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Abstract

The amyloid B (Ap) and tau proteins, which misfold, aggregate, and accumulate in the Alzheimer's
disease (AD) brain, are implicated as central factors in a complex neurodegenerative cascade. Studies
of mutations that cause early onset AD and promote AB accumulation in the brain strongly support
the notion that inhibiting Ap aggregation will prevent AD. Similarly, genetic studies of
frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17 MAPT) showing
that mutations in the MAPT gene encoding tau lead to abnormal tau accumulation and
neurodegeneration. Such genetic studies clearly show that tau dysfunction and aggregation can be
central to neurodegeneration, however, most likely in a secondary fashion in relation to AD.
Additional pathologic, biochemical and modeling studies further support the concept that Ap and tau
are prime targets for disease modifying therapies in AD. Treatment strategies aimed at preventing
the aggregation and accumulation of A, tau, or both proteins should therefore be theoretically
possible, assuming that treatment can be initiated before either irreversible damage is present or
downstream, self-sustaining, pathological cascades have been initiated. Herein, we will review recent
advances and also potential setbacks with respect to the myriad of therapeutic strategies that are
designed to slow down, prevent, or clear the accumulation of either “pathological” AB or tau. We
will also discuss the need for thoughtful prioritization with respect to clinical development of the
pre-clinically validated modifiers of AP and tau pathology. The current number of candidate therapies
targeting Ap is becoming so large that a triage process is clearly needed to insure that resources are
invested in a way such that the best candidates for disease modifying therapy are rapidly moved
toward clinical trials. Finally, we will discuss the challenges for an appropriate “triage” after potential
disease modifying therapies targeting tau and AP have entered clinical trials.

Introduction

The two hallmark pathological lesions of the Alzheimer's brain, first described by Dr.
Alzheimer in 1906, are senile plaques and neurofibrillary tangles (NFTs) (Terry, 1985;
Alzheimer et al., 1995). Subsequent studies of the proteins that form plaques and NFTs has
proven paramount to our understanding of the disease pathogenesis, and thus our hope for
successful prevention or treatment of this devastating disease (Golde, 2006). The identification
of AP and tau as the principle proteinaceous component of plaques and NFTSs, respectively,
coupled with genetic studies implicating these protein as triggers of neurodegeneration has
validated both proteins as therapeutic targets in neurodegeneration (Selkoe, 2001a; Hardy and

Correspondence can be addressed to: Todd E. Golde Phone (904-953-2538), fax (904-953-7370), tgolde@mayo.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Golde et al.

Page 2

Selkoe, 2002). Though targeting Ap is likely to be considered a therapeutic strategy primarily
in AD, targeting tau accumulation may have therapeutic benefit in AD and other tauopathies.
As neither tau nor Ap appear to be harmful when normally folded and not aggregated, therapies
targeting each are designed either to delay or prevent the formation of abnormally aggregated
species or to clear such aggregates (Golde, 2006). Therefore, the guiding principles for current
AD therapeutic development are i) decreasing synthesis of A or tau, ii) preventing misfolding
and aggregation of these proteins, iii) neutralizing or removing the toxic aggregate or misfolded
forms of these proteins, or iv) some combination of these principles.

In pre-clinical mouse models of AB deposition (APP transgenic mice), modification of the
AP deposition phenotype and the modest cognitive/behavioral impairment exhibited in many
of these mice has proven reasonably simple (Price et al., 1998). Well over a hundred
manuscripts have now been published supporting new therapeutic strategies for A by
demonstrating that a given factor (e.g., genetic manipulation, compound treatment, and
immunotherapy) can modulate the phenotype of these APP mice, and it now seems that such
manuscripts are published almost weekly. Far fewer studies identifying potential therapeutic
factors in tau transgenic mice have been published; nevertheless, at least a dozen factors have
been shown to modify tau pathology to date, a number that is likely to grow over the next few
years with the increasing appreciation that tau is a relatively underexplored therapeutic target
for AD. If one expands the list of potential tau and A therapeutics to include strategies that
have only been validated in culture, the list is so expansive that no single review could ever
hope to cover the relative merits of each strategy. As multiple recent reviews have focused
either broadly or on specific aspects of AP and tau therapeutics [e.g., (Golde, 2005; Schneider
and Mandelkow, 2008; Lee and Trojanowski, 2006; Golde et al., 2009; Morgan, 2006)], we
will limit this review to updating progress and barriers with respect to Ap and tau therapies
that have either been studied in humans or subjectively appear to represent novel approaches
with a clear route towards the development of clinical leads in terms of a small molecule or
biologic agent (See Figure 1). Finally, we will conclude with a discussion of the challenges
faced in clinical testing of disease modifying therapies targeting tau and Ap

Secretase inhibitors and modulators that target AB production

Rationale for the approach

There is no evidence that monomeric A is the pathological entity in AD as only aggregated
AP has pathophysiological properties. Ap aggregates into a variety of oligomers (dimers,
trimers, tetramers, dodecamers to 50-100 mers), soluble protofibrils, actively growing fibrils,
and mature fibrils that have been implicated as potential pathologic entities in AD (Selkoe,
2001a; Hardy and Selkoe, 2002; Glabe, 2005; Tanzi, 2005; Klein et al., 2004; Lesne et al.,
2006; Shankar et al., 2008; Klyubin et al., 2008; Lauren et al., 2009). The hypothesis that
soluble assemblies of A are the primary toxic entities in AD has garnered many advocates
with supportive data suggesting that these soluble oligomeric assemblies mediate i) some
behavioral deficits observed in APP transgenic mice and ii) the inhibition of long term
potentiation (LTP) in vitro and acutely in vivo (Shankar et al., 2008; Cheng et al., 2007; Dodart
et al., 2002; Walsh and Selkoe, 2004a). It remains an open question as to whether oligomeric
AP can promote neurodegeneration. Indeed, the relationship of oligomeric assemblies to
cognitive deficits in humans remains to be established (Walsh and Selkoe, 2004b; Glabe,
2006). As all Ap aggregates form in a concentration dependent fashion, decreasing monomeric
AP by decreasing its production will slow the rate of aggregate formation (Kelly, 2005; Jarrett
et al., 1993). From this perspective, intervention that is aimed at decreasing Ap production is
attractive, as it is not dependent upon a definitive identification of the toxic Ap aggregates.

AP peptides are produced from the amyloid 3 protein precursor (APP) through sequential
proteolysis by the B- and y-secretases (Golde et al., 2000). A 40 amino acid form of AB
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(AB40) is the major secreted product of these cleavages, whereas the minor 42 amino acid form
of AB (Ap42) that contains two additional residues at its carboxyl terminus has been implicated
as the initiating molecule in the pathogenesis of AD (Younkin, 1998). Indeed, recent mouse
modeling and human genetic studies suggest that, at least with respect to initial seeding of
AP aggregation, AB40 may actually be protective (McGowan et al., 2003; Kim et al., 2007;
Wang et al., 2006). Finally, in addition to Ap40 and AB42, a number of smaller AB peptides
(AB34, 36, 37, 38, 39) are normally produced (Wang et al., 1996). These peptides are
hypothesized to behave like AB40 and inhibit Ap42 aggregation (Kim et al., 2007), but this
has not been tested in vivo.

There are currently three direct strategies targeting Ap production that have moved to the
clinical: B- secretase inhibitors and y-secretase inhibitors and modulators (GSMs). Both -and
y-secretase inhibitors (GSIs) block production of all species of AB (Vassar, 2002; Wolfe,
2008), whereas GSMs are unique in that they shift cleavage by y-secretase resulting in an
altered profile of Ap peptides. AB42 lowering GSMs are of therapeutic interests and the
“signature” of these compounds is that they decrease AB42 production and increase A peptides
shorter than AB1-40 (Weggen et al., 2001). Recently, it has been shown that certain GSMs do
not bind y-secretase but instead target substrate at a site that lies within the Ap peptide (Kukar
et al., 2008). This substrate targeting property means that select GSMs can potentially also act
as inhibitors of AP aggregation.

