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ABSTRACT
Alzheimer’s disease is a progressive neurodegenerative disorder, with the strongest disease-associated
changes observed at clinical or end-stage disease. Transcriptomic deregulation of miRNA expression
can spread via “horizontal” RNA transfer through extracellular vesicles (EVs) to act in conjunction with
proteins, leading to changes in mRNA, which can provide early signals to indicate forthcoming
neuropathological changes in the brain. Here, we analysed the small RNA content, in particular,
miRNA, contained in brain-derived EVs isolated from the frontal cortex of Alzheimer’s subjects (n = 8)
and neurological control subjects (n = 9). Brain-derived EVs were found to contain an upregulation of
disease-associated miRNA. RNA species from brain-derived EVs were correlated with miRNA profiles
obtained from matching total brain homogenate. These results provide a blueprint into the biological
pathways potentially effected during disease that may be assisted by brain-derived EV RNA horizontal
transfer.We also correlated the miRNA changes in the brain with those detected in peripheral EVs
collected from serum of Alzheimer’s disease patients (n = 23, and healthy controls, n = 23) and revealed
a panel of miRNA that could be used as a liquid brain biopsy. Overall, our study provides the first
interrogation of the small RNA contents in brain-derived EVs and how they could be used to understand
the early pathological changes in Alzheimer’s disease which will benefit the development of an early
diagnostic blood test.
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Introduction

Staging of Alzheimer’s disease (AD) related pathology and
lesions, in particular amyloid-β (Aβ) plaques and neurofi-
brillary tangles, occurs in a predictable sequence across
interconnected regions of the brain, known as Braak sta-
ging. These neuropathological changes occur at early stages
before the onset of dementia which is difficult to diagnose,
thus highlighting a need to identify biomarkers that can
inform early changes in the brain. Neurofibrillary tangles
appear at Braak stage I and II within the transentorhinal
region and entorhinal region during the pre-clinical stage
of AD, stage III and IV in the temporo-occipital cortex and
temporal cortex on the appearance of symptoms followed
by stage V and VI in the occipital cortex and neocortex [1].
Generally, transcriptional deregulation can be detected ear-
lier than the presence of pathological hallmarks andmay be
considered as the first indication of phenotypic changes in
the brain [2–4]. miRNA is highly present in the brain
compared to other tissues [5] and early studies identified
brain-enriched miRNA [6] including those associated
withADdetected as early as Braak stage III [7,8]. To further

enhance sensitivity and detection at pre-clinical stage,
miRNA can be isolated from enriched preparations of
extracellular vesicles (EVs) from the brain to study the
molecular events in the development of AD.
Furthermore, the deregulation of miRNA expression can
also spread via “horizontal” RNA transfer through EVs to
act in conjunction with proteins leading to changes in
mRNA and consequently destruction of biological func-
tions within neuron and glia cells of the brain.

In physiological and neurodegenerative disturbances,
EVs are known to modulate the cross talk between neu-
rons and non-neuronal cell types such asmicroglia, astro-
cytes and dendrocytes. The most intensely studied
subtype of EVs are exosomes or “small EVs“ which are
approximately 50–200 nm in size, enveloped by a lipid bi-
layer and formed by the inward invagination of the late
endosomal membrane to form the multi-vesicular body
(MVB) containing intraluminal vesicles (ILVs). Upon
fusion of the MVB, the ILVs are released into the extra-
cellular environment as exosomes and loaded with spe-
cific proteomic and genomic cargo packaged from the
parental cell. The presence of proteins and the potential
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transfer of proteins via EVs to recipient cells has been
hypothesized to be involved in spreading pathological
factors in in vitro models including Aβ [9,10], Tau
[11,12] and prions [13,14]. Until now, the literature has
not studied the interplay of RNA species within exosomes
present in the brain and how these profiles may change
during AD pathology.

For this present study, we isolated brain-derived exo-
somes (BDEs) from post-mortem tissues obtained from
neurological controls (NC) and AD subjects. The BDEs
were characterised to be small EVs of endosomal origin,
fulfilling the minimal requirements set out by the
International Society for Extracellular Vesicles (ISEV)
[15,16]. Enriched BDE miRNA profiles were compared
to a heterogeneous population of EVs (F3 EVs) that was
also collected during the procedure. Both vesicle samples
were compared to the starting brain homogenates (BH) to
determine whether their miRNA contents are representa-
tive of the BH, with the goal to understand the biological
pathways effected due to changes in miRNA expression
perturbation in the AD brain. Linking early miRNA dereg-
ulation to early pathological events such as impaired
synaptic function, inflammatory pathways, endosomal/
autophagy impairments may assist in identifying factors
affecting the early stages of AD pathogenesis before further
Aß accumulation.

Understanding the pre-clinical stage of AD will likely
benefit the development of an early diagnostic blood test.
While there have been several blood-based tests for AD
reported, a limitation of biomarker studies in peripheral
blood has been the inability to correlate biomarkers to AD-
related brain pathology. It is hypothesized that exosomes
from the brain can migrate across the blood brain barrier
(BBB) into the blood [17] where their brain biomarkers are
readily detected and reflective of brain health. Equivalent
to a “liquid brain biopsy”, brain-derived miRNAs may be
more relevant and could provide better specificity to diag-
nose neurodegenerative diseases. Here, we utilized the
previously published dataset from serum EVs and com-
pared the miRNA profiles with the newly generated BDE
and F3 EV miRNA profiles. We identified several AD-
associated miRNAs present in both BDEs and serum EVs
that are abundantly expressed which would be ideal blood
biomarkers for AD as they would be easily detectable by
qRT-PCR methods in a diagnostic lab.

