ACS Omega 2023, 8, 27819–27844. [Google Scholar] [CrossRef]

	



Limongi, T.; Susa, F.; Marini, M.; Allione, M.; Torre, B.; Pisano, R.; di Fabrizio, E. Lipid-Based Nanovesicular Drug Delivery Systems. Nanomaterials 2021, 11, 3391. [Google Scholar] [CrossRef]

	



Tang, S.; Meng, Q.; Sun, H.; Su, J.; Yin, Q.; Zhang, Z.; Yu, H.; Chen, L.; Gu, W.; Li, Y. Dual pH-sensitive micelles with charge-switch for controlling cellular uptake and drug release to treat metastatic breast cancer. Biomaterials 2017, 114, 44–53. [Google Scholar] [CrossRef] [PubMed]

	



Senter, P.D.; Beam, K.S.; Mixan, B.; Wahl, A.F. Identification and activities of human carboxylesterases for the activation of CPT-11, a clinically approved anticancer drug. Bioconjug Chem. 2001, 12, 1074–1080. [Google Scholar] [CrossRef]

	



Zhuo, S.; Zhang, F.; Yu, J.; Zhang, X.; Yang, G.; Liu, X. pH-Sensitive Biomaterials for Drug Delivery. Molecules 2020, 25, 5649. [Google Scholar] [CrossRef]

	



Iwata, N.; Tsubuki, S.; Takaki, Y.; Watanabe, K.; Sekiguchi, M.; Hosoki, E.; Kawashima-Morishima, M.; Lee, H.J.; Hama, E.; Sekine-Aizawa, Y.; et al. Identification of the major Abeta1-42-degrading catabolic pathway in brain parenchyma: Suppression leads to biochemical and pathological deposition. Nat. Med. 2000, 6, 143–150. [Google Scholar] [CrossRef]

	



Yepes, M.; Sandkvist, M.; Moore, E.G.; Bugge, T.H.; Strickland, D.K.; Lawrence, D.A. Tissue-type plasminogen activator induces opening of the blood-brain barrier via the LDL receptor-related protein. J. Clin. Invest. 2003, 112, 1533–1540. [Google Scholar] [CrossRef]

	



Ferrari, E.; Soloviev, M.; Niranjan, D.; Arsenault, J.; Gu, C.; Vallis, Y.; O‘Brien, J.; Davletov, B. Assembly of protein building blocks using a short synthetic peptide. Bioconjug Chem. 2012, 23, 479–484. [Google Scholar] [CrossRef]

	



Webb, B.; Sali, A. Comparative Protein Structure Modeling Using MODELLER. Curr. Protoc. Bioinform. 2016, 54, 5.6.1–5.6.37. [Google Scholar] [CrossRef] [PubMed]

	



Minibaeva, G.; Ivanova, A.; Polishchuk, P. EasyDock: Customizable and scalable docking tool. J. Cheminformatics 2023, 15, 102. [Google Scholar] [CrossRef] [PubMed]

	



Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [Google Scholar] [CrossRef] [PubMed]

	



Repasky, M.P.; Shelley, M.; Friesner, R.A. Flexible ligand docking with Glide. Curr. Protoc. Bioinform. 2007, 18, 8.12.1–8.12.36. [Google Scholar] [CrossRef] [PubMed]

	



Gray, J.J.; Moughon, S.; Wang, C.; Schueler-Furman, O.; Kuhlman, B.; Rohl, C.A.; Baker, D. Protein-protein docking with simultaneous optimization of rigid-body displacement and side-chain conformations. J. Mol. Biol. 2003, 331, 281–299. [Google Scholar] [CrossRef]

	



Johnson, K.A.; Fox, N.C.; Sperling, R.A.; Klunk, W.E. Brain imaging in Alzheimer disease. Cold Spring Harb. Perspect. Med. 2012, 2, a006213. [Google Scholar] [CrossRef] [PubMed]

	



Ong, S.E.; Blagoev, B.; Kratchmarova, I.; Kristensen, D.B.; Steen, H.; Pandey, A.; Mann, M. Stable isotope labeling by amino acids in cell culture, SILAC, as a simple and accurate approach to expression proteomics. Mol. Cell Proteomics 2002, 1, 376–386. [Google Scholar] [CrossRef] [PubMed]

	



Argos, P. An investigation of oligopeptides linking domains in protein tertiary structures and possible candidates for general gene fusion. J. Mol. Biol. 1990, 211, 943–958. [Google Scholar] [CrossRef] [PubMed]

	



Carter, P.; Wells, J.A. Dissecting the catalytic triad of a serine protease. Nature 1988, 332, 564–568. [Google Scholar] [CrossRef] [PubMed]

	



Urry, D.W. Physical Chemistry of Biological Free Energy Transduction As Demonstrated by Elastic Protein-Based Polymers. J. Phys. Chem. B 1997, 101, 11007–11028. [Google Scholar] [CrossRef]

	



Arai, R.; Ueda, H.; Kitayama, A.; Kamiya, N.; Nagamune, T. Design of the linkers which effectively separate domains of a bifunctional fusion protein. Protein Eng. 2001, 14, 529–532. [Google Scholar] [CrossRef]

	



Huang, X.; Kong, N.; Zhang, X.; Cao, Y.; Langer, R.; Tao, W. The landscape of mRNA nanomedicine. Nat. Med. 2022, 28, 2273–2287. [Google Scholar] [CrossRef] [PubMed]

	



Blakney, A.K.; Ip, S.; Geall, A.J. An Update on Self-Amplifying mRNA Vaccine Development. Vaccines 2021, 9, 97. [Google Scholar] [CrossRef] [PubMed]

	



Niazi, S.K. The FDA’s New Guideline “Generally Accepted Scientific Knowledge” (GASK): An Opportunity to Expedite the Approval of Biosimilars. Pharmaceuticals 2023, 16, 1517. [Google Scholar] [CrossRef] [PubMed]

	



Ban, W.; You, Y.; Yang, Z. Imaging Technologies for Cerebral Pharmacokinetic Studies: Progress and Perspectives. Biomedicines 2022, 10, 2447. [Google Scholar] [CrossRef] [PubMed]

	



Marathe, P.H.; Shyu, W.C.; Humphreys, W.G. The use of radiolabeled compounds for ADME studies in discovery and exploratory development. Curr. Pharm. Des. 2004, 10, 2991–3008. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Ren, J.; Si, X.; Sun, Z.; Wang, P.; Zhang, X.; Liu, K.; Wei, B. The global mRNA vaccine patent landscape. Hum. Vaccin. Immunother. 2022, 18, 2095837. [Google Scholar] [CrossRef] [PubMed]

	



Niazi, S.K. RNA Therapeutics: A Healthcare Paradigm Shift. Biomedicines 2023, 11, 1275. [Google Scholar] [CrossRef]

	



Pardi, N.; Hogan, M.J.; Porter, F.W.; Weissman, D. mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 2018, 17, 261–279. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Chen, J.; Xu, Q. Current Developments and Challenges of mRNA Vaccines. Annu. Rev. Biomed. Eng. 2022, 24, 85–109. [Google Scholar] [CrossRef]

	



Brende, B.; Farrar, J.; Gashumba, D.; Moedas, C.; Mundel, T.; Shiozaki, Y.; Vardhan, H.; Wanka, J.; Røttingen, J.A. CEPI-a new global R&D organisation for epidemic preparedness and response. Lancet 2017, 389, 233–235. [Google Scholar] [CrossRef]

	



Md Khairi, L.N.H.; Fahrni, M.L.; Lazzarino, A.I. The Race for Global Equitable Acce