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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 

in these 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 

sought to 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 où la protéine tau est dysrégulée, présentent toutes la démence comme l'un des principaux 

symptômes. Malgré des différences importantes dans la propagation de la tauopathie et les conséquences 

moléculaires ultérieures, les tauopathies sont très difficiles à 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 première 

partie de cette thèse 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 à 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 barrières biologiques, telles que la barrière 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 à cela, la seconde moitié de cette thèse s'est 

concentrée sur le développement d'une nouvelle méthode pour digérer le corona, exposant de nouvelles 

protéines spécifiques au tissu à la surface des VE pour l'immunocapture. Cette méthode augmente le 

rendement des VE-DC marqués dans les fluides périphériques de moins de 1 % à 30 à 60 %. Ce projet visait à 

faire progresser notre compréhension des tauopathies via les VE-DC et à améliorer la méthodologie existante 

pour la capture des VE-DC en périphérie. Il reste encore des améliorations à 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 être cliniquement pertinent pour 

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

Proteinopathies in the Brain 

 

 

Figure 1 | Clinicopathological spectrum of neurodegenerative proteinopathies  
From Elahi & Miller 2017 – Nature Reviews Neurology 1 

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 culminating in the misfolding and/or aggregation of six fundamental proteins: cellular prion protein (PrPC), Aβ42 (and, 
to a lesser extent, Aβ40), tau, TAR DNA-binding protein 43 (TDP-43), fused in sarcoma (FUS), and α-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 Aβ and tau aggregates. Also, in some cases of prion disease, Aβ 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.  

Aβ = amyloid-β, 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)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 proteinopathy2.  

 

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)1,3,4. These effects ultimately lead to impaired cognitive 

functioning, changes in behavior and mood, impaired sensory motor function, and overall loss of autonomy 

for an individual. The specific location of lesions and aggregates in the brain plays a significant role in the types 

of symptoms experienced by a patient, as well as the speed of disease progression5. 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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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 neurons6. Beyond its foundational role, more recent studies have unveiled 

its involvement in 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)6–8. 

However, in pathological conditions, tau undergoes hyperphosphorylation, leading to its detachment from 

microtubules, accumulation, and eventually aggregation within the cell9. Consequently, affected cells 

experience compromised structural integrity and impaired functionality due to the presence of these 

pathological protein aggregates. 

 

 

 

 

Figure 2 | Hallmarks of 
neurodegenerative diseases  
From Wilson et al., 2022 – Cells 3 

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. 

 

NDD = neurodegenerative disease 
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Although tau is relatively small in 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)10,11. 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 

Healthy Brain 

Tauopathy Brain 

A 

B 

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) In the 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. 
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normal physiological conditions, 3R and 4R tau are present relatively equally throughout the brain12. 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.13. 

Phosphorylation alters the protein's conformation, particularly hyperphosphorylation, resulting in a myriad of 

hyperphosphorylated tau forms present in tauopathies.  

 

 

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)14,15. Moreover, the genetic and molecular 

mechanisms contributing to tauopathies vary, with mutations in the MAPT gene linked to certain tauopathies 

but not all16.  

 

Given the considerable molecular diversity within tauopathies, it's unsurprising that they also manifest 

differences in clinical presentation and neuropathological features.17,18. 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)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 later19. Understanding the heterogeneity 

Figure 4 | Isoforms of tau 
From Zabik et al., 2017 – Biochemical Cell Biology 11 

Schematic illustration of the six isoforms of the 
protein tau 
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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. 

  

 

 

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 (Aβ) 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 present in 

other neurological conditions, making precise diagnosis difficult, particularly in earlier stages of disease 

progression19,20. 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 AD21. 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)22–25. This complicates diagnosis and often leaves patients and clinicians without clear 

answers for months or years as the pathology evolves.   

Figure 5 | Topographical distribution 
and cellular heterogeneity of various 
primary and secondary tauopathies 
Figure designed by Valentin Zufferey 

Schematic illustration depicting the brain 
regions most impacted by different 
tauopathies. Included is also the cell type 
which primarily accumulates tau in each 
disease. 
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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 AD26–28. In the blood, 

however, P-tau217 (tau hyperphosphorylated at threonine217) has been shown to most accurately reflect Aβ 

plaque and tau tangle load in AD patients in various Braak stages29,30. P-tau181 and P-tau231 are also 

measured in the blood with success, though they appear to correlate slightly less well with Aβ plaque and tau 

tangle load than P-tau21729,31. 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 Aβ plaques32. 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 

Figure 6 | Clinicopathological correlations in tauopathies 
From Irwin 2016 – Parkinsonism & Related Disorders 25 

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 normal and 
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 
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work for AD pathology, meaning they rely on the presence of Aβ increasing the amount of detectable tau27,32. 

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. 

 

Aβ is also used as a biomarker of proteinopathies which feature Aβ plaque deposition (typically AD). More 

specifically, the Aβ42/Aβ40 ratio is often used. This is the ratio of Aβ peptides which are 42 or 40 peptides long. 

This ratio is highly informative on Aβ plaque load in patients both via the CSF and the blood, though Aβ42 alone 

can also be measured in the blood27. Several Aβ PET tracers also exist with high specificity and sensitivity to 

detecting Aβ plaques in vivo32. Multiple tracers have been approved by both the FDA and the European 

Medicines Agency (EMA) for clinical use. Of course as the name suggests, Aβ measurements and PET are only 

useful for diseases with Aβ pathology, eliminating primary tauopathies for the list of diseases these methods 

can diagnose.  

