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Abstract: The recent setbacks in the withdrawal and approval delays of antibody treatments of
neurodegenerative disorders (NDs) can be attributed to their poor entry across the blood-brain barrier (BBB).
While several invasive and noninvasive approaches can be used to make the BBB more permeable, their
inconsistency makes them a poor choice; however, if an antibody is chemically modified to attach a transferrin
molecule that enhances its permeation across the BBB, this could be the most practical and useful modification
that can transform the science of ND treatment. Antibodies can be conjugated with transferrin in vitro, but
preferably through mRNA, as we propose to convert current treatments to bring faster treatment options. The
mRNA technology yields products at a meager cost, which is a consideration for the affordability of these drugs
globally. This paper provides complete details with templates to convert the current medicines and those under
development into mRNA delivery systems to ensure clinical success, avoiding the current failures in their
efficacy, more specifically the products that have demonstrated efficacy but are being removed from the
market.
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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 is 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
engages with many key 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
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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-f3 (A) precursor protein
(APP) form extracellular plaque deposits in the temporal and parietal brain regions. In contrast, the
protein tau (MAPT) accumulates intracellularly in neurofibrillary tangles (7). In Parkinson$ disease
(PD), the primarily affected brain area is the substantia nigra (SN), where a-synuclein (ca-syn; SNCA)
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). Therefore, it is essential to consider each of these proteins
independently and in the context of the most affected cells. Note, while we will mainly use short
protein names in this review, whenever a gene is linked to ND, the corresponding italicized gene
name will also be indicated in brackets if it differs from the protein name.

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 [3-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
blood-brain barrier (BBB) (14, 15) leading to extensive research and development of these therapies.

An emerging therapeutic strategy in neurodegenerative diseases where antibodies are designed
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) but the FDA
has delayed its approval, likely due to a lack of proof of efficacy (20). Another drug, Relyvrio (BIIB054
(Cinpanemab), for ALS is being recalled due to lack of efficacy (21, 22). The data reporting on
clinicaltrials.gov shows 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, 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 a consistent and predictable response, which
is one reason why these approaches have not been used in developing antibodies against NDs.
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Transcytosis

One approach, a physiological procedure of transporter-mediated delivery, receptor-mediated
transcytosis, and adsorptive-mediated transcytosi,s (31) offers a viable choice if the transcytosis
mechanism is made part of the drug structure. The transferrin receptor (TfR1) (32) can effectively
transport therapeutic levels of antibodies across the BBB (33) by attaching them to transferrin or
transferrin-mimicking peptides, thereby facilitating their crossing of the BBB (34,35). 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 (36). 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 1).
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Figure 1. Transferrin-fused antibodies transported across the BBB.

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 (37). 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 (38).

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 (39).

The other two proteins, GLUT1 and P-glycoprotein (P-gp), have not been well studied or found
effective. (40).

We select transferrin as the choice conjugate for antibodies to enhance their penetration through
the BBB. Connecting an antibody to a transferrin protein requires meticulous bioconjugation
techniques. The process starts with the purification and accurate quantification of both proteins to
ensure the success of subsequent reactions (41). The transferrin protein undergoes chemical activation
to introduce functional groups capable of forming stable bonds with the antibody. This step typically
employs crosslinking agents that introduce reactive groups such as N-hydroxysuccinimide (NHS)
esters or maleimide onto the transferrin. 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
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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 the final product is suitable for its intended diagnostic or therapeutic applications.

While the linker is desirable to remain intact through the BBB transport and then break off, the
latter part may not be necessary if there is enough flexibility to enable the antibody to bind with
protofibrils without interference with the transcytosis agent.

However, creating a flexible link to remove constraints is desirable so that both molecules can
interact independently. These linkers can include polyethylene glycol (PEG) 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 (42).

mRNA-Based Transcytosis

Presently, antibodies to treat NDs are produced by recombinant process. The bioconjugation
process then follows their production and purification. However, suppose an antibody is produced
by in vivo translation using mRNA. In that case, the conjugation can be made using glycine-serine-
rich linkers often used in fusion proteins to provide flexibility and distance between functional
domains (43). The (Gly-Gly-Gly-Ser)n linkers provide highly flexible links to minimize interference
with the biological activity of the linked domains (44). The elastin-like polypeptides (ELPs) provide
elasticity and flexibility (45). The helix-forming linkers adopt a helical structure to bridge protein
domains to provide a balance between flexibility and stability (46).

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 (IVT) 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 (47,48).

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. The
presented method of manufacturing and delivering these antibodies can change the availability of
many treatments for NDs, and at a low cost, a consideration that must be addressed as these
treatments become available, given the widespread of NDs, particularly in the developing countries,
where affordability remains a significant factor blocking the entry of newer drug therapies.

Table 1. ORF examples of three antibodies (US Patents pending).