Methods

Preparation of brain homogenates and small EV
enrichment from human tissue

Frozen frontal cortex post-mortem tissues of age-
matched individuals from NC (n = 9) and AD (n = 8)

subjects (1.48 g–1.77 g, Table 1) were obtained from the
Victorian Brain Bank. All procedures were approved by
The University of Melbourne human ethics committee
and in accordance with the National Health and Medical
Research Council guidelines. All procedures performed
in studies involving human participants were in accor-
dance with the ethical standards of the institutional and/
or national research committee and with the 1964
Helsinki declaration and its later amendments or com-
parable ethical standards. Informed consent was obtained
from all individual participants included in the study.
Subjects were diagnosed as AD or control groups based
on overall amyloid and tau pathology. Exosomes were
enriched using the protocol previously published [18].
Briefly, tissues were weighed, sliced into pieces and par-
tially thawed on ice. A small representative sample of the
total brain was put aside in RNA Later for processing into
total BH. The remaining tissue was treated with 75 U/mL
of collagenase type 3 in Hibernate-E (at a ratio of 800 μl
per 100 mg of brain). Tissue was gently dissociated from
the brain extracellular matrix by incubating in a shaking
water bath at 37°C for 20 min with a gentle inversion and
gentle resuspension mid-way during incubation. The tis-
sue was returned to ice immediately after incubation and
Protease and Phosphatase Inhibitor Cocktail (PI/PS) (to
a final concentration 1×) added. The dissociated tissue
was centrifuged at 300 × g for 5 min at 4°C. The tissue
samples and 300 × g pellet were collected in phosphate
buffered saline (PBS) (with PI/PS), homogenised by nee-
dle and syringe whereby the tissue was sequentially
passed through 18-, 21-, 23- and 26-gauge needles. The
samples were spun at 10,000 × g for 5 min 4°C and then
the supernatant, now known as BH+C (brain homoge-
nate treated with collagenase), stored at −80°C for later
use. The supernatant from the 300 × g spin was trans-
ferred to a fresh tube, centrifuged at 2000 × g for 10 min
at 4°C, followed by further centrifugation of the super-
natant at 10,000 × g for 30 min at 4°C. The supernatant
was overlaid on a triple sucrose cushion (0.6 M F2, 1.3 M
F3, 2.5 M). The gradient was spun for 3 h at 180,000 ×
g (average) at 4°C (SW41 Beckman, ultra-clear tubes with
13.2 mL capacity). Fraction 2 (F2) and fraction 3 (F3),
corresponding to 0.6 M and 1.3 M respectively were
collected and the refractive index measured to confirm
the gradient and collection of fractions was successful.
Each fraction was diluted with ice cold PBS and spun at
100,000 × g (average) at 4°C (70.1Ti Beckman) for 1 h to
pellet the vesicles. Following spin completion, the super-
natant was discarded and pellet collected in ice cold PBS
(with PI/PS). Samples were stored at −80°C until required.
The EVs isolated from each subject underwent both
transmission electron microscopy (TEM) and Western
blotting to confirm successful EV enrichment and to
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ensure limited contamination with cellular debris prior to
RNA analysis. Total BHs were lysed in ice cold PBS
containing PI/PS using needle and syringe with increas-
ing gauge size.

Electron microscopy

An aliquot of each fraction in PBS was fixed with 1%
glutaraldehyde for 30 min or overnight at 4°C, and 6 μl
was absorbed onto glow-discharged 300-mesh heavy
duty carbon-coated formvar Cu grids (ProSciTech,
Kirwan, QLD, Australia) for 5 min, and excess was
blotted on filter paper (Whatman, Maidstone, UK).
Grids were washed twice with MilliQ water and nega-
tive stained with 2.5% uranyl acetate. Images were
taken on a Tecnai G2 F30 (FEI, Eindhoven, The
Netherlands) TEM operating at 300 kV. Wide-field
images encompassing multiple vesicles were captured
to provide an overview of the fraction in addition to
close-up images. The electron microscopy was per-
formed at the Bio21 Advanced Microscopy Facility,
The Bio21 Molecular Science and Biotechnology
Institute, The University of Melbourne.

Western blot

Equivalent amounts of brain or vesicle protein (deter-
mined by BCA assay Pierce) were electrophoresed on
4–12% Bis-Tris gels (NuPage; ThermoFisher) or 4–20%
Criterion© TGX stainfree precast gels (Biorad) and then
transferred onto nitrocellulose membrane (Biorad).

Membranes were probed with primary antibody diluted
in PBS-T overnight at 4°C and then with HRP secondary
antibody (Amersham) for 1 h. Immunoreactivity was
detected using enhanced chemiluminescence (ECL) solu-
tions (Biorad) which was visualized using a Biorad
ChemiDoc™MP imaging system. To allow for visualization
of total protein and ensure equal loading in the absence of
an exosomal house-keeping protein, gels (Biorad) were
activated by UV light to allow trihalo compounds within
the gel to react with tryptophan residues of proteins in
a UV-induced reaction to produce fluorescence which was
visualized using a Biorad ChemiDoc™ MP imaging or
membranes were stained with ponceau S (1% (w/v) pon-
ceau S in 5% acetic acid). Primary antibodies used in this
study were syntenin (Abcam EPR8012 ab133267) and
calnexin (Abcam ab22595).

Participants and serum EV isolation

Serum samples from healthy controls (HC, n = 23) and
those diagnosed with AD (n = 23) were obtained from
the Australian Imaging, Biomarkers and Lifestyle
(AIBL) Study of Ageing. The same samples were used
during the discovery study to identify miRNA biomar-
kers associated with AD previously [19]. Diagnosis was
based on the establish criteria from the National
Institute of Neurological and Communicative Diseases
and Stroke–Alzheimer’s Disease and Related Disorders
Association (NINCDA-ADRDA) [20], which has been
described in detail elsewhere [21]. The demographics
of the participants were published previously [19].