 

General neurodegeneration can also be measured, irrespective of tau and Aβ pathology. Neurofilament light 

chain (NfL), which can be measured in both plasma and CSF, has emerged as a strong marker of general 

neurodegeneration27,30. NfL is particularly strong for detecting neurodegeneration in frontotemporal, vascular, 

and HIV-associated dementias. Neurodegeneration is often also assessed by MRI in order to detect atrophy or 

lesions associated with pathology in the brain. Finally, a newer marker which is still being validated I the 

context of AD is glial fibrillary acidic protein (GFAP), a potential marker of altered astrocytic homeostasis30,33,34.  

 

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 tauopathies35,36. 

 



 

23 
 

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” sample37. 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)38. 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 Aβ pathology in addition to tau pathology. The Aβ 

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)39. 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)40. 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 space41. Exosomes range in size from about 30-150nm42.  
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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 diameter43. They are formed through an outward budding of the 

plasma membrane and are “shed” into the extracellular space surrounding the cell44. 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 MVB40.  

 Apoptotic bodies have the largest size range of any EV subtype, measuring anywhere from 50nm to 

5um40. 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 

Exosomes are intraluminal vesicles which 
are released when a multivesicular body 
fuses with the cell membrane through 
exocytosis. Microvesicles are formed by 
outward shedding of the cell membrane 
into extracellular space. Apoptotic bodies 
are generated when cells undergo 
apoptosis. 
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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 another40,42. 

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)40,45–47.  

 

 

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 EVs48. 

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 cells48. 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 EVs49.  

 

Figure 8 | Extracellular vesicle 
composition in the context of 
biological solutions  
From Veziroglu & Mias 2020 – 

Frontiers in Genetics 47 

EVs carry all biomolecule classes that 
have been associated with cells. DNA 
and RNAs (both coding and non-
coding) are found within EVs. Proteins 
can be freely soluble, membrane-
associated, membrane-anchored, 
and trans-membrane. Metabolites 
and other small molecules are also 
found within EVs. The membrane 
bilayer is composed of phospholipid 
and cholesterol derivatives. EVs 
cannot be purely isolated and other 
non-vesicular molecular chaperones 
such as RNA-binding proteins and 
lipoproteins often contaminate EV 
preparations.  
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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)42,50. 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.  

 

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 it came 

from and where it can go51. EVs are known to have many kinds of functional molecules at their surface, 

including receptors, receptor ligands, and transmembrane proteins52. Many groups are interested in decoding 

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 
can induce 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. 
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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 EV53. The complexity and affinity of the corona to 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 several variables, 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 1054,55. 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 purity54. 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 EVs in 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 yield54. 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 fluid40. 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 plexus56. 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 fluids57. 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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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 cells42,58. In the context of 

Figure 10 | Graphical summary of EV isolation methods  
From Monguio-Tortajada et al., 2019 – Cellular and Molecular Life Sciences 55 

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

C) 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. 

D) 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. 

E) 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.  

F) Precipitation-based isolation relies on the addition of water-excluding precipitants like PEG (polyethylene glycol) to concentrate all particles 
in one pellet.  

G) 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 
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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 metastasis59–63. They are also known to propagate viral infection throughout the body64. 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)5,65. 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 cells5,66. 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 tau67. 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 astrocytes68. 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 diseases69–71.   
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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 

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 
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other glia72. From the very beginning of central nervous system (CNS) development, microglia are responsible 

for synaptic pruning, phagocytosing apoptotic neurons, and providing immune defense73. Radial glia also 

facilitate the radial migration of neurons during this early brain development and throughout adult 

neurogenesis as well74. 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 remodeling75. 

The brain is 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 needed76. 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 factors77–79. They are even critical players in processes such as attention and 

memory through the synchronization of neuronal activity into neuronal oscillations80,81. 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 periphery82,83.  

 

A similarly 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. It is also a major factor in kickstarting glial reactivity, a major event which propels 

neurodegeneration84. 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)85–88. This typically 

happens later in disease progression, with astrocytes and microglia participating in the clearance of 

aggregates early in pathology86. 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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Additionally, numerous studies point to an active role played by astrocytes in the propagation of prion-like 

proteins, such as pathological tau89–91. It has been shown that astrocytes contain aggregated tau in patients 

diagnosed with different tauopathies15,92, and that astrocytes are known to internalize this tau from BD-EVs 

rather than freely secreted tau68.  

 

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 an increased 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.  
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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)93.  

  

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 transport3,94,95. 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 all interconnected, so it is unsurprising that they are all implicated 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 for immunocapture. 

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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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 H2O2 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 publication96 
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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: 

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

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

See Annex 2 for full publication66 
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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 1N3R 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: 

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

• 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 publication68 
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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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• 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 biomarkers in LMIC, particularly many countries in Africa, could help address these challenges 
and lead to a more comprehensive patient characterization and diagnostic effort.  

• 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.  

• It is 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 publication33 
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Astrocytes and Neurons’ Mitochondrial Function 

 

Valentin Zufferey1, Enea Parietti1, Aatmika Barve1, Jeanne Espourteille1, Yvan Varisco2, Kerstin Fabbri2, 

Francesca Capotosti2, Nicolas Preitner2, Kevin Richetin1,3* 

1 Centre des Neurosciences Psychiatriques (CNP), Centre Hospitalier Universitaire Vaudois (CHUV) - 
Université de Lausanne (UNIL) 

2 AC Immune SA, Lausanne, Switzerland 

3 Centre Leenaards de la mémoire, Centre Hospitalier Universitaire Vaudois (CHUV) - Université de Lausanne 
(UNIL) 

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: 

• 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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• The mitochondria of neurons are affected rapidly and progressively, while mitochondria of astrocytes 
are not initially strongly affected by tau aggregates but show reaction a few days later. 