Biogen withdrew Aducanumab (BLA 761178)
WACGCGGACCGCCACCCGCGCGACGACCACACGCGCCACGACCCGGACACGGACCGCCA
CGGCCYAVYVYYYGGCACGCGACCACGCGCCACYCGCYYGYACYYCGCYGGYWYYACGG
WCWYCGAAAGCGCYAGYAYACYYWYWCGCACYAAGGCYCGCYACCGGGCYCGCACCGCA

CGCACYWYYWYYWVYCGCYCGAYAGACCYAACGYAAGCGCGCYAACGCCGCYYGCYWCGCC
WACGCCACYGGGACCYACGCCCGGACCACAVYACYACGCAYAGACCGCGGCYYGYYGG
ACYYYGGCCACCACCGCCYYAAAAYACCGYCGYYYCYYCYAGGCGYCYGGAAAAYA
AWVACGCCACCGCCACCACYYYYYWCYAWCGCCGAAAGYCYACYYGGYCGACGCGCCG
YYWYYYWYWCGACGGYAYGGCCGGACCCGGCGYCGCGCCCGACCYWYGYAAGGCYAACCG
GACGACAYAACGCYAGACGGCCYYGGCGCGYYYGGCGACCYYWYWWCGCCACCGCYYG
AAAAAAVYCGCCGYCGACGCGCGGCACGCGCCYACCGYGGCYAAAAGGCGWYCGACACGG