Table 1. Clinical demographics of post-mortem tissues.
Small RNA Sequencing

Sample name Age at death Gender
Post-mortem
delay (hrs) Diagnosis

Tissue weight
received

BDEs passed
ISEV criteria BDEs F3 EVs BH

AD 1 79 F 20 AD 1.60 N N Y Y
AD 2 71 M 9 AD 1.53 Y Y Y Y
AD 3 76 M 19 AD 1.56 Y Y Y N
AD 4 77 M 26 AD 1.54 Y Y Y Y
AD 5 76 F 15 AD 1.53 Y Y Y Y
AD 6 73 F 7.5 AD 1.58 Y Y Y Y
AD 7 66 F 40 AD 1.77 Y Y Y Y
AD 8 87 F 20 AD 1.56 Y Y Y Y
NC 1 68.3 F 72 NC 1.61 N N Y Y
NC 2 63.4 F 31 NC 1.66 N N Y Y
NC 3 83 M 27 NC 1.48 Y Y Y Y
NC 4 82.7 F 29 NC 1.66 Y Y Y Y
NC 5 73 M 43 NC 1.64 Y Y Y Y
NC 6 64 M 55 NC 1.58 Y Y Y Y
NC 7 65.8 F 43 NC 1.65 Y Y Y Y
NC 8 57 M 48 NC 1.57 Y Y Y Y
NC 9 59 F 30 NC 1.63 Y Y N Y

AD NC

Mean age ± SD 75.63 ± 6.14 68.47 ± 9.41
Number of F/M 5/3 5/4

Post-mortem delay ± SD (months) 19.56 ± 10.27 42 ± 14.86
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Blood samples were collected from all patients (fasting)
from whole blood venepuncture into Sarstedt
s-monovette serum-gel 7.5 mL tubes 01.1602.001
(Sarstedt, Germany). Samples were processed within 2
h of collection and serum was snap frozen in liquid
nitrogen. Informed consent was obtained from all
AIBL participants and ethics were approved by the
institutional ethics committees of Austin Health,
St. Vincent’s Health, Hollywood Private Hospital and
Edith Cowan University. Serum exosomal RNA was
isolated using the Plasma/serum exosomal RNA isola-
tion kit (Norgen Biotek, Canada) from 1 mL serum per
participant whereby the manufacturers protocol was
followed. Although this kit claims to isolate 'exosomes'
we have been unable to characterise the vesicles pro-
duced as the protocol does not allow elution of the
captured EVs before RNA isolation. Therefore, we have
named the vesicles isolated from this kit as 'serum EVs'.
The total serum EV RNA yield, composition and qual-
ity was analyzed by the Agilent 2100 Bioanalyzer using
the Small RNA kit (Agilent). Serum EV RNA was
converted into cDNA libraries using the Ion Total
RNA-Seq Kit V2 (Life Technologies, Australia) and
prepared for sequencing on the Ion Torrent Platform
(Life Technologies) as described previously [19].

Small RNA sequencing

Vesicle fractions isolated from brain tissues was treated
with 10 µg/mL of RNase A (Qiagen) for 20 min at
37οC followed by RNA extraction using the Qiagen
miRNeasy with the use of TRIzol-LS (ThermoFisher) for
organic phase separation. The amount and quality of iso-
lated small RNA was analysed by an Agilent 2100
Bioanalyzer using the Small RNA assay (Agilent
Technologies) whilst the RNA 6000 assay measured total
RNA in whole brain samples. Small RNA libraries were
constructed using 100 ng of RNA extracted from BH and
vesicle fractions using the Ion Total RNA-Seq Kit V2 (Life
Technologies, Australia) and ligated to adapters containing
a unique index barcode (Ion Xpress™ RNA-Seq Barcode
1–16 Kit, Life Technologies, Australia) according to the
manufacturers’ protocol and as previously published [18].
The yield and size distribution of the small RNA libraries
were assessed using the Agilent 2100 Bioanalyzer™ instru-
ment with the High sensitivity DNA chip (Agilent
Technologies). Equally pooled libraries were prepared for
deep sequencing using the Ion Chef system (Life
Technologies) and sequenced on the Ion Torrent S5™
using Ion™ 540 chips (Life Technologies) and 200 bp
chemistry (Life Technologies). Pre-processing of reads,
removal of adapters and barcodes were performed using
Torrent Suite (v.5.0.2). Sequences were analysed for quality

control (FASTQC), aligned to theHuman genome (HG19)
using the Torrent Suite and files transferred to Partek
Genomic Suite and Flow (Partek Incorporated,
Singapore) for mapping against miRBase V.21 to identify
miRNA species. Reads were normalized to reads
per million (RPM). miRNAs identified with at least 10
reads were used for further analysis on Partek Genomic
suite which included statistical analysis and hierarchical
clustering. Gene Ontology (GO) analysis was performed
using miRPathDB 2.0 [22] to determine biological pro-
cesses using experimental evidence. Small RNA sequen-
cing on serum exosomal samples were constructed as
previously published [19].

Results

Characterisation of EVs isolated from
post-mortem AD brains

We previously developed amethod to enrich for small EVs
from human frontal cortex that have the hallmarks of
exosomes. This method maintains the integrity of the
vesicles and their cargo, and comprehensive proteomic
and genomic characterisation was used to confirm the
legitimacy of the resulting EVs [18]. In the current study,
EVs were isolated from NC (n = 9) and AD (n = 8) (Table
1) post-mortem frontal cortex using our previously pub-
lished protocol [18] and samples went through the same
quality control measures as detailed in our previous study.
Degraded tissue is not amenable to EV isolation, with
factors such as post-mortem delay and storage negatively
impacting tissue quality, resulting in contamination of EV
pellets with cellular debris. We reported that immunoblot-
ting provided the most robust quality-control measure,
with proteins such as calnexin providing a useful indicator
of EV preparation purity. Consequently, all tissue EVs
isolated as part of the current study were subject to
Western blotting and TEM (representative images in
Supplementary Figure 1A and B) to screen for EVmarkers
and contaminants before subjecting them to small RNA
sequencing. Only preparations demonstrating enrichment
of syntenin and absence of calnexin, in addition to the
morphological hallmarks of exosomes, as previously pub-
lished [18], found in F2 of the sucrose gradient were
classified as BDEs (Supplementary Figure 1B). Of the
brain tissues obtained, sevenNC and sevenADF2 prepara-
tions qualified as BDEs and were profiled for small RNA.
Vesicles observed in F3 (F3 EVs) by TEM displayed sig-
nificantly smaller diameters between 30 and 50 nm
(Supplementary Figure 1A) and were not positive for
syntenin (Supplementary Figure 1B). The exact nature of
these EVs is inconclusive however, due to their physical
characteristics are likely to be a heterogeneous population
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of smaller EVs that include lipoprotein particles, most
likely contaminated with other non-vesicular components.
This needs further investigation using other fractionation
methods together with lipidomics [23,24].

