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Thiophene-Based Ligands: Design, Synthesis and Their
Utilization for Optical Assignment of Polymorphic-Disease-
Associated Protein Aggregates

Linnea Bjork,” Therése Klingstedt,” and K. Peter R. Nilsson*®

The development of ligands for detecting protein aggregates is
of great interest, as these aggregated proteinaceous species are
the pathological hallmarks of several devastating diseases,
including Alzheimer's disease. In this regard, thiophene-based
ligands have emerged as powerful tools for fluorescent assess-
ment of these pathological entities. The intrinsic conformation-
ally sensitive photophysical properties of poly- and oligothio-
phenes have allowed optical assignment of disease-associated
protein aggregates in tissue sections, as well as real-time in vivo
imaging of protein deposits. Herein, we recount the chemical

1. Introduction

Ligands targeting distinct pathological hallmarks are essential
for detecting specific biomolecular entities and studying
molecular events occurring during the pathogenesis of individ-
ual diseases, as well as for clinical diagnostics of distinct
disorders. A pathological hallmark that is involved in the
pathogenesis of several devastating diseases, including neuro-
degenerative diseases (NDs) such as Alzheimer's disease (AD)
and Parkinson'’s disease (PD), as well as systemic amyloidosis, is
aggregated proteins, so called amyloids." These protein
aggregates originate from different precursor proteins, but one
thing they have in common is that they are rich in (3-sheet
structure and that these [-sheets arrange structurally in a
repetitive pattern called the cross- motif (Figure 1A).%% As the
aggregation process starts many years before the onset of
clinical symptoms, especially in NDs,”'" the development of
ligands selectively detecting these disease-associated protein
aggregates is essential from a clinical perspective. A selection of
ligands targeting the repetitive cross-3 structure (Figure 1B) has
been presented and these ligands can be used to detect protein
aggregates in general."”>" However, even though all amyloids
share this structural arrangement, a structural polymorphism
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evolution of different generations of thiophene-based ligands,
and exemplify their use for the optical distinction of polymor-
phic protein aggregates. Furthermore, the chemical determi-
nants for achieving a superior fluorescent thiophene-based
ligand, as well as the next generation of thiophene-based
ligands targeting distinct aggregated species are described.
Finally, the directions for future research into the chemical
design of thiophene-based ligands that can aid in resolving the
scientific challenges around protein aggregation diseases are
discussed.

has been observed for
aggregates.">™

The histopathological hallmarks of AD are extracellular
plaques composed of the amyloid- (AP) peptide and intra-
cellular neurofibrillary tangles (NFTs) made of hyperphosphory-
lated tau. Despite these common histological features, the
clinical and pathological phenotype of AD exhibit conspicuous
variability among and within patients.”*?* These heterogene-
ous phenotypes have been anticipated to occur due to the
existence of distinct morphotypes of AP and tau
aggregates.”* The prion protein is a classic example of how
an identical protein primary sequence can misfold into distinct
aggregate morphotypes, so called prion strains, giving rise to
specific neuropathological and clinical abnormalities.” A
similar polymorphism has also been suggested for Af, since
variations in AP} aggregate morphology can be seen in trans-
genic mouse models with AB pathology and in AD patients.”*3
Furthermore, seeding experiments in vitro and in mice have
shown that the structure of the initial donor seed is self-
propagated to the newly formed fibrils,***¢ and when using AP
aggregates extracted from AD patients with distinct disease
phenotype for seeding, fibrils with different structures were also
obtained.®’=? Recently, cryogenic electron microscopy (cryo-
EM) studies of AP fibrils prepared by seeded growth™” or fibrils
isolated from human brain tissue™'*? have confirmed the
existence of distinct AP aggregate morphotypes (Figure 1C).
The structural properties of pathological tau filamentous
inclusions have also been examined and such accumulations of
tau are not only present in AD, but in a range of NDs referred to
as tauopathies.”¥ More than 20 years ago, transmission electron
microscopy (TEM) studies showed that tau filaments isolated
from the brains of different tauopathy cases exhibited a
morphological variation.*” More recently, the cryo-EM techni-
que has enabled determination of high-resolution structures of

many disease-associated protein
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Figure 1. Polymorphic disease-associated protein aggregates. A) Schematic drawing of a protein aggregate composed of fibrils having -sheets structurally
arranged in a repetitive pattern called the cross-f motif; these aggregates can be visualized by using fluorescent ligands that bind to the cross-f sheet
structure. The cross 3-sheet structure is common to all protein aggregates and in each sheet, the f3-strands are aligned perpendicular to the long axis of the
amyloid fibril. The drawing was created with BioRender.com. B) HADDOCK model (Protein Data Bank (PDB) ID: 2LBU) of Congo Red docked to HET-s (218-
289)E265 K based on NMR-derived distance restraints. One of the key residues, K229, interacting with anionic side-chain groups of the ligand, is marked in
blue. C) The fold of the secondary structure elements in Af filaments extracted from the brain (A42 type | and type II) or meninges (AB40) of patients with
AD. The schematics were prepared by using PDB ID: 7Q4B (Ap42 type 1), 7Q4M (AP42 type Il) or 6SHS (AP40). D) The fold of the secondary structure elements
in the core of tau filaments purified from the brain of individual with AD, PSP or PiD. The schematics were prepared by using PDB ID: 503L (AD), 7P65 (PSP) or

6GX5 (PiD).

filamentous tau. The results have confirmed that the structures
of tau filaments isolated from different tauopathy brain tissue
samples, such as AD, progressive supranuclear palsy (PSP) and
Pick's disease (PiD), are distinct, and that a classification of
tauopathies based on tau filament structure can be achieved
(Figure 1D).*** Moreover, tau filaments assembled in vitro are
structurally different compared to those derived from human
brain tissue.®” A structural difference between brain-derived
filaments and those formed in vitro has also been reported for
AI3_[41,42]

In PD, the main constituent of the pathological deposits is
the protein a-synuclein (a-syn), which forms neuronal accumu-
lations termed Lewy bodies (LBs) and Lewy neurites (LNs).*"
Assemblies of a-syn are also present in the brain of patients
with dementia with Lewy bodies (DLB) or multiple system
atrophy (MSA). In the latter, the protein mainly accumulates in
the oligodendrocytes forming glial cytoplasmic inclusions
(GCls).5>>% When studied using TEM, the morphologies of a-syn
filaments extracted from the brains of MSA patients have shown
to be different from those derived from patients with PD or
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DLB.F****% The cryo-EM technique was recently applied on a-
syn filaments isolated from the brains of patients with PD, DLB
or MSA. In PD and DLB, the a-syn filaments were structurally
identical,”” whereas in MSA, two structurally different types of
filaments were present.*® Hence, similar to the observations for
AP and tau aggregates, a structural polymorphism of a-syn
assemblies has been shown.

Evidently, protein aggregates associated with NDs display a
structural diversity and these proteins are also susceptible to a
wide range of post-translational modifications. For example,
serine and threonine residues can be phosphorylated and
glycosylated, whereas lysine resides are subjected to acetyla-
tion, methylation and ubiquitylation, and such modifications
are rather evident for tau.’>®” Moreover, different versions of
the AP peptide, such as A 1-40 and AP 1-42, can be found in
vascular and parenchymal AP deposits, respectively.®'*® Such
biochemical modifications can most likely also render structural
variations of the proteinaceous aggregated species, as well as
altering the binding mode of ligands targeting these patho-
logical entities. Protein aggregates can also contain additional
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molecules, such as heparan sulphate proteoglycan (HSPG) and
serum amyloid P-component (SAP),"" that might have an impact
on the assembly of the deposits, as well as influence the
binding mode of ligands. These so called “amyloid signature
proteins” are common in amyloid deposits in systemic
amyloidosis'™ and recently, cryo-EM studies have also revealed a
structural polymorphism for protein aggregates associated with
systemic amyloidosis.®7® Thus, polymorphic protein aggre-
gates seems to be a common feature for several diseases and
fluorescent ligands that can reveal and distinguish polymorphic
protein aggregates would be essential for understanding the
role of distinct aggregate morphotypes during the patho-
genesis of specific diseases, as well as for accurate clinical
diagnostics of individual disorders. In this regard, thiophene-
based ligands have evolved as a class of fluorescent tools that
can be utilized for optical assignment of disease-associated
aggregates. In the next sections, we will give a brief history of
the most conventional ligands that have been used for
detection of protein aggregates, as well as exemplify the
design, synthesis and use of thiophene-based ligands for optical
assignment of polymorphic disease-associated protein aggre-
gates.

2. Ligands for the Detection of Protein
Aggregates: A Brief History

From a historical perspective, Congo red (CR), Thioflavin T (ThT)
and derivatives thereof have been used as conventional ligands
for the detection of protein aggregates having a typical
repetitive pattern of cross-p structure. CR, an azo dye (Fig-
ure 2A), was discovered by accident in 1922 by Bennhold and is
as of today the golden standard for amyloid detection.”” In
fact, one property required for the definition of amyloid is the
green birefringence exhibited under polarized light from CR
when bound to amyloid deposits.!" Lately, it was shown that CR
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Figure 2. Different generations of Congo Red and Thioflavin T derivatives.

A) Chemical structures of Congo Red (CR), Chrysamine G, X-34 and Methoxy-
X-04. B) Chemical structures of ThT, Pittsburgh Compound B (PiB),
Flutemetamol and AZD4694.
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interacts with regularly spaced cationic lysine residues situated
in well-accessible grooves along the protein aggregates (Fig-
ure 1B),”? and several other derivatives, such as Chrysamine
G, X-34" and Methoxy-X-04,"' of CR have been developed
with the aim of improving the ligands’ performance for
identifying protein aggregates in vitro or in vivo (Figure 2A). For
instance, X-34 is a highly fluorescent ligand that shows affinity
for both AB and tau aggregates in histological applications.”*’®
In addition, Methoxy-X-04 has been useful for invivo two-
photon imaging of protein aggregates in transgenic mouse
models.”>”77® However, despite several chemical modifications,
CR derivatives have not shown the optimal properties for being
used as efficient tracers for clinical imaging of protein
aggregates with positron emission tomography (PET).”