Progress on B-secretase inhibitors

Though development of B-secretase inhibitors has been a major focus of both industry and
academic laboratories, progress has been slow as it has proven difficult to develop potent f3-
secretase inhibitors that cross the blood brain barrier (Ghosh et al., 2008). One orally
bioavailable B-secretase inhibitor (CTS-21166, Comentis,) has been evaluated in a Phase |
study in humans (Strobel, 2008a). Although it was reported to be well tolerated and lower
plasma ApB, CNS levels of the drug and effects on CSF AP were not evaluated. As animal
modeling studies suggest that CNS inhibition of B-secretase is needed for efficacy with respect
to reducing AP accumulation, future data from ongoing human studies with CTS-21166 is
eagerly awaited (Cai et al., 2001). Given the massive investment by pharmaceutical companies
and others in B-secretase inhibitor development, it is likely that brain penetrant, orally
bioavailable, selective B-secretase inhibitors will be developed in the next few years. Whether,
long-term treatment with B-secretase inhibitors will be well tolerated remains an open question.
Recent studies do suggest that BACE1 plays a key role in developmental myelination; however,
itis not clear if inhibition will result in myelination deficits in the adult (Hu et al., 2006; Willem
etal., 2006).

Progress on GSls

Several GSls are now being tested in the clinic. The most advanced of these is LY450139 (Eli
Lily), a non-selective GSI that is currently in a Phase Il study (Bateman et al., 2009; Fleisher
et al., 2008; Siemers et al., 2007; Siemers et al., 2006; Siemers et al., 2005). Published Phase
Il data show that the steady state CSF A was not significantly reduced by these doses though
a trend towards lowering was observed for AB40 (Fleisher et al., 2008). Additionally, there
was no impact on cognition during the 14 week study. Although the drug was reported to be
generally well-tolerated, there were some adverse reactions reported. Of note, the hair color
changes reported in this trial are often observed in mice on chronic GSI treatment. In a more
recent study using stable isotope labeling combined with CSF sampling to measure the
synthesis rate of AP in healthy men, a single oral dose of either 100,140 or 280 mg of this
compound lowered CSF AP production by 47, 52, and 84%, respectively (Bateman et al.,
2009; Bateman et al., 2006). Notably, ELISA analyses of A in the same study showed that
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significant decrease in total Ap were appreciable in the 280 mg treatment group; however, the
100 and 140mg doses only yielded a trend toward reduced Ap levels.

A potential concern regarding the first generation GSls is that their limited selectivity may
result in target-mediated toxicity that could appear due to inhibition of Notch signaling (De
Strooper et al., 1999; Searfoss et al., 2003). In animal models, there is very narrow therapeutic
window that allows one to significantly reduce Ap levels in the brain without observing these
side effects. Recently two Notch-sparing GSls have been developed (Begacestat; Wyeth;
BMS-708163, Bristol-Myers Squib) (Fagan, 2008a; Mayer et al., 2008). Begacestat is reported
to have a ~14-fold and BMS-708163 over 100-fold selectivity for inhibiting y-secretase
cleavage of APP over Notch. Both of these compounds were identified through cell based
screens for selective inhibitors of APP versus Notch, and subsequent medicinal chemistry
around the lead compounds. Notch-sparing pharmacologic selectivity had been conceptually
proven possible by several academic groups; though the compounds they identified were of
low potency (Fraering et al., 2005; Netzer et al., 2003). The original Notch-sparing GSls are
thought to bind an adenosine triphosphate site on y-secretase (Fraering et al., 2005), the
mechanism of Notch-sparing of either Begacestat or BMS-708163 in is either not known or
has not been disclosed. These compounds are in or completed Phase | human studies, and it is
hoped that they will have a larger therapeutic safety margin. BMS-708163 lowered plasma and
CSF AB levels in Phase | human studies (Fagan, 2008a). Mechanistically, it has been suggested
that these compounds work by binding substrate docking sites on y-secretase that are distinct
between Notch and APP; however, this hypothesis has not been formally proven. It is also
unclear as to what extent these compounds inhibit cleavage of other y-secretase substrates,
which could lead to long-term toxicities. Given that Notch toxicities are initially seen in
peripheral organs, it is also possible that pharmacokinetic properties of the compounds could
result in Notch related toxicities even though the therapeutic window is enhanced.

Though non-selective GSIs were originally developed for AD, several are now being redirected
as chemotherapeutic agents for cancers in which Notch singling is shown to play a primary (T-
ALL) or secondary role (e.g., breast cancer) in the cancer's malignant phenotype (Rizzo et al.,
2008). Surprisingly, a recent preclinical study in a T-ALL mouse model showed that there may
be novel routes to block the gastrointestinal (GI) toxicity, frequently the initial dose-limiting
side effect of GSI treatment (Searfoss et al., 2003). In this study, co-administration of a GSI
with dexamethasone produced a synergist anti-tumor effect over the single agents alone, and
the addition of dexamethasone treatment to GSI treatment blocked the GI toxicity observed
with the GSI alone (Real et al., 2009). These observations suggest that it may be possible to
use non-selective GSI in AD in combination with compounds like dexamethasone that block
the GI toxicity.

Progress on GSMs

An 18 month double blind placebo controlled Phase 11 study of the GSM Tarenflurbil
(Flurizan, R-Flurbiprofen; Myriad Genetics) in patients with mild AD showed no benefit on
cognitive or functional outcomes. The program was discontinued following this disappointing
result (Fagan, 2008b). Approximately 1000 subjects completed the well designed and
conducted Phase I11 study. When the final data are published the results should provide a superb
benchmark for trial design for potential disease modification with standard clinical measures
(ADAScog, CDRsh, ADCS Activities of Daily Living) in populations with a high percentage
of subjects already on cholinesterase inhibitors or memantine. Notably, tarenflurbil is a weak
GSM with low CNS penetrance; thus, it is impossible to make inferences based on this trial
with respect to clinical efficacy of more potent, CNS penetrant GSMs (Kukar and Golde,
2008; Eriksen et al., 2003). Indeed a number of companies have ongoing GSM programs.
Chiesi has developed a more potent brain penetrant GSM derivative of flurbiprofen, while
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Eisai, Merck, Cellzome and Torrey Pines, and Satori pharmaceuticals have also reported GSMs
that have increased potency relative to tarenflurbil of ~100-1000 fold (Imbimbo et al., 2007;
Pissarnitski, 2007).

Targeting AB: Immunotherapy

Rationale for the approach

A variety of mechanisms have been postulated regarding how AB immunotherapy might
attenuate or in some circumstances clear A from the brain; however, no mechanism has been
definitively proven or disproven to date [reviewed in (Golde et al., 2009)]. Nevertheless, the
therapeutic potential of altering Ap deposition by inducing a humoral immune response to
fibrillar AB42 (fAB42) or passively administering anti-Af antibodies (Abs) has been the most
extensively validated anti-Ap approach in pre-clinical studies (Morgan, 2006).

