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m Abstract Degenerative diseases of the brain were long considered among the
most obscure and intractable of human maladies. However, recent advances in under-
standing their mechanisms have brought us to the verge of potential disease-modifying
agents. This progress is perhaps best exemplified by the case of Alzheimer’s disease.
The application of molecular pathology and genetics has led to the recognition that the
four genes implicated to date in familial Alzheimer’s disease all chronically elevate
cerebral levels of the amylojél-protein (A8). Accordingly, small molecule inhibitors

of the 8- andy -secretases, the proteases that genergtédin its precursor, are un-

der active development, and some have shown in vivo efficacy in mouse models. An
alternative approach, active or passive immunization agaiishAs received exten-

sive pre-clinical validation in mice, but an effective preparation free of significant side
effects in humans is still awaited. Several other potential therapies are also reviewed
here. If one or more of these varied approaches is ultimately proven to slow or prevent
dementia, Alzheimer’s disease will become a salient example of the successful applica-
tion of reductionist biology to the most complex of organs, the human cerebral cortex.

INTRODUCTION

Few biomedical problems have captured the attention of the scientific and lay
communities alike as has Alzheimer’s disease (AD). This insidious and devas-
tating brain degeneration that robs its victims of their most human qualities—
memory, reasoning, abstraction, and language—is believed to afflict some 4 million
Americans and perhaps 20-30 million people worldwide. Once classified as an
obscure, “presenile” dementia that was relegated to a few short paragraphs in neuro-
logical textbooks, AD is now recognized as a major public health problem in devel-
oped nations, and knowledge of its causes and mechanisms has grown enormously
in the past decade. In this review, we briefly summarize the current understanding
and management of AD and then explore in detail several discrete therapeutic
targets that have emerged from the ongoing elucidation of its molecular basis.
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Defining Alzheimer’s Disease

THE CLINICAL SYNDROME AD begins almost imperceptibly, most often with oc-
casional, minor lapses in recalling recent events of daily life (episodic memory).
Patients may fail to remember a conversation or activity, or may become con-
fused about an item of information recently received. The syndrome referred to as
mild cognitive impairment (MCI) is often a harbinger of AD and begins with pure
amnestic symptoms, with little or no difficulty in other cognitive spheres (1, 2).
Patients with MCI or early (mild) AD have fully preserved alertness, no significant
language disturbance, and intact motor and sensory function.

During or after the first couple of years of amnestic symptoms, most patients de-
velop additional minor problems with some aspects of general cognitive function,
such as being oriented to time and place and executing complex tasks easily and
correctly (executive function). As such deficits become increasingly noticeable,
patients may experience disinterest in activities and hobbies, apathy, emotional la-
bility, word-finding difficulty, spatial disorientation (e.g., getting lost), and trouble
with mathematical concepts (e.g., keeping bank accounts). After a few years of
progressive memory and cognitive decline, many patients begin to experience first
mild and then more noticeable deficits in motor function, including stereotyped
manual tasks (e.g., handiwork, writing, and drawing), balance, and walking. Over
several years or even a decade or more, AD patients will gradually deteriorate into
a marked dementia, with full disorientation, profound memory impairment, and
global cognitive deficits. Many patients become immobile, confined to a chair or
bed, and ultimately succumb to minor respiratory difficulties, such as aspiration
or pneumonia.

THE NEUROPATHOLOGICAL PHENOTYPE Although a clinical diagnosis of AD
based on the above signs and symptoms can be made with considerable certainty
during life, confirmation still requires postmortem observation of the classical
lesions in microscopic sections of hippocampus, amygdala, and the association
cortices of the frontal, temporal, and parietal lobes. Although mil#%—15%)
atrophy of the cerebral hemispheres may be observed on gross inspection of the
brain, this is often hardly more than occurs with age in non-demented individuals.
Light microscopy, however, reveals a myriad of neuritic (“senile”) plaques and
neurofibrillary tangles in the aforementioned brain areas of the AD patient. Neu-
ritic plaques are roughly spherical, extracellular deposits of amyepdotein

(Ap) fibrils intimately surrounded by dystrophic axons and dendrites, activated
microglia, and reactive astrocytes. Such fibrillar amyloid plaques are invariably
accompanied by many “diffuse” (pre-amyloid) plaques in the same brain regions.
These consist of amorphous extracellular depositggBfrAmunoreactive granular
material that generally lack amyloid fibrils and are associated with very few or
no dystrophic neurites or altered glia. In most AD cases, the number of diffuse
plagues clearly exceeds that of the neuritic plaques. Diffuse plagues appear to rep-
resent the earliest light-microscopically detectable lesion in AD brains. They seem
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to predate fibrillar neuritic plaques, as judged by their occurrence in cognitively
normal, late middle-aged and elderly healthy individuals (3), as well as by their
development in teenagers with Down’s syndrome long before the latter individuals
develop the neuritic plaques and neurofibrillary tangles typical of AD (4). It should
be emphasized that diffuse and neuritic plaques actually exist in the cortex in a
morphological continuum, rather than as two distinct types of lesions.

Ap also accumulates in the small blood vessels of the meninges and cerebral
cortex, mostly in the outer walls of arterioles and capillaries (5). The extent of this
congophilic amyloid angiopathy (CAA) varies greatly among AD brains, even
when parenchymal A deposits are at roughly similar levels. The pathophysio-
logical contribution of CAA to the dementing symptoms of AD, if any, remains
unclear. CAA occurs not only in AD patients, but also in isolation in elderly hu-
mans lacking the clinical and neuropathological features of AD. If the amyloid
deposition becomes severe enough to cause substantial hyaline necrosis of the
microvessel wall, cerebral hemorrhage may ensue. However, this is a rare clinical
complication in sporadic AD.

Besides the neuritic plaque, the other diagnostic lesion of AD is the neurofibril-
lary tangle. Tangles are non-membrane-bound masses of paired helical filaments,
usually intermixed with straight filaments, found in the perinuclear cytoplasm of
many limbic and cortical neuronal cell bodies. Smaller bundles of these abnormal
filaments may occur in many, but not all, of the cortical dystrophic neurites found
within and also separate from the neuritic plagues. Tangles are also observed in
neurons of the subcortical nuclei (e.g., the cholinergic septal nuclei and nucleus
basalis of Meynert) that project widely to limbic and association cortices rich in
Ap deposits.

A recurring concern in the study of AD is thatBAplaques can be found at
autopsy inindividuals who had few or no cognitive symptoms during life. However,
itisimportantto note that almost all of the plaques in aged normal brain tissue are of
the diffuse type—that is, they lack associated neuritic and glial cytopatholgy—and
they are accompanied by very few or no neocortical tangles. On this basis, it has
been postulated that diffuse plagues are “pre-clinical” lesions not yet associated
with microscopically visible injury to neurons and their processes. Arough analogy
can be drawn to the fatty streaks of cholesterol in systemic blood vessels that
occur in most older asymptomatic patients and are often a precursor to clinically
important, mature atherosclerotic plaques.

THE NEUROTRANSMITTER PHENOTYPE The first transmitter abnormality to be do-
cumented in AD brain tissue was the loss of enzymes that synthesize and degrade
acetylcholine (6—8). Accordingly, cholinergic neurons in the septum and basal
forebrain were found to decline in both size and number in AD (9). However,
these deficits were soon shown to be accompanied by losses of neurons using
other neurotransmitters, including glutamate, GABA, somatostatin, corticotropin-
releasing factor, serotonin, and several others (10-12). Thus, the neurotransmitter
deficits of AD are multiple and provide no clear clue as to the process destroying
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these diverse neuronal subtypes. To date, only the cholinergic deficiency has been
seriously addressed therapeutically.

BASIC BIOLOGY OF AMYLOID g-PROTEIN PRECURSOR Ap is a small hydrophobic
peptide with N- and C-terminal heterogeneity that occurs in two principal lengths:
ApB40and A842. A is proteolytically released from a large type 1 membrane gly-
coprotein of unknown function, the®precursor (APP) (13), via sequential cleav-
ages by two aspartyl proteases, referred to agthendy -secretases (Figure 1)
(14). The A3 region of APP comprises the 28 residues just outside the single
transmembrane domain (TMD), plus the first 12—14 residues of that buried do-
main. On this basis, A was originally assumed to arise only under pathological
circumstances, in that the second cleavage was thought to require some kind of
prior membrane disruption to allow accesge$ecretase and a water molecule to
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Figure 1 Schematic representation of APP processing. The top diagram represents
the largest known splice variant of APP, which contains a signal peptide (residues
1-17), two alternatively spliced exons (at residue 289), and a single TMD (700-723).
Constitutivex-secretase-mediated proteolytic cleavage of APP occurs after residue
687, yielding APR« and the C83 fragmensécond ling Alternatively, B-secretase-
mediated cleavage occurs after residue 671, yieldingsA4P&nd C99 third line).
y-secretase cleavage at position 711 or 713 releases the p3 peptides from C83 and
AB40 and A342 from C99. Numbers represent amino acid positions; arrows indicate
sites of secretase cleavageg:Aamyloid 8-protein; APP: amyloigs-protein precur-

sor; APR-a: soluble ectodomain of APP formed lysecretase cleavage; APP:
soluble ectodomain of APP formed Isysecretase cleavage; KPI: Kunitz type serine
protease inhibitor motif; TMD: transmembrane domain. Reproduced with permission
from Reference 14.
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the otherwise intramembranous region. This concept was disproved in 1992, when
ApB was shown to be constitutively released from APP and secreted by mam-
malian cells throughout life and thus occur normally in plasma and cerebrospinal
fluid (CSF) (15-17). This discovery enabled the dynamic study @fpfoduc-
tion in cell culture and animal models, including examination of the effects of
AD-causing genetic mutations. Moreover, high-throughput screening could now
be conducted on cultured cells to identifgAowering compounds and determine
their mechanism.

