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Abstract

The recognition that malfunction of the microtubule (MT) associated protein tau is likely to play a
defining role in the onset and/or progression of a number of neurodegenerative diseases, including
Alzheimer's disease, has resulted in the initiation of drug discovery programs that target this
protein. Tau is an endogenous MT-stabilizing agent that is highly expressed in the axons of
neurons. The MT-stabilizing function of tau is essential for the axonal transport of proteins,
neurotransmitters and other cellular constituents. Under pathological conditions, tau misfolding
and aggregation results in axonal transport deficits that appear to have deleterious consequences
for the affected neurons, leading to synapse dysfunction and, ultimately, neuronal loss. This
review focuses on both progress and unresolved issues surrounding the development of novel
therapeutics for the treatment of neurodegenerative tauopathies, which are based on (A) MT-
stabilizing agents to compensate for the loss of normal tau function, and (B) small molecule
inhibitors of tau aggregation.

INTRODUCTION

The modulation of protein-protein interactions, which are intimately involved in the vast
majority of biological processes, holds considerable promise as a strategy for the
development of new therapies. Thus far, several successful examples of this approach have
appeared, particularly in the area of therapeutic antibodies, where a number of biologics are
now part of the medical armamentarium for the treatment of various diseases while many
others are presently undergoing clinical development [1]. In comparison, the discovery of
small molecule modulators of protein-protein interactions has proven far more challenging,
partly due to the fact that in the majority of cases there are no known natural small ligands
that can be employed as starting points for drug-design [2]. Furthermore, since the
interactions between macromolecules frequently take place over relatively large, mostly flat
and ill defined surfaces (i.e., 750 to 1,500 A2), the identification of specific regions that may
serve as binding pockets for small ligands is often difficult, even when protein-protein
interfaces can be studied in detail by means of X-ray crystallography [3,4]. Nonetheless,
despite these significant challenges, some notable instances provide clear evidence that
modulation of protein-protein interactions by means of small molecules is indeed possible.
Such examples include the immunosuppressants cyclosporine A and FK506 [5,6], the
microtubule (MT)-stabilizing (e.g., taxanes) and destabilizing (e.g., vinca alkaloids) natural
products [7], and several drug-like RGD-mimetics [3]. Furthermore, a growing number of
protein-protein interactions are considered to be potentially druggable targets [3,4,8]. In this
review, we highlight both progress and challenges associated with the use of MT-stabilizing
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agents and small molecule inhibitors of tau aggregation as potential treatments of
Alzheimer's disease (AD) and related neurodegenerative diseases, collectively known as
tauopathies. In the first part of the review, we summarize our current understanding of tau-
mediated neurodegeneration as well as the rationale for therapeutic intervention based on
MT-stabilizing agents and inhibitors of tau aggregation. Next, we review different classes of
MT-stabilizing agents with a particular emphasis on their potential to be developed as novel
treatments for central nervous system (CNS) diseases like AD and related tauopathies.
Finally, we present the “state-of-the-art” in the area of small molecule inhibitors of tau
aggregation.

Tauopathies and tau-mediated neurodegeneration

A number of neurodegenerative tauopathies [9], which include AD, Pick's disease and
frontotemporal dementia (FTD) with Parkinsonism linked to chromosome 17 (FTDP-17),
are characterized by the presence of insoluble proteinaceous deposits comprised of
hyperphosphorylated tau proteins, referred to as neurofibrillary tangles (NFTs), and
dystrophic processes (axons, dendrites) or neuropil threads. In addition to their diagnostic
significance, such lesions are believed to play a significant role in the onset and/or
progression of these diseases. Under physiological conditions, the primary function of tau,
which is highly expressed in the axons of neurons, is to stabilize the MTs. The MT-
stabilizing function of tau is essential for the axonal transport of protein, trophic factors and
other cellular constituents. Although the exact mechanism(s) underlying tau-mediated
neurodegeneration has not been fully elucidated, under pathological conditions, tau
malfunctions can lead to synaptic dysfunction and neuronal loss at least in part by causing
axonal transport deficits [10,11].