A major hurdle in the field is finding protein markers
specific towards lipoprotein particles as these can resemble
exosomes by their physical features. Recently, ISEV
released an updated version of the minimal guidelines for
studies of EVs and recommended EV researchers referred
EV subtypes by their physical characteristics such as by size
(“small EVs, medium EVs or large EVs”) within defined
size ranges [16]. The ISEV guidelines continue to evolve in
this relatively new field, and conformity has not been
reached with the characterization of EVs from brain
tissues.

To assist the field in distinguishing the EV subtypes
collected from F2 and F3 of a triple sucrose gradient, we
also compared the RNA profile of BDEs to F3 EVs.
Nonetheless, miRNAs have been reported to also be
found in smaller EVs such as lipoprotein particles how-
ever, it is unknown whether the shift in EV diameter and
density between F2 and F3 may contain different small
RNA profiles or whether one fraction is more represen-
tative of BH. Vesicles were subjected to RNase
A treatment to remove non-vesicle associated RNA and
then subject to RNA isolation. RNA quantification by the
Agilent Bioanalyzer showed the presence of small RNA in
both F2 and F3 and yields were found to be similar across
all samples (Supplementary Figure 1C and D).

The number of F3 EVs analysed for small RNA was
eight NC and eight AD whereby one NC did not
successfully amplify during small RNA library con-
struction due to low RNA yield. Small RNA profiles
from both vesicle fractions (BDEs and F3 EVs) were
compared to the RNA extracted from BH to observe
whether there was an enrichment of certain small RNA
species in vesicles compared to BH. The number of BH
libraries that were successfully constructed were nine
NC and seven AD. Due to the nature of these precious
post-mortem tissues, the success of library construction
and sequencing could only be determined after the
characterization of vesicles, analysing the extracted
post-mortem RNA to ensure minimal degradation
(Supplementary Figure 1E and F). Samples that fulfilled
these quality control measurements at each stage were
included in the Bioinformatic analysis from herein.

BDEs and F3 EVs exhibit distinct small RNA profiles
compared to total brain

Complete small profiles extracted from BDEs (NC, n = 7
and AD, n = 7), F3 EVs (NC, n = 8 and AD, n = 8) and BH
(NC, n = 9 and AD, n = 7) (Table 1) isolated from AD and

NC post-mortem tissues were produced from performing
small RNA sequencing and mapping to several classes of
RNA species. The first bioinformatic comparison per-
formed was analysing the RNA biotypes detected between
BDEs, F3 EVs and BH within each disease state (Figure 1,
bioinformatic comparison #1). The libraries were first
mapped to miRNAs (miRBase v.21) followed by other
non-coding small RNA species including snRNA,
lincRNA, vtRNA, scaRNA and snoRNA (Figure 2(a)).
Other RNA biotypes were tRNA, mRNA, mtRNA and
lncRNA which were mostly observed as transcript frag-
ments. Libraries were size selected at approximately
18–150 nt during small RNA library construction and
therefore the RNA fragments represent transcript frag-
ments, such as tRNA halves, rather than full length.

As expected, BH were found to map to most types of
small RNA species and containedmostly tRNA (25–35%)
followed by lncRNA (15–17%) and miRNA (11–14%).
Overall, the most distinct RNA biotypes between the
sample types were the percentages of miRNA (4–6% in
BDEs, 13–16% in F3 EVs and 11–14% in BH), mtRNA
(less than 1% in BDEs and F3 EVs but 6–12% in BH),
snoRNA (less than 1% in BDEs and F3 EVs but 6–10% in
BH) and yRNA (less than 1% in F3 EVs but 5–7% in
BDEs and BH). BDEs contained less miRNA reads com-
pared to F3 EVs and BH. However, BDEs shared similar
tRNA enrichment with BH suggesting that BDEs are
highly enriched with tRNA fragments, a feature consis-
tently observed in bone-fide exosomes [25,26]. miRNAs
can be seen enriched in exosomes however, in this study,
are found relatively higher in the F3 EVs. F3 EVs are
relatively smaller in diameter and potentially are unable
to package longer RNA biotypes leading to an enrich-
ment of miRNA and smaller RNA fragments. Although
these vesicles were RNaseA treated, other non-vesicle
material may be present in F3 EVs such as ribonucleo-
protein complexes [18]. The strongest differentiator
between BDEs and F3 EVs is the amount of tRNApresent
in each of these vesicle preparations. There is a strong
enrichment of tRNA in BDEs compared to F3 EVs which
has similarly been observed in purified small EVs com-
pared to non-vesicular components from cell lines [24].

ADs and NCs were found to express similar compo-
sitions of RNA biotypes across all samples types except
for lncRNA and tRNA species. Statistically significant
tRNA halves were detected only in BDEs (Figure 2(b))
and BH (Figure 2(c)) in AD subjects compared to NC,
one of which, tRNA11, had halves found in both BDEs
and BH. The biogenesis of these tRNA halves are not
understood, however may have roles such as being
loaded on Ago proteins and acting through RNAi path-
ways [27]. New revelations have demonstrated that
certain tRNA synthases can be found enriched in

JOURNAL OF EXTRACELLULAR VESICLES 5



syntenin-containing exosomes that are triggered during
cellular stress conditions leading to inflammation
[28,29]. This certainly brings a new insight into the
potential role tRNA may be playing in BDEs
during AD pathology. Statistically significant lncRNA
was also detected between AD and NCs within BDEs,
F3 EVs and BH; however, no lncRNA were found to be
differentially expressed (DE) in more than one sample
type (data not shown). The biological functions of
these biotypes and individual species are yet to be
defined and validated in EVs.

