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Alzheimers disease (AD) progressively inflicts impairment of synaptic functions with notable deposition of amyloid-$ (Ap) as senile plaques

within the extracellular space of the brain. Accordingly; therapeutic directions for AD have focused on clearing A plaques or preventing amyloido-

genesis based on the amyloid cascade hypothesis. However, the emerging evidence suggests that AP serves biological roles, which include suppress-

ing microbial infections, regulating synaptic plasticity, promoting recovery after brain injury, sealing leaks in the blood-brain barrier, and possibly

inhibiting the proliferation of cancer cells. More importantly, these functions were found in in vitro and in vivo investigations in a hormetic man-

ner, that is to be neuroprotective at low concentrations and pathological at high concentrations. We herein summarize the physiological roles of

monomeric AP and current AB-directed therapies in clinical trials. Based on the evidence, we propose that novel therapeutics targeting Ap should

selectively target AP in neurotoxic forms such as oligomers while retaining monomeric AB in order to preserve the physiological functions of Ap

monomers.
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INTRODUCTION

Marked by progressive memory loss and cognitive decline, Al-
zheimer's disease (AD) is the most common neurodegenerative
disease that continues to afflict patients and their families without
a concrete understanding of its pathogenesis nor effective thera-
peutics to modify the disease [1-3]. So far, mounting evidence
points to the dysregulated accumulation of amyloid-p (AB) and
tau in the brain as both the cause and biomarker of developing

AD. AP peptide is known to be derived from amyloid-f precur-
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sor protein (ABPP), which can undergo an amyloidogenic or a
non-amyloidogenic pathway. When APP is normally cleaved by
a-secretase, it goes through the non-amyloidogenic pathway and
produces sAPPa and C83 fragment, which are harmless. On the
other hand, the dysfunctional amyloidogenic pathway begins
by the cleavage of APP by B-secretase and y-secretase. Here, the
B-secretase cleavage yields C99 fragments, and these fragments
are further processed into AP peptide, which consists of 37 to 49
amino acid residues, depending on the site of y-secretase cleav-
age. AP peptide mainly exists with 40 amino acid residues, Ap40,
or 42 amino acid residues, A42 [4], which is less abundant, but
more pathologically detrimental [5]. In turn, the amyloid cascade
follows as AP peptides are released into the extracellular space and
aggregated into soluble oligomers, fibrils, and plaques, known to
damage synapses and neurons. Accordingly, the ‘amyloid cascade

hypothesis  has been postulated arguing that this abnormal depo-
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sition of AP oligomers and plaques alters the homeostasis of ions
and causes synaptic dysfunction, marking Af as the primary cause
of AD [6-10].

Based on this hypothesis, numerous attempts have been made
to alter the course of AD pathogenesis with various means of
therapeutics targeting Ap. However, constant failures in the drug
candidates aiming a reduction or complete elimination of Af
plaques have been reported [11, 12]. For example, reduced levels
of AP in the brain were observed in phase II trials of verubeces-
tat, a B-secretase inhibitor drug, and solanezumab, a monoclonal
antibody drug of AP peptide [12, 13], but they showed no efticacy
in phase III trials with worsened cognition in some cases [14, 15].
Accordingly, there is an emerging suspicion that questions the
conventional approaches of targeting AP, or even challenging the
amyloid cascade hypothesis to some extent.

Thus, we would like to turn the attention to monomeric form
of AP. In the past, the monomeric form of AP peptide had been
widely recognized as a functionless protein generated by APP ca-
tabolism, although an evolutionary evidence suggests otherwise:
the sequence of AP peptide in human has been conserved for at
least 400 million years, pointing to the possibility that Ap perhaps
has unidentified, significant roles that confer an evolutionary ad-
vantage [16]. Accordingly, we have gathered a significant number
of evidence suggesting non-pathological aspects of Ap monomers
and their potential physiological functions. A thorough review of
manuscripts has revealed that AP may possess antimicrobial prop-
erties and play a role in regulating synaptic functions and memory.
Also, AP may aid the recovery from brain injury with its interfer-
ence with angiogenesis and even may exert an anticancer effect.
Hence, the appreciation of the pathogenesis of AD can be further
enhanced by identifying the physiological roles of Ap monomers,
and whether or not to keep AP monomers in brains can be deter-

mined accordingly to adjust the target of current AD therapeutics.
PROTECTION AGAINST MICROBIAL INFECTIONS

AP and microbes are seemingly unrelated, as the former causes
neurodegeneration while infections by the latter result in head-
ache, nausea, and so on; however, antimicrobial activities of A
have been postulated by Robinson and Bishop [17] with the ‘Bio-
flocculant Hypothesis. The authors have proposed that AP binds to
neurotoxins and pathogens, and it aggregates into plaques in order
to lead the trapped microbes to phagocytes. Later, Moir et al. [18]
extended the previous hypothesis by introducing the Antimicrobial
Protection Hypothesis, which notes that AP functions as a part of
innate immune system, but a certain dysregulation and dysfunc-

tion of this pathway lead to an increased AP deposition and even-
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tually into a sustained neuroinflammation and neurodegeneration
typical of AD patients. This renewed hypothesis not only captures
the essence of the antimicrobial function of AR, but also provides a
plausible explanation for AP aggregation.

In supporting these hypotheses, researchers often highlight struc-
tural and functional similarities between A and antimicrobial
peptides (AMPs), which target specific bacteria, viruses, fungi, and
so on to modulate the innate immune system [19]. For instance,
Pastore et al. [20] reviewed similarities in sequences and structures
between AB40 and linear AMPs with highly helical conformations,
and Lee et al. [21] summarized their similar propensity to self-
assemble into supramolecular structures when faced with bacterial
infections. Especially, LL-37, an archetypical human AMP [22], has
been frequently compared with AP in different studies and review
articles to establish the idea that AP acts asan AMP [18,21,23-27].

In addition to structural comparisons, in vitro interactions be-
tween AP and microbes have been widely studied using either syn-
thetic or cell-derived AP peptides. A couple of studies showed the
binding of synthetic AP peptides to the bacterial membrane and
their antibacterial activity against eight types of bacteria including
Gram-negative and Gram-positive bacteria [23,28]. Similarly, cell-
derived AP40 and 42 isoforms from cultured cells of human brain
neuroglioma exhibited the antimicrobial activity against Candida
albicans (C. albicans). Microscopic images and immunochemi-
cal analyses from this study revealed that both AB40 and Ap42
showed inhibited adhesion levels to C. albicans and significantly
higher agglutinating activities compared to non-transformed
monolayers [24]. Here, another connection has been made be-
tween AP and AMP because a typical AMP activity against patho-
gens begins with preventing pathogens from attaching to host
cells, followed by agglutination of the unattached to accumulate
AMPs within the aggregates.

Not only the antibacterial and antifungal activities, but also anti-
viral activities of AP have also been reported in a series of in vitro
studies. A direct interaction between AP peptides and H3N2 and
HINI influenza A virus was detected, leading to neutralization
and aggregation [25]. Interestingly, this viral aggregation caused
by AP is absent in the mechanism of LL-37 [29], a point against
the argument that AP is an AMP similar to LL-37.In other studies,
different cell types including MRC-5 cells from human fetal lung
fibroblasts, A549 cells from adenocarcinoma epithelial cells in
lungs, H4 cells from human neuroglioma, and human neuronal-
glial cells were incubated with AP peptides, and inhibition of HSV-
1 activity was observed. The results illustrated that HSV-1 replica-
tion was significantly reduced and up-regulation of miRNA-146a,
a typical process during HSV-1 infection, was prevented [27, 30].

