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Abstract

Dementia is an umbrella term which describes the primary characteristic of many neurodegenerative diseases
(NDDs): a loss of cognitive function. For example, tauopathies, a family of diseases whereby the protein tau is
dysregulated, all feature dementia as one of the main symptoms. Despite important differences in tau
propagation and subsequent molecular consequences, many tauopathies are very difficult to differentiate in
a clinical setting early in the disease progression. This is one of the main challenges facing clinicians today
with an increasingly aging population which is more affected by dementia with each year that passes. The first
half of this thesis investigates the potential for brain derived extracellular vesicles (BD-EVs), nanoparticles
secreted by all the cells in the brain, to bridge the gap between what we know happens on the molecular level
inthese diseases and what is measurable in the clinic. By doing an in-depth proteomic analysis of BD-EVs from
brain tissue of a tauopathy patient cohort, we were able to identify key features of BD-EV cargo which allow for
the histopathological and molecular differences between various tauopathies to be linked with their clinical
phenotypes. By looking broadly at the whole proteome of these BD-EVs, we saw patterns of systemic
dysregulation reflected from the brain to the EV, highlighting major pathways implicated in disease progression

in the brain.

BD-EVs hold much promise in the context of NDD diagnosis, however, there remain many challenges in
isolating these particles outside of the brain. BD-EVs are able to cross biological barriers, such as the blood-
brain barrier, to enter into peripheral biofluids. They can therefore provide critical information on the health
status of the brain without painful or invasive testing. However, isolating only BD-EVs from peripheral fluids,
which are full of EVs from all over the body, is challenging. To complicate matters further, EVs are covered in a
halo of proteins called the corona. While EVs contain surface proteins indicating the cell type or tissue they
come from, the protein corona masks these clues, rendering EVs from all organs almost identical from the
outside. To combat this, the second half of this thesis focused on developing a novel method to enzymatically
digest the corona, exposing novel tissue-specific proteins at the surface of EVs for immunocapture. This
method increases the yield of labeled BD-EVs in peripheral fluids from less than 1% to 30-60%. This project
soughtto advance our understanding of tauopathies via BD-EVs and to improve upon the existing methodology
for BD-EV capture in the periphery. There is still room for improvement, further development, and refinement
of these results and concepts, but the work described here has certainly advanced the field of BD-EVs toward

something which can one day be clinically relevant to improve patient care in the aging population.
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Résumé

La démence est un terme générique qui décrit la caractéristique principale de nombreuses maladies
neurodégénératives (MND) : une perte de fonction cognitive. Par exemple, les tauopathies, une famille de
maladies ou la protéine tau est dysrégulée, présentent toutes la démence comme l'un des principaux
symptdmes. Malgré des différences importantes dans la propagation de la tauopathie et les conséquences
moléculaires ultérieures, les tauopathies sont tres difficiles a différencier entre elles dans un contexte clinique
au début de la maladie. C'est l'un des principaux défis auxquels sont confrontés les cliniciens aujourd'hui,
avec une population vieillissante qui est de plus en plus touchée par la démence chaque année. La premiere
partie de cette thése explore le potentiel des vésicules extracellulaires dérivées du cerveau (VE-DC), des
nanoparticules sécrétées par toutes les cellules du cerveau, pour combler l'écart entre ce que nous savons
se passer au niveau moléculaire dans ces maladies et ce qui est mesurable en clinique. En réalisant une
analyse protéomique approfondie des VE-DC provenant de tissus cérébraux d'une cohorte de patients atteints
de tauopathie, nous avons pu identifier des caractéristiques clés du contenu des VE-DC qui permettent de lier
les différences histopathologiques et moléculaires entre diverses tauopathies a leurs phénotypes cliniques.
En examinant largement le protéome entier de ces VE-DC, nous avons observé des schémas de dysrégulation
systémique reflétés du cerveau aux VE, mettant en évidence des voies majeures impliquées dans la

progression de la maladie dans le cerveau.

Les VE-DC offrent beaucoup de promesses dans le contexte du diagnostic des MND, cependant, il reste de
nombreux défis dans l'isolement de ces particules en dehors du cerveau. Les VE-DC sont capables de
traverser les barrieres biologiques, telles que la barriere hémato-encéphalique, pour pénétrer dans les
biofluides périphériques. Ils peuvent donc fournir des informations critiques sur l'état de santé du cerveau
sans test douloureux ou invasif. Cependant, isoler uniquement les VE-DC des fluides périphériques, qui sont
pleins de VE de tout le corps, est difficile. Pour compliquer davantage les choses, les VE sont recouverts d'un
halo de protéines appelé la corona. Bien que les VE contiennent des protéines de surface indiquant le type de
cellule ou le tissu dont elles proviennent, la corona protéique masque ces indices, rendant les VE de tous les
organes presque identiques de l'extérieur. Pour remédier a cela, la seconde moitié de cette these s'est
concentrée sur le développement d'une nouvelle méthode pour digérer le corona, exposant de nouvelles
protéines spécifiques au tissu a la surface des VE pour limmunocapture. Cette méthode augmente le
rendement des VE-DC marqués dans les fluides périphériques de moins de 1 % a 30 a 60 %. Ce projet visait a
faire progresser notre compréhension des tauopathies via les VE-DC et a améliorer la méthodologie existante
pour la capture des VE-DC en périphérie. Il reste encore des améliorations a apporter, des développements
supplémentaires et des affinements de ces résultats et concepts, mais le travail décrit ici a certainement fait
progresser le domaine des VE-DC vers quelque chose qui pourrait un jour étre cliniquement pertinent pour

améliorer les soins aux patients dans la population vieillissante.
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General Introduction

Proteinopathies in the Brain
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Figure 1 | Clinicopathological spectrum of neurodegenerative proteinopathies
From Elahi & Miller 2017 - Nature Reviews Neurology !

Schematic representation of the molecular underpinnings of neurodegenerative diseases and their main clinical manifestations.
The figure lists genes with full penetrance that are considered causative and risk genes (in parentheses) that influence molecular
processes culminatingin the misfolding and/or aggregation of six fundamental proteins: cellular prion protein (PrPC), AB42 (and,
to a lesser extent, AB40), tau, TAR DNA-binding protein 43 (TDP-43), fused in sarcoma (FUS), and a-synuclein. These normal
proteins misfold and/or accumulate in intracellular or extracellular compartments in specific areas of the CNS. Four major
pathological disease categories are recognized: prion disease, Alzheimer disease (AD), frontotemporal lobar degeneration
(FTLD) and Lewy body diseases (LBD). The pathologies can involve multiple molecules; for example, AD is a dual proteinopathy
with AB and tau aggregates. Also, in some cases of prion disease, AB is seen in addition to the principal aggregates of misfolded
scrapie prion protein (PrPSc). The majority of FTLD cases are associated with three different proteinopathies: tau, TDP-43 and
FUS. Each pathological entity can in turn manifest as a variety of clinical syndromes, sometimes featuring symptoms that bridge
syndromes. Asterisks indicate frontotemporal dementia (FTD) syndromes that, in addition to FTLD, can be associated with AD
neuropathology. Genetic pleiotropy is also at play: mutations in certain genes have full penetrance for one pathology (FTLD-TDP)
and associated FTD syndromes, while representing a risk factor for another pathology (AD). In addition, certain fully penetrant
genetic mutations, are associated with additional systemic disease manifestations. The rich and diverse clinical expression of
neurodegenerative processes is best illustrated in FTLD, a pathological category with six distinct clinical syndromes. Of note,
FUS pathology causing FTLD is typically not associated with FUS mutations, which more often cause amyotrophic lateral
sclerosis.

AB =amyloid-B, AD = Alzheimer’s disease, CJD = Creutzfeldt-Jakob disease, CNS = central nervous system, FTD-MND = frontal temporal dementia
with motor neuron disease, FUS = fused in sarcoma, LBD = Lewy body diseases, PPA = primary progressive aphasia
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Many neurodegenerative diseases (NDDs) are the result of dysregulation and eventual accumulation of one or
more proteins in the brain. Many genes can contribute to the formation of intra- or extracellular protein
aggregates within the brain, resulting in a wide variety of pathologies and associated syndromes (Figure 1)’.
Some of these diseases, such as Alzheimer’s disease (AD), are dual proteinopathies with two kinds of protein
aggregates driving disease. In contrast, others like frontotemporal lobar degeneration (FTLD) can be driven by
a number of different proteins, each resulting in a different disease progression and associated syndromes.
These diseases often occur sporadically, however, certain genetic factors play into an individual’s vulnerability

to developing a proteinopathy?.

The majority of proteinopathies have dementia as one of their earliest-showing and constantly evolving
symptoms. However, dementia is not just a simple symptom, it is a complex process which is the result of
damage to specific molecular pathways in the brain, leading to inflammation, impaired synaptic transmission,
gliosis, and cell death, among other things (Figure 2)"3“. These effects ultimately lead to impaired cognitive
functioning, changes in behavior and mood, impaired sensory motor function, and overall loss of autonomy
for anindividual. The specific location of lesions and aggregates in the brain plays a significantrole in the types
of symptoms experienced by a patient, as well as the speed of disease progression®. Dementia is far from a
“one size fits all” term, with much variability and overlap of symptomology between patients, so it’s clear why

there is difficulty stratifying and diagnosing dementia patients still today.
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Figure 2 | Hallmarks of
neurodegenerative diseases
From Wilson et al., 2022 - Cells *

Based on decades of basic,
translational, and clinical research,
genetic factors and biochemical
pathways underlying many NDDs
have been identified, resulting in
the identification of eight NDD
hallmarks: pathological protein
aggregation, synaptic and neuronal
network dysfunction, aberrant
proteostasis, cytoskeletal
abnormalities, altered energy
homeostasis, DNA and RNA
defects, inflammation, and
neuronal cell death.

Tauopathies are a subset of proteinopathies explicitly characterized by the abnormal aggregation of tau
protein in the brain. Tau, crucial for neuronal health, is best known for maintaining microtubule stability and
therefore, cytoskeletal integrity in neurons®. Beyond its foundational role, more recent studies have unveiled
itsinvolvementin various neuronal functions such as the direct regulation of microtubule dynamics and axonal
transport, as well as the indirect promotion of synaptogenesis, neurogenesis, and plasticity (Figure 3)%5.
However, in pathological conditions, tau undergoes hyperphosphorylation, leading to its detachment from
microtubules, accumulation, and eventually aggregation within the cell®. Consequently, affected cells
experience compromised structural integrity and impaired functionality due to the presence of these

pathological protein aggregates.
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Figure 3 | The function and dysfunction of tau in the brain
Adapted from Guha et al., 2020 — Molecular Neurobiology 8

Tau in physiological and pathological contexts in the brain

A) Inthe physiological state, tau plays numerous roles including regulation of axonal microtubule assembly, contributing to
neuronal polarity development and outgrowth.

B) In the pathological state, tau with abnormal PTMs exhibits decreased affinity for microtubules and can contribute to
mitochondrial damage, as well as impaired synaptic transmission culminating in neurodegenerative processes.

Although tau is relatively smallin size, its various forms contribute significantly to the molecular heterogeneity
observed in tauopathies. One notable cause for this is alternative splicing, which generates six distinct
isoforms of tau (Figure 4)'*'". Among these, three belong to the 3R group, featuring three microtubule binding

domains, while the remaining three make up the 4R group with four microtubule binding domains. Under
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normal physiological conditions, 3R and 4R tau are present relatively equally throughout the brain'2. However,
in tauopathies, the accumulation of 3R tau, 4R tau, or a combination of both disrupts this balance, leading to
widespread neuronal loss. Beyond isoform variation, tau possesses 85 phosphorylation sites, with only 10
being phosphorylated under normal conditions, compared to up to 55 in Alzheimer's disease alone.™.
Phosphorylation alters the protein's conformation, particularly hyperphosphorylation, resulting in a myriad of

hyperphosphorylated tau forms present in tauopathies.
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N terminus IN3R C terminus From Zabik et al., 2017 - Biochemical Cell Biology '
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Tauopathies can be further classified into different subtypes according to the predominant tau isoform
accumulated (3R, 4R, or a mixture of both) and the morphology of tau aggregates present, such as
neurofibrillary tangles (NFT) or gliofibrillary tangles (GFT)'*'S. Moreover, the genetic and molecular
mechanisms contributing to tauopathies vary, with mutations in the MAPT gene linked to certain tauopathies

but not all’s.

Given the considerable molecular diversity within tauopathies, it's unsurprising that they also manifest
differences in clinical presentation and neuropathological features.''. For instance, while Alzheimer's
disease and progressive supranuclear palsy predominantly impact cortical brain regions, others like
corticobasal degeneration and Pick's disease primarily affect subcortical areas (Figure 5)°. These
topographical differences result in distinct clinical symptoms; Alzheimer's patients typically present with
memory deficits and mood disturbances, whereas those with Pick's disease often experience initial changes

in personality and decision-making, with memory decline occurring later'®. Understanding the heterogeneity
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among tauopathies is critical for accurate diagnosis and treatment and for advancing our knowledge of the

molecular underpinnings of these complex diseases.
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Diagnosing tauopathies

The current strategy for diagnosing tauopathies and related diseases combines patient or proxy self-reporting
of symptoms, neuropsychological testing to evaluate cognitive and memory function, biofluid testing when
proteinopathy is suspected, and brain imaging in the form of magnetic resonance imaging (MRI) to look for
regional atrophy or lesions and/or positron emission tomography scan (PET) for specific pathological protein
or aggregate presence, such as amyloid beta (AB) or phosphorylated tau (P-Tau). There are no definitive
diagnostic tests yet for these diseases, and many of the physical symptoms of tauopathies are also presentin
other neurological conditions, making precise diagnosis difficult, particularly in earlier stages of disease
progression'°, Additionally, the progression of the disease can be slow and subtle, which can delay diagnosis
and diminish efficacy of any potential treatments such as monoclonal antibody treatment targeting amyloid
beta plaques in the case of AD?'. Despite their many differences, tauopathies can often present with similar
clinical and neuropathological features in earlier stages but require different treatments or symptom
management (Figure 6)?>2°, This complicates diagnosis and often leaves patients and clinicians without clear

answers for months or years as the pathology evolves.
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Figure 6 | Clinicopathological correlations in tauopathies

From Irwin 2016 - Parkinsonism & Related Disorders 2°

The scheme portrays (top) the relative frequencies of neuropathological subtypes of FTLD-Tau (i.e. primary tauopathies-red) and AD
(i.e. secondary tauopathy-yellow) seen at autopsy in clinical phenotypes in FTD-spectrum disorders and aging by the color-coding of
each box. Unremarkable neuro- pathological findings are shaded in green and TDP-43 protienopathies in blue (this schematic does
not account for cerebrovascular changes, co-morbid pathology or less common neurodegenerative diseases). FTD clinical
phenotypes are divided by cognitive and motor syndromes; the dashed line represents the clinical overlap between FTD cognitive
and motor syndromes and CBS is placed intermediate to these categories as this clinical syndrome has aspects of both cognitive
and motor dysfunction. AD neuropathology (yellow) is found in approximately a third of older patients who are cognitively normaland
is seen in the majority amnestic AD clinical phenotype. FTLD-Tau (red) is found in virtually all PSPS cases and the majority of naPPA.
FTLD-Tau is also found in a significant proportion of CBS and relatively rare in svPPA. Roughly half of bvFTD cases harbor FTLD-Tau
while a small percentage can have AD neuropathology (yellow). Solid lines represent the predominant clinicopathological
association for each specific tauopathy (bottom) while dashed lines represent less common clinical manifestations of each
tauopathy. AD neuropathology is most commonly associated with the amnestic AD clinical phenotype but may also present as
bvFTD, PPA variants and CBS. PART and AGD are largely associated with late onset (>80 years) amnestic syndrome similar to clinical
AD and less commonly in CN individuals. PiD is most commonly found in association with bvFTD but can present with PPA variants
or CBS. CBD tauopathy is primarily associated with CBS but also can manifest as bvFTD, naPPA or PSPS, while PSP is predominantly
associated with PSPS and less commonly associated with naPPA or CBS.

CN = cognitively normal, AD = Alzheimer’s disease, bvFTD = behavioral variant frontotemporal dementia, svPPA = semantic variant primary progressive
aphasia, naPPA = non-fluent variant primary progressive aphasia, CBS = corticobasal syndrome, PSPS = progressive supranuclear palsy syndrome,
PART = primary age-related tauopathy, AGD = argyrophilic grain disease, PiD = Pick’s disease, CBD = corticobasal degeneration, PSP = progressive
supranuclear palsy

Different forms of tau are currently used to inform on the disease status of patients in clinics. For example, in
the cerebrospinal fluid (CSF), P-tau181 (tau hyperphosphorylated at threonine181) and total tau (T-tau) can
act as biomarkers of mild cognitive impairment (MCI), early onset dementia (EOD), and AD?%28, |n the blood,
however, P-tau217 (tau hyperphosphorylated at threonine217) has been shown to most accurately reflect AR
plague and tau tangle load in AD patients in various Braak stages?*®°. P-tau181 and P-tau231 are also
measured in the blood with success, though they appear to correlate slightly less well with AB plaque and tau
tangle load than P-tau2172%%', Tau PET has also recently shown promise as a reliable way to measure NFTs in
the brain. Second generation tau tracers have improved upon first generation tracers in their affinity for NFT
tau and their specificity, binding less frequently to AB plaques®2. While some tau tracers have been approved
by the food and drug administration (FDA) for research purposes, they are not yet approved for clinical and

diagnostic purposes. Additionally, the best tau tracers, along with the best tau markers in CSF and blood, only
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work for AD pathology, meaning they rely on the presence of AB increasing the amount of detectable tau?’-2,
Some tau PET tracers do work specifically for 4R tau NFTs, meaning they can be used for tauopathies such as
progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD), which primary feature aggregates

of 4R tau.

AB is also used as a biomarker of proteinopathies which feature AB plaque deposition (typically AD). More
specifically, the AB42/AB4o ratio is often used. This is the ratio of AB peptides which are 42 or 40 peptides long.
This ratio is highly informative on AB plaque load in patients both via the CSF and the blood, though AB4, alone
can also be measured in the blood?. Several AB PET tracers also exist with high specificity and sensitivity to
detecting AB plaques in vivo®. Multiple tracers have been approved by both the FDA and the European
Medicines Agency (EMA) for clinical use. Of course as the name suggests, Ap measurements and PET are only
useful for diseases with AP pathology, eliminating primary tauopathies for the list of diseases these methods

can diagnose.

General neurodegeneration can also be measured, irrespective of tau and AP pathology. Neurofilament light
chain (NfL), which can be measured in both plasma and CSF, has emerged as a strong marker of general
neurodegeneration?’*°. NfL is particularly strong for detecting neurodegeneration in frontotemporal, vascular,
and HIV-associated dementias. Neurodegeneration is often also assessed by MRl in order to detect atrophy or
lesions associated with pathology in the brain. Finally, a newer marker which is still being validated | the

context of AD is glial fibrillary acidic protein (GFAP), a potential marker of altered astrocytic homeostasis®*-%34,

There has been a staggering amount of progress in the field of biomarker research for neurodegenerative
disease in the last decade alone. There now exist multiple protein markers which can be measured in the
blood, CSF, or by PET scan. However, even with all of these improvements, most markers today are validated
only for AD and AD-related pathologies. Some, such as tau PET, can now detect specifically 4R tau, however
this is not clinically validated yet. Primary tauopathies still lack in protein biomarkers, with most being
diagnosed based on neuropsychological testing, MRI, and measurement of general markers of
neurodegeneration. The clinical feasibility of tau PET tracers is still being studied, however these are a

promising step for 4R tauopathies®3.
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Proteomics of tau isoforms

One method which can accurately distinguish between 3R and 4R tau inclusions in the human brain is
proteomics. Targeted proteomics using tandem mass tag labeling (TMT) is a method which relies on analyzing
a pure sample of the protein(s) of interest as a standard, along with the sample which is being analyzed for
those proteins, on order to compare the relative quantities based on the “standard” sample?. It can be a time
consuming and expensive technique, however it is highly accurate in distinguishing these small differences
such as between isoforms of proteins or post translational modifications (PTMs) which can have significant

consequences on pathological proteins such as tau.

One group investigated this exact question of stratifying primary tauopathies using proteomics of the different
kinds of tau inclusions found in control, corticobasal degeneration (CBD, a 4R tauopathy), frontotemporal
lobar degeneration 4R or 3R (FTLD-4R; FTLD-3R), Pick’s disease (PiD, a 3R tauopathy), and AD (a mixed 3R/4R
tauopathy)®. In this study, they found that targeted TMT mass spectrometry could indeed differentiate
between the isoforms and specific PTMs associated with inclusions from each of these pathologies, however
that there is a very big difference between the insoluble tau which aggregates within cells and the soluble tau
which is secreted into biofluids and used currently for diagnostic purposes. While the 3R/4R ratio of insoluble
tau could differentiate these disease groups (3R, 4R, 3R or 4R, and 3R and 4R), the same measure in soluble
tau could not differentiate any groups. This may shed some light on why soluble tau can only be used to
diagnose AD and AD-related pathologies, which have AB pathology in addition to tau pathology. The AR
pathology drives the soluble tau levels up in a way which distinguishes AD from primary tauopathies, but in
primary tauopathies the soluble tau levels are lower and in the same 3R/4R ratio regardless of the specific

disease.

Extracellular vesicles
Extracellular vesicles (EVs) are nanoparticles which are secreted by all the cells of the body. They range widely
in size, and are typically grouped into 3 categories: exosomes, microvesicles, and apoptotic bodies (Figure

7)*. All three of these EV subtypes have a unique biogenesis, size range, and function.

Exosomes are EVs which are formed with endosomal origin, budding inward from the membrane of
early endosomes and later maturing into multivesicular bodies (MVB)*. These early endosomes are involved
in protein sorting, recycling, storage, transport, and release, and resultant MVBs are typically sent to the
lysosome for degradation or fused with the plasma membrane to release their content (exosomes) into the

extracellular space*'. Exosomes range in size from about 30-150nm*2,
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Microvesicles differ from exosomes primarily in size and origin. They are typically larger than
exosomes, ranging from about 100nm - 1um in diameter*®. They are formed through an outward budding of the
plasma membrane and are “shed” into the extracellular space surrounding the cell*. Like exosomes,
microvesicles participate in intercellular communication and material transport. They are, however, made up
more of typical cytosolic and plasma membrane proteins rather than the more specific endosomal sorting

complex required for transport (ESCRT) machinery which signifies a biogenesis through the MVB.

Apoptotic bodies have the largest size range of any EV subtype, measuring anywhere from 50nm to
5um?®. This population of EVs does tend to be on the larger end of that range, however. Apoptotic bodies are
formed by a separation of the plasma membrane from the cytoskeleton of a cell and are released only by dying
cells as their name suggests. These EVs can contain intact organelles, chromatin, and other material vital to

cell survival.

Figure 7 | Biogenesis of extracellular
vesicle subtypes
From Dang et al., 2020 - Cells 39
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Long thought to just be the “trash bags” of cells, studies in the last decade have shown that EVs participate in
much more than cellular waste disposal. Indeed, they are critical in roles of intercellular communication, cell
maintenance, tumor progression, and the transportation of biological material from one cell to another4®2,

They are known to transport a wide variety of biological material, including proteins, DNA, RNA, lipids, and even

whole functioning organelles like mitochondria (Figure 8)4%4547,
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composition in the context of
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preparations.

EVs involved in cell-cell communication must be capable of reaching the cell(s) they are targeting. Not much
is known about how this process works in detail, but certain overarching themes have been demonstrated.
Most importantly, EVs released by cells in distress tend to express “don’t eat me” molecules at their surface
(such as CD47) in order to delay their uptake by phagocytic cells and increase their time in circulation, and
tissues which are in distress tend to express more adhesion molecules in order to receive more EVs*.
Together, these two concepts illustrate the importance of EVs in cell and tissue reparation, presumably by
providing molecules which are beneficial to the cells in need which are sending out distress signals.
Additionally, the quantity of EVs secreted by cells is dependent on the physiological state of the cell, with
injured or distressed cells releasing more EVs than normal cells®. This likely helps activate more healthy cells
in the immediate surroundings to secrete EVs which contain beneficial molecules. There is some evidence of
EV from certain cell types being preferentially taken up by other cell types, such as this study on the uptake of
oligodendrocytic EVs by microglia, however this kind of evidence is quite rare and there is still a large

knowledge gap in the specifics of this topic in the field of EVs*.
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While the mechanisms of EV homing are not yet well understood, the various mechanisms of EV uptake are
well-documented (Figure 9). EV content can enter recipient cells in a number of ways, such as phagocytosis
(typically apoptotic bodies), pinocytosis (exosomes or microvesicles), direct membrane fusion or cell surface
receptor interaction to empty cargo into the cytoplasm of the cell, or clathrin or caveolin-mediated
endocytosis for delivery to the endosome (and subsequently re-secretion by MVB or destruction by the
lysosome)*?®°, The mechanism of EV uptake is largely dictated by the content and surface proteins present on

an EV, indicating its biological purpose to the cell.
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Figure 9 | Cellular pathways exploited for the delivery of EV cargo
From Pedrioli & Paganetti 2021 - Frontiers in Cell and Developmental Biology 50

EVs reaching recipient cells can interact with cell surface receptor or fuse with the limiting membrane and deliver the soluble
cargo directly to the cytosol. Alternatively, EVs are internalized through macropinocytosis, micropinocytic processes such as
clathrin-mediated endocytosis, and caveolin-mediated endocytosis or phagocytosis. Internalized EVs transit through
endosomal compartments when directed to lysosomes. Within endo-lysosomal organelles, ligands present on the EV surface
caninduce an intracellular signaling cascade through a ligand-receptor mechanism. Moreover, cytosolic delivery of EV cargo
may occur by fusion with the membrane of these organelles. The action of acidic hydrolases may liberate the EV cargo for
degradation, interaction with other endo-lysosomal components, or recycling to the extracellular milieu by back fusion with
the cell membrane. Symbols used are specified in the legend on the bottom of the scheme.

The surface of extracellular vesicles

One factor which likely plays a large role in how and by which cells EVs are taken up is the surface proteome
of the EV. Much like their cargo, the proteins at the surface of the EV membrane tell a story about where itcame
from and where it can go®'. EVs are known to have many kinds of functional molecules at their surface,

including receptors, receptor ligands, and transmembrane proteins®2. Many groups are interested in decoding
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the surface proteome of EVs in order to study specific subpopulations of interest, though this remains a big
challenge which has not yet been fully overcome. To complicate matters further, EVs attract a protein corona
around the proteins in their membrane. This corona is full of soluble proteins which have a high affinity for the
surface proteins of the EV®. The complexity and affinity of the coronato the EV depends on the biofluid in which

the EV is circulating, as well as how long it is circulating before being internalized.

Isolation of extracellular vesicles

The method of EV isolation chosen for an experiment depends heavily on severalvariables, such as the biofluid
containing the EVs, the type of analysis which will be performed on the EVs, whether or not EVs should be
functional, the yield and purity desired, and others. There is no one correct way to isolate EVs; several
examples are provided in Figure 1054%. Researchers must consider the questions they seek to answer, the
kind of EV sample they require, and the tools at their disposal. There are currently two “gold standard”
approaches to EV isolation commonly accepted within the EV community, each offering different advantages
and disadvantages. Ultracentrifugation (UC) is used primarily for high yield experiments, often at a cost of
sample purity®*. UC is widely used because isolating a large enough amount of EVs for certain analyses can be
challenging, and this technique tends to produce high particle yield. The downside to UC is that it is often less
pure than other methods. Extremely high-speed centrifugation (>100,000g) can arbitrarily stick free floating
proteins to EVsin suspension, meaning the EV sample will contain proteins which are not associated with EVs.
UC can be made more pure by using different variations, such as discontinuous or continuous density gradient
ultracentrifugation (DGUC). On the other hand, size exclusion chromatography (SEC) is often used when high
sample purity is needed, often at the expense of the overall yield®. SEC efficiently separates EVs from free
proteins and small contaminating lipoproteins by pore size on resin columns, eluting EVs more quickly than
free proteins. Other methods such as precipitation kits, microfluidics, and immunocapture offer their own

advantages for specific kinds of studies.

Extracellular vesicles in peripheral biofluids

EVs are found in all biofluids of the body, including the blood, saliva, urine, tears, brain interstitial fluid (ISF),
CSF, lymphatic fluid, and amniotic fluid*’. Not only are EVs found in the biofluid in which they are secreted,
they are capable of crossing biological barriers such as the blood-brain barrier or the choroid plexus®®. This
means that EVs from specific organs and tissues can be found in biofluids far from where they originated. This
is particularly pertinent for brain derived EVs (BD-EVs), which can be found in blood, saliva, CSF, urine, and
other fluids®. Thanks to their brain derived biological cargo, BD-EVs in peripheral biofluids remain a critical

element of the search for noninvasive brain biomarkers in the form of a “liquid biopsy”.
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Figure 10 | Graphical summary of EV isolation methods

From Monguio-Tortajada et al., 2019 — Cellular and Molecular Life Sciences 55

A)
B)

E)

F)

G)

The starting sample is a cell- and debris-cleared biofluid containing EVs and proteins in suspension.

Ultracentrifugation renders an EV pellet that also contains proteins (dUC pellet), which can be further purified by discontinuous
ultracentrifugation (disc-UC), like floatation in a sucrose cushion, or by density gradient (DG) ultracentrifugation: in a discontinuous gradient
using different sucrose solutions or in a continuous, self-making gradient using solutions of iodixanol (optiprep). Proteins and the different
EV populations are separated by their density.

Ultrafiltration is a dead-end filtration system that allows the separation of molecules according to the molecular weight cutoff (size) of the
filter pore used. It renders a mixed sample of EVs and proteins but allows great sample volume reduction. It separates molecules by their
hydrodynamic radius.

Size-exclusion chromatography (SEC) separates molecules by their hydrodynamic radius. The first to elute are the molecules bigger than
the matrix pores (EVs), while smaller particles within the fractionation range (proteins) get slowed down by entering the matrix bead pores
and so elute later.

Asymmetrical flow field-flow fractionation (AF4) separate molecules by their hydrodynamic radius (size). In AF4, a crossflow (field)
perpendicular to the longitudinal laminar flow forces particles towards the semipermeable membrane. Particles smaller than the
membrane pore are removed through the membrane. Retained ones migrate away due to diffusion and flow in the equilibrium position of
the two forces (field and diffusion) according to their size. The velocity of the longitudinal flow increases parabolically, thus smaller particles,
in the center of the flow, are carried faster and elute before bigger ones. This way, proteins and differently sized EV populations are
separated.

Precipitation-based isolation relies on the addition of water-excluding precipitants like PEG (polyethylene glycol) to concentrate all particles
in one pellet.
Immunoaffinity isolation is based on EV capture using a specific antibody that recognizes an EV-specific marker coupled to beads that can

be separated by centrifugation or magnetically. Given the lack of pan-EV markers, not all EVs are isolated. Original graphical artwork from
the publishing authors

Extracellular vesicles in pathology

As described above, EVs are known to play crucial roles in intercellular communication and can transport

many different biological materials, including proteins, RNA, and lipids, between cells*>®®, In the context of
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pathology, however, EVs have been implicated in the propagation of pathological material. The earliest
evidence of this comes from the field of oncology, where EVs have been shown for decades to play a role in
tumor growth and metastasis®-3. They are also known to propagate viral infection throughout the body®. It
should come as no surprise, then, that EVs can take on this role in the brain as well. EVs can be particularly
efficient at propagating diseases which spread in a prion-like fashion throughout the brain, like proteinopathies
(Figure 11)>%5, EVs carry, whether as cargo or stuck in the protein corona, pathological proteins from one cell
to another, actively spreading and “seeding” these proteins in previously healthy cells®%. It is likely this
mechanism which is responsible, to a certain degree, for tau aggregation in glial cells, which normally have
little to no endogenous tau®. Indeed, we have previously demonstrated that free form tau secreted
extracellularly is not taken up by astrocytes. Rather it is tau contained within or stuck to EVs which is
internalized by astrocytes®®. Furthermore, EVs derived from various cell types, such as astrocytes and
microglia, can have unique cargo profiles which may contribute to the pathogenesis of specific

neurodegenerative diseases®"".

29



Astrocyte-derived extracellular vesicles

@ Pathogenic proteins & peptides: Tau,
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Figure 11 | The pathological effects of extracellular vesicles on neurodegenerative diseases

From Xia et al., 2022 - Translational Neurodegeneration 65

In the brain, there are EVs released from brain cells (e.g., neurons, astrocytes, microglia, and oligodendrocytes) and peripheral EVs
that enter the brain through the BBB. Under pathological conditions, these EVs carry pathogenic factors including proteins/peptides,
coding and non-coding RNAs, and lipids that contribute to the onset and progression of NDDs through facilitating the spreading and
aggregation of pathogenic molecules, enhancing cell death, stimulating inflammatory responses, and disrupting the BBB.

BBB = blood-brain barrier, EV = extracellular vesicle, NDD = neurodegenerative disease

The role of glial cells in neurodegenerative disorders
Despite making up 50% of the cells in the brain, for more than a century, glial cells were thought to be merely
the glue which held neurons together. They are now recognized for their integral role in actively maintaining a

cognitively healthy and functioning brain, providing structural, metabolic, and immune support to neurons and

30



other glia’. From the very beginning of central nervous system (CNS) development, microglia are responsible
for synaptic pruning, phagocytosing apoptotic neurons, and providing immune defense’s. Radial glia also
facilitate the radial migration of neurons during this early brain development and throughout adult
neurogenesis as well’. Astrocytes are largely involved in the maintenance of homeostasis in the brain. They
support neurons in a variety of ways, including structurally by actively participating in synaptic remodeling”®.
The brainis an organ which demands a lot of energy, and most of that goes to keeping neurons firing as needed.
Astrocytes are ideally positioned between neurons and cerebral capillaries and are uniquely adapted to
regulating the metabolic needs of neurons by facilitating the flow of glucose from vessels to be supplied to
neurons in the form of glutamate, and even releasing vasoactive molecules which can control their access to
glucose as needed’®. Astrocytes also promote both neurogenesis and synaptogenesis, aiding in the
proliferation of adult neural stem cells, the integration of new neurons into the neural network, and
synaptogenesis through secreted factors’’~’°. They are even critical players in processes such as attention and
memory through the synchronization of neuronal activity into neuronal oscillations®®'. Finally, astrocytes are
also key structural members of the blood-brain barrier, helping to control what leaves, and more importantly,

what enters the brain from the periphery®,

Asimilarly outdated mindset about glial cells plagued the study of neurodegenerative diseases until somewhat
recently. Even the name neurodegenerative disease implies that neurons are the only cell type affected by
these pathologies, but this couldn’t be further from the truth. Inflammation is common to most
neurodegenerative diseases. Itis also a major factor in kickstarting glial reactivity, a major event which propels
neurodegeneration®. Reactive astrocytes and microglia also possess the ability to assume a loss-of-function
phenotype for tasks such as synapse maintenance and metabolic support of neurons, as well as a gain-of-
function phenotype which is destructive to neural networks and glia alike (Figure 12)8%%8 This typically
happens later in disease progression, with astrocytes and microglia participating in the clearance of
aggregates early in pathology®®. It is clear, however, that once more and more glial cells become reactive and
begin not only failing to maintain but even “attacking” neurons, the process of neurodegeneration is swiftly

accelerated.
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Figure 12 | Representation of hypothetical astrocytic
involvement in prion-like mechanisms of early- and
late-stage neurodegenerative disease

From Smethurst et al., 2022 - Brain 86

The early stage represents anincreased spread, uptake and
clearance of aggregates and oligomers from neurons for
degradation with continued metabolic and trophic support.
Late-stage disease represents a decrease in aggregate and
oligomer uptake, degradation, and clearance, increased
reactive astrocyte transformation, increased aggregate
spread and propagation to other neurons and astrocytes
and increased oligomer build up resulting in increased
neuronal toxicity.

Additionally, numerous studies point to an active role played by astrocytes in the propagation of prion-like

proteins, such as pathological tau®°'. It has been shown that astrocytes contain aggregated tau in patients

diagnosed with different tauopathies', and that astrocytes are known to internalize this tau from BD-EVs

rather than freely secreted tau®®.
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In addition to metabolic consequences of glial reactivity in NDDs, the position of astrocytes on the blood-brain
barrier (BBB) has major importance for the permeability both into and out of the brain during disease. It is well-
established that the BBB becomes more permeable and less selective as it breaks down, leaving the brain
increasingly vulnerable to outside attacks and releasing pathological material from the brain into the periphery

(Figure 13)%,

A) Healthy Blood Brain Barrier

As&ocﬁ%
Microglia
: o

Basement membrane

Figure 13 | Schematic representation of the BBB in a healthy state and during BBB breakdown
From Knox et al., 2022 — Molecular Psychiatry 93

A) Healthy, intact BBB structure and surrounding cells and key components. Endothelial cells form the main physical
barrier lining the blood vessels in the brain with tight junction proteins between them. Leukocytes are in constant
circulation. Endothelial cells are encompassed by the basement membrane, which also encompasses pericytes in
close contact to the endothelial cells. Astrocytic endfeet interact closely with the endothelial cells and pericytes and
help maintain BBB integrity. Inactivated microglia and functional neurons are present in a healthy neurovascular unit.

B) During breakdown, BBB integrity can become compromised at various levels. Characteristics of disruption of the BBB
include endothelial cell alterations such as loss of tight junction proteins, endothelial cell shrinkage, changes in
molecular transport at the paracellular level, and transcellular level in some cases, and increased leukocyte infiltration.
In some disruption models, pericyte dysfunction or loss is apparent. Astrocyte changes such as swollen or detached
endfeet are also typical. Microglia can become activated, while neurons may experience demyelination or become
damaged.

BBB = blood-brain barrier
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Major pathways affected in neurodegenerative disorders

Several biochemical pathways are implicated, to different degrees, in most neurodegenerative diseases.
Commonly dysregulated systems include cellular metabolism and energy homeostasis, proteostasis,
synaptic transmission, inflammation, and axonal transport®®#®®, Generally speaking, neurodegenerative
diseases all feature a marked increase in inflammation, decreased synaptic connectivity, decreased
mitochondrial function, and decreased cytoskeletal integrity. What remains unknown is in what order these
problems appear. Most groups studying the matter believe that inflammation is one of the first dominos to fall,
however what comes next is unclear, and it’s likely the exact sequence of events varies between pathologies
and individuals. These pathways are allinterconnected, so itis unsurprising that they are allimplicated in many
pathologies. For example, tau protein, normally a cytoskeleton stabilizer, dissociates and begins to aggregate
within the cell. This causes axonal instability, decreased axonal transport of critical biomolecules and even
mitochondria, and therefore reduced metabolic function. In parallel, intracellular aggregation of tau will also
begin to increase inflammation, triggering reactive glia which will fail to provide metabolic support to synapses
in need, leading to decreased synaptic function. While it is impossible to map an exact time course of the
progression of these diseases, we are aware of the major pathways involved and the cellular and systemic

consequences of this dysregulation.

Aims of the Thesis

This thesis has two aims, split into two chapters. The first aim is to perform an in-depth proteomic analysis on
BD-EVs from the cortex of healthy and tauopathy patients to assess whether or not the content of BD-EVs
reflects the molecular changes associated with different kinds of tauopathies (3R vs. 4R). This will be done by
comparing the proteomic output with histopathological staining of sections of brain taken from the same
region of the same patients as the BD-EVs and performing a correlative analysis between the two. The second
aim is to develop a novel methodology for isolating BD-EVs from peripheral biofluids (plasma, saliva) whereby
the protein corona of EVs is subjected to enzymatic digestion to reveal surface epitopes forimmunocapture.
This method also involved a thorough search for novel surface markers of BD-EVs to increase the efficiency of

isolation in peripheral biofluids.
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Live-imaging of Mitochondrial System in Cultured Astrocytes

Jeanne Espourteille’, Valentin Zufferey', Jean-Honoré Laurent’, Kevin Richetin’

" Department of Psychiatry, Center for Psychiatric Neurosciences, Lausanne University Hospital (CHUV) and
University of Lausanne

November 2021

Abstract

While much attention has been given to mitochondrial alterations at the neuronal level, recent evidence demonstrates that
mitochondrial dynamics and function in astrocytes are implicated in cognition. This article describes the method for time-
lapse imaging of astrocyte cultures equipped with a mitochondrial biosensor: MitoTimer. MitoTimer is a powerful and
unique tool to assess mitochondrial dynamics, mobility, morphology, biogenesis, and redox state. Here, the different
procedures for culture, image acquisitions, and subsequent mitochondrial analysis are presented.

Key Points:

A novel methodology for the longitudinal live-imaging of the mitochondrial system in cultured
astrocytes, and eventually other cell types, is proposed.

The biosensor MitoTimer is used to visualize mitochondria and to determine their relative redox state
at baseline and after H,O, treatment.

Based on MitoTimer visualization, mitochondrial morphological (elongation, sphericity, area, etc.) and
motility (tracking of movement paths) metrics are analyzed alongside the redox state in order to
assess the overall effect of treatment on the mitochondrial network.

This methodology improves upon the existing standards of live-imaging in that microscope
automation allows for the return to and imaging of the exact same cell(s) over multiple days.
Therefore, researchers can compare the effect of a treatment to a cell’s own baseline rather than to
an average baseline over an entire well or ROI.

This method also does not require high levels of light exposure, avoiding photobleaching of the cells
of interest.

See Annex 1 for full publication®®
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Extracellular vesicles: Major actors of heterogeneity in tau
spreading among human tauopathies

Elodie Leroux,"® Romain Perbet,”® Raphaélle Caillierez,” Kevin Richetin,>%* Sarah Lieger," Jeanne
Espourteille,2 Thomas Bouillet," Séverine Bégard," Clément Danis,” Anne Loyens," Nicolas Toni,? Nicole
Déglon,** Vincent Deramecourt,’ Susanna Schraen-Maschke, Luc Buée,' and Morvane Colin'

'Université de Lille, INSERM, CHU-Lille, Lille Neuroscience & Cognition, 59000 Lille, France

2Department of Psychiatry, Center for Psychiatric Neurosciences, Lausanne University Hospital (CHUV) and
University of Lausanne, 1011 Lausanne, Switzerland

3Lausanne University Hospital (CHUV) and University of Lausanne, Neuroscience Research Center (CRN),
Laboratory of Cellular and Molecular Neurotherapies, 1011 Lausanne, Switzerland

“Lausanne University Hospital (CHUV) and University of Lausanne, Department of Clinical Neuroscience
(DNC), Laboratory of Cellular and Molecular Neurotherapies, 1011 Lausanne, Switzerland

February 2022

Abstract

Tauopathies are neurodegenerative diseases characterized by tau inclusions in brain cells. Seed-competent tau species
have been suggested to spread from cell to cell in a stereotypical manner, indicating that this may involve a prion-like
mechanism. Although the intercellular mechanisms of transfer are unclear, extracellular vesicles (EVs) could be potential
shuttles. We assessed this in humans by preparing vesicles from fluids (brain-derived enriched EVs [BD-EVs]). These latter
were isolated from different brain regions in various tauopathies, and their seeding potential was assessed in vitro and in
vivo. We observed considerable heterogeneity among tauopathies and brain regions. The most striking evidence was
coming mainly from Alzheimer’s disease where the BD-EVs clearly contain pathological species that can induce tau
lesions in vivo. The results support the hypothesis that BD-EVs participate in the prion-like propagation of tau pathology
among tauopathies, and there may be implications for diagnostic and therapeutic strategies.

Key Points:

e BD-EVs from AD patients contain seed-competent tau species, whereas PiD and PSP patient BD-EVs
contain less seed-competent tau.

e The tau species which are shuttled by BD-EVs are very heterogenous in isoform and in seeding
capacity.

See Annex 2 for full publication®®
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Tau Transfer via Extracellular Vesicles Disturbs the Astrocytic
Mitochondrial System

Romain Perbet ', Valentin Zufferey 2, Elodie Leroux ', Enea Parietti 2, Jeanne Espourteille 2, Lucas Culebras ?,
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March 2023

Abstract

Tauopathies are neurodegenerative disorders involving the accumulation of tau isoforms in cell subpopulations such as
astrocytes. The origins of the 3R and 4R isoforms of tau that accumulate in astrocytes remain unclear. Extracellular
vesicles (EVs) were isolated from primary neurons overexpressing TN3R or 1N4R tau or from human brain extracts
(progressive supranuclear palsy or Pick disease patients or controls) and characterized (electron microscopy,
nanoparticle tracking analysis (NTA), proteomics). After the isolated EVs were added to primary astrocytes or human iPSC-
derived astrocytes, tau transfer and mitochondrial system function were evaluated (ELISA, immunofluorescence,
MitoTracker staining). We demonstrated that neurons in which 3R or 4R tau accumulated had the capacity to transfer tau
to astrocytes and that EVs were essential for the propagation of both isoforms of tau. Treatment with tau-containing EVs
disrupted the astrocytic mitochondrial system, altering mitochondrial morphology, dynamics, and redox state. Although
similar levels of 3R and 4R tau were transferred, 3R tau-containing EVs were significantly more damaging to astrocytes than
4R tau-containing EVs. Moreover, EVs isolated from the brain fluid of patients with different tauopathies affected
mitochondrial function in astrocytes derived from human iPSCs. Our data indicate that tau pathology spreads to
surrounding astrocytes via EVs-mediated transfer and modifies their function.
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Key Points:

e A proposition of new mechanisms of tau transfer from neurons to astrocytes.

e Most soluble neuronal tau is secreted in free form, however the majority of neuronal tau which is
internalized by astrocytes is contained to large EVs.

e 3R and 4R tau have different effects on the astrocytic mitochondrial network, with 3R tau inducing
more oxidation and smaller, fragmented mitochondria and 4R tau inducing reduction with longer,
filamentous mitochondria.

e These differences between 3R and 4R tau are confirmed with BD-EVs from PiD and PSP patients,
representing 3R and 4R tauopathies respectively, suggesting that BD-EVs carry isoform-specific
species of tau from neurons to astrocytes.

See Annex 3 for full publication®®
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Abstract

Background: Alzheimer's disease (AD) is emerging as a significant public health challenge in Africa, with predictions
indicating a tripling in incidence by 2050. The diagnosis of AD on the African continent is notably difficult, leading to late
detection that severely limits treatment options and significantly impacts the quality of life for patients and their families.

Summary: This review focuses on the potential of high-sensitivity specific blood biomarkers as promising tools for
improving AD diagnosis and management globally, particularly in Africa. These advances are particularly pertinent in the
continent, where access to medical and technical resources is often limited.

Key Messages: Identifying precise, sensitive, and specific blood biomarkers could contribute to the biological
characterization and management of Alzheimer's disease in Africa. Such advances promise to improve patient care and
pave the way for new regional opportunities in pharmaceutical research and drug trials on the continent for Alzheimer’s
disease.

Key Points:
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e Lower-middle income countries rely heavily on clinicoradiological evidence for the diagnosis of Alzheimer’s
disease, however this approach carries a relatively high risk of misdiagnosis and excludes many potential
patients from clinical trials due to limited patient characterization and a very strict biological definition of AD.

. Focusing on blood biomarkersin LMIC, particularly many countries in Africa, could help address these challenges
and lead to a more comprehensive patient characterization and diagnostic effort.

e The combination of blood biomarkers associated with neuroinflammation and vascular modulation provides a
noninvasive and cost-effective diagnostic approach which could increase clinical trial participation in LMIC.

° Itis essential, however, to standardize measurement techniques and conduct validation studies which consider
confounding factors in order for this to be implemented properly

See Annex 4 for full publication®
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Inverse and Postponed Impacts of Extracellular Tau PHF on
Astrocytes and Neurons’ Mitochondrial Function
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Université de Lausanne (UNIL)

2 AC Immune SA, Lausanne, Switzerland
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Abstract

Background: Tauopathies encompass a spectrum of neurodegenerative disorders which are marked by the pathological
aggregation of tau protein into paired helical filaments (PHF-tau), neurofibrillary tangles (NFTs) and Glial-fibrillary tangles
(GFTs). These aggregates impair cellular, mitochondrial, and synaptic functions. The emergence of extracellular tau (ePHF-
tau), featuring a myriad of isoforms and phosphorylation states, presents a challenge in comprehending its nuanced
effects on neural cells, particularly concerning synaptic and mitochondrial integrity.