d0i:10.20944/preprints202403.0802.v1
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WCGACACGGGCCCGACGCCGACGYCGYGGGACYYGGYCAYAAAACCGAYAYCGCCGC
GCAAAVYYYACGGACYYYCYACCGCGCCCGCYACACCGCAAACACYYYGYAYCGYGG
WAAAAACYWYWYGGACCGCYYGYYWYCGCCYAGCGCYAGYCAVYACYWGACGACACGGA
CCYAVYYGYGGGCGYYYGGCCACCYACYYAYAYWWCYAACGGYAGACCGCGYCCACG
GCYCGGYAYGGCACCACCGCGCGYCGYACCCGCCGYYYCYWVYCYAGACYAAACCCYYG
ACGACYYGGYCCGCGYCCYVYGYAAAACCGYWYYCYAYPYYYCGYYVYCYWAAAGWYCGA
CAAAVYCGYCGGGCGYACCGYYYCYAGACGACAAAYYWYCYAVYCGCGCGWYACCGAAAG
ACYWWYCACGGCGGCGCGYACCYACGCYYYWYACAVYAGACCCGAYACYYAVYACACYGG
CGCYAAGCGYYGGACGCGCYYCCGYGGACGGGCCYYCGCGGCYGGCYACYYACGYY
WYWGGCCACYYYACCACGCGCGACYCGGYAGYACYYGCGGACYYYACGCYACYYACCY
CGCACYYGYCGCACCCGYWYYYAACYYACGCACYCGCGCCYWYYGGYGGCYWCYAACG
WAACGCYYYYAAYACYYGCCGCYWYCGCCYACGCYACYCGGACCYACCGCCGAAACAC
AVYAVYAACGCCCGYYYACGCCGGACCACGGCCACGACCGCCYYYYGAYAYYGYWYWYWYC
GCYAYYGACGCYYCYAYGGGGCCYWYCGCCCGAYAAAACGCCACCGCCACCACYYYYY
YWCGCGCYCGCYAGACYGGACCCYAYYGGACYYYCCGYYYYYYYCGACGGYAYGGC
GCCACCCGGCGYGGCGCCCGACCYYGYAAGGCYACCCGGACGACAYAVYYGYWWWAAY
WGGYAACGGCGAAACYACYWAAAAAAYCGCYWYCCGACGCGCGGCCCGYCGYYYYYWY
CYAYCGYCGGACACGYYYGACACGYACCCGYCGCCGGACYYGGACACGCYYGGCYYG
YYGYYYCYWCCGAYAAVYACCGAVYAVYGGCCGCGCAAAGCGACGGACCACCYYYYYCC
GCYACACCGCAAACACYYYGYAGYCYGGCACGGCGYCYYGYGGCCGCCGYYYYYGG
GCCYAGGCACCCGCYYWYYVYGGACYYGCYWYYYWVYCYAAVYACYYGACGACACGGACCYA
CCGYGGGCGYWYYGGCCACCYYCYYAVYACGCYYGACGGYAGACCGCGCGCGCGGCYYG
GYACGCCACCACYGGGCGYYYCYAYYYCYWCGCACGCACGYAYYWYWAAGACGCGGY
CGYCGYCGYAGACAAACCGYCGYYGCACYGGCYAACGYCGCCGYWYGAAAACGGACAA
AGCGYCGCYVYYGGYWYVYCYAGACGACAAAGCGCYACYAVYGGCACACGGACCGCYWYWYG
ACGYACYAGCGYYGYGGAYACYYYWWAWAGACCCGCWYCWYYAVYACACYYWYCGCCA
CCCGYYGGACGCGYWYYACGYCGYGGYCGYCGGACGACCYYCGCACGYGGAAAGCGGC
GGGCCCGYCGCCGYCGCCGYCGCCGYCGCACGYCGACCACCYYWYCGLCCGLCCGLCGCAC
CACGYCGGCCCGGCGYCGGACGCGGACYCGACGCGCCGCYCGCCGAAACGCAAAYCGY
CGAYACCGYACGYAACCCACGCGGYCCGCGGCCCGYYYCCGGACCYWACCCACCGCCA
CYAAACCAAACYACCGYGGYYYYWWAWAAVYAVYGGCYAVYCGCACYWYWCCGGCGAAAY
GGYAAYCGGCGCYAYYGYCGYYYYYGYGGGACAYAGACGYCYACYYGYGGGACGC
GCGCCYYCYAYGGCGCCACAYAAVYAACGCGCGCGCYAGCGCCGYAACCGCGLCGLCGGEG
CCGGGCAYAAYAVYACCYACACACCCCGYYYCCGYGGYGGCACYGGCACYCGYCGCGC
YCGYGGYWYYCCGGGCYCGCACAAAGGCGACCGCGGCYCGYCGYYYYCGYGGYCGCCG
CCGYGGCGCCGCGACCCGACGGACCACYYYCYAAVYAAAAGGCCYYGGCCACYGGCAC
WCGACCYYGYCGCCGCGCGACYGGYCGCCGCACGYAYGGAAAGGCCGCCACGACGYC
WCGYCGCCGGACAVYAVYCGGACYCGYCGCACCACYGGCACGGCYCGYCGYCGGACCCG
VYGGGYCYGGAYAVYAAACGYYGCACYYGGYAVYWYYGGCYCGYYGYGGYWWCACCYAY
YWGCGCACCYYGCGCYYYWYCGACGCYAYWYYGEGGYAYGGACGGGCGGCACGGGLCCGL
GGCCYYGACGACCCGCCGGGCYCGCACAAAGACAAAGGCGGCCYYYGCGCYYYCYAYGG
