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Abstract.
Background: Brain tissue-derived extracellular vesicles (bdEVs) play neurodegenerative and protective roles, including in
Alzheimer’s disease (AD). Extracellular vesicles (EVs) may also leave the brain to betray the state of the CNS in the periphery.
Only a few studies have profiled the proteome of bdEVs and source brain tissue. Additionally, studies focusing on bdEV cell
type-specific surface markers are rare.
Objective: We aimed to reveal the pathological mechanisms inside the brain by profiling the tissue and bdEV proteomes in
AD patients. In addition, to indicate targets for capturing and molecular profiling of bdEVs in the periphery, CNS cell-specific
markers were profiled on the intact bdEV surface.
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Methods: bdEVs were separated and followed by EV counting and sizing. Brain tissue and bdEVs from age-matched
AD patients and controls were then proteomically profiled. Total tau (t-tau), phosphorylated tau (p-tau), and antioxidant
peroxiredoxins (PRDX) 1 and 6 were measured by immunoassay in an independent bdEV separation. Neuron, microglia,
astrocyte, and endothelia markers were detected on intact EVs by multiplexed ELISA.
Results: Overall, concentration of recovered bdEVs was not affected by AD. Proteome differences between AD and control
were more pronounced for bdEVs than for brain tissue. Levels of t-tau, p-tau, PRDX1, and PRDX6 were significantly elevated
in AD bdEVs compared with controls. Release of certain cell-specific bdEV markers was increased in AD.
Conclusion: Several bdEV proteins are involved in AD mechanisms and may be used for disease monitoring. The identified
CNS cell markers may be useful tools for peripheral bdEV capture.

Keywords: Alzheimer’s disease, brain, cell of origin markers, central nervous system, ectosomes, exosomes, extracellular
vesicles, microvesicles, proteomics

INTRODUCTION

Alzheimer’s disease (AD) [1] is a public health cri-
sis [2, 3] that grows as the population ages, demand-
ing new insights into pathophysiology. Hallmarks
of this neurodegenerative disease include extracel-
lular deposition of amyloid-� (A�—fragments of
the amyloid-� protein precursor, A�PP) in the form
of neuritic plaques and intracellular aggregation of
hyperphosphorylated tau as neurofibrillary tangles
(NFTs) [4–6]. Wide distribution and high density of
neuritic plaques and NFTs correspond with greater
cognitive impairment [6]. AD diagnosis is made
mostly using mental status and neuropsychiatric
tests, sometimes supplemented by neuroimaging. To
monitor AD status in real-time and thus provide
opportunities to improve the patient’s quality of life,
reliable and easily accessed biomarkers are needed
that reflect the state of CNS cells and tissue [7, 8].

Extracellular vesicles (EVs) comprise a diversity
of lipid bilayer membrane-delimited particles that
dispose of cellular toxins and mediate intercellular
communication [9, 10]. EVs are thought to participate
in neurodegeneration in diseases such as AD, Parkin-
son’s disease, and prion diseases in part by spreading
misfolded proteins [11, 12]. In AD, A� and tau have
been found in or on EVs in AD models and patients
[12–16]. However, some EVs may also contribute to
amyloid clearance by glia [17, 18], suggesting that
EVs from healthy cells block AD pathology. Con-
text matters, though: in certain models, reducing EV
release may diminish pathology overall [19, 20].

The reported ability of EVs to participate in cell
communication [21] and to cross the blood-brain bar-
rier [22] make them seemingly promising biomarkers
for AD. Various studies have found changes in pro-
tein and RNA cargo of plasma EVs during AD and

mild cognitive impairment [23–26], but it is not well
understood to what extent these changes in plasma
EVs correspond to EVs present in brain tissues. For
example, L1 cell adhesion molecule (L1CAM) has
been used frequently for neuronal EV capture from
biofluids samples [14, 23, 24], but we and others have
noted that L1CAM is not exclusive to neurons and
is also found on peripheral lymphocytes and cancer
cells [27, 28]. One recent study even suggested that
most circulating L1CAM is present as a proteolytic
cleavage product [29]. Furthermore, EV markers of
glia cells, especially of microglia, the main resident
immune cell type in the brain that regulates neuroin-
flammation [30], have not been well developed to
date. Thus, robust markers to evaluate EV cell of
origin may be needed.

Brain tissue-derived EVs (bdEVs) can also be har-
vested from the brain tissue interstitial space [12, 16,
31–34] in a rigorous manner [10, 35–37] to allow
evaluation of both EV content and cell of origin.
Exploring overall bdEV contents may shed light on
physiological and pathological mechanisms inside
the brain and also indicate targets for biomarker
development outside the brain. Furthermore, investi-
gating cell-specific surface markers that are released
on EVs in the brain can provide new “molecular han-
dles” for capture and molecular profiling of bdEVs
in the periphery, opening a window into healthy
and neuropathological processes in the brain. We
therefore obtained brain tissue of AD cases as well
as controls. Used our modification of a rigorous
method [31, 32], we separated different EV subtypes,
including purified bdEVs and an intermediate bdEV
separation fraction (10,000× g pellet), to assess pos-
sible protein composition changes related to AD in
the brain. We (1) profiled and compared the pro-
teomes of brain tissue, 10,000× g pellet, and bdEVs
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Table 1
The human cortex tissues used in this study

AD (n = 24) Control (n = 10) p

Age, mean 78.14 ± 12.51 78.3 ± 11.96 0.9734
Sex (male, female) 9M, 14F 7M, 3F
Postmortem interval, mean 11.0 ± 5.35 8.2 ± 4.96 0.3819
Brain tissue weight (/100 mg) 3.66 ± 1.09 3.65 ± 0.73 0.9951

from AD patients and controls to identify AD related
proteome changes; (2) verified AD pathology-related
bdEV proteins by immunoassay in materials from a
second, independent separation; and (3) profiled sur-
face markers on intact bdEVs to reveal possible shifts
in release of protein markers of cell of origin.

