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Tauopathies, including Alzheimer’s disease (AD), Pick’s
disease (PiD), progressive supranuclear palsy (PSP) and
corticobasal degeneration (CBD), are characterized by the
misfolding and pathological aggregation of the tau pro-
tein, leading to neurodegeneration. Although the patho-
genesis of these diseases is still a matter for debate, the
formation of amyloid inclusions still represents the only
histopathological hallmark available. Tau inclusions are
not the same in terms of structure and morphology, and
different tauopathies are characterized by different poly-
morphs. Remarkably, the selective detection of these
polymorphs is crucial for differential diagnosis, disease
monitoring and evaluation of the potential harmfulness of
polymorphs, with a significant impact on drug discovery.
This review discusses recent advances in the development
of imaging probes designed for the selective detection of
pathological tau forms associated with specific tauopa-
thies. We explore the application of compounds that can
target tau polymorphs characteristic of AD, PiD, PSP and
CBD. In particular, we focus on discussing the probes’
selectivity and sensitivity in distinguishing between the
different tauopathy-associated polymorphs in preclinical
settings. The progress and the weaknesses in this field are
discussed, to guide the researchers in identifying accurate
and potent probes for the selective diagnosis of these
different neurodegenerative diseases.
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Introduction

Tauopathies are known as age-related, neurodegenerative disor-
ders characterized by the pathological accumulation of tau pro-
tein in the brain.*" 23 The four main tauopathies in terms
of prevalence and sanitary burden are Alzheimer’s disease (AD),
Pick’s disease (PiD), progressive supranuclear palsy (PSP) and cor-
ticobasal degeneration (CBD), the last three being part of the
frontotemporal dementia (FTLD) group.”® Currently, AD
accounts for >60% of all tauopathy cases, bearing a tremendous
socioeconomic burden worldwide. More than 55 million people
worldwide suffer from AD, with 6 million cases in America and 5
million in Europe, with a financial cost for hospitalization and
treatment of US$259 billion.” Tau is a microtubule-associated
protein (MAP) that regulates and intervenes in physiological
microtubule dynamics.”?"*® Under pathological conditions
observed in tauopathies, the protein tau misfolds and aggregates,
while undergoing a hyperphosphorylation process.®”:®:®9).(
P19 This eventually leads to neurodegeneration and neuronal
death, with tau encountering a loss-of-function and gain-of-
toxic-function. P! *'?) In fact, the MAP is no more able to prop-
erly intervene in MT dynamics, thus leading to cytoskeleton
impairment, as well as the formation of toxic oligomers and fib-
rils responsible for the cell death.P!?®14.®15.®16) Although the
literature remains controversial about which species of aggre-
gated tau is the most toxic,”'”"®'® the inclusions found in
patient brains are the only histopathological markers nowadays
associated with tauopathies.®'? 20,21

Tau structure and tauopathies
Four main regions can be identified in the structure of tau. In

microtubule-binding region (MBR), a proline-rich region
(PRR) and a C-terminal region (CTR; Figure 1).0°??#23) The
NTR (1-165 for tau N2R4; Figure 1) takes part in several func-
tions, such as microtubule dynamics regulation and cell-
signaling pathways, and is also involved in protein—protein
interactions (PPIs). When tau binds to microtubules, the NTR
extends outside the MT surface and interacts with other pro-
teins such as annexins, via electrostatic interactions, because
the NTR is negatively charged owing to the various glutamate
and aspartate residues.’?* The truncation of tau NTR generates
constructs of the protein responsible for tau pathology, like
GIn124-tau.®*® The PRR region (sequence 166-242 for tau
N2R4; Figure 1) presents a large number of proline, serine
and threonine residues. It contributes to the regulation of tau’s
interaction with microtubules, by modulating the protein-
binding affinity. In particular, this region influences the inter-
action of tau on the microtubule surface, affecting microtubule
dynamics.??® These interactions are important for tau’s role in
signal transduction pathways that regulate cytoskeletal
dynamics and cellular responses to external stimuli. Because
this region bears a large number of residues prone to phospho-
rylation, the PRR is an intriguing target for therapeutic inter-
vention. Abnormal phosphorylation in the PRR is commonly
observed in pathologies like AD, where it contributes to the
detachment of tau from microtubules and its subsequent aggre-
gation into neurofibrillary tangles (NFTs).”?”) The peculiar
structure provided by proline residues allows the PRR to adopt
different conformations, which can facilitate or inhibit the for-
mation of toxic tau aggregates. In particular, this can also influ-
ence the type of tau aggregates formed, which varies across

particular, tau presents an N-terminal region (NTR), a  different tauopathies (e.g., AD, PSP and CBD)."*"
1 165 242 367 441
| NT MB CTR |
N1 N2 R1| R2 | R3 | R4
45 73 102 242 273 304 335 367
Tau region  Residues Function
NTR 1-165 MT dynamics regulation, cell signaling, PPI, tau
signaling, PPI, tau function regulation (truncation:
regulation (truncation: tauoapathy)
PRR 166-242 MT and cytoskeleton dynamics regulation, kinase
MBR 243-367 MT binding, PPI (chaperones, actin and
and amyloids)
CTR 368-441 PPI, tau function regulation (truncation:
(truncation: tauopathy)
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FIGURE 1

Tau’s different domains and functions, according to the primary structure of the longest tau isoform 2NR4. The various regions of the protein, as well as their
residue numbers are depicted in the figure. Also, their main functions are presented.
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The MBR region of tau (residues 243-367 for tau N2R4; Figure 1)
has a central role in the interaction with microtubules, which prob-
ably occurs through the establishment of several electrostatic inter-
actions between the positively charged lysines of the MBR and the
negatively charged surface of microtubules.”?” The MBR is also
important for PP, because it interconnects with chaperones and
actin. Notably, the MBR is also involved in amyloid—amyloid inter-
action, being responsible for co-morbidities in, for example, Parkin-
son’s disease. In this case, tau’s MBR is thought to interact with the
negatively-charged C-terminal domain of a-synuclein, synergically

driving  the  formation of tau and
aggregat es. (P30),(P31),(p32),(p33),(p34), (P35), (P36),(P37),(p38)

a-synuclein
Importantly,
MBR is also sensitive to phosphorylation, in particular on residues
258, 262, 289 and 356.7°? Regarding the last region of the tau
structure, namely the CTR (368-441 for tau N2R4; Figure 1), its role
is mainly related to PPI and tau’s physiological function preserva-
tion. In fact, several CTR truncation constructs (e.g., tau-421, tau-
368, tau-397 and tau-422) are shown to induce tau pathology in
cellular and in vivo models. P**»(P*1-(P42)