Progress on Active Immunotherapy

The original active vaccination with fibrillar AB42+QS21 adjuvant, known as the AN1792
vaccine trial, was halted in Phase Il (January, 2002) due to induction of meningoencephalitis
in ~6% of the vaccinated patients (Nicoll et al., 2003; Fox et al., 2005; Gilman et al., 2005;
Orgogozo et al., 2003). Though the meningoencephalitis has been attributed to an autoimmune
T-cell reaction, the exact nature of the side-effect has not been definitively established (Schenk
et al., 2005). Individuals in the trial who showed an antibody reponse, representing up to 19%
of those receiving the vaccine in the Phase 1l study, had a paradoxical decrease in brain volume
(Fox et al., 2005; Gilman et al., 2005). Though cognitive improvement has been claimed in
some studies of the antibody responders, the post-hoc nature of the analyses and the small
sample sizes warrant a cautious interpretation of this claim (Gilman et al., 2005). Subsequent
follow-up of a subset of the subjects enrolled in the Phase | AN1792 trial has revealed no
significant alteration in long-term survival and cognition. Post-mortem analysis of 12 subjects
in the AN-1792 trial, including 2 who suffered meningoencephalitis, provides data to support
the claim that there is clearance of deposited A as assessed solely by histochemical analysis
of AB (Nicoll etal., 2003; Holmes et al., 2008; Masliah et al., 2005; Bombois et al., 2007). For
most of these subjects, biochemical data has not been reported. In another study of two patients
from the AN-1792 trials, biochemical and histochemical data suggested that some parenchymal
amyloid may have been cleared, but cerebrovascular amyloid (CAA) deposits may have
increased (Patton et al., 2006). At face value, such data does seem to support clearance of
AP following active immunotherapy. However, the patchy nature of the clearance in at least
some cases raises the question as to whether the clearance of deposited Ap is antibody or cell
mediated (Golde et al., 2009).

Despite setbacks in the AN-1792 trial, a number of alternative active anti-Ap vaccination
approaches are in early phase human testing or likely to begin human testing in the near future.
Two general strategies are being employed in the effort to make a potentially safer vaccine by
avoiding harmful T-cell activation. First, based on evidence in mice that full length Ap contains
an amino-terminal B-cell epitope (residues 1-14) and a carboxyl-terminal T-cell epitope
(residues 15-42), a number of vaccines comprising the amino-terminus of Ap coupled to T-
cell epitopes or conjugated to a virus-like particle have been developed (ACC-001, Elan/
Wyeth; CAD-106, Novartis; V950, Merck; ACI-24, AC Immune) (Schenk et al., 2005; Lee et
al., 2005; Agadjanyan et al., 2005). Second, rather than immunize with the exact sequence of
AP, AB peptide mimetics are also being developed (ADO1, Affiris GmbH) (Schneeberger et
al., 2009). Although these 2"d generation anti-Ap vaccines are promising, little information is
currently available regarding their immunogenicity in humans and the exact nature of the
humoral response induced by these vaccines. Moreover, given that the heterogeneity of the
immune response in humans, there is no guarantee that such vaccines will not induce a harmful
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T-cell response in some individuals. Even approaches such as those employed by Affiris GmbH
to develop peptide mimetics as active vaccines are not guaranteed to be safe. It is well
established that antigenic cross-talk between a pathogen encoded protein and a human protein
can induce autoimmunity (Oldstone, 1998).

Progress on Passive Immunotherapy

Humanized monoclonal antibodies targeting Ap and 1V1G are being actively tested in humans.
The most advanced of these is the bapineuzumab (AAB-001, Elan/Wyeth) a humanized
monoclonal antibody that targets the amino-terminus of AB and is capable of binding
monomeric, oligomeric and fibrillar Ap (Strobel, 2008b). A 238 subject Phase 1l study has
been completed, and although a post-hoc subgroup analysis suggested that some patients who
completed the course of injections showed cognitive improvement, the primary clinical
endpoint of the trial showed no treatment effect. Although a number of typical side-effects
associated with recombinant antibody administration were reported, transient vasogenic edema
(VE) was also noted in a subset of patients, and the incidence was higher in APOE4 carriers.
For this reason, separate Phase Il trials with different dosing regimens are underway, with a
lower maximal doing for the APOE4 versus APOE4 no carriers. Notably, despite these separate
trials, Elan/Wyeth recently announced that they were discontinuing the highest dose in the non-
carriers based on the incidence of VE. In most cases, the VE appears to be clinically silent and
transient, though some subjects do demonstrate transient neurologic symptoms associated with
the VE. Nevertheless, as VE indicates brain edema and is indirect evidence for local
inflammation or loss of blood brain barrier integrity, it is a concerning radiographic finding.

LY2062430 is a humanized monoclonal antibody based on the mouse monoclonal m266 that
is directed to the mid-domain of A targeting AB16-23. In contrast to bapineuzimab, it
preferentially targets monomeric soluble Af and is not plague binding. The binding specificity
with respect to oligomers is not known (Strobel, 2008c). A Phase Il study of 52 AD patients
has been completed. In this study, the antibody was dosed at 100 mg or 400 mg every week or
every 4 weeks for 12 weeks. Data from a planned one year follow-up period to assess cognition
has not been released, but biomarker data provided strong evidence that the antibody was hitting
target in that plasma and CSF. AP levels increased due to complexing with the antibody. No
significant adverse effects have been reported and a Phase 111 trial is reported to be launched
in the near future. Pfizer has several early phase trials with PF-04360365, a humanized antibody
reported to selectively target AB1-40. No information regarding outcomes has been released
to date. A number of other companies are active in this landscape, but there is limited
information regarding the nature of the monoclonal antibodies being used.

An additional approach to passive immunotherapy currently being tested in humans is IVIG
(Gammagard; Bayer). Human IVIG can contain naturally occurring anti-Ap antibodies;
however, the amount of these antibodies and their reactivity will likely be relatively low and
variable (Szabo et al., 2008; Relkin et al., 2008). Nevertheless, given the long-term safety
record and the possibility that IVIG may have additional immunomodulatory effects that could
theoretically be beneficial in AD, IVIG is an intriguing alternative approach to anti-Ap
monoclonal antibodies. Several small early phase studies have reported improvement in
cognition, decreases in CSF Ap and increases in plasma AP following 1VVIG administration to
AD patients (Relkin et al., 2008). Both Phase 11 and 11 studies of IVIG in AD are underway.
Although this approach is intriguing, given that the supply of IVIG for current indications is
often intermittently insufficient to meet clinical demand, it is unclear whether sufficient IVIG
could be collected to support long-term treatment of patients with AD (Bayry et al., 2007).
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Targeting AB Aggregates

Rationale for the approach

Though inhibiting AB production can slow the rate of aggregate formation, it is an indirect way
to target the aggregates of AP that are largely considered by the field to be the true triggers of
AD. More direct approaches are 1) to block aggregate formation using aggregation inhibitors,
2) disrupt preformed aggregates (so called “plaque-busters™) or 3) simply neutralizing the
aggregate by direct binding. There are a number of theoretical concerns with such approaches
steming from either perceived issues with potency and specificity of small molecules that might
act as aggregation inhibitors or from the uncertainties about which aggregate to target as a
therapeutic agent might convert a less toxic assembly into a more toxic one. Notably, many
anti-Ap antibodies as well as immune sera generated following active immunization with Ap
can recognize AP aggregates to varying extents, suggesting that anti-Ap immunotherapeutic
may work, at least in part, by targeting aggregates (Golde et al., 2009). At least in APP AD
mouse models, the rapid reversal of cognitive deficits following immunization would suggest
that those anti-Ap antibodies can “neutralize” certain toxic AP species (Dodart et al., 2002).

Progress Aggregation Inhibitors/toxicity blockers

Tramiprosate (3-aminopropane-1-sulfonic acid, Neurochem) is a glycosaminoglycan (GAG)
mimetic drug that interacts with the AB peptide and is reported to inhibit the transition from
random structures to organized [3-sheets (McLaurin et al., 1999; McLaurin et al., 2000a; Aisen,
2005). A Phase 111 trial of tramiprosate failed to show a significant effect on cognition (Wong,
2007). Using post-hoc analysis of the Phase 111 study which suggested that the patients
receiving tramiprosate had less atrophy as a rationale for continued “development”,
Neurochem is now pursuing sale of a nutraceutical product that contains large amounts of
tramisporaste. Scyllo-inostiol is another compound that has been reported to alter Ap
aggregation (McLaurin et al., 2000b; McLaurin et al., 2006). Though it was initially reported
to decrease aggregation of Ap invitro and in vivo and improve cognitive impairment in a mouse
model of AD, subsequent studies have shown that it can directly neutralize the synaptotoxicity
of oligomeric AP aggregates in vitro and in vivo (Townsend et al., 2006). Scyllo-inositol
(ELNDOOS5, Elan) is currently in Phase 11 testing in humans with AD. Notably, a recent report
using magnetic resonance spectroscopy shows that scyllo-inositol appears to be increased in
the brain of living patients with AD (Griffith et al., 2007).