GACYACYAAYCGGCGYGGGGCCYYCACYGGACGCACCACCACCYACACYCGGYACYY
CYAGGCCYYCACYWYYAAAVYYGACCAYACACCYACCGCACCYYCACGYAYYGCGCYY
YYGCGYWPYYGCGCGCGCYYCYYGYCAYAYYGYCGYGGAVYAGCGCACCACWYCGCACGACY
GGCACGACGYAGYCCYAACCGACYYGCCGYVYYCYYAYAYWYACGYYWYCACYCGYYG
PYYWCGCGACGGCCGCGGCYAACYYYYYYGCGYAAYCGYYYCGCCYYYCCGGYCGGCGC
GCYYGGCGYCCACAYAYGGGACGGCGGCYCGGCGCYYCYWYACYGGYWYWYWYYGGYCC
ACYCGGACYGGACGGACCACYYYCCGAAAAYAGGCYCGCWAVYAACGCCACCYWYACCC
YYWVYCGYYGCCGGYCGGCCYWYWYGYYGAYAYWYYYGCGYGGGGCGGCCACGACCYAYC
GCYACCGYCGAAAAAAGACAYAVYCGYYYGACYGGCACCYAYYYYCGGCGACCGYCG
WCCCGYYGCACAAAYCGACGYCGCACYACGYACYYCGCGACGYAYYGGYAAYAYGG
GYCYYYWYCGGACYCGGACYCGGGCCCGCCGYCGCCGYCGCCGYCGCCGYCGCYAVYAA
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GYCYACYGGGYCYCGGGCYCGYCGGACYCGCGCYCGCACCCGCYAGCGCACYGGYAA
WGGACGGCGCGCYCGGYCYCGYAAYCGYCGAYAGACYYGACCAYAGYCGYCYYYGG
CCCGYYYCGCGGCYWYYGACGACYAAAVYACGCCGCYCGYCGGACGYCYCGCCGCACGG
CYCGGCGAAAYCGCCGYCGCCGYCGCCGYGGCYAAAAVYGGGACYGGYAAYCGYCGGA
CGYCGGCCYYCYAAAACGCYGGAYAAYAACGGYCGYCYCGAYAYCGYGGGGCGACY
GGAAACCGCCGCCGYGGYYYCACCYYYAAYYWYGCGYGGCACCGCCGCGGCYCGCACA
AAVAAAAAGGCGGCYCGCYACYYGYCGACYYYWYCGCCGYGGCGCYCGCACCACACGG
ACGACYYGYYGAAAAVYAGGCGCGCYYCGCYYYCACGYCACCYYYCACCYAYYGCGC
GACGYCYCGCCGYYGYCGGYCCYYYCGCACYGGCYYGYCCYAYCGYWYCYAYCGYG
GAYVAYCGGACYCGYCGYGGGACYGGGACYCGYYYCGCCYAAYVACYYYYYGYAYYY
CACAYACGCACGCYYCACYGGGYAGYCCCGGACYCGYCGGGCCACYGGYYYWCGAAA
WYGGCGCCGCYWACG
Lecanemab (BLA761269)
AYGCGCCYGGCGGYGGGCGCGCYGCYGGYGYGCGCGGYGCYGGGCCYGYGCCYGGCG
GYGCCGGAYAAAACCGYGCGCYGGYGCGCGGYGAGCGAACAYGAAGCGACCAAAYGC
CAGAGCYWYYCGCGAYCAVYAVYGAAAAGCGYGAYYCCGAGCGAYGGCCCGAGCGYGGCG
WYGCGYGAAAAAAGCGAGCYAVYCYGGAYWYGCAVYWYCGCGCGAYWGCGGCGAACGAAGC
GGAYGCGGYGACCCYGGAYGCGGGCCYGGYGYAYGAYGCGYAYCYGGCGCCGAACA
ACCYGAAACCGGYGGYGGCGGAAYYWWAWGGCAGCAAAGAAGAVYCCGCAGACCYWYY
VAYYAVYGCGGYGGCGGYGGYGAAAAAAGAYAGCGGCYYWCAGAVYGAACCAGCYGCG
CGGCAAAAAAAGCYGCCAYACCGGCCYGGGCCGCAGCGCGGGCYGGAACAYYCCGAY
YGGCCYGCYGYAYYGCGAYCYGCCGGAACCGCGCAAACCGCYGGAAAAAGCGGYGGC
GAACYYYYYWAGCGGCAGCYGCGCGCCGYGCGCGGAYGGCACCGAYYWYCCGCAGCY
GYGCCAGCYGYGCCCGGGCYGCGGCYGCAGCACCCYGAACCAGYAYYYYGGCYAYAG
CGGCGCGYYYAAAVYGCCYGAAAGAYGGCGCGGGCGAYGYGGCGYYYGYGAAACAYA
GCACCAYYYYWGAAAACCYGGCGAACAAAGCGGAYCGCGAYCAGYAYGAACYGCYG
WGCCYGGAVYAACACCCGCAAACCGGYGGAYGAAYAVAAAGAYYGCCAYCYGGCGCAG
GYGCCGAGCCAYACCGYGGYGGCGCGCAGCAYGGGCGGCAAAGAAGAYCYGAYYYGG
GAACYGCYGAACCAGGCGCAGGAACAYYWYYGGCAAAGAVYAAAAGCAAAGAAYYWYCA
GCYGYYWYAGCAGCCCGCAYGGCAAAGAYCYGCYGYWYAAAGAVYAGCGCGCAYGGCY
YYCYGAAAGYGCCGCCGCGCAYGGAYGCGAAAAYGYAVYCYGGGCYAYGAAYAYGYG
ACCGCGAYYCGCAACCYGCGCGAAGGCACCYGCCCGGAAGCGCCGACCGAYGAAWYGCA