In a similar fashion as CR, a variety of thioflavins have been
used as ligands for protein aggregates. ThT (Figure 2B) was
presented as a fluorescent ligand for amyloid detection in 1959
and has since then primarily been used for characterization of
protein fibril formation in vitro.®'® Due to limited success of
CR derivates as PET tracers for AP aggregates, the structure of
ThT has also been optimized to achieve ligands for clinical
diagnostics of AD.E” The first example of a ligand that can be
used for PET imaging of AP deposits in AD patients was
Pittsburgh Compound-B (PiB),®" a neutral lipophilic derivative
of ThT, and slightly modified fluorinated versions of PiB,
denoted Flutemetamol®®" and AZD4694,%® have also been
presented (Figure 2B). Overall, the chemical evolution of
derivatives of CR and ThT has successfully generated ligands
that can be used to image protein aggregates in diverse
settings. Still, to assign and distinguish a variety of polymorphic
shape-shifting protein aggregates, an arsenal of ligands is most
likely required. In this regard, several molecular scaffolds have
been presented as useful tools for detection of protein
aggregates.">3%% For some of these ligands, fluorescent
assignment of different types of protein aggregates could be
afforded due to the stabilization of the ground versus excited
states of these ligands as a function of the polarity of their
microenvironment.®¥? Furthermore, a variety of near infrared
emissive ligands optimized for optical in vivo imaging of protein
aggregates has also been presented.”*'® However, the focus
of this review will be thiophene-based ligands, mainly lumines-
cent conjugated oligo- and polythiophenes, that can be used
for optical assignment of disease-associated protein aggregates.

3. Luminescent Conjugated Poly- and
Oligothiophenes (LCPs and LCOs)

3.1. LCPs

Luminescent conjugated polythiophenes (LCPs) consist of
several thiophene units with different side-chain functionalities
along the conjugated thiophene backbone (Figure 3A). Due to
their excellent photophysical properties, LCPs have been used
as optical biosensors for a variety of biological processes, such
as ligand-receptor interaction and DNA hybridization."”'"'® The
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Figure 3. Chemical evolution of thiophene-based ligands. General synthetic routes for achieving the A) first and B) second generations of anionic luminescent
conjugated polythiophenes (LCPs), PTAA (A) and t-PTAA (B). C) General synthetic route for achieving chemically defined luminescent conjugated
oligothiophenes (LCOs) such as the anionic pentameric LCO p-FTAA. D) General synthetic route for achieving chemically defined donor-acceptor-donor (D-A-
D)-based LCOs such as HS-169. E) General synthetic route for achieving chemically defined proteophenes with distinct amino acid side-chain functionalities

along the thiophene backbone such as HS-84-V-E.

detection schemes of these sensors are employing the intrinsic
conformation sensitive optical properties of the ligands since a
conformational restriction of the flexible thiophene backbone
will lead to a distinct optical fingerprint from the ligands. In
2003 and 2004,/ Nilsson and co-workers showed that the
spectral signature from zwitterionic and anionic LCPs could be
used for the detection of conformational changes in synthetic
peptides, and in the following year, the first study regarding
LCPs as amyloid ligands was presented.!'® In this proof-of-
concept paper, polythiophene acetic acid (PTAA) was used to
detect amyloid fibril formation in vitro and later it was also
shown that PTAA could be applied for histological staining of
protein aggregates in tissue sections."* In addition, in contrast
to conventional ligands, such as CR and ThT, PTAA has been
used to distinguish different protein deposits due to changes in
emission wavelengths when bound to different aggregated
species.""""? This first generation of LCPs clearly showed
promising qualities as amyloid imaging agents, but PTAA and
other LCPs were afforded from oxidative polymerization of the
respective thiophene monomers rendering a polydisperse
material with a distribution of different thiophene chain
lengths, as well as no regioregularity of the side-chain
functionalities (Figure 3A). Furthermore, staining of protein
aggregates could only be afforded under acidic or slightly
alkaline conditions and some unspecific staining of other
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molecular entities in the tissue sections was also
observed.l'®"%

To achieve slightly more chemically defined ligands, a
second generation of LCPs based on oxidative polymerization
of a trimer building block was generated."*" The trimer
building block was created by a palladium mediated Suzuki-
Miyaura cross-coupling reaction of a mono-halogenated
thiophene unit with a di-borylated thiophene (Figure 3B).
Oxidative polymerization of these trimeric thiophenes rendered
regioselective ligands, such as t-PTAA (Figure 3B), but a slight
variation in chain length, 9 or 12 thiophene units, could still be
observed."*" From a biological perspective, the selectivity
towards protein aggregates, both in solution and in tissue
sections, was improved for the second generation of LCPs
compared to the first generation, and optical separation of
different protein aggregates could also be afforded with this
generation of LCPs.*'""¥ However, to use thiophene-based
ligands under physiological conditions, as well as for live
imaging of protein aggregates in vivo, further chemical im-
provement of this class of ligands was required.

3.2. LCOs

In 2009, Aslund and co-workers presented novel chemically
defined anionic pentameric oligothiophenes that could be used
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for two-photon imaging of protein aggregates in transgenic
mice."™ The design and synthesis were based on the previously
described trimer building block™ but instead of using
oxidative polymerization, a halogenation of the trimer building
block followed by palladium mediated Suzuki-Miyaura cross-
coupling reaction of the trimer to borylated thiophene mono-
mers was used (Figure 3C). These pentameric LCOs showed a
great selectivity towards protein aggregates in tissue sections
under physiological conditions, as well as a specific spectral
signature upon binding to protein aggregates. In addition,
protein aggregates comprised of the same protein could also
be distinguished due to spectral alterations of the ligands, and
after intravenous injection of the ligands in transgenic mice
with aggregated AP pathology, the fluorescence from the
ligands could be observed from protein aggregates in the brain
by two-photon imaging through a cranial window.""™ Thus, the
chemically improved pentameric LCOs showed enhanced
selectivity towards protein aggregates compared to LCPs and
could also be used for invivo imaging. Later, several other
chemically defined tetrameric, pentameric, hexameric and
heptameric LCOs have been presented and these ligands have
been generated by similar synthetic routes using palladium
mediated Suzuki-Miyaura cross-coupling reactions of different
halogenated or borylated thiophene building blocks."'>"'?

Due to their intrinsic fluorescence properties, LCOs offer the
possibility to use a variety of imaging techniques, as well as
different modes of detection, such as full excitation/emission
spectra, and fluorescence decay time.'” Nevertheless, the
fluorescence characteristics of LCOs are to some extent
restricted and thiophene-based ligands with extended photo-
physical properties are vital to design multiplex detection
methodologies involving a combination of ligands or fluoro-
phore-labelled antibodies towards distinct proteins. In this
regard, donor-acceptor-donor (D-A-D)-based LCOs have been
presented (Figure 3D)."**'*! These pentameric and heptameric
D-A-D-based ligands were afforded by replacing the central
thiophene unit with other heterocyclic moieties, such as
benzothiadiazole (BTD) or quinoxaline, and in these ligands, the
di- or tri-thiophene building blocks work as donors, whereas
the BTD or quinoxaline moiety is the acceptor. The D-A-D-
based ligands were assembled in palladium-mediated Suzuki-
Miyaura cross-coupling reactions of different halogenated or
borylated heterocyclic building blocks (Figure 3D). Like the
LCOs, the D-A-D-based LCOs showed selectivity towards
protein aggregates in tissue sections, but the D-A-D ligands
displayed completely different excitation and emission charac-
teristics, as well as different fluorescence decay times compared
to the corresponding LCOs.'*'?% Thus, due to the design of D-
A-D ligands, additional thiophene-based ligands with unique
photophysical properties were afforded.

Recently, the chemical diversity of LCOs was enhanced even
further as Bjork and co-workers presented a novel class of
pentameric LCOs, denoted proteophenes, with specific amino
acid side-chain functionalization along the thiophene backbone
(Figure 3E)."” To generate ligands with homologous or heterol-
ogous amino acid side chain functionalities in the a- or f3-
positions along the pentameric thiophene backbone, a pen-
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tameric oligothiophene functionalized with methyl- and tert-
butyl esters in orthogonal positions was synthesized. The
pentameric proteophenes were achieved by palladium medi-
ated Suzuki-Miyaura cross-coupling reaction of different
thiophene building blocks followed by repetitive deprotecting
reactions under either alkaline or acidic conditions, and
hexafluorophosphate azabenzotriazole tetramethyl uronium
(HATU)-mediated amide coupling reactions using different
amino acids (Figure 3E). In addition, the concept of synthesizing
D-A-D proteophenes with distinct photophysical properties
was also shown.!'?”)

Overall, the chemical evolution of thiophene-based ligands
from polydisperse LCPs to a diversity of chemically defined
LCOs (Figures 3 and 4) has enhanced the toolbox of fluorescent
ligands for optical assignment of disease-associated protein
aggregates and in the next section, we will illustrate how both
LCPs and LCOs have been applied to study these pathological
entities in a variety of disease models as well as in patient
derived tissue sections.

4. LCPs and LCOs for Optical Assignment of
Disease Associated Protein Aggregates

4.1.LCPs

For more than a decade, LCPs and LCOs have been used for
optical assignment of invitro generated amyloid fibrils and
protein aggregates in tissue sections, as well as for real-time
invivo imaging of protein deposits in cells and in animal
models. In general, LCPs and LCOs have shown to identify a
broader subset of protein aggregates than CR and ThT, as well
as distinguish different types of aggregates that appear to be
rather identical by CR, ThT or immuno-histological staining. The
latter is achieved due to the unique conformational induced
intrinsic photophysical properties of LCPs and LCOs, and this
observation was first reported for protein deposits associated
with distinct prion strains."' In brain tissue sections from
transgenic mice inoculated with murine chronic wasting disease
(mCWD) or natural scrapie (mSS), PTAA (Figure 3A) displayed
different emission profiles when bound to the respective
immuno-positive prion deposits (Figure 5). Thus, protein aggre-
gates composed of the same protein could be distinguished
due to alterations of the intrinsic fluorescence properties that
were afforded from PTAA upon interaction with the respective
protein aggregate. A similar variation in the PTAA emission
profile was also obtained when staining prion fibrils that had
been generated invitro under different conditions, thus
suggesting that the difference in PTAA emission was observed
due to structural variations of the protein aggregates."'” In the
same study, it was also shown that PTAA identified prion
aggregates that went undetected by both CR and ThT. Later, it
was also shown that PTAA could be used for the spectral
assignment of many other types of prion aggregates,'*'3¥
different Ap aggregates in brain tissue sections from transgenic
mice with AD pathology,"™ as well as protein deposits in tissue
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Figure 4. Examples of chemically defined LCOs that have been used for optical assignment of protein aggregates. A) Chemical structures of the anionic
tetrameric LCOs, g-FTAA, HS-68 and t-HTAA, the anionic pentameric LCOs, p-HTAA, p-FTAA, and HS-84, as well as the anionic heptameric LCO, h-FTAA.