Six tau isoforms are present in the central nervous system
(CNS), which differ for the N-terminal inserts (ON, 1N, 2N) and
the repeats present in the MBR (3R or 4R). Of note, the number
of repeats present in the tau MBR influences the affinity of the
protein for MTs, with tau 4R showing the highest affinity."*®
One criteria that discriminates the different tauopathies is the
number of repeats present in the tau MBR. In this review, we
focus on the four main tauopathies in terms of prevalence and
sanitary burden (AD, PiD, PSP and CBD). AD is associated with
the accumulation of all six tau isoforms (3R and 4R-tau), where
the misfolded and aggregated protein forms paired helical fila-
ments (PHFs) and straight filaments (SFs).P!®(P44.(p45).(p46) The
aggregates form neurofibrillary tangles (NFTs) primarily in the
hippocampus and cerebral cortex.”*” PiD is associated with
the accumulation of three-repeat tau isoforms (3R-tau). These
aggregates form in Pick bodies, which are spherical inclusions
found in neurons. PiD typically affects the frontal and temporal
lobes, leading to symptoms such as behavioral changes, language
difficulties and progressive dementia.®*®**?) PSP is character-
ized by the accumulation of 4R-tau. These aggregates form in
tufted astrocytes, coiled bodies and globose NFTs primarily in
the basal ganglia, brainstem and cerebellum. PSP is known for

TABLE 1

its early onset of postural instability, gaze palsy and cognitive
impairment.?>?-®*>Y CBD, instead, is characterized by the accu-
mulation of 4R-tau isoforms. The aggregates form in astrocytic
plaques, corticobasal bodies and neurofibrillary tangles. CBD pri-
marily affects the cerebral cortex and basal ganglia, leading to
symptoms such as asymmetric motor dysfunction and cognitive
decline.P3?#P33) Table 1 P34 P33):(P36),(057),(B38).(039) reports the dif-
ferent R-tau isoforms associated with these four tauopathies,
along with the respective localization of tau inclusions.

Polymorphism in tau aggregates

Recent advances in experimental spectroscopy (e.g., with the
introduction of cryogenic electron microscopy, or cryo-EM) has
enabled the analysis and characterization of tau filaments at
atomic levels, and the comparison of their structure across differ-
ent tauopathies. P*> (P60 (P61.(p62) ynder pathological conditions,
tau forms toxic inclusions differing in shape, morphology and
size. Tau polymorphism in tauopathies refers to the various
structural forms that tau aggregates can adopt. These structural
differences are the result of variations in how tau protein mole-
cules fold, pack and assemble into fibrils, which are consistent
among individuals with the same disease, leading to distinct
pathological features.”®” In AD, tau aggregates form PHFs and
SFs. PHFs are characterized by a twisted, helical structure, **>
whereas SFs, which share a similar core structure with PHFs, dif-
fer for their straight, non-twisted morphology.**® The polymor-
phism between PHFs and SFs can be attributed to differences at
the protofilament interface, with PHFs exhibiting symmetric
interfaces stabilized by H-bonds, whereas SFs display asymmetric
arrangements without such stabilizing interactions (Figure 2).
The co-existence of these two types of aggregates within the
same disease condition highlights the structural polymorphism
of tau in AD.P¢?-(P6%

In PSP, tau aggregates mostly form SFs (Figure 2). These aggre-
gates have a unique core structure that differs significantly from
the PHFs and SFs seen in AD.?°* Cryo-EM studies have shown
that tau filaments in PSP are characterized by a distinct fold
involving residues 274-380, with a compact and symmetric
structure. This fold is specific to PSP aggregates and is not found
in other tauopathies.”®* Notably, CBD is associated with tau
aggregates that adopt a ribbon-like structure (Figure 2).P52-®53).¢

Different tau isoforms (3R or 4R) associate with different tauopathies; depending on the tau pathology, the localization of the amyloid

aggregates varies as well.

Tauopathy Aggregate type Tau Aggregate Type of cells
isoforms localization
(3R or 4R)
AD Neurofibrillary tangles 3R and 4R Hippocampus, Neurons and glial cells®>*-P5%)
cerebral cortex
PiD Pick bodies 3R Frontal and temporal  Neurons and glial cells®>®
lobes
PSP Tufted astrocytes, coiled bodies, 4R Basal ganglia, Neurons, astrocytes and oligodendroglia>” ¢
globose neurofibrillary tangles brainstem,
cerebellum

CBD Astrocytic plaques, corticobasal 4R
bodies, neurofibrillary tangles

Cerebral cortex,
basal ganglia

Neurons (with corticobasal bodies in monoaminergic
neurons), astrocytes and oligodendroglia®*®>%
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Selected 3D structures of: (i) PHFs (PDB code: 503L, panel a) and SFs (PDB code: 503T, panel b) of AD tau polymorphs‘p“S); (i) tau filaments from a patient
with Pick’s disease (PDB code: 6GX5, panel ¢)**?; (iii) a CBD tau filament (PDB code: 6TJO, panel d)** and; (iv) a PSP tau filament (PDB code: 7P65, panel

e).([ﬂ)

P39 The tau filaments in CBD are wider and less twisted than the
PHFs of AD.?*® The core of these filaments involves residues
274-380, similar to PSP, but the packing and overall morphology
are distinct. CBD filaments are often described as twisted ribbons
or wide filaments, reflecting their unique structural organiza-
tion.*>® In PiD, tau aggregates form spherical inclusions known
as Pick bodies.P*?»(P5) The tau filaments within these inclusions

have a unique structural fold, distinct from those seen in AD, PSP
or CBD. The core of PiD tau filaments involves residues 254-380,
with a distinctive B-helix-like structure that is not observed in
other tauopathies.”*? This unique fold contributes to the char-
acteristic round shape of Pick bodies. Overall, the possibility of
recognizing those different polymorphs could lead to an accurate
early diagnosis of these different tauopathies. In this field,

4 www.drugdiscoverytoday.com
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imaging and fluorescent probes can play a pivotal part in dis-
criminating the various polymorphs associated with the different
tauopathies.