Methods: We studied the impact of ePHF-tau (2N4R) on different states and ages of primary cultures of rat neuroglia. Using
confocal microscopy and proteomic analysis of synaptosomes, we studied the impact of ePHF-tau on neurite and synapse
number. We monitored mitochondrial responses in neurons and astrocytes over 72 hours using advanced fluorescence
microscopy for dynamic, high-throughput analysis.

Results: Treatment with ePHF-tau has a strong effect on the neurites of immature neurons, but its toxicity is negligible when
the neurons are more mature. At the mature stage of their development, we observed a substantial increase in the density
of the PSD-95/vGlut1 zone in neurite, suggesting altered synaptic connectivity and ePHF-tau excitotoxicity. Proteomics
revealed significant changes in mitochondrial protein in synaptosomes following exposure to ePHF-tau. In the neuronal
compartment, real-time imaging revealed rapid and persistent mitochondrial dysfunction, increased ATP production, and
reduced mitochondrial turnover. In contrast, we observed increased mitochondrial turnover and filamentation after
treatment in the astrocyte processes, indicating cell-specific adaptive responses to ePHF-tau.

Conclusions: This study sheds light on the intricate effects of extracellular tau aggregates on neuronal and astrocytic
mitochondrial populations, highlighting how tau pathology can lead to mitochondrial disturbances and synaptic
alterations. By delineating the differential responses of neurons and astrocytes to ePHF-tau, our findings pave the way for
developing targeted therapeutic interventions to mitigate the detrimental impacts of tau aggregates in neurodegenerative
diseases.

Key Points:

e This study highlights the differences between the toxic effects of extracellular tau aggregates on
neurons and astrocytes, specifically looking at mitochondrial and synaptic function.
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e The mitochondria of neurons are affected rapidly and progressively, while mitochondria of astrocytes
are notinitially strongly affected by tau aggregates but show reaction a few days later.
e Extracellular tau aggregates induce an increase in neuronal excitability at the synapse.

See Annex 5 for full publication®”
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Chapter 1

Proteomic Signature of Prefrontal Cortex Derived
Extracellular Vesicles Accurately Predicts 3R and
4R Tau Pathology
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BD-EVs from patient frontal cortex reflect isoform-specific differences in aggregates which are not revealed with AT8 and
AT100 histopathology. Icon size within BD-EVs is proportional to corresponding protein abundance in BD-EVs
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Abstract

Currently, the field of neuroscience is lacking in biomarkers which can reveal the subtle differences
between neurodegenerative diseases, such as tauopathies, which are not apparent in clinical
evaluation. Such markers would improve diagnostic efforts, allow for earlier and more specific
treatment options, and overall improve patient care. We know from histopathological analysis of
post-mortem brain tissue that there are many molecular differences between tauopathies, from the
isoform of tau which aggregates, to the cell types affected, to the size and shape of inclusions, but
these differences are not visible to clinicians treating living patients. Brain derived extracellular
vesicles (BD-EVs), however, contain biological cargo from their parent cells which can provide
insight into the health status of the brain. Indeed, we have found that the proteomic content of EVs
from tauopathy patients’ frontal cortex correlates to the pathological tau accumulation within the
cortex and can even be used to accurately predict disease status, differentiating between 3R (PiD)
and 4R (PSP) tau pathology. Features such as glial, mitochondrial, and microtubule-associated
protein abundances varied in relation to the tau inclusions present in patient brains. Knowing that
their cargo reflects cellular nuances in the tauopathy brain, and that BD-EVs can cross biological
barriers to be isolated in peripheral biofluids, they are ideal carriers of cerebral biomarkers which

could be used to aid in patient screening or diagnosis.
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Introduction

In the intricate tapestry of the human brain,
tau protein plays a pivotal role in maintaining
neuronal integrity. In its healthy state, tau
stabilizes microtubules, vital components of
the neuronal cytoskeleton, aiding in nutrient
transport and cellular communication®%-°,
However, when tau becomes dysfunctional,
it gives rise to a class of neurodegenerative

diseases known as tauopathies’®.

The heterogeneity of tauopathies is striking;
they manifest in a spectrum of clinical
presentations and neuropathological
profiles. Each tauopathy has distinct clinical
and pathological features but shares the
commonality of tau dysfunction. The
mechanisms leading to tau aggregation are
complex and not yet fully understood. They
involve abnormal phosphorylation of tau,
which reduces its affinity for microtubules and
increases its propensity to form intracellular
aggregates®'®, The specific pattern of tau
deposition, the isoforms of tau which
aggregate, and the regional brain involvement
vary across different tauopathies, which can
influence the clinical presentation and
progression of the disease (Figure 1)'+'>17:18,
For instance, Pick’s disease (PiD) is typically
characterized by the presence of “Pick

bodies”, large inclusions of 3R tau in neurons
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Figure 1 | Progression of tau pathology through the brain
Modified from Colin et al., 2020 - Acta Neuropathologica 5
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Staging of tau pathology in AD. Topographic distribution of tau lesions at
the different stages of tau pathology in schemes of brains in medial
views. Stages | and I, tau lesions invade entorhinal and transentorhinal
regions. Stages lll and IV: lesions involve the associative areas of the
neocortex, and finally, during stages V and VI, tau lesions invade all the
primary and secondary neocortical areas. (From Braak et al., 2013).
Staging of tau pathology in PSP. Topographical distribution of tau lesions
at the different neuropathological stages of PSP in schematic brain
representations in medial views. Stages 0/I—Only the pallido-luyso-
nigral complex shows tau pathology with weak involvement of the
premotor cortex. Stage IlI/lll—Tau pathology reaches the basal ganglia,
pedunculopontine nucleus and dentate nucleus. Stages IV/V—Frontal
and temporal lobes are involved. Stages VI/VII—Subthalamic nucleus,
globus
pedunculopontine nucleus and cerebellum are more severely affected.
(Modified from Williams et al., 2007).

Staging of tau pathology in PiD. Topographical distribution of Pick bodies
at the different stages of tau pathology evolution in schematic brain

substantia nigra, internal pallidus, neocortical areas,

representations in medial views. Stage | Tau pathology is deposited in the
limbic and neocortical frontotemporal regions as well as the angular
gyrus. Stages Il/Il—White matter tracts,
serotonergic/noradrenergic brainstem nuclei are affected, followed by

subcortical structures,

the primary motor cortex and pre-cerebellar nuclei. Finally, in stage IV,
tau is deposited in the visual cortex as well as in the cerebellar granular
layer and brainstem white matter.

AD = Alzheimer’s disease, PSP = progressive supranuclear palsy, PiD = Pick’s disease
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of the prefrontal cortex, whereas progressive supranuclear palsy (PSP) and corticobasal
degeneration (CBD) are characterized by glial inclusions of 4R tau, often resulting in a “tufted” or
“thorny” astrocyte phenotype (Figure 2)'°""%2 This diversity in tauopathies suggests that while tau is
a common pathological thread, disease-specific factors determine the more subtle phenotypes of
this family of diseases. Indeed, knowing the impact of pathological tau on the mitochondrial system,
our group sought to investigate whether the mitochondria of human iPSC derived astrocytes were
sensitive to different forms of tau®®. Free form soluble tau is not taken up by astrocytes, so we seeded
extracellular vesicles containing either 3R tau or 4R tau from neurons which had been virally infected
to overexpress either tau 1N3R or tau 1N4R. The 3R and 4R tau affected astrocytic mitochondria
differently, with 3R tau causing oxidation and significant reduction of mitochondrial length and 4R
tau having the exact opposite effect. Importantly, this phenomenon was again observed when
astrocytes were treated with EVs from patients with 3R tau pathology (PiD) or 4R tau pathology (PSP),
suggesting that BD-EVs from tauopathy patients carry isoform-specific tau seeds which impact the
mitochondrial system of astrocytes differently®. Interestingly, the opposite effect was previously

observed in neurons, where 4R tau impacted mitochondrial axonal transport more severely'®.
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Figure 2 | Kinds of pathological tau lesions in different tauopathies

From Chung et al., 2021 — Molecular Degeneration 67

In the healthy brain (left), microtubule-binding protein tau interacts with neuronal microtubules to promote stability and facilitate axonal
transport. While neurons have the highest expression level of tau, oligodendrocytes and astrocytes also express endogenous tau, albeit at lower
levels. Microglia do not express endogenous tau. In a pathological condition (right), tau becomes aberrantly aggregated in the form of various
inclusions, impaired in its physiological functions, such as supporting microtubule stability. In neurons, tau can accumulate in the forms of
NFTs, neuropil threads, or Pick bodies. Tau also accumulates in astrocytes, mostly in primary tauopathies such as PSP, CBD, and GGT, in the
form of tufted astrocytes, astrocytic plaques, and GAls. Moreover, tau aggregates in oligodendrocytes in the form of coiled bodies or GOls.
Microglia do not form tau inclusions, while accumulating studies have suggested that they may contribute to tau propagation.

PSP = progressive supranuclear palsy, CBD = corticobasal degeneration, GGT = globular glial tauopathy, NFT = neurofibrillary tangle,
GOl = globular oligodendroglial inclusion, GAl = globular astrocytic inclusion
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Clinicians today still struggle to differentiate and diagnose tauopathies early in the disease
progression. This is particularly true of primary tauopathies, for which the main protein driver is tau.
Circulating biomarkers like phosphorylated tau (P-tau) in blood and cerebrospinal fluid (CSF) are
increasingly accurate at reflecting tau pathology in the brain at earlier timepoints in disease
progression, but they are often only validated for pathologies like AD which have amyloid beta as a
pathology driver as well?’. Some tau positron emission tomography (PET) tracers can differentiate 4R
tau inclusions and thus can identify diseases like PSP and CBD, however these tracers are not yet
validated for clinical use®. Interestingly, proteomic analysis of tau inclusions in human 3R and 4R
pathology is able to distinguish specific tauopathies based on posttranslational modifications
present in the insoluble tau aggregates obtained from brain tissue®. While the insoluble tau showed
specific phenotypes for each pathology, insoluble tau from the same aggregates could not
differentiate between these pathologies. Different forms of soluble hyperphosphorylated tau are
measured in blood and CSF for diagnostic purposes currently, but this study reinforces what is

already known about these measurements: they cannot diagnose primary tauopathies.

Extracellular vesicles (EVs), once considered mere cellular debris, have now gained prominence as
a potential diagnostic tool*?. Brain derived EVs (BD-EVs), shed by cells into the brain's interstitial
spaces, encapsulate a cargo that reflects the physiological and pathological state of the parent cell.
EVs, therefore, hold a snapshot of the cellular environment and could serve as a window into the
brain's health®. What is lacking most in today’s biomarkers is something which can reflect the
specific tau landscape of the brain. Total tau (T-tau) and P-tau inform clinicians about how much tau
is present and how much of it is hyperphosphorylated, but not which isoform or whether it is
aggregating in neurons or glia. With their vast proteomic cargo, BD-EVs may hold the clues necessary
for precise tauopathy diagnosis. Indeed, there are many other groups with this line of thinking, trying

to use BD-EVs as biomarkers for a wide variety of NDDs'%4-%,
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Results

Challenges in distinguishing 3R and 4R tauopathies in prefrontal cortex: insights from detailed tau
aggregation analysis

We questioned whether tau protein aggregation could differentiate the prefrontal cortex of patients
diagnosed with 3R tauopathy (Pick's disease (PiD)) or 4R tauopathy (progressive supranuclear palsy
(PSP)) from healthy controls (HC). To this end, we examined the post-mortem prefrontal cortex of
diagnosed patients using AT8 antibodies for the early stages of tau aggregation’®""* and AT100
antibodies for the later stages'®"'">. We conducted complete tissue sections for each patient and
performed an automated multiparametric analysis (Figure 1A). This analysis aimed to quantify the
densities of small inclusions (sized between 2 and 5um) and globular and flame-shaped
neurofibrillary tangles (NFTs) for each form of tau aggregate (AT8 and AT100), (Figure 1B). Although
AT8 and AT100 coverage measurements revealed apparent individual elevations in some PSP and
PiD patients, in group terms, we observed no significant difference in the number of total tau lesions
observed between healthy controls and the different types of tauopathy (Figure 1C-D). Analysis of
the distribution of different types of inclusions across the sections showed that the AT8 and AT100
inclusions observed in patients and controls were predominantly small (Figure 1E-F). Regardless of
size, tau aggregates did not differentiate healthy controls from 3R and 4R tauopathies in their early
(AT8) forms (Figure 1E). However, in the advanced forms of aggregates (AT100), small aggregates
were more abundant in PiD and PSP patients, while globular aggregates were less frequent in both
tauopathies than in healthy controls (Figure 1F). Despite a multiparametric approach, these results
demonstrate the difficulty of distinguishing between different types of 3R and 4R tauopathy in the

prefrontal cortex according to the tau hyperphosphorylation and aggregation level.

The isoform of tau aggregated in frontal cortex does not impact the number or quality of cortical BD-
EVs

Serial parts of prefrontal cortex samples (adjacent to samples used for histopathological
characterization) were prepared to isolate brain derived (BD)-fluids according to the protocol
described by Leroux and colleagues®. Then, BD fluid-derived EVs (BD-EV) were isolated from human
BD fluid using differential centrifugation and size exclusion chromatography (SEC). BD-EVs were

then subjected to nanoparticle tracking analysis (NTA) to evaluate their size and concentration, as
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well as liquid chromatography tandem mass spectrometry (LC-MS/MS) to evaluate their protein

content (Figure 2A).
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Figure 1 | Analysis of aggregated tau in human prefrontal cortex cannot differentiate tauopathies from each other

A) lllustration of the procedure to investigate how BD-EVs reflect brain tau pathology. Highlighted is the tau IHC portion.

B) Micrographs of patient tissues stained for phopho-tau. Scale bar: 100um

C) Violin plot of the percent coverage of AT8 by patient group. Each dot represents one patient. Kruskal-Wallis test with Dunn’s multiple
comparisons test revealed no significant differences between groups.

D) Violin plot of the percent coverage of AT100 by patient group. Each dot represents one patient. Kruskal-Wallis test with Dunn’s multiple
comparisons test revealed no significant differences between groups.

E) Shares of the different type of inclusions (within total coverage) of AT8. Ordinary two-way ANOVA with Tukey’s multiple comparisons test
with single pooled variance did not reveal any significant differences between groups.

F) Shares of the different types of inclusions (within total coverage) of AT100. Ordinary two-way ANOVA with Tukey’s multiple comparisons
test with single pooled variance was run. * p < 0.05, ** p < 0.01, *** p <0.001, **** p <0.0001

HC = healthy control, PiD = Pick’s disease, PSP = progressive supranuclear palsy, NFT = neurofibrillary tangle

Firstly, measurements with NTA indicated that PiD and PSP pathology do not affect the
concentration of BD-EVs circulating in the patient's prefrontal cortex fluids (Figure 2B-C). PiD
pathology does, however, shift the size distribution of the EV sample towards having a higher ratio of
small EVs (<150nm) and to large EVs (>150nm) than HC (Figure 2C-D). We also used proteomic
analysis to evaluate the quality of BD-EV isolations. We revealed that the majority of proteins
detected in patient BD-EVs are shared among healthy and pathological samples, while a small
number of proteins are detected only in PiD or PSP (Figure 2E). Using the MISEV2018 guidelines, we
then annotated all proteins according to their known association with EVs as potential EV markers
or potential contaminants of EV isolation®*. This analysis revealed a significantly higher abundance
of EV-associated proteins than components of non-EV associated co-isolated structures (Figure 2F)
in all three patient groups, indicating that EV samples are highly enriched in vesicular material and
relatively pure of contaminating intracellular material. Taken all together, these results indicate that
tau pathology does not influence the quantity or quality of BD-EVs secreted into the interstitial fluid
(ISF) of patients but may affect other aspects of the proteomic makeup of BD-EVs as well as the size

distribution.

Then, we investigated whether size distribution, EV protein abundance and particle count could be
used in machine learning to predict patient disease status. To do this, we used OneVsRest classifier
model to evaluate the abilities of the features described in Figure 2A-F to differentiate between
disease classes. We used the F1 score to evaluate the model’s prediction accuracy, as both
precision and recall were critically important. In this first round of machine learning, the model could
only reliably predict HC patients on the basis of the percentage of large EVs present in the sample
(Figure 2G). This further corroborates the conclusion of the findings in Figure 2A-F that none of these

features differ importantly between the patient groups except the ratio of small and large EVs in the
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sample. Even so, this feature was not specific enough to differentiate between PiD and PSP, only HC
from pathology (Figure 2G). Finally, we investigated whether these criteria correlated with the level
of pathophysiology assessed by multiparametric quantification of tau aggregation on the serial brain
sections (evaluated in Figure 1). Indeed, we observed that the ratio of small and large EVs correlates
significantly with certain histopathological features, such as the percentage of AT100 inclusions
which are globular NFTs or small inclusions (Figure 2H). If we look more closely at this relationship,
we see that while the correlation is significant, these parameters do not efficiently separate the three

groups (Figure 2I1-J).
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Figure 2 | Tau pathology does not impact concentration or quality of cortex BD-EVs

A) Illustration of the procedure to investigate how BD-EVs reflect brain tau pathology. Highlighted is the BD-EV analysis
portion.

B) Violin plot depicting the concentration of BD-EVs detected by NTA by patient group. Each dot represents one patient.

C) Area graph depicting the size and number of EVs in each patient group. Numbers have been normalized by tissue
weight prior to EV extraction.

D) Stacked bar graph showing the ratio of small (<150nm) to large (>150nm) EVs by patient group. Kruskal-Wallis test
with Dunn’s multiple comparisons test revealed a significant difference between PiD and HC. ** p <0.01

E) Venn diagram showing the number of proteins present after threshold filtration in the BD-EV of HC, PiD and PSP
patients.

F)  Bar graph quantifying the abundance of protein associated with EVs vs. potentially contaminating protein of EV
isolation according to MISEV2018 guideline categories. Two-way ANOVA was run with Sidak’s multiple comparisons
test with a single pooled variance. **** p<0.0001

G) Confusion matrix depicting the performance of a classification model based on BD-EV quality control features from
parts B-F.

H) Heatmap derived from correlation matrix comparing aspects of EV quality with histological findings from Figure 1. R
values are plotted, two-tailed Pearson’s correlation test was run with 95% confidence interval. ** p<0.01

1) Scatter plot showing the details of Small BD-EV % and NFT Globe interaction from part G. Each dot represents one
patient.

J)  Scatter plot showing the details of Small BD-EV % and Small inclusion coverage from part G. Each dot represents
one patient.

HC = healthy control, PiD = Pick’s disease, PSP = progressive supranuclear palsy, EV = extracellular vesicle, BD-EV = brain derived extracellular
vesicle, NFT = neurofibrillary tangle

Abundance of MAPT in cortex BD-EVs can differentiate 3R tau pathology

BD-EVs contain a wide array of proteins both as cargo and at their surface, including some proteins
which have already been established as markers of neurodegenerative disease (NDD)'. We analyzed
proteomic dataset for these established literature markers and found several to be present in
samples (Figure 3A-C). Tau (MAPT) abundance decreases significantly in BD-EVs from PiD patients
relative to both HC and PSP (Figure 3A), indicating that the quantity of total tau in BD-EVs could be
a marker for PiD and 3R tauopathy. Interestingly, although none of these diseases are primary
synucleinopathies, alpha synuclein (SNCA) follows the same pattern as MAPT in patient BD-EVs and
is about ten times more abundant than MAPT in each group (Figure 3B). Conversely, amyloid
precursor protein (APP) is generally only present in very low amounts, even in patient groups,
indicating thatitis not a relevant marker in this context (Figure 3C). Using the same machine learning
model as previously described, we observed that none of these markers on their own is robust
enough to be able to reliably predict disease status (Figure 3D). We do see that combining their
scores allows the model to once again predict HC patients with 100% accuracy, however it still
cannot reliably predict pathological groups. Interestingly, the quantity of MAPT in BD-EVs does

correlate significantly with the percentage of inclusions which are globular NFTs in histological
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staining (Figure 3E), indicating that it is perhaps the form of tau which aggregates into the AT100+

globular NFTs which is present in or on BD-EVs. Looking more closely at the correlation, we see that

indeed PiD patients are nicely separated from the other two groups, while there is much overlap

between HC and PSP patients (Figure 3F).
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Figure 3 | Markers of neurodegenerative disease are not relevant markers in the context of BD-EVs
A-C) Violin plots represent the comparative abundance of established markers of neurodegenerative disease in BD-EVs. Each
dot represents one patient. Ordinary one-way ANOVA was run with Tukey’s multiple comparison test and single pooled
variance. *** p<0.001, **** p<0.0001. Proteins pictured are:
A) Tau protein (MAPT)
B) Alpha synuclein (SNCA)
C) Amyloid precursor protein (APP)
D) Confusion matrix depicting the performance of a classification model based on abundance of markers in A-C.
E) Heatmap derived from correlation matrix comparing abundance of established NDD markers with histological
findings from Figure 1. R values are plotted, two-tailed Pearson’s correlation test was run with 95% confidence
interval. * p<0.05
F)  Scatter plot showing the details of MAPT abundance and NFT Globe interaction from part D. Simple linear
regression was performed. Each dot represents one patient.

HC = healthy control, PiD = Pick’s disease, PSP = progressive supranuclear palsy, EV = extracellular vesicle, BD-EV = brain derived extracellular

vesicle, NFT = neurofibrillary tangle
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Isoform of tau aggregated in cortex affects the ratio of neuronal and glial material in BD-EVs

Given the distinct impact of various tauopathies on different brain cells, we explored if these
differences extend to the cell type-specific protein content of BD-EVs in samples. Generally, all
patient groups were found to have the same proportion of “brain specific” not “nonspecific” material
in BD-EVs, with each group having 41% of all protein being brain specific (Figure 4A). In this case,
“brain specific” refers to the cumulative abundance of proteins which are specific to one cell type of
the brain (i.e.: neurons, astrocytes, oligodendrocytes, microglia, or endothelial cells), within the
context of the brain, according to the database curated by McKenzie and colleagues™®. Utilizing this
same cell-type specificity database, analysis indicated a consistent reduction in neuron-specific
proteins in PiD and PSP compared to HC, while proteins specific to oligodendrocytes were
consistently significantly more abundant in these groups relative to HC (Figure 4B). Using the

Human Protein Atlas database’"”

, we differentiated between excitatory and inhibitory neuron-
specific proteins and saw that PiD EVs contain significantly less material from both categories of
neuronal protein than HC (Figure 4B). Notably, only PiD samples showed a significant increase in
proteins identified as astrocyte specific, microglia specific, and endothelial cell specific compared
to HC EVs (Figure 4B). Interestingly, combining the different glial cell type abundances together
(astrocyte + microglia + oligodendrocyte) reveals a significant difference in the overall abundance of
neuronalvs. glial material in both PiD and PSP relative to HC (Figure 4C). Interestingly, there is also
a significant difference between the amount of glial material in PiD and PSP, suggesting that this
parameter can differentiate between 3R and 4R pathology (Figure 4C). These findings suggest that
alterationsin cell type-specific materialin BD-EVs could be indicative of brain pathology, particularly

changes to the balance of overall neuronal and glial protein abundance which is observed in HC BD-

EVs.

Knowing there are many systems which are differently dysregulated in different tauopathies, we also
sought to investigate whether this was reflected in BD-EV content. Weighted Gene Co-Expression
Network Analysis (WGCNA) was performed in order to determine the modules of proteins which are
most driving the variance between patient groups. This analysis revealed four modules of interest:
M1-Endoplasmic Reticulum, M2-Mitochondrion, M3-Microtubule, and M4-Trivalent Inorganic Cation
Transport (Figure 4D). Looking more closely at the proteins contained within these modules, we see
differences in their abundance between patient groups. For example, endoplasmic reticulum and
mitochondrial proteins are significantly more present in PiD BD-EVs than in HC or PSP, while

conversely, microtubule proteins are significantly less present in PiD than in PSP or HC, and

58



significantly less present in PSP than HC as well (Figure 4E). After observing similar profiles in
WGCNA and the cell type specificity analysis, we investigated whether some of these proteins could
be driving both groups. In this case, we analyzed the overlap between the proteins contained in each
WGCNA module and those in each cell type specificity list and performed a Fisher’s exact test with
Benjamini Hochberg correction. This revealed a significant overlap between some groups, such as
astrocytic and mitochondrial proteins, neuronal and microtubule proteins, oligodendrocytic and
microtubule proteins, and endothelial and mitochondrial proteins (Figure 4F). In applying the same
machine learning model to the WGCNA features of this figure, only mitochondrion and microtubule
could successfully identify a group with 100% accuracy, and it was only PiD for both (Figure 4G).
However, looking at the abundance of glial vs. neuronal material, we saw one which overwhelmingly
outperformed the previous models. Using the glial protein abundance feature, the model was able
to predict the disease state of the EV samples with 100% accuracy for each group (Figure 4H). We
also tested the different cell types separately, which showed that microglial proteins on their own
achieved this same result, while other cell types only identified one group with 100% accuracy
(Figure S1A). Together, these results indicate that the increase in abundance of glial proteins, and
particularly microglial proteins, can be predictors of disease in the context of BD-EVs and
tauopathies. Because microglial proteins are not very abundant in BD-EVs, it would likely be
beneficial to consider all glial proteins as this will exacerbate the difference between PiD and PSP

patients and create a buffer of extra proteins which can be relied upon.

We correlated these features with the histopathological analysis from Figure 1 and found again that
microglial and glial protein abundance correlates significantly with the percentage of inclusions
which are globular NFTs, among a few other correlations (Figure 4l). Looking specifically at the cell
type correlations, we see that the three patient groups are nicely separated from each other,
indicating that these are important features for distinguishing not only between HC and pathology

but between the pathologies themselves (Figure 4J-L).
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Figure 4 | Cell type specific proteins can predict isoform specific tau pathology

A) Stacked bar plot depicting the proportion of brain-specific and non-specific proteins present in EV samples. “Specificity”
was determined by a database generated by McKenzie and colleagues for brain cell type specific proteins (specific to
neurons, astrocytes, oligodendrocytes, microglia, and endothelial cells).

B) Bar graph showing the percentage of brain specific proteins which can be categorized as neuronal, astrocytic,
oligodendrocytic, microglial, and endothelial. Within the neuronal category, we also compared excitatory and inhibitory
neuron-specific proteins according to the Human Protein Atlas. Ordinary two-way ANOVA was run with Dunnett’s
multiple comparison test and single pooled variance. * p<0.05, **** p<0.0001.

C) Bargraph depicting the overall relative abundance of neuron-specific and glia-specific material. Glial abundance was
determined by summing the abundance of astrocytic, oligodendrocytic, and microglial material according to McKenzie
et al database. Ordinary two-way ANOVA was run with Sidak’s multiple comparisons test and a single pooled variance.
***% n<0.0001.

D) Weighted gene co-expression network analysis emphasizing 4 modules of proteins which account for variance between
patient groups: Endoplasmic Reticulum, Mitochondrion, Microtubule, and Trivalent Inorganic Cation Transport.

E) Violin plots of the abundance of the proteins contained within each of the 4 highlighted modules in WGCNA. Ordinary
one-way ANOVA was run with Tukey’s multiple comparisons test and a single pooled variance. ** p<0.01, **** p<0.0001.

F) Heatmap depicting the p values of Fisher’s Exact Test with Benjamini Hochberg correction of the overlapping proteins
within each WGCNA module and each cell type specificity database from McKenzie et al. * p<0.05, *** p<0.001, ****
p<0.0001.

G) Confusion matrix depicting the performance of a classification model based on abundance of WGCNA module proteins
from parts D-E.

H) Confusion matrix depicting the performance of a classification model based on abundance of glial and neuronal proteins
from part C.

1) Heatmap derived from correlation matrix comparing abundance of cell type-specific material and WGCNA module
proteins with histological findings from Figure 1. R values are plotted, two-tailed Pearson’s correlation test was run with
95% confidence interval. * p<0.05.

J) Scatter plot showing the details of microglial protein abundance and small inclusion coverage interaction from part H.
Simple linear regression was performed. Each dot represents one patient.

K)  Scatter plot showing the details of glial protein abundance and NFT Globe interaction from part H. Simple linear
regression was performed. Each dot represents one patient.

L) Scatter plot showing the details of inhibitory neuron protein abundance and NFT Globe interaction from part H. Simple
linear regression was performed. Each dot represents one patient.

HC = healthy control, PiD = Pick’s disease, PSP = progressive supranuclear palsy, EV = extracellular vesicle, BD-EV = brain derived extracellular vesicle,
NFT = neurofibrillary tangle, riBAQ = relative intensity-based absolute quantification, ER = endoplasmic reticulum

Discussion

Despite the field of biomarker discovery for neurodegenerative diseases making progress in the last
decade, there remains a lack of noninvasive biomarkers which can truly inform on the molecular
nuances of these diseases which often present similarly in the clinic®2. Current circulating
biomarkers are not validated for primary tauopathies, so there are dozens of NDDs which still lack
accurate biomarkers?’. The proteomic content of BD-EVs, which themselves may contain isoform
specific tau seeds based on previous work, may provide enough of a broad view of the cellular
landscape of the tauopathy brain to be able to distinguish between them reliably in a clinical

context®®
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In this study, we first sought to investigate to what extent we could differentiate 3R and 4R pathology
by looking at the source: tau inclusions in the frontal cortex of HC, PiD (3R), and PSP (4R) patients.
We assessed AT8 (early aggregation) and AT100 (late aggregation) for this question but found the only
differences to be relative to HC, not between the two pathologies. This suggests that while the
isoforms and posttranslational modifications may differ greatly between 3R and 4R tauopathies, the
overall coverage of inclusions, and even the distribution of small inclusions vs. large NFTs is not
impacted by isoforms. This indicates that without isoform-specific staining, it is not possible to

differentiate between tauopathies in the frontal cortex with just histopathological staining alone.

Several EV qualities were assessed for dependence on pathology. While there was a significant
difference in the ratio of small (<150nm) and large (>150nm) EVs in PiD patients, other parameters
such as the overall concentration and the abundance of EV-associated material did not differ with
pathology. The shift in EV size in PiD could indicate a shift in the mechanism of EV secretion in cells
which are not apoptotic. For example, this could indicate a shift away from microvesicle blebbing
from the plasma membrane and toward MVB-mediated release of exosomes. However, this is purely
speculative. A more thorough analysis on exosome markers present in the different samples would

need to be done to confirm this.

We also investigated the presence of established markers of NDDs in the three groups. To this end,
we were interested to see if these markers were relevant in the context of BD-EVs. Interestingly, the
two markers (MAPT, SNCA) which showed significance only separated PiD, not PSP from HC
patients. They also separated PiD and PSP, suggesting that they may be relevant markers for
identifying 3R pathology. SNCA not only differentiating 3R and 4R pathology, but being present at 10x
the abundance as MAPT was rather unexpected. Upon consulting the literature, however, it has been
shown in the frontal cortex and the dentate gyrus that neurons which contain Pick bodies may also
acquire Lewy bodies (LBs) during disease progression'®'"°, |t has also been shown in AD that
neurons with tau aggregates are more susceptible to LB formation'°. Whether the presence of
aggregated tau induced LB formation, or cells with NFTs are simply too overwhelmed to clear other
aggregating proteins isn’t exactly clear, but the presence of alpha synuclein in addition to tau
aggregation likely implies a very advanced stage of pathology. While we cannot confirm the presence

of LB in this patient cohort, if the MAPT trend is any indication, PiD patients likely have alpha
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synuclein aggregation alongside the tau aggregates in frontal cortex. Furthermore, alpha synuclein
in neuron derived EVs has been shown to be a potential biomarker for Parkinson’s disease (PD)'%'-'22,
While PiD is not a synucleinopathy, alpha synuclein may be worth measuring in tandem with other

protein markers to assess likelihood of primary tauopathy pathology.

Lastly, we looked at the cellular signatures present in the BD-EVs. We looked at brain cell type
specificity, as well as cellular pathway dysregulation. In cell type specificity, we found a significant
difference in the ratio of neuronal and glial material in pathological BD-EVs compared to HC BD-EVs.
Importantly, we also saw a significant difference in the amount of glial material between PiD and
PSP, indicating that this could be a measure which can differentiate primary tauopathies. Recently,
glial fibrillary acidic protein (GFAP) has emerged as a potential biomarker for different
neurodegenerative diseases, including AD and PD®*%*'2_ Given that circulating GFAP is typically
present in low levels in healthy individuals, its presence in NDD patients indicates astrogliosis and a
likely advanced stage of pathology in the brain'®. While circulating GFAP does not appear to be
linked to a specific disease, the glial content of BD-EVs may provide more context to be able to more
precisely predict pathology. Indeed, that is exactly what the model was able to do in this case, using
the glial protein abundance to predict HC, 3R, or 4R pathology with 100% accuracy. Itis worth noting
that the small group sizes in this model resulted in high variance and overfitting of the model. More
testing would need to be done with a larger patient cohort to confirm these results, though they are

very promising.

In the molecular pathway analysis by WGCNA, we saw that microtubule-associated proteins could
differentiate PiD from HC and PSP, but could not separate PSP from HC. This suggests that while
there are differences in the effects of 3R and 4R tau accumulation on the cytoskeleton and
mitochondria, these differences cannot necessarily be directly observed in BD-EVs in this study. The
mitochondrial profile observed supports previous work done which showed that EVs from PiD
patients had a more deleterious effect on human iPSC derived astrocytes than EVs from PSP

patients®.
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Many of the features we analyzed, from the size of EVs to different aspects of their proteomic
content, correlated with features of histopathology in the same patients. This is one of the more
important aspects of this study, in that it demonstrates that BD-EVs can reflect the molecular
landscape of the tauopathy brain. The protein tau itself correlated with the percentage of AT100
inclusions which were globular NFTs, suggesting that the kind of tau which makes up this type of
inclusion may be similar to the tau which is found in BD-EVs in late stage tauopathy. It’s possible
that tauopathy EVs contain pieces of aggregates: insoluble tau which would not otherwise have been
secreted by cells in free form. This has been demonstrated in AD, but not other tauopathies'.
Interestingly, this same group even saw that the aggregates in advanced AD EVs were globular in

nature.

A concept which is both daunting and rewarding in the field of EVs is that the proteome of the cell
which secretes them is not the same as the proteome of the EVs which are secreted. This has been
well demonstrated by You and colleagues, with their study comparing proteomics of iPSC derived
astrocytes, neurons, microglia, and oligodendrocytes to the cell type specific EV they secreted in
culture”. Indeed, even in this simplified comparison, the EVs often did not contain typical cell type
specific markers which would be expected in EVs whose origin is certain to be from one cell type.
EVs from human brains are sure to be much more complex, containing information not just from one
cell but from the many intricate systems of the brain. In this sense, it can be difficult to draw
conclusions on the presence or absence of specific proteins of interest, particularly in the context

of late-stage pathology when so many of these systems are under stress.

The purpose of this study was not to propose a “one-size-fits-all” biomarker for the stratification of
3R and 4R tauopathies, but rather to highlight the importance of looking at the bigger picture in the
brain. This is something we can see more clearly via BD-EVs, which contain lots of relevant material
to evaluate the overall health status of the brain. Indeed, it was not a single protein that allowed us
to separate the three groups and predict the disease state in this study. Instead, it was a group of
interconnected proteins that can provide more context than a single marker. Given that glial cells
are impacted differently by the accumulation of different tau isoforms®®, it may not seem surprising
that this difference is reflected in BD-EV content. It must be noted, however, that not all cellular

differences are directly reflected in the cargo of BD-EVs. Some, like the quantity of tau protein itself,
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is reflected inversely. EVs can sometimes reflect exactly what is happening at the cellular level,
sometimes the opposite, and sometimes do not reveal a clear picture of a system in struggle. This
study of course has limitations. We have assigned the weight of an entire category of diseases to one
representative disease (PiD for 3R tau, PSP for 4R tau). In this sense, some results may be
overinterpreted by saying that all primary tauopathies can be stratified using this method.
Additionally, more data is needed on the proteomic content of BD-EVs from other NDDs. We cannot
be sure that the effects we have seen in this study are unique to tauopathies and not common to
general neurodegeneration or another form of pathological aging. Lastly, the brain tissue and EV
samples which were used for this study are from late-stage tauopathy patients. We therefore cannot
yet confirm that these findings would hold true in preclinical stages of these diseases, however it

gives a starting point for what kinds of changes to look for in early-stage tau pathology.

While EVs can be complicated to investigate, this type of exploratory study demonstrates the wealth
of information which can be obtained from their cargo. Here we only evaluated the proteomic
signature of these particles, but it has also been well established that EVs carry DNA, RNA, and
metabolites which could be equally informative*®. Not only are BD-EVs rich in brain material, they
also have the capacity to cross biological barriers such as the blood-brain barrier to enter into
peripheral biofluids, making this material accessible noninvasively®®. This study has improved our
understanding of the relationship between molecular nuances and observable phenotypes of
disease, as well as our understanding of what may make a successful biomarker for families of

diseases such as tauopathies.
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Materials and Methods

Patient Cohort

Brain extracts were obtained from the CHUV Biobank and Lille Neurobank, fulfilling requirements
concerning biological resources and declared to the competent authority. Samples were managed
by the CRB/CIC1403 Biobank (BB-0033-00030 for Lille Neurobank) and CNP (BB-0063 for CHUV

biobank). The demographic data are listed in Leroux et al., 20225¢,

Brain Derived Fluid Isolation from Patient Brain Tissue

In collaboration with the group of Morvane Colin (Lille, FR). Brain derived fluids (BD-fluids) were
isolated as previously described'®®. Briefly, roughly 1.5g of fresh-frozen patient prefrontal cortex was
gently cut into smaller pieces. These were then incubated in a Papain/Hibernate-E solution to gently
digest the tissue and release interstitial fluid, theoretically avoiding cellular lysis. After tissue
digestion, differential centrifugations at 300g for 10min, 2,000g for 10min, and 10,000g for 30min
were performed at 4°C to remove cells, membranes, and debris respectively and the supernatant of
the 10,000g centrifugation was then stored at -80°C until EV isolation was performed. To avoid bias

in the results, normalization according to the weight of the brain extracts was systematically done.

Brain Derived EV Isolation from Patient Brain Derived Fluid

In collaboration with the group of Morvane Colin (Lille, FR). The procedures to isolate the brain
derived EVs (BD-EVs) from the human BD-fluid were carried out in accordance with the Minimal
information for the studies of extracellular vesicles (MISEV) guidelines that were established and
updated in 2018 by the International Society for Extracellular Vesicles®. Various controls were
applied to validate the enrichment and the content of the BD-EVs, as recommended in these
guidelines. However, the procedure described above to recover BD-fluids may still lead to some cell
lysis and therefore some intracellular contamination. The presence of intraluminal vesicles (ILVs) in
the preparations cannot be fully excluded. 500uL of BD-fluid was loaded on the top of a size
exclusion chromatography (SEC) column (10mL column, CL2B Sepharose, pore size 75 nm,
Millipore)'. A mean of 7.94 x 10" (=3.36 x 10° vesicles/g of tissue in F1-4 (n = 36 samples) was

recovered for each sample. Isolation was carried out in phosphate-buffered saline (PBS) with a flow
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of 36-48 s/mL. The first 3mL was eliminated, and the following 20 fractions were recovered (with

500uL per fraction).

Measurement of BD-EV Size and Concentration

In collaboration with the group of Morvane Colin (Lille, FR). Nanoparticle tracking analysis (NTA) was
performed on individual fractions diluted in PBS with a NanoSight NS300 (Malvern Panalytical). To
generate statistical data, five videos of 90 s were recorded and analyzed using NTA software (camera

level, 15; detection threshold, 4).

Label-Free LC MS/MS Analysis of BD-EV Samples
Sample Preparation and Protein Digestion: miST

In collaboration with Protein Analysis Facility (PAF) of Until: Manfredo Quadroni and Patrice

Waridel.

Protein digestion: F1-4 fractions were digested according to a modified version of the iST
method (named miST method)'®. Briefly, 50 ml solution in PBS were supplemented with in 50 ml
miST lysis buffer (1% Sodium deoxycholate, 100 mM Tris pH 8.6, 10 mM DTT) and heated at 95°C for
5 min. Samples were then diluted 1:1 (v:v) with water and reduced disulfides were alkylated by
adding 1 /4 vol of 160 mM chloroacetamide (final 32 mM) and incubating at 25°C for 45 min in the
dark. Samples were adjusted to 3 mM EDTA and digested with 0.5 mg Trypsin/LysC mix (Promega
#V5073) for 1h at 37°C, followed by a second 1h digestion with a second and identical aliquot of
proteases. To remove sodium deoxycholate and desalt peptides, two sample volumes of
isopropanol containing 1% TFA were added to the digests, and the samples were desalted on a
strong cation exchange (SCX) plate (Oasis MCX; Waters Corp., Milford, MA) by centrifugation. After
washing with isopropanol/1% TFA, peptides were eluted in 250 mlL of 80% MeCN, 19% water, 1% (v/v)

ammonia.

Liquid chromatography-tandem mass spectrometry: Tryptic peptide mixtures were
injected on an Ultimate RSLC 3000 nanoHPLC system interfaced via a nanospray Flex source to a
high resolution Orbitrap Exploris 480 mass spectrometer (Thermo Fisher, Bremen, Germany).

Peptides were loaded onto a trapping microcolumn Acclaim PepMap100 C18 (20 mm x 100 um ID, 5
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um, Dionex) before separation on a C18 custom packed column (75 um ID x 45 cm, 1.8 um particles,
Reprosil Pur, Dr. Maisch), using a gradient from 4 to 90 % acetonitrile in 0.1 % formic acid for peptide
separation (total time: 140 min). Full MS survey scans were performed at 120,000 resolution. A data-
dependent acquisition method controlled by Xcalibur software (Thermo Fisher Scientific) was used
that optimized the number of precursors selected (“top speed”) of charge 2+ to 5+ while maintaining
a fixed scan cycle of 2 s. Peptides were fragmented by higher energy collision dissociation (HCD)
with a normalized energy of 30 % at 15,000 resolution. The window for precursor isolation was of 1.6

m/z units around the precursor and selected fragments were excluded for 60s from further analysis.

MS and MS data analysis: Data files were analyzed with MaxQuant 1.6.14.0'* incorporating
the Andromeda search engine'®. Cysteine carbamidomethylation was selected as fixed
modification while methionine oxidation and protein N-terminal acetylation were specified as
variable modifications. The sequence databases used for searching were the human (Homo sapien)
reference proteome based on the UniProt database and a “contaminant” database containing the
most usual environmental contaminants and enzymes used for digestion (keratins, trypsin, etc.).
Mass tolerance was 4.5 ppm on precursors (after recalibration) and 20 ppm on MS/MS fragments.
Both peptide and protein identifications were filtered at 1% FDR relative to hits against a decoy

database built by reversing protein sequences.

Categorical Annotation of Proteins

Proteins were annotated according to several databases in order to better classify them in later
analyses. These databases included the Gene Ontology (GO) Human database™" 32, further splitinto
the categories of cellular component (CC), biological process (BP), and molecular functions (MF),
the MISEV guidelines for EV-associated and potential contaminant proteins®*, a database generated
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by McKenzie and colleagues in their publication for brain cell type specificity''®, and the Human

Protein Atlas databases for cell type specificity and predicted subcellular localization™”.

WGCNA

In collaboration with Aatmika Barve. Protein co-expression network analysis was performed with the
R package WGCNA'™2 on the preprocessed proteomic data of all identified proteins with their

respective riBAQ scores for each disease group. At first, a correlation matrix for all pair-wise
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correlations of proteins across all samples was generated and then transformed into a matrix of
connection strengths, i.e., a weighted adjacency matrix with soft threshold power = 16. Then the
topological overlap (TO) was calculated using the connection strengths. TOM is a robust, pairwise
measure which indicates two proteins’ similarity based on their co-expression relationships with all
other proteins in the network. Proteins were further hierarchically clustered using 1-TOM as the
distance measure to generate a cluster dendrogram, and modules of proteins with similar co-
expression relationships were identified by using dynamic tree-cutting algorithm with parameters
set to: minimal module size = 30, deepSplit = 2, and merge cut height = 0.15. Within each module,
the module eigenprotein was defined as the first principal component, which serves as a weighted
summary of protein expression within the module and accounts for the greatest variance among all
module proteins. These proteins are assigned with a color representing each module. Further,
module membership (KME) was assighed by calculating Pearson’s correlation between each protein
and each module eigenprotein and the corresponding p-values. Proteins were reassigned to the
module for which they had the highest module membership with a reassignment threshold of p <
0.05. Again, colors are assigned to the new merged modules to signify a robust group of proteins.
From each module, hub proteins were found using the signedkME function which explains the

membership of protein with its module and strong association within the module.

Gene Ontology

In collaboration with Aatmika Barve. Through WGCNA, specific modules were assigned a color. To
understand each module in detail, a detailed genetic annotation of each protein within the module
was needed. It could then be understood how the proteins might be interacting and which kind of
molecular pathways they could be associated with. These differentially expressed proteins and co-
expressed proteins were characterized based on their gene ontologies, using GO Elite (version 1.2.5)
python package'“. The entire set of proteins identified and included in the network analysis served
as the background dataset. The presence of significantly overrepresented ontologies within a
module was gauged using a Z-score, while the significance of Z-scores was evaluated using a one-
tailed Fisher’s exact test, with adjustments for multiple comparisons via the Benjamini-Hochberg
FDR method. Threshold analysis included a Z-score cut off of 2, a p-value threshold of 0.05, and a

minimum requirement of 5 genes per ontology before ontology pruning was performed. The best
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gene ontology term which explains the molecular and cellular function of each module was used to

name it.

Brain cell type enrichment

In collaboration with Aatmika Barve. To investigate the cell type specificity of the proteins within each
module, the method of adapting the function called geneListFET in R was used'®>'¢, The cell type
specific gene list from RNA-seq in human brain was used''®. The total list of identified protein group
was used in background and the cell-type specific gene list was filtered for presence in the total
proteins list prior to cross-referencing. One tailed Fisher’s exact test was performed and correction
for multiple comparison by the FDR (Benjamini Hochberg) method was applied to evaluate the

significance of cell type enrichment of each module.

Machine Learning

In collaboration with Aatmika Barve. Machine learning was used to support the traditional statistical
results. The data is relatively too small to make the machine learn, so the data was split into 60%
training set and 40% testing set. Since the study classes were not balanced, the split was stratified
and performed 42 times with different random seeds. Then, Borderline SMOTE (Synthetic Minority
Over-sampling Technique) was performed on the training set to balance the classes before training
the model. OneVsRestClassifier model'™ performed upon XGBClassifier model'™® was used with
parameters set to multi:softprob for objective and mlogloss for evaluation metric. The model was
trained with the training set for the classification of data into three classes for each individual
feature. The model was evaluated on the testing set and its performance was assessed using F1-
score as the metrics for evaluation. F1-score was chosen as the metric because it provides a more
balanced and nuanced view of model’s performance. In this study, precision and recall both are
critically important, therefore the F1-score was chosen as it is the harmonic mean of precision and
recall. The F1-score for each individual feature for three classes was represented in a heatmap. The

closer the scoreis to 1, the better the model’s performance is.

Due to the very small data size, there were some challenges to be faced to develop a generalized
model. High variance and overfitting of model had to be taken into account. The effective model

evaluation metric score also had to be carefully considered. As a result, a generalized model using
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XGBoost classifier, SMOTE and OneVsRest classifiers was built. The model was also evaluated with

cross-validation.