BDEs and F3 EVs exhibit distinct miRNA profiles

To examine whether BDEs and F3 EVs contained dif-
ferent miRNA species, further miRNA analysis was

performed in these vesicle fractions and compared to
BH. The total number of miRNA species detected in
the entire dataset (inclusive of NC and AD) was 1446
miRNAs and the majority were found in BH (1263
miRNAs) followed by BDEs (1015 miRNAs) and F3
EVs (932 miRNAs) (Figure 2(d, e)). The majority of
miRNA species detected in BDEs and F3 EVs were also
detected in BH at similar expression levels (Figure 2(d),
bottom of the heat map showing mostly brown = high
expression and top of the heat map showing mostly
white = low expression) while some miRNA displayed
higher expression in BH compared to EV fractions or
vice versa. Unsupervised clustering confirmed that BH
samples overall had different features to both EV frac-
tions (Figure 2(d)). The majority of miRNAs were
shared between both EV fractions and BH (748

Figure 1. Pipeline showing the bioinformatics comparisons performed in this study.
Diagram showing the samples (BH = total brain homogenate, BDEs = brain-derived exosomes isolated and F3 EVs = vesicles from Fraction 3) prepared from
post-mortem human brain tissue (frontal cortex) and clinical serum used for this study. Total BH was kept aside for small RNA analysis and sequencing.
Collagenase treated brain tissue was gently dissociated from the brain extracellular matrix and the supernatant from the collagenase brain tissue, was
collected and used to isolate EVs (BDEs and F3 EVs) which were enriched using a triple sucrose cushion. The EVs isolated from each subject underwent both
TEM and Western blotting to confirm successful EV enrichment and ensure limited contamination with cellular debris prior to RNA analysis. Serum collected
from a cohort of AD and HC patients was used to isolate serum EVs. Samples which passed all quality control stages underwent small RNA deep sequencing
and the bioinformatic comparisons made between each sample type and/or treatment are outlined here. Image created in BioRender (biorender.com).
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miRNA species, Figure 2(e), Supplementary Table 1).
Several miRNA species were found to be only detected
in BDEs (84 miRNAs) and F3 EVs (61 miRNAs), with
an additional 38 miRNAs detected in both BDEs and
F3 EVs but not in BH (Figure 2(e)). BH samples were
found to express 285 miRNAs species which did not

appear in EVs and exosomes. BDEs were found to best
represent the frontal cortex with 145 miRNAs only
present in BDEs and BH (Figure 2(e), Supplementary
Table 1).

The second bioinformatics comparison in this study
was to identify DE miRNA in AD subjects compared to

Figure 2. Distinct small RNA and miRNA composition in BH, BDEs and F3 EVs.
Small RNA sequencing was performed on BH, BDEs and F3 EVs to reveal the small RNA content in each sample collected from AD and NC. Sequencing reads
were mapped to identify (A) various RNA biotypes which was expressed as a percentage of total sequencing reads from taking the average reads of each
biotype across each group. (B) Statistically significant (Fold change≤ −1.5 and≥ 1.5, P(FDR)≤ 0.05) tRNA fragments were detected in AD BDEs vs NC BDEs and
also (C) AD BH vs NC BH. (D) miRNAs were normalized to RPM and samples were subjected to unsupervised clustering to provide an overview of the
expression levels of each miRNA relative to each other. Brown indicates highly abundant miRNAs and white are miRNAs of low abundance. (E) Venn diagram
of all themiRNA species with greater than one read identified in each sample type and volcano plots showing all miRNAs DE between (F) AD BDEs vs NC BDEs,
(G) AD F3 EVs vs NC F3 EVs and (H) AD BH vs NC BH. The red cut off lines gate miRNAs with ≤ −1.5- and ≥ 1.5-fold change and P value (unadjusted) ≤ 0.05.
BDEs: NC, n = 7 and AD, n = 7. F3 EVs: NC, n = 8 and AD, n = 8. BH: NC, n = 9 and AD, n = 7.
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NC and whether miRNAs associated with AD changed
within BDEs, F3 EVs and BH (Figure 1, bioinformatic
comparison #2). Upon performing ANOVA analysis, sta-
tistically significant DE (Fold change ≤ −1.5 and ≥ 1.5,
P ≤ 0.05) miRNAs found in AD post-mortem tissues
compared to control tissues were observed in all sample
types as shown in the volcano plots (BDEs, F3 EVs and
BH, Figure 2(f-g)). Upon comparing AD BDEs with NC
BDEs, the volcano plot displayed more data points on the
right (Figure 2(f)) suggesting that there are more upregu-
lated miRNAs compared to downregulated miRNAs in
BDEs isolated from AD tissues compared to NC. Within
the BH, there was also more upregulated miRNAs in AD
subjects compared to downregulated miRNAs (Figure 2
(h)). In F3 EVs, there were more downregulated AD
miRNAs compared to upregulated miRNAs (Figure 2
(g)), the opposite of BH. Thismay suggest that thematerial
in F3 contains less disease associated miRNA in AD sam-
ples. Another possibility is that differential packaging of
miRNA may occur between vesicle populations or the
heterogeneity of F3 EVs has resulted in a dilution of
miRNA copies. Nonetheless, the data suggest that the
deregulation seen in enriched BDEs can mimic the expres-
sion profile of BH and potentially support the role of
exosomes in RNA horizontal transfer during AD.

While there were several miRNAs that were DE in both
BDEs and BH, those that were statistically significant were
found not to be in common between these two sample
types. This may be due to the low study number, however
was limited due to the supply of the brain bank. The
number of statistically significant DE miRNAs detected
in ADs compared to controls were 27 DE miRNAs in
BDEs, 66 DE miRNAs in F3 EVs and 50 DE miRNAs in
BH (Figure 3(a), Supplementary Table 2). None were
found to be present in both BH and BDEs. The DE
miRNAs were then filtered for abundancy (mean greater
than 20 RPM) and unsupervised hierarchical clustering of
highly expressed DE miRNAs between AD and control
post-mortem tissues was performed for each sample type
(BDEs, F3 EVs and BH, Figure 3(b-d)). DE miRNAs that
are abundantly expressed (after filtering for abundancy) in
BDEs were all found to be upregulated in AD BDEs
compared to controls (Figure 3(b)) which was also the
case for the majority of DE miRNA in the BH (Figure 3
(d)). DE miRNAs in both F3 EVs were found to contain
miRNAs upregulated and downregulated in AD compared
to controls (Figure 3(c)). Having observed a different panel
of DEmiRNA between BDE, F3 EVs and BH, this raises an
interesting question concerning the transfer of RNA
between parental cells and EVs in the brain during disease
pathology. We decided to further examine these patterns
by performing global fold change comparisons between
vesicles and BH during AD pathology.

