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Abstract: Tauopathies, including Alzheimer’s disease (AD), are a group of neurodegenerative disorders
characterized by pathological aggregation of microtubule binding protein tau. The presence of tau
neurofibrillary tangles, which are insoluble (3-sheet fibrils, in the brain has been the histopathological
hallmark of these diseases as their level correlates with the degree of cognitive impairment. However,
recent studies suggest that tau oligomers, which are soluble proteins that are formed prior to insoluble
fibrils, are the principal toxic species impairing neurons and inducing neurodegeneration. Targeting
toxic tau oligomers is challenging, as they are mostly unstructured and adopting multiple conformations.
The heterogeneity of tau oligomers is further illustrated by the different oligomeric species formed by
various methods. The current models and technologies to study tau oligomerization represent important
resources and avenues to push the forefront of elucidating the true toxic tau species. In this review,
we will summarize the distinct tau oligomers generated using different strategies and discuss their
conformational characteristics, neurotoxicity, relevance to pathological phenotypes, as well as their
applications in drug discovery. This information will provide insights to understanding heterogeneous
tau oligomers and their role as molecular targets for AD and related tauopathies.
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1. Introduction

Alzheimer’s disease (AD) and related dementia are the top 7th leading causes of death
in the world, afflicting more than 50 million people [1]. AD is a neurodegenerative disease
and an example of tauopathies with a marked increase in the number of tau inclusions
such as paired helical filaments (PHFs) and neurofibrillary tangles (NFTs) in affected
brain regions of patients [2]. Tau is an intrinsically disordered protein, and its normal
function is to regulate microtubule stability and axonal transport [3]. Under pathological
conditions, the detachment of tau from microtubules results in misfolding and accumulation
in the cytosol [4] which initiates the fibrillogenesis cascade including the formation of tau
oligomers and the subsequent nucleation into PHFs and NFTs (Figure 1A) [5]. While
NFTs have been the histopathological hallmark of AD and tauopathies [6], recent studies
suggest that these large insoluble fibrils are not the primary toxic species and soluble tau
oligomers may instead be the principal toxic tau species [7-10]. Studies, both in vitro and
in vivo, have reported that tau oligomers promote neurotoxicity, and may be attributed to
neurodegeneration and cognitive phenotypes in mice [11-16]. It has also been reported
that promoting the growth of inert tau fibrils may be neuroprotective by sequestering toxic
tau oligomers (Figure 1B) [17,18]. Furthermore, it has been suggested that tau oligomers
may act as seeds that propagate between cells to induce misfolding of tau monomers and
spreading of toxic tau species [19-21]. As a result, there is a shift of therapeutic paradigm
from targeting large fibrillar aggregates to inhibiting or remodeling the formation of toxic
soluble tau oligomers [22-25].
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Figure 1. Tau oligomerization and fibrillization in Alzheimer’s disease and related tauopathies.
(A) Misfolded tau monomers spontaneously form into both non-toxic and toxic soluble tau oligomers
which subsequently fibrillize into insoluble paired helical filaments (PHFs) and neurofibrillary tangles (NFT5).
(B) Insoluble species have been proposed to potentially have neuroprotective effect by sequestering toxic
oligomers. (C) Aggregation inducers, cross-seeding, and the presence of tau repeat domain or cleaved species
can facilitate the transition from non-toxic to toxic oligomers. (D) Small molecules that remodel tau oligomeric
conformations or inhibit tau-tau interactions can promote the conversion of toxic to non-toxic oligomers and
reduce neurotoxicity. Schematics are created with BioRender.com accessed on 10 October 2022.

Currently, there are no known effective disease modifying therapies targeting AD
and tauopathies [26]. Among the >100 disease-modifying therapies currently in clinical
developments, there are only a limited number of them (~10%) that are tau-focused [27].
The heterogeneity of toxic tau species has been attributed to the failure of clinical trials
and impeded the discovery of effective therapeutics. Importantly, small molecules such
as methylene blue, which are known to target tau fibrils, have failed to obtain desirable
results in the clinical trials, potentially due to the conversion of tau fibrils into toxic tau
oligomers [28,29]. While the focus has shifted from targeting insoluble NFTs to soluble
oligomers, the heterogeneity of toxic tau oligomers, both in vitro and in vivo, remains
to be resolved. The clinical heterogeneity has been reflected through the various types
of toxic tau oligomers identified and isolated in different studies [30-36]. Other sources
of tau heterogeneity lie in molecular variations such as spontaneous formation, seeding
competency, expression levels, isoform composition, truncation, use of inducers, and post-
translational modifications [37—42]. Hence, there is a need to understand the different types
of tau oligomers formed as well as their detailed characterizations and functions.

