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Abstract. The Tau protein is associated with microtubule function in the neuron and is crucial for
normal axonal transport. In several different neurodegenerative disorders, Tau misfolding leads to
hyper-phosphorylation (p-Tau) and intracellular p-Tau aggregates known as neurofibrillary tangles
(NFTs). This is particularly evident in individuals with Down syndrome (DS), who develop
Alzheimer’s disease-like (AD) neuropathology early in life with almost complete penetrance,
associated with the development of dementia symptoms in their 40s or 50s. Our previous findings
have shown that certain forms of p-Tau are present already in childhood in individuals with DS in
neuron-derived exosomes, suggesting an early phosphorylation profile in this population that could
influence the development of AD pathology. Misfolded p-Tau isoforms are known to be seeding
competent and may be responsible for spreading AD pathology in different regions of the brain.
This review is focused on the accumulation of p-Tau in the brain of individuals with DS and
potential consequences for brain function.
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1. Introduction

Individuals with Down syndrome (DS) exhibit Alzheimer’s disease (AD)-related pathology in
the brain early in life, leading to the development of dementia in their 40s or 50s, with few exceptions
[1-3]. The AD pathology that develops in the DS brain includes widespread amyloid plaques,
neuroinflammation, cell death, and NFTs [1,4-6]. Amyloid pathology is naturally occurring in the DS
brain because the amyloid precursor protein gene (APP) is located on Chromosome 21 (Chr. 21),
leading to increased APP and amyloid production early in life, in humans with DS along with DS
mouse models [3,7-10]. Neuroinflammation is also an inherent trait of the DS brain due to several
different genes encoded on Chr. 21, including 4 of 6 interferon receptors [11,12] and the superoxide
dismutase 1 gene (SOD-1)[13], among other factors. Therefore, cells obtained from the DS brain
exhibit early signs of inflammatory activation as well as oxidative stress [3,4,6,14,15].

Associated with AD pathology is the spreading of misfolded Tau, including
hyperphosphorylated Tau (p-Tau), from region to region in the brain, finally leading to a Braak stage
of V-VI in the final stages of AD pathology [16,17]. We have demonstrated that neuron-derived
exosomes (NDEs), isolated from the plasma of people with DS at different ages, contain unusual
amounts of p-Tau already in childhood in some individuals with DS [18,19]. In addition, recent work
from our group has shown that NDEs from individuals with DS contain seeding-competent p-Tau
that can spread to mouse brain when NDEs are injected into the hippocampus via stereotactic
injections [20].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Based on these findings, the current review will be focused on current findings regarding p-Tau
and its potential to seed pathology as a “prion-like” spreader leading to AD, particularly in
individuals with DS.

2. Microtubule-Associated Protein Tau (MAPT) Structure and Function

The Tau protein is a highly conserved protein within mammals and is known to have six
isoforms, caused by alternate splicing of exons 2, 3, and 10 of the microtubule-associated protein tau
(MAPT) gene [21-24]. Tau is a microtubule-associated protein that contributes to the stability of
microtubules in neurites and is crucial for the maintenance of normal microtubule structure and
function as well as axonal transport in the neuron [25]. The Tau protein interacts with microtubules
via either 3 or 4 microtubule binding repeats (3R or 4R, respectively), and the balance between 3R
and 4R Tau proteins is altered during pathological states. When Tau undergoes modifications, this
can lead to de-stabilization of neuronal microtubules and, consequently, neuronal dysfunction and
death [26]. Proteinaceous filaments of p-Tau are known to spread in a prion-like fashion in the human
brain, leading to the detrimental formation of neurofibrillary tangles (NFTs) that contribute to AD
pathology and correlate significantly with cognitive deficits in Alzheimer’s disease (AD) and also
contribute to distinguishing differences between AD and other tauopathies [27,28]. A distinct set of
modifications occur in different neurodegenerative conditions, of which AD is the most common [25].
A precise balance between 4-repeat (4R) and 3-repeat (3R) isoforms of Tau are found in normal
conditions, while dysregulation of the 3R:4R ratio is associated with different forms of tauopathy
[22,29-32].

