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Strategies to Diminish the Ab Load in Alzheimer’s Disease
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Abstract: Striking advances have been made in recent years toward potential therapies for Alzheimer’s disease. Alz-
heimer’s disease, which is the leading cause of dementia in the elderly, is pathologically defined by the presence of amy-
loid plaques, composed of the amyloid-beta protein, and neurofibrillary tangles. The amyloid pathology has been associ-
ated with decreased synaptic plasticity and neurodegeneration, thereby explaining the visibly decreased cognitive function
and evident dementia. Subsequently, a large number of studies have been launched, which attempt to disrupt the progres-
sion from Ab aggregation to plaque formation. These studies have involved the use of beta-sheet breakers, secretase inhi-
bition, immunotherapy and anti-inflammatories, the most notable findings of which are discussed in this review.
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HALLMARKS OF THE ALZHEIMER’S DISEASE
MOLECULAR PATHOLOGY

The amyloid beta (Ab) and tau proteins comprise the two
main molecular components of the Alzheimer’s disease
(AD) pathology. Ab peptides are produced as a result of the
abnormal cleavage of the Amyloid Precursor Protein (APP)
(for review see [1,2]) and as yet, have not been linked to any
definitive biological role. The tau protein however, is a cy-
toskeletal protein which is involved in the stabilization of
microtubules, via its microtubule binding domain [3-6]. Two
forms of the Ab peptide (Ab;.4 and Ab;_4,) have been shown
to be involved in the Alzheimer’s molecular pathology. The
latter form, Abj4,, tends to polymerize and subsequently,
aggregate more rapidly, leading to an accelerated formation
of amyloid plaques typically located in the cerebral cortex
and hippocampus [7,8]. All 6 of the known tau isoforms pos-
sess either a 3 or 4 repeat motif within their microtubulin
binding domain and are all capable of generating paired heli-
cal filaments (PHFs), following abnormal phosphorylation
[9-11]. These tau-generated PHFs constitute the core protein
of the so called neurofibrillary tangles (NFTs), which along
with amyloid plaques comprise the two main hallmark le-
sions of the AD pathology. NFTs have also been observed in
a large number of other diseases, which are referred to as
“tauopathies” (for review see [12-14]).

Despite continuing debates regarding the involvement
and association of these two lesions in the AD pathology,
most would agree that APP dysmetabolism and the resultant
generation of Ab peptides are central components of the dis-
ease’s pathogenesis. This is supported by the increased Ab
peptide production seen in patients with early onset or fa-
milial AD (FAD), which generally result from mutations in

*Address correspondence to this author at the Department of Pharmacology
and Therapeutics, McGill University, 3655 Promenade Sir-William-Osler,
Room 1210, Montreal, QC, H3G 1Y6 Canada; Tel: (514)398-3618; Fax:
(514)398-8317; E-mail: claudio.cuello@McGill.ca

1568-0150/05 $50.00+.00

either the APP or presenilin 1 & 2 genes [15,16]. Unlike the
early onset or familial forms of AD, sporadic AD, which
accounts for the majority of all AD cases, has a large number
of both genetic and non-genetic risk factors. However, de-
spite the age of onset or genetic traceability, all three disease
forms exhibit identical neuropathological lesions and cogni-
tive deficits, a commonality, which led to the “Amyloid cas-
cade” hypothesis.

This hypothesis suggests that a direct correlation exists
between the impaired cognitive function seen in AD patients
and the presence of amyloid plaques in the brain, as illus-
trated in (Fig. 1). Subsequently, a great deal of effort has
been directed toward gaining a better understanding of the
processes involved in both the generation and extracellular
aggregation of Ab peptides in the CNS. These investigations
have identified three membrane spanning APP isoforms,
namely APPggs, 751 ana 770, @ll of which contain the Ab domain
at a location which is partially exposed to the extracellular
space [17]. A number of secretases exist, which act on spe-
cific cleavage sites along the APP. TACE; or a-secretase,
for example, cleaves the APP at a site within the Ab domain.
By doing so, it effectively precludes the formation of the Ab
peptide and instead gives rise to the “non-amyloidogenic”
protein, soluble APP,, see (Fig. 2). Ab formation requires
the activity of two distinct convertases, which cleave at two
separate sites along the APP. Cleavage at the amino terminal
domain of the Ab peptide is dependent on the b-secretases,
which have been identified as BACE; and BACE, (b-APP
converting enzymes), the former of which is considered to be
more relevant to Ab peptide formation [18]. Cleavage at the
carboxy terminal site is made by the gsecretase(s). The
identity of the g-secretase has, as yet, not been indisputably
defined, however at present, the presenilin molecules appear
to be the best candidates [19]. The presenilins possess as-
partyl protease enzyme properties and appear to acquire their
gsecretase activity by forming functional complexes with
other molecules (for reviews see [20,21] and see Fig. 4).
This would make sense given that FAD patients, with muta-
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Fig. (1). Schematic representation of the main features of the Amyloid Cascade hypothesis.
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Fig. (2). Pathways involved in the metabolism of APP and resultant cleavage products.