Most APP molecules that undergo secretory processing are cleaved by
secretase, rather thagtrsecretase, near the middle of thes Aegion (18, 19).
This releases the large, soluble ectodomain (APPinto the medium and al-
lows the resultant 83-residue, membrane-retained, C-terminal fragment (C83) to
be cleaved by -secretase, generating the small p3 peptide (Figuke-4¢cretase
acts on APP molecules at the cell surface, although some processing also oc-
curs in intracellular secretory compartments. The precise subcellular loci of the
B- andy-secretase cleavages are unclear, but likely include early, recycling en-
dosomes (20, 21). The functional consequences of the proteolytic processing of
APP remain ill-defined. The current leading hypothesis is that cleavage by
secretase followed by-secretase enables the release of the APP intracellular do-
main (AICD) into the nucleus, where it may participate in transcriptional signaling
(22-24). The APR« derivative secreted as a result of this processing appears to
have distinct extracellular functions. For example, those APBoforms that
contain an alternatively spliced Kunitz protease inhibitor domain function as ser-
ine protease inhibitors, including by inhibiting of Factor Xla in the coagulation
cascade (25).

GENOTYPE TO PHENOTYPE CONVERSIONS IN FAMILIAL ALZHEIMER’S DISEASE ~AS
knowledge of the complex processing of APP unfolded, the question of its sig-
nificance in the pathogenesis of AD came to the fore. This question was largely
answered by the discovery of various genetic alterations that strongly predispose
individuals to AD. The first familial AD gene to be identified was APP itself (26).
Missense mutations located within and immediately flanking tisesAquence
were found to cause autosomal dominant forms of early-onset AD and/or CAA
(27). No AD-causing mutations in the large APP molecule have been found away
from the A8 region, strongly suggesting that the substitutions alter the proteolytic
generation of 8 and/or its aggregation into neurotoxic assemblies. This conclu-
sion has been amply confirmed in cell culture assays, APP transgenic mice, and
patients bearing these mutations.

The ¢4 allele of the cholesterol transport protein, apolipoprotein E, was the
second predisposing genetic factor to be discovered (28). Extensive genetic epi-
demiology has shown that inheritance of onesajallele increases the likelihood
of developing late-onset AD by2-5-fold, and the inheritance of two alleles
raises the risk by 4-10-fold or more (29). Interestingly, inheritance of theZapo
allele appears to confer some protection from AD (30). The mechanism by which
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apoE4 promotes the disease is unclear. Crossing mutant APP transgenic mice
with mice lacking the endogenous apoE gene results in offspring with far fewer
Ap deposits (31). Expressing human apoE4 in such mice leads to heightened
Ap deposition, compared to expressing human apoE3 (32). In vitro studies also
suggest that apoE4 is a less effective inhibitor ¢f &ggregation than is apoE3

(33, 34). Such experimental data fit well with neuropathological analyses in hu-
mans, which show that the inheritance of one or two apoE4 alleles significantly
heightens cerebral Aburden, even in those who have not yet developed clinical
AD (35, 36).

The two other genes clearly linked to AD are presenilins (PS) 1 and 2 (37, 38).
Missense mutations in these homologous 8-TMD polypeptides cause the most
aggressive form of AD known, with onset commonly occurring in the 40s and
50s and very rarely as early as the late teens. Many studies in cell culture, animal
models, and patients demonstrate that presenilin missense mutations elevate the
y-secretase-mediated production of the strongly self-aggregaip#g Aeptide,
perhaps at the expense of thg40 peptide (14). This mechanism is discussed in
detail when we consider inhibition gf-secretase as a therapeutic target.

The APP, PS1, and PS2 mutations cumulatively account for close to half of
early-onset £65 years) familial AD cases, with PS1 responsible for almost all of
these. Inheritance of apoE4 is variously estimated to be the principal pathogenic
factor in 10%—40% of all AD cases. It should be emphasized thatZapots
as a risk factor for AD, not a deterministic gene, so that octogenarians carrying
one or even twa4 alleles may have normal cognitive function. Several other
chromosomal loci and candidate genes are under active study, but not unequivo-
cally confirmed. When they are, the same kind of genotype-to-phenotype analysis
should establish whether or not they operate by altering the economy of the
brain.

Progress in deciphering the genetic forms of AD has led to several compelling
transgenic mouse models. The first models expressed human APP that contained
missense mutations which cause autosomal dominant AD (39, 40). A number
of distinct mouse lines ensued, carrying various mutant forms of human APP
driven by different promoters and having subtly different neuropathological and
biochemical phenotypes (41, 42). The cloning of PS1 led to crossed mouse lines
expressing mutant human APP plus a missense mutation in human PS1, and these
mice show acceleratedfAdeposition and generally more severe neuritic and glial
cytopathology than APP single transgenic mice (43). Crossing mutant APP mice
with those expressing human transforming growth fagt@roduced a line with
prominent microvascular amyloidosis (44). Particularly useful is the recent devel-
opment of crossed mice expressing human mutant APP plus human mutant tau,
as the progeny develop tangle-like neuronal cytopathology in addition to diffuse
and neuritic plaques (45). In general, the various mouse models show progres-
sive Ag accumulation and deposition in the hippocampus and association cortices
in anatomic patterns resembling those seen in AD and with the development of
secondary neuritic, neuronal, and glial alterations.
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Current Treatments are Largely Symptomatic

At the time of writing, no treatments have been clinically proven to modify the
disease process in away that significantly slows or prevents the progression of AD.
However, there are several different pharmacological agents that may ameliorate
or temporarily suppress certain debilitating symptoms. The most commonly used
drugs that do so are reviewed here.

ACETYLCHOLINESTERASE INHIBITORS Four compounds in this class have been ap-
proved by the U.S. Food and Drug Administration (FDA) for the treatment of AD.
Of these, three are in active clinical use, whereas one [tetrahydroaminoacridine
(Cognex)] has the potential to cause significant hepatotoxicity and is therefore
rarely used. The other three [donepezil (Aricept), rivastigmine (Exelon), and galan-
tamine (Reminyl)] have similar potential benefits and adverse events, including
nausea, vomiting, diarrhea, and other cholinergic symptoms, and have generally
been used interchangeably. In placebo-controlled studies of a few months in dura-
tion, these agents modestly improved certain cognitive test scores, although in clin-
ical practice many patients show no objective evidence of improvementin memory
or other cognitive tests. A minority of treated patients show modest improvement
in certain mental status scores or no decline over a period of several months to a
year. Patients who show no improvement or lose benefit over time can be switched
to another inhibitor, but this does not usually result in a substantial difference in
efficacy. Over time, many physicians and patients decide to discontinue acetyl-
cholinesterase inhibitors due to lack of clear benefit. In Europe, the NMDA antag-
onist, memantine, is marketed for treatment of AD. This is the only non-cholinergic
neurotransmitter agent currently in widespread use for symptomatic treatment.

PSYCHOTROPIC DRUGS THAT MODIFY BEHAVIORAL SYMPTOMS One of the most
difficult aspects of AD for patients and caregivers is the occurrence of behav-
ioral disturbances, including anxiety, apathy, agitation, aggressiveness, depres-
sion, serious delusions, and hallucinations (46). Although minor anxiolytics, such
as benzodiazepines, can blunt some of these symptoms, their benefit is mod-
est and often accompanied by unacceptable sedation or worsening of demen-
tia. Non-phenothiazine antipsychotic agents in low-to-moderate doses are more
widely used for this purpose. These include risperidone (Risperdal), olanzapine
(Zyprexa), haloperidol (Haldol), and quetiapine (Seroquel). Occasional AD pati-
ents (~5%-10%) may display prominent symptoms of depression and therefore
may benefit from low doses of selective serotonin re-uptake inhibitors, although
these may also temporarily heighten the patient’s cognitive deficits. Physicians
sometimes prescribe stimulants, such as methylphenidate, for marked apathy,
or anticonvulsants, such as devalproex sodium (Depakote) or carbamazepine
(Tegretol), for agitation and anxiety. The administration of low-to-moderate doses
of one, or sometimes more than one, psychotropic drug can significantly improve
behavioral symptoms in AD patients. However, dose escalation should be slow,
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and patients should later be gradually weaned off the agent to determine whether
cognitive function is being compromised. Many AD patients experience signif-
icant behavioral aberration for relatively circumscribed periods of time; as their
dementia worsens, they lose these symptoms and become more calm and mellow.

