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Abstract
Despite the efforts to identify fluid biomarkers to improve diagnosis of Frontotemporal dementia (FTD), only a few candidates 
have been described in recent years. In a previous study, we identified three circulating miRNAs (miR-92a-3p, miR-320a and 
miR-320b) differentially expressed in FTD patients with respect to healthy controls and/or Alzheimer’s disease (AD) patients. 
Now, we investigated whether those changes could be due to miRNAs contained in neuron-derived extracellular vesicles 
(NDEVs). We also evaluated miRNAs content in total plasma EVs and in CSF samples. The analysis of plasma NDEVs 
carried out on 40 subjects including controls (n = 13), FTD (n = 13) and AD (n = 14) patients, showed that both miR-92a-3p 
and miR-320a levels were triplicated in the FTD group if compared with CT and AD patients. Increased levels of the same 
miRNAs were found also in CSF derived from FTD group compared to CTs. No differences were observed in expression 
levels of miR-320b among the three groups. Worthy of note, all miRNAs analysed were increased in an FTD cell model, 
MAPT IVS10 + 16 neurons. Our results suggest that miR-92a and miR-320a in NDEVs could be proposed as FTD biomarkers.
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Introduction

Alzheimer’s Disease (AD) represents the most common  
cause of dementia in the elderly, which significantly  
strains the healthcare and social system. The characteristic  
accumulation of Amyloid-β (Aβ) peptides in amyloid plaques  
and hyperphosphorylated Tau in neurofibrillary tangles lead 
to cortical and hippocampal atrophy, neurodegeneration, 
and activation of inflammatory pathways. Patients with AD 
predominantly show episodic memory impairments, while 
semantic memory deficits are observed to a minor degree 
[1].

Frontotemporal Dementia (FTD) is a heterogeneous  
condition characterised by atrophy in the frontal and  
temporal lobes of the brain [2, 3]. Clinically, patients show 
changes in behaviour and personality (behavioural variant 
FTD, bvFTD), or language impairment (primary progressive 
aphasia, PPA and semantic variant, svFTD).

FTD is the second most common cause of dementia 
and belongs to a wider group of clinical conditions called 

frontotemporal lobar degeneration. FTD pathological  
hallmarks are the hyperphosphorylated Tau and DNA  
binding protein 43kD (TDP-43) accumulation in the brain’s 
intracellular and extracellular space [4]. FTD is often  
misdiagnosed as a psychiatric disorder or as AD. For this 
reason, its real prevalence is probably underestimated, so 
10–30% of FTD patients are wrongly diagnosed [5].

Thus, searching for molecular biomarkers that are easy 
to detect in the preclinical and clinical phases and useful 
for differentiating dementia etiologies represents one of 
the most significant challenges in research [6].

In the last decade, the scientific community highlighted  
the potential of small regulatory non-coding RNA molecules  
to be useful biomarkers for pathology diagnoses due  
to their high stability and ease of detection [7]. Among 
these, microRNAs (miRNAs) were particularly promising  
in neurological disorders. They act as key regulators of  
different biological functions, including synaptic plasticity  
and neurogenesis [8]. Importantly, exosomal miRNAs  
can cross the blood–brain barrier and be released in the  
cerebrospinal fluid (CSF) and blood [9]. Several miRNAs  
are implicated in AD pathogenesis, in particular in the 
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interference with amyloid synthesis, aggregation, and 
removal, Tau phosphorylation and clearance, microglia, and 
astrocyte function [10, 11]. Interestingly, some studies have 
demonstrated that miRNA expression patterns are altered 
not only in the brains of patients with dementia but also in 
their blood samples [8, 12, 13].