tions in either the PS1 or PS2 genes, typically display a “gain
of function” in their gsecretase activity. In contrast, APP
mutations lead to an increased production of Ab fragments
or Ab;4, specifically. Mutations in these three genes are
similar, however, in that they all accelerate Ab aggregation

and subsequent plaque formation (for review see [15,22]).
Currently, the debate centers around which form of Ab is
responsible for eliciting a neurotoxic effect: aggregated Ab; 4,
found in true amyloid plaques, or the earlier monomeric,
polymeric and fibrillar forms (for reviews see [23]).
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These discussions are of particular relevance to synaptic
attrition, which has been clearly linked to the visible cogni-
tive deficits seen in AD patients, as was largely shown by
Terry and collaborators [24] (for review see [25,26]). What
is unclear however, is whether this synaptic attrition results
from an Ab-induced toxicity or alternatively as a “synapto-
sis” due to a PHF and NFT-induced cytoskeletal dysfunc-
tion. The use of transgenic animal models displaying in-
creased amyloid deposition has shown that an increased Ab
burden causes synaptic loss and dystrophic neurite formation
[27-30], evidence which supports the “amyloid cascade hy-
pothesis”. Another hallmark of the AD neuropathology,
which has received considerably less attention than other
markers (and perhaps not rightfully so), is the visible in-
flammatory component (for reviews see [31-33]). Many
authors tend to regard inflammation and oxidative stress as a
secondary component of the pathological evolution, however
Perry, Smith and collaborators [34], amongst others [35,36],
propose that oxidative stress may in fact be an initiating dis-
ease factor.

Despite this inflammatory involvement, the majority of
research continues to focus on the Ab peptide, since APP
dysmetabolism and Ab aggregation are consistently regarded
as the crucial, if not causative, components of the AD pa-
thology. Much of the research investigating the inhibition of
Ab production and aggregation, as well as plaque break
down, has been greatly facilitated by the development of
transgenic animal models expressing AD-like pathology.

In this review, we summarize some of the more notable
approaches towards understanding the neuropathology of
Alzheimer’s disease, and indicate some of the possible
therapies that may arise as a result of this new knowledge.

REVERSING THE Ab FIBRILLIZATION AND
AGGREGATION

A plausible evolution of the extracellular Ab pathology
would be that neurons within the cerebral cortex and hippo-
campus release soluble monomeric forms of the Ab peptide.
These monomeric peptides would then form successive di-
meric and oligomeric fibrils, which would aggregate together
into diffuse plaques prior to forming true amyloid plaques, as
is shown in Fig. 3. This process of nucleation appears to be
accelerated by both pre-existing fibrils and the presence of
seeding amyloid material [37]. True amyloid plaques contain
a b-pleated sheet core, which is both thioflavin-S and Congo
red positive, and is typically surrounded by a corolla of less
compact, diffuse Ab material. Proteins, reactive astroglia,
microglia and even neuronal processes (dystrophic neurites)
can also be seen in the periphery of these “true” or mature
“neuritic plaques”.

Several interpretations of the importance of various com-
ponents involved in Ab dimerization and subsequent aggre-
gation into the b-pleated sheet conformation currently exist.
While Ab polymerization and fibrillization are known to be
dependent on pH, temperature and time [38], additional
studies have shown that other agents such as heparan sul-
phates, glycosaminoglycans, short length peptides, Congo
Red analogues and even certain metals, can also have an
effect on Ab fibrillization (for review see [39]).
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Fig. (3). Nucleation-dependent polymerization model of amyloid
fibril formation (reproduced with permission, from Xing and
Higuchi, 2002).

Heparan Sulphates & Glycosaminoglycans

An early study by Kisilevsky et al., demonstrated that the
parenteral application of small molecular weight, anionic
sulphonates and sulphates was capable of inhibiting experi-
mental amyloidosis in the spleen [40], a finding which
prompted the authors to suggest the approach as a potential
treatment for AD. Similarly, injections of low molecular
weight heparins (such as enoxaparin and dalteparin) were
also shown to arrest the progression of amyloidosis in a
comparable peripheral model [41]. Interestingly, Hanin,
Cornelli and collaborators [42,43], found that low molecular
weight glycosaminoglycan administration can effectively
reduce the impact of intracerebral Ab application in the
CNS. Furthermore, these agents were also found to lessen
the cholinergic lesions resulting from the application of the
AF64A neurotoxin [44,45]. An additional noteworthy ap-
proach has been the development of a series of low molecu-
lar weight anionic compounds which mimic the glycosami-
noglycan moieties of proteoglycans. These compounds elic-
ited both a protective and anti-fibrillogenic effect against
Ab-induced cytotoxicity in vitro [46].

