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Abstract

Alzheimer’s disease (AD), a progressive neurodegenerative disorder, is the commonest cause of
dementia in the elderly population worldwide. It is a multifactorial disorder, characterized by
extracellular B-amyloid peptide (AP) deposits, leading to the formation of senile plaques; and
intracellular neurofibrillary tangles, composed of hyperphosphorylated Tau protein. There exist
competing hypotheses regarding the causes of AD and their significance in AD progression.
Therefore, this bibliographical review focuses on detailing the AP hypothesis thus explaining the
generation of AP peptides from amyloid precursor protein (APP), and its accumulation leading to
the formation of amyloid plaques. Over the last two decades, AP proteins have been extensively
studied, not only for their role in the progression of the disorder, but also as a potential target for
novel therapeutic strategies. This study also highlights several therapeutic approaches including
the inhibition of B- and y-secretase, the enhancement of AP clearance, the regulation of AR
production; as well as, vaccination and immunization therapies. Many such approaches have
reached clinical trials, yet they were abandoned due to low efficacy and side effects on AD patients.
Currently the available treatments are focused on the cholinergic hypothesis of AD, and includes
acetylcholinesterase inhibitors and N-methyl D-aspartate receptor antagonists. These drugs
decelerate the progression of AD and offer symptom-relief to the patients. However, these drugs
fail to achieve a definite cure. Thus, the enormous challenges AD poses to researchers is the urgent

need to develop innovative therapeutics strategies.
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1. Introduction

Alzheimer’s disease (AD) is acknowledged as a multifarious neurodegenerative disorder which
accounts as the most common form of mental failure in late adult life (De Strooper & Karran,
2016). AD progresses symptomatically from mild to severe and has a place amongst the eight top
most health complications worldwide (Cornutiu, 2015). Currently, AD is considered for more than
80% of dementia cases in elderly population, 50% of people who are 85 year or older are afflicted
with AD (Avramopoulos, 2009). It is estimated that about 200,000 young AD patients (younger
than 65 years old) comprise the early onset AD population whereas approximately 5 million people

are 65 years old or older who comprise the late onset AD population.

1.1 Historical Perspective of AD

A Bavarian psychiatrist, named Alois Alzheimer, was the first that defined this clinicopathological
syndrome. In 1907, Auguste Deter, a 50-year-old woman, patient of Alois suffered with several
cardinal characteristics of AD, such as memory impairment and general cognitive decline
(Stelzmann et al., 1995). Alois identified in Deter’s autopsy, the presence of two distinctive
histopathological features in her disease-damaged brain which are considered as the pathological
hallmarks of AD (O'Brien and Wong, 2011). Those brain lesions were; (a) large numbers of
extracellular “amyloid” plaques (Seline plaques, SPs or neurotic plaques) and (b) aggregates of
intraneuronal neurofibrillary tangles (NFTs) (Ballatore et al., 2007). However, Alois could not

distinguish whether those two brain features were causative or markers of AD (Figure 1).

Notably, later in 1984 Glenner and Wong reported that neurotic plaques, are large extracellular
deposits composed of hydrophobic 40 to 42 amino acid peptides, called amyloid-p peptides (A)
(Glenner and Wong, 1984). Those peptides are derived through the proteolytic cleavage of the
amyloid precursor protein (APP) (Hardy, 1997). The second type of lesion of Alois reported, were
the NFTs which occurs intracellularly and are composed with twisted filaments of the cytoskeletal
Tau protein (Medeiros et al., 2010). After Aloi’s observations he suggested that Deter’s case was
a rare cause of dementia, until the late 1960s with the work of Blessed, Tomlinson and Roth
(Blessed et al., 1968). Those three researchers found out that there is an interplay between SPs in

elderly brains thus was accepted as the commonest basis of senile dementia.
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In terms of histopathological progression, both lesions that were previously referred lead to the
loss of both neurons and synapses in specific areas of the brain. Those pathological hallmarks of
AD results to the progressive neuronal degeneration of both cerebral and limbic cortices, reactive
gliosis and deposition in the brain parenchyma of amyloid aggregates (or plaques) closely
associated with dystrophic neurons. The two hallmarks of AD can be located initially in specific
areas of the brain and then spread according to the evolution of the symptoms of the disease (Figure
2) (Jouanne et al., 2017).

Figure 2 The spread of lesions during Alzheimer's Disease. The five-step describes
the progressive spread of AB peptide deposits from the neocortex to the
intranasal region and the hippocampus, reaching the subcortical structures, the
brain stem and finally the cerebellum. At the beginning NFTs target the
endotracheal cortex (phases | and Il), gradually expanding into the hippocampal
region (stages Ill and IV) and the neocortex (stages V and V).

Adapted from: Jouanne et al., 2017



1.2 Symptoms

The disorder is clinically characterized with insidious onset and irreversible progression that
makes many of the patients requiring constant care. The main signs of AD is the loss of memory
and progressive deterioration of mental functions (Castro et al., 2010). Nowadays, during the
progression of AD there are several features that are observed in most AD patients. At the early
and middle stages of AD the alertness, motoric and sensory functions are preserved and remain
intact. Additionally, among the symptoms of the disorder is spatial disorientation, gradual
deterioration of mental capacity and behavioral alterations which includes paranoia, delusions or
loss of social appropriateness (De Strooper & Karran, 2016). Also a characteristic symptom is the
progressive decline in language function. As the disorder progress to later phases, in every patient

we identify a decline of motor functions, for example gait and coordination.

Brain Cross-Sections
Figure 3 Comparison of a healthy brain and an AD-
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1.3 Subtypes of AD

AD is considered as a multifactorial disorder, with environmental and genetic factors for its
pathogenesis. Epidemiological studies suggested that risk factors for AD development include age,
head injuries, cardiovascular disease and the gender (females have a greater risk to develop the
disorder). In 1991, according to phenotypic analyses and the search of genetic linkages highlighted
that AD can be inherited in an autosomal-dominant fashion and it is considered as the familial AD
(FAD) (Munter et al., 2010). FAD is very rare, with early onset of symptoms and in most cases it
is occurred due to genetic background (O'Brien & Wong, 2011). Mainly is caused by mutations in
three genes; the presinilin gene (PS1) located on chromosome 14, presenilin 2 gene (PS2) on

chromosome 1, and APP localized on chromosome 21. Mutations on the gene of APP are missense



mutations which serve to pass AD via autosomal-dominant fashion. These lesions are present in
and around the AP region of the APP (Hardy, 2006). In familial AD the clinical manifestations are
generally similar or almost indistinguishable from non-familial cases. Thus, according to the
phenotypic similarity indicates that the mechanisms and more specific the mutations in the APP
and presenilin genes in familial form of AD is likely to be relevant to the pathogenesis of non-
familial AD.

1.4 Mutations in AD

According to studies, missense mutations not only in APP but also in presenilins, the proteins of
the y-secretase complex, can alter AP generation, degradation and/or aggregation (Tsubuki et al.,
2003). To date have been identified a large number of mutations which are observed in AD people
with the symptom onset before the age of 65 (early-onset FAD) (Masters et al., 2015). Have been
identified 32 APP, 179 PSEN1 and 14PSEN1 mutations which are connected with the FAD.
Although the more important genetic cause of AD is the occurrence of mutations specifically in
the gene of APP. Those mutations affect the proteolytic processing of APP at the three secretase
cleavage sites. Most mutations are found either before the B-cleavage site, after the a-secretase

cleavage site or to the COOH-terminal to the y-cleavage site (Selkoe, 2001).

The result of missense mutations in the gene encoding APP, is the alteration of APP y-secretase
cleavage in order to increase the production of the less soluble and amyloidogenic AB42 in contrast
to AP40 (Shen and Kelleher, 2006). AB42 is a primary component of amyloid plaques which are
deposited in AD brains in both sporadic and familial form of AD. As mentioned before, mutations
in the gene of APP are found around the three secretase cleavage sites (Wilquet and Strooper,
2004). Mutations near the - and y-secretase cleavage sites result to an increase AP42 species. In
the case of missense mutations close to f-Secretase cleavage site results in -site proteolysis and
thus to the increased level of both AB40 and APB42 (Citron et al., 1992; Cai et al., 1993). On the
other hand, mutations close to y-site elevate the production of AP42 (Suzuki et al., 1994).
Researchers took into consideration all these evidences and suggested the involvement of Ap in

the pathogenesis of AD.

The overexpression of APP is a second way of AD predisposition. As mentioned before, APP is
located on chromosome 21, thus in cases of trisomy 21 (Down’s syndrome) results to elevated

gene dosage (Selkoe, 2001). The prolonged APP overexpression due to duplication of
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chromosome 21 or translocation of trisomy 21, that part of 21q which contains the gene of APP,
leads in overproduction of both AB40 and AB42. This contributes to the early formation of Ap42
diffuse plaques and therefore the individual has an early-onset AD (Lemere et al., 1996).