2.1. Posttranslational Modifications of Tau

The larger 4R Tau isoform contains 441 amino acid residues and around 35 percent of 4R Tau
isoforms undergo posttranslational modifications (PTMs) [33]. PTMs of Tau can occur at several
different residues, including serine, threonine, tyrosine, lysine, arginine, asparagine, histidine, and
cysteine [21]. PTMs at these sites include glycation, nitration, ubiquitination, and phosphorylation
[25]. During pathological conditions caused either by environmental or genetic factors, Tau can
undergo multiple different PTMs along with conformational changes, which can lead to Tau
aggregation and tangle formations that can develop into hallmarks for specific tauopathies [21,25,28].
Phosphorylation is the most studied PTM of the Tau protein and alters the physiological function
and Tau protein affinity to microtubules. Phosphorylation at 85 potential sites on the Tau molecule,
located at the serine, tyrosine, or threonine sites [25], can modulate intracellular interactions
significantly and lead to aggregating isoforms that can be toxic, both in vive and in vitro [34]. The
phosphorylation of a protein changes the charge, adding a negatively charged hydrophilic group,
which then results in a hydrophilic rather than a hydrophobic protein molecule. More than 20
different kinases and phosphatases are known to regulate the phosphorylation of the Tau protein and
are thought to underlie imbalances.

The complex relationship between Tau isoforms, phosphorylation and other PTMs at specific
sites on the molecule is crucial information for determining the cause of different tauopathies as well
as the development of novel and effective treatment paradigms. While Tau PTMs have been
extensively studied in mouse models and in postmortem brains from donors with AD and other
tauopathies, there is still little research examining how DS affects the occurrence of Tau PTMs.
Further, the complex changes associated with trisomy 21 may drive unique molecular effects on Tau
solubility, intermolecular interactions, protein localization and degradation in a manner that would
make certain PTMs more likely to be altered and perhaps more amenable to selective treatments. For
example, DYRK1A, a dual kinase that can phosphorylate Tau at multiple positions [35], is
overexpressed in postmortem samples from brains with AD and particularly with Down syndrome
(DS), where a 50% increase is measured due to having an extra copy of the gene [36-38]. Several
strategies invoking DYRK1A inhibition improve cognitive function in mouse models of DS and have
shown therapeutic benefits in young patients with DS in clinical trials [36,39]. However, the direct
link between DYRKIA inhibition and suppression of Tau phosphorylation has only been
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demonstrated in fly and mouse models [40-42]. We have recently demonstrated overexpression of
DyrklA in specific hippocampal layers in postmortem human tissue using spatial transcriptomics
(personal communication, Granholm) correlated with Tau-related alterations in the DS-AD brain,
suggesting a definite link between p-Tau and Dyrk1A. However, this remains to be demonstrated in
vivo.

2.2. The role of truncation, RNA and DNA in Tau aggregation

Posttranslational modifications of Tau also include truncation of the protein, which can occur at
different locations on the molecule by various proteases present in the cytosol. Proteolytic truncated
pieces of Tau are highly prone to aggregation and contribute to progressive pathology in both AD
and DS-AD via site-specific phosphorylation, self-aggregation, and binding to hyperphosphorylated
and oligomeric Tau [43,44]. It has recently been shown that truncated forms of Tau from the C-
terminal have seeding capacity and spread via axonal pathways to different brain regions, causing
local toxicity and neuronal death, for example, by affecting the autophagy system [45]. Truncated
Tau protein also contributes to microtubule instability, potentially leading to synaptic dysfunction as
well.