In the adult human brain there are six tau isoforms (Figure 1). Although these isoforms are
functionally similar in that all are capable of binding to and stabilizing MTs, there are
qualitative and quantitative differences, particularly between the three repeat (3R) and the
four repeat (4R) tau species, with 4R-tau binding MTs with greater avidity than 3R-tau [12].
Furthermore, there is evidence to suggest that while 4R-tau is a potent inhibitor of MT-
shortening, 3R-tau isoforms have a minimal effect on this parameter of MT-dynamics [13].
Thus, the concerted action of the 3R and 4R isoforms is likely to be essential in maintaining
MT-dynamics within physiological ranges. Indeed, in the healthy adult brain the 4R/3R tau
ratio is ~1, while deviations from this ratio are found in the brains of patients with FTD due
to taupathologies, known as the tau variants of frontotemporal lobar degeneration (FTLD) or
FTLD-Tau [14,15]. The interaction of tau with the MT, schematically illustrated in Figure 2,
has been a subject of intense study [16].

MT-stabilization is promoted by the interaction of the 3 or 4 MT-binding amino acid repeats
present in the MT-binding domains of tau with highly conserved binding pockets (taxoid
binding site) found in the B-tubulin subunits of adjacent protofilaments (see Figure 2).
Furthermore, electrostatic interactions between the positively-charged proline rich region of
tau with the negatively charged surface of the MTs further stabilize the tau-MT complex,
while the negatively charged N-terminal region (i.e., the projection domain) extends away
from the surface of the MT due to electrostatic repulsion [16].

As schematically illustrated in Figure 3, the dynamics of the MT-network can greatly
influence the efficiency of the axonal transport, which is responsible for the movement of
signaling molecules, trophic factors and other essential cellular constituents along the axons.
As such, the action that tau exerts on the MTs is key to maintaining an appropriate dynamic
of the MT-network. Under physiological conditions, there is a constant dynamic equilibrium
between free tau in the cytosol and MT-bound tau, with the vast majority of the 6 tau
isoforms in neurons (~99%) being associated with MTs [17,18]. Such equilibrium is
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believed to be post-translationally regulated, mainly by serine/threonine-directed
phosphorylation of tau as higher phosphorylation states of the protein are known to reduce
the binding affinity of tau for the MTs [19]. Thus, the opposing actions of tau-kinases and
phosphatases are thought to play an important role in regulating the dynamic equilibrium
between unbound and MT-bound tau. Under pathological conditions, this equilibrium is
perturbed, resulting in an aberrant disengagement of tau from the MTs with a concomitant
increase in the cytosolic tau concentration. When bound to the MTs, tau is believed not to be
prone to fibrillization; however, when free in the cytosol, this natively unfolded protein can
misfold thereby initiating the aggregation cascade that culminates in the formation of tau
fibrils that deposit in NFTs and neuropil threads. The misfolding of tau is likely to be a
stochastic phenomenon [20], which becomes more probable at higher cytosolic tau
concentrations.

The pathological consequences of tau aggregation have been conceptualized as resulting
from a combination of a loss of normal tau function with possible gain(s) of pathological
functions by various forms of aggregated tau [10]. Thus, while the loss of the MT-stabilizing
function of tau would lead to axonal transport deficits via disturbances in the normal
dynamics of the MT-network, toxic functions could be also ascribed to tau aggregates.
Although NFTs and neuropil threads comprise the diagnostic signatures of
neurodegenerative tauopathies, there is increasing evidence to suggest that smaller soluble
oligomeric tau species may be toxic to neurons [21]. The exact mechanism(s) of toxicity
caused by the various forms of aggregated tau remains an area of intense investigation. It is
plausible, however, that tau aggregation would impart toxicity at least in part via an
amplification of the aforementioned loss of function by facilitating further sequestration of
normal tau. Moreover large insoluble aggregates such as NFTs or neuropil threads, could
also pose a direct physical disruption to cellular functions, including the occlusion of axons
and dendrites, which could block axonal transport.

Thus, based on our current understanding of tau-mediated neurodegeneration, a number of
potential targets have been identified that could be exploited for therapeutic intervention
[22]. Among these, the modulation of MT-dynamics in diseased neurons appears
particularly tractable given the evidence from several recent proof-of-concept studies in tau
transgenic mouse models of AD-like tau pathology [23,24] (vide infra). Furthermore, there
is increasing evidence that tau misfolding and aggregation may also be effectively targeted
by small-molecules.