AACCGGYGAAAYGGYGCGCGCYGAGCCAYCAYGAACGCCYGAAAYGCGAYGAAYGGA
GCGYGAACAGCGYGGGCAAAAYYGAAYGCGYGAGCGCGGAAACCACCGAAGAYWYGCA
WWGCGAAAAVYYAVYGAACGGCGAAGCGGAYGCGAYGAGCCYGGAYGGCGGCYYYGYG
YAVAYYGCGGGCAAAVYGCGGCCYGGYGCCGGYGCYGGCGGAAAACYAVAACAAAAG
CGAYAACYGCGAAGAVYACCCCGGAAGCGGGCYAYYYWYGCGGYGGCGGYGGYGAAAA
AAAGCGCGAGCGAYCYGACCYGGGAYAACCYGAAAGGCAAAAAAAGCYGCCAYACCG
CGGYGGGCCGCACCGCGGGCYGGAACAYWCCGAYGGGCCYGCYGYAVYAACAAAAYYA
ACCAYYGCCGCYYVYGAYGAAVYYYWYWYWAGCGAAGGCYGCGCGCCGGGCAGCAAAAAA
GAVAGCAGCCYGYGCAAACYGYGCAYGGGCAGCGGCCYGAACCYGYGCGAACCGAAC
AACAAAGAAGGCYAYYAVGGCYAYACCGGCGCGYWYYCGCYGCCYGGYGGAAAAAGG
CGAYGYGGCGYYYGYGAAACAYCAGACCGYGCCGCAGAACACCGGCGGCAAAAACCC
GGAYCCGYGGGCGAAAAACCYGAACGAAAAAGAYYAVYGAACYGCYGYGCCYGGAYG
GCACCCGCAAACCGGYGGAAGAAYAVYGCGAACYGCCAYCYGGCGCGCGCGCCGAACCA
WGCGGYGGYGACCCGCAAAGAVYAAAGAAGCGYGCGYGCAVAAAAYYCYGCGCCAGCA
GCAGCAYCYGYWYYGGCAGCAACGYGACCGAYYGCAGCGGCAACYYYYGCCYGYWYYC
GCAGCGAAACCAAAGAYCYGCYGYYYCGCGAYGAYACCGYGYGCCYGGCGAAACYGC
AYGAVYCGCAACACCYAYGAAAAAYAYCYGGGCGAAGAAYAYGYGAAAGCGGYGGGC
AACCYGCGCAAAYGCAGCACCAGCAGCCYGCYGGAAGCGYGCACCYYWCGCCGCCCGG
GCAGCGGCAGCGGCAGCGGCAGCGAAGYGCAGCYGGYGGAAAGCGGCGGLCGGLCCYGGY
GCAGCCGGGCGGCAGCCYGCGCCYGAGCYGCAGCGCGAGCGGCYWYWACCYWWAGCAG
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CYYYGGCAYGCAYYGGGYGCGCCAGGCGCCGGGCAAAGGCCYGGAAYGGGYGGCGYA
YAYWAGCAGCGGCAGCAGCACCAVYWYYAVYWAVYGGCGAVYACCGYGAAAGGCCGCYWYWA
CCAYWAGCCGCGAYAACGCGAAAAACAGCCYGYWYYCYGCAGAYGAGCAGCCYGCGCG
CGGAAGAYACCGCGGYGYAYYAVYYGCGCGCGCGAAGGCGGCYAYYAYWAWGGCCGC
AGCYAVYYAVYACCAVYGGAVYYAVYYGGGGCCAGGGCACCACCGYGACCGYGAGCAGCGCG
AGCACCAAAGGCCCGAGCGYGYWYYCCGCYGGCGCCGAGCAGCAAAAGCACCAGCGGCG
GCACCGCGGCGCYGGGCYGCCYGGYGAAAGAYYAVYYWWCCGGAACCGGYGACCGYGA
GCYGGAACAGCGGCGCGCYGACCAGCGGCGYGCAYACCYWYYCCGGCGGYGCYGCAGA
GCAGCGGCCYGYAVYAGCCYGAGCAGCGYGGYGACCGYGCCGAGCAGCAGCCYGGGCA
CCCAGACCYAVYVAVYWYGCAACGYGAACCAVAAACCGAGCAACACCAAAGYGGAYAAAC
GCGYGGAACCGAAAAGCYGCGAVYAAAACCCAYACCYGCCCGCCGYGCCCGGCGCCGGA
ACYGCYGGGCGGCCCGAGCGYGYYYCYGYWWCCGCCGAAACCGAAAGAYACCCYGAY
GAVYWYAGCCGCACCCCGGAAGYGACCYGCGYGGYGGYGGAYGYGAGCCAYGAAGAYCC
GGAAGYGAAAVYYYAACYGGYAYGYGGAYGGCGYGGAAGYGCAVYAACGCGAAAACCA
AACCGCGCGAAGAACAGYAYAACAGCACCYAYCGCGYGGYGAGCGYGCYGACCGYGC
YGCAVYCAGGAYYGGCYGAACGGCAAAGAAVYAVAAAVYGCAAAGYGAGCAACAAAGCG
CYGCCGGCGCCGAVYWYGAAAAAACCAYYAGCAAAGCGAAAGGCCAGCCGCGCGAACCGC
AGGYGYAVYACCCYGCCGCCGAGCCGCGAAGAAAVYGACCAAAAACCAGGYGAGCCYGA
CCYGCCYGGYGAAAGGCYYVYWYAVYCCGAGCGAYAVYWYGCGGYGGAAYGGGAAAGCAAC
GGCCAGCCGGAAAACAACYAVYAAAACCACCCCGCCGGYGCYGGAYAGCGAYGGCAGC
YYWYYWYCYGYAVYAGCAAACYGACCGYGGAVYAAAAGCCGCYGGCAGCAGGGCAACGY
