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Recent advances towards BACE1 drug discovery and therapeutics 
design
Saim Imran,a,b Meera Patel,a,b Meissam Noroozifar,c  and Kagan Kerman *a,c

Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by cognitive decline and memory loss. 
A key feature of AD is the accumulation of amyloid beta (Aβ) peptides in the form of extracellular plaques. The amyloid 
cascade hypothesis suggests that the pathogenesis of AD is initiated by the cleavage of amyloid precursor protein (APP) by 
β-site amyloid precursor protein cleaving enzyme 1 (BACE1). Numerous therapeutic approaches have been pursued to target 
BACE1 due to its crucial role in AD. However, the complexity of AD and the localization of BACE1 in the brain have posed 
challenges, leading to the failure of clinical trials and, in some cases, even exacerbating disease progression. Specifically, the 
blood-brain barrier (BBB) prevents the entry of many molecules, making BACE1 a difficult target to approach. Recent 
advancements in BACE1 therapy have shifted the focus from traditional enzyme inhibitor-based therapeutics to modulators, 
antibody therapy, and gene therapy. These approaches offer several advantages, including the ability to efficiently cross the 
BBB and provide targeted treatment. In this review, we explore the latest developments in modulators, antibody therapy, 
and gene therapy targeting BACE1 to combat AD. These approaches offer a promising avenue to mitigate the progression of 
AD and provide a novel therapeutic strategy.

1 Introduction
1.1 Alzheimer’s Disease 

Alzheimer’s disease (AD) is a progressive debilitating 
neurodegenerative disorder that causes memory loss, 
progressive loss of cognitive function, and decline in language. 
AD, first reported in 1906 by German neuropathologist, Alois 
Alzheimer, now affects over 50 million people globally and is 
anticipated to rise to 152 million by the World Health 
Organization (WHO) estimates.1,2 The most prevalent cause of 
dementia in older individuals, it is initially characterized by 
memory decline, followed by deterioration of cognitive 
function with increasing age. In addition to affecting mood and 
behaviour, AD significantly impairs a person's daily functioning, 
making living with the disease highly disabling, posing 
challenges for patients and their families. Furthermore, the 
Global Economic Impact of AD in the United States (UA) is 818 
billion US dollars (about 1.1% of GDP) and is projected to rise 
to two trillion US dollars by 2030.3,4 The cognitive symptoms of 
AD arise from the damage to neuronal cells responsible for 
brain function, which can extend to different areas of the brain 
and lead to additional adverse symptoms that may ultimately 
be fatal.5 The development of AD is thought to be influenced 

by multiple factors, including age, lifestyle, environmental 
factors, and family history, making it a complex disease.6 

The accumulation of insoluble Aβ oligomers through the 
amyloid cascade hypothesis has been proposed as a central 
mechanism in the development of senile plaques.7,8 Aβ 
peptides are derived upon cleavage of the larger Amyloid 
Precursor Peptide (APP). This cleavage occurs by secretases – 
β-secretase, α-secretase, and ɣ-secretase – which form various 
Aβ isoforms differing based on their size, from which the major 
isoforms are Aβ1-38, Aβ1-40, and Aβ1-42.9 Both Aβ1-40, and Aβ1-42 
are hydrophobic, fibrillogenic, and are prone to oligomerize 
and form plaques in the brain.10 While previously it was 
thought that only Aβ plaques were the neurotoxic species, it 
has recently been shown  that oligomeric forms of Aβ are toxic 
as well, causing synaptic dysfunction and neuronal 
disorganization.11 While the physiological function of Aβ is still 
under debate, it is well established as being linked to AD.12

From the secretases, the α-secretase preferentially cleaves APP 
outside the central nervous system (CNS), and is found to have 
a protective role as it cleaves the Aβ sequence itself, producing 
soluble amyloid precursor protein-α (sAPPα) and preventing Aβ 
peptide formation. 13 However, β-secretase and γ-secretase 
are of concern as they cleave the APP at sites allowing for the 
extracellular release of Aβ.14 In particular, this cleavage is 
initiated by β-secretase,(also known as β-site APP cleaving 
enzyme 1 (BACE1), which cleaves the extracellular domain of 
APP to produce a soluble extracellular fragment (sAPPβ) and a 
cell membrane-bound fragment called C99.8 Cleavage of C99 
inside its transmembrane domain by γ-secretase results in the 
releases the intracellular domain of APP and the formation of 
Aβ peptides. This APP cleavage is mediated by γ-secretase and 
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determines whether Aβ40 or Aβ42 is produced.  While Aβ40 is the 
more common product, Aβ42 is most found in senile plaques as 
it is more prone to aggregation (β Amyloid plaques).14 A 
summary of various cleavage sites is shown on Figure 1. Upon 
Aβ release, it initially forms oligomers, followed by fibrils and 
finally plaques. Based on the cascade of events, inhibition of β-
secretase and γ-secretase reduces released Aβ, slowing plaque 
formation of and preventing development of AD.15 
Alternatively, cleavage of APP by α-secretase can also occur 
through the non-amyloidogenic pathway leading to the release 
of sAPPα and C83.8 C83 is further processed to P3 by γ-
secretase. P3 is associated with Alzheimer’s disease however 
its role is still unclear. 14

Figure 1. Schematic of the various cleavage sites of secretase enzymes on APP. 
This figure was drawn by the authors using ChemDraw XML (Version 22.2). 

Furthermore, plaque formation appears to promote tau 
hyperphosphorylation, which results in neurofibril tangles.14 
Tau is a major microtubule associated protein (MAP) present in 
adult neurons that plays a role in microtubule network 
formation and stabilization.16 Activity of tau is mediated by its 
degree of phosphorylation. In AD patients, tau is in its 
hyperphosphorylated state about four-fold higher as 
compared to a healthy brain.16,17 Hyperphosphorylated tau 
tend to polymerize to form oligomers, causing neurofibrillary 
tangles which have toxic effects such as amplifying loss of 
normal tau function and axonal transport defects, resulting in 
neurodegeneration.18 Initially, these symptoms of plaques and 
tangles manifest in the hippocampus, the memory centre of 
the brain, affecting memory formation. As the disease 
progresses, it spreads to the cortical gray matter, damaging 

brain cells and compromising their functions, ultimately 
leading to the various symptoms of dementia.8

Due to its widespread socio-economic impact, AD is 
considered a global priority to find a cure against, currently for 
which there still exists none.4 Currently, research is focusing on 
early stages of disease, attempting to modify drugs to inhibit 
enzymes involved in the accumulation of Aβ and tau protein. 
Inhibiting the function of these enzymes can help to reduce 
plaque formation and either slow down the development of AD 
and associated dementia or prevent it altogether.19

While this review highlights emerging modalities and delivery 
strategies for BACE1-targeted therapy, it is important to 
emphasize that improved BBB penetration or innovative 
molecular formats alone cannot overcome the fundamental 
biological constraint amyloid-lowering is most effective before 
widespread neurodegeneration has occurred. Lessons from 
large phase II/III trials of small-molecule BACE1 inhibitors 
consistently show that robust reductions in Aβ production in 
patients with mild to moderate Alzheimer’s disease did not 
translate into clinical benefit and in some cases were 
associated with cognitive worsening, underscoring the 
importance of disease stage when evaluating BACE1 as a 
therapeutic target.20 These data support a distinction between 
target validity and clinical timing: BACE1 remains a 
mechanistically valid target for modulating Aβ biology, but its 
window of therapeutic opportunity is likely confined to 
preclinical or very early symptomatic phases, rather 
than established symptomatic Alzheimer’s disease.1,2 

1.2 Current Therapies

Currently, AD is only treated symptomatically, as there is no 
existing prevention or cure against it. The U.S. Food and Drug 
Administration (USFDA) has approved six treatments against 
AD, of which four are small molecule inhibitor therapies (Figure 
2).5,20,21 Of these, three – donepezil, galantamine, and 
rivastigmine – target acetylcholinesterase (AChE). AChE is an 
enzyme involved in the cleavage and breakdown of 
acetylcholine (ACh) in the synapses. ACh is a neurotransmitter 
involved in learning and memory related functions. Patients 
with AD show reduced concentrations of ACh in the brains, 
impeding memory and learning based tasks.22 Donepezil, 
galantamine, and rivastigmine all act as inhibitors of AChE, thus 
allowing for greater accumulation of ACh in the brain, which 
helps improve cholinergic function. Despite some differences 
in the pharmacokinetics of the three drugs, all show similar 
efficacy and tolerability among patients who use them.5
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Figure 2. Chemical structures of the four currently widely prescribed Alzheimer’s 
disease drugs. This figure was drawn by the authors using ChemDraw XML 
(Version 22.2).

The fourth small molecule inhibitor is memantine, a modulator 
that inhibits N-methyl-D-aspartate (NMDA) receptor activity.23 
The NMDA receptor is acted on by glutamate, whose 
overexcitation can lead to neurotoxicity due to glutamate’s 
excitatory properties. Higher levels of glutamate may cause 
neuronal cell dysfunction and eventual cell death, as observed 
in AD. By inhibiting the function of the NMDA receptor, 
memantine can help counteract receptor overexcitation.23 
Furthermore, combination therapy with AChE inhibitors has 
shown to have benefits compared to non-combination 
treatment.24

Although these drugs are still used to treat Alzheimer's disease, 
they provide limited benefits in managing AD symptoms and do 
not prevent the steady decrease in cognition associated with 
the disease.5 As a result, further strategies have been 
investigated.