Molecular imaging and fluorescent probes to
selectively recognize polymorphs in different

tauopathies

The different polymorphism seen in tauopathies is one of the
main criteria to discriminate among different tau diseases. %> ¢
P66 However, only post-mortem analysis can accurately assess
the kind of pathology suffered from patients.”®”?%® No early-
diagnosis tool is available, and assessing the correct histopatho-
logical marker to a given tau pathology and vice versa is still far
from being achieved. In this field, the use of fluorescent probes
able to selectively bind to a polymorph characteristic of a deter-
mined tau pathology could represent a valuable solution to this
challenge.®” Positron emission tomography (PET) still repre-
sents the main player in the detection of tauopathies (like AD)
and amyloidosis, more generally. However, the diagnosis must
be confirmed from post-mortem analysis.?”? #7172 Also, most

TABLE 2

of the probes developed cannot discriminate among the different
amyloid pathologies. Encouragingly, many efforts have been
made in the field of bioimaging using non-invasive NIR probes
in the frame of neurodegenerative diseases.’?(P74/(P75).(p76)
Although these probes find application in vitro, their translation
into clinical practice is still a challenge, often as a result of their
unsuitable pharmacokinetic and safety profiles.*®” Therefore,
the exploration of new probes that selectively target tau poly-
morphs is a priority for future research. In the forthcoming sec-
tions, the scientific efforts made in the development of
molecular imaging and fluorescent probes able to discriminate
tau polymorphs in different tauopathies are described.

Alzheimer’s disease

AD is a secondary or mixed tauopathy characterized by the co-
occurrence of PHF and SF aggregates in brain cells.”””) PHFs are
characterized by a twisted, helical structure, with a periodicity
of about 80 nm and a crossover distance between 650 and
800 A.°°® The PHF core consists of a series of B-sheets forming
a C-shaped motif (residues V306-F378), encompassing R3 and
R4 repeats and an additional C-terminal segment (residues

Relevant tau PET probes reported in the literature: when present, the probe selectivity towards tau polymorphs and the mechanism of

interaction are reported.
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Compound ID Tau polymorph Mechanism of interaction Type of Refs
selectivity detected
tauopathy
[''CIPBB3 NFTs, tufted astrocytes, Not specified AD, CBD, (p81),(p82),(p83),(p84)
astrocytic plaques, off- PSP, PiD
target activities
["®FIFlortaucipir (i.e., ['®FIAV-  PHFs, off-target activities It binds within the C-shaped cavity of tau AD, CBD, (p84),(p87)
1451, ["8F]-T807, Tauvid) filaments of PHFs and SFs, inducing PSP
conformational changes®”(P&®
['®F1T-808 PHFs, off-target activities ~ Not specified AD (p88)
[''CIRO-643 (i.e., [''CIRO- NFTs Not specified AD (p89)
6924963)
['®FI/PHIRO-948 (ie, ['F1/  NFTs Not specified AD, PSP®% (p89),(p91)
[®H]-RO-6958948)
['"CIRO-963 (i.e., [''CIRO- NFTs Not specified AD (p89)
6931643)
["®FIFlorzolotau (i.e., ['®FIPM-  PHFs and SFs It binds within the C-shaped cavity of tau AD, CBD, (p93)
PBB3, ['®F]APN-1607) (preferentially SFs) filaments of PHFs and SFs, inducing PSP, PiD
conformational changes™®?
["®FIGTP-1 PHFs It binds within the C-shaped cavity of tau AD (p95),(p96)
filaments of PHFs®??
['8F1JNJ-067 (i.e., ['8F1INJ- NFTs Not specified AD (p97)
64326067-AAA)
["!FINJ-311 NFTs Not specified AD (p98)
["®FISNFT-1 NFTs Not specified AD (p99)
["®F1/CHIMK-6240 PHFs, NFTs It binds within the C-shaped cavity of tau AD, PSP???  (p86),(p91),(p100)
filaments of PHFs
["®F1/HIPI-2620 PHFs Not specified AD, PSP,*%?  (p91),(p101),(p102)
CBD
['®FIS16 NFTs Not specified AD (p103)
['®FICBD-2115/[*HJCBD-2115  Not specified Not specified AD, CBD, (p104)
PSP
THK compounds (("®FITHK- Several types of tau Not specified AD, CBD, (p83),(p84),(p105),(p106),
523, ['8F]THK-5105, ['®F]  aggregates, off-target PSP (p107),(p108),(p109),
THK-5116, ['®FITHK-5117  activities (p110),(p111),(p112)
and ['®F] 1/[*HITHK-5351)
L095 (Pinacyanol) NFTs, NPTs Not specified AD (p113)
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N368-F378). In particular, f1 (N-terminal side) includes the
PHF6 segment (residues V306-K311), which is known to be
involved in the initiation of tau aggregation,?’® packing with
B8 (residues T373-F378). This latter B-strand (residues T373-
F378) is also involved in interactions with B2 (residues V313
and C322). The B3 strand (residues N327-K331) is placed in front
of B7 (residues S356-V363), whereas B4 (residues V337-S341), B5
(residues K343-K347) and B6 (residues R349-1354) are responsi-
ble for the C-shape motif. According to cryo-EM experi-
ments,”®® the interface between the protofilaments of PHFs
extracted from post-mortem brains of AD patients is character-
ized by a series of van der Waals and H-bond interactions occur-
ring between residues K331-Q336.7°" The relevance of these
residues and their interactions has been recently studied through
extensive molecular dynamics simulations.”'® Moreover, very
recently time-resolved cryogenic electron microscopy performed
by Loévestam and colleagues further confirmed experimentally
that the P332-G335 motif, together with P364-367G, plays a
prominent part in the maturation toward C-shaped protofila-
ments of PHFs in AD."°® Besides, SFs are also present in the
brain of individuals with AD. These aggregates, which share a
core with the same eight B-strand organization and a similar C-
shaped protofilament structure of PHFs, are less common in
AD, and present a straighter, less-twisted morphology. In partic-
ular, SFs are composed of two protofilaments placed in an asym-

