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Over the past three decades, significant progress has been made in understanding the neurobiology of Alzheimer’s disease.

In recent years, the first attempts to implement novel mechanism-based treatments brought rather disappointing results, with

low, if any, drug efficacy and significant side effects. A discrepancy between our expectations based on preclinical models

and the results of clinical trials calls for a revision of our theoretical views and questions every stage of translationFfrom how

we model the disease to how we run clinical trials. In the following sections, we will use some specific examples of the

therapeutics from acetylcholinesterase inhibitors to recent anti-Ab immunization and g-secretase inhibition to discuss whether

preclinical studies could predict the limitations in efficacy and side effects that we were so disappointed to observe in recent

clinical trials. We discuss ways to improve both the predictive validity of mouse models and the translation of knowledge

between preclinical and clinical stages of drug development.
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INTRODUCTION

Alzheimer’s disease (AD), which affects more than
4 million individuals in the United States, is characterized
by progressive deficits in memory and cognitive and
behavioral impairments that ultimately lead to dementia
(Cummings, 2004; Wong and Price, 2005). Prevalence, cost
of care, impact on individuals and caregivers, and lack of
mechanism-based treatments make AD one of the most
challenging diseases. The syndrome of AD results from
dysfunction and death of neurons in specific regions/
circuits, particularly those populations of nerve cells
subserving memory and cognition (Braak and Braak,
1991; Whitehouse et al, 1982; for review see Wong and
Price, 2005). Characteristics of the neuropathology are
accumulations of intracellular and extracellular protein
aggregates. Abnormally phosphorylated tau assembles into
paired helical filaments that aggregate into neurofibrillary

tangles (NFTs) in the neuronal perikarya and contribute to
dystrophic neurites (Lee et al, 2001). The other patho-
logical hallmark is the extracellular deposition of b-pleated
assemblies of Ab peptide forming diffuse and neuritic senile
plaques (Braak and Braak, 1991).
Neurochemical examination of brain samples from AD

patients led to demonstration of a dramatic loss of cortical
cholinergic innervations, and subsequent neuropathological
studies revealed basal forebrain magnocellular neurons
and cholinergic deficits in the cortex and hippocampus
(Bartus et al, 1982; Coyle et al, 1983). Over the years, this
discovery led to the introduction of cholinesterase inhibi-
tors as a first treatment for AD. Later, evidence of involve-
ment of glutamatergic systems in hippocampal and cortical
circuits in AD, coupled with information about glutamate
excitotoxicity (mediated, in part, by NMDA-R), led to a
second FDA-approved line of therapy, NMDA-R antagonists
(Lipton, 2005). Both of these therapeutic strategies are
associated with modest and transient symptomatic benefits
in some patients (Lanctot et al, 2003b; Reisberg et al, 2003;
Birks, 2006).
Observations of autosomal dominant inheritance of the

disease in families with early-onset AD (fAD) in concert
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with the work of geneticists resulted in discoveries of
mutations in genes encoding the amyloid precursor protein
(APP) or the presenilins (PS1 and 2; for review see
Price et al, 1998). Although the exact mechanisms affected
by each mutation are quite different, the general outcome
of fAD-associated mutations is an increase in production
of Ab1�40 and/or Ab1�42 peptides. More recently, the
presence of alleles of other genes such as ApoE has been
shown to be significant risk factors for late-onset disease
(Bertram and Tanzi, 2009; Kim et al, 2011). Although still
preliminary, the mechanisms affected by the risk factors
associated with late-onset AD are likely to include alter-
ations in Ab metabolism, Ab aggregation/clearance, and/or
cholesterol homeostasis (DeMattos et al, 2004).
Intensive studies in mechanisms of generation of Ab

peptides resulted in the discovery of sequential endopro-
teolytic cleavages of APP by two membrane-bound enzyme
activities, termed b-site APP-cleaving enzyme 1 (BACE1)
and g-secretase. By using mouse models with genetically
altered activities of BACE1 and/or g-secretase, both of these
enzymes have been experimentally validated as high-
priority therapeutic targets for AD therapy (for review see
Henley et al, 2009; Vassar et al, 2009). On the basis of
preclinical studies, pharmacological inhibition of these
activities has been predicted to decrease the generation of
Ab and to ameliorate cognitive decline in AD. However,
when these novel mechanism-based experimental therapies
were moved into clinical trials, researchers and clinicians
faced numerous disappointments from lower, than
expected, efficacy of treatments in ameliorating functional
deficits, compounded by significant side effects. Such
obvious discrepancies between outcomes of preclinical
and clinical trials force us to re-evaluate our views on the
disease, its models, and ways to resolve this translational
dilemma (Golde et al, 2011).

MODELING Ab AMYLOIDOSIS AND TAU
PATHOLOGIES

Early discoveries of mutations in APP and presenilins (PS1
and 2) in cases of FAD (Citron et al, 1992; Hardy, 1996;
Sherrington et al, 1995) set the stage to create multiple
transgenic mouse models of Ab amyloidosis using a variety
of strategies (for review see Jankowsky et al, 2002;
Savonenko et al, 2005a; McGowan et al, 2006; Eriksen and
Janus, 2007). These animal models range from mice
transgenic for a single gene to more complex double and
triple transgenic animals, which reproduce important
features of AD including elevated levels of Ab (particularly
more amyloidogenic Ab1–42 peptide); amyloid plaques;
reductions in neurotransmitter markers; age-related cogni-
tive impairments; tau-immunoreactive NFT (less commonly
in case of double or triple transgene); and death of some
neuronal populations. There is remarkable consistency
among different APP transgenic mice in terms of the age-
dependent cellular abnormalities characteristic of AD, ie,

Ab amyloid deposits, neuritic plaques, and glial responses
(for review see Price et al, 2007). These histopathological
profiles have been identified in mice that express different
isoforms of mutant human APP and with several different
transgene constructs. A key factor is that the production of
Ab peptide is elevated sufficiently to induce plaque-related
pathology.
Despite the success of transgenic approaches in mimick-

ing Alzheimer-type cerebral amyloidosis, the modeling of
another cardinal feature of AD, ie, tau-related pathologies,
was more complicated. Originally, researchers expected that
robust deposition of Ab amyloid in mouse models would
also result in development of intracellular tau aggregates
analogous to NFT and neuropil threads. However, tau
pathology observed in APP transgenic models was scarce
and mainly represented by increased tau phosphorylation.
It has been suggested that the paucity of tau abnormalities
in various lines of mutant mice with Ab amyloidosis may be
related to differences in tau isoforms expressed in these
species as compared with humans. To model tau pathology
in mice, researchers used genetic approaches to overexpress
human wild-type (WT) or mutated tau (McGowan et al,
2006). For example, transgenic mice expressing tauP3O1L
(a mutation linked to autosomal dominant frontotemporal
dementia with Parkinsonism, FTDP) form abnormal
neuronal tau-containing filaments that have striking
similarities with the NFTs found in human cases of AD or
FTDP (Lewis et al, 2001; Gotz et al, 2001). The tau filaments
in the brains of transgenic mice are considerably less
numerous than in the brains of AD; however, an injection of
Ab42 fibrils into the brains of tauP301L mice dramatically
increases the number of tangles in neurons projecting to the
sites of Ab injection (Gotz et al, 2001). Interactions between
Ab- and tau-related pathologies were also demonstrated in
mice that coexpress APPswe and tauP301L and exhibit
enhanced tangle-like pathology in limbic system and
olfactory cortex (Lewis et al, 2001). These observations
are consistent with the hypothesis that Ab, if present in
proximity to axon terminals, is able to facilitate the
formation of tangles in neuronal cell bodies. Further
attempts to create a mouse model that combines amyloid-
osis and tau pathology led to a triple transgenic mouse
(3�Tg-AD) made by microinjecting APPswe and tauP3O1L
into single cells derived from monozygous PS1M146V knock-
in mice (Oddo et al, 2003). These mice develop age-related
plaques and tangles and, alongside other models (Roberson
et al, 2007), have been a valuable tool to investigate
functional outcomes of Ab and tau pathology.
It is important to note that no transgenic/mutant mouse

model can provide an all encompassing view of the biology
of a human disease (McArthur and Borsini, 2008), and
particularly a disease involving changes in cognitive
capacities like AD. Only a consensus about the most
common and reproducible features from different AD
models can ensure appropriate translation of preclinical
findings into realistic expectations for efficacy of experi-
mental therapies in clinic (Savonenko and Borchelt, 2008).
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AMYLOID CASCADE HYPOTHESIS
REVISITED