1.5 Competing hypotheses of AD

At this point according to biochemical and histopathological evidence several competing
hypotheses have been suggested regarding the causes of the disorder. Some of the descriptive
hypothesis of AD include the cholinergic hypothesis, amyloid hypothesis, Tau hypothesis,
inflammatory hypothesis, oxidative stress hypothesis, excitotoxicity, ApoE hypothesis, etc
(Sharma et al., 2019). At the same time all of these hypothesis are also the pathological hallmarks
of AD. Among the competing hypothesis only two of them stood out, the AB and Tau protein
hypothesis which are the most crucial components the molecular pathogenesis of AD (NFTs and
SPs) (Liu et al., 2019). However, even the big range of evidence that support many of these
hypothesis, the main causation of AD remains unclear. Therefore, in the pharmaceutical industry

there is not currently available any efficient treatment or therapy for prevention.

1.5.1 Cholinergic Hypothesis

In 1976, Peter Davies and A.J. F. Maloney were the two first researchers who suggested the
Cholinergic hypothesis (Davies, 1976). These hypothesis raised through the observations of the
post-mortem brains of AD patients and the activity of crucial enzymes which implicate in the

synthesis of neurotransmitters, such as acetylcholine (ACh).

Postsynaptic Neuron (membrane)

Figure 4 Synthesis of ACh through the action of ChAT.
The catalytic activity of CAT in order to synthesize ACh
requires choline, acetyl-CoA and adenosine triphosphate
\ (ATP). ACh is released into the synaptic cleft and interacts
with presynaptic nicotinic (N), muscarinic type 2 (M2) and
muscarinic type 1 (M1) receptors. In the case of AD
acetylcholinesterase (AChE) takes part and cleaves
acetylcholine into choline and acetate. Last step, is the
uptake of the released choline by the presynaptic neuron.

Presynaptic Neuron oSynaptic cleft
f_%

/5“5{;;.

34
e
O CoA
| o S »ﬁh

Adapted from: Habtemariam, 2019

A characteristic investigation was the incredible low concentration of choline acetyltransferase
(ChAT) in the brain of AD patients (Perry etal., 1977) (Figure 4). In depth, AD brains have reduced
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activity of ChAT in the amygdala, hippocampus and cortex (H. Ferreira-Vieira et al., 2016). At
this point it is very important to mention that reduced levels of ChAT specifically in hippocampal
and neocortical regions of the brain are the regions where neurodegeneration occurs during AD
(Perry et al., 1977). In those brain regions the levels of ACh, which is synthesized through the
action of ChAT, was also extremely low at synapses (Fotiou et al., 2015). ACh is a
neurotransmitter in the brain with a major role in the neuromodulation of memory, learning and
cognitive functions (Lane et al., 2005). Therefore, this hypothesis propose that cholinergic neurons
are affected in the early phase of the disorder accompanied with cholinergic function impairment
which are part of the ACh synthesis in basal forebrain and thus leading into cognitive dysfunctions.
This evidence has also been observed in some other neurodegenerative disorders such as

Parkinson’s Disease and in psychiatric disorders like depression (Selkoe, 2001).

1.5.2 Tau hypothesis

Microtubule-associated proteins (MAPS) contribute to the stabilization of microtubules. Some of
these are MAP1A, MAP1B, MAP2 found in mature neurons. The interaction of MAPs with
microtubules is regulated by their phosphorylation state via the action of kinesin. A member of
this family is the Tau protein which is located in the axons of neurons where it contributes to the
axial transport of signaling molecules and cellular components, stabilizing the microtubules (Figure
S5Figure 5) (Goedert et al., 2006).

D Q .
Phosphotau Figure 5 Normal function of Tau protein. Tau protein

Vesicle 4. stabilizes the microtubules via four / three tubulin binding
sites (blue). Tau phosphorylation (pink) regulates its binding

\/ ' to the microtubules and may affect axial transport. Tau
Kinesin : protein can inhibit the axial transport of vesicles along the
: microtubules which is achieved through kinesin.

- p Adapted from: Kolarova et al., 2012
protein

Microtubule Y

One of AD hallmarks is the intracellular NFTs, which is the second type of lesion of Alois reports.
NFTs are composed of Tau protein and are formed by the aggregation of paired helical filaments
(PHFs) (Braak et al., 1999). Normally Tau is located on the microtubules of neurons and plays a

crucial role in the network of neuronal microtubules and for the preservation of their morphology
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(Hardy, 1997). The equilibrium balance of Tau protein is controlled by Tau phosphorylation which
in turn is controlled by kinases and phosphatases (Merlini & Bellotti, 2003). Moreover, the binding
and release of Tau from the microtubules, according to the level of phosphorylation and
dephosphorylation, respectively, is necessary for efficient axial transport (Buée et al., 2010). Thus,
every normal function of Tau is regulated by post translational modifications (PTMs), which can

alter its stereotyping and affect Tau's affinity for microtubules (Nizynski et al., 2017).

In the case of hyperphosphorylation or abnormal phosphorylation, results in the altered structure
of Tau and contributes to its pathological functions, such as its ability to self-assemble into neural
fibers found in neurodegenerative diseases, like AD (Ebneth et al., 1998). Therefore, when Tau
protein is hyperphosphorylated leads to its release from the microtubules and thus microtubules
are depolymerized and they form aggregates(Figure 6Figure 6). The aggregation leads to a change
in the conformation of the secondary structure of the molecule resulting to the formation of PHFs
which induce the formation of NFTs. Thus, neurons with non-functional microtubules lose their

signaling capacity and undergo apoptosis (Medeiros et al., 2010).

a Healthy neuron

Tau binds and stabilizes
microtubules

Figure 6 Formation of neurofibrillar tangles (NFTs). (a)
The normal binding of Tau protein and how stabilizes
microtubules in healthy neurons. (b) In the case of diseased
neuron during AD, hyperphosphorylation of Tau protein
causes its release from the microtubules and the
disassembly of the microtubule network. This causes the
Loss of tau binding with @ formation of helical filaments (PHFs) which in turn lead to
microtubule dissocition ‘% the formation of neurofibrillar filaments (NFTs).

Defective
microtubules

Adapted from: Brunden et al., 2009

1.5.3 Amyloid beta (AB) hypothesis

The most persuasive hypothesis was first described in 1991 by John Hardy and David Allsop
(Hardy & Allsop, 1991). Back then they identified a mutation in the gene of APP which is located
on the chromosome 21g21.3 and they proposed that APP mismetabolism and AP deposition are
the very first events in AD (Ling et al., 2003).
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APP normally is located on the surface of neurons and involves in the development and repair of
the neuron after damage. The release of AP from the APP occurs after the action of - and y-
secretases (Figure 7). Those enzymes truncate the peptide on both amino-terminus and carboxyl-
terminus of the AP sequence, respectively (Zheng & Koo, 2006). After the processing of APP, the
mutant APP forms a monomer called AB which accumulates outside the neuron leading to the
formation of amyloid plaques (Figure 7). These plaques can be deposited between neurons by
blocking neuronal signaling resulting in altered brain function (Robakis, 2016). Many
circumstantial evidence suggests that these proteolytic cleavage is essential to the pathogenesis of
the AD (Selkoe, 2001). Thus, a better understanding of the mechanistic transition of soluble
Ap(solution) to neurotoxic AB(amyloid) is crucial for elucidation of the molecular causation of
AD.

Mistoldad AB mionomer Figure 7 Formation of A8 plaques. A8 plaques are

generated via the proteolytic cleavage of APP by

T P 191 7}” {7 S\ Soluble AP oligomars the action of 8- and y-secretase thus producing a
_S R} Q00 40-42 amino acid peptide, called AB. Then A8
S E v oligomers accumulate resulting to the formation of
\ AB deposits.
e /‘ i
. /aQ Adapted from: Mantile & Prisco, 202)
...... Berenee >
’’’’’ E""" AB protofibrils

%~

p-amyloid plaque

1.6 The structure of Amyloid Precursor Protein (APP)

APP belongs to the family of conserved type 1 membrane proteins that includes the amyloid
precursor-like proteins, such as APLP1 and APLP2 in mammals and the amyloid precursor
protein-like (APPL) in Drosophila (Muller & Zheng 2012). APP is a single-pass transmembrane
protein with a large extracellular domain and is expressed ubiquitously (Ling et al., 2003). The
gene of human APP is located on the long arm of chromosome 21 and contains 18 exons with a
size of about 240 kb (Sondag & Combs, 2006). Notably among the other APP-related genes, only
APP is able to generate amyloidogenic fragments. Exons 16 and 17 contain the region encoding
the AP sequence composed of 40- and 43-amino acid residues that extend from the ectodomain
into the transmembrane domain of APP. Additionally, the APP protein contains a huge

ectodomain, which includes a cysteine-rich globular domain (E1), an acidic domain, a helix-rich
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domain (E2) and a region of AP sequence which is continued into the transmembrane domain
(Lichtenthaler et al., 2011). Additionally, the cytoplasmic domain of the protein contains the C-
terminus which is a region with multiple phosphorylation sites and last a YENPTY sorting motif.
YENPTY motif is crucial in the regulation of intracellular events regarding the activity of APP
(Ando et al., 2001).