METHODS

Tissue collection, processing, and approvals

Human brain tissues were obtained from the Johns
Hopkins Alzheimer’s Disease Research Center. A
total of 24 AD patients and 10 non-AD controls
(Table 1, Supplementary Table 1) were included in
this study. AD patients were diagnosed according to
Braak and CERAD criteria [6]. The clinical patho-
logical information and possible death causes for
patients were included in Supplementary Table 1
based on patients’ medical records. Following exter-
nal examination and weighing of the autopsy brain,
the right cerebral hemisphere was cut into coronal
slabs, frozen on prechilled metal plates, and stored
at –80◦C. For each patient, two pieces of mixed
tissue from Brodmann areas 42, 21, and 40 were
obtained. EV separation was done from two pieces
of mixed tissues independently: one piece was used
for a first proteomics profile, while the second piece
was used for proteomics data verification and EV
surface marker profiling (see samples included in
Supplementary Table 1).

Separation of extracellular vesicles from brain
tissue

EVs were separated from brain tissues using our
published protocol [31]. Before extraction, a small
(∼50 mg) piece of tissue was stored at –80◦C for
later protein extraction from brain homogenate (BH).
After enzymatic digestion, differential centrifuga-
tion, and initial filtering (through a 0.22 �m filter)
of the remaining tissue, 10,000× g ultracentrifuged
pellets were collected and termed “10K” as an
intermediate product of EV separation. The 10K

supernatant was then separated by size exclusion
chromatography (SEC) and concentrated into a purer
EV preparation. See our published protocol [31] for
detailed methods.

Transmission electron microscopy

EV preparations (10 �L) were adsorbed to glow-
discharged 400 mesh ultra-thin carbon-coated grids
(EMS CF400-CU-UL) for 2 min, followed by 3 quick
rinses in TBS and staining in 1% uranyl acetate
(UAT) with 0.05 % tylose. After being aspirated and
dried, grids were immediately observed with a Philips
CM120 instrument set at 80 kV, and images were
captured with an AMT XR80 CCD (8 megapixel).

Nanoflow cytometry (NFCM)

Concentration and size profile of 10K and EV
preparations were measured over one minute of
data collection by side scatter using NFCM (Flow
NanoAnalyzer, NanoFCM, Inc.). The instrument
was pre-calibrated for concentration and size mea-
surements with 200 nm polystyrene beads and a
silica nanosphere cocktail (diameters of 68, 91, 113,
and 151 nm), respectively. Both calibration materi-
als were from the manufacturer, NanoFCM. Particle
numbers and sizes were calculated based on the cal-
ibration curve, flow rate, and side scatter intensity.

Brain homogenate protein preparation

BHs were prepared by grinding tissue in cold
PBS containing PI/PS with a handheld homogenizer
(Kontes Pellet Pestle Motor) for 10 s. RIPA lysis
buffer (Cell Signaling Technology 9806) was added,
and the mixture was sonicated using an ultrasonic
ice bath at 20 kHz for 4 × 20 s, with a 10-s interval
between each sonication. Homogenate was rotated at
4◦C for 2 h and spun 15 min at 14,000× g at 4◦C.
Supernatant was transferred to tubes and stored at
–80◦C.
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Mass spectrometry

Samples were resuspended in 1 X RIPA buffer
(20 mM Tris-HCl pH7.5, 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% NP-40, 1% SDS,
2.5 mM sodium pyrophosphate) with protease and
phosphatase inhibitors (1 mM �-glycerophosphate,
1 mM Na3VO4, 1 �g/ml leupeptin) and incubated
on ice for 5 min. The samples were sonicated for
15 min in an ice water bath before centrifugation
at 14,000× g at 4◦C for 10 min. The supernatant
was collected and assessed for protein concentration
using the micro BCA assay (Thermo Fisher Scien-
tific 23235). 3 �g of brain homogenate and 1.5 �g of
10K pellet and EV samples were buffer-exchanged
prior to mass spectrometry to remove detergent. Pro-
teins were resuspended in 8M Urea, 50 mM Tris
pH = 8.3. 1 �L of TCEP (tris [2-carboxyethyl] phos-
phine hydrochloride, 200 mM solution in water) was
then added to the samples and incubated for 4 h at
21◦C in a ThermoMixer (Eppendorf AG). 4 �L of
1M IAA (iodoacetamide in water) was then added
and samples were incubated in the dark at 21◦C.
800 �L of 50 mM Tris (pH 8.3) and 1 �g trypsin
were then added to samples prior to overnight incu-
bation at 37◦C. 10 �L of 10% trifluoroacetic acid
(TFA) was added to each sample to acidify. Samples
were cleaned using stage-tips preparations using 3
plugs of Empore polystyrenedivinylbenzene (SBD-
XC) copolymer disks (Sigma Aldrich, MO, USA)
for solid phase extraction. Peptides were reconsti-
tuted in 0.1% formic acid and 2% acetonitrile and
loaded onto a trap column (C18 PepMap 100 �m
i.d. × 2 cm trapping column, Thermo Fisher Scien-
tific) at 5 �L/min for 6 min using a Thermo Scientific
UltiMate 3000 RSLCnano system and washed for
6 min before switching the precolumn in line with
the analytical column (BEH C18, 1.7 �m, 130 Å and
75 �m ID × 25 cm, Waters). Separation of peptides
was performed at 45◦C, 250 nL/min using a linear
ACN gradient of buffer A (water with 0.1% formic
acid, 2% ACN) and buffer B (water with 0.1% formic
acid, 80% ACN), starting from 2% buffer B to 13% B
in 6 min and then to 33% B over 70 min followed by
50% B at 80 min. The gradient was then increased
from 50% B to 95% B for 5 min and maintained
at 95% B for 1 min. The column was then equili-
brated for 4 min in water with 0.1% formic acid,
2% ACN. Data were collected on a Q Exactive HF
(Thermo Fisher Scientific) in Data Dependent Acqui-
sition mode using m/z 350–1500 as MS scan range
at 60,000 resolution. HCD MS/MS spectra were col-