Utilization of transgenic models of AD in the last decade
significantly furthered our understanding of the pathogen-
esis of disease. The original amyloid cascade hypothesis
proposed that the cause of neurodegeneration in AD is
deposition of Ab into plaques, a process that represents an
initial early insult, leading to a series of downstream events
ranging from inflammation to synapse loss to the triggering
of tau hyperphosphorylation and finally to the death of
susceptible neurons (Hardy and Higgins, 1992). Strong
correlations between Ab plaque levels and cognitive deficits
have been reported in different mouse models of amyloid-
osis (Arendash et al, 2001; Chen et al, 2000; Gordon et al,
2001; Janus et al, 2000) supporting the causative role of Ab
plaques in memory decline. A lack of significant correla-
tions between plaque load and dementia in AD patients
(Giannakopoulos et al, 2003; Naslund et al, 2000) was
somewhat disturbing, but could be explained by the notion
that Ab plaques starting to accumulate at the early stages of
disease could bear less predictive power for dementia scores
than events occurring much later in the cascade of
pathologies such as accumulation of NFT. The notion
of the critical role of Ab plaques in cognitive decline
survived a more stringent test for causality when a newly
discovered anti-Ab active immunization approach was used
in APP transgenic models, leading to amelioration of Ab
deposits (Schenk et al, 1999) and rescue of memory deficits
(Janus et al, 2000; Morgan et al, 2000). However, further
developments of the immunization approach demonstrated
that cognitive deficits in mouse models of amyloidosis can
be acutely rescued by systemic treatment with anti-Ab
antibodies, without significant changes in levels of amyloid
plaques (Dodart et al, 2002; Kotilinek et al, 2002). These
findings pressed to revisit the amyloid cascade hypothesis
to suggest that total amounts of Ab accumulated during
aging in the form of plaques may be only a surrogate
marker for small ‘non-plaque’ Ab assemblies that have a
primary role in memory impairment (Westerman et al,
2002). The amyloid hypothesis was revised to include
multiple Ab assemblies as possible toxic entities: fibrils,
protofibrils, dimers, trimers, dodecamers, and broadly
defined Ab-derived diffusible ligands (for review see
Caughey and Lansbury, 2003; Selkoe and Schenk, 2003).
Considerable debate still exists concerning which of the Ab
species/conformational states is the principle toxic entity;
however, it is likely that multiple Ab species/assemblies are
tidily balanced and represent a spectrum of toxicities
dominated by various Ab assemblies at different stages of
disease (Savonenko et al, 2005a; Savonenko et al, 2005b;
Lesne et al, 2008).
Developments in our understanding of tau-related

mechanisms in AD have many analogies to the amyloid
story. An original notion that NFT are the principal
offenders mediating neuronal death and cognitive deficits
has been revised to view NFTs, such as amyloid plaques, as

the final pathological ‘tombstones’ rather than main
neurotoxic agents. Neurotoxicity has recently been attrib-
uted to tau species that are intermediate between normally
phosphorylated tau and the hyper-phosphorylated fibrils
(Brunden et al, 2008; Jaworski et al, 2010). As in mice
modeling Ab amyloidosis, a dissociation between cognitive
recovery and continuous presence of aggregates (in this
case NTF) has been demonstrated in mice that conditionally
overexpress mutated tau (Tet-off:TauP301 mice; Santacruz
et al, 2005). The same study demonstrated that in addition
to amelioration of cognitive deficits, the inhibition of
TauP301 production stopped progression of neuronal loss
but was surprisingly ineffective in halting further accumu-
lation of NFTs. The data from this and other studies served
as a basis for further refinement of the amyloid cascade
hypothesis to incorporate the idea that some facets of the
cascade may become self-propelling and independent from
the initial trigger (Golde et al, 2011; Herrup, 2010).
It is becoming clear not only that the amyloid-cascade

hypothesis must be revised but also that non-amyloid
factors, including some functions of AD-related genes, may
contribute significantly to AD. Potential mechanisms that
could be operative in the pathogenesis of AD include
defective endolysosomal trafficking, altered intracellular
signaling cascades, or impaired neurotransmitter release
(Pimplikar et al, 2010). An integrated view of the amyloid-
dependent and -independent mechanisms could promote
molecular understanding of AD pathogenesis and help
reconcile the findings that cannot be explained solely by the
amyloid hypothesis.
A discrepancy between the results received in preclinical

models and the results of clinical trials serves as a call to
revisit our theoretical views and make some adjustments.
When such discrepancies happen too often and in too big
trials, this serves as a call for a paradigm shift that questions
every stage of translationFfrom how we model the disease
to how we run clinical trials.
In the following sections, we will use some examples of

AD therapeutics to discuss whether preclinical studies
in transgenic models could have predicted the limitations
in efficacy and side effects that we were so disappointed to
observe in recent clinical trials.

CURRENT THERAPIES FOR AD

Cholinergic Hypothesis of AD

Despite substantial progress in understanding the molecular
mechanisms and neurobiology of AD, recent therapies are
based on early advances in our understanding of the
pathology and biochemistry of AD brains. Early histological
studies showed a severe loss of cholinergic markers in the
cerebral cortex (Bowen et al, 1976; Davies and Maloney,
1976) that were correlated with senile plaques and dementia
scores in AD (Perry et al, 1978). Further discoveries
revealed that brains of patients with advanced AD are
characterized by severe loss of cholinergic cells, providing
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major inputs to the cortex and hippocampus: the nucleus
basalis and septal nuclei (Whitehouse et al, 1982). These
studies established the cholinergic hypothesis of AD (Bartus
et al, 1982; Coyle et al, 1983) that served as a rationale for
the development of acetylcholinesterase inhibitors (AChEIs)
as a treatment prolonging the action of ACh at the
postsynaptic cholinergic receptors and enhancing choliner-
gic function. More recently, AChEIs have been shown to
have a number of additional effects that potentially have
disease-modifying qualities such as neuroprotection and
modulation of the b-amyloid pathway through activation of
nicotinic ACh receptors (Francis et al, 2005; Shimohama
and Kihara, 2001). Activation of the M1 muscarinic
receptors (M1mAChR; Digby et al, 2010) also has disease-
modifying potential, as M1-selective muscarinic agonists
have been shown to decrease Ab levels and tau hyperphos-
phorylation in vitro (for review see Fisher, 2007) and to
rescue cognitive deficits and decrease Ab42 and tau
pathologies in relevant in vivo models (rabbitsFBeach
et al, 2001; 3�TgAD miceFCaccamo et al, 2006).
Treatment with AChEIs, however, results in a modest

therapeutic effect, only temporarily halting disease progres-
sion (Lanctot et al, 2003a; Rogers et al, 1998). The rather
mild effect of AChEIs on memory deficits is not surprising
considering early studies in aging monkeys that, like
humans, develop neuritic plaques. These studies showed a
very narrow range of effective concentrations of AChEIs
that could moderately improve memory performance
(Davis et al, 1978). The determination of appropriate doses
can be even more complicated by a dramatic interindividual
variability in the optimal dose effective in aged subjects
(monkeys and humans) (Bartus, 1979; Davis et al, 1979).
When translated into the clinic, this narrow dose–response
characteristic of AChEIs could result in a mild average
response in a population of AD patients, with only some
patients showing cognitive improvement (responders)
due to a particular stage of cholinergic decline (Sabbagh
and Cummings, 2011) or other individual characteristics
(Lanctot et al, 2003a).
Recently it started to be recognized that the benefits from