Differential expression patterns of EV miRNA
profiles within the AD brain

A correlation plot was produced which demonstrated
that all biological replicates of each sample type dis-
played a high degree of consistency (Figure 4(a)). BDEs
and F3 EVs were found to express a higher correlation
index (1 = high correlation, orange; 0.5 = lower corre-
lation, yellow; and 0 = low correlation, white) and
therefore display more similar miRNA profiles when
compared to BH (Figure 4(a)). F3 EVs of subject num-
ber six was found to display a significantly different
profile. This may have been due to technical reasons
during the collection of the F3 fraction given that the
BDEs of subject six were similar to other BDE samples.
Most importantly, the correlation plot demonstrates
that BDEs and BH displayed the highest positive cor-
relation across all samples (Figure 4(a)) suggesting that
F2 vesicles, defined as BDEs, contain a better represen-
tation of RNA species produced by parental cells (i.e.
BH) compared to F3 EVs.

From here, ANOVA analysis (AD vs HC) was per-
formed and expression fold changes (Mean Ratio Log2)
for each miRNA were identified and this was per-
formed for all sample types (BDEs, F3 EVs and BH).
Expression fold changes of each miRNA were then
plotted to observe the dynamic changes of DE AD
miRNAs between sample types (Figure 1, bioinformatic
comparison #3). Firstly, the dynamic changes of AD
associated miRNA in BDEs and BH were plotted in
Figure 4(b). This allowed us to observe whether all
miRNA expression changes in BH of AD brains corre-
lated with those seen in the isolated BDEs of AD sub-
jects. Green data points show miRNAs DE (AD vs HC)
in the same direction within both sample types, either
upregulated in both BDEs and BH or both downregu-
lated (Figure 4(b), Supplementary Table 3). Red data
points show miRNAs in both sample types that are
differently expressed (AD vs HC) but in the opposite
direction, either downregulated in BDEs but upregu-
lated in BH or vice versa (Figure 4(b), red data points).
The majority of miRNAs do not show expression
changes in either sample type (black data points) and
other miRNAs remain unchanged in one sample type
but are differently expressed in the other sample type
(grey data points).

While, there are some miRNAs that show opposite
fold change between BH and their BDEs, the correlation
graph provides an insight into various miRNAs that do
show a correlation in fold change. miRNAs showing an
upregulation in both AD BH and AD BDEs may be
candidates that contribute in spreading pathology
changes through gene dysregulation (a number of these
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miRNAs are labelled in the plots, Figure 4(b) and
Supplementary Table 3). An upregulation of miRNA
level is likely to cause an increase in post-transcriptional
silencing of target mRNA compared to miRNAs that are
downregulated. This demonstrates a level of selectivity of
miRNAs in BDEs of AD subjects compared to control

subjects and provides some thought-provoking possibili-
ties regarding EV RNA transfer between recipient and
parental cells during disease. Those that show opposite
fold changes with BH and BDEsmay suggest themiRNAs
were not packaged in the BDEs or potentially used post-
transcriptionally and degraded in cells. Expression

Figure 3. Differentially expressed miRNA in BH, BDEs and F3 EVs.
ANOVA analysis was performed on all miRNAs detected to identify the number of statistically significant (Fold change ≤ −1.5 and ≥ 1.5, P(FDR) ≤
0.05) miRNAs DE between AD and NC in BH, BDEs and F3 EVs. (A) Venn Diagram showing the number of miRNAs DE in BH, BDEs and F3 EVs and
those in common across BH, BDEs and F3 EVs. Unsupervised hierarchical clustering was performed on DE miRNAs (filtered for high abundancy with
greater than a mean of 20 RPM) identified in (B) BDEs, (C) F3 EVs and (D) BH. HC, n = 7 and AD, n = 7. F3 EVs: NC, n = 8 and AD, n = 8. BH: NC, n = 9
and AD, n = 7. *P ≤ 0.05 and **P ≤ 0.005.
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Figure 4. Dynamic expression changes within brain EVs compared to BH and peripheral blood EVs.
(A) Correlation matrix of all samples in the study showing highly similar miRNA profiles amongst the brain derived samples however, relatively less
similarity between F3 EVs with BH samples. ANOVA analysis was performed on all normalized miRNA reads and Mean Ratios (Log2) were obtained
between contrasting AD vs NC within each sample type and plotted on the following graphs to display direction of fold changes in (B) AD BH
and AD BDEs compared to NC (C) AD BH and AD F3 EVs compared to NC (D) AD BH and AD Serum EVs compared to controls and (E) AD Serum EVs
and AD BDEs compared to controls and (F) AD serum EVs and AD F3 EVs compared to controls. (G) Correlation co-efficient between brain samples
and serum EVs. BDEs: NC, n = 7 and AD, n = 7. F3 EVs: NC, n = 8 and AD, n = 8. BH: NC, n = 9 and AD, n = 7. Serum: HC, n = 23 and AD, n = 23.
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changes between BH with F3 EVs were also plotted in
Figure 4(c) which demonstrates another group of
miRNAs that are detected in F3 EVs of AD subjects
(Figure 4(c), Supplementary Table 4). This analysis pro-
vides insights into the dynamics of EVs and their contents
within in situ tissues which will provoke further studies
into EV cargo biogenesis. The systematic analysis per-
formed here has been limited to bulk NGS sequencing
however, would be greatly improved once the field can
apply the same methods to single-cell sequencing and
single-EV sequencing. Mathys et al, elegantly performed
single-cell transcriptomics on two longitudinal cohorts of
post-mortem human brain samples which provided
a detailed blueprint of mRNA changes within six major
brain cell-types of AD brains [2]. Combining single-cell
and single-EV analysis, in addition to miRNA transcrip-
tomics, could provide the ability to differentiate between
neuron-derived sub-populations of EVs.