Beyond the designs of small molecule inhibitors, recent 
developments have been made towards antibody-based 
methods for the treatment of AD.20,21 Biogen has produced two 
antibody therapies, aducanumab and lecanemab, for this 
purpose. Both therapies have been approved under 
accelerated approval from the FDA, with the contingency of 
verifying clinical benefit in a confirmatory trial to determine 
their safety and efficacy.25 Aducanumab, which received 
approval in 2021, is a monoclonal  Immunoglobulin G1 (IgG1) 
antibody that is administered through intravenous infusion and 
targets Aβ plaques. It selectively targets and binds to soluble 
aggregated oligomers and insoluble fibril conformations of Aβ 
plaques (Figure 3). It is proposed, that the antibody-Aβ 
complex is then cleared from the brain through fragment 
crystallizable γ receptor (FcγR)-mediated phagocytosis. It was 
designed for the treatment of patients with mild cognitive 
impairment or mild dementia stage of the disease. However, 
aducanumab was met with controversy for its approval as the 
clinical trial results were ambiguous regarding the actual 
efficacy of the drug, its high cost, the need for continuous use 
of the treatment for lifetime, as well as serious side effects 
correlated with it such as brain swelling and intracerebral 
haemorrhage.26 This resulted in limited efficacy and 
accessibility, and low sales for the drug.

Figure 3. (a) Structure of Aducanumab (heavy chains shown in green, light chains 
shown in cyan) with bound Aβ1-11 peptide (magenta). Nitrogen and oxygen atoms 
are shown in blue and red, respectively. (b) Various amino acid interactions 
between Aducanumab and Aβ1-11 which give rise to its specific binding. This figure 
has been adapted from ref. 27 with permission from Nature Portfolio, copyright 
2018. 

In 2023, lecanemab received accelerated approval.20 Like 
aducanumab, it is an IgG1 monoclonal antibody, however, 
lecanemab reduces Aβ plaques by recognizing protofibrils 
rather than oligomers or fibrils. Additionally, it is priced lower 
than aducanumab and comparatively shows fewer side effects. 
Despite the improvements, both therapies remain expensive 
and are associated with adverse effects that must be 
considered in therapeutic design.25

Therefore, despite the current FDA-approved therapies for AD, 
their limited efficacy and various side effects make them 
inadequate for effective treatment. Consequently, significant 
efforts are being directed towards finding new and innovative 
therapies that can modify the course of the disease.28–30 As of 
December, 24 2024, a search on ClinicalTrials.gov for active 
interventional studies in Phases I to III revealed 249 ongoing 
trials. This demonstrates the extensive research being 
conducted to find new and effective treatments for AD. 
Moreover, aducanumab and lecanemab demonstrate 
promising emerging strategies, such as the use of antibodies to 
treat AD. These novel approaches highlight the potential for 
developing more effective AD therapies.

1.3 β-Secretase 

BACE1, a type 1 transmembrane protein, has an open reading 
frame of 501 residues of which distinct domains are of great 
interest for research.31 The catalytic domain (residue 46-451), 
transmembrane domain (residue 452-483), and cytoplasmic 
domain (residues 484-501) are critical as they contribute to its 
functionality (Figure 4a). As a member of the aspartic protease 
family, its mechanism for cleavage occurs through two aspartic 
acid residues (Figure 4b).31 When encountering a substrate 
peptide, one catalytic aspartic acid initiates attack on the 
nucleophilic carbonyl carbon with the assistance of a water 
molecule, while the other activates the carbonyl oxygen 
resulting in the formation of a tetrahedral intermediate. This 
intermediate subsequently breaks, leading to the reformation 
of the carbonyl group and the cleavage of the amide bond 
generating two products. This is driven to cleave APP, in 
particular, BACE1 recognizes the methionine 671 - aspartic acid 
672 (Met671-Asp672) bond in APP.
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BACE1 shares approximately 60% sequence identity and has 
similar domain architecture with its isoform, θ-secretase or 
BACE2.32 While BACE1 is primarily found in neurons and is 
widely expressed in the brain, BACE2 does not exhibit organ-
specific expression.32 Additionally, BACE1 is a critical 
therapeutic target in treating AD due to its role as the initial 
enzyme responsible for initiating the amyloid cascade. In 
contrast, despite having a similar sequence and domain, BACE2 
acts more like α-secretase and cleaves APP at a different 
site.32,33 Moreover, it shares a similar sequence with various 
other proteases such as pepsin, renin and cathepsin.31 Due to 
its similarities to various proteins and proteases, it is critical 
when designing therapeutics to consider the potential targets 
that the inhibitors may affect, and to ensure selectivity for 
BACE1. This consideration is necessary to prevent cross-
reactivity, which could potentially lead to negative side effects.
BACE1 has been extensively linked to AD.31,34 Elevated 
expression of BACE1 in AD patients leads to increased 
production and accumulation of Aβ. While the activity of BACE1 
is positively correlated with extractable Aβ and AD cases, other 
similar proteins such as BACE2, show activity independent of 
Aβ concentrations and does not show significant changes in 
AD.35,36 Additionally, elevated BACE1 expression is associated 
with reduced protein kinase A activity, which plays a crucial 
role in memory generation. Therefore, BACE1 represents a 
critical therapeutic target for regulating AD.

Figure 4. Overview of the Catalytic Domain of BACE1 and its Mechanism on the 
Substrate. (a) The 3D structure of the catalytic domain is shown, with the orange 
and green representing the two lobes. The magenta color highlights the 
extension region that is not present in human pepsin, and the red showcases the 
flap covering the ligand binding pocket. (b) The general catalytic mechanism of 
BACE1 is mainly implemented by two aspartic acids. This figure has been adapted 
from ref. 31 with permission from American Chemical Society, copyright 2019. 

BACE1 also acts on other targets such as Neuregulin1 type III 
(NRG1). BACE1 cleaved NRG1 acts as a ligand for the 
erythroblastic oncogene B (ErbB) receptor family. Binding of 
the ligand to the receptor promotes intercellular signaling to 
mediate myelin sheath formation.37 Hence, inhibition or 
significant modulation of BACE1 can impair myelin sheath 
formation, potentially worsening neurological function. This 

raises the question of how to achieve the correct level of BACE1 
inhibition without compromising its beneficial effects.
Various studies have approached the selective inhibition of 
BACE1, with animal studies demonstrating a reduction in brain 
Aβ levels, thereby mitigating the formation of Aβ aggregates 
with BACE1 inhibition.8,19,38,39 Moreover, knockout mice 
deficient in the BACE1 gene exhibit lower Aβ production, 
without exhibiting adverse effects on health, fertility, or 
phenotype in adulthood. However, the effective inhibition of 
BACE1 is hindered by the enzyme’s location in the brain and 
therefore, the need to cross the blood-brain barrier (BBB).40 
Thus, therapy designs against BACE1 need to have 
physiochemical properties that allow for crossing the BBB.
Furthermore, the gene that encodes BACE1 is located on 
chromosome 11 and undergoes complex alternative splicing to 
produce various protein isoforms with different enzymatic 
activities.30,41 Understanding the genomic basis of BACE1 
expression can help guide the development of effective gene 
therapies against BACE1.

1.4 Current Status of BACE1 Therapeutics

As the BACE1 enzyme plays a critical role in the development 
of AD, many drugs have been designed to inhibit BACE1 in the 
hope of reducing Aβ generation and slowing the progression of 
AD. However, only five of the various BACE1 inhibitors 
developed have reached phase III clinical trials: verubecestat, 
lanabecestat, atabecestat, elenbecestat, and umibecestat.5,30 
These inhibitors all contain a conserved 2-aminoheterocycle 
motif  embedded into a cyclic scaffold which can interact with 
the catalytic aspartates (Figure 5).42 The cyclic scaffold was 
designed to increase selectivity of BACE1 over other protein 
targets. All five inhibitors underwent long-term clinical trials 
and were found to show a significant reduction in Aβ in the 
cerebrospinal fluid (~50-85%). Although they showed great 
reduction in Aβ levels, they failed to provide cognitive or 
functional benefits, and in some cases, worsened cognitive 
outcomes.5,30 Lanabecestat and elenbecestat did not improve 
cognitive or functional abilities while verubecestat, atabecestat 
and umibecestat were associated with increased adverse 
effects, worsening cognition, and an overall deterioration of 
the condition. A potential reason for the adverse effects is the 
on-target consequence of BACE1 inhibition (i.e., adverse 
effects due to strong inhibition of BACE1), as observed in of the 
case of umibecestat, rather than due to off-targets effects.42 
Overall, this highlights the complex challenges in creating 
effective strategies for BACE1 modulation. While BACE1 
modulation can help immensely in reducing AD progression, 
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the side targets and level of modulation needs to be considered 
to design the most effective strategies. 

Figure 5. Structure of the five BACE1 inhibitors to reach Phase III clinical trials. All 
inhibitors show characteristic aminoheterocycle  motif that is highlighted in blue. 
This figure was drawn by the authors using ChemDraw XML (Version 22.2).