lected for the 7 most intense ions per MS scan at
60,000 resolution with a normalized collision energy
of 28% and an isolation window of 1.4 m/z. Dynamic
exclusion parameters were set as follows: exclude
isotope on, duration 30 s, and peptide match pre-
ferred. Other instrument parameters for the Orbitrap
were MS maximum injection time 30 ms with AGC
target 3 × 106, MSMS for a maximum injection time
of 110 ms with AGT target of 1 × 105.

Proteomics data analysis

Human protein sequences (last modified date:
16 May 2019) were downloaded from the Uniprot
database and used as the database for the search
engine. Common Repository of Adventitious Pro-
teins (CRAP) was used as the potential lab
contaminant database. Protein identification was
performed using the proteomics search engine
Andromeda built in to Maxquant V 1.16.0. Trypsin
with a maximum of two missed cleavages was used
as the cleavage enzyme. Carbamidomethyl of cys-
teine was set as fixed modification and oxidation of
methionine was set as variable modification. The false
discovery rate (FDR) was set to 1%. The Label Free
quantification was done with match between runs
using a match window of 0.7 min. Large label free
quantification (LFQ) ratios were stabilized to reduce
the sensitivity for outliers. For human datasets, data
scaling was done using the cyclic loess method, and
scaled data were visualized with a principal compo-
nent analysis (PCA) plot. For differential abundance
analysis, nested factorial design was set up for the
analysis, where each subtype of the disease was
nested within the main disease category and contrasts
for the main categories were computed by averaging
the subtypes.

For human datasets, data scaling was done using
the cyclic loess method, and scaled data were visu-
alized with a PCA plot. For differential abundance
analysis, nested factorial design was set up for
the analysis, where each subtype of the disease
was nested within the main disease category and
contrasts for the main categories were computed
by averaging the subtypes. The protein interaction,
cluster protein function prediction, and cellular com-
ponent annotations was done by Protein-Protein
Interaction Networks Functional Enrichment Anal-
ysis (STRING) [38]. Kyoto Encyclopedia of Genes
and Genomes (KEGG) [39] was used to enrich path-
way involvement of identified proteins. Statistical
significance of enrichment was determined by the
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tools mentioned above. Only nominally significant
categories (false discovery rate (FDR)<0.05) were
included for analysis.

Electrochemiluminescence-linked (ECL)
immunoassay

Total tau (t-tau), tau phosphorylated at threo-
nine 231 (p-tau T231), peroxiredoxin 1 (PRDX 1),
and PRDX6 were measured in BH, 10K, and EVs
using an ECL-immunoassay (Meso Scale Discovery
K15121D, K15231N-2) according to the manufac-
turer’s instructions. In brief, 10K and EV samples
were diluted 1:10 while BH was diluted 1:100 in
2% blocking buffer containing 0.5% triton X-100.
Samples were incubated for 1 h on the plate. After
washing the plate, the SULFO-TAG anti-t-Tau, p-tau
T231, PRDX1, and PRDX6 antibodies were added
and incubated with the plate for 1 h, separately. After
washing, MSD Read Buffer was added, and the plate
was read immediately with a Quick plus SQ 120
MM instrument. Data analysis was done on MSD
DISCOVERY WORKBENCH software version 2.0.

EV surface marker profiling

EV surface markers were assayed using proto-
type S-PLEX® ultrasensitive assays on intact EVs.
Each U-PLEX® 96-well plates were coated with nine
capture antibodies and one isotype IgG1 control anti-
body. Four different multiplexed assay panels (as
listed in Supplementary Table 4) were used in this
study. EV samples were diluted 20-fold and added to
the plates incubated at RT with continuous shaking.
EVs captured by each antibody spot were detected
using MSD’s S-PLEX® ultrasensitive assay meth-
ods with a cocktail of detection antibodies targeting
CD63, CD81, and CD9. Assay plates were then read
with MSD GOLD™ Read buffer B on an MSD®

SECTOR instrument. The ECL signal from DPBS
and IgG1 isotype control were subtracted from sig-
nals on each detection antibody capture spot before
further analysis.