Short Peptides

An in vitro study by Soto and collaborators found that
short linear peptides of the 17-21 amino acid range (LVFFA)
effectively inhibited Ab amyloid formation and, furthermore,
induced a disaggregation of pre-formed fibrils upon incorpo-
ration of proline residues [47]. The investigation was based
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on the assumption that the central hydrophobic region of Ab
is responsible for the conformational changes which lead to
Ab aggregation. Proline residues were incorporated into the
peptides as proline has a low propensity to form b-pleated
sheets [48] and Ab homologous peptides containing proline
residues are non-amyloidogenic [49]. More recent in vitro
work by the same group demonstrated that the covalent
modification of certain “beta-sheet breaker” peptides, with
naturally occurring polyamines, is able to increase the pep-
tide’s permeability through the blood brain barrier, while
preserving its ability to inhibit Ab fibrillogenesis [50]. Si-
multaneously with Soto’s initial communication, Tjernberg
and collaborators proposed that peptides containing an Abyg
20 (kLvrr) Sequence can bind full-length Ab and subsequently
prevent its assembly into amyloid fibrils. This is logical
since the Abis.0 (kLvrr) region represents the required bind-
ing sequence for Ab polymerization and fibril formation
[51]. The authors have shown that the amino acids Lysss,
Leus7, and Phe,, appear to be essential to Ab binding, as the
inhibition of these residues effectively reduces Ab fibril
formation [51]. Thus, by screening combinatorial pentapep-
tide libraries composed of D-amino acids, the study was able
to identify ligands capable of preventing Ab fibrillization, as
well as several protease-resistant ligands [52]. These prote-
ase resistant ligands contained a general motif of phenyla-
lanine in the second position and leucine in the third posi-
tion, and were able to prevent the formation of amyloid-like
fibrils [52]. Taking advantage of the model proposed by
Tjernberg et al., Akikusa and collaborators recently devel-
oped an in vitro rapid assay system containing the immobi-
lized « ver minimal aggregation motif, in an effort to identify
putative Ab “breakers” [53].

The degree to which these synthetic peptides are methy-
lated and amidated appears to have a bearing on their ability
to inhibit Ab fibrililization in vitro [54,55]. The enantiomeric
state of amino acids, specifically replacing L-enantiomers
with D-enantiomers, has also been investigated with respect
to the efficiency of Ab fibrillization inhibition. Chalifour et
al. found the D-enantiomers of five specific peptides, kivrra,
KKLVEFA: KEVEEA, KIVEEA: KVVEEA, t0 be more active as inhibitors
in an in vitro fibrillogenesis assay than their L-enantiomer
counterparts [56].

Congo Red

Congo Red (CR) is a classic histological marker used to
identify fibrillar amyloid material. Because of this charac-
teristic, CR and CR analogs have been proposed as potential
inhibitory agents of both Ab fibrillization and Ab-induced
toxicity in certain in vitro models [57]. These effects were
attributed to the stabilization of monomeric Ab by CR [58].
Bi-pyridinyl and other CR analogues, in which sulphonate
groups are replaced by carboxylates, have shown a similar
ability to inhibit Ab fibrillization with dissociation constants
below 1nM [59,60]. Unfortunately, no animal data currently
exists to support a therapeutic role for CR or CR derivatives
in AD-like pathology.

Metals

Several metals, most notably Cu and Zn, have been
shown to rapidly induce the fibrillar organization of Ab
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[61,62] by forming intermolecular bridges with the histidine
residues of neighboring Ab peptides [63], thus, prompting
the thought that Zn chelating agents might be significant in
preventing Ab aggregation. Clioquinol is a chelating antibi-
otic, which effectively sequesters both Cu and Zn. The drug,
however, has been retired from most national pharmacopeias
due to its tendency to provoke subacute forms of blindness,
muscle weakness and numbness and tingling sensations in
the lower extremities [64]. Despite these deleterious effects,
a number of investigators continue to advocate the use of
clioquinol at doses below toxic levels. One study, which
investigated the effect of orally administering clioquinol to
transgenic mice (APPys7) for 9 weeks, found a marked re-
duction in Ab levels within the brains of treated mice [65].
In fact, a small, open clinical trial, involving the administra-
tion of clioquinol to AD patients, found slight improvements
as early as 3-weeks post administration [66]. A larger clini-
cal trial is currently underway, from which results are soon
expected [67]. Other antibiotics, such as Rifampicin, have
also shown Ab disaggregation properties [68,69], however,
no route to experimental therapeutics has as yet been found.