POTENTIAL NEUROPROTECTIVE STRATEGIES Althoughthere are no available drugs
clearly proven to modify the course of cognitive decline, several neuroprotective
approaches have been suggested. Many clinicians recommend that patients take
high doses (1000-2000 IU/day) of vitamin E. At least one placebo-controlled trial
of vitamin E and selegiline (a monoamine oxidase inhibitor) has reported small
but significant delays in time to both nursing home entry and death with each of
these agents alone, but no additive effect of taking both. However, these effects
may well represent benefits for cardiovascular and other systems, and there was
no evidence of improvement in the cognitive symptoms of dementia. Although
high doses of vitamin C have sometimes been recommended, no studies showing
a definitive benefit in AD have appeared. Nonsteroidal anti-inflammatory drugs
could potentially blunt the neurotoxic effects of peri-plaque microglial/astrocytic
activation, cytokine release, and the acute phase protein response in the AD brain,
but no prospective controlled trials have yet shown a benefit. Other neuroprotective
strategies potentially relevant to AD include calcium channel modulators (47),
free-radical scavengers (48), and metal ion chelators (49); published clinical trial
results for the latter are emerging.

INHIBITION OF B-SECRETASE

Identification and Protease Biochemistry of S-Secretase

Early experiments established that a substantial portion of the APP normally se-
creted by human-mixed brain cultures, and some of that present in human CSF,
is precisely cleaved at the amino terminus ¢ fbetween residues 671 and 672)
resulting in formation of the C99 fragment (Figure 1) (50). Well before the iden-
tification of the molecular structure @f-secretase, a considerable amount of in-
formation was obtained about its functional properties (Table 1) (51). This work
culminated in the identification by five independent research groups in 1999 of
a novel aspartic protease that exhibited the expected propertiesetretase
(52-56). Aspartyl proteases are a well-characterized class of proteases that in-
clude pepsin, renin, cathepsins D and E, and napsin A. Although each research
group used a somewhat different detection approach [expression cloning (52),
biochemical enzyme purification (53), and various genomic strategies (54-56)],
the enzyme was identical (Figure 1), thus strengthening the conclusion that the
structure identified wag-secretase.

B-secretase is a 501-amino acid type | transmembrane protein with a lume-
nal active site (Figure 2). It has an N-terminal signal peptide (residues 1-21), a
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TABLE 1 Functional characteristics expecteddefecretase
based on cell culture experiments

Present in neurons in the brain

Membrane-associated protease with lumenal active site
Present in A8-secreting cells

Co-localized with APP in Golgi vesicles

Overexpression increases APR, C99, and /8 levels
Cleaves at Asp 1 of A

Optimum pH~4.5

Pepstatin-insensitive

Antisense inhibition reduces ARPB, C99, and A8 expression
Cleavage preference at P1 (LguMet > Val)

ApB: amyloid g-protein; APP: amyloidg-protein precursor; APPB: soluble
ectodomain of APP formed hy-secretase cleavage.

preprotein domain (residues 22-45), a catalytic domain (residues 45-459) with
two conserved aspartyl protease active sites (DTGS at residues 93-96 and DSGT
at residues 289-292), and a C-terminal extension with a TMD (residues 460—
477) and a cytoplasmic tail (Figure 2) (51). The TMD distinguisiesecretase

from most other aspartic proteases and enables the enzyme to properly access the
APP ectodomain at the-cleavage site (57, 58). The lumenal part of the molecule
includes four sites for N-glycosylation at 163, 172, 223, and 354 (52), and six
cysteine residues (216, 278, 330, 380, 420, and 443) that can form up to three
intramolecular disulfide bonds.

The newly identified3-secretase enzyme was initially designated variously as
beta-site APP-cleaving enzyme, or BACE (52), novel aspartic protease 2 (Asp2)
(54, 55), and membrane aspartic protease 2 (memapsin2) (56). However, with the
identification of a close homolog g¢f-secretase (known as BACE2, Aspl, or
memapsinl), which has a similar, but distinct, substrate profile (54, 59, 60), BACE
is now more commonly referred to as BACEL.

1 22 46 460 477 501
| | | |
signal : ; y : |
H-N peptide preprotein catalytic domain ™ G-tail COOH
93 96 289 292
conserved active |
site residues | DTGS DSTG

Figure 2 Schematic representation of the protein structure of hufarcretase,
indicating the conserved active site residues. Numbers indicate amino acid positions.
C-tail: cytoplasmic tail; TM: transmembrane domain.
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Cell Biology of 5-Secretase

B-secretase mMRNA is widely expressed in both the peripheral tissues and brain,
with the highest levelsinthe body found inthe pancreas (52, 54, 61). Inthe Brain,
secretase MRNA is expressed at high levels in neurons of the hippocampus, cortex,
and cerebellum (52, 61). Enzymatic activity is highest in neural tissue, and little
activity occurs in peripheral tissues (52—-54). Subcellular localization studies have
revealed tha8-secretase occurs mainly within the acidic subcellular compartments
of the secretory pathway, the Golgi network and endosomes (52, 55, 58), with low
amounts in the endoplasmic reticulum and lysosomes. Thascretase localizes

to the same intracellular compartments at whicbleavage of APP is believed to
occur. The acidic pH of these compartments provides optimal conditions for the
cleavage of APP by an aspartyl protease (52-54).

Initially expressed as an inactive pre-proprotein in the endoplasmic reticulum
(57, 62), B-secretase subsequently undergoes intramolecular disulfide bond for-
mation and N-linked glycosylation at three of its four potential N-glycosylation
sites (62). On leaving the endoplasmic reticulum, the propeptide is cleaved by a
furin-like endoprotease, followed by further glycosylation to produce the mature
protease, which is rapidly and efficiently transported through the Golgi apparatus
before being targeted to endosomes (57, 62). The cytoplasmic faitetretase,
and in particular its dileucine motif, appear to be important for the normal traf-
ficking of the enzyme (62).

Substrate Specificity of S-Secretase

B-secretase cleaves APP at the N-terminus gfb& recognizing the VKMDA
sequence (residues 594-598). This sequence is labeled P3“P2-PZ in stan-

dard protease nomenclature, with the site of cleavage markéd@igavage by
B-secretase is highly sequence specific. APP containing the Swedish double mu-
tation (KM to NL at positions 595 and 596) that is associated with early-onset
AD seems to be a significantly better substrate fesecretase than wild-type
APP (63). In contrast, substitutions of other residues in the YEMregion, for
example, valine at the P1 position, generally redugepfoduction, sometimes
markedly (64).

Sauder etal. (65) have used three-dimensional modeling to study the interactions
betweens-secretase and its APP substrate and to identify which residues confer
specificity. This work established that the Arg296 residug-skcretase makes a
salt-bridge with the Plaspartic acid residue of the wild-type APP. Of additional
importance are the interactions between the P2 lysine residue and AspB79 of
secretase; the hydrophobic contacts between the P1 methionine residue and the
enzyme at Leu91, Tyr132, and lle179; and the P3 valine residue with Phel70 of
B-secretase. The model also showed that the Swedish double mutation at P2-P1
interacts more favorably with Arg296 and the hydrophobic pockgtsécretase
than do residues of wild-type APP, thereby explaining the enhanced cleavage of this
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mutated form of APP. Conversely, when the P1 residue is changed from methionine
to valine, many of the stabilizing hydrophobic contacts between the substrate and
enzyme are missing, whereas the catalytic Asp93 residue is blocked. The apparent
importance of the Arg296 residue pfsecretase and the hydrophobic pocket of the
active site in determining the substrate specificitgefecretase have subsequently
been confirmed by Hong et al. (66), who determined the crystal structure of the
active domain of3-secretase complexed with a transition-state inhibitor.

More recently, the substrate specificity @fsecretase has been explored and
compared with that of other aspartic proteases using a range of dodecameric sub-
strates based mainly on tigecleavage site of APP (67). The substrate recognition
site of B-secretase extended over several amino acids Sasetretase accepted
a wide range of peptidic substrates. In common with other aspartic prot@ases,
secretase prefers a leucine residue at position P1. However, unlike these enzymes,
B-secretase accepts polar or even acidic residues at positions P1 ‘arahdP2
prefers bulky hydrophobic residues, preferably valine, at position P3.

Strategies to Identify -Secretase Inhibitors

B-secretase is an attractive target for a disease-modifying therapy for AD, as it
initiates and is the rate-limiting step in the formation g ANow that the molec-

ular sequence and crystal structure of the target protease have been identified, the
development of specifjg-secretase inhibitors is being actively pursued. The obser-
vation that mice deficient ii-secretase (BACEL knockout mice) do not generate
any A8 (61, 68, 69) supports the validity of this target. Importantly, these mice
appear to be healthy, with no obvious neurological or behavioral abnormalities,
despite the complete lack gfsecretase activity in the brain (61, 68, 69).

Inhibitors of other aspartic proteases have been developed, but only those tar-
geted against the retroviral human immunodeficiency virus protease are currently
in therapeutic use (51, 70). Research groups attempting to degedepretase in-
hibitors are generally modifying peptidic molecules designed from the sequence
of the APP cleavage site (53,67,71,72). To date, only a few of the molecules
that directly inhibit8-secretase activity at nanomolar concentrations have been
described in published literature.

The first of these, StatV (Figure 3), a 14-residue transition-state analog that
spans the P10 to Pregion of Swedish mutant APP, was used as an affinity ligand
by Sinha et al. when they purified and clongdecretase from human brain tissue
(53). StatV has an I& of ~30 nM. A second, smaller, and more potent compound
that spans eight residues of Swedish mutant APP (P49d$P@M99-2, with an
ICs0 0f ~1.6 NnM (Figure 3) (71). However, neither compound is entirely specific
to B-secretase, as they both inhibit other aspartic proteases (67). Indeedsg¢he IC
of StatV against cathepsin D, cathepsin E, and pepsin is considerably lower than
that for 8-secretase (67). Furthermore, both molecules have a molecular weight
that exceeds 1000 and are consequently too large for therapeutic use.
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Figure 3 Structure of two direct inhibitors g8-secretase.