Statistical analysis

Statistical significance of particle count, parti-
cle:protein ratio, size distribution, and protein level
differences between AD and control groups were
determined by two-tailed Welch’s t-test. Receiver
operating characteristic (ROC) analyses were con-
ducted in GraphPad Prism 8.1 using the method of

Wilson and Brown. The correlation analysis was eval-
uated by Pearson’s correlation coefficient (r).

Standard protocol approvals, registrations, and
patient consents

The institutional review boards of Johns Hopkins
University approved the study, and informed con-
sent was obtained from all participants or authorized
representatives.

Data availability

We have submitted all relevant details of our
experiments to the EV-TRACK knowledgebase (EV-
TRACK ID: EV200126) [40]. Reporting for NFCM
was submitted to FlowRepository as ID: FR-FCM-
Z5FF [41]. Any and all data are available on request.

RESULTS

Following the protocol illustrated in Fig. 1A,
bdEVs were separated from brain tissue of indi-
viduals with AD and controls (sample information
in Table 1, Supplementary Table 1). After basic
EV characterization, 10K and EV fractions were
subjected to proteomics profiling, verification, and
surface marker profiling.

bdEV recovery was not affected in late-stage AD

Transmission electron microscopy (TEM)
revealed oval and round particles in brain-derived
10K and EV fractions from AD and CTRL patients
that were consistent with EV morphology (Fig. 1B).
Particle size distribution and particle concentration
per 100 mg tissue input were determined by NFCM.
The overall EV particle diameter detected by NFCM
tended to be smaller than that detected by TEM.
Consistent with TEM, fractions from AD and control
groups had similar size distributions (Fig. 1C, Sup-
plementary Figure 1A). However, a larger percentage
of small particles in the approximately 45–50 nm
diameter range were observed in AD samples com-
pared with controls (Fig. 1C). No significant particle
yield (Fig. 1D left) or protein yield differences
(Supplementary Figure 1B) were detected between
AD and control brain-derived 10K and EV fractions.
Particle:protein ratio (particle number per microgram
of protein) was also calculated to evaluate EV purity
[42]. This ratio was similar between the AD and
control groups (Fig. 1D right). However, the EV
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Fig. 1. Alzheimer’s disease (AD) and control brain tissue-derived EV (bdEV) enrichment and characterization. A) Workflow for 10K and
bdEV enrichment (see supporting information for detailed methods), proteomics analysis, and protein verification. Proteins from BH, 10K,
and EVs were then isolated and subjected to mass spectrometry and protein verification. Intact EVs were subjected to surface protein
profiling. B) 10K and bdEVs from AD and control brain tissue were visualized by negative staining transmission electron microscopy (scale
bar = 100 nm). TEM is representative of ten images taken of each fraction from five independent human tissue samples. C) Size distributions
of 10K and EV fractions (AD and control) were measured by NFCM and calculated as particles in a specific size bin versus total detected
particles in each sample (percentage). D) Left: Particle concentrations of 10K and EV fractions of AD and control samples were measured by
NFCM. Particle concentration for each group was normalized by tissue mass (per 100 mg). Right: Ratio of particles to protein (particles/�g).
Protein concentrations of 10K and EV fractions were measured by BCA protein assay. E) Principal component analysis (PCA) based on
EV marker expression per proteomics analysis. EV markers used for PCA: CD81, CD9, FLOT1, FLOT2, RAB1A, RAB7A, TUBA1B,
TUBB4B, ANXA2, ANXA5, ANXA6, ACTN1, GAPDH. (D)-(E) data are presented as mean ± SD. ns (no significant difference, p > 0.05),
∗p ≤ 0.05, ∗∗∗∗p ≤ 0.0001, between AD and control by two-tailed Welch’s t-test.

fraction had a higher particle:protein ratio compared
with 10K, consistent with greater protein contamina-
tion of the 10K pellet (Fig. 1D right, Supplementary
Figure 1B). EV membrane proteins CD9 and CD81
were enriched in EVs compared with BH and 10K,
while intracellular markers TOM70 and histone H2A
were largely not detected (n.d.) in both EV and 10K
(Supplementary Figure 1C). GO ontology analyses
by STRING were used to determine the cellular
component enrichment of proteins recovered from
10K and EV fractions (Supplementary Figure 1D).

More than 60% of proteins identified in both 10K
and EVs were enriched for EV-related terms like
extracellular vesicle, extracellular exosome, vesicle,
extracellular region, and extracellular space. We then
examined the expression levels of 13 proteins that are
commonly reported to be associated with EVs [10]
(CD81, CD9, FLOT1, FLOT2, RAB1A, RAB7A,
TUBA1B, TUBB4B, ANXA2, ANXA5, ANXA6,
ACTN1, GAPDH). These proteins were found not
to be significantly differentially abundant between
AD and controls (Supplementary Figure 1E). PCA
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Fig. 2. bdEV protein content reflects differences between AD and control brain tissues. A) Venn diagrams of all proteins identified by
proteomics in 10K and EVs from AD and control patients. B) Top 10 pathways ranked by FDR-corrected p value of 10K and EV proteins
according to the Kyoto Encyclopedia of Genes and Genomes (KEGG). C) Principal component analysis (PCA) based on proteome content
of 10K (left) and EVs (right). D) Volcano plots showing 10K (left) and EV (right) protein log2 fold changes (Log2FC) and p values (pval)
for AD versus control. Thresholds for two-fold change and p value <0.05 are indicated by dashed lines. Significant changes are indicated
with different colors. Grey: non-significant (ns), black: p-value<0.05, and red: FDR <0.05. E) Expression level of proteins differentially
expressed between AD and control with fold change >2 (p-value <0.05) in 10K (left) and EVs (right). Data are presented as mean log2
(LFQ intensity) ± SD. F) STRING protein interaction network analysis indicated that 18 proteins (out of 31 proteins showing differential
expression (p-value<0.05) between AD and control in EVs) were enriched with known high confidence (0.7 on a scale of 0-1) protein-protein
interactions. Protein clusters are indicated with different colors based on predicted functions.