Tau oligomers exist as an ensemble of distinct assemblies [43—47] which include both
toxic and non-toxic, on- and off-pathway species along the fibrillogenesis cascade [17,25,48-52].
Capturing this complexity in an in vitro setting is extremely difficult and established protocols
for obtaining tau aggregates from purified tau proteins have, not surprisingly, been shown to
produce different tau assemblies depending on aggregation conditions [31,33,53,54]. Although
no specific toxic tau species has been identified to date [55,56], several studies making
use of purified recombinant proteins are able to produce stable toxic tau oligomers that
can be used to study their role in AD pathology. These aggregation strategies include
cross-seeding approaches as well as the use of inducers and cleaved species (Figure 1C).
In addition, cell-based strategies have been adopted to model tau oligomerization and
the associated neurotoxicity [52]. While the cellular system has the advantage of being
physiologically relevant as well as containing the cellular components such as numerous
chaperone proteins [57], caspases [58], and kinases [59] that play key roles in tau oligomer-
ization [60], it is difficult to capture the biophysical characterizations as well as direct
toxicity effect of specific toxic tau oligomers in cells because they are in an ensemble of
conformations [41,42]. Several rational drug discovery efforts using purified recombinant
protein and cell-based assays to discover small molecules that target toxic tau oligomers
have yielded efficacious, cytoprotective compounds (Figure 1D) [61-67], and some have
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further been shown to be neuroprotective in vivo [68,69]. However, there is currently no
clinical trial conducted on targeting tau oligomers and it is imperative to advance successful
pre-clinical studies into human trials [70-72].

In this review, we will describe the diverse types of tau oligomers with different
conformations generated by various methods. We will also discuss the hypothesized
functions and associated neurotoxicity of these tau oligomers, as well as their relevance to
pathological phenotypes and applications in drug discovery. We conclude by providing
future perspectives on identifying the true toxic tau species as well as delineating the
mechanisms of pathogenic formation of heterogeneous tau oligomers and their role as
molecular targets and potential biomarkers for AD and related tauopathies.

2. Spontaneous Formation of Tau Oligomers

Full-length wild-type (WT) tau proteins are known to be less prone to fibrillization,
although excessive accumulation of these proteins can be toxic and are associated with spo-
radic AD [73,74]. Full-length WT tau has been shown to spontaneously form tau oligomers,
rather than large fibrillar aggregates. An initial study used WT 2N4R purified tau proteins
and concentrated them to create a mixture of tau monomers and granular oligomers, and
the enriched granules generated 3-sheet fibrils, suggesting that granular tau oligomers may
be an intermediate form of tau filaments [30]. Importantly, these granular tau oligomers
can be purified using sucrose step gradient centrifugation to separate from monomers
and fibrils [30,75]. Although no functional or toxicity characterizations of these purified
granular tau oligomers have been performed, purification of granular tau aggregates from
human brains of different Braak stages suggests that granular tau aggregation precedes
fibril formation [30]. These studies have proposed that tau aggregation initiates with the
formation of soluble tau oligomers through disulfide binding and these oligomers would
then convert into 3-sheet granular tau oligomers which further interact and undergo fib-
rillization [30,75]. It would also be important to elucidate the initiation of the granular
tau aggregation process in different brain regions to enhance the understanding of disease
pathogenesis.

Another study used 1N4R and 2N4R recombinant human tau to generate monomeric,
dimeric, and trimeric fractions of each isoform. The composition and height distribution of
each fraction was verified by chromatography and atomic force microscopy. The toxicity of
each fraction toward both human neuroblastoma cells and cholinergic-like neurons was
assessed. Disulfide mediated trimeric oligomers of both splice variants, but not monomeric
or dimeric species, displayed neurotoxicity at low nanomolar concentrations [36]. Interest-
ingly, disulfide mediated oligomers have been shown to act through a nucleation effect,
rather than the action of specific tau kinases, to initiate tau aggregation in mice [76]. In
a separate study, an analysis of the oligomers formed by the six tau isoforms to study
primary-quaternary structure relationship of tau has illustrated that 3R isoforms are more
prone to oligomerization than the 4R isoforms [77].