MT-stabilizing compounds for the treatment of neurodegenerative tauopathies

Historically, MT-stabilizing agents have been employed as antineoplastic agents.
Nonetheless, a number of studies suggested that these agents hold considerable promise as
potential treatments for other serious conditions including rheumatoid arthritis [25],
psoriasis [26] and neurodegenerative diseases [27-29]. In the context of AD and related
tauopathies, the rationale for therapeutic intervention with MT-stabilizing agents is to
compensate for the loss of MT-stabilizing tau function, as described above [30].
Importantly, the therapeutic potential of MT-stabilizing agents to treat neurodegenerative
tauopathies was validated by in vivo efficacy studies conducted in 2005 by the Lee and
Trojanowski laboratory [23]. In these studies, T44 tau transgenic (Tg) mice were treated
weekly for 8 weeks via intraperitoneal injection with low (10 mg/m?), medium (25 mg/m?),
and high (40 mg/m?2) doses of paclitaxel in a micelle vehicle (Paxceed™, Angiotech). The
outcome of these studies demonstrated that paclitaxel treatment can compensate for the loss
of MT-stabilizing function of tau and, as a result, prevent axonal transport deficits in
diseased neurons with consequent improvement in the neurodegenerative phenotype. It
should be noted, however, that to see improvements in axonal transport in the Tg animal
model employed in these studies, paclitaxel was not required to cross the blood-brain barrier
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(BBB) since affected CNS motor neurons took up paclitaxel via endocytosis through axon
terminals at the neuromuscular junction, where there is no BBB. Thus, since paclitaxel is
known to have limited CNS exposure [31], this compound is not suitable for further
development, and appropriate drug candidates for further preclinical investigations of
efficacy and safety will have to be brain-penetrant. To this end, selected compounds
discussed below hold considerable potential.

In addition to brain penetration, one further challenge in the development of MT-stabilizing
drugs for AD is the potential for toxic side effects. Although the toxicity of MT-stabilizing
agents in cancer therapy has been well documented [32-35], the doses required to promote
MT-stabilization in non-dividing (i.e., postmitotic) neurons could well be considerably
lower than those needed to trigger apoptosis in rapidly dividing cells. Evidence to support
this possibility derives from the same proof-of-concept studies by Trojanowski, Lee and co-
workers, wherein both low and medium dose regimes of paclitaxel (10 to 25 mg/m?2)
required for amelioration of motor impairments in tau Tg mice were well tolerated.
Moreover, in these studies higher doses, similar to those used as cancer chemotherapeutic
agents, proved less effective.

The discovery that paclitaxel, a diterpenoid natural product isolated from the Pacific yew
tree Taxus brevifolia, is capable of stabilizing the interactions between a and p-tubulin
heterodimers and thereby favoring the polymerization of microtubules (MTSs), is one of the
most prominent examples of a small-molecule modulator of protein-protein interactions.
Paclitaxel interacts with the polymer form of tubulin at a binding site localized to the lumen
of the MT in the B-tubulin subunit [36]. Notably, the amino acid repeats of the MT-binding
domain of tau were found to bind to a site on B-tubulin that overlaps with the paclitaxel
binding site [37]. Although the exact mechanism of paclitaxel-promoted MT-polymerization
is not fully understood, paclitaxel binding to p-tubulin is believed to induce conformational
changes that favors the interaction with the neighboring a-tubulin, thereby stabilizing the
MT structure [38]. Interestingly, although paclitaxel is a potent inducer of MT-
polymerization, when present in a ~1:1 stoichiometry with B-tubulin, a marked suppression
of MT-dynamics without significant changes in overall MT-polymerization is achievable at
the much reduced ratio of one paclitaxel molecule per several hundred p-tubulin molecules
[39].