TABLE 3

metric manner. Such a different configuration allows SFs to form
a different inter-protofilament interface, which is stabilized only
by a series of van der Waals interactions."%®

Under pathological conditions, tau can undergo a series of
genetic and post-translational modifications (PTMs), some of
which can influence the structural diversity of tauopathy
strains.”°” An example in this respect comes from a study
reported in 2020 by Arakhamia et al.,*’” the researchers found
that ubiquitination can influence tau’s inter-protofilament
interfaces. This has a direct effect on the polymorph, which
can be responsible for the structural and morphological differ-
ences in CBD and AD tau filaments. In this respect, several
imaging probes detecting tau aggregates in biological fluids or
directly in living patients have been developed. In particular,
the ones based on PET are the most investigated so far, also
in consideration of the relatively low invasiveness of this tech-
nique. These probes are designed to bind to tau aggregates in
the brain, with the aim of assessing a specific tauopathy in liv-
ing patients. So far, several PET tracers have been developed
(Table 2, Table 3, Figure 3). ['®F|Flortaucipir (i.e., ['®F]AV-
1451, ['®F|T-807) and ['®F]Florzolotau represent the first

tau-specific PET tracers approved by the FDA for clinical
use (p80),(p81),(p82),(p83),(p84),(p85),(p86),(p87),(p88),(p89),(p90),(p91),(p92),(p93),
’

(P94),  (p95),(p96),(p97),(p98),(p99),(p100),(p101),(p102),(p103),(p104),(p105),(p106),

(p107),  (p108),  (p109),(p110),(p111),(p112),(p113),(p114),  (p115),(p116),(p117),

Kd, plasma and physical half-life and main clearance pathway of relevant tau PET probes reported in the literature

Compound ID Ky

Half-life Clearance pathway Refs

Not available
0.57 nM PHF in AD

[''CIPBB3
["®F]Flortaucipir (i.e., ['®FIAV-
1451, ['®F1-T807, Tauvid)

['®F1T-808 Not available
['"CIRO-643 (i.e., [''CIRO- Not available
6924963)

["8F1/*HIRO-948 (i.e., ['®F1/ Not available
[®H]-RO-6958948)

['"CIRO-963 (i.e., [''CIRO-
6931643)

["®F]Florzolotau (i.e., ['FIPM-
PBB3, ['®F]APN-1607)

["®FIGTP-1

["®F1INJ-067 (i.e., ["F1INJ-
64326067-AAA)

['8F1INJ-311

["®FISNFT-1

["8F1/PHIMK-6240

Not available
Not available

Not available
Not available

Not available
Not available
0.16 nM for NFTs in vitro (PHIMK-6240)

["®F1/[>HIPI-2620 Not available

['®F1s-16 Not available

[*HICBD-2115: 6.9 nM for 4R-tau
aggregates (transgenic mouse tissue),
4.9 nM PSP-specific 4R-tau deposits
(human brain tissue homogenates)

['®F1CBD-2115/[*HICBD-2115

THK compounds (['®FITHK-
523, ['8FITHK-5105, ['®F]
THK-5116, ['®FITHK-5117
and ['®F] 1/[*HITHK-5351)

L095 (Pinacyanol)

['8F]THK-523: 87 nM
["®F]THK-5105: 2.6 nM
["®FITHK-5117: 5 nM (AD NFTs in vitro)

Not available

Not available
Renal (kidney excretion)

Physical: 20.4 min
Plasma: 17.0 £ 4.2 min

(p114)
(p115),(p116)

Physical: 109.8 min Hepatobiliary system (p117)
Physical: 20.4 min Brain (p89),(p118)
Physical: 109.8 min Not available (p119)
(["®FIRO-948)

Physical: 20.4 min Not available (p118)
Physical: 109.8 min Renal (kidney excretion) (p120)
Plasma: 164 + 5.4 h

Physical: 109.8 min Not available -
Physical: 109.8 min Not available -
Physical: 109.8 min Not available -
Physical: 109.8 min Not available -
Physical: 109.8 min Not available (p86)
(["®*FIMK-6240)

Physical: 109.8 min Not available -
(["®FIMK-6240)

Physical: 109.8 min Not available —
(["®FIMK-6240)

Physical: 109.8 min Not available (p104)
(["®FICBD-2115)

Physical: 109.8 min Not available (p121)

([18F]compounds)

Not available Not available —

6 www.drugdiscoverytoday.com
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FIGURE 3

Chemical structures of the main tau PET probes reported in literature, the compounds are described in Table 2 and Table 3.