APP splice variants exist by alternative splicing, generating 8 isoforms, the most common encode
transcripts are; the 695 amino acid isoform expressed predominantly in the central nervous system
(CNS), the 751 and 770 amino acid isoforms (Weidemann et al., 1989) (Figure 8a). Those isoforms
differ by the absence (APP-695) or presence (APP-751 and APP-770) of the exon 7 which encodes
a serine protease inhibitor (called Kunitz proteinase inhibitor (KPI)) domain which is located
toward the NH2 terminus of the APP protein (Figure 8b)(Sinha et al., 1990; Konig et al., 1992).
Further, KPI-containing APP forms are more amyloidogenic and their spread increases in diseased
AD brains (Rohan de Silva et al., 1997). Thus APP751 and APP770 are more amyloidogenic.

(a)

Chromosome 21

Figure 8 Schematic illustration of APP structure in gene,

2 g mRNA and protein level. (a) The gene of APP is located
CC T - | on chromosome 2121.3 and consists 18 exons. Through

APP gene structure APP the differential mRNA splicing of the Exon 7 and 8 (dark
Exon 1 23 4 5 67 8 9 10 11 121313 14 1516 17 18 grey) results to the expression of 695, 751 and 770
amino-acid variants. (b) Protein structure of APP. APP
contains an N terminal signal peptide (SP) and the E1

)
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1.7 Trafficking of APP and its post-translational modifications

APP is widely produced in neurons and processed very rabidly. APP is generated and
modified in the endoplasmic reticulum and Golgi apparatus. The second step is the migration of
APP to the axon where it is delivered by fast axonal transport to synaptic terminals. Alternatively,
APP is transported directly to an endosomal compartment. Clathrin-mediated endocytosis (CME)
contribute in both steps. Following step is the non-amyloidogenic pathway where APP is
metabolized by the action of a-secretase which results to the generation and release of SAPPa.
Although a proportion of SAPPa is retrieved into endosomes. Then, the amyloidogenic processing
occurs and the endosome recycles into the cell surface having as a result the production of Ap and
SAPP (Figure 9).

— APP « Clathrin
— SsAPPa - p3
— SAPPB o AP
sAPPa
. & el Al
/ / e\ _‘:; " \ / 4:[.\§ -
o A \~.}_
- — fa . X B
- by € o 4
— x /\ (1] T T ) -
o D, oo Ny <
& . 0\ ook ; o X
= N Y
; o\\©
(3] /. X /';\— lo -
\ e KV H 2
- v/ L | /'/ 8
Q\ SAPPB |

Figure 9 Diagram of intracellular APP trafficking. Nascent synthesized APP (purple) migrates from the
Golgi to the axon cell surface (step 1) or into an endosomal compartment (step 2). After the
internalization into the cell surface, where secretases are present, the non-amyloidogenic processing
occurs. Thus, a proportion of APP is processed via a-secretase (step 6) leading to the production of sSAPPa
fragment, which is released (green), and a part of it is reinternalized into endosomes (step 3), where the
generation of A8 is occurred (blue). Following event is the amyloidogenic proteolysis where the endosome
recycles to the cell surface (setp 4) resulting to the release of both A8 and sAPP8 (blue). The migration
from the endosomes to the Golgi apparatus before the APP cleavage can also occur, mediated via
retromers (step 5).

Adapted from: O'Brien & Wong, 2011

After the expression of APP, the translated APP undergoes post-translational modifications
which includes sulphation, glycosylation and phosphorylation (Selkoe, 2001). Thus following its
modification in the Golgi, APP can be post-translationally processed (“maturation”) via the action
of specific enzymes known as secretases. Secretases have the ability to cleave APP in order to

generate a number of smaller fragments. A closer look of APP processing will be discussed later.
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1.8 Processing of APP and its routes

APP, the integral membrane protein, can be proteolyzed on the cell surface. AD pathogenesis is
directly connected with the event of APP proteolytic processing which is occurred through the
action of B-secretase, y-secretase, and caspases. The processing of APP generates A peptide and
carboxyl-terminal fragments (CTF) of APP (Checler, 1995; Suh, 1997; Selkoe, 1999). There are
various pathways for APP proteolysis but some of them have as a result the production of Af

peptide.

1.8.1 a-secretase

a-secretase is a member of the metalloproteases family called ADAM. APP processing via the a-
secretase does not yield AP and thus is considered as the nonamyloidogenic pathway. These
pathway of APP cleavage is a major and ubiquitous pathway of APP metabolism in most cells. a-
secretase cleaves within the AB domain between Lys16 and Leul7 and more specific cleaves the
C-terminal side of residue 16 of the AP sequence (residues 687 and 688 of APP) (Esch etal., 1990).
Thus, it produces soluble sAPPa, an 83-residue COOH-terminal fragment (CT83). CT83 act as a
substrate for y-secretase which performs a different type of cleavage within the transmembrane
region. As a result, y-secretase generates a 3-kDa non-pathogenic peptide called p3 and a CT57-
59 fragment, from the CT83 fragment. p3 peptide is released into the extracellular milieu (Figure
10B). Has been highlighted that phorbol esters activate protein kinase C (PKC) which leads to the
up regulation of non-amyloidogenic cleavage. Some other reagents in order to elevate the o-

cleavage pathway include testosterone, estrogen, growth factors and many neurotransmitters.

1.8.2 B-secretase

A second mechanism, is the alternative amyloidogenic pathway which is enriched in neurons and
brain. In these route of proteolytic processing, APP extracellular domain can be processed via the
action of B-secretase. These enzyme is a membrane-bound protein with high homology to soluble
aspartyl protease, called the B-site APP-cleavage enzymes (BACE). Have been identified two
enzymes responsible for B-cleavage, BACE1 and BACE2. However, only BACE] is the major -
secretase in the brain thus it is highly linked with AD pathology. Have been identified that BACE-
2 is highly expressed in kidney, heart and placenta, proposing that it may be crucial in highly
vascularized systemic tissues (Farzan et al., 2000). BACE1 generates the NH2 terminus of AP

peptide and can cleave APP between Tyr10 and Glull in order to produce a soluble form of APP
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(APPsP) and a 99-residue COOH-terminal fragment (CT99) which remains anchored to the
membrane. Like CT88 (previously mentioned), in the same way, subsequent proteolysis of CT99
fragment which act as a substrate for y-secretase, cleaves APP and yield the 4-kDa AP and a
cytoplasmic polypeptide CT57-59 [termed amyloid intracellular domain (AICD)]. Thus, AP is
released into the extracellular milieu and AICD into the cytoplasm (Figure 10C). The generated A
is a soluble cellular metabolite which have two predominant forms with a different COOH-termini
each of them. Those forms are AB40 and AB42. AP aggregation is the key in the causation of AD,
however current evidence proposes that soluble AB oligomers, the ones that are the precursors for
the fibril formation, are the neurotoxic elements. Soluble AP are the species that causes

neurodegeneration and then dementia.
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Figure 10 Schematic representation of APP proteolytic processing via amyloidogenic and non-amyloidogenic pathways by the
secretases. (A) APP structure which contains the A8 domain (shaded in red). Also the figure illustrates the cleavage sites via the
action of the three secretases with numbering from the N terminus of AB. (B) Nonamyloidogenic pathway involves the first
cleavage of APP by a-secretase at peptide bond 16-17 producing APPsa and a- carboxy terminal fragment (a-CTF), precluding A8
generation. The membrane-bound a- CTF is cleaved via the action of y-secretase within the plasma membrane. Thus leads to the
release of p3 and APP intracellular domain (AICD). (C) Amyloidogenic pathway, includes the first cleavage of APP by 8-secretase
resulting to the production of APPsB and B-CTF. Then y-cleavage of the 8-CTF fragment releases the full length A8 and AICD.