Histopathological Staining of Frontal Cortex Sections

In collaboration with the group of Morvane Colin (Lille, FR). Automated immunohistochemistry (IHC)
was performed using 4-mm-thick formalin-fixed, paraffin-embedded (FFPE) tissue on a BenchMark
Ultra (Roche Tissue Diagnostics) with the UltraView diaminobenzidine (DAB) IHC detection kit
(Ventana) and the primary Ab AT8 (dilution 1:500) or AT100 (dilution 1:500). The monoclonal Ab (mAb)
AT8 recognizes the phosphoserine 202, phosphoserine 208, and phosphothreonine 205 residues of
tau (MN1020; Thermo Scientific, Illkirch, France)™®. The mAb AT100 (MN1060; Thermo Scientific,
Illkirch, France) recognizes phosphothreonine 212 and phosphoserine 214 and allowed the

detection of insoluble/aggregated tau'%"42,

Histopathological Analysis

In collaboration with Valentin Zufferey. A slide scanner was used to acquire images of entire section
(Zeiss Axioscan Z1, ~5mm? of scan area, 20X magnification). Scans were processed using FlJI
(v1.54f) for image corrections and conversions and Nikon General Analysis 3 (GA3; NIS-Elements AR
v5.21.03) module for advanced image quantifications. As entire scans were analyzed, detection of
the section was first performed to define boundaries of analysis area and for further density and
coverage calculations. Detection of punctual features (contrast-based spot detection for typical
diameter of ~5um) was performed to quantify small inclusions. Larger objects (NFTs) were
segmented by image-thresholding and categorized based on their circularity. High circularity objects
(>0.7) were classified as "globular NFTs" and the rest (more elongated) as "flame NFTs". We
measured the integrated area, number (density) and mean neighbor distance for each type of
inclusion. Both stainings were analyzed similarly, with refinements made to optimize the detection

of different objects.
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Correlation Analyses

Correlation matrices were created to compare various BD-EV features with histopathological
findings. R values were plotted. Two-tailed Pearson’s correlation test was run with 95% confidence

interval. Significance was denoted with stars: * p <0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001.
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Supplementary Figure 1 | Additional Features of
Cell Type Specificity and WGCNA
A) Confusion matrix depicting the performance
of a classification model based on abundance
of all brain cell type proteins from Figure 4C.

B) Scatter plot showing the details of M3
Microtubule Eigengene and NFT Globe
interaction from Figure 4H. Simple linear
regression was performed. Each dot
represents one patient.

C) Scatter plot showing the details of M4 Trivalent
Inorganic Cation Transport Eigengene and NFT
Globe interaction from Figure 4H. Simple
linear regression was performed. Each dot
represents one patient.
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Chapter 2

A Novel Methodology for the High-Efficiency
Isolation of Brain Derived Extracellular Vesicles
in Peripheral Biofluids

74



A Novel Methodology for the High-Efficiency Isolation of Brain Derived
Extracellular Vesicles in Peripheral Biofluids

Jeanne Espourteille!, Kevin Richetin'.23

"Department of Psychiatry, Center for Psychiatric Neurosciences, Lausanne University Hospital (CHUV) and

University of Lausanne, 1011 Lausanne, Switzerland

2Lausanne University Hospital (CHUV) and University of Lausanne, Neuroscience Research Center (CRN),

Laboratory of Cellular and Molecular Neurotherapies, 1011 Lausanne, Switzerland

3Lausanne University Hospital (CHUV) and University of Lausanne, Department of Clinical Neuroscience

(DNC), Laboratory of Cellular and Molecular Neurotherapies, 1011 Lausanne, Switzerland

Keywords: Extracellular vesicle ; protein corona ; plasma ; saliva ; brain derived EV ; surface marker ;

astrocyte

75



Graphical Abstract
Novel surface
marker candidates

Intensity

HC frontal
Brain derived
.. extracellular
vesicles
. = m/z
(=
[y PR > l

Enzymatic Digestion
-\

Brain ISF f:;:le ;

/N &
S VL W
TR W

v

30%
labeled

labeled

. 0.8% 60%
Saliva labeled > labeled
ot
% '
4 2 p i“' ﬁ' T T L 2 e B
St Sl -
Standard Novel surface Soluble forms of surface
Soft corona Hard corona .
surface marker markers markers in corona

76



Abstract

Circulating brain-derived extracellular vesicles (BD-EVs) offer considerable potential for diagnosing central
nervous system (CNS) disorders. However, specific isolation and enrichment of these vesicles remain
extremely challenging among the many other circulating extracellular vesicles (EV) and proteins in peripheral
biofluids. Based on an in-depth proteomic analysis of the vesicular secretome isolated from patient brain
tissue, we have identified candidate epitopes for the specific isolation of BD-EVs. Combining isolation by size
exclusion, enzymatic digestion of the EV protein corona, and capture by a novel antibody cocktail, we have
created a novel methodology for isolating BD-EVs from various peripheral biofluids. By combining this novel
cocktail with the enzymatic treatment of the protein corona to liberate EV surface epitopes and increase their
accessibility to antibodies, we have increased the efficiency of capture of brain-derived EVs in plasma and
saliva from less than 1% to 30% and 60% respectively. This technique improves upon established EV capture

techniques in the EV yield and overall particle specificity to the brain.
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Introduction

Extracellular vesicles (EVs) are nanoparticles which are secreted by all cells of the body. Brain derived EVs
(BD-EVs) are secreted directly into the interstitial fluid surrounding the cells that secrete them. However, they
can also cross biological barriers to enter peripheral biofluids such as plasma, saliva, cerebrospinal fluid,
urine, and others®®. Once they have crossed these barriers into circulating biofluids, the difficulty is in
differentiating them from the rest of the circulating EVs. This is further complicated by our lack of knowledge
surrounding how these EVs actually cross biological barriers and to what extent they are modified in the
process. While there are several ideas about the mechanisms of EV crossing, particularly of the blood-brain
barrier (BBB) (Figure 1)'“*'# it remains unclear whether EVs which cross biological barriers are heavily
modified by cells which make up the barriers or are left relatively untouched in the process. For this reason, it
is difficult to know what kind of surface proteins are most relevant to target forimmunocapture of brain derived
EVs in fluids like blood.
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Figure 1 | Potential mechanisms of blood-brain barrier crossing by exosomes
Adapted from Saint-Pol et al., 2020 - Cells 143

The blood-brain barrier, theoretically a motorway for a melting-pot of exosomes. Five routes have been described for exosomes interacting
with a receiving cell (exosomes have been more widely studied than general EVs):

(1)
()

@)
(4)
(5)

Association with a protein G-coupled receptor on the cell surface, inducing a signaling cascade

Adhesion to the cell surface and fusion, releasing the exosome content in the cytoplasm, which can lead to several types of events,
including cell signaling

Macropinocytosis

Nonspecific/lipid raft

Receptor-mediated transcytosis, leading to its entry into the cell through the endocytic pathway and its storage in the MVB.

Then, three outcomes remain possible for exosomes: (i) degradation by lysosomes; (ii) signaling induction through a back fusion event in the
MVB releasing its content in the cytoplasm; or (iii) trafficking from the MVB to the plasma membrane as neo-formed ILVs in the receiving cell.
It is worth noting that except in pathological models, EVs and exosomes have not been described to cross the BBB through the paracellular

pathway.

Als: adherens junctions; EC: endothelial cells; ESCRT: endosomal sorting complexes required for transport; ILV: intraluminal vesicles; JAMs: junctional adhesion
molecules; NVU: neurovascular unit; SNARE: soluble N-ethylmaleimide-sensitive-factor attachment protein receptor; TJs: tight junctions

The blood is perhaps one of the most popular choices for BD-EV isolation in the periphery, though it is quite a

complex fluid. The vast majority of blood is a small group (~22 proteins) of highly abundant proteins such as

albumin, immunoglobulins, and complement components (Figure 2)'“°. These proteins often make

immunocapture and analyses such as mass spectrometry incredibly difficult, as it is nearly impossible to fully

deplete the blood of these “contaminating” proteins to capture or analyze proteins of interest such as

biomarkers.

Saliva is also a highly complex biofluid with over 1400 proteins identified within it'¥¢. Contrary to plasma,

however, saliva EVs can be easily isolated using a number of different techniques, without need of further

purification or depletion of contaminating proteins®.
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Figure 2 | Proteomic composition of blood

From Lista et al., 2013 - Progress in Neurobiology 145

A significant portion of the total protein content in plasma and serum is comprised of just a few proteins. Plasma and serum include a narrow
population of different high-abundance proteins (HAPs). The 10 most abundant proteins represent approximately 90% of the total protein content
in human plasma/serum; the 22 most abundant proteins are supposed to embrace about 99% of the total protein mass. As a result, the tens of
thousands of other different proteins and peptides, that should encompass all possible biomarkers of diseases, result to be buried and hidden
under such few predominant HAPs. The ““hidden proteome’ expression refers to the low- and very low-abundance proteins (LAPs). They constitute
less than 1% of the total protein content.

HAPs = high-abundance proteins, LAPs = low-abundance proteins, IgA Total = Immunoglobulin A Total, IgM Total = Immunoglobulin M Total, Apo A1 = Apolipoprotein
A1, Apo B = Apolipoprotein B

Embedded in the membrane of EVs are anywhere from dozens to hundreds of membrane-associated proteins
which are often active molecules or functional receptors which play a role in EV homing, targeting, and uptake
by recipient cells®. These surface proteins often also carry characteristics of their cells and tissues or origin,
making them useful for the study of specific subpopulation of EVs in the context of pathology®'. Currently,
many groups are attempting to decode exactly which proteins can be found at the surface of different classes
of EVs. In recent years, this question has advanced new techniques for mapping the surface of the EV,
including proteolytic digestion of surface proteins'”%8, targeted and untargeted mass spectrometry'”:14°,

antibody microarray platforms™?, proximity barcoding assays®', proximity ligation assays'®', flow cytometry's'-

153 154-157

, single EV microscopy imaging , and others. Together, these techniques all seek to identify which
proteins can be found at the surface of the EV and in which context, often with the goal of isolating specific

subpopulations of EVs from circulating biofluids.

This is a particularly pertinent question for EVs of the central nervous system (CNS), as they are being more
and more widely used in questions of diagnostics, stratification of disease, and targeted molecule delivery to
the brain®'%8-1%% These EVs can provide information about the pathological state of an organ system which is
incredibly difficult to physically access in routine clinical settings. As EVs can cross biological barriers such as
the blood-brain barrier, they can provide information about the brain without invasive biofluid sampling like a
lumbar puncture. This is only possible, however, if we can separate brain derived EVs from all the other EV

subpopulations which circulate in peripheral biofluids.

Many groups have been working on this subject for years, attempting to isolate brain specific EVs from blood,
urine, saliva, and other peripheral biofluids to answer various biological and medical questions. Different
groups have isolated neuron derived EVs'%%-'%4, astrocyte derived EVs'®*"%, microglia derived EVs'®-'%, and

oligodendrocyte derived EVs'4'7°, mostly from human plasma. To do this, they identified proteins at the
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surface of these EVs which they could target in some form of immunocapture. Table 1 summarizes some of
the current markers used for the capture of different subpopulations of EVs being targeted in the plasma, as
well as general EV markers which have been established for many years. While there is a consensus on some
of these markers, others have become the subject of debate in recent years. For example, the relevance of
L1CAM toisolate neuron derived EVs has been contested by Norman and colleagues'', who argue that L1CAM
is not actually in the membrane of neuronal EVs but rather is secreted in a soluble form and then stuck to the
protein corona of circulating EVs. Furthermore, it has been shown that LICAM is expressed in many tissues of
the body and is therefore not specific to the brain. Other proteins, such as GLAST for astrocyte derived EVs and
CD63 as a general EV marker are not present at high levels in brain derived EVs, leaving room for improvement
to find markers which are more abundant and relevant to the target population. As newer studies are
contesting some of these “standard” EV markers, more groups are looking for novel markers which are more
specific to their subpopulations of interest, more abundant, and more likely to be found in the EV membrane

rather than in the EV corona.

Marker Type Surface Protein Publication
CcDa Théry et al., 2018
CD&3 Théryetal., 2018
General EV cDa1 Théry et al., 2018
cD47 Théryetal., 2018
ADAMI0 Théry et al., 2018
L1CAM Guha et al., 2019; Nogueras-Ortiz et al., 2020
N -Derived EV
Euron-Tenve SNAP25 Ohmichi etal., 2019
Astrocyte-Derived EV GLAST1 Goetzl et al., 2019; Ohmichi et al., 2019
oyt GFAP Goetzl et al., 2019; Zhang et al., 2019
AMNXAL Lemaire et al., 2019
Mi lia-Derived EV
crogiia-Lerive TMEM119 Winston et al., 2021; Visconte et al., 2023
. . oMG Ohmichi etal., 2019
Oligodendrocyte-Derived EV PLP Lopez-Guerrero et al., 2020

The protein corona is not a new concept in the field of EVs, however it has only begun to be seriously
investigated in the last 5 years or so. The corona is a group of proteins which surround circulating EVs once
they have been secreted from a cell. These proteins are typically soluble proteins circulating in biofluids which
have high affinity for EVs and the proteins at their surface’’2. In more complex biofluids like plasma, different
layers of the corona can form. Typically, within seconds to minutes, a first “hard corona” will form, made up of

high affinity proteins (Figure 3)%. Then within minutes to hours, a second layer will form around the hard
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corona. This layer is called the soft corona and is made up of lower affinity proteins®. The soft corona can be
more easily changed and digested, while proteins of the hard corona are typically irreversibly bound to the
EV'73. These layers of proteins can mask EV surface proteins, effectively disguising their cell or tissue of origin
from immunocapture efforts. In the blood, proteins such as albumin, immunoglobulins, and other lipoproteins
tend to form the protein corona (Figure 4)%*'74, In more filtered biofluids such as saliva, the EV corona appears
to be less complex and with a lower affinity for the EV'75. The biogenesis of the EV, its size, shape, charge, and

the proteins at its surface, as well as the biofluid in which it is circulating all help determine the proteins which

will make up its corona®s.
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Figure 3 | Formation of the EV protein corona in plasma
Adapted from Heidarzadeh et al., 2023 — Cell Communication and Signaling 53

Protein corona formation on the surface of EVs inside in vivo conditions. Both hard and soft protein corona layers are generated around
EVs as aresult of non-specific interactions and ligand-receptor affinity. The binding of different serum proteins on the vesicular surface
can affect the hydrodynamic size, biodistribution, colloidal stability, and ligand-receptor interaction between EVs and acceptor cells.
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Figure 4 | Components of the EV protein corona in plasma
Adapted from Toth et al., 2021 - Journal of Extracellular Vesicles 174

The protein corona is most often made up of common blood proteins such as albumin, apolipoproteins, and immunoglobulins.

In order to access true surface proteins of EVs, the protein corona must be bypassed. This is most often done
by enzymatic digestion, partially or fully removing the protein corona from a group of EVs. There are several
ways that the protein corona can be digested or dissociated from the EV. Proteolytic digestion, such as with
Proteinase K (PK), Trypsin, and Trypsin Lys-C are common methods used depending on the desired outcome
of the digestion':1%8, Proteinase K will digest the proteins into peptides <4 amino acids in length, making them
undetectable by techniques such as mass spectrometry. Conversely, Trypsin will cut proteins into peptides

between 7 and 10 amino acids in length, allowing them to be separated from the EV population and run in mass
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spectrometry to determine the identity of the digested proteins. Antimicrobial peptides may also be used to

remove the outer corona proteins'’.

Removal of the protein corona can help show the “true” size of EVs, which can be increased substantially by
the aggregation of proteins to the surface®. It can also serve to remove “contaminating” proteins for
techniques such as mass spectrometry, where particularly blood proteins in large quantities can mask
proteins of interest in small quantities in a sample'?®. Perhaps most importantly in this context, removal of the
protein corona can reveal surface proteins embedded in the EV membrane and increase their access to

immunocapture by specific antibodies (Figure 5).

Previously, we have demonstrated the ability of the proteomic signature of brain derived EVs to predict tau
pathology and differentiate between 3R and 4R tauopathies. This work was done in brain derived EVs isolated
from patient frontal cortex samples, but in order for this finding to be relevant for patient screening or
diagnosis, we need to be able to isolate these EVs from peripheral biofluids noninvasively. For this reason, we
have designed a study which uses in an in-depth proteomic analysis of cortex BD-EVs to identify novel surface
markers which can be targeted in biofluids such as blood and saliva in order to enrich cerebral material for
further analysis. We then propose an improved protocol for immunocapture of brain derived EVs in patient

interstitial fluid (ISF), plasma, and saliva which features enzymatic digestion of the EV corona.
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Figure 5 | Digesting the protein corona
Original graphic modified from BioRender

Schematic illustrating the hard and soft protein corona of extracellular vesicles both before and after enzymatic digestion. Soft corona proteins
have a lower affinity for the vesicle complex and thus are more easily disturbed and removed. Hard corona proteins are typically irreversibly
bound to the EV membrane, only to be removed by strong enzymatic digestion. Gentle enzymatic digestion can reveal surface proteins
embedded in the plasma membrane and improve their access for immunocapture.

Results

In silico analysis reveals novel surface markers of BD-EVs

In order to determine the target proteins present on the surface of BD-EVs, the proteomic data obtained from
the analysis of BD-EVs from 36 patients with a controlling or neurodegenerative disease (described previously
in Chapter 1) was used for an in-depth in silico analysis. Using the Human Protein Atlas database for predicted
subcellular localization"”, 380 proteins were identified as being associated to the plasma membrane (Table
S$1). Of these, 124 were identified as having an elevated abundance in brain tissue according to the Human
Protein Atlas tissue specificity tool'”” (Table S1). In the top 50 membrane proteins by abundance, 33 are
considered to be elevated in the brain (Table 2). Using the brain cell specificity database curated by McKenzie
and colleagues'®, these proteins were annotated according to their cell type specificity within the context of
only the brain. Of the top 33 brain membrane proteins, 8 were identified as being neuronal, 10 as astrocytic,
and 3 as oligodendrocytic (Table 2). Some proteins were identified through the McKenzie database as being
brain cell type specific, while not having an elevated abundance in brain tissue according to Human Protein
Atlas. These cell type specificities have been highlighted in red to indicate that these proteins are likely not

specific to that brain cell type when taking the whole body into consideration.
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Table 2 | Top 50 EV predicted membrane proteins ranked by abundance

Rank
1
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Elevated in Brain
Elevated in Brain
Elevated in Brain

Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain

Brain Cell Specificity
Astrocytic
MNeuronal
MNeuronal
MNeuronal
Astrocytic
MNeuronal
MNeuronal

Meuronal

Astrocytic

Oligodendrocytic

Astrocytic

Astrocytic

Oligodendrocytic
Astrocytic

Oligodendrocytic
Oligodendrocytic

Astrocytic
Endothelial

Meuronal
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34 Elevated in Brain Meuronal

35 Elevated in Brain

36 Endothelial
37 Elevated in Brain Astrocytic
38 Elevated in Brain

39

40 Elevated in Brain

41 MNeuronal
42 Elevated in Brain

43 Endothelial
44 Elevated in Brain MNeuronal
43 Astrocytic
46 Elevated in Brain Astrocytic
47

45 Elevated in Brain

49 Elevated in Brain Astrocytic
a0 Astrocytic .

Previous work has established that astrocytes are highly sensitive to pathological tau accumulation. In
particular, the mitochondrial network of astrocytes responds differently to 3R and 4R tau accumulation®®.
Given this quantifiable sensitivity, it’s likely that astrocytes also secrete molecules, freely and in EVs, which
reflect their reaction to tau aggregation. Therefore, astrocyte derived EVs may inform more on the specific
pathology in the brain than EVs from other cell types. Additionally, considering the proximity of astrocytes to
the blood vessels of the brain, it is highly likely that they are involved in the process of secreting EVs from the
brain into the blood. This suggests that many EVs which pass from the brain to the blood will likely have passed
through or been modified in some way by astrocytes, so they will likely enter the blood containing some
astrocytic material. For these reasons, we decided to focus on astrocytic surface markers for this study, but
this concept could easily be expanded to include surface proteins from neurons, oligodendrocytes, and

microglia as targets to increase the yield and diversity of the brain EVs captured in other biofluids.

Plotting the relative abundance in HC patients against the percent sequence coverage of the 10 astrocytic
membrane proteins, three emerged as more abundant and with a higher sequence coverage than the current
literature standard for astrocyte derived EV isolation (SLC1A3) (Figure 1A). These three candidates were, in

order of abundance, astrocytic membrane protein 1, 2, and 3 (AMP1, AMP2, and AMP3). All 10 proteins were
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subjected to more stringent brain specificity using the Human Protein Atlas tissue specificity tool. Only
proteins which were expressed only in the brain or expressed highly in the brain and only at lower levels in other
tissues were considered. Beyond this point, only five candidates remained relevant: AMP1, AMP2, AMP3,
AMP4, and AMP5 (Figure 1B-F). In this ranking, AMP4 is the literature standard SLC1A3. Dark yellow bars in
Figure 2B-F correspond to brain tissue abundance. All other eliminated candidates are shown in
Supplementary Figure 2. Pictured as well, for context, is the current literature standard for isolating neuron

derived EVs in the plasma: L1CAM (Figure S2).

Finally, the candidate proteins were assessed for whether they were affected by pathology by comparing their
abundance in patients with PSP and PiD. The most notable difference was for AMP1, though even in
pathologies where the abundance is lowest for this protein, it remains more abundant than the other
candidates (Figure 1G). AMP3 also becomes diminished in the presence of PiD pathology relative to HC
(Figure 1G)
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Figure 1 | Discovery of novel astrocytic surface markers of frontal cortex-derived EVs

A) Scatter plot showing the relative abundance vs. sequence coverage of the top 8 most abundant astrocytic membrane
proteins in n=4 HC patients. Highlighted are the top 3 proteins by abundance (AMP1, AMP2, and AMP3), as well as the
current literature standard for isolation of astrocyte-derived EVs in peripheral biofluids (SLC1A3). Each point represents
1 patient, each protein is represented by a different color and has n=4 patients

B) Human Protein Atlas diagram depicting the level of protein expression in 45 tissue systems for AMP1

C) Human Protein Atlas diagram depicting the level of protein expression in 45 tissue systems for AMP2

D) Human Protein Atlas diagram depicting the level of protein expression in 45 tissue systems for AMP3

E) Human Protein Atlas diagram depicting the level of protein expression in 45 tissue systems for AMP4

F)  Human Protein Atlas diagram depicting the level of protein expression in 45 tissue systems for AMP5

G) Violin plot depicting the top 4 remaining candidates across 6 patient pathology groups (HC: n=4, PSP: n=10, PiD: n=5, AD
I-1l: n=3, AD IlI-IV: n=4, AD V-VI: n=10). Ordinary two-way ANOVA with Dunnette’s multiple comparison test and single
pooled variance was run. * p < 0.05, *** p <0.001, **** p <0.0001

H) Bar graph depicting the change in MS/MS Peptide Count (estimate of abundance) in n=1 HC patient from the untreated
EV sample (grey) to the PK-treated EV sample (white and grey)

1) Bar graph depicting the change in % Sequence Coverage (amount of protein sequence detected) in n=1 HC patient from
the untreated EV sample (grey) to the PK-treated EV sample (white and grey)

Subcellular localization to the membrane was confirmed using Protter’”’. This tool was used to confirm that
proteins had the expected confirmation at the vesicle membrane, or conversely that they displayed a “flipped”

147

orientation, a phenomenon described by Cvjetkovic and colleagues From this analysis, AMP5 was

eliminated as not being transmembrane, leaving AMP1, AMP2, AMP3, and AMP4 (Figure S1).

Enzymatic digestion of EV protein corona confirms several novel markers

In order to test the validity of the astrocytic membrane proteins, and particularly the top 5 mentioned above,
an experimental validation was designed whereby the protein at the exterior of the EVs was digested, without
disturbing the EVs’ structure or the protein contained within them. This experiment was designed following a
similar protocol published by Cvjetkovic and colleagues'’. Briefly, a purified EV sample from the frontal cortex
of a HC patient was treated with Proteinase K to digest all the proteins of the EV corona and extravesicular
portions of transmembrane proteins. After PK digestion a 30-75% decrease in MS/MS Peptide Count and %
Sequence Coverage was observed for the top four remaining candidate proteins (Figure 2H-I). The substantial
decrease, without total elimination, of peptide count and sequence coverage in these four candidates
indicates that they have both extravesicular and intravesicular portions, confirming that they are likely

embedded in the EV membrane.

Subcellular localization to the membrane was confirmed using Protter'””. This tool was used to confirm that
proteins had the expected confirmation at the vesicle membrane, or conversely that they displayed a “flipped”
orientation, a phenomenon described by Cvjetkovic and colleagues™’. From this analysis, TTYH was
eliminated as not being transmembrane, leaving AMP1, AMP2, AMP3, and AMP4 as the most relevant

candidates (Figure S1).
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Enzymatic digestion of protein corona impacts immunocapture of BD-EVs in ISF, plasma, and saliva

EVs from plasma, saliva, and cortex ISF were stained with antibodies targeting the candidate surface markers
established above. AMP1, AMP2, and AMP4 were combined into an astrocytic antibody cocktail (AMP124) for
the following experiments. In cortex ISF, nearly 30% of EV particles were positive for AMP124 (Figure 2A,C). A
PK treatment was then tested to examine whether this would increase staining efficiency by increasing access
to EV surface proteins underneath the protein corona. Indeed, the percentage of antibody-positive EV particles
in cortex ISF increased to 78% after PK treatment (Figure 2B,B). In plasma, without PK treatment only about
0.5% of EV particles were antibody stained (Figure 2D,F). However, with PK treatment this was increased to
32% (Figure 2E,F). These results suggest that not only are there fewer astrocyte derived EVs in the plasma than
the ISF, but that the corona is likely more inhibiting in the plasma than in brain ISF. Similarly, in saliva only 0.8%
of EV particles were antibody stained without PK treatment (Figure 2G,l), but with PK treatment this increased
to 60% (Figure 2H,1). These results suggest that the surface proteins are more accessible in ISF than in plasma
and saliva, or that the EV corona in ISF is made up largely of astrocytic proteins compared to the corona in
plasma and saliva. In ISF, PK treatment is not necessary to reveal EVs with astrocytic proteins at their surface

membrane, but in plasma and saliva PK treatment is necessary to achieve this result.

With the same dose of PK treatment, very different levels of antibody staining were observed in the three
biofluids tested. A likely reason for this is the probable difference in the amount of astrocyte derived EVs (AD-
EVs) in these different fluids. A range of PK doses also revealed different effects on antibody staining in each
biofluid. In ISF, antibody-positive EVs seemed to reach a dose plateau, where increasing the dose no longer
affected the AD-EV population. Even at a low dose of 2ug/mL, a maximum population of 80% of particles was
attained (Figure S3A). In plasma, however, a higher dose of 500ug/mL PK revealed the most AD-EVs, with the
highest dose lowering the percentage of AMP124-positive EVs (Figure S3B). The percentage of AD-EVs
remained steady in saliva for the low and mid dose of PK, while at the high dose the population increased by
20% (Figure S3C). This difference between the biofluids could indicate that the protein corona of brain EVs is
less complex than in other biofluids, and any dose will liberate surface proteins, or even that the PK treatment
was permeabilizing the EVs in ISF and saliva, meaning antibodies were staining cargo rather than surface

proteins.

This second hypothesis was at least partly supported by another test, whereby a second PK treatment after
antibody stainingwas done in order to test the ability of PK to digest the antibodies atthe EV surface. In plasma,

this second PK treatment was highly efficient, reducing the antibody-positive population back down to <1%
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(Figure S3E). However, in both saliva and brain ISF, the second PK treatment had almost no effect (Figure
S3D,F). This indicates that it’s possible the EVs were partially permeabilized and that the antibodies were in

fact staining cargo within the EVs rather than proteins at the surface of EVs.

Immunoprecipitation (IP) was used as the primary method to isolate the AD-EV population. The IP in was tested
in both plasma and saliva, using mass spectrometry and CryoEM as readouts. In both biofluids, the purified
samples were treated with PK, then antibody stained and magneticallyimmunoprecipitated. AD-EVs from both
biofluids were sent to mass spectrometry, where the cell type specificity database was used as an evaluation

of the efficiency of the immunoprecipitation.

Overall in the plasma, more astrocytic proteins were observed after IP than proteins of other cell types such
as neurons and oligodendrocytes (Figure 2J). However, there was not a considerable increase in the amount
of astrocytic material between the immunoprecipitated sample and the flowthrough sample in the plasma.
Rather an equal amount was left in the flowthrough, meaning either the immunoprecipitation was not very
efficient in the plasma or that plasmatic EVs also contain a lot of astrocytic material as cargo, not just at the
surface. In saliva EVs, however, the vast majority of astrocytic material was in the immunoprecipitated sample,

with almost none left in the flowthrough sample (Figure 2K). Then, astrocytes were the most represented cell
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Figure 2 | Novel astrocytic surface markers are present on EVs in peripheral biofluids

A)  Flow cytometric plot depicting human cortex ISF EV sample with no PK treatment. In blue: AMP124+ EVs make up 29.72%
of total particles

B) Flow cytometric plot depicting human cortex ISF EV sample after PK treatment. In blue: AMP124+ EVs make up 78.75% of
total particles

C) Barplot summarizing the percentage of AMP124+ EVs before and after PK treatment in cortex ISF EVs

D) Flow cytometric plot depicting human plasma EV sample with no PK treatment. In blue: AMP124+ EVs make up 0.56% of
total particles

E)  Flow cytometric plot depicting human plasma EV sample after PK treatment. In blue: AMP124+ EVs make up 32.05% of
total particles

F)  Bar plot summarizing the percentage of AMP124+ EVs before and after PK treatment in plasma EVs

G) Flow cytometric plot depicting human saliva EV sample with no PK treatment. In blue: AMP124+ EVs make up 0.83% of
total particles

H)  Flow cytometric plot depicting human saliva EV sample after PK treatment. In blue: AMP124+ EV's make up 60.35% of total
particles

1) Bar plot summarizing the percentage of AMP124+ EVs before and after PK treatment in saliva EVs

J) Bar graph showing the abundance of neuron-specific, astrocyte-specific, and oligodendrocyte-specific proteins in plasma
EVs in IP and flowthrough fractions after immunoprecipitation with AMP124

K)  Bar graph showing the abundance of neuron-specific, astrocyte-specific, and oligodendrocyte-specific proteins in saliva
EVs in IP and flowthrough fractions after immunoprecipitation with AMP124

L) Negative stain of AMP124+ EVs after immunoprecipitation and bead removal. Scale baris 100nm

type in the immunoprecipitated sample, indicating that the IP was highly efficient in the saliva. To confirm the
presence of EVs afterimmunoprecipitation, the plasma IP sample was analyzed by CryoEM. Here, many intact
EVs were observed in the typical size range of 50-100nm (Figure 2L). These images also confirmed that the PK

treatment did not destroy EVs in the sample.

Discussion

In a technical context, in this study we found ourselves limited by the capabilities of flow cytometers to sort
nanoparticles. In our proof-of-concept experiment (see methods section), we saw that the machine is indeed
capable of detecting and sorting single nanoparticles when they are highly fluorescent. In our actual
experiment with antibody staining, we saw a much less efficient sorting of EV populations, likely due to the
lower intensity fluorescence of the antibodies compared to the general protein dye. On smaller EVs, we can
expect a maximum of 2-3 antibodies to fix to the EV surface, meaning only 2-3 fluorescent molecules per
particle. On the other hand, many dye molecules can pass the EV membrane and activate within the EV. This
means that the whole particle fluoresces from within rather than only having a few fluorescent points on its
periphery. This, combined with the fact that we had far fewer APC+ particles than PE+ particles means the
machine likely had trouble detecting these particles which are not overly fluorescent and are lost in a cloud of
more-fluorescent particles. This is evidenced by the fact that the “impurity” in the APC+ sort is not from PE+
particles, but simply from EVs that are not positive for any antibody and only have violet dye at their interior
(Figure 3J). These antibody negative EVs account for 90% of the sorted particles, indicating that the machine

likely has trouble differentiating negative particles from slightly positive ones.
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While this technology has advanced a lot in recent years, and more and more groups are using flow cytometry
to visualize EV subpopulations'"'53, we are still not at a point of being able to use flow cytometry sorting to
separate out these subpopulations efficiently. Even aside from the difficulty in obtaining pure populations, this
process takes far longer than is viable for routine experimentation. To sort 3mL of sample took close to 12
hours, also requiring changing sheath fluid for the machine mid-run. This is not sustainable for groups who use
these machines at a platform or who have multiple samples to sort from the same experiment. Techniques
such as immunoprecipitation have the advantage of being much faster (in our case, we can run up to 16
samples in an afternoon, though this number could be increased) and of providing a better working volume at
the end. Sorting dilutes the sample significantly by the end, sometimes requiring reconcentration before

further analysis such as mass spectrometry can be run.

By exploiting the BD-EV proteomics dataset already at our disposal, we were able to identify proteins which
were present in our EV samples and which could likely be found at the EV membrane. Many identified surface
proteins have come from the study of EV surface proteins in other fields (such as immunology and cancer) or
from the concept that these proteins are present at the membrane of certain brain cell types, without doing
comprehensive tests to show that these proteins are indeed at the surface of brain derived EVs and not simply
in the protein corona. For example, L1ICAM is commonly used to isolate neuron derived EVs from fluids such
as plasma, but recently its presence in the EV membrane has been called into question”"”', In the Norman
article, they claim that L1CAM is not actually associated with EV. membranes, but rather that cleaved, soluble
L1CAM gets stuck in the protein corona after EV secretion. The article by You and colleagues supports this
notion, having not detected L1CAM in EVs from iPSC derived neurons. Indeed, when we performed the PK
treatment of cortex EVs, we saw that the little amount of L1CAM which was present before treatment was
completely digested (Figure S4). Additionally, the portion which was present in our sample before PK
treatment did not include the transmembrane portion of the protein (Figure S4). This is why we found it critical
to identify the proteins present in our samples which were confirmed to be surface proteins and highly
abundant as a starting off point for our novel AD-EV surface markers, rather than taking literature standards as

a starting point.

The complexity of the protein corona in different biofluids is a major factor in the efficiency of the
immunocapture of circulating EVs. Corona complexity will determine the dose of PK digestion which is
necessary to liberate access to surface proteins for capture. As such, it is necessary to go further into the
biofluid analysis than we were able to within the scope of this study. Ideally, we should perform a PK digestion

at several doses and observe the EVs before and after PK treatment by CryoEM or a similar technique in each
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biofluid. With the correct concentration of EVs, this would allow us to potentially see the effect of the digestion
on the protein corona itself, as well as any effects that a strong treatment may have on the structural integrity
of the EV. We should also perform an immunoGold antibody staining and CryoEM visualization to visualize
nanobeads either at the surface or the interior of EVs. This would allow us to be sure of the dose of PK that we
are using to clear the corona without permeabilizing the EVs. This test is absolutely critical to show that a. we
increase staining efficiency with PK treatment as observed in flow cytometry and b. that we are still staining

surface proteins and not EV cargo, meaning that the increase in staining efficiency is true.

The efficiency of AD-EV immunoprecipitation was not the same in plasma and saliva as seen by the amount of
astrocytic material which remained in the flowthrough of both biofluids after IP. While it’s possible that there
are more AD-EVs in saliva than in plasma, it’s also possible that AD-EVs in plasma are better “protected” than
those in the saliva. There is evidence in BD-EVs of small EVs existing within larger EVs'7'%_ |t’s therefore
possible that plasma has a higher proportion of these multiple EV particles than other fluids like saliva. If small
AD-EVs were to be found within larger plasma or endothelial EVs, this would mean that even with a PK
treatment, we would not capture all the AD-EVs in the plasma. It’s also possible that in the process of crossing
the BBB, AD-EVs may be broken down within cells of the BBB and “repackaged” into new EVs which maintain
astrocytic cargo but now contain endothelial markers at their surface’. In this case, we would see results
similar to what we observed in proteomics where we have a similar amount of astrocytic material in the IP
fraction as the flowthrough (FT) fraction. Because we still don’t know the exact mechanisms by which BD-EVs
cross the BBB (and it’s likely there are different mechanisms for different types of EVs), it’s difficult to know in

what capacity these EVs exist in the blood.

There are many groups to this day which isolate BD-EVs in the blood, whether they capture neuron derived
EVs'®!, astrocyte derived EVs'®, or EVs derived from other brain cell types'®*'®, It has been shown in many
different ways that this capture works, so it’s very likely that some EVs pass the BBB without much
modification. However, it’s equally likely that many are modified and that elucidating the mechanisms of
crossing would shed a lot of light on how we could improve the targeting of these particles in the blood. The
current literature on the subject hypothesizes several mechanisms of action, including transcytosis,
macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis, and adsorptive-
mediated endocytosis™*'*, There are groups who also isolate BD-EVs in other biofluids, such as saliva and
urine'182_Gijven the proteomic complexity of the blood, other biofluids may prove simpler forimmunocapture
of BD-EVs. That being said, most groups who use salivary EVs as biomarkers for CNS disorders do not separate

out BD-EVs but rather take the whole EV population and dose brain-specific proteins within all EVs'83, If, as our
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results suggest, up to 60% of salivary EVs contain brain material at their surface, this could be a much simpler

way of profiling proteomic changes in the context of CNS pathology, without priorimmunocapture of BD-EVs.

The main goal of the second half of this thesis project was to improve the capture of BD-EVs in the periphery.
Here | say BD-EVs rather than AD-EVs because the methods we used for AD-EVs can be applied to any cell
type. The goal was to create a methodology to efficiently and reproducibly isolate a specific subset of EVs, but
by changing the target proteins, this methodology could realistically be applied to any subset of EVs. The
specifics of this set of experiments still leave room for improvement. We can improve the actual cocktail we
are using by eliminating candidate proteins which may be less specific than we want (AMP2), or by adding
another highly specific candidate which is more abundant than the current literature standard (AMP3), among
others. Additionally, the decision to begin digesting the corona of EVs to better access their surface proteins
was made to improve the overallisolation of specific EVs in the plasma. It’s well established that the EV corona
is highly complex, particularly in a biofluid such as plasma®3. Other groups have investigated this concept of
PK digestion of the corona in order to “clean” the contaminating plasmatic proteins from the sample'®. This is
particularly relevant for analyses such as mass spectrometry, where blood proteins present in high quantities

will mask the proteins present in low quantities, heavily biasing untargeted proteomics approaches.

This novel capture method we have developed is an improvement upon the existing techniques for several
reasons. First, the use of Proteinase Kto digest the protein corona around the EV increases the yield of positive
EVs by making surface proteins more accessible to antibody capture. This also makes us more confident that
EVs are astrocytic in nature as they contain these proteins at their surface and not just in the surrounding
corona. Furthermore, the Proteinase Kdigestion also serves to clean the EV samples of contaminating proteins
and aggregates which may co-precipitate with EVs during the isolation process. Additionally, we did not take
the literature standard for AD-EV isolation (SLC1A3) at face value. Instead, we tested it like the other candidate
proteins and found that while it is still a valid marker which held up against PK digestion and maintains its brain
specificity in the context of other organs, there were three other candidate proteins which may capture more
EVs as they were more abundant in EV samples. Finally, this method is applicable to a wide range of EV
subpopulations. The developed cocktail may be substituted for a cocktail or single antibody of choice for a

different EV subpopulation and the PK digestion will still likely aid in the capture of these EVs.
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Materials & Methods

Determination of Brain Derived Surface Proteins

Using the proteomic dataset described in Chapter 1, all proteins in HC patients were annotated according to

three different databases.

The first database was from the Human Protein Atlas'"”. This database provides the predicted subcellular
localization of proteins (intracellular, secreted extracellularly, transmembrane, etc.). It was used to identify
proteins which were predicted to be located at the plasma membrane to determine which proteins may also

be located at the membrane of EVs.

The membrane proteins were then annotated for tissue specificity to the brain. Again using the Human Protein
Atlas', proteins which showed an elevated abundance in the brain were noted. The Human Protein Atlas
assigns a protein expression level of “high”, “medium”, “low”, or “not” to each protein in 45 different tissues
within 15 organ systems. A given protein was characterized as being brain-specific if it was a. only expressed
in tissues of the brain or b. highly expressed in tissues of the brain, while only expressed at lower levels in other

tissues.

Finally, a cell type specificity database generated by McKenzie and colleagues'® was used. Briefly, this
database identifies proteins which are specific to different cell types of the brain, within the context of the brain
only, at different thresholds defined by the authors. The authors considered 6 brain cell types in this analysis:
neurons, astrocytes, microglia, oligodendrocytes, endothelial cells, and oligodendrocyte precursor cells.
Using RNA expression data from five studies, the authors defined cell type specificity as the minimum fold
change in expression between the cell type of interest and each of the other cells, cell type enrichment as the
fold change in expression when comparing the cell type of interest to all of the other cells at once, and cell type
absolute expression as the expression in a particular cell type irrespective of thatin other cell types (McKenzie
et al., 2018). Cell type specificity is the strictest definition in this study, and this is the metric which was used

to annotate the proteins specific to certain brain cell types in this dataset.
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Lastly, the remaining candidates were evaluated for the effect of pathology on their abundance. The
abundance of each candidate protein in our proteomic dataset was compared across HC, PiD, and PSP

patients.

Experimental Validation of Surface Candidates by Digestion of the Protein Corona

EVs were subjected to digestion by Proteinase K (New England Biolabs, P8111S) in order to digest the protein
corona around the EVs, leaving only cargo proteins intact within the EVs. EVs were treated with various doses
of PK ranging from 2ug/mL to 1000ug/mL depending on the biofluid and biological question being tested. PK-
treated EVs were incubated at 37°C for 1hr, and then PK was inactivated by heating samples to 60°C for 10min.
Samples were then washed by ultrafiltration at 100kD (Merck Millipore, Amicon Ultra-4, UFC810024) to

eliminate the remaining small peptides from the EV samples.

**Note, for the first PK treatment (experimental validation of in silico candidate selection), 5mM PMSF (Sigma-
Aldrich, 93482-50mL-F) was added to the sample to inhibit the PK activity rather than using heat deactivation.
PMSF was then deactivated (so that mass spectrometry digestion would not be inhibited) by bringing the
sample pH to 11 with NaOH.

After enzymatic digestion, subcellular localization was confirmed with the free online tool Protter'”. This
website shows the configuration of most proteins encoded by the human genome at the amino acid level,
including showing which amino acids are extracellular, intracellular, and embedded in the membrane for

transmembrane proteins.

Label-Free LC MS/MS Analysis of BD-EV Samples

In collaboration with Protein Analysis Facility (PAF) of UNIL: Manfredo Quadroni and Partrice Waridel.

Protein Digestion: miST

F1-4 fractions were digested according to a modified version of the iST method (named miST method)'?2,
Briefly, 50 ml solution in PBS were supplemented with in 50 ml miST lysis buffer (1% Sodium deoxycholate,
100 mM Tris pH 8.6, 10 mM DTT) and heated at 95°C for 5 min. Samples were then diluted 1:1 (v:v) with water
and reduced disulfides were alkylated by adding 1 /4 vol of 160 mM chloroacetamide (final 32 mM) and

incubating at 25°C for 45 min in the dark. Samples were adjusted to 3 mM EDTA and digested with 0.5 mg

99



Trypsin/LysC mix (Promega #V5073) for 1h at 37°C, followed by a second 1h digestion with a second and
identical aliquot of proteases. To remove sodium deoxycholate and desalt peptides, two sample volumes of
isopropanol containing 1% TFA were added to the digests, and the samples were desalted on a strong cation
exchange (SCX) plate (Oasis MCX; Waters Corp., Milford, MA) by centrifugation. After washing with

isopropanol/1% TFA, peptides were eluted in 250 ml of 80% MeCN, 19% water, 1% (v/v) ammonia

See Table 3 for details of which experiments used miST protein digestion

Protein Digestion: SP3

Samples were digested following the SP3 method (Huges, et al., 2019) using magnetic Sera-Mag Speedbeads
(Cytiva 45152105050250, 50 mg/ml). Briefly, samples were diluted with SP3 buffer (2% SDS, 10mM DTT, 50
mM Tris, pH 7.5) and heated 10 min at 75°C. Proteins were then alkylated with 32mM (final) iodoacetamide for
45 min atroom temperature (RT) in the dark. Beads were added at a ratio of 10:1 (w:w) to samples, and proteins
were precipitated on beads with ethanol (final concentration: 60 %). After 3 washes with 80% ethanol, beads
were digested in 50ul of 100 mM ammonium bicarbonate with 1.0 ug of trypsin (Promega #V5073). After 1h of
incubation at 37°C, the same amount of trypsin was added to the samples for an additional 1h of incubation.
Supernatant were then recovered, transferred to new tubes, acidified with formic acid (0.5% final
concentration), and dried by centrifugal evaporation. In order to remove traces of SDS, two sample volumes of
isopropanol containing 1% TFA were added to the digests, and the samples were desalted on a strong cation
exchange (SCX) plate (Oasis MCX; Waters Corp., Milford, MA) by centrifugation. After washing with
isopropanol/1%TFA and 2% acetonitrile/0.1% FA, peptides were eluted in 200ul of 80% MeCN, 19% water, 1%

(v/v) ammonia, and dried by centrifugal evaporation.

See Table 3 for details about which experiments used SP3 protein digestion

Liquid chromatography-tandem mass spectrometry: Tryptic peptide mixtures were injected on an
Ultimate RSLC 3000 nanoHPLC system interfaced via a nanospray Flex source to a high resolution Orbitrap
Exploris 480 mass spectrometer (Thermo Fisher, Bremen, Germany). Peptides were loaded onto a trapping
microcolumn Acclaim PepMap100 C18 (20 mm x 100 um ID, 5 um, Dionex) before separation on a C18 custom
packed column (75 um ID x 45 cm, 1.8 um particles, Reprosil Pur, Dr. Maisch), using a gradient from 4 to 90 %
acetonitrile in 0.1 % formic acid for peptide separation (total time: 140 min). Full MS survey scans were

performed at 120,000 resolution. A data-dependent acquisition method controlled by Xcalibur software
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(Thermo Fisher Scientific) was used that optimized the number of precursors selected (“top speed”) of charge
2+ to 5+ while maintaining a fixed scan cycle of 2 s. Peptides were fragmented by higher energy collision
dissociation (HCD) with a normalized energy of 30 % at 15,000 resolution. The window for precursor isolation

was of 1.6 m/z units around the precursor and selected fragments were excluded for 60s from further analysis.

MS and MS data analysis: Data files were analyzed with MaxQuant 1.6.14.0"*° incorporating the
Andromeda search engine™®. Cysteine carbamidomethylation was selected as fixed modification while
methionine oxidation and protein N-terminal acetylation were specified as variable modifications. The
sequence databases used for searching were the mouse (Homo sapien) reference proteome based on the
UniProt database, and a “contaminant” database containing the most usual environmental contaminants and
enzymes used for digestion (keratins, trypsin, etc.). Mass tolerance was 4.5 ppm on precursors (after
recalibration) and 20 ppm on MS/MS fragments. Both peptide and protein identifications were filtered at 1%

FDR relative to hits against a decoy database built by reversing protein sequences

Table 3 | Summary of mass spectrometry protocols by experiment

Experiment Protein Digestion
Base cohort - Lille HC, PiD, PSP patients misT
Proteinase K digestion of HC EVs misT
Plasma & Saliva BD-EV IP SP3

Proteinase K Proteomics Analysis

For this analysis, MS/MS Peptide Counts and Unique Razor Peptide Counts were used as measures of protein
abundance rather than any of the abundance scores previously discussed (LFQ, iBAQ, riBAQ). Due to the
difference in dynamic range of the sample without PK and with PK, the normalized abundance scores were not
reliable. If a protein contained at least 2 MS/MS Peptide Counts and at least 2 Unique Razor Peptide Counts,

it was considered to be present for this analysis.

Antibody Labeling

Antibodies against 4 candidate surface markers were tested in plasma, saliva, and cortex ISF. EVs were
purified by SEC using Izon 35nm columns (Izon, ICO35-11550). After purification, some EVs from each biofluid
were subjected to PK treatment at a concentration of 500ug/mL and then washed by ultrafiltration at 100kD

(Merck Millipore, Amicon Ultra-4, UFC810024). EVs were then dyed with the esterase-activated protein dye
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CellTrace Violet (Thermo Fisher, C34571) at a concentration of 20uM and incubated at 37°C for 90min. EVs
were washed again by ultrafiltration at 100kD and incubated for 30min at RT with human FC receptor blockers
(Miltenyi Biotec, 130-059-901). Finally, EVs were stained with relevant antibodies. First, antibodies were
directly conjugated to the fluorophore of choice using the FlexAble kit (Proteintech, KFA003 / KFA002)
according to the kit’s instructions. Once conjugated, antibodies were added to samples at a concentration of
0.2ng/uL and incubated overnight at 4°C with rotation. The following day, samples were cleaned by adding
100uL of CaptoCore400 beads (Cytiva, 17372401) and incubating at RT for 30min with rotation. Samples were
then centrifuged at 2000g for 2min and supernatant was gently removed from bead pellet and stored in a clean

tube at 4°C until further analysis.