The spontaneous formation of tau oligomers has also been demonstrated in both 2N4R
WT tau and mutant tau transfected cells. Cellular biosensors with spectroscopy probes
have been used to detect the presence of tau oligomers through fluorescence resonance en-
ergy transfer (FRET), split fluorescent protein complementation (BiFC), and split luciferase
complementation (SLC) assays [78]. Specifically, we have previously reported that 2N4R
WT and mutant tau form oligomers in HEK293 cells as detect by FRET, but not (3-sheet
fibrillar species as shown by negative thioflavin-S (ThS) staining [52]. Even though both WT
and mutant tau spontaneously form oligomers, there is a diverse view on their effect on cell
death [73]. While some studies have suggested that WT tau is toxic to cells [79,80], several
other studies have reported that WT tau overexpression does not induce cell death, despite
the formation of oligomers and tau hyperphosphorylation [52,81-83]. On the other hand,
mutant tau has a higher oligomerization propensity than WT tau [52] and is neurotoxic in
both cellular and animal models of tauopathies [52,81,84]. For therapeutic targeting, we
have conducted a FRET-based high-throughput screening (HTS) and identified MK-886 as
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a small molecule that inhibits tau oligomerization and rescues P301L mutant tau induced
cell death at nanomolar concentration [52]. This FRET based HTS strategy has also been
used to discover effective small molecule inhibitors targeting alpha-synuclein oligomeriza-
tion [85] and huntingtin exon 1 aggregation [86] and could be generally applicable to most
intrinsically disordered proteins.

3. Heparin-Induced Tau Oligomerization

Heparin has been adopted by multiple studies to induce tau oligomerization. It has
also been shown that heparin induces transition from inert monomers to seed-competent
monomers to initiate the aggregation cascade [37,46] and remodels tau repeat domain
(tauRD) towards fibrillization prone conformations [87]. We note here that the use of
heparin to induce oligomers may result in the formation of both (3-sheet and non-3-sheet
oligomers and it is imperative to differentiate these two types of tau oligomers, such as
through thioflavin-T (ThT) staining as they represent two distinct tau species [31,88,89].

Similar to spontaneously formed disulfide mediated oligomers, heparin-induced ag-
gregation of recombinant tau forms two distinct dimers, cysteine-dependent and cysteine-
independent, that resist reduction to different extents [90,91]. These distinct types of
dimeric assembly were also observed in 2N4R WT tau expressing COS-7 cells, which
were abolished with a PHF6 hexapeptide deletion at residues 306-311 and C291A /C322A
mutations [90]. These results suggest that the formation of higher-order oligomers could
be due to PHF6 hexapeptide promoting tau oligomerization through intermolecular disul-
fide crosslinking both in vitro [90] and in vivo [92]. Concurrent intermolecular bridging
of microtubule-binding domain through cysteine-independent mechanism may further
promote tau aggregation [90]. Furthermore, oligomeric assembly containing up to six to
eight tau molecules is suggested to be necessary for the detection of 3-sheet structure with
ThT. Importantly, disulfide-bridge formation between tau and cell membranes has been
shown to facilitate tau secretion [93].

In order to target disulfide mediated tau oligomers, a rosamine derivative with
tau selective thiol reactivity inhibited oligomerization and the subsequent fibrillization
cascades [94]. Furthermore, compounds containing 1,2-dihydroxybenzene such as DL-
isoproterenol which penetrates the brain are capable of binding to tau and capping the
cysteine residues of tau to prevent tau aggregation and rescue neuronal loss in mouse mod-
els of tauopathies [32]. Antitumor drugs targeting tau cysteine 322 and PHF6 hexapeptide
prevent tau seeding and propagation of tau pathology [95]. A new drug discovery strategy
making use of computational based virtual oligomerization inhibition has shown that
epigallocatechin gallate (EGCG) inhibits PHF6 peptide aggregation and this was validated
in tau seeding assay [96]. From this study, it is also reported that a good binding affinity of
the inhibitors to tau aggregates may be insufficient to perform the full function of inhibiting
tau oligomerization [96].