INHIBITING THE PRODUCTION OF Ab
Stimulation of a-Secretases

With this improved understanding of the APP processing
pathway and of the cleavage enzymes associated with the
production of Ab, a number of novel and potentially thera-
peutic targets have been proposed, which would alter the
molecular processing of APP in order to favour the produc-
tion of non-amyloidogenic fragments. Alpha-secretase has
been reported to be regulated by protein kinase C (PKC)
[70,71] and is assumed to be a member of the disintegrin and
metalloprotease family of enzymes, including TACE (tumor
necrosis alpha converting enzyme) and ADAM-10 [72]. In-
creased activation of the a-secretase presents an obvious
therapeutic target, as its activity precludes the production of
Ab (see Fig. 2). Despite this, there are currently no widely
accepted a-secretase activators. Kozikowski et al. [73] have
described a series of benzolactams which are capable of
stimulating a-secretase activity (in varying degrees) in vitro
in cell lines obtained from AD patients. The side chain iden-
tities within these series of compounds were found to have
an important impact on both membrane translocation and
PKC activation. However, their potential utility remains
limited since the compounds are only effective at very high
concentrations, at which they could potentially elicit tumor-
promoting activity.

Certain  compounds, including acetylcholinesterase
(AChE) inhibitors, are capable of facilitating a-secretase
activity in both an indirect and non-specific mannner. AChE
inhibitors, which prevent the breakdown of the neurotrans-
mitter acetylcholine, are commonly administered to symp-
tomatically treat AD. The most widely prescribed AChE
inhibitors are Tacrine (Cognex), Donepezyl (Aricept), Ri-
vastigmine (Exelon) and Galantamine (Riminyl), all of
which vary in their pharmacodynamics, propensity to pro-
voke the “cholinergic syndrome” and relative toxicity. The
rational for their application in AD lies in their ability to
boost residual ACh levels at the synapse, which become
heavily compromised in the basal forebrain [74-76], likely as
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with aspartyl proteases, should therefore inhibit g-secretase
function [91]. Interestingly, the photoactivation of these
compounds results in their covalent binding with PS, which
further enforces the idea that the PS do indeed contain the
catalytic function of the g-secretase [92]. A number of com-
pounds, some of which mimic the transition state and some
of which do not, have elicited an inhibitory action on the g
secretase site in vitro [93]. One of the earliest compounds
which reportedly mimicked the aspartyl protease transition
state was N-[N-(3,5-diflucrophenacetyl)-L-alanyl]-S-phenyl
glycine t-butyl ester. This compound, referred to as DAPT
[94], was used in parenterally administered transgenic mice
bearing the human APP\17r transgene [95], and displayed a
significant, dose-dependent reduction of Ab levels in the
brain, with a peak efficacy attained 3 hours post-treatment
and a consistent, reduced Ab burden for up to 18 hours.
These investigations demonstrate an acute effect of the puta-
tive gsecretase inhibitor in young (3-4 months) mice at a
stage in which no amyloid plaques are present. A more re-
cent study [96] replicated and expanded the study in Tg2576
mice [97] and found that DAPT administration induced a
dose-dependent decrease in both plasma and CSF Ab levels
in young plaque-free mice as well as older plaque-bearing
mice. While no consistent diminution in measurable Ab lev-
els was noticed in the brains of the aged (plaque-bearing)
mice [96], the authors suggest that the decreased plasma and
CSF Ab levels likely indicate an inhibition of CNS Ab pro-
duction.

The multifaceted role of gsecretase poses an over-
whelming obstacle for the development of a clinically effec-
tive inhibitor. The PS1/gsecretase complex is known to par-
ticipate in a number of important regulatory mechanisms, as
is supported by studies involving PS1 -/- KO mice, which
display embryonic lethality, marked skeletal malformations
and CNS abnormalities similar to those observed in Notch -/-
mice [98]. Furthermore, g-secretase is responsible for the
functional cleavage of an intracellular domain of the mem-
brane bound tyrosine kinase, ErbB-4 [99], a process which
has been shown to be blocked by g-secretase inhibitors. Fi-
nally, certain products of gsecretase cleavage may have a
required or beneficial physiological role, for example the
APP intracellular domain (AICD) has been reported to aid in
intracellular Ca,™™ homeostasis, a function which would be
compromised by g-secretase inhibition [100].

