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Abstract The pathological features of Alzheimer’s disease
are senile plaques which are aggregates of 3-amyloid peptides
and neurofibrillary tangles in the brain. Neurofibrillary tangles
are aggregates of hyperphosphorylated tau proteins, and these
induce various other neurodegenerative diseases, such as pro-
gressive supranuclear palsy, corticobasal degeneration,
frontotemporal lobar degeneration, frontotemporal dementia
and parkinsonism linked to chromosome 17 (FTDP-17), and
chronic traumatic encephalopathy. In the case of Alzheimer’s
disease, the measurement of neurofibrillary tangles associated
with cognitive decline is suitable for differential diagnosis,
disease progression assessment, and to monitor the effects of
therapeutic treatment. This review discusses considerations
for the development of tau ligands for imaging and summa-
rizes the results of the first-in-human and preclinical studies of
the tau tracers that have been developed thus far. The devel-
opment of tau ligands for imaging studies will be helpful for
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differential diagnosis and for the development of therapeutic
treatments for tauopathies including Alzheimer’s disease.

Keywords Tau - Alzheimer’s disease - Tauopathy - Pet -
Imaging ligands - Radiopharmaceutical

Introduction

Tau proteins are expressed abundantly in neurons of the cen-
tral nervous system and play a role in the regulation of micro-
tubule stabilization in axons as microtubule-associated pro-
teins (MAPs) [1, 2]. Tau proteins regulate microtubule stabil-
ity through the modulation of isoforms and by phosphoryla-
tion status. These proteins are composed of two categories of
six isoforms generated by alternative splicing from the MAPT
(microtubule-associated protein tau) gene: Three isoforms
have three repeats of microtubule-binding domain (3R) and
the other three isoforms have four repeats of microtubule-
binding domain (4R) (Fig. 1). Therefore, having more repeat-
ed binding domain, tau isoforms with 4R bind more stably to
microtubules [1]. The longest tau isoform has 79 Serine (Ser)
and Threonine (Thr) residues, which are potential phosphory-
lation sites. The phosphorylation on Ser or Thr residues in-
duces microtubule disassembly and is performed by various
kinases, including glycogen synthase kinase-33 (GSK3f3),
casein kinase 1/2 (CK1/2), protein kinase cAMP-dependent
(PKA), and cyclin-dependent kinase-5 (CDKS5) [3].

This microtubule regulation by tau proteins leads to neuronal
plasticity and integration through the development of
axonogenesis, polarization, outgrowth, and myelination.
However, disruption of the balance between tau kinase and phos-
phatase activities produces abnormal tau hyperphosphorylation
and induces tau aggregation. Microtubule destabilization by
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Fig. 1 a Illustration represents
six tau isoforms expressed in
human. The red box labeled with
R1~R4, indicates microtubule-
binding domain of tau. b
Diagrammatic representation of

tau conformation and NFT 3R-tau
formation. Diverse NFT
conformations can be formed
depending on the composition of
tau isoforms
b
phosphorylation

C
\/\N
tau

abnormal tau phosphorylation causes the disruption of axonal
growth, axonal transport, and nervous signal propagation [1, 2].

Tauopathy is a kind of neurodegenerative disease associat-
ed with insoluble and filamentous tau aggregations. These
neurofibrillary tangles (NFT) are observed in human
tauopathies such as Alzheimer’s disease (AD), progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD),
frontotemporal lobar degeneration (FTLD), and chronic trau-
matic encephalopathy (CTE) [4-7]. Even in the postmortem
brain tissues of various tauopathies that test positive for tau
antibodies under immunohistochemistry, the NFTs in different
tauopathies have different tau isoforms, ultrastructures of his-
topathology, and distributions [5, 8, 9].

AD is the most common form of dementia. The main path-
ological features of AD are senile plaques which are extracel-
lular aggregates of [3-amyloid(A3) peptides and intracellular
NFT composed of hyperphosphorylated tau protein [10].
Equal amounts of 3R and 4R isoforms of tau protein are found
in brain of AD patients. Since 2004, the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) has validated several bio-
markers including blood tests, tests of cerebrospinal fluid
(CSF), positron emission tomography (PET), and magnetic
resonance imaging (MRI) to understand the temporal changes
of biomarkers over the disease progression and their relation-
ships with cognitive impairment [11, 12]. Moreover, to diag-
nose AD and improve diagnostic accuracy for earlier detection
and the prevention of future progression, the National Institute
on Aging and the Alzheimer’s Association (NIA-AA) work-
ing groups have proposed new criteria and guidelines of diag-
nosing preclinical, mild cognitive impairment (MCI), and
established AD for PET and MRI and for evaluating proteins
in the CSF [13—15]. To evaluate AP pathology, ''C—
Pittsburgh compound B (PiB), NAV4694, '®F—florbetapir
(Amyvid™), 8F_florbetaben (NeuraCeq™) and 8p_
flutemetamol (Vyzamyl™) have been developed, and '8F—
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florbetapir, 18Ffﬂorbetaben, and ' F-flutemetamol are ap-
proved for clinical study [16-20]. However, the senile plaque
burden assessed by A3 imaging and postmortem analysis is
not correlated with cognitive function in AD, whereas the
NFT density and amount of soluble A3 oligomers are strongly
correlated with cognitive impairment [21, 22]. Tau level of
CSF is also not a straightforward representation of NFTs in
brain [23]. To predict disease progression and to monitor ther-
apeutic effects noninvasively and longitudinally, tau imaging
has been recently spotlighted.