also showed different EV marker expression patterns
between BH, 10K, and bdEV fractions, but not
between AD and controls for this group of proteins
(Fig. 1E).

AD pathogenesis regulatory pathway proteins in
bdEVs as revealed by proteomics

By label-free mass spectrometry, the number of
proteins identified in BH, 10K, and EVs are shown in
Supplementary Table 2. Most proteins were detected
in both AD and control BH (73.6%), 10K (66.5%),
and EVs (66.6%) (Fig. 2A, Supplementary Fig-
ure 2A). We performed an enrichment analysis

of common proteins, proteins that were uniquely
detected in AD, and proteins that were uniquely
detected in control samples using the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database
(Fig. 2B, Supplementary Figure 2B). We observed
enrichment of pathways directly or indirectly related
to neurodegenerative diseases, among which were
metabolic pathways (e.g., carbon metabolism, glycol-
ysis, and oxidative phosphorylation). Furthermore,
proteins with known involvement in AD, Parkinson’s
disease, and Huntington’s disease were enriched in
AD-unique proteins in 10K and EVs (Fig. 2B) and
common proteins in BH (Supplementary Figure 2B).
PCA of the EV proteome showed a separation of AD
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and control groups (Fig. 2C right). In contrast, no such
separation was observed for 10K (Fig. 2C left) or BH
(Supplementary Figure 2C). This indicated that AD
pathology most prominently affects the proteome of
purified EVs in brain tissue.

Differentially abundant proteins in bdEVs and
BH: AD versus control

Label-free quantitation (LFQ) was used to iden-
tify up- and downregulated proteins in AD (Fig. 2D,
Supplementary Figure 2D, Supplementary Table 3).
More proteins were up- or downregulated in AD in
the EV fraction (Fig. 2D right) than in 10K (Fig. 2D
left) or BH (Supplementary Figure 2D), in line with
our PCA analysis of the whole proteome. This sug-
gested that EVs have increased potential to indicate
the difference between AD and controls as compared
with 10K and BH. Three proteins (10K) and 11 pro-
teins (EVs) differed by more than two-fold (Log2
fold change >1) between AD and control (Fig. 2E).
Examining proteins that were differentially abun-
dant in EVs by Protein-Protein Interaction Networks
Functional Enrichment Analysis (STRING), 18 out
of 31 had high protein-to-protein interaction confi-
dence scores (0.7 on a scale of 0-1), participating
in AD-related processes such as neurodegenera-
tion, oxidative regulation, neurotrophic signaling,
and metabolic regulation (Fig. 2F).

bdEV-associated tau proteins increase in AD
patients compared with controls

We further measured the concentration of total tau
(t-tau) and tau with phosphorylated threonine 231 (p-
tau T231) in independently separated BH, 10K, and
EVs (patients included are shown in Supplementary
Table 1). Normalized to 100 mg brain tissue input for
10K and EVs, and 100 �g protein for BH, only p-
tau T231 was significantly increased in AD versus
controls in 10K (Fig. 3A) and BH (Supplementary
Figure 3A), while both t-tau and p-tau T231 were sig-
nificantly increased in bdEVs (Fig. 3B). To test the
predictive power of t-tau and p-tau T231 in 10K and
EVs, receiver operating characteristic (ROC) curves
were generated by logistic regression (Fig. 3C). T-tau
and p-tau T231 in EVs distinguished AD from con-
trol, with an area-under-curve (AUC) of 0.81 ± 0.08
and 0.96 ± 0.04, respectively. In contrast, neither t-
tau nor p-tau T231 in 10K distinguished AD from
control significantly. Next, we assessed the corre-
lation of t-tau and p-tau T231 in 10K and EVs by

Pearson’s correlation analysis (Fig. 3D). Significant
correlation of t-tau and p-tau T231 levels was shown
in both 10K and EVs. To assess whether changes of
t-tau and p-tau T231in 10K or EVs reflected those in
BH, we determined their correlations. No strong cor-
relation was observed for t-tau levels (BH versus 10K
or EVs), while p-tau T231 levels in BH and EVs were
significantly correlated (Supplementary Figure 3B).
This indicates that the changes of tau level in 10K
and EVs were only partly determined by the levels in
brain tissues.