Flow Cytometry of Fluorescently Labeled EVs

In collaboration with Dr. Dimitrios Kapogiannis and Dr. Carlos Nogueras-Ortiz (Baltimore, USA). EVs which
were dyed and antibody stained were analyzed by flow cytometry (CytoFlex LX2). Briefly, several control
samples were run before the EV samples in order to set up proper gating, including buffer only (filtered PBS),
buffertdye without EVs, buffer+antibodies without EVs, and unstained EVs. Detecting particles by
fluorescence, EV samples were then run. A first gating determined the EV population among all the particles
of the sample. This population was fluorescent in violet, whereas non-EVs (or particles not containing
esterases) were not fluorescent and fell outside of the determined gate. From this EV population, the relevant
fluorphore(s) (PE/AF555 and/or APC/AF647) were gated for antibody positivity in order to obtain the

subpopulation of EVs which were positive for the antibodies of choice.

Machine settings used were the following: FSC Gain ~190, SSC Gain ~120, APC ~400, Violet450 ~350, PE ~400.
Trigger channel (Violet450) threshold: manual 1300 height.

Fluorescence-Assisted Sorting of EVs

In collaboration with Dr. Dimitrios Kapogiannis and Dr. Carlos Nogueras-Ortiz (Baltimore, USA). After
successfully analyzing single EVs by flow cytometry, an attempt was made to sort EVs as a replacement for
immunoprecipitation. EV samples were processed in the same way as described above, and the machine was
then setto sort specified populations according to antibody fluorescence. Three populations were sorted each
time: violet EVs which were also PE+, violet EVs which were also APC+, and violet EVs which were both PE+

and APC+. This process took about 12 hours per sample.
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A proof-of-concept experiment was set up to assess the machine’s true ability to analyze and sort single EVs.
Using the same live dye as described above, multiple colors were used simultaneously on EV samples to mimic
single and double positive EVs. For this experiment, violet, PE, and APC dyes were used and the samples were
set up as follows: sample 1 contained EVs colored with both the violet and PE simultaneously to mimic violet-
dyed EVs positive for one antibody, sample 2 was the same but with violet and APC, to mimic single positivity
for a different antibody, sample 3 had all three dye colors added simultaneously to mimic violet-dyed, double
positive EVs, and sample 4 was a mixture of samples 1 and 2, mixed just before placing in the machine for
analysis to prevent dye mixing (Figure 3A). The idea here was that sample 3 should have EVs which are tri-
colored, whereas sample 4 should have two distinct populations of bi-colored EVs (violet/APC and violet/PE),
but the EVs should not appear triple positive if the machine is in fact visualizing single EVs. Indeed, this was
exactly what was observed. Panels b-k of Figure 1 all show the population of violet particles (EVs) as the total
population, with PE and APC-positive EVs as subsets of the total EV population. Sample 1 showed over 99%
violet/PE positive particles (Figure 3B), and sample 2 showed 94% violet/APC positive particles, with about 6%
of particles leaking into the PE channel as double positives (Figure 3C). Sample 3 showed about 96%
violet/PE/APC positive particles (Figure 3D). Sample 4, the one which can demonstrate the machine’s ability
to distinguish single EVs, showed 70% PE positive particles, 27% APC positive particles, and only 2% of
particles appeared positive for all three colors (Figure 3E). This means that only 2% of the population was
falsely identified, likely as a result of analyzing multiple EVs as one particle. When sample 4 was sorted to see
if the machine could also sort individual EVs as well as analyzing them, results again confirmed the machine’s
capabilities. The 70% PE positive EVs were sorted separately from the 27% APC positive EVs from panel e, and
the purity for the PE positive EVs was over 99% (Figure 3F), while the purity for APC positive EVs was over 95%
(Figure 3G)
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Figure 3 | Methodological proof-of-concept: flow cytometry sorting of single extracellular vesicles

A)
B)

C)

D)

E)

Schematic detailing the proof-of-concept experiment setup

Flow cytometric plot depicting sample 1 of proof-of-concept: In red: EVs dyed both violet and PE. Violet/PE double positive EVs make
up 99.92% of total EVs

Flow cytometric plot depicting sample 2 of proof-of-concept: In blue: EVs dyed both violet and APC. Violet/APC double positive EVs
make up 94.04% of total EVs

Flow cytometric plot depicting sample 3 of proof-of-concept: In green: EVs dyed violet, PE, and APC. Violet/PE/APC triple positive
EVs make up 96.36% of total EVs

Flow cytometric plot depicting sample 4 of proof-of-concept: a combination of samples 1 and 2 with EVs dyed both violet and PE in
red and EVs dyed both violet and APC in blue. Violet/PE double positive EVs make up 70.36% of total particles, violet/APC double
positive EVs make up 27.24% of total particles, and violet/PE/APC triple positive EVs in green make up 2.37% of total EVs

Post-sort analysis of sample 4 violet/PE double positive population (70.36% in panel e). In red: violet/PE double positive EVs make up
99.49% of post-sort total EV population

Post-sort analysis of sample 4 violet/APC double positive population (27.24% in panel e). In blue: violet/APC double positive EVs
make up 95.43% of post-sort total EV population

Flow cytometric plot depicting human plasma EV sample. In red: CD235a single positive EVs make up 30.24% of total EVs. In blue:
AMP124 single positive EVs make up 0.11% of total EVs. In green: CD235a/AMP124 double positive EVs make up 0.37% of total EVs
Post-sort analysis of panel h CD235a single positive population (30.24% in panel h). In red: CD235a single positive EVs make up
80.77% of post-sort total EV population

Post-sort analysis of panel h AMP124 single positive EV population (0.11% in panel h). In blue: AMP124 single positive EVs make up
10.42% of post-sort total EV population

Post-sort analysis of panel h CD235a/AMP124 double positive EV population (0.37% in panel h). In green: CD235a/AMP124 double
positive EVs make up 25.85% of post-sort total EV population

EV = extracellular vesicle
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These results were very promising, so EVs stained with the astrocytic antibody cocktail (AMP124) were then
tested. AMP124 was in the APC channel and CD235a, a surface marker of erythrocytes, was in the PE channel.
The initial analysis of this sample revealed 30% of particles were single positive for CD235a, only 0.1% were
single positive for AMP124, and 0.37% were double positive for CD235a and AMP124 (Figure 3H). When these
populations were sorted, there was 80% purity in the PE positive particles (Figure 3l), 10% purity in the APC
positive particles (Figure 3J), and 25% purity in the double positive particles, with most of the particles in this
sorted population being single positive for PE (Figure 3K). This sort was far less efficient than the proof of

concept, particularly for the APC positive particles.

AD-EV Immunoprecipitation

In collaboration with Dr .Dimitrios Kapogiannis and Dr. Carlos Nogueras-Ortiz (Baltimore, USA). As EV sorting
was an exceptionally long process, a standard immunoprecipitation of the AD-EV population was also used.
EVs were processed as described in the antibody labeling section, however instead of fluorescent antibodies,
in-house biotin-conjugated antibodies with streptavidin linkers were used on the EVs (protocol below).
Following their incubation, streptavidin-affinity magnetic beads (Thermo Fisher, 65602) were incubated with
the EV samples. Using a magnetic tube rack (Thermo Fisher, 12321D), EVs bound to the magnetic beads were

then precipitated out for mass spectrometry and CryoEM analysis.

Antibody Biotinylation

Antibodies were conjugated to biotin using EZ-Link NHS-SS-PEG, kit (Thermo Fisher, 21442) following kit
instructions. Briefly, a solution of 10mM biotin in DMSO was prepared. Solution was added to antibodies
according to kit instructions to achieve desired molar excess (in this case 20-fold) and incubated for 30min at
RT. Non-reacted NHS-SS-PEG;-biotin and hydrolysis byproducts were removed using ultrafiltration with 3kD
filters (Merck Millipore, Amicon Ultra-4, UFC800324) To cleave the disulfide bond in the spacer arm, samples

were then incubated for 30min at 50°C.

All biotinylations were verified using a HABA assay for biotin quantitation (Thermo Fisher, 28005) following kit

instructions.
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Cryogenic Electron Microscopy

In collaboration with group of Pr. Matteo Dal Peraro (EPFL). Cryo-EM grids were prepared with an EM GP2
Automatic Plunge Freezer (Leica Microsystems). Three different grids were screened: UltrAuFoil R1.2/1.3
Holey Gold foil on Gold 300 mesh grids (Quantifoil), Nickel-Titanium Holey Foil grids (ANTcryo™) and 300-mesh
holey carbon grid (Au 1.2/1.3 Quantifoil Micro Tools). Grids were glow-discharged for 30s at 15 mA using the
GloQube Plus Glow Discharge System from Quorum. 4.0 pL of sample at 1Tmg/mL was applied to the glow-
discharged grids, back-blotted for 3 s under blot force 10 at 95% humidity and 10 °C in the sample chamber
and plunge-frozen in liquid ethane, cooled by liquid nitrogen. After vitrification the grid was stored under liquid
nitrogen until further use. Grids were loaded in a TFS Glacios microscope (200 kV) and screened for vesicle

presence and ice quality.

Negative Staining Electron Microscopy

In collaboration with group of Pr. Matteo Dal Peraro (EPFL). For negative staining EM, 15 uL of diluted sample
at0.1 mg/mL and 0.05 mg/mL was applied on glow discharged 400 mesh copper grids on carbon film. The grids
were incubated with 2% (w/v) uranyl acetate for 30 s for staining. Grids were imaged on a Talos F200S (TEM)

microscope.
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Supplementary Figure 1 | Human protein atlas protein expression by tissue for 10 astrocytic membrane proteins and L1CAM
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Supplementary Figure 2 | Protter representations of 5 astrocytic membrane candidates
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Supplementary Figure 3 | Effect of proteinase K treatments on antibody staining in ISF, plasma, and saliva EVs
A)  Bar plot showing the % of AMP124+ EV particles after varying levels of PK treatment in cortex ISF EVs
B) Bar plot showing the % of AMP124+ EV particles after varying levels of PK treatment in plasma EVs
C) Barplot showingthe % of AMP124+ EV particles after varying levels of PK treatment in saliva EVs
D) Bar plot showing the % of AMP124+ EV particles with no PK, one PK treatment before antibody staining, or a PK treatment

before antibody staining and a PK treatment after antibody staining in cortex ISF EVs

E) Bar plot showingthe % of AMP124+ EV particles with no PK, one PK treatment before antibody staining, or a PK treatment

before antibody staining and a PK treatment after antibody staining in plasm EVs

F)  Bar plot showing the % of AMP124+ EV particles with no PK, one PK treatment before antibody staining, or a PK treatment

before antibody staining and a PK treatment after antibody staining in saliva EVs

ISF = interstitial fluid, EV = extracellular vesicle, PK = Proteinase K

110



AMP1

YFEMARTAGD

LSGTVNILQT

FLFICGCGHEA
7 -
E

o
o

7
7
B8 8RkRe-°
abeian0) sousnbag %,
2
2 8 8 =
Wnog ephded
SW/sN

EV  EV4PK

EV EV+PK

AMP2

& = voaald |7
ux GCwwe ol
SO CE - A>O0 N
RO WL Al
EZWoTCTW>o o

B AT A0 -

Ocan0z000z=0L
QNE-ToOWO < |
COWOQZ e -
AL IMEO=> - «

HOov - Odaa> i
LR T
E i
L0 - CWEEO -
TWE->X0XXTO
CC-0aN00 2w

f

>

al

o

-«

@

al

-

of >

x >

-l -

- -

al x

> w

o >

> =

x| o

] o

] (9

- o >

WO o

ez x
o|
o
x
©
>

XO00000CLOM -
drOuzCoEWeo L
Waxs <o 0®duOwn
P P W T

duwk<>coiox>o
WMODPCZTCLU=00F <0
X od-crolxa -«
M-Brzz<@MJd000

AGREYS PAATTAENGOG OKKHKOK

=)
=1
~

EV  EV+PK

2 2 2 @2 2 ©
" ¥ 8 & F
sbesanc) eousnbag v,
x
o
C 3
@
>
w
-3 o 2 B}
e 2 L
wnog eplided
SW/SW

VT LG AV?
AAVLGVILVL
v\ ]

1
E
A
e

T

T
]

VEMH

ORWLLDEMETYS

PKOQV

KVTLAANGKS

Jq& TPL |

AMP3

ADCSVEEEPW

VNV

200

abeian0) sousnbag v,

2

£ & °
wnop epidad

SNIEN

EV  EV4PK

111



SLC1A3

Waawaodoos >Bwwg
TLO-ZBUSUN@E -~
aqes~da<e
VLazOB>ul
LS. Ti-F
CRUOARO

¥
o
m
W

s
N
SoGLAMY T

CEARNEN
Presentin EV sample

CSOUSLAD

L1CAM

.
.
.
&SOw - <
g x> —
oo .
e - 2j-|+ .
T a0 -
e e |
“ax0 .
-woa .
W>>e3
|2 -oem —
qt <= g -
0= e T
oy < w _ WEROCE >~ dO~0Bozw
Fw T Y e T
= . Ro b rdor - ROND IO >
=y ERSES R WA wa
-1« _ Soo:MACRTE IO
s -~ < 4 L P FRE LRI
o o “ & BE<z2R008 -4 >»"JF i
o S BI<OmucM<arzruwe
- _ T T T 1
b 1 . 20~ § = & =
< X
o =~ & 4 g fesanoy asuenbag %
o _ willwa -
of o= «
A < - o
| {o = 8§ 38 2 -° s -
A - -
%=a afizaancg 23unbas % | »
=3 . AOBAMO> 2
8oL — o~ @ o wagr® .00
w J-ROMO- O
x . - LOdexTo<
Q . - SO RO
w — > LBOR- s
a "
. a -
S . w %
= — U. m ! 1 1 I 1
! 2 8 8 8§ °
T T T T T . TOZACrCNOR I E > & & R XS
m -+ 8 8 e _ TOOKr S raB>u>B0O uneD appdad
- X Owobw ZrPawa>00 SWISH
WEISO O xBooJrx0
w§800’&& : ..JWApalubﬂsnu?\.
SHIEK we>-Gazndzecaae
— WLaEU>»>2TneR 00w cw
P AZTWWI00>>B-w -
: -wasz>coz8woceulp
ozo>exz Sl -~ <|uj
— “2Za0ranBBO0 sl
F, JO~0G-xrlewzzOl-M
ST P Bl al
_ e dz<u s warul il
Ar-0oze mxcOoBu>b
e DU s »BES >0
= Joedr sxB0O-cum )
_ 4Oz >a 008 -0 a <)
R RIS X >
. JTEA00=NS - B
.
-
.

112

BV EVePK

EV  EVePK

Proteinase K
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Supplementary Figure 4 | Scaffold representations of astrocytic membrane proteins and L1CAM before PK treatment
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Supplementary Table 1 | AL EV predicted membrane proteins ranked by abundance

Rank Elevated in Brain Brain Cell Specificity
1 Elevated in Brain Astrocytic
2 Elevated in Brain Neuronal
3 Neuronal
4 Elevated in Brain Neuronal
5 Elevated in Brain Astrocytic
6 Elevated in Brain Neuronal
7 Elevated in Brain Neuronal
8 Elevated in Brain
9 Elevated in Brain Neuronal
10 Elevated in Brain
11 Elevated in Brain Astrocytic
12 Elevated in Brain
13 Elevated in Brain
14
15 Oligodendrocytic
16
17 Elevated in Brain Astrocytic
18 Elevated in Brain
19
20 Elevated in Brain Astrocytic
21
22 Elevated in Brain Oligodendrocytic
23 Elevated in Brain Astrocytic
24 Elevated in Brain
25 Elevated in Brain Oligodendrocytic
26 Elevated in Brain
27 Oligodendrocytic
28 Elevated in Brain
29 Elevated in Brain Astrocytic
30 Endothelial
31
32 Elevated in Brain Neuronal
33
34 Elevated in Brain Neuronal
35 Elevated in Brain
36 Endothelial
37 Elevated in Brain Astrocytic
38 Elevated in Brain
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40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain

Neuronal

Endothelial
Neuronal
Astrocytic
Astrocytic

Astrocytic
Astrocytic

Endothelial

Astrocytic
Neuronal
Endothelial
Endothelial

Neuronal
Neuronal
Neuronal
Astrocytic
Astrocytic
Oligodendrocytic
Astrocytic
Neuronal

Neuronal

Astrocytic

Neuronal
Neuronal
Astrocytic
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83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Oligodendrocytic
Astrocytic

Astrocytic
Astrocytic
Endothelial

Neuronal
Endothelial

Oligodendrocytic

Neuronal

Neuronal
Oligodendrocytic

Neuronal
Oligodendrocytic
Neuronal
Astrocytic

Neuronal
Neuronal

Endothelial
Oligodendrocytic
Microglial
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126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Astrocytic

Endothelial
Astrocytic
Microglial
Astrocytic
Astrocytic
Astrocytic

Astrocytic

Oligodendrocytic

Oligodendrocytic
Oligodendrocytic

Oligodendrocytic
Neuronal
Endothelial
Oligodendrocytic
Astrocytic

Microglial

Astrocytic
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169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211

Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain

Astrocytic
Astrocytic
Neuronal
Oligodendrocytic
Neuronal
Neuronal
Astrocytic
Neuronal
Astrocytic

Oligodendrocytic
Neuronal

Microglial
Astrocytic

Neuronal

Astrocytic
Neuronal

Neuronal
Astrocytic
Microglial

Oligodendrocytic

Astrocytic

Endothelial



212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain
Elevated in Brain
Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Neuronal

Endothelial
Microglial
Astrocytic

Astrocytic
Astrocytic

Neuronal

Astrocytic

Microglial
Oligodendrocytic

Astrocytic

Microglial

Microglial

Neuronal
Astrocytic
Microglial
Endothelial
Astrocytic
Astrocytic
Microglial
Neuronal

Endothelial
Oligodendrocytic
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255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297

Elevated in Brain
Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Microglial
Endothelial

Neuronal
Neuronal
Astrocytic
Astrocytic

Neuronal

Neuronal

Astrocytic
Neuronal

Neuronal

Oligodendrocytic

Endothelial

Astrocytic
Neuronal

Endothelial
Endothelial
Endothelial

Astrocytic
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298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

Elevated in Brain Neuronal

Elevated in Brain Neuronal

Elevated in Brain Neuronal
Endothelial
Microglial

Oligodendrocytic

Microglial

Oligodendrocytic
Microglial

Microglial

Microglial
Elevated in Brain

Oligodendrocytic

Elevated in Brain Oligodendrocytic
Microglial

Microglial
Microglial
Microglial
Elevated in Brain Astrocytic
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342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
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365
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367
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369
370
371
372
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374
375
376
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378
379
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Elevated in Brain
Elevated in Brain

Elevated in Brain

Elevated in Brain

Elevated in Brain

Astrocytic

Astrocytic

Endothelial

Endothelial

Endothelial
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Astrocytic

Oligodendrocytic

Astrocytic

121



General Discussion

The work described in this thesis has the broad aim of improving patient diagnosis and stratification in the
context of tauopathies. This aim was split into two smaller projects: the first sought to identify unique
proteomic signatures in patient brain derived extracellular vesicles (BD-EVs) which could differentiate
between 3R and 4R tauopathies, and the second sought to improve upon the existing strategies of BD-EV

isolation in peripheral biofluids using an innovative methodology and novel surface markers of BD-EVs.

The study of EVs in neuroscience is relatively recent compared to the study of EVs in other fields such as
oncology and immunology. For this reason, the knowledge surrounding BD-EVs is less advanced than that of
EVs in the rest of the body. Investigation of BD-EVs must begin in the brain, however the brain is not an easy
organ to sample, thus limiting the scope of studies in this field. The first chapter of this work highlights the
importance of exploratory studies which seek to understand the proteomic makeup of BD-EVs within the brain
and how that material changes in the presence of pathology. Indeed, we have shown that BD-EVs can reflect
the cellular and molecular changes which transpire in the tauopathy brain, and that they can even reflect
differences between different tauopathies. The implications of this work are monumental in the effort to
distinguish primary tauopathies, which do not exhibit amyloid beta pathology and thus are not suited for

existing fluid biomarker measurement.

The natural follow-up question to the findings described in Chapter 1 is how can we isolate these EVs outside
of the brain? It is not ethical or practical to take a brain biopsy of every patient who comes to a memory center
with a cognitive complaint, so for this research to be clinically relevant, it must be feasible to isolate BD-EVs
from peripheral biofluids. This is something many groups have been doing for years, however we have
proposed a novel methodology to significantly increase the yield and purity of BD-EVs isolated in blood and
saliva. By examining the proteins present at the surface of BD-EVs in the brain, we identified three novel surface
markers of astrocyte derived EVs which are also found on circulating EVs in plasma and saliva. Additionally,
by digesting the protein corona of EVs before immunocapture, we increased the efficiency of capture from less

than 1% to 30-60% of EVs in the periphery.

There are still many unanswered questions in this topic which necessitate further research. We stilldon’t know
the exact mechanisms by which EVs cross barriers such as the blood-brain barrier, to what extent they are

modified in this process, and therefore how similar peripheral BD-EVs are to BD-EVs from the brain. Finding
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answers to these questions would help researchers to fully exploit the potential of BD-EVs, while being more

knowledgeable on their limitations as a diagnostic tool.

Perspectives

The study of pathology in the brain has long been a challenge due to its intricate complexity and the ethical and
technical difficulties of accessing live brain tissue. BD-EVs present an innovative and non-invasive window into
this complexity, potentially revolutionizing our understanding of brain diseases. However, the broader

implications of this approach warrant careful consideration.

Bridging the Macro and Micro

BD-EVs offer a unique vantage point by providing molecular and biochemical snapshots of the brain’s
physiological or pathological state. This approach embodies the reductionist paradigm, attempting to decode
the vast complexity of the brain through its constituent parts. By analyzing the cargo of EVs—proteins, lipids,
DNA, RNA, etc.—researchers aim to reconstruct the pathological processes occurring within the brain. But

can we truly grasp the essence of complex brain disorders by studying these minute particles?

Reductionism has been a powerful tool in science, but the brain's emergent properties, arising from the
interaction of billions of neurons and glial cells, may elude such granular analysis. The risk is in oversimplifying
the brain's systemic nature, potentially missing the forest for the trees. However, the complementary use of
BD-EVs alongside other approaches could provide a more holistic understanding, integrating micro-level data

with macro-level phenomena.

Ethical and Epistemological Dimensions

Ethically, using EVs derived from biofluids like blood or cerebrospinal fluid offers a less invasive alternative to
traditional brain biopsies, aligning with the principle of minimizing harm. This aligns with the utilitarian
perspective of maximizing benefits while reducing suffering, particularly in vulnerable populations such as

elderly patients with neurodegenerative diseases.

Epistemologically, brain derived EVs challenge our understanding of brain communication and pathology.
Traditionally, brain studies relied on direct tissue examination or imaging. EVs represent a paradigm shift,

suggesting that peripheral biofluids can reflect central processes. This raises questions about the fidelity and
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specificity of EV-derived data: How accurately do these vesicles represent the dynamic and multifaceted

environment of the brain?

Moreover, the interpretation of EV data involves complex bioinformatics and requires robust validation against
established biomarkers and clinical outcomes. The philosophical underpinning here involves a balance
between empirical rigor and openness to novel methodologies, encouraging a cautious yet innovative

scientific attitude.

The Broader Implications

On a broader scale, the study of brain derived EVs touches on philosophical debates about the nature of
disease and health. It suggests a more fluid and dynamic model of pathology, where diseases are not merely
static entities, but processes reflected in the continuous exchange of molecular information. This perspective
could pave the way for more personalized and dynamic therapeutic approaches, adapting to the evolving state

of the disease.

Furthermore, this approach exemplifies the interconnectedness of bodily systems, reinforcing a holistic view
of health where the brain and body are in constant dialogue. Such a paradigm shift could influence not only
neuroscience but also the broader field of medicine, encouraging interdisciplinary research and integrated

healthcare models.

Conclusion

The use of brain-derived extracellular vesicles to study brain pathology offers a promising yet philosophically
complex approach. It challenges traditional reductionist and direct observation paradigms, advocating for a
more nuanced understanding of brain diseases. Ethically favorable and epistemologically innovative, this
method holds the potential to transform the current approach to brain health, fostering a more integrated and
dynamic view of pathology. As with any scientific advancement, it requires a balanced and critical perspective,

ensuring that the promise of EVs is realized without overlooking the intricacies of the brain's vast complexity.
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Introduction

While much attention has been given to mitochondrial alterations at the
neuronal level, recent evidence demonstrates that mitochondrial
dynamics and function in astrocytes are implicated in cognition. This
article describes the method for time-lapse imaging of astrocyte cultures
equipped with a mitochondrial biosensor: MitoTimer. MitolTimer is a
powerful and unique tool to assess mitochondrial dynamics, mobility,
morphology, biogenesis, and redox state. Here, the different procedures
for culture, image acquisitions, and subsequent mitochondrial analysis
are presented.
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Astrocytes are critical players in the maintenance of brain
homeostasis. They are perhaps most well known to have
significant structural roles in the brain, as part of the blood-

brain barrier' and by supporting neurons and synapses

throughout the brain. Astrocyte support of neurons is both

structural® and metabolic4’5, with astrocytes promoting
neurogenesis and synaptogenesis while also providing key

metabolites like lactate to active neurons®®”. Beyond the role
of structural support, astrocytes are active cells that take part

in ca®* signaling and buffering (including spontaneous

mitochondrial Ca?* influxes)8’9, K* bufferingm, and can adapt

11,12

and react to the needs of the brain in times of injury . Being

such dynamic cells, have robust energy
requirements, which necessitate an efficient mitochondrial

network. These mitochondria also have a crucial role in

astrocytes

buffering excessive reactive oxygen species (ROS)13. In
addition to their individual or local roles of energy generation

and ROS buffering, mitochondria function as a network . In
this sense, they maintain equilibrium between fissioning and
fusioning mitochondria, representing new/reduced
mitochondria and older/oxidized mitochondria, respectively15.
The overall redox state of a cell can be gauged by the redox
state of the mitochondrial network. In pathology, this is a
critical piece of information that can shed light on which cells
may not be functioning optimally.

In recent years, many sensors have been developed to study
the dynamics and functions of mitochondria in cells. For
example, sensors measuring energy exchange (ATP), redox

state (NADH/NAD+, ROS), and enzymatic functionality (CAMP,
CaZ+, Zn2+) are currently used in the study of mitochondrial

function'®. Among them, MitoTimer permits to follow the
changes in mitochondrial morphology (size, shape, surface
area), mobility (speed, displacement), and dynamics (fusioning
and fissioning events), as well as the overall mitochondrial
turnover rate and redox state. MitoTimer is a mutant red

fluorescent protein, drFP58317, with a mitochondrial signal

18,19

from subunit VIII of human cytochrome c¢ oxidase to

visualize newly synthesized mitochondria in green (488 nm)
and oxidized mitochondriain red (555 nm). Using the green (488
nm) and red (555 nm) fluorescence ratio permits simultaneous

mitochondria, their morphology
20,21

evaluation of individual
analysis, fusion/ fission events, and redox state history
This unique property can be used to investigate many scientific

questions regarding mitochondria's physiological and

pathological roles and is therefore very promising for unveiling
the underlying mechanisms of mitochondrial dynamics within
many different cell types.

We recently developed a new lentiviral vector (LV-
G1MitoTimer-MiR124T, hereafter called LV-G1-MitoTimer) to
study mitochondria's dynamic and functions specifically in
astrocytes in vitro and in vivo?2. LV-G1-MitoTimer uses a
truncated version of the glial fibrillary acidic protein (GFAP)
promoter gfaABC1D, with a B3 enhancer (gfaABC1D(B3),
hereafter called G1) combined with the previously described
miR124T neuronal detargeting system23. It allows exclusive
expression of the mitochondrial biosensor in astrocytes in vitro
and in vivo?2. Presented here are the different steps to perform

a culture of rat hippocampal astrocytes and equip them with
the LV-G1-MitoTimer biosensor, as well as the different
of astrocyte
mitochondria during several consecutive hours/days.

microscopy steps to follow the behavior

Protocol

The present protocol has been performed with the approval of
(agreement VD3602, Lausanne,
Switzerland) and follows European guidelines for the use of

an ethical committee

animals.

—

. Rat hippocampal astrocyte primary culture
1. Sacrifice five rat pups (Wistar IGS Rat) by decapitation at

postnatal day 1-2.

2.  Remove the brain and keep it in a Petri dish containing 5
mL of fresh astrocyte medium (DMEM with GlutaMAX
supplemented with 1% Penicillin/Streptomycin and 10%

fresh Horse Serum).

3. Isolate the hippocampus. Dissociate in 5 mL of the
astrocytic medium by three passages through a 21 G

needle and three passages through a 25 G needle.

4. Transfer the dissociated cells to a 15 mL centrifuge tube

and count in a hemocytometer.

126



Plate 20,000-25,000 cells/cm? in multiwell dishes (9.4mm

x 10.7 mm x 9.3 mm) and store them at 37 °C under an
atmosphere containing 5% CO2 for the rest of the

experiment.

Image the cells with an inverted microscope controlled by
the acquisition and analysis software and a module for full
automation of acquisition.

NOTE: Refer to the Table of Materials for the details of
the software and module used in this study.

Replace the medium entirely at 3 days in vitro (DIV3). 3. Ensure that the microscope is equipped with a cage
At DIV8, add 0.6 pg of p24 antigen per cell of lentiviral incubator (see Table of Materials) to maintain astrocyte
vector coding for mitochondrial biosensor MitoTimer (LV- culture at 5% CO2 and 37 °C throughout the experiment.
. . 22, . . .

G1-MitoTimer™?) diluted in phosphate-buffered saline 4. Capture fluorescence images using sequential excitation
(PBS + 0.01% BSA).

at490 nm (for green channel) and 550 nm (for red channel)
At DIV9, wash with pre-warmed 1x sterile PBS (37 °C) and

with detection of green (500-540 nm for green channel)
add fresh astrocyte medium.

and red (550-600 nm for red channel) fluorescence
At DIV11, perform 2 washes with pre-warmed 1x sterile .

signals.
PBS (37 °C) and add fresh astrocyte medium without

5. Select 5 astrocytes per well with a mitochondrial network

phenol red.

expressing sufficient levels of LV-G1-MitoTimer using a
NOTE: Choice of the coating depends on the intended
assay. As a standard coating for astrocyte primary culture, maghnification of 40x. Take care to select astrocytes as flat
it is recommended to use 0.2 mg/mL poly-D lysine or 8.7 and large as possible and not located in clusters of cells
pg/cm2 of basement membrane matrix (e.g., Matrigel). To
visualize the mitochondrial system of astrocytes, it is (to work on individual cells).
essential to work on flattened and stretched cells. In this . . .
context, the combination of basement membrane matrix 6. Save the coordinates of the 5 selected cells in an xlm file
on IBIDI u-slides is the most suitable. It is also crucial not (map.xlm). This map.xim allows the user to return to the
to work with phenol red, which is toxic for the cell under
repeated exposure to same CellS OVertime.
light.

7. Acquire image sequences (1 image/s for 60 s) using a

2. Long-term monitoring of the mitochondrial
system.

magnification of 150x (100x oil immersion objective, 1.5x

intermediate magnification) for each coordinates.

1. Assessthe astrocytic mitochondrial system a minimum of 8. Repeatimage acquisition (1 image/s for 60 s) for the same

3-5 days after the lentiviral infections with LV- astrocytes 6 h, 12 h, and 24 h after treatments. NOTE: Use

G1MitoTimer (to allow a sufficient level of fluorescence in a microscope equipped with a fast and

the mitochondria). efficient autofocus system. In this context, the hardware
solution called Perfect Focus System (PFS) was used. PFS
uses near-infrared 870-nm LED and CCD line sensors to
combat axial focus fluctuations in real-time during long-

term imaging investigations.
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3. Analysis of individual mitochondrial morphology
and LV-G1-MitoTimer ratio

NOTE: NIS General Analysis 3 (GA3) from Nikon was used to
automatize morphometric analysis in this study.

1. Foreachimage sequence (baseline, 6 h, 12 h, 24 h), select
the first frame for red and green channels by clicking on

ND Processing > Select Frame.

2. Merge the red and the green channels by selecting

Conversions > Merge Channel.

3. To correctimage shading, select Preprocessing > Auto

Shading Correction.

4. Apply the Rolling Ball algorithm by selecting

Preprocessing > Rolling Ball.

5. To generate binary masks for each mitochondrion, select

Segmentation > Threshold.

6. Remove any objects truncated by the border by selecting

Binary processing > Touching Border.

7. To measure the surface area, select Measurement >

Object Area.

8. To measure the diameter, select Measurement > Eq

Diameter.
9. To measure the length, select Measurement > Length.

10. To measure the width, select Measurement > Width.

11. To measure roughness, select Measurement >
Roughness.
12. To measure circularity, select
Measurement >
Circularity.
13. To measure elongation, select Measurement >

Elongation.

14. Compose a group (right-click) with the above

measurement and rename it as MorphoData.

15. Measure mean
selecting

green intensity by

Measurement > Mean Intensity.
16. Measure mean red intensity by selecting Measurement >

Mean Intensity.

17. To measure the Red/Green ratio, select Measurement >

Ratio.

18. Compose a group (right-click) with the above

measurement and rename it as RatioData.

19. Export the table to a CSV file by selecting Reference >

Table to CSV.

20. Save the GAS3 script of analysis by selecting Save As
NOTE: A non-exhaustive list of the criteria used in this
procedure is summarized in Figure 1, Table 1, and Table
2. The analysis GA3 script file is available in supplemental
(Supplemental Coding File 1 and Figure 2). The
thresholds used were adapted to individualize as many
mitochondria as possible

(excluding large mitochondrial networks where possible).
Wherever possible, mitochondrial networks are either
individualized manually or excluded from the analyses.
Due to intercellular variability, perform these analyses on
at least 20-25 cells per condition (with a minimum of 50
mitochondria by cell).

4. Analysis of mitochondrial motility

NOTE: Due to the high complexity of mitochondrial
movements, manual motility analysis is preferred. Here,
Nikon's NIS Element system was used to manually track
mitochondria.

1. Open the tracking module in NIS, select View > Analysis

> Tracking.
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2. Clickon Define New ROI.

3. Withthe Automatic Detection Tool, select 25-50

mitochondria on the first image of the image sequence.
4. Clickon Track Autodetected ROIs Analyze.

5. Ifnecessary, delete the incorrect ROl tracks.

6. Exportthetableto a CSV file.

NOTE: A non-exhaustive list of the criteria used in this
procedure is summarized in Figure 1 and Table 3. A
tracking analysis generally gives a path depicting the
movements of the center of every tracked object. The
different tracking options must be set in the tracking
option. Favor the selection of isolated mitochondria that
are sufficiently distant from each other to facilitate
tracking. Keep only the objects that could consistently be
tracked over the whole sequence. Proceed the same way
to remove outliers due to bad quality tracking.
Consequently, the set of objects analyzed in this section
is different from the one analyzed for static morphological
analyses and will generally be smaller.

5. Data transformation, normalization, and
statistical analysis

NOTE: Mainly due to the high heterogeneity of the
mitochondria, data generated often have a non-normal
distribution.

1. Manually log-transform the measurements prior to

processing.

2. Foreach analysis and time frame, manually normalize the
resulting data by the mean of those obtained in the

reference acquisition.

3. In addition, consider a second/double normalization to a
control condition, for example, to evaluate the effect of a

treatment.

4. Then, perform statistical analysis using a two-way

matched ANOVA. Here GraphPad Prism V8 was used.

Representative Results

Primary culture of astrocytes infected with LV-G1MitoTimer
exhibited typical mitochondrial networks. Before treatment,
astrocytes expressing LV-G1-MitoTimer showed the
heterogeneous mitochondrial size and various green/red
fluorescence intensities (Figure 3, Figure 4, and Video 1).
The mitochondrial system of astrocyte cultures expressing LV-
G1-MitoTimer was monitored before and after incubation with
H202 (10 uM). The different mitochondrial features described
above were calculated over 12 h (every 3 h) and normalized (cell
by cell) to their initial state. At the morphological level (Figure
3B), the effects of H202 start to be visible at about 6 h. Indeed,
the mitochondria were fragmented (decrease of length, surface
area, and elongation factor). This fragmentation is even more
obvious 12 h after the treatment. Note that the diameters,
widths, and sphericity were not reduced. Concerning redox
state and turnover (Figure 3C), 3 h after H202 treatment, the
proportion of green mitochondria increased in astrocytes (the
consequence of a rapid increase in mitochondrial biogenesis).
At 6 h, the green/ red ratio returned to baseline levels, but the
number of purely red mitochondria increased significantly from
basal levels.

After 12 h, the consequences of the oxidative treatment of
H202 were visible and resulted in a substantial increase in the
ratio and number of red puncta. Concerning the dynamics and
mobility (Figure 3D), 3 h after the treatment, all the criteria
were transiently increased. In the longer term (12 h), the
mitochondria moved more slowly and over shorter distances.
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Astrocyte expressing MitoTimer

RedoxState

Ratio Re:

Mobility

Figure 1. Astrocyte culture expressing LV-G1-MitoTimer biosensor. (A) Confocal photographs of astrocytes expressing
LV-G1-MitoTimer. (B) Selection of confocal photographs of reduced (green) balanced (orange) and oxidized (red) mitochondria
with different levels of fragmentation. (C) Summary diagram of the different criteria available for analysis in an astrocyte

expressing LV-G1-MitoTimer. Scale bar: (A) Upper panel: 50 pm, lower panel: 10 um, (B) 1 um. Please click here to view a larger

version of this figure.
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Figure 2: Mitochondrial morphology and ratio analysis. (A) GA3 script overview for the analysis of individual mitochondrial
morphology and ratio. (B) Initial photographs of an astrocyte expressing LV-G1-MitoTimer analyzed with the
GA3 script. (C) Example of binary masks generated for the mitochondrial system of astrocytes. Scale bar: 10 um (B-C).

Please click here to view a larger version of this figure.
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Figure 3: The effects of H202 on the mitochondrial system of astrocytes. (A) Photographs of astrocytes expressing LV-G1-
MitoTimer 1 h before and 6 h, 24 h after treatment with PBS (CTRL) and 10 pM of H202. (B) Radar charts of mitochondrial
morphology, (C) redox state and turnover, and (D) mobility criteria evaluated on astrocytes during baseline and

3 h, 6 h,and 12 h after H202 treatment. SA: Surface area; D: Diameter; L: Length; W: Width; R: Roundness; S: Sphericity;

EF: Elongation factor (=L/W); G/R: Individual red/green ratio; Gpuncta: Percentage of green puncta mitochondria; Rpuncta:
Percentage of red puncta mitochondria; Dis: Displacement; Tr: Track Length; Sp and SpV: Speed and speed variance; Str:

Straightness. Scale bar: 20 um (A) and 2.5 pm (inset). Please click here to view a larger version of this figure.
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Figure 4: Photographs of astrocytes expressing LV-G1-MitoTimer and showing a homogeneous and balanced
mitochondrial network during baseline. Scale bar: 20 um Please click here to view a larger version of this figure.

Video 1: Effect of H202 treatment on the mitochondrial after H202 treatment compared to non-treated control cell.
system of cultured astrocytes. Astrocytic mitochondria Please click here to download this File.

before H202 treatment (baseline), aswellas 6 hand 24 h

M?rpriology Range Remarks
criteria
Surface Area (SA) 0.5-4 pum? These criteria'inform on.the fragmented-elongatgd
features of mitochondria. They generally evolve in
the same direction.
Diameter (D) 0.5-1.5pm Fragmented mitochondria will have decreased surface
area, diameter, length, and elongation factor while
Length (L) 0.5-5pum roundness, sphericity, and width may be unchanged or
increased.
Width (W) 0.5-2 ym
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Roundness (R)

Sphericity (S)




Elongation factor

(EF = L/W)

1-10

Table 1: Summary of selected parameters for mitochondrial morphology.

(G/R)

Rgdo?( State Range Remarks
criteria

Individual rati

ndividual ratio 0-10

The ratio indicates the result of the redox state. It informs

Percentage of

green puncta

mitochondria
(Gpuncta)

0%-100%

Percentage of red

0%-100%

about the general state and age of the mitochondria in the
cell. Itis essential to consider that this ratio is the balance
of biogenesis and degradation of mitochondria and the
fission/fusion of oxidized mitochondria with reduced
mitochondria. Therefore the evaluation of the number of
green and red puncta can powerfully help interpret the
results. Green puncta mitochondria are determined when

Speed and speed
variance (Sp and
SpV)

0-1.5 pm/s 0.2
pm/s

Straightness

(Str=
displacement/
track length)

_ puncta _ the intensity of green is 10 times that of red. Red puncta
mltocho?dna mitochondria are determined when the intensity of red is 10
uncta
(R ) times greater than that of green. The redox state of an
astrocyte is the average of all the mitochondria ratios of that
cell.
Table 2: Summary of selected parameters for mitochondrial redox state.
Mobility criteria Range Remarks
Displacement (Dis) 0-10 um Together these features inform the general motility dynamics of
the network. Stationary mitochondria display short
displacement & track length with a low speed. On the other
Track Length (Tr) 010 um

hand, oscillatory particles can be differentiated with a

difference between the track length and displacement
(resulting in low straightness) and an increased speed
compared to static.

Table 3: Summary of selected parameters for mitochondrial mobility.




Supplemental Coding File 1: GA3 script file for analysis of individual mitochondrial morphology.
Please click here to download this File.

Discussion

Here, a novel method to longitudinally follow the dynamics and turnover of the mitochondrial system in a

cultured astrocyte is proposed. Unlike a time-lapse approach on a fixed group of cells or one individual cell at

atime (mostoften used in the literatu re)24’25

,researchers can follow the evolution of the mitochondrial system
during several days on the same individual cells. In contrast to single well live imaging where high levels of light
exposure are required, and the selection of many individual cells is less feasible, the proposed method takes
advantage of this microscope's ability to image several different cells in different areas of a well and to come
backto those same cells at various time points to re-image them. Thanks to normalization to a baseline carried
out for each measured criterion on each cell of interest, it takes the mitochondrial system's complexity into
account and investigates the effect of treatment on each cell relative to its own baseline image. The
microscope's ability to autonomously carry out this type of imaging on up to 16 wells at a time (imaging 5 cells
per well) allows for the heterogeneity of the mitochondrial system to be properly taken into account during
analysis without the experimental variability that comes with imaging various conditions on different days.

The quality of the cultures, the levels of viral infections expressing the LV-G1-MitoTimer biosensor, the type of
microscope and objectives, and the selection of suitable cells are critical variables that must remain as
consistent as possible in this protocol. The cell densities, the type of vector, and the viral titers can be adapted

according to the question. Although previous work shows that LVG1-MitoTimer expression has no deleterious

consequences for mitochondrial function and dynamicsz1’22’26’27,

it is essential to verify that the
concentration is not toxic for the cells (for example, checking the total number of cells in control well). As a
single focal plane is used, astrocytes should be: (1) as flat as possible, (2) isolated from other labeled cells (to
simplify the analysis in case of displacement in the dish), and (3) possessing high fluorescence levels. As cells
in culture can be highly variable in morphology, the mitochondrial system can be highly heterogeneous. In this
context, analyzing ROIs (and not the whole cell) compensates for some problematic regions, such as the
perinuclear regions, and decreases variability. It is essential to do the baseline on relatively similar cells and
sample as many cells as possible. Consequently, high content acquisition and analysis microscopes are
ideally suited. During this longitudinal monitoring, it is also important not to overexpose the cells to light to
avoid biosensor bleaching.

This imaging method is not without its complexities, and throughout the protocol, several notes are included,
which take into account troubleshooting done during previous tests with the microscope. For example, the
choice of plate coating used depends on the intended assay, but recommendations for the most suitable
choices for astrocyte primary cultures have been included. Additionally, image acquisition should be
performed on at least 5 cells per condition due to intercellular variability. More specifically, some cells
selected at baseline imaging will die, some will move out of the frame of the assigned image acquisition area,
and some will change their morphology, making the mitochondria very difficult to individualize in analysis.
Imaging many cells from the beginning increase the likelihood of a large enough sample size of cells to analyze
at the end of the experiment.

In addition to the more complex aspects of this imaging technique, there are some outright limitations as far
as who can benefit from this type of imaging and analysis. In order to take full advantage of the automatization
of image acquisition, the microscope used must have an autofocus system that can handle the speed of time
intervals between images (i.e., every 3 s in this protocol) and can consistently focus on the cell in question
before each image is taken. Additionally, without the JOBS software, which automates the entire image
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acquisition process, this method becomes arduous and potentially impossible depending on the number of
cells being imaged as it would require manually finding and imaging each cell again at the appropriate time
point. Finally, this imaging method is not immune to the issue of photobleaching. For this reason, as with any
long-term acquisition method, it is important to choose fluorescent markers that are less susceptible to
photobleaching and to tailor image acquisition to avoid this issue as much as possible.

This technique differs from others currently used in a crucial way. Unlike other time-lapse studies, this
technique does not require imaging on the same position in the well the entire time, nor does it require manual
movement of the plate to image other areas. This allows researchers the ability to image many cells in many
conditions in one 24 h timeframe. Consequently, the ability to carry out this imaging and analysis on many cells
in each well gives the same population information one would obtain from broadly studying a large group of
cells while additionally providing specific measures from each cell imaged. While some specificities to this
method may not apply to other image acquisition methods (outlined above), the benefits outweigh the
complications with the type of analysis possible after acquisition. This technique allows researchers to see the
exact ramifications of various treatments on the mitochondrial system, and consequently, on the cultured
astrocytes.

Additionally, this method is highly customizable to many different scientific questions regarding mitochondrial
behavior and roles in specific contexts. Here the outlined protocol deals specifically with cultured astrocytes.
However, many other cell types can be used, and the treatments that can be tested are limited only by the
questions being investigated. This type of imaging has the potential to advance the collective knowledge and
understanding of mitochondrial behavior, the underlying mechanisms that lead to mitochondrial dysfunction,
and the effects of many pathologies on the innate dynamics present in different types of cells.
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Tanopathies are neurodegenerative diseases characterized by
tan inclusions in brain cells. Seed-competent tau species have
been suggested to spread from cell to cell in a stereotypical
manner, indicating that this may involve a prion-like mecha-
nism. Although the intercellular mechanisms of transfer are
unclear, extracellular vesicles (EVs) could be potential shuttles.
We assessed this in humans by preparing vesicles from fuids
{brain-derived enriched EVs [BD-EVs]). These latter were iso-
lated from different brain regions in various tanopathics, and
their seeding potential was assessed in vitro and in vive, We
observed considerable heterogeneity among tauopathies and
brain regions. The most striking evidence was coming mainly
from Alzheimer's disease where the BD-EVs clearly contain
pathological species that can induce tau lesions in vive. The re-
sults support the hypothesis that BD-EVs participate in the
prion-like propagation of tan pathology among tanopathies,
and there may be implications for diagnostic and therapeutic
strategies,

INTRODUCTION

Tau, a microtubule-associated protein, aggregates into filaments in
Alzhetmer's disease (AD) and in other related and heterogeneous dis-
eases called tauopathies, which are characterized by the intracellular
accumulation of hyperphosphorylated taw” An alternative splicing
mechanism gives rise to six major isoforms of tan that coexist in
the human brain, which either have three or four repeated sequences
aof the microtubule-binding region (3R-tau and 4R-tau).” In AD, tau
protein principally aggregates into paired helical filaments (3R-tao
and 4K-tau) within the neurons, while in progressive supranuclear
palsy (PSP}, taw aggregates consist of straight filaments (4R-tau)
and are found in both the neurons and the glia. In Pick's disease
{Pil), specific neuronal tau inclusions are seen, known as Pick bodies,
in which 3R-tau aggregates to form a spherical shape within the
neurcnal cell body, These different tavopathy filaments are beginning
1o be hetter described and are different among tanopathies.

In ALY, the most common tanspathy, the progression of neurodegen-
eration in the brain correlates very well with the clinical signs of the
disease at each stage. [t follows a sequential, hierarchical progression
of brain invalvement in a pattern that is similar for all patients: the
hippocampal formation, the polymodal association areas, the unimo-
dal association regions, and in the final stages of the disease, the entire
cerchral cortex,™ This stereotypical hierarchy of neuredegeneration
is known in the literature as the Braak stages,” Specific hierarchical
pathways have also been described for PSP, argyrophilic grain
discase,” and Pil."" These patterns of progression have been consid-
ered as steps in the propagation of neurodegeneration and have led to
the hypothesis of a prion-like tau propagation.” In this hypothesis, an
abnormal tau protein conformation would lead to the prion-like
transconformation of normal tau proteins into abnormal ones. This
wonld be followed by the secretion of pathological seeds, which would
then be internalized by healthy neurcns, thus transmitting the
pathology.