B) Chemical structure of the D-A-D-based LCOs HS-169, LL-5 and LL-3.

sections from patients with different types of systemic
amyloidosis."'? In the latter study, PTAA was shown to emit
different fluorescence when bound to the three most common
systemic amyloids, AL, AA, and ATTR (Figure 5)." Hence, PTAA
spectroscopy is a sensitive and powerful tool for identifying and
characterizing protein deposits in systemic amyloidosis.

Similar to PTAA, the second generation of LCPs has also
been used for spectral assignment of aggregated A species in
brain tissue sections from transgenic mice with AD
pathology.”""" In the study by Heilbronner and co-workers,?"
the corresponding trimer based analogue to PTAA, t-PTAA
(Figure 3B), was used to distinguish AP aggregates in mice
intracerebrally injected with brain extract from different trans-
genic mouse models with aggregated AP pathology. Distinct
spectral signatures were observed from t-PTAA stained AP
deposits depending on the nature of the injected brain extract.
Furthermore, the spectral signatures from the induced aggre-
gates mimicked the emission profiles obtained from A
aggregates in the respective transgenic mouse model, indicat-
ing that the conformation of aggregated Af in transgenic mice
can be maintained by seeded conversion.®" Thus, the LCP
spectral assignment of AP deposits assisted in revealing an
underlying molecular mechanism for protein aggregation.

4.2.LCOs

4.2.1. Detection of non-thioflavinophilic and non-congophilic
aggregates

The transformation of LCPs to chemically defined LCOs has, in
addition to spectral assignment of protein aggregates, offered

ChemBioChem 2023, 24, €202300044 (6 of 27)

several novel possibilities to detect these pathological entities.
In contrast to LCPs, chemically defined LCOs can be used to
identify non-thioflavinophilic pre-fibrillar aggregates during the
in vitro formation of amyloid like fibrils. This phenomenon was
first reported"'>"* for the pentameric LCO denoted penta-
formyl thiophene acetic acid (p-FTAA; Figure 4A), when using
insulin or lysozyme, and later also for p-FTAA, as well as other
anionic pentameric, hexameric and heptameric LCOs, when
generating recombinant AP 1-42 amyloid like fibrils (Fig-
ure 6A).""" p-FTAA has also been used for efficient imaging of
non-thioflavinophilic protein aggregates in tissue samples from
Drosophila models of human amyloidosis,**"*? as well as for
detection of intracellular protein aggregates, denoted protein
inclusion bodies, in tissue samples from patients with sporadic
inclusion body myositis (s-IBM) or chronic liver disorders (Fig-
ure 6B).'""' These protein inclusion bodies could also be
observed with anionic heptameric LCOs and some of the
ligands also revealed striking spectral differences between
distinct protein inclusion bodies in s-IBM."* In addition, in liver
tissue sections, LCOs were found to specifically bind to a
distinct type of protein inclusion bodies known as Mallory-Denk
bodies (MDBs), whereas a different type of hepatic protein
inclusions, termed intracellular hyaline inclusions (IHBs), were
negative for LCO staining."" Hence, LCOs could be used to
discriminate between different inclusion bodies associated with
different liver diseases. In a recent study, LCOs were also used
to distinguish between intracellular filamentous inclusions of a-
syn in PD and MSA."™ An anionic tetrameric LCO, HS-68
(Figure 4A), revealed different emission profiles when bound to
LBs and LNs in brain tissue sections from PD patients compared
to GCls in MSA (Figure 6C). Moreover, the anionic heptameric
LCO, hepta-formyl thiophene acetic acid (h-FTAA; Figure 4A),
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and ATTR amyloidosis. Panels A, B adapted from ref. [110] with permission. Panels C, D adapted from ref. [112] with permission.

showed a clear difference in the distribution of fluorescence
decay when interacting with the respective inclusion type.!"
Thus, LCO stained filamentous inclusions comprised of the
same protein could be separated by hyperspectral microscopy
or fluorescent lifetime imaging (FLIM).

4.2.2. Fluorescence lifetime imaging

FLIM is an exceedingly sensitive method, as it can monitor
distinct rates of fluorescence decay after excitation and the
decay rates do not depend on the concentration of the
fluorophore.*? Hence, FLIM is a direct approach for evaluating
energy transfer between an excited molecule and its environ-
ment, and this technique has been extremely efficient in optical
assignment of different prion aggregates in brain tissue
sections.'>%) | 2014, Magnusson and co-workers!'?
showed that prion aggregates associated with the previously
reported® mouse adapted prion strains, mCWD and msSS,

ChemBioChem 2023, 24, €202300044 (7 of 27)

could be distinguished by FLIM after being stained with anionic
pentameric or heptameric LCOs. The most efficient separation
of the prion deposits was achieved by h-FTAA (Figure 4A)
staining, which resulted in a complete separation of the
fluorescence decays from the strain-specific deposits (Fig-
ure 7A)."* Differences in the distribution of fluorescence decay
from h-FTAA bound to prion deposits have later been used to
show that polymorphic prion deposits is involved in several
biological processes."*'*! Furthermore, FLIM has also been
used to assign distinct h-FTAA stained aggregated A morpho-
types in transgenic mouse models."* Thus, the alterations of
the fluorescence decays from an LCO bound to protein
aggregates have enabled the possibility of assigning distinct
protein deposits and to pinpoint their potential role in the
pathogenesis of the disease. Lately, the LCO-FLIM methodology
has been evolved further by using combinations of LCOs and
D-A-D-based LCOs."?'*" As D-A-D ligands display completely
different fluorescence decay times compared to pure
thiophene-based LCOs,"*® combinations of ligands can be
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Figure 6. Detection of non-thioflavinophilic and non-congophilic aggregates with LCOs. A) Time plot showing the fibril formation kinetics of AB1-42
monitored by fluorescence from ThT or the LCOs p-HTAA and p-FTAA. The pentameric LCOs detect early non-thioflavinophilic species in the fibril formation
pathway and showed initiation of a growth phase after only 60 min. B) Fluorescence images of consecutive muscle sections from s-IBM patient double-stained
with p-FTAA and p62 antibody (left and middle) or singly stained with Congo Red (right). Scale bars: 20 pm. C) Spectral analysis of HS-68 and pS129 a-syn
antibody-positive inclusions in multiple system atrophy (MSA) and Parkinson's disease (PD). Left: Mean emission spectra of HS-68 binding to pS129 a-syn
positive deposits in three MSA cases and three PD cases. Middle: Plot of the ratio of emission intensity at wavelengths 485 and 573 nm for HS-68 when
binding to inclusions in MSA (red circles) and PD (blue squares) that were also labelled with pS129 a-syn antibody. Right: Merging of the ratio values for all
MSA and PD cases shown in the middle panel. The results are expressed as means + S.D. (n = 3) ****p <0.0001. Panel A reproduced from ref. [117] with
permission from the Royal Society of Chemistry. Panel B reproduced from ref. [140] with permission. Panel C reproduced from ref. [141] with permission
through Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). Copyright: 2019, The Authors.

applied for histological staining of tissue sections. Such a dual
staining protocol, allowing multiplex photophysical detection of
distinct protein aggregates in brain tissue sections with AD
pathology, was afforded when combining two proteophenes,
HS-84-V-E (Figure 3E) and HS-169-V-V, with distinct amino acid
side-chain functionalities along the conjugated thiophene
backbone."”” As the selectivity of the proteophenes towards
AD associated pathological hallmarks was highly dependent on
the chemical nature, as well as on the location of the amino
acid functionality, a differential staining of Af} or tau aggregates
was observed. Characteristic lifetime distributions (600 and
1000 ps) from HS-84-V-E were observed from Af3 cored plaques,
diffuse AP plaques, cerebral amyloid angiopathy (CAA) lesions
and tau pathology, whereas longer decay times, 2000-3000 ps,
associated with HS-169-V-V could only be detected from CAA
lesions (Figure 7B)."?” Thus, due to differential binding modes
of proteophenes with distinct photophysical properties, assign-
ment of different aggregated pathologies in human AD brain
tissue sections could be afforded by FLIM.

ChemBioChem 2023, 24, €202300044 (8 of 27)

4.2.3. Hyperspectral imaging with a single LCO

Similar to LCPs, a variation of chemically defined LCOs has also
been applied for hyperspectral assignment of distinct protein
aggregates in tiSSUe Sections'ﬂ12,115,117,118,121,125,140,141,1487160] ThIS
proof of concept was first shown for the anionic pentameric
LCO p-FTAA (Figure 4A), since this ligand could be utilized to
distinguish protein aggregates associated with prion strains."'
In a similar fashion as the LCP PTAA,® different emission
signatures were afforded from p-FTAA when bound to prion
deposits from two mouse adapted prion strains (Figure 8A).
Furthermore, p-FTAA demonstrated different emission profiles
when bound to AP compared to tau aggregates in brain tissue
sections with AD pathology, whereas PTAA showed similar
spectral profiles from these pathological entities (Figure 8B)."'”
Thus, spectral assignment of the two pathological hallmarks in
AD, assemblies of AP or tau, could only be obtained by the
chemically defined LCO p-FTAA, signifying that novel possibil-
ities for optical assignment of protein aggregates were afforded
with chemically defined ligands. Later on, fluorescence signa-
tures from p-FTAA have also been used to assign distinct
protein deposits in tissue sections from systemic amyloidosis"'?
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and in transgenic mouse models with aggregated AB,'* " q-
syn*¥ or prion pathology.'* Hence, p-FTAA has been used for
spectral assignment of a diversity of protein aggregates in
patient derived tissues, as well as brain tissue sections from
transgenic mouse models for proteopathic NDs.