However, compared to the results produced by the synthetic Ap
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peptides, those of the cell-derived AP exhibited a greater level of
adhesion inhibition and agglutination [24]. The answer to this dif-
ference may lie on the conformation of AP; while the A oligomers
are typically removed from the synthetic AP peptides, leaving the
monomeric form only, the oligomeric form is retained in the cell-
derived Ap. Nonetheless, given that different isoforms of AP in
physiologically normal human brain have been discovered [31],
in vitro studies in which synthetic AP peptides were pretreated to
overwhelmingly express specific isoforms might not be a realistic
representation of the heterogeneous composition of AP in the
brain. In fact, one study has demonstrated the enhanced antiviral
ability of the oligomeric form of AP against herpes simplex virus-1
(HSV-1) compared to Ap monomers; whereas low nanomolar
concentrations of cell-derived AP with oligomers could inhibit
HSV-1, micromolar concentrations were required for synthetic A
with monomers to take an effect [26]. Although further investiga-
tions are needed to explore the effect of different compositions of
AP on its antimicrobial ability, it is a possibility that oligomers of
soluble AP possess an enhanced, protective ability against certain
pathogens.

Notably, regardless of methods used to prepare Ap peptides, syn-
thetic or cell-derived, AB42 isoform exhibited a greater antibiotic
activity than AB40 [23, 24]. Accordingly, specific domains of A
responsible for the antimicrobial activities were identified as Iso41
and Ala42, which are C-terminal amino acids of AP42. The capa-
bility of these domains were evidenced by truncated peptides, such
as AP22-42 and AP35-42, causing neutralization and aggregation
of influenza A virus and Escherichia coli (E. coli) and inducing an
elevated uptake of the pathogens, whereas fragments lacking the
two C-terminal amino acids did not [32]. Additionally, another
isoform of AP, AP25-35, was tested against bacterial lipopolysac-
charide by incubating them in neuronal and microglial cells, and
it displayed enhanced proliferation of the cells more than Ap40 or
AP42 [33]. Surprisingly, AB25-35 too exhibited a protective against
LPS by preventing DNA damage in the cells, further demonstrat-
ing the antimicrobial capacity of different AP variants [34].

However, conflicting results were published in regard to the ef-
fect of different AP isoforms. In contrast to the results provided by
Soscia et al. [23] that both AB40 and AP42 showed an antimicro-
bial activity against C. albicans, a study by Spitzer et al. [28] showed
only AP40 as effective against the same species. This apparent
discrepancy in the two sets of data can be attributed to different
pretreatment methods of AP peptides used or different strains of
bacteria selected. Regardless of the causes, standardized criteria for
determining the inhibitive activity of AP against pathogens in vitro
are in need for future investigations to reach a consensus on this

matter.
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In line with the in vitro studies that showed the antimicrobial
activity of AP peptides against a series of microbial pathogens, its
protective property was also observed in in vivo studies. 5XFAD
transgenic mice that express human A showed a significantly
higher survival rate (p=0.009) than the wild-type mice against
Salmonella enterica serotype Typhimurium (S. Typhimurium)
injection, and the transgenic mice exhibited lower loads of S.
Typhimurium in the cerebral region (p=0.03). A similar protec-
tive property of AP against S. Typhimurium was observed in AB-
expressing nematodes as well [24]. Additionally, the antiviral
activity of AP against HSV-1 was illuminated as the survival rate
of 5XFAD mice with human A was significantly higher than that
of the wild-type. Here, it is important to note that the 5XFAD mice
used in this study were five- to six-week-old that had not devel-
oped AP plaques, opening up the possibility that unaggregated
form of AP might have had a protective role against HSV-1 [26].
Interestingly, this AMP-like behavior of AP was also observed in
one study with human brain. The whole brain homogenates of
AD patients demonstrated a higher inhibition rate of growth of C.
albicans in temporal lobe region compared to those from non-AD
subjects, with a significant correlation between the antimicrobial
activity and the concentration of AP in the temporal lobe [23].
Taken together, these in vivo studies solidify the notion that A
actsasan AMP.

Besides the studies that investigated the direct interaction be-
tween pathogens and AP, adverse effects reported in clinical tri-
als of B-secretase and y-secretase inhibitors such as tarenflurbil,
semagacestat, and elenbecestat (reviewed by Igbal et al. [35]) also
indirectly signify the potential ability of AP against microbial
infections. Instead of exhibiting intended clinical benefits such as
improved cognitive abilities, the rates of infection elevated in the
subjects. Another study demonstrated the regulative effect of dif-
ferent B-secretase and y-secretase inhibitors, GL-189 and N-[N-
(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine-t-butyl-ester
(DAPT), on secretion levels of tumor necrosis factor a, interleukin
(IL) 6 and 10, which are involved in immune response by mac-
rophages [36]. Intriguingly, these results are in agreement with
another in vivo studies demonstrating that AR may act as an in-
nate defense system against pathogens in case of skin damage and
thrombosis as the elevated level of AB40 peptides around brain
and dermal blood vessels in mice were observed [37, 38]. Together,
these results may explain the failure of some anti-Ap drugs as a
cure for AD because AD patients with thrombosis, or related con-
ditions, could suffer from unexpected inflammatory effects when
a defense mechanism by AP is removed.

Using the aforementioned in vitro and in vivo studies, groups

of researchers hypothesized possible mechanisms of the antimi-
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crobial activities of AP. Kumar et al. [24] proposed a new model
based on their findings that AP induces agglutination and inhibits
adhesion of pathogens to host cells: with its VHHQKL heparin-
binding domain, non-dysfunctional oligomeric AP binds to the
cell wall of microbes and agglutinates them by interfering the ad-
hesion to host cells. This model is consistent with the accumulated
evidence that A resembles LL-37 because LL-37 too possesses a
heparin-binding motif used to inhibit pathogens from attaching to
host cells [39]. Alternatively, some studies suggested that Ap with
B-sheet structure perforates the plasma membrane by forming
toxic ion channels, such as K'-permeable tetrameric channels and
Ca""-permeable hexametric pores, which eventually lead to de-
struction of pathogens due to uncontrolled movement of solutes
(see review by Kagan et al. [40]). This mechanism is comparable to
that of defensins, human {3-sheet AMPs that also possess the pore-
forming ability for their antimicrobial activities [41]. Accordingly,
these new models further imply that the pathogenesis of AD may
originate from dysfunctional antimicrobial activities, while physi-
ologically normal AP actively defends our body against bacterial

and viral infections.
REGULATION OF SYNAPTIC FUNCTIONS

Contrary to the common notion that AP peptides, especially the
soluble oligomeric forms, are responsible for impairing synaptic
functions followed by disrupted long-term potentiation (LTP) and
synaptic plasticity typically seen in AD patients [8-10], increasing
evidence suggests that AP may play an essential role in synaptic
plasticity and memory when maintained at a normal level [42-46].