(P118),(p119), (P120),(P121) and the first PET probes to be co-solved in
complex with PHFs and SFs, respectively, in cryo-EM experi-
ments (i.e., PDB code: 7NRQ).?%%

['®F|Flortaucipir is one of the first-generation PET tracers stud-
ied for detecting tau aggregates, which binds 3R- and 4R-tau in
AD, and to a lesser extent in PSP and CBD aggregates as shown
in vitro and in vivo.”'** The favorable toxicity profile of ['*F]Flor-
taucipir, combined with its (i) ability to cross the blood-brain
barrier; (ii) ability to detect NFTs in good correlation with NFT
Braak staging and tau pathology at autopsy*'>* and (iii) selectiv-
ity toward aggregates of tau compared with those from other
neurodegenerative-related proteins, made this compound a
prime player in several research studies and clinical settings.****
However, according to several studies, ['®F]Flortaucipir also
showed off-target interactions. In particular, it displayed binding
to neuromelanin- and melanin-containing cells and was demon-
strated to accumulate in the basal ganglia, choroid plexus and
midbrain regions, which are not generally susceptible to the
accumulation of tau aggregates.P'#*"*12% Whereas in vitro stud-
ies have shown that [ISF]Flortaucipir can bind to monoamine
oxidase A (MAO-A), studies conducted on ex vivo samples have
not highlighted significant binding to this enzyme."”'*” To elu-
cidate the mechanism of interaction of this compound and
others (e.g., [*®F]Florzolotau, GTP-1 and MK-6240) with tau
aggregates, thus improving its binding and selectivity properties
for tau aggregates in different tauopathies, in silico and in vitro
studies have been performed.P!?®(P129).(P130),(p131)

Although no X-Ray or cryo-EM structure of AD-relevant PHFs
in complex with [*®F|Flortaucipir have been solved, indications
related to a putative binding mode for this compound have been

identified, *°" which corresponded to those of GTP-1 and MK-
6240 (Figure 4),P8%P86.(132) The binding mode of GTP-1 (PDB
code: 8FUG) and MK-6240 (PDB code: 8UQ7) to AD PHFs has
been elucidated by means of cryo-EM experiments (Figure 4).%?
Interestingly, these two probes shared the same region of interac-
tion of ['®F]Florzolotau. According to cryo-EM studies, MK-6240
and GTP-1 bind to the C-shape of AD PHFs in a flat stacking fash-
ion, interacting with residues Q351, K353 and 1360. Interest-
ingly, cryo-EM experiments of a chronic traumatic
encephalopathy-driven structure resembling the AD PHFs
showed that ['®F]Flortaucipir binds to the same C-shape site
(i.e., PDB code: 8BYN)."°Y To some extent, this is in line with
results reported by Bohérquez and colleagues,?'*? by Malarte
et al.P®*> and Hostetler et al.,**® which highlighted competitive
binding of Flortaucipir and GTP-1 through radiographic in vitro
competition assays, and of Flortaucipir compared to [*H]MK-
6240 through radioligand competition binding experiments on
temporal cortex homogenates from cognitively normal and AD
human brain donors, respectively. Although these compounds
bind to the same site of tau PHFs, they showed different imaging
results in vivo. For example, ['3F]Flortaucipir shows increased
accumulations in the medial temporal lobe, neocortical regions
and in other areas known to be involved in AD tau pathol-
ogy,P'*¥ as well as to correlate with Braak staging.'?*- (139
However, PET imaging assays revealed accumulation of this com-
pound in the basal ganglia, choroid plexus and substantia nigra
owing to interaction with MO-A and other proteins.?!26®135).¢
P136) This compound also binds PSP and CBD tau aggregates
in vitro.*'?* Notably, GPT-1 shows high affinity for aggregated
tay;?°? this compound has low affinity toward other
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Binding sites of MK-6240 (light blue trapezium), GTP-1 (green triangle) and EGCG (light grey pentagon) in the structure of the PHF dimer (PDB ID: 503L).7%?
For each ligand, close-up views in the respective binding regions are also reported. The cryptic pockets identified by Rastelli et al. are marked by the dark
orange circles.®" (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

aggregation-prone proteins and accumulates more selectively in
regions interested in tau inclusions in AD, while there is low-
to-no accumulation in bone.”'** However, these findings need
to be validated in larger patient cohorts. MK-6240 was shown
to accumulate into bone and meninges, besides AD relevant
regions such as the medial temporal lobe”'*” and neocor-
tex.?'*” One of the main factors causing this accumulation
could be due to defluorination, which is a common characteristic
of ['®F] probes.5®

Although binding to a broader range of tau isoforms (3R and
4R tau), '3® ['8F|Florzolotau was demonstrated to help detecting
tau accumulation in disease-specific regions, and allowed Tagai
and co-workers to establish an optimal method for defining ref-
erence tissues on PET images of AD and non-AD tauopathy
brains, from 40 age-matched healthy controls and 23 with AD,
40 with PSP and five other tau-positive FTLD patients.”’® This
evidence suggests that further studies are needed to elucidate
selectivity determinants among the various tau polymorphs.
Recently, additional sites of interaction have been elucidated in
tau PHF cryo-EM structures. One example comes from the struc-
ture of tau PHFs binding to EGCG, recently reported by Seidler
et al. (Figure 4).?13% In this structure, EGCG binds to a different
region of tau PHFs, in a site lined by the junction of two tau
protofilaments. In this cleft, EGCG binds with diagonal stacking
fashion, making polar contacts and H-bonds with N327, H329,
E338 and K340, and adopting a planar conformation stabilized

by a series of intramolecular n-n interactions (Figure 4).P'3?
Cryo-EM experiments demonstrated that compounds binding
to tau such as MK-6240, GTP-1 and EGCG perform peculiar
ligand-PHF interactions (Figure 4),'*” suggesting structural
insights on the binding mode that might be exploited for the
design of novel tau ligands.”?? These findings also fueled the
research toward the application of in silico structure-based
approaches to design novel tau PHF binding compounds.?'*"
These in silico investigations”'® highlighted PHF cryptic sites,
which might be exploited for the design of novel tracers. Indeed,
future efforts will help to better assess the relevance of these
experimentally derived binding modes and in silico data for the
design of more-selective tau PET tracers. P4 142

Pick’s disease

Falcon et al. showed that PiD core filaments consist of residues
K254-F378 of 3R-tau, which are folded differently to AD PHFs
and SFs."* This suggests the existence of polymorphs in differ-
ent tauopathies. The two main populations consist of narrow
and wide filaments (NPFs and WPFs, respectively), with the first
type accounting for 93% of the overall filament population. One
of the main structural differences relies on the filament width,
which varies from 50 A (NPFs) to 300 A (WDFs). Notably, NPFs
are composed of a single protofilament markedly different from
the C-shaped protofilament of AD filaments.”*”) The NPF core
is composed of nine B-strands (B1-9) arranged into four cross-f
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FIGURE 5