• Extracellular tau aggregates induce an increase in neuronal excitability at the synapse.  
  

See Annex 5 for full publication97 
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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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Graphical Abstract  

 

 

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 communication6,98,99. 

However, when tau becomes dysfunctional, 

it gives rise to a class of neurodegenerative 

diseases known as tauopathies18.  

 

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 

aggregates9,100. 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)14,15,17,18. 

For instance, Pick’s disease (PiD) is typically 

characterized by the presence of “Pick 

bodies”, large inclusions of 3R tau in neurons 

A) Alzheimer’s disease (3R/4R) 

B) Pick’s disease (3R) 

C) Progressive supranuclear palsy (4R) 

Figure 1 | Progression of tau pathology through the brain 
Modified from Colin et al., 2020 - Acta Neuropathologica 5 

A) 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 I and II, tau lesions invade entorhinal and transentorhinal 
regions. Stages III 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). 

B) 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 II/III—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, 
substantia nigra, internal globus pallidus, neocortical areas, 
pedunculopontine nucleus and cerebellum are more severely affected. 
(Modified from Williams et al., 2007).  

C) Staging of tau pathology in PiD. Topographical distribution of Pick bodies 
at the different stages of tau pathology evolution in schematic brain 
representations in medial views. Stage I Tau pathology is deposited in the 
limbic and neocortical frontotemporal regions as well as the angular 
gyrus. Stages II/III—White matter tracts, subcortical structures, 
serotonergic/noradrenergic brainstem nuclei are affected, followed by 
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)101,102. 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 tau68. 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 differently68. Interestingly, the opposite effect was previously 

observed in neurons, where 4R tau impacted mitochondrial axonal transport more severely103.  

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 GAIs. Moreover, tau aggregates in oligodendrocytes in the form of coiled bodies or GOIs. 
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,  
GOI = globular oligodendroglial inclusion, GAI = 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 well27. 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 use32. 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 tissue38. 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 tool42. 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 health56. 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 NDDs104–108.  
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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 aggregation109–114 and AT100 

antibodies for the later stages109,115. 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 colleagues66. 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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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 isolation54. 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 

Figure 1 | Analysis of aggregated tau in human prefrontal cortex cannot differentiate tauopathies from each other 
A) Illustration 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  
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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 2I-J).  
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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)1. 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 that it is 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 

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 

I) 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 
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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). 

  

 

 

 

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 colleagues116. 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 database117, 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 

neuronal vs. 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 

alterations in cell type-specific material in 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 
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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 4I). 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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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 clinic22. Current circulating 

biomarkers are not validated for primary tauopathies, so there are dozens of NDDs which still lack 

accurate biomarkers27. 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 

context68   

 

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) Bar graph 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. 
**** p<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.   

I) 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 
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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 progression118,119. It has also been shown in AD that 

neurons with tau aggregates are more susceptible to LB formation120. 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)121,122. 

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 PD30,33,123. 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 brain124. 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. It is 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 

patients68.  
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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 tauopathies125. 

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 

culture71. 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 isoforms68, 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 informative40. 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 noninvasively56. 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., 202266.  

 

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 described126. 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 4ºC to remove cells, membranes, and debris respectively and the supernatant of 

the 10,000g centrifugation was then stored at -80ºC 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 Vesicles54. 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)127. A mean of 7.94 x 1010 (±3.36 x 109 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)128. 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 ml 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 μm ID, 5 
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μm, Dionex) before separation on a C18 custom packed column (75 μm ID × 45 cm, 1.8 μm 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 1.6.14.0129 incorporating 

the Andromeda search engine130. 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 database131,132, further split into 

the categories of cellular component (CC), biological process (BP), and molecular functions (MF), 

the MISEV guidelines for EV-associated and potential contaminant proteins54, a database generated 

by McKenzie and colleagues in their publication for brain cell type specificity116, and the Human 

Protein Atlas databases for cell type specificity and predicted subcellular localization117. 

  

WGCNA  

In collaboration with Aatmika Barve. Protein co-expression network analysis was performed with the 

R package WGCNA133 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 β = 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 assigned 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 package134. 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 used135,136. The cell type 

specific gene list from RNA-seq in human brain was used116. 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 model137 performed upon XGBClassifier model138 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 score is 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)139. The mAb AT100 (MN1060; Thermo Scientific, 

Illkirch, France) recognizes phosphothreonine 212 and phosphoserine 214 and allowed the 

detection of insoluble/aggregated tau140–142.  

 

Histopathological Analysis 

In collaboration with Valentin Zufferey. A slide scanner was used to acquire images of entire section 

(Zeiss Axioscan Z1, ⁓5mm2 of scan area, 20X magnification). Scans were processed using FIJI 

(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. 

 

 

 



 

72 
 

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 Information 
 

 

 

 

 

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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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 others56. 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)143,144, 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 for immunocapture of brain derived 
EVs in fluids like blood.  
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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)145. 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 it146. 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 proteins146.  

 

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) Association with a protein G-coupled receptor on the cell surface, inducing a signaling cascade 
(2) 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  
(3) Macropinocytosis 
(4) Nonspecific/lipid raft 
(5) 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.  

AJs: 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 
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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 cells52. 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 pathology51. 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 proteins147,148, targeted and untargeted mass spectrometry147,149, 

antibody microarray platforms150, proximity barcoding assays51, proximity ligation assays151, flow cytometry151–

153, single EV microscopy imaging154–157, 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 brain56,158–160. 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 EVs160–164, astrocyte derived EVs164–166, microglia derived EVs167–169, and 

oligodendrocyte derived EVs164,170, mostly from human plasma. To do this, they identified proteins at the 

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 
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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 to isolate neuron derived EVs has been contested by Norman and colleagues171, 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 L1CAM 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.  