Another event occurring both with normal aging and AD is the accumulation of RNA and DNA
quadruplexes [46], which have recently been shown to contribute to aging-related neuronal
dysfunction and cell loss. G-Quadruplex (G4) DNA and RNA (RG4) are non-canonical secondary
nucleic acid structures that have multiple roles in vital cellular processes both in health and disease
[46,47]. G4s are involved in the regulation of both DNA and RNA processes, including replication,
transcription, and translation, and RG4s have been shown to accumulate particularly during cellular
stress conditions [47]. Our group has recently shown that RG4s accumulate particularly in the
hippocampal formation with aging and in patients with AD, and that intracellular accumulation of
RG4s correlates significantly both with NFTs and with Braak stage [48]. These findings are interesting
and could lead to a better understanding of the role of DNA and RNA secondary structures for the
development of Tau pathology in AD and DS-AD.

3. Tauopathy seeding and its spread in the DS brain

Dr. Stanely Prusiner and his research group have minted AD as a “double-prion” disease due to
the prion-like activities conducted by both aggregating amyloid and Tau isoforms [49]. Interestingly,
Condello and Prusiner examined prion activities in frozen brain tissue from individuals with DS of
different ages by selectively precipitating A3 and Tau from DS brain homogenates and measuring
the number of prions using cellular bioassays. They discovered that while brain tissue from
individuals with early-onset Alzheimer’s disease (EOAD) exhibit reduced prion activities with age,
this is not the case for DS brain tissue, where the levels of Af3 and Tau seeds increased with age [50].
These findings suggest a partially different seeding mechanism for Tau aggregates in DS versus other
forms of AD.

As mentioned above, truncated, fibrous, and oligomeric Tau are seeding competent and can seed
and spread both in vivo and in vitro when given the opportunity to propagate in a prion-like manner
[31,51]. Recent studies have implicated both fibrillar, truncated, and oligomeric Tau in terms of
seeding, aggregation, and propagation of Tau pathology in the brain [22,31,32,52-54]. Interestingly,
oligomeric and fibrillar Tau appear to be equivalent in potency in terms of seeding competency, and
both are known to be taken up by local neurons after intracranial injection [55]. However, oligomeric
Tau appears to drive a more potent glial response in the brain and a more rapid propagation of
misfolded Tau to other brain regions [55].

3.1. P-Tau spreading in neurotransmitter systems with AD

Noradrenergic neurons of the locus coeruleus (LC-NE; [56,57]), basal forebrain cholinergic
neurons (BFCNs; [58-61]), and hippocampal neurons [62-66] are particularly vulnerable to
dysfunction and/or degeneration in the brain of persons with DS. Basal forebrain cholinergic neurons
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(BFCNs) are highly susceptible to degeneration in both DS-AD and AD and have crucial functions
for learning and memory both in human cohorts and animal models [60,67]. BECNs have been
studied in detail in both DS-AD and AD, and the loss of these cells corresponds significantly with the
decline in memory function in patients with dementia [67-70]. Because of the early findings in the 70s
and 80s that acetylcholinesterase inhibitors could slow the progression of memory loss in patients
with AD [67-69,71-73], this is the most used anti-AD class of drugs to this day, even though these
drugs are not disease-modifying and can cause severe and uncomfortable side effects [73]. However,
choline esterase inhibitors have not been used extensively in patients with DS-related AD due to side
effects that might interfere with and contribute to comorbidities, even though a recent study
suggested that also patients with DS-AD could benefit from cholinesterase inhibitors [74].
Interestingly, recent work has shown that pre-tangle pathology (with an antibody that detects
phosphorylated Tau at S422) coincided with the loss of staining for the p75 neurotrophic factor
receptor (NTR) in the basal forebrain of patients with no cognitive impairment (NCI) or mild
cognitive impairment (MCI), and these changes correlated with cognitive decline and AD
neuropathology, thus confirming earlier studies showing a connection between BFCN cell loss and
Tau pathology [75]. Thus, it is strongly suggested that Tau misfolding and phosphorylation drive
cholinergic cell loss in the basal forebrain, both in AD and in DS-AD.