treatment for dementia, and of AChEI treatment in
particular, are more complex than an improvement on a
cognitive measure (Cappell et al, 2010; O’Brien and Burns,
2010). In a situation where the mechanism-based treatments
are not available, any treatment, even with relatively low
benefits, is highly valuable for patients and caregivers,
and can make an important difference to their quality of life.
In addition, beneficial effects of AChEIs on behavioral
symptoms of AD began to be appreciated (for review see
Pinto et al, 2011), although none of these treatment effects is
large (Birks, 2006), These neuropsychiatric behaviors (physi-
cal aggression, screaming, restlessness, anxiety, depression,
apathy, agitation, hallucinations, delusions, and sleep distur-
bances) have serious consequences for patients and care-
givers, worsening their quality of life and resulting in earlier
institutionalization (Black and Almeida, 2004). AChEI-
induced amelioration of neuropsychiatric symptoms in AD

patients can be related to the well-known role of the
cholinergic system in attention (Olton and Feustle, 1981;
Voytko et al, 1994) and the emergent link between attention
deficits and development of at least some neuropsychiatric
symptoms (Brousseau et al, 2007; Pinto et al, 2011).

Cholinergic Abnormalities in Models of
Amyloidosis

Although the cholinergic hypothesis and experimental bases
for AChEI treatment for AD were established well before the
era of modeling AD in mice, transgenic mice proved to be
valid models of AD-related cholinergic abnormalities, with
high face and predictive validity (Caccamo et al, 2006; Oddo
and LaFerla, 2006). For example, APPswe/PS1dE9 transgenic
mice show age-related brain amyloidosis (Borchelt et al,
1997) and, with a later onset, significant decreases in
cholinergic markers in the cerebral cortex (Liu et al, 2008).
As these mice do not have tau-related pathology, these data
indicate that processes resulting in Ab amyloidosis are
sufficient for deterioration of cholinergic function. As in AD
patients (Davis et al, 1999; DeKosky et al, 2002; Gilmor et al,
1999), the cholinergic deficit is not present in these mice
until late in the course of amyloidosis. Furthermore, in
parallel to observations in AD brains (Davis et al, 1979;
Rossor et al, 1980), the APPswe/PS1dE9 mice showed
decreases in somatostatin levels in the cortex and hippo-
campus (Savonenko et al, 2005b). Somatostatin is known to
regulate the level of expression of neprilysin, a peptidase
that catalyzes the proteolytic degradation of Ab (Saito et al,
2005). Owing to this positive feedback loop that results in
increased Ab levels, deficiencies in somatostatin could exert
additional disease-modifying effects. The deficits in soma-
tostatin levels in the APPswe/PS1dE9 mice do not correlate
with cholinergic markers, suggesting that different brain
systems can respond to Ab toxicities through independent
mechanisms. These data are also consistent with findings in
humans showing that AD-related degeneration involves
multiple neuronal populations.

AD is a Failure of Multiple Neurotransmitter
Circuits

In addition to the degeneration of cholinergic neurons, AD
is associated with the early and progressive degeneration of
monoaminergic (MAergic) neurons (serotonergic (5-HT)
neurons in the raphe and the noradrenergic neurons in the
locus coeruleus; for review see Liu et al, 2008). Mouse
models of amyloidosis (without obvious neurofibrillary
pathology) demonstrate that mechanisms related to Ab
production/accumulation are necessary and sufficient for
degeneration of neurotransmitter neurons (Liu et al, 2008).
MAergic neurodegeneration in the APPswe/PS1dE9 mice
starts at axon terminals and progresses to cell bodies.
Degeneration starts at MAergic afferents located in the
cortical/hippocampal areas with Ab pathology and then
leads to the loss of MAergic neuronal cell bodies by
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mechanisms similar to distal axonopathy. This overall
pattern of neurodegeneration is consistent with findings
in AD, in which MAergic neuronal loss occurs without local
Ab pathology (German et al, 1992; Marcyniuk et al, 1986;
Parvizi et al, 2001). In addition, progression of MAergic
neurodegeneration and cholinergic deficits in APPswe/
PS1DE9 mice coincides with the onset and the progression
of cognitive abnormalities, with episodic-like memory being
the most sensitive to these insults (Liu et al, 2008;
Savonenko et al, 2005b).
The nature of AD as a failure of multiple neurotransmitter

systems was recognized as the main reason for low efficacy
of AChEIs even at the time when the cholinergic hypothesis
was first formulated. ‘It may be necessary to simultaneously
improve the balance between the cholinergic and other
neurotransmitter systems in order to substantially reduce
behavioral impairments’ (Bartus et al, 1982). Almost
30 years later, this statement still outlines directions for
future research. Extensive literature from rodent models
indicates that deficits in a single neuromediator system
(reproduced by a pharmacological blockade or lesion)
might be necessary but not sufficient to reproduce cognitive
impairment (for review see Kenton et al, 2008). Simulta-
neous pharmacological blockade of at least two neuro-
mediator systems results in more dramatic and more easily
detectable memory deficits (Kenton et al, 2008). These
experimental data support the idea that when multiple
neurotransmitter systems fail, amelioration of cognitive
impairment requires treatments targeting multiple systems.
Recent attempts to combine AChEI treatment with

memantine, the only other class of FDA-approved drugs
for treatment of moderate-to-severe AD, yielded mixed
results. Treatment with memantine alone, as in the case of
AChEIs alone, brings only modest cognitive and global
improvements, including amelioration of delusions, agita-
tion/aggression, and irritability (Gauthier et al, 2008;
Mecocci et al, 2009). One of the first studies of combination
therapy with memantine and donepezil (one of the AChEIs)
showed an improvement in cognitive and non-cognitive
outcomes as compared with donepezil alone (Tariot et al,
2004). A recent observational study supported additional
benefits from combination therapy by demonstrating a
longer delay in admission to residential care (Lopez et al,
2009). However, another study demonstrated no additional
benefits from combination therapy (Porsteinsson et al,
2008; see also Schneider et al, 2011). These mixed results
indicate that attempts to affect multiple neurotransmitter
systems are not an easy task. Variability in disease
progression, relative sensitivities of different neuromediator
systems to Ab- and tau-related toxicities, and capacity for
reversal of neurodegeneration at different stages of the
disease are only some of the questions to address on the way
to successful combination therapies. The existence of
genetically modified models of AD will help to test critical
assumptions as to the efficacy and side effects of the
treatments, as well as investigate mechanisms and new
targets for treatments.

MAJOR DIRECTIONS OF MECHANISM-
BASED THERAPEUTICS DEVELOPMENT

There are several strategies that have recently been
investigated for possible disease-modifying effects in AD.
Some of them include drug targets focused on amyloid
processing, including inhibition of Ab production, facilita-
tion of Ab breakdown, or clearance and interference
with Ab oligomerization (Citron, 2010). Tau-focused
therapies have started to be developed, including drugs
inhibiting tau phosphorylation or stabilizing micro-
tubules (Schneider and Mandelkow, 2008). There has also
been an interest in developing anti-inflammatory and
neurotrophic/neuroprotective agents or dietary vitamin
supplementation (Klegeris et al, 2007). Despite numerous
ongoing clinical trials, of date no experimental therapeutics
have survived the ultimate test of a phase III clinical trial.
Among the most recent failures are trials with AN1792
(active anti-Ab immunization), Dimebon (an antihistamine
with additional multiple mechanisms of action, for review
see Okun et al, 2010), Ginkgo biloba (an anti-oxidant),
tarenflurbil (a g-secretase modulator), and semagacestat
(a g-secretase inhibitor, GSI). Most of these experi-
mental therapeutics, particularly those focused on anti-
amyloid strategies, have been validated in mouse models
of amyloidosis. Below we will discuss some of these
experimental therapeutics and whether limitations in
their efficacy and side effects can be observed in AD
mouse models.

