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Individuals with Down syndrome (DS) exhibit an almost complete penetrance of Alzheimer’s disease (AD) pathology but

are underrepresented in clinical trials for AD. 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 of Tau (p-Tau), which may seed pathology to bystander cells and spread.
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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 . The AD pathology that develops in the DS

brain includes widespread amyloid plaques, neuroinflammation, cell death, and neurofibrillary tangles (NFTs, ).

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, both in humans with DS and DS

mouse models . Neuroinflammation is also an inherent trait of the DS brain due to several different genes

encoded on Chr. 21, including four of six interferon receptors  and the superoxide dismutase 1 gene (SOD-1) ,

among other factors. Therefore, cells obtained from the DS brain exhibit early signs of inflammatory activation as well as

oxidative stress .

The spreading of misfolded Tau is associated with AD and DS-AD pathology, including hyperphosphorylated Tau (p-Tau),

which spreads from region to region in the brain, finally leading to a Braak stage of V-VI in the final stages of DS-AD

pathology . While AD is considered a sporadic disease of aging or as occurring earlier in life, due to the inheritance

of rare genetic mutations, DS-AD presents early age-dependent kinetics of amyloidogenesis and Tau seeding, perhaps as

early as the teenage years . It is difficult to compare DS-AD with familial or late onset AD, since they have different

biological mechanisms. This points to an absolute need for more research and clinical trials, including on those with DS,

since we still do not know the mechanisms involved in the propagation of AD pathology in the Trisomy 21 brain.

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

The Tau protein is a highly conserved protein in mammals that is known to have six isoforms, which is caused by alternate

splicing of exons 2, 3, and 10 of the microtubule-associated protein tau (MAPT) gene . 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 . The Tau protein interacts with

microtubules via either three or four 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

destabilization of neuronal microtubules and, consequently, to neuronal dysfunction and death . 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, correlate significantly with cognitive deficits in Alzheimer’s

disease (AD), and contribute to distinguishing differences between AD and other tauopathies . A distinct set of

modifications occur in different neurodegenerative conditions, of which AD is the most common . A precise balance

between four-repeat (4R) and three-repeat (3R) isoforms of Tau are found in normal conditions, while dysregulation of the

3R:4R ratio is associated with different forms of tauopathy .

Several other Tau isoforms have a noteworthy impact on aggregation in AD. García-Escudero et al. recently discovered a

new, human-specific truncated form of Tau generated by intron 12 retention . This intron 12 retention generates a
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truncated Tau protein, followed by 18 extra amino acids, dramatically reducing this isoform’s ability to aggregate. While

this Tau isoform exhibits similar biochemical properties and microtubule binding affinity, the variation seems to stabilize

Tau, and is therefore considered to have a beneficial role. Interestingly, Cuadros et al. discovered that this form of Tau,

called “W-Tau”, is reduced in AD brain at later stages of the disease. Another Tau isoform is the so-called “big-Tau”, a

long-known high-molecular-weight isoform that contains an additional large exon termed 4a, which is sometimes without

exon 6. Big-Tau expression and selective distribution is associated with neuronal development and regeneration ,

particularly in dorsal root ganglia. Chung et al. proposed that big-Tau expression is a feature of neurons that tend to be

protected as AD progresses. In future studies, it would be prudent to study these isoforms in various regions of the AD-

affected brain, considering that the occipital region often shows resilience to accumulation of AD pathology compared to

the temporal and frontal regions, even within different portions of cortex.

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, in acknowledgement of the

prion-like activities conducted by both aggregating amyloid and Tau isoforms . Interestingly, Condello and Prusiner

examined prion activities in frozen brain tissue from individuals with DS of different ages by selectively precipitating Aβ

and Tau from DS brain homogenates and using cellular bioassays to measure the number of prions. They discovered that

while brain tissue from individuals with early-onset Alzheimer’s disease (EOAD) or LOAD exhibited reduced prion

activities with age, this is not the case for DS brain tissue, where the levels of Aβ and Tau seeds increased with age .

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 . Recent studies have implicated fibrillar,

truncated and oligomeric Tau in the seeding, aggregation, and propagation of Tau pathology in the brain .

Interestingly, oligomeric and fibrillar Tau appear to be equivalent in potency, in terms of seeding competency, and are both

known to be taken up by local neurons after intracranial injection . 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  (see Figure 1
below).

Figure 1. Posttranslational modifications and neuroinflammation or oxidative stress give rise to abnormal phosphorylation

of Tau (P). 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 of AD and

DS-AD. Intra-neuronal NFT accumulation leads to neuroinflammation, autophagy dysfunction, and mitochondrial

dysfunction. Tau fibrils and oligomers, seeding competent and secreted in exosomes (star), spread to other neurons and

astrocytes, microglia, or oligodendrocytes. Oligos = oligomers.