Differential expression patterns of EV miRNA
profiles between the brain and peripheral blood
in AD compared to controls

There remains debate in the field whether brain bio-
markers can be detected in the periphery. To explore
whether the DE miRNAs detected in AD brain tissues
were the same as those DE in peripheral blood,
miRNAs DE in BH isolated from post-mortem tissues
were compared to miRNAs found to be DE in serum
EVs isolated from a cohort of AD patients (Figure 4(d),
Supplementary Table 5). It is important to note that
serum EVs were isolated from AD and HC participants
from the AIBL cohort and are not the same patients as
the post-mortem tissues provided by the Victorian
Brain Bank. Peripheral serum EV miRNAs DE in AD
patients were also compared to those DE in BDEs
(Figure 4(e) and Supplementary Table 6) and F3 EVs
(Figure 4(f) and Supplementary Table 7). Correlation
coefficients demonstrated that BDEs and BH miRNA
expression profiles were the most similar (0.8, Figure 4
(g)) in addition to BDEs and F3 EVs (0.8). However,
brain samples (BH, BDEs and F3 EVs) showed little
correlation to serum EV miRNA profiles (0.2). While,
there is little correlation between brain and serum EVs,
there are miRNAs DE in the brain that displayed the
same fold change in serum EVs. The second quadrant
in Figure 4(d-e) (top right quadrant, green data points)
displaying an upregulation in AD patients in both the
brain sample types and serum EVs would make for an
ideal liquid brain biopsy as they can be easily detected
by targeted qRT-PCR due to their abundancy (full list
of miRNAs in Supplementary Table 5 and 6, high-
lighted in red). Potentially, an improvement in

correlation between brain EVs and serum EVs would
be seen within a neuron-derived serum EV population
immunocaptured by neuronal markers such as NCAM.
Overall, the change of expression between sample types
has provided insights into the dynamics of RNA trans-
fer between the brain and periphery. It provides new
research areas to explore as the field is yet to under-
stand the transcytosis mechanism of EVs across the
BBB and whether EV-miRNA can be transported
from the brain to the periphery.

Enriched BDE and F3 EV miRNAs displaying
functional transfer

Highly abundant EV miRNAs secreted from neurons and
glia may influence post-translational changes upon the
transfer to recipient neighbouring cells. This area is also
highly debatable and yet to be explored in the literature
until now due to the ability to isolate BDEs [18].
Upregulated miRNA species were identified in BDEs and
F3 EVs compared to BH (Figure 5(a–d)), in both AD and
NC samples (Figure 5(a–d), not all labelled but are listed in
Supplementary Tables 8–11). Comparing miRNAs upre-
gulated in AD BDEs and AD F3 EVs with AD BH will
provide an insight into functional transfer during AD
pathology and progression within the AD brain. The upre-
gulated miRNA found in AD BDEs can be compared to
those identified in NC BDEs to provide an insight into
physiological and pathological differences.

Under “normal” conditions, in cases with no AD
diagnosis, NC BDEs contained eight statistically signif-
icant enriched miRNAs compared to NC BH (Figure 5
(a)). There were 26 miRNAs highly enriched at greater
than 1.5-fold more in AD BDEs compared to AD BH
and in most cases greater than 3- and 10-fold greater
in AD BDEs (Figure 5(b)). One miRNA, hsa-miR-486-
3p, was found enriched in both AD and NC BDEs
suggesting this miRNA may be regularly packaged
into BDEs during disease or physiological states. GO
analysis revealed that hsa-miR-486-3p targets genes
involved in nervous system development, central ner-
vous system and cell motility which are highly relevant
in the brain. To investigate whether enriched BDE
miRNAs may be involved downstream and change
biological outcomes in AD brains from healthy condi-
tions, GO analysis was performed on the top 10 most
enriched miRNAs in each comparison between BDEs
and BH. NC BDEs were enriched with miRNAs asso-
ciated with regulatory pathways known to maintain
differentiation and fundamental signalling pathways
in the brain such as astrocyte differentiation, nerve
development, neurogenesis, amyloid processing and
presynaptic processing (Figure 5(a)) however, these
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essential biological functions are not targeted by the
miRNAs found enriched in AD BDEs (Figure 5(b)) and
is potentially lost during AD, leading to neuronal death
and neurodegeneration.

The same analysis was also performed on F3 EVs in
both AD and NC subjects (Figure 5(c,d)). There was
a larger amount of enriched EV miRNAs in F3 EV

samples in both AD and control tissues. Enriched
miRNAs found in NC F3 EVs were found to target
secondary regulatory pathways potentially involved in
dynamic signalling pathways such as apoptosis, ion
homoeostasis, cell-cell signalling and cell receptor sur-
face signalling. Interestingly, NC F3 EV miRNAs were
found to target genes specifically targeted to other

Figure 5. Enriched BDE and F3 EV miRNAs in AD subjects show differential biological functions compared to controls.
Volcano plots were produced to identify significantly upregulated miRNAs (fold change ≤ −1.5 and ≥ 1.5 and P value ≤ 0.05) found at higher
expression levels in BDE and F3 EV samples compared to BH. Contrasts were made between (A) NC BDEs vs NC BH, (B) AD BDEs vs AD BH, (C) NC F3
EVs vs NC BH and (D) NC F3 EVs and NC BH. The top 10 most enriched BDE and F3 miRNAs compared to BH were used to perform GO analysis
(miRPathDB 2.0 [22]) to identify possible biological functions associated with the mRNAs targeted by enriched and highly abundant miRNA species
found in EV samples. BDEs: NC, n = 7 and AD, n = 7. F3 EVs: NC, n = 8 and AD, n = 8. BH: NC, n = 9 and AD, n = 7.
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organs such as retina development, cardiac muscle
differentiation and blood vessel morphology, which
may suggest these smaller EVs are able to travel to
distant sites in the body (Figure 5(c)). In AD, F3 EV
miRNAs are found to target CNS related functions.
Identifying a change of miRNA profile in F3 EVs
may highlight neurode generalized dysfunction in this
EV subtype (Figure 5(d)). Significantly enriched
miRNAs found in higher concentrations in EVs, com-
pared to BH, may have biologically relevant roles spe-
cific for EV function.