THERAPEUTICS TARGETING Ab
CLEARANCE

Active Immunization with Ab

Early pioneering studies by Schenk et al (1999) showed that
active immunization with Ab peptide attenuates levels of
Ab peptides and plaques in the brain of an APP transgenic
model of AD (PDAPP mice). Importantly, preclinical efficacy
in ameliorating Ab loads was demonstrated for young
animals, in which immunization essentially prevented the
development of Ab amyloid plaque formation, as well as in
older animals. In the latter, the treatment started after the
onset of plaque deposition but was effective in markedly
reducing the extent and progression of AD-like neuro-
pathologies (Schenk et al, 1999). Not long thereafter, the first
human trial of AD immunotherapy with AN1792 was
attempted, in which an Ab1–42 synthetic peptide with the
QS21 adjuvant was administered parenterally to patients
with mild-to-moderate AD. However, the trial had to be
stopped because of the development of aseptic meningoen-
cephalitis as a complication of the vaccine (Orgogozo et al,
2003; Senior, 2002). Anti-Ab antibodies raised in AD
patients as a result of active immunization recognized
b-amyloid plaques, diffuse Ab deposits and vascular
b-amyloid in brain blood vessels (Hock et al, 2002). T-cell
and microglial activation have been suspected as potential
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mechanisms of meningoencephalitis (Orgogozo et al, 2003).
Indeed, postmortem analysis of brain sections revealed
decreased Ab plaques in neocortex regions associated
with activated microglia and T-cell infiltrates in the CNS,
as compared with unimmunized patients with AD (Nicoll
et al, 2003).

Discrepancies Between Preclinical and Clinical
Outcomes of Anti-Ab Active Immunization

Meningoencephalitis, a side effect of the active vaccination
protocol, had not been expected from preclinical mouse
models, raising serious concerns that these models lack
predictive validity for clinical trials. Shortly before the
discontinuation of the AN1792 clinical trial, it was
recognized that mouse models used at the preclinical stages
were mostly on a strain background (C57Bl/6) that is a
rather low responder to Ab immunization (Das et al, 2003;
Spooner et al, 2002). Further studies revealed that this strain
of mice also has low T-cell reactivity due to a low-affinity
T-cell epitope presented by the specific I-Ab MHC class II
allele (Monsonego et al, 2006). Presence of another MHC
class II haplotype (I-As), as is found in the SJL mouse strain,
was sufficient to mount a significant Ab-specific T-cell
response when tested in vitro but did not result in T-cell
activation and migration to the CNS when tested in vivo
in an APP transgenic model (Monsonego et al, 2006).
Additional studies spurred by the differences in propensity
to T-cell-mediated encephalitis observed in AD patients (the
AN1792 clinical trial), and AD mouse models established
critical roles of MHC class II and IFN-g proteins in
supporting activation and migration of T cells, elucidated
the impact of different Ab epitopes in T-cell and B-cell-
dependent Ab clearance, and resulted in new and better
models to investigate efficacy and side effects of second-
generation immunization approaches (for review see
Lemere and Masliah, 2010; Perry et al, 2010).
Another discrepancy between preclinical and clinical

outcomes of active anti-Ab immunization involves effects
on functional outcomes after removal/amelioration of Ab
deposition. Early preclinical studies in mice showed that
vaccination-induced amelioration of Ab plaques coincided
with a significant improvement in memory tested in
different cognitive tasks, such as reference memory in the
Morris water maze (Janus et al, 2000) and working memory
in the radial water maze (Morgan et al, 2000) or radial dry
maze (Sigurdsson et al, 2004). Although initial findings
based on a small number of patients from the Phase II
AN1792 clinical trial were promising, showing that patients
who generated high titers of the anti-Ab antibodies
appeared to exhibit a slower decline in several functional
measures (Hock et al, 2003), full analyses of the Phase II
data that included the placebo group did not confirm any
positive effect on cognitive decline (Gilman et al, 2005).
Long-term clinical follow-up and neuropathological
postmortem studies (original Phase I trial) supported this
conclusion and showed that even almost complete Ab

plaque removal in immunized patients resulted in no
differences in time to severe dementia (Holmes et al, 2008).
The question of why there was clear amelioration in

cognitive outcomes in preclinical but not clinical studies is
challenging but important to address, as investigation into
mechanisms of these differences might bring us closer to
understanding the mechanisms of the disease. The most
recent update on the neuropathology in cases from
the original Phase I trial reports significant removal of
Ab plaques and plaque-associated tau-positive dystrophic
neurites but no differences between immunized and
control AD cases in the density of phospho-tau-positive
neuronal bodies (a marker for Braak Stages; Boche et al,
2010). As immunization was initiated at the stage of mild-to-
moderate AD, corresponding to Braak stages III–IV, lack
of differences in the Braak stage at the time of death
(9 out of 10 cases were at the Braak stage VI) indicates
that NFT pathology may have been progressing despite
successful amelioration of Ab plaques (Boche et al, 2010).
An important analogy to these findings is data from
a mouse model with conditional overexpression of
mutated tau (Tet-off:TauP301 mice; Santacruz et al, 2005).
These mice successfully developed NFTs; however, when
production of TauP301 protein, an initiator of NFT forma-
tion, was genetically inhibited, accumulation of NFTs
continued (Santacruz et al, 2005). These preclinical data
are an experimental demonstration of the idea that some
aspects of the pathological cascade in AD may become
independent of the initial trigger (Golde et al, 2011;
Herrup, 2010).
If this is true, then the removal of Ab plaques or NFTs

after the pathological cascades of neuronal toxicities have
already been initiated might not bring significant benefits in
functional outcomes.
Analyses of synaptic markers (synaptophysin) in the

cortex and hippocampus of small numbers of immunized
and control AD cases revealed no protective benefit to
synapses after immunization (Boche et al, 2010). In contrast
to this outcome, active anti-Ab1�42 immunization in an AD
mouse model (PDAPP mice) resulted in significant protec-
tion against the progressive loss of synaptophysin in the
hippocampal molecular layer and frontal neocortex (Buttini
et al, 2005). Differences between data in human and
mouse models might be interpreted as limitations of
the mouse models in terms of their face validity. Indeed,
the mouse models used to test the effects of anti-Ab1�42

immunization on synaptophysin or cognitive deficits are
good models of Ab amyloidosis but lack tau-related
pathology. One might argue that rescue of the synaptic
and cognitive deficits in these mouse models is possible
because of the absence of concomitant tau pathology. This
hypothesis is testable in mouse models that combine at least
some aspects of Ab amyloid- and tau-related pathologies.
Indeed, when active anti-Ab1�42 vaccination was used in
the 3�Tg-AD mice that developed both significant Ab
amyloidosis and tau pathology, cognitive improvement in
these mice coincided with concomitant decreases in soluble
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levels of Ab and tau peptides (Oddo et al, 2006). When the
same mouse model was subjected to shorter protocols of
immunization in which soluble Ab levels were decreased
but soluble tau levels remained unchanged, there was no
cognitive improvement (Oddo et al, 2006). These preclinical
data indicate that active immunization can bring beneficial
effects on cognition even when Ab- and tau-related patho-
logies coexist; however, for an anti-Ab immunization
strategy to be effective, it should result in concomitant
reductions in the levels of soluble Ab and tau. Turning to
the most recent reports on the neuropathology of AD cases
after the anti-Ab vaccination trial, it is important to note
that although it is difficult to make any analogies between
changes in tau in human vs mouse cases (due to different
antibodies and protocols used), what is strikingly different
from the 3�Tg-AD mice is that in AD patients the
immunization increased rather than decreased levels of
soluble Ab.
The increased levels of soluble Ab in the brains of

immunized AD patients might be not surprising consider-
ing the fact that the anti-Ab antibodies produced by these
patients clearly fail to react with soluble and oligomeric Ab
(Hock et al, 2002). In contrast, the anti-Ab antibodies
produced by mice as a result of active immunization detect
monomeric, oligomeric, and fibrillar Ab (McLaurin et al,
2002). Sufficient affinity for soluble and particularly
oligomeric Ab might be a condition necessary for the
clinical efficacy of the antibody (Haass, 2002), as Ab
oligomers have been shown to have significant synaptic
toxicity (Walsh et al, 2002). The evidence of increased
soluble/oligomeric Ab in AD patients after anti-Ab1�42

vaccination (Boche et al, 2010), as well as the correlation
between levels of Ab oligomers and cognitive dysfunction
in AD (Tomic et al, 2009), indicates that low reactivity
of human antibodies to soluble/oligomeric Ab may be
particularly important in explaining negative functional
outcomes in the AN1792 clinical trial.