To facilitate the rational design of more speciffcsecretase inhibitors, Hong
etal. (66) have co-crystallized OM99-2 wihsecretase with the aim of providing
information on specific ligand-binding site interactions and the orientation of the
inhibitor in the active domain. The group subsequently designed a series of pep-
tidomimetic inhibitors of-secretase using OM99-2 as a starting point. Some
of these compounds were of similar potency to OM99-2, but had a much lower
molecular weight (72).

INHIBITION OF y-SECRETASE

The Concept of Intramembrane Proteolysis

Whenthe precursor of Awas clonedin 1987 (13), itimmediately became apparent
that one of the two proteolytic scissions needed to relegsenAst occur within

a hydrophobic, putatively membrane-spanning region of APP. As hydrolysis of
peptide bonds requires water and as all known proteases had their active sites
in aqueous compartments of the cell or extracellularly, it was assumed that at
least part of the APP TMD must be transiently exposed outside of the membrane,
presumably due to prior membrane injury. The only other possibility raised at the
time was that the TMD of APP ended just before or athsecretase cleavage

site; however, this was incompatible with available information about the predicted
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lengths of TMDs. The discovery of normalgAproduction in 1992 showed that
neither of these explanations appeared to be correct. Rathgreptides ending

at residues 40 and 42, which are clearly within the membrane-spanning region,
were naturally secreted by healthy cells without evidence of membrane injury
and were circulating peptides. With this discovery, it became apparent that some
kind of proteolysis within the membrane could occur normally. In this senge, A
generation presaged the recognition of what is now appropriately referred to as
regulated intramembrane proteolysis (73).

The first identification of a protease that appeared to cleave within the lipid
bilayer emerged from the cloning of the site 2 protease (S2P), an unprecedented
polytopic metalloprotease with its HEXXH catalytic motif interior to the mem-
brane-cytosolic interface (74). S2P executes the second of the two cleavages of
the sterol regulatory element-binding protein (SREBP), enabling the release of its
N-terminal cytoplasmic domain to the nucleus, where it regulates the transcription
of genes important for cholesterol homeostasis. Since this discovery, several novel
and unrelated intramembrane proteases that process diverse membrane substrate!
have been found in organisms ranging from bacteria to man (73). A newly recog-
nized example is the rhomboid family, responsible for releasing epidermal growth
factor (75). Conserved intramembrane residues in rhomboid that are required for
function (asparagine, histidine, and serine) are reminiscent of the catalytic triad
typically found in serine proteases, and inhibitors of soluble serine proteases block
rhomboid-mediated proteolysis. Many mechanistic details of how such molecules
break amide bonds remain unknown, but progress in deciphering the identity and
biochemistry ofy-secretase is helping define some of the principles of regulated
intramembrane proteolysis.

Relationship of Presenilin to y-Secretase

When presenilin was first identified (38), the mechanism by which mutations in
this polytopic protein caused AD was unidentified, and early speculation about
its function was wide ranging. However, it soon became clear that presenilin mis-
sense mutations alter thesecretase-mediated cleavage of APP in a way that
elevates the ratio of p42 to A840 (76). Furthermore, the cloning s€l-12 a

gene encoding the presenilin homologu€aenorhabditis elegansevealed pre-
senilin to be critical for signaling by the Notch family of cell surface receptors
(77). Deletion of the PS1 gene in mice resulted in an embryonic lethal pheno-
type that included severe developmental alterations in the Notch pathway (78, 79).
Shortly thereafter, De Strooper et al. showed that such mice had a marked de-
crease in neuronal Aproduction due to a 60%—70% lossjofsecretase activity
(80), the remainder of which was later shown to be due to the residual function of
PS2 (81, 82). This finding was interpreted to suggest that presenilins were critical
cofactors of the unknowm-secretase (80). An alternative explanation of these
data soon emerged: that presenilin itself wasecretase (83). In addition to the
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above findings, four principal lines of evidence led to this hypothesis. First, small
amounts of APP and PS1 could be co-immunoprecipitated from the membranes
of cells, and thus the two proteins could occur as complexes (84). This finding was
later extended to show co-precipitation of presenilin with C83 and C99, the im-
mediate substrates gfsecretase (85). Second, presenilin and APP were localized
to the same subcellular vesicle fractions, which mediated de novo generation of
A upon incubation at 3T (86). Third, APP peptidomimetic inhibitors designed

as transition-state analogs specific for an aspartyl protease blpeckedretase,
strongly suggesting that-secretase was an aspartyl protease (87). Fourth, and
most importantly, presenilins were observed to have two intramembrane aspartate
residues predicted to lie in the middle of adjacent TMDs, flanking the hydrophobic
region that undergoes endoproteolysis to create the biologically active presenilin
heterodimer (83).

Based on this hypothesis, the aspartate residues in TMD 6 and TMD 7 of
PS1 were independently mutated to alanine, resulting @06 loss ofy-sec-
retase-mediated A generation and concomitant cellular accumulation of the
C83 and C99 substrates (83). Intriguingly, mutation of either aspartate residue
also abrogated the endoproteolysis of PS1. Engineering an aspartate mutation
into a functional human variant of PS1 that does not undergo endoproteolysis
(the AExon9 variant) showed that the mutation still blockegecretase activ-
ity (i.e., A8 generation), indicating that the TMD aspartates were independently
required for both presenilin endoproteolysis and cleavage of C99 (83). Taken
together, these findings were interpreted to suggest that presenilins were unprece-
dented intramembrane-cleaving aspartyl proteases activated by autoproteolysis
(83, 88).

Subsequently, extensive data supporting the hypothesis that presenilins are the
active site ofy-secretase has emerged. Antibodies directed against PS1 are able
to precipitate in vitroy-secretase activity from cell membranes solubilized in
CHAPS and related detergents (89). Moreover, aspartyl protease transition-state
analogue inhibitors of/-secretase bind directly and specifically to both frag-
ments of the biologically active presenilin heterodimer (90, 91), providing com-
pelling evidence that presenilins contain the active sitg-skcretase. Deletion
of both PS1 and PS2 from cells completely abrogategcretase cleavage, both
of APP and Notch (81, 82). Furthermore, co-expressing aspartate to alanine mu-
tant forms of PS1 and PS2 in cells simultaneously reduces presenilin heterodimer
levels to extremely low levels and essentially shuts dowhpkoduction, indi-
cating that inactivation of just these residues is akin to deleting the entire pro-
tein (92). The presenilin intramembranous aspartate residues are part of signature
motifs found in a bacterial family of polytopic aspartyl proteases called type-4
prepilin peptidases (93, 94). Most recently, a novel 7-TMD protein containing
the two transmembrane aspartates and conserved flanking residues of presenilin
has been shown to be the signal peptide peptidase (SPP), and expressing SPP
alone in yeast (which have no endogenous SPP) reconstitutes proteolytic activity
(95).
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y-Secretase is a Multi-Protein Complex

Despite the very substantial information implicating preseniligvisecretase, it

has not been possible to increase substrate-cleaving activity by overexpressing
PS1 and PS2 alone. This failure presumably relates to the observation that the en-
doproteolysis of presenilin and stabilization of the resultant heterodimers requires
certain limiting cellular factor(s) (96). In other words, overexpressing presenilin
by itself results in the replacement of endogenous presenilin heterodimers with
their exogenous counterparts, so that little or no net increase in cleavage activity
is obtained. Consequently, there has been an active search for protein cofactors
that may help release this tight regulationyegecretase activity. The first protein
found to potentially serve such a function was nicastrin (97). This large, single
transmembrane glycoprotein co-precipitates with PS1 and APP, and mutations
introduced into a conserved hydrophilic domain are reported to agguraduc-

tion (97). Presenilin heterodimers and nicastrin also co-localize in high molecular
weight (~200 kDa) complexes during glycerol velocity gradient centrifugation of
cellular microsomes (97, 99). Moreover, partial purification of humasecretase

from HeLa cell microsomes yields PS1 and PS2 heterodimers and nicastrin in
stoichiometric amounts, and the enriched complex cleaves the C100 fragment of
APP and an equivalent Notch-based substrate in vitro (100). In accordance, con-
ditions that prevent the co-precipitation of nicastrin and presenilin heterodimers
(e.g., the presence of certain detergents) obvragecretase activity (100). Al-
though these data indicate that presenilin and nicastrin are obligatory members
of the y-secretase complex, their co-expression still does not overcome the tight
cellular regulation of/-secretase activity, and additional factors must exist in the
active enzyme complex.

Evidence for two additional required componentsg/egecretase has recently
emerged from genetic analyses of Notch signalingCinelegans Mutational
screens identified a putative 7-TMD protein, designated aph-1, mutations that
result in a phenotype closely resembling loss of function in Notch (101) and pen-
2, a101-residue polypeptide with two TMDs (102). Baphh-1andpen-2showed
strong genetic interaction withel-12PS andaph-2nicastrin. Importantly, inacti-
vation by RNA interference adph-1, pen-2 andnicastrinin culturedDrosophila
cells decreasegt-secretase cleavage of APP and Notch reporter substrates and
reduced the levels of presenilin heterodimers (102). These results mean that all
three proteins play a role in regulating presenilin, the likely catalytic component
of the protease. Mutagenesis screens in nematodes have not revealed any other
proteins absolutely required for Notch cleavage.