There are several other studies focusing on understanding heparin-induced (3-sheet
tau oligomers. In the study, 3-sheet tau oligomers were characterized by size exclusion
chromatography followed by staining with A1l tau oligomer specific antibody. These tau
oligomers have been reported to decrease SH-SY5Y cell viability potentially through dis-
ruption of membrane integrity [31]. In another study, (3-sheet tau oligomers were prepared
for aggregation and dissociation studies with phosphorylation-based antibodies [97,98].
It has also been shown that baicalein suppresses tau aggregation by sequestering tau
oligomers [99,100] or by initiating the formation of non-toxic tau oligomers [49]. Fur-
thermore, fumarprotocetraric acid [101] and rutin [102] have been shown to attenuate tau
pathology in cells and in mouse models of AD. Heparin-induced {3-sheet tau oligomers have
also been treated to macrophages and microglia and the study shows that macrophages
phagocytose these extracellular tau oligomers more efficiently than microglia which are only
able to degrade internalized tau oligomers upon lipopolysaccharide (LPS) stimulation [103].

Comparing (3-sheet content in heparin-induced tau oligomers and fibrils, it was re-
ported that tau oligomers have a high hydrophobicity with a lesser extent of internal
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compact (3-sheet structures, while mature tau fibrils contain both high content of inter-
nal compact (3-sheet structures and hydrophobicity as characterized by ThS [89]. A no-
table transition from random coil to an increasing tendency of (3-sheet formation during
oligomerization has been observed by circular dichroism spectroscopy [89]. To study tau
internalization and spreading, the uptake of ThT negative heparin-induced tau oligomers
by human induced pluripotent stem cells (iPSCs) derived neurons has resulted in the
accumulation of pathogenic tau and neuronal death [104]. Besides heparin, several other
inducers such as hexafluorisopropanol [105] and arachidonic acid [106] have been used to
induce formation of neurotoxic tau oligomers. Moreover, an oligomeric specific monoclonal
antibody (TOC-1) has been generated using arachidonic acid induced tau aggregates as
immunogens. TOC-1 has been reported to detect tau dimers and oligomeric species with
little reactivity to tau fibrils [106-109].

4. Amyloid-Beta (Ap)-Induced Tau Oligomerization

The cross-seeding potential of different amyloid species on tau aggregation has been
tested on using A fibrils, oligomers, and monomers as seeds to promote tau oligomer-
ization and aggregation. It is reported that A3 preformed oligomers, but not fibrils or
monomers, convert disordered tau monomers into toxic tau oligomers with high (3-sheet
content. These toxic tau oligomers with spherical morphology are mostly stable as trimers
in spherical morphology and they induced significantly more toxicity and neuronal dys-
functions in SH-SY5Y cells and in mice as compared to their monomeric or fibrillar coun-
terparts [33,110,111]. Interestingly, despite containing 3-sheet structure, Af3-induced tau
oligomers do not bind ThT or dyes that stain for amyloid structures, but bind strongly
to 4,4’-dianilino-1,1"-binaphthyl-5,5'-disulfonic acid, dipotassium salt (bis-ANS), suggest-
ing the presence of hydrophobic surfaces with conformational characteristics different
from conventional fibrils [67]. A novel tau oligomer specific antibody (T22) has also been
developed and used vastly in many in vitro cell-based studies, in vivo mouse studies as
well as on human samples, suggesting the presence of this type of tau oligomeric strain
in physiological relevant conditions [112-121]. The established A{-induced tau oligomers
have also been used to study tau uptake [122], as well as seeding and propagation [19,123],
where Af3 oligomers promote tau fibril uptake as seeds to potentiate intracellular tau
aggregation [124]. Sonicated fibrils have also been shown to contain T22 positive oligomers
which propagate with toxicity in neuronal cells, although it is unclear how the oligomers
could arise from the sonication [125]. Another tau oligomer-specific monoclonal antibody
(TOMA) has been developed based on A p-induced toxic tau oligomers. The administration
of TOMA to mice expression human tau has shown to be effective in reducing tau oligomers
and rescuing memory deficits [121,126].

Studies have furthered the drug discovery effort by therapeutic targeting of Ap-
induced tau oligomers, including the identification of chemicals and small molecule in-
hibitors [127]. Heparin oligosaccharides have been found to bind to Ap-induced tau
oligomers with nanomolar binding affinity and reduced the uptake of toxic tau oligomers,
as well as rescued cell death in neuronal cells [64]. In two other studies, a derivative of
Azure series of compounds such as Azure C and newly synthesized curcumin derivatives
have been reported to modulate tau oligomerization and protect neuronal cell lines and
primary cortical neurons from cell death [61,128]. Mechanistically, both Azure C and
curcumin derivatives prevent neurotoxicity by converting toxic tau oligomers into more
aggregated forms adopting non-toxic conformations and not by disrupting tau oligomers di-
rectly [61,128]. These results provide mechanistic insights into tau oligomerization and may
serve as a basis for the discovery of new therapeutic agents targeting toxic tau oligomers.