To begin with, a positive correlation between the level of AP in
interstitial fluid (ISF) and synaptic activity was reported in in vivo
studies. When synaptic activity of the hippocampus in 3~5 months
Tg2576 mice with mutated human APP was artificially stimulated
using electricity, the ISF level of AP increased significantly. Con-
versely, when their neuronal activity was depressed using tetanus
toxin, known to inhibit endocytosis of synaptic vesicles, the A
levels in ISF decreased accordingly, further highlighting the posi-
tive correlation between them [47]. However, these results still
need to be verified to ensure that the predisposition to developing
AP plaques and synaptic dystunction prevalent in the transgenic
mice with familial AD had not taken an effect in these results. Ad-
ditionally, the potential relation between AP and synaptic vesicles
was shown with the level of ISF A significantly declining when
a dynamin dominant-negative inhibitory peptide was added to
inhibit the endocytosis of clathrin-coated vesicles [48]. Given
that the elevated synaptic transmission no longer had an effect on

increasing the level of ISF when endocytosis was inhibited, the
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positive correlation observed between AP levels in ISF and synap-
tic activity may be dependent on endocytosis. More detailed ex-
planation on the interactions of AP with presynaptic proteins and
kinases and thus their involvement in the synaptic vesicle cycle is
reviewed by Fagiani et al. [49].

Furthermore, various methods, such as antibodies that specifi-
cally block AB, knockout (KO) mice model of AP and its related
substrates, and AP injection, have been implemented to actively
identify the potential role of AP peptides involved in synaptic
functions, instead of simply observing the correlation between
AP and synaptic activity. Starting with anti-Ap antibodies, 4G8,
DAKO, and HJ5.1 were separately injected to the hippocampi of
rats and mice, and a significant performance decline in behavioral
tests was observed compared to controls [50, 51]. LTP, a type of
neuronal activity associated with memory [52], was shown to be
impaired when the endogenous AP was suppressed with antiro-
dent JRF/rAb2 antibody [53]. In addition to anti-Ap antibodies
that block endogenous AP, a peptide called DFFVG, which binds
to the receptor site of AP and thus blocks the activity of AB [54],
was shown to impair learning ability as well when intracerebro-
ventricularly injected [51]. Together, the possible involvement of
AR in short- and long-term memory formation and learning has
been suggested.

Furthermore, KO or knockdown of AB-related substrates in mice
models was used to observe the effect of suppressing APP expres-
sion and thereby inhibiting the production of Af. Both KO and
knockdown of APP resulted in an increased level of post-synaptic
proteins, especially AMPA receptor subunit GluA1, signifying
the involvement of APP in normal synaptic composition [55].
Additionally, a significant reduction in LTP was observed with
knockdown of APP expression using Pen1-APP-siRNA, which can
induce ~60% decline in APP expression in hippocampal cultures
[53, 56], consistent with the aforementioned results shown with
anti-AP antibodies. Similarly, conditional KO of presenilin (PS) 1
and 2, responsible for cleaving APP and thus AP production, also
resulted in impaired synaptic plasticity and deficits in hippocam-
pal memory in vivo [57].

Despite the mounting evidence that suppression of AB produc-
tion using anti-Ap antibodies and KO/knockdown mice models
resulted in impairment of LTP and memory [57-60], some re-
searchers have expressed their concern regarding these methods to
determine the physiological role of AP because there is a diversity
of substrates and pathways that APP and the secretases can initi-
ate and regulate [61-63]. Consequently, several research groups
attempted to artificially inject synthetic A into the hippocampi of
mice as an alternative. Morley et al. [51] demonstrated that nano-

molar concentrations of AP42 successfully enhanced the perfor-
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mance of mice in behavioral tests, signifying the enhancement of
memory by Ap. However, given that the normal physiological level
of AP peptides has been estimated to be in picomolar concentra-
tions [64-67], the nanomolar concentrations of Ap administered
in the study largely deviates from the endogenous level of Ap. To
address this issue, other research groups attempted to inject pico-
molar concentrations of AP, and the injected mice performed bet-
ter in behavioral tests as well, confirming the enhancing effect of
AP on synaptic plasticity and memory formation [50, 68].

Interestingly, this positive effect in low-dose A directly contrasts
with the inhibitive effect of high-dose AP against synaptic func-
tions observed in AD patients [69], and thus it has been proposed
that AP may operate under the mechanism of hormesis, having
contrasting effects at low- and high-dose AP [46, 70]. Accordingly,
Puzzo et al. [46, 53] identified the maximum concentrations of
AP for the stimulatory and inhibitory hormetic responses against
LTP to be 200 pM and 20 uM, respectively. Similarly, another re-
search group demonstrated that AP12-28 fragment in micromolar
concentrations impaired memory [71], whereas nanomolar con-
centrations of the same AP isoform resulted in a significant im-
provement in memory formation and learning [51]. These results
suggest that the role of AP in regard to synaptic functions may be
hormetic: inhibitory at high concentrations and stimulatory at low
concentrations.

Yet, an exact isoform(s) or aggregation status of AP responsible
for this stimulatory effect on synaptic plasticity still needs to be
evaluated. In fact, some data demonstrated that it may be oligo-
meric AP42 that mediates synaptic plasticity in the hippocampus.
When the production of endogenous AP was suppressed using
anti-Ap antibodies, 200 pM oligomeric AP42 rescued the im-
paired LTP and improved behavioral deficits, whereas a medium
enriched with AR monomers did not have an effect [53, 72]. Also,
the inhibitory effect of AP was only present in oligomers, while
cerebral microinjection of a cell medium enriched with A mono-
mers maintained a normal LTP [10].

However, this AR perfusion/injection method is not without
concerns. The precise concentrations of monomers and different
oligomers in AB42 preparations perfused with each hippocampal
slice cannot be accurately identified due to the propensity of the
monomers to undergo conformational changes into other forms
of AP such as dimers and oligomers [73]. In fact, when 200 pM
AP42 oligomeric solutions were analyzed using transmission elec-
tron microscopy, the percentage of identifiable monomeric form
was actually higher than that of oligomers (78.21% vs 21.78%) [72].
Also, AB concentration of 200 pM identified as inducing maxi-
mum enhancement in LTP [68] failed to take into an account of
endogenous AP that the mice already had. To address these prob-
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lems, perhaps novel methods or a combination of existing and
new experiments could further support or reject the established
hypothesis. For instance, one study devised the use of thiorphan, a
competitive inhibitor to neprilysin, a presynaptic metalloprotease
known to degrade endogenous A, in order to increase the pro-
duction of endogenous A [74]. The result showed that the level of
endogenous AP elevated in the synaptic cleft and led to overall en-
hancement of presynaptic strength [75]. In this fashion, more data
with new experimental methods are needed to identify specific
isoform(s) and aggregation status of AP responsible for synaptic
functions.