PBT2 (Prana) is a second generation compound related to clioquinol (Lannfelt et al., 2008).
Clinical development of Clioquinol was halted after Phase |1 testing due to the reported inability
to formulate it in a safe manner. Like clioquinol, PBT2 is a metal chelator that is designed to
alter metal dependent A aggregation and redox activity associated with AB-metal complexes
(Bushand Tanzi, 2002; Adlard etal., 2008; Bush and Tanzi, 2008). In addition, PBT2 is claimed
to promote normal cooper and zinc homeostasis in the brain. A Phase Il study of PBT2 has
been completed in which PBT exhibited a favorable safety profile. (Lannfelt et al., 2008). A
significant reduction in Ap42 was noted in the 250 mg dosing group compared to placebo;
however, it should be noted that this drop of ~50 pg/ml is about 10% of the total CSF Ap42.
Moreover, it is not clear whether a decrease in AB42, which is low in patients with AD,
represents a beneficial or harmful change.

Targeting AB removal

Rationale

Accumulation of A in the brain reflects an imbalance between production and degradation.
Based on estimates of the steady state level of A in control brain (~5-10 pmoles/gm), the half-
life of AB (~2-4 hours), and the amount of Ap that is present in the AD brain (~10-20 umoles),
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it appears that the amount of AP present in the brain in end-stage AD represents 2-5 years worth
of intracranial AB production (Golde et al., 2009; Levites et al., 2006). Though antibodies and
aggregation inhibitors might enhance clearance of A, an alternative approach is to activate
enzymes or cells that degrade Ap or AP aggregates. The protease activation approach is
theoretically attractive as activating an Ap degrading enzyme could theoretically result in
robust clearance due to the catalytic nature of the enzyme and target substrate interaction
(Leissring, 2006; Selkoe, 2001b); however, there are two major concerns with these
approaches. First, there are concerns that activation of proteases with small-molecules is
challenging form a pharmacologic perspective. Second since there are no proteases known to
selectively degrade Ap, activating a protease may also be prone to target based toxicity. The
first concern can be partially addressed by targeting an inhibitor or a receptor that regulates
the expression of the protease, thereby yielding an indirect increase in protease activity. Again
cell-based therapies aimed at enhanced Ap clearance remain largely theoretical though some
proof of concept for this idea has emerged form animal modeling studies. As with proteases,
thisapproach is conceptually limited by the lack of specificity and thus the potential for toxicity.

Progress on AB removal

Wyeth has redirected a small molecule plasminogen activator inhibitor-1 (PAI-1) inhibitor
(PAZ-417) for potential use in AD. This compound appears to be in a Phase I/11 trial for AD.
PAI-1 inhibits the activation of plasmin, a protease that can degrade Ap oligomers, monomers,
and fibrils. PAI-1 binds and inhibits tissue plasminogen activator (tPa), which, when active,
cleaves plasminogen to plasmin (Melchor et al., 2003). The net result is that, when PAI-1 is
inhibited, more plasmin is activated. A recent preclinical study demonstrates that PAZ-417 can
augment the activity of tPa and plasmin in the brain of mice and decrease brain and plasma
AP levels (Jacobsen et al., 2008). Although PAI-1 is a major tPa regulator in the periphery,
neuroserpin is the major tPa regulator in the brain. A recent study examining postmortem AD
brains showed that the major complexes in the AD brain are between tPa and neuroserpin and
not tPa and PAI-1 (Fabbro and Seeds, 2009). Though there is significant homology between
PAI-1 and neuroserpin, it is not known whether PAZ-417 is a neuroserpin inhibitor.

Indirect Approaches to altering AB levels

Rationale for the approach

APP processing and A metabolism is complex and hundreds of regulators have been described
in the literature. The general concept is that one can decrease AB production indirectly by
altering APP trafficking or levels of factors that influence its cleavage into Ap (e.g., secretase).
Various agents, such as muscarinic agonists, serotonin, glutamate, and estrogens activate o-
secretase cleavage of APP [reviewed in (Vardy et al., 2005)], often by activating PKC signaling
resulting in stimulation of non-amyloidogenic a-secretase processing of APP (Gandy and
Greengard, 1994) (Koo, 1997). Increased a-secretase processing of APP can result in adecrease
in B-secretase cleavage and decreased AP production in some studies (Skovronsky et al.,
2000); however, in other studies it does not (Rossner et al., 2000). Notably, SAPPa has been
postulated to be neuroprotective, but it is not clear if increasing its SAPPo above its constitutive
levels will enhance neuroprotection.

For a number of drugs being tested in humans or in late phase pre-clinical development, the
primary action against the intended target is designed to show cognitive enhancement in a
symptomatic fashion, and the effect on reducing A levels is thought to be a secondary target.
Developing a compound that can be approved for human use in AD based solely on a
symptomatic benefit which also has the potential for disease modification by lowering AB is
attractive, as it avoids the necessity of a long, expensive Phase 111 trial before approval for
disease treatment. For such drugs, a two step regulatory approval is likely envisaged. The initial
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Phase 11/111 studies focus solely symptomatic benefit and biomarker data to support subsequent
study as a disease modifying agent. If approved, such a therapy could then be assessed for their
ability to modify disease in a phase IV trial.

Progress G-protein coupled receptor (GPCR) targets

A number of agonists or partial agonists of GPCRs are being developed that have the potential
to enhance cognition either through their effects on the receptor or downstream effects on
neurotransmission. These compounds in theory also alter Ap production by activating the non-
amyloidogenic a-secretase pathway of APP processing. Multiple a-7 nicotinic acetylcholine
receptor (a-7NAChR) agonists are in various phases of late pre-clinical studies or in phase 1/
I human trials. Notably, these compounds are also being evaluated for other indications.
ABT-089 (Abbott) is also being evaluated for efficacy in Attention-Deficit/Hyperactivity
Disorder (ADHD). AZD0328 (AstraZeneca) and R-4996 (Memory Pharmaceuticals/Roche)
are evaluating a-7NAChR agonists in schizophrenia. a-7NAChR agonists may have multiple
effects on cognition, improving pre-attentive sensory processing, attention and working and
recognition memory (Leiser et al., 2009). In addition to possible effects on APP processing
and lowering Ap through a-secretase (Qi et al., 2007; Mousavi and Hellstrom-Lindahl,
2009), a-7NAChR agonists have also been implicated as direct neuroprotective agents
(Shimohama, 2009), and as anti-inflammatory agents in the brain (de Jonge and Ulloa, 2007).
Though a body of literature exists suggesting that AB42 may directly interact with a-7NAChR,
there are a number of conflicting reports, and it is not clear whether such interaction mediates
any pathophysiologic processes relevant to AD (Wang et al., 2000; Small et al., 2007).

PRX-03140 (Epix/GSK), a5-HT4 agonist, is currently in Phase Il trials for AD. Several groups
have shown that 5-HT4 agonists stimulate a-secretase cleavage of APP and also increase a
neurotrophic factors (Strobel, 2008d). There is no published data showing that the compounds
lower AP production in the brain; however, 5-HT4 agonists appear to have positive effects on
learning and memory and, in some studies, have been shown to increase acetylcholine release.
Etazolate (EHT 0202, Exonhit Therapeutics), a GABA A receptor modulator that also weakly
inhibits phosphodiesterase 4, is another compound that is in Phase Il testing in humans with
AD (Marcade et al., 2008). It has been reported to stimulate a-secretase, but no data on its
effect on AP have been reported.