Passive Anti-Ab Immunization

To date, the most exciting findings regarding the effects of
anti-Ab immunotherapy in rescuing cognitive deficits
comes from a study in which acute systemic treatment with
anti-Ab antibody reversed memory deficits in an APP
mouse model (Dodart et al, 2002). Importantly, as the
duration of the treatment was so short, the memory
improvement was not associated with any detectable
changes in the brain Ab burden, indicating that Ab plaque
removal is not necessary for the beneficial effect of
immunization. Instead, a dramatic increase in Ab concen-
tration was observed in the blood (Dodart et al, 2002),
leading to the hypothesis that a soluble pool of Ab that can
be easily removed from the brain is responsible for
cognitive deficits. A significant correlation between an
antibody-induced increase in Ab plasma concentration and
Ab amyloid load in the brain (DeMattos et al, 2002)
suggests that there is a dynamic equilibrium between a

removable pool of Ab species and aggregated Ab seques-
tered into plaques. This equilibrium might explain correla-
tions observed between Ab plaque load and memory deficits
in different APP transgenic models (Arendash et al, 2001;
Chen et al, 2000; Gordon et al, 2001; Janus et al, 2000). The
studies of acute passive immunization (DeMattos et al,
2002; Dodart et al, 2002; Kotilinek et al, 2002) seriously
challenged the original role of Ab plaques in mediating
memory deficits and intensified investigations into which
type of ‘soluble’ non-plaque Ab species is responsible for
cognitive toxicity. A number of groups initiated the
development of conformation-specific anti-Ab antibodies,
with higher affinity to oligomeric species (Kayed et al, 2007;
Kayed et al, 2003; Lee et al, 2006; O’Nuallain and Wetzel,
2002). Some of these antibodies have also been demon-
strated to acutely improve learning and memory in APP
transgenic mice (Lee et al, 2006).

Efficacy and Side Effects: Expectations from
Preclinical Passive Anti-Ab Immunization

The discovery of acute memory improvement after anti-Ab
passive immunization brought a lot of hope that this
approach might rapidly reduce cognitive impairment in AD
patients apart from any effect on amyloid deposition.
However, further preclinical studies showed significant
limitations in the efficacy of acute treatments with anti-Ab
antibodies. Immunization required longer duration of the
treatment to be effective in mice of advanced age/amyloid
deposition (Chen et al, 2007; Das et al, 2001; Wilcock et al,
2004). Another factor limiting efficacy of anti-Ab passive
immunization has been demonstrated in 3�Tg-AD mice
that combine Ab plaque- and tau-related pathology. In these
mice, immunization-induced amelioration in tau-related
pathology seems to be required for memory benefits but is
more resistant to change in the short-term window of an
acute treatment (Oddo et al, 2006). Recently, data on the
effects of single administration of an anti-Ab antibody
(solanezumab) in AD patients became available (Siemers
et al, 2010). Importantly, these AD patients were treated
with a humanized version of the murine antibody m266.2
that was originally used to discover the acute reversal of
memory deficits in mouse models (Dodart et al, 2002). As in
preclinical studies, a significant dose-dependent increase
in concentrations of Ab in plasma and CSF was observed
after a systemic injection with the antibody in AD patients
(Siemers et al, 2010). However, in contrast to original
preclinical findings, a single administration of the antibody
did not coincide with significant changes in cognitive
scores. This negative functional outcome is consistent with
expectations from preclinical models showing low efficacy
of passive immunization in the setting of advanced
amyloidosis and presence of tau pathology, as discussed
above. Whether these limitations can be surmounted
by long-term passive immunization will be elucidated
through Phase III clinical trials that are now in progress
(solanezumab, Lilly and bapineuzumab, Elan).
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Preclinical studies elucidated several side effects that can
be expected from the passive immunization approach. On
the basis of the knowledge that meningoencephalitis is
one of the major side effects of anti-Ab vaccination
(Orgogozo et al, 2003), this possible side effect was
explicitly investigated in APP mouse models after passive
immunization. Indeed, in the Tg2576 APP mouse model,
cases of meningoencephalitis were observed after a passive
transfer of NAB61 antibody (Lee et al, 2005). Histologically,
these cases were consistent with inflammation triggered by
antibody binding to Ab angiopathy. Another side effect
discovered in APP mouse models after passive anti-Ab
immunotherapy is cerebral microhemorrhages associated
with amyloid-laden vessels (Pfeifer et al, 2002). Further
preclinical studies demonstrated that exacerbation of micro-
hemorrhages depends on antibody recognition of the
deposited form of Ab (Racke et al, 2005). Antibodies that
are raised to different domains of Ab (the 3D6 and
10D5FN-terminally directed and 2286FN-terminally di-
rected antibodies) but share high affinity to Ab deposits
increase vascular Ab angiopathy and microhemorrhages
(Racke et al, 2005; Wilcock et al, 2004). In contrast, antibody
that did not bind deposited Ab (m266.2 directed to central
domain of Ab) did not result in this complication (Racke
et al, 2005). Recent reports from a Phase II clinical trial with
bapineuzumab, an anti-Ab antibody that is raised against
the N-terminal fragment of Ab and binds to Ab plaques,
indicate a low incidence of vasogenic edema that could
reflect cerebral amyloid angiopathy and antibody-induced
changes in vascular permeability (Salloway et al, 2009). This
side effect was more prevalent with increasing dose of the
antibody and in APOE e4 carriers, indicating that some
subgroups of AD patients may be more prone to antibody-
induced vascular side effects and should be evaluated at
a lower dose range in future studies (Salloway et al, 2009).
A recent study of anti-Ab vaccination in APPswe/NOS2 ko
mice (Wilcock et al, 2009) pointed to increased vascular
expression of eNOS as another factor that can increase
susceptibility to microhemorrhages and possibly serve as a
basis for interindividual variability in vascular side effects.
Recognition of microhemorrhages as a possible side effect
from passive immunization approaches led to additional
preclinical research in an attempt to find protocols/antibody
modifications that would minimize this complication. For
example, deglycosylation of antibodies has been shown to
retain the memory-enhancing and amyloid-ameliorating
properties of the immunotherapy, while attenuating the
increased vascular Ab deposition and microhemorrhages
observed with unmodified IgG (Wilcock et al, 2006).
Passive immunotherapy has a lot of advantages over the

active immunization approach, allowing for better control
over the duration of treatment, overcoming problems with
low responders, and allowing for careful selection of the
antibodies to maximize efficacy and minimize serious
adverse events. Although some challenges do exist in
extrapolating the outcomes of immunization approaches
in mutant mice to human trials, preclinical studies that are

explicitly designed to analyze possible side effects or
limitations in efficacy of the treatment seem to have better
predictive validity than the initial ‘discovery’ studies.