Evaluation of tau-Selectivity In Vitro

For the initial screening of tau ligands, the binding properties
are measured against purified tau and tau aggregates. To mim-
ic the ultra-molecular structure of PHFs, it is critical to recon-
stitute tau assembly process in vitro. Contradictory to pathet-
ical tau aggregation, recombinant tau, which is purified from
Escherichia coli, shows very little intrinsic tendency to aggre-
gate in vitro due to the lack of post-translational modifications
required for aggregation. To stimulate tau aggregation in vitro,
several approaches have been established. First, recombinant
truncated tau isoforms (e.g., the repeat domain alone aggre-
gates) are more frequently used for in vitro tau aggregation,
instead of full-length tau. Truncated tau containing three- or
four-repeat domains (K19 or K18) aggregate much faster than
the full-length tau [24]. Second, FDDP-17-associated tau mu-
tations such as P301L or AK280 expedite tau aggregation by
increasing [3-sheet propensity of tau protein [25]. Third, addi-
tion of artificial cofactors also facilitates tau aggregation rate.
Lysine-rich tau protein is extremely soluble in physiological
conditions and it has very little intrinsic tendency to aggregate
into filaments. So, the addition of anionic cofactors screens the
basic charges of tau, leading to tau aggregation. Poly-anionic
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cofactors such as heparin have a great efficiency in promoting
the polymerization of tau fragments containing microtubule-
binding domains (K18 or K19) [26]. As a structural seed, AD
brain homogenates is also used to induce tau aggregation [27].

Once, tau-aggregates are prepared, the half-inhibitory con-
centrations of new ligands are measured by competitive inhi-
bition assay with the previously known tau-ligand. Although
tedious radioisotope-labeling is required for the competition
assay, in vitro tau binding assay provides direct information of
tau-binding affinity of new ligands. There is an approach to
measure comparative tau-binding affinity by using fluorescent
properties of tau-ligands. Most of the known tau ligands in-
cluding FDDNP, PBB3, and THK series, have fluorescent
properties. Their fluorescent quantum yields dramatically in-
crease upon binding to tau aggregates [28]. Aided by the fluo-
rescence property of tau ligands, the tau-selectivities are fur-
ther evaluated on in vitro brain tissues. For the evaluation of
NFT-selectivity, tau ligands are treated to diverse brain tissues
from AD and non-AD tauopathy patients, and the fluores-
cence images are compared with anti-tau immunofluorescence
stain. Recent reports showed that NFT conformations are di-
verse depending on tauopathies, and tau ligands have differ-
ential binding affinity to the NFTs. For example, tau ligands
such as BF-158 and THK523 are known to bind NFTs from
AD brain tissues, but not from Pick body or mouse brain
tissues [29]. To minimize the gap between in vitro and
in vivo test, it is required to establish systematic in vitro tau
assay platform covering various tau isoforms.

Development of tau Imaging Ligands

To develop tau imaging ligands, several properties of the tau
protein are considered. 1) Intracellular deposition: suitable
neuroimaging ligands are nontoxic lipophilic molecules with
a low molecular weight so that they can cross cell membranes
as well as the blood-brain barrier (BBB). Neuroimaging li-
gands also need to be cleared rapidly from the blood pool to
obtain specific tau images [30, 31]. 2) Different conformation:
tau proteins have six isoforms with either 3R or 4R and mul-
tiple post-translational modifications such as phosphorylation,
truncation, glycosylation, glycation, nitration, acetylation,
ubiquitination, or peptidyl-prolyl isomerization [1, 32].
These characteristics of tau proteins are related to filamentous
tau formation and their ultrastructure is either the similar con-
formations adopted by different tau isoforms or different con-
formations adopted by the same tau isoforms [5, 8, 9].
Therefore, tau imaging ligands have tested the binding avail-
ability in multiple ultrastructures of tau aggregates. 3)
Selectivity: tau ligand selectivity is important for tau imaging
due to coexistence of A} plaque and tau deposits in AD pa-
tients, which have a (3—sheet structure. Although a 3—sheet
structure is usually produced in pathological aggregates of
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proteins such as A3, «-synuclein, and tau protein, tau ligands
have higher affinity for tau deposits than for A [33].
However, the concentration of A3 is much higher than that
of tau in AD patients, so 20 to 50-fold higher selectivity
in vivo of tau ligands for tau over A3 is required for tau-
selective imaging [27, 34, 35]. 4) No active brain metabolism
and defluorination: a low active brain metabolism and no
defluorination should be considered in the development of
tau PET ligands [30]. Several tau imaging ligands have been
developed and evaluated in preclinical and clinical studies
(Fig. 2).