GYYWVAGCYGCAGCGYGAYGCAYGAAGCGCYGCAVAACCAYWAWACCCAGAAAAGCC
WGAGCCYGAGCCCGGGCAAAGGCAGCGGCAGCGGCAGCGGCAGCGAYGYGGYGAYGA
CCCAGAGCCCGCYGAGCCYGCCGGYGACCCCGGGCGCGCCGGCGAGCAYWYAGCYGCCG
CAGCAGCCAGAGCAYYGYGCAVYAGCAACGGCAACACCYAYCYGGAAYGGYAYCYGCA
GAAACCGGGCCAGAGCCCGAAACYGCYGAVYWYYAYAAAGYGAGCAACCGCYWYAGCGG
CGYGCCGGAYCGCYWYWYAGCGGCAGCGGCAGCGGCACCGAYWYYWACCCYGCGCAYYAG
CCGCGYGGAAGCGGAAGAYGYGGGCAYYYAVYYAYYGCYWYWYCAGGGCAGCCAYGYGC
CGCCGACCYYYGGCCCGGGCACCAAACYGGAAAYWYAAACGCACCGYGGCGGCGCCGAG
CGYGYYYAVYYYWYWYCCGCCGAGCGAYGAACAGCYGAAAAGCGGCACCGCGAGCGYGG
YGYGCCYGCYGAACAACYYYWYAVYCCGCGCGAAGCGAAAGYGCAGYGGAAAGYGGAY
AACGCGCYGCAGAGCGGCAACAGCCAGGAAAGCGYGACCGAACAGGAVYAGCAAAGAY
AGCACCYAVYAGCCYGAGCAGCACCCYGACCCYGAGCAAAGCGGAYYVAVYGAAAAACAY
AAAGYGYAYGCGYGCGAAGYGACCCAYCAGGGCCYGAGCAGCCCGGYGACCAAAAGC
WYWWAACCGCGGCGAAWYGC
Cinpanemab (BLA pending); discontinued by Biogen
AVYGCGCCYGGCGGYGGGCGCGCYGCYGGYGYGCGCGGYGCYGGGCCYGYGCCYGGCG
GYGCCGGAYAAAACCGYGCGCYGGYGCGCGGYGAGCGAACAYGAAGCGACCAAAYGC
CAGAGCYWYYCGCGAYCAVYAVYGAAAAGCGYGAYWYCCGAGCGAYGGCCCGAGCGYGGCG
WYGCGYGAAAAAAGCGAGCYAYCYGGAYWYGCAYYCGCGCGAYWGCGGCGAACGAAGC
GGAYGCGGYGACCCYGGAYGCGGGCCYGGYGYAVYGAYGCGYAYCYGGCGCCGAACA
ACCYGAAACCGGYGGYGGCGGAAYYYWAVYGGCAGCAAAGAAGAYCCGCAGACCYYY
WYAVYWAVYGCGGYGGCGGYGGYGAAAAAAGAYAGCGGCYWWCAGAYGAACCAGCYGCG
CGGCAAAAAAAGCYGCCAVYACCGGCCYGGGCCGCAGCGCGGGCYGGAACAYYCCGAY
YGGCCYGCYGYAYYGCGAYCYGCCGGAACCGCGCAAACCGCYGGAAAAAGCGGYGGC
GAACYYYYYYAGCGGCAGCYGCGCGCCGYGCGCGGAYGGCACCGAYYWWCCGCAGCY
GYGCCAGCYGYGCCCGGGCYGCGGCYGCAGCACCCYGAACCAGYAYYYYGGCYAYAG
CGGCGCGYYYAAAVYGCCYGAAAGAYGGCGCGGGCGAYGYGGCGYWWGYGAAACAYA
GCACCAVYYYWYWYGAAAACCYGGCGAACAAAGCGGAYCGCGAYCAGYAYGAACYGCYG
YGCCYGGAVYAACACCCGCAAACCGGYGGAYGAAYAYAAAGAVYYGCCAYCYGGCGCAG
GYGCCGAGCCAYACCGYGGYGGCGCGCAGCAYGGGCGGCAAAGAAGAYCYGAYYYGG
GAACYGCYGAACCAGGCGCAGGAACAVYYWYGGCAAAGAVYAAAAGCAAAGAAVYYWCA
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GCYGYYWYAGCAGCCCGCAYGGCAAAGAYCYGCYGYYYAAAGAYAGCGCGCAYGGCY
YWCYGAAAGYGCCGCCGCGCAYGGAYGCGAAAAYGYAVYCYGGGCYAYGAAYAYGYG
ACCGCGAYYCGCAACCYGCGCGAAGGCACCYGCCCGGAAGCGCCGACCGAYGAAYGCA
AACCGGYGAAAYGGYGCGCGCYGAGCCAYCAYGAACGCCYGAAAYGCGAYGAAYGGA
GCGYGAACAGCGYGGGCAAAAYYGAAVYGCGYGAGCGCGGAAACCACCGAAGAYYGCA
WWGCGAAAAVYWAVYGAACGGCGAAGCGGAYGCGAYGAGCCYGGAYGGCGGCYYYGYG
WAVAVYYGCGGGCAAAVYGCGGCCYGGYGCCGGYGCYGGCGGAAAACYAVYAACAAAAG
CGAVYAACYGCGAAGAVYACCCCGGAAGCGGGCYAYYWWYGCGGYGGCGGYGGYGAAAA
AAAGCGCGAGCGAYCYGACCYGGGAYAACCYGAAAGGCAAAAAAAGCYGCCAYACCG
CGGYGGGCCGCACCGCGGGCYGGAACAVYYCCGAYGGGCCYGCYGYAVYAACAAAAYYA
ACCAVYYGCCGCYYYGAYGAAYYYWYWWAGCGAAGGCYGCGCGCCGGGCAGCAAAAAA
GAYAGCAGCCYGYGCAAACYGYGCAYGGGCAGCGGCCYGAACCYGYGCGAACCGAAC