Paclitaxel (Taxol™) and the closely related semi-synthetic derivative, docetaxel
(Taxotere™), have been widely employed as chemotherapeutic agents to treat solid tumors
[39]. However, the use of these drugs for the treatment of CNS diseases has been largely
precluded by limited brain uptake. Additional notable shortcomings of both drugs include
limited water solubility, lack of oral bioavailability, and toxicities at high doses. The limited
oral bioavailability and brain penetration of paclitaxel is believed to result, at least in part,
from P-glycoprotein (Pgp) mediated efflux of the drug. This conclusion is based on the
observation that paclitaxel brain levels are significantly higher in Pgp-knockout mice
compared to wild-type animals [40]; and that co-administration of paclitaxel with Pgp-
inhibitors can lead to an increase in both oral bioavailability as well as brain penetration of
the drug [41-44]. Pgp is a member of the ATP-binding cassette (ABC) family of active
transporters, which is highly expressed in the BBB, in addition to the gut, liver and kidneys
[45]. As a result, compounds that are substrates for this active transporter often exhibit
limited brain penetration and oral bioavailability. Furthermore, Pgp-mediated efflux is
known to be an important contributing factor in the development of multi-drug resistance
(MDR). Thus, over the past several years, there has been considerable interest in the
discovery and development of taxanes that could overcome the action of Pgp. Structure-
activity relationship (SAR) studies by Ojima and co-workers demonstrated that
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modifications in the taxane side chain as well as in the C-2 and/or C-10 position could lead
to potent antimitotic compounds, as typified by compound SB-T-1213 and SB-T-121303
(Figure 4) whose anti-proliferative activity is retained in Pgp-overexpressing cancer cell-
lines that are resistant to paclitaxel [46-48]. Subsequent studies revealed that SB-T-1213 and
other related “second generation” taxoids effectively overcome Pgp-mediated efflux by
virtue of Pgp-inhibition [49,50]. Among these compounds, IDN5109, which exhibited
approximately a 15-fold higher brain to plasma ratio (B/P), compared to paclitaxel [51], was
reported to be a potent and broad-spectrum modulator of ABC-transporters [52]. Other
taxanes exhibiting similar abilities to overcome Pgp and cross the BBB, include the 7-O-
methyl-10-O-methyldocetaxel, TXD258, as well as Larotaxel (RPR-109881A), both
developed by Sanofi-Aventis [53-55]. In the case of Larotaxel, however, published reports
do not clarify whether this compound is devoid of Pgp-interactions or acts as a modulator of
the active transporter. Indeed, such distinctions may be important, particularly in the context
of neurodegenerative diseases as Pgp represents an important defense mechanism to limit
CNS exposure to xenobiotics. Disruption of Pgp-function may thus potentially lead to
serious CNS toxicities. Indeed, recent studies have shown that Pgp-deficiency at the BBB in
an AD mouse model resulted in a marked increase in AB deposition [56]. This observation
suggests that taxane derivatives lacking Pgp-interactions may be potentially safer,
particularly in the treatment of AD and related disorders compared to those that inhibit Pgp.
To this end, several C-10 acylated paclitaxel derivatives such as TX-67 [57] and CNDR-29
[58] (Figure 5), have been found to be devoid of Pgp-interactions (i.e., not substrates or
inhibitors of the active transporter) in bi-directional permeability studies. Furthermore, ex-
vivo experiments with these paclitaxel analogues indicated the potential for higher brain
uptake compared to paclitaxel [57,59].

An alternative approach for the delivery of taxanes into the CNS without disruption of Pgp-
function involves the use of targeted delivery systems that take advantage of receptor-
mediated uptake. An example of one such strategy comes from the prodrug ANG1005 [60],
in which three paclitaxel molecules are linked to different residues of a 19 amino acid
peptide, named Angiopep-2. ANG1005 was found to cross the BBB via transcytosis upon
binding to the low-density lipoprotein receptor-related protein [61].

Originally described as fungicidal macrolide natural products [62], epothilones A and B
(Figure 6) were subsequently found to promote MT-polymerization in vitro at
submicromolar concentrations via a mechanism similar, although not identical to that of
paclitaxel [63-66]. Over the past several years, considerable effort has been directed towards
the synthesis and the biological evaluation of the epothilones [67-69]. Currently, Ixabepilone
(Ixempra™, Bristol-Myers Squibb) is the only epothilone approved for the treatment of
cancer [70], however, several other congeners are in advanced stages of development.
Although the epothilones have been primarily studied as anti-cancer agents, different reports
suggest the possible therapeutic benefits of these MT-stabilizing compounds for the
treatment of CNS diseases [29,30,71].