3F_FDDNP

2-(1-{6-[(2-["®F]fluoroethyl)(methyl)amino]-2-
naphthyl} ethylidene)malononitrile (‘*F-FDDNP) was devel-
oped as an A3 imaging tracer at the University of California,
Los Angeles, in 2001 [36]. "*F—-FDDNP binds to NFT non-
selectively as well as to senile plaques [37]. Increased binding
activity of 8 E_FDDNP ateach point of lateral temporal, parietal,
and frontal regions were correlated to decreased cognition, which
mirrored the classic Braak and Braak trajectory [38]. '*F-FDDNP
PET scanning can discriminate patients with mild cognitive im-
pairment (MCI) and AD due to difference of tau accumulation
[39]. "*F-FDDNP was also confirmed as a prototypical tau ligand
in Down syndrome patients, professional football players
suspected of CTE, and PSP patients [40—42].

THK Series

The THK series of tau imaging ligands, 2-arylquinoline de-
rivatives, have been developed at Tohoku University, Japan.
The THK series was developed by identifying quinoline and
benzimidazole derivatives from small molecules and then op-
timizing them [27, 29, 43]. The first derivate, '*F-THK523,
has high binding affinity to tau (~nM) and a 12 times higher
selectivity than AP [27]. "*F-THK523 PET images of AD
patients showed significantly higher neocortical retention than
that observed in controls, but visual assessment of distribution
of tau deposits was inappropriate due to its high retention in
white matter (WM) [44, 45]. The next derivatives, 18
THKS5105 and "®F-THK5117, showed higher binding affini-
ties to tau aggregates and tau-rich AD brain homogenates than
"F_THK523 and less WM retention [29]. In a clinical study,
"®F_THK 5105 retention was significantly correlated with hip-
pocampal and whole-brain GM volumes, which was consis-
tent with findings of previous post-mortem studies showing
significant correlations with NFT density [46]. In addition,
"E_THK5117 PET images demonstrated that retention in
the temporal lobe clearly distinguishes patients with AD from
healthy elderly subjects [47]. In an animal study, the highest
brain activity of "*F-THK5105 appeared within 2 min and
decreased to 50% of peak at 18 min post-injection in normal
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Fig. 2 Chemical structures of tau radioligands

mouse [48]. The binding activity of '*F-THK5117 was in-
creased in the brain stem of tau transgenic mouse models
[49]. The latest derivate, '*F-THK 5351, had higher binding
affinity for AD hippocampal homogenates and dissociated
more rapidly from WM than '®F-THK5117 [43]. In a clinical
study, "®F-THK 5351 PET images of AD patients exhibited
faster kinetics, higher contrast, and lower WM retention
than'®F-THK5117 [43].

18F_AV-1451 (T807) and AV-680 (‘*F-T808)

8E_AV-1451 (T807) and AV-680 (**F-T808), benzimidazole
pyrimidine derivatives, were developed by Siemens
Molecular Imaging. In tau-binding compound screening
among fluorescent compounds originally designed to bind to
AP pathology, '*F-AV-1451 (T807), and AV-680 ('*F—T808)
displayed nanomolar binding affinity level to tau and a 25 to
27-fold selectivity for tau aggregates over A3 [50-52]. AV-
680 ('®F-T808) showed a rapid uptake and washout within
5 min in rat and mice brains. In less than 15 min, this tracer
cleared from the brain to the level of the skeletal muscle [50].
8E_AV-1451 (T807) would also cross the BBB and washout
within 5 min in mice [51].