In addition to p-FTAA, the tetrameric LCO HS-68 (Figure 4A)
has been used for efficient spectral assignment of distinct
protein aggregates in tissue sections. HS-68 was first presented
by Klingstedt and co-workers in 2013,""® and in this study, it
was shown that the ligand could be employed for spectral
assignment of AP and tau deposits in human brain tissue
sections with AD pathology. In a follow up paper, HS-68 also
showed spectral differentiation assigned to age-dependent
polymorphism of A and tau aggregates in transgenic mouse
models (Figure 8C)."*" In young APPPS1 transgenic mice, the
core of the AP plaques showed yellow HS-68 fluorescence,
while red fluorescence was seen from the rim surrounding the
centre of the plaques. In older mice, HS-68 fluorescence was
blue-shifted when bound to both the core and the more diffuse
structure around the plaques which resulted in green-coloured
deposits (Figure 8C)."*" In young P301S tau transgenic mice,
HS-68 showed yellow-red fluorescence from loosely packed tau
assemblies that often appeared granular, whereas tau inclusions
in older mice were of a different type. These assemblies
displayed a more dense and homogenous morphology, and the
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emission of HS-68 was blue-shifted upon binding.”" Hence, the
emission properties of HS-68 when bound to Af or tau deposits
could be linked to a distinct age of the mice. This phenomenon
was more evident for tau, as two different types of aggregates
could be found in young and old P301S tau mice,
respectively.'”" The more dense, homogenous aggregates with
a blue-shifted HS-68 emission spectrum appeared in mice at
four months of age, while the granular-like assemblies with a
more red-shifted HS-68 spectrum were found already in one-
month-old mice. A connection between the dense aggregates
in older mice and neurodegeneration was also suggested as
severe disease symptoms occurred in mice that were five to six
months old."?" As mentioned in a previous section, a similar
spectral variation of HS-68 has also been observed when the
ligand was binding to assemblies of a-syn in PD and MSA."" In
the analysis, LBs and LNs in PD brain tissue samples displayed a
blue-shift of HS-68 emission compared to GCls in MSA,
suggesting that inclusions in PD are more mature."

Besides the FLIM applications described earlier, the hepta-
meric LCO h-FTAA (Figure 4A) has also been used for hyper-
spectral assignment of protein aggregates in tissue sections.
Similar to the two other LCOs, p-FTAA and HS-68, h-FTAA has
been applied for spectral assignment of different aggregated
AR species in transgenic mouse models,"*® as well as AP and
tau deposits in human brain tissue sections from patients
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Figure 8. Hyperspectral imaging of protein aggregates with a single LCO. A) Ex vivo fluorescence images of p-FTAA-labelled prion deposits in mice infected
with mouse-adapted chronic wasting disease, mCWD (left) or mouse-adapted sheep scrapie, mSS (middle) that have been intracerebrally injected with p-
FTAA; scale bars: 50 pm. Typical p-FTAA emission spectra (right) when bound to mCWD or mSS deposits. B) Left: Fluorescence image of p-FTAA bound to AR
plaque (green arrow) and a tau neurofibrillary tangle (red arrow) in AD human brain tissue sections. Middle: merged emission spectra from p-FTAA bound to
AP or tau deposits after using excitation at 405 and 546 nm; scale bar: 20 um. Right: Plot of the ratio of light intensity emitted at 517 and 613 nm (517/613)
for p-FTAA, bound to A plaques or tau NFTs shown with standard deviation. The intensities were obtained from the double-excitation spectra.

C) Fluorescence images of Af} deposits in frozen brain sections from young or old APPPS1 transgenic mice (left) and of tau deposits in frozen brain sections
from young or old P301S tau transgenic mice (right) labelled with HS-68; scale bars: 20 um. D) Fluorescence images of LL-3-labelled CAA (left) and A plaques
(middle), as well as emission spectra (right) for the ligand bound to the different Af deposits in brain tissue sections from in APP23 transgenic mice upon
excitation at 405 nm. Spectra were collected from 10 individual deposits; scale bar: 50 um. Panel B adapted from ref. [117] with permission from Royal Society
of Chemistry. Panel C adapted from ref. [121] with permission. Panel D adapted from ref. [125] with permission.

diagnosed with AD.'"” In addition, h-FTAA has been proven to
be very efficient in detecting protein aggregates in subcuta-
neous fat tissue or tissue sections from patients with systemic
amyloidosis."””"® |n these studies, h-FTAA was benchmarked
towards CR and it was shown that h-FTAA was a sensitive, rapid
and powerful tool for identifying protein deposits in tissue
sections, as well as in fat biopsies. Thus, h-FTAA staining might
be employed as a complementary technique for accurate

ChemBioChem 2023, 24, €202300044 (10 of 27)

detection of amyloid deposits in routine pathology settings and
serve as a diagnostic tool for systemic amyloidosis.

The latest generations of LCOs, D-A-D-based LCOs and
proteophenes have also been used for spectral assignment of
different protein aggregates. In a study by Shahnawaz and co-
workers, the pentameric D-A-D-based LCO, HS-169 (Figure 4B),
displayed different spectral signatures when bound to amplified
a-syn aggregates derived from patients with PD or MSA."" In
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addition, a heptameric D-A-D-based LCO, LL-3 (Figure 4B),
showed two distinct emission profiles when bound to CAA or
AP cored plaques in brain tissue sections from a transgenic
mouse model with AP pathology (Figure 8D)."* Thus, the
spectral signatures from LL-3 could be used to distinguish these
two aggregated AP species and these spectral signatures were
presumably obtained due to different binding modes of LL-3 to
CAA or AP plaques. As mentioned above, differential binding
modes to different aggregated AP species, as well as tau
pathology, in human AD brain tissue sections were also
observed for proteophenes with distinct amino acid side-chain
functionalities,"?” thus signifying that ligands with different
binding modes to distinct aggregated pathologies can be
utilized for spectral assignment of protein aggregates in tissue
sections.

4.2.4. Hyperspectral imaging with combinations of LCOs

In addition to staining procedures including a single LCO,
protocols with combinations of different LCOs have been used
for optical assignment of protein aggregates. The first dual
staining protocol was reported by Nystrom and co-workers in
2013,%7 and in this study, a combination of the tetrameric LCO,
quadro-formyl thiophene acetic acid (g-FTAA) (Figure 4A), and
the heptameric LCO, h-FTAA (Figure 4A), was used to show an
age-dependent invivo conformational rearrangement of Ap
deposits in different transgenic mouse models with AD
pathology. These two LCOs, g-FTAA and h-FTAA, have slightly
different fluorescence profiles and by calculating the ratio of
the intensity of the emitted light correlated to each LCO, it was
shown that h-FTAA emission was dominating for deposits found
in young mice, whereas in older mice, g-FTAA fluorescence was
more prominent in the cores of the plaques, while the
peripheral plaque coronas still showed fluorescence from h-
FTAA (Figure 9).57 As described above, this age-related alter-
ation of AB deposits was later confirmed with HS-68,"*" and
from a biological perspective, the dual staining protocol with g-
FTAA and h-FTAA has also been applied for showing seed-
dependent templating of murine AA amyloidosis,!'*® AB poly-
morphisms in different etiological subtypes of AD (Fig-
ure 9C),*3'%¥ different cellular AR aggregates in Drosophila,"®”
as well as different biochemical alterations associated with AP
polymorphism in AD."®*' |n the latter studies,"®"*® the LCO
double staining was performed together with imaging mass
spectrometry (IMS), and by combining these techniques, a
correlation between the LCO spectral signatures and the
biochemical composition of different AR deposits could be
afforded. Moreover, in an invitro study of AP1-40 fibril
formation, the results suggested that differences in g-FTAA
versus h-FTAA binding were correlated with fibrils transforming
from solitary filaments into higher order bundled structures."®”
Recently, the g-FTAA and h-FTAA dual staining protocol was
applied for whole-brain microscopy imaging of clarified brains
from transgenic mice with aggregated A pathology, and the
optical signatures from the LCOs assisted in revealing difference
in temporal and spatial efficacy of anti-Ap therapies."*®

ChemBioChem 2023, 24, €202300044 (11 of 27)

Lately, dual staining protocols with combinations of pure
thiophene based LCOs and D-A-D-based LCOs were
presented.™” In the study by Lantz and co-workers, the
pentameric ligands LL-5 (Figure 4B) and p-FTAA (Figure 4A)
were used for spectral assignment of different aggregated Ap
species and tau pathologies in human AD brain tissue sections
(Figure 9D). In comparison to g-FTAA and h-FTAA, these ligands
showed less spectral overlap as p-FTAA emission maxima are
observed at 515 and 545 nm, whereas LL-5 displays an emission
maximum at 625 nm (Figure 9E). Furthermore, these ligands
also displayed completely different distribution of decays, 600
to 1200 ps for p-FTAA and 2000 to 3500 ps for LL-5, allowing
assignment of different protein deposits with FLIM (Figure 9E).
Likewise, another combination of a tetrameric LCO, t-HTAA
(Figure 4A), and a D-A-D based LCO, HS-169 (Figure 4B), could
also be applied for optical assignment of distinct protein
aggregates with FLIM (Figure 9F and G). The characteristic
decays around 4000 ps from HS-169, could be observed from
both CAA and diffuse AP plaques, whereas the shorter decays,
around 500 ps, from t-HTAA were only obtained from CAA.
Thus, this combination of ligands could be used to distinguish
different aggregated AP species in human AD brain tissue
sections. Overall, the next generation of dual staining protocols
comprised of thiophene-based ligands with distinct photo-
physical properties, as well as differential binding modes to
specific protein aggregates, might offer the possibility to
resolve aggregate polymorphism in a more refined manner.