The epothilones are of lower molecular weight than taxanes, which may suggest a higher
potential for these compounds to cross the BBB via passive diffusion. Furthermore, the
activity of a number of epothilones, including epothilone B, the desoxyepothilones
(epothilones C and D) and related congeners, were found to be only minimally affected by
over-expression of Pgp in cell culture models [72]. Pharmacokinetic (PK) studies in the
patent literature showed that certain epothilones could reach significant concentrations in the
brain [73]. In addition, recent PK studies with epothilone B revealed that this compound
could readily distribute from plasma into the CNS of rodents, where it was retained for
prolonged periods of time [74]. To investigate further the ability of epothilones to permeate
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the BBB and to stabilize MTs within the CNS, we recently completed a series of studies
involving epothilone D and a number of related congeners [75]. As part of these studies, we
monitored both the drug concentrations in the brain and plasma, as well as the elevation in
acetylated tubulin in the brain of mice, a biomarker of MT stabilization [76,77], which was
used as pharmacodynamic (PD) readout. These studies demonstrated that epothilone D and
several related compounds are capable of reaching considerable brain concentrations (i.e.,
low pM) after an intraperitoneal (i.p.) administration of 3 mg/Kg of the compound [75].
Furthermore, similarly to what was reported for epothilone B [74], we noted that the brain
half-life of epothilone D is considerably longer than the plasma half-life. Our studies also
showed a significant elevation in acetylated tubulin in the brain of mice 7 days after i.p.
administration of 1 mg/kg of epothilone D. Our PK/PD data are in general agreement with a
recent report from Bristol-Myers Squibb (BMS), that has appeared in the patent literature
[24]. In addition, the BMS report revealed that treatment of Tg4510 tau Tg mice [78] with
low weekly doses of epothilone D (i.e., 1 mg/Kg, i.p. injection, once a week for 2 months,
corresponding to a ~100 fold lower dose employed in oncology) resulted significant
improvement of cognitive functions relative to vehicle-treated animals. Notably, Tg animals
treated with a higher dose of epothilone D (i.e., 10 mg/Kg) showed less improvement
compared with the low-dose treatment group, suggesting that optimal therapeutic effects
may be achieved without significant toxicities. Collectively, these important observations
suggest that epothilone D has distinctive characteristics in terms of both efficacy and PK
properties that could make this compound appropriate for the treatment of CNS diseases. It
is possible that other members of the same class of compounds may have similar attributes.

Other MT-stabilizing agents natural products

In addition to taxanes and epothilones, several other natural product classes (Figures 7 and
8) have been reported to stabilize the MTs in a manner similar to paclitaxel. Among these,
discodermolide, dictyostatin, eleutherobin, and sarcodictyins (Figure 7) have all been found
to bind to the taxoid binding site on B-tubulin, as revealed by competition assays [79-81].
Interestingly, despite the considerable differences in structure, these MT-stabilizing agents
may all share a common pharmacophore [82]. Nonetheless, a number of significant
functional differences have been discovered. For example, discodermolide is the only
compound among the taxoid-site MT-stabilizing agents that acts synergistically with
paclitaxel in both in vitro and in vivo experiments [83-85]. This observation is somewhat
surprising and suggests that discodermolide may have alternative binding sites or multiple
mechanisms to promote MT-stabilization [85]. Furthermore, unlike eleutherobin and
sarcodictyins [86] and similar to many of the epothilones, discodermolide and dictyostatin
are active against cancer cell-lines that are resistant to paclitaxel because of Pgp-
overexpression [79,87]. In addition, significant differences have been found in the way these
drugs interact with the MTs. For example, cyclostreptin (FR182877) [88] is the only
example that was found to covalently modify tubulin [89,90]. Moreover, comparative
studies involving discodermolide, epothilones and paclitaxel revealed significant difference
in the kinetics of polymerization and morphology of the MTs when treated with these
compounds [91,92]. For example, the initial rate of MT polymerization is dramatically faster
in the presence of discodermolide than with paclitaxel or the epothilones. However, the
lengths of the MTs are considerably longer in the presence of paclitaxel. The potential
implications of such differences in the overall ability of these MT-stabilizing drugs to
restore axonal transport in diseased neurons have not been studied.

Compounds that can promote MT-stabilization in a manner similar to paclitaxel, but that
have been found to bind to a site distinct from the taxoid site on p-tubulin include peloruside
[93,94], laulimalide [95,96] and ceratamine A and B [97]. Interestingly, while peloruside A
and laulimalide can act synergistically with other taxoid site compounds, they are not
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synergistic with each other, suggesting that these two compounds bind to the same site [98].
An additional group of naturally occurring compounds, the taccalonolides [99], can also
effectively stabilize MTs. However, these compounds are unable to stabilize MTs in a cell-
free tubulin-assembly assay, indicating a different mechanism of action for this class of
compounds [100]. Finally, in addition to the MT-stabilizing natural products discussed
above, Gozes and co-workers have shown that davunetide (Asn-Ala-Pro-Val-Ser-lle-Pro-
Gln; also known as “NAP”), an octapeptide derived from the activity dependent
neuroprotective protein (ADNP), is capable of promoting MT-stabilization [101]. The
observation that paclitaxel substantially reduces, albeit not completely, NAP binding to
tubulin, suggests that there may be a partial overlapping in the binding sites of these two
compounds [101]. Davunetide has been described as neuroprotective against a wide range of
insults, including B-amyloid peptide, N-methyl-D-aspartate, electrical blockade, H,Oo,
dopamine, nutrient starvation and zinc overload [102]. Furthermore, davunetide was found
to reduce tau-hyperphosphorylation both in vitro [101] as well as in ADNP*/~ mice [103].
Importantly, PK studies on davunetide showed that significant amounts of the intact peptide
can be detected in the brain of rats after i.v. administration of 30 mg/Kg of the compound
[104]. NAP is being developed by Allon Therapeutics Inc. (Vancouver, Canada) and is
currently in clinical trials for AD and soon will enter clinical trials for progressive
supranuclear palsy, an FTLD-Tau disorder with dementia and parkinsonism.