Growing evidence highlighted the potential of small 
extracellular vesicles (EVs) as biomarkers for a variety of 
pathological conditions, including neurodegenerative dis-
eases. EVs are membrane-derived vesicles characterized 
by a lipid bilayer membrane [14, 15] released by all cel-
lular types including neurons [16], astrocytes [17], oligo-
dendrocytes and microglia [18]. They are released into the 
extracellular milieu mediating intercellular communications 
[19]. They play roles in cell–cell communication including 
neuron-glia crosstalk, tissue development, and maintenance, 
immune response, apoptosis, cellular homeostasis, inflam-
mation, and synaptic plasticity [20–25]. EVs are classified 
according to their size, membrane protein markers, and ori-
gins as follows: exosomes, 50–150 nm in diameter, origi-
nate from endosomal pathways and are mainly character-
ized by membrane CD63, CD9, and CD81; microvesicles, 
150–1000 nm, which are generated by exocytosis processes, 
contains phosphorylation pattern typical of plasmatic mem-
brane and express membrane receptors on their surface; 
apoptotic bodies, large up to 5 μm, which are released as 
blebs from cells undergoing programmed death and usually 
contain random cargoes including DNA fragments, non-
coding RNAs and organelles [22, 26, 27]. EVs are found in 
most body fluids, transporting specific cargoes to parental 
cells like proteins, lipids, and nucleic acids. Focusing on 
the EVs fraction, miRNAs account for more than 50% of 
all EVs RNA [9].

Neuron-derived EVs (NDEVs) can offer a temporal-
spatial picture of pathological brain alterations [28, 29]. 
miRNAs embedded in EVs are considered better diagnos-
tic biomarkers than free miRNAs because their expression 
levels are protected from degradation by nucleases widely 
present in circulating fluids [30]. Several blood EV miRNAs 
were associated with AD [31, 32], some of which were also 
studied in EVs from the post-mortem AD frontal cortex [33].

In a recent study [34], we adopted an innovative approach, 
the microRNA-Capture Affinity Technology (miR-CATCH), 
to identify miRNAs targeting the MAPT (Microtubule-asso-
ciated Protein Tau) transcript coding for Tau [35, 36]. It 
highlights the miR-92a-3p, miR-320a and miR-320b as pos-
sible plasma biomarkers for FTD and AD diagnosis. Particu-
larly, the downregulation of miR-92-3p and the upregulation 
of miR-320b in patients with FTD or AD compared with 
neurologically unimpaired controls were observed. In con-
trast, miR-320a resulted higher in subjects with FTD than in 
subjects with AD, without any significant difference among 
controls [34]. Then, we asked whether the changes observed 

in plasma reflect the pathological variations occurring in the 
central nervous system. Thus, we evaluated miRNA contents 
in NDEVs and compared their levels with those of plasma 
small Total Extracellular Vesicles (TEVs). Moreover, the 
same miRNAs were quantified in CSF samples to compare 
their expression with those measured in NDEVs. Subse-
quently, to deepen the role of these three miRNAs in FTD, 
we extended our analysis to a human cell model derived 
from patients with familial FTD (FTDP-17) caused by the 
MAPT 10 + 16 splice-site mutation.

Materials and Methods

Recruitment of Patients and Healthy Controls

The studied population was enrolled by the Memory Clinic 
of Sapienza University (Rome, Italy), following the approval 
of ethical committees after all the subjects signed the 
informed consent. FTD diagnosis was performed following 
currently approved criteria [37, 38], and AD diagnosis fol-
lowing DSM-IV and NINCDS-ADRDA criteria [39]. Clini-
cal and family history, physical exam, neurological examina-
tion, neuropsychological tests including Mini-Mental State 
Examination (MMSE), brain imaging, and laboratory tests 
were assessed for each patient. Healthy controls (CT) were 
enrolled among patients’ partners or caregivers.

Plasma and CSF Collection

The collection of plasma samples followed previously 
validated procedures [40, 41]. After collecting whole 
blood in EDTA-containing tubes, samples were centri-
fuged at 1600 × g, 4 °C for 15 min. The upper phase, rep-
resented by plasma, was aliquoted in 250 µL and stored 
at − 80 °C. According to current guidelines, cerebrospinal 
fluid (CSF) samples were collected by lumbar puncture. 
CSF samples were then centrifuged at 1600 × g, 4 °C for 
15 min, aliquoted in 250 µL, and stored at − 80 °C.