Thus, it currently appears that presenilin, nicastrin, aph-1, and pen-2 are the
key components required fprsecretase to cleave substrates. Accordingly, several
experiments can now complete the story. RNA interference-mediated inactivation
of each component in mammalian cells should confirm the necessity for each
of them in substrate proteolysis in higher organisms. Similarly, transfection into
mammalian cells, which have endogengusecretase activity, could prove that
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nicastrin, aph-1, and pen-2 together release the tight regulation of presenilin het-
erodimer levels, allowing more endoproteolysis of full-length presenilin and thus
increased production of & AICD, and the Notch intracellular domain. Indeed,
this has recently been accomplished (W.T. Kimberly, M. Wolfe, D.J. Selkoe, et al.,
unpublished data). Transfection of the four components individually and in various
combinations into a cell that has no endogenptsecretase activity (e.g., yeast)
could establish whether cleavage activity is only reconstituted when all four are
present. As such experiments prove successful, the subunitsetretase will

have been unequivocally identified, and detailed study of the other biochemical
requirements for efficient proteolysis can begin, including presenilin-associated
proteins that may facilitate (or inhibit) the reaction, ionic and energy parameters,
and the subcellular loci where the components assemble to yield mature enzyme.

How Does Scission by y-Secretase Occur, and How do
Presenilin Mutations Alter Cleavage Specificity?

Based on our current understanding of this very unusual protease, it appears that
the two catalytic aspartates interact with a scissile bond in the TMD of a sub-
strate within the lipid bilayer, and the protease initially engages the substrate in its
a-helical conformation (103, 104). The tighthelical conformation of the TMD
presumably must be transiently relaxed to allow access of the presenilin aspartates
and other residues of the active site to the scissile bond, but how this is accom-
plishedis unclear. Awater molecule is necessary for scission, and this may enter the
protease via a pore-like structure formed by the eight TMDs of the presenilin het-
erodimer plus some or all of the TMDs of aph-1, pen-2, and/or nicastrin. The water
molecules must somehow be sequestered from the substrate within the membrane
until cleavage is actually required. It has been shown that deletion of TMDs 1 and
2 of PS1 abrogates its function, whereas deletion of much of the large cytoplasmic
loop, which contains the binding site for the catenins, has no effect (105). There-
fore, the protein-to-protein interactions needed for presenilin hydrolytic function
are likely to principally involve the various TMDs and to occur within the mem-
brane. In addition, nicastrin, the one required component of the complex with
a large ectodomain, could potentially help anchor the ectodomains of the full-
length substrates, prior to cleavage, and perhaps even “measure” their length in
a way that allows correct cleavage by the proteases that shed the ectodomains of
the substrates, such as members of the disintegrin and metalloprotease (ADAM)
family. The latter speculation assumes thatdhand g-secretases transiently as-
sociate with the presenilipfsecretase complex to effect shedding of the substrate
ectodomains, thus producing a conformational change in C83 or C99 that permits
the secondary-secretase cleavage (106).

The two principaly-secretase cleavage sites in APB4A and A342 are sep-
arated by two residues, i.e., they are about one half of a helical turn apart and
thus on opposite faces of the substrate. It could be that the large majority of C99
and C83 substrate molecules have the#d@—41 bonds oriented towards the two
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aspartates of particular presenilin heterodimers at the time of cleavage, whereas a
small minority (~10%) have their 42—43 bonds oriented towards the aspartates of
other presenilin heterodimers, thus yielding the ratio of A342 to AR40 products
(~1:10) documented in vivo. All of the known alterations in PS1 and 2 that cause
AD are missense mutations, and most are located within the TMDs or adjacent to
them. Presumably, these subtly alter the conformation of the active site and/or other
critical portions of the TMDs in a way that decreases the efficiency of cleavage of
C99 and C83 at the p40—41 peptide bond and/or increases that at tié22-43

bond. This would explain the increased ratio gf4® to A840 peptides that these
mutations cause. Of course, even this model is a gross oversimplification because
y-secretase can cleave C99, and presumably C83 as well, at numerous different
bonds between A positions 35 and 43.

y-Secretase Inhibitors Can Lower AS In Vitro and In Vivo and
Decrease the Formation of Potentially Synaptotoxic Oligomers

Long before the identity of/-secretase became apparent, the discovery of the
normal cellular production of A made the screening of compound libraries in
whole cell assays possible, with the goal of detecting molecules that lowegtred A
secretion without inducing general cellular toxicity. Such screening should have
uncovered bothB- and y-secretase inhibitors, but analyses of APP processing
suggested that virtually all of the potential inhibitors identified acted at the level of
y-secretase. Despite the substantial difficulties of conducting screensin whole cells
rather than in purified enzyme systems, the screening efforts of several companies
yielded a substantial number of compounds of different structural classes that
appear to inhibit the activity of-secretase. Extensive medicinal chemistry efforts
on some of these molecules ensued. One of the resultant compounds (DAPT) has
been reported to produce an acute, dose-dependent reduction of brain and plasma
AB in vivo when administered orally to APP transgenic mice (107). A single
dose of 30 mg/kg yielded a30% decrease in cortical 40 and A842 levels
measurd 3 h later (Figure 4). DAPT was shown to raise brain levels of C83 and
C99 in vivo, confirming it as a bona fige-secretase inhibitor.

There is growing evidence that diffusible oligomeric assembliesgfrather
than mature amyloid fibrils, may be the principal mediators of neurotoxicity in AD
and models thereof (42, 108-111). In this context, certain APP-overexpressing cul-
tured cells generate small amounts of stabfdligomers that are detectable in
the culture medium. Microinjection of such medium into the lateral ventricles of
anesthetized rats resulted in a block of hippocampal long-term potentiation (LTP),
an electrophysiological correlate of certain aspects of memory and learning (112).
Moreover, pretreatment of the cultured cells with-&ecretase inhibitor (a close
analog of DAPT) partially lowered monomer production enough to markedly de-
crease oligomer formation, and microinjection of this medium into rat brain no
longer interrupted LTP (112). These results suggest that soluble, potentially synap-
totoxic oligomers of 48 can be targeted therapeutically wjtksecretase inhibitors.
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Figure4 Effect of DAPT administration on Ain PDAPP mice.4) Brain concentra-
tions of DAPT and percentage reduction in cortical totgll&vels after subcutaneous
administration of DAPT (100 mg/kg). Alevels were significantly reduced compared
with baseline from 1 to 18 h after administration, and a peak reduction of 40% occurred
after 3 h. A8 levels closely reflected DAPT concentratiors). Total cortical levels of

ApB and A842 (expressed as a percentage of levels in vehicle-treated cpBthoédter

oral administration of DAPT (10, 30, or 100 mg/kg) to PDAPP migex 0.05 versus
vehicle-treated control. Reproduced with permission from Reference 107.
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Concerns About Inhibiting the Cleavage of Notch
and Other Substrates Limit the Potential Utility
of Current y-Secretase Inhibitors

The remarkably similar proteolytic processing of APP and the Notch receptors
by «- and B-secretases has raised the question of whether it will be possible to
reduce A8 production by this approach without significantly interfering with the
functions of Notch signaling in adults. These functions include a variety of cell
fate decisions necessary for the proper differentiation of hematopoietic, immune,
mucosal, and skin cells, among others. However, mutational and pharmacological
studies examining Notch and presenilin suggest that presenilin-mediated cleavage
can be inhibited rather substantially without significantly decreasing the amount
of Notch-mediated signaling. For example, mice expressing just one allele of PS1
and no PS2 alleles show apparently normal development (113). As it is gener-
ally assumed that lowering the steady state levels @& just 30% may prove
beneficial in slowing the progression of AD, this level of inhibition may leave

a sufficient reserve of presenilin-mediated Notch signaling to avoid significant
adverse events. However, increasing numbers of preseniedretase substrates

are emerging, and it will be necessary to determine whether chronic, partial inter-
ference with the processing of one or more of these produces adverse effects in
vivo. If some of the components of thesecretase complex act to bind various
presenilin substrates differentially and offer them to the active site, then inhibitors
directed at one of these components and not the active site (the PS aspartates) may
be less problematic. Of course, the use gtsecretase inhibitor would not entail
these particular risks. Resolution of the central issue of whetkecretase inhi-
bitors can lower 4 production without significantly impairing the normal func-
tions of other substrates awaits further studies in animals and subsequent clinical
trials.

Anintriguing approach to the problem would be to inhibit production of only the
highly amyloidogenic 4142 form of the peptide or to shift the cleavage speci-
ficity of y-secretase away from position 42, without altering over@lllévels. A
recent report suggests that certain members of an existing class of FDA-approved
drugs, the non-steroidal anti-inflammatory drugs (NSAIDs), may do just that if ad-
ministered at appropriate doses (114). The treatmenge$écreting cells with the
NSAIDs sulindac sulfate, ibuprofen, orindomethacin reducgd2and increased
ApB38levelsinthe culture medium at doses that did not significantly decread@ A
levels. This selective lowering of #42 was also observed in the brains of APP
transgenic mice in short-term in vivo experiments. Other NSAIDs (e.g., naproxen
sodium) had no effect, indicating that the shift ir8 Aroduction was unrelated
to the inhibition of cyclo-oxygenase. This surprising result suggests that certain
NSAIDs may have actions directly op-secretase that are independent of any
anti-inflammatory effects. Chronic use in humans of some of the NSAIDs that low-
ered A342 levels in this paradigm has been associated with a significantly lower
risk of developing AD in epidemiological studies (115). Thus, this work raises
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the specter of interfering selectively withg42 production without otherwise
perturbing y-secretase-mediated processing of APP and other substrates. The
doses of NSAIDs used to date are very high and considerable further work in
animal models and prospective studies in humans is needed to determine whether
chronic NSAID administration could have true therapeutic benefit.