Decreasing APP expression

A final way to alter AB production would be to decrease APP expression at either the
transcriptional or translational level. Without a clear understanding of the normal function of
APP in the brain, reducing APP levels could conceivably yield undesired physiological effects.
Surprisingly, phenserine, a compound developed as a noncompetitive ACHE inhibitor, appears
to interfere with translation of APP, and in some studies lowers Ap production (Greig et al.,
2005). However, the dose needed to elicit this action is much greater than the dose needed to
elicit the anticholinesterase activity limiting the clinical potential of the compound as dual
action anticholinesterase anti-Ap therapy. A Phase I11 trial of phenserine failed to show efficacy
in AD though the trial design may have been suboptimal. Phenserine and other compounds
may be targeting an iron regulated response element in the 5’ untranslated region of the APP
mRNA. Screens for compounds that reduce expression of APP by targeting this element have
identified several FDA approved drugs that reduce APP expression and appear to be capable
of lowering APP and A levels in mice (Utsuki et al., 2006).

Exp Neurol. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Golde et al.

Page 10

Targeting AB: Imaging agents

Rationale

Progress

The ability to detect AB accumulation as amyloid in the brain, while not a therapeutic agent,
is likely to help guide both future trial design and be used to follow efficacy of anti-Ap therapies
(Klunk and Mathis, 2008); therefore advances with imaging agents will be briefly reviewed
here. These isotopically labeled compounds bind to Ap amyloid and can be used to assess
cerebral amyloidosis using PET or SPECT scanning.

[C-11] Pittsburgh Compound-B (PIB) has been the most widely used agent for imaging Ap
amyloid. Itis in use at more then 40 centers and has been tested on more than 3,000 individuals
(Klunk et al., 2004). [F-18] FDDNP was the first fluorine tracer to be used in humans, but it
appears to be a sub-optimal agent as it has a relatively low signal to noise ratio. (Agdeppa et
al., 2003) [C-11] PIB has proven highly useful and certainly detects amyloid present in AD,
MCI, and even in cognitively intact individuals (Klunk and Mathis, 2008). While cognitively
normal, individuals with PIB-positive scans are expected to “convert” to AD as they are
followed. Although some anecdotal data exists that this is likely to be the case, substantial
cohorts of PIB-positive, cognitively intact subjects have not been followed for an extended
period of time to determine the risk for conversion to AD (Fagan et al., 2005; Reiman et al.,
2009; Jack et al., 2009; Mormino etal., 2008; Aizenstein et al., 2008). A myriad of new imaging
agents are soon to be or currently in Phase 1 studies in humans including [F-18] BAY94-9172,
F-18] Av-45, [F-18] AH110690, [C-11]AZD2995, and [C-11]AZD2184 [reviewed in (Klunk
and Mathis, 2008)]. How these new amyloid tracers will perform relative to [C-11]PIB, will
have to be empirically determined. [F-18] labeled probes do have one significant advantage in
that their longer half-life (110 minutes compared to 20 minutes for [C-11]) expands the
availability beyond medical centers with on-site cyclotrons (Klunk and Mathis, 2008). Given
the number of probes in the clinic, it is likely that over the next few years a great deal of
information will be obtained regarding both the natural history of amyloid deposition in humans
and its impact upon the development and progression of AD. It is also likely that amyloid
tracers will be used to evaluate effects of anti-amyloid therapy, though this will require
additional validation with respect to the ability of the probe to quantitatively discriminate
between varying amyloid loads in the brain.

Targeting Tau. Have we identified tractable therapeutic targets?

Accumulation of hyperphosphorylated tau as paired helical filaments within neurofibrillary
tangles and in neuritic processes are intracellular hallmarks of AD pathogenesis (Selkoe,
2001a; Lee and Trojanowski, 1992). Both genetic and animal modeling studies closely link
abnormal tau metabolism to neuronal dysfunction and death. The identification of mutations
in the tau (MAPT) gene as the cause of frontotemporal dementia with parkinsonism linked to
chromosome 17 (FTDP-17 MAPT) demonstrated that alterations in tau, by themselves, are
sufficient to cause neurodegeneration (Hutton, 2000; Hutton et al., 1998; Spillantini et al.,
1998; Lee et al., 2001; Boeve and Hutton, 2008). Point mutations within the tau gene as well
as splice site mutations within the intron and point mutations within the coding region that also
alter splicing all cause tau pathology and neurodegeneration in humans (Hutton, 2000; Goedert
and Jakes, 2005). Transgenic animal models of FTDP-17 MAPT-associated mutations show
that these alterations are tightly associated with NFT formation and neurodegeneration (Lewis
et al., 2000; Gotz et al., 2001).

A conservative interpretation of the genetic and animal modeling data from the study of
FTDP-17 MAPT would only support tau as a therapeutic target in FTDP-17 MAPT. However,
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given the prominence of tau pathology in the AD brain, the lack of any substantial
distinguishing features between the tau pathology present in FTDP-17 MAPT and AD, and
experimental evidence that Ap can drive tau pathology in vivo, tau has become an attractive
theoretical target in AD (Lee and Trojanowski, 2006; Seabrook et al., 2007). Some
investigators have postulated that tau pathology arises independently of Ap pathology, and that
AD, at least in some circumstances, may represent a convergence of two distinct pathological
process --an AP amyloidosis and a tauopathy rather then a linear cascade in which the Af
amyloidosis drives the tauopathy (Small and Duff, 2008). As opposed to the plethora of
therapeutic strategies that target A, it has been much more challenging for the field to reduce
tau therapeutics to practical applications that can be tested and validated in preclinical models
and then advanced towards the clinic. Indeed, the relative paucity of tau therapeutics can be
attributed to 1) the uncertainty regarding the relationship between specific alteration in tau and
induction of neurodegeneration and 2) a paucity of clearly defined druggable targets that
directly or indirectly modulate tau in a way that should be protective from neurodegeneration.
Despite these uncertainties, tau therapeutics are currently being developed and several are in
humans clinical trials. In the following sections, we will describe the rationale for the strategies
that are likely to hold some promise in the near future.

Targeting Tau production

Rationale

Progress

Even though the exact neurotoxic species of tau has not been definitively identified, decreasing
tau synthesis or a specific tau isoform is proposed to decrease the likelihood that tau will
aggregate into a neurotoxic species. There is some genetic support for this concept with respect
to corticobasal degeneration and progressive supranuclear palsy which are both tauopathies.
In these diseases certain HL MAPT haplotypes that may influence gene expressing, splicing
or both are associated with risk for disease (Kauwe et al., 2008; Mukherjee et al., 2007;
Rademakers et al., 2005). A more selective approach is based on the identification of splice
site mutations in tau that cause FTDP-17 which result in an imbalance between exon 10+ (4R)
and exon 10-(3R) isoforms of tau might favor tangle pathology (Hutton et al., 1998). Mutations
in tau lead to increased production of exon 10 containing isoforms of tau with 4 microtubule
binding domains, and these isoforms are almost exclusively deposited in tangles in many
families with FTDP-17 MAPT. Thus, it may be possible to develop tau therapeutics that are
designed to enhance the mRNA splicing events resulting in exclusion of exon 10.