This literature review will focus on novel strategies developed 
in the last 7 years (2018 – 2024) that aim to inhibit or modulate 
BACE1 activity through direct or indirect means. The discussion 
will not include clinical trials as they have been elegantly 
summarized in other literature reviews.5,6,30,43,44 Instead, this 
review will examine upcoming strategies in small molecule 
modulation of BACE1 activity. Novel antibody and gene therapy 
strategies will also be discussed to showcase new directions in 
AD research. Firstly, however, a discussion about the BBB and 
the challenges it poses to designing BACE1 therapeutics will be 
considered. This is critical as around 98% of small molecule 
drugs and virtually all large molecule drugs, such as gene drugs 
and peptides, encounter significant difficulties in penetrating 
the BBB.45 BACE1 localization in the brain, requires an 
adequate understanding of the BBB to facilitate BACE1 
therapeutic design.  
Overall, the following sections will explore the exciting new 
directions in BACE1 research, highlighting the innovative 
strategies being developed to modulate BACE1 activity and 
potentially provide new treatment options for patients with 
AD.

2 Blood-brain barrier (BBB)
A key consideration in designing therapeutics against BACE1 is 
to overcome the BBB that controls the entry of material into 
the brain. As BACE1 is localized within neurons, it is critical for 
therapeutics to be able to overcome the barrier to access and 
act on BACE1.46

2.1 Structure of the BBB

The BBB represents the distinct characteristics of the 
microvasculature of the central nervous system (CNS). The 
blood vessels in CNS are continuous non-fenestrated vessels 
with characteristics that enable it to tightly control the passage 
of molecules, ions, and cells between the blood and the CNS 

(Figure 6).47 BBB transport can occur via two mechanisms: 
paracellular transport, which involves solutes passing between 
cells based on concentration gradients, and transcellular 
transport, which involves molecules passing through cells.47 
Lipophilic molecules, in most cases, passively diffuse through 
specific receptors via the transcellular pathway. On the 
contrary, hydrophilic molecules such as proteins and peptides 
require specific transport mechanisms that enter the brain. For 
example, glucose transporter-1 (GLUT-1) is responsible for 
glucose uptake, while other specific receptors, such as insulin 
receptor (IR) and transferrin receptor (TfR) are responsible for 
the transport of molecules insulin or transferrin, respectively.48 
While the characteristics of the BBB are primarily expressed in 
the endothelial cells (ECs) that create the walls of the blood 
vessels, they are induced and sustained through vital 
interactions with various other cell types, such as mural cells, 
immune cells, glial cells, and neural cells, which work together 
in the neurovascular unit. The distinctive properties of CNS ECs 
compared to those of ECs in other tissues enable them to 
tightly control the passage of molecules. They are connected 
through tight junctions that greatly restrict the paracellular flux 
of solutes.49 Moreover, compared to peripheral ECs, CNS ECs 
exhibit significantly lower rates of transcytosis, which limits the 
vesicle-mediated transcellular transport of solutes. Due to the 
tight paracellular and transcellular barrier, ECs are polarized 
and have distinct abluminal (basolateral) and luminal (apical) 
surfaces with efflux and influx transporters and receptors that 
play a critical role in regulating the movement of substances 
between the blood and brain.47,50

Figure 6. Diagram of a vessel in the brain lined by BBB. The BBB is multicellular 
composed of various cells such as endothelial cells, pericytes and astrocytes in 
direct contact with brain tissue. The endothelial cells are connected through tight 
junctions preventing the movement of molecules between the blood and the 
brain. As a result, movement of molecules can occur through simple diffusion, 
receptor mediated transport (RMT), carrier mediated transport (CMT), efflux 
pump or ion transport through various proteins. This figure has been reproduced 
from ref. 47 with permission from Cold Spring Harbor Laboratory Press, copyright 
2015.

Therefore, the BBB functions as a highly selective interface 
between the blood and the brain, maintaining an ideal 
environment for proper CNS function and homeostasis. 
Without the BBB, the CNS would be vulnerable to harmful 
toxins, pathogens, ion imbalances, etc., potentially resulting in 
neuronal damage and dysfunction.47 However, this essential 
barrier becomes a major hurdle when attempting to deliver 
various therapeutics to the CNS. For instance, after therapeutic 
antibodies were administered parenterally, their levels in the 
brain were found to be approximately 0.01-0.1% of the levels 
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found in the plasma.51 Therefore, a major challenge hindering 
the success of various therapeutics for AD is the difficulty in 
crossing the BBB and delivering therapeutics to the CNS.52

2.2 Strategies for Improving the Transport of Therapeutic Agents 
through the BBB

Delivery techniques such as intracranial, intrathecal, or 
intraventricular injections, as well as chemical disruption of the 
BBB, may enhance the concentration of certain drugs; 
however, these methods are invasive and cannot be used in 
repeated dosing schedules.53 Thus, there are ongoing efforts to 
increase the effectiveness of delivering therapeutics to the 
brain with minimal invasion by mitigating the challenges posed 
by the BBB (Figure 7). 
One such approach is to leverage endogenous processes such 
as receptor mediated endocytosis, where significant 
advancements have been made to non-invasively deliver 
peptide and antibody based biotherapeutics to the brain.54 As 
mentioned earlier, the BBB endothelium expresses various 
specific receptors for transporting large molecules like 
selective peptides, proteins, and other macromolecules. This 
process can occur via receptor-mediated transcytosis (RMT), 
which is the primary route for crossing the BBB and entering 
the brain.55 RMT across the BBB is a multistage endogenous 
process, that is initiated when specific biomolecules attach to 
corresponding receptors on brain ECs and trigger endocytosis 
of the molecule. The internalized vesicles are then transported 
intracellularly and fused with the abluminal membrane of the 
BBB, allowing delivery of their contents to the brain 
parenchyma (Figure 7A). Therefore, by designing protein 
therapeutics that target these receptors, RMT can be utilized 
to deliver treatments to the CNS. To achieve optimal delivery 
of a therapeutic agent through RMT, it is crucial that the target 
receptor or carrier protein is highly expressed in the 
endothelial cells of the BBB. There has been a heavy focus on 
ubiquitous targets such as TfR, IR, members of the low-density 
lipoprotein receptor (LDLR) family, and so on.56 For instance, 
the iron binding protein transferrin (Tf) is the natural receptor 
for TfR. It was initially observed that upon the binding of Tf to 
TfR on the luminal surface of the BBB cells, transcytosis was 
triggered, delivering the Tf to the brain. Later studies 
discovered that the fusion of a mouse monoclonal antibody 
(OX26) to rat TfR also initiates transcytosis, leading transport of 
that antibody into the brain.51 Using a similar approach, 
bispecific antibodies consisting of anti-Aβ antibody fused with 
an anti-TfR antibody  have been designed to trigger receptor-
mediated transport across the BBB via the endogenous TfR 
expressed on the BBB.57,58  Additionally, there is also a growing 
amount of research focusing on developing diverse 
nanotechnology-based platforms to address the BBB challenge 
for delivering therapeutics to the CNS. Nanoparticles have 
great potential for use in drug delivery due to their ability to be 
modified and designed to carry a wide range of molecules, 
including peptides, proteins, nucleic acids, and antibodies. 
They can be customized in various shapes and sizes, as well as 
different levels of hydrophobicity, surface charge, and 

chemistry, enabling them to facilitate controlled drug release, 
site-specific targeting, and protecting the drug from specific 
environmental and biological factors.59 Moreover, they have 
high biocompatibility, non-toxicity, and prolonged blood 
circulation, making them ideal drug delivery carriers.60

Nanoparticles are broadly categorized into three categories: 
lipid-based nanoparticles, polymer-based nanoparticles, and 
non-polymeric nanoparticles.61 These nanotechnology-based 
platforms are mostly used in combination with other drug 
delivery strategies. For instance, poly(lactic-co-glycolic acid) 
(PLGA) nanoparticles functionalized with anti-TfR antibodies 
have been shown to enhance delivery of iAβ5, an inhibitor of 
Aβ aggregate formation.62 Similarly, gold nanoparticles 
conjugated with monovalent antibodies targeting TfR and 
BACE1 can effectively cross BBB through TfR mediated 
transcytosis.63

Another strategy that is being explored for overcoming the 
challenge of crossing the BBB involves the utilization of 
neurotropic viruses for gene therapy-based applications.64 As 
these viruses tend to infect nerve tissues, they have developed 
diverse techniques for entering the brain. Adeno-associated 
viral vectors (AAV) and Lentiviral vectors (LV) are currently 
considered the two most beneficial gene therapy vectors for 
the CNS and have demonstrated successful expression of 
foreign genes in diverse neural cell types and brain regions.65 
For example, using LV expressing siRNA targeting BACE1, lower 
levels of BACE1 and amyloid production were observed in APP 
transgenic mice, along with improvements in behavioural and 
neurodegenerative deficits.66 Viral-based delivery methods 
offer several advantages such as ability to transfer genes to 
differentiated cells, expression of the gene for long-term, and 
relatively low immunogenicity. Nevertheless, viral vectors are 
not without their challenges as they are prone to issues such as 
generation of neutralizing antibodies against vectors, lack of 
cell-specific targeting, and difficulty related to producing high 
doses on a large scale.67 Similarly, antioxidant strategies, 
including curcumin and resveratrol, have shown to reduce 
oxidative stress and Aβ plaques, with nanoparticle systems 
improving their delivery across the BBB.68 
To sum up, various drug delivery strategies are currently being 
researched with encouraging results to address the challenges 
posed by the BBB. Given this intricate nature of the BBB, it is 
crucial thoroughly consider it while designing and delivering 
different BACE1-targeting therapeutics AD patients.  
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Figure 7. Strategies to transport therapeutic agents across the BBB. (a) In 
Receptor- mediated transcytosis (RMT), a peptide-based molecule binds to a 
receptor’s specific domain on the luminal side of the BBB cells, inducing an 
endocytic event that transports the vesicles in the cells and delivers the loaded 
cargo to the brain. (b) Nanoparticle-based strategies use nanoparticles such as 
liposomes, gold nanoparticles, or dendrimers to transport loaded cargo through 
the BBB. They can be functionalized with targeting ligands, antibodies, 
polyethylene glycol (PEG), etc. to enhance their targeting efficiency. These 
nanoparticles cross the BBB through mechanisms such as RMT, transmembrane 
diffusion, and carrier-mediated transport. (c) Neurotropic viruses such as Adeno-
Associated Virus (AAV) can carry gene-based therapeutics and facilitate their 
transfer through glyco-protein mediated endocytosis. This figure has been 
adapted from ref. 69 with permission from MDPI (Basel), copyright 2021. 