Neuronal Differentiation of hiPSCs

Wild Type human-induced Pluripotent Stem Cells (WT 
hiPSCs, European Bank of Induced Pluripotent Stem Cells; 
depositor Sigma-Aldrich SIGi001-A-1) and relative iso-
genic mutated MAPT IVS10 + 16 biallelic hiPSCs (Euro-
pean Bank of Induced Pluripotent Stem Cells; depositor 
Sigma-Aldrich SIGi001-A-12) were maintained in self-
renewal TeSR-E8 medium (StemCell Technologies, 05990) 
on Geltrex (Thermo Fisher, A1413201). The medium was 
replaced every other day and confluent cells were treated 
with EDTA (Ethylenediaminetetraacetic acid, Gibco). PSC 
Neural Induction Medium (Thermo Fisher, A1647801) was 
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used to differentiate hiPSCs into neural progenitor cells 
(NPCs), according to the manufacturer’s instructions. Dif-
ferentiation of WT and MAPT 10 + 16 p4-p7 NPCs into 
a mixed population of neurons was performed by seeding 
30,000 cells/cm2 on laminin (neurons day 0) in a matura-
tion medium composed of complete Neurobasal medium 
(Gibco, 21,103,049), 10 ng/ml BDNF (Brain-derived neu-
rotrophic factor, PeProtec, 450–02), 10 ng/ml GDNF (Glial 
cell line-derived neurotrophic factor, Peprotec, IVS450-10) 
and 200 nM Ascorbic Acid (PeProtec, 5,088,177). Change 
of medium took place twice a week until the desired age was 
reached. All the cells were incubated in a humified incubator 
at 37 °C with 5%  CO2.

Extracellular Vesicle Purification 
and Characterization

EVs were isolated from plasma samples as previously 
described [28, 42]. Briefly, 500 µL of plasma was added to 
500 µL of Phosphate Buffered Saline solution (PBS), supple-
mented with 3 times concentrated protease and phosphatase 
inhibitors cocktail (ThermoScientific) and centrifuged at 
4000 × g for 20 min at 4 °C. 250 µL of ExoQuick (System 
Biosciences) was added to supernatants and samples were 
incubated for 1 h at 4 °C and then spun down at 1500 × g 
for 20 min at 4 °C. Pellets were resuspended in 500 µL of 
Ultra-Pure Water (Lonza Bioscience Solution) with protease 
and phosphatase inhibitors (300 ×) and incubated for 2 h at 
room temperature (RT). 100 µL of samples (TEVs) were col-
lected and divided: 50 µL of sample was added with RIPA 
Buffer (Thermo Scientific) supplemented with 3 times con-
centrated phosphatase and protease inhibitors for follow-
ing Western Blot analysis, and 50 µL of sample was added 
with RNA Later™ (Qiagen) for following miRNAs expres-
sion analysis. NDEVs were immunoprecipitated with 4 µg 
of mouse anti-human CD171 (L1 cell adhesion molecule 
[L1CAM] biotinylated antibody from eBiosciences) in 45 
µL of 3% BSA (Bovine Serum Albumine) in PBS and incu-
bated for 1 h on a rotating wheel. Samples were centrifuged 
at 200 × g for 10 min at 4 °C, and supernatants, represent-
ing TEVs depleted of NDEVs (T-N EVs), were subdivided 
as described above for TEVs. Pellets (containing NDEVs) 
were resuspended in 160 µL of 0.1 M Glycine, pH 2.5–3, 
centrifuged at 4500 × g for 5 min at 4 °C. Supernatants were 
added of 13.5 µL of 1 M Tris–HCl, pH 8.0 and 22.5 µL of 
3% BSA in PBS, and 42 µL of samples were added of RIPA 
Buffer for Western Blot analysis, while 146 µL of NDEVs 
were added of 146 µL RNA Later™ for miRNAs analysis.

EVs particle size and concentration were evaluated by 
Nanoparticle Tracking Analysis (NTA) using a Nanosight 
NS300 instrument (Malvern Panalytical, Malvern, UK) 
equipped with a 488-nm laser and a syringe pump system. 
Thawed NDEVs and TEVs fractions from the plasma of two 

healthy controls were diluted 1:600 in filtered PBS before 
NTA analysis, and five videos were taken for each EVs 
preparation. The buffer used for EV dilution was checked 
for purity and used as a baseline. Captured video recordings 
were analysed using the NTA 3 software version to obtain 
the concentration (particles/mL) and the size distribution 
curves.