In PiD NFs, the interaction surfaces S7 and S8 (both provided by the B-strand $7) bind with different affinity to various PET imaging probes. (a) The structure
of the probes binding with the highest affinity to S7 are depicted. (b) The structure of the two tracers mainly involved in S8 interaction are provided. Residue
R349, common to surfaces 57 and S8, is depicted in yellow. RCSB PDB file: 6GX5.7* (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

packing stacks. The MBR segment R1 provides the strands f1 and
B2, whereas R3 is responsible for $3-5 and R4 for f6-8. The final
strand, (39, is made of nine amino acids after R4 and packs against
the opposite side of B8. Notably, WPFs are formed by two sepa-
rate protofilaments making tight contacts at their distal tips
through van der Waals interactions. Unlike AD PHFs and SFs,
PiD filaments are not phosphorylated at S262 and/or $356. This
suggests that different folds are responsible for tauopathies with
4R-tau filaments, like PSP. These data raised the question as to
whether different tau filament structures can be distinguished
by molecular probes, some of which were developed for in vivo
PET imaging.*'*® Lately, several tau tracers: [''C]PBB3, [!3F|Floz-
zolotau, ['®F]Flortaucipir, ['®F|THK-5351, [!®F]MK-6240, ['F]RO-
6958948, ['®F]GTP-1 and ['®F]PI-2620, were developed for
human imaging, with different pharmacokinetics profiles and
Selectivity.(pZI),(pSl),(])91),(])93),(])135),(])143),(])144),(1)145)

As depicted from Falcon et al., PiD filaments fold in a J-shaped
structure, instead of the C shape seen in patients with AD."*?
Mishra et al. conducted modeling studies that identified the
inner cavity C1 formed between P312-V313-D314 and P332-
G333-G334 as the hottest spot for PET probes binding.®'*?
Notably, rescoring energies predict ['*C]PBB3 to be the most
potent binder for the interaction surface S7, which is part of
the strand B7 provided by tau MBR R4 according to Falcon
et al. (Figure 2).P*?®143) These studies, which did not take into
account protein flexibility and solvent effects, were validated
by molecular dynamics simulations. In particular, MM/GBSA-
binding free energy calculations predicted the interaction surface
S7 as the most potent for Flortaucipir and ['®F]THK-5351, and S8

for ['*C]PBB3 and ['®F]Florzolotau (Figure 5). These studies sug-
gest that ['*C|PBB3, previously used to visualize tau deposition
in AD and PiD, shows binding to multiple surface sites, with S7
and S8 having the strongest binding free energy values
(—27.6 kcal/mol and —27.9 kcal/mol, respectively). Surprisingly,
the fluorinated derivative ['®F]Florzolotau shows a high affinity
for S8 compared to PBB3. Thus, ['3C]PBB3 and ['®F|Florzolotau
were confirmed to be potent traces for PiD, as suggested from pre-
vious preclinical and clinical data. Whereas [**C]PBB3 shows a
good binding affinity for tau deposits in AD and PiD, [*®F]Flor-
zolotau seems to be more selective for PiD. This is consistent with
its unique binding feature, because it interacts tightly with the
surface S8, one of the two characteristic surfaces together with
S7 of PiD.P'*¥ As shown in other studies, ['®F]Florzolotau is also
used for PET imaging of other models of tauopathies, in particu-
lar in frontotemporal dementia (FTD)-related diseases.!*¢" 147
Although this tracer can be a good starting point for the obtain-
ment of PiD tracers, more efforts are required from researchers to
develop selective, potent imaging probes to discriminate among
different tauopathies.

Progressive supranuclear palsy

Tau filaments in PSP are made of a single protofilament with an
ordered core spanning residues 272-381, corresponding to the
last residue of R1, the repeats R2-R4, and a part of the C-
terminal domain.®" Although they share the same core residues
of tauopathies, similarly to CBD, they adopt a different and pecu-
liar folding. In particular, R2, R3 and R4 form a three-layer struc-
ture with turns located at the conserved PGGG motifs at the end
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FIGURE 6

The chemical structures of the main probes proposed for PSP detection are shown.

of each repeat (residues 301-304 for R2, 332-335 for R3, 334-337
for R4).?Y Shi et al. showed that the central layer is formed by
R3, with R2 packed against this repeat. Of note, the R2-R3 inter-
face contains two cavities. The one between N279 and G323 is
surrounded by hydrophobic side chains, whereas the other next
to the salt bridge is likely to be a solvent molecule.”” At the R3-
R4 interface, there is a cavity between the positively charged
K317, K321 and K340 allocating anionic molecules. The rest of
the R3-R4 interface involves hydrophobic interactions and a salt
bridge between K311 and D348.%" These filaments are found in
NFTs, a common feature in tauopathies like PSP, AD, PiD and
CBD. However, these inclusions are distinct between AD and
PSP, because they differ in the localization and type of tau iso-
forms.’®* In PSP, tau inclusions are also present in tuft-shaped
astrocytes (TAs), which are not found in AD and represent
another histopathological hallmark of this pathology.?**
Other differences among tau pathologies are based on the pro-
tein post-translational modifications. Ebashi et al. reported that
N279 of 4R-tau is deamidated to aspartic acid in AD post-
mortem brains, whereas this phenomenon is not present in
PSP.P%* In particular, this post-translational modification is
not enzyme-mediated. Indeed, imaging or immune-responsive
probes that can detect PSP-specific post-translational changes
might provide a valuable strategy to discriminate PSP-type
lesions from other tauopathy lesions in the brain or within a sin-
gle neuron at the molecular level (Figure 6). Recently, Brendel
et al. showed that the PET probe [*®F]THK-5351 had an enhanced
in vivo uptake in the midbrain, thus discriminating PSP patients
from age-matched controls.”'*> Notably, in the PSP-diagnosed
group, the mean ['®F|THK-5351 PET signal was significantly ele-
vated in the midbrain, bilateral globus pallidus, bilateral frontal
cortex and medulla oblongata.”'*> This peculiar distribution
matched the tau inclusions localization found in the post-
mortem histological samples.”'*> These data demonstrate that
the probe ['®F]THK-5351 was able to discriminate PSP patients
from controls even at earlier disease stages. However, these find-
ings need to be validated in a larger patient cohort. Also, further
experiments need to address which fraction of [*®F]THK-5351