THERAPEUTICS TARGETING Ab
PRODUCTION

b-Secretase Inhibition

After discoveries of mutations associated with familial
forms of AD, intensive studies have been initiated to
understand the biochemistry and physiology of Ab
production from its precursor, APP. In the CNS, Ab
peptides are generated by sequential endoproteolytic
cleavages of neuronal APP by BACE1 and g-secretase.
Because BACE1 cleavage of APP is a critical rate-limiting
step in Ab amyloidosis, it has been suggested that inhibition
of BACE1 would be an attractive strategy to ameliorate
Ab deposition in AD (Citron, 2002; Vassar, 2002). Support-
ing this notion are studies demonstrating that deletion of
BACE1 prevents Ab secretion in cultured neurons and in
the brain (Cai et al, 2001; Luo et al, 2001; Roberds et al,
2001), and that mutant APP mice lacking BACE1 neither
develop Ab plaques nor Ab-related memory deficits (Laird
et al, 2005; Ohno et al, 2004).
Original optimism for the development of pharmaco-

logical BACE1 inhibitors was based on the successful
precedent in drug development of an inhibitor of an HIV
protease that is, such as BACE1, an aspartic protease.
However, the discovery of such inhibitors of BACE1 has
proved to be particularly difficult because of the b-secretase
active site for substrate recognition has a long cleft that is
structurally incompatible with the requirement for small-
molecule blood–brain barrier (BBB)-penetrating inhibitors
with high potency and selectivity (for review see Ghosh
et al, 2008). However, in the last few years, significant
advances have been made, and one of the first candidates
(CTS21166, CoMentis) was moved into a Phase I clinical
trial. This trial aimed to evaluate the safety and tolerability
of single ascending doses of CTS21166 following intrave-
nous administration (clinicaltrial.gov).

Preclinical Perspective on the Efficacy and Side
Effects of BACE1 Inhibition

In preclinical studies, some of the BACE1 inhibitors that
were conjugated to a carrier peptide to facilitate penetrating
the BBB demonstrated the ability to reduce brain Ab levels
after systemic injections in APP transgenic mice (Chang
et al, 2004). The most recent study of a new generation of
BACE1 inhibitors (without conjugated carriers) showed
brain penetration sufficient to reduce interstitial concentra-
tion (ISF) of Ab in the brain and reduction of Ab in plasma
(Chang et al, 2011). In addition, treatment with this
inhibitor was effective in ameliorating cognitive deficits in
the Tg2576 model (Chang et al, 2011). Although the size
effect of inhibition of new Ab production was significant
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(B50 and 60% Ab reduction in ISF and plasma, respec-
tively), there were no acute effects on memory deficits.
Treatment with the BACE1 inhibitor required at least 4
months for cognitive benefits to be detectable (Chang et al,
2011). Another important finding from this study is a
modulation of efficacy with age: mice older than 16 months
of age were not able to benefit from the treatment as
younger mice did. The decrease in efficacy with advanced
age/disease stage is in agreement with earlier studies in
which BACE1 inhibition was modeled by genetic ablation of
a BACE1 gene (Laird et al, 2005). Full deletion of BACE1 in
an aggressive model of amyloidosis, APPswe;PS1DE9 mice,
prevented both Ab deposition and age-associated cognitive
abnormalities. However, functional outcomes of partial
BACE1 deletion in BACE1 homozygous mice (B50% of
BACE1 activity) declined as aging progressed, possibly due
to compromised Ab clearance mechanisms in aged animals
(Laird et al, 2005). Despite of 50% reduction in BACE1
activity, 20- to 24-month-old mice had levels of Ab
deposition as high as in mice with 100% BACE1 activity.
Another group has recently published data on the effects of

a structurally different noncompetitive BACE1 inhibitor
(TAK-070) that ameliorated Ab pathology and behavioral
deficits in Tg2576 mice (Fukumoto et al, 2010). Although the
reduction in Ab levels was modest, the authors of the study
proposed that the increase in sAPPa by noncompetitive
BACE1 inhibition may be an additional benefit, resulting
in amelioration of cognitive deficits. In contrast to the
previously discussed BACE1 inhibitor (see previous para-
graph), TAK-070 resulted in cognitive benefits after short-
term (2 weeks) treatment when tested in young Tg2576 mice
(5 months of age). Acute efficacy in rescuing cognitive
deficits has been documented in young mice of the same
mouse model using a passive immunization approach
(Kotilinek et al, 2002). Although no testing of TAK-070
effects was presented for older mice, on the basis of other
preclinical studies one can expect that the cognitive benefits
of TAK-070 might decrease as aging/disease progresses.
Detailed investigation into the efficacy and limitations of

partial inhibition of BACE1 is particularly important because
complete inhibition of this enzyme could potentially be
associated with problems for several reasons. Ab may
normally have an important role in modulating activities of
certain synapses (Kamenetz et al, 2003), and strong BACE1
inhibition may result in Ab deficiency below physiological
levels. In addition, a number of other putative substrates for
BACE1 have been identified, suggesting that BACE1 has
multiple physiological functions. b- APP-like proteins
(APLP1 and APLP2) have been discovered to be processed
by BACE1 (Li and Sudhof, 2004; Pastorino et al, 2004) to act
via the same nuclear target (Tip60 in a complex with Fe65),
suggesting that BACE1 cleavage regulates a common function
of APPs and APLPs in neurons (Li and Sudhof, 2004). Other
putative substrates of BACE1 might include the LDL receptor-
related protein (LRP; von Arnim et al, 2005); b-galactoside
a2,6-sialyltransferase I (ST6Gal I; Kitazume et al, 2001); the
adhesion protein P-selectin glycoprotein ligand-1 (PSGL-1;

McEver and Cummings, 1997); and the b-subunit of voltage-
gated sodium channels (VGSCb; Wong et al, 2005).
The proteolytic role of BACE1 has also been confirmed in

the processing of neuregulin 1 (NRG1; Hu et al, 2006;
Willem et al, 2006), a ligand for members of the ErbB family
of receptor tyrosine kinases, which have numerous roles
in the CNS development and functions, including
synapse formation, plasticity, neuronal migration, central
and peripheral myelination of axons, and the regulation
of neurotransmitter expression and function (Falls, 2003;
Michailov et al, 2004). In addition to these physiological
functions, NRG1 is one of the first genes to have been linked
to an increased risk of schizophrenia (Stefansson et al,
2002), and mice with complete genetic deletion of BACE1
demonstrate numerous behavioral traits consistent with
schizophrenia-related endophenotypes (Savonenko et al,
2008). Study of direct infusion of a b-secretase inhibitor
into cerebral ventricles of adult mice demonstrated strongly
reduced Ab levels but no change in the processing of NRG1
(Sankaranarayanan et al, 2008). These data indicate that the
role of BACE1 in relation to at least some of its substrates
may be developmentally regulated.
Further preclinical studies are necessary to ascertain the

efficacy and safety of new BACE1 inhibitors, as well as
investigate the limitations in their efficacy as a function of
aging and disease progression.

c-Secretase Inhibition

The g-secretase complex catalyzes the final cleavage of APPs
and has been considered to be a significant target for
therapy. As demonstrated by gene-targeting strategies, this
complex is critically dependent upon the presence of PS1
and 2, and Pen-2, as well as Nct and Aph-1a (De Strooper,
2003). Both genetic and pharmaceutical lowering of
g-secretase activity decreases production of Ab peptides in
cell-free and cell-based systems and reduces levels of Ab in
mutant mice with Ab amyloidosis (Wong and Price, 2005).
However, like b-secretase, g-secretase has multiple sub-
strates (for review see De Strooper et al, 2010). The role of
presenilins in the cleavage of the Notch receptor was
identified before the discovery of its role in APP processing
(De Strooper et al, 2010). Interference with Notch signaling
has been recognized as a basis for the most important
potential side effects of inhibition of g-secretase activity.
These side effects include gastrointestinal bleeding (van Es
et al, 2005), skin cancer (Nicolas et al, 2003), autoimmune
(Hadland et al, 2001), and other problems.
Owing to early recognition of interference with Notch

signaling, research into the efficacy of new GSIs has usually
addressed the possibility of developing side effects due to
concomitant changes in Notch signaling. Importantly,
Notch inhibition is viewed as an advantage for the
treatment of certain types of cancers that have excessive
Notch signaling (Rizzo et al, 2008). For these anti-neoplastic
agents, the therapeutic strategy is to reach a therapeutic
window for GSIs that would allow for therapeutic benefit at
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doses and a duration of treatment small enough to avoid
side effects. In AD, initial development of GSIs has also been
focused on finding a balance between therapeutic benefits
and side effects. However, as AD therapeutics are required
to enter the brain, the BBB permeability of GSIs is an
additional hurdle that complicates finding a balance
between beneficial effects in the CNS and side effects in
the periphery. The latest research on GSIs for AD has been
focused on how to dissociate the activity of the g-secretase
complex toward APP and Notch.
Recent studies have reported a number of proteins that