Lewis and collaborators analyzed a number of potential
gsecretase inhibitors by assessing the cleavage products in a
human cell line stably expressing both APP and the trun-
cated Notch; receptor fragment, Notch-Delta-E, via Western
Blot analysis [101]. The study found a close correlation be-
tween the degree of inhibition for both substrates, suggesting
that the Notch and APP cleavage sites cannot be easily dis-
sected apart [101]. Kornilova, Das and Wolfe [102] investi-
gated the displacement of a photo-affinity bound probe from
the active site of the PS heterodimer, and found that they
could then define the differential modalities of a variety of
reported g-secretase inhibitors. Thus, as summarized in Table
1 (as adapted from Kornilova et al.), it appears possible that
gsecretase inhibitors act by containing the same transition
state type, affecting the allosteric conformation, mimicking
the substrate or alternatively, and as in the case of coumarin
derivatives, may not physically act as a g-secretase inhibitor
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in cell free-systems. The latter possibility, is particularly
interesting as coumarins have been reported to inhibit the g-
secretase site in vitro without affecting Notch cleavage
[103], an aspect which has been confirmed by others [104].
A number of non-competitive g-secretase inhibitory com-
pounds have also been reported by Tian and collaborators
[105], which suggests that unidentified molecular mecha-
nisms resulting in the prevention of Ab synthesis may exist.
More recently these authors elegantly suggested a physical
separation of the sites for substrate binding and catalysis,
with binding of the transition state analogs to the catalytic
site and not to the substrate site [106]. The search for g
secretase inhibitors with differential mechanisms of action
(i.e. transition state, allosteric conformation, mobilization of
substrate, intervention of gsecretase-associated protein)
might render compounds which would eventually strike an
appropriate balance between inhibition of Ab production and
maintenance of other physiologically relevant gsecretase
products. In this regard, a recent publication by Phiel et al.
[107] has brought rather exciting and thought provoking in
vitro evidence that the lithium-induced inhibition of the
kinase GSK3, (and not GSK3,) renders a pronounced dimi-
nution in the generation of Ab fragments in APPggs stably
transfected cell lines. A similar effect was achieved with the
GSKj3 inhibitor kenpaullone but not with a CDKj inhibitor.
RNA interference assays, which blocked synthesis as well as
over-expression of both GSKj, and GSKj,, suggested that
GSK3, may have a stimulatory role in the generation of Ab,
while GSK3, may have an inhibitory role. These manipula-
tions had little impact on the generation of NICD fragments,
thus suggesting a mechanism of action interfering with pre-
senilin associated proteins. Interestingly, the application of
lithium was found to provoke similar effects in primary cor-
tical cells of Tg2576 mice as well as a decreased Ab brain
content when applied in vivo at early, plaque-free stages.
These findings are additionally relevant as lithium has been
reported to block tau aggregation via GSKj inhibition [39].

Inhibition of b-Secretase

The b-secretase site is most relevant for the AD pathol-
ogy since APP mutations around this cleavage site, such as
the Swedish double mutation, result in a gain of function,
causing increased generation of Ab [108]. Two putative b-
secretases have been identified and cloned and are referred to
as BACE; [109] and BACE, [110], the former of which ap-
pears to be most significant for Ab generation (reviewed in
[111]). In recent years, the design of potential b-secretase
inhibitors has received a great deal of attention. One of the
main attractions of this target was found when BACE; -/-
KO mice had no significant CNS pathology [112,113], while
Ab formation was prevented in the absence of a compensa-
tory action of BACE, [112,113]. On the other hand trans-
genic overexpression of BACE; significantly increases
steady-state levels of Ab in the CNS [114] while overexpres-
sion of BACE, does not augment Ab formation [115-117].

APP cleavage at the b-secretase site is an upstream and
presumably intracellular event within the Golgi and endo-
plasmic reticulum compartments [109]. Therefore, in con-
trast to membrane-acting g-secretase inhibitors, drugs tar-
geting b-secretases should act intracellularly [109]. The
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Table 1. Chemical Structures, Inhibition Properties, and Displacement Abilities of Various g-Secretase Inhibitors (Reproduced
with Permission from Kornilova et al., 2003)
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difficulties in obtaining therapeutically effective b-secretase OM99-2 has greatly facilitated new approaches for rational
inhibitors are common to all similar aspartic proteases. Hong b-secretase inhibitor drug design [118]. From this identifica-
et al.’s recent identification of the x-ray crystallographic tion, the group was then able to identify a number of struc-
structure of BACE; complexed with the peptide inhibitor ture-based designed compounds with potential inhibitory
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effects of b-secretase activity [119]. Furthermore, utilizing a
peptide combinatory library, the subsite specificity within
BACE has also now been mapped by Turner and collabora-
tors [120]. Tung et al. [121] have described a number of sub-
strate-based peptide inhibitors of b-secretase and recently
Elan Pharmaceuticals [122] have utilized a hepta-peptide as
a base to generate smaller peptide-mimetics. The C- and N-
terminal portions of the framework molecule were then sub-
stituted in a reiterative manner in order to test their ability to
block Ab production at the b-secretase site in vitro [122]. A
compound coded 38 displayed the highest activity with an
ICso of 4 MM on APPLek 093 Cells (see Fig. 5) and [122]).

STRATEGIES FOR Ab-IMMUNOTHERAPY

In recent years the possibility of diminishing the Ab bur-
den by applying immunological approaches has received
much attention. Three different immunotherapeutic strategies
are currently under investigation; these are 1) active immu-
nization with full length synthetic Ab, 2) active immuniza-
tion with a specific Ab epitope, conjugated to a hapten pro-
tein carrier and 3) passive immunization with exogenously
produced monoclonal antibodies (Mabs) directed against
Ab.