Therapeutics targeting tau production remains in the conceptual stage, though some preclinical
studies do provide proof of concept that lowering tau production can have a beneficial disease
modifying effect. Suppression of mutant (P301L) tau production even after significant
pathology is present in inducible tau mouse model (rTg4510) demonstrates that significant
therapeutic benefit might be gained by this strategy (Santacruz et al., 2005). Cognitive deficits
are greatly attenuated in the rTg4510 mice following transgene suppression even though the
neurofibrillary pathology progressed. Though tau is an abundant microtubule stabilizing
protein, tau knockout mice have a relatively mild phenotype indicating that tau expression
could be reduced without significant side-effects (Harada et al., 1994; Takei et al., 2000;
Ikegami et al., 2000). Another preclinical study in which mice lacking tau were crossed with
transgenic hAPP mice demonstrated that cognitive deficits were ameliorated in the crossed
mice, suggesting that reducing tau might decrease cognitive impairment induced by AB
aggregates (Roberson et al., 2007). Though several approaches for altering exon 10 splicing
and thereby increasing the ratio of 3R to 4R tau have been published; translation of these to
therapeutics appears challenging. A screening method for identifying small molecule that will
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control exon 10 splicing by binding the 3’ tau hnRNA exon 10 stem loop has been reported,
though the initial screen only yielded one hit (Donahue et al., 2006; Donahue et al., 2007).

Altering Tau Aggregation

Rationale

Progress

Several of the point mutations that cause FTLD-17 MAPT increase the propensity of the mutant
tau to aggregate, both in vitro and when expressed in cells (Gamblin et al., 2003; Gamblin et
al., 2000 von Bergen, 2001 #3083; Nacharaju et al., 1999). There is a good correlation between
the propensity of mutant tau to aggregate and its toxicity to cells and in mice. A concern is that
some in the tau field propose that misfolded non-aggregated tau might be the real toxic entity.
It is therefore possible that compounds that block tau aggregation (and not misfolding) might
increase toxicity.

A plethora of tau aggregation inhibitors have been identified. One of these compounds, a non-
neuroleptic phenothiazine, methylene blue (Rember™, TauRx Therapeutics), has completed
a Phase I trial in humans (Wischik et al., 1996; Khlistunova et al., 2006). The 24 week trial
did not meet global endpoints with respect to altering cognition. Claims of efficacy following
post-hoc subgroup analysis have generally been met with skepticism. Several other tau
aggregation inhibitors have been identified, some of which also inhibit Ap aggregation and a-
synuclein aggregation (Masuda et al., 2006). It is quite likely that methylene blue can also
inhibit AP aggregation. Though these compounds are effective in vitro, no proof of concept
study has shown them capable of inhibiting tau aggregation in vivo. Nevertheless, the concept
that a small molecule inhibitor that could block aggregation of multiple proteins involved in
neurodegeneration is intriguing. Future results studying the effect of these compounds in
animal models are eagerly awaited.

Altering Tau phosphorylation

Rationale

Tau contains multiple phosphorylation sites and phosphorylation appears to control the binding
affinity for microtubules. Increased phosphorylation of the tau protein from an average of two
to three phosphates in normal brain to an average of nine phosphates per molecules is seen in
AD. (Lee et al., 2001; Gustke et al., 1992; Goedert et al., 1992; Geschwind, 2003; Friedhoff
et al., 2000). By decreasing tau's affinity for microtubules, hyperphosphorylation of tau could
itself play a role in the pathogenesis by promoting microtubule network breakdown. Lack of
neurodegeneration in tau deficient mice indicates that such a “loss of function” may not be
sufficient to drive neurodegeneration (Harada et al., 1994; Takei et al., 2000; Ikegami et al.,
2000); however, interpretation of tau knockout results must consider the existence of
compensatory mechanisms. Hyperphosphorylated, abnormally folded tau or tau aggregates,
may exert direct toxic effects on neurons. It is still debated whether phosphorylation of tau
drives aggregation, results in toxicity, or is a consequence of aggregate formation. In any case,
the intriguing link between phosphorylation and tau pathology has provided the impetus to
examine the role of kinase inhibitors as potential therapeutics targeting tau. The tau kinases
MARK, CDKS5, GSK3, PKA, and ERK1/2 have all been implicated as potential kinase targets
for tau therapeutics [reviewed in (Schneider and Mandelkow, 2008)]. Because all kinases that
phosphorylate tau also regulate numerous signaling pathways, kinase inhibitor approaches face
challenges with respect to toxicity and specificity. Moreover, it is not clear whether targeting
any single kinase or targeting multiple kinases with a semi-selective kinase inhibitor will be a
better approach. As an alternative to kinase inhibition, activation of phosphatases especially
protein phosphatase-2A is a theoretical strategy for reducing tau phosphorylation.
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Despite the lack of clear insight into the “best” target kinase, efforts are underway to develop
CDKS5 inhibitors, GSK3p inhibitors, and other tau kinase inhibitors. NP 12 (Noscira) a
GSK-3B inhibitor is being tested in humans. A mixed kinase inhibitor, SRN-003-556, targeting
ERK2/CDC2, GSk3p, PKA and PKC, showed efficacy in a tau mouse model (JNPL3) by
reducing soluble aggregated hyperphosphorylated tau and delaying the motor phenotype (Le
Correetal., 2006). Other preclinical studies also suggest that tau phosphorylation is potentially
a disease modifying target. Lithium, a dual action GSK3 inhibitor, and a second GSK3
inhibitor, AR-A014418, reduced tau phosphorylation, tau accumulation, and axonal
degeneration in tau mice (Nakashima et al., 2005; Noble et al., 2005). Lithium also has been
shown to modulate AB production, though it is not clear whether it has a beneficial or adverse
effect on AP production. In one report, lithium was shown to reduce Ap production through
inhibition of GSK3-a (Phiel et al., 2003). A second report suggested that lithium might actually
increase AP production independently of effects on GSK3 (Feyt et al., 2005). An open label
study of lithium to evaluate safety and tolerability in patients with mild to moderate AD has
been completed. 22 patients were enrolled and dosing lasted for up to 1 year. A high
discontinuation rate was noted as only 8 patients completed the trial, though the side effects
were mild and reversible. Efficacy was not assessed in this study (Macdonald et al., 2008).

Targeting tau Chaperones

Rationale

Progress

Chaperone proteins that that regulate the aggregation and folding of tau or potentially mediate
clearance of misfolded or aggregated tau are being explored as therapeutic targets (Gendron
and Petrucelli, 2009). The main challenge to this approach is that the chaperone systems need
to be upregulated, and in many cases there is no known pathway that will lead to upregulation
of the specific chaperone. For example, there is no known way to pharmacologically activate
or increase expression of Pinl, which is an attractive target that has been reported to isomerize
phosphorylated tau and restores the ability of phosphorylated tau to bind microtubules, and
eventually promote dephosphorylation of tau by PP2A phosphatase (Lu et al., 1999; Zhou et
al., 2000; Pastorino et al., 2006). Likewise the ubiquitin ligase CHIP can polyubiquitinate tau
and appears to play crucial role in preventing accumulation of phospho-tau (Dickey et al.,
2006a; Shimuraetal., 2004). However, there is no proof of concept that CHIP can be aselectivly
targeted.

HSP90 inhibitors that induce a heat shock response increase the degradation of phospho-tau
at specific sites in vitro and in vivo (Dickey et al., 2006b; Dickey et al., 2007; Luo et al.,
2007). HSP70 and HSP90 also promote tau association with microtubules and reduce phospho-
tau levels (Petrucelli et al., 2004; Dou et al., 2003). The Hsp90 chaperone complex in affected
areas of AD brain is more than two orders of magnitude more sensitive to HSP90 inhibition
by ansamycin ATP-competitive inhibitors than the HSP90 in control tissues or unaffected areas
of AD brain (Dickey et al., 2007). This strongly suggests that HSP90 inhibitors possess an
exploitable therapeutic index for the treatment of tauopathies. If such inhibitors prove effective
in tau mouse models, it may be possible to rapidly test such inhibitors in humans with AD or
other tauopathies (Dickey et al., 2007).
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Tau: Microtubule stabilizers

Rationale

Progress

Based on the notion that sequestration of tau in inclusions or in a phosphorylated state results
in loss of the normal microtubule stabilizing function of tau, MT-stabilizing agents have been
tested in tau mouse models.