Aside from the positive correlation reported between low
concentrations of AP and LTP, AP has also been shown to target
nicotinic acetylcholine receptors (nAChRs) [76, 77], which are
known to promote synaptic plasticity, neuroprotection, learning
and memory and regulate transmitter release in several brain re-
gions including hippocampus [45, 78, 79]. Interestingly, mounting
evidence points to the possibility that this interaction too operates
under hormesis. Several studies exhibited that picomolar concen-
trations of AB42 can act as an agonist of a7-nAChRs [80, 81], re-
sulting in increased acetylcholine production in hippocampus [51],
activated PI3K [33] and elevated expression of MAP kinase, which
eventually led to an increased level of LTP [82]. Additionally, an-
other in vitro study demonstrated that soluble A, especially Ap42,
can directly regulate the concentration of acetylcholine by acting
as allosteric enhancers of choline acetyltransferase [83]. On the
other hand, nanomolar concentration of A has been shown to de-
sensitize a7-nAChR [80, 81] by inhibiting the receptors in a poor
reversible manner [84], demonstrating the hormetic involvement
of AP in nAChRs. Building on these observations, the mechanism
behind the activation of a7-nAChRs by A peptides has been
suggested to be by causing the influx of presynaptic Ca™, possibly
through AP binding with lipids on the surface of cell membrane
and disrupting intracellular signal transduction mechanisms that
are mediated by nicotinic receptors [85,86].

Coupled with its hormetic interaction with nAChRs and its po-
tential influence on presynaptic Ca”', Ap may conceivably interact
with N-methyl-D-aspartate receptors (NMDAR) [87, 88]. Since
a7-nAChR-dependent NMDAR endocytosis induces endocytosis
of AMPA receptors and degradation of PSD-95, a postsynaptic
scaffolding protein for synaptic development and plasticity [89],
the binding of pathological AP at high concentrations to a7-
nAChR resulted in Ap-induced long-term depression (LTD) and
synaptic dysfunction [90, 91]. Given that NMDARs can promote
LTP or LTD depending on the intracellular Ca* concentration
[92], it is possible that AP at picomolar concentrations may also
have a physiologically normal interaction with NMDARs, though
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related investigations are currently lacking to reach a conclusion.

In addition to the hormetic effect of AP, an intriguing hypothesis
on the function of AP on synaptic transmission has been proposed
by Kamenetz et al. [93] that AP peptides may operate under a nega-
tive feedback loop. According to this model, the acute neuronal ac-
tivity leads to an elevated production of AP from endogenous APP.
After this increase, AP depresses synaptic transmission and keeps
neuronal activity within a normal physiological range. Then, the
level of AP restores back to normal. In other words, A is normally
maintained at an appropriate level by a negative feedback loop of
AR, oscillating between synaptic potentiation and depression [93].
However, when this negative feedback loop of Af is disrupted with
unknown reasons, the over-suppression of excitatory synaptic
activity occurs by the accumulated A and ultimately leads to the
development of AD [93,94].

Besides the physiological function of AP involved in synaptic
plasticity and neurotransmitter receptors, a neuroprotective role
of AP has been observed. In one study, monomeric AB42 acti-
vated type-1 insulin-like growth factor receptors as a positive
allosteric modulator [95], which in turn induced the activation of
phosphatidylinositol-3-kinase/ AKT pathway [96], known to be a
survival pathway for neurons [97]. Consistent with this result, AR
monomers, especially 16~20 amino acid sequence KLVFF in the
peptide, exhibited a protective activity against excitotoxic death
of neurons [95, 96]. Furthermore, both synthetic and cell-derived
APB42 monomers in nanomolar concentrations enhanced the
phosphorylation of cyclic adenosine monophosphate response
element binding protein (CREB), which possesses a regulative role
on the expression of genes for neuronal functions such as memory
and learning [98], as well as brain-derived neurotrophic factor
(BDNF), which plays an important physiological role in neuronal
functions and survival in normal brain [99, 100]. Taken together,
these results suggest an unidentified, protective role of AP for
cognitive and neuronal abilities by binding to insulin-like growth
factor receptors and enhancing the gene expression of BDNF and
CREB phosphorylation.

PROMOTION OF RECOVERY FROM BRAIN INJURY

Another occasion on which the level of AP peptides has been
reported to elevate beside AD is in the case of traumatic brain
injury (TBI). Accordingly, an epidemiological link between TBI
and AD originating from A pathology has been suggested in the
past studies [101-105], though some studies have provided data
against such a correlation (reviewed by Johnson et al. [106] and Ts-
itsopoulos et al. [107]). In fact, recent studies have reported distinct
distributions of fibrillar AP in brains of AD and TBI patients [108]
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and the absence of progressive development of Af into plaques
in long-term survivors of TBI [109]. Notably, the level of AP re-
mained elevated in axons of the long-term TBI survivors without a
discernable plaque formation [109]. Although their limited sample
size calls for further verification to follow, the mechanisms of A
pathology might be different in the two diseases, possibly severing
the link between AD and TBI.

Despite the unmet consensus on their association, elevated levels
of AP in case of brain injury have consistently been published in
both animal and human studies. In studies in which implemented
non-transgenic mice/rodents with experimental TBI, an acute
increase of rodent AP in damaged axons one day after injury was
observed [110, 111], and even a long, persistent accumulation of
AP was seen in some cases [112]. Interestingly, not just the levels
of AP, but those of APP and PS1 were also restored to the normal
within a week after the injury [110, 111], hinting the existence of
AP clearance system after the initial increase. Furthermore, these
results were replicated using transgenic AD model mice, engi-
neered to express human Ap. They exhibited elevated levels of AR
in their axons [113-115], and the levels returned to sham levels by
seven days post injury [116]. Similarly, both acute and long-term
accumulations of AP in axons [109, 117, 118] and in cerebrospinal
fluid [119-121] were confirmed in clinical trials of TBI patients,
and one of the studies reported a restoration of the AP level to the
control levels after three weeks [120], exhibiting a consistent trend
with those from the animal studies. Not just a restoration of Ap
back to normal, but also fluctuation in ISF AP concentrations de-
pending on neurological status of patients with acute brain injury
has been observed, suggesting a potential link between neuronal
activity and AP concentration [122]. Clearly, a positive correlation
between AP level and brain injury exists with an undefined Ap-
clearance mechanism, and these evidence calls for a need to inves-
tigate whether AP is an agent for promoting recovery or a part of
pathological cascade that follows after TBI [42].

In fact, some researchers have already extended their param-
eter to suggest a protective role of AP against brain injury using
the BACE1 KO mouse models. However, the use of BACE1 KO
mouse models rather yielded equivocal results in regard to the
possible involvement of AP in brain injury. Loane et al. [110] re-
ported a reduced level of cell loss and improved behavioral deficits
when BACE1 was genetically inhibited in impacted mice, suggest-
ing a deleterious role of AP on brain injury. Later, a contradictory
result was published by Mannix and colleagues [123] that the KO
of BACEL! in mice after controlled cortical impact (CCI) attenu-
ated motor performance compared to controls. Accordingly, it
has been pointed out by Mannix et al. [123] that methodological

differences could be the reasons for the contrasting results. For
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example, Loane and associates [110] used aged (11~12 months)
mice, whereas Mannix et al. [123] tested young (2~3 months) mice.
Given that previous studies have suggested that the activity of
BACE1 generally elevates and TBI worsens with aging [124, 125],
an age-dependent effect of TBI on A is also a possibility and thus
call for further studies. Additionally, a detrimental effect of BACEL
KO was observed within a week in the study by Mannix et al. [123],
whereas a beneficial effect of inhibition of BACEL was only ap-
parent 2~3 weeks after CCI, rendering a direct comparison rather
difficult. Nonetheless, Mannix and colleagues published a follow-
up study showing a rescuing effect of intracerebroventricularly
injected AB40 against impaired motor memory in TBI-impacted
BACE1" mice, highlighting a protective effect of AR [126]. More-
over, another evidence in support of the beneficial effect of AR
in brain injury has been provided by Pajoohesh-Ganyji et al., as
reduced level of endogenous AP achieved using y-secretase inhibi-
tor DAPT or BACEI KO mice exhibited attenuated functional
recovery after spinal cord injury (SCI) [111].