LC-NE neurons degenerate prior to any other marked cell loss in the DS and AD brain [57,76].
Tau accumulates early in LC-NE neurons in AD, perhaps even decades prior to dementia symptoms,
and from there, prion-like spread of oligomers or filamentous Tau spreads from the LC to the
forebrain and on to other brain regions [77-79]. There is a direct innervation of LC-NE neurons to
BFCNs [80], potentially suggesting that early Tau pathology observed in BFCNs could be the result
of spreading Tau “seeds” from the LC-NE to BFCNs, although this pathogenic potential has not been
examined as of yet. Others have shown that both Tau oligomers and Tau fibrils have seeding
competency and can be secreted from neurons as well as taken up by other cells, including other
neurons, astrocytes, microglia, or oligodendrocytes (Figure 1 above and [31,52,81,82]). However, the
seeding competency of Tau extracted from the DS brain or from DS-AD NDEs had not been examined
previously.
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abnormal phosphorylation of Tau. This affects the stability of microtubules, and the development of
Tau monomers and oligomers, which have aggregation potential and can form Tau fibrils, which
aggregate into neurofibrillary tangles (NFTs), a hallmark for AD and DS-AD. Intra-neuronal NFT
accumulation leads to neuroinflammation, autophagy dysfunction, and mitochondrial dysfunction.
Tau fibrils and oligomers are seeding competent and are secreted in exosomes.spread to other
neurons and to astrocytes, microglia, or oligodendrocytes.

3.2. Neuronal exosomes harbor pathogenic Tau seeds

A few years ago, Goetzl et al. [83-85] developed a new biomarker method, in which exosomes
derived from neurons (NDEs, [83]) or astrocytes (ADEs, [84,85]) were purified from plasma or serum
samples and could predict dementia diagnoses and show both amyloid and Tau pathology cargo in
exosomes decades prior to the onset of dementia [83]. We utilized this method and purified NDEs
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from plasma samples of individuals with DS at different ages, from childhood to older adults [86],
and showed that NDEs from children with DS contained different p-Tau species already early in life,
compared to typically developing children. Our group recently showed that NDEs, isolated from DS-
AD plasma, contained seeding competent Tau conformers [20], using consecutive cycles of shear-
induced fragmentation[24,27,51,87]. As discussed below, NDEs from DS-AD patients injected into
the hippocampus of wild-type mice gave rise to the spreading of Tau pathology to different portions
of the mouse brain. The ability for misfolded Tau to spread from a patient with DS-AD to the mouse
brain had not been demonstrated previously. Others have shown that toxic isoforms of Tau can be
carried in exosomes and spread to other neurons via the normal exosomal expulsion/uptake

mechanisms (Figure 2, see also [20,88,89]).
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Figure 2. Schematic drawing showing alterations in the exosomal pathways in DS. Exosomal secretion
is increased in individuals with DS due to a reduced lysosomal/autophagy function and increased
levels of the tetraspannin CD63. Endocytosis leads to the accumulation of misfolded Tau (oligomeric
and/or fibrillar, Red threads) intracellularly into NFTs. Exosomes containing the toxic Tau species can
either undergo autophagy or be expelled. It has been shown that exosomes released from neurons can
be taken up by other neurons and glial cells in the vicinity.

3.3. Tau seeds impart a bystander-spreading effect in the brain

Since p-Tau and other forms of toxic Tau are part of exosome cargo and can be spread in the
brain via exosomes (Figure 2 and [88]), we conducted experiments in which neuron-derived
exosomes (NDEs) were purified from DS-AD plasma and injected into the dorsal hippocampus of a
wild-type mouse (WT) using stereotaxic techniques (Figure 3 and [20]). Control experiments using
exosome-specific antibodies and Nanosight technology, demonstrated the purity of the NDE
injection and confirmed that only NDEs and not other vesicles with different cellular origins were
injected [20].