Paclitaxel has been used clinically as a potent anticancer drug because of its antimitotic activity
through MT stabilization. When administered to tau mice in a micellar formulation, it restored
fast axonal transport in spinal axons, increased microtubule number and ameliorated motor
impairments (Zhang et al., 2005). Epothilone, (Bristol Myers Squib) another microtubule
stabilizer, has also shown promising results in initial studies in tau rTg4510 mice showing
improved cognitive performance and markedly reduced tau pathology (Wartmann and
Altmann, 2002; Landhuis, 2008).

Tau Immunotherapy

Rationale

Progress

Antibodies targeting the pathological conformers of tau might clear or suppress tau pathology.
Though theoretically attractive, there are concerns that antibodies are not optimal agents for

targeting intraneuronal proteins. Additionally, the lack of clarity regarding which conformer
of tau should be targeted remains a concern.

One preclinical study in P301L (JNPL3) mice has provided some proof of concept with respect
to the possibility that tau immunotherapy could have efficacy (Sigurdsson, 2008). A vaccine
based on a phosopho-tau peptide was able to suppress tau accumulation and improve motor
deficits present in these mice. Also direct injection of the purified mouse polyclonal antibody
provided evidence that the antibody could actually get in the brain and bind to intercellular tau
structures.

Magic Shotgun Therapies that could target both tau and AB

Rationale

Progress

It is possible that through a pleiotropic mechanism, a single agent could alter both tau and
AP pathology. Such an approach clearly has merits as it would avoid polypharmacy in an
elderly population. The main issue is that identifying compounds with this type of mechanism
of action is likely to be serendipitous, at least until the signaling pathways that link Ap aggregate
accumulation to tau pathology are definitively identified.

Lithium is one such agent that has been discussed previously; however, data on its effect on
AR are conflicting. Statins have been shown in independent studies in APP and tau mouse
models to partially suppress Ap and tau pathology (Boimel et al., 2009; Fassbender et al.,
2001; Refolo et al., 2001). Fairly strong epidemiologic data that statin use is associated with
decreased risk for developing AD; however, Phase 1l studies have failed to show efficacy in
AD (Sparks et al., 2005). In 3X-TgAD mice a number of preclinical studies have identified
agents that can reduce both AB pathology and tau pathology including ibuprofen (Caccamo et
al., 2006; McKee et al., 2008; Oddo et al., 2004).
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Separating wheat from chaff: the challenge of matching trial design and triage
decisions regarding which therapies to move toward investigational new
drugs (INDs) based on preclinical studies

The AD field can do well to consider failed efforts to develop neuroprotective drugs to treat
stroke. Such failures have greatly reduced the commercial interest in developing such types of
treatments despite the fact that stoke remains among the leading causes of mortality and
morbidity. In 2006, O'Collins and colleagues published a report of 1,026 candidate stroke
drugs, 912 of which were only tested in animal models, 97 in humans and animal models and
17 only in humans(O'Collins et al., 2006). From these therapeutic candidates, only tPA has
been approved for human use. Notably, based on the animal modeling studies, O'Collins and
colleagues conclude that there was little efficacy data that would have elevated tPA above the
other therapies. Moreover, they make several general remarks regarding the factors that may
have contributed to the failure of most stroke drugs in the clinic. With respect to relevance for
tau and A therapy for Alzheimer's disease, the most important of these factors that they
identified for stroke drugs may be 1) the conditions of the clinical trial fail to replicate the
conditions under which the drug worked in the animal model and 2) in many cases, extensive
animal testing was often only performed after a failure in the clinic (often in an attempt to
explain that failure) (O'Collins et al., 2006). Given that critical events in stroke occur over a
few hours versus the prolonged development of Alzheimer's Disease, one could argue that the
failure of drug therapies for stroke may not parallel the likely results from drug trials for AD.
Similar issues; however, have been raised with respect to preclinical studies in Parkinson's
disease and amyotrophic lateral sclerosis, diseases that have protracted course more akin to
that of Alzheimer's Disease (Waldmeier et al., 2006; Aggarwal and Cudkowicz, 2008).

To date only two targeted anti-Ap therapies, tarenflurbil and tamiprosate, have “failed” to show
efficacy following Phase 111 therapeutic studies for AD. Given the time, cost, and complexity
of disease modifying trials in AD, it is likely that the enthusiasm for developing disease
modifying therapies targeting tau and AB will rapidly erode if there are continued failures in
therapeutic phase 111 studies. Indeed, given that a single phase 111 therapeutic study in AD often
costs upwards of a $100 million, a handful of more failures in phase 11 for any category (e.g.
anti-Ap, anti-tau) of disease modifying AD therapy will probably be sufficient to significantly
diminish commercial interest in further pre-clinical and clinical development. As reviewed
above there are several dozen anti-Ap therapies and a few anti-tau therapies in the clinic. Yet,
inthe preclinical pipeline, there are probably several hundreds agents being developed. Clearly,
itis worth some discussion on how we might collectively make better triage decisions regarding
what therapies to move forward, what resources would ensure the best study design and, if we
move them forward, how to match trial design to the conditions under which the drug worked
in the animal model.

Before making some recommendations regarding triage decisions and matching trial design,
we need to have real clarity on the relevance of our animal models to AD. APP transgenic mice
that express mutant APPs linked to the development of human AD are good models of amyloid
deposition, plaque associated inflammation, and neuritic dysfunction surrounding the plaque
(Price and Sisodia, 1998; Games et al., 2006; Hsiao, 1998; Spires and Hyman, 2005). Although
some of these models also show synaptic loss, they do not show the neuronal loss typical of
even the earliest stages of AD and they do not show significant tau pathology. Cognitive
changes present in these models are subtle and in some cases rapidly reversible. Moreover, the
cognitive changes vary between each model with respect to the timing, progression and
relationship to pathological features. Thus, APP mice appear to be good models of amyloid
deposition and can be considered to model prodromal AD. However, it remains an open
question as to whether they are models of cognitive dysfunction in AD, and they certainly are
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incomplete models of neurodegenerative component of AD. Thus, any study of anti-Ap therapy
is likely to predict one outcome in humans --effects on amyloid pathology. Cognitive effects
and effects on neurodegeneration could follow, but that can't be inferred with certainty using
such mouse models. Tau mouse models based on FTDP-17 MAPT mutations develop NFT
pathology and some do show marked neurodegeneration as well as cognitive or motor changes
depending on the location in which the pathology primarily arises (Hutton et al., 2001; Gotz
et al., 2007). However, it should be noted that such models are truly models of tauopathy in
FTDP-17 MAPT, and it is still a leap of faith (although a reasonable one, given the relative
lack of alternative tauopathy models) that the tauopathy in FTDP-17 MAPT is a model of
tauopathy in AD. Depending on the timing of the study, it can be argued that in mice such as
the inducible tau P301L rTg4510, which exhibit tremendous neuronal cortical and hippocampal
loss, one can conduct preclinical studies that are more reflective of a therapeutic trial in humans
rather then a prevention trial (Santacruz et al., 2005).

If a preclinical study validating a specific anti-Af therapy in an APP transgenic mouse model
is predictive of the drugs behavior in a primary prevention trial, then by performing therapeutic
human trials of these agents, we are greatly increasing the chance that the therapy will fail to
show efficacy. Though hundreds of interventions that target Ap can be shown to suppress
AP deposition when administered in a primary prevention paradigm (i.e., before the onset of
AP deposition), most of these treatments actually have only modest effects on pathology with
reduction reported typically less than 50%. Moreover, in the rare cases where the treatment is
systematically evaluated in mice with varying degrees of amyloid deposited at the initiation of
treatment, the efficacy in terms of suppression of AP deposition decreases with increased levels
of deposits at initiation. An exception to this generalization is Ap immunotherapy, which in
certain preclinical studies can have up to 90% reduction amyloid loads in a prevention setting
and may result in clearance of preexisting deposits. Nevertheless, even Ap immunotherapy
appears to be much more effective in mice if started prior to the onset of AB deposition.