4.2.5. In vivo imaging

In contrast to LCPs, the chemically defined LCOs showed
specific staining of protein aggregates in tissue sections under
physiological  conditions  (phosphate  buffered  saline
pH 7.4).1">"7 Thus, it should be possible to utilize the LCOs for
real-time in vivo optical imaging of protein deposits in cells and
animal models. As mentioned above, the proof-of-concept for
in vivo imaging of protein aggregates was first shown for a set
of anionic pentameric oligothiophenes, including p-HTAA and
p-FTAA (Figure 4A).""* After an intravenous injection of p-HTAA
in the tail vein of transgenic mice, the characteristic spectral
signature from the LCO could be afforded from AP aggregates
in the brain by multiphoton imaging through a cranial window
(Figure 10A). Hence, p-HTAA, as well as p-FTAA, crossed the
blood-brain barrier, and the ligand could be used for optical
imaging of AP deposits in the brain of sedated transgenic mice
with AP pathology. Moreover, ex vivo analysis of brain tissue
sections from prion infected mice injected with p-FTAA showed
that prion aggregates associated with distinct prion strains
were labelled with the ligand and displayed different p-FTAA
emission spectrum (Figure 8A)."" Later on, it was also shown
that intravenously injected p-FTAA was binding to tau deposits
in the brain of P301S tau transgenic mice, and in the same
study, p-FTAA was also used for real-time identification of
filamentous tau aggregates in dorsal root ganglion neurons
cultured from adult P301S tau mice."® The heptameric LCO, h-
FTAA, has also been shown to pass the blood-brain barrier after
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Figure 9. Hyperspectral imaging of protein aggregates with a combination of LCOs. A) Normalized emission spectra from g-FTAA or h-FTAA when labelling Ap
plaques in brain tissue sections. The mathematical sum of the two separate spectra is shown in green. B) Diagram showing the ratio of intensity of the
emitted light at 500 and 540 nm, /5oo//s4, from AP plaques in brain tissue sections from APPPS1 mice stained with g-FTAA and h-FTAA versus the age of the
mice (left). The fluorescence intensity at 500 nm (I5o,) reflects g-FTAA emission, whereas the intensity at 540 nm (/s,,) reflects h-FTAA emission. The diagram
reveals an age-dependent variation of plaque staining in APP/PS1 mice when stained simultaneously with g-FTAA and h-FTAA. Images of individual plaques in
6- or 19-month-old APP/PS1 mice (right). Normalized spectra from the central part (blue) and periphery (red) of the plaques are displayed below each image;
scale bar: 50 pm. C) Diagram showing the ratio of fluorescence intensity at 502 and 588 nm; this represents the fluorescence emission peaks of g-FTAA and h-
FTAA, respectively, from Af plaques in different brain regions from familial AD (APP V717I, PSEN1A431E, PSENT F105L, and PSENT E280A), typical sporadic AD
(sAD), and sporadic posterior cortical atrophy (PCA)-AD cases. Error bars represent the SEM. D) Fluorescence assignment of protein aggregates in brain tissue
sections with AD pathology stained with a combination of p-FTAA and LL-5. Spectral (left), FLIM (middle) and colour coded FLIM (right) images from different
aggregated AP pathologies, CAA and diffuse plaque, and tau pathology (NFT) with excitation at 490 nm. The colour bars (right) represent 500 (red) to 3500 ps
(blue); scale bars: 50 (CAA) and 20 um (diffuse plaque and NFT). E) Left: Emission spectra from different aggregated A (CAA and diffuse plaque) and tau (NFT)
with excitation at 490 nm. The p-FTAA emission maxima are observed at 515 and 545 nm, whereas LL-5 displays an emission maximum at 625 nm. Right:
Fluorescent decays from different aggregated AP (CAA and diffuse plaque) and tau pathologies (NFT) with excitation at 490 nm. The distribution of decays for
p-FTAA is observed between 600 and 1200 ps, whereas LL-5 displays distributions of decays between 2000 and 3500 ps. F), G) Fluorescence assignment of
protein aggregates in brain tissue sections with AD pathology stained with a combination of t-HTAA and HS-169. Colour-coded fluorescence images (top),
FLIM intensity images and fluorescence decays (bottom) of F) CAA and G) diffuse AP plaques. For t-HTAA, excitation at 405 nm was used and emission was
recorded from 470 to 545 nm, whereas HS-169 was excited at 550 nm and emission was detected between 610 and 745 nm. Autofluorescence from lipofuscin
is highlighted with white arrow heads; scale bars: 20 um. Panels A, B adapted with permission from ref. [32]. Copyright: 2013, American Chemical Society.
Panel C adapted from ref. [33] with permission. Panels D-G adapted from ref. [147] with permission.

intravenous administration in transgenic mouse models with A emission spectrum when it was binding to Af plaques versus
or tau pathology. The ligand revealed a distinct shift in its  tau lesions, as well as AP plaques versus CAA. Thus, in
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Figure 10. Optical in vivo imaging of protein aggregates with LCOs. A) Real-time in-vivo multiphoton imaging of A} deposits in the brain through a cranial
window after an intravenous injection with p-HTAA in the tail vein of a 10-month-old APPPS1 mouse. p-HTAA fluorescence (green) is first observed in the
cerebral blood vessels with subsequent diffusion into the brain parenchyma. Within minutes, labelling of cerebral plaques is observed, and after longer
incubation periods, intense p-HTAA fluorescence is only seen from cerebral plaques. Representative LCO-labelled plaques are indicated by white arrows.

B) Images showing different time points after intravenous injection of HS-84 in rTg4510 tau transgenic mice with aggregated tau pathology. t=0 represents
imaging a few minutes after injection. Dextran Texas Red was systematically injected to create a fluorescent angiogram. Multiphoton imaging was performed
through a cranial window. Scale bar: 100 um and applies to all images. C) Representative in vivo multiphoton microscopy images of HS-84 and HS-169 in the
same brain area in an APPPS1 transgenic mouse with aggregated A pathology. Note heterogeneity among plaques. A mouse carrying a cranial window was
simultaneously injected with HS-169 and HS-84 and subjected to multiphoton microscopy 24 h later. Panel A reprinted with permission from ref. [115].
Copyright: 2009, American Chemical Society. Panels B, C reproduced from ref. [172] with permission through Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/). Copyright: 2019, The Author(s).

73] fluorescence microscopy, to perform a transcranial detection of

tauopathy over the entire cortex of P301L mice."”"

contrast to other ligands, such as Methoxy-X-04,"" which has
been applied for invivo two-photon imaging of protein

deposits, h-FTAA allowed invivo differentiation of distinct
protein aggregates. In a more recent study, h-FTAA was applied,
together with large-field multifocal illumination (LMI)

ChemBioChem 2023, 24, €202300044 (13 of 27)

In addition to p-HTAA, p-FTAA and h-FTAA, the pentameric
D-A-D-based LCO, HS-169 (Figure 4B), has also been utilized for
real time in vivo imaging of protein aggregates in animal
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models."7>"7*! |n a study by Calvo-Rodriguez and co-workers,"”?
individual tau or AP deposits in transgenic mouse models were
labelled invivo with HS-169, as well as the corresponding
pentameric LCO, HS-84 (Figure 4A), and imaged over time with
multiphoton microscopy. After a single intravenous injection of
the ligands, HS-84 allowed longitudinal imaging of tau tangle
dynamics, whereas HS-169 could be used to visualize Ap
deposits (Figure 10B).""? The longitudinal imaging after a single
injection was afforded since the ligands remained in the
circulation for several days. In addition, co-injection of HS-84
and HS-169 could also be used for discriminating Af aggregate
subtypes, since HS-169 labelled aggregates emitted light with a
different wavelength compared to HS-84 stained deposits
(Figure 10C).""? Thus, similar to the observations reported
earlier for histological staining of tissue sections,"'" a
combination of a pure thiophene-based LCO and a D-A-D-
based LCO could be used for spectral assignment of protein
deposits comprised of the same protein in the brain of a living
mouse. Later, HS-169 was also used for multiscale optical and
optoacoustic imaging of AP aggregates in mice.'”

Overall, the optical assignment of protein aggregates using
LCOs in tissue sections from transgenic mouse models or
patients, as well as living cells and animals, has been very
successful and generated several molecular insights regarding
protein aggregate polymorphism and the potential role of
distinct protein deposits in the pathogenesis of the disease. In
addition, when applied for live-imaging of protein aggregates
in cells or in transgenic animals,"'>'®*7'73 the LCOs have not
displayed any severe cellular or acute toxicity, as well as been
shown to readily enter cells and label intracellular protein
aggregates. Therefore, it would be very interesting to convert
the LCOs into agents, such as PET tracers, that can be utilized
for clinical imaging. As shown by Nordeman and co-workers,
when converting g-FTAA and p-FTAA to 11 C or 18F labelled
PET tracers (Figure 11), specific binding to amyloid deposits was
found in the heart, kidney, liver, and spleen."” Furthermore,
combined PET and computer tomography (CT) experiments in a
healthy monkey showed very low uptake in the brain, pancreas,
and heart of the healthy animal, suggesting low nonspecific
binding to normal tissue. Thus, the study indicated that
radiolabelled LCOs might be used as tracers for the visualization
of amyloid deposits in various organs in systemic and localized
amyloidosis. However, although these ligands displayed high
selectivity and affinity towards these pathological entities, the
pharmacokinetic properties of the LCOs might be suboptimal
for PET imaging, especially in the brain. For longitudinal
multiphoton imaging, it was advantageous that the ligands
remained in the circulation for several days after a single
injection.'” However, for optimal PET tracers, a rapid clearance
is preferable.®” In addition, the blood-brain barrier passage of
properly functionalized LCOs is most likely due to an active
transport. An analogue to p-FTAA with methyl esters instead of
free carboxyl groups in the f-position, could be used for
histological staining of protein aggregates, but when this ligand
was used for in vivo imaging through a cranial window, staining
of aggregates in the brain was lacking.""™ Thus, free carboxyl
groups in the [-position is presumably a crucial chemical

ChemBioChem 2023, 24, €202300044 (14 of 27)

3 18g

['8F]p-FTAA-TEG-F

Figure 11. Chemical structure of LCO based PET tracers: the tetrameric LCO,
['"Clg-FTAA-CN (top), as well as the pentameric LCOs [''C]p-FTAA-CN
(middle) and ["®Flp-FTAA-TEG-F (bottom).

determinant for the LCOs to pass the blood-brain barrier, and if
it is an active transport, higher concentrations than normally
used for PET tracers are likely necessary to get the LCOs into
the brain. Overall, further chemical improvements are necessary
to achieve LCO-based ligands for clinical imaging. Nevertheless,
LCOs have shown to be efficient ligands for optical imaging of
protein aggregates and in the next section, we will discuss the
binding modes of LCOs to protein deposits, as well chemical
determinants that have shown to be crucial to achieve superior
ligands for optical assignment of disease-associated protein
aggregates.