5. Tau Oligomers Formed by Repeat Domains and Cleaved Species

There is higher aggregation propensity of the repeat domains and cleaved species
of tau as compared to the full-length tau protein [18,129]. Protein fragments of tauRD
with the deletion of lysine 280 (tauRDAK), which is associated with FTDP-17, have been



Biophysica 2022, 2

445

shown to form stable and toxic tau oligomers containing 3-sheet conformations [62,130].
To target these tauRDAK tau oligomers, EGCG is capable of inhibiting tau oligomeriza-
tion and rescuing toxicity in neuronal model cells [62]. In order to examine the molec-
ular content of tauRDAK oligomers, a study has characterized them based on 8-anilino-
1-naphthalenesulfonic acid (ANS) and ThS profiles. Three main conformational states
have been described with monomers having low ANS/low ThS, oligomers having high
ANS/low ThS, and fibrils having high ANS/high ThS [34]. It has also been proposed
that tauRDAK oligomers do not adopt pronounced (3-sheet conformation and they cause
synaptotoxicity selectively without impairing overall cell viability [34]. The transient nature
of tau aggregation makes it difficult to maintain the stability of preformed oligomers. The
efficient labeling of tauRD with Alexa Fluor-488-C5-maleimide or N-ethyl maleimide has
been shown to stabilize the resulting oligomers [35]. In terms of therapeutic targeting,
curcumin and epinephrine are reported to disrupt tau oligomeric protofibrils formed by
tau R3-R4 through molecular dynamics simulation [131], while a dimeric transient interme-
diate inhibits tau K18 fibril elongation [132]. Besides forming tau oligomers, tauRD is well
known to form highly aggregated tau fibrillar species as characterized by the tau K18 FRET
biosensor [133] and are capable of seeding and propagation of tau pathology [134].

Tau oligomerization from truncated species has been associated with neuronal impair-
ments [135]. The formation of tau oligomers from caspase-cleaved species is illustrated by
FRET signals between two truncated tau proteins, together with the presence of sarkosyl
insoluble fractions in cell lysates [136]. Importantly, tau oligomers with hyperphospho-
rylation appear in mice with caspase-cleaved tau and this is associated with reduced
synaptic density and rapid memory deficit [137]. Treatment with tau oligomer inhibitor
or autophagy inducer reduces tau oligomers in mice with caspase-cleaved tau, attenuates
tau oligomer-associated pathology, and rescues memory impairment [137,138]. Similar to
caspase-cleaved tau species, calpain-mediated tau cleavage produces a 17 kDa neurotoxic
fragment [76]. This fragment can be generated by inducers including A3 oligomers, thapsi-
gargin, and glutamate [139]. In a JNPL3 mouse model of tauopathies, overexpression of
calpastatin, an inhibitor of calpain, prevents the formation of neurotoxic caspase-cleaved
and calpain-cleaved tau fragments, attenuates tau oligomerization and hyperphosphoryla-
tion, delays the onset of disease, and extends survival of these mice [140].

6. Summary and Future Perspectives

With a pressing need to target AD and tauopathies which are currently untreatable,
global efforts have been made to elucidate underlying disease mechanisms to facilitate the
development of disease-modifying therapies as well as identify clinical phenotypes and
robust biomarkers for early diagnosis [141]. In this review, we described several models of tau
oligomerization using recombinant purified proteins and in cells as well as discuss the drug
discovery efforts using these approaches. There are multiple other factors such as the role of
phosphorylation [142,143] and liquid-liquid phase separation in tau oligomerization [144-146]
that have to be taken into account to work towards achieving the identification of the true
toxic tau species. While targeting toxic tau oligomers has been demonstrated to be effective in
several pre-clinical studies [68,69,147], a caveat in specific targeting lies in need to disrupt or
eliminate toxic tau oligomers, but not the non-toxic forms [148], which may aid in sequestering
the toxic species. Advanced visualization and computational techniques such as machine
learning-based classification [149] could further be developed and utilized to segregate these
distinct tau species for more specific targeting. Besides being therapeutic targets, it has been
proposed that quantifying the amount and level of tau oligomers may represent useful AD
biomarkers [150]. With emerging tau-based clinical imaging techniques such as positron
emission tomography (PET) [151-153] and magnetic resonance imaging (MRI) [154,155], the
future development of tau oligomer targeted imaging modalities [156-159] would improve
the diagnosis of AD and related tauopathies.
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