Small molecule inhibitors of tau aggregation

The rationale for therapeutic intervention based on small molecule inhibitors of tau
aggregation relies on the notion that prevention or reduction in tau fibrillization would
ameliorate the neuropathological consequences arising from the loss of tau function, as well
as from the gain of toxic function(s) by tau multimers. The fibrillization of tau is a complex,
multistep phenomenon (highlighted in Figure 9), which begins with tau misfolding and
progresses to the formation of intermediate diffusible oligomeric structures [21,105]. As
previously noted, there is increasing evidence to suggest that these oligomeric species are
important contributors to neuropathology [21] although their exact mechanism of toxicity
has not as yet been elucidated. The transition from oligomers to full fibrils involves both
elongation, as well as conformational changes to reveal the characteristic pleated p-sheet
motif found in amyloid fibrils. Finally, these fibrils can further assemble in vivo to generate
relatively large aggregates such as NFTs.

Efforts directed towards the discovery of inhibitors of tau aggregation initially faced
significant challenges as tau fibrillization would only proceed in vitro under non-
physiologically high tau concentrations and impractically long reaction times. This situation
improved, however, with the discovery that anionic co-factors such as heparin [106] or
arachidonic acid [107] induce faster fibrillization kinetics with lower concentrations of tau
and truncated fragments thereof. This observation ultimately resulted in the development of
several assays, some of which were amenable to high throughput screening (HTS)
[108-110]. In the majority of cases, the in vitro assays relied on B-sheet specific dyes, such
as thioflavine-T (ThT) or thioflavine-S (ThS), to monitor the fibrillization reaction, as these
reagents are known to be highly effective indicators of amyloid fibrils that are rich in pleated
B-sheet structures [111]. Collectively, these screening efforts resulted in the identification of
a number of compound classes (Figure 10) that reduce the formation of tau fibrils in vitro
[112,113]. Representative classes include phenothiazines [108,114], anthraquinones
[109,114], polyphenols [114], thiacarbocyanine dyes [115], N-phenylamines [116],
thiazolyl-hydrazides [117], rhodanines [118], quinoxalines [108], and
aminothienopyridazines [110]. In addition, a natural product isolated from extra-virgin olive
oil, (+)-oleocanthal [119,120], was also found to inhibit tau fibrillization [121]. In the
majority of these examples, the exact mechanism of action is not known. However, the
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activities of a number of inhibitors have been extensively characterized in a variety of in
vitro models. These efforts revealed several significant differences in the inhibitory
properties of different compound classes. For example, Taniguchi et al. reported that while
phthalocyanine (Figure 10), a member of the porphyrin class of inhibitors, was both able to
prevent the assembly of tau as well as to dissolve pre-formed fibrils, methylene blue
(phenothiazine class) and trihydroxybenzophenone (polyphenol class) did not exhibit the
same ability to dissolve fibrils [114]. Further differences among these inhibitors were
evident by comparing the compound-mediated effects on soluble and insoluble tau fractions,
which with some compounds, such as methylene blue, revealed the formation of high
molecular weight tau species by SDS-PAGE [114]. Interestingly, in addition to porphyrins,
other classes of inhibitors, namely anthraquinones, rhodanines, phenylthiazolyl-hydrazides,
and N-phenylamines, were reported to inhibit the fibrillization reaction and to dissolve pre-
formed tau fibrils both in cell-free as well as cell-based assays [109,116-118,122]. However,
the effect of these inhibitors on non-fibrillar tau aggregates has not as yet been reported. If
such compounds are acting predominantly via a disruption of the transition between
oligomers to full fibrils, this mechanism of inhibition could potentially lead to a reduction of
the fibrils with a concomitant build-up of oligomeric tau species.