5. LCOs: Binding Modes and Chemical
Determinants for Superior Ligands

Due to the evolution of chemically defined LCOs, it has been
possible to obtain plausible binding modes to protein aggre-
gates for these ligands.'**'"7>'7® |n addition, due to minor
chemical variations of the ligands, chemical determinants for
achieving superior ligands for optical separation of distinct
protein aggregates have been identified.!''>!"7118120121125127) |
2015, Hermann and co-workers showed that p-FTAA (Figure 4A)
binds to amyloid fibrils in a similar way as the conventional
ligand CR."? By using the prion-forming domain of the fungal
HET-s prion as a model, solid-state nuclear magnetic resonance
analyses and molecular dynamics simulations showed that
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anionic side chains of p-FTAA interacted with complementary,
regularly spaced lysine residues situated in well-accessible
grooves along the HET-s fibrils (Figure 12A)."?? Later, similar
binding modes to HET-s fibrils were also observed for
heptameric LCOs, as well as for the LCP PTAA, and the
interaction with regularly spaced surface charge patterns and
well-accessible grooves on the fibril could also be assigned to
distinct fluorescence wavelengths of the ligands."® A correla-
tion between binding mode and optical properties has also
been shown for p-FTAA bound to AP 1-42 fibrils.'® An
extremely stable binding site for the interaction between p-
FTAA and AP 1-42 fibrils was identified by molecular dynamics
simulations and when bound to the fibrils, p-FTAA was locked
in an all-trans conformation due to interactions between the
anionic carboxyl groups and the cationic lysine side chains.
Hence, upon binding, p-FTAA showed a pronounced increase in
molecular planarity and this conformational change is in line
with the observed changes in photophysical properties of the
ligand bound to protein aggregates."'>""”"”"78 A study by Back
and co-workers has also confirmed the CR-like binding mode of
LCOs to AP aggregates, since anionic oligothiophenes were
shown to efficiently displace X-34, a CR analogue, but not PiB
from recombinant Af} amyloid fibrils and AD brain-derived A
(Figure 12B).""? When comparing g-FTAA, p-FTAA and h-FTAA

A)

K229

C)

(Figure 4) towards AD brain-derived AP aggregates, p-FTAA
showed the lowest ECs, value, 0.7 nM, whereas g-FTAA showed
the highest value (300-500 nM). However, when replacing the
a-terminal hydrogen with other groups, the binding of the
tetramer Q-FTAA was improved. The lowest EC;, value,
< 0.1 nM, was achieved for g-FTAA-CN, which has an a-terminal
nitrile group (Figure 12C). Thus, minor chemical alterations of
the moiety in the a-terminal position highly influenced the
binding mode of tetrameric LCOs to aggregated AP species
derived from human AD brain, and when 100 nM g-FTAA-CN
was used for histological staining of human AD brain tissue
sections, selectivity towards aggregated AP pathology was
observed even in the presence of tau pathology."’

Certain chemical determinants have also been shown to be
crucial to achieve LCOs that can be utilized for optical assign-
ment of protein aggregates. In a study by Klingstedt and co-
workers,""” a library of anionic LCOs was synthesized and
evaluated regarding their optical performances as amyloid
ligands. For spectral differentiation of aggregated Af and tau
species in AD brain tissue sections, an LCO having a backbone
of at least five to seven thiophene units with carboxylic groups
extending the conjugated backbone was needed. Moreover,
detection of pre-fibrillar non-thioflavinophilic protein assem-
blies during in vitro fibril formation of recombinant A 1-42
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Figure 12. Binding modes of LCOs to protein aggregates. A) HADDOCK model (PDB ID: 2MUS) of p-FTAA (LIN5001) docked to HET-s(218-289)E265 K based on
NMR-derived distance restraints. One of the key residues, K229, interacting with carboxylic acid side-chain groups of the ligand, is marked in blue.

B) Displacement of *H-PIB or *H-X-34 from recombinant AB1-42 fibrils by three different LCOs, g-FTAA, p-FTAA and h-FTAA. C) Left: Chemical structure of g-
FTAA analogues with different chemical moieties (X) in one of the a-terminal positions of the conjugated thiophene backbone. Right: EC, values of g-FTAA
analogues competing with *H-X-34 binding to synthetic recombinant AR 1-42 fibrils and AD brain-derived AB (ADPBC). Panel B reproduced from ref. [179]

with permission. Panel C adapted from ref. [179] with permission.
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could only be afforded by pentameric, hexameric and hepta-
meric LCOs (Figure 13A).""7 Later, it was also revealed that the
flexibility of the conjugated thiophene backbone was another
important factor for achieving LCOs able to detect non-
thioflavinophilic Af aggregates or non-congophilic prion
aggregates, as well as spectrally discriminating A and tau
aggregates in tissue sections.""™ By replacing the central
thiophene unit of p-FTAA with selenophene or phenylene, the
conformational flexibility of the conjugated backbone was
restricted. Ligands with these chemical modifications, p-FTAA-
Se and p-FTAA-Ph, showed less spectral variation between A
and tau deposits in human AD tissue sections compared to p-
FTAA. Furthermore, p-FTAA-Ph and p-FTAA-MeOPh (Figure 13B)
failed to detect p-FTAA positive pre-fibrillar non-thioflavino-
philic protein assemblies during in vitro fibril formation of
recombinant AP 1-42, as well as p-FTAA positive non-
congophilic prion aggregates (Figure 13C and D). In this study,
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the asymmetric tetrameric thiophene, HS-68, was also identified
as a superior ligand for distinct spectral differentiation between
aggregated AP and tau pathologies.""® Thus, tetrameric LCOs
with carboxylic groups extending the conjugated backbone
could also be used for spectral differentiation of aggregated A
and tau species in human AD brain tissue sections. In addition,
to the chemical determinants described above, distinct solvato-
chromic and viscosity-dependent behaviours of the ligands
have also been shown to be important when designing
improved LCOs for spectral separation of AP and tau
deposits.">

As described earlier, HS-68 showed spectral variation
assigned to age-dependent polymorphism of AP and tau
aggregates in transgenic mouse models."?" In this study, four
analogues to HS-68 (Figure 14A), with small alterations in the
chemical design, were also synthesized and examined regarding
their possibility to spectrally discriminate between different
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Figure 13. A certain length and conformational flexibility of the conjugated backbone are essential chemical determinants for achieving superior LCOs for
optical assignment of protein aggregates. A) Fibril formation of recombinant AB1-42 monitored by fluorescence from ThT or LCOs. Left: Time plot showing
the fibril formation kinetics of AB1-42 monitored by fluorescence from ThT, and the tetrameric LCOs, t-HTAA, g-HTAA or g-FTAA. Right: Time plot of AB1-42
fibril formation kinetics monitored by fluorescence from ThT, hx-HTAA, hx-FTAA, h-HTAA or h-FTAA. Both hexamers and heptamers detected non-
thioflavinophilic species in the fibril formation pathway and showed initiation of the growth phase around 90 min, whereas tetramers (left) showed a similar
onset as ThT. B) Chemical structures of p-FTAA, p-FTAA-Ph and p-FTAA-MeOPh. C) The fibril formation of recombinant A1-42 monitored by fluorescence
from ThT, p-FTAA, p-FTAA-Ph or p-FTAA-MeOPh. p-FTAA detects early non-thioflavinophilic species in the fibril formation pathway, whereas p-FTAA-Ph and p-
FTAA-MeOPh showed an increase in emission at the same time as the onset of ThT. D) Images of brain sections from prion-infected transgenic mice stained
with p-FTAA, p-FTAA-Ph or p-FTAA-MeOPh. Scale bars: 50 um. Panel A reprinted from ref. [117] with permission from the Royal Society of Chemistry. Panels C,

D reproduced from ref. [118] with permission.
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Figure 14. Distinct spacing of anionic groups along the conjugated backbone is an essential chemical determinant for achieving superior LCOs. A) Chemical
structures of tetrameric LCOs with distinct spacing of anionic groups along the conjugated thiophene backbone. B) Spectral analyses of the tetrameric
analogues bound to AP deposits in frozen brain sections from APPPS1 mice sacrificed at the indicated ages. The ratio plots were calculated from the emission
intensity at the specified wavelengths for each LCO upon binding to AP} deposits. The mean and standard error of the mean are indicated. C) Chemical
structures of pentameric LCOs with distinct spacing of anionic groups along the conjugated thiophene backbone. D) Correlation between the chemical
structure of pentameric LCOs and the therapeutic effect of the ligand, specified as prolonged survival, in prion infected mice. E) Histopathological analysis of
brain sections from prion infected mice prophylactically treated with vehicle or HS-84 (LIN5044) and sacrificed at 63 days post infection. Neuronal cell loss and
spongiform changes in CA1 of the hippocampus were consistently detected in vehicle-treated mice but were strongly reduced or absent in LIN5044-treated
mice. Scale bars: 20 um. Panel B adapted from ref. [121] with permission. Panel E reproduced from ref. [122] with permission.
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aggregated morphotypes of AP} and tau. By moving the acetate
functional group on the second thiophene ring from position
three to four, rendering ligand HS-145 (Figure 14 A), the ability
to show age-dependent spectral difference of A and tau
aggregates was highly reduced (Figure 14B). In addition,
exchanging the end carboxyl groups on HS-68 with acetate
moieties, giving HS-149 (Figure 14A), or adding an acetate
substituent on thiophene ring number three (HS-136 and HS-
129; Figure 14A), also impaired the spectral separation of the
aggregated morphotypes (Figure 14B). Hence, distinct spacing
of anionic groups is an essential chemical determinant for
achieving thiophene-based ligands that can distinguish poly-
morphic AP or tau aggregates. These findings are in line with
the suggested binding mode of LCOs to protein
aggregates,'?'7>'7% a5 distinct interactions with the regularly
spaced lysine residues along the fibrils will influence the
conformation of the conjugated backbone and thereby the
intrinsic photophysical properties of the ligand. The length of
the conjugated backbone, as well as distinct spacing of anionic
groups along the backbone, were also essential determinants
for having LCOs exhibiting a therapeutic effect in prion infected
mice.'” In the study by Herrmann and co-workers, it was
shown that an anti-prion activity required a minimum of five
thiophene rings with regularly spaced carboxyl side groups. By
administering the ligands to the brain using osmotic mini-
pumps, the lead compound LIN5004, also known as HS-84
(Figure 14C), extended survival by >80% and showed activity
against both mouse and hamster prions. A therapeutic effect
was also observed upon intraperitoneal administration into
mice. In contrast, the structurally related analogue p-FTAA
(LIN5001) had a reduced effect, suggesting that the periodicity
of the anionic side groups, ~5 A-10 A-5 A (HS-84) or ~10 A-
5 A-10 A (p-FTAA), was important to result in an efficient anti-
prion compound. In addition, for p-HTAA (LIN5002), a pentamer
lacking the a-terminal carboxylic groups extending the con-
jugated backbone, the anti-prion effect was completely
absent.?? Thus, similar chemical determinants that have been
shown to be important for accomplishing superior spectral
assignment of protein aggregates seem to be essential for
achieving a therapeutic effect of LCOs in prion infected mice.
Distinct spacing of anionic groups along the backbone was also
crucial for achieving heptameric D-A-D-based LCOs that could
be used for spectral assignment of CAA or AP cored plaques in
brain tissue sections from transgenic mouse models with AP
pathology."*