4. Tau Biomarkers in Biofluids

Individuals with DS develop dementia and AD pathology at a variable age, but earlier than in LOAD and perhaps earlier

than in EOAD. Given that as much as 90% of individuals with DS develop AD-like dementia by the fifth decade of life ,

one might hypothesize that Tau seeding and spread within the DS brain may occur decades earlier. Recent improvements

in measuring P-Tau by immunoassays, seeding assays and Positron Emission tomography (PET) have enabled this

hypothesis to be tested and led to several breakthroughs, while producing new questions about when Tau gains seeding

“prion-like” capacities.
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4.1. Ultrasensitive Immunoassays

With the recent development of new sensitive assays such as the single molecule array (Simoa ), investigators are now

capable of measuring even minute amounts of biomarkers in plasma in different neurological conditions. The researchers

performed a research focused on exosome biomarkers in individuals with DS, showing increased amyloid exosomal levels

already in early childhood, which increased through adulthood . However, the researchers also unexpectedly found an

increase in p-Tau (S396 and T181) when comparing all DS and all control participants at an early age, and noted an

increase of p-Tau with age (T181) . 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, and also improve treatment efficacy for this

population. Measuring biomarkers in exosomes proved to be a sensitive and possibly less variable assay of dementia-

related biomarkers than when the same biomarkers were applied in plasma, which was due to the relatively low levels of

AD-related proteins observed in plasma.

In engaging with older adults with DS, Alzheimer Biomarkers Consortium—Down Syndrome (ABC–DS) demonstrated

early changes in persons with DS by using different p-Tau isoforms in plasma . The Petersen et al. group  studied

more than 300 participants with DS at different ages, showing that plasma levels of total Tau and neurofilament light (NfL)

were highly predictive of both AD pathology and clinical status in those with DS at different ages. In another recent

biomarker study for the European DS clinical network Horizon 21, Carmona and collaborators examined neurofilament

light (NfL) , 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 . Phospho-Tau biomarkers in plasma have

also been examined by using ultrasensitive methods . And Plasma p-Tau (T217), glial fibrillary acidic protein (GFAP),

amyloid beta peptides 42 and 40 (Aβ42/Aβ40), NfL, and total Tau (t-Tau) were assayed. The study, which included 300

participants with DS and 37 non-DS siblings, found that higher p-Tau (T217) levels and no other biomarkers were

associated with worse performance in the DS mental status examination and cued recall test, suggesting that plasma p-

Tau (T217) is an accurate blood-based biomarker of both Tau and Aβ pathological brain changes in DS that could be used

to include individuals with DS in AD clinical trials, especially when combined with age as a covariate . Since plasma

levels of AD-related pathology are easier to accomplish in the clinic than in NDE assessments, this newly developed

measure may lend itself better to large clinical studies than to more cumbersome exosomal biomarker studies .

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 a cell-based assay, where a Tau-containing biosample is incubated with a cell line overexpressing tau

linked to a fluorescent protein . 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 could

be observed one month before histopathological stains showed NFTs, suggesting that tau seeding is an early signature of

tauopathy. Cell-free assays have been developed by real-time quaking-induced conversion (RT-QuIC) to measure prion

seeding  and, more recently, Tau seeding . Tau seed-containing material from biofluids or brain samples is incubated

with recombinant tau substrate and thioflavin T in optimized conditions. When RT-QuIC is used, seeding-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 Tau151-391 peptide and

cellular transformation . Cells transiently express the HA-tagged Tau151-391 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 

and discovered that only brain extracts from AD or DS brain samples 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 the 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, as 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 first-generation ligands and, consequently,

second-generation ligands (see Leuzy et al. ). Several of these Tau PET ligands have been tested in patients with DS

and AD including, for example, the [18F]-AV-1451 Tau PET ligand . Rafii et al. demonstrated that amyloid-negative

participants who were DS imaged were all Tau-negative, and that both amyloid and Tau burden correlated with age .

They also found that Tau binding in the brain correlated significantly with cognitive decline, suggesting that this clinical
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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 a DS cohort with the aim of better defining a timeline for the

progression of amyloid and Tau burden through the conventional Braak stages . By using 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. Although very early in life, the spatial progression of neurofibrillary Tau tangles and paired helical

filament Tau in DS closely follows the hierarchical staging pattern outlined by Braak and Braak for LOAD studies . This

pattern has been well described by Davidson et al., who observe that Tau pathology usually commences after 35-years-

of-age, in the entorhinal cortex, hippocampal formation, and in subcortical brainstem regions such as the locus coeruleus

and dorsal raphe nucleus. Later, Tau pathology spreads throughout the neocortex, sparing the occipital lobes until the

mid-50 years of age . Although this pattern is generally recognized in individuals with DS, there are reports showing

that dysregulation of Tau phosphorylation can occur quite early in life in those with DS , which is something that cannot

be detected by Tau PET imaging, which serves to demonstrate the need for detailed postmortem tissue studies.

To further quantify the binding of Tau PET ligands in specific brain regions, the researchers performed an autoradiographic

binding research 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 compared them against

age-matched controls . Interestingly, the researchers found that the 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 of adjacent sections, strongly suggesting that on-

target binding was more prevalent than off-target binding, at least in these fixed and paraffin-embedded sections .

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) , which did not appear to be the case in the research using fixed materials.

Investigators have identified a binding site for all the Tau tracers on MAO-B , which could make clinical studies difficult

to undertake unless a better understanding of off-target binding is first achieved. However, it was reported by Murugan et

al  that a second-generation Tau PET ligand, MK6240, has a lower affinity for MAO-B than the first-generation tracers.

Nevertheless, in the binding research, the researchers found a significant correlation between p-Tau immunostaining (AT8

antibodies), with both the first and second-generation Tau ligands used in this research , suggesting less off-target

binding in fixed tissues than what was previously reported in vivo.
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