3 Inhibitors and Modulators
The most common approach to therapy against BACE1, is 
through inhibition of BACE1 using inhibitors and modulators 
that can act either directly at the active site (also known as 
orthosteric sites) or at secondary binding sites (also known as 
allosteric sites).30,70 Inhibitors directly targeting the orthosteric 
site may provide great clinical results as they can cause the 
complete inhibition of the enzyme, this can have cascading 
effects on various biochemical pathways, leading to 
unfavourable side effects.71 Allosteric modulators offer a more 
nuanced approach by allowing modulation of the enzyme's 
activity. Binding to allosteric sites on BACE1 can cause changes 
in its three-dimensional structure and consequently, its 
function by either decreasing or enhancing its activity based on 
whether an agonist or antagonist is bound.8 Small molecule 
drugs that reduce BACE1 binding and hence, cleavage to APP, 
are referred to as negative allosteric modulators (NAMs) and 
are the sought-after design for BACE1 therapy. However, not 
all allosteric binding sites are suitable targets to induce 
favourable conformational changes.71 Only a few compounds 
can effectively induce changes to the active site and affect the 
enzyme's binding ability. Thus, designing effective allosteric 
modulators requires identifying the allosteric sites and 
molecules that can bind to these sites and cause the desired 
conformational changes in the biomolecule of interest. 
Moreover, indirect BACE1 modulation can also provide a viable 
alternative, as BACE1 activity can be reduced without complete 
inhibition. BACE1 activity and expression is controlled by 

interactions with various proteins and compounds in the cell, 
as a result this provides a large selection base to design 
modulators against.72 
The field of BACE1 inhibition has seen significant 
advancements in the development of novel inhibitors and 
allosteric modulators. While designing molecules that can fit 
into the active site and inhibit BACE1 activity is a classic 
strategy, there is a growing trend towards the development of 
allosteric modulators that offer a more nuanced approach of 
reducing enzyme activity through direct or indirect means 
without complete inhibition.
Earlier research on developing BACE1 inhibitors has 
concentrated on peptide-based compounds that serve as 
transition-state mimics.31,42 These compounds were designed 
based on the amino acid sequences present at the cleavage 
sites of APP for BACE1. Although these peptidomimetics 
showed BACE1 inhibitory activity at nanomolar concentrations, 
they suffered from low bioavailability, high hydrophilicity, large 
molecular weight, as well as low BBB penetration owing to their 
low binding affinity for transport proteins. These factors have 
posed significant barriers to their therapeutic applications as 
BACE1 inhibitors.73,74 Therefore, BACE1 inhibitors have 
progressed from substrate-inspired peptidomimetics to more 
recent non-peptidics with a variety of reactive functional 
groups that target the catalytic aspartic dyad and have 
enhanced CNS drug-like properties.75

Moreover, when designing BACE1 inhibitors to reduce Aβ 
accumulation, it is important to ensure that there are little to 
no side effects. An important factor to consider is having 
selectivity for BACE1 over its close homologue, BACE2. 
Inhibition of BACE2 has been linked to disrupted glucose 
homeostasis and melanosome morphology that leads to a 
depigmentation phenotype. Several non-selective BACE1/2 
inhibitors have shown similar fur and skin pigment loss in mice 
or dog models, similar to the findings for BACE2 knockout 
mice.76–79 Using structure-activity relationships (SARs) of 
different inhibitors for selectivity of BACE1 over BACE2, Pettus 
et al. 80  modified a previously existing cyclopropylthizaine 
BACE1 inhibitor (Compound 1) to increase BACE1 selectivity, 
resulting in formation of compound AM-6494 (Compound 2; 
Figure 8). Compound 1, with two fluorine atoms at C4 and C5 
of the phenyl ring in the P1 region demonstrated high BACE1 
inhibition potency with IC50 values of 12 nM. However, it had 
even higher potency for BACE2, with an IC50 value of 1.8 nM. 
Through molecular modelling, it was found that the S1’ and S3 
pockets of BACE1 protein were largely unoccupied by 
compound 1. The depth of S3 pocket in BACE1 is greater than 
in BACE2, which is attributed to the greater flexibility of the 10s 
loop (Gly69-Gly74) in BACE1 compared to BACE2. Therefore, 
Pettus et al. 80 attempted to optimize this through different 
structural modifications, resulting in the eventual formation of 
Compound 2, where the IC50 of BACE1 is 0.4 nM while the IC50 
of BACE2 is 18.6 nM. These results demonstrate the promising 
potential of SAR principles in the design of BACE1 modulators. 
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This approach has garnered significant attention and popularity 
among researchers in the field.81–84

Figure 8. Inhibitors against BACE1, compound 1 indicates various P regions that 
were modified to reach compound 2, improving BACE1 selective inhibition over 
BACE2. This figure has been reproduced from ref. 85 with permission from 
American Chemical Society, copyright 2020. 

Research efforts are also being directed towards finding 
natural compounds with potential to act as BACE1 inhibitors. 
For instance, Ali et al. 86 conducted a study to evaluate the 
inhibitory effect of flavanone naringenine glycosylated 
derivatives, didymin, prurin, and poncirin (Figure 9), against 
the BACE1 enzyme. Flavonoids and phenolic compounds that 
are prevalent in plant-derived foods, contain C6-C3-C6 
backbone skeletons. Their kinetic data relieved that didymin, 
prunin, and poncirin are mixed-type inhibitors of BACE1, 
indicating that these flavonoids have stronger affinity either 
with the free enzyme or enzyme–substrate complex, or to both 
the allosteric site of the free enzyme and the enzyme–
substrate complex. The IC50 values of didymin and poncirin, 
both of which contain two disaccharides, were found to be 2.31 
± 0.07 and 3.96 ± 0.09 μM, respectively. On the contrary, a 
single monosaccharide glucose containing prunin and aglycone 
naringenin had IC50 values of 13.41 and 38.06 μM, respectively. 
These results suggest that the inhibitory activity of BACE1 is 
significantly influenced by the number and position of sugar 
moieties, as well as the position of the glycosidic linkage. 
Moreover, the data from their docking studies suggested that 
hydrogen bonds between the flavonoids and major active site 
residue of the enzyme are vital for enzyme inhibition.86 
Another study examined natural protein hydrolysates from 
gliadin, whey, and casein prepared with bromelain, papain, and 
thermolysin. It found that bromelain-hydrolyzed gliadin (G-
Bro) showed the strongest BACE1 inhibition with an IC50 of 
0.408. In a murine neuroblastoma cell model (N2a/PS/APP), G-
Bro reduced BACE1 expression and APP processing, suggesting 
its potential to reduce Aβ aggregation.87 This shows the 
notability of natural compounds in BACE1 therapy. 

Figure 9. Various flavonoids derivatives utilized for BACE1 inhibition. This figure 
has been reproduced from ref. 86 with permission from Elsevier, copyright 2019. 

Natural compounds offer distinct advantages, including 
structural complexity and a wide range of scaffold diversity, 
which contributes to their diverse chemical structures. 
Furthermore, these compounds may possess favourable 
properties such as biocompatibility and reduced adverse 
effects.88,89 Despite the advantages, natural compound were 
phased out of drug discovery due to complexity in their 
extraction, characterization and screening. In recent years, 
however, there has been a resurgence of interest in exploring 
natural compounds for drug discovery, thanks to significant 
technological and scientific advancements.89 This renewed 
focus is also shown for  investigation of BACE1 modulators, as 
various other researchers have also researched natural 
products for BACE1 modulator design.90–94 
As mentioned earlier, a major challenge in developing 
modulators for AD is crossing the BBB. An innovative strategy 
being investigated to address this includes the use of chimeric 
peptides to develop selective BACE1 inhibitors. Resende et al. 
95 developed BACE1 inhibitors by creating chimeric peptides 
based on BACE1 substrate, that consisted of a sequence 
associated with the human Swedish mutant form of APP 
(APPswe) conjugated with the Tat carrier peptide. They created 
two chimeric peptide versions: The L and D-retroinverso forms. 
In the D-retroinverso form, D-amino acids were used, which are 
resistant to proteases and therefore increase the proteolytic 
stability of the peptides. As a result, these peptides are 
expected to be less immunogenic. Furthermore, the Tat carrier 
peptide facilitates the cell membrane permeation and BBB 
crossing through the endocytic pathway, which is 
advantageous as the cargo transported to endosomal 
compartments. This is particularly useful as BACE1 is 
predominantly localized in acidic compartments such as the 
endosome, allowing for selective inhibition of APP-β cleavage 
while avoiding the proteolysis of other BACE1 substrates. Both 
the chimeric peptides were able to inhibit the activity of 
recombinant BACE1 and reduce Aβ production in cellular 
(Neuro-2a; N2A) and animal (3xTg-AD mice) models of AD. 
Additionally, in N2A cells, these chimeric peptides did not 
inhibit processing of other endogenous substrates of BACE1, 
such as the close homologue of L1 (CHL1) and seizure-related 
gene 6 (SEZ6). Therefore, these chimeric peptides have the 
potential to be a promising selective disease-modifying therapy 
for AD.95