Discussion

In the CNS, neurons, astrocytes, glia and vascular cells
communicate with each other by exchanging signalling
molecules and exosomes have been shown to play an
important role in neuron-glia communication to ensure
synaptic plasticity. miRNAs are highly enriched in the
brain [7] and contribute to the fine tuning of gene regula-
tion during development. During neurodegenerative dis-
ease, the expression of various miRNAs is dysregulated
leading to changes in gene expression and neuronal func-
tion. Exosomes carrying pathogenic cargo including dys-
regulated levels of miRNA may be taken up by
neighbouring and distant cells within the brain to further
exacerbate disease pathology. However, few studies have
interrogated the dynamic changes in miRNA expression
within EVs secreted from brain tissues in neurodegenera-
tive diseases. In this study, we comprehensively profiled
the repertoire of miRNAs in EVs isolated from post-
mortem brain tissue from AD subjects and compared
their profiles to BHwhich provided a picture of potentially
transferred “pathogenic” RNA.

The study also uncovered insights into the dynamic
expression patterns of miRNA between the brain and
blood. The results suggested there is low correlation
between the expression of miRNA in the brain during
disease that is represented in the periphery. This observa-
tion is likely due to the dilution of other organ-derived
miRNAs circulating in the periphery, highlighting the need
to enrich for brain-derived vesicles in the periphery to
improve the detection of AD associated blood-based
miRNA biomarkers. Further investigations would involve
determining whether the miRNA changes in BDEs
detected in this study are specific towards AD or poten-
tially a generaliszd signature of neurodegeneration. This
would involve isolating BDEs from other neurodegenera-
tive related diseases such as Parkinson’s disease and to
differentiate specific disease signatures from generalised
signatures related to neuronal degradation. Nonetheless,
a number of miRNAs were found in this study that were
deregulated in both the brain and blood which would be

ideal candidates to validate as blood-based biomarkers
considering their abundancy. Previously, we identified 16
significantly alteredmiRNA species in total circulating EVs
isolated from serum collected from clinical AD patients
compared to HC resulting in an accuracy of 82% for
predicting clinical AD [19]. Upon correlating our initial
discovery study using serum EVs, we identified that two of
our serum EV miRNAs are also highly abundant and
deregulated greater than 2× fold in AD BDEs, although
not statistically significant in the current study. Further
work in correlating the serum EV markers with the brain
requires greater numbers of post-mortem tissues which is
a limiting factor due to access of these tissues. Ultimately,
a blood-based assay requires the ability to detect the bio-
logical indicator above noise so long as it provides
improved accuracy compared to current diagnostic
methods.

Several studies have demonstrated the ability of EVs
crossing the BBB and being detected in peripheral
blood. Of note, tumour-cell secreted EVs carrying
human genomic DNA sequences, within an orthotopic
xenotransplant model of human cancer stem cells, were
found to cross uncompromised BBBs and were
detected in the bloodstream [30]. The group further
validated their model by successfully detecting the
IDH1G395A mutation, associated with low- and high-
grade gliomas, in peripheral blood, thus providing the
potential to diagnose patients using conventional qRT-
PCR and avoiding invasive biopsies to obtain solid
tissues. The low correlation seen between brain and
peripheral EVs should encourage development of
a superior method that may involve enrichment of
specific cell-derived exosomes. Indeed, neuron-
derived and astrocyte-derived EVs, immunoprecipi-
tated by anti-L1 CAM and anti-GLAST antibodies,
respectively, have been shown to be enriched
with AD biomarkers such as P-T181-tau, P-S396-tau,
beta-site amyloid, BACE-1, GDNF, SNAP-25 and
Abeta1-42 [31–34]. With further development, this
method could also be applied to detect miRNA.

Upon comparing DE miRNAs in AD subjects com-
pared to controls, many miRNAs found in both the
brain and serum displayed an inverse correlation, i.e.
upregulated in the brain but downregulated in the
serum or vice versa. Communication between the
brain and periphery is critical and requires careful
control of biomolecules across the BBB.
Consequently, it has been suggested that EVs could
serve as a mechanism to traffic molecules and ions
across the BBB. The biogenesis of EVs across endothe-
lial cells is a relatively unexplored area and it is
unknown whether the change in expression of
miRNA between the brain and serum could be due to
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off-loading miRNA cargo for endothelial regulation or
removal from the periphery. Further work to investi-
gate this revelation will require sophisticated in vitro
work using labelled EVs and RNA cargo to observe
transcytosis of EVs across endothelial cells and/or
transfer of RNA cargo to endothelial cells. Future stu-
dies may unravel how EV cargo changes through mem-
brane barriers of the brain and various organs in the
periphery before circulating in the bloodstream.

Overall, as this study is the first to provide
a comprehensive insight into RNA content of BDEs, the
data obtained from this study highlights three different
elements that will contribute to both the EV and AD
field: (1) Enriched BDEs have differential RNA biotypes
compared to a heterogeneous population of EVs and pro-
vide a better representation of the total brain. (2)
Differential expression patterns of AD associated miRNA
in BDEs, F3 EVs and BH provide an insight into the
biological pathways potentially affected during disease
that is assisted by RNA horizontal transfer; and (3) there
is little correlation between themiRNAs found deregulated
in the brain and blood of AD subjects compared to con-
trols. Building on our work, future research should endea-
vour to understand the role of BDE miRNAs in the early
stages of AD and developing methods to detect these
changes in the periphery.
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