A resource that would greatly enhance drug trials in animal models and their translation into
the clinic would be the availability of a robust, reliable, non-invasive biomarker for AD. While
imaging AB amyloid is now reliably used in many centers (Klunk and Mathis, 2008), animal
imaging during pre-clinical trials would only be possible for a small number of groups. Ideally,
pre-clinical efficacy for AD therapeutics could be repeatedly assessed within the same trial by
anon-invasive, low cost, reliable biomarker. Such a biomarker could then be used as a standard
measure across different trials and models, allowing a more informative comparison of
potential agents in model systems. Importantly, the ideal biomarker would be equally usable
in clinical trials, allowing direct comparisons between the pre-clinical and clinical outcomes
within a shorter time period. Although notable efforts are underway to utilize plasma Abeta as
a reliable biomarker, this assay is not yet in routine clinical use (Graff-Radford et al., 2007).

So how might we make more informed decision about which therapeutic approaches targeting
AP and tau we should advance towards the clinic targeting Ap and tau? First, we might want
to consider that the animal model studies should reflect the nature of the human trial. Such an
alignment could work in one of two ways. It could mean that for therapeutic trials, we are
testing the drug in mouse models with significant preexisting pathology, and won't move them
forward in a therapeutic trial for AD unless they show efficacy against the target (tau or AB)
in that setting. Alternatively, it could mean that, if the therapy is working in the pre-clinical
study in a prevention or early intervention paradigm, then the therapy needs to be tested in a
prevention study in humans, or at a minimum tested in a mild-cognitive impairment of the AD
type population. Second, we need ways to better compare the efficacy of various therapies in
the preclinical models. Often for AP therapies, the preclinical validation consists of a single
disease modification study in a single mouse model with relatively low group sizes. This
paradigm is likely to be the case for preclinical testing of tau therapies as well. There are also
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variations in the time of initiation, duration of treatment, and the methodologies for analysis.
For a number of reasons, it is highly unlikely that a truly systemic approach to preclinical
studies can be instituted. Some useful guidelines would be to insure that the study is sufficiently
powered, reproducible in at least two independent experiments (and preferably in two different
models), and tested in different paradigms with respect to extent of pathology at initiation of
treatment. The magnitude of the effect should also be considered, though given the lack of
systematic and uniform methodology for preclinical studies, inferring relative efficacy will be
confounded. Nevertheless, the larger the effect and the longer the treatment can be extended
and still show efficacy in the mouse model would seem to bode well for human studies. Third,
we should use the animal models to prove definitively that therapy effectively hits the target.
If this requires brain penetration, there should be sufficient and compelling data on the
pharmacokinetics to insure that effective concentrations of the therapeutic are present in the
appropriate site.

Despite these concerns, there are several reasons that we probably should remain more
optimistic about disease modifying strategies for AD than stroke therapy. The first is that we
can design trials which control many more variables then those in acute stroke. Even with fairly
restrictive inclusion criteria, it is possible to recruit sufficient subjects to fully power an AD
study. Though the tarenflurbil (Flurizan) trial failed from the standpoint that it did not show
efficacy of tarenflurbil versus placebo, the trial was clearly sufficiently powered and conducted
in away that if a relatively small alteration in rate of decline was induced by tarenflurbil it
would have been detectable. Furthermore, even though there are huge obstacles to primary
prevention studies in AD, there is growing movement in the field that recognizes that those
obstacles must be overcome (Khachaturian et al., 2009; Golde, 2009). Even if drugs fail in the
therapeutic setting, if they are proven safe, we may be able to test them for efficacy in a primary
prevention setting. The second reason is that we have the ability to monitor multiple biomarkers
that provide a number of important readouts (Blennow, 2004). As noted above, we now have
the ability to image amyloid in the brain. We also have the ability to monitor brain volume loss
over time using serial registered MRI (Klunk and Mathis, 2008; Fox et al., 2001; Jack et al.,
2002). Though not validated in the setting of response to a disease modifying agent, a number
of biomarkers are emerging that may be useful with respect to providing surrogate measures
of disease modification. At least for therapies targeting Ap production, it will also be possible
to evaluate a given therapies effect on Ap in plasma and CSF. The Alzheimer's Disease
Neuroimaging Initiative (ADNI), a major international effort, is underway to evaluate both
imaging and biomarkers for AD (Jack et al., 2009; Mueller et al., 2005; Leow et al., 2009;
Shaw et al., 2009).

If we have learned any lessons in early years of testing potential disease modifying therapies
for AD, it would be that we must be cautious about claims of efficacy in potentially disease
modifying Phase Il therapeutic studies in AD (Khachaturian et al., 2009; Schneider and Lahiri,
2009). We must be especially cautious if the global pre-specified efficacy endpoint is not met.
Though subgroup analysis may be useful in terms of guiding future trial design, it appears that
such analysis can also be very misleading. Hopefully, as we become more sophisticated with
respect to the interpretation of imaging and biomarker studies, we can infer with a greater
degree of certainty whether a given therapy is in fact hitting target and potentially having a
disease modifying effect.

Conclusions

The holy grail of AD therapy is “disease modification”. Current therapies, cholinesterase
inhibitors and memantine, provide temporary symptomatic benefit to some individuals, but
their overall efficacy is very modest, and there is almost no evidence that they modify the
disease course. A plethora of anti-Ap and a few anti-tau therapies have entered clinic trials for
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AD with several anti-Ap therapies have failing to show disease modifying effects. However,
both of these agents, tarenflurbil and tamiprosate, were certainly not optimal drugs with respect
to ability to actually hit their intended target in humans. Tarenfluribil is a very weak GSM
relative to other GSMs that have been recently reported, and tamiprosate is not a potent Ap
aggregation inhibitor. Furthermore, there was no solid evidence that either hit target in the
human studies. Though a small but vocal group of investigators in the field argue that such
studies do invalidate AP as a target, these failed studies simply do not provide a rigorous test
of the hypothesis that targeting Ap will have a therapeutic effect in AD. Even if additional
failures of anti-Ap and even anti-tau therapy occur in the therapeutic setting, we must, as a
field acknowledge that these therapies that target disease triggers are much more likely to be
effective when given to asymptomatic at risk individuals (Golde, 2009).

Reflecting on the history of failed therapeutic development for stroke, we must also be willing
to critically examine our own preclinical studies in partial animal models of human AD, and
use them to optimally design clinical trials that are more likely to show success (O'Collins et
al., 2006). It may be that therapies targeting tau and Ap will only work in a prophylactic fashion.
As we have little certainty about what pathways downstream of Ap and tau to target and
therefore a very poor roadmap for developing alternative disease modifying therapies, we must
work collectively to develop creative paradigms that are ethically acceptable that will enable
prophylactic testing of such therapies.
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Figure 1. A and Tau Therapies in the clinic
AP and tau therapeutic targets and therapeutics in the clinic are depicted the context of a
schematic of the amyloid cascade hypothesis (Hardy and Higgins, 1992). Classes of
therapeutics are shown in boxes and below the class in are therapeutics that are in, have
completed, or have announced human trials (as of June 2009). Red text denotes therapies for
which trials either failed to meet endpoints or were terminated for other reasons. In parenthesis
is the stage of trial that the therapy completed. Green text indicates therapies in phase I11 trials
as of June 2009. Blue text indicates therapies in early pahse trials (Phase I or 1I). Basic APP
processing, Ap aggregation and Tau aggregation schematics are shown.
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