binds selectively to patient tau deposits and which one is related
to MAO-B binding, a potential off-target of PET probes. Indeed,
MAO-B is widely distributed in the brain, being particularly pre-
sent in astrocytes. Therefore, this off-target binding could worsen
the quality of tau inclusion detection. Even if promising, it has
been confirmed that [\®FJTHK-5351 is not suitable as a PET tracer
for evaluating tau accumulation in PSP at present.''?> Another
interesting ligand in this field is ['®F]Flortaucipir, which proved
to distinguish PSP from PD and AD patients in vivo.”'*> How-
ever, the selectivity of this tracer toward tau PSP inclusions is
ambiguous, because ex vivo PSP autoradiography studies showed
no binding of ['®F]Flortaucipir to these aggregates.”’” Indeed,
more studies need to be carried out to characterize the binding
specificity of this probe. In particular, age-matched controls have
to be included to validate the selectivity of ['®F|Flortaucipir
toward tau inclusions in PSP patient brains.

[8F]PI-2620, [PH]MK-6240, [*H]PI-2620 and [*H]JRO-948 also
emerged as interesting PET probes for tauopathy imaging, in par-
ticular for PSP."? ['8F]PI-2620 was shown to recognize tau
inclusions in AD, CBD and PSP brains, compared with age-
matched controls. Interestingly, the binding pattern observed
in PSP and CBD was different than the one seen in AD."”? By
contrast, no in vitro binding of [*H]MK-6240, [*H]JPI-2620 and
[PHJRO-948 could be observed using autoradiography in the
PSP frontal cortex. However, the probe [*H|PI-2620 was able to
bind tau deposits with high affinity in the CBD brain, probably
because of two binding sites present on the target surfaces.””
In this regard, it is also worth mentioning that [''C]PBB3 and
[*®F]Florzolotau are able to bind to tau lesions in PSP, in clinical
and in post-mortem brains, according to an unbiased, automated
diagnostic method.”'*®)

Corticobasal degeneration

Similarly to PSP, CBD tau filaments are composed of a common
protofilament whose core spans residues K274-E380 and folds in
11 B-sheets.”> These secondary structure elements are con-
nected by turns and arcs to form a four-layered structure. In par-
ticular, the central layers are formed by B7, 4, B3 and B10,
whereas B2, 5 and p6 form a three-layered structure on the other
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side. A hydrophobic cavity is formed by residues from B2, B3,
f10, B11 and the connections between B1 and B2. Interestingly,
the other interfaces constituting CBD tau filaments have mixed
compositions of polar and hydrophobic groups.”>® The struc-
tural similarity to PSP filaments has made the selective identifica-
tion of these two tauopathies particularly challenging. Of note,
both are 4R tauopathies, thus sharing the same tau isoforms. Fur-
thermore, tau isoform 4R is also present in AD inclusions, thus
blurring the distinction of these neurodegenerative disorders.
Notwithstanding, the different folding, post-translational modi-
fications and local dissimilarities in the filament core have been
exploited to selectively recognize these pathologies. In this field,
imaging probes that can detect characteristic features could rep-
resent an interesting solution (Figure 7).

For example, PET studies with ['®F]PI-6240, ['8F]MK-6240 and
['®F]Florzolotau have been reported in the literature for the
molecular imaging of AD, PSP and CBD patients. Data showed
that ["®F]JMK-6240 had no significant binding in PSP and CBD
cases, thus it was able to discriminate AD from other tauopathies
through selective binding to AD tau inclusions.”'? In this field,
Zhou et al. showed by computational simulations that different
tau tracers demonstrated preferences for distinct binding sites
on the same CBD tau filament.?'?? [®F|]PI-2620 showed the
strongest binding affinity to CBD-tau at the concave site s12 —
a hydrophobic pocket between strands B2 and BS (Figure 8).
Interestingly, this site was not favorable for the binding of ['®F|
CBD-2115, another tracer developed to selectively distinguish
4R tauopathies. The latter compound demonstrated a stronger
binding affinity to the entry site el (between K281 of 1 and
L376 of B11) and the core site c1 (hydrophobic region composed
of V306, V339 and L344, between B4 and B7), as shown in Fig-
ure 8. This peculiar entry side el was also targeted with high
affinity by the tracer ['®F]Florzolotau and ['®F]PI-6240 (Figure 8).
In particular, the PET probe ['®F]PI-6240 forms stable interaction

with residues N279 and K281 of the above-mentioned interact-
ing site. Above all, ['®f]MK-6240 showed the lowest affinity for
CBD filaments. Although some PET tracers displayed a good
affinity and selectivity for CBD inclusions, none of them was
able to discriminate with high accuracy between the different
tau pathologies.

Of note, CBD-2115, which was experimentally designed to
bind to tau 4R inclusions, presented low in vivo uptake and high
staining of AD samples. Therefore, selectivity remains an issue
that needs to be addressed by the next-generation tracers. In this
regard, recent PET scans and brain biopsies showed that [''C]
PBB3 was able to bind CBD-type tau inclusions in the brains of
living individuals.”'*” At the same time, Flortaucipir was
reported to detect tau depositions in CBD brains in the motor
cortex and adjacent areas in distinction from AD and PSP sub-
jects.P'*? Although these results are promising and move toward
the direction of a potent and selective CBD tracer, the study of
Nakano et al. has some limitations to be addressed. First, the
authors have to validate their data on a larger sample size. Then,
the parameters of healthy-control reference tissue need optimiza-
tion, to ameliorate the robustness of the study results.”'*"