Adapted from: Thinakaran & Koo, 2008

1.8.3 y-secretase

y-secretase catalyzes the secondary cleavage of APP. These enzyme has pharmacological features
of an aspartyl protease and loose sequence specificity for its substrate. This features of y-secretase
became from mutations in APP near the y-secretase site which allows the production of A in
affected cells (Maruyama et al., 1996; Tischer and Cordell, 1996; Lichtenthaler et al., 1997, 1999;

Wolfe et al., 1999a—c) and seem to be a multiprotein complex. Thus, y-secretase is a complex of
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four integral membrane proteins; presenilin 1 (PS1) or presenilin 2 (PS2) which are candidates for
its catalytic components. Further y-secretase consists nicastrin (Nct), which is a type |
transmembrane glycoprotein; APh-1 and Pen-2, which are multipass transmembrane protein (He
et al., 2010). All these proteins are forming a complex which is necessary for sequential
intramembranous proteolysis of various transmembrane proteins. The function of y-secretase is to

cleave the transmembrane domain of the carboxy terminal fragments of APP.

After either a- or B-secretase releases their remaining carboxyl-terminal fragments of APP they
undergo a final transmembrane cleavage via y-secretase. Both CT83 and CT99 undergo proteolysis
within their plasma membrane region— it is called regulated intramembrane proteolysis (RIP)—
and the intracellular part migrates to the nucleus where it may alter the transcription of target genes.
Further proteins that undergo these type of process, RIP, include not only APP but also Notch, a
receptor involved in fate decisions during embryonic development and the sterol regulatory
element binding proteins (SREBPS), which are transmembrane proteins of the endoplasmic

reticulum (ER) that controls lipid metabolism (Brown et al., 2000).

y-Secretase cleaves at multiple sites and its position of cut within the transmembrane domain of
APP is crucial. Because of the multiple cleavage sites, y-secretase yields AP peptides that differ in
length from 38 to 43 residues. In the case of cleavage at residue 712-713 results to short AP,
otherwise a cut after residue 714 leads in a long AB. The cleavage through y-secretase is very
heterogeneous. A large amount of the produced AP species are full-length which are considered
as 40-residue peptides (AP40). However, a small proportion of them are 42-residue COOH-
terminal variants (AB42). AB42 is more prone for fibril formation than AB40 because of its larger
size and is more hydrophobic (Jarrett et al., 1993). Even if AB42 is a minor form, it is the major

AB identified in cerebral plaques of AD patients (Iwatsubo et al., 1994).

1.9 Treatment of Alzheimer's disease.

In order to modify AD, novel strategies have been designed. Therefore major drug development is
focused to the AP based therapeutics, which is a key to treat or prevent this disease in the near
future. This paper highlights not only the currently approved treatment but also some developed
drugs which failed during clinical trials. So far there is no cure for Alzheimer's disease but there
are drugs that can reduce patient'’s clinical symptoms. Drugs that have been developed for treatment

cannot be used due to side effects and most of the trials were announced for termination.
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2. Main Part

2.1 How APP and AP facilitates neurodegeneration?

It is widely known that APP and specifically its toxic metabolite, AP, is a key player in AD
pathology. As mentioned before, soluble, small AP species are cytotoxic to neurons (Klein et al.
2001; Walsh and Selkoe, 2004). Thus, the remaining question is, how oligomeric AP induces
synaptic dysfunction and neurodegeneration? Kirouac et al., demonstrated that both APP and A42
are able to modulate neuronal intracellular signaling, leading in APP and tau
hyperphosphorylation, thus resulting to neuronal dysfunction and degeneration.

According to a previous study, they have used stable isotope labeling by amino acids in cell culture
(SILAC)-based proteomic analysis and identified that APP enhanced the expression of proteins
responsible in cellular morphology, assembly, organization and cell cycle (Chaput et al. 2012).
According to their results they reported enhanced expression of Ras and phosphorylation and
activation of ERK in B103 rat neuroblastoma cells expressing APP-695. Thus, they concluded that
APP triggers Ras/mitogen-activated protein kinase (MAPK) signaling cascade and enhanced cell
proliferation (Chaput et al. 2012). Kirouac et al., to confirm that APP has its fundamental role
upstream of Ras-ERK signaling cascade they used RNAI approach in order to downregulate APP
in B103-695 cells. According to their findings, APP downregulation results to decreased Ras
expression as well as decline in ERK phosphorylation. These findings indicate that APP is
considered as an upstream positive regulator which activates the Ras/MAPK signaling cascade in
neuronal cell lines. Further they illustrated that B103 cells expressing APP enhance both
expression and activation of Ras due to its ability to be in active form by the exchange of GDP to
GTP. According to other studies focused on postmortem brains Ras-MAPK cascade is considered
as an early driver of AD pathology (Arendt et al. 1995; Gartner et al. 1995, 1999) (Figure 11Figure
11).

Amyloid deposition is a one of the crucial hallmarks of AD pathology development. Many clinical
trials targeting on AP elimination failed, thus they hypothesized that there are additional APP-
dependent mechanisms involved in AD pathogenesis. According to immunocytochemistry Ras
and P-ERK are found in neurons proximal to tangles and plaques in human AD brains
(Trojanowski et al. 1993; Hyman et al. 1994; Arendt et al. 1995; Ferrer et al. 2001). Kirouac et al.,
beyond the reported enhanced signaling of neurons they also demonstrated that APP has a crucial
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Figure 11 APP as an upstream regulator of Ras/MAPK
pathway.(A,B) B103-695 cells treated at different APP siRNA
concentrations revealed decrease in APP levels compared with
control siRNA transfected cells. (C,D) At siRNA concentrations,
90nm, transfected cells exhibited decrease in son of sevenless 2
(S0S2) which is an effector protein that triggers the exchange of
GDP to GTP leading to the activation of Ras, Grb2 (E F), Ras (G,H),
and cyclin D1 (K,L) were also observed. (I,J)ERK activation, was
indicated by phosphorylation, revealed significant decrease even at
the lowest APP siRNA concentrations. (I, bottom panel) The total
ERK levels were not altered by APP downregulation. (O) Actin was
used as a loading control. (M, N) Also phosphorylation of GSK3 was
increased in APP knockdown cells whereas the total levels of GSK-3
were not affected. Due to specific phosphorylations which are
already known to inhibit the GSK-3 activity, the observed increase
in phosphorylation after the APP downregulation illustrates that
APP or a metabolite of it can regulate GSK-3 activity.

Adapted from: Kirouac et al., 2017

role in the activation of Ras-MAPK signaling pathway in an AB-dependent manner (Figure 11Figure
12). They identified that Ras-ERK signaling cascade, in AP treated cells, triggers the
hyperphosphorylation of APP and Tau protein, the two abundant hallmarks in AD brains. Thus,
increased AP levels in the brain involves to the high expression of Ras and phosphorylation of
both APP and tau, an observation consistent with others’ observations (Busciglio et al. 1995; Le
etal. 1997; Geulaet al. 1998; Takashima et al. 1998; Gotz et al. 2001). However, the inhibition of
Ras-MAPK activation leads not only to the absence of APP and tau hyperphosphorylation but also
to neuronal cell cycle entry. According to these evidence AP has a fundamental role for
proliferative signaling in neurodegeneration during AD. These finding demonstrated a positive
feedback by which AP species induces APP-dependent neurodegeneration. Their study in AD
brains enabled us to understand the importance of the aberrant APP or AB-dependent signaling in

order to prevent the deregulation of cell cycle and neurodegeneration during AD.

As mentioned, APP can be cleaved through the action of B-secretase, this event is triggered by the

APP phosphorylation specifically at threonine 668 (Thr668) in its cytoplasmic region (Lee et al.
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2003; Chang et al. 2006). The responsible components for APP phosphorylation are Kinases such
as JNK, GSK-3, extracellular signal-regulated kinase (ERK), cdk4, cdk5, and cdc2 (Suzuki et al.
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Figure 12 Oligomeric AB42 alters the expression of Ras and Cyclin D1 and activation ERK in
neurons. (A,B) Preparation of small oligomeric A8. (C,D) Ras levels were increased after 5uM A8
treatment. (E,F) P-ERK levels were also increased at 2.5 and 5 uM A8 concentrations. (G) Total
ERK levels which remained the same. Thus, suggesting that A8 mediates the Ras-MAPK signaling
pathway in neurons. (H,I) At 2.5 and 5uM AB treatment the levels of cyclin D1 were increased and
more significant increase was observed at 5uM A8 concentration. (J) Actin antibody used to
examine the protein load on the blot.

Adapted from: Kirouac et al., 2017

1994; Muresan and Muresan, 2005; Judge et al. 2011). AD studies, revealed that compromised
neurons exhibit not only activation of the prementioned kinases but also abnormal expression of
cyclins D, B and E (Busser et al. 1998; Raina et al. 1999). Studies on AD brains reported high
levels of APP phosphorylation at Thr668 (Lee et al. 2003), however it is unclear whether this

phosphorylation is caused by abnormal cell cycle activation.