While tau was first identified as a protein implicated in the assembly
and stabilization of microtubules,” it is now described as a pleiotropic
protein with various cellular locations.'” It is known that the protein
can be secreted by unconventional pathways, mostly in a free
form," ™ and it has also been found in extracellular vesicles
(EVE)™ EVs have two main cellular origing (13 EVs known as exo-
somes  are generated from  multivesicular  bodies, containing
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intraluminal vesicles, that are secreted into the extracellular fluid; and
{2) EV's known as ectosomes originate from direct plasma membrane
budding.” These vesicles have the capacity to transfer many biologi-
cally active molecules between cells, and they are known to be dysre-
gulated in many disorders,”” While the secretion of tau in EVs has been
validated using many cell and animal models,™ there are few data con-
cerning the transfer of pathological tau species or sceds between cells™
to induce a seeding process in humans.” According to the hypothesis
of prien-like propagation, ence inside the recipient cell, the seeds pre-
sent in EVs seem to be released from the endolvsosame and lead to the
recruitment and misfolding of normal endogenous proteins. ™

While tau aggregation is 2 comman feature of tavopathies, a huge het-
erogeneity exists between and within these pathologies, Recent data
suggest, for instance, that pathological tau seeds in human brains
differ between tauopathies,” and also within a particular tavopathy,
as has been shown for AT, Additienally, the affected brain pathways
differ between A and other tavopathies, and some cell populations
are more vulnerable than others.™ "' It is thus essential to under-
stand the underlyving reasons for this heterogeneity before designing
a specific therapeutic approach,

In this work, we focused our attention on EVs because they have a
certain selectivity in terms of the target cell due to the presence of
numerous ligands and receptors on their surface.” They therefore
represent a unique intercellular delivery vehicle for transferring path-
ological species from one specific neuronal population to another,
and they could explain the differing cell vulnerability seen in tavopa-
thies. The work presented herein aims (o compare the transmission of
tau pathology via EVs that are present within brain-derived fluids
{BD-fluids) of patients with various tauopathies. Although EVs iso-
lated from the cercbrospinal fluid,” " and plasma,™ " contain
o, the interstitial fluid (ISF) more accurately represents the environ-
ment around brain cells, This work therefore focuses on brain-
derived enriched EVs (BD-EVs) in different tauopathies (AD, PSP,
and certain forms of non-hereditary frontotemporal lobar degenera-
tien with Pick bodies [formerly known as PID) as well as in non-
demented controls, The seeding ability from BD-EVs purified from
both tau transgenic mice and patients with various tavopathics is
shown i witre. In addition, AD BD-EVs are able to transmit tau pa-
thelogy i wve in a prion-like process, These results highlight the
impartance of defining how the pathology propagates through the
brain in different tavopathics in order to design specific and tailored

therapies as well as assessment tools for the evaluation of cinical
trials.

RESULTS
In the present work, we isolated vesicles from the post-mortem BD-
fluid of patients with various tavopathies, and we evaluated whether
they contain species that are able to seed and spread the tau pathology
in the brain.

EV's are present in the BD-fluid of a transgenic mouse model of
taucpathy

To address this issue, we first isolated and characterized murine BD-
EWs from a transgenic mouse model of tavopathy, the THY -tau3n,
that expresses human I1N4AR taw protein with two pathogenic muta-
tions (P3015 and G272V) under the control of the neuron-specific
Thy-1.2 promoter.”"" We prepared murine BD-fluids according to
the protecel described by Palanco et al." We then purified and chae-
acterized vesicles from the murine BD-fluid using size-exclusion chro-
matography (SEC). As itis critical to remove any aggregated or macro-
protein contaminants associated with the BD-EVs, we purified them
using SEC rather than classical ultracentrifugation procedures,” The
concentration and distribution of the vesicles were analveed by a nano-
particle tracking analysis (NTA) system, and the global protein content
and its distribution were determined using UV detection or silver gel
staining, SEC allowed us 1o efficiently enrich vesicles {fractions 1-4
[Fl-4]} in our preparations from the protein contaminants, as previ-
ously described, while guarantecing their morphological integrity (Fig-
ures 1A-1C) A size distribution of the BD-EV fractions revealed the
presence of vesicles ranging from 50 to 400 nm (Figure 112}, Then,
we used matrix-assisted laser desorption jenization-time of flight
(MALDI-TOF) liquid chromatography-tandem mass spectrometry
{LC-M5/M5]) and quantitative analysis (intensity-based absolute quan-
tification [IBAC]) to evaluate F1-4 prodeomic content. We identified a
total of 2064 prateins, of which 1,635 (79%) are referenced in the Ves-
iclepedia database. IBAC) scores combined with Gene Ontology cellular
compoenent (GOCC) annoetation revealed that GOCC termes associated
with EVs represent 76% of todal IBAQ scores for the 20 selected terms
{Figure 1E). Among proteins recommended by the Minimal Informa-
tion for Studics of Extracellular Vesicles 2018 (MISEV2018)," we iden-
tified a majority of categories 1a (non-tissue-specific transmembrane
or glycasylphosphatidylinesitel [GPI-anchored proteins), 2a (cvio-
solic proteins recovered in EVs), and 4a (transmembrane, lipid-bound,
and soluble proteins associated to other intracellular compartments

Figure 1. Murine BD-EV charactarization

Vesicles from murnira BO-Aud wars solated using SEC to separate vesicles from frea-floating proteirs, They were separated by Sapharose rasin columre in PBS and S00 plL
per fraction was collectad, |4 and B) BD-EV concantration was quantifisd par fraction using NTA and axpressad as vasiciesmiL (8, filed columns); tha amount of total protain
wais daterminead using ether LIV spactrophotometny (4, open columns) or a sikar gel coloration (B). (5] Vasice morphology was siudied Lisng electron microscopy in pooled
fractions 14 {F1=4), The scala bar is indicated on tha figuna, (D) Tha size distibution of vesiclas was detarminad using WTA in poolad F1-4., (E) Girouar bapiot showing IBAR
intarsity scores obtaned for 20 selected GOGG ferms afbar quansiative probaomic anatyss of F1-4, (F) Tabds isting human gene ramas comesponding 1o probaing rec-
ook by MISEV20TE ciodocried in F -4 aftor MES-based proteomic anabysis, An asterisk is uied for familes of muitiple profeive: for example, forintegring, MGRA" indicaes
ary irfegrn alpha chain, () The intreneesicular (= PE - FIPA, with RIPA, for ELISS S deection] or the indra ta plus the axdrsesicoukr G (- PERIPA) wixs quantified wsing
ELESA frowm rrunre: BO-EVS (3-rrcrtb-old THY- b)), A posities control showing the ghotsl besis af e is also shown (PR RIPA]L re, nol sgnificant. For P ard D), rmsens of
thres independan exgeniments are shonc Tar [B) and (), ilustrative data are rapresantaliveg of al least hree ndependen axpaiments.
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than plasma membranefendosomes) (Figure 1F) Among them are
found the cytosolic vesicular markers HS3P90 and fan protein
{(MAPT), which have been validated using either western blot (Fig-
ure 5LA) or ELISA assays (Figure 1G). In addition, using a proteinase
K A{PE) digestion assay, we showed that tau is found inside BD-EVs and
not associated o their outer leaflet. Indeed, the extravesicular proteol-
vais (PK”, radivimmunoprecipitation assay buffer [RIPA] ™) does not
affiect intravesicular tau concentration, thus confirming tau as an intra-
vesicular component (Figure 1G) This full charscterization including
WTA, silver gel staining, electron microscopy, protesmics, and western
blot indicates that F1-4 contained vesicles and are enriched in EVs.
This pool was considered as the BD-EVs fraction in the following
experimens.

BD-EVs from a transgenic mouse model of tavopathy contain
tau seeds

To determing the role of EVs in tau pathology spreading, the tau seed-
ing content of BI-EVs prepared from 1-, 3-, and 6-month-old THY-
tau30 mice (a transgenic mouse model with progressive tau lesions)
was evaluated. """ As controls, we also isolated BD-EVs from wild-
type hittermates and transgenic APP/PST mice {that develop amyloid
deposition]) that do not exhibit tan aggregation,” Tau lesions were
examined in the brains of these animals using two well-characterized
anti-tau antibodies [Absk: MC1™" (tau conformational-dependent
Ab} and AT100°" (human phospho-dependent Ab that allowed the
detection of insolublefaggregated tau). MC1 (Figure 52a-g) and
AT100{Figure 57h-n) immunorcactivities were progressively detected
in the hippocampal neurons of the CA1 layer of THY-tau30 mice from
1 to & months. Whereas few to no ML Figure SZe) and AT-100 (Fig
ure 521) immunoreactivities were seen at | month of age, respectively,
and MCI immuno-positive neurites were casily detectable at 3 months
with a few positive cell bodies (Figure 526}, A very slight AT100 immu-
moslainiing was also seen in 3-month-old mice in the subiculum (Fig
ure 52m) when a strong immunoreactivity (in soma and neurites)
was shown in 6-month-old animals by both MC1 and AT100 Abs (Fig-
ures 52g and n, respectively). Mo AT100 and MC1 immunoreactivities
were observed in the wild-type littermates (Figures 52b—d and i-k) or
in the transgenic APP/PS] controls (Figures 52a and h). We then iso-
lated vesicles of these murine BD-fluids and evaluated their ability to
induce a nucleation process using a biosensor assay.” This involved
a highly sensitive and quantitative assay using a novel fluorescence
resonance energy transfer (FRET)-hased biosensor cell line that specit-
ically reports tan seeding activity. These cells express soluble forms of
repeat domain {RD)-P3015tau-CFP and RD-P3015tau-yellow fuores-
cent protein (YFP). In the presence of seeds such as recombinant tau
fibers, an oligomerization process allows energy transfer between
CFP and YFP that is detectable by flow cytometry. BD-EVs were intro-
duced inside the bicsensor cells using Lipofectamine and the szeding
activity was quantified. BD-EVs of THY -taud) mice, unlike those ob-
tained from the control lines {littermate of THY-tau30 and APP/PS1),
contained seed-competent species { Figure 2A). In fact, the FRET signal
was observed in an age-dependent manner only with THY - tau30 sam-
ples, The seeding effect was indeed related to BI-EVs since their
removal by ultracentrifugation in Fl-4 abolished the FRET signal

{compare ultracentnfugation supernatant [no vesicle] to pellet [BL-
EV fraction]) (Figure 2B). In addition, tan was mainly found within
vesicles as demonstrated by tau immunodepletion after BD-EV soni-
cation (Figure 2C). The sonication procedure was applied to ensure
release of intravesicular taw and then fcalitate s immunodepletion,
Indeed, when intravesicular tau was immunodepleted, a 70% decrease
in the FRET signal was observed (Figure 200).

Taken together, these data strongly suppert the hypothesis that the
progresaive appearance of tan pathology in mice leads to the release
of vesicles in the BD-fluid that contain seed-competent tau species.

The seeding capacity of BD-EVs is heterogeneous among
human tauopathies

We showed that the presence of tau seeds inside BD-EVs is related to
the progression of tau pathology in the case of mice. Given the hetero-
geneily among tauopathies, we questioned whether the seeding
potential of BD-EVs would differ between these neurodegenerative
diseases. Post-mortem brain samples of human non-demented con-
trols (n = 5}, ALY (n = 1), P5P (n = 10), and Pil? {n = 5) patients
were obtained (Table 1) in order o fsolate BD-EVs, as described
ahove (Figure 1). Three brain regions (the prefrontal cortex, the
occipital cortex, and the cerchellum) differentially affected by the pa-
thology were dissected, and tau lesions were quantified by immuno-
histochemistey (THC) using ATS, a phospho-dependent anti-tau Ab
{Figures 34 and 3B), As expected, tau pathology is higher in AD cases,
After SEC purification, the BD-EVs shared the same characteristics
(size, morphology, content) as did those isolated from the murine
braim (Frgure 530, Additionally, the presence of a specific transmem -
brane tetraspanin associated with the vesicles was validated using im-
munogold electron microscopy (CD63; Figure S1B).

I conirteast to the mice, where the whole brain was analvzed, only spe-
cific areas of the human brain were dissected for BD-fluid isclation.
To avoid any bias, the results were systematically normalized accord-
ing to the weight of the brain extracts used to prepare the BD-fluid,
Our data showed that the vesicle concentrations (Figure 4A) amd
the global tan content (Figure 4B} did not differ among the tavopa-
thies. Interestingly, BD-EVs from the brains of the controls contained
global tau at a similar level than those from patients with tanopathies,
This confirms that taw s physiologically secreted in EVs and gives
new insight into the mode of tau secretion in human brain.

To determine whether the tau protein present in BD-EY's can induce a
nucleation process and whether this is similar ameng tavopathies, BLx-
Vs were applied to biosensor cells, as before. The vesicular contents
from the prefrontal and occipital regions of the AD BD-fluid induced a
significant FRET signal compared to the non-demented controls, For
BD-EVs from the PSP and Pild patients, a weak FRET signal was
ohserved {Figure 4C), which was consistent with neuropathalogy (Fig-
ure 3). It is refevant to note that among the Pilt samples, one had BD-
ENs displaying a high FRET signal. This patient exhibited, in addition
1o Pick bodies, nevrofibrillary tangles (NFTs) as seen in AD patients
{Tahle 1), which could potentially account for this finding. Whereas
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the FRET signal is related fo the tau lesions in most cases {compare
Figures 2B and 4C), as shown for the mice, the FRET signal for the
AL cerebellum was significantly higher than that in the controls,
even though both were devoid of tau lesions. This FRET signal did
nedt reflect a passive release of intracellular vesicles due to cell death,
as there was no correlation between the post-mortem delay and the
FRET signal (Figure 4I3). Taken together, our results demonstrate
that although the global level of tau 15 similar in BD-EVs, the seed-
ing/mucleation competency is clearly different according to the tawop-
athy considered, with a particularly high activity found in AD, in
accordance with previous studies. ™!

BD-EVs are able to transmit tau pathology in vivo

To validate the seeding capacity of BD-EVs and to determine whether
these vesicles are able to transmit tau pathology in vive, we adapted
our in vive model of seeding.™ This model is based on the intracere-
bral injection of material derived from AD brains into the hippo-
campi of 1-month-old THY-tau30 mice. At this age, the endogenouns
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Figure 2. BD-EVs of a transgenic mouse model of
tauopathy contain tau seeds

i) BO-EVs al TgaPPPST mice (B manths ald, n = 6), wikd-
type iiberrate rrice {1 [n = B], 3 [0 = 6], and 8 = B months
alel), angd THY-130 mica [1 [n= 7], 3 |n = B, end 6 o = 8
rrznihs old) were applied (o the HEK-12u biosensor cals,
and the FRET signal was guantified using flow cylometry.
2 i sonicated K3 fibris were used as 8 poaitive control
(+) and FBS was used as & negative control {—). (8] BO-Eve
- isofated from 3-month-oid THY-18u30 mica (F1-4) were
further ultracaninfiuged o degleta vasicias, Pdlet-contain-
Iregy veekckes (P and supamatant |5 were epphed bo the
blosansor essay. (O Taw ELISA after tau mmuncdepkstion
{witn or without soncation] from BO-EVe izoleted from
d-monthecld THY-tawd0 mice, HTT was used to im-
murcdeplata taw, wharsas igG1 was used as a nagative
control of immunodaplietion, [ After tau mmuncdepktion
of sonicated BD-EVs, fractions were appied 1o the
bicesansar assay. For (&), (8], and {4, rasulks ana seprassed
a5 the parcertage of tha FRET signal = MFI (% FRET =
MED, o= QU06, “p o 001 "B < D006, "5 = Gu0001;
"*"’"p < 0.0001,

e

EE
tau pathology is very weak," thus allowing us to
evaluate the seeding activity associated with the
injected, human-derived material.

Four prefrontal cortex BD-fluid samples were
pooled for each group: ALY, PSP, Pil), and con-
trol, The BD-EVs were tested using the FRET
assay (Figure 54) before being injected into the
animals (6 * 10° vesicles per hippocampus). A
lower signal was generated for the PSP and PID
groups compared to the AD group, thus confirm-
ing what was previously shown in vitro (Fig-
ure 4C) These intact BD-EVs were then bilater-
ally dmpected in THY -tau30 mice and conteol littermates. Their
respective ability to seed endogenous tau was monitored by THC using
ML (tau conformational-dependent Ab) or AT100 (human phos-
pho-dependent Ab that allowed the detection of insoluble/aggregated
taw) {Figure SB). When the BD-EVs were injected into the wild-type
mice, no MCL or ATLI00 immunoreactivity was observed. Mo seeding
occurred, and the tau species contained within the vesicles were not
detected, In contrast, tau seeding was seen when BD-EVs from AD
patients were injected in the THY-tau30 mice. MC1 and AT100 im-
munaoreactivities were guantified. In contrast, injected BD-EVs from
PSP and Pil} did not induce any higher MCI or AT100 immunore-
activity than did BD-EVs purified from human control brains
(Figures 5C and 5D, respectively). This lower seeding capacity of
BD-EVs from PSP and PiD than those from AD confirmed our
in vitro data (Figure 4).

gG1  HT7

Altogether, our data show that BD-EVs containing tau seeds are
capable of mediating the misfolding and phosphorvlation of tau.



Table 1. Demoegraphic, biological, and clinical characteristics of the human brain sarmple donors

Sex Dieath {yearsh PMD (h) Dagrwsis Tau lessans Braak Thal =tages Cause af death
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M 59 13 Control FHIE ] L] Sepiic shock
M 41 11} it P 1] ] i ation
M h el Al NFT vl 4
F 63 15 ALY NFT vl 4
F il o Al NFT Ll | L]

F B2 & Al¥ NFT v 5
E a7 b} Al NFT i | L]

F 71 4 Al HNFT vi 4
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M a0 M PSP NFT and GFT HA X
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M iy 17 PSP HIT and GFT A a

F 78 4 PSP MFT andd GFT HA a
M 65 15 PiF NPT and GFT NA L]

M B2 4 PSP NFT ansl GFT HA L]

] i 15 Psp NFT and GFT NA L]

F 7 @ PSP NFT an<d GFT HA 3
2] 57 m Pse NFT and GFT M 1

M 57 n Pilx Pick boies HA L]

“nd | . | Plx Pick hesdies MNA 3
IF 7R 1] Filx Pick bediesBNFT A a

“nd L] LE3 Pilx Pick bosdies MNA a
M 6f & Pilx Pick bodies NA L]

Demnographic, biclogical, and dinical characteristics of the haman brain sample donors: Brain sanaples used for BD-fluid isclation are listed {n = 3 non-demented contrals, n = 10 AD,

n = 10 PsF, amd n = 5 PD). PMIY, post-mortem-delay.

"Mon-demented contrals

“AL3 patients.

“PSP patients.

Pl patients sedected for the intracranial delivery of the BD-EV's in mice.

The data then strongly suggest the ability af the vesicular content to
recruit and convert endogenous tau into an abnormal conformational
form that differs among tauopathies, consistent with neuropathology,
thus suggesting the existence of specific species inside the BD-EVs ac-
cording 1o the particular tauopathy,

DISCIUSSION

In this study, we investigated the role of BD-EVs in the heterogene
ard cell vulnerability of tawopathies, EVs possess ligands and/for re-
ceptors that are compatible with a specific cell type, and this could

explain the neuronal selectivity and the hierarchy of neurodegenera

tign within tauopathies. To date, most studies have investigated the
rele of EVs in cell or animal models,”™ """ but few data are avail-
able for humans, especially when considering the ISF that is in direct
combact with the brain cells and that is likely to be part of the prion-
like process. The presence of EVs capable of transferring material be-
tween cells (Figures 5 and 543" can help to explain the progression
of the pathology in tavopathies, A very recent and elegant study car-
ried out by Ruan et al.” showed for the first time that AD brain-
derived EVs spread tau pathology with defined interneurons as their
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target. Here, we go further into this mechanism by determining the
contribution of vesicles to the heterogeneity of tavopathies by
isolating and comparing BD-EVs from AD, PSP, and PiD, and
from various brain regions differentially affected by the tau pathology.

Using our mouse models, we were able to (1} control the quality of
BD-EV preparations, (2) demonstrate the role of BD-EVs-tau in
the seeding process, and, most importantly, (3) highlight a link be-
tween BD-EV seeding capacity and the severity of the tau pathology.
We confirmed these results in humans using brain regions that are
differentially affected by the pathology (the prefrontal cortex, the oc-
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Figure 3. Tau lesions in h brain tauopathi
Prefronta [PF), cocipitd 10C], and cerebelum (Ch) brain
regions  were  dissected post-modem  from  non-
damented controls [n « 5) and patients with PSP [n = 5),
PiD{n= 5}, and AD |n = 10). Al IHC of tau lasions using the
ATE antibody in mirror 20nes. Scale bare ara indicated on
the fgure. (B) Human bran sactions were tlindly quanti-
fiad using QuiPath 0.2.1 software. Results are expregsed
ag a parcentage of tau Bsons (|ATB-positive pixela/tota
pixels] = 1000, "p< 006, "p < 0.01, ""p<0.001, " "p<
Q.0001.

cipital cortex, and the cerebellum), and the BD-
EV seeding capacity was particularly striking in
the case of AD. Specifically, BD-EVs from AD
patients clearly contained seed-competent tau
species (shown in the FRET assay), whereas
such tau species were lower in the PSP and
PiD materials. In gencral, tau pathology is
much weaker in PSP and PiD than in AD, and
this may contribute to the low seeding capacity
of vesicles in these pathologies. However, other
explanations are also possible: (1) although not
unanimous, the prion-like propagation hypoth-
esis may not be appropriate for PSP and PiD;’
(2) a prion-like propagation may also exist for
PSP and PiD, but EV's may not be the preferred
shuttle, contrary to AD; and (3) the FRET assay
used to measure seeding in PSP and PiD was
less effective than in AD. In line with this latter
possibility, previous studies found that PSP ma-
terials gave heterogeneous FRET signals,™”
Although a FRET signal was previously re-
ported in PiD,"" we did not observe a strong
signal for most of the PiD cases in the present
work, In fact, the only PiD patient showing a
FRET signal also displayed NFTs, and this was
the oldest PiD patient. We previously published
that PiD patients displaying Pick bodies with
additional NFTs have aging/AD-like materials,
namely a pathological tau triplet revealed by
immunoblotting. ™" The presence of such
AD-like materials in this PiD patient could explain the high FRET
signal as observed in the AD group,

Overall, our results suggest that the species shuttled by BD-EVs are
very heterogencous among tauopathies. What do we know about
tavopathies? In PiD, there is an accumulation of 3R-tau in Pick
bodies, and it is currently classified as frontotemporal lobar degener-
ation (FTLD)-taw.”" Nevertheless, it is difficult to differentiate PiD
and FTLD-tau with MAPT mutations (formerly FTDP-17). Both dis-
orders have Pick bodies, but it has been shown that the Pick bodies are
pS262-negative in PiD"'"" and immunoreactive in FTLD-tau with
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MAPT mutations™™" In any case, this lesion would appear 1o be
particularly harmful because Pil} often affects people who are rela-
tively young (around 50 years of age), and it is characterized by
very severe frontotemporal atrophy that is associated with neuronal
death, Pick bodies are mostly found in Layvers 11 and V1 of the fronto-
temporal isocortex and in the granular cell laver of the dentate gy-
s, These cells mainly express 3R-tau isoforms. It can therefore
be postulated that these 3R-positive cells are fragile,” or else that
the 3R-tau isoforms are more harmful than propagative,” ™ In
PSP, 4R-tau isoforms mostly aggregate to cause neurofibrillary degen-
cration. [t is possible that the 4R-tau variants are secreted and
captured by the glia. In line with this, both PSP and corticobasal
degeneration are also characterized by gliofibrillary lesions,™" ™'
Finally, in AD, all six tau isoforms aggregate, and neurofibrillary
degeneration progresses in a hierarchical pathway from limbic, poly-
modal association, and unimodal association regions to the entire ce-
rebral cortex. These observations suggest that tau seeds circulate in
the I5F of AD brains, Our data support this hypothesis since tau seeds
were identified in circulating EVs in all brain arcas studied, even those
devoid of tau lesions, such as the cerebellum, Depending on the brain
ares, EV receptor/ligand-bearing cells may or may mod be present,
which explains why some regions are affected by pathology while
athers are not. The combination of tau seeds in EVs and their
ligand/receptor composition may therefore explain the newronal
selectivity/vulnerability and hierarchical pathway of neurodegenera-
tion among fasopathies.

thies, and it reinforces the hypothesis of

prien-like propagation, It supports a trans-

cellular transmission mechanism with a speci-

ficity that could explain the hierarchical
amd stereotypical propagation compatible with the Braak stages
in A,

Taken together, our data strongly support the existence of various tau
species or co-factors insude BDREVS among tavopathies, and their
iddentification is now necessary in order to be able to determine the
mechanism of tau pathology progression in these different diseases.
The study raises a number of questions about therapeutic strategies,
such as immunotherapy, that target free extracellular taw, Decipher-
ing the nature of the pathological seeds found in the vesicles isolated
from human brains, as well as the characteristics of the cargos/shut-
tles, will help in the design of specific tools aiming to block tau
spreading,

MATERIALS AND METHODS

Abs

The following Abs were used for IHC, biochemical assays, and electron
microscopy at the dilutions indicated below. The monoclonal Ab
{mab) ATS recognizes the phosphoserine 202, phosphoserine 208,
and phosphothreonine 203 residues of tan (MN 1020 Thermo Scien-
tific, Mikirch, Frances 1:500 for THC). ™ The mAb MC1 {a generous gift
from D, Peter Davis; 1:1,000 for THC) recognizes conformational
changes, and its reactivity depends on both the N terminus {amino
acids 7-9) and an amino acid sequence of tau (amino acids 313-
3220 in the third microtubule-binding domain,”™™ The mAh AT100
(MMNI1060; Thermo Scientific, Tllkirch, France; 1:500 for THC)
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recognizes phosphothreonine 212 and phosphosering 214 and allowed
the detection of insolublefaggregated taw,”"™ ™ The mAb HT?
{MHN100; Therme Scientific, Hlkirch, France: used in the INNOTEST
hTALU, as recommended by the manufacturer, Fujirebio) recognizes
human tau (amine acids 159-163), Anti-heat shock protein (HSP)
Al [i (F-8; ac-13019; 1100 for western blotting) is a mouse mono-
clonal antibody raised against amino acids 610-723 of HSP 90«/f of
human origin. It is is recommended for detection of HSF 902 and
HEP 206 of mouse, rat and human origin,d Anti-CIDE3 i3 a mowse
mAb (Moves Biologicals H506; nhp2-42225; 1:50 for electron micro-
soopy), anti-MeuM is a rabbit mab (Chemicon MAB3TT; 1:1000], and
anti-¥'3 is a mouse mAb (Millipore AB3792; 1:5007,

Animals and human samples

The study was performed in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki and its later amend-
menls The experimental research was performed with the approval
of an Ethics Committee {agreement APAFIS#2264-2015101320
441671 from CEEATS, Lille, France) and follows European guidelines
foor the use of animals. The animals (males and females) were housed
in & temperature-controlled room (20°C-22°C) and mantained ona
12-h day/12-h night cycle with foed and water provided ad lititum in
a specific, pathogen-free animal facility (with five mice per cage or
four rats per cage). Animals were randomly allocated to the different
experimental groups, THY -tau3d mice were wsed that express human
INAR tau protein with two pathogenic mutations (P3015 and G272V)
under the control of the neuron-specific Thy-1.2 promoter.™

Mon-demented human control (n = 5}, AD (n = 100, PSP (n = 10}, and
Pl {n = 5) brain extracts were obtained from the Lille Neurobank
{fulfilling French legal requirements concerning biclogical resources
and declared to the competent authority under the number [HC-
2008-64 21 with denor consent, data protection, and Ethics Commit-
tee approval. Samples were managed by the CRB/CIC1403 Biobank,
BE-0033-00030. The demographic data are listed in Table 1.

Cell culture

The TauRDP301SFRET biosensor cells { ATCC CRL-3275), HEK293T
cells, and HelLa cells were cultivated in Dulbecco’s modified Eagle’s me-
divm with 10¥% fetal bovine serum. 1% GlutaMAX, and without
HEPES. The cells were maintained in a humidified incubator with
5% 0. All cell lines were passaged twice a week. Rat primary cortical
neurons were prepared from 17-day-old Wistar rat embryos, as previ-
ously described.”” Ten days later, cells were infected with lentiviral vec-
tors (LVs) encoding human IN4R wild-tvpe tau, a3 previously
described.

Brain-derived fluid isolation

BO-fluids were isolated as previously described.”™ For the frozen
human brains, specific regions were remaoved (prefrontal cortex., oc-
cipital cortex, and cerebellum). 85 samples were used with a mean
of 1.5 £ 0.07 g of tissue, Some brain areas were no longer available,
that is, cerebellum (one ALY, ene PID, and two PSP) and prefrontal
cortex (one PSP). To avoid any bias in our results, normalization
according to the weight of the brain extracts was systematically
done.

For the mice, immediately after death, the whole brain (without the
olfactory bulb and cerebellum) was recovered and frozen. The tissues
were incubated on ice in 3 mL of Hibernate-A (50 mM NaF, 200 nM
Mas Vi, 10 nM protease inhibitor |EG4 from Sigma and protease in-
hibitor cocktail from Reche]). The tissues were gently mixed in a
Potter homogenizer, and 2 mL of 20 UYmL papain (LS00311%, Wor-
thington Biochemical) in Hibernate- A was added to the homaogenate
far 20 min at 37°C with agitation, 15 mL of cold Hibernate- & buffer
was then added and mixed by pipetting to stop the enzymatic activity.
Successive centrifugations were applied at 4°C (300, 2,000, and
10,000 = ) to remove cells, membranes, and debris, respectively,
The final supernatant was kept at —80°C before the BD-EV isolation
procedures were applied.

BD-EV isolation

The procedures to isolate the BD-EVs from the murine or human BD-
fluid were carried out in accordance with the MISEY guidelines that
were established and updated in 2018 by the International Society for
Extracellular Vesicles.™ We applied various controls to validate the
enrichment and the content of the BD-EVs, as recommended in these
guidelines. However, the procedure described above to recover BD-
fluids may lead to cell lysis, The presence of intraluminal vesicles in
our prepacations cannol be exclude, Because our fractions might be
contaminated by ILVs, we refer them as BD-EVs. 500 uL of BD-fluid
was loaded on the top of a SEC column (10-mL column, CL2ZB Se-
pharose, pore size 75 nm, Milliporel.”™ This allowed us to recover a
mean of 7.94 = 10" (£3.36 = 107 vesicles/g of tissue in F1-4 (n =
45 samples). Isolation was carried out in phosphate-buffered saline
(PB5) with a flow of 36—48 s/'ml. The first 3 mL was climinated
and the following 20 fractions were recovered (with 500 pL per frac-
thon), NTAs were performed on individual fractions diluted in PBS
with a ManoSight N5300 (Malvern Panalytical). To generate statistical
data, five videos of 90 s were recorded and analyzed using NTA soft-
ware (camera level, 15 detection threshold, 4). When indicated, a
further ultracentrifugation (100000 = g 50 min at 4°C, TLAILG
rotor) was done,

Figure & AD BD-EVs afficiently seed host human mutated tau in young THY-tau30 mice

/8 Four AL, four P, four PSP, and four non-demantad control BD-Suids wers puriied (Tabika 1), and isolated vasicks wans pooled, 2 pl 6 = 107 vesicles) was appliod o the
HEK-tau bicesarsor cals, and the FRET sigral wes quantified using flow cytometny, Resulks am axpressed as % FRET = WP, (B) BD-EVs (6 = 10" wers bilataralyinjected inte
th hipmocampi of 1-rorth-old THY 430 or wikd-type micn itermabes (0= 51 Mo waens sacrificed 4 wesks post-njection and thie i patholegy wies analyeed by DAB
rrrurdstaining with the MG fuppand or AT100 (oeser) artisodies, Sechions from the hippocampmes (injection sted are shown Scale bars ame indicaret on tha figuee, (12 The
rrarmibaers of KCT (eft) ar AT 100 dright) rrrrmanoniactive neurons e bran section wene guandified [bregrma —2.3 o = 2.8 eren), anc the data ane presenbed as mean £ 80, “p«

0.01, ***p < Q001
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Electron microscopy

Fl=4 fromm the SEC were pooled and concentrated to a final volume of
50 pL using Amicon Ultra 3K (Merck Millipore). Samples (5 pL) were
deposited on a carbon film-supported grid (400 mesh) and incubated
at room temperature (BT for 200 min, For immunogold labeling, fix-
ation in 2% paraformaldehyvde (PFA; 0.1 M POy buffer, pH 7.4) was
perfarmed for 20 min. Grids were rinsed for 2-3 min in PES-glycine
{50 mM) at BT, They were then soaked in a mixture containing 1%
PBS-bovine serum albumin (BSA) and 1% normal goat serum for
1 b at BT before incubation with the primary Ab {1:50) in a mixture
af 1% PB3-BSA and 1% normal goat serum, followed by rinsing in
0.1% PBS-B&A. Grids were then incubated for 1 h at BT with the
appropriate goat anti-mouse secondary Ab (1:20, 12-nm colloidal
goeld) and fimally washed in PBES, For immunogoeld labeling and
morphological analyses, the grids were fixed in PES-glutaraldehvde
{1%) for 5 min at KT and then rinsed in distilled water. They were
incubated for 5 min in 1% urany] acetate and for 10 min on ice in a
mixture containing 1% wranyl acetate/2% methylcellulose. Dry grids
were ohserved under a transmission electron microscope (Zeiss
EmM&00).

LC-MS/MS analysis

(1) Protein digestion: F1-4 fractions were digested according to a
modified version of the iST method™ {(named misT method). Griefly,
S0l solution in PES were supplemented with in 50 pl miST lysis
buffer (1% Sodium decxycholate, 100 mM Tris pH &6, 10 mM
DTT) and heated at 95°C for 5 min. Samples were then diluted 1:1
{vw) with water and reduced disulfides were alkylated by adding ',
vl of 160 mM chloroacetamide (final 32 mM) and incubating at
25°C for 45 min in the dark. Samples were adjusted to 3 mM
EDTA and digested with 0.5 pg Trypsin/LysC mix (Fromega
#5073) for 1h at 37°C, followed by a second 1h digestion with a sec-
ond and identical aliquot of proteases, To remove sodium deoxycho-
late and desalt peptides, two sample volumes of sopropanol contain-
ing 1% TFA were added to the digests, and the samples were desalted
on a strong cation exchange (SCX) plate (Oasis MCX; Waters Corp.,
Milford, MA) by centrifugation, Aflter washing with isopropanol! 1%
TFA, peptides were eluted in 250 pl of 80 MeCN, 19% water, 1%
{viv) ammonia; (2) Liquid chromatography-tandem mass spec-
trometry: Eluates after SCX desalting were frozen, dried, and resus-
pended in variable volumes of 0,05% trifluorvacetic acid, 2% acetani-
trile to equilibrate concentrations. Approximately 1 pg of each sample
was injected on column for nanoLC-MS analysis; (3) M5 and M5
data analysis: dependent LC-MS/MS analysis of TMT sample was
carried out on a Fusion Tribrid Orbitrap mass spectrometer (Thermoe
Fisher Scientific) interfaced through a nano-electrospray fon source
to an Ultimate 3000 RSLCnano HPLC system (Dionex). Peptides
were separated on a reversed-phase custom packed 40 cm C18 col-
wmn (75 pm 1D, 1004, Reprosil Pur 1.9 pm particles, Die, Maisch,
Germany) with a 4-76% acetonitrile gradient in 0.1% formic acid
{total time 140 min). Full M5 survey scans were performed at
1207006k resolution. A data-dependent acquisition method controlled
by Xealibur 4.2 software (Thermo Fisher Scientific) was used that
optimized the number of precursors selected (“top speed”) of charge
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2+ to 5+ while maintaining a fixed scan cycle of 1.55, The precursor
isolation window used was 0.7 Th. Full survey scans were performed
at a 120000 resolution, and a top speed precursor selection strategy
was applied to maximize acquisition of peptide tandem M5 spectra
with a maximum ¢ycle time of 0,65, HCD fragmentation made was
used at a pormalized collision energy of 32%, with a precursor isola-
tion window of 1.6 m/z, and M5/MS spectra were acquired in the jon
trap. Peptides selected for MS/MS were excluded from further frag-
mentation during 60s,

Tandern M5 data were processed by the MaxCQuant software
{version 1.63.4)" incorporating the Andromeda search engine™.
The UniProt reference proteome (RelProt) databases for Homo
sapiens and mouse were used, supplemented with sequences of
common contaminants. Trypsin {cleavage at K, R} was used as
the enzyme definition, allowing 2 missed cleavages. Carbamidome-
thylation of cysteine was specified as a fixed modification, N-termi-
nal acetvlation of protein and oxidation of methionine were speci-
fied as variable modifications. All identifications were filtered at
1% FDERE at both the peptide and protein levels with default
MaxCQuant parameters™, MaxQuant data were further processed
with Perseus software™', R statistical software and Microsoft Excel,
We considered proteins as present in sample when unique + Razor
Peptide Score =2 and an M5/MS Count =2, [BAC values were calcu-
Tatesd based on the summed intensities of all unique peplides for a
protein divided by the number of theoretical tryptic peptides be-
tween & and 30 amine acids in length™".

Western blotting and silver gel staining

Western blotting was performed as previously described.”” Briefly,
boiled samples (10 min, 100°C) were loaded onto a 4%-12% Bis-
Tris MuPAGE Movex gel (Invitrogen), followed by transfer onto a
0.45-pum membrane wsing the Novex system from Life Technologies
(XCell 1T blot module), The membrane was then incubated with
blocking solution for 1 h at RT before incubation with the appropriate
primary Ab overnight at 4°C. The membrane was then incubated for
1 h with the appropriate secondary Ab (horseradish peroxidase
[HRP]-conjugated Ab, 1:50,000). The signal was visualized wsing
enhanced chemiluminescence western blotting detection reagents
{iGE Healthcare), For silver gel staining. the same procedure was fol-
lowed without the transfer onte a membrane. The gel was hixed over-
night after migration in a mixture containing 40% ethanol and 10%
acetic acid. Froteins were revealed by silver staining using the Plu-
sine sibver staining kit and following the manufacturer's procedures
(GE Healthgare),

Tau immunodepletion

BD-EV fractions were isolated from the BD-fluid of 3-month-old
THY -tau30 mice. Immunadepletion of tau from F1-4 was performed
using a Magna chromatin immunoprecipitation (ChIP) protein A+G
magnetic beads (#16-663, Sigma-Aldrich). After 30 min in a water
bath sonicator, F1-4 were incubated overnight with 2 pg of anti-tan
Ab (HT?, #MN1000, Thermo Scientific] or control mouse mono-
clonal 1gGl Ab (GST [B-14]), Santa Cruz) with rotation at 4°C.



20 pL of magnetic beads was incubated with the complex Ab-antigen
fior 2 howith rotation at 4°C. A magnetic beads- Ab-antigen complex
was isolated using a magnetic holder and the supernatant was
collected.

PK treatment

A PK assay was done as previously described.” ™ BD-EVs (lysis or
not with radicimmunoprecipitation assay [RIPA] buffer) were
incubated with 10 jgfml PE for 20 min al 37°C (o remove extea-
vesicular proteins. The P activity was then inhibited by adding
5 mM phenylmethylsulfonyl fluoride (PMEF) for 10 min at room
temperature.

31,5

Recombinant K18 fibrils

The tau K18 recombinant protein and heparin were mixed to a ratio
of 41 in aggregation buffer (HEPES at 10 mM, pH 6.9 MaCl at
1,000 mb} with a final protein concentration of 8 pM and incubsated
fior 3648 h at 37°C without shaking. The aggregation was confirmed
at the end of the experiment by adding 50 pM thioflavin T to a 100 pL
aliguot and comparing this te a negative control without the addition
of heparin, The thieflavin T emission was detected at 490 nm after
excitation at 440 nm using a PHERAstar (BMG Labtech, Ortenberg,
Ciermany).

FRET assay

Cells were plated into a 12-well plate (150,000 cells per well) 24 h
before treatment. Sonicated K18 fibrils (2 pM) were used as a positive
control and PBS was the negative control. BD-EV fractions were
pooled {F1-4) and concentrated in Amicon 3K columns to generate
a fimal volume of 50 pl. The transfection mixture (50 pl of EVs +
50 pL of Opti-MEM plus 10 pL of Lipofectamine 2000 + %0 pL of
Opti-MEM) was incubated for 20 min at BT and added to the cells.
After 72 b, the cells were removed by scraping, and cell death was
evaluated by adding Zombie MIR for 30 min at RT (a3 recommended
by the manufacturer of the Zombie NIR fixable viability kit; Bio-
Legend. 1:200). After one rinse in PBS, cells were fixed in 2% PEA
fioe 10 mvin at BT and Anally suspended in PBES for cytometry analyses
wsing the flow cytometer Aria SORP (BD Biosciences; acquisition
software FACSDiva 7.0, BD Biosciences) with the following excita-
tion/emission wavelengths: excitation 405 nm, CFP emission 466 +
40 nm and FRET YFP 52% & 30 nm; excitation 488 nm, YFP emission
529 = 30 nm. The FRET data were quantified using the Kaluza anal-
vsis software v2. Results are expressed as the percentage of FRET -pos-
itive cells = MFI (median fluorescence intensity}. For the human
braim samples, this value was normalized according to the weight of
the tissue used to prepare the BD-fluid (percentage of FRET-positive
cells 0 MFLg of tissue).

Stereataxic injections

Four BD-fluids (300 pL) were pooled for each of the AD, PSP, PiD, and
control groups (Table 1), and the vesicles were isolated and concen-
trated toa final volume of 150 pL, as described above. For each of thess,
2 pL (6 = 107 vesicles) was bilaterally injected into the hippocampi
af 1-month-old anesthetized {100 mg'kg ketamine, 20 mgikg xvla-

zine) THY-taudd mice amd littermates (n = 5 per groups weight =
15-20 g), as done previously (anterior-posterior, — 2.5 mm; medial-
lateral, £1 mm; dorsal-ventral, — 1.8 mm to bregma).”” The standard
injection procedure involved the delivery of BD-EVs into THY-
taud0 mice wsing a 10 pl Hamilton glass syringe with a fixed needle,
After injection at a rate of 0.25 pl. per minute, the needle was left in
place for 5 min before removal to prevent any leakage of the injected
material. For the experiments performed in rats (Figure 54), 3-month-
old animals were anesthetized by intraperitoneal injection of a imixiure
af 100 mg'ky ketamine (Ketasol, Graeub, Bern, Switzerland)
and 10 mg'kg xylazine (Rompun, Bayer Health Care, Uznach,
Switzerland). The animals were bilaterally injected with 3 uL of BD-
EVs into the dorsal dentate gyrus (antenor-posterior, —3 mm;
medial-lateral, £2.5 mm; dorsal-ventral, —3.4 mm to bregma). The
vesicles were injected at a rate of 0.2 pli/min, and the needle was left
in place for 5 min. In contrast to the FRET assay, in all in vive exper-
imeenils, intact BIDMEVS were stereotactically inpected without any
Lipofectamine,

Tissue processing, IHC, and immunofluorescence

For the human brains, the different cerebral regions (the prefronial
cortex, the occipital cortex, and the cerebellum) were dissected, and
the tau lesion quantification was performed using the mirror zones.
For the mice, the whole brains were dissected and the tau lesions
were quantified using dedicated mice, For the human brain sections,
automated THC was performed wsing 4-pm-thick formalin-fixed,
paraffin-embedded (FFPE) tissue on a BenchMark Ultra (Roche Tis-
sue Diagnostics) with the UltraView diaminobenzidine (DAR) [HC
detection kit (Ventana) and the prnmary Ab AT8 (1:500). For the
THY-taudl and littermate mice, at 4 weeks post-injection they
were deeply anesthetized and transcardially perfused with ice-cold
1:9% saline solution and subsequently with 4% PEA for 10 min.
The brains were immediately removed, fixed overnight in 4% PFA,
washed in PBS, placed in 20% sucrose for 24 h, and frozen until
further use. Free-floating coronal sections (40 pm thick) were ob-
tained using a cryostat microtome. For [HC, the brain sections
were washed in PES-0.2% Triton X-100, treated for 30 min at RT
with 0.3% Ha0y and then washed three times. Non-specific binding
was blocked using Mouse on Mouse reagent (1:100 in PBS, Vector
Laboratories) for 60 min at RT. After three rinses in PBS-0.2%
Tritom X-100y the sections were incubated with the primary Ab
MCL (1:1,000) or ATIOO (1:500) in PBS-0.2% Triton X-100
(1:1,000) overnight at 4°C. After three rinses in PBS-0L2% Triton
X-100, labeling was amplified by incobation with anti-mouse bio-
tinylated [gG (1400 in PBS-0,2% Triton X-100, Vector Laboratories)
for 60 min at RT. This was followed by a 120-min application of the
avidin-biotin-HRF complex (ABC kit, 1:400 in PBS, Yector Labora-
tories) prior to the addition of dismincbenzidine tetrahydrochloride
(Vector Laboratories) i Tris-HC 0.2 mel/L (pH 7.6} containiing
(1001 5% H.0, for visualization. Brain sections were then mounted,
air-dried, dehydrated by passage through a graded series of alcohol
(30%, 70%, 95%, 100%) and toluene baths, and fnally mounted
with VecahMount (Vector Laboratories), For the rats, 3 weeks
after the BD-EV injections, they were deeply anesthetized and
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trapscardially perfused with 4% PFA, A series of one-in-six 30-pm-
thick coronal sections were prepared and incubated at 4°C for 24 h
in PBS containing 0.3% Triton X-100 with the following primary
Abs: rabbit anti-NeuN and mouse anti-¥5. After several rinses
with PBS, the sections were incubated for %0 min at BT in a PBES so-
lution containing a mixture of the appropriate secondary Abs: Alexa
Fluor 488 and Alexa Fluor 5355 mouse secondary Abs (1:500, Life
Technologies). All of the sections were counterstained for 10 min
with &' G-diamidine-2-phenylindole (DAPTL Mercks 1:5,000 dilution)
to label the nuclei. THC against V5/NeuMN was followed by a final au-
tofluorescence elimination step. To this end, autetluorescence dlim-
inator reagent (EMD Millipore, 2160) was used. according to the
manufacturer’s instructions. Samples were mounted in Vectashield,
Images were acquired (series of 50-75 multiple optical sections,
g = 0.2 pm) with a Feiss L5M 880 Cuasar confocal system
{63 + x4 numerical zoom) equipped with Airyscan,

Tau lesion quantification

For blinded quantification of MC1 and AT100 immunoreactivity,
the CAl region of the hippocampus was chosen as the quantification
zome. We selected and quantified five brain sections covering the
entire hippocampus (bregmas —2.30 to —2.8) and manually counted
the number of MC1- or AT100-positive somas per brain section. Re-
sults are presented as the number of neurofibrillary tangles per brain
section. Human brain sections were blindly quantified wsing QuPath
021 software for the full mirror image of the paraffin-embedded
sections. Thresholds were established using a dedicated artificial in-
telligence algorithm {Artificial Neuronal Network; ANK_MLF) with
identified obpects on & set of slides, and these segmentation thresh-
alds remained constant throughout the analyses. Results are ex-
pressed as a percentage of tan lesions {|ATE-positive pixels/total
pixels] = 100},

Statistical analyses

Statistics and plots were generated using GraphPad Prism # software
{version 8.0.0). The normality of the distributions was assessed graph-
ically amd wsing the Shapiro-Wilk test, In the case of a non-Gaussian
distribution, the Mann-Whitney U7 test was used for one-to-one com-
parisons, and one-way non-parametric AMOVAs (Kruskal-Wallis)
with a post hoc test were wsed for multiple comparisons. In the
case of 3 Gawssian distribution, one-way ANOVAS with a post hoc
test were used for multiple comparisons. Data are reported as the
mean + standard deviation (SD). Correlation analyses were per-
formed using a non-parametric Spearman correlation test, The statis-
tical tests adopted a two-tailed = level of 0,05,
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Abstract: Tauopathies are neurodegenerative disorders invelving the accumulation of tau isoforms in
cell subpopulations such as astrocytes. The origins of the 3R and 4R isoforms of tau that accumulate
in astrocyies remain unclear, Extracellular vesicles (EVs) were isolated from primary neurons
overexpressing 1M3K or IN4K tau or from human brain extracts (progressive supranuclear palsy
or Pick disease patients or controls) and characterized (electron microscopy, nanoparticle tracking
analysis (NTA), proteomics). After the isolated EVs were added to primary astrocytes or human
iPSC-derived astrocvies, tau transfer and mitochondrial system function were evaluated (ELISA,
immunofluorescence, MitoTracker staining). We demonstrated that neurons in which 3R or 4R
tau accumulated had the capacity to transfer tau to astrocytes and that EVs were essential for the
propagation of both isoforms of tau, Treatment with tau-containing EVs disrupted the astrocytic
mitochondrial system, altering mitochondrial morphology, dynamics, and redox state. Although
simnilar levels of 3R and 4R tau were transferred, 3R tav-containing EVs were significantly more
damaging to astrocytes than 4R tau-containing EVs. Moreover, EVs izolated from the brain fuid of
patients with different tavopathies affected mitochondrial function in astrocytes derived from human
iPSCs. Our data indicate that tau pathology spreads to surrounding astrocytes via EVs-mediated
transfer and modifies their function.