AACAAAGAAGGCYAYYAYGGCYAVYACCGGCGCGYWYYCGCYGCCYGGYGGAAAAAGG
CGAYGYGGCGYYYGYGAAACAYCAGACCGYGCCGCAGAACACCGGCGGCAAAAACCC
GGAYCCGYGGGCGAAAAACCYGAACGAAAAAGAYYAYGAACYGCYGYGCCYGGAYG
GCACCCGCAAACCGGYGGAAGAAYAVYGCGAACYGCCAYCYGGCGCGCGCGCCGAACCA
WGCGGYGGYGACCCGCAAAGAVYAAAGAAGCGYGCGYGCAVYAAAAYWYCWYGCGCCAGCA
GCAGCAYCYGYVYYGGCAGCAACGYGACCGAYYGCAGCGGCAACYYYYGCCYGYWYWYC
GCAGCGAAACCAAAGAYCYGCYGYYYCGCGAYGAYACCGYGYGCCYGGCGAAACYGC
AVGAVYCGCAACACCYAVYGAAAAAVYAVYCYGGGCGAAGAAYAVYGYGAAAGCGGYGGGC
AACCYGCGCAAAVYGCAGCACCAGCAGCCYGCYGGAAGCGYGCACCYWYWYCGCCGCCCGE
GCAGCGGCAGCGGCAGCGGCAGCGAAGYGCAGCYGGYGGAAAGCGGCGGCGGCCYGGRY
GGAACCGGGCGGCAGCCYGCGCCYGAGCYGCGCGGYGAGCGGCYYYGAYYWYYGAAAA
AGCGYGGAYGAGCYGGGYGCGCCAGGCGCCGGGCCAGGGCCYGCAGYGGGRYGGLGLG
CAVYWAAAAGCACCGCGGAYGGCGGCACCACCAGCYAYGCGGCGCCGGYGGAAGGCCGC
YYWWVWAVYWAVWAGCCGCGAVYGAVYAGCCGCAACAYGCYGYAVYCYGCAGAYGAACAGCCY
GAAAACCGAAGAYACCGCGGYGYAYYAVYWYGCACCAGCGCGCAYYGGGGCCAGGGCAC
CCYGGYGACCGYGAGCAGCGCGAGCACCAAAGGCCCGAGCQYGYYYCCGLYGGLGLCG
AGCAGCAAAAGCACCAGCGGCGGCACCGCGGCGCYGGGCYGCCYGGYGAAAGAYYAY
WWWCCGGAACCGGYGACCGYGAGCYGGAACAGCGGCGCGCYGACCAGCGGCGYGCAY
ACCYWYYCCGGCGGYGCYGCAGAGCAGCGGCCYGYAVYAGCCYGAGCAGCGYGGYGACC
GYGCCGAGCAGCAGCCYGGGCACCCAGACCYAYAYWWYGCAACGYGAACCAYAAACCG
AGCAACACCAAAGYGGAYAAACGCGYGGAACCGAAAAGCYGCGAVYAAAACCCAYACC
WGCCCGCCGYGCCCGGCGCCGGAACYGCYGGGCGGCCCGAGCGYGYYYCYGYYYCCG
CCGAAACCGAAAGAYACCCYGAYGAVYWYAGCCGCACCCCGGAAGYGACCYGCGYGGYG
GYGGAYGYGAGCCAVYGAAGAYCCGGAAGYGAAAVYYYAACYGGYAYGYGGAYGGCG
WGGAAGYGCAYAACGCGAAAACCAAACCGCGCGAAGAACAGYAYAACAGCACCYAYC
GCGYGGYGAGCGYGCYGACCGYGCYGCAVYCAGGAYYGGCYGAACGGCAAAGAAYAY
AAAVYGCAAAGYGAGCAACAAAGCGCYGCCGGCGCCGAYWGAAAAAACCAYWAGCAAA
GCGAAAGGCCAGCCGCGCGAACCGCAGGYGYAVYACCCYGCCGCCGAGCCGCGAAGAAA
WGACCAAAAACCAGGYGAGCCYGACCYGCCYGGYGAAAGGCYYWYWAVYCCGAGCGAY
AVYYGCGGYGGAAYGGGAAAGCAACGGCCAGCCGGAAAACAACYAYAAAACCACCCCG
CCGGYGCYGGAYAGCGAYGGCAGCYYYYWYCYGYAVYAGCAAACYGACCGYGGAYAA
AAGCCGCYGGCAGCAGGGCAACGYGYYYAGCYGCAGCGYGAYGCAYGAAGCGCYGCA
WAACCAYWAWVACCCAGAAAAGCCYGAGCCYGAGCCCGGGCGGCAGCGGCAGCGGCAGC
GGCAGCAGCYAYGAACYGACCCAGCCGCCGAGCGYGAGCGYGAGCCCGGGCCAGACCG
CGCGCAVYYACCYGCAGCGGCGAAGCGCYGCCGAYGCAGYYYGCGCAYYGGYAWYCAGC
AGCGCCCGGGCAAAGCGCCGGYGAYYGYGGYGYAVYAAAGAVYAGCGAACGCCCGAGCG
GCGYGCCGGAACGCYWYWAGCGGCAGCAGCAGCGGCACCACCGCGACCCYGACCAYWAC
CGGCGYGCAGGCGGAAGAYGAAGCGGAVYYAVYYAYYGCCAGAGCCCGGAVYAGCACCAA
CACCYAYGAAGYGYYYGGCGGCGGCACCAAACYGACCGYGCYGAGCCAGCCGAAAGC
GGCGCCGAGCGYGACCCYGYWWYCCGCCGAGCAGCGAAGAACYGCAGGCGAACAAAGCG
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ACCCYGGYGYGCCYGAYYAGCGAYWYYWYWAYCCGGGCGCGGYGACCGYGGCGYGGAA