According to studies, not only P-ERK implicates in tau phosphorylation (Tanaka et al. 1998;
Reynolds et al. 2000), but also tau is phosphorylated by other kinases such as cyclin-dependent
kinases (Kobayashi et al. 1993), and most notably GSK-3 (Utton et al. 1997). Further, have been
demonstrated that APP involves in the regulation of GSK-3 activity. The APP intracellular domain
(AICD) interacts with GSK-3p and induce its activity (Zhou et al. 2012). In their research Kirouac
et al., identified that after APP knockdown, the phosphorylation of GSK-3 is increased.

The activation of Ras-MAPK signaling cascade through AB in neurons and taking into account
that this cascade is known to induce AP-1— dependent transcription of cyclin D1 (Balmanno and

Cook, 1999), they sought to determine whether cyclin D1 expression was triggered upon Ap
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treatment (Figure 12Figure 12). Their study revealed that Ap also induces the expression and nuclear
accumulation of cyclin D1 in neurons. High levels of cyclin D1 in the nucleus results in cell cycle
activation and G1/S progression, thus they suggested that a similar mechanism is induced via Ap
in neurons, forcing the neurons to enter the cell cycle. However, neurons are unable to undergo

division due to lack of functional cell cycle machinery and they become vulnerable.

In addition, the phosphorylation of APP at Thr668 was increased in late AD patients, illustrating
a role in the activation of Ras- MAPK cascade and GSK-3 in induction of phosphorylation.
Further, AP induced not only Ras-ERK activation, but also GSK-3 activation, cyclin D1
expression, and nuclear translocation, with phosphorylation of both tau and APP (Thr668). The
evidence that AP enhances APP phosphorylation is novel, and the aberrant activation of the Ras-
MAPK signaling cascade and GSK-3 activity by AB-APP signaling is crucial for APP and tau
phosphorylation, impaired axonal transport, and microtubule destabilization found in AD.

To sum up, concerted signaling by APP and AP is required for aberrant neuronal cell cycle entry.
According to evidence AP toxicity is dependent on the presence of APP (Shaked et al. 2006; Sola
Vigo et al. 2009), and APP has been proposed to have a role of a possible receptor for Ap (Lorenzo
et al. 2000; Kedikian et al. 2010). Further, the cytoplasmic domain, YENPTY motif, of APP serves
as a docking sight for various adaptor proteins, such as, Shc and Grb2. Those adaptor proteins
recruit the guanine nucleotide exchange factor, SOS2, in order to activate Ras-MAPK pathway
and intracellular signaling (Nizzari et al. 2007, 2012). Based on their observations they
hypothesized that A acts via APP to enhance downstream signaling through the activation of Ras-
MAPK pathway to trigger hyperphosphorylation of tau and APP (Figure 13). Thus, APP
phosphorylation induces its proteolysis via the action of BACE to generate AP and is associated
with the centrosomes, proposing a role for APP in aberrant cell cycle signaling in brain regions.
All these data lead us to the conclusion that APP plays a crucial role in the promotion of
neurodegeneration, via the activation of both Ras-ERK signaling pathway and GSK-3. Its
involvement with these signaling pathways prevents cell cycle reentry and neurodegeneration in
AD.
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2.2 Transgenic Mice as AD models

Figure 13 Intracellular signaling by APP and AB. AD is
characterized with high APP cleavage and A8 production
or low A8 clearance. According to the results of Kirouac et
al., altered expression of APP and A8 production would
promote AB-APP signaling and activation of Ras-MAPK
signaling cascade, promoting the proliferative signal and
neuronal cell cycle entry. Growth factor signaling could
enhance interaction of APP intracellular domain (AICD)
with adaptor proteins, like Grb2, and recruitment of many
MAPK signaling components. Further, APP involves in
GSK3 activation. Thus, activation of both ERK and GSK-3
could result to the pathogenic APP and tau
phosphorylation. The phosphorylation of APP at Thr668
leads in pathogenic proteolysis of APP and increased
production of AB, which induce the formation of neuritic
plaque and neurofibrillary tangle, neurodegeneration,
and neuronal death which are the hallmarks of AD.

Adapted from: Kirouac et al., 2017

Transgenic mice have been an invaluable tool, enabling the decoding of various gene functions in

vivo as well as serving as disease models. To evaluate different hypotheses for potential

therapeutics. Until now, there are multiple lines of transgenic (Tg) mice that carry the two

hallmarks of AD; AP deposits and neuritic plaques in their brains. The following sections will

review some APP Tg mice.

2.2.1 APPswe Transgenic Mice (Tg2576)

Hsiao et al. (1995) was the first that inserted the human APP695 isoform containing the double

mutation (Lys670->Asn, Met671->Leu) into a hamster prion protein promoter in order to

overexpress the human APP695swe mutation. The aged mice brains, were found to have elevated

23



levels of AB40 and AB42, resulting to AP deposits in specific brain regions such as; the amygdala,
the cortex and the hippocampus. Many of these mice exhibited spontaneous death, behavioral
changes and memory loss. Beyond these characteristics, mice showed low levels of
hyperphosphorylated Tau protein and inflammatory changes. Despite these features, those mice
models did not form neurofibrillary tangles or any neuronal loss in Cortical Area 1 (CAl). In
addition, AD mice did not show brain atrophy as it is characterized in AD, concluding that these

mice were incomplete models (Hsiao et al., 1996).

2.2.2 Amyloid Precursor Protein V717F Transgenic Mice (PDAPP Mice).

For the expression of a human APP gene that encodes the APP-V717F, which is highly linked to
FAD, the platelet-derived growth factor f-chain promoter was required with the use of an outbred
strain of mice (Games et al., 1995). As was mentioned before, the human APP has various isoforms
such as; 695-, 751-, and 775-amino acid residues, depending on the presence or absence of exon 7
or 8 encoding the Kuniz inhibitor domain. Those mice models were constructed to contain these
APP isoforms and exhibited in their brains neuritic plaques. In addition, they were characterized
with synaptic impairment and high number of both astrocytes and microglia accumulated in and
around the amyloid plaques. It was also reported that they exhibited failure in object-recognition,
spatial-recognition, working memory (Dodart et al., 2000), and impairment of synaptic signal
transmission which is a precursor step for Ap deposition (Hsia et al., 1999). However, mice did

not exhibit formation of neurofibrillary tangles (Irizarry et al., 1997).

2.3 Therapeutic strategies of AD

The understanding of APP processing mechanisms constitutes a key step for the identification of
areas to target. This is a step forward for drug development in order to treat and prevent AD.
During the progression of AD there is an imbalance between the production and clearance of AP
protein, thus there are many therapeutic approaches that have been suggested until now. There are
various strategies for AD which focuses on the AB hypothesis, and target the Ap protein. Those
approaches are divided into categories; inhibition of both - and y-secretases, used to inhibit the
generation of AP neurotoxic species (Selkoe & Schenk, 2003); anti-aggregation drugs, used to
inhibit AP aggregation; immunotherapy; and protease activity-regulating drugs, used for the
initiation of A clearance (Golde, 2014).
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A currently approved therapy is via the modulation of secretase enzymes which are
responsible for the proteolytic cleavage of APP at multiple sites in order to form AP fragments
(Leissring et al., 2002). a-secretase has not been targeted, because it cleaves APP in the Ap region
without producing the AP protein. In contrast, targeting of - and y-secretases leads to the

inhibition of Ap formation and consequently interrupts AD progression (Vassar et al., 2009).

2.3.1 Inhibition of B-secretase

A significant therapeutic target of APP processing is the enzyme B-secretase, this approach
suggests the development of B-secretase inhibitors (Arun K & Brindisi, 2012) which have been
found to be effective in AD mouse models (Selkoe & Schenk, 2003). B-secretase a type |
transmembrane protein, has an aspartic protease with active-site aspartyl residues which is
considered as the catalytic domain of the enzyme. In addition, this enzyme contains a substrate-
binding site which interacts with approximately 11 substrate residues (Turner et al. 2001, 2005).
At this site the preference of the amino acid which binds to it is broad leading to the conclusion
that various side chains of peptidic inhibitors can interact (Lee et al., 2010). This preference can
be taken into account to develop inhibitors with lipophilicity which is important for their

penetration into the membrane (Ohno et al., 2004).