bdEV-associated peroxiredoxins increase in AD
patients compared with controls

Proteomics analysis identified dysregulation of
peroxiredoxins (PRDXs) in bdEVs during AD. These
proteins are thought to be involved in AD by regulat-
ing peroxidase activity and thus protecting the cell
against oxidative stress (Fig. 2F). We thus further
measured the level of PRDX 1 and 6 in lysed BH,
10K, and EVs (patients included are shown in Sup-
plementary Table 1). Levels of PRDX 1 and 6 were
not significantly different between AD and control
in BH (Supplementary Figure 4A), while PRDX6
increased in AD 10K (Fig. 4A). Notably, both
PRDX1 and PRDX6 were significantly increased
in AD bdEVs (Fig. 4B). However, only PRDX6 in
10K was significant to distinguish AD from con-
trol with an area-under-curve (AUC) of 0.79 ± 0.08,
while PRDX1 and 6 in EVs were insignificant to dis-
tinguish AD from controls (Fig. 4C). Similar to t-tau
and p-tau T231, significantly positive correlation of
PRDX1 and PRDX6 was shown in both 10K and EVs
(Fig. 4D), indicating possible synergistic effects of
PRDXs in AD. PRDX levels in 10K or EVs were also
only partly reflected by those in BH, as no correla-
tion was observed for PRDX6 in 10K or EVs versus
BH. However, PRDX1 levels of EVs and BH were
significantly correlated (Supplementary Figure 4B).

bdEV surface markers suggest cellular origin
changes of AD bdEVs

To study the relative contribution of different brain
cell populations to bdEVs, enrichment of selected
neuron, microglia, astrocyte, and endothelial cell
markers were assessed on the intact bdEV surface by
ECL immunoassay. Signal of each marker was nor-
malized to the average signal of EV marker CD81,
CD63, and CD9. No significant difference of these
three EV markers was found between AD and con-
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Fig. 3. Higher total tau and phosphorylated tau at threonine 231 levels in bdEVs from AD patients compared with controls. Levels of total
tau (t-tau) and phosphorylated tau at threonine 231 (p-tau T231) protein (per 100 mg brain tissue input) in 10K (A) and EVs (B) from the
second batch of bdEV separation (patient information in Supplementary Table 1) measured by ECL immunoassay. Data are presented as
mean ± SD. ns: no significant difference (p > 0.05), ∗p ≤ 0.05, ∗∗p ≤ 0.01 by two-tailed Welch’ s t-test. C) Receiver operating characteristic
(ROC) curves are presented for t-tau and p-tau T231 in 10K (left) and EVs (right) from all patients. The area under the curve (AUC) with
95% CI and p value are shown. D) Correlations of t-tau and p-tau T231 protein levels in 10K (left) and EVs (right). Linear regression lines
are shown in black. Pearson correlation coefficient (R) and significance (p) are shown based on AD (n = 21) and control (n = 10) samples.

trols (Supplementary Figure 5A). Among the markers
we tested, neuron markers L1 cell adhesion molecule
(L1CAM) and ganglioside G1a (GD1a), as well as

microglia marker CD11a, were classified as unde-
tected, with lower signal than the background of PBS
and IgG1 isotype controls (data not shown). The top
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Fig. 4. Higher peroxiredoxin (PRDX) 1 and 6 levels in bdEVs from AD patients compared with controls. Levels of PRDX1 and PRDX6 protein
(per 100 mg brain tissue input) in 10K (A) and EVs (B) from the second batch of bdEV separation (patient information in Supplementary
Table 1) measured by ECL immunoassay. Data are presented as mean ± SD. ns: no significant difference (p > 0.05), ∗p ≤ 0.05, ∗∗p ≤ 0.01 by
two-tailed Welch’ s t-test. C) Receiver operating characteristic (ROC) curves are presented for PRDX1 and PRDX6 in 10K (left) and EVs
(right) from all patients. The area under curve (AUC) with 95% CI and p value are shown. D) Correlations of PRDX1 and PRDX6 protein
levels in 10K (left) and EVs (right). Linear regression lines are shown in black. Pearson correlation coefficient (R) and significance (p) are
shown based on AD (n = 21) and control (n = 10) samples.

10 CNS cell markers with a higher signal indicated
bdEVs from different cell types, including astrocytes,
endothelia, microglia, and neurons (Supplementary
Figure 5B). Several cellular origin surface mark-
ers were increased in AD patients (Fig. 5A–C):
including neuron markers ganglioside G2 (GD2),

neural cell adhesion molecule (NCAM), and neuronal
cell adhesion molecule (NRCAM); microglia mark-
ers HLA-DR/DP/DQ, CD15, CD64, CD68, CD33,
CD45, and CD18; astrocyte markers CD44 and gap
junction alpha-1 protein (GJA1); and endothelia cell
markers CD29 and CD31.
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Fig. 5. Cell of origin marker profile on AD and control bdEV surface. Lineage-specific markers were used as bdEV capture antibodies,
while the ECL signal from each antibody spot was detected by the cocktail of tetraspannin CD63, CD81, and CD9 antibodies. The level of
lineage-specific neuron (A), microglia (B), astrocyte (C), and endothelia. C) Proteins were then normalized to the average of tetraspannin
capture spot signals. The heatmaps (left) showed the relative average ECL signal intensities of each markers as indicated by the colored bars
in AD (n = 21) and controls (n = 10). The dot plots (right) illustrate the results from each of the patients and are presented as mean ± SD. ns:
no significant difference (p > 0.05), ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, ∗∗∗∗p ≤ 0.0001 by two-tailed Welch’ s t-test.
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DISCUSSION