interact with the g-secretase complex and can modulate its
activity by changing subcellular compartmentalization, com-
plex maturation, membrane trafficking and so on (for review
see De Strooper et al, 2010). A novel secretase-activating
protein (GSAP) has recently been discovered (He et al, 2010)
that can dramatically and selectively increase the production
of Ab via a process whereby GSAP interacts with both
g-secretase and the APP-CTF. Significantly, GSAP neither
interacts with Notch nor influences its cleavage or signaling
capacities. Moreover, a modulatory role of GSAP has been
confirmed in vitro and in vivo. Knockdown of GSAP in a
mutant mouse with Ab amyloidosis lowers levels of Ab and
decreases the number of Ab plaques in APPswe/PS1dE9 mice
when initiated before the onset of plaque deposition (He et al,
2010). Whether and to what extent this experimental strategy
is effective when initiated at more advanced stages of Ab
amyloidosis or in mice of advanced ages has not yet been
tested. The significance of this finding is that manipulations
with GSAP may allow lowering of Ab , without affecting other
critical functions of g-secretase.

Discrepancies between Preclinical and Clinical
Outcomes of GSIs

A variety of companies have attempted to identify and
develop potent and selective GSIs. Some of these GSIs
reached Phase II and III clinical trials (for review see Henley
et al, 2009); however, to date none has been successful. One
of the most recent disappointments with GSIs were Phase III
clinical trials with semagacestat (LY450139, Eli Lilly) that
was compared with placebo in more than 2600 patients with
mild-to-moderate AD (Figure 1). Trials were started in
March–September 2008 and halted in August 2010 because
of worsening observed in cognitive assessments and activi-
ties of daily living as compared with the placebo group
(http://www.lilly.com). In addition, an increased risk
of skin cancer was observed (http://www.lilly.com). An
increased incidence of skin cancers could be expected from
preclinical studies with genetic inhibition of g-secretase
(Li et al, 2007); however, Phase I and II studies did not
report this side effect, probably because of a shorter
duration of the treatment (o14 weeks). Phase II studies
showed no significant cognitive effect in patients with mild-
to-moderate AD, and the lack of the effect was attributed to
the short duration of the treatment (o14 weeks). If Phase
III trials were to confirm an absence of beneficial effect on

functional outcomes, this could be explained by the late
start of treatment relative to the onset of the disease.
Aggregation of Ab peptides into oligomers and ultimately
into plaques, a process that represents an initial early insult
in disease progression, may lead to pathological mecha-
nisms that are relatively independent from the initial trigger
or become irreversible (Golde et al, 2011; Herrup, 2010).
This assumption predicts that anti-Ab therapies will be
increasingly ineffective as disease progresses. This view is
supported by findings from the AN1793 clinical trial, in
which almost complete Ab plaque removal in immunized
patients resulted in no differences in time to severe
dementia (Holmes et al, 2008). What is most alarming
from the clinical trials with semagacestat is not a lack of
cognitive benefits but actually aggravation of cognitive
decline; what is most intriguing is whether such negative
outcome could be expected from preclinical studies or early
phases of clinical studies.
Semagacestat (LY-450139) is a highly potent GSI that has

been tested extensively in animal models and humans (for
review see Henley et al, 2009) (Figure 1). In an APP
transgenic mouse model (PDAPP), LY-450139 lowered
brain, CSF, and plasma Ab (May et al, 2004). Importantly,
when LY-450139 was administered to WT mice (not
expressing high levels of mutated APP), a GSI-induced
decrease in plasma Ab concentration was followed by a
significant increase at later time points. Similar dynamics
were observed in beagle dogs (for review see Henley et al,
2009). These data were interpreted as a possible effect of the
GSI in the periphery, as in both WT mice and dogs
increases in plasma Ab were not associated with simulta-
neous elevations in the CSF or the brain. The pharma-
codynamics of LY450139 and its effects on the CSF and the
plasma Ab were extensively studied in healthy volunteers.
A single dose of this compound leads to biphasic changes
in the CSF levels of Ab, particularly Ab1�42, with an initial
decrease in Ab levels reaching plateau between 6 and 15 h
after the treatment, followed by an increase between 20
and 32 h (Bateman et al, 2009). In contrast to previous
interpretations (see above), these data strongly suggested an
involvement of central effects of the GSI in mediating a
biphasic Ab response. Importantly, the biphasic dynamics
of the CSF Ab concentration was dose dependent and more
pronounced for Ab1�42 than for Ab1�40 (Bateman et al,
2009). As to the dose used in the Phase III clinical trials
(100–140mg), the GSI resulted in a predominant decrease
in Ab1�40, followed by a second phase of increase in Ab1�42.
The biphasic dynamics of Ab in response to LY450139 were
reported earlier in the plasma of healthy volunteers after
a single oral dose of the drug (Siemers et al, 2005). In this
case, an initial dose-dependent decrease in plasma Ab
was followed by a dramatic (4300%) increase. The authors
suggested that the increase in plasma Ab can be caused
by rising concentrations of substrate for g-secretase during
the period of enzyme inhibition, which results in an
increase in Ab after LY450139 is no longer present (Siemers
et al, 2005).
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The ‘Ab rise’ effect of GSIs has been widely observed as a
phenomenon when the same GSI increases Ab at low
concentration and decreases it at higher concentrations
(Citron et al, 1996; Henley et al, 2009; Lanz et al, 2006;
Zhang et al, 2001). Importantly, the extent of GSI-induced
Ab rise has been shown to be more pronounced for Ab1�42

than for Ab1�40 peptides (Burton et al, 2008). These data are
in agreement with findings in human volunteers after a
single dose of LY450139 (Bateman et al, 2009). Considering

that Ab1�42 has fast aggregation kinetics, even small
increases in Ab1�42 or Ab1�42/Ab1�40 ratio can significantly
affect the neurotoxicity of total Ab (Kuperstein et al, 2010).
Transient increases in CSF and plasma Ab1�42 concentra-
tions observed in healthy volunteers after LY450139
administration most likely reflect successful clearance of
these peptides from the CNS. These GSI-induced increases
in Ab might not be present in a situation with impaired Ab
clearance and/or presence of Ab plaques. Ab plaques,

Figure 1. Timeline of some of the major findings in preclinical and clinical stages of the development of semagasestat. Preclinical data on limitations in
efficacy of semagasestat related to aging and initial plaque load (see text) are not included in this scheme. GSI, g-secretase inhibitor; LY, LY450139
(semagasestat); swe, Swedish mutation; WT, wild type. References: (1) Durkin et al, J Biol Chem, 1999. 274: p. 20499-504; (2) May et al, Neurobiol
Aging, 2004. S1: p. S65; (3) Ness et al, Neurobiol Aging, 2004. S1: p. S238; (4) Lily’s data on fileF for review see Henley et al, Expert Opin
Pharmacother, 2009. 10: p. 1657-64; (5) Lanz et al, J Pharmacol Exp Ther, 2006. 319: p. 924-33; (6) Siemers et al, Clin Neuropharmacol, 2005. 28:
p. 126-32; (7) Bateman et al, Ann Neurol, 2009. 66: p. 48-54; (8) Siemers et al, Clin Neuropharmacol, 2007. 30: p. 317-25; (9) Siemers et al, Neurology,
2006. 66: p. 602-4; (10) Fleisher et al, Arch Neurol, 2008. 65: p. 1031-8; (11) Portelius et al, Alzheimers Res Ther, 2010. 2: p. 7; (12) Burton et al,
J Biol Chem, 2008. 283: p. 22992-3003; (13) Bittner et al, J Neurosci, 2009. 29: p. 10405-9; (14) Siemers, Alzheimer’s Association International
Conference, 19 July 2011, Paris, France.
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because of fast sequestration of soluble Ab, change the
balance between ISF and peripheral compartments (Price
et al, 2007). Indeed, detection of changes in the CSF Ab
levels proved to be more difficult in AD patients, with a
majority of studies reporting no significant effects of GSIs,
including LY450139, on Ab1�42 and Ab1�40 (Portelius et al,
2010). This lack of observed changes is misleading and
rather indicates that Ab1�42 and Ab1�40 concentrations in
the CSF can not be used as biomarkers of the intended drug
activity in the AD brain. In contrast to unchanged levels of
Ab1�42 and Ab1�40, significant increases were found in the
CSF levels of Ab1�14, Ab1�15, and Ab1�16 peptides (Portelius
et al, 2010). Similar changes in short Ab peptides were
found in the CSF of APP mouse models after treatment with
GSIs and might be explained by an increased amount of
substrate (C99 APP-CTF) for a-secretase after inhibition of
g-secretase (for review see Portelius et al, 2010).
Another important nuance in understanding the discre-