Further correlations between ligand binding mode to
distinct protein aggregates and chemical composition of the
ligand were afforded when using proteophenes for staining of
human AD brain tissue sections.'” As mentioned above,
proteophenes are the latest generation of LCOs with specific
amino acid side-chain functionalization along the thiophene
backbone. In addition to the a-carbon side chain from the
amino acids, the carboxyl groups of the amino acids are also
accessible since the amino acid was linked to the thiophene
moieties with HATU-mediated amide coupling reactions."*”
Thus, similar to the anionic LCOs,""?'”>'"® interactions between
side-chain carboxyl groups with regularly spaced lysine residues
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in well-accessible grooves along the protein fibrils can be
afforded. However, depending on the chemical nature of the a-
carbon amino acid side chain, the interaction between the
proteophene and the protein aggregate might be altered. In
fact, when comparing staining with distinct proteophenes
towards CAA, AP cored plaques, diffuse AB plaques and
aggregated tau pathology, a variation in ligand binding towards
these pathological entities could be observed."”! HS-84-V-V, a
proteophene with nonpolar isopropyl side chain from valine in
both a-positions and B-positions along the thiophene back-
bone detected less aggregated species than ligands with
charged, HS-84-E-E and HS-84-K-K, or uncharged polar, HS-84-Y-
Y, side chains, from the amino acids in both the a-positions and
[-positions (Figure 15). Moreover, proteophenes with un-
charged or non-polar side chains in the a-positions and anionic
polar side chains in the [-positions, HS-84-V-E and HS-84-Y-E,
revealed intense staining of aggregated tau species, whereas a
smaller amount or no observable staining of aggregated tau
pathology was observed for proteophenes with anionic polar
side chains in the a-positions and anionic, uncharged- or non-
polar side chains in the B-positions, HS-84-E-E, HS-84-E-Y and
HS-84-E-V (Figure 15). Thus, the chemical nature of the amino
acid functionalities at the a- or -positions along the thiophene
backbone had a major impact on the proteophenes’ ability to
identify certain aggregated species in human AD brain tissue
sections.l'”’!

Overall, the predicted binding mode, as well as the chemical
determinants for superior optical ligands, have rendered
mechanistic molecular insights regarding the performance of
thiophene-based ligands for optical assignment of protein
aggregates. Firstly, the selectivity of anionic LCPs and LCOs
towards protein aggregates is presumably associated with the
distinct binding site comprised of regularly spaced cationic
residues situated in well-accessible grooves along the protein
fibrils (Figure 12A). These grooves with repetitive cationic
residues are most likely a common structural element for
protein aggregates in general and are not abundant in native
proteins. As the molecular interplay between the ligand and the
protein fibril is dependent on electrostatic interactions between
the anionic carboxylic groups of the ligand and the cationic
lysine residues on the fibril, as well as on hydrophobic
interactions between the thiophene backbone and the groove,
ligands having a distinct molecular composition that is
complementary to the binding site will have a higher selectivity
and affinity. Thus, the LCOs, and the second generation of LCPs,
most likely display a better selectivity towards protein aggre-
gates compared to the first generation of polydispersed LCPs,
as these ligands have a chemically defined composition
matching the plausible binding site on the protein aggregate.

Secondly, the electrostatic interactions between the anionic
carboxylic groups of the ligand and the cationic lysine residues
on the fibril will govern the conformation of the conjugated
thiophene backbone. By changing the torsion angle between
adjacent thiophene units, the planarity of the conjugated
thiophene backbone, as well as the photophysical properties of
the ligand, are altered. In addition, a planarization of the
backbone might also generate interchain energy transfer
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Figure 15. Proteophenes with distinct amino acid side-chain functionalities display different binding to aggregated Af} and tau pathologies in human AD
brain tissue sections. A) Chemical structure of the pentameric proteophenes, HS-84-E-E, HS-84-V-V, HS-84-E-V and HS-84-V-E. B) Fluorescence assignment of
different AP and tau pathologies in human AD brain tissue sections stained with different proteophenes. Images and fluorescence spectra of immuno-positive
AP deposits (green arrows), including cerebral amyloid angiopathy (CAA) lesions, Ap} cored plaques, diffuse AP} plaques, and tau pathology (white arrows:
neurofibrillary tangles (NFTs), white arrowheads: neuropil threads) in tissue sections stained with 100 nM HS-84-E-E, HS-84-V-V, HS-84-E-V or HS-84-V-E.
Autofluorescence from lipofuscin is shown in yellow. Staining was performed on adjacent sections, and the images were recorded in spectral mode after
excitation at 488 nm; the emission was collected between 450 and 700 nm. Scale bar: 20 pm. Adapted from ref. [127] with permission.

between adjacent bound ligands."® Hence, if the pattern of  aggregates, distinct spectral signatures or fluorescent decays

regularly spaced cationic residues differs between protein  can be afforded from the bound ligand. Likewise, as observed
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for HS-68 and the related analogues?" different spectral
signatures could only be afforded for ligands having a distinct
spacing of anionic group along the conjugated thiophene
backbone. From a biomolecular perspective, an alteration of the
LCO binding mode, and thereby the optical properties of the
ligand, could be observed due to structural rearrangement of
the protein aggregates, but it could also be associated with
post-translational modification of the protein or the presence of
other additional molecules in the protein aggregate. As
mentioned above, protein aggregates associated with NDs
display a structural diversity and these proteins are also
susceptible to a wide range of post-translational modifications
and different truncated versions of peptides/proteins are
formed.””® In some of the studies described above,"®'*" the
observed spectral variations of the ligands were correlated with
an alteration of the biochemical composition or the structure of
the protein aggregates. However, to achieve even further
molecular insight regarding the structural arrangement of
protein aggregates that display distinct LCO spectral signatures,
studies combining cryo-EM and hyperspectral microscopy are
necessary. Clearly, the LCOs ligands can be used as optical tools
to reveal an aggregate polymorphism when comparing protein
aggregates within different samples, but additional tools and
techniques are required to pin-point the molecular details
underlying the polymorphism.

6. The Next Generation of Thiophene-Based
Ligands

Most of the ligands described so far detect disease-associated
protein aggregates in general, but small molecular ligands that
target specific disease-associated protein aggregates consisting
of a distinct protein have also been presented. As mentioned
above, various thioflavin analogues (Figure 2B) enabling visual-
ization of AP deposits in humans with AD by PET imaging have
been afforded.®®%8 Moreover, different generations of ligands
selectively targeting tau pathology in AD have also been
introduced (Figure 16).®"""® However, several of these ligands
display unspecific binding to other molecular targets, as well as
limited selectivity towards the distinct tau aggregates found in
specific tauopathies."™ " Thus, tau PET imaging in neuro-
degenerative tauopathies is still a challenge and development
of novel ligands is essential for accurate diagnostic of individual
tauopathies. Efforts towards the development of PET tracers for
a-syn aggregates have proven to be even more challenging,
mainly due to low abundance of a-syn aggregates within the
brain, as well as difficulties in achieving ligand selectivity
towards o-syn pathology."® Today, efficient PET tracers for
clinical imaging of a-syn aggregates are lacking.

Recently, a novel generation of thiophene-based ligands
selectively targeting AP or tau pathology in human AD brain
tissue sections was presented.'"®'”! Ligands targeting tau
pathology were afforded by mimicking the previously reported
first-generation tau ligand, PBB3 (Figure 16A)."® By replacing
the pyridinyl-butadienyl-motif of PBB3 with bi-thiophene-vinyl
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Figure 16. Different generations of PET tracers selectively targeting tau
pathology. Chemical structures of the A) first and B) second generations of
tau PET tracers.

moieties, a set of compounds denoted bi-thiophene-vinyl-
benzothiazoles/benzothiazoliums (bTVBTs) was afforded, and
this class of ligands showed bright fluorescence from aggre-
gated tau species in AD brain tissue sections, whereas staining
of AB pathology was absent."* In contrast, for a second class of
compounds, denoted tert-thiophene-benzothiazoles (tTBTs),
having the pyridinyl-butadienyl-motif of PBB3 replaced with
different tert-thiophene motifs, staining of both immunopos-
itive AP aggregates and aggregated tau pathology was lacking.
Moreover, compound bTVBI1, which had a benzimidazole
moiety, 1-ethyl-1H-benzimidazole, instead of a benzothiazole/
benzothiazolium attached to the bi-thiophene-vinyl moiety,
displayed staining towards immuno-positive Af aggregates, as
well as some weak staining of tau-like pathology. Thus, minor
chemical alterations of the bTVBT scaffold abolished the
selectivity towards tau pathology.'®® The binding mode of b-
TVBT ligands to tau aggregates has also been studied by a
combination of theoretical methods and experimental
spectroscopies."® With reference to the AD tau structure
obtained by cryo-EM,"* a periodic model system of the tau fibril
was generated, and the interactions between this fibril and the
ligand bTVBT4 were studied with nonbiased molecular dynam-
ics simulations. These studies revealed that the most favourable
ligand-protein binding occurred at the hydrophobic pocket
defined by residues lle360, Thr361, and His362 (Figure 17B)."*®
In addition, the theoretical absorption spectrum of bTVBT4
bound to this region was similar to the experimental absorption
spectrum obtained from the ligand bound to NFTs in tissue
sections. When comparing the cryo-EM structure of tau fibrils
purified from the brain of a patient with PiD with the structure
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Figure 17. Next generation of thiophene-based ligands that selectively stain aggregated tau pathology in human AD brain tissue sections. A) Chemical
structures of tau-selective ligands bTVBT4 and bTVBT2 (left). Image of a neurofibrillary tangle (NFT) stained by bTVBT4 (middle); scale bar: 10 um, and
excitation (blue) and emission (red) spectra of bTVBT4 when bound to tau aggregates in human AD brain tissue sections (right). B) Identified binding modes
for bTVBT4 to AD tau aggregates during molecular dynamic simulations, with separation of down (D), up (U), left (L), and right (R) orientation of the ethyl
group with respect to His362 (orange) and lle360 (blue). C) Fluorescence images of brain tissue sections from a patient diagnosed with Alzheimer’s disease
(AD, top) or Pick’s disease (PiD, bottom) stained with 100 nM bTVBT4 (red) and phospho-tau antibody AT8 (p-tau, green). Arrow: neurofibrillary tangle (AD),
Pick body (PiD). Arrowhead: neuropil thread. As the autofluorescence from lipofuscin granules can overlap with bTVBT4 emission, an additional channel in
which the settings only allowed excitation of lipofuscin (blue) is also shown. Scale bars: 20 um. Panel A reproduced from ref. [196] with permission. Panels B, C
adapted from ref. [198] with permission under Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).
Copyright: 2021, The Authors.