Further, in our studies, we observed a significant spreading of p-Tau (5396) immunoreactivity
(i.r.) after the NDE injection after NDEs from patients with DS-AD, but not after control NDE
injections. We saw no evidence of spreading of p-Tau (T231) i.r. beyond the cells that were stained
with this different p-Tau isoform in the hippocampus. Double labeling with glial and neuronal stains
revealed that most of the white matter cells stained with p-Tau (5396) antibodies also co-labeled with
Olig-2 and SOX-10; two stains that are specific for oligodendrocytes in the CNS. These findings
suggest that NDEs from DS-AD patients can give rise to p-Tau (S396) seeding in the WT mouse brain
and lead to the spreading of Tau pathology from neurons in the hippocampus to oligodendrocytes
in the white matter and on to other brain regions, at least after NDE injections into the mouse brain
[20].
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NDE injection

Figure 3. Stereotaxic injection of DS-AD neuron-derived exosomes (NDEs) into the dorsal
hippocampus gave rise to a spreading of p-Tau (5396) immunostaining along the CA1 pyramidal cell
layer (A, arrows) to reach distances several millimeters away from the injection site after several
months. Within the hippocampal dentate gyrus (B), multiple flame-like neuronal inclusions of p-Tau
(5396) i.r. could be seen 1-month post-injection (B, small white arrows), and a more diffuse, granular
staining was observed within the hilar region (B). The NDE injection gave rise to a plexus of small cell
bodies and fibers in the white matter (WM) that stained for p-Tau (S396) (D) but not for p-Tau (T231,
C), suggesting that certain isoforms of p-Tau are more involved in seeding from neurons to
oligodendrocytes in the white matter.

These results are corroborated by findings by Ferrer et al. [90], who recently published an
interesting study where they showed that oligodendrocytes are highly involved in Tau spreading in
the brain after brain homogenate injections from patients with different tauopathies, including AD,
primary age-related tauopathy (PART), aging-related tau astrogliopathy (ARTAG) and globular glial
tauopathy (GGT). After inoculation into the mouse brain, they reported that p-Tau aggregates were
found in oligodendrocytes along with neurons to a greater degree than in other glial populations [90].
They also discovered that Tau seeding from human brain gave rise to a response in mouse neurons,
with increased levels of active Tau kinases, including p38 and ERK 1/2, suggesting that human
misfolded Tau could give rise to active Tau phosphorylation of murine Tau [90]. Further, the seeding
effect of pathogenic Tau seeds from AD brains has been shown to trigger Tau spread in macaque
brain brains [91]. Thus, to date, misfolded Tau isoforms can spread as seeds between different species
and give rise to Tau pathology in the recipient brain — causing alterations in the conformation of the
recipient Tau. Such seeding competency has not been described yet for amyloid, which is another
prion-like protein in the AD brain. However, it has recently been shown that amyloid can promote
seeding capacity and spreading of both Tau and alpha-synuclein in neurodegenerative disorders [92].

We do not yet know whether the injections into mouse hippocampus of DS-AD NDEs give rise
to murine Tau inclusions in neurons or oligodendrocytes in our studies, but this important concept
is the topic for future studies. We also have not seen other studies investigating the seeding potency
of p-Tau (S396) versus other isoforms of p-Tau, and this will be an interesting topic for future
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experiments. It is also possible that human tau mRNA transcript isoforms with differences in the
predominance of 3R tau versus 4R tau may exhibit different seeding potencies and/or different
morphological consequences in the host mouse brain, as suggested by some investigators [93]. Ferrer
and collaborators showed that Tau strains produce different patterns of active neuronal seeding,
which also depend on the host Tau [90,93]. These studies could have a significant bearing on the
pathological cascade in the brain caused by Tau misfolding and seeding and can lead to better and
more targeted drugs that could stop the progression of dementia in several different tauopathies.