However, the results from BACE1" rat models need to be inter-
preted with caution because other substrates of BACEL, instead
of AP, could be responsible for the observed effect. In fact, several
studies have shown that the inhibition of BACEL1 either by KO
mouse model or its inhibitors led to an elevated level of axonal
regeneration after injury, and vice versa for the elevated BACE
expression [127-129]. Also, inhibiting BACE! in both axons and
Schwann cells of injured rats resulted in a reduced level of remy-
elination [130, 131],a process significant for restoring the function
of demyelinated axons from brain damage [132]. Nonetheless,
these results have been concluded to be independent of Ap; neu-
regulin-1, one of the substrates of BACEL, instead is likely to be re-
sponsible for the regulation of remyelination [133, 134]. Likewise,
other substrates of BACEL, such as Jagged-1 and Jagged-2 [135],
might affect the results from the BACE” model. Hence, further
investigations are in need to identify the specific substrate(s) that is
responsible for the observed effect of BACE1 KO on brain injury.

Aside from TBI, focal cerebral ischemia, which results in oc-
clusion of blood vessels in brain, was also found to be correlated
with AP accumulations [136, 137], and these findings open up a
possibility that AP may have a functional role against other types
of brain injury as well. One study demonstrated that a trans-
genic mouse model that overexpresses human APP (hAPP695)
exhibited a significantly lower infarct volume in the cortex after
experimental cerebral ischemia induction, compared to wild type
[138]. However, this decrease in the infarct volume did not lead
to recovery in their behavioral deficits; rather, the transgenic mice
exhibited impaired behavioral performance. The authors from this
study suggested that these contrasting results could be due to the
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protective role of APP and the accumulation of neurotoxic Af that
impairs cognitive abilities [138]. However, as the aforementioned
studies suggested the hormetic effect of AP on synaptic functions,
that is to exert normal, physiological effects in picomolar concen-
trations and detrimental effects in nanomolar concentrations, it is
also possible that the overexpression of APP in the mouse model
resulted in exceeding the normal, endogenous level of AP in brain
and thus cognitive impairment. Hence, further investigation is
needed to confirm whether a normal endogenous level of A
could lead to functional recovery after cerebral ischemia and other
types of brain injury.

Also, the effect of AP against experimental autoimmune enceph-
alomyelitis (EAE), an inflammatory disease in brain, was tested by
Grant et al. [139]. Their results from the intraperitoneal adminis-
tration of AB40 and AP42 enriched in monomers and oligomers
demonstrated that the treatment before the onset of the disease
successfully decreased the number of incidence and severity of the
disease, and the administration of A after the onset diminished
motor paralysis compared to the control group. In addition, AR
was also shown effective against EAE accelerated by proinflam-
matory T helper cells (T};1 and T};17) as it significantly decreased
the severity of the disease and prevented the production of T;;1
and Ty17 related proinflammatory cytokines such as IL-6, IFN-y,
and IL-17 [139]. Notably, this protective effect of AP was achieved
without Ap localizing in the CNS.

Although increasing evidence on the positive effect of AP in the
cases of brain injury is available, conflicting results concerning
the relationship between AP accumulation and TBI still call for
a thorough evaluation of their limitations and further investiga-
tion. To begin with, many studies in the past have used transgenic
mouse models with a genetic predisposition to human familial
AD via overexpression of human APP and/or PS1/2 to prove a
causal link between TBI and AD. However, the use of these mod-
els failed to consider the possibility that the overexpression of the
transgenes followed by the accumulation of A and pathological
deficits from AD might have influenced the acquired outcomes.
Specifically, it is hard to determine which came first: did a genetic
predisposition to AD exacerbate TBI or did TBI lead to AD? Ac-
cordingly, a recent study led by Maigler and colleagues employed
a transgenic mouse model of non-mutated, human APP with
KO of the AB-degrading enzyme neprilysin (APPtg. NEP") as
an alternative to the conventional AD models and examined the
effect of reduced AP clearance in TBI [140]. Consistent with the
aforementioned studies conducted with the transgenic AD mice,
the APPtg NEP" mice demonstrated an elevated level of AP 1 day
after TBI. Notably, the neprilysin-deficient mice performed better

in behavioral tests compared to wild-type mice, and no significant
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difference was observed between impacted and non-impacted
neprilysin-deficient mice [140]. Hence, the authors argued a pro-
tective role of AP against brain injury. Although it remains to be
investigated whether it was AP or other substrates of neprilysin
that were responsible for this positive effect, this normalized hu-
man APP mouse model could be used as an alternative for future
studies on the effect of AP against brain injury.

In addition to the limitation of the use of AD mouse models,
methodological inconsistencies among studies have been a prima-
ry drawback of animal studies examining the level of cerebral A
after TBI (reviewed by Bird et al. [141]). For instance, the animal
models used have ranged from transgenic ones expressing human
familial AD mutations such as APPswe and PS-1swe to non-trans-
genic ones such as CD1. Undoubtedly, more clinically relevant
data would be obtained with transgenic mice with a normal level
of human AP due to its difference with rodent AP [142-144]. Also,
the surgical procedures used to incur TBI differed among studies,
leading to various severities of TBI and diverse regions of brain
being affected. For example, a contradictory result was observed
when rats were subjected to blast overpressure exposure instead
of controlled cortical impact, whereby the level of endogenous
rodent AP decreased [145]. Additionally, variability in the ages of
rats, durations of experiments, and types of AP assay used such
as ELISA and THC have made it difficult to directly compare the
results of different studies.

However, it is not just animal studies that encompasses limita-
tions; clinical results from TBI patients are also not so free of
similar limitations. Limited sample sizes and heterogeneity of TBI
in each patient have always hindered researchers from reaching a
concrete conclusion. For example, while one study has reported no
correlations between the ISF AP level and the level of conscious-
ness in TBI patients [117], the data from another study has shown
that the ISF AP correlated with the neurological status of their
patients [122]. Therefore, more concrete evidence is needed to

confirm the physiological role of AP in brain injury.