 

 

 

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 surface172. 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)53. Then within minutes to hours, a second layer will form around the hard 

Table 1 | Summary of established surface markers of EVs 
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corona. This layer is called the soft corona and is made up of lower affinity proteins53. The soft corona can be 

more easily changed and digested, while proteins of the hard corona are typically irreversibly bound to the 

EV173. 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)53,174. In more filtered biofluids such as saliva, the EV corona appears 

to be less complex and with a lower affinity for the EV175. 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 corona53.  

 

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 a result 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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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 digestion147,148. 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 

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.  
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spectrometry to determine the identity of the digested proteins. Antimicrobial peptides may also be used to 

remove the outer corona proteins176.  

 

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 surface53. 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 sample148. 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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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 localization117, 380 proteins were identified as being associated to the plasma membrane (Table 

S1). Of these, 124 were identified as having an elevated abundance in brain tissue according to the Human 

Protein Atlas tissue specificity tool117 (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 colleagues116, 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.  

 

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.  
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Table 2 | Top 50 EV predicted membrane proteins ranked by abundance 
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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 68. 

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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Subcellular localization to the membrane was confirmed using Protter177. 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 colleagues147. 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 colleagues147. 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 Protter177. 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 colleagues147. From this analysis, TTYH was 

eliminated as not being transmembrane, leaving AMP1, AMP2, AMP3, and AMP4 as the most relevant 

candidates (Figure S1). 

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-II: n=3, AD III-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) 

I) 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) 
 

B-D: Yellow bars to the left represent brain tissue presence 

HC = healthy control, PiD = Pick’s disease, PSP = progressive supranuclear palsy, EV = extracellular vesicles, PK = proteinase K 
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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,I), but with PK treatment this increased 

to 60% (Figure 2H,I). 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 staining was done in order to test the ability of PK to digest the antibodies at the 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 magnetically immunoprecipitated. 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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type in the immunoprecipitated sample, indicating that the IP was highly efficient in the saliva. To confirm the 

presence of EVs after immunoprecipitation, 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.  

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) Bar plot 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+ EVs make up 60.35% of total 

particles 
I) 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 bar is 100nm 
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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 subpopulations151,153, 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, L1CAM 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 question71,171. 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 EVs178–180. It’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 surface143. 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 

EVs161, astrocyte derived EVs165, or EVs derived from other brain cell types164,169. 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 endocytosis143,144. There are groups who also isolate BD-EVs in other biofluids, such as saliva and 

urine181,182. Given the proteomic complexity of the blood, other biofluids may prove simpler for immunocapture 

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 EVs183. 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 prior immunocapture 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 I 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 overall isolation of specific EVs in the plasma. It’s well established that the EV corona 

is highly complex, particularly in a biofluid such as plasma53. Other groups have investigated this concept of 

PK digestion of the corona in order to “clean” the contaminating plasmatic proteins from the sample148. 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 K to 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 K digestion 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 Atlas117. 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 

Atlas117, 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 colleagues116 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 that in 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 37ºC for 1hr, and then PK was inactivated by heating samples to 60ºC 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 Protter177. 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)128. 

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 
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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 at room 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 μm ID, 5 μm, Dionex) before separation on a C18 custom 

packed column (75 μm ID × 45 cm, 1.8 μm 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 1.6.14.0129 incorporating the 

Andromeda search engine130. 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 

 

 

 

 

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 

Table 3 | Summary of mass spectrometry protocols by experiment 
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CellTrace Violet (Thermo Fisher, C34571) at a concentration of 20uM and incubated at 37ºC 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 4ºC 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 4ºC 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), 

buffer+dye 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 set to 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) Schematic detailing the proof-of-concept experiment setup 
B) 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  
C) 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 
D) 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  
E) 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 

F) 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 

G) 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 

H) 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 

I) 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 

J) 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 

K) 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 3I), 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-PEG4 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-PEG4-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 50ºC. 

 

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 µL of sample at 1mg/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 μL of diluted sample 

at 0.1 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 Information 
 

 

 

 

Supplementary Figure 1 | Human protein atlas protein expression by tissue for 10 astrocytic membrane proteins and L1CAM 
 

Dark yellow bars indicate brain tissue presence 
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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) Bar plot showing the % 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 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 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 
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Supplementary Figure 4 | Scaffold representations of astrocytic membrane proteins and L1CAM before PK treatment 
 

EV = extracellular vesicle, PK = Proteinase K 
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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  
39     

Supplementary Table 1 | All EV predicted membrane proteins ranked by abundance 
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40 Elevated in Brain  
41   Neuronal 
42 Elevated in Brain  
43   Endothelial 
44 Elevated in Brain Neuronal 
45   Astrocytic 
46 Elevated in Brain Astrocytic 
47     
48 Elevated in Brain  
49 Elevated in Brain Astrocytic 
50  Astrocytic 
51 Elevated in Brain   
52  Endothelial 
53 Elevated in Brain   
54   

55     
56  Astrocytic 
57 Elevated in Brain Neuronal 
58  Endothelial 
59   Endothelial 
60   

61     
62   

63     
64  Neuronal 
65 Elevated in Brain Neuronal 
66 Elevated in Brain Neuronal 
67 Elevated in Brain Astrocytic 
68 Elevated in Brain Astrocytic 
69   Oligodendrocytic 
70  Astrocytic 
71 Elevated in Brain Neuronal 
72   