pancies in the effects of GSIs between recent clinical studies
and studies in APP mouse models comes from data showing
that overexpression of APPs and APPs with Swedish
mutation in particular preclude the ‘Ab rise’ effect of GSIs
(Burton et al, 2008) (Figure 1). Although the exact
mechanisms for lack of the GSI-induced Ab rise are not
clear (high substrate availability and/or GSI potency shift;
for review see Burton et al, 2008), the APP transgenic mouse
models that were widely used to study the effects of GSIs in
the last decade (Tg2576, PDAPP, TgCRND8, and others)
resulted in a misleading impression of higher degree of
inhibition in Ab production. Even in this experimental
condition that is favorable for the detection of positive
outcomes, the effects of GSIs in reducing brain Ab levels
were significant when tested in young APP mice but lost
efficacy in old APP mice (Abramowski et al, 2008; Lanz
et al, 2003). Similar age-related limitations in efficacy of
g-secretase inhibition were shown by genetic ablations of
proteins comprising the g-secretase complex (Chow et al,
2010; Li et al, 2007). On the basis of these studies in APP
animal models, one might expect that treatment with
LY450139 when started in old AD patients with well-
established Ab amyloidosis will not result in reduction of
brain Ab levels. Considering the ‘Ab rise’ effect of GSI and
LY450139 in particular one might expect that LY450139
treatment could increase brain Ab levels, including levels
of oligomeric Ab1�42 peptides. The latter outcome would be
in agreement with the observed worsening of cognitive
symptoms (Figure 1).

FUTURE DIRECTIONS

Two major disappointments across different experimental
treatments for AD are low drug efficacy and significant side
effects. Two other fields of medical research, cancer and
infectious diseases, successfully balance efficacy and side
effects by development of combination treatments. This
idea has already been expressed in the AD field from the

time of formulation of the cholinergic hypothesis, but until
recently did not result in experimental developments.
Ideally, drug combination should be designed in a way

that not only sums the efficacies of single drugs but has the
potential to dramatically augment their benefits while
canceling side effects. Such design requires detailed
molecular understanding of the disease as well as side
effects of the drugs. Two recent studies in APP mouse
models provided a proof of concept for such combination
therapies in AD. As discussed in previous sections, b- and
g-secretases are well-established mechanism-based thera-
peutic targets for AD; however, strong inhibition of these
secretases results in significant side effects. Moderate
inhibition of either g-secretase or BACE1 provides only
modest benefits in reducing Ab levels and these benefits
decrease with progression of the disease/aging, providing
no functional improvements in old mice (Chow et al, 2010;
Laird et al, 2005; Li et al, 2007). In a recent study, Chow et al
(2010) provided evidence that a moderate inhibition of both
secretases modeled by a partial genetic ablation of BACE1
and Aph1-a dramatically decreases the amyloid burden
in the brains of old APP mice. More importantly, this
combination approach significantly ameliorated cognitive
deficits in aged APP mice, an outcome unreachable in
moderate inhibition of a single secretase. This study is an
example of a successful combination therapy that simulta-
neously affects two targets in the Ab production pathway. A
study by Wang et al (2011) provides an example of
combination therapy simultaneously affecting Ab produc-
tion and clearance pathways.
Successful development of combination therapies for AD

will require significant changes in regulations for clinical
trials, which were mainly developed for advancing one drug
at a time. There are some developments in the FDA
regulations underway that hopefully will provide more
flexibility for rapid evaluations of combination regimens
involving new targeted agents in a single development
program (‘codevelopment’; Woodcock et al, 2011). How-
ever, it is important to realize that development of
combination therapies could introduce additional uncer-
tainty as to the contribution of each component to the
treatment efficacy. It will require more vigilant surveillance
of a wide range of data sources (preclinical as well as results
from initial phases of clinical trials) to monitor efficacy, side
effects, and adequacy of biomarkers. Recent examples of
clinical trials with semagacestat indicate that regulatory
mechanisms are not adequate to ascertain surveillance
even for a trial with one drug. Semagacestat failed to
demonstrate an intended drug effect in healthy volunteers
and instead showed problematic biphasic dynamics of the
biomarkers (Ab in the plasma and the CSF) (Figure 1).
These biomarkers were not sufficiently sensitive to reflect
the drug effect in AD patients. In vivo models used during
preclinical stages had high sensitivity to the Ab-lowering
effect of the GSI but showed decreased efficacy of the drug
in old mice. Despite these problems, the drug was advanced
to Phase III clinical trials.
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TAKE-HOME MESSAGE

Over the past three decades, significant progress has been
made in understanding AD. Clinical studies of AD patients
and preclinical studies of this disease, including genetically
engineered models of Ab amyloidosis and tauopathies, have
elucidated a number of pathogenic mechanisms, therapeutic
targets, and potential mechanism-based treatments. How-
ever, in recent years, the first attempts to implement novel
treatments based on an understanding of the neurobiology,
neuropathology, biochemistry, and genetics of this illness
bring rather disappointing results. The amyloid cascade
hypothesis served as a foundation for the development of
multiple ‘Ab mechanism-based’ therapeutics, and their
sequential failures in Phase III clinical trials raised
bigger and bigger concerns about the validity of the
hypothesis. As more data on primary/secondary outcome
measures as well as pathology become available, it becomes
clear that the reasons behind the failure of these trials
were likely an imbalance of side (off target) effects and
efficacy, as well as the late initiation of the treatments.
In other words, the clinical trials might not be powered
enough to prove or reject the amyloid hypothesis. Aside
from this somewhat artificially polarized issue, the real
lesson from these failures might be that if we do not change
the way we translate an original exciting finding into a
drug, clinical trials will continue to bring very costly
negative results.
In this review, we attempted to illustrate the real

challenges of extrapolating preclinical outcomes to clinical
trials in humans. To improve predictive validity of the
models, preclinical studies should include assessment of
whether and how advanced stages of amyloidosis/tau
pathologies or advanced age modulate reversibility
of cognitive deficits. This will allow for delineating a
window of opportunity for each suggested treatment
to be effective and to correctly classify candidate treatments
as preventative or therapeutic. Particular care should be
taken that preclinical studies be sufficiently powered to
analyze not only efficacy of a treatment but also its side
effects.
Translation of the disease into mouse models might not

be the biggest problem. Translation of knowledge between
preclinical and different stages of clinical drug development
might be an even bigger hurdle. Organization of indepen-
dent discussion panels that present scientifically sound
opinions on expected drug efficacy as well as on mecha-
nisms that potentially limit drug efficacy and mechanisms
of side effects would help integrate data from different
sources and different stages of drug development to
increase the chances of success in Phase III clinical trials.
Making the ‘pharma-independent’ opinions of these dis-
cussion panels publicly available before the next anticipated
stage of drug development would help influence the
otherwise internal ‘go–no go’ decisions of pharmaceutical
companies and prevent spending time and resources on
testing questionable compounds.
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