BACE, a B-secretase enzyme, is widely identified in the brain and it is necessary for APP
processing leading to the formation of AP fragments (Vassar et al., 1999). There are two BACE
isoforms, BACE-1 and -2 (Farzan et al., 2000), more specific only BACE-1 is responsible for the
cleavage of APP and the generation of AP peptides in the brain. BACEL inhibitor, is the most
attractive therapeutic target over the years because decelerates the progression of AD at an early
stage by halting AB processing at the beginning of APP cleavage (Cai et al., 2001). No BACE1
inhibitor have successfully passed clinical trials, thus there are remaining problems which have to
be considered for the designing of potential BACE- 1 inhibitors. According to evidence, BACE1
null mice exhibited few phenotypical abnormalities, proposing that inhibition of this B-secretase

could be clinically achievable but with some mechanistic side effects (Nishitomi et al., 2006).
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Evidence reported that knocking out the gene of BACEL in mice models, exhibited
eliminate levels of cerebral AB and consequently AB deposits and no neurological abnormalities.
Thus, Ohno et al., to determine the therapeutic potential of BACEL1 inhibitors they crossed BACE1
" mice with transgenic mice which overexpressed the human APP695 isoform with the Swedish
mutation (Tg2576). Therefore, they observed reduction of Ap protein by BACEL1 deletion which
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Figure 14 BACE1 null transgenic mice exhibit memory deficits. (A) Results on social
recognition memory in mice with a 3 hr intertrial delay (n=10-20). Only Th2575 group of
mice dies but exhibit reduction in spontaneous investigation to a familiar juvenile, thus is
significantly impaired in these case. (B) Test for spatial working memory (n-12-21). In the
case of Tg2576+ group of mice had low alteration. However, the three other groups were
moderately but significantly impaired. (C) They reported the exploratory activity of mice
(n=12-21). BACE/- and BACE17/-.Tg2576* groups of mice explored more than the group of
wild mice.
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Adopted from: Ohno et al., 2004
prevented memory and learning impairment in the Tg2576 AD mice models. In the case of bigenic
mice BACE1"". Tg2576" they reported that APP mutant remains overexpressed. Thus concluded
that excess AP than APP overexpression is responsible for the cognitive abnormalities identified

in Tg2576 mice (Figure 14) (Ohno et al., 2004).

Additionally, a crucial conflict is the penetration of BACE-1 inhibitors via the blood-brain
barrier (BBB) for the APP cleavage in the endosomes of neurons (Menting and CLaasen, 2014).
Therefore, was urgent to develop smaller BACEL inhibitors as they could easily pass the BBB.

Further, most of the clinical trials focusing on smaller molecular inhibitors of BACE-1 were
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discontinued. Those inhibitors of BACE-1 are; verubecestat (MK-8931) and azeliragon which

raised the questions against this route of AD treatment (Hawkes, 2017).

Villarreal et al. (2017), tried to prove that treatment with verubecestat can affect and
suppress the amyloid accumulation in transgenic mice. They treated mice with verubecestat and
the controls had the anti-Ap antibody analog of bapineuzumab (3D6) which were considered as
the positive control for amyloid related imaging abnormalities (ARIA); such as vasogenic edema
(ARIA-E) and microhemorrhage (ARIA-H) induction. It was shown that verubecestat effectively
reduced AB40 and AB42 levels by up to 90% and 62-68% in plasma and cerebrospinal fluid (CSF),
respectively in individuals with AD (Figure 15). According to the stereological analysis of both

cortex and hippocampus plaque load revealed a significant reduction of AB immunoreactivity as
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Figure 15 CSF AB40, AB42, sAPPB and sAPPy in Tg2576 mice at baseline, after a 12-
week treatment with control vehicle diet or verubecestat diet.

Adapted from: Villarreal et al., 2017

well as decreased number of plaques in verubecestat-treated animals in contrast with the control
group (Figure 16Figure 15). Also, the reduced levels of ARIA in verubecestat-treated mice were
associated with a significant decline of the accumulated CNS amyloid pathology and AP peptides
in the brain of AD models. However, verubecestat failed in its phase Il clinical trial to improve

cognitive decline in mild-to-moderate AD patients due to side effects. Therefore, requires more
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research for the development of smaller molecular inhibitors of BACE-1 as they could easily pass
the BBB.

Beyond the previously mentioned inhibitors there are several other BACEL inhibitors.

Lanabecestat (AZD3293, AstraZeneca/Eli Lilly) it is considered as a BACEL inhibitor that
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Figure 16 Stereological quantification of both dense and diffuse A8 deposits in both cortex and
hippocampus. (A),(B) Fractional volume of A8 deposits of cortex and (C),(D) of hippocampus
which were visually determined as dense or diffuse.

C-IgG, isotype control antibody-treated mice

Adapted from: Villarreal et al., 2017
declines CSF AP levels by up to 75%. However, on June 12, 2018, phase II/III trials of these drug
were discontinued because of its low efficacy. Additionally, Atabecestat (JNJ-54861911, Janssen)
was found in its phase I trial to induce a significant reduction in AP levels by up to 95%. Although
due to its high efficacy, on May 17, 2018 was discontinued. Umibecestat, it is also a small-
molecule inhibitor of aspartyl protease and BACE-1 which is ingested orally. These inhibitor was
developed to interact with the amyloid cascade to inhibit AP production. Additionally, the
umibecestat was also discontinued in phase I1/111 trials on July 11, 2019 due to worsening of the
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cognitive function. The last BACEL inhibitor, Elenbecestat (E2609, Eisai), was tested in
prodromal or mild AD patients where it was reported reduced CSF A levels in a dose-dependent
manner by up to 80% (Wolfe, 2008).

2.3.2 Inhibition of y-secretase

Another treatment strategy is the inhibition of y-secretase. As mentioned previously, y-
secretase is an enzyme necessary for the final proteolytic cleavage of APP, resulting to the
generation of AP peptides (Dovey et al., 2001). y-secretase involves also in the cleavage of Notch.
The way that y-secretase disrupts the AD pathogenesis is highly connected with its involvement
in Notch signaling pathway (van Es et al., 2005). Notch receptor involves in crucial events of
cellular growth and development. The disruption of Notch pathway may result to intolerable toxic
reactions linked to gastric, lymphatic, skin, and immune system (Grill and Cummings, 2010).
Thus, it is important to regulate these events while developing y-secretase inhibitors. Semagacestat
(Henley etal., 2009) and DAPT (Morohashi et al., 2006) are two of the y-secretase inhibitors which
are into the late phase of clinical trials. Although those two inhibitors failed due to severe toxic
reactions (Kelleher and Shen, 2010). These adverse events were induced due to Notch signaling
pathway disruption thus, the new therapeutic strategy is termed as Notch sparing modulator of y-
secretase (Mayer et al., 2008). Further, sulfones and sulfonamide derivatives have been suggested
to possess better performance than straight inhibitors. The major conflict in developing a novel
therapeutic strategy of y-secretase inhibitor is the lack of crystal structure availability (Holloway
et al., 2009).

In addition, stabilizers of y-secretase like chaperones requires further investigation.
Chaperones have the ability to stabilize the interaction between enzyme and amyloid peptides
leading to the production of less toxic shorter fragments (Andrew et al., 2016). Moreover, there is
a need to design y-secretase inhibitors with potential intracellular effects. Overall, spectral
characterization methods would be necessary to measure the structure of y-secretase with high

resolution and precision.

2.3.3 Anti-aggregation drugs
Preventing A oligomerisation is considered as a potential therapeutic strategy for AD. AP
monomers are involved in the generation of oligomers thus, causing the production of severe toxic

reactions in neuronal cells. A great interest was turned to the designing of smaller molecules that
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interact with AB-Ap interactions and preventig their aggregation (Brahmachari et al., 2017; Choi
et al., 2010). To date researchers failed to develop a potential aggregation inhibitor. An example
of these type of inhibitor is Homotaurine, a synthetic organic compound which binds to the AP
protein preventing the generation of neurotoxic aggregates (Aisen et al., 2004). Further, there are
some other potential clinical candidates such as inositol and cyclohexanol isomers, polypeptide
colostrinin (Coman & Nemes, 2017; Lannfelt et al., 2008) and polyphenolic compounds (Wang et
al., 2008). Additionally, Tramiprosate, which is a glycosaminoglycan, has the ability to bind on
monomeric AP peptides preventing both oligomerization and aggregation of Af. A second drug
developed for its anti-oligomerization properties, the ELNDOQO05 (Scyllo-Inositol) effectively
exhibited decreased insoluble AP oligomers and reversed cognitive decline in transgenic mice.
Further, the Colostrinin (CLN) or proline rich polypeptide complex has strong immunoregulatory
properties and affects the ability of learning, memory and cognitive functioning. More specific,
the action of colostrinin is via the inhibition of AB aggregation and dissolve the pre-formed fibrils
(Coman & Nemes, 2017).

2.3.4 Increase of AB clearance

The enhance of AP clearance is another therapeutic strategy of AD. AP is degraded by
various enzymes, including neprilysin which has also been considered for drug development (El-
Amouri et al., 2008). Natura endopeptidase neprilysin mediate the degradation and clearance of
AP peptides (Shirotani et al., 2001). Moreover, some other enzymes which act in the same way is;
angiotensin-converting enzyme (ACE) (Hu et al., 2001), insulin dependent enzyme (IDE) (Farris
et al., 2003), matrix metalloproteinase-9 (MMP-9) (Backstrom et al., 1996), and plasmin (Melchor
et al., 2003). Further, RAGE (Receptor for advanced glycation end product) is an enzyme
responsible for the AP accumulation in neurons (Deane et al., 2003). Thus, apart from the previous
mentioned enzymes a potential target is an inhibitor of RAGE signaling which could block its

damaging effects (Cai et al., 2016).