Keywords: tauopathies; tau spreading; extracellular vesicles; astrocytes; mitochondna

1. Introduction

Tauopathies are a group of more than 20 diseases that include Alzheimer’s disease
(AD), progressive supranuclear palsy (PSF), Pick disease (PiD), frontotemporal lobar de-
generation and primary age-related tavopathy.

Although all tauopathies are associated with the accumulation of tau (predominantly
in neurons), there are notable differences among them in terms of (1) the affected region,
(2) the presence or absence of tau inclusions in glia, and (3) the tau isoform (3R /4R)
that constitutes the observed inclusions /aggregates. Indeed, as a result of alternative
splicing, six major isoforms of tau coexist in the human brain, each with a microtubule-
binding region consisting of three (3R tau isoforms) or four (4R tau isoforms) repeated
sequences [1,2]. In the healthy human brain, the 3R and 4R tau isoforms are present at
equally low levels in glial cells [3-5]. However, analysis of patients’ brains has revealed



that some tauopathies are exclusively associated with 3R or 4R tau inclusions, whereas
others are associated with mixed tau inclusions [6]. Additionally, many studies have shown
the presence of tau inclusions in glial cells, including astrocytes, oligodendrocytes, and
microglia [7-10].

Furthermore, there is evidence of prion-like propagation of tau pathology, especially
in AD [11]. This process involves neurons and affects glial cells [12]. While the origin of
tau in these cells is not yet well defined, astrocytes are a particularly interesting possibility
due to their function in the tripartite synapse [13]. Tau uptake and its role in the spread of
tau pathology through astrocytes have become the focus of increasing attention [14]. De
Gerando and collaborators showed that astrocytic tau pathology can emerge secondary to
neuronal pathology [15]. It also appears that astrocytes can internalize tau fibrils, which are
subsequently degraded by lysosomes, potentially contributing to reduced spread of tau [16].
The details of these tau species and how they are shuttled from neurons to astrocytes remain
currently unknown.

Considering the importance of (1) tau propagation in interconnected regions and (2) the
role of astrocytes in synaptic function, it is important to study the role of astrocytes in tau
propagation and the underlying mechanisms involved. A few studies have investigated tau
transfer between neurons and astrocvtes in cell and animal models [15,16], but the cellular
mechanisms underlying this exchange of material have not been explored, and no data from
human samples are available. Cells exchange material with their neighbors in various ways,
and these intercellular communications are fundamental to maintaining tissue homeostasis,
which is often dvsregulated in patients with disease. Extracellular vesicles (EVs) have
emerged as critical cell-to-cell communication regulators under physiological conditions
and in disorders such as neurodegenerative diseases [17,158]. They are secreted by cells
through unconventional protein secretion [19] and shuttle many components, such as
nucleic acids, lipids, active metabolites, and cytosolic and cell surface proteins [20]. Dhue
to their membrane composition, they can act as unique intercellular delivery vehicles for
the transfer of pathological species between cells, thereby allowing the propagation of
tau pathology.

We and others recently demonstrated that EVs isolated from AD brain-derived fluids
(BDFs) play a role in the spread of human tau [21,22]. Although tau has been detected in ex-
osomes isolated from primary astrocyte cultures [23], their involvement in tau propagation
is slill debated. Other researchers using in animal models have suggested that tau is mainly
found in exosomes derived from microglia [9]. Whether tau accumulation in astrocytes
is beneficial or deleterious to the astrocytes remains also to be confirmed. We recently
observed complex topographic patterns of tau isoforms and accumulation of amyloid-p
in the hippocampi of AD patients. We showed that the accumulation of 3R tau (but not
phospho-4R tau) in astrocytes is exacerbated by amyloid-p accumulation and impairs
mitochondrial function and ATP production, thus inducing a reduction in the number of
inhibitory neurons in the hippocampus, which is associated with memory decline [24],
However, the mechanism of 3R and 4R tau accumulation and their origin in hippocam-
pal astrocytes remain poorly understood. We consideraed whether EV-mediated transfer
of 3R/4R tau might underlie tau accumulation in astrocytes and consequent astrocyte
dysfunction. In the present work, we demonstrate that (1) 3R and 4R tau are transferred
from neurons to astrocytes; (2) neuronal tau is mainly secreted in the free form, while tau
isoforms are shuttled from neurons to astrocytes mainly through EVs (large EVs); and
i3) EV-mediated tau accumulation, especially 3R tau accumulation, in astrocytes alters
mitechondrial function.

2. Materials and Methods
2.1. Human Samples

Prefrontal brain extracts from non-demented control subjects (n = 5), FSF (n = 5),
and TFil} (n = 5) patients were obtained from the Lille Neurobank (fulfilling French legal
requirements concerning biological resources and declared to the competent authority



under number DC-2008-642); donor consent and ethics committee approval were oblained,
and the data were protected. The samples were managed by the CEB/CIC1403 Biobanlk,
BB-0033-00030. The demographic data are listed in Table 1.

Table 1. Demographic, biological, and clinical characteristics of the brain sample donors, The
characteristics of the donors who provided brain samples vsed for BDF isolation are listed
(1 =5 non-demented control subjects, # = 5 PSP patients, and n =35 Fil) patients). PMD, postmortern
delay; NFTs, neurofibrillary tangles; GFTs, glial fibrillary tangles; NA, not applicable. Braak and Thal
stages are the two hallmarks of Alzheimer s disease. These stages are used here to categorize MFT or
amyloid B peptide (AS) deposition, respectively, and are classified in stages [ o VI for NFT [25] and
1 to 5 for Al deposits [26]).

Diagnosis Gender Death (y) PMI ih) Tau Lesions Braak Thal c;is;;f
M 75 19 Nane o 0 ]mraal-‘iw:.
aspergillosis
F 42 NA Maone 1 1 Pericarditis
Control M 23 24 Mone 0 0 Myocarditis
M 54 13 Mone 0 0 Septic shock
M 41 11 Mone 0 1] Suffocation
NFT and
M 74 9 GFT 0 1
MFT and
P5P M ) 36 GFT 0 2
MNFT and
M B8R 3 CFT Al +
NET and
M ] 17 GET 0 ]
MWFT and
F ™ 4 GFT 0 1
M 57 22 Pick bodies MNA o
M 71 21 Pick bodies M 3
PiD Pick bodies
F 78 11 and NET MA o
Wt (i1 15 Pick bodies A I
M &5 ] Fick badies NA o

2.2, Rat Prinsary Newron and Astrocyfe Cultures

Primary hippocampal neurons were prepared from 17-day-old Wistar rat embryos,
as previously described [27]. Five days later, the cells were infected with a lentiviral
vector (LV) encoding human IN4R-V5 or IN3R-V3 (PGE-4R-V5-5IN, PGK-3R-V5-5IN]), as
previously described [25]. The LVs were produced and validated according to established
protocol [29,30],

Primary hippocampal astrocytes were isolated from postnatal day 1 rat pups (Wistar
rats from Janvier Laboratory), as previously described [31]. Briefly, the brains were removed
aseptically from the skulls, the meninges were excised under a dissecting microscope,
and the hippocampus was dissected. The cells were dissociated by passage through
needles of decreasing gauge (1.1 = 40; 0.8 = 40; and 0.5 = 16) 4 or 5 times with a 5-mL
syringe. The cells were plated at a density of 20,000 cells per cm? in 6-well plates in DMEM
containing 25 mM glucose and supplemented with 10% fetal calf serum, 44 mM NaHCO5,
and 10 mL/L antibiotic /fantimycotic solution (pH 7.2} in a final volume of 3 mL/well, and
incubated at 37 “C in an atmosphere containing 5% COs/95% air. The culture medium
was replaced 4-5 days after plating and every 2-3 days thereafter, after gently tapping
the plates to remove the less adherent cells (oligodendrocytes and microglia). For the
neuron-to-astrocyte tau transfer experiment, 10° astrocytes (1 well) were treated with
10 ul. of neuron-derived small EVs {(ND-SEVs), neuron-derived large EVs (ND-LEVs),



and neuron-derived free protein (ND-FFP) (obtained from 10° neurons, 1 well) at 10 days
in vitro (DU 10).

For the microfluidic experiment, astrocytes plated in f-well plates were detached
with trypsin at DUV, 10 and plated in the axonal compartment. To monitor the effects of
tau accumulation in astrocybes on astrocytic mitochondria, cells were infected with an Lv-
encoding MitoTimer (LV-G1-MitoTimer-miR124T) at DLV 7-8, as previously described [28].

2.3. Human iPSC-Derived Astrocyte Cullure

Human iF5Cs were differentiated into astrocytes, as previously described in detail [22].
Briefly, human iPSCs were plated onto poly-L-ornithine/ laminin (PO/L)-coated plates and
cultured in neural induction medium (DMEM /F-12 supplemented with N2 supplement
(1:], B27 supplement without vitamin A (1), noggin (500 ng,/mL), SB431542 (20 uM), and
FGF2 {4 ng/mL}) to allow the formation of embryoid bodies. The medium was changed
every other day for 12 days. After 12 days, neural precursor cells (NPCs) were passaged
and grown for at least 3 weeks in single-cell culture in NPC expansion medium (DMEM /F-
12 supplemented with N2 supplement (1), B27 supplement without vitamin A (1x),
FGF2 (10 ng/mL), and EGF {10 ng/mL}}. Then, the medium was replaced with astrocyte
induction medium (DMEM/F-12 supplemented with N2 supplement (1), B27 supplement
without vitamin A (1=}, LIF {10 ng,ﬂ’m[.}, and EGF {10 ng SmL}) The medium was changed
every other day, and the cells were passaged when they reached confluence. After 2 weeks,
the medium was replaced with astrocyte medium (DMEM /F-12 supplemented with B27
supplement without vitamin A) supplemented with CNTF (20 ng/mL}). After culture for
4 weeks in this medium, the cells displayed the cellular characteristics of mature human
astrocytes [33]. Then, the astrocytes were infected with an LV-encoding MitoTimer (LV-(1-
MitoTimer-miR124T). Four days later, the astrocytes were treated with 10 uL of BDF-LEVs
(10" EVs per astrocyte), and mitochondrial system funchion and dyvnamics were evaluated.
The dese of EVs was selected based on a cell toxicity experiment (the number of DAPI-
stained cells remaining 24 h after treatment was counted and normalized with the control);
in this experiment, no toxicity was observed at this dose (Figure 51). These experiments
were performed according to a protocol approved by our institutional review committee
(approval n® CER-VD 2018-01622).

2.4 Microfwidic System and Immunofluerescence

Glass coverslips were coated overnight at 4 “C with (L5 mg/mL poly-D-lysine. Mi-
crofluidic chambers (AXIS™, Temecula, CA, USA) were subsequently placed on the coated
glass coverslips and attached to the glass. All chambers had microgrooves 450 pm in length
and 10 pm in width. Rat primary embryvonic neurons were cultured as described above,
and approximately 30,000 cells were plated in the two wells of the somatodendritic com-
partment. The cultures were maintained at 37 °C for 7 days to allow differentiation, with a
volume gradient from the somatodendritic compartment to the astrocytic compartment to
assist with axonal guidance. At DLV, 7, Tau-V5-LV (200 ng of LV per well) was added to
the somatodendritic compartment after first reversing the volume gradient between the
compartments to counteract viral diffusion. The quality controls for compartment isolation
were as previously described by Dujardin and collaborators [25]. Primary astrocytes were
then plated in the axonal compartment in neurobasal medium and maintained at 37 °C
for 5 days. V5 immunolabeling was performed to evaluate tau transfer from neurons to
astrocytes. The cells in the compartments (somatodendritic and axonal) were washed
once with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde (FEA)
for 20 min, After removing the fixative, the cells were washed three more times with 50
mM MH4Cl and permeabilized with Triton X-100 {0.1%;, 10 min at room temperature).
Subsequently, the slides were incubated with primary antibodies at 4 "C overnight, and
labeling was performed by incubation with the appropriate Alexa Fluor conjugated sec-
ondary antibodies {1:400) for 45 min at room temperature. The cells were mounted with
Vectashield medium containing DAPL



2.5. EVs Isolation from Primary Culbures

Neuron media (10 = 10% 10 wells) were collected and placed on ice 10 days after
LV infection. Protease inhibitors were added before centrifugation for 10 min at 2000= &
and 4 “C, The supernatant was centrifuged for 50 min at 20,000 g, and the pellet, which
contained ND-LEVs, was collected, The supernatant was then centrifuged for 50 min at
100,000 g to obtain ND-SEVs (pellet) and FFP (supernatant). ND-LEVs and ND-SEVs
were suspended in 100 pL 100 uL of 4% PEA (diluted in phosphate buffer (0.08 M Na HPOy
and 0,02 M NaH2POy)) for electron microscopy analyses or 100 pL of phosphate buffer
(0,08 M MNa HPOy and 00,02 M NaH; POy for astrocyte treatment. The FFP was concentrated
toa volume of 100 pL using an Amicon device (3 kDa),

2.6, EV Iselation from Hiuman Prefrontal Cortex Tissue

BDE-EVs were isolated from human prefrontal cortex tissue as previously described [22,34],
The fluid was a suspension obtained by gentle papain digestion of brain extract and not a di-
rectly collected fluid sample. Briefly, the tissue was incubated on ice in 5 mL of Hibernate-A.
It was gently mixed in a Potter homogenizer, and 2 mL of 20 units/mL papain in Hibernate-
A was added to the homogenate for 20 min at 37 °C with agitation. Then, 15 mL of cold
Hibernate-A buffer (50 mM MNaF, 200 nM Na; VO, 10 nbM protease inhibitor) was added,
and the sample was mixed by pipetting to stop the enzymatic activity, Successive cen-
trifugation was performed at 4 °C (300, 2000, and 10,000 g) to remove cells, membranes,
and debris, respectively. The final supernatant was kept at —80 °C until EV isolation was
performed. BOF-LEVs and BOF-SEVs were pooled from 5 patients per group. Isolation of
EV's from cell medium or human BOF was carried out using differential ultracentrifugation
as previously described [35] to obtain LEV-, SEV- and FFP-enriched fractions. The final
pellets were suspended in a final volume of 400 uL and kept at —80 *C.

2.7. Manoparticle Tracking Analysis (NTA)

The size, number, and distribution of particles were determined using NTA (Nanosight
N5300, Malvern, Cambridge, United Kingdom) as described previously [22]. To generate
statistical data, five 90-s videos were recorded and analyzed using NTA software (camera
level: 15; detection threshold: 4).

2.8. Electron Microscopy [22,35]

Samples (5 pL) were deposited on a carbon film-supported grid (400 mesh) and
incubated at room temperature (RT) for 20 min. The grids were fixed in PBS-glutaraldehyde
(1%) for 5 min at BT and then rinsed in distilled water. They were incubated for 5 min
in 1% uranyl acetate and then for 10 min on ice in a mixture of 1% urany] acetate /2%
methyleellulose. Dry grids were observed under a transmission electron microscope (Zeiss
EMB00). When indicated, immunolabeling was performed. The grids were rinsed once in
PBS and incubated twice (3 min at BT} in PBS-50 mM glycine before incubation in PBS-1%
bovine serum albumin (BSA) for 10 min at KT. A primary antibody diluted in PBS-1% BSA
was applied for 1 b at BT and detected using an appropriate secondary antibody diluted in
PBS-17% BSA (18 nm gold colloidal goat anti-mouse). After rinsing in PBS, the grids were
processed as described above.

2.9, Antibodies

The following antibodies were used for immunochistofluorescence and immunchisto-
chemistry al the indicated dilutions: a polyclonal rabbit antibody against the C-terminus of
Tau (C-Ter), which recognizes the last 15 AA of the protein (C-Ter, raised in house, 1:1000
for electronic microscopy) [36]; a mouse monoclonal antibody against V5 (1:10,000) that
recognizes the V3 epitope of tagged tau [24,25]; and a polyclonal rabbit antibody that
recognizes glial fibrillary acidic protein (GFAI) (1:10,000).



210 ELISA

Fractions were obtained after ultracentrifugation of culture medium or BDF as de-
scribed above, and 10 pL were added to astrocytes. Tau levels were then determined using
INMNOTEST hTau Ag (Fujirebio/ Innogenetics, Gent, Belgium], which is a sandwich ELISA
microplate assay for the quantitative determination of human tau antigen levels in fluids,
according to the manufacturer's instructions. The capture antibody was an AT120 antibody,
and biotinylated HT7 and BT2 antibodies were used as detection antibodies [37]. For cell
samples, we customized the INNOTEST hTau Ag ELISA kit to quantify Tau-V5 levels.
The original INNOTEST kit plate was replaced with a 96-well MicroWell™ MaxiSorp™
flat bottom plate coated with V5 antibody (Invitrogen P/N-0705; 1:10,000) in carbonate
buffer (NaHCO; (0.1 mM, Na;CO5 (01 mM; pH = 9.6) overnight at 4 “C. The other steps
were performed according to the manufacturer’s instructions. Tau uptake by astrocytes
was evaluated 24 h after incubation of astrocytes with ND-FFIP and ND-LEV fractions
from control neurons (NI or neurons overexpressing 1N3R or 1N4R Tau-V3. Tau uptake
efficiency was caloulated with the following equation: % of tau uptake= [Quantity of tau in
astrocytes x 100]/|Cuantity of tau added ko astrocytes|.

211, Quantification of Taw-V5 Levels in Primary Culbure

The optical density (OD) of Tau-V5 was measured in 5 regions of interest (ROI) in each
compartment (somatodendritic compartment, microgrooves, and axonal compartment).
The optical density in cach region of interest was evaluated using Zen 2 image analysis
software (blue edition). Each OD value was normalized by subtracting the OD in an
ROI in which no Tau-V3 signal was present (NI). The OD of Tau-V5 in astrocytes was
measured from confocal scanning images taken with a Zeiss LSM 710 Quasar microscope
equipped with a 40 oil immersion objective at a z-axis resolution of 0.9 pm. We used
Imaris software bo measure the intensity of Tau-V5 in the reconstructed GFAP+ region of
the axonal compartment.

212, Analysis qf Mitochondrial Redox State, Morphology and Dynamics by MitoTiner

We recently developed a new lentiviral vector (LV-C1-MitoTimer-MiR124T, hereafter
called LV-G1-MitoTimer) to study the dynamics and functions of mitochondria, specifically
in astrocytes in vitro and in vivo. LV-G1-MitoTimer uses a truncated version of the glial
fibrillary acidic protein (GFAP) promoter gfaABCID, with a B3 enhancer (gfaABC1D(B3),
hereafter called G1) combined with the previously described miR124T neuronal detargeting
system. It allows exclusive expression of the mitochondrial biosensor in astrocytes in vitro
and in vivo. MitoTimer is a mutant red fluorescent protein, drFP38317, with a mitochon-
drial signal from subunit VIIT of human cytochrome ¢ oxidase, capable of visualizing newly
synthesized mitochondria in green (488 nm) and oxidized mitochondria in red (555 nm).
The green (488 nm) and red (555 nm) fluorescence ratio enables simultaneous evaluation
of individual mitechondria, their morphelogy analysis, fusion/ fission events, and redox
state history. This unique property can be applied to investigate many scientific ques-
tions regarding mitochondria’s physiological and pathological roles, and is therefore very
promising for unveiling the underlying mechanisms of mitochondrial dynamics within
many different cell types [38,39]. Briefly, using an inverted microscope (Nikon Eclipse Ti-2,
Melville, NY, USA) (150 magnification, 100 oil immersion objective, 1.5= intermediate
magnification) and the Perfect Focus System (PFS), 16 bit image sequences (1 frame /s for
6} 5) were taken at baseline (BL) and 6 h and 24 h after treatment with EVs. Sequential
excitation at 490 nm {for the green channel) and 550 nm (for the red channel) and detection
of green (500-540 nm) and red (550-600 nm) signals were carried out. Then, using GA3
software, we selected the first frame of each image sequence in the red and green chan-
nels to generate binary masks for each mitochondrion, The resulting segmentations were
filtered by intensity and size to remove poor-quality objects, and by position within the
region of interest (ROT) to remove objects truncated by the ROT boundary, We extracted
statistics of individual mitochondria (masks) such as elongation factor (length to width)



and mitochondrial length, as well as the ratio of the average red (555 nm) to green (458 nm)
intensity corresponding to the redoxstate ratio. We performed these analvses for at least
20-25 cells per condition (a minimum of fifty mitochondria per cell). Then, we considered
mitochondria that could be tracked along the entire sequence length to analyze the mito-
chondrial dynamics. We extracted the following parameters for each reconstructed track:
the total dqulaeement {displacement) corresponding to the distance {um) between the
track’s beginning and end and the average speed (speed) in um /s. Analysis of the fusion
and fission events was performed manually on identical images with the successive counts
of objects normalized to the average number of mitochondria per image constructed from
the previous images. This resulted in the estimation of the event rate per particle. The event
rate can provide information on the activity of fusion and fission events, among the most
critical mechanisms of mitochondrial dynamics. In addition, we calculated the number of
branches for each reconstructed mitochondria, indicating the tendency of mitochondria
to assemble and form complex structures observed in astrocytes, Nikon's NIS Element
system was emploved to manually track 25-50 mitochondria per cell. Finally, after log
transformation, the change in score [39] relative to the BL was calculated and normalized to
that of the control group (ND-LEVs-CFP for primary cultures and BDF-LEVs from human
controls) [35].

2.13. Smmple Sizes, Calculations and Stabisfical Analysis

Human samples were classified based on neurological and neuropathological exami-
nation, The order of culture and procedures was randomized for each experiment, Investi-
gators were blinded to group allocation when processing the tissue and performing cell
counts and during confocal image acquisition. Values are presented as the mean £+ s.e.m.;
M corresponds to the number of independent experiments, and n corresponds to the
overall number of values, Statistical analyses of raw data were performed with Graph-
Pad Prism software v&.0. The normality of the data was verified using the Shapiro-Wilk
test. Differences between two experimental groups were analyzed using Student’s ¢ test
(parametric test) or the Mann-Whitney test (nonparametric test). Statistical analyses of
differences among more than two experimental groups were performed using one-way
ANOVA followed by Dunn’s post hoc analyses for multiple comparisons (parametric test)
or the Kruskal-Wallis test {nnnparamg:*tru test). For MitoTimer score change analysis,
as previously described [38], we used two-way ANOVA followed by Tukeyv's post hoe
analysis with time as the independent variable to compare the differences in mitochondrial
function between the 3R and 4R tau groups. In addition, we used the Wilcoxon signed-rank
test to compare each parameter measured at & h and 24 h with the baseline values for
each astrocyte,

3. Results
3.1. 3R and 4R Tau Transfer from Newrons fo Astrocytes

To study the origin of the accumulated 3R and 4R tau in astrocytes, we overexpressed
human wild-type TN3R and 1N4R tau (fused toa V3 tag) in primary hippocampal neuron
cultures in a microfluidic system. Due to axonal growth in the microgrooves, the hip-
pocampal neurons in the somatodendritic compartment (SD) were connected to a second
chamber (axonal compartment, AX) containing primary astrocytes. 1N3R or IN4R tau
was overexpressed in the somatodendritic compartment using LVs (Figure 1A). Five days
later (D.IV 12), immunochemistry for V5 revealed accumulation of 1N3R and 1N4R tau
in the somatodendritic (containing soma and dendrites) compartment and axons in the
microgrooves (Figure 1B). Both isoforms were overexpressed in neurcns at similar levels
(Figure 1C). Interestingly, we observed that a large population of astrocytes in the axonal
compartment (identified by GFAP immunochemistry) exhibited Tau-V5 puncta in the cyto-
plasm (Figure 1B,0). Quantification of IN3E and 1N4R tau inclusions in astrocytes through
measurement of the V5 intensity in GFAP+ astrocyles indicated that both isoforms could
be transferred from hippocampal neurons to astrocytes in similar degrees (Figure 1E).
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Figure 1. Tau is shuttled from neurons to astrocytes. (A) Schematic of the microfluidic system used
to investigate tau transfer from hippocampal neurons to astrocytes. (B) Confocal micrographs
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compartments and microgrooves, (C) Histogram showing the Tau-V5 optical density in the so-
matodendritic compartment. (D) 3D reconstruction of confocal micrographs showing tau (V5+) in
an astrocyte (GFAP+) in the axonal compartment. (E) Histogram showing the number of Tau-V5
inclusions detected per astrocyte. The scale bars are 20 um (B) and 5 um (D). SD = somatoden-
dritic compartment, AX = axonal compartment, LV = lentiviral vector, NI = noninfected. For (C,E),
N = cultures/microfluidic chambers/cells: NI: 1/3/32, IN3R: 1/3/25, IN4R: 4/3/39. Ordinary
one-way ANOVA with Sidak’s multiple comparison test. (™ p >0.05, **** p < 0.0001).



3.2, Newronal Tau Is Mainly Secreted in the Free Form

Transfer of tau to adjacent cells requires secretion by the donor cell. First, we assessed
which form(s) of tau is (are) secreted by primary neurons, Culture media from primary
neurons overexpressing 1N3R or 1N4R tau at similar levels (Figure 2A B} were collected
and fractioned to separate EVs from free proteins, EVs present in extracellular media are a
heterogeneous population in which different biogenesis pathways are active. EVs include
(1) exosomes (small vesicles, size < 150 nm), which are generated from multivesicular
bodies containing intraluminal vesicles that are secreted into the extracellular fluid, and
(2) ectosomes (large vesicles, size > 150 nm) that originate directly from budding at the
plasma membrane [20]. To further investigate the EV subtypes that might be involved in
tau transfer to astrocytes, we separated small from large vesicles as previously reported [35].
Fractions containing ND-LEVs, ND-SEV's, and ND-FFI" were then collected and character-
ized. Electron microscopy (Figure 2C) and NTA (Figure 2ILE) confirmed that ND-SEVs
and ND-LEVs with intact structures were present in our fractions. Totals of 26.3 & 5.8%
and 35 + 18.7% ND-SEVs of size > 150 nm and 73.6 + 5.8% and 65 + 18.7% ND-5EVs of
size between 10 and 150 nm were isolated from cells overespressing IN3R and 1N4R tau,
respectively (Figure 2D). Totals of 71.3 £ 9.2% and 63.6 £ 13.8% ND-LEVs of size = 150 nm
and 286 + 9.2% and 36,3 = 13.8% ND-LEVs of size between 10 and 150 nm were isolated
from cells overexpressing 1N3R and 1N4R tau, respectively (Figure 2E). It should be noted
that size repartition was not altered by the expression of different tau isoforms in neurcns
(Figure 2E nonsignificant difference between the 1N3R and 1N4R groups), The presence
of tau in these fractions was detected by electron microscopy (Figure 2F), and tau levels
were quantified by ELISA (Figure 2G). While a large majority (93% £ 0.2 and 93.3 £ 0.2 for
1N3R and 1N4R tau, respectively) of tau protein was found in the free form (ND-FFI), only
4.7% =+ 0.3 of TN3E tau and 4.5% = 0.2 of 1N4E tau was found in the ND-LEV fractions
iFigure 2G}).

3.3, Tau Isoforms Are Shuttled from Newrons to Astrocytes Mainly by EVs

The three fractions were applied to rat hippocampal astrocyte cultures, and tau transfer
was evaluated at 24 h (homemade ELISA Tau-V5 and immunoflucrescence) (Figure 2A).
The presence of IN3R and 1N4R tau in astrocytes after ND-LEV treatment was detected by
immunofluorescence with antibodies against the V5 epitope and GFAT (Figure 5B), and
1MN3R and 1MN4R tau levels in astrocytes were quantified by ELISA (Figure 3C). Although the
vast majority of tau secreted by neurons was in the free form (Figure 2G), only the human
3K isoform was detected after treatment of astrocytes with ND-FFP. In contrast, among
EWs, only ND-LEVs had the ability to deliver both human 1N3E and 1N4R tau to astrocyies
iFigure 3C). We then considered whether tau in ND-LEVs is transferred from neurons
to astrocytes more efficiently than in ND-FFI. We normalized the [Tau-V5] in astrocytes
to the [Tau-V5] in the fractions applied to astrocytes and secreted by neurons (ND-FFP*
and ND-LEVs). The percentage of tau taken up by astrocytes was significantly different
between the ND-FFF and ND-LEV groups, and tau accumulation was not significantly
affected by the tau isoform (Figure 30). Altogether, these results highlight the major role of
LEVs in tau transfer between neurons and astrocytes.
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3.4, 3R and 4R Taw-Accumulabing LEVs Treatments Induce Differential Mitochondrial
Consequences in Astrocytes

We previously demonstrated that the accumulation of different human tau isoforms
in astrocytes differentially affects the astrocytic mitochondrial system [24]. The effect of
ND-LEVs derived from neurons accumulating 3R or 4R tau was assessed by following a
MitoTimer biosensor with high-content live microscopy (Figure 4A). This multiparametric
approach can reveal changes in individual mitochondria over several hours /days [38].
Mitechondrial features (including the redox state, morphology, and dynamic changes) were
measured before (BL) ND-LEVEH, ND-LEV™, or ND-LEV'® treatment and at 6 hand 24 h
after treatment. For each astrocyte- and each mitochondria-related criterion, the change
score was calculated relative to the BL value and normalized to that of the control group
(ND-LEVs“T),

Six hours after ND-LEV® or ND-LEV#R treatments, we observed that the number of
mitochondrial events (fusion/fission) significantly increased compared with the control
condition ND-LEVs“"" (Figure 4B). However, only ND-LEVs* increased the morpho-
logical complexity by significantly increasing the number of branches of mitochondria
i(Figure 4B). At 6H, multiple i-tests between treatments indicated that the mitochondrial
branch criteria distinguish between the two types of ND-LEV*® or ND-LEV*® treatments
(Figure 4B). Twenty-four hours after ND-LEV*® or ND-LEV*® treatments, we observed
that ND-LEVs*® significantly increased the redox state of mitochondria and reduced the
number of events and the elongation of astrocyte mitochondria (Figure 4C). Conversely,
ND-LEVs*® reduced the redox state and tended toward more branched mitochondria, Mul-
tiple ¢ bests betwesn treatments revealed that the mitochondrial redox state and elongation
significantly differed between ND-LEV* and ND-LEV™® treatments (Figure 4C). These
data suggest that the mitochondrial system of astrocytes is rapidly sensitive (6h) to the
pathological content of LEVs, and the effect may be damaging in the longer term (24H),

Then, we evaluated changes in mitochondrial parameters (24 h) in human iPSC-
derived astrocytes (expressing the biosensor MitoTimer) treated with BDF-LEVs isolated
from a pool of patients diagnosed with 3R-tau (PiD)} or 4R-tau (PSP} tauopathy, and non-
demented control subjects (C) (Figures 5A and 52A). The size, concentration, and protein
content of BDF-LEVs were initially measured using NTA and chromatography-tandem
mass spectrometry (LC-MS/MS) (Figure 52A-C). Regarding redox state, astrocytes treated
with BDF-LEVs"D exhibited significantly increased mitochondrial oxidation, whereas mi-
tochondrial oxidation was significantly reduced in astrocytes treated with BDF-LEVs™
iFigure 58,C). Moreover, BDF-LEVsFID significantly reduced mitochondrial elongation,
whereas the mitochondria of astrocytes treated with BDF-LEVs™!" appeared significantly
maore elongated and widely distributed in the cell {Figure 5B,1). Altogether, these results
revealed that EVs from cells with 3R tau accumulation had deleterious effects on mitochon-
drial redox state and morphology, while EVs from cells with 4R tau accumulation induced
filamentation and had less severe functional effects on the astrocytic mitochondrial system.
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Figure 5. LEVs from 3R and 4R tauopathies induce differential mitochondrial dysfunction in iPSC-
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derived astrocytes. (B) Micrographs of the mitochondrial system in human iPSC-derived astrocytes
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30 pm.

4. Discussion

This study investigates the involvement of glial cells and EVs in the spread of tau.
To date, most studies addressing the spreading process have focused on neurons. These
cells are indeed the most affected cells in tauopathies, especially in AD, the main feature of
which is the aggregation of tau protein (3R and 4R tau) into paired helical filaments within
neurons. Nevertheless, tau inclusions are also found in glial cells, including astrocytes,



in other primary tauopathies. Astrocyles are the principal glial cells in the brain and
play a supporting role in supplying energy and nutrition to neurons. Evidence shows
that astroglial atrophy occurs in early stages of neurodegeneration, potentially leading to
disruption in synaptic connectivity [40]. Astrocytes form a direct link between pre- and
postsynaptic neurons and may therefore be involved in the propagation of tau between
interconnected brain regions. Moreover, tau in astrocytes involved in tripartite synapses
can impair synaptic function, as has been described in the brains of AD patients [41].

Here, we evaluated whether tau protein is shuttled from neurons to astrocytes via EVs,
seeking a potential explanation for the accumulation of taw in astrocytes in the AD brain [24].
We first investigated the related cellular mechanisms in primary neurons overexpressing
either 3R or 4R tau. EVs from murine primary neurons expressing human 3R or 4R tau
were isolated and applied to murine primary astrocytes. Whereas tau is mainly secreted
in a free form, EVs transfer both the two isoforms to astrocytes in equal quantities. In
agreement with the work of Mate de Gerando and colleagues [15], we confirmed that tau is
transferred from neurons to astrocytes. Marasimham and collaborators also demonstrated
that while oligodendroglial tau pathology propagated across the mouse brain in the absence
of neuronal tau pathology, astrocytic tau pathology did not. This suggests that pathological
forms present in astrocytes are derived from neurons, and supports the existence of tau
spreading between neurons and astrocytes [42].

Most importantly, through a direct comparison of free and EVs-associated tau, we
validated the high potential of EVs to shuttle tau between neurons and astrocytes. This
comparison also highlights the importance of brain-derived EVs in spreading tau pathology
in Alzheimer's disease [21,22]. Contrary to our findings, some other studies have reported
that free tau is taken up in astrocytes, They applied full-length recombinant proteins (2N4R
isoform) [5] or preformed fibrils of human tau with P301L mutation not found in primary
tauopathies such as PSP or Fick’s disease (K18-P301L) [16]. In our experimental design, we
applied neuronal tau secretome, We speculate that this secretome is closer to pathology,
as many studies now validated the presence of tau peptides in biological fluids and not
exclusively the full-length tau.

We then studied the effects on astrocytes of EV-mediated 3R or 4R tau transfer. Our
data demonstrated that the transfer of EVs from neurons with 3R or 4R tau accumulation
induced precise changes in the astrocytic mitochondrial system. Indeed, EVs originating
from neurons with 3R taw accumulation rapidly showed features of mitochondrial dysfunc-
tion/damage (a transient increase in the number of events that result in fragmentation,
and a substantial rise in the mitochondrial redox state). In contrast, astrocytes treated
with EV's originating from neurons with 4R tau accumulation show features of transient
adaptation/compensation of the mitochondrial system (transient ramification, a reduction
in the redox state and Jor an increase in mitochondrial turnover) [43,44]. Similar results
were obtained after overexpression of 3R and 4R tau in astrocytes [24], whereas opposite
effects were observed in neurons [45].

MNumerous studies have already shown that the accumulation of abnormal tau pro-
tein impairs mitochondrial function, which leads to cell degeneration. These alterations
in function include aspects of mitochondrial transport, dynamics, bicenergetics, and mi-
tophagy [46].

Because tau is a microtubule-binding protein, mitochondrial disturbances due to
abnormal tau had long been attributed to changes in the organization of the cytoskeletal
network [47]. However, several recent studies have demonstrated that abnormal tau has a
direct effect on mitochondria via binding. Indeed, it has been shown that abnormal tau
can alter MFM2 levels and trigger the mislocalization and clustering of DEP1, triggering
the elongation of mitochondria [45]. Abnormal tau can also directly interfere with the
Parkin protein, inhibit mitophagy [49], and significantly reduce the activity of complex
I, voltage-dependent anion channels (YDACs), and respiratory complex V subunits [50].
Abnormal tau protein may also impact ER-mitochondrial coupling, which could affect all
mitochondrial functions [51]. The large majority of related studies have used neurons and



Our studies demonstrated that 3R and 4R tau are transferred from neurons to as-
trocytes with the same efficiency. We can hypothesize that 3R and 4R tau act on astro-
evtic mitochondria through different molecular mechanisms. First, whether three or four
microtubule-binding domains are present slightly influences the binding affinity of tau
to microtubules. Indeed, 4R tau binds to microtubules with a three-fold higher affinity
than 3R tau [52]. We can also assume, as demonstrated in neurons, that tau protein may
bind differently to filamentous actin fo induce the formation of aligned bundles of actin
filaments, therefore modifying the organization of the cytoskeletal network [47]. Second,
because it is more soluble and has stronger kinesin inhibitory activity than 4R tau, 3K tau
may induce strong steric inhibition of the binding of mitechondria to microtubules, leading
to their immobilization [53]. Furthermore, the presence of a single cysteine (C322) in 3R
tau allows the formation of intermelecular bridges, whereas the presence of two cysteines
(C291, C322) in 4R tau leads mainly to the formation of intramolecular bridges [54]. These
differences in the ability to form inter- or intradisulfide bridges may explain why 3K tau
more readily aggregates to form oligomers and polymers than 4R tau. If these differences
in properties are maintained in EVs, they could explain the differential effects of 3R and
4R tau on mitochondria observed in our study. Indeed, EVs carrying 3K tau may contain
more tau peptides that are directly toxic to mitochondria [21,22,46] than EVs containing
4R tau. To extrapolate this effect to the human condition, we next isolated EVs from the
brain fluids of patients with a 3R tau-related primary tauopathy (PiD) and a 4R tau-related
primary tauopathy (PSP). Recently, we and others showed that EVs isolated from tauopathy
patient-derived brain fluids contain tau seeds that might be involved in tau spreading [21].
Application of these EVs to iPSC-derived astrocytes validated their deleterious effect on
mitochondria and showed that EVs from pure 3R tau-related tauopathy samples are the
maost aggressive, confirming our data from murine primary cultures, Altogether, our data
are consistent with our previous study showing that 3R and 4R tau overexpression in
astrocytes differentially alters the mitochondrial localization, trafficking, and function
of these tau isoforms, suggesting that astrocytes may play a more substantial role than
expected in AD [24] and other pure tauopathies. However, it is very important to mention
that the observed effects on mitochondria may be more complex than the effect of tau
alone. Indeed, EVs carry many other proteins (or protein peptides) and mRMNAs that could
impact the astrocytic mitochondrial system. Recent evidence suggests that the transfer of
mitochondrial content by EVs modifies metabolic and inflammatory responses in recipient
cells [55]. Alone or in combination, these effects are consistent with our observations of
altered mitochondrial transport and dynamics after EVemediated 3R tau transfer.

Here, we found that human-derived EVs play a role in astrocytic dysregulation. We
also described a new potential pathway for the spread of tau bebween interconnected
regions surrounding the synaptic cleft, We showed that EVs play a significant role in
propagating 3R and 4R tau to astrocytes. Treatment with accumulated tau-containing EVs
originating from neurons with 3R tau accumulation disturbed the astrocytic mitechondrial
system and had very damaging effects. These data are in accordance with the severity
of Pick disease. Indeed, in contrast to PSF, Pick disease is much more aggressive and
damaging, involving huge cortical atrophy [56]. The current study raises many questions
about strategies for clearing free extracellular tau. However, targeting pathological EVs is
very challenging, and further studies are required to characterize EV cargos,/ transport, as
recently described [57-59]. This will help not only in differentiating tauopathies but also in
designing specific tools to block tau spreading.

5. Conclusions

In this study, we have discovered new mechanisms that explain how pathology
spreads from neurons to surrounding astrocytes and alters their functioning, We utilized
several innovative materials and technologies, including viral vectors encoding human



tau isoforms, IPSC-derived astrocytes, human brain samples, microfluidic chambers, and
live high-resolution imaging of mitochondrial biosensors. Our findings shed light on how
astrocytes uptake tau and the functional consequences of this process. Specifically, we
demonstrate that human tau 3R and 4K are equally transferred from neurons to astrocytes,
that tau isoforms are mainly transported via LEVs from neurons to astrocytes, and that
exposure to LEVs with tau 3R pathology has devastating effects on the mitochondrial
systemn of recipient astrocytes.

Supplementary Materials: The following supporting information can be downloaded at: hitps:
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tients, BDF-LEVs were administered at doses of 107, 10° and 107 BDF-EVsfastrocyte. N = 5-7 cultures
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Author Contributions: Study design and conceptualization: E.R., M.C. and LB, Writing, review, and
editing: K.R., M.C. and L.B, Support for manuscript editing: R, E.L, M., and N.T. Experimentation:
RIF, LE, EL, EP, VZ, LC, 5P, RDE, 56 and VI, Funding acquisition: E.R., N.T, M.C.and
L.B. Supervision: KR, and M.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by grants from the Investissement d’Avenir LabEx (Investing in
the Future Laboratory Excellence) program, DISTALZ (Development of Innovative Strategies for a
Transdisciplinary Approach to Alzheimer's disease), Fondation France Alzheimer (project: EV-Tau
and spreading), Fondation Alzheimer (project Ectausome), Fondation pour la Recherche Medicale,
AMR grants (GRAND, TONIC, TAUSEED), and the PSP France Association. Cur laboratories were
also supported by LICEND (Lille Centre of Excellence in Meurndegenerative Disorders), CNRS,
Inserm, Métropole Furopéenne de Lille, the University of Lille, I-SITE ULNE, Région Hauts de
France, and FEDER.

Institutional Review Board Statement: For human- or murine-derived primary cultures, experi-
ments were performed according to an ethics protocol approved by our institutional review committee
(CER-WD} 201 8-01622, Lausanne, Switzerland and APAFIS#2264-2015101320441671 from CEEATS,
Lille, France).

Informed Consent Statement: The study was conducted in accordance with the Declaration of
Helsinki. Brain extracts were obtained from the Lille Neurobank {fulfilling French legal require-
ments concerning biological resources and declared to the competent authority under the num-
ber DC-2008-642) with donor consent and ethics committee approval in compliance with data
protection regulations.

Data Availability Statement: The data presented in this study are openly available on hittp:/ /doi,
org/ 15281 / zenodo. 7759063,

Acknowledgments: We are grateful to the Lille Meurobank and Pr Claude-Alain Maurage for acoess
to the human brain samples. This study was also supported by the Synapsis Foundation and
the Lausanne University Hospital (CHUW). The authors thank the Protein Analysis Facility of the
University of Lausanne, particularly M. Chuadroni, for technical support. We are grateful to UMS-2014
U541 PLBS for access to the confocal microscopy at the U site of the Biolmaging Center Lille and
for their assistance.

Conflicts of Interest: The authors declare no conflice of interest.



References

1.

10.

11.

12.

13,

14.

15.

16,

17,

18.

19.

21.

23

24,

Buee, L.; Bussiere, T.; Buee-Scherrer, V.; Delacourte, A Hof, PE. Tau protein isoforms, phosphorvlation and role in neurodegener-
ative disorders. Brain Res. Brain Res. Rew. 2000, 33, 95-130. [CrossKef] [Pubbed]

Himmler, A Drechsel, D Kirschner, MW Martin, DUW Jro Tau consists of a set of proteins with repeated Ceterminal
microtubule-binding domains and variable N-terminal domains, Maol, Cell Biol, 1989, 9, 1381-1388. [PubMed]

Muller, R.; Heinrich, M.; Heck, 5.; Blohm, D; Richter-Landsberg, C. Expression of microtubule-associated proteins MAF2 and tau
in cultured rat brain oligodendrocyies. Cell. Tissue Res. 1997, 288, 239-249. [CrossRef]

Kahlson, M.A; Colodner, K.J. Glial Tau Pathology in Tauppathies: Functional Consequences. [, Exp. Newroser. 2005, 9, 43-50.
[CrossRef] [PubMed]

Perea, LR Lopez, E.; Dicz-Ballesteros, [.C; Avila, |; Hemandez, F; Bolos, M. Extracellular Monomeric Tau Is Internalized by
Astrocytes. Fromt, Newroscl. 2019, 13, 42, [CrossRef]

Rosler, TW,; Tavaranian Marvian, A.; Brendel, M.; Mykanen, M.F; Hollerhage, M.; Schwarz, 5.C.; Hopfner, F; Koeglsperger, T.;
Respondek, G.; Schwever, K. et al. Four-repeat tanopathies. Prog. Newrobiol. 2019, 180, 101644, [CrossRef]

[keda, M.; Shoji. M_; Kawarai, T.; Kawarabayashi, T.; Matsubara, E; Murakami, T; Sasaki, A_; Tomidokoro, ¥ ; Ikarashi, ¥.;
Kuribara, H.; etal. Accumulation of filamentous tau in the cerebral cortex of human tau R406W transgenic mice, A, [. Pathiol.
2005, 166, 521-531. [CrossRef] [PubMed]

e Calignon, A Polydore, M.; Suarez-Calvet, M.; William, C.; Adamowice, D.H.; Kopeikina, K.J.; Pitstick, R.; Sahara, N.; Ashe,
K.H.; Carlson, G.A; et al. Propagation of tau pathology in a model of early Alzheimer’s disease. Mewron 2012, 73, GH5-647.
[CrossRef]

Asai, Ho; Theaw, 5; Tsuneda, 5 Medalla, M. ; Luebke, |L; Haydar, T Wolozin, B; Butovsky, O; Eugler, 5; Tkeen, T, Depletion of
microglia and inhibition of exosome synthesis halt tau propagation, MNat, Newroscl, 2015, 18, 1584-1593, [CrossRef]

Boelos, M.; Llorens-Martin, M.; Jurado-Arjona, |.; Hernandez, F.; Rabano, A Avila, | Direct Evidence of Internalization of Tan by
Microglia In Vitro and In Vivo. [ Alzheiers Dis. 2006, 50, 77-87. [CrossHef]

Colin, M.; Dujardin, 5.; Schraen-Maschke, 5.; Meno-Tetang, G.; Duyckaerts, C.; Courade, [.P; Buee, L. From the prion-like
propagation hypothesis to therapeutic strategies of anti-tau immunotherapy, Acta Newropathol. 2020, 139, 3-25. [CrossEef]
[Pubhded]

Amro, Z.; Yool, AJ.: Cellins-Praino, L.E. The potential role of glial cells in driving the prion-like transcellular propagation of tau
in tauopathies. Bram Befue, Intmun. Health 2021, 14, 100242, [CrossRef] [PubiMed]

Liu, X.; Ying, |.; Wang, X.; £heng, Q. Zhao, T; Yoon, 5.; Yo, W.; Yang, D; Fang, ¥.; Hua, F. Astrocvtes in Meural Circuits: Key
Factors in Synaptic Regulation and Potential Targets for NMeurodevelopmental Disorders, Fromf, Mol. Neurescl, 2021, 14, 7292735,
[CrossRef]

Fleeman, RM.; Proctor, E.A. Astrocytic Propagation of Tau in the Context of Alzheimer's Disease. Front. Cell Mewrosei, 2021, 15,
545233, [CrossRef] [PubMed]

Mate de Gerando, A.; IYOrange, M.; Augustin, E.; Josephine, C_; Auregan, G.; Gaudin-Guerif, M_; Guillermier, M_; Herard, A5
Stimmer, L.; Petit, F; et al. Neuronal tau species transfer to astrocytes and induce their loss according to tau aggregation state.
Brain 2021, 144, 1167=1182. [CrossRef]

Martini-Steica, H.; Cole, A.L; Swartzlander, D.B.; Chen, E; Wan, Y. W.; Bajaj. L.; Bader, DA, Lee, VMY, Trojanowski, 1.0 Liv, £.;
et al. TFEB enhances astroglial uptake of extracellular tau species and reduces tau spreading. [. Exp. Med. 2018, 215, 2355-2377.
[CrossRef]

Xiao, ¥.; Wang, 5.E; Zhang, ¥; Rostami, A Kenkare, A.; Casella, G.; Yuan, £.0).; Li, X. Role of extracellular vesicles in
neurodegenerative diseases, Prog. Newrobiol. 2021, 200, 102022, [CrossRef] [PubMed]

Leroux, E.; Perbet, B Buee, L Colin, M. Extracellular vesicles in the central nervous system., Med, Sci, 2021, 37, 1133-1138,
I’{_‘I'-:'lh:irh"fl

Rabouille, C. Pathways of Unconventional Protein Secretion. Trends Cell Biol. 2017, 27, 230-240). [Crosslet]

Wan Miel, G.; D*Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Naf. Bro Mol. Cell Biol. 2018,
19, 213=228. [CrossRef]

Fuan, £.; Pathak, D.; Venkatesan Kalavai, 5.; Yoshii-Kitahara, A.; Muraoka, 5; Bhatt, N.; Takamatsu-Yukawa, E.; Hu, J.; Wang, Y.
Hersh, 5.; et al. Alzheimer s disease brain-derived extracellular vesicles spread tau pathology in internenrons. Brain 2020, 144,
28308, [CrossRef] [Pubhbed]

Leroux, E; Perbet, B; Caillierez, R.; Richetin, K.; Lieger, 5; Espourteille, |.; Bouillet, T; Begard, 5.; Danis, C.; Lovens, A et al.
Extracellular vesicles: Major actors of heterogeneity in tau spreading among human tavopathies. Mol, Ther, 2022, 30, 782-797,
[CrossRef]

Chiarini, A.; Armato, U.; Gardenal, E.; Gui, L.; Dal Pra, L Amyloid beta-Exposed Human Astrocytes Overproduce Phospho-Tau
and Owerrelease [t within Exosomes, Effects Suppressed by Calcilytic MPS 2143-Farther Implications for Alzheimer’'s Therapy.
Fromt. Newrosci. 2017, 11, 217, [CrossRef]

Richetin, K; Steullet, P; Pachoud, M.; Perbet, B ; Parietti, E.; Maheswaran, M.; Eddarkaoni, 5.; Begard, 5.; Pythoud, C.; Rey, M.;
et al. Tau accurmulation in astrocytes of the dentate gyrus induces neuronal dysfunchion and memory deficits in Alzheimer's
clisease, Nal. Newrosci. 2020, 23, 1567-1579, [CrossRel] [Pul:hMed)



k1R

33

35.