A different class of inhibitors, the thiacarbocyanine dyes (e.g., N744, Figure 10) are also
believed to inhibit tau fibrillization via disruption of the transition from tau oligomers to full
fibrils [123]. Indeed, in vitro studies have revealed that N744 can interfere with tau filament
extension with no disruption of the initial nucleation phase [123]. Further studies with this
compound and related analogues revealed that the thiacarbocyanine dyes can function both
as inhibitors or promoters of tau fibrillization depending on the compound concentration.
Thus, while sub-stoichiometric concentrations of N744 produced significant reduction of tau
filament formation (i.e., ICgy ~300 nM at 4 uM tau40), compound concentrations > 10 uM
resulted in an enhanced tau aggregation [124]. This surprising observation was initially
attributed to the different aggregation states of the thiacarbocyanine dye present at different
concentrations [124]. Subsequent studies, however, indicate the absence of a clear
correlation between the inhibitory activity of these compounds and their aggregation state
[125]. Also noteworthy, at concentration ranges that are optimal for inhibition of tau
aggregation, the thiacarbocyanine dyes did not appear to interfere with tau-MT binding,
while higher concentrations that promote tau assembly have been found to reduce the levels
of MT-bound tau [126].

In addition to the compound classes mentioned above, we have recently reported the
discovery of a new series of inhibitors, the aminothienopyridazines, which exhibit anti-
fibrillization activities with 1Cgqs near the stoichiometric equivalence with tau [110].
Interestingly, although not as yet clear whether these inhibitors act by disrupting the initial
oligomerization or the elongation phase, or both, size-exclusion chromatography of the
soluble fraction obtained after centrifugation of the compound-treated fibrillizing mixture
demonstrated that MLS000062428 can maintain the majority of total tau as free monomer,
although an appreciable amount of soluble tau oligomers was also detected [110]. It is not
yet known whether the oligomers detected in the soluble fractions are the same transient
species that form en route to full fibrils or whether these aggregates may be off-pathway
species that are unable to elongate.

To date, only one tau fibrillization inhibitor, the phenothiazine methylene blue, has entered
in vivo evaluation. Methylene blue, which was originally synthesized in 1876 by Caro, has
been extensively employed as a diagnostic and therapeutic agent for a wide range of
conditions [127]. The wide spectrum of activities of this compound are thought to be largely
due to the ability of methylene blue to enter redox cycles in biological systems [127].
Notably, PK studies have shown that methylene blue can reach relatively high brain
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concentrations in rats after i.v. and oral administration of the compound [128]. The tau anti-
fibrillization properties of methylene blue and a number of related phenothiazines were first
discovered by Wishick in 1996 [129]. Methylene blue (also known as Rember™, developed
by TauRx Therapeutics), was recently evaluated in a randomized Phase 2 study involving
321 patients with mild or moderate AD. The results from these studies were presented at the
2008 International Conference on Alzheimer's Disease (ICAD) in Chicago, IL and indicated
a significant reduction in cognitive decline after 50 weeks of continuous treatment. These
promising results have not as yet been published in the peer-reviewed literature but if
confirmed, will provide firm support to the notion that tau aggregation inhibitors can be
therapeutically useful. However, in light of the broad range of biological activities and
targets known to be affected by methylene blue, it is not yet clear whether the positive
outcome of the clinical studies may be ascribable to a direct inhibition of tau aggregation.
Thus, further in vivo efficacy studies involving less promiscuous compounds may be
required to evaluate fully the therapeutic potential of tau-aggregation inhibitors. Towards
this end, viable candidate compounds will have to exhibit acceptable combinations of
efficacy, selectivity, and PK properties. With respect to in vitro efficacy, the
thiacarbocyanines are the only class that showed significant inhibition of tau fibrillization
when present in sub-stoichiometric concentrations relative to tau; all other classes appear to
be most effective when compound concentrations approach an ~1:1 molar ratio with tau.
Although the critical free tau concentration needed to trigger the fibrillization reaction in
diseased neurons is not known, the total physiological intraneuronal tau concentration (i.e.,
MT-bound and MT-unbound tau) is believed to be in the low pM range [17,18]. As
previously noted, tau is in a constant dynamic equilibrium between being bound to MTs and
free in the cytosol, with the vast majority of the protein (~99%) bound to MTs under
physiological conditions. The fraction of total tau that is unbound from the MTs under
pathological conditions is likely to increase, reaching conceivably the high nM range. This
reasoning suggests that candidate tau fibrillization inhibitors will need to achieve
comparable brain concentrations in order to be potentially effective. To date, with the sole
exception of phenothiazines (i.e., methylene blue) there are no other reports of brain
penetrant tau aggregation inhibitors. However, as part of our ongoing investigations into the
properties of the aminothienopyridazines, we have identified a number of analogues that
reach significant brain concentrations in mice, after either i.v. or oral administration of the
compound [130]. These findings indicate that the aminothienopyridazines may be viable
candidate compounds for in vivo evaluation of efficacy.