2.3.5 anti-AB immunotherapy

A great attention has been placed to design anti-Ap immunotherapeutic agents as a
reasonable treatment of AD. These therapeutic approach of AD is classified into two categories:
active immunization (the use of synthetic AB42 or fragments of AB42, AP vaccination) or passive

immunization (the use of monoclonal antibodies against AP). Immunization techniques are

30



successful to prevent the generation of both senile plaques and degradation/clearance of AB from
neurons (Coman & Nemes, 2017). According to studies AP vaccination could result to reduction
of NFTs formation which is linked to tauopathy (Dai et al., 2015). However, AP antibodies act
through various mechanisms such as mediating the phagocytic response by microglial cells
(Weiner and Frenkel, 2006), resolve AP through interaction with them, producing specific
conditions for the clearance of AP peptide (DeMattos et al., 2001), bound to AP, and block their
toxicity (Lannfelt et al., 2014).

AP acts as a proinflammatory agent, mediating the activation of many inflammatory
components. In the early stages of AD progression, those components may have a protective role
(anti-neuroinflammatory) to clear the AP and release nerve growth factors. Nevertheless, in the
case of over-accumulation either A or other toxic products, proinflammatory agents are activated
leading to the damage of neurons (Hamelin et al., 2016). Lymphatic system and microglia are the
two major biological clearance systems responsible for the removal of undesirable toxins from the
brain (Tarasoff-Conway et al., 2015). The difficulty in these case is the understanding of problems
linked with the brain’s immune system and it is unclear whether these immune cells are either

underactive or overactive.

AN-1792 was the first reported active immunotherapy approach for AD which consists of
synthetic full-length AB peptide. However, due to serious signs of CNS inflammation in 2002, was
discontinued in its phase Il trial (Orgogozo et al., 2003). 6% of the participants of these trial
developed aseptic meningoencephalitis, brain iron deposits in choroid plexus, and cerebral
microbleeds as side effects (Joseph-Mathurin et al., 2013). These events of brain immune system
failure, for the clearance of toxic proteins, is a major contributor of dementia and cognitive

dysfunctionalities (Jian et al., 2018).

The amyloid based immunotherapy, is a therapeutic strategy which includes the
vaccination of the individuals with AP oligomers. Thus, triggers the immune response which
causes the inhibition of AP oligomers aggregation and its clearance. The use of an anti-
inflammatory approach is based on the neuroinflammation during the pathology of AD (Rogers et
al., 1996). According to evidence non-steroidal anti-inflammatory drugs (NSAIDs) may be a way
of prevention or a strategy to delay the onset of the disorder (Moore & O’ Banion, 2002). Further,

anti-inflammatory drugs can effect also the cleavage of APP through the action of y-secretase
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(Weggen et al., 2001). Future research have to focus on AP vaccination which mediate the

activation of glial cells in order to avoid the growth of neuritic plaques.

Tailor-made vaccines seem to be a great improvement for the personalized treatment of
each AD patient. Until now have been designed several monoclonal antibodies which are
considered in the passive immunotherapy strategy that slows down, in a dose-dependent way, the
cognitive decline in patients. Some of them have made it to proceed to the final stage, but then
failed. In 2019, five drug trials were done using monoclonal antibody (mAbs) which targets Ap;
crenezumab, gantenerumab from Roche (Ostrowitzki et al., 2017), solanezumab, aducanumab,
from Eli Lilly, bapineuzumab from Pfizer (Doody et al., 2014; Lasser et al., 2016; Moreth et al.,
2013; Sevigny et al., 2016) and one trial with a combination of gantenerumab and solanezumab.
In all clinical studies of vaccines, the participants were only AD patients with brain Af
accumulation and were in the earliest stages of AD (absent or subtle memory loss). According to
the results was found that only 0.1% of those antibodies circulating in the bloodstream can pass
the BBB. Thus, remained in the bloodstream without reaching the target in sufficient quantities
(Zhang et al., 2005).

Crenezumab is a humanized monoclonal antibody (IgG4) with high affinity for AP
monomers, oligomers and fibrils (Vos et al., 2013). These drug failed in its phase Il trials, on
January 30, 2019. Additionally, Gantenerumab, also a human recombinant monoclonal 1IgG1 Ab
which binds to amino-terminal and central regions of large, soluble Ap (Logovinsky et al., 2016;
Piton et al., 2018). It was reported that these drug had higher affinities for Ap oligomers and fibrils
than AP monomers (Bohrmann et al., 2012). During the study researchers evaluated monthly
subcutaneous injections of these drug in mild AD patients. Also, Gantenerumab was reported to
activate the microglia-mediated phagocytic clearance of neurotic plaques. However, it was
terminated in phase Il1 trial (Ostrowitzki et al., 2017). Last, Bapineuzumab, the first monoclonal
antibody, was used for passive immunotherapy to target AB. Further trials of this drug were also
discontinued after the first two trials were successfully completed and reported no treatment effect

on cognitive or functional outcomes (Salloway et al., 2014).
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The pre-mentioned antibody solanezumab, is a humanized IgG1 monoclonal antibody that
has as a target the central region of AP. In its phase Il trials, enrolled patients with mild to
moderate Alzheimer’s Disease (Honig et al., 2018). To those participants was transferred

intravenous solanezumab infusions. According the results, solanezumab caused worsened
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cognition and many side effects. Also, according to Florbetapir PET analysis revealed that was
lack of reduction in brain amyloid aggregates (Doody et al., 2014). Willis et al., also reported the
CSF concentration of AB in patients with mild AD. They considered into their research three
studies with AD patients. EXPEDITION3 was a double-blind, placebo-controlled, phase 111 study
with the participation of 2129 AD patients with mild dementia, with a florbetapir PET scan or CSF
result which reports the presence of amyloid pathology at screening. Florbetapir PET scan is a
method designed specifically for AD diagnosis which contains the radionuclide fluorine-18. These
radionuclide binds to AP, thus can identify the presence of A deposits in the brains of AD patients.
EXPEDITION and EXPEDITION2 studies were designed in the same way, double-blind, placebo-
controlled, phase 111 studies with 2052 mild to moderate AD patients with dementia. However, in
those two studies did not have any objective biomarker-based evidence of amyloid deposits.
According to their observations, solanezumab resulted in a significant increase in the total levels

of CSF Ap isoforms (Figure 17, Figure 18). Additionally, they identified low penetration of the drug
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into the CNS. Last, they demonstrated that even higher exposure to solanezumab increased CSF
total Ap levels.

Aducanumab (Biogen Idec), a monoclonal Ab, has as a target the aggregated AB species

and binds to parenchymal over vascular amyloid. In 2017 and 2018, a clinical trial was started
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Figure 18 Linear regression analyses of CSF solanezumab
concentrations compared to the total and free AB840 and
AB42. The top left panel determines the AB40 total levels; The
top right panel illustrated the free AB,The bottom left panel
are the AB42 total levels and the bottom right panel
represents the free AB42.

with the use of these recombinant, human Anti-Ap 1gG1 monoclonal antibody. In these study the
participants were patients of prodromal or mild AD in order to evaluate the safety,
pharmacokinetics and tolerability of these drug in aged patients (50-90 year old) with a positive
amyloid PET scan. According to evidence, amyloid deposition was eliminated in all treatment
groups, in a dose- and time-dependent manner (Figure 2019, 20). They also reported a slowing

cognitive decline.

Despite its significant reduction on AP deposition, Biogen and Eisai on March 21, 2019
announced the termination of the clinical trial at phase I11. The clinical trial ended due to a futility

analysis which supported that these trials will not achieve the deceleration of AD progress which
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was the primary endpoint. Together, we conclude that all these failures of these trials of antibody

approaches highlights the theory that amyloid plaques are not an actual mechanistic cause of AD.
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2.4 The Cholinergic Hypothesis and AB

Cholinergic hypothesis is the oldest statement of AD causation. These hypothesis proposes that
AD is caused by a reduction of ACh, a neurotransmitter which plays a key role in learning and
memory (Figure 21). When a nerve impulse reaches the pre-synaptic terminal it stimulates the
release of the neurotransmitter ACh into the cholinergic synapse. Then ACh diffuses and cross the
synapse to the presynaptic nerve terminal and binds to receptors embedded in the membrane of
the postsynaptic nerve terminal. The binding of ACh to receptors on the post-synaptic neuron re-

initiates nerve impulse. Finally, acetylcholinesterase anchored to the membrane of postsynaptic
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nerve terminal hydrolyses acetocholine to acetate and choline resulting in the termination of the

nerve impulse at the synapse (Hampel et al., 2017).