Plasma EVs Protein Quantification and Western Blot 
Analyses

EV fractions, supplemented with RIPA Buffer, were sub-
jected to 2 freeze–thaw cycles, sonication, and determination 
of protein concentration by using Coomassie Protein Assay 
(Thermo Scientific). 100 µg of EVs and 4 µg of mouse brain 
cortex (positive control) lysates were diluted in Laemmli 
Loading Buffer (WVR Life Science) and loaded for west-
ern blot analysis performed by incubating polyvinylidene 
difluoride (PVDF) membranes (GE Healthcare) for 1 h at 
RT or overnight at 4 °C in blocking solution containing 4% 
of dried milk (Serva Electrophoresis GmBH) or BSA (Pan-
Reac AppliChem) in TBS (Tris-Buffered Saline, Corning) 
to which 0.1% Tween-20 was added. After incubation with 
anti-Neuron-Specific Enolase (NSE—1:400, Biorbyt), anti-
CD9 (1:200, Elabsciences), anti-L1 Cell Adhesion Molecule 
(L1CAM—1:500, Antibodies.com) and anti-Proteolipid Pro-
tein 1 (PLP1 – 1:1000, Clinisciences) for 90 min at RT or 
overnight at 4 °C, membranes were extensively washed in 
TBS and 0.1% Tween-20 and incubated for 1 h at RT with 
anti-rabbit peroxidase-conjugated immunoglobulins (Jack-
son ImmunoResearch). The immunoreactivity signals were 
detected by Super  SignalTMWestFemto Maximum Sensi-
tivity Substrate (ThermoScientific), images were acquired 
using Azure C300 Gel Imaging System (Bio-System), and 
densitometric analysis was performed using ImageJ software 
(MeidaCybernetics).

RNA Extraction and Expression Analysis of miRNAs

The miRNeasy Serum/Plasma Kit (Qiagen) was used for 
miRNA extraction from plasma-derived EVs, CSF, and cul-
ture medium of neurons derived from hiPSC, assuring the 
enrichment of small molecules like miRNAs [43]. Accord-
ing to the kit protocol, 5 volumes of Qyazol Lysis Reagent 
were added to the samples and incubated for 5 min at RT; 
chloroform at an equal volume to the starting sample was 
added and incubated for 2–3 min at RT. After centrifuging 
for 15 min, 12,000 × g, at 4 °C, the upper phase was col-
lected and mixed with 1.5 volumes of 100% ethanol. Sam-
ples were filtered with the supplied RNeasy MinElute spin 
columns at 8000 × g, for 15 s. The columns were washed at 
8000 × g, for 15 s with 700 μl of RWT Buffer and 500 μl of 
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RPE Buffer, and at 8000 × g, for 2 min, with 500 μl of 80% 
Ethanol. RNA was eluted with 14 μl of RNase-free water.

Regarding the cultured neurons, total RNA was isolated 
by using TRIzol Reagent (Life Technologies, 15,596,026) 
according to manufacturer instructions. Briefly, cells were 
washed with 1X PBS and lysate with 500 µL of TRIzol 
directly in the plate. Then, 100-μL chloroform was added to 
each lysate, tubes were vortexed vigorously and then centri-
fuged at 12,000 × g at 4 °C for 15 min. The aqueous phase 
containing RNAs was collected in new tubes. To precipitate 
RNA, 250-μL cold propan-2-ol and 1-µL RNAse-free gly-
cogen were added to the samples and incubated in ice for 
up to 1 h. A centrifugation step was performed at 12,000 × g 
at 4 °C for 15 min during which the pellet became visible. 
After the removal of the supernatant, the pellet was rinsed 
with 75% ethanol and centrifuged at 8200 × g, for 10 min at 
4 °C. After discarding the supernatant and having let the eth-
anol evaporate, RNA was resuspended in RNase-free water.

Each RNA concentration was measured via a UV–Vis 
spectrophotometer (NanoDrop ND-1000, Thermo Fisher; 
Supplementary Table 1).