of AD tau (Figure 1), the proposed bTVBT4 binding site was  pathologies in AD, whereas bTVBT4 staining of immuno-positive
not present in the PiD fold. Furthermore, fluorescence imaging  tau aggregates in PiD was lacking (Figure 17C)."*® Thus, the
of bTVBT4 stained brain tissue samples from patients diagnosed  bTVBTs seem to be rather selective for AD tau pathology and, in
with AD or PiD revealed clear staining of aggregated tau

ChemBioChem 2023, 24, €202300044 (21 of 27) © 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH

851017 SUOLUWIOD SAERID 3|edljdde U Ag peURAOB 318 SSPILE O 88N J0'S3INI 0} ARIGIT SUIUO /B]IM UO (SUOTIPUOD-PUE-SWLBYL0D A5 | 1M ARR.q1BU 1 |UO//STIY) SUOTIPUOD PUE SWiS L 81 385 * [£202/0T/9T] Uo ARiqi auliuo Ajim “BIseaun Buidosui Aq #7000£202 2190/Z00T 0T/10p/wioo A 1M AReqou|uo-adoine-Ans uau//sdny woiy papeojumod “TT ‘€40 ‘€6926€rT



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemBioChem doi.org/10.1002/cbic.202300044

addition, the observations provide strong support for the
suggested AD tau binding site of the ligands.

Thiophene-based ligands using the second-generation tau
ligand, MK-6240 (Figure 16B),"®'% as a template have also
been reported."”” Surprisingly, when replacing the 5-amino-
isoquinoline motif of MK-6240 with a methyl-bithiophene-
carboxylate building block, the resulting ligand, HS-276 (Fig-
ure 18A), showed high selectivity for aggregated AP patholo-
gies. When staining human AD brain tissue section with HS-276,

A)

bright fluorescence from cored AP plaques and diffuse plaques
in the grey matter, as well as AP} deposits in the white matter,
could be observed, whereas staining of the classical tau
pathologies, such as NFTs and dystrophic neurites was lacking
(Figure 18B)."*" In the bTVBT family, the tau selective ligand
bTVBT2 (Figure 17A) has the same bithiophene building block
as HS-276, but it is attached to a benzothiazolium moiety
instead of an azaindole unit. Thus, by combining the bithio-
phene building block with different chemical moieties, selectiv-

(o] [o} [o]

I N__s I'\_ s I'\_ s I\ s I \__s

Z Nwo/ /N\Nwo/ NANWO/ NP s < 2 A NN < oe
N/ NE\ />
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Figure 18. The next generation of thiophene-based ligands that selectively stain aggregated Af pathology in human AD brain tissue sections. A) Chemical
structures of ligands HS-276, HS-300, HS-302, HS-315 and HS-277. B) Fluorescence images of AD brain tissue sections labelled with anti-AB-antibody (magenta,
6E10) and HS-276 (green; top) or ant-phospho-tau (p-tau) antibody (magenta, AT8) and HS-276 (green; bottom). HS-276 showed co-localization with the 6E10
antibody (white arrows), whereas HS-276 staining of immuno-positive tau aggregates, such as NFTs (white arrow heads), was lacking. Autofluorescent
lipofuscin is shown in blue; scale bars: 20 pm. C) Fluorescence image of AD brain section stained with HS-276 and bTVBT2 simultaneously. The emission from
H-276 (green) and bTVBT2 (magenta) could be separated into two channels; this allowed differentiation of Af} and tau pathology based on the colour of the
emitted light. Autofluorescence from lipofuscin granules (LF) is also displayed (blue); scale bar, 20 um. D) Fluorescence images of AP} aggregates (green)
stained by HS-300, HS-302 or HS-315 (top). Fluorescence image of AD brain tissue section doubly labelled with HS-300 (green) and bTVBT2 (magenta). HS-300
co-localized with bTVBT2, confirming that the ligand was binding to tau inclusions. Autofluorescence from LF is depicted in blue; scale bars: 20 um.

E) Fluorescence images of AD brain tissue section doubly stained with anti-Af3-antibody (magenta, 6E10) and HS-277 (green). In contrast to the methylated
analogue (HS-276), HS-277 did not stain AP deposits. Autofluorescence from lipofuscin is shown in blue; scale bar: 20 um. Panels B-E adapted from ref. [197]
with permission.
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ity towards aggregated tau or AP pathologies could be
achieved, and bTVBT2 and HS-276 could be used for optical
assignment of the aggregated species in human AD brain tissue
sections (Figure 18C). Ligands having the azaindole unit
replaced by similar nitrogen containing heterocyclic aromatic
compounds (Figure 18A), such as indazole (HS-300), azabenzi-
midazole (HS-302), or benzimidazole (HS-315), also displayed
staining towards aggregated AP pathologies. However, for
these ligands, labelling of NFTs and dystrophic neurites could
also be observed to some extent (Figure 18D)."”” Hence, the
positional changes of the heterocyclic nitrogen atoms did not
impact AP binding but influenced ligand labelling of tau
aggregates. Moreover, demethylation of the methyl-bithio-
phene-carboxylate building block resulted in loss of binding to
Ap deposits, except when the bi-thiophene moiety was
attached to an indazole unit. As shown for HS-277, the
demethylated analogue to HS-276, staining of immuno-positive
AP deposits was lacking (Figure 18E). Thus, the presence of
anionic groups on the thiophene building blocks was unfav-
ourable for the interaction with protein aggregates, which is in
contrast to the observations with the LCOs. Overall, the
chemical combination of LCO thiophene building blocks with
other heterocyclic moieties has generated a novel generation of
protein aggregate selective ligands that can be used for optical
assignment of protein aggregates in tissue sections.'%7'%
Furthermore, subtle chemical alterations of the ligands have a
major impact on the protein aggregate selectivity and these
ligand scaffolds can be further explored for the development of
tracers for clinical PET imaging.

7. Summary and Outlook

Ligands that can detect polymorphic protein aggregates are
essential to give insight into the basic mechanisms of the
pathogenesis of distinct diseases, as well as to aid in accurate
diagnosis of these disorders. Clearly, the thiophene-based
ligands described above have been implemented as fluorescent
tools for assessing these shape-shifting aggregated pathological
species within different model systems and patient-derived
materials. Furthermore, these ligands have been used to show
aggregate polymorphism that can be assigned to different
biological and pathological phenomena, such as age-related
changes of the protein aggregates or specific aggregate species
in distinct diseases. These phenomena have been revealed by
hyperspectral and fluorescent lifetime imaging, as the intrinsic
conformation-sensitive photophysical properties of thiophene-
based ligands generate distinct optical fingerprints depending
on the binding mode of the ligand. From a chemical
perspective, minor chemical alterations of the ligands have
been shown to influence both the binding mode and the
optical performance of the ligands.

In this regard, further evolution of the ligands with an
enhanced chemical diversity is of great interest as such ligands
will most likely aid in revealing even more types of aggregate
polymorphism, as well as generate novel molecular insight
regarding the basic mechanisms of the shape-shifting proper-
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ties of misfolded proteins, their spreading pathways and role in
the pathogenesis of specific diseases. In addition, designing
ligands with distinct emissions profiles in the near-infrared (NIR)
range that can be used for NIR fluorescence imaging would also
be of great interest."™ Such ligands could for instance be
afforded by generating similar D-A-D thiophene-based ligands,
such as HS-169, LL-3 or LL-5 (Figure 4) with other acceptor
molecules than BTD.

The chemical design of novel ligands will also be vital for
accurate clinical diagnostics of a specific protein aggregation
disease, and from this perspective, it will be interesting to
convert the recently presented generation of thiophene-based
ligands selective for distinct aggregated pathologies, such as
AP or tau deposits, into radiolabelled tracers that can be used
for PET imaging. Moreover, developing novel chemical scaffolds
selectively targeting tau aggregates in other tauopathies than
AD, as well as a-syn aggregates in MSA and PD, or the protein
deposits associated with a specific type of systemic amyloidosis
would also be of great interest. In this regard, high-resolution
structures for a diversity of protein aggregates, recently
provided by cryo-EM, will most likely assist in the chemical
design of ligands with a distinct binding mode to a specific
protein aggregate. As shown for the bTVBT ligands described
above, such selective binding modes can be assessed by
combining a diversity of theoretical and experimental method-
ologies.

An additional future research direction for the chemical
design of thiophene-based ligands that can aid in combating
protein-aggregation diseases is to continue to explore the
therapeutic effect of these compounds. Clearly, the develop-
ment of disease-modifying therapies that target Ap or tau
aggregates in AD is extremely challenging. So far, both
immunotherapy and small-molecule-based enzyme and aggre-
gation modulators have shown limited success in clinical trials.
As shown above, properly functionalized LCOs exhibit an anti-
prion activity, whereas closely related chemical analogues
displayed no activity."? Furthermore, thiophene-based mole-
cules have also been shown to act as dual modulators of AP
and tau aggregation.”™ Hence, the development of small
libraries of chemically defined thiophene-based ligands, target-
ing a variety of proteinaceous pathological species will be vital
to unravelling the type of precision pharmacology that is
needed for new therapies targeting protein aggregates. Overall,
we foresee that further chemical development of thiophene-
based ligands will continue to facilitate the molecular under-
standing of protein-aggregation diseases, as well as aid in
combating these disorders.
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