Concluding remarks

Despite significant challenges, a number of drug discovery efforts have successfully targeted
specific protein-protein interactions and, among these programs, some hold considerable
potential for new therapies. In the area of neurodegenerative diseases, in recent years, there
has been a growing interest in the development of strategies that could target tau dysfunction
and the neuropathological consequences of tau aggregation. This has resulted in a number of
significant advances. For example, the discovery that the MT-stabilizing compound
epothilone D can readily cross the BBB and distribute in the brain parenchyma paves the
way for further in vivo evaluation of efficacy and safety of this and related molecules.
Furthermore, in the area of small-molecule inhibitors of tau aggregation, a number of recent
HTS campaigns have led to the discovery of several classes of compounds, some of which
exhibit clear potential to be developed into candidate compounds for in vivo proof-of-
concept studies. In addition to further screenings and hit/lead optimization efforts, future
studies are likely to focus on elucidating the mode of action of tau aggregation inhibitors.
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List of Abbreviations

MT microtubule

AD Alzheimer's disease

CNS central nervous system

FTD frontotemporal dementia

FTDP-17 frontotemporal dementia with Parkinsonism linked to chromosome 17

NFT neurofibrillary tangle

FTLD frontotemporal lobar degeneration

BBB blood-brain barrier

Pgp P-glycoprotein

ABC ATP-binding cassette

MDR multi-drug resistance

SAR structure-activity relationship

B/P brain to plasma ratio

PK pharmacokinetic

PD pharmacodynamic

BMS Bristol-Myers Squibb

ADNP activity dependent neuroprotective protein

HTS high throughput screening

ThT thioflavine-T

ThS thioflavine-S

SDS-PAGE sodium dodecy!l sulfate polyacrylamide gel electrophoresis

ICAD International Conference on Alzheimer's Disease
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Figure 1.

The six tau isoforms are generated from the same tau (MAPT) gene by alternative splicing;
they differ by the presence of either 3 or 4 MT-binding amino acid repeats in the MT-
binding domains, as well as by the presence of 0, 1, or 2 29-amino acid-long inserts in the N-
terminal region.
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Figure 2.
Schematic representation (adapted from [16]) showing a section of a MT bound to 4R tau

and the paclitaxel binding sites.
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Figure 3.

Schematic representation of axonal transport in normal (A) and diseased neurons (B).
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Figure 4.
Selected taxanes
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Figure 5.
Examples of C-10 acylated paclitaxel derivatives that are devoid of Pgp-interactions (TX-67
and CNDR-29); BBB-permeable paclitaxel prodrug (ANG1005).
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Figure 6.
Selected epothilones.
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Figure 7.
Other natural product MT-stabilizing agents that bind to the taxoid site on B-tubulin.
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Figure 8.
MT-stabilizing agents that are likely to act by a different mechanism than paclitaxel and

other taxoid site drugs.
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Schematic representation of key steps involved in the tau fibrillization process; specific
possible steps that might be targeted by potential inhibitors are highlighted in the boxes (see

Brunden et al. [21], and Xu et al. [105] for details).
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Representative structures of different classes of small molecule inhibitors of tau aggregation.
Finally, while the majority of tau aggregation inhibitors reported to date appear to target
predominantly the elongation phase of the fibrillization reaction, oleocanthal, a naturally
occurring compound found in cold-pressed extra-virgin olive oil, selectively modifies early
stage events in the fibrillization process. Indeed, this compound was found to interact with

monomeric tau and prevent tau misfolding by covalently modifying the protein via the
formation of Schiff bases with the e-NH, of lysine residues [121]. SAR studies

demonstrated that both aldehyde moieties are required for inhibition of tau fibrillization.
Interestingly, despite the evidence of covalent modifications of tau, oleocanthal, did not
seem to impact the normal MT-stabilizing function of tau [121].
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