In conclusion, the use of modulators remains a popular and 
promising strategy in the design of BACE1 therapies. The 
growing fields of SAR, natural compounds, and chimeric 
peptides indicate the evolving nature of research in this area, 
with a focus on addressing crucial aspects such as selectivity, 
modulation levels, and delivery. These advances are support by 
technological improvements. Such as the integration of 
computational methods to aid in screening and BBB 
penetration assessment adds a new dimension to the 
development of effective BACE1 modulators.96,97 Overall, these 
advancements highlight the exciting progress being made 
towards designing effective BACE1 modulators.
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4 Antibody Therapy
The use of antibody is a rapidly expanding drug class that offers 
significant health benefits. Antibody therapy leverages the 
ability of antibodies to target endogenous proteins with high 
specificity, triggering the immune system for antibody-
mediated clearance.98,99

As mentioned previously, although BACE-1 is a promising 
target for reducing Aβ production, it also has biological 
functions substrates other than APP such as β-subunit of 
voltage-gated sodium channels and NRG-1 in myelination, 
resulting in detrimental effects like impaired synaptic function 
and hypomyelination.100 For instance, Evans et al., 101 used a 
monoclonal antibody 2B3, that specifically targets the BACE1 
cleavage site of APP. This approach decreased BACE1-mediated 
APP cleavage through steric hindrance, without influencing 
other BACE1 substrates. They evaluated the effects of 2B3 
administration on associative memory dysfunction in aged 
transgenic platelet-derived growth factor promotor (PDAPP) 
mice, which overexpress a mutant human APP and serve as 
preclinical models for autosomal dominant AD.102 They found 
that 2B3 administration reduced soluble Aβ40 and β-amyloid 
derived C-terminal fragment (βCTF) in the hippocampus and 
improved associated memory dysfunction in aged PDAPP mice, 
and no change in APP levels (Figure 10). Furthermore, 
longitudinal peripheral administration of 2B3 prevented the 
onset of associative recognition memory impairment and 
decline in spatial working memory in PDAPP mice.101 
Moreover, 2B3 administration also normalized the deficit in 
NMDA receptor NRDB subunit phosphorylation and 
subsequent extracellular-signalling. Overproduction of Aβ has 
been shown to result in changes in the dynamic properties of 
synaptic plasticity in the hippocampus, hindering the induction 
of long-term potentiation (LTP) while promoting long-term 
depression (LTD). This shift in plasticity dynamics is associated 
with various mechanisms that involve NMDA receptors and 
calcium signalling.103 SRC kinase Fyn and striatal-tyrosine-
enriched phosphatase (STEP) play significant roles in regulating 
NR2B phosphorylation. Excess Aβ production can activate Fyn 
kinase, leading to phosphorylation of NR2B at tyrosine 1472 
(Y1472) and stabilizing the receptor’s expression on the 
membrane surface. However, this Aβ mediated activation of 
Fyn kinase is countered by an increase in STEP, a tyrosine 
phosphatase that dephosphorylates NR2B at Y1472 and 
deactivates Fyn kinase. This increased expression of NR2B seen 
with Aβ is believed to ultimately contribute to the loss of 
synaptic connections. Administration of 2B3 in PDAPP mice 
reversed the phosphorylation of NMDA-NR2B pY1472 in 
hippocampal synaptosomes and decreased total STEP levels. 
Thus, their data suggests that 2B3-mediated changes in NR2B 
synaptic signalling processes contributed to the improvement 
in associative recognition memory in aged 2B3 PDAPP mice.101

There has also been a growing focus in combining different 
treatments to increase efficiency of antibody-based 
therapeutics in reducing Aβ levels. Recognizing that BACE1 has 
multiple substrates other than APP, He et al., 106 also focused 
on developing iBesc1, an antibody that would selectively block 

Figure 10. Effect of intracerebroventricular administration of monoclonal 
antibody 2B3 on reducing Aβ production compared to PDAPP vehicle. (A) no 
significant changes were observed in in APP levels; however, (B) βCTF and (C) 
soluble Aβ40 levels were significantly reduced. This figure has been adapted from 
ref. 101 with permission from Elsevier, copyright 2019. 

BACE-1 activity towards the APP cleavage site, while leaving its 
activity towards other substrates unaffected. However, in 
addition, He et al. 106 further tested another scFv antibody, 
Asec1a, that was designed to act like α-secretase, enhancing α-
secretase cleavage of APP. To further increase the efficiency in 
addressing the accumulation of Aβ, they developed a bispecific 
antibody (Diab), that combined both iBsec1 and Asec1a 
constructs. This Diab antibody effectively increased levels of 
sAPPα, reduced Aβ deposits, and increased overall neuronal 
health in a mouse model of AD, APP/PS1. 
Although both scFv-Diab and scFv-Bsec decreased Aβ deposits 
in the cortex and hippocampus of APP/PS1 transgenic mice, 
only scFv-Diab showed significant improvement in 
neurogenesis, as measured by tracking doublecortin (DCX) 
which is a conventional marker of immature neurons. 
Moreover, compared to mice with scFV-Bsec administration, 
mice with scFV-Diab showed strongly higher survival rates that 
were similar to the wildtype. 
Thus, they successfully demonstrated that through combining 
two different antibodies, scFv-Diab, amyloidogenic processing 
can be reduced through simultaneous inhibition of β-secretase 
and stimulation of α-secretase activity to promote 
neuroprotective processing. This led to a higher decrease in 
plaque formation and inflammation, restoration of neuronal 
health, and a significant increase in survival rates of the AD 
mice models, compared to BACE-1 inhibition only.106 
Moreover, to address the BBB challenge, He et al. 106 
genetically added an apolipoprotein B (ApoB), a low-density 
lipoprotein (LDL), binding domain peptide to the diabody. At 
the BBB, the LDL receptor (LDLR) would recognize and bind to 
the ApoB and be transformed to an endosome. This process 
allows for the transcytosis of the complex to the abluminal side 
of the BBB, where the ApoB can be released upon a decrease 
in pH and taken up by neurons and/or astrocytes. Meanwhile, 
the receptor is returned to the cell surface through recycling.107

Furthermore, the accumulation of Aβ peptides is not only due 
to the production of Aβ, but due to an imbalance between their 
production and clearance. Therefore, several approaches being 
investigated to reduce cerebral Aβ levels include combination 
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of BACE1 inhibition to prevent Aβ production and passive 
immunotherapy for promoting Aβ clearance. Janssens et al. 108 
designed BAMB31, a new antibody with a high affinity and 
specificity against Aβ peptides containing a pyroglutamate 
residue at the third position (3pE), an Aβ species abundantly 
found in the plaque deposits of AD brains. 
Upon BAMB31 administration, a lower total and 3pE-modified 
amyloid accumulation was observed in mouse models. 
According to the authors, this can be attributed to phagocytosis 
induced by antibodies when they attach to the 3pE-modified 
Aβ, leading to a clearance of plaques and likely combined with 
prevention of creation of new aggregates. Since nucleation is 
crucial for new protein aggregation on the surface of existing 
amyloid fibrils of the same protein, the clearance of AB 
deposits through 3pE-specific antibodies is also expected to 
reduce formation of new aggregates.108 More importantly, 
combination treatment of the 3pE Aβ specific BAMB31 
antibody and a chronic BACE1 inhibitor (BACEi), Atabecestat, 
was tested. While chronic treatment with BACEi alone 
maintained the total amyloid levels similar to the baseline, 
combination treatment with the antibody resulted in a 
significant lowering of total amyloid levels up to 51%, 
compared to isotype control animals through clearance of pre-
existing deposits (Figures 11A and 11B). This demonstrates the 
enhanced efficacy of combination treatment of BACE inhibitor 
and anti-Aβ antibody treatment over individual treatments, 
which has been shown by several other studies as well.109,110  

Figure 11. Biochemical analysis showcasing the efficiency of different treatments 
in reducing levels of (A and B) Total amyloid and (C and D) 3pE-modified amyloid 
lelves in AD model mice brain after chronic treatment. 3D6 is a standard anti-Ab 
antibody, BAMB31 is a new anti-3pEAβ antibody, and BACEi is a BACE1 inhibitor. 
This figure has been adapted from ref. 108 with permission from Elsevier, 
copyright 2021.