Concluding remarks and future perspectives

This review highlights the recent advances and challenges in
developing imaging probes to selectively detect polymorphic
tau aggregates across major tauopathies, including AD, PiD, PSP
and CBD. The detection of tau polymorphs specific to each
pathology holds great potential for improving diagnostic accu-
racy and early intervention, yet current technologies exhibit lim-
itations in sensitivity, selectivity and clinical
applicability.P°?-(P130.(P15D.(0152) Although different tauopathies
are characterized by distinct tau polymorphs, at present no single
probe offers the precision necessary to unambiguously identify
these polymorphs in a clinical setting. For example, the cryo-
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FIGURE 7

The structures of the imaging probes studied for the detection of CBD are reported.
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In CBD filaments, the interaction surfaces s12, the sites e1 and the cavity c1 are involved in the interaction with various PET imaging probes (PDB file: 6VHA).
(a) The structure of the probes binding with the highest affinity to s12 are depicted. (b) The PET imaging tracers able to bind to the el surface are
represented (the structure of ['®F]PI-6240 is not provided). (c) The probe ['®F]CBD-2115 binds with high affinity to the c1 cavity, embedded between p4 and

B7.

EM work on PiD identified unique J-shaped tau NPFs, which are
markedly different from the C-shaped PHFs and SFs found in
AD. P49 PET tracers such as ['®F]Florzolotau become relevant
in this context, being selective for the specific structural folds of
PiD tau inclusions at binding surfaces S7 and $8.7'*® However,
additional work is required to validate selectivity across larger
patient cohorts and to improve the accuracy of early detection
in clinical settings.

Similarly, PSP and CBD present distinct tau filament folds that
are difficult to distinguish, owing to overlapping tau isoforms
and core regions. However, PSP (characterized by tau filament
core 272-381) lacks post-transcriptional modifications like
N279 deamidation, which is present in AD filaments.?'*?
Although PET tracers such as ['®F]THK-5351 show enhanced
binding in PSP-related brain regions, selectivity remains an issue
because of potential off-target binding, such as interaction with
MAO-B, complicating the tracer’s specificity to PSP tau aggre-
gates.”'*> Moreover, [!®F]Flortaucipir has been shown to detect
tau aggregates in PSP but failed in differentiating PSP lesions
from AD inclusions, highlighting the need for improved probes
with reduced off-target effects and enhanced disease-specific
binding profiles.'**®15* [n CBD, tau filaments share structural
similarities with PSP filaments but exhibit a unique concave
binding pocket at site s12, which could provide a basis for probe
selectivity.?'*? Tracers like ['®F]PI-2620 have demonstrated
binding to tau inclusions in CBD pathology, although their
selectivity across tauopathies remains under evaluation. Notably,

the probes GTP-1 and MK-6240 showed great potential in selec-
tively binding to AD inclusions but results must be confirmed in
larger patient cohorts. Instead, promising probes like [**F]Flor-
taucipir and ['®F]Florzolotau also exhibited affinity for other
tauopathies like CBD and PSP, '3 (P137),(p142)

One straightforward approach to improve compound selectiv-
ity toward disease-specific tau polymorphs features could be
structure-based drug design (SBDD). By utilizing structural
insights from cryo-EM and computational modeling, researchers
can design or optimize probes that specifically target disease-
specific tau conformations. This opportunity is made possible
by the ever-increasing resolution of cryo-EM structures of
tau.®*? By focusing on unique binding sites, such as the S7
and S8 surfaces in PiD®'*® or the hydrophobic site s12 in
CBD,”'?”) new probes can be designed that selectively interact
with tau polymorphs specific to each disease.

Owing to advanced organic chemistry techniques, the core of
the probes that bind to these interaction surfaces could be joined
together to create additional anchoring points. This would ide-
ally lead to compounds bearing a stronger binding affinity and
increased selectivity for specific surfaces or cavities found on
tau polymorphs. This approach can also involve designing mole-
cules based on post-translational modifications, such as deamida-
tion patterns unique to AD tau inclusions, as potential selective
binding sites.”®* SBDD was successfully applied for the identifi-
cation of tau aggregation inhibitors, like the antibody
PNT001P1%°(P159) and the small molecules Anle138b®!°7:(P158)
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and PHOX15.%"" More importantly, SBDD exploitation led to
the probe [18F]F10rtaucipir (designed on AD PHFs), one of the
gold standards for tau PET imaging, which unfortunately bears
off-target binding to other tauopathies.?”"*15? Again, the com-
bination of molecular dynamics simulations and fragment-based
design for tau-specific binding pockets was crucial for the discov-
ery of MK-6240 and THK-5351.%21: (90,145,169 The combina-
tion of experimental (cryo-EM) and computational (molecular
dynamics and docking) investigations performed on different
tau polymorphs could shed additional light on how to turn
tau-binding scaffolds into selective compounds.

Another useful approach to increase selectivity is to design ad
hoc chemical modifications to already known probes. Selectivity
can be tuned by modifying core structures or functional groups
to enhance affinity for unique tau polymorphs. For example, flu-
orinated derivatives like ['®F]Florzolotau show increased selectiv-
ity for PiD tau inclusions over other tauopathies, ?'** a principle
that could be applied to other classes of probes. In this context,
SAR and structure-selectivity relationships (SSR) could be extre-
mely useful. Such relationships could be built by leveraging the
large amounts of data reported in databases as ChEMBL,"'®"
Protein Data Bank (PDB),"'°® BindingDB,*'®®" and Molecular
Imaging and Contrast Agent Database (MICAD).?'®® These
SAR and SSR would greatly help to understand which modifica-
tions might increase binding and selectivity.

Finally, probes that can advance to clinical applications must
demonstrate low toxicity and suitable pharmacokinetics. There-
fore, efforts should continue to optimize metabolic stability, sol-
ubility and brain penetration, particularly for PET tracers. Novel
chemotypes, such as those based on thiophene-n systems, could
offer safer, more-effective alternatives for in vivo applications,
owing to deep tissue penetration, minimized biological interfer-
ence and low toxicity.””® With a concerted focus on these
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