73 Elevated in Brain Neuronal 
74   

75     
76   

77 Elevated in Brain Astrocytic 
78 Elevated in Brain  
79 Elevated in Brain Neuronal 
80 Elevated in Brain Neuronal 
81   Astrocytic 
82   



 

115 
 

83 Elevated in Brain   
84  Oligodendrocytic 
85   Astrocytic 
86 Elevated in Brain  
87     
88 Elevated in Brain Astrocytic 
89 Elevated in Brain Astrocytic 
90  Endothelial 
91 Elevated in Brain   
92   

93   Neuronal 
94  Endothelial 
95     
96   

97     
98   

99     
100 Elevated in Brain  
101   Oligodendrocytic 
102   

103 Elevated in Brain   
104   

105 Elevated in Brain Neuronal 
106   

107 Elevated in Brain Neuronal 
108 Elevated in Brain Oligodendrocytic 
109     
110 Elevated in Brain Neuronal 
111 Elevated in Brain Oligodendrocytic 
112  Neuronal 
113   Astrocytic 
114   

115     
116 Elevated in Brain Neuronal 
117   Neuronal 
118   

119     
120  Endothelial 
121 Elevated in Brain Oligodendrocytic 
122  Microglial 
123 Elevated in Brain   
124   

125 Elevated in Brain   
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126 Elevated in Brain Astrocytic 
127     
128   

129     
130 Elevated in Brain  
131     
132   

133   Endothelial 
134 Elevated in Brain Astrocytic 
135   Microglial 
136 Elevated in Brain Astrocytic 
137   Astrocytic 
138 Elevated in Brain Astrocytic 
139 Elevated in Brain   
140   

141   Astrocytic 
142   

143     
144  Oligodendrocytic 
145     
146  Oligodendrocytic 
147   Oligodendrocytic 
148 Elevated in Brain  
149   Oligodendrocytic 
150   

151     
152 Elevated in Brain Neuronal 
153   Endothelial 
154   

155   Oligodendrocytic 
156  Astrocytic 
157   Microglial 
158 Elevated in Brain  
159   Astrocytic 
160   

161     
162 Elevated in Brain  
163     
164   

165     
166   

167     
168   
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169     
170 Elevated in Brain  
171   Astrocytic 
172   

173   Astrocytic 
174 Elevated in Brain  
175 Elevated in Brain Neuronal 
176  Oligodendrocytic 
177 Elevated in Brain Neuronal 
178 Elevated in Brain  
179 Elevated in Brain Neuronal 
180   

181   Astrocytic 
182   

183     
184 Elevated in Brain Neuronal 
185 Elevated in Brain Astrocytic 
186 Elevated in Brain Oligodendrocytic 
187 Elevated in Brain Neuronal 
188   

189     
190 Elevated in Brain  
191     
192   

193     
194  Microglial 
195   Astrocytic 
196   

197 Elevated in Brain Neuronal 
198   

199   Astrocytic 
200 Elevated in Brain Neuronal 
201 Elevated in Brain   
202  Neuronal 
203   Astrocytic 
204  Microglial 
205     
206  Oligodendrocytic 
207 Elevated in Brain   
208  Astrocytic 
209     
210   

211   Endothelial 
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212 Elevated in Brain Neuronal 
213     
214  Endothelial 
215   Microglial 
216 Elevated in Brain Astrocytic 
217     
218   

219   Astrocytic 
220 Elevated in Brain Astrocytic 
221     
222 Elevated in Brain Neuronal 
223 Elevated in Brain Astrocytic 
224  Microglial 
225 Elevated in Brain Oligodendrocytic 
226   

227     
228   

229 Elevated in Brain Astrocytic 
230   

231     
232   

233     
234  Microglial 
235 Elevated in Brain   
236  Microglial 
237     
238   

239     
240 Elevated in Brain  
241 Elevated in Brain Neuronal 
242 Elevated in Brain Astrocytic 
243 Elevated in Brain Microglial 
244  Endothelial 
245 Elevated in Brain Astrocytic 
246  Astrocytic 
247   Microglial 
248 Elevated in Brain Neuronal 
249     
250   

251 Elevated in Brain   
252  Endothelial 
253   Oligodendrocytic 
254   
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255   Microglial 
256  Endothelial 
257 Elevated in Brain   
258 Elevated in Brain Neuronal 
259 Elevated in Brain Neuronal 
260  Astrocytic 
261   Astrocytic 
262 Elevated in Brain  
263 Elevated in Brain Neuronal 
264   

265 Elevated in Brain Neuronal 
266   

267     
268   

269   Astrocytic 
270 Elevated in Brain Neuronal 
271     
272 Elevated in Brain Neuronal 
273     
274   

275 Elevated in Brain   
276   

277     
278  Oligodendrocytic 
279   Endothelial 
280   

281     
282  Astrocytic 
283   Neuronal 
284   

285     
286   

287     
288   

289     
290  Endothelial 
291   Endothelial 
292  Endothelial 
293     
294 Elevated in Brain  
295   Astrocytic 
296   

297 Elevated in Brain   
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298   

299     
300   

301 Elevated in Brain Neuronal 
302   

303     
304   

305 Elevated in Brain Neuronal 
306 Elevated in Brain Neuronal 
307   Endothelial 
308  Microglial 
309     
310  Oligodendrocytic 
311     
312  Microglial 
313     
314  Oligodendrocytic 
315   Microglial 
316   

317   Microglial 
318   

319     
320   

321   Microglial 
322 Elevated in Brain  
323     
324   

325   Oligodendrocytic 
326   

327     
328   

329     
330   

331 Elevated in Brain Oligodendrocytic 
332  Microglial 
333     
334   

335     
336   

337   Microglial 
338  Microglial 
339   Microglial 
340 Elevated in Brain Astrocytic 
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341     
342   