A SEALANT FOR THE BLOOD-BRAIN BARRIER AND
MODULATION OF ANGIOGENESIS

Among different hypotheses for AD pathogenesis, the vascular
hypothesis'states that acute changes in cerebral vasculature system
such as disrupted blood-brain barrier (BBB) and neoangiogenesis
could lead to AD, and amyloidosis has been suspected to trigger
such an event [146-148]. However, there is emerging evidence that
non-pathological AP can in fact regulate angiogenesis, an essential
physiological process for developing new blood vessels in cases

of developing organs, healing wound, and so on [149], and poten-
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tially protect leakages in blood brain barrier (BBB) in a hormetic
manner [42, 150, 151]. Several studies on physiochemical proper-
ties of AP and its localization to injured cerebrovascular regions
suggest that AR peptides may serve as a protective ‘scab, in other
words a sealant, that maintains the integrity of the BBB and seals
its leakages (reviewed by Atwood et al. [150, 152]. These leakages
are typical of cerebrovascular alterations such as decreased levels
of endothelial cells and microvascular density found in both aged
people and AD patients [153-156]. Notably, it has also been point-
ed out that cerebral microhemorrhage observed when deposited
AP was removed by immunotherapy in a cerebral amyloid angi-
opathy mouse model is evidence that Ap has a role in maintaining
vascular integrity [157]. Another in vivo experiment demonstrated
unexpected deposition of AP when a bacterium Chlamydia pneu-
moniae, which penetrates and alters the BBB, was sprayed into the
nose of a BALB/c mouse model with no AD transgenes [158, 159].
In this fashion, AP seems to be progressively generated when the
BBB is disturbed, working as a sealant.

Still, more research on the physiological role of AP in regard to
angiogenesis and sealing BBB is in need because the general aim
of previous studies has been finding the potential relation of Ap-
induced neoangiogenesis to AD pathology, rather than elucidat-
ing the sole effect of AP peptide. For example, Biron et al. [147]
reported hypervascularity in transgenic AD mice (Tg2565) in 18-
to 24-month-old, and another study has shown a positive correla-
tion between vascular density in the hippocampus and Ap loads
in postmortem AD brain tissues using immunoactivity of avp3,a
marker for angiogenesis [160].

Interestingly; in line with the previously mentioned studies indi-
cating the hormetic effect of AP on several physiological functions,
a series of in vitro and in vivo studies has demonstrated a dose-
dependent behavior of AP on angiogenesis as well. Nanomolar
concentrations of AP40, AP42, and its fragmented form AP25-35
induced proliferation of endothelial cells and led to angiogenesis,
whereas their micromolar concentrations rather inhibited the
proliferation and resulted in altered microvessel morphology and
death of endothelial cells [161-164]. Furthermore, both ex vivo
and in vivo studies demonstrated the ability of AP peptides to
form new blood vessels, acting similarly to fibroblast growth fac-
tor-2, which regulates the functions of endothelium and acts an
essential factor for the survival of endothelial cells [165, 166], and
synergetic activity of AP with fibroblast growth factor-2 in mediat-
ing angiogenesis [161]. The effect of AP on vascular branching was
turther illustrated: human monomeric AB42 dose-dependently
increased blood vessel branching in zebrafish embryos and retinas
of adult zebrafish [167, 168]. Additionally, zebrafish embryos with

APP-deficiency exhibited vascular abnormalities, while an artifi-
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cial injection of human AP42 restored the level of central artery
branching similar to that of control [169]. Also, the same research
group tested the effect of B-secretase inhibitor on zebrafish em-
bryos, and vascular defects were reported, solidifying the evidence
for the physiological function of AP in capillary bed density [169].
However, as mentioned earlier, since AP peptides has been sug-
gested to exist in the picomolar range [64-67], further evidence
on the effect of picomolar AP on angiogenesis could enhance our
understanding of its function.

In addition to the dose-dependent effect of AP, a conformation-
dependent effect on angiogenesis has also been observed. The
oligomeric form of AP peptides exhibited an anti-angiogenic ac-
tivity, while fibrillar forms did not shown to be active in the same
assay [170]. This result was further supported by the follow-up
study that the amino acid sequence identified to be responsible for
the anti-angiogenic effect is HHQKLVFEF, of which includes the
LVEF sequence known to be exposed in the oligomeric form of A
[171]. Conversely, a pro-angiogenic effect was seen in AP35-42,a
motif that may protrude outwards in monomeric or dimeric states
with its property of solvent-inaccessibility [171, 172]. Another
study showed that incubation of AB42 monomers in 225 nM with
human umbilical vein endothelial cells resulted in an elevated
number of endothelial tip cell formation without any apparent
apoptotic death [167]. Together, these results signify a potentially
non-pathological effect of monomeric AP on angiogenesis.

INHIBITION OF PROLIFERATING CANCER CELLS

Despite the notorious notion that AD encompasses, meta-
analyses have demonstrated that AD patients have lower risks of
developing various types of cancers such as bladder, breast, lung,
colorectal, head and neck cancers and hematologic malignancies
compared to cognitively normal elderly individuals [173-176].
This notable negative correlation drew researchers attention to Ap,
and it has been hypothesized that AP may inhibit the growth of tu-
mor cells [164, 177, 178]. In support of this hypothesis, a direct in-
jection of freshly dissolved Ap into human lung adenocarcinoma
xenografts and human glioblastoma suppressed the tumor growth
in nude mice [164]. In addition to nude mice, transgenic mice
that overexpress A exhibited 50% of reduction in tumor volume
compared to wild-type when glioma tumors were intracranially
injected [177]. Consistent result was observed with cell-derived A
from mammalian cells as well, preventing the proliferation of hu-
man glioblastoma cells, breast cancer cells and mouse skin cancer
cells in a concentration-dependent manner [178].

Here, a potential mechanism proposed for the antitumor eftect
of AP is by promoting apoptosis. A couple of studies indicated that
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APP partially mediated the expression of p53, a gene responsible
for controlling apoptosis [179] and that AB42 bound to the pro-
motor of p53, eventually increasing the rate of transcription of
p53 [180]. Also, high nanomolar concentrations of AP42 increased
susceptibility to oxidative stress and resulted in a lower expression
of X-linked inhibitor of apoptosis (XIAP), leading to downregula-
tion of XIAP, which directly inhibits key proteases of the apoptosis
cascade, such as caspase 3,7 and 9 [181, 182]. Not limited to p53
and XIAP, but Bcl-2, a vital anti-apoptotic protein, was also shown
to be negatively influenced by AB42, while the level of Bax, which
promotes cell apoptosis, increased when 100 nM of AB42 was
added to primary neuron cultures [183]. This result is noteworthy
because Bcl-2 overexpression is commonly observed in many
types of cancer [184], further highlighting the hypothesis that A
may contribute to reducing cancer risks by promoting apoptosis.
Despite the growing evidence, the antitumor role of Ap is not
conclusive due to limited data and methodology. In the afore-
mentioned studies on the inhibitive effect of AR on the growth
of tumor cells, either freshly solubilized A or naturally secreted
soluble AP were incubated with cancer cells, without further iden-
tifying the exact species, monomeric or further aggregated form,
responsible for the observed effect [164, 177, 178]. Therefore, more
research on a major contributor of A species to the potential anti-

tumor role of AP is required.