Preclinical Findings

Solomon et al. were the first group to demonstrate that
the application of Ab-specific Mabs against residues 1-28
can both prevent Ab self-aggregation and preserve Ab solu-
bility [123]. Furthermore, a monoclonal anti-Ab;_;¢ antibody
was able to restore the solubility of preformed Ab aggregates
as well as elicit a protective effect against Ab-induced neu-

Cuelloand Bell

rotoxicity [124]. Following these initial in vitro experiments,
Elan Pharmaceuticals actively immunized PDAPP mice with
AN-1792 (full length synthetic Ab,_4, plus QS-21), and ob-
served a subsequently increased level of anti-Ab antibodies
within the murine serum and significantly decreased levels
of amyloid plaque burden, neuritic dystrophy and astroglio-
sis [125]. Elan went on to passively immunize PDAPP mice
with the Ab-specific Mabs, 10D5 and 3D6, which effectively
reduced plaque burden by over 81% and 86% respectively.
Ex vivo assays of serial brain sections from the same ani-
mals, performed in the presence of 10D5, displayed drasti-
cally reduced plaque levels as well as the presence of inter-
nalized Ab within phagocytic vesicles of surrounding micro-
glia [126], suggesting that F. receptor-mediated phagocytosis
may in part be responsible for peptide degradation. The ca-
pability of exogenously applied anti-Ab Mabs to remove
cortical amyloid aggregates has been dramatically illustrated
by direct microscopic imaging of in vivo antibody-induced
plaque clearance [127]. Important evidence for the “proof of
principle” of immunization in experimental therapy was
demonstrated by two different studies investigating distinct
transgenic mouse models, both of which not only demon-
strated a true amyloid lowering effect, but also an accompa-
nied improvement in behavioural performance [128,129]. An
effective Ab immunization can be achieved by applying a
variety of routes for the administration of the immunogen,
including nasal application of the vaccine [130]. Frangione
and collaborators raised the possibility that the use of Ab;.4,
as an immunogen may facilitate seeding and fibrillization
(see above and Fig. 3)] thus, potentially worsening the AD
pathology [131]. These authors therefore developed a non-
amyloidogenic non-toxic shorter Ab homologue, KeAby. 3.
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Fig. (5). (A) Schematic representation of the search for improved BACE;, inhibitors by the reiterative change of N- and C-terminus fragments
of a peptide framework leaving intact a central core (reproduced with permission from Hom et al., 2003).
(B). Compounds found to display selective BACE; inhibition at low concentrations (reproduced with permission from Hom et al., 2003).
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nH2, Which has a low tendency to form the b-pleated sheet
conformation. Vaccination with this analogue lowered amy-
loid burden in the CNS of Tg2576 mice by over 80% [132].
McLaurin and collaborators investigated the differential an-
tibody responses of anti-amyloid antibodies generated by
immunizing TYQCRNDg and non-transgenic mice with proto-
fibrillar Ab aggregates or the amyloidogenic peptide islet-
associated polypeptide (IAPP) not present in the CNS [133].
They concluded that antibodies against the 4-10 Ab epitope
were effective in inhibiting fibrillogenesis, while they were
ineffective in recruiting a pro-inflammatory TH1 response
[133], thus suggesting new avenues for an effective immune
approach in AD. These epitopes are similar to those origi-
nally reported by Solomon et al. which effectively blocked
fibrillogenesis in vitro (see above and [124]). In addition, a
recent study found that a significantly higher proportion of
healthy elderly subjects and patients with AD had a strong
Ab-reactive T-cell response than middle aged adults [134].
Further analysis confirmed that the immuno-dominant
Ab epitopes in humans resided in amino acids 16-33 [134],
which would agree with McLaurin et al. [133].

Another proposed method of Ab clearance [135] is the
peripheral sink theory, which stems from the observation
that PDAPP mice passively immunized with the Mab m266
(anti-Ab,,. ) displayed a rapid 1000 fold increase in plasma
Ab levels [136]. The authors propose that the increased
plasma Ab level resulted from an imbalance in Ab concen-
trations within the CNS and the periphery, which would ap-
pear plausible given that Ab deposits within the immunized
PDAPP brains were in no way labeled by m266 [136]. A
subsequent study demonstrated that m266 administration
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significantly reduced the age-dependent object recognition
memory impairments previously demonstrated in this line
[137,138], in a dose dependent manner [139]. Thus, admini-
stration of the monoclonal antibody m266 markedly im-
proved learning and memory performance in a dose-
dependent manner, without crossing the BBB or altering the
hippocampal or cortical amyloid burden. Passive immuniza-
tion has also been shown to be experimentally effective in
removing the CNS Ab burden, when anti-Ab antibodies are
applied intracranially [140]. These experiments also demon-
strate a rapid (hours) clearance of diffuse Ab material and a
delayed (days) clearance of aggregated Ab [140]. An over-
view of the different effects of immunization is shown in