343   Astrocytic 
344  Astrocytic 
345     
346   

347   Endothelial 
348   

349   Endothelial 
350   

351     
352  Endothelial 
353     
354  Oligodendrocytic 
355     
356   

357   Astrocytic 
358  Endothelial 
359   Microglial 
360  Astrocytic 
361     
362   

363     
364   

365     
366 Elevated in Brain Astrocytic 
367 Elevated in Brain Oligodendrocytic 
368  Astrocytic 
369   Microglial 
370 Elevated in Brain Astrocytic 
371     
372 Elevated in Brain Astrocytic 
373     
374   

375   Astrocytic 
376   

377 Elevated in Brain Oligodendrocytic 
378   

379   Astrocytic 
380   
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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 still don’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 

 

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. 
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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 barrier1 and by supporting neurons and synapses 

throughout the brain2. Astrocyte support of neurons is both 

structural3 and metabolic4,5, with astrocytes promoting 
neurogenesis and synaptogenesis while also providing key 

metabolites like lactate to active neurons4,6,7. Beyond the role 
of structural support, astrocytes are active cells that take part 

in Ca2+ signaling and buffering (including spontaneous 

mitochondrial Ca2+ influxes)8,9, K+ buffering10, and can adapt 

and react to the needs of the brain in times of injury11,12. Being 
such dynamic cells, astrocytes have robust energy 
requirements, which necessitate an efficient mitochondrial 
network. These mitochondria also have a crucial role in 

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 network14. 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, 

Ca2+, Zn2+) are currently used in the study of mitochondrial 

function16. 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 

from subunit VIII of human cytochrome c oxidase18,19 to 
visualize newly synthesized mitochondria in green (488 nm) 
and oxidized mitochondria in red (555 nm). Using the green (488 
nm) and red (555 nm) fluorescence ratio permits simultaneous 
evaluation of individual mitochondria, their morphology 

analysis, fusion/ fission events, and redox state history20,21. 
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 vivo22. 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 vivo22. 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 
microscopy steps to follow the behavior of astrocyte 
mitochondria during several consecutive hours/days. 

Protocol 
The present protocol has been performed with the approval of 
an ethical committee (agreement VD3602, Lausanne, 
Switzerland) and follows European guidelines for the use of 
animals. 

1. 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. 
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5. Plate 20,000-25,000 cells/cm2 in multiwell dishes (9.4 mm 

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. 

6. Replace the medium entirely at 3 days in vitro (DIV3). 

7. At DIV8, add 0.6 pg of p24 antigen per cell of lentiviral 

vector coding for mitochondrial biosensor MitoTimer (LV- 

G1-MitoTimer22) diluted in phosphate-buffered saline 
(PBS + 0.01% BSA). 

8. At DIV9, wash with pre-warmed 1x sterile PBS (37 °C) and 

add fresh astrocyte medium. 

9. At DIV11, perform 2 washes with pre-warmed 1x sterile 

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

phenol red. 

NOTE: Choice of the coating depends on the intended 
assay. As a standard coating for astrocyte primary culture, 
it is recommended to use 0.2 mg/mL poly-D lysine or 8.7 

µg/cm2 of basement membrane matrix (e.g., Matrigel). To 
visualize the mitochondrial system of astrocytes, it is 
essential to work on flattened and stretched cells. In this 
context, the combination of basement membrane matrix 
on IBIDI u-slides is the most suitable. It is also crucial not 
to work with phenol red, which is toxic for the cell under 
repeated exposure to 
light. 

2. Long-term monitoring of the mitochondrial 

system. 

1. Assess the astrocytic mitochondrial system a minimum of 

3-5 days after the lentiviral infections with LV-

G1MitoTimer (to allow a sufficient level of fluorescence in 

the mitochondria). 

2. 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. 

3. Ensure that the microscope is equipped with a cage 

incubator (see Table of Materials) to maintain astrocyte 

culture at 5% CO2 and 37 °C throughout the experiment. 

4. Capture fluorescence images using sequential excitation 

at 490 nm (for green channel) and 550 nm (for red channel) 

with detection of green (500-540 nm for green channel) 

and red (550-600 nm for red channel) fluorescence 

signals. 

5. Select 5 astrocytes per well with a mitochondrial network 

expressing sufficient levels of LV-G1-MitoTimer using a 

magnification of 40x. Take care to select astrocytes as flat 

and large as possible and not located in clusters of cells 

(to work on individual cells). 

6. Save the coordinates of the 5 selected cells in an xlm file 

(map.xlm). This map.xlm allows the user to return to the 

same cells over time. 

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

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

intermediate magnification) for each coordinates. 

8. Repeat image acquisition (1 image/s for 60 s) for the same 

astrocytes 6 h, 12 h, and 24 h after treatments. NOTE: Use 

a microscope equipped with a fast and 

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. For each image 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 correct image 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  green  intensity  by 
 selecting 

       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 GA3 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. Click on Define New ROI. 

3. With the Automatic Detection Tool, select 25-50 

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

5. If necessary, delete the incorrect ROI tracks. 

6. Export the table to 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. For each 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 µM). 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 H2O2 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 H2O2 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 
H2O2 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. 



 

 

 

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 µm, lower panel: 10 µm, (B) 1 µm. Please click here to view a larger 

version of this figure. 

https://www.jove.com/files/ftp_upload/62957/62957fig01large.jpg
https://www.jove.com/files/ftp_upload/62957/62957fig01large.jpg
https://www.jove.com/files/ftp_upload/62957/62957fig01large.jpg


 

 

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 µm (B-C). 