4. Tau biomarkers in biofluids, including exosomes.

Individuals with DS develop dementia and AD pathology at a variable age, but earlier than that
seen in late-onset AD (LOAD) and perhaps earlier than seen with EOAD. Given that approximately
40-80% of individuals with DS develop AD-like dementia by the fifth decade of life [94], one might
hypothesize that Tau seeding and spread within the DS brain may occur well within the fourth
decade. Recent improvements in measuring P-Tau by immunoassays, seeding assays and Positron
Emission tomography (PET) have enabled testing of this hypothesis and led to several breakthroughs
and new questions about when Tau gains seeding “prion-like” capacities.

4.1. Ultrasensitive Immunoassays

With the recent development of new sensitive assays such as the Single Molecule Array (Simoa
[95]), investigators are now capable of measuring even minute amounts of biomarkers in plasma
during different neurological conditions. Using these novel sensitive measures, we performed a
study focused on exosome biomarkers in individuals with DS, showing increased amyloid exosomal
levels already in early childhood, and levels increased through adulthood [18]. However, we found
an unexpected increase also in p-Tau (5396 and T181) in comparisons between all DS and all control
participants at an early age, and with an increase with age in p-Tau (T181) [86]. These findings
suggested that misfolding and phosphorylation of Tau may be an early event in DS and could be
used to predict the onset of dementia as well as treatment efficacy also in this population. Measuring
biomarkers in exosomes proved to be a sensitive and possibly less variable assay of dementia-related
biomarkers than that previously shown for the same biomarkers in plasma due to the relatively low
levels of AD-related proteins observed in plasma.

In older adults with DS, investigators in the Alzheimer Biomarkers Consortium — Down
Syndrome (ABC-DS) have demonstrated early changes in persons with DS in different p-Tau
isoforms in plasma [96]. The Petersen et al. group [96] showed, studying more than 300 participants
with DS at different ages, that plasma levels of total Tau and neurofilament light (NfL) were highly
predictable of both AD pathology and clinical status in those with DS at different ages. In another
recent biomarker study from the European DS clinical network Horizon 21, Carmona and
collaborators examined neurofilament light (NfL) [97] and found that NfL plasma levels had excellent
diagnostic performance and a highly similar temporal distribution of change compared to that seen
in autosomal dominant AD [97]. Phospho-Tau biomarkers in plasma have also been examined using
ultrasensitive methods [98,99]. Plasma p-Tau (T217), glial fibrillary acidic protein (GFAP), amyloid
beta peptides 42 and 40 (A42/A[40), NfL, and total Tau (t-Tau) were assayed. The study included
300 participants with DS and 37 non-DS siblings. They found that higher p-Tau (T217) levels but no
other biomarkers were associated with worse performance on DS Mental Status Examination and
Cued Recall Test, thus suggesting that plasma p-Tau (T217) is an accurate blood-based biomarker of
both Tau and Ap pathological brain changes in DS that could be used for inclusion of individuals
with DS in AD clinical trials, especially when combined with age as a covariate [98]. Since plasma
levels of AD-related pathology is easier to conduct experimentally than NDE assessments, this newly
developed measure may lend itself better to large clinical studies than the more cumbersome
exosomal biomarker studies [19,100].

doi:10.20944/preprints202401.1837.v1
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4.2. Tau seeding and aggregation assays

Promising techniques have been developed for the quantitation of Tau seeding activity in human
biofluid. Holme et al. (2014) developed an in-cell-based assay where a Tau-containing biosample is
incubated with a cell line overexpressing tau linked to a fluorescent protein [81]. Upon aggregation,
energy transfers between fluorescent proteins (FRET) allowed for the detection of seeding capacity
signals using flow cytometry. Using this FRET method, robust Tau seeding activity can be 1 month
before histopathological stains show NFTs, suggesting that tau seeding is an early signature of
tauopathy. Cell-free assays have been developed Real-Time Quaking-Induced Conversion (RT-QuIC)
to measure prion seeding [101] and, more recently, Tau seeding [102]. Tau seed-containing material
from biofluids or brain samples is incubated with recombinant tau substrate and thioflavin T in
optimized conditions. Using RT-QulC, seed-competent material induces the aggregation of the
substrate, which generates a fluorescent signal.