For 3pE-modified amyloid, while BAMB31 led to a significant 
reduction compared to isotype control group, the combination 
treatment also only reduced levels to similar extent, with no 
significant reduction below the baseline observed (Figures 11C 

and 11D), suggesting that further work is needed to enhance 
the antibody’s efficiency for clearing 3pE-modified amyloid. 
The most effective antibody therapy would ideally achieve 
plaque elimination without triggering any adverse reactions 
and this is often reliant on the antibody properties. A 
recognized possible side effect of passive Aβ immunotherapy is 
the occurrence of Amyloid-related imaging abnormalities 
(ARIA) in the brain, which includes microhemorrhages and 
vasogenic edema.111 Chronic treatment with 3D6, another anti-
Aβ antibody, was shown to increase the number of 
hemosiderin-positive cells in the cortex, meninges, and 
hippocampus, suggesting a marked increase in 
microhemorrhages. Several other studies with transgenic mice 
have also shown a rise in microhemorrhages subsequent to the 
administration of 3D6.112 Conversely, the administration of 
BAMB31, BACEi, or the combination therapy did not result in 
significant development of microhemorrhages in these brain 
areas, while they did lead to a decrease in amyloid 
accumulation as mentioned earlier, showcasing enhanced 
efficacy along with higher safety. 108 
While novel antibodies against BACE-1 and Aβ are of great 
interest for clearing Aβ load, several undesired side effects 
such as meningoencephalitis, angioedema, microhemorrhages, 
etc. and ineffectiveness of anti-Aβ antibodies are often 
observed. According to Robert and Wark 104, these side effects 
are attributed to the fragment crystallizable (Fc) region of the 
full antibody that intensively activates microglia-mediated 
immune reactions. Through removal of the Fc region of the 
antibody, the Fcγ receptors are not activated, avoiding the 
above-mentioned side effects. Thus, Hu et al. 105 focused on 
developing a novel single-chain variable (scFv) monoclonal 
anti-Aβ antibodies, eliminating the Fc region, to effectively 
reduce the Aβ burden. They initially demonstrated that the 31-
35 sequence of the Aβ molecule is the shortest active center 
responsible for Aβ neurotoxicity. Thus, they designed a novel 
scFv monoclonal anti-Aβ31-35 (scFv17) antibody, which 
specifically recognized extracellular Aβ and was effective in 
reducing pathological impairments in APP/PS1 transgenic mice. 
As compared to 6E10, a commonly used anti-amyloid 
monoclonal antibody (used as a positive control here), scFv17 
showed a similar Aβ-clearing ability and a higher clearing ability 
of Aβ oligomers. Additionally, scFv17 also resulted in higher 
anti-inflammatory responses with a significant increase in IL-10 
and TGF-β, two major anti-inflammatory cytokines. Moreover, 
while 6E10 decreased BACE1 levels, scFv17 functioned by 
significantly enhancing levels of the secreted precursor 
protein-α (sAPPα), a vital neurotrophin from APP generated by 
α-secretase, suggesting different modes of functionality for the 
two antibodies. The authors suggest that this difference is due 
to the different binding sites of the two antibodies, where 6E10 
binds to Aβ1-16 and scFv17 binds to Aβ31-35. Thus, this study 
highlighted the importance of considering the binding regions 
when designing antibodies for therapy.105

As mentioned before, despite the advantages of using 
antibody-based treatments for CNS disorders, their usage is 
complicated mainly due to the BBB that restricts the access of 
antibodies to the CNS from systemic circulation. The commonly 
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used approach to overcome BBB for antibody-based delivery 
relies on RMT. The majority methods for RMT-based delivery 
methods utilize either a bispecific antibody that has one Fab 
region that binds to the RMT receptor and another that binds 
to a therapeutic target, or an antibody that has both Fabs that 
bind to a therapeutic target and a domain that attaches to the 
RMT through a peptide linker, added to either the heavy or 
light chain terminus. However, these methods either eliminate 
the possibility of bivalent and bispecific targeting of 
therapeutic agents or require the addition of an artificial 
fragment to the immunoglobulin G (IgG) scaffold.113 Therefore, 
using directed evolution, Kariolis et al.53 created a highly 
modular transport vehicle (TV) to traverse the BBB, that 
consisted of a human IgG1 Fc fragment designed to bind to the 
RMT targets expressed on brain endothelial cell surface, 
instead of depending on the antibody variable domain binding. 
In this study, the receptor target was TfR, a highly expressed 
receptor on the brain endothelial cells that experiences 
constitutive ligand-independent endocytosis. Using 
recombinant expression of TVs fused with anti-BACE1 Fabs, an 
antibody transport vehicle (ATV) with native IgF structure and 
stability was developed. 

Figure 12. Efficacy of an Fc fragment Transport Vehicle platform as AD 
therapeutic. (A) Different possible configurations of Transport Vehicle platform 
demonstrating its high modularity. The TV is a Transferrin Receptor (TfR) binding 
Fc polypeptide, enabling it to have high versatility for delivering proteins to the 
brain across the BBB. It can be modified by attaching Fab arms to enable bivalent 
(ATV:BACE1) or bispecific (ATV:BACE1/Tau) targeting. (B) Surface model of TV 
with human TfR complex overlaid with human IgG1 and tranferrin:TfR complex. 
(C) Percent reduction in Aβ40 in cultured human neurons expressing hTfR and 
BACE1 after incubation treatment with ATV35.21:BACE1/Tau. The data suggests 
that the anti-BACE1 activity of the ATV bispecific was unaffected by addition of 
Tau. This figure has been adapted from ref. 53 with permission from American 
Association for the Advancement of Science, copyright 2020. 

After administration, TfR-targeted ATV:BACE1 variants 
demonstrated brain IgG concentrations in rodents that were 
10- to 40-fold higher than those of standard anti-BACE1 
antibodies 24 to 72 h later. In non-human primates, ATV:BACE1 
variants led to IgG concentration in multiple regions of the 
brain that were over 30-fold higher than those of a standard 
anti-BACE1 antibody 48 h after administration. Furthermore, a 
significantly better CNS uptake and sustained 
pharmacodynamic effect that reduced CNS Aβ production was 
also observed. Moreover, this TV platform is highly adaptable 

and can be used to create numerous configurations, including 
bispecific antibodies and protein fusions, demonstrating a 
proof-of-concept for making a versatile CNS delivery platform 
(Figures 12A and 12B).53 Kariolis et al.53 further developed a TV 
configuration fused with Fab fragments for BACE1 and Tau, 
enabling bispecific targeting. Using biolayer interferometry, 
they demonstrated the successful binding of this bispecific 
ATV:BACE1/Tau molecule to hTfR, BACE1, and Tau 
simultaneously. Moreover, when primary human cortical 
neurons were treated with ATV:BACE1/Tau, there was a 
significant decrease of approximately 50% in Aβ levels 
compared to untreated neurons. However, IgG-treated 
controls and anti-Tau treated cells retained similar levels of Aβ. 
This suggests that adding the bispecific ATV:BACE1/Tau did not 
affect its anti-BACE1 activity (Figure 12C). 
Another approach to address the BBB challenge, gene-transfer 
approaches using AAV-based vectors that can cross the BBB to 
transport antibodies directly to the CNS are being studied.114 
However, AAV-based vectors have limited cargo capacity, and 
therefore, are ideal for delivering single variable domain 
antibodies (VHHs) as a substitute for monoclonal antibodies.115 
While the high selectivity of monoclonal antibodies provides a 
distinct advantage for targeting key proteins, they can 
potentially lead to Fc receptor-mediated immunogenicity 
facilitated by microglia, causing the occurrence of vasogenic 
edema and cerebral microhemorrhage. The distinct antigen 
binding domain structure and smaller size of VHHs enables 
them to access epitopes that are typically not accessible to 
traditional antibodies. Moreover, due to them lacking the Fc 
region, they have lower immunogenic profiles compared to 
traditional antibodies.  Marino et al.114 utilized the AAV 
approach deliver a VHH targeting BACE1, VHH-B9, and found 
that administering a single systemic dose of AAV-VHH-B9 
resulted in a beneficial long-term effect on amyloid 
accumulation, neuroinflammation, synaptic functioning, and 
cognitive performance in mouse models of AD. 

5 Gene Therapy
Gene therapy aims to modify gene expression of the cell to 
address the underlying disease.116 This can involve the 
introduction of a new gene to aid in treating the condition, 
inactivation of a disease-causing gene, or replacement of a 
faulty gene with a healthy one. Furthermore, these 
modifications can be targeted at the DNA, RNA, or protein 
expression levels.
AD has been shown to have a genetic basis.117,118 The gene 
ApoE has been extensively studied and found to play a crucial 
role in AD. Individuals with the apolipoprotein E4 (ApoE4) 
isoform have been shown to experience faster disease 
progression, while those with the ApoE2 isoform exhibit 
protective effects.119 Having two copies of ApoE4 is also 
correlated with the highest genetic risk factor for developing 
AD. In addition to ApoE, the expression of other genes in the 
neuron can also influence AD progression. For instance, 
presence of the Swedish mutation in APP has been shown to 
increase cleavage by BACE1, thereby exacerbating AD 
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progression.117 Given the genetic basis of AD, numerous 
therapeutic strategies have aimed to silence genes involved in 
the disease or target their mRNA for degradation at the 
translational level.
BACE1 gene silencing is of particular interest as silencing the 
gene’s expression can provide greater control over AD 
progression and greatest therapeutic results. To this end, many 
strategies have focused on silencing BACE1 transcription. 
MicroRNAs (miRNAs) are a class of non-coding RNAs that 
regulate gene expression at the post-transcriptional level 
(Figure 13).120 They bind to the 3′ untranslated region (3′ UTR) 
of target mRNAs, marking them for degradation. They can 
interact with multiple different targets, resulting in widespread 
regulation within the cell. Moreover, miRNAs may interact with 
other regions in the gene or mRNA, thereby controlling 
transcription and translation processes. This regulatory 
mechanism helps maintain appropriate cellular protein 
concentrations. Imbalance of either can lead to widespread 
effects in the homeostasis of the cell. For instance, alteration 
of levels of miR-124, a miRNA with regulatory functions in the 
neuronal cells, can lead to AD.121,122 Patients with AD show a 
~100-fold lower concentration of miR-124 as compared to 
patients without AD. Previous studies have shown miR-124 to 
be responsible in regulating BACE by binding to BACE1 5’UTR 
region.122,123 Restoring miR-124 abundance has shown to slow 
down plaque progression and hence, AD. Additional papers 
have reported the effect of miRNA in modulating BACE1.124–126