AB-DIRECTED THERAPEUTICS IN CLINICAL TRIALS AND
IMPLICATIONS

Given the potential clinical significance and market effects of
AD therapeutics, there have been many attempts to target AP us-
ing various approaches focusing on different stages of the amyloid
cascade (Table 1) [185-228]. For example, inhibitors of Ap-related
secretases aim to decrease the production of Ap itself as a preven-
tative measure, while anti-Ap immunotherapies induce partial
or complete clearance of AP at the end of the amyloid cascade.
However, a lack of efficiency and unexpected adverse side effects
have hampered AD patients from receiving effective treatment
and led to a reliance on drugs such as donepezil (AChE inhibitor)
and memantine (NMDA receptor antagonist) that are designed to
temporarily alleviate symptoms [229]. Recently, the US Food and
Drug Administration (FDA) granted approval for aducanumab as
the first disease-modifying therapy for AD; however, many profes-
sionals expressed concerns and criticism of this decision due to
insufficient data showing the effectiveness of the drug on rescuing
the loss of cognitive abilities. Therefore, an important question
must be answered: why are AP-targeted drugs failing?

To begin with, the earliest components of the amyloid cascade
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Table 1. A list of therapeutic approaches to target AP and their adverse events in clinical trials

Mechanism of action Drug o Adverse events in clinical trials Main r.eason for References
phase failure
BACE1 inhibitor Verubecestat 111 Worsened cognition, increased mortality, and Lack of efficacy Egan etal. (2018) [185], Sur et al. (2020)
reduced brain volume in the whole-brain and [186]
hippocampal region
Umibecestat (CNP520) II/TII Worsened cognition and brain atrophy Toxicity NCT02565511,NCT03131453
Atabecestat II/1II Worsened cognition and liver toxicity Toxicity Novak et al. (2020) [187], Sperling et al.
(2021) [188]
Lanabecestat (AZD3293, it Worsened cognition Lack of efficacy Wessels et al. (2020) [189]
LY3314814)
BI1181181 I No SAEs reported Further study required ~ NCT02044406, Nicolas et al. (2015)
[190]
LY2886721 11 Liver toxicity Toxicity Lahirietal. (2014) [191]
AZD3839 1 Heart rhythm disturbance Toxicity Yan (2016) [192], NCT01348737
RG7129 I Liver toxicity Toxicity NCT01664143,NCT01592331
Elenbecestat (E2609) il No SAEs reported Lack of efficacy NCT02956486, NCT03036280
LY3202626 11 No SAEs reported Lack of efficacy Loetal.(2021) [193]
y-secretase inhibitor Semagacestat I Worsened cognition and increased skin cancersand ~ Toxicity and lack of Doody etal. (2013) [194]
infections efficacy
Begacestat (GSI-953) I No SAEs reported Further study required ~ NCT00547560
Avagacestat 11 Worsened cognition and increased nonmelanoma Toxicity and lack of Coricetal.(2012) [195], Coric et al.
skin cancer efficacy (2015) [196]
MPC-7869 (Flurizan, Il NoSAEsreported Lack of efficacy NCT00322036
Tarenflurbil) Green et al.(2009) [197]
AP antigen AN-1792 (AIP001) 11 Brain inflammation (meningoencephalitis) Toxicity and lack of Gilman etal.(2005) [198], Boche et al.
efficacy (2010) [199]
Affitope AD02 11 No SAEs reported Lack of efficacy Schneeberger etal. (2015) [200]
Vanutide cridificar 11 No SAEs reported Lack of efficacy Pasquier etal. (2016) [201]
(ACC-001)
CAD 106 (Amilomotide) I Worsened cognition, decreased cortical gray-matter ~ Lack of efficacy Vandenberghe etal.(2017) [202]
volume, and ARIAs (ARIA-E & ARIA-H)
Monoclonal antibody Aducanumab (BIIB037, 11 ARIA-E Lack of efficacy Ferrero et al. (2016) [203], Sevigny
Aduhelm) etal.(2016) [204], NCT02477800,
NCT02484547
Bapineuzumab (AAB-001) 11 Increased risk of serious treatment-emergent Toxicity and Lack of Salloway et al. (2014) [205],
adverse events and ARIA-E efficacy Vandenberghe etal. (2016) [206],
Abushouk etal. (2017) [207]
AAB-003 1 ARIA-E Further study required ~ Delnomdedieu etal. (2016) [208],
NCT01193608
Gantenerumab it ARIAs Lack of efficacy Ostrowitzki et al. (2017) [209]
Solanezumab (LY2062430) 111 ARIAs Lack of efficacy Doody etal. (2014) [210], Honig et
al.(2018) [15], Siemers et al. (2016)
[211]
Crenezumab I No SAEs reported Lack of efficacy Yang etal.(2019) [212], NCT02670083
Ponezumab 11 No SAEs reported Lack of efficacy Landen etal. (2017) [213],
NCT00722046
Immunoglobin 11 No SAEs reported Lack of efficacy Relkin etal.(2017) [214]
Donanemab (1Y3002813) 11 Reduced brain volume and ARIA-E Lack of efficacy Lowe etal. (2021) [215], Ayton (2021)
[216]
NCT04437511
Lecanemab (BAN2401) I ARIA-E Lack of efficacy Swanson etal. (2021) [217]
NCT03887455
SAR228810 I No SAEs reported Further study required ~ Pradier etal. (2018) [218],
NCT01485302
MEDI1814 I No SAEs reported Further study required ~ NCT02036645
GSK933776 I No SAEs reported Lack of efficacy Leyhe etal.(2014) [219],
NCT01342926
AP vaccine ACI-24 11 No SAEs reported Further study required  Ritchie etal. (2003) [220]
UB-311 I No SAEs reported Further study required ~ Wangetal.(2017) [221], NCT02551809
ABVac40 11 No SAEs reported Further study required Lacosta etal. (2018) [222]
NCT03461276
AP aggregation inhibitor Alzhemed (Tramiprosate, 111 No SAEs reported Lack of efficacy NCT00314912, Aisen et al. (2006)
3-APS) [223], Gauthier et al. (2009) [224]
Scyllo-inositol (AZD-103, 11 Higher incidence of SAEs and respiratory tract Lack of efficacy, Fur- Salloway etal. (2011) [225]
ELNDO005) infections in high dose groups ther study required
PBT1 (Clioquinol) I SAEs such as visual impairment and intracranial Toxicity and lack of Sampson et al. (2014) [226]
hemorrhage efficacy
PBT2 (Hydroxyquinoline) 11 No SAEs reported Lack of efficacy Lannfelt et al. (2008) [227]
NCT00471211
GV-971 (Sodium I Higher incidence of hyperlipidemia and Further study required ~ Xiao etal. (2021) [228]
oligo-mannurarate) nasopharyngitis NCT02293915

SAE, serious adverse events; ARIA-E, amyloid-related imaging abnormalities with vasogenic edema; ARIA-H, amyloid-related imaging abnormalities
with microhemorrhages.
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targeted by AD therapeutics are BACEL- and y- secretases by their
respective inhibitors. Co-cleavage of APP by BACE1- and y- secre-
tases is known to release Ap into the extracellular space; inhibition
of these secretases has therefore been proposed as a measure to
block the AP production, regardless of the conformation of Ap.
However, the clinical outcomes of both BACEL- and y- secretases
have been disappointing because many were discontinued due toa
lack of efficiency and worsen cognition among the tested patients
compared to placebo group (Table 1). For example, a series of oral
BACEI inhibitors, including Verubecestat [185], Lanabecestat
[189], and Atabecestat [230], which underwent clinical trials on
mild AD patients were shown to exacerbate cognitive functions of
the participants, despite the apparent reduction in CSF A levels.
Also, the clinical trials of y- secretase inhibitors, Semagacestat [194]
and Avagacestat [4, 196] were halted as their administration result-
ed in aggravated functional and cognitive abilities, and higher rates
of skin cancer and infections [231]. These adverse events observed
in the clinical trials of BACEI- and y- secretase inhibitors were
consistent with in vitro and in vivo evidence that AR may possess
roles in regulating synaptic functions, defending the human body
against various microbes, and even suppressing the growth of tu-
mor;, as discussed earlier.