CLEARING A FROM THE BRAIN: THE
IMMUNOLOGICAL APPROACH

Rationale

The immunological approach to the treatment of AD involves either stimulat-
ing the host immune system to recognize and attagkoAproviding antibodies
passively, thereby enhancing the clearance and/or preventing the deposition of
AB plaques. The immune system can be stimulated in a number of ways, elic-
iting T cell-mediated and/or humoral responses. Several different types of im-
munotherapy are currently under investigation for AD: active immunization with
synthetic intact 842 or conjugated fragments thereof, and passive immuniza-
tion with human anti-8 monoclonal antibodies (mAb). Immunization with in-
tact AB42 has been evaluated in transgenic mouse models and has proceeded to
clinical trials, whereas the other immunization strategies are approaching clinical
development.

Active Immunization Strategies: Effects in Mouse Models

AB42 IMMUNIZATION The hypothesis that #42 immunization could modify the
disease process in AD was initially tested in young PDAPP transgenic mice carry-
ing the V717F APP mutation (39), with treatment beginning at six weeks of age,
prior to the development of any Adeposits (116). In the two active treatment
groups, animals were injected with 1@@ of either synthetic £42 or serum
amyloid-P component (SAP, another protein associated with amyloid plaques)
at monthly intervals for 11 months, combined with Freund’s complete adjuvant
for the first four doses. Control animals received adjuvant alone in phosphate-
buffered saline (PBS) or no treatment. Quantitative image analysis of brains from
13-month-old mice indicated the almost complete absence of hippocarggal A
plague formation in the 842 group (median plaque burden 0% of cross-sectional
area versus 2.22% in adjuvant/PBS-treated controls and 2.65% in untreated mice;
p = 0.0005). There were parallel reductions in dystrophic neurites (median 0%
versus 0.28% in adjuvant-treated controlszp0.0005) and astrocytosis (median
1.55% versus-6% for all other groups; p= 0.0017). Histological examination

of several organs, including the brain and kidneys, revealed no signs of immune-
mediated complications in any treatment group. Serological analysis showed that
the majority of mice immunized with p42 (8 of 9) developed and maintained
high serum antibody titers-(1:10,000) against 42. SAP-treated mice mounted
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an immune response to SAP (titers generally 1:1000-1:10,000), but exhibited an
increase in plaque burden (median 5.74%), suggesting that immune responses
against plague components per se do not prevent or eliminate amyloid deposi-
tion. This particular experiment has potentially important implications regard-
ing SAP, as it has been suggested that agents acting upon SAP may be useful
in cleaving deposits in a broad range of amyloidoses (117). Subsequent experi-
ments showed that Aproduction itself was not disrupted by the immunization.
The paucity of neuritic and gliotic changes suggested that immunized mice did
not develop the neurodegenerative cytopathology normally seen in the PDAPP
model.

The next series of experiments were designed to establish whether the neu-
ropathological outcome could be improved iBA2 immunization was initiated
when there was already a substantigl plaque burden (116). Immunization of
PDAPP mice began at 11 months with monthly immunizations (ig)that con-
tinued for 4—-7 months. Quantitative image analysis showed that the median cortical
ApB burden in 18-month-old immunized mice was 0.01%, compared with 4.87%
for untreated age-matched controls and 0.28% for untreated 12-month-old mice.
The reduction in A burden was 96% after four months of treatment ar89%
after seven months (Figure 5). Again, neuritic pathology and astrocytosis were
reduced (by 55% and 34%, respectively, after seven months of immunization).
The brains of 15- and 18-month-old immunized mice contained fewer diffuse and
mature A8 deposits than those of 12-month-old untreated mice, suggesting that
immunization with A842 had resulted in the clearance of pre-existimyplaques.
Analysis of different areas of the cortex indicated that immunization disrupted the
normal progressive pattern of amyloidogenesis in PDAPP mice (which begins in
the cingulate, frontal, and retrosplenial cortices and progresses in a lateral-ventral
fashion). Immunization also prevented the usually heaygyd&position in the
outer molecular layer of the hippocampal dentate gyrus. Antibody titer responses
to AB42 immunization in these experiments were similar to those described above
for the younger (pre-plague) animals.

Additional evidence supporting the concept of an immunotherapeutic approach
for AD has been provided by assessments of the functional effectg 42 An-
munization (118, 119). In experiments in a different transgenic model in which
mice expressing APP (APP K670N/M671L and M146L) develop learning defi-
cits as the amyloid burden accumulates, 5 months of immunizations vgitt2 A
(100 ng/month), beginning at age 7.5 months, had no adverse effects on per-
formance in a novel working-memory task (the radial-arm, water-maze test)
(Figure &). Subsequently, at an age when the transgenic animals would be ex-
pected to exhibit cognitive deficits (15.5 monthsg42-immunized mice showed
better cognitive performance than those who received a control immunization,
and ultimately their performance became similar to that of non-transgenic mice
(Figure &). Modest reductions in cortical and hippocamp#4® and A342 de-
posits were also observed (118). The observed difference in the magnitude of
reductions in amyloid burden between this study and that of Schenk et al. (116) is
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Figure5 Quantitative image analysis of the corticgs Aurden in older PDAPP mice
(116). Treatment began at 11 months of age. Amyloid burden was significantly reduced
in the A3 group, compared with the PBS controls at both 15 and 18 months of age
(p = 0.003 and 0.0002, respectively). The median value of the amyloid burden for
each group is shown by the horizontal lines. UTC: untreated controls; PBS: phosphate-
buffered saline controls; g amyloid g-protein. Reproduced with permission from
Reference 116.

likely to be related to the mouse model used and the duration of the immunization
period.

The behavioral consequences g#42 immunization have also been explored
in the TQCRND8 (APP K670N/M671L and V717F) transgenic murine model, in
which the formation of 48 plagues was accompanied by the development of spatial
learning deficits by three months of age (119). Performance in the Morris water
maze of 23-week-old mice immunized withBA2 protofibrillar assemblies in the
B-pleated sheet form (1Q@g/month) from 6 weeks of age was significantly better
than that of control transgenic mice £0.05), although inferior to that of non-
transgenic littermates. Immunization resulted in the formation of antibodies that
decorated extracellular dense-cored plaques and redugqaayue deposition,
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Figure 6 Effect of AB immunization on performance in the radial-arm water maze.
(a) Nontransgenic mice, APP transgenic mice immunized with control vaccine, and
transgenic mice immunized with Awere tested in the radial-arm water maze at
11.5 months of age (after 5 injections). All groups learrneidl(4) and remembered

(trial 5) the platform location at this time point APP transgenic mice immunized
with AB continued to show learning and memory of the platform location, whereas the
transgenic mice who received the control treatment failed to show learning and memory
for platform location on either trial 4 or 5§ < 0.05,**p < 0.01; control immunization
group significantly different from the other two groups by LSD post-hoc analysis after
MANOVA). Reproduced with permission from Reference 118.
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although total brain levels of A were unchanged. These results suggest that
the induced antibodies were directed predominantly agaigsinAthe g-sheet
conformation, rather than in its more soluble form.

The nasal administration of Ain PDAPP mice has also been described (120).
Weekly administration of 840 (25u.9), beginning at age 5 months and continuing
until age 12 months, was associated with a 60% reduction in plaque burden in the
hippocampus, decreased neuritic dystrophy, and a reduced level of microglial and
astrocytic activation. The presence of ang-antibodies was demonstrated in the
serum of immunized mice, and a slight mononuclear cell infiltration in brain tissue
was characterized by cytokine expression.

In summary, A842 immunization results in the clearance of pre-existimg) A
deposits and also prevents the development of n@apkaques and associated
neuropathology in transgenic murine models of AD. Furthermore, the reduction
in AB burden is accompanied by improved cognitive performance. No adverse
effects of A342 immunization were observed in these models.

The underlying mechanism by which the beneficial effects®2immuniza-
tion are mediated has yet to be explained, although it is conceivable that more
than one process is involved. One possibility is that the reductiongirdépo-
sition is due to Fc-mediated microglial phagocytosis (116). This hypothesis is
supported by the observation that a proportion of the plaques found in immunized
mice were decorated with IgG and that microglia co-localized withwthin
plagues. Furthermore, microglia/monocytes were invariably located near the re-
maining plagques. The effects of peripherally administered antibodies against A
are also consistent with this hypothesis (121).

THE IMMUNOCONJUGATE APPROACH A distinct approach to active immunization

is the use of conjugated®fragments from the region of the peptide that does not
include the T cell epitopes (i.e., residues 16, 20, 25, and 30) and hence induces
only a B cell response. The results of this immunization approach in mouse models
have not yet been reported.

Passive Immunization Strategies: Effects in Mouse Models

Passive immunization using mAb raised against synthetic peptide fragments rep-
resents an alternative immunotherapeutic strategy. In addition, studies of this ap-
proach in transgenic mice have provided further insights into the possible mecha-
nism(s) underlying the observed benefits of active immunization described above.
These experiments showed that a humoral response alone, in the absence of a
cellular response to A is sufficient to elicit a strongly efficacious.