Jin et al. (2022) recently developed a Tau seeding activity assay using truncated HA-tagged
Taul51-391 peptide and cellular transformation [103]. Cells transiently express the HA-tagged
Taul51-391 peptide, which is readily captured and aggregated by oligomeric Tau derived from
postmortem AD brain samples. The captured Tau is then quantified using traditional immunoblot
methods. They employed these assays on AD and DS brain samples in two different studies [104]
and discovered that only brain extracts from AD or DS brain samples that contained
hyperphosphorylated Tau seeded Tau aggregation in cultured cells. Interestingly, Tau extracts of DS
corpus callosum showed low tau seeding activity, and no detectable tau seeding activity was
observed in DS cerebellar cortex. Again, Tau seeding ability was found to be highly correlated with
phosphorylation, but the group did not study effects of other Tau PTMs in this assay.

4.3. Tau binding studies using positron emission tomography (PET) ligands

Tau PET imaging is emerging as an important clinical tool for early diagnosis of AD and other
tauopathies since p-Tau appears to correlate more closely than amyloid with symptomatic dementia
progression. In the last ten years, multiple Tau PET ligands have been developed. Tau-specific ligands for
use in PET include the first-generation ligands (e.g., [18F]THK5317, [18F]THKS5351, [18F]AV1451, and
[11C]PBB3) and, consequently, a set of second-generation ligands (e.g. [18F]MK-6240, [18F]RO-948,
[18F]PI-2620, [18F]GTP1, [18F]PM-PBB3, and [18F]JNJ64349311 ([18F]JNJ311), see Leuzy et al. [105].
Several of these Tau PET ligands have been tested in patients with DS and AD, for example, the [18F]-AV-
1451 Tau PET ligand [106]. Rafii et al. demonstrated that the amyloid-negative participants with DS
imaged were all Tau-negative and that both amyloid and Tau burden correlated with age [106]. They also
found that Tau binding in the brain correlated well with cognitive decline, suggesting that this clinical
measure can be used to predict the onset or progression of dementia in DS-AD. Recently, Dr. Bradley
Christian and his research group have performed longitudinal PET analyses in the DS population to better
define a timeline of the progression of amyloid and Tau burden through the conventional Braak stages
[107-109]. Based on PET scans, they revealed early and rapid Tau elevation following the onset of amyloid-
positive PET imaging. While Tau elevation is highly variable in AD cohorts, individuals with DS
displayed uniform increases in Tau within 2.5 years of the onset of amyloid binding in the brain.

To further quantify the binding of Tau PET ligands in specific brain regions, we performed an
autoradiographic binding study of Tau PET ligand binding in postmortem, fixed and paraffin-
embedded brain tissue sections from individuals that received a neuropathological diagnosis of
either LOAD, EOAD, or DS-AD, and age-matched controls [110]. Interestingly, we found that binding
of both the first generation (THK5117) and the second generation (MK6240) Tau PET ligand exhibited
a significant increase in frontal cortex (middle frontal gyrus) in DS-AD postmortem cases compared to
both EOAD and LOAD cases. In addition, autoradiographic binding of both of these Tau ligands
correlated significantly with AT8 p-Tau immunostaining on adjacent sections, strongly suggesting
that on-target binding was more prevalent than off-target binding, at least in these fixed and paraffin-
embedded sections [110]. Other studies have suggested that in fresh frozen materials and in vivo,
there is off-target binding of Tau ligands to, for example, monoamine oxidase B (MAO-B)[111], which
did not appear to be the case in our study using fixed materials. Investigators have identified a

doi:10.20944/preprints202401.1837.v1
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binding site for all the Tau tracers on MAO-B [111], which could make clinical studies difficult to
undertake unless a better understanding of off-target binding is first achieved. However, it was
reported in the Murugan et al. manuscript [111] that a second-generation Tau PET ligand, MK6240,
has a lower affinity for MAO-B than the first-generation tracers. Nevertheless, in our binding study,
we found a significant correlation between p-Tau immunostaining (AT8 antibodies) with both the
first and second-generation Tau ligands used in that study [110], suggesting less off-target binding
in fixed tissues than what was previously reported for in vivo studies.