In their first human study, these radiotracers showed a fa-
vorable pharmacokinetics of rapid brain delivery and WM
clearance. There was also a favorable distribution of these
radiotracers with little retention in WM and cortical gray mat-
ter (GM) of healthy control (HC) subjects. The brains of
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patients with cognitive impairment from MCI to AD showed
increased retention of '*F-AV-1451 (T807) in the cortical re-
gions relative to the cerebellum, and there was increasing ten-
dency of the retention when cognitive impairment was more
severe [52, 53]. In the presence of A3, tau pathologies elevat-
ing "®F-AV-1451 (T807) uptake were linked with neurode-
generative changes of loss of volume in both hippocampus
and AD signature cortical regions [54]. Furthermore, a quan-
titative region-based analysis of '*F-AV-1451 (T807) images
showed that the spreading pattern of the tau pathology was
consistent with Braak stages 0 through VI [47, 55]. In the
aging human brain, '*F-AV-1451 (T807) also increased tracer
retention in regions of the medial temporal lobe, which relates
to age, cognition, and AR deposition [56]. '*F-AV-1451
(T807) will be evaluated in more detail on PET imaging in
cognitively healthy, MCI, and AD subjects, both cross-
sectionally and longitudinally, in clinical trial phase 2 [57].

PBB3

PBB3, phenyl/pyridinyl-butadienyl-benzothiazoles/
benzothiazoliums, was selected by an array of fluorescent
compounds capable of binding to (3-sheet conformations and
was examined in sections of AD and non-AD tauopathy
brains. Sensitive tau binding of ''C—PBB3 was found in tau
transgenic mice model. In a clinical PET study, ''C-PBB3
uptakes of hippocampal formation were consistent with AD
progression. ''C—PBB3 signals also accumulated in the basal
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ganglia and an area containing the thalamus and midbrain of a
CBD patient negative for ''C—PIB [58].

Comparison of "*F-THK 5351 and '®F-AV-1451
(T807) Based on the Clinical Application

"F_THK 5351 has a low WM retention and higher contrast,
and is the most suitable compound for clinical applications in
the THK series [43]. However, the results of '"*F-THK 5351
in human studies have not yet accumulated compared to the
"®F_AV-1451 (T807) published in 2012 [50]. We simply com-
pare the retention pattern of HC and that of MCI and AD
patients in '*F-AV-1451 (T807) and '*F-THK 5351.

First, the '®F—AV-1451 (T807) retention patterns in healthy
subjects are displayed in the midbrain and basal ganglia, cho-
roid plexus as well as WM [54, 56, 59]. Then the retention
patterns of "*F-THK 5351 are shown on the basal ganglia, and
non-specific binding of subcortical WM was observed less
than previous THK series tracers [43, 60].

In comparison of HC, MCI, and AD subjects, retention of
8E_AV-1451 (T807) increased in medial and inferior tempo-
ral gyrus of temporal cortex in AD [47, 52, 54, 55, 59]. In
MCI, '8F-AV-1451 (T807) retention of medial and inferior
temporal regions was increased compared with HC [55].
Therefore, it was confirmed that HC, MCI, and AD can be
distinguished by AV-1451. Another tracer, '*F-THK 5351,
also increased retention in the temporal lobe of AD patients,
but there are no studies comparing HC and MCI yet [43, 61].

In AD diagnosis, increased uptake of the inferior temporal
region, tau pathology associated region (Braak stage III-IV), is
suitable for early diagnosis [4]. In addition, these two tracers
need to directly compare with each other to understand their
binding properties, sensitivity, and accuracy of visual
interpretation.

Remaining Issues for tau Imaging Ligand
Development

After in vitro screening for tau binding, tau tracers were val-
idated in animal experiments, but unlike in humans, specific
binding in the brains of transgenic mice was not observed in
some cases. There is a difference in the ultrastructure of tau
aggregates between AD patients who expressed both 3R and
4R tau isoforms and transgenic mice that expressed truncated
4R isoforms, which may explain why some ligands do not
bind to murine NFTs [1, 5, 8]. Therefore, to solve the problem
of ultrastructural differences, the use of the advanced animal
models that express both 3R and 4R should be considered. In
addition, ex vivo and in vitro autoradiography in transgenic
animal models and in vitro autoradiography in human
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tauopathies can be performed to overcome these ultrastructur-
al differences.

There have been some advances with the development of
several tau PET tracers, but some problems remained. 18p_
AV-1451 (T807) had high tracer retention in the anterior mid-
brain and fimbria, and '*F-THK5105 and '*F-THKS5117 had
non-specific retention in the midbrain pons and cerebellar
WM. '8F-AV-1451 (T807), '8F-THK5105, and '8F—
THKS5117 also had substantial retention in the striatal region
even in healthy individuals [45]. Currently, new tracers such
as RO6958948, Lansoprazole, MK-6240, and GTP1 are being
investigated and expected as improved ligands which will be
used for clinical management [62—67].

Conclusions

The development of tau ligands is helpful to understand not
only the causes, progression, diagnosis, and treatment of neu-
rodegenerative diseases but also to understand normal aging.
The information from tau PET images will also help clarify
the relationship between A3 and tau deposition as well as the
relationships among the deposition of abnormal proteins, cog-
nitive impairment, and disease progression.
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