The roles of EVs in regulating CNS diseases have
been inferred predominantly from studies of in vitro
models and biofluid EVs, with growing but still lim-
ited studies of tissue EVs. Here, we compared the
protein content of brain homogenates with those of
a “10K” pelleted extracellular fraction and a puri-
fied EV fraction of control and late-stage AD brain.
Proteome differences between AD and controls were
most pronounced for EVs, suggesting that EV pro-
teins may have stronger biomarker potential than
other fractions. By immunoassay verification, we
added evidence that both total tau and phosphorylated
tau elevated in bdEVs of AD brains, and identified the
increase of antioxidant proteins PRDX1 and PRDX6
in AD bdEVs. The dysregulated molecules identi-
fied in our study, especially those involved in aging
and neurodegeneration pathways, may be involved
in CNS disease mechanisms and constitute new
biomarkers for disease monitoring after release from
brain tissue into the circulation or other peripheral
compartments. Furthermore, the profile of bdEV sur-
face markers indicated that certain cells release more
EVs or EVs with higher density of cell-specific sur-
face markers. These markers of neurons, microglia,
astrocytes, and endothelial cells may also be tested
for bdEV capture in the periphery.

Based on our proteomics results, although BH,
10K and EVs all contain neurodegenerative diseases
related proteins, EVs could serve as a better potential
biomarker to indicate late-stage AD pathology as the
distinct proteome between AD and controls was only
revealed by EVs. We previously reported 10K as an
intermediate vesicle fraction between BH and EVs
which contain more intracellular contents [31], again
in this study, only a few proteins significantly differed
between AD and controls in 10K as well as BH, while
highly purified EVs harbor more AD pathology spe-
cific information. The reason that bdEVs are more
reflective of AD pathology than BH or 10K could be
that bdEVs shuttle in interstitial fluid through dif-
ferent brain regions. Therefore, bdEVs may carry
information from regions other than the source tissue,
as revealed by previous imaging studies [43]. Also,
in addition to passive incorporation, AD pathogene-
sis may also affect selective package of molecules in
EVs.

Based on immunoassay verification, the dysregu-
lation of the AD-related tau protein was confirmed
in independent bdEV preparations. EVs have been
widely reported to propagate misfolded tau in neu-

rodegenerative disease [15, 44]. Consistent with other
bdEV studies [15, 16, 45, 46], we found a higher
level of total tau (t-tau) and phosphorylated tau (p-
tau) in bdEVs of AD compared with controls, adding
more support for tau propagation in brain through
EVs. The antibody we used targeted the threonine
231 (T231) site of the middle tau protein region.
The dysregulation of P-tau T231 we showed in the
source brain tissues and bdEVs further supports its
biomarker potential, as previously identified in pre-
clinical AD plasma and CSF samples for AD [47].
Although the change of p-tau T231 in bdEVs reflected
changes in BH, as shown by correlation analysis, our
study detected t-tau differences only in EVs but not
in 10K or BH. This observation suggests that release
of t-tau and p-tau in EVs is a dynamic process that
may depend on different turnover rates of tau iso-
forms [48] or tau posttranslational modifications [45].
While tau and p-tau in EVs are well characterized,
mechanisms of disease propagation are still incom-
pletely understood. Further study is thus needed to
determine if EVs act as a protective factor to clear
tau from the CNS to the periphery, as a neurotoxic
factor by spreading tau between neurons and glia, or
perhaps in different ways in some as-yet incompletely
understood balance between these two poles.

We also revealed upregulation of bdEV PRDX1
and PRDX6 in AD. PRDXs are antioxidant enzymes
implicated in the progression of neurodegenerative
diseases by regulating oxidative stress. We and our
collaborators previously found that PRDXs were
highly abundant in EVs derived from both human
induced pluripotent stem cells and mesenchymal
stem cells, and that these proteins help to reduce
oxidative stress in cells with induced senescence [49].
In AD brain tissues, the change of PRDX levels is
inconsistently reported and likely region-dependent
[50]: PRDXs were reported elevated in some brain
regions of AD patients in one study [51], but were
not different in another study [52]. The expression of
PRDXs is also cell type-specific in the CNS [50], as
previous studies showed that PRDXs were detected
mostly in astrocytes. In our study, we observed no sig-
nificant change of PRDXs in BH samples between
AD and controls, whereas loading into bdEVs was
apparently different. Considering that bdEVs hail
from different cell types, astrocytes may contribute
to the elevation of PRDX1 and 6 in the bdEV pool.
Although regulatory roles of PRDX family members
were shown in AD [53–55], and the association of
PRDX with EVs [56, 57] has been reported, we reveal
here the differential loading of PRDX into bdEVs.
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Further exploring the cell source of PRDXs in bdEVs
in tissue or in the periphery may allow even stronger
conclusions about biomarker potential.

bdEV protein clusters are actively involved
in CNS disease regulation pathways, including
mitochondrial and metabolic pathways and neu-
rogenesis/differentiation pathways (Fig. 2F). For
example, the ATPase enzyme member valosin-
containing protein/p97 (VCP) is thought to bring
about mitophagy impairment and mitochondrial dys-
function in AD [58, 59] and was upregulated in AD
bdEVs. Impairment of pathways involved in neuro-
genesis/differentiation are thought to be early clinical
events in aging and AD development [60, 61]. Our
study showed dysregulation of neurogenesis-related
protein 14-3-3 isoforms � (YWHAE), ζ (YWHAZ),
and � (YWHAG) in the 10K and EV fractions. 14-3-3
proteins indirectly regulate activation of Rho fam-
ily GTPases [62]. Interestingly, several proteins in
the Rho-GTPase cycle were also dysregulated in AD
bdEVs, including Ras-related C3 botulinum toxin
substrate 1/3 (RAC1/3), and Rho GDP-dissociation
inhibitors 1 and 2 (ARHGDIA, GDI2). We also found
that contactin-1 (CNTN1) and neurofascin (NFASC),
two proteins involved in axonal guidance and neuron
projection development [63, 64], were downregulated
in AD bdEVs, which may reflect neurodegeneration.