Real‑Time PCR

For plasma and CSF total RNA, cDNA was obtained using 
ID3EAL cDNA synthesis reagents (MiRXES, Singapore) 
with modified stem-loop reverse transcription primer pool 
for miR-92-3p, miR-320a, and miR-320b and 3 exogenous 
spike-in controls (MiRXES, Singapore). Total RNA was 
mixed with ID3EAL miRNA reverse transcription buffer, 
ID3EAL reverse transcriptase, and reverse transcription 
primer pool in a total reaction volume of 10 μL. The reac-
tion mixture was incubated at 42 °C for 30 min, followed 
by 95 °C for 5 min to inactivate the reverse transcriptase. 
According to the manufacturer’s protocol, real-time quantita-
tive PCR (RT-qPCR) was performed using ID3EAL miRNA 
qPCR reagents (MiRXES, Singapore). Each cDNA sample 
was diluted ten times with nuclease-free water. PCR ampli-
fication was performed in a total reaction volume of 10 µL 
containing 5-µL diluted cDNA, 1 X ID3EAL miRNA qPCR 
master mix, 1 X ID3EAL miRNA qPCR primers (MiRXES, 
Singapore), topped up with nuclease-free water. qPCR 
amplification and detection were performed on ABI PRISM 
7500 (Thermo Fisher Scientific) with the following cycling 
conditions: 95 °C for 10 min, 40 °C for 5 min, followed by 
40 cycles of 95 °C for 10 s, and 60 °C for 30 c. As a refer-
ence, to normalize the expression of the analyzed miRNAs, 
we selected miRNAs, checking their expression levels and 
stability in our samples by using the NormFinder [44, 45]: 
miR-16 was the most stable among the selected miRNAs.
For cells and culture medium, the analysis of microRNAs 
was performed employing the TaqMan® MicroRNA Assays 
protocol (Thermo Fisher), according to the manufacturer’s 

instructions. In particular, 10-ng total RNA was retrotran-
scribed using microRNA-specific retrotranscription primers 
(Thermo Fisher) for cDNA synthesis. The mix contained, 
other than the input RNA, 5 μL of stem-loop retrotranscrip-
tion primer, 1.5 μL of 10X RT buffer, 0.15 μL of 100 mM 
dNTPs, 1 μL of 50 U/μL MultiScribe reverse transcriptase, 
and 4.16 μL of nuclease-free water. This reaction was incu-
bated into T100 Thermal Cycler (Biorad) for 30 min at 
16 °C, 30 min at 42 °C, and 5 min at 85 °C. Quantitative 
PCR was performed in 20 μL containing 1.33 μL of miRNA-
specific cDNA, 10 μL of FastStartTaqMan Probe Master 
(Roche, 04673417001), 7.67 μL of nuclease-free water, and 
1 μL of TaqMan MicroRNA Assay (Thermo Fisher, Sup-
plementary Table 2). Reactions were incubated at 95 °C for 
10 min, followed by 40 cycles of incubation at 95 °C for 15 s 
and at 60 °C for 1 min. Reactions were performed in Quant-
studio5 384 real-time detection system (Thermo Fisher) 
and results were evaluated with related software (Thermo 
Fisher). To normalize the expression of the analyzed miR-
NAs, we selected miRNAs, checking their expression lev-
els and stability in our samples by using the NormFinder, 
RNU48 was chosen as an endogenous control to normalize 
microRNAs expression in cells, while cel-miR-39 was used 
for medium-derived miRNAs.

In each assay, all measurements were done in technical 
triplicates and negative controls were included. Data of RT-
qPCR were expressed as 2e(-ΔCt).

Amyloid and Tau Detection in CSF

Amyloyd-beta (Aβ) 40 and 42 isoforms, total (tTau) 
and phosphorylated at residue 181 (pTau181) Tau were 
detected in CSF samples by Lumipulse G600II (Fujire-
bio). Samples were treated and analysed according to the 
manufacturer’s protocols supplied with the kits Lumipulse 
G Aβ-40 (231,524), Aβ-42 (230,336), tTau (230,312) and 
pTau181 (230,350) for CSF: AD patients had higher tTau 
and pTau181 concentration values and lower Aβ42/40 ratios 
(Table 1).

Statistical Analysis

One-way ANOVA analysis followed by post hoc Tukey 
significance tests were used to evaluate the NSE and CD9 
expression levels in both NDEVs and TEVs (Kaleidagraph 
software).