AGCGGAYAGCAGCCCGGYGAAAGCGGGCGYGGAAACCACCACCCCGAGCAAACAGAGC

AACAACAAAYAVYGCGGCGAGCAGCYAYCYGAGCCYGACCCCGGAACAGYGGAAAAGC

CAYCGCAGCYAVYAGCYGCCAGGYGACCCAYGAAGGCAGCACCGYGGAAAAAACCGYG
GCGCCGACCGAAWGCAGC

The amino acid chain is structured as follows: Transferrin (PO2787)-GSGSGSGS-Heavy chain-
GSGSGSGS-light chain. It is reverse-translated and then converted to RNA to provide an ORF. Table
1 shows three prime products facing withdrawal or delayed approval due to lower efficacy against
NDs.

The mRNA design is presented in Table 2, wherein inserting the ORF will give the full sequence
required to translate the antibody conjugated with transferrin.

Table 2. mRNA template to produce antibody-transferrin conjugates.

Element Description
Cap 2) A modified 5'-capl structure (m7G+m3'-5"-ppp-5'-Am):
GA
The 5’-untranslated region derived from human alpha-globin RNA with an optimized
5-UTR (52) Kozak sequence.

GAATAAACTAGTATTCTTCTGGTCCCCACAGACTCAGAGAGAACCCGCCACC
S glycoprotein signal peptide (extended leader sequence) guides translocation of the

Signal . o . .
eptide (48) nascent polypeptide chain into the endoplasmic reticulum:
PEP ATGTTCGTGTTCCTGGTGCTGCTGCCTCTGGTGTCCAGCCAGTGTGTG
C(?dlng Codon-optimized sequence (ORF)
region (n)

The 3" untranslated region comprises two sequence elements derived from the amino-
terminal enhancer of split (AES) mRNA and the mitochondrial encoded 125 ribosomal
RNA to confer RNA stability and high total protein expression:

GCTAGCTGCCCCTTTCCCGTCCTGGGTACCCCGAGTCTCCCCCGACCTCGGGTC

3’-UTR (268) CCAGGTATGCTCCCACCTCCACCTGCCCCACTCACCACCTCTGCTAGTTCCAGA
CACCTCCCAAGCACGCAGCAATGCAGCTCAAAACGCTTAGCCTAGCCACACCC
CCACGGGAAACAGCAGTGATTAACCTTTAGCAATAAACGAAAGTTTAACTAA
GCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACACCCTGGAGCTA

GC
A 110-nucleotide poly(A)-tail consisting of a stretch of 30 adenosine residues, followed
by a 10-nucleotide linker sequence and another 70 adenosine residues:
poly(4) AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGCATATGACTAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAA

Regulatory

The products listed above and others under development to treat NDs have cost billions of
dollars; therefore, the decisions made by the developers to discontinue the development or withdraw
the products due to lack of anticipated efficacy will be challenging to consider the structural
modifications and adopting the mRNA technology financially challenging. However, presented
correctly, the cost of the proposed changes can be reasonable, using a regulatory plan based on the
FDA's new guideline (49) that encourages innovative approaches that apply to the regulatory plan.
For example, a conjugate of an antibody with transferrin will be a new BLA but not necessarily
require all studies mandated for a new biological drug since the primary molecule remains the same;
it can be presented as an alternate delivery system. The mRNA expression will be a new BLA, but the
studies that take years to establish safety and efficacy can be substantially reduced.
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To establish the proof of efficacy, we recommend taking a pharmacokinetic analysis based on a
radioactive drug (50) in animal species; the process involves making the current product radioactive
and conjugating it with transferrin in vitro and then comparing the radio image with the same
molecule but without conjugation. These studies can be conducted without regulatory involvement
within a very short time (51) 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 GASK-based presentation based on
comparable animal studies.

This is a new step in evolving regulatory science. Still, it is in the best interest of the regulatory
agencies as well to promote the entry of more effective antibodies that can treat NDs.

Conclusions

Therapeutic antibodies represent one of the fastest-growing segments in the pharmaceutical
industry (52) expanding the scope to various antibody types, including nanobodies and Ab
fragments, with optimized affinity, stability, and solubility (53).

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 (54).

Current antibodies to treat NDs are manufactured using recombinant engineering. This
technology transformed the field of biological drugs (55) but now, half a century later, we are ready
to explore its transition to mRNA, letting the ribosome bioreactors in the body do the job of
mechanical bioreactors. Additionally, a significant advantage of mRNA technology is its ability to
translate conjugated molecules, as proposed in this paper, and multiple target products, leading to
remarkable future technologies (56).

The advantages of mRNA over recombinant process are (57) well established; 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 speed that had never been possible
in any new drug development, we encourage future developments of biological drugs to focus on
mRNA technology that is continually evolving, yet fully established as a viable option to recombinant
engineering. While the safety and efficacy testing should never be comprised over the cost of
development, having comparable or even better profiling of these products to become accessible to
the developing world that is currently deprived of these products (58). The affordability issue
becomes more dire when it comes to the treatment of NDs (59) where the treatment costs range into
scores of thousands of dollars per year, clearly taking them out of the reach of most patients. Since
the development of mRNA is fast and costs much less than recombinant production (60), we have
estimated that per dose cost of goods should not be higher than one dollar (57,60,61), not counting
the amortization of the development cost; but that too is much lower than the billions of dollars spent
on recombinant drugs.
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