EVs derived from specific cellular origins in brain
may have enhanced potential as biomarkers. How-
ever, isolation of pure, highly cell-specific bdEVs
from blood is challenging because of interfere of
peripherally derived EVs and non-EV components
(e.g., lipoproteins). Also, most of previous studies
investigated blood-isolated neuron-derived bdEVs
[14, 23, 24], while other sources have been less
investigated. In the current study, we detected a
panel of potential CNS cell markers on intact bdEVs
while largely excluding contaminants. We identi-
fied multiple cell-specific markers on bdEVs, with
astrocyte/glia marker CD44 as the most abundant.
Of course, few markers are exclusively specific to a
single cell type; CD44, for example, is particularly
abundant on astrocytes [65] but can also be found on
other glia [66]. Markers with potential cellular over-
lap are shown in the Supplementary Table 4. Possibly,
a panel of antibodies might be used to increase both
specificity and sensitivity for biomarker approaches
using cell-specific EVs.

As a mixture of EVs from diverse cells, both bio-
genesis and cargo loading of specific EV subtypes
may be affected by AD. As in several previous studies
of human cortex bdEVs [67, 68], we did not observe

differences in overall EV recovery. However, bdEVs
of specific cells may experience different release pat-
terns. For example, while MHC class I bdEVs were
reported to be upregulated in preclinical AD patients
compared with controls and late-stage AD in previ-
ous study [68], here we found increased MHC class
II- HLA-DR/DP/DQ on the bdEV surface in AD
patients. As a microglial marker [69, 70], the ele-
vation of HLA-DR/DP/DQ on bdEVs may indicate
more EVs or EVs with surface changes being released
by microglia in response to immune activation and
tissue damage in AD. Further study is in need to eval-
uate the function of bdEVs from specific cell types
after separating them based on the surface markers
we identified.

In summary, our study examined both the lysed
bdEV proteome and selected surface markers on
intact bdEVs from AD patients. Our results identi-
fied the bdEV protein composition varied with AD
pathology. These bdEV-transported molecules may
play critical roles in modulating AD progression and
thus have potential for exploitation as biomarkers and
therapeutic targets. The cell surface markers we iden-
tified on bdEVs could be further tested in peripheral
samples for brain-origin EV capture.
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[21] Tkach M, Théry C (2016) Communication by extracellular
vesicles: Where we are and where we need to go. Cell 164,
1226-1232.

[22] Saint-Pol J, Gosselet F, Duban-Deweer S, Pottiez G, Kara-
manos Y (2020) Targeting and crossing the blood-brain
barrier with extracellular vesicles. Cells 9, 851.

[23] Kapogiannis D, Boxer A, Schwartz JB, Abner EL, Biragyn
A, Masharani U, Frassetto L, Petersen RC, Miller BL,
Goetzl EJ (2015) Dysfunctionally phosphorylated type 1
insulin receptor substrate in neural-derived blood exosomes
of preclinical Alzheimer’s disease. FASEB J 29, 589-596.

[24] Goetzl EJ, Boxer A, Schwartz JB, Abner EL, Petersen
RC, Miller BL, Kapogiannis D (2015) Altered lysosomal
proteins in neural-derived plasma exosomes in preclinical
Alzheimer disease. Neurology 85, 40-47.
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[34] Crescitelli R, Lässer C, Lötvall J (2021) Isolation and char-
acterization of extracellular vesicle subpopulations from
tissues. Nat Protoc 16, 1548-1580.

[35] Lotvall J, Hill AF, Hochberg F, Buzas EI, Di Vizio D,
Gardiner C, Gho YS, Kurochkin I V, Mathivanan S, Quesen-
berry P, Sahoo S, Tahara H, Wauben MH, Witwer KW, Thery
C (2014) Minimal experimental requirements for defini-
tion of extracellular vesicles and their functions: A position
statement from the International Society for Extracellular
Vesicles. J Extracell Vesicles 3, 26913.

[36] Witwer KW, Soekmadji C, Hill AF, Wauben MH, Buzas
EI, Di Vizio D, Falcon-Perez JM, Gardiner C, Hochberg
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Beteta A, Cacciaglia R, Cañas A, Deulofeu C, Cumplido
I, Dominguez R, Emilio M, Falcon C, Fuentes S, Hernan-
dez L, Huesa G, Huguet J, Marne P, Menchón T, Operto
G, Polo A, Pradas S, Soteras A, Vilanova M, Vilor-Tejedor
N (2020) Novel tau biomarkers phosphorylated at T181,
T217 or T231 rise in the initial stages of the preclinical
Alzheimer’s continuum when only subtle changes in A�
pathology are detected. EMBO Mol Med 12, e12921.
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