Please click here to view a larger version of this figure.  

https://www.jove.com/files/ftp_upload/62957/62957fig02large.jpg


 

 

 

Figure 3: The effects of H2O2 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 µM of H2O2. (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 H2O2 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 µm (A) and 2.5 µm (inset). Please click here to view a larger version of this figure. 

https://www.jove.com/files/ftp_upload/62957/62957fig03large.jpg


 

 

 

Figure 4: Photographs of astrocytes expressing LV-G1-MitoTimer and showing a homogeneous and balanced 

mitochondrial network during baseline. Scale bar: 20 µm Please click here to view a larger version of this figure. 

Video 1: Effect of H2O2 treatment on the mitochondrial after H2O2 treatment compared to non-treated control cell. 

system of cultured astrocytes. Astrocytic mitochondria Please click here to download this File. 

before H2O2 treatment (baseline), as well as 6 h and 24 h 

Morphology 

criteria 
Range Remarks 

Surface Area (SA) 0.5–4 µm2 These criteria inform on the fragmented-elongated 
features of mitochondria. They generally evolve in 

the same direction. 
Fragmented mitochondria will have decreased surface 

area, diameter, length, and elongation factor while 
roundness, sphericity, and width may be unchanged or 

increased. 

Diameter (D) 0.5–1.5 µm 

Length (L) 0.5–5 µm 

Width (W) 0.5–2 µm 

https://www.jove.com/files/ftp_upload/62957/62957fig04large.jpg
https://www.jove.com/files/ftp_upload/62957/movie.mp4


 

 

Roundness (R) 0–1 

Sphericity (S) 0–1 



 

 

Elongation factor 

(EF = L/W) 

1–10  

Table 1: Summary of selected parameters for mitochondrial morphology. 

Redox State 

criteria 
Range Remarks 

Individual ratio 
(G/R) 

0–10 The ratio indicates the result of the redox state. It informs 
about the general state and age of the mitochondria in the 
cell. It is 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 
the intensity of green is 10 times that of red. Red puncta 

mitochondria are determined when the intensity of red is 10 
times greater than that of green. The redox state of an 

astrocyte is the average of all the mitochondria ratios of that 
cell. 

Percentage of 
green puncta 
mitochondria 

(Gpuncta) 

0%–100% 

Percentage of red 
puncta 

mitochondria 
(Rpuncta) 

0%–100% 

Table 2: Summary of selected parameters for mitochondrial redox state. 

Mobility criteria Range Remarks 

Displacement (Dis) 0–10 µm 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 
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. 

Track Length (Tr) 0–10 µm 

Speed and speed 
variance (Sp and 

SpV) 

0–1.5  µm/s ± 0.2 
µm/s 

Straightness  0–1 

(Str = 
displacement/ 
track length) 

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 

a time (most often used in the literature)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 
back to 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 dynamics21,22,26,27, 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 

https://www.jove.com/files/ftp_upload/62957/Mito_Morpho.ga3
https://www.jove.com/files/ftp_upload/62957/Mito_Morpho.ga3


 

 

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. 

Disclosures 

The authors declare no competing interests. 

Acknowledgments 
This study was supported by a Synapsis Foundation fellowship awarded to K.R. and the Lausanne University 
Hospital (CHUV). The authors thank Nikon for their help, in particular J. Gannevat. 

References 
1. Ballabh, P., Braun, A., Nedergaard, M. The blood-brain barrier: An overview: Structure, regulation, and 

clinical implications. Neurobiology of Disease. 16 (1), 1-13 (2004). 

2. Allen, N.J., Eroglu, C. Cell biology of astrocyte-synapse interactions. Neuron. 96 (3), 697-708 (2017). 

3. Bernardinelli, Y., Muller, D., Nikonenko, I. Astrocytesynapse structural plasticity. Neural Plasticity. 2014, 

232105 (2014). 

4. Benarroch,  E.  E.  Neuron-astrocyte  interactions: 

Partnership for normal function and disease in the central nervous system. Mayo Clinic Proceedings. 
80 (10), 1326-1338 (2005). 



 

 

5. MacVicar, B. A., Choi, H. B. Astrocytes provide metabolic support for neuronal synaptic function in 

response to extracellular K+. Neurochemical Research. 42 (9), 2588-2594 (2017). 

6. Song, H., Stevens, C. F., Gage, F. H. Astroglia induce neurogenesis from adult neural stem cells. Nature. 

417 (6884), 39-44 (2002). 

7. Christopherson, K. S. et al. Thrombospondins are astrocyte-secreted proteins that promote CNS 

synaptogenesis. Cell. 120 (3), 421-433 (2005). 

8. Volterra, A., Liaudet, N., Savtchouk, I. Astrocyte Ca2+ signalling: An unexpected complexity. Nature 

Reviews Neuroscience. 15 (5), 327-335 (2014). 

9. Huntington, T. E., Srinivasan, R. Astrocytic mitochondria in adult mouse brain slices show spontaneous 

calcium influx events with unique properties. Cell Calcium. 96, 102383 (2021). 

10. Kofuji, P., Newman, E. A. Potassium buffering in the central nervous system. Neuroscience. 129 (4), 1045-

1056 (2004). 

11. Ridet, J. L., Malhotra, S. K., Privat, A., Gage, F. H. Reactive astrocytes: Cellular and molecular cues to 

biological function. Trends in Neurosciences. 20 (12), 570-577(1997). 

12. Liddelow, S. A., Barres, B. A. Reactive astrocytes: Production, function, and therapeutic potential. 

Immunity. 46 (6), 957-967 (2017). 