(Fig. 6).
Clinical Findings

As previously mentioned the first anti-Ab therapeutic to
enter clinical trial was Elan Pharmaceutical’s AN-1792 vac-
cine. After completion of Phase | and Il clinical trials, the
drug entered into a second Phase Il clinical trial, involving
375 patients with mild to moderate AD who received either
AN-1792 or a placebo drug in a 4:1 ratio [135]. Of the 300
patients receiving AN-1792, 17 reported signs and symptoms
consistent with meningoencephalitis (transient changes in
MRI scans, elevated white blood cell counts in the CSF etc.),
causing the trial to be prematurely halted in January of 2002
[135]. Several patients displayed signs of inflammation prior
to the detection of anti-Ab antibodies, which suggested that
the meningoencephalitis was perhaps T-cell mediated [141].
A case report was recently published which discussed the
neuropathology of a deceased participant (pulmonary embo-
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lism) of the Phase Il clinical trial [142], as compared to the
brains of 7 other non-immunized deceased AD patients.
These comparisons revealed several unusual features in the
immunized brain: 1) extensive areas of the neocortex con-
tained very few plaques; 2) those cortical plaque absent areas
displayed evidence of other neuropathological features asso-
ciated with AD, such as neurofibrillary tangles and cerebral
amyloid angiopathy, but lacked dystrophic neurites and as-
trocyte clusters; 3) Ab in plaque absent areas was associated
with microglia; 4) evidence of T-lymphocyte meningoen-
cephalitis was present; and 5) macrophage infiltration was
visible in the cerebral white matter [142]. These findings
provide further evidence that, despite the apparently reduced
amyloid plaque burden, AN-1792 immunization likely initi-
ated an unwanted pro-inflammatory T-cell mediated re-
sponse, which would explain the observed cases of menin-
goencephalitis.

An investigation of the antibody production in 30 of the ac-
tively immunized AN-1792 participants, showed the pres-
ence of Ab-specific antibodies in both the plasma and CSF
of actively immunized patients, as revealed by immu-
nostaining in AD and transgenic mouse brain tissue [143].
No staining was detectable for full length APP, nor its
physiological derivatives, including soluble Ab [143]. These
findings are extremely relevant, as they provide clear evi-
dence that active immunization with AN-1792 successfully
induced the generation of Ab-specific antibodies and fur-
thermore, that these antibodies do not cross react with en-
dogenous APP, thereby eliminating the possibility that cross
reactivity with normal tissue could have been responsible for
the observed cases of meningoencephalitis, as has been sug-
gested [141]. Some investigators, in particular McGeer and
McGeer, remain skeptical of the therapeutic value of this
approach, as they predict that immunization procedures
would likely worsen the inflammatory component of the
disease [144].

PREVENTION OF INFLAMMATION

There is an abundant amount of evidence which demon-
strates the presence of an inflammatory response in AD neu-
ropathology, an event which was brought to light by the
early work of McGeer [145] and Eikelenboom and cowork-
ers [146,147]. We now know that this includes increased
levels of colony stimulating factor, C1q [148] and PGE,
[149,150], phagocytic engulfment of Ab by microglia
[151,152], astrocytic activation [153], proteoglycan deposi-
tion surrounding neuritic plaques [154,155] and elevated
COX expression [156]. Furthermore, a recent study found
that hAPP/sCrry transgenic mice, expressing both Ab and a
soluble complement receptor-related protein (sCrry) inhibit-
ing C3 (a key component of the complement pathway), dis-
played a 2 to 3 fold higher deposition of Ab, than age-
matched hAPP mice [157].

Inflammation is an innate immune response, which fa-
cilitates the elimination of xenobiotics, noxious substances
and damaged tissue. However, an inflammatory response is
not necessarily always beneficial, as it can initiate the gen-
eration of free radicals, reactive oxygen and nitrogen species,
as well as lipid peroxidation. McGeer, Eikelenboom and
Rogers were the earliest researchers to clearly identify the
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inflammatory involvement in AD [33,145,146]. This obser-
vation was supported by retrospective studies, which found
that chronic NSAID users display a lower risk of developing
AD than non-NSAID users (for review see [32,33,145,158-
160]). The protective effect of chronic NSAID administra-
tion was initially attributed to an anti-inflammatory mecha-
nistic action, via the inhibition of the COX 1 and 2 path-
ways. However, prospective clinical trials involving the
NSAID’s Diclofenac [161], Celecoxib [162], Prednisone
[163] and Naproxen [164,165], all failed to produce any sign
of improvement in the participants (for reviews see [166-
168]). While disappointing, the results were invaluable as
they initiated a number of studies which investigated the
COX-independent actions of NSAIDs on various aspects of
the AD pathology.