Moreover, BACE1 is also controlled by BACE1 antisense 
(BACE1-AS), a long noncoding RNA sequence which binds to 
BACE1 mRNA increasing its stability of the mRNA and as a result 
increase the cleavage and production of Aβ.127 Previous studies 
have shown upregulation of BACE1-AS can lead to increased 
BACE1 mRNA expression.128 HIV infection, and in particular the 
viral Tat protein, have been shown to induce amyloidosis via 
BACE1-AS control of BACE1.129 Tat protein causes the 
upregulation of hypoxia-inducible factor (HIF-1α), which binds 
to the BACE1-AS leading to its greater stability. This results in 
further stability of BACE1 mRNA and hence, the accumulation 
of BACE1 protein and AD progression.130 As a result, BACE1-AS 
regulation is of great interest for various gene therapy 
strategies.
Small interfering RNAs (siRNAs) are similar to miRNAs in that 
they regulate protein expression at the translation level.131 
However, unlike miRNA, they are not expressed within 
mammals and as such are introduced via cellular uptake. 
Additionally, they provide a few advantages over miRNAs in 
their greater target specificity and comparably higher stability 
due to their double-stranded nature.131,132 Due these 
advantages, siRNA have been approached as great targets for 
gene therapy. For example, Wang et al.133 designed PEGylated 
poly(2-(N,N-dimethylamino) ethyl methacrylate) (PEG-
PDMAEMA) nanocarriers loaded with siRNA to silence BACE1 
mRNA expression. They observed a significant reduction of 
BACE1 mRNA in transgenic mice, suggesting effective gene 
silencing. Moreover, the transgenic mice showed a reduction 
in amyloid plaques, and phosphorylated tau protein levels, 
while promoting neurogenesis highlighting the potential of 

siRNA administration as an effective strategy for treating 
Alzheimer's disease. 
Gene therapy using indirect protein control is another strategy 
for BACE1 regulation. SPONDIN1 (SPON1) is a peptide that is 
known to bind to BACE1 binding site and hence regulate its 
cleavage of APP.134 Expression of SPON1 is reduced in AD, and 
hence, reintroduction of SPON1 can regulate BACE1. Park et al. 
135 engineered induced neural stem cells (iNSCs) to express 
SPON1 (iNSC-SPON1) and injected SPON1 protein to show 
reduced BACE1 activity. Moreover, the authors also used a 
lentiviral vector to infect cells and introduce the SPON1 into 
HEK 293T cells expressing the human APP transgene, which 
showed reduced Aβ generation. 

Figure 13. BACE1 gene control and expression. Diagram of the pathway of BACE1 
gene expression. BACE1 gene (shown in green) undergoes transcription to the 
BACE1 mRNA, which is translated to the BACE1 protein. BACE1 protein then 
cleaves the amyloid precursor peptide to C99, followed by further processing to 
Aβ by ɣ-secretase, which is release to the extracellular environment where it 
aggregates (pathway shown in black arrows). Various miRNAs and factors can 
influence BACE1 transcription and translation to increase (shown in green 
arrows) or to decrease (shown in red arrows with flat head). This figure has been 
reproduced from ref. 120 with permission from Cell Press, copyright 2005.

Despite the potential advantages of gene therapies, there are 
several drawbacks that hinder their development as 
therapeutics. One significant issue is RNA instability, as RNAs 
are prone to degradation and have a short half-life.119,136 
Additionally, RNAs face the same challenges as other 
therapeutics in crossing the blood-brain barrier (BBB). 
Consequently, many approaches aim to overcome these 
hurdles by improving RNA stability, encapsulation, transport 
across the BBB, and duration of effect.
Nanocarrier strategies have shown great potential for gene 
therapy, as they can encapsulate the gene of interest within a 
nano-sized carrier that is often decorated with features 
allowing it to cross the BBB and target specific cells.40 These 
nanocarriers can increase the stability of the genetic material 
and be triggered for release once they approach the targeted 
cell, thereby improving the efficacy of gene therapy. Ouyang et 
al.122 demonstrated the potential of this strategy using a DNA 
nanoflower (DF) delivery system to silence BACE1. The DF was 
loaded with miR-124 chimera and Rutin, a small inhibiting 
molecule that interacts with BACE1 and can synergize the 
inhibition effect of miR-124 on BACE1. Additionally, the DF was 
decorated with rabies virus glycoprotein 29 peptide motif 

Page 12 of 20RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

9:
59

:5
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5MD01095K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5md01095k


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13

Please do not adjust margins

Please do not adjust margins

(RVG29), which is a ligand that binds specifically with α7 
nicotinic acetylcholine receptor (nAchRs), a receptor highly 
expressed in the BBB, allowing for penetration and entry across 
the BBB.137 The DF was synthesized through rolling circular 
amplification followed by a DNA template containing miR-124 
chimeric loading block, Rutin loading block, and RVG29 
functional group loading block. Following this, miR-124 
chimera, Rutin, and RVG29 were added and allowed to 
hybridize with the DF. A summary of this fabrication is shown 
on Figure 14. The author assessed the pharmokinetics of this 
strategy and found that compared to drug-free controls, the DF 
loaded with miR-124 and Rutin showed a greater suppression 
of BACE1, showing the greatest suppression with both present, 
thus demonstrating the synergistic potential of both drugs in 
controlling BACE1 expression.122 Moreover, the DF was found 
to greatly increase the half-life of the miRNA as compared to 
free miRNA and showed greater brain targeting and uptake 
across the BBB as compared to controls, making it a novel and 
promising strategy for delivering therapeutics across the BBB 
and controlling BACE1 expression in AD.

Figure 14. The fabrication of DNA nanoflower delivery vesicles using rolling circle 
amplification of polymeric DNA. This results in the self-assembly of the DNA into 
a nanoflower shape, which can then be associated with Rutin using π-π 
interactions and hybridized with the miR-124 chimera, enabling targeted delivery 
of the therapeutic cargo. This figure has been adapted from ref. 122 with 
permission from Wiley-VCH, copyright 2022. 

Lv et al.138 showed another strategy using BACE1-AS small 
hairpin RNA (shRNA) and epigallocatechin-3-gallate (EGCG) 
loaded into polymeric micelles (Figure 15). shRNA is similar to 
siRNA in its function in silencing BACE1 expression; however, it 
differs in the presence of the hairpin loop which provides 
greater stability.139 EGCG is a strong antioxidant which has 
been shown to inhibit other features of AD such as tau and Aβ 
aggregation.138 The polymeric micelles were fabricated with 
poly(ethylene glycol) (PEG) PLGA nanoparticles. The PEGylated 
PLGA provided greater stability for the nanoparticles, allowing 
for greater circulation. The authors conjugated RVG29 to PEG-
PLGA nanoparticles to allow for entry across the BBB via the 
nAchRs. The authors reported a loading efficiency of 88.5 ± 
1.45% for EGCG and almost 100% loading of BACE1-AS shRNA. 
The pharmokinetic performance and were able to demonstrate 
greater stability of the micelle as compared to free EGCG, as 
well as greater accumulation in the brain at 2.5 ± 0.29 ng/mg 
following the encapsulation in nanoparticles 24 hours after 

intravenous administration. Moreover, when assessing the 
area under the curve (AUC) obtained from the plot of plasma 
concentration against time after dosage, information about the 
clearance rate can be derived as its inversely proportional to 
the AUC value. In this study, the micelle exhibited a higher AUC 
value compared to free EGCG, indicating its greater stability 
and prolonged presence within the system. Furthermore, 
western blot analysis showed reduced BACE1 expression taken 
from hippocampus of APP/PS1 transgenic mice. Showing ~60% 
reduction from saline control in BACE1 using the nanoparticles. 
And a ~50% reduction in Aβ. Overall this strategy presents 
another novel method to deliver gene therapy against AD.

Figure 15. Schematic of loading and preparation of PEG-PLGA NPs. Loading of 
shRNA gene and epigallocatechin-3-gallate (EGCG) into PLGA/PLGA-PEG 
polymeric nanoparticles. The nanoparticles were chemically conjugated with 
RVG29 as a targeting ligand to allow for receptor mediated entry across the blood 
brain barrier. This figure has been adapted from ref. 138 with permission from 
Wiley-VCH, copyright 2020.  