In initial experiments, heterozygous PDAPP mice aged 8—-10 months received
weekly intravenous injections of mouse mAb, either 10D 1A16), 21F12
(AB33-42), or polyclonal immunoglobulins (Ig) tofA—-42. Stable serum an-
tibody concentrations were maintained throughout the six-month study. At the
study’s end, mean corticalg42 levels in the 10D5, 21F12, Ig, and control groups
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were 6200, 13,580, 4890, and 13,800 ng/g tissue, respectively. Two further mAb,
3D6 (AB1-5) and 16C11 (to the tau protein), in addition to 10D5, were subse-
guently administered to slightly older mice (11.5-12 months). The reduction in
cortical A842 burden after six months of treatment with 3D6 was similar to that
seen with 10D5 (86% versus 80%; both=p 0.003 versus controls), whereas
16C11 had no effect (Figure 7). As expected, the mice in these experiments did
not exhibt a T cell proliferative response.

Examination of brain sections of mice involved in these studies revealed that
10D5 and 3D6 entered the brain and partially bound to tgepfaques. Subse-
guent experiments demonstrated that these antibodies triggered microglial cells
to clear A8 plaques through Fc receptor-mediated phagocytosis and subsequent
degradation (121). However, DeMattos et al. (122, 123) have reported that a mAb

60 —
&
50 — <>
- O
£ 40 o
g S
=
-
§ 30 — -
g
3 n %
S &
r 20 H m
-
; @ A
10 — [ @)
Aé%
0 = @ 1 I
PBS 3D6 10D5 16C11
Treatment

Figure 7 Effect of six months of treatment with monoclonal antibodies directed
against A8 on the A8 burden in the frontal cortex of PDAPP mice. PBS: phosphate-
buffered saline; 3D6: anti-Al-5; 10D5: anti-A81-16; 16C11: anti-tau. Horizontal
lines indicate median values. Reproduced with permission from Reference (121).
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(m266) directed against the central domain (residues 13-28p afoks not bind

to the A8 plaques, yet still reduces cerebraB Adurden. Their findings in a se-
ries of in vitro and in vivo experiments suggest that intravenous administration
of m266 shifts the CNS-plasmagAequilibrium by acting as a peripheral sink
(122, 123). They also showed that 3D6 and 10D5 [two of the mAb used by Bard
et al. (121)] had a similar, although smaller, effect in their in vitro studies (122).
These two mechanisms are not mutually exclusive, and both could be operative. A
further potential mechanism by whichBAmmunization could work is suggested

by the studies of Solomon et al. (124, 125), in which antibodies raised against the
hydrophilic N-terminal region (1-28) of Aprevented the fibrillar aggregation of

AB invitro.

Moving from Mouse to Man

Following the successful outcomes of the studies of murigd2immunization

in several laboratories, clinical trials were initiated. The immunogen used in these
studies, AN-1792 (Elan Pharmaceuticals/Wyeth), contained syntheg#2 An
combination with an adjuvant (QS-21). Two Phase | studies were undertaken to
evaluate the safety and tolerability of AN-1792 in patients with AD. The first was

a single-dose study with three escalating4® dosage levels, but with a fixed
adjuvant concentration. There were eight patients per dose level and a six-week
period between escalations. The second Phase | study was a multi-dose (for both
ApB42 and QS-21 adjuvant), dose-escalation study, with a two to three month
interval between each dose level.

As AN-1792 was well tolerated and a subset of patients developed an immuno-
logical response in these two studies, Phase lla studies began in the United States
and Europe. The Phase lla program recruited 375 AD patients, and those in the
active treatment group (8= 300) received multiple doses of the highest dose of
ApB42 combined with the lowest dose of QS-21 used in the Phase | trials. However,
the program was suspended in January, 2002 after some patients in the active treat-
ment group developed the signs and symptoms of aseptic meningo-encephalitis.
All affected patients had received one to three doses of AN-1792, and their symp-
toms developed five days to five months after their last dose. Although the clinical
development of AN-1792 has been discontinued, the study blind for the remaining
patients has not been broken, and these patients will continue to be monitored for
safety, CNS changes, cognitive decline, and immune function for a further year.

These reactions were unexpected, as toxicological testing in five different an-
imal species, including primates, did not reveal any evidence of encephalitis or
other adverse effects, and at the time of commencement of the Phase Ila study,
none of the 64 patients receiving active treatment in the Phase | trials had devel-
oped any signs of brain inflammation. The reactions in some of the patients in the
Phase lla program do appear to be clearly linked to immunization, although the
underlying mechanism has not yet been established. Ongoing tests are investigat-
ing whether the reactions in some of the patients in the Phase lla program may be
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linked to immunization, for example, throbig T cell-mediated immune response
to AN-1792.

Although AN-1792 has been discontinued, the development of safe and effec-
tive immunotherapies for AD is being actively pursued, based on the dramatic pre-
clinical data. Several second-generation immunotherapeutic products with prop-
erties very different to those of AN-1792 are currently in active development.

STIMULATING «-SECRETASE CLEAVAGE
OF APP TO LOWER Ap

Neurotransmitter-Mediated Enhancement of
a-Secretase Activity

Those APP molecules that undergo processing{sgcretase release p3 rather
than A8. Although p3 has been detected in some plaques in the AD hippocampus,
cortex, and cerebellum (126, 127)8fappears to be a far more abundant con-
stituent of neuritic plagques. Consequently, enhancing the flux of APP molecules
through thex-secretase, rather th@rsecrease, pathway may be beneficial in AD.
The proteolytic activities of ADAM 10 and ADAM 17 (TACE), which appear to
be a-secretases for APP, can be up-regulated via stimulation of several neuro-
transmitter systems. The first to be recognized were themd My muscarinic
acetylcholine receptors acting through the phospholipase C/protein kinase C path-
way (128). Agonists acting at these receptors were shown not only to increase
APPs« levels in cultured cell medium, but also to reducg gecretion, suggest-
ing a competition for substrate betweaenandg-secretases (129, 130). Moreover,
systemic administration of the acetylcholinesterase inhibitor physostigmine for 10
days lowered cortical A levels by~30%-40% without altering full-length APP
concentrations in guinea pigs (131). Similarly, 30%-45% and 15%-40% reduc-
tionsin CSF levels of 840 and A342, respectively, were reported in rabbits treated
for five days with one of three different jvselective muscarinic agonists (132).
In clinical trials, two studies have reported approximately 25% reductions in CSF
AB levels after administration of selective;Mgonists to small numbers of AD
patients (133).

Several other neurotransmitters that act through phosphatidylinositol hydrol-
ysis and activation of protein kinases can increase /APBecretion. Agonists
of metabotropic glutamate receptors did so in cultured cortical astrocytes, and
this was reversed by dibutryl cyclic AMP (134). Moreover, serotonin produced a
three- to four-fold, dose-dependentincrease in AlPRelease in cells overexpress-
ing 5-HT, or 5-HT,¢ receptors (135), and stimulation of the G-protein-coupled
receptors for bradykinin and vasopressin with their respective neuropeptides in-
creasedy-secretase processing of APP in PC-12 cells (136). In addition, elec-
trical depolarization increased AR® release in hippocampal and cortical slices
(137).
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Although such data suggest that cholinergic treatments could decrgdse-A
els while ameliorating acetylcholine deficits, there are theoretical concerns about
chronic stimulation ofx-secretase. As the APP ectodomain has several pharma-
cological activities, prolonged treatment could have adverse effects. Moreover,
a-secretases have numerous substrates, making biological effects independent of
those of APR« likely. However, asg- and y-secretase inhibitors are not yet
available, further clinical trials of prolonged stimulationebecretase processing
should be undertaken.

Cholesterol-Lowering Agents

Severallines of evidence lend increasing support to the concept that altering choles-
terol homeostasis can change the productiongirvitro and in vivo. The genetic
linkage of apoE4 to both AD risk and@burden first raised this issue, as #7e

allele is associated with higher circulating cholesterol levels (138). There is also a
complex body of literature suggesting that atherosclerosis may be associated with
an increased risk of developing AD, although this could be explained, at least in
part, by the co-occurrence in elderly patients of two independent processes: multi-
infarct dementia and AD. A more direct mechanistic link between cholesterol and
AD comes from the recognition that a fraction of neuronal APP is present in low-
density, Triton-insoluble glycosphingolipid-cholesterol rafts (139), which appear
to be one site for the conversion of APP t@ A140, 141). Reducing cholesterol
levels in cultured hippocampal neurons £y 0% with lovastatin and methy-
cyclodextrin markedly inhibits & formation without affecting neuronal viability

or holoAPP and APPu levels (142). The latter authors also obtained data suggest-
ing thatB-secretase-mediated processing of APP ¢nsécretase) was affected by
such treatment, as C99 levels were lowered and p3 levels were unchanged. How-
ever, another group treated non-neural and neural cells lines with either lovastatin
or methyl8-cyclodextrin and found a marked increase in Al@Rproduction, in-
cluding that generated by ADAM 10, with a concomitant decreasegisécretion

(143). In this study, cholesterol depletion in the non-neural cells inhibited internal-
ization of surface APP, allowing moresecretase processing. Clearly the precise
mechanisms by which cholesterol-lowering agents redyg@rdduction require
further study.