Figure 20 Synthesis, release and reuptake
of acetylcholine.
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Cholinergic synapses are altered by A oligomers neurotoxicity leading to synaptic loss which is
correlated with cognitive impairment. During AD, ChAT transcription in cholinergic neurons is
reduced which leads to decreased ChAT activity and progression of neurodegeneration (Ferreira-
Vieira et al., 2016). This event of cholinergic alterations during AD involves with the impaired
attention and memory loss of the patient. It is also known, that AChE interacts with A mediating

the formation of amyloid fibrils.

According to studies, the cortical cholinergic deficit begins at the early stage of AD (Mormino et
al., 2008). Also, in vitro studies have shown that M1 muscarinic receptor activation leads to
changes in the cleavage process of the B-APP that favor decreased production of AB (Davis et al.,
2010). This effect has been confirmed in vivo, in both animals and humans. However, reduction
in the activation of M1 receptors results to high expression of BAPP and increased amyloidogenic
cleavage or high aggregation of AP (Davis et al., 2010). Further, have been demonstrated that M1
receptor becomes uncoupled from its G-protein in AD. However, the coupling of M1 receptors to

G-proteins has not been quantitatively demonstrated in preclinical AD.

Potter et la., sought to determine if the cortical cholinergic dysfunction begins at preclinical stages
of AD. Their results are the first report of a preclinical alteration of post-synaptic function in AD
(Potter et al., 2011). Thus, in their research the participants were separated into five groups. The

young control (YG) group, the group of participants with no plaques (NPL), the group of sparse
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plaques (SPL), the group of participants with many plaques and the group of AD patients. The
groups were categorized according to their percentages of apoE-¢4 allele. The MPL and AD groups
had the higher percentages. First, they tested the cortical ChAT activity in all groups where they
observed a progressive reduction in ChAT in non-demented elderly with plagues. The ChAT activity
loss was proportionate to the plaque density (Figure 22).
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They have also identified that the coupling of M1 receptors to G-proteins is altered in non-demented
elderly with plaques, than that in non-demented elderly without plaques. Thus, they concluded that
cortical cholinergic dysfunctions and degeneration begins at the early stages of AD in parallel with the
aggregation of cortical amyloid plaques but before the onset of dementia. To sum up, they reported that
non-demented elderly group with plaques have tangles, plaques, cholinergic deficit and high prevalence
of the apoE-e4-allele. According to other studies, even a small increase in the number of M1 muscarinic
receptors, measures of M1 receptor signal transduction-related markers or function are reduced or
impaired in AD (Tsang et al., 2007). However, it is still unclear the cause of receptor uncoupling in the
presence of plaques. A hypotheses, is that could be a result from high concentrations of soluble ApB.
Reports in animals have illustrated that AB exposure can result to M1 receptor uncoupling (Kelly et al.,
2005). To sum up, the early identification of cortical cholinergic deficit in AD illustrates that could have a

causative or accelerating effect on AD pathogenesis. Thus it could be an important therapeutic target for

AD prevention.
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3. Discussion

Here was demonstrated the pathophysiology and the progression of AD and an overview
into the potential and current therapeutic targets. Further, was reported some aspects of APP
biology, processing, trafficking of APP. The crucial role of APP and its importance in AD relies
in its role as the precursor protein of AP peptide, a central player of amyloid hypothesis. Beyond
this APP function, APP has several other biological activities involving in neuronal function and

development.

Over the years pharmaceutical companies focused on the amyloid hypothesis which has
been the mainstream explanation for AD pathogenesis. Thus, many drugs were developed and
proceeded to clinical trials on amyloid reduction but all of them failed. Figure 23 demonstrate all
of the drugs were used in clinical trials for the anti-amyloid therapy since 2016. These table
highlight the mechanism of action for each drug and the reason of failure according to their reports
on different patient groups. Therefore, the amyloid hypothesis may not be strong enough and
researchers emphasized on other hypothesis of AD pathogenesis. Thus, the leading point was the
number of trials decreased in 2019.

Year Drug Mechanism of action Participants Main reasons for failure Remarks
2016 Solanezumab Monoclonal antibody Mild AD Lack of efficacy
Solanezumab Monoclonal antibody Prodromal AD Strategic
Verubecestat BACE inhibitor Mild to moderate AD Lack of efficacy
2018 Verubecestat BACE inhibitor Prodromal AD Lack of efficacy Worsens cognition
Atabecestat BACE inhibitor Preclinical AD Toxicity Worsens cognition
Lanabecestat BACE inhibitor Early AD Lack of efficacy Worsens cognition
Lanabecestat BACE inhibitor Mild AD Lack of efficacy Worsens cognition
2019 Aducanumab Monoclonal antibody Early AD Lack of efficacy
CNP520 BACE inhibitor Preclinical AD Lack of efficacy Worsens cognition

Figure 22 A sum up, of the failed clinical trials on anti-amyloid therapy since 2019.

However, an in-depth and comprehensive understanding of the mechanistic contribution
not only for AP but also other factors of AD is crucial for designing novel pharmacotherapies. In
2019, nine phase 111 trials for eight drugs developed targeting the amyloid protein. The two trials
enrolled patients with preclinical Alzheimer’s Disease; however only one clinical trial required
positive amyloid PET scanning for its participants, and the other required a genetic mutation or
strong genetic background. Additionally, four trials enrolled individuals with prodromal AD with

positive biomarkers, also one trial the enrolled prodromal and mild AD patients. Last two trials
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enrolled patients with mild to moderate stages AD with dementia. Also, the criteria for these trials
were positive results in amyloid PET or cerebrospinal fluid (CSF) biomarker thus was an evidence
of early AD. Until now, no drug trials have enrolled patients with advanced AD, which highlights
that anti-amyloid therapy is not efficient in late stage AD patients. However, an innovative
therapeutic approach is the development of disease-modifying agents for AD. All the drugs
developed so far focused on the AP deposition because it is an event that could occur at the very
beginning of AD clinical symptoms. Thus, researchers, do not prefer later stages of AD because it
may be too late, the brain has already been damaged by A protein and most of the processes have
been initiated and are irreversible. Overall, as mentioned before many BACE inhibitor trials have
demonstrated that even patients who receive treatment have worse cognitive impairment.
Moreover, some evidence support that AD patients with A plaques in their brains even if they
were virtually cleared by an anti-Ap immunotherapy they did not show any cognitive improvement
benefit. However, needs further investigation to find out if it is beneficial the decreasing of amyloid
load in the brain. Some further targets for drug development is to take into account the concept
that AP oligomers might alter the neuronal function by causing synaptic impairment through the
inducing mitochondrial dysregulation and affecting microglia. For example, a small molecule
antagonist of the receptor for glycation products, as a potential strategy of slowing cognition
function in mild Alzheimer’s disease. The other suggestion after the anti-amyloid trials is the need
for further basic research focused on the molecular structure, metabolism, immune responses, and

amyloid toxicity.

So, we hope for novel treatments to target the root of the disease process and stop the
progressive accumulation of AB. The failure of clinical trails focusing to AP peptides may be due
to failure of compound, of experimental procedures, failure to include efficient biomarkers,
incomplete reporting of the data during the trial, population heterogeneity, inappropriate dosage.
Also can be attributed to the incomplete understanding of the pharmacokinetics and bioavailability

of drugs developed until now.

For many years AD theories and research focused on amyloid plaques and tangles an
increasing body of evidence points to the cholinergic system which plays an important role in
memory and attention. The loss of cholinergic neurons identified in AD patients is an important
factor contributing to AD memory deficit. Currently there are only four drugs that have been
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approved by the US Food and Drug for treating AD patients. This drugs includes cholinesterase
inhibitors (AChEIs) — tacrine, donepezil, galantamine, and rivastigmine — and memantine, an
NMDA receptor antagonist. None of them are disease-modifying drugs they are used to relief the
patient for AD symptoms. The idea to replenish lost neurons or avoid neuronal death can be
considered as potential therapeutics to modify AD. According to this idea, new drugs are being
developed to achieve the elimination of Ap production or increase trophic factors. Therapies like
this have the potential to prevent cholinergic neuronal death and the loss of cortical and
hippocampal neurons.

The need for drug development nowadays is greater due to the seriousness of AD and the
continual increase number of patients. Despite the complexity of AD existing insights are
important for launching disease-modifying treatments for AD. Advances in cellular biology and
genetics are required to enhance our understanding of both pathogenesis and the various
mechanisms that must be targeted for the efficient development of treatment. A great contribution
will be the determination not only the structure but also the function and location of toxic Ap
species and tau protein. Also, it is an urgent need the identify several biomarkers of Ap and tau
protein. Thus, it will be easier for us to find their presence and their production, accumulation, or

their actions.
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