NSAIDs are administered in a racemic mixture of R- and
S-enantiomers. Within the profen family, it is the S-
enantiomer which elicits the COX inhibitory action [169]. A
study by Koo and collaborators, found that the application of
ibuprofen, indomethacin and sulindac sulphide preferentially
decreased the production of Ab;4, by as much as 80% in a
variety of cultured cells [170]. The study also demonstrated
that short-term administration of ibuprofen to Tg2576 mice
effectively lowered Ab; 4, levels in the brain, and further-
more that this occurred in a COX independent manner [170],
implying the involvement of another pathway or an inherent
activity in the R-enantiomer. A subsequent study by Mori-
hara et al. [171] found that two supposedly inactive R-
enantiomers, R-ibuprofen and R-flurbiprofen, both of which
exhibit poor COX inhibition, effectively reduced Ab;_4, pro-
duction in human cells in vitro. Because NSAIDs also medi-
ate the activity of NFkB, a transcription factor which has
been shown to specifically induce Ab;.4, production in vitro
[172], Morihara et al., [171] repeated the experiment in the
presence of a known NFkB inhibitor, SN-50. Inhibition of
the NFkB pathway had no visible effect on Ab production,
thus demonstrating that Ab production is not mediated by
NFkB inhibition [171]. A recent study by Koo and Golde
found that flurbiprofen enantiomers effectively lower Ab;.4,
levels in broken cell g-secretase assays, demonstrating that
the compounds selectively reduce Ab,.4, production by di-
rectly targeting the enzyme complex which cleaves Ab from
APP ([173] as further discussed in g-secretase section).

Following the initial study by Koo and collaborators
[170], one of the original retrospective studies investigating
the incidence of AD in NSAID users [174] was re-analyzed
and the data presented at the 8" International Congress on
AD [175]. The study separated NSAIDs with the ability to
lower Ab;_4, production from those which did not, and inter-
estingly found that the reduced incidence of AD was only
associated with those NSAIDs capable of reducing Ab;.4,
production [175]. In contrast, John Breitner and collabora-
tors performed a longitudinal study termed the “Cache
County” study and found that both naproxen and aspirin,
neither of which have the ability to lower Ab;4, levels, elic-
ited a protective effect against the development of AD [176].
Breitner suggested that other clinical trials showed poor re-
sults due to the very advanced stages of AD, implying that
NSAIDs may only be protective if administered prophylacti-
cally. Based on this, Breitner is currently leading a trial,
funded by the National Institute on Aging, which will inves-
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tigate the long term effect of the twice daily administration
of naproxen or celecoxib, over a 5-7 year period, the results
of which are expected in 2009 (for discussion see [177]). A
recent study by Tarkowski et al. provides further evidence to
support Breitner’s view that prophylactic administration of
NSAIDs may be critical for disease prevention [178]. The
study analyzed the cerebrospinal fluid levels of tau proteins,
Ab, a marker for neurodegeneration, the pro-inflammatory
cytokines IL-1B and TNF, and the anti-inflammatory cyto-
kine TGF, in patients with MCI versus age-matched healthy
controls [178]. Interestingly, the study found an increased
production of TNF, and a decreased production of TGF, in
patients with MCI, suggesting that a propensity towards in-
flammation exists in the AD pathology and that this CNS
inflammation is an early hallmark of the disease pathogene-
sis [178].

CONCLUDING REMARKS

Thanks to the work of a host of researchers, a deeper
understanding of the molecular aspects of Ab-amyloidosis,
and a number of avenues to explore a "disease modifying"
therapy have recently opened up, something which seemed
very distant only a few short years ago. Furthermore, the
development of APP transfected cell lines and the
establishment of a number of transgenic animal models
reproducing features of AD pathology, the extracellular
aggregation of Ab into plaque-like structures in particular,
have allowed us to investigate the proof of concept for many
putative therapies and consequently have led to
improvements in lead compounds. This review has
commented on the most salient features of this saga from the
authors' perspective. It is still too early to predict which
routes will be the most promising for the development
of drugs or therapies designed to prevent, arrest or reverse
the AD pathology along with concomitant cognitive deficits.
A substantive problem lies in the fact that once clinical signs
of AD become evident and subsequent therapy is initiated,
much of the neuronal damage has already been done, since
millions and millions of synapses have been lost as well as a
good number of neurons, leaving a brain which is burdened
by aggregated Ab and insoluble neurofibrillary tangles. The
realization that Mild Cognitive Impairment might be
prodromic of full fledged Alzheimer's disease opens up the
possibility of early therapeutic interventions, as would also
be the case for individuals bearing familial mutations in the
APP, PS1 or PS2 genes. A number of factors, however,
continue to be a hindrance to the development and clinical
validation of new drugs: 1) the fact that no consensus exists
as to which biochemical markers are adequately
representative of disease evolution; 2) the lack of accessible
and reliable brain imaging methods in order to monitor brain
pathology; and 3) assuming 1 and 2 can be overcome, the
enormous cost of launching multi-year clinical trials to
demonstrate truly “disease modifying” agents, a task which
is daunting even for large pharmaceutical enterprises.
Nevertheless, the relentless pace and enormous scientific
progress made thus far, with respect to potential therapies
discussed here, as well as others not mentioned, provide
sufficient optimism to believe that a long term control of the
AD pathology may eventually be attainable.
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