13. Young, A., Gill, R., Mailloux, R.J. Protein Sglutathionylation: The linchpin for the transmission of regulatory 

information on redox buffering capacity in mitochondria. Chemico-Biological Interactions. 299, 151-162 

(2019). 

14. Lackner, L. L. Shaping the dynamic mitochondrial network. BMC Biology. 12, 35 (2014). 

15. Willems, P. H. G. M., Rossignol, R., Dieteren, C. E. J., Murphy, M. P., Koopman, W. J. H. Redox homeostasis 

and mitochondrial dynamics. Cell Metabolism. 22 (2), 207-18 (2015). 

16. de Michele, R., Carimi, F., Frommer, W. B. Mitochondrial biosensors. International Journal of 

Biochemistry and Cell Biology. 48, 39-44 (2014). 

17. Terskikh, A. et al. "Fluorescent timer": Protein that changes color with time. Science. 290 (5496), 1585-

1588 (2000). 



 

 

18. Rizzuto, R. et al. A gene specifying subunit VIII of human cytochrome c oxidase is localized to chromosome 

11 and is expressed in both muscle and non-muscle tissues. 

Journal of Biological Chemistry. 264 (18), 10595-10600 (1989). 

19. Rizzuto, R., Brini, M., Pizzo, P., Murgia, M., Pozzan, T. Chimeric green fluorescent protein as a tool for 

visualizing subcellular organelles in living cells. Current Biology. 5 (6), 635-642 (1995). 

20. Ferree, A. W. et al. MitoTimer probe reveals the impact of autophagy, fusion, and motility on subcellular 

distribution of young and old mitochondrial protein and on relative mitochondrial protein age. Autophagy. 

9 (11), 1887-1896 

(2013). 

21. Hernandez, G. et al. MitoTimer: A novel tool for monitoring mitochondrial turnover. Autophagy. 9 (11), 

1852-1861 (2013). 

22. Richetin, K. et al. Tau accumulation in astrocytes of the dentate gyrus induces neuronal dysfunction and 

memory deficits in Alzheimer's disease. Nature Neuroscience. 23 (12), 1567-1579 (2020). 

23. Merienne, N. et al. Gene transfer engineering for astrocyte-specific silencing in the CNS. Gene Therapy. 

22 (10), 830-839 (2015). 

24. Sison, M. et al. 3D Time-lapse imaging and quantification of mitochondrial dynamics. Scientific Reports. 

7, 43275 (2017). 

25. Miyazono, Y., Hirashima, S., Ishihara, N., Kusukawa, J., Nakamura, K. I., Ohta, K. Uncoupled mitochondria 

quickly shorten along their long axis to form indented spheroids, instead of rings, in a fission-independent 

manner. Scientific Reports. 8 (1), 350 (2018). 

26. Trudeau, K. M., Gottlieb, R. A., Shirihai, O. S. Measurement of mitochondrial turnover and life cycle using 

MitoTimer. Methods in Enzymology. 547, 21-38 (2014). 

27. Stotland, A., Gottlieb, R.A. α-MHC MitoTimer mouse: In vivo mitochondrial turnover model reveals 

remarkable mitochondrial heterogeneity in the heart. Journal of Molecular and Cellular Cardiology. 90, 

53-58 (2016). 

 

 

 

 



 

 

Annex 2 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Annex 3 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Annex 4 

 

  
  
  
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), eISSN: 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  

    



 

 

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

Luc Nwamekang Belinga1,2,3 MD, Jeanne Espourteilleˡ, Yembe Wepnyu Njamnshi 3,4,5 MD, Ariole Zafack 
Zeukang3,  

Olivier Rouaud2 MD, Alfred Kongnyu Njamnshi 3,4,6+ MD, Gilles Allali2+ MD & Kevin Richetin1,2* 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  

5 
6  

  
+ 

   



 

 

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. 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 β-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 Aβ42/40 ratio, Aβ1-42, 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 β 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 ε4 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 I 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 management in 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 diagnosis in clinical setting [49]. Research on the relevance 
of tau proteins in the African context is essential to assist in 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 (Aβ).  
 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 β-protein (Aβ) 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 Aβ deposition and CSF Aβ biomarkers, have 

significantly improved diagnosis [52,53]. In exploring Alzheimer's disease biomarkers in biological fluids, 
particular focus is given to Aβ and tau proteins, which play central roles in AD pathogenesis [54]. Aβ in brain plaques 

consists of 40–43 amino acids, with Aβ42 and Aβ40 being the primary species generated through proteolysis of 

amyloid precursor protein (APP) by β- and γ-secretases [55]. Most APP undergo non-amyloidogenic processing 
by α-secretase, which results in the formation of a non-amyloidogenic fragment called p3. Aβ42 and Aβ43, 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, Aβ40 may have antioxidant and anti-amyloidogenic 
effects [57]. Dysregulation of amyloid deposition significantly affects glial cells, thereby facilitating detection of Aβ 

pathology in the brain through plasma Aβ peptides [58]. The biomarker signature of Alzheimer's pathology is 
characterized by a relative decrease in the Abeta42/40 ratio [59]. This decrease is likely due to the 
sequestration of Abeta42 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 Aβ42 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 Aβ42 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 Aβ42 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 Aβ42 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) than in 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 general increase in NfL may 
complement P-tau and Aβ 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 Aβ 

plaques [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 Aβ 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.  

● 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 Aβ-positive/Tau-negative (A+/T-) or Aβ-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 Aβ 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].   

● 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 
crucial in 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, aligned 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 Aβ 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 novel regional perspectives for clinical trials. This will enhance 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 
crucial in 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 potential interventions 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 shift in 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- 
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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  
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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  
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