7.

£s

41.

42.

43,

45.

47,

49.

Braak, H.; Alafuzoff, 1.; Arzberger, T.; Kreteschmar, H.; Del Tredici, K. Staging of Alzheimer disease-associated neurofibrillary
pathology using paraffin sections and immunocytochemistry, Acta Neurapathol, 2006, 112, 389404, |CrossRef]

Thal, D.R.; Rul, U.; Orantes, M.; Braak, H. Phases of A beta-deposition in the human brain and its relevance for the development
of AD. Newrology 2002, 58, 1791-1800. [CrossHef]

Kaech, 5.; Banker, G. Culturing hippocampal neurons. Maf, Profoc. 2006, 1, 2406-2415. [CrossRef] [PubMed]

Dusjarding 5.; Lecolle, K Caillierex, R.; Begard, 5.; Zommer, N.; Lachaud, C; Carrier, 5; Dufour, N.; Auregan, G.; Winderncks, ].;
et al. Meuron-to-neuron wild-type Tau protein transfer through a trans-svnaptic mechanism: Relevance to sporadic tauopathies,
Acta Newrapathol, Commuen, 2014, 2, 14, [CrossRef]

Caillierez, K.; Begard, 5.; Lecolle, K.; Deramecourt, V., Zommer, M.; Dujardin, 5.; Lovens, A.; Dufour, M. Auregan, G.: Windericks,
1; et al. Lentiviral Delivery of the Human Wild-type Tau Protein Mediates a Slow and Progressive Meurodegenerative Tau
Pathology in the Rat Brain. Mol. Ther. 2013, 21, 1358-1368. [CrossEef] [PubMed]

Drujardin, 5.; Begard, 5.; Caillieree, FB.; Lachaud, C.; Carrier, 5.; Lieger, 5; Gonzalez, LA Deramecourt, Vi Deglon, BN Maurage,
C.A et al, Different tau species lead to heterogeneous tau pathelogy propagation and misfolding. Acta Newropathol, Cormn.
2018, &, 132. [CrossRef]

Vega, C.; Pellerin, L.; Dantzer, B.; Magistretti, P]. Long-term modulation of glucose utilization by IL-1 alpha and TWF-alpha in
astrocytes: Na4 pump activity as a potential target via distinct signaling mechanisms. Glie 2002, 39, 10-18. [CrossEef] [PubMed]
Perriot, 5.; Canales, M.; Mathias, A.; Du Pasquier, R, Differentiation of functional astrocytes from human-induced pluripotent
stem cells in chemically defined media, STAR Protoc, 2021, 2, 100902, [CrossRef]

Perriol, 5.; Mathias, A.; Perriard, G.; Canales, M.; Jonkmans, N.; Merienne, N.; Meunier, C.; El Kassar, L.; Perrier, AL Laplaud,
2A et al. Human Induced Pluripotent Stem Cell-Derived Astrocytes Are Differentially Activated by Multiple Sclerosis-
Associated Cytokines, Sten Cell Rep. 2018, 171, 119912100 [CrossEef] [Pubbed]

Polance, .C; Scicluna, B.J.; Hill, AF; Gote, |. Extracellular Vesicles Isolated from the Brains of rTg4510 Mice Seed Tau Protein
Aggregation in a Threshold-dependent Manner, . Biol. Chem. 2016, 291, 12445-12466, [CrossRef]

Dujardin, 5.; Begard, 5.; Caillierez, R.; Lachaud, C.; Delattre, L.; Carrier, 5.; Loyens, A.; Galas, M.C.; Boussel, L.; Melki, R.; et al,
Ectosomes: A new mechanism for non-exosomal secretion of tau protein. PLoS ONE 2014, 3, 100780, [CrossRef] [PubMed]
Sergeant, N.; Sablonniere, B.; Schraen-Maschke, 5.; Ghestem, A.; Maurage, C.A.; Wattez, A.; Vermersch, P Delacourte, A.
Drysregulation of human braim microtubule-associated tau mRMNA maturation in myotonic dystrophy type 1. Hum, Mol. Genet.
2001, 10, 2143-2155. [CrossRef]

Troquier, L.; Caillierez, R.; Burnouf, 5.; Fernandez-Gomez, EJ.; Grosjean, M.E.; Zommer, N.; Sergeant, N.; Schraen-Maschke,
S Blum, [x; Buee, L. Targeting phospho-5erd422 by active Tau Immunotherapy in the THYTau22 mouse model: A suitable
therapeutic approach. Curr. Alzheieer Kes. 2012, 8, 397405,

Espourteille, |.; Zufferey, V; Laurent, .H.; Richetin, K. Live-imaging of Mitochondrial System in Cultured Astrocytes. [ Vis. Exp.
2021, [CrossRef]

Allison, PD. Change Scores as Dependent Variables in Regression Analysis. Sociad. Methodel. 1990, 20, 93-114, [CrossRef]
Verkhratsky, A.; Olabarria, M.; Noristani, H.M.; Yeh, C.Y.; Rodrigues, |.]. Astrocvtes in Alzheimer’s disease. Newrotherapentics
2010, 7, 399412, [CrossHef]

Wu, M.; Zhang, M.; Yin, X; Chen, K; Hu, Z; Zhou, Q.; Cao, X; Chen, Z,; Liu, I The role of pathological tau in synaptic
dysfunchion in Alzheimer’s diseases, Tronsl, Newradegener, 2021, 10, 45, [CrossRef]

Marasimhan, 5.; Changolkar, L.; Riddle, D.M.; Kats, Au; Stieber, A.; Weitzman, 5.4 Zhang, B.; Li, Z.; Roberson, E.D; Trojanowski,
1.02.; et al. Human tau pathology transmits glial tau aggregates in the absence of neurcnal taw, |, Exp. Med. 2020, 217, 220190783,
[CrossRef] [PubMed]

Gollihue, [L; Morris, C.M. Astrocyte mitochondria: Central plavers and potential therapeutic targets for neurodegenerative
diseases and injury. Ageing Res. Rew 2020, 59, 100039, [CrossFef] [Pubbed)

Jackson, 1.G.; Robinson, M.B. Regulation of mitochondrial dynamics in astrocytes: Mechanisms, consequences, and unknowns,
Glia 2018, 66, 1213-1234, [CrossRef] [PubMed]

Stoothoff, W.; Jones, B Spires-Jones, T.L.; lovner, 1.; Chhabra, E.; Bercury, K.; Fan, £.; Xie, H.; Bacskai, B.; Edd, |.; et al.
Differential effect of three-repeat and four-repeat tau on mitochondrial axonal transport. | Newrochene. 2009, 111, 417427,
[CrossRef]

Szabo, L.; Eckert, A Grimm, A Insights into Dizsease- Associated Tau Impact on Mitochondria, Iof, [ Mol, Sei, 2020, 21, 6344,
[{_‘I'-;‘lh_"-r'li_"fl [I:'Ub\(ig‘d]

Fulga, T-A.; Elson-Schwab, 1L Khurana, V. Steinhilb, M.L.; Spires, T.L.; Hyman, B.T.; Feany, M.B. Abnormal bundling and
accumulation of F-actin mediates tau-induced neuronal degeneration in vive. Net. Cell Biol. 2007, 9, 139-148. [CrossHef]
[Pubhded]

DuBoff, B.; Gotz, [.; Feany, M.B. Tau promotes neurodegeneration via DRI mislocalization in vivo, Newron 2002, 75, 618-632,
l’l:_'l'('ll_\_"-rfi_'fl

Cummins, M.; Tweedie, AL Zuryn, 5., Bertran-Gonzalez, | Gotz, |. Disease-associated tau impairs mitophagy by inhibiting
Parkin translocation to mitochondria. EMEBEQ . 2019, 38, e99380. [CrossRef]

Manczak, M.; Reddy, PH. Abnormal interaction of VDACT with amyloid beta and phosphorylated tau causes mitochondrial
dysfunction in Alzheimer’s disease. Hur, Mol, Genet. 2012, 21, 51315146, [CrossTef]



Crert, D; Vieario, M.; Vallese, F; I¥Orsi, B Berto, I Grinzato, AL Catond, C; De Stefani, I; Rizeuto, R Bring, M; et al. Tau
localizes within mitochondrial sub-compartments and its caspase cleavage affects ER-mitochondria interactions and cellular
Caf2+) handling. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 3247-3256, [CrossRef] [PubMed]

Bachmann, 5.; Bell, M.; Klimek, |.; Zempel, H. Differential Effects of the Six Human TAU Isoforms: Somatic Retention of 2N-TAL
and Increased Microtubule Number Induced by 4B-TAU. Fronf. Mewrosci. 2021, 15, 643115, [CrossRef] [PubMed]

Ebneth, A Godemann, K Stamer, K Dlenberger, 5; Trinceek, B; Mandelkow, E. Overexpression of tan protein inhibits
kinesin-dependent trafficking of vesicles, mitochondria, and endoplasmic reticulum: Implications for Alzheimer's disease, [, Cell
Biol. 1998, 143, 777-794. [CrossRef]

Schweers, O Schonbrunn-Hanebeck, E.; Marx, A.; Mandelkow, E. Structural stadies of tau protein and Alzheimer paired helical
filaments show no evidence for beta-structure. [. Biol. Chem. 1994, 268, 2420024297 [CrossKef] [Pubhed]

Amari, L.; Germain, M. Mitochondrial Extracellular Vesicles—Origing and Roles. Fronf, Mel. Newrosci. 2021, 14, 767219, [CrossRef]
Davis, R.L.; Robertson, DM, (Eds.) Textbook of Newropathology, 2Znd ed.; Elsevier: Amsterdam, The Metherlands, 1991; pp. 9168-921,
934-934,

You, ¥.; Muracka, 5. Jedrychowski, M.F; Hu, |: McQuade, AK; Young-Pearse, T.; Aslebagh, R.; Shaffer, S.A.; Gygi, 5. Blurton-
Jones, M.; et al. Human neural cell type-specific extracellular vesicle proteome defines disease-related molecules associated with
activated astrocytes in Alzheimer's disease brain. [, Extracell. Vesicles 2022, 17, 12183, [CrossRef]

Muraoka, 5.; DeLeo, AM; Sethi, MLEL Yukawa-Takamatsu, K Yang, £ Ko, [; Hogan, 1.0 Ruan, 25 You, Y; Wang, Y etal,
Proteomic and biological profiling of extracellular vesicles from Alzheimer’s disease human brain tissues, Alzheimers Dement.
2020, 16, 896907, [CrossKel)

Muraoka, 5.; Jedrychowski, M.E; Yanamandra, K.; Tkezu, 5. Gygi, 5.1 Ikezu, T. Proteomic Profiling of Extracellular Vesicles
Derived from Cerebrospinal Fluid of Alzheimer’s Disease Patients: A Pilot Study. Cells 2020, 9, 1959, [CrossHef]

Disclaimer/Publishers Mote: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributer(s) and not of MOPL and /for the editor(s). MDPLand /or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



Annex 4

-
Karger<

Neurodegenerative
Diseases

Neurodegenerative Diseases, DOI: 10.1159/000538623
Received: December 13, 2023

Accepted: March 28, 2024

Published online: March 29, 2024

Circulating Biomarkers for Alzheimer’s Disease: Unlocking the diagnostic
potential in Low-and Middle-Income Countries, focusing on Africa

Nwamekang Belinga L, Espourteille J, Wepnyu Njamnshi Y, Zafack
Zeukang A, Rouaud O, Kongnyu Njamnshi A, Allali G, Richetin K

ISSN: 1660-2854 (Print), elISSN: 1660-2862 (Online)
https://www.karger.com/NDD

Neurodegenerative Diseases

Disclaimer:

Accepted, unedited article not yet assigned to an issue. The statements, opinions and data contained in this
publication are solely those of the individual authors and contributors and not of the publisher and the
editor(s). The publisher and the editor(s) disclaim responsibility for any injury to persons or property resulting
from any ideas, methods, instructions or products referred to the content.

Copyright:
This article is licensed under the Creative Commons Attribution 4.0 International License (CC BY)

(http://www.karger.com/Services/OpenAccessLicense). Usage, derivative works and distribution are
permitted provided that proper credit is given to the author and the original publisher.

© 2024 The Author(s). Published by S. Karger AG, Basel

¥20¢ AeN 91 uo ysenb Aq Jpd-€298€5000/586981 1/€298ES000/6GL L0 L/10P/APd-8die/PpU/WOS"1aBIEY//:d)Y WOl papeojumoq



Circulating Biomarkers for Alzheimer's Disease: Unlocking the diagnostic potential in Low-
and Middle-Income Countries, focusing on Africa

Luc Nwamekang Belinga>2MD, Jeanne Espourteille!, Yembe Wepnyu Njamnshi®4® MD, Ariole Zafack
Zeukang?®,

Olivier Rouaud?MD, Alfred Kongnyu Njamnshi®**MD, Gilles Allali** MD & Kevin Richetin"?* PhD

1 Department of Psychiatry, Center for Psychiatric Neurosciences, Lausanne University Hospital

(CHUV) and University of Lausanne, 1011 Lausanne, Switzerland

2 Leenaards Memory Center, Department of Clinical Neurosciences, Lausanne University Hospital,

University of Lausanne, 1011 Lausanne, Switzerland.

3 Department of Translational Neuroscience, Brain Research Africa Initiative (BRAIN), 1226 Thonex-

Geneva, Switzerland & 25625 Yaoundé, Cameroon

¥20¢ AeN 91 uo ysenb Aq Jpd-€298€5000/586981 1/€298ES000/6GL L 0L /10P/APd-8die/PpU/WOS"1aBIeY//:d)Y WOl papeojumoq



Abstract

Background: Alzheimer's disease (AD) is emerging as a significant public health challenge in Africa, with
predictions indicating a tripling in incidence by 2050. The diagnosis of AD on the African continent is notably
difficult, leading to late detection that severely limits treatment options and significantly impacts the quality
of life for patients and their families.

Summary: This review focuses on the potential of high-sensitivity specific blood biomarkers as promising tools
for improving AD diagnosis and management globally, particularly in Africa. These advances are particularly
pertinent in the continent, where access to medical and technical resources is often limited.

Key Messages: |dentifying precise, sensitive, and specific blood biomarkers could contribute to the biological
characterization and management of Alzheimer's disease in Africa. Such advances promise to improve
patient care and pave the way for new regional opportunities in pharmaceutical research and drug trials on
the continent for Alzheimer's disease. Introduction

Alzheimer's disease (AD) is a chronic and debilitating condition characterized by progressive decline in
cognitive functions [1]. The impact of AD is significant, affecting approximately 50 million people globally, with
over 2 million cases reported for dementia in Africa [2]. The prevalence of AD on the African continent is
particularly alarming, rising from 3.6 million cases in 2020 to an estimated 16.2 million by 2050 [3] (Fig. 1). This
increasing trend, exacerbated by demographic and epidemiologic transitions coupled with increased life
expectancy, is poised to lead to substantial socioeconomic consequences for patients and families, and large
pressure on healthcare systems in Africa [2]. Significant advancements have been made since 2011 in the
understanding of the pathophysiological mechanisms of AD [4]. These insights have led to considerable
progress in diagnostic and treatment approaches. The use of biomarkers, such as tau and amyloid beta, has
been instrumental in shifting the focus towards in vivo detection of AD [5]. Despite these advances in vivo AD
diagnosis mainly found in high income countries and recent advancements in the development of anti-
amyloid drugs that aim to reduce AD morbidity [6]. Africa is far from these current advancements and faces
unique and pressing challenges in the diagnosis and management of AD (Table 1.) [3]. The African continent
faces a shortage of neuroimaging techniques, such as Magnetic Resonance Imaging (MRI) and CT scans, high
cost of these equipment, their maintenance and lack of sufficient trained personnel [7,8]. In addition to these
challenges, socioeconomic and cultural barriers limit the application of certain diagnostic procedures such
as lumbar puncture [2,9]. Therefore, there is a critical need to explore new context-appropriate approaches
to enhance AD diagnosis and management in Africa, and one of the most promising approaches could be
measure circulating proteins, such as Tau, Amyloid beta, Neurofilament (NfL), and Glial Fibrillary Acidic
Protein (GFAP), which are associated with Alzheimer's and related dementia [10]. These proteins, detectable
in biofluids such as cerebrospinal fluid (CSF) and blood, could offer a more accessible method for garnering
valuable biological insights into AD [10,11]. The implementation of circulating biomarkers could potentialize
the current diagnostic process, guide the selection of additional diagnostic tools, and significantly influence
patient treatment strategies by contributing to the identification of suitable candidates for anti-amyloid drugs
and inform the management of other neurodegenerative diseases. The current lack of biological
characterization of AD in low- and middle-income countries (LMICs), particularly Africa, highlights the urgent
need to include these regions in ongoing clinical trials [12]. Utilizing circulating biomarkers can provide a more
readily available approach for defining the biological aspects of AD in Africa. This review aimed to explore
current diagnostic models for AD, discuss selected combined profiles of circulating biomarkers and their
potential benefits, and discuss the prerequisites for their implementation in Africa.

2- Current Diagnostic models of Alzheimer's disease (AD) and Application Challenges in Low- and Middle-Income
Countries (LMICs).
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A Perspective from High-Income Countries: The initial clinical criteria for Alzheimer's disease (AD) have been
established since 1984, focusing primarily on clinical symptoms [13]. In 2011, a significant revision was made
by the National Institute of Aging (NIA) and Alzheimer's Association (AA), which included definitions of
preclinical and mild cognitive impairment (MCI) stages of AD and related disorders [4]. This revision also
integrated the biological definition of AD with the inclusion of tau and amyloid CSF biomarkers [14]. These
advancements have significantly improved the diagnosis of Alzheimer's disease, transitioning from post-
mortem diagnosis to in vivo detection using a combination of clinical and biological markers [15]. The National
Institute of Aging (NIA) and Alzheimer's Association (AA) proposed the concept of categorizing the clinical
phenotypes of individuals with AD by utilizing biomarker evidence in the cerebrospinal fluid (CSF) and
neurodegeneration [16]. This system evaluates the presence of B-amyloid (A), hyperphosphorylated tau (T),
and neurodegeneration (N), resulting in 8 possible combinations of biomarkers based on clinical profiles [16].
This classification is based on a comprehensive clinical diagnostic approach that includes neurological
and/or psychiatric assessment. Neuroimaging techniques, such as MRI and positron emission tomography
(PET), are employed as exploratory tests to support diagnosis by ruling out other conditions or confirming
specific clinical features [17]. Alzheimer's diagnosis is confirmed by measuring biomarkers present in the
cerebrospinal fluid (CSF), such as the AB42/40 ratio, AB1-42, P-tau, and total tau [16]. These biomarkers help
reduce the diagnostic error rate, which can be as high as 40-45%, when relying solely on clinical-radiological
reasoning in cases of degenerative amnesic syndrome, as reported by Landau et al. in 2016 [18]. However,
depending on the availability of appropriate health systems and medical resources, the accessibility of this
diagnostic procedure is limited in resource-constrained countries, such as those in Africa. The current
diagnostic guidelines for Alzheimer's disease without blood biomarkers in clinical settings also warrant
reconsideration of the existing NIA-AA criteria, which will hopefully be updated [16].

Evolution of Alzheimer's disease pathology and diagnosis: a historical and contemporary perspective in Africa: In
the context of diagnosing Alzheimer's disease in Africa, advancements in biological characterization have
presented a limited number of studies focused on Africa's native population, with the majority related to
epidemiological investigations [2]. Since 1984, studies such as those by Ogeng'o et al. (1996) paved the way
for presenting the first post-mortem characterization of Cerebral Amyloid B Protein Deposits and other
Alzheimer's lesions in elderly cohorts from Nairobi and Dar es Salaam [19]. In 2015, Seggane Musisi and
Stanley Jacobson's book depicted the radiologic presentation of brain degeneration and dementia in Sub-
Saharan Africa [20]. While studies on circulating biomarkers mainly rely on Black American data, Chaudhry et
al.'s 2020 meta-analysis highlighted the lack of diverse inclusion, noting disparities in CSF t-tau and p-tau181
levels between African Americans and White Americans, with no studies on native Africans finding [21]. Other
significant studies by Oye Gureje et al., 2006 [22], Hendrie et al., 2014 [23], and Naslavsky et al., 2022 [24]
showed varying impacts of APOE €4 on AD depending on ancestry. Kim et al. 2016 identified the risk gene CD2AP
in association with plasma homocysteine levels in the African American and Yoruba cohorts [25]. Despite
ongoing research by the African Dementia Consortium [26], there are still significant gaps in robust biological
AD characterization in Africa, which could be due to a variety of factors, including limited regional and
international research funding and challenges in the availability and cost of diagnostic tools. Neuroimaging
tools, such as magnetic resonance imaging (MRI) and CT scans, are prohibitively expensive in sub-Saharan
Africa, making significant obstacles regarding diagnosis accessibility given the average income in Africa [27].
The lack of universal health coverage in many countries is one of the several factors affecting AD management
in Africa [28]. The high costs associated with neuroimaging tools add to the cost of specialized physician
consultation, which leads some patients to seek alternative solutions, including traditional medicine or
religious practices [2,29,30]. Practitioners in resource-limited settings often resort to less expensive
diagnostic modalities based on clinical evaluations and the use of less specific techniques, such as CT scans
or EEGs [31]. Although these methods are more accessible, they are not reliable for identifying AD. The
challenges in the longitudinal monitoring and evaluation of patients, particularly in the use of cerebrospinal
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fluid (CSF), are compounded by ethical considerations regarding techniques such as lumbar puncture,
particularly in older patients [9]. In Africa, where life expectancy ranges between 58 and 65 years and
treatments are not widely available, families often question the necessity of invasive procedures [9,32].
Cultural beliefs also influence the perceptions of neurocognitive impairment, often seen as a normal part of
aging [2,29]. Additionally, the limited availability of multidisciplinary centers and a shortage of trained
healthcare professionals significantly impede an effective response to Alzheimer's disease in some countries,
such as Cameroon in Africa, which has only approximately 60 psychiatrists and 35 neurologists for a
population of over 25 million [33]. Nevertheless, the clinical neuroscience training programs in the Faculty of
Medicine and Biomedical Sciences of the University of Yaoundé | are increasing their output of brain health
professionals, which could bridge these gaps in care and expertise [33]. There are still African countries that
lack adequate neurologists [34]. This shortage of trained healthcare professionals and absence of centers of
excellence present significant challenges for community-based AD diagnosis and care. However, these
challenges are poised for improvement through initiatives such as task-shifting and outreach programs [35].
These initiatives are expected to be significantly bolstered by the collective efforts of scientists across the
continent under the auspices of the Africa Dementia Consortium (ADC) [26]. By combining dementia
researchers in a multidisciplinary framework, ADC aims to generate comprehensive clinical and
socioeconomic datasets that are crucial for improving the characterization of dementia phenotypes in
Africans. These include epidemiological studies focusing on the prevalence, incidence, and risk factors of
dementia, genetic and epigenetic research to understand hereditary influences, and identification of unique
biomarkers for more precise diagnosis. For future research endeavors, ADC intends to leverage existing
resources such as the biobanks of brain samples, cerebrospinal fluid, and blood [36]. This comprehensive
approach of ADC is set to fill critical gaps in dementia research and care in Africa, offering hope for improving
management and understanding of AD in Africa [26]. In the era of intensive research on anti amyloid drugs that
could potentially reduce AD-related morbidity in the coming years, those without biological characterization,
such as the native African population, are excluded from current clinical trials [12]. Circulating biomarkers
could reduce the diagnostic error rate by as much as 40-45%, as noted by Landau SM et al. in 2016 [18], which
relies mainly on clinical-radiological evidence in Africa and could serve as effective preliminary screening
tools for AD diagnosis by identifying individuals who are more likely to benefit from further, more expensive,
and less accessible diagnostic methods, such as CT scans or MRI, and could open regional anti amyloid
clinical trials by detecting amyloid-positive individuals, making suitable candidates for emerging anti-amyloid
drugs. This targeted approach could not only optimize the use of context-appropriate diagnostic tools, but
also ensure that patients receive care tailored to their specific conditions, contributing to a more efficient,
cost effective, and culturally sensitive AD diagnosis and managementin Africa. 3- Current Trends of Research
on Circulating Biomarkers for Alzheimer's Disease

Circulating biomarkers found in biofluids such as blood provide valuable information regarding the diagnosis
and progression of Alzheimer disease [10]. Biomarkers, such as proteins, nucleic acids, microRNAs, and
extracellular vesicles, can be measured using minimally invasive blood sampling techniques (subcutaneous
venipuncture), offering an alternative to current diagnostic procedures for diseases [37]. Blood sampling is a
simple and accessible procedure that can be performed in various healthcare settings with very low levels of
health personnel, making it suitable for resource-limited regions such as Africa. The minimally invasive nature
of blood biomarkers could reduce the discomfort and lack of accessibility associated with invasive
procedures such as lumbar puncture [9].The blood—brain barrier (BBB) has been shown to be affected during
Alzheimer's disease [38]. Due to the breach of the BBB, proteins and nanoparticles, including exosomes, can
leak into the bloodstream. These biomolecules hold potential for the diagnosis of Alzheimer's (Fig. 2) [39,40].
Research on blood biomarkers for Alzheimer's disease has made significant progress, focusing on identifying
reliable markers for screening processes in research settings and monitoring clinical trial [10]. The
development of highly sensitive devices/systems for detecting these biomarkers in blood has also increased
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Some of the most promising biomarkers studied and developed in high-income countries (HICs) are as
follows:

Tau proteins

Tau is a microtubule-binding component that facilitates microtubule polymerization and stability of
microtubules [41]. The human tau protein is encoded by MAPT, which is located on chromosome 17 and
consists of 16 exons [42]. Alternative splicing of exons 2, 3, and 10 generates up to six tau isoform variants in
the human brain [43]. In the normal adult human brain, a balanced ratio of 3R and 4R tau isoforms is
maintained [44]. However, in Alzheimer's disease and other tauopathies, imbalanced 3R:4R tau isoform ratios
in the brain can occur because of altered MAPT pre-mRNA splicing, leading to neurotoxicity [45]. These
imbalances adversely affect pre- and postsynaptic compartment synaptosomes, causing a disruption in
microtubule assembly, axonal transport, and pre- and postsynaptic functions, eventually leading to neuronal
cell death during the later stages of Alzheimer's disease [46]. In AD, tau protein tends to aggregate and become
hyperphosphorylated, with several

phosphorylated sites identified [47]. To diagnose AD, researchers often focus on threonine-181 (p-tau181) and
ptau 217 as significant tau phosphorylation sites in the CSF. An increase in phosphorylated tau 181 and 217,
total Tau in the CSF, and functional neuroimaging are considered the gold standard diagnostic markers for
Alzheimer's disease [47]. Recent research in the context of Alzheimer's disease indicates that changes in the
levels of total tau and phosphorylated tau isoforms 181 and 217 can be detected in the bloodstream due to
neuronal damage and neurodegeneration [48]. A probable practical approach for identifying patients with
Alzheimer's disease (AD) using tau blood tests could include setting a high cutoff for the p-tau217/total tau
ratio and amyloid 42/total tau ratio in blood tests, which appears to correlate well with neurofibrillary tangles
in research settings and could further enhance AD diagnosisin clinical setting [49]. Research on the relevance
of tau proteins in the African context is essential to assistin the preliminary process and enhance clinical trial
selection and monitoring. This is particularly important given the prevalence of other types of dementia, such
as vascular dementia, which could also influence tau measurements. Understanding the specific role and
regulation of tau proteins in native African populations will be crucial for developing more accurate biological
definitions for Alzheimer's disease and related dementias.

- Beta-Amyloid (AB).

Beta-amyloid peptides are essential components of amyloid plaques found in the brains of individuals with
Alzheimer's disease [50]. Alzheimer's is characterized by amyloid B-protein (AB) deposition plaques within the
brain parenchyma and phosphorylated tau in neurofibrillary tangles in neurons [51]. In the past, the diagnosis
of Alzheimer's relied on post-mortem brain tissue analysis in the presence of neurofibrillary tangles. Recent
advancements in imaging technologies, such as PET for brain AP deposition and CSF AB biomarkers, have
significantly improved diagnosis [52,53]. In exploring Alzheimer's disease biomarkers in biological fluids,
particular focus is given to AP and tau proteins, which play central roles in AD pathogenesis [54]. AB in brain plaques
consists of 40-43 amino acids, with AB42 and AB40 being the primary species generated through proteolysis of
amyloid precursor protein (APP) by B- and y-secretases [55]. Most APP undergo non-amyloidogenic processing
by a-secretase, which results in the formation of a non-amyloidogenic fragment called p3. AB42 and AB43, the
longer species, have a high tendency to aggregate and deposit early in the brain, leading to the formation of
highly toxic oligomers that harm neurons [56]. In contrast, AB40 may have antioxidant and anti-amyloidogenic
effects [57]. Dysregulation of amyloid deposition significantly affects glial cells, thereby facilitating detection of AR
pathology in the brain through plasma AP peptides [58]. The biomarker signature of Alzheimer's pathology is
characterized by a relative decrease in the Abetad42/40 ratio [59]. This decrease is likely due to the
sequestration of Abetad2 in the brain tissue, leading to a lower plasma Abeta42/40 ratio, indicative of
Alzheimer's disease pathology in the brain [59]. Recent studies have identified measurable plasma AB42 levels in
Alzheimer's disease (AD) patients, highlighting their potential as diagnostic biomarkers [60]. However, the
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specificity and sensitivity of plasma AB42 are somewhat limited, leading to possible false positives in non-AD
patients and false negatives in those with Alzheimer's [61]. Ongoing efforts are focused on enhancing the
accuracy of plasma AB42 as a diagnostic tool [62]. This is crucial to avoid potential overdiagnosis associated
with amyloid-positive profiles in normal aging or positivity due to other amyloid pathological processes such
as cerebral amyloid angiopathy [63,64].This highlights the importance of a multidisciplinary assessment,
combining plasma AP42 with other biomarker profiles, such as Tau proteins and other protein related to other
neurodegenerative pathways such as NfL could improve diagnostic accuracy for AD and related dementia in

Africa [65—-67].
- Neurofilament light (NfL)

Neurofilament light (NfL) is a prominent protein found in all axons of the neurons in the central nervous system
[68]. It forms cylindrical and light subunits, constituting the dynamic network involved in neuronal
differentiation and providing structural support to neurons [68]. Neurofilaments play essential roles in axonal
growth, stability, maintenance of mitochondrial stability, and microtubule content [69]. Additionally, distinct
neurofilament isoforms have been discovered to maintain the structure and function of dendritic spines
associated with the synaptic status [70].

Neurofilament light is particularly crucial to study, as it seems to be involved in various pathophysiological
processes leading to neurodegeneration [71]. Following axonal damage or neurodegeneration,
neurofilaments or their fragments are released from the neurons [72]. The specific peptide species released
and the mechanisms responsible for their release have not been clearly characterized [69]. This release can
occur actively, for example, through exosomes, or passively due to loss of neuronal membrane integrity [73].

Different supramolecular structures or isoforms of neurofilaments may exhibit different degradation rates
[69]. Studies on pathways for trafficking other proteins suggest that degraded neurofilament proteins may
enter the peripheral circulation via perivascular drainage along the basement membranes of arteries,
eventually reaching the cervical or lumbar lymph nodes and entering the blood [69]. In the central nervous
system, NfL (the most soluble and abundant subunit) is likely to be released from damaged neurons into the
blood following neurodegeneration or axonal damage [74]. This makes NfL a valuable marker for neuronal
damage, especially in brain diseases such as AD, multiple sclerosis or motoneuron disease [75-77]. Recent
studies have shown increased NfL levels in the CSF and blood of patients with AD, with significantly higher
plasma NfL levels in patients with AD and Mild Cognitive Impairment (MCI) thanin controls [78]. These studies
have also associated NfL with cognitive, biochemical, and imaging hallmarks of the disease [79].
Consequently, researchers have proposed plasma NfL concentration as a minimally invasive biomarker for
assessing neurodegeneration in AD and other brain diseases [80]. Considering the potential of NfL biomarkers
in monitoring Alzheimer's disease progression, NfL could be helpful in assessing early neurodegeneration,
thus aiding decision-making for the preliminary screening process in Low- and Middle-Income Countries
(LMICs). It is crucial to standardize the measurements of NfL biomarkers accurately while also considering
potential biases, such as age, dementia staging (non-demented, MCI, dementia), and other neurological
disorders, which could significantly impact its biological relevance. Moreover, the generalincrease in NfL may
complement P-tau and AP biomarkers, as it captures a broad spectrum of neurodegenerative diseases in
Africa. Investigating the relationship between AD specific P-tau217 and the general neurodegeneration marker
NfL in Africa could offer a promising direction for molecular epidemiological studies.

- Glial Fibrillary Acidic Protein (GFAP)

Astrocyte activation, a principal component of the blood-brain barrier, leads to the secretion of specific
proteins including GFAP [81,82]. GFAP exhibits increased expression and concentration in proximity to AB
plagues [82]. This process contributes to the accumulation of other proteins, such as tau, which further
complicates the disease [83]. More recently, Bellaver et al. conducted a multisite study involving three
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cohorts, demonstrating that the presence of astrocyte reactivity assessed by plasma GFAP levels could
represent a pivotal biomarker abnormality for biologically determining the association between AB burden and
early tau phosphorylation and aggregation in preclinical AD and for selecting cognitively unimpaired individuals
for clinical trials [58]. This finding is particularly significant for identifying cognitively unimpaired individuals
who may be potential candidates for clinical trials[58]. This detection is particularly relevant for identifying
individuals at high risk of developing amyloid pathology, allowing for timely stratification and intervention [58].
Studies assessing the accuracy of plasma GFAP in the context of Alzheimer's disease, particularly in relation
to neuroinflammation induced by comorbidities such as infectious and vascular diseases, could be beneficial
in Africa.

e Combining validation of current circulating biomarkers profiles could offer potential biological evidence of

Alzheimer's Disease in native African patients.

The field of Alzheimer's disease diagnosis through circulating biomarkers is incredibly dynamic, and ongoing
research aimed to enhance their accessibility in resource-constraints countries. For Africa which present
different comorbidity such as infectious diseases, cardiovascular and metabolic disorders, it could been
challenging to define AD limited to A+ T+ profiles pushing us to believe that validation of the combined
profiles of biomarkers panels in multidisciplinary approach combining clinical phenotype with biomarkers
panel where NfL (indicative of neuronal damage and aspecific neurodegeneration), beta-amyloid ratio
(reflecting altered amyloid homeostasis), various forms of P-Tau (signaling disruption of Tau homeostasis),
genotyping characterization (African polygenetics risk and epigenetics factor) [84], and GFAP (indicative of
altered astrocytic homeostasis) in the context of Alzheimer's disease could be a potential strategy to
navigate into biological definition of AD in Africa context strategy [16,58,65-67,85].

For individuals with cognitive impairment or mild cognitive impairment who are plasma biomarker profiles
categorized as either AB-positive/Tau-negative (A+/T-) or AB-positive/Tau-positive (A+/T+), knowing that
amyloid presence could be detected in the normal aging state or indicate a preclinical Alzheimer's
pathological change without AD symptoms, plasma GFAP levels could indicate AB burden and early tau
phosphorylation and aggregation, contributing to the assessment of the risk of developing Alzheimer's disease
or other types of dementias and for patients presenting clinically with an AD-like phenotype and plasma AD
biomarker profiles (A+; T+) [16,58,65-67,85], Neurofilament Light Chain (NfL) can be used to evaluate
additional neurodegenerative pathways[80].These efforts aims to mitigate the risk of false-positive
biomarkers profiles and also highlight the necessity for a comprehensive evaluation of AD diagnosis by
integrating Africa biological data in global AD scope and could be particularly valuable in the selection and
expansion of candidate pools for regional clinical trials regarding the hope around anti-amyloid drugs or
other current AD drug trial [6,86].

e Extracellular Vesicles (EVs)

One of the major challenges associated with highly expressed brain-derived proteins is their low detection in
the blood [87]. This is primarily due to the masking effect of overexpressed proteins, such as albumin and
immunoglobulins, which can sometimes bias the results [88]. Additionally, the presence of proteases in the
blood may contribute to the degradation of key diagnostic proteins [89]. In this context, researchers have
focused on circulating EVs in blood as potential carriers of biomarkers [90]. EVs are nanoparticles composed
of a lipid bilayer that surrounds various bioactive cargo [90]. For example, EVs can contain lipids, proteins
(and protein aggregates), DNA, RNA (including mRNA and miRNA), and functional receptors and organelles
secreted by cells [91]. Unlike free proteins, this cargo is shielded from circulating enzymes by a protective
lipid bilayer. Under physiological conditions, EVs are involved in intercellular signalling, shuttling of cargo
from one cell to another, and the intracellular degradation of debris [92]. They are secreted by all cell types,
including the various brain cells. Once secreted, these brain-derived EVs (BD-EV) can remain locally in the
interstitial fluid (ISF) of the brain, but they can also cross the choroid plexus to enter the CSF, as well as cross
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the BBB to enter the peripheral vasculature [93,94] Therefore, we found that BD-EV circulate among free
proteins in the blood.

In the context of Alzheimer's disease, EVs are known to maintain their shuttling capacity, actively transport
pathogenic tau, and seed it into recipient cells [93]. It is likely that EVs contain a wide variety of pathogenic
cargo related to these disruptions, not limited to tau, which can indicate the pathological state of the brain. In
this context, EVs can facilitate a comprehensive search for brain biomarkers in the blood, as the full protein
content of these nanoparticles can be studied independently of contaminating blood proteins. Research
combining this concept with the measurement of currently established biomarkers could yield powerful
diagnostic tools, enabling clearer differentiation between healthy and AD trajectory patients in sub-Saharan
Africa.

4- Benefits and challenging perspectives of using These Circulating
Biomarkers in Africa

By combining the profiles of these biomarkers, which are commonly used in research settings and drug
monitoring trials, their efficiency can be valuable in the decision-making process. These biomarkers aim to
provide preliminary biological insights into AD, aiding in the early identification of potential cases, which is
crucialin settings where neuroimaging tools are scarce and not widely accessible. Circulating biomarkers are
designed to complement traditional diagnostic methods that mostly rely on clinical-radiological evaluations
in Africa. Our approach is consistent with the current diagnostic process in Africa; integrating biomarkers as
part of a broader assessment strategy could provide several advantages, such as enhancing the screening
process and providing an African biological definition of AD. Validating these circulating biomarkers could
offer numerous advantages for the diagnosis of AD in African countries.

Accessibility and minimally invasive nature of blood biomarkers: Blood sampling is a straightforward procedure
that can be easily conducted in diverse healthcare settings in low- and middle-income countries (LMICs).
Additionally, the majority of available quantitative or amplifying protein devices, such as mass spectrometry
or SIMOA technology, are semi or not fully semi-automated, opening new opportunities for research capacity
building on the continent [95]. In sub-Saharan Africa, the blood is commonly used to diagnose various
diseases. This minimally invasive method is more easily integrated in the diagnosis process of diseases on the
continent than other techniques such as lumbar puncture [9]. Implementing blood in the screening process
for Alzheimer's disease allows for easier and broader implementation, particularly in regions with limited
access to specialized facilities or resources.

Orienting the decision-making process: In Africa, AD diagnosis primarily relies on clinical and radiological
evidence, with a potential error rate between 40 and 45%, as reported by Landau et al. [18]. Considering
Africa's unique health landscape marked by prevalent infectious and non-communicable diseases, we
propose a targeted biomarker panel comprising amyloid, P-tau, Total Tau, GFAP, and Neurofilament Light.
This selection was guided by the current diagnostic process in Africa, alighed with the current NIA-AA
Research Framework AT(N) classification. As already described, plasma GFAP could be particularly valuable
in determining the association between the AB burden and early tau phosphorylation and aggregation in
preclinical AD. Moreover, in patients with strong biological evidence of AD (plasma A+T+), Neurofilament Light
can help assess axonal integrity and neurodegeneration beyond AD. In undetermined cases, additional CT
scans or MRI can be instrumental in ruling out other neurodegenerative pathways in Africa, reducing the
financial burden due to their primary intention use. Combining clinical diagnoses with validated blood
biomarkers also aids in timely intervention and improves therapeutic strategies for disease management.

Expanding the Framework of Clinical Trials: Circulating biomarkers offer potential extension of clinical trials for
Alzheimer's disease in LMICs, given that current global trends demonstrate the low representation of some
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subpopulations, such as native Africans [96]. Expanding clinical trials to diverse populations, including LMICs,
is crucial to ensure the generalizability and applicability of ongoing treatment trials [12]. These can serve as
measures for monitoring treatment responses, assessing disease progression, and identifying suitable
participant candidates for clinical trials in the LMIC regions. Moreover, the potential of African medicinal
plants as novel therapeutic approaches to dementia care in these countries can be better studied within the
framework of improved traditional medicines for dementia and related disorders [97,98]. The incorporation of
blood biomarkers into clinical trial protocols allows for a more diverse population and comprehensive
evaluation of therapeutic interventions, facilitating the monitoring and development of effective treatments.
Therefore, circulating biomarkers may offer novelregional perspectives for clinical trials. This willenhance the
inclusion of underrepresented populations and contribute to the advancement of clinical research,
particularly in Africa. Increasing representation of neglected populations of African ancestry in global genetic
research: Although populations from the African continent have been increasingly included in recent genetic
studies, there is still a notable underrepresentation in studies focusing on circulating biomarkers for
Alzheimer's Disease (AD) and related dementias. Pioneering initiatives, such as the Human Heredity and
Health in Africa (H3Africa), Health and Aging in Africa (HAALSI), and Africa Dementia Consortium (ADC) are
crucialin propelling genetic studies on the continent [36]. Assessing the polygenic risk of AD in biofluids could
greatly enhance our understanding of the disease and ensure that genetic studies worldwide accurately
represent African ancestry populations. This focus is vital in AD research, enabling a more thorough
exploration of the disease spectrum, while considering the unique genetic diversity and environmental factors
prevalent in African populations.

Addressing Ethical and Cultural Concerns: Practitioners often face ethical dilemmas when dealing with aging
patients exhibiting neurocognitive decline, particularly in families that view it as a normal part of aging or
through the lens of traditional beliefs [2].Additionally, there is reluctance to label a condition without available
treatments or because of the cost of investigation. However, with emerging anti-amyloid drugs, the necessity
for screening may be more easily communicated to the patients. Moreover, the lack of strong biological
evidence, which can be addressed using blood biomarkers, may help to resolve these ethical and cultural
concerns.

5- Requirements before implementing circulating biomarkers in LMICs

Although the potential benefits (Table 2.) of using circulating biomarkers for Alzheimer's disease in Africa and
other LMICs could be promising, there are several considerations that require further investigation before their
clinical application can be piloted and scaled up.

Infrastructure: Infrastructure plays a major role in the successful use of circulating biomarkers for AD
diagnosis and research. This requires the availability of equipment, such as proteomic and quantitative
amplifying protein detection devices, which are expensive and require the presence of trained bioengineers
and other specialized researchers in the region. In addition, the availability of computational devices for
analysis and a reliable electricity supply is essential for sample preservation, processing, and analysis.
However, overcoming the challenges related to protein/extracellular vesicle extraction, proper sample
handling, training national teams, and establishing a robust supply system on the continent is possible in the
short term, whereas other aspects can be overcome in the middle and long terms.

Stakeholders: Implementing new initiatives in resource-constrained regions, such as improving the diagnosis
of Alzheimer's diseases using circulating biomarkers, could face challenges due to specific regional
legislation and regulations. Administrative procedures for ethics in research or clinical applications of
research could be long and difficult to obtain, especially when other prevalent diseases with higher
epidemiological burdens are prioritized in these countries. Convincing regional healthcare authorities or
researchers to adopt new initiatives or deviate from their usual processes may be challenging. Therefore, it is
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crucial to include all stakeholders, especially key stakeholders, in the discussion and fully involve them in
every project, collaborating with national teams and initiatives to increase their sensitivity, participation, and
ownership of change. This approach is vital to advocate for action, policy development, and support in the
region regarding the importance and urgency of the diagnosis and management of Alzheimer's disease and
related dementias, as was recently declared in Nairobi during the LMIC conference on dementia [36].
Examples of networks and partnerships established by the Africa Dementia Consortium, Africa Biofluid Brain
Biobank (A4B), and the Brain Research Africa Initiative (BRAIN) can be very useful in this regard [99].

Standardization of measurement techniques, including sample collection, processing, and analysis
methods, is crucial for ensuring consistent and comparable results across different studies and settings.
Collaborative efforts among researchers, training of national healthcare professionals, and the creation of
regional and subregional centers of excellence for AD research, diagnosis, and management can lead to the
establishment of consensus guidelines for standardizing measurement techniques.

Validation:

Validation studies in diverse populations are essential to assess the diagnostic accuracy and clinical utility of
circulating biomarkers. These studies should consider various factors, including ethnicity, postmortem brain
characterization, neuroimaging (particularly PET amyloid, or tau); CSF circulating biomarkers validation,
genetic background, educational level, cultural and linguistic aspects of cognitive assessment, and
comorbidities in Africa. These factors can significantly influence and add nuances to the biological
interpretation of blood biomarkers during screening. The reliability and applicability of circulating biomarkers
can be better understood through studies with a broad range of samples. Subregional and regional dementia
initiatives such as the Africa dementia consortium and transnational projects such as the Africa Biofluid and
brain biobank (A4B) present valuable opportunities for the validation and implementation of these biomarkers
with rigorous study designs, comprehensive data analysis, and careful consideration of covariates that may
impact biomarker utilization to ensure the accurate interpretation of results and Diagnosis.