The ΔCt values of miRNA levels were expressed as 
mean ± standard error. We applied the Student’s T-test to 
obtain the p values and compare differential expressions 
between two groups (p ≤ 0.05). To compare multiple groups, 
we used ANOVA test and Bonferroni post hoc. The Pearson 
test was used for the correlation analysis.
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The Spearman test (by GraphPad Prism 9 software) was 
used to correlate the CSF protein biomarkers and miRNA 
levels from CSF.

Results

Samples’ Characteristics

For this study, we enrolled a population of 40 subjects 
including 13 CT, 6 females and 7 males (mean age 
74.7 ± 8.1); 14 patients with AD, 10 females and 4 males 
(mean age 72.8 ± 2.1); 13 with FTD, 7 women and 6 men 
(mean age 73.7 ± 7.3). All patients were sporadic, and no 
mutations were found in the genes most involved in AD 

and FTD, such as APP, PSEN1, PSEN2, MAPT, GRN,  
and C9ORF72. All the characteristics of the enrolled  
population are summarized in Table 1.

Characterization of Total and L1CAM Positive EVs 
from Plasma

NDEVs were purified from the plasma of 13 CT subjects, 14 
AD and 13 FTD patients. In parallel, the T-N EVs and TEVs 
fractions were obtained. The NDEVs fraction was indeed 
enriched with the NSE neuronal marker thus confirming 
the Central Nervous System (CNS) origin of these vesicles, 
which was absent in the T-N EVs fractions (Fig. 1A). In 
contrast, all vesicles were positive to CD9 antibody, which 
is specific for exosomal populations (Fig. 1A, Fig. 1B). We 

Table 1  Demographic and clinical characterization of the studied population. Data were shown as mean ± standard deviation. MMSE: Mini-
Mental State Examination (Score ≤ 18: severe cognitive impairment;19–25: moderate cognitive impairment; 26–30 normal cognition)

N (M/F) Age (Mean ± SD) Age at onset 
(Mean ± SD)

MMSE (Mean ± SD) Aβ-42/40 (Mean ± SD) tTau (pg/ml) (Mean ± SD) pTau181(pg/
ml) 
(Mean ± SD)

CT 13 (7/6) 74.7 ± 8.1 ‒ ‒ 0.123 ± 0.01 302.0 ± 27.23 29.1 ± 6.85
FTD 13 (6/7) 73.7 ± 7.3 69.6 ± 7.1 15.7 ± 5.7 0.113 ± 0.0 1 235.14 ± 51.00 30.71 ± 4.27
AD 14 (4/10) 72.8 ± 2.1 64.1 ± 6.5 18.2 ± 5.0 0.049 ± 0.01 711.8 ± 264.97 123.76 ± 56.31

Fig. 1  Western blot analysis of a representative NDEVs purification  
from plasma of CT, AD and FTD subjects. (A) An enrichment  
of neuronal marker (NSE) is observed in the NDEVs fraction  
concerning T-N EVs, (B) which is undetectable in the TEVs  
fractions. CD9 is a common exosome marker. 4 µg of mouse brain 
cortex (CTX, positive control) and 100 µg of EVs have been loaded 
in each lane. (C, D, E) Densitometric analysis of NSE in NDEVs (C),  
CD9 in NDEVs (D), and CD9 in TEVs (E). NSE and CD9 expression  

levels have been analysed using One-way ANOVA with a post hoc 
Tukey test. No differences are observed for the number of EVs 
extracted (both NDEVs and TEVs) in the CT group concerning AD 
and FTD ones. Values are expressed as % concerning the CT group. 
Each point in the frame depicts the value for a single subject, while 
bars represent the median value ± standard deviation. Each represents 
the mean of 2–3 replicates
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recently demonstrated the quality of our NDEV preparations  
with a characteristic morphology observed by TEM and 
Western Blot analysis that did not reveal the presence of  
any proteins derived from cell organelles [42]. Moreover,  
the quality of EVs preparations was further tested by using 
an additional neuronal marker (L1CAM) [28] and an  
oligodendrocyte marker (PLP1) [46, 47]: an enrichment  
of L1CAM was observed only in NDEVs fractions (and  
was undetectable in T-N EVs and TEVs fractions),  
while the PLP1 signal was not detected in any fractions 
(Supplementary Fig. 1), thus confirming that the extraction 
of NDEV was successfully enriched in neuronal vesicles  
without oligodendroglial contamination. Furthermore,  
the densitometric analysis showed no differences in the 
amount of EVs (expressed as % to the CT group) extracted 
between groups (Supplementary Table 3). In addition, NSE  
expression levels are comparable in NDEVs fractions.  
Similarly, CD9 expression levels are comparable in both 
NDEVs and TEVs fractions (Fig. 1C, Fig. 1D, Fig. 1E,  
Supplementary Table 3).