Micelle-based gene therapy delivery has also been explored by 
various researchers. Guo et al. 140 demonstrated an innovative 
approach for siRNA delivery by utilizing PEGylated poly(2-(N,N-
dimethylamino)ethyl methacrylate (PEG-PDMAM) decorated 
with CGN peptide (a BBB targeted peptide) and QSH peptide 
(an Aβ binding peptide). Using SPR, they showed that QSH-
decorated nanoparticles had a binding affinity constant (KD) of 
30 times less than that of CGN decorated nanoparticles, 
indicating greater affinity of the nanoparticles to Aβ binding. 
Furthermore, combination of QSH and CGN decorated 
nanoparticles showed a further reduction in the KD, suggesting 
the presence of CGN does not hinder QSH affinity and a 
combination of both can lead to higher uptakes. Their 
approach resulted in increased accumulation of nanoparticles 
at Aβ sites, leading to more targeted suppression of BACE1 and 
better clinical outcomes. In vivo studies using APP/PS1 
transgenic mice showed that the nanocomplexes successfully 
down-regulated BACE1 at the mRNA and protein levels and 
reduced the presence of Aβ.140

Similarly, Zhou et al. 141 developed glycosylated polymeric 
siRNA nanocarriers (Gal-nanoparticles@siRNA) that can cross 
the BBB via Glut1-mediated transport due to the presence of 
D-galactose on the nanoparticle surface (Figure 16). The Gal-
nanoparticles@siRNA showcased superior stability over 14 
days and lower BACE1 levels in APP/PS1 transgenic AD mouse 
models, and pharmacokinetic studies showed greater stability 
of siRNA with a half-life of 39.2 min, which is significantly higher 
than the 8 min half-life of free siRNA. This study highlights the 
potential of siRNA-loaded nanocarriers for targeted gene 
therapy, which has been explored further in various 
papers.142,143 In a similar study, Jiang et al.144 developed 
exosome-liposome hybrid nanovesicles that co-deliver BACE1 
siRNA and TREM2 plasmid (pTREM2) DNA. These nanovesicles 
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are coated with angiopep-2 (Ang2)-conjugated exosomes, 
allowing them to cross the BBB. The nanovesicles enhance 
TREM2 expression, which reprograms microglia from M1 pro-
inflammation to M2 anti-inflammation phenotype, thereby 
improving their ability to clear Aβ deposits and support neural 
repair. Simultaneously, the BACE1 siRNA reduces BACE1 
expression, further decreasing Aβ production. This 
multifaceted strategy showed in in vivo studies with APP/PS1 
mice demonstrated reduced Aβ accumulation, reprogrammed 
microglia, mitigated neuroinflammation, and improved 
cognitive function. 
Nanocarriers offer a potential solution for overcoming the BBB 
and delivering genes directly to neurons. However, a drawback 
of this approach is the necessity of pre-loading the particles 
and maintaining continuous gene delivery for effective long-
term therapy.40,136 Nevertheless, with advancements in 
technology, ongoing efforts are being made to tackle these 
challenges. 
Similarly, viral-based strategies are also amongst the most 
researched techniques for gene therapy.145 Many of these 
strategies use lentiviruses to introduce the gene of interest into 
the genome, allowing for gene and protein expression at 
various levels. This type of genetic modification offers a 
permanent cure for genetic disorders as the genes can be 
continuously read.40,146 However, long-term safety remains an 
important consideration. Viral vectors may integrate into the 
host genome, raising concerns regarding insertional 
mutagenesis and unintended alterations in gene regulation. In 
addition, viral delivery systems may induce immune responses 
against the vector or the expressed transgene, which could 
limit therapeutic durability or lead to inflammatory reactions in 
the central nervous system.

Figure 16. Fabrication method and delivery of glycosylated “triple-interaction” 
stabilized siRNA nanomedicine (Gal-Nanoparticles@siRNA) and the mechanism 
to AD pathology in APP/PS1 transgenic mice. This figure has been adapted from 
ref. 141 with permission from American Association for the Advancement of 
Science, copyright 2020.

Zhang et al. 147 used an siRNA to knock down BACE1-AS and 
used a lentivirus to deliver the siRNA in vivo to SAMP8 mice. 
Western blot analysis showed a significant reduction in BACE1 
in the siRNA-treated mice compared to controls. ELISA analysis 
also showed lower Aβ concentrations compared to controls. 

Although they successfully demonstrated infection and 
expression of the siRNA in vitro and in vivo, the long-term 
effects of delivery were not studied. In addition to this strategy, 
other strategies have also used lentiviruses for delivery.148,149

Despite its advantages, viral carriers require direct brain 
delivery such as neurosurgical infusion, making it less 
favourable due to its invasive nature.40 Less invasive routes, 
such as intracerebroventricular or intrathecal injections, have 
been explored for viral delivery, but these have the drawbacks 
of high off-target effects, immunogenicity, and toxicity 
concerns. In particular, immune responses triggered by viral 
capsid proteins or vector components may lead to 
inflammation, reduced therapeutic efficacy, or the 
development of neutralizing antibodies that limit repeated 
administration. Long-term safety is also an important 
consideration, as viral integration into the host genome may 
pose risks of insertional mutagenesis or unintended gene 
activation.
In contrast to viral delivery systems, nanocarrier-based 
platforms typically avoid genomic integration and therefore 
present a lower risk of long-term genetic alterations or vector-
induced immune responses. Additionally, nanocarriers can be 
engineered to control release kinetics, improve RNA stability, 
and enhance targeting across the blood–brain barrier. 
However, these systems may require repeated administration 
due to the transient nature of gene expression.
Due to these limitations, viral strategies have become less 
favoured compared to non-viral strategies in recent years.40 
However, due to their ability to integrate the gene into the 
genome, they remain the most efficient designs for achieving a 
long-lasting cure. Therefore, despite their current limitations, 
they have high therapeutic potential.

Remaining Challenges & Future Directions
Based on the strategies discussed above, it is clear that 
considerable progress has been made in targeting BACE1; however, 
several key limitations remain that must be addressed to enable 
successful therapeutic development. Early diagnosis will likely 
play a critical role in the successful implementation of BACE1-
targeted therapies. Amyloid plaque accumulation can begin years, 
or even decades, before the onset of clinical symptoms, 
emphasizing the importance of detecting AD at its earliest stages. 
Advances in diagnostic technologies may enable earlier 
identification of at-risk individuals and facilitate timely therapeutic 
intervention. 
Recent studies have also highlighted the growing role of 
computational approaches in drug discovery. Varma et 
al.150 conducted a comprehensive analysis of over 9,000 reported 
BACE1 inhibitors to identify the interaction fingerprints associated 
with effective binding along with key physicochemical properties.  

Zaken et al.151 performed a virtual screening of drugs against 11 
protein targets associated with AD. Recent advances in 
computational drug discovery have significantly improved the 
efficiency of virtual screening pipelines, enabling the rapid 
evaluation of large compound libraries against multiple disease-
relevant targets. These approaches typically integrate molecular 
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docking, pharmacophore modelling, and molecular dynamics 
simulations to evaluate ligand–protein interactions and prioritize 
compounds with favourable binding profiles. In parallel, in silico 
pharmacokinetic prediction tools, such as ADMET (absorption, 
distribution, metabolism, excretion, and toxicity) modelling are 
increasingly used during early stages of drug discovery to assess key 
properties such as BBB permeability, metabolic stability, and 
potential toxicity. For AD, ADMET prediction is particularly 
important because candidate molecules 
must demonstrate sufficient brain penetration while minimizing 
systemic toxicity. Computational tools can therefore 
help eliminate unsuitable compounds early in the screening 
process, improving the efficiency of lead identification and 
optimization. With improved virtual screening methodologies and 
ADMET prediction models, it is possible to identify compounds that 
may target early pathological events such as the accumulation of 
amyloid plaques in the brain. These computational approaches 
complement advances in early diagnostic technologies, including 
positron emission tomography imaging, biomarker detection, and 
cognitive assessments. Together, early diagnosis and 
computationally guided therapeutic discovery may enable earlier 
intervention strategies aimed at slowing the progression of AD. 

Conclusions
BACE1 plays a crucial role in the amyloid cascade and 
therefore, strategies targeting BACE1 continue to evolve for 
building an effective therapeutic strategy against AD. Despite 
this, clinical trials have yet to yield a successful 
therapeutic against BACE1. BACE1 inhibition has proven to be 
challenging due to diverse factors such as its involvement in 
other important physiological functions and crossing the 
BBB.152,153  
Moreover, it is uncertain whether BACE1 inhibition would be 
effective at later stages of AD, where significant amyloid 
accumulation has already occurred. As BACE1 is not directly involved 
in Aβ clearance, individuals who are at later stages of AD may find 
little benefit or use through BACE1.  Hence, BACE1 therapeutics 
might be better suited for early treatment of AD prior to the 
accumulation of Aβ, or in junction with other therapies which 
can facilitate the removal of plaques. Thus, the importance of early 
diagnosis cannot be overstated, especially since the accumulation of 
amyloid plaques can start years, if not decades, before the onset of 
clinical symptoms. Taken together, these considerations suggest 
that BACE1-targeted modulators, antibodies, and gene therapies 
should be viewed not as symptomatic treatments for established 
Alzheimer’s disease, but as potential components of prevention or 
very-early-intervention strategies implemented in 
biomarker-defined at-risk populations.  
Despite several barriers, recent progress in BACE1-mediated 
therapeutic development has generated optimism for potential AD 
therapies. Nevertheless, determining the appropriate level of 
BACE1 inhibition and the stage of AD for optimal efficacy remain 
challenging. Previous clinical trials have yielded limited success, but 
ongoing studies provide valuable insights into where the field is 
headed. In conclusion, targeting BACE1 remains a promising avenue 
for AD therapy, and the field is constantly growing. 
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