In vivo experiments have demonstrated that a three-week administration of very
high doses of simvastatin markedly and reversibly decreased de novo brain choles-
terol synthesis and lowered CSF levels ¢f40 by~50% and A842 by~40% in
guinea pigs (144). Moreover, a similar reduction in total braghlévels was ob-
served. Treatment of double mutant PS1/APP transgenic mice for five weeks with
the cholesterol-lowering drug BM15.766, which is brain-penetrant and inhibits the
last step in cholesterol biosynthesis, decreased brgilevels and plaque burden
by ~50% (145). Brain levels of ARPfx were increased, and those of C99 were re-
duced. Conversely, administration of a high fat/high cholesterol diet to this mouse
line for seven weeks led to a significant 50% increase in total braileyels, which
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correlated strongly with plasma and brain total cholesterol content (146). This diet
increased both the number and size ¢f Aeposits. The hypercholesterolemic
mice showed decreased ARPlevels and increased C99 levels.

Three retrospective epidemiological analyses of statin usage and AD have been
reported to date. One study examined records from three hospitals and found
that the prevalence of a diagnosis of probable AD was approximately 60%—70%
lower in patients taking lovastatin or pravastatin than in patients receiving other
cardiovascular medications (147). The second study included 284 patients with
dementia and 1080 matched controls (all agéd years) drawn from a general
practice patient database in the United Kingdom (148). The adjusted relative risk
of a diagnosis of dementia in the statin-treated patients was 0.29 of that in the
controls (p= 0.002), whereas the risk in patients receiving other lipid-lowering
agents was 0.96. The records did not allow a distinction between AD and other
dementias. The third report was a case-control study of 492 patients with dementia,
326 of whom had clinically probable AD, and 823 controls in relation to the use
of lipid-lowering agents (149). It was found that the use of statins and other lipid-
lowering agents reduced the risk of AD in patients ag&@ years old (odds ratio:
0.26).

These collective data provide considerable circumstantial evidence that chron-
ically lowering cholesterol levels, particularly with statins, may decrease cerebral
ApB concentrations, perhaps by enhanceirgecretase cleavage at the expense ofthe
amyloidogenic processing of APP. However, no prospective randomized treatment
trials of statins in AD have been reported. Until this occurs, chronic statin adminis-
tration solely for the purpose of treating or preventing AD cannot be recommended.

CONCLUSIONS: THE FUTURE OF THE A HYPOTHESIS
AND ITS ROLE IN ALZHEIMER’S DISEASE

As with any medically driven scientific hypothesis, the ultimate value of the amy-
loid hypothesis is directly proportional to its clinical utility. A myriad of scientific
achievements have occurred since George Glenner first identifiedstipegtide

in amyloidotic vessels in 1984 (150). Biochemical prowess combined with ele-
gant genetics and careful neuropathological analyses have advanced the field to a
point where there are numerous anti-amyloid molecules undergoing, or close to,
therapeutic evaluation in AD patients.

The various treatment targets arising from research related to the amyloid
hypothesis include inhibition of- or g-secretase activity and Arelated im-
munotherapeutic approaches. An additional approach not covered in this review
involves strategies aimed at reducing the aggregation properties optpeptide.

Thus far,y-secretase inhibitors andg¥2 peptide immunization have begun to
be tested clinically, although neither approach has extended much beyond safety
studies. Thus, clinical trials have not advanced to the point of actually testing the
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amyloid hypothesis. It is probable, nevertheless, that modulatoss afr 8-
secretase and refinements g8 Anmunotherapy (both passive antibody adminis-
tration and A8-peptide conjugate immunization) will enter the clinic before long.
In short, we currently stand on the threshold of convincingly testing the amyloid
hypothesis.

Questions Remaining

AB NEUROTOXICITY Many questions remain regarding the relationship gfta

the cellular alterations underlying dementia in AD. The most notoriously difficult
one to answer concerns the nature of the neurotoxic effect of the peptide itself
in the brain. Both old and new work in this area has refined and clarified this
issue considerably. For example, it has recently been directly shown that soluble
oligomers of A8 alter the electrophysiology of neurons in the brain at very low
concentrations when microinjected in vivo, whereas monomers of the peptide do
not (112). This and other related findings (108-111) have resulted in a growing
consensus thatitis probably small oligomers, rather than large fibrillar plaques, that
principally cause the synaptotoxicity associated with the disease. Nonetheless, the
complex equilibria associated with the interconversion of monomers, oligomers,
protofibrils, fibrils, and very large aggregates of thé peptide, together with the
difficulty of measuring real-time concentrations of these various species in vivo,
means that the debate about precisely which speciegsahjires neurons and
their processes in vivo will continue for some time.

y-SECRETASE Compelling data have been reviewed here regarding the argument
that presenlins mediatg-secretase cleavage activity. In addition, a number of
potent inhibitors ofy-secretase activity have been identified, and several of these
have been chemically crosslinked directly to presenilins. Still unresolved, however,
is exactly how many other proteins are required for fubecretase activity, and
what their respective functions are. These are important questions, not just from
the perspective of the basic science of this signaling hub, but also from the view-
point that some compounds may be capable of selectively interacting with such
proteins and thereby have an allosteric effectyesecretase activity. The final
answer in this area will come from reconstitution studies in which various proteins
are brought together in purified form and in detergents to gengrateretase ac-
tivity, much like what has been done wighsecretase. Such an experiment could
provide undeniable proof that presenilin is the authentic active site component of
y-secretase.

Also of great importance is the development of safe, orally agtigecretase
inhibitors. The observation that many generalinhibitors of APS&cretase activity
also inhibit Notch cleavage has concerned the pharmaceutical industry because
Notch signaling is likely to be required for numerous normal processes in adults.
The recent finding that certain NSAIDs can inhibit APFPsecretase activity by
shifting cleavage of £42 to AB38, apparently without significantly perturbing
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Notch cleavage (114), has provided encouraging results. Although the inhibitory
potency of NSAIDs as a class (micromolar) does not recommend them as clinical
candidates, they represent a pre-clinical proof of concept that it may be possible
to design highly specific 842 inhibitors.

VALIDITY OF ANIMAL MODELS The various APP and tau transgenic mouse models
of AD have now been studied for several years. Nevertheless, much remains to be
learned from these models. For example, it is clear from many studies thagthe A
deposits in these models are strikingly similar, though not identical, to those seen
in AD. In addition, the neuritic dystrophy, gliosis, perikaryal changes, and even
behavioral and electrophysiological phenotypes continue to suggest the utility of
such mice for modeling the process of AD. Even neurofibrillary tangles can been
seen in certain tau-APP “bigenic” mice. Though not entirely absent, neuronal loss
in these animal models is subtle and not widespread. Finally, a central question
remains: Will compounds that appear highly effective in APP transgenic mice,
such as 48 antibodies ol -secretase inhibitors, prove to be useful in treating AD?
Unfortunately there is little to be gained here from experience with other animal
models of disease, as some have been highly predictive of human efficacy, and
others not at all.

MECHANISM OF ACTION OF A IMMUNOTHERAPY |Immunization with A8 and
passive administration of antifAantibodies have both shown profound efficacy

by many criteria in APP transgenic mice. What these results leave unanswered,
however, is precisely how the antibodies are achieving their effect. Do they stimu-
late microglial phagocytosis of existing plaques (121), or do they achieve clearance
by sequestering free Ain plasma, CSF, and brain extracellular fluid (122, 151).
Experiments from many laboratories continue to attempt to address this question,
as it may provide insight into the nature oBAoeptide accumulation and toxicity

and help direct future therapeutic approaches.

DESIGN OF CLINICAL TRIALS AIMED AT TESTING THE AMYLOID HYPOTHESIS ~AS it

is hoped that modulation or reduction oBAurden and associated cytopathology

in AD will affect the course of the disease process, the primary outcome measures
of current and future clinical trials based on the hypothesis will need to reflect this
assumption. In practice, there are two main limitations of such trials. The first is
that there is currently no validated method of detectifgbirden non-invasively

in a living patient. Hence, it is not possible to know if an amyloid-lowering agent

is achieving its desired immediate result. The second practical problem is the
necessary length of such trials—typically a minimum of 18 months is needed to
detect a sufficient change in the cognitive status of a cohort of AD patients in order
to demonstrate a meaningful statistical difference. Thus, such trials require large
numbers of patients and very significant time commitments to complete. Symp-
tomatic agents, such as acetylcholinesterase inhibitors, likely have no effect on the
underyling pathology but exert their pharmacological effects relatively rapidly,
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thus circumventing one of the key limitations in assessing disease-modifying

therapies. Ultimately, brain imaging modalities, such as functional magnetic reso-
nance imaging and “amyloid scans,” should prove useful as meaningful surrogates
for testing the efficacy of anti-amyloid agents in AD.

Ap and the Treatment of Alzheimer’s Disease: The Future

Despite the formal delineation of the amyloid hypothesis well over adecade ago, we
are only now beginning to test its application for treating AD. Unlike some medical
hypotheses, this one appears to lend itself to many different approaches—from
enzyme inhibitors to immunotherapy, to anti-aggregation compounds, to metal
chelators. Each one of these approaches has its potential strengths and weaknesses.
We can anticipate that meaningful treatment of this debilitating disease will involve
more than a single therapeutic approach. Thus, despite the numerous approaches
being actively pursued at present, still more are likely to be entertained in the
future. As scientists, we eagerly await the outcome of these efforts; for patients,
they cannot come soon enough.
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