The EVs were characterized by Nanosight 300  
(Fig. 2). Considering the two analysed healthy controls, 
the concentration measurements of TEVs obtained from 
0.5 mL of plasma were respectively 8.6 ± 0.3 ×  1011 and 
7.5 ± 0.28 ×  1011 particles/mL. D-values showed that  
10%, 50%, and 90% of the size distribution were below 

78.6 ± 1.0 nm, 104.7 ± 1.2 nm, and 173.8 ± 1.9 nm to the 
first subject, and below 76.9 ± 0.7 nm, 102.1 ± 1.5 nm  
and 170.6 ± 1.5 nm respectively to the second. These data 
suggest that the predominant particles from the plasma  
samples display a typical exosomal trait.

miR‑92a‑3p, miR‑320a, and miR‑320b Levels 
in Plasma TEVs and NDEVs

After EVs purification, we investigated the differential 
expression of miR-92a-3p, miR-320a, and miR-320b, 
selected from our previous study [34], among patients with 
AD, FTD and CT in plasma NDEVs and TEVs samples.

Although the miR-92a-3p and miR-320a levels were  
very similar in NDEVs between CT (miR-92a-3p: 
0.200 ± 0.03; miR-320a: 0.145 ± 0.03) and AD (miR-92a-3p: 
0.198 ± 0.03, CTvsAD, p = 0.957; miR-320a: 0.228 ± 0.03,  
CTvsAD, p = 0.195) groups, both of them triplicated in  
the subjects with FTD (miR-92a-3p: 0.605 ± 0.17; miR-
320a: 0.578 ± 0.08), reaching p_values of 0.026 and 0.001  
compared with CT group, and 0.020 and < 0.001 with  
respect AD group, respectively for miR-92a-3p and miR-
320a (Fig. 3, Supplementary Table 4). On the contrary, 
no difference was observed in miR-320b expression levels 
among the three groups (CT: 4.503 ± 0.89, AD: 3.570 ± 1.17, 
FTD: 5.639 ± 1.41; CTvsAD, p = 0.537; CTvsFTD, 

Fig. 2  Nanoparticle tracking 
analysis of both size distribution  
and relative concentration of 
microvesicles. TEVs were  
isolated from plasma samples  
(1 mL) collected from two 
healthy volunteers. As expected 
for the exosomal fraction, both 
plots show that the majority of 
the EV population is distributed 
between 50 and 150 nm

Fig. 3  Scatter plots of the miRNA levels in plasmatic NDEVs from CT, AD and FTD groups. Relative quantification of miRNAs in FTD and 
AD patients compared to CTs in NDEVs. The bold bars represent the average value ± standard error. *p < 0.05; ***p ≤ 0.001
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p = 0.490; ADvsFTD, p = 0.266) as graphed in Fig. 3 and 
Supplementary Table 4. The data remained significant after 
Bonferroni correction for miR-320a, but not for mir-92a-3p.

Considering the plasma-derived TEVs (Fig. 4,  
Supplementary Table 5), we found similar levels of miR-
92a-3p between groups of patients (AD: 0.580 ± 0.10,  
FTD: 0.629 ± 0.18; ADvsFTD, p = 0.809), while they 
were halved when compared to healthy controls (CT: 
1.474 ± 0.27), with a statistical significance of p = 0.004 
for AD and p = 0.014 for FTD. Otherwise, the miR-320a 
expression in CTs (1.105 ± 0.11) was similar to those in the 
FTD group (1.303 ± 0.29; CTvsFTD, p = 0.527), while it was 