5. Discussion

Tau pathology is an important component of AD research but also carries a significant
pathological burden in other tauopathies [112]. Tauopathies can be classified clinically by a range of
symptoms that involve cognition, behavior, mental health, motor function, language disabilities and
non-specific amnestic or executive symptoms. Pathologically, tauopathies can be classified based on
the predominant Tau isoforms and/or phosphorylation sites that are present in inclusion bodies or
cytoskeletal fibrils, including the ratio of 3R:4R and truncation of the Tau protein at specific sites
[112]. The most recently classified tauopathy is Chronic Traumatic Encephalopathy (CTE), which
pathologically is classified by accumulation of Tau inclusions, particularly in the sulci [29]. Recent
work has shown that repeated traumatic brain injuries (TBls) in mouse or rat brains give rise to an
accumulation of cis-phosphorylated Tau [113] as well as Tau oligomers in CSF or brain tissue.
However, the specific form and inclusion pattern of Tau appears to be significantly different in
different forms of tauopathy [21,45].

In individuals with DS and AD (DS-AD), Condello and collaborators found a significant
difference in prion activity compared to other forms of AD, where DS brains showed a continuously
increasing prion activity of Tau and amyloid with age; this is contrary to the reduced prion activity
of these proteins observed in brains from patients with LOAD or EOAD [50]. This would suggest that
DS brains contain a particularly violent form of Tau seeds and may, at least partially, explain the
early onset of AD pathology and dementia seen in this population [5].

Our binding studies using Tau tracers suggested that the frontal cortex was more affected in
terms of Tau binding in DS-AD compared to LOAD or EOAD [110], potentially due to the
developmental detriments in frontal cortex organization that have been reported for children with
DS, with hypoconnectivity [114], reduced neuronal numbers and brain volume [115], and
underdeveloped neuronal migration in the frontal cortex [70,116]. This could contribute to the
relative vulnerability of the frontal cortex to Tau and amyloid pathology as the individual with DS
gets older compared to the frontal cortex in typically developing individuals.

The fact that the gene that encodes amyloid precursor protein (APP) is located on Chr. 21 [117]
can also contribute to the vulnerability of individuals with DS to AD pathology. Since APP in the
fetal brain is highly involved in neurogenesis, neuronal differentiation and synaptogenesis during
neurotypical development [118,119], an overproduction of amyloid could lead to a loss of normal
APP function during development — hence, a delayed migration of neurons in the cortical plate
and/or disturbance in synaptic development. The Tau protein is also directly involved in neural and
synaptic development. Studies have shown that human phosphorylated fetal Tau (3R, containing
exon 0) is found in the distal portions of cortical growth cones [120] and contributes to axonal growth
and maturation [120]. This isoform of p-Tau does not generate aggregates in the brain but is altered
early in the maturation of the DS brain [121], potentially also contributing to a reduced maturation,
particularly of cortical regions. Thus, although we know that aberrant prenatal brain development in
individuals with DS can disrupt the function and structure of cortical areas during adulthood and
aging, further studies are needed in order to design appropriate interventions that can halt or reduce
the impact of AD pathology in individuals with DS.

6. Conclusions

Tau misfolding and aggregation play a major role in AD pathology as well as in DS-AD
pathology. This review demonstrates recent work focused on understanding the role of NFTs and
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monomeric/oligomeric Tau for the prion-like spreading of Tau pathology in the human brain to come
up with novel treatment paradigms for this debilitating and early onset AD form that occurs in those
with DS. This review sheds light on the underpinnings of Tau pathology in DS-AD and demonstrates
the central role that misfolding of the Tau protein plays in this pathological process.
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