In response to the apparent failure in the upstream regulation
of the amyloid cascade via the secretase inhibitors, more recent
attempts have been made with anti- A} immunotherapies. These
immunization methods are intended to reduce the level of A
deposits in the brain through either an active approach using A
antigen that generate an antibody response against Ap or a pas-
sive approach using humanized AP antibodies [232]. An initial
attempt was made by Elan Pharmaceuticals with the AN-1792
AP antigen, which is a synthetic, aggregated AB42 combined with
adjuvant, and the result showed a significant reduction in A
loads in the participants. Nonetheless, no improvement in their
cognitive decline was observed [198, 233]. Notably, ~6% of the
immunized patients exhibited meningoencephalitis, which is an
inflammatory disease of the brain caused by infection [198, 234].
This unexpected adverse effect suggests that there may be a need
to keep normal forms of A rather than complete clearance, be-
cause it has been suggested that monomeric and oligomeric A
may exert an antimicrobial effect and have a protective role against
brain inflammatory diseases by suppression of the production of
proinflammatory cytokines [139]. Consequently, lack of clinical
efficiency and adverse side effects such as cognitive worsening in
active immunotherapies such as AD02 [200] and CAD106 [202]
that followed after AN-1792 turned many researchers to move
onto the passive Ap immunotherapy.

Similarly, the passive immunotherapy aims to clear out AP using
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monoclonal or polyclonal anti-Ap antibodies targeting neurotoxic
AP. Among the antibodies tested, aducanumab by Biogen has re-
ceived the greatest attention because of successful phase I results
indicating the dose- and time-dependent clearance of AP plaques
on positron emission tomography scans and slowed progressive
cognitive decline of AD patients [204]. Aducanumab was the
first such drug to be approved by the FDA as an AD therapeutic.
However, many professionals, even some advisory members of
the FDA, have criticized the approval of aducanumab due to inad-
equate evidence for clinical effects in the phase 111 trials (EMERGE
and ENGAGE) and due to the subjectivity of the FDA as they
worked with the sponsor to reevaluate the submitted data [235-
237].

Adding on to the ambiguous findings for aducanumab and the
apparent lack of efficiency of other AP immunotherapies, a new
adverse effect, amyloid-related imaging abnormalities (ARIA), has
been reported in clinical trials of a significant number of the im-
munized AP antibodies such aducanumab [203], bapineuzumab
[206], gantenerumab [238], and solanezumab [15] (reviewed by
DiFrancesco et al. [239]). Based on radiographic features of the
subjects, ARIA is divided into two subgroups: ARIA-E if vaso-
genic edema is observed and ARIA-H by microhemorrhages with
hemosiderin deposits in brain [240]. Interestingly, the subjects
were either symptomatic with several neurological side effects or
asymptomatic in some cases [203,205]. One hypothesis suggested
for pathophysiology of ARIA is the solubilization of parenchymal
AP plaques by the immunotherapies leading to the accumulation
of cerebrovascular AP in vessel walls. Then, this accumulation is
hypothesized to be stimulating the clearance of vascular A} by
relative lymphocytes and proteases and weakening of BBB, and
thus edema and hemorrhages are spotted [240-242]. Although
very limited evidence for risk factors and mechanisms of ARIA is
available so far, any signs of ARIA in the brain of the patients must
be carefully screened in future trials.

Continuous failures of the AB-targeting therapeutics and adverse
effects highlight the need for further elucidation of the pathogen-
esis of AD and for the adjustment on AD therapeutics. One hy-
pothesis to explain the lack of efficiency of the Ap immunothera-
pies is that the AD patients in clinical trials were too advanced in
their stage of AD and thus no longer exhibited the clinical effect
observed in the preclinical stages [243]. It is possible that the anti-
bodies may be effective only as a preventative measure, and do not
engage with AP plaques once profound abnormalities in neuropa-
thology have developed. Additionally, an increased level of soluble
oligomeric Ap after the clearance of AP plaques by aducanumab
has been proposed as another possibility for the failure, as mount-

ing evidence points to deleterious effects of diffusible AP oligo-
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Fig. 1. The physiological roles of amyloid-p (Ap). (a) AP has an antimicrobial property: AP induces agglutination and inhibits the adhesion of patho-
gens to host cells. (b) AP regulates synaptic functions: picomolar concentrations of Ap42 increase the concentration of acetylcholine (ACh), by acting as
an allosteric enhancer of choline acetyltransferase (ChAT), causing an influx of Ca** through a7-nicotinic acetylcholine receptors (a7-nAChRs), which
eventually lead to an increase in long-term potentiation (LTP). (c) AP promotes recovery from brain injury: during the recovery of traumatic brain in-
jury (TBI), the levels of Ap elevate, hinting a protective role of AP against brain injury. (d) AP serves as a sealant of blood-brain barrier (BBB) leakages. (e)
Monomeric forms of AP dose-dependently promote angiogenesis. (f) A suppresses tumor growth by promoting apoptosis.

mers [244]. The possibility that AP might not be a desirable target
for clinical interventions in AD should also be considered; indeed,
a recent meta-analysis of randomized trials of AB-directed drugs
exhibited that A clearance therapies did not cause a significant
improvement in cognition [245]. Based on these considerations,
many new approaches for AD therapeutics have been suggested,
including modifications of targeted epitopes of Ap, adjustments
on administered doses, and direct-delivery methods across the
BBB [246).

Based on the physiological roles of AP discussed earlier (Fig.
1), novel therapeutics for AD could be designed to selectively
remove or disaggregate neurotoxic forms of AP while retaining
its monomeric form in the brain. We hypothesize that the side ef-
fects reported in the clinical trials of Ap-targeting drug candidates
might have been resulted from the complete clearance of A from
the brain, which led to the unexpected loss of monomeric AB and
their functions. For instance, the weakened BBB evident through
ARIA might be related to normal AP peptides no longer being
able to work as a protective scab for BBB. Also, the patients with
reduced AP could have been more susceptible to microbial infec-
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tions with reduced number of AR monomers with antimicrobial
activity, which could explain the increased infection rates observed
in the clinical trials. More importantly, the absence of monomeric
AP that has been shown to regulate synaptic activity could be the
reason why many subjects with reduced AP levels experienced
worsened cognition in the trials. Although more direct evidence
is required to verify this hypothesis, the restoration of monomeric
AP in the brain has a potential to elicit cognitive improvement and

satisty the unmet clinical need for AD therapeutics.
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