Feasibility studies: Continued research efforts are required to identify novel biomarkers for the diagnosis of
neurodegenerative disorders on the continent, not limited to the current candidates. Emerging technologies,
such as proteomics, metabolomics, and genomics, can aid in the discovery of new biomarker candidates in
different African subpopulations. By exploring these avenues, more specific and sensitive circulating
biomarkers can be identified, leading to improved diagnostic accuracy and monitoring of neurodegenerative
diseases in Africa and in other LMICs.

Prevention: We firmly believe that implementing risk-reduction strategies even before the onset of dementia
symptoms is a valuable and cost-effective approach for integration into the dementia plan framework in the
African context. This strategy entails a strong emphasis on potentialinterventions addressing cerebrovascular
risk factors, identification of genetic risks and epigenetic modifications, effective management of
comorbidities, consideration of socioeconomic factors, and promotion of education within the region [100]
(Fig. 3). Additionally, promoting lifelong cognitive reserve [101], cultivating a resilient environment, promoting
brain activity, and necessitating the active participation of practitioners, populations, local associations,
government bodies, and all stakeholders to ensure effective communication and comprehensive strategies
[101]. Interventions targeting molecular mechanisms related to aging modifications, such as Alzheimer's
disease and other related diseases, may be crucial for alleviating the escalating burden of dementia in Africa
and other LMICs.

Conclusion

Alzheimer's disease poses significant challenges in low- and middle-income countries, especially in Africa,
where the current diagnostic model relies heavily on clinicoradiological evidence. This approach leads to a
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high risk of misdiagnosis and excludes many patients from current clinical trials owing to the lack of well-
characterized patients or a strong biological definition of AD, which is often hampered by infrastructure
limitations, economic burdens, and ethical or cultural discussions. By enhancing the screening process and
research in Africa, blood biomarkers could address these challenges. Combining the profiles of biomarkers
associated with

neuroinflammation and vascular modulation, such as GFAP, tau, Nfl, and amyloid beta proteins, could
provide a minimally invasive, cost-effective, and timely approach for decision making. This method could also
filter out patients needing additional investigations, such as CSF or neuroimaging, thereby expanding clinical
trial participation in the African population. However, to fully harness the potential of circulating biomarkers
in Africa, it is crucial to standardize measurement techniques and conduct validation studies that consider
various confounding factors. Ongoing research efforts are essential for identifying novel biomarkers and
utilizing emerging technologies for better diagnosis and monitoring of Alzheimer's disease in the African
context. This shiftin the diagnostic model towards circulating biomarkers could lead to more accessible, cost-
effective, and culturally appropriate healthcare in Africa. Funding and collaborative research are vital for
validating and integrating these biomarkers into clinical practice, improving patient outcomes, and reducing
burden on families and communities.
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Figure legends

Fig. 1. Alarming Surge in Alzheimer's Disease Cases Expected in Africa by 2050. (A) Diagram illustrating the
projected increase in AD across the continents. (B) Map displaying doctor-to-population z-scores by
country. (C) Histogram showing the average MRI densities (z-score) by continent in 2019. The data for this
figure were obtained from the WHO Health Organization website (https://www.who.int).

Fig. 2. Brain Secretome: A Promising Diagnostic Tool for Alzheimer's disease. This illustration depicts the
various proteins increased (arrow up) and decreased (arrow down) in the brain of an Alzheimer's patient,
which are secreted into biofluids such as cerebrospinal fluid (CSF) and blood in free form (circulating Brain -
Derived protein) or in extracellular vesicles (circulating Brain-derived EV).* for P-Tau include : pTau-181,
pTau-199, pTau-

202, pTau-205, pTau-217, pTau-231 and pTau-396

Fig. 3. Summary of possible areas of intervention for dementia prevention in Africa. This illustration describes
the areas of intervention essential for preserving cognitive health in Africa's diverse landscapes. From communi
education to targeted healthcare, these strategies address the unique challenges faced by the continent in its
fight against dementia.
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Table 1. Summary of the different challenges related to diagnosis access for Alzheimer's disease in
Africa.

Not enough healthcare resources

Concerns about certain diagnostic methods

Not enough specialized doctors or centers

Inadequate healthcare coverage

Expensive diagnostic tools

Unsuitable nature of tools to local culture and education levels
high economic burden, along with other health priorities

Lack of data on dementia and CSF biomarkers.
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Table 2. Summary of the benefits of using circulating biomarkers for Alzheimer's disease in Africa.

Providing biological support for the screening process

Expanding clinical trials with diverse participants
Inclusion of populations of African ancestry in genetic studies

Dealing with ethical and cultural issues

Establishing patient cohorts for disease monitoring over time
Speeding up diagnosis confirmation talks

Improving patient counseling and support

Demystifying disease misconceptions using evidence

Using easy and appropriate technology for biomarker measurement
Cost-effective and minimally invasive approaches

Increasing global biomarker data

Supporting evidence-informed policy.
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Abstract

Background: Tauopathies encompass a spectrum of neurodegenerative disorders which are marked by the
pathological aggregation of tau protein into paired helical filaments (PHF-tau), neurofibrillary tangles (NFTs)
and Glial-fibrillary tangles (GFTs). These aggregates impair cellular, mitochondrial, and synaptic functions. The
emergence of extracellular tau (ePHF-tau), featuring a myriad of isoforms and phosphorylation states,
presents a challenge in comprehending its nuanced effects on neural cells, particularly concemning synaptic

and mitochondrial integrity.

Methods: We studied the impact of ePHF-tau (2N4R) on different states and ages of primary cultures of rat
neuroglia. Using confocal microscopy and proteomic analysis of synaptosomes, we studied the impact of
ePHF-tau on neurite and synapse number. We monitored mitochondrial responses in neurons and astrocytes

over 72 hours using advanced fluorescence microscopy for dynamic, high-throughput analysis.

Results: Treatment with ePHF-tau has a strong effect on the neurites of immature neurons, but its toxicity is
negligible when the neurons are more mature. At the mature stage of their development, we observed a
substantial increase in the density of the PSD-95nGIut1 zone in neurite, suggesting altered synaptic
connectivity and ePHF-tau excitotoxicity. Proteomics revealed significant changes in mitochondrial protein in
synaptosomes following exposure to ePHF-tau. In the neuronal compartment, real-time imaging revealed rapid
and persistent mitochondrial dysfunction, increased ATP production, and reduced mitochondrial turnover. In
contrast, we observed increased mitochondrial turnover and filamentation after treatment in the astrocyte

processes, indicating cell-specific adaptive responses to ePHF-tau.

Conclusions: This study sheds light on the intricate effects of extracellular tau aggregates on neuronal and
astrocytic mitochondrial populations, highlighting how tau pathology can lead to mitochondrial disturbances
and synaptic alterations. By delineating the differential responses of neurons and astrocytes to ePHF-tau, our
findings pave the way for developing targeted therapeutic interventions to mitigate the detrimental impacts of

tau aggregates in neurodegenerative diseases.
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Background

Under healthy conditions, the tau protein plays a crucial role in stabilizing microtubules within neurons, which
is vital for presenving cellular architecture and facilitating intracellular transport mechanisms [1]. However, as
individuals age, the brain may exhibit abnormal accumulations of tau protein, forming insoluble paired helical
filaments {PHF-tau). These can further aggregate into neurofibrillary tangles (MFTs), which are composed of
various phosphorylated tau species. This phenomenon underpins the pathology of a diverse group of
disorders known as tauopathies, which encompass more than 20 diseases, such as Alzheimer's disease
(4.D.), progressive supranuclear palsy {PSP), and frontotemporal dementia (FTD) [2]. Despite the common
feature of fau accumulation in tauopathies, significant distinctions exist regarding the distribution of tau
pathalogy, the occurrence of tau inclusions in glial cells, the association with other neuropatholegical features

such as amyloid deposits or Lewy bodies, and the specific tau isoforms and agaregates present [3].

Much research has focused on the deleterious effects of intracellular Tau aggregation, particulary concerning
synaptic functions and mitochondrial integrity. Various tau species, including extracellular NFTs and PHF-tau
(ePHF-tau), can be released into the exitracellular space during neurodegenerative states. This process of cell-
fo-cell transmission has been thoroughly investigated, revealing how it facilitates the spread of tau pathology
by compromising the function of endogenous tau in neighboring neurcns [4,5]. Studies have shown that
extracellular paired helical filaments (PHFs) can trigger extensive tau accumulation within neurites, mainly
affecting postmitotic neurons [6]. It has also heen suggested that PHFs indirectly inferfere with dyneinfkinesin-
mediated axonal transport, underscoring the intricate impact of tau on neurcnal function [7]. The wide
variahility of extracellular tau, including differences in isoform and phosphonylation levels, complicates our

understanding of its exact pathophysiological consequences on synaptic structures.

Although most of the related work has focused on understanding the deleterious effects of various forms of tau
on neurons, several studies have recently demonstrated that glial cells, parficularly astrocytes, are capable of
accumulating tau in its hyperphosphorylated and aggregated form in different contexts and pathelogies. In this
context, we previously demonstrated that the mitochondrial system is particularly susceptible to the different
forms of 3R and 4R Tau that accumulate or recover [8,5]. To further extend our understanding of the cellular
and mitochondrial impacts of Tau pathology, we explored the impact of ePHF aggregates on 2D pure neuron
rat primary cultures and 3D neurc-glia rat primary cultures. We aimed to decipher the mechanisms by which
ePHF influences cell function through an integrative approach combining confocal imaging, realtime

fluorescence imaging and proteomics analysis of synaptosomes. We shed light on the complexity and
temporality of the effect of ePHFs on different synaptic compariments, with a particular focus on the

mitochondrial system of neurites and astrocytic processes. This work reveals the subtle perturbations induced
by ePHF-tau and its ability to modulate synaptic architecture through its differential effects on the mitochondria

of neurons and astrocytes.
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Methods

Isolation of human brain derived PHF

Tau paired-helical filaments (PHF) were isolated from post-moriem frontal coriex tissue of an Alzheimers
disease (A.D.) patient (purchased from Tissue Sclution). The ennchment procedure was modified from Jicha
et al, 1957 and Rostagno and Ghiso, 2009. Briefly, approximately 15 g of frontal corex tissue were thawed on
ice and homogenized using a glass Dounce homogenizer in 50 mL of a homogenization buffer consisting of
0.75 M NaCl, 100 mM (MES) pH 6.8, 1 mM EGTA, 0.5 mM MgSO4, 2 mM DTT, and protease inhibitors
{Complete; Roche 116974928001). The homogenate was then incubated at 4°C for 20 min for microtubule
depolymerization, before heing fransferred into polycarbonate cenfrifuge bottles (16 x 76 mm; Beckman
355603) and centrifuged at 11,000 g (12,700 RPM}) in an ultracentrifuge {Beckman, XL100K) for 20 min at 4°C
using the pre-cooled 70.1 rotor (Beckman, 342184). Pellets were kept on ice. Supermnatants were pooled into
polycarbonate bottles and centrifuged again at 100,000 g (38,000 RPM) for 1 h at 4°C in the 70.1 Ti rotor to
isolate PHF-rich pellets, whereas soluble tau remained in the supematants. The pellets from the first and
second centrifugations were resuspended in 120 mL of extraction buffer [10 mM Tris-HCI pH 7.4, 10%
sucrose, 0.85 M NaCl, 1% protease inhibitor (Calbiochem 539131), 1 mM EGTA, 1% phosphatase inhibitor
(Sigma P5726 and P0044)]. The solution was then transferred into polycarbonate centrifuge bottles (16 x 76
mm; Beckman 355603) and centrifuged at 15,000 g (14,800 RPM) in an ultracentrifuge (Beckman, XL100K)
for 20 min at 4°C using the 70.1 Ti rotor. In the presence of 10% sucrose and at low-speed centrifugation,
most PHF remained in the supematant whereas intact or fragmented NFTs and larger PHF aggregates were
pelleted. The pellets were discarded. 30% Sarkosyl (Sigma L7414-10ML) was added to the supematants to a
final concentration of 1% and stirred at R.T. for 1 h. This solution was then centrifuged in polycarbonate bottles
at 100,000 g (38,000 RPM) for 1 h at 4°C in the 70.1 Ti rotor, and the pellets containing PHF-rich material
were resuspended in 50ul PBS/ 1g of brain tissue. The resuspended PHF was then sonicated on ice for 60s

with 1s-onM1s-off cycles at 20% amplitude. Aliquots were snap frozen and stored at -80°C.

Preparation of Tau aggregates

Tau PHF isolated from Human A.D. brain was used as seed to induce the templated aggregation of human full
length 2N4R Tau monomers (35ubd, Biotechne in a 72h incubation at 37C on a shaker at 1000 rpm . These

aggregates were stored at -20°C. Three days hefore the treatment of neurons, these aggregates were thawed
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and used as seeds (1:200) in a secondary aggregation reaction in the presence of 10 gM tau monomers (72h

at 37C, 1000 rpm).

Lentiviral vector production and infection

The L.V.s were pseudotyped as vesicular stomatitis virus glycoprotein G (VSV-G). LV-PGK-MitoTimer and Lv-
PGK-MitoGoTeam2 (G1B3 promoter instead of PGK for astrocytes) were produced by transfection of human
embryonic kidney {(HEK) 293T cells (mycoplasma-negative, ATCC, LGC Standards GmbH, Germany). LV.s
were concenfrated by ultracentrifugation and resuspended in phosphate-huffered saline (dPBS, Gibco, Life
Technologies, Zug, Switzerland) supplemented with 1% bovine serum albumin {BSA, Sigma | Aldrich, Buchs,
Switzerland). The viral particle content in each batch was determined using a p24 anfigen enzyme-linked
immunosorbent assay (p24 ELISA, RETROtek; Kampenhout, Belgium). The stocks were stored at —80°C until
use and diuted to 100,000 ng/ml in PBES/1% BSA. For neuronal expression of mitochondrial biosensors, cells
were infected at DIV 5 with lentiviral vectors (L.V.5) expressing reporter genes, mainky in neurons. The LV-PGE
vectors used in this study have been previously described by Schwab and colleagues [10]. The reporter gene
contained a woodchuck hepatitis virus B postregulatory element (WPRE) and the mouse PGE promoter.
Astrocytes were infected at 8 DIV with lentiviral vectors (LV) expressing the mitochondrial reporter gene. The
gfaABC1D promoter was ligated to enhancer B(3) to generate the G1B3 promoter, which was subsequently
cloned and inserted into the SIN-cPPT-gateway-WPRE-mIR124T transfer plasmid, which contains four copies
of the neuron-specific miRNA-124 target sequence (miR124T; full homology) to repress fransgens expression
in neurons, WPFRE and the central polypurin tract (cPPT) to increase transgens expression and a 400-

nuclectide deletion in the long 3' terminal repeat (seli-inactivating vector) to increase hiosafety.

20 Primary pure neuron culture

Rat primary cortical cultures were prepared from Sprague-Dawley rats (Charles River Laboratories LArbresle,
France) at postnatal day 1. The neocortex and hippocampus were isolated by removing the dura, brainstem,
olfactory bulbs and subcortical regions. Isolated cortex and hippocampus were cut into small pieces and
dissociated by enzymatic digestion for 30 minutes at 37°C in dissociation huffer (papaine, CaCl2, EDTA, and
HEFES; all from Invitrogen, Carlsbad, CA, USA). DNase (Invitrogen, Basel, Switzerland) was added, and the
mix was incubated for another 30 min at 37C. After mechanical dissociation consisting in pipetting the tissue
up and down, the cell suspension was passed through a cell strainer and dispersed cells were plated onto 96-
well tissue culture plates coated with poly-D-Lysine (Corning, 3841) at 20K cellsfwell. Cells were plated in

Meurobasal medium (Invitrogen, Basel, Switzerdand) without phencol red, with the addition of L-glutamine (2
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mM; Sigma, Buchs, Switzerland), 10% FCS (Invitrogen, Basel, Switzerland), and penicillin‘streptomycin
(Sigma, Buchs, Switzerland) and incubated at 37C in the presence of 5% COZ2. 1.5 hours after plating the
cells, the medium was replaced with Neurcbasal medium containing 2mM L-Glutamine, B-27TM (Gibco,
17504-044), and penicillin/streptomycin. After 4 days in culture, cell proliferation was blocked by treatment with

2.5 uM cytosine arabinoside (Invitrogen, Basel, Switzerand).

3D Primary neuron-glial cultures

For 3D culture, hippocampus of E17 Wistar rat embryos was dissecied, and the cells were dissociated with a
neuronal dissociation kit (130-092-628). Mixed cells were plated at a density of 30K cells/cm2 in 24-well or 96-
well glass-hottom plates (Ibidi 82426, Coming™ 356234) coated with Matrigel in 200 pM DMEM (Gibco
41965-039, 25 mM glucose) supplemented with 025% L-glutamine (Gibco, 25030081), 1%
penicillin/streptomycin (Thermo Fisher Scientific 15140-122) and 2% B27 (17504044, Gibco) and incubated at

37°C and 5% CO2.

Immunofluorescent stainings

Three days after treatment, cells were fixed with 4% PFA (Sigma, 158127-500G) for 15 min at 37°C and stored
in PBS at 4°C for further analysis. All the incubations and extractions were camried out in PBST (10010-015,
Gibco), 0.3% Triton X-100 (Sigma—Aldrich, X100-100ML), and 3% NHS (Gibco, 16050-122). Primary antibody
incubation was performed ovemight with rabbit anti-vGlut1 (Cell Signaling Technology, 1230.31; 1:500),
chicken anti MAP2 {Abcam, ab5382, 1:1'000), goat anti-PSD85 (Abcam, ab12093; 1:500), or mouse anti-
NeuN {Chemicon, MAB337) and anti-GFAP (Dako, GA52461-2) antibodies. Secondary antibody incubation
was conducted for 60 'min at room temperature with Alexa Flueor 488-, 555- or 647-conjugated highly cross-
adsorbed donkey anti-goat, donkey anti-rabbit or donkey anti-chicken antibodies, respectively (1:500;
Invitrogen A31573, Invitrogen A11055, Jackson IR 703-545-1558). After additional incubation in DAPI (Merck,

268298; 1:5,000), the cells were stored at 4 “C in PBS.

Microscopy and image acquisition

In this study, 2D cultures (Fig.1) and live imaging (Fig. 4-5) were acguired with an inverted microscope (Nikon
Eclipse Ti-2) equipped with an Okolab cage incubator (H201-T-UNIT), the Perfect Focus System (PFS), CFI
Plan Apochromat Lambda D 40X and 60X Qil, and Lumencor SPECTRA X Light Engine. 3D culture (Fig.2)
were acquired with fully motorized model Ni-E egquipped with spinning-disk confocal technology (CrestOptic, X-
Light ¥3) and CFl Plan Apochromat Lambda D 40X and 60X Qi All images were acquired with Nikon's

software suite NIS HC v.5.42.
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Images analysis

Images were analyzed using Mikon NIS Al or H.C. v5.42 and the General analysis 3 (GA3) module of this
software. For 2D culture analysis, 8000x8000 pixels mosaic images of each well were analyzed to quantify the
number of DAPHHabeled cells and neuritic segments, using MAP2Z labeling reconstruction. MAP2 was
segmented and skeletonized to measure fotal branch length. MAFP2 in the vicinity of DAPI+ nuclei was

excluded by subtraction of dilated the DAPI objects.

For synapse analysis all images were enhanced Al-denoising tool.  VGlut1+ and PSD-95+ labeled puncta
were quantified in regions of interest free of cell nuclei. Synaptic markers were analyzed using a spot detection
algorithm. Overlay points between spots were quantified to detect vGIlut1/PSD-95 active areas. All data were
normalized by the MAP2 area per ROl The GA3 analysis script used is accessible in the supplementary
material. For the analysis of 3D cultures, confocal acquisitions at 60X were performed on approximately 30
focal sections of 0.3 um of 2048x2048 pixels. Between 5 and 10 volumes of interest located in proximal
neurites emanating from neurospheroids were selected to quantify vGlut1 and PSDO5 in three dimensions.
Yolumes corresponding to PSDS5 were used to create three-dimensional objects, while a spot detection
algorithm was used to identify vGlut1 puncta. To include only vGlut1 volumes in contact with PSD-95, the
P3D095 volume was dilated by 0.1 pym. The sum of the volumes of vGlut1 spots in the dilated volume of PSD95

(PSD-95 shell) was then calculated. All GA3 analysis scripts are available in the data repository.

Mitochondrial live monitoring of morphology and fumover was conducted as previously described [8,9] at 40x
magnification. We acquired images before freatment as a baseline (B.L) and then every 2 h for 3 days. Live
Mitotimer analysis was conducted within a small ROl placed on distal cell processes to ensure the selection of
cellular endpoints. A minimum of 12 processes were analyzed for each image sequence. Briefly, Total
mitotimer was obtained from the two fluorescent channels and used for segmentation. Only individual and well
reconstructed mitochondna were considered for measuremenis of morphology and fluorescence intensity
values (Red and Green intensities, redfgreen ratio, elongation, area, length, skeleion branches, junctions,
circularity, diameter, surface, shape factor, and mitochondria number). Finally, after log transformation and
averaging by frame, a score was calculated a the fold-change relatively to the first frame (baseline). To
analyze mitochondrial ATP levels in neurons with neuronal Go-ATeam2 [11] expression, single mitochondrial
units were semi manually segmented into 12 axons per replicate to conduct ratio measurements. The

measurements were further processed like Mitotimer.
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Synaptosome extraction

The cells were rinsed several times, collected, and snap-frozen. Homogenization was performed on ice in
PBS. The samples were centrifuged at 1300 = g for 3 min at 4° C to pull down the membrane fragments,
nuclei, and cells. The supematant was coupled with Anti-tomm22 micro-Beats (30min at 4° C) to remove free
mitochondria through Magnetic-assisted cell sorting (MACS) (Miltenyi Biotec, 130-096-946, 130-042-401). The
mitochondria-depleted flow-through was centrifuged at 13,000 = g for 10 min at 4° C to pellet synaptosomes

(100ul of PBS resuspension, stored frozen until further analysis).

Synaptosomes proteomic mass spectrometry

(1) Protein digestion: Synaptosomal fractions were digested according to a modified version of the iST method
80 (named miST method). Briefly, 50 pl solution of PBS was supplemented with 50 pl miST lysis buffer (1%
sodium deoxycholate, 100 mM Tris pH 8.6, 10 mM DTT) and heated at 95°C for & min. Samples were then
diluted 1:1 (v:v) with water, and reduced disulfides were alkylated by adding %% vol of 160 mM chloroacetamide
(final 32 mM) and incubating at 25°C for 45 min in the dark. Samples were adjusted to 3 mM EDTA and
digested with 0.5 ug Trypsin/LysC mix (Promega #v5073) for 1h at 37°C, followed by a second 1h digestion
with a second and identical aliquot of proteases. To remove sodium deoxycholate and desalt peptides, two
sample volumes of isopropanol containing 1% TFA were added to the digests, and the samples were desalted
on a strong cation exchange (SCX) plate {Oasis MCX; Waters Corp., Milford, MA, USA) by centrifugation. After
washing with isopropancl1%TFA, peptides were eluted in 250 pl of 80% MeCN, 19% water, and 1% (viv)
ammeonia; (2) Liguid chromatography-tandem mass spectrometry: Eluates after SCX desalting were frozen,
dried, and resuspended in varable volumes of 0.05% trifluoroacetic acid and 2% acetonitrile to equilibrate
concentrations. Approximately 1 pg of each sample was injected into the column for nanoLC-MS analysis. (3)
M.5. and M.5. data analysis: Dependent LC-MS3/MS analysis of the TMT sample was performed on a Fusion
Tribrid Orbitrap mass spectrometer (Thermo Fisher Scienfific) interfaced through a nano-electrospray ion
source to an Ultimate 3000 RSLCnano HPLC system (Dionex). Peplides were separated on a reversed-phase
custom-packed 40 cm C18 column (75 pm 1D, 100 A, Reprosil Pur 1.9 um particles, Dr. Maisch, Germany)
with a 4-76% acetonitrile gradient in 0.1% formic acid (total time 140 min). Full M3 survey scans were
performed at 120'000 resolution. A data-dependent acquisition method controlled by the Xcalibur 4.2 software
(Thermo Fisher Scienfific) was used to optimize the number of precursors selected ("top speed") of charge 2+
to 5+ while maintaining a fixed scan cycle of 1.55. The precursor isolation window used was 0.7 Th. Full
survey scans were performed at a 120000 resolution, and a top speed precursor selection strategy was

applied to maximize acquisition of peptide tandem M.S. spectra with a maximum cycle time of 0.6s. HCD
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fragmentation mode was used at a normalized collision energy of 32% with a precursor isolation window of 1.6
miz, andthe MS/MS spectra were acquired in the lon trap. The peptides selected for MS/MS were excluded
from further fragmentation for 60s. Tandem MS data were processed using MaxQuant software (version
1.6.3.4) 81 incorperating the Andromeda search engine 82. UniProt reference proteome (RefProt) databases
for Homo sapiens and mice were used, supplemented with sequences of common contaminants. Trypsin
(cleavage at K, R) was used as the enzyme definition, allowing for two missed cleavages. The
carbamidomethylation of cysteine was specified as a fixed modification. N-terminal acetylation of proteins and

oxidation of methionine are specified as variable modifications.

Proteomic data analysis

MaxQuant data were further processed using the Perseus software[12] and Microsoft Excel. We used a cutoff
for the presence of a protein in a sample such as Razor Peptide Score =2 and MS/MS Count =2; 29% of the
proteins were discarded in this process. IBAQ values are the sum of the intensities of all unique peptides for a
protein divided by the number of theoretical tryptic peptides between six and 30 amino acids in length[17].
LFQ were calculated according to the number of unique peplides of a protein on the total number of peptides.
The relative protein abundance was calculated as the sum of the relative intensity-based absolute
quantification (rIiBAQ) of all selected proteins that were independently present in each replicate. Protein
Annotation was conducted in Perseus using the Gene Ontology databases (Biological Process (B.P), Cellular
Compartment {(CC), Molecular Function (M.F.)) [13,14] and MitoCarta3.0 [15,16] databases for mitochondrial
protein localization and pathway ontologies. 2D enrichment analysis of annotations was performed in Perseus
to assess synaptosomal extraction guality and identify differentially enriched ontologies. We used the
MitoCarta annotation to filter the mitochondrial proteins and generate subsets per localization. We conducted a
Pearson comelation analysis of the LFQs of mitochondrial proteins in relation to tau protein. We then selected
the results with a cutoff of 0.5 on the absolute Pearson coefficient to form groups of positively and negatively
correlating (or uncorrelated) proteins. The overrepresentation of pathways at each mitochondrial localization
was estimated as the fold-change between the pathway distribution observed from the tfotal Mitocarta

database and the distribution chserved in the mitochondrial protein subset.

Statistical analysis:

Values are presented as the mean + SEM; Statistical analyses were performed on raw data with Graphpad
Prism software, Shapiro-Wilk tests were performed to test distribution normality. The level of significance was

set to P = 0.05. Mitochondrial hiosensor data were log-transformed, and multiple t-tests for control versus
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ePHF conditions were performed at each time point. Mass spectrometiry data analysis: 20 annotation
enrichment analysis was performed using Benjamini-Hochberg FDR Truncation with a 2% cutofff18].
Pearson's correlation analysis was used o evaluate the correlation of proteins MAPT amounts. A cutoff with a
correlation coefficient =0.5 was used to select comrelating proteins for further analysis. Synapse active zone
analysis: Comparison of counts, surfaces, and volumes was performed with t-tests or Mann-Whitney,
respectively, for normal and non-normal distribution of data. Immunohistochemical analysis: one-way ANOWVA

of optical densities and mitochondrial data.
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Results

Impact of ePHF-tau on neurites and synapse development.

In this study, we first isolated PHF-tau from the inscluble sarkosylated fraction extracted from the frontal cortex
of Alzheimer's patients. This human PHF-tau was combined with a high amount of monomeric 2N4R fau to
generate PHF-tau(2N4R), subsequently referred to as ePHF-tau, following the methodology developed by
Courade et al [19]. To further our understanding of the impact of ePHF on newrites and synapses, pure
neuronal cultures were exposed to various concentrations of ePHF-tau over different periods of days in vitro
(DIV) and for different durations (Fig.1 a). Our previous work mentioned that these rat neuronal cultures
develop extensive interconnected 2D neuronal networks (Fig. 1 b). During this phase, neurite maturation
takes place over the first three weeks, while excitatory synaptic maturation is established from the third week
[20-22]. We found that prolonged exposure (14 days) to ePHF-tau on early maturing neurons (DIVT) resulted
in a significant reduction in both cell density (Fig. 1c) and the extent of the neuritic network (Fig. 1d), even at a
dose of 0.5uM. However, short-term treatment of mature neurons (DIV22), even at high doses of 1.5uM, did
not appear to affect cell density (Fig. 1e) or neural network complexity (Fig. 1f). Subsequently, in arder to
assess the impact of PHF-tau on synaptic integration, we measured the density of presynaptic (puncta
vGlut1+), postsynaptic (puncta PSD-95+) proteins, as well as excitatory active zones defined by the number of
pairs of puncta vGlut1+ and PSD-95+ (Fig. 1g). Three days of ePHF-tau in the culture medium of mature
neurons (DIV22) did not alter the densities of vGlut1+, PSD-95+ or the number of excitatory active zones (Fig.
10-j). However, when cultures were subjected to the same treatment but at a later time (DIV25), we observed
that PHF-tau induced a notable increase in the number of vGlut1+ puncta and PSD-95+ puncta, increasing the

number of potentially active excitatory synapses (Fig. 1g. K-m).

To deepen our analysis of the impact of ePHF-tau on brain cells, We opted to complement our results with
mixed neuron-glial 3D cultures (Fig. 2a). These mixed three-dimensional systems offer an organization closer
to brain physiology, favoring faster electrical maturation and increased resilience fo nerve agents, compared
with pure 2D neuronal cultures (Fig. 2b) [20]. We observed that culture constitutes an assembly of
neurospheroids enriched in neurons (MeuWN) and astrocytes (GFAP), and endowed with neurites (NFL)
interconnecting spheroids (Fig. 2b). ePHF treatment at a concentration of 0.5 M does not affect the formation
of neurospheroid (Fig. 2c), the density of neurons (Fig. 2d) and the amount of neurcfibrillary fibers that
compese them (Fig. 2e). Using confocal microscopy imaging and three-dimensional reconstruction of the

neurospheroids, we quantified the volumes of vGluil and PSD-95 in the proximal neurites fo the
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neurospheroids (Fig. 2f-g). We revealed that exposure to ePHF+tau for three days did not change PSD-95
density (Fig. 2g-h) or vGlut1 {Fig. 2g,i) volumes. However, the volume of overlap between vGlut1 and PSD-95
i5 significantly increased by ePHF treatment, suggesting an increase in the number of excitatory active
synaptic sites (Fig. 2g-j). These results illustrate how exposure to ePHF-tau affects neurons differently
depending on their stage of maturation and organiszation, reducing neurite density and complexity in

immature neurons while increasing of excitatory active zone and potential excitotoxicity.

Extracellular PHF-tau impacts the mitechondrial composition of synaptosomes.

To better understand how ePHF-tau treatment could induce potential excitotoxicity, we isolated synaptosomes
from 3D cultures 2 days after freatment with ePHF-tau and analyzed using proteomics. (Fig. 3a). Enrichment
analysis revealed that most proteins were associated with synaptic terms, confirming the quality of the
synaptosome isolation (Fig. 3b). ePHF-tau treatment affected numerous G.0. terms that were notably related
to mitochondrial respiratory chain and regulation of mitochondrial membrane potential (Fig. 3b). Interestingly,
consistent with our microscopy data (Fig. 1-2), another most differentially enriched G.O. terms were
associated with intracellular transport and glutamate metabolism (Fig. 3b). In synaptosomes, we have
ohserved that the amount of tau protein is highly correlated with the presence of mitochendrial protein from the
inner membrane (1.M.) and intermembrane space (IM3), (Fig. 3c). Among these mitochondrial proteins found
in synaptosomes we found a significant (8-fold) increase in the number of "central dogma” pathway proigins in
the 19 IMS-asscociated proteins and a 4-fold increase in the number of proteins involved in "signaling” in the 40
mitochondrial matrix proteins (Fig. 3e). Together, these results suggest that treatment with ePHF-tau alone
can induce significant activation of mitochondrial functions in synapses, which may be responsible for the

increase in active zone and potential excitotoxicity.

Mitochondrial monitoring revealed reversed and delayed effects of ePHF-tau on neurons and

astrocytes.

The primary challenge with the findings related to mitochondrial disruption at synapses when toxic substances
are present extracellularly is the complexity of discemning whether this disruption is a direct effect on neurons,
astrocytes, or a secondary response to the disturbance of either population. To improve this understanding, a
continuous monitoring of the dynamic effects of ePHF4au on mitochondral function in different cell
subpopulation may provide many clues. In this context, we employed lentivirus-mediated expression of
MitoTimer and MitoGo-ATeam2 biosensors, which specifically target neurons or astrocytes [8,9]. We monitored

the mitochondrial dynamics within neurites (Fig. 4) and astrocytic fine processes (Fig. 5) over a 72-hour
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postireatment period using advanced fluorescence microscopy equipped for high-throughput acquisition and
analysis. Observations were conducted at 2-hour intervals, amounting to approximately 35 timepoints. As
previously described, each measured parameter is normalized with reference to its base state obtained in the

first acquisition [9,21].

In neurites (Fig. 4), we revealed that freatment with ePHF-tau induced significant, rapid (from 10 h) and lasting
(over 70 h) changes in neurite mitochondria (Fig. 4a-k). We observed a significant increase in mitochondrial
ATP production (Fig. 4d) and mitochondrial oxidation (Fig. 4f-g). The primary confributor to mitochondrial
oxidation (Fig. 4e) was an increase in the level of oxidized complexes (red color from Mitotimer) (Fig. 4f)
rather than a reduction in mitochondrial biogenesis (green color from Mitotimer) (Fig. 4g). Moreover, ePHF-tau
induced mitochondrial enlargement with a swollen morphology (Fig. 4h-k). Mitcchondrial swelling in neurites is
characterized by increased diameter, surface area, and length (Fig. 4h-j). Additionally, we observed a
significant decrease in the shape factor of mitochondria (Fig. 4k), suggesting structural modifications with
decreased convexity. Despite being administered in a single dose, the treatment progressively escalated
toward increased stress conditions over time. In astrocytes processes (Fig 5a-c), we found no alterations in
the mitochondrial redox state (Fig 5d, e-g) or mitochondrial morphology (Fig 5d, h-k) within the first 36 hours
of treatment. However, significant deviations were observed beyond this period: mitochondrial processes
display stronger fluorescence in the greens (Fig. 5c¢, d), corresponding to a decrease in the mitotimer ratio and
sugqgesting increased mitochondrial turnover caused by increased biogenesis. Morphologically (Fig. 5c, g),
despite the lack of significance, we observed a trend toward mitochondrial filamentation (fusion=fission).
These results suggest that neurons are very rapidly sensitive to the effects of ePHF-tau, which will induce
strong activation of the mitochondrial system and ultimately its functional disruption, whereas the effect on
astrocytes is cocomitant with the neuronal problems and appears more as an increase in biogenesis and

dynamics.

Discussion

This study highlights the complexity of the foxic effect of extracellular tau aggregates on mitochondrial and
synaptic function. This toxicity affects the mitochondria of neurcns both rapidly and progressively, while the
mitochondrial system of astrocytes does not appear to be immediately sensitive to these aggregated forms of
tau but is stimulated a few days later. At the synaptic level, the effect of ePHF-tau on different synaptic
behaviors induces an increase in neuronal excitability, potentially explained by cytotoxicity. Our study used Tau

aggregates exfracted from the brains of patients diagnosed with A.D. but standardized with fau 2N4R in
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monomeric form. Reverse and delayed astrocytic mitochondria responses to ePHF-tau treatment highlight
cell-specific vulnerabilities and adaptation mechanisms to mitochondrial stress. Indeed, neurons show very
rapid mitochondnal modification, which will lead 1o severe alteration in the long term. Astrocytes, on the other
hand, show a significantly delayed response, synchronized with neuronal alterations, suggesting that the cells
are rather reacting than suifering. These results underline the importance of considering the distinct roles and

responses of different CHNS cell types when exploring the pathophysiology of extracellular forms of tau.

Recent in-depth studies on the conseguences of insoluble tau protein deposits in neurons, a characteristic
marker of tauopathies, have highlighted the ability of these deposits to generate complex dysfunctions within
various signaling pathways. These dysfunctions frequently translate into significant alterations in synaptic
function, highlighting the major impact of these aggregates on fundamental neuronal mechanisms [22].
Indeed, soluble tau aggregates have been shown to significantly inhibit long-term depression (LTD) in the
dorsal hippecampus of anesthetized rats, revealing their direct influence on synaptic plasticity [23]. The
mechanism involves the binding of tau to synaptic vesicles via its N-terminal domain, which disrupts
presynapfic funcfions, including synaptic vesicle mobility and release rate, effectively reducing
neurotransmission [24]. Our results revealed that even nonhyperphosphorylated ePHF-tau can significanthy
increase synaptic active zones. In addition, our proteomic analyses revealed a notable reduction in proteins
associated with the conversion of glutamate to GABA in synaptosomes, suggesting a decrease in inhibitory
potential, a finding that could partly explain the observed imbalance in inhibitory potential. Previous work has
also demonstrated that tau aggregates can alter the function of postsynaptic receptors, such as NMDA and
AMPA receptors, contributing to the dysregulation of intracellular calcium homeostasis and increased
neurctoxicity [25]. Furthermore, neurcnal hyperexcitability and changes in presynaptic markers highlight a loss
of balance between excitation and inhibition in neuronal networks [26], an imbalance potentially responsible
for the cognitive and behavioral deficits observed in tauopathies [27]. Although the exact mechanisms
underlying this synaptic disruption were not directly addressed in our study, our findings reinforce the idea that
the effect of tau aggregates does not depend exclusively on the presence of hyperphosphorylated forms, and
the strong association with mitochondrial proteins suggests that mitochondrial dysfunction could be one of the

earliest signs of synaptic disruption.

The accumulation of tau protein in synapses plays a significant role in the disruption of mitochondrial function,
contributing to the neuronal dysfunction characteristic of neurodegenerative pathologies such as A.D. Our
study revealed that the mere presence of extracellular tau can significantly affect mitochondrial homeostasis in

a very short time. Given the considerable size of ePHFs, our chservations suggest two plausible hypotheses:
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first, specific fragments of tau, such as the N-terminal region, can detach and infiltrate synapses, rapidly
influencing mitochondria; second, the aggregate itself can activate extracellular receptors that modulate
mitochondrial homeostasis. Previous studies have shown that the truncated NH2 fragment of tau, 20-22 kDa
in size, is mainly present in the mitochondna of cryopresenved synaptosomes from brains affected by A.D. This
same Tau NH2 fragment has also been identified in other non-AD tauopathies, indicating its potential role in
exacerbating synaptic degeneration in these diseases [28]. Our synaptosome analyses revealed a significant
correlation between the amount of tau and the disruption of essential mitochondnal functions. However, our
data show no specific enrichment of MN-ter or C-ter fragments of human fau in synaptosomes following
treatment, suggesting that the disruption is not solely due to these fragments. Research in mouse models has
shown that mitochondrial distribution is gradually altered in neuntes containing tau aggregates. It has also
been established that aggregated tau can inhibit mitochondrial calcium effiux via the mitochondrial Na+/Ca2+
exchanger (NCLX), thus affecting neurcons [29]. Qur study highlights that the mere presence of ePHF is
sufficient to induce a rapid and marked increase in ATP production by mitochondria in neurites, subsequently
leading to extensive fragmentation and oxidation of mitochondria. These findings suggest potential underlying
mechanisms by which neurons release Tau aggregates, raising crucial guestions about the relevance of

specific treatments currently in phase 2 and 3 clinical trials.

Astrocytes play an essential role in the evolution of tauopathies, influencing the progression of these diseases
through their accumulation of tau and their ability to capture and diffuse pathological tau. Changes in their
phenotype in the context of tauopathies can lead to dysfunciions that compromise their support of neurons or
cause neurotoxicity [30]. Furthermore, specific expression of Tau 4R in mice expressing human tau has been
shown fo worsen seizure severity and increase phosphorylated Tau deposition without inducing neurcnal or
synaptic loss [31]. Qur research revealed that only the accumulafion of Tau 3R, not Tau 4R, in dentate gyrus
astrocytes led to mitochondrial disruption, neuronal dysfunction, and memory deficits in mice[8]. Our recent
studies also indicated that mitochondria from IPSC-derived astrocytes accelerate turnover and increase
filamentation when exposed to extracellular vesicles from neurons that accumulate tau 1N4Rs, whereas they

fragment and oxidize in response to those from neurons that accumulate tau 1N3Rs [9].

In our experiment with 2N4R tau aggregates on astrocytes, we also observed a significant increase in
mitochondrial turnover and filamentation, although these changes took longer to appear as with 4R neurcn-
derived E.V.s. Initially, the mitochondrial system of astrocytes shows few changes in the first two days after
exposure fo PHF-tau 2N4R, suggesting that filamentation and increased mitochondrial turnover might indicate

a proinflammatory profile [32,33]. This observation raises the hypothesis that astrocytes and their
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mitachondrial system might be less sensitive to these forms of 2M4R aggregates than to those present in or on
extracellular vesicles. In this study, we did not explore the mechanisms underlying these effects, particularly
the potential for capture by the LRP1 protein which is present in astrocytes and plays a crucial role in
eliminating ceriain forms of amyloid aggregates. It is difficult to determine whether this cellular adaptation
results from a response to distress in neighboring neurons or whether astrocytes have captured forms of tau
that have activated them. Another hypothesis beside usual signal of stress transmission to glia, could be that
neurons transfer dysfunctional mitochondra to astrocytes, as recently demonstrated in different brain injury

contexts [34] and to microglia [35).

Conclusion

This study highlights the varability of the response of the mitochondrial system to fau aggregates,
emphasizing that this reaction depends on the cell type involved. This discovery could shed light on some of
the obstacles encountered by clinical trials in their quest for drugs and antibodies capable of reducing the
pathological burden of tau. This study also highlights the crucial importance of considering tau's different forms
and isoforms in the design of future preclinical drug trials. This perspeciive emphasizes the need for a more
nuanced and personalized approach in the search for effective treatments for tauopathy diseases, reflecting
the inherent complexity of these pathologies and the diversity of cellular responses they engender. Ultimately,
our results reinforce the idea that the fight against tauopathies reguires an in-depth understanding of the
maolecular mechanisms specific to each cellular context, paving the way for more targeted and potentially more

effective therapeutic strategies.
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Figures legends

Figure 1:; ePHF-tau affects neurites development and synapse maturation. (a) Scheme of the
experimental design for tau aggregate treatment in pure neuron cultures. (b) llustration of a fluorescence
micregraphs of dapi (DMA) and map2 (neurites) staining, and of the segmentation of neurites and nuclei. (hlue
sguares indicates an examples RO for subsequent synapses analysis). (c-f) Bar plots of the quantifications of
cell numbers (c, ) and neurites total length (d, f), respectively with early or late treatment. (g) Examples ROI
image used for synapses marker analysis (F30-95, vGlut1). White sguares comespond to the insets shown on
the right, in which examples of the segmentation used for analysis are depicted. (h-J) Bar plots of the control
normalized counts of pre-synaptic (h), post-synaptic (i) and associated markers {j) (medians) with early
treatment. (k-m) Same as (h-j) for later treatment. (M = 3 cultures, 2 replicates per condifions, 1 large image

per replicate, and 3 ROIs per image for synapse analysis; *** p <0.0001).

Figure 2: ePHF-tau induces modifications in synaptic markers in mixed cultures. (a) Scheme of the
experimental design for tau aggregate treatment in mixed culiures. (b) Micrographs of a large section of
culture depicting neurospheroids in highfield. Examples of stainings for nucleis, glial and neuronal markers
(Dapi, GFAF, NeuM, NFL) . (c-e) Bar plots of the quantification of neuropheroid density (c), as well as NeuN (d)
and neurofilament (e) coverage of neurospheroids. (f) llustration of neurospheroid stained for synaptic
markers with example of an analyzed volume depicted with a white rectangle and illusirated in the cenfer.
Cwerlayed white objects (e.g. white arrow) correspond fo the identified active zones. On the right, a small
diagram illustrating how the active zone object were reconstructed from PSD-95 and vGlut1 signals. (g)
Detailed examples of pre and post synaptic markers images (top) and associated 30D reconstruction (botiom).
(h-j) Bar plots of the total PSD-95 (h) and vGlut1 (1) volumes (medians), and active zone volume per surface of
P3D85. (N =3 cultures, total of 25 neurospheroids scanned, and 5 neurites YOIs analyzed per image; *™** p

=0.001).
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Figure 3: Effect of ePHF-tau on synaptic mitochondrial composition. (3) Scheme of the experimental
design for synaptosome proteomics. (b) Two-dimensional (2D) annotation term enrichment analysis using LFQ
as a quantitative indicator of protein abundance. Enrichment scores in the CTRL and ePHF-tau groups are
shown on the X- and Y-axes, respectively. The tahle shows the enriched terms with the fop five score
differences (red: enriched with tau, blue: depleted). (c) Stacked bar plot of the distribution of mitochondrial
proteins in each sublocalization, grouped by the values of their correlation with tau protein levels. (d) Scheme
of a mitochondrion labeled with the Mitocarta 3.0 annofations of sublocalization. (g) Heatmap of the over-
fundemepresentation of pathways in each subcomparment for mitochondrial-correlated proteins when
normalized to the proportions obtained from the total MitoCarta database. Crossed-out cells indicated that

these ontologies did not occur in Mitocarta. (N = 13 cultures per condition).

Figure 4: ePHF-tau negatively affects mitochondrial turnover in neurites. (a) Scheme of the experimental
design: primary mixed culiures were equipped with mitochondrial sensors and imaged over time in the
presence of ePHF-tau. (b) Fluorescence microscopy images of Mitotimer in neurites of the CTRL and ePHF-
tau treatment groups at baseline, 24 h and 72 h and a diagram of the analyzed region and the observed
mitochondrial effect. (¢) Heatmap of p values obtained for the comparison of scores between the CTRL and
ePHF-tau treatment groups over time (0-72 h) (multiple  tests; red values indicate p values<0.05). (d-k) Line
plots of time series showing significant differences in the mitochondrial ATP content concerning the Mito-
GoATeam?2 ratio (R/R0, up to 24 h). (d) Mitotimer red (555 nm)/green (488 nm) redox state ratio (e) red (555
nm) fluorescence intensity (f) and green (488 nm) fluorescence intensity (g) and mitochondrial morphology
with diameter (h), surface (i), length (j), and shape factor (k). (N '= 3 culiures; 24 neurites analyzed per

culture, *: p value<=0.05, **: p value=0.01.)
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Figure 5: ePHF-tau positively affects mitochondrial turnover in astrocytes. {(a) Scheme of the
experimental design: primary mixed culiures were equipped with specific mitochondrial sensors and imaged
over time in the presence of ePHF-tau. (b) Fluorescence microscopy images of astrocyte mitochondria from
the CTRL and ePHF-tau treatment groups at baseline and late time points. Single mitochondria on cellular
extensions were sampled for analysis. The diagram summarizes the observations. (d) Heatmap of p values
ohtained for the comparison of scores hetween the CTREL and ePHF-tau treatment groups over time (0-72 h)
(multiple t tests; red values indicate p values=0.05). (e-k) Line plots of time series showing significant
differences in mitochondrial features mesures with MitoTimer in astrocytes. (&) Mitotimer Red (555 nm /Green
(488 nm) redox state ratio. (f) Red (555 nm) fluorescence intensity. (g) Green (488 nm) fluorescence intensity
of MitoTime. Mitochondrial morphology with diameter (h), surface (i), length (j), and shape factor (k). (N =3

cultures; 140-150 cells analyzed per culture), *: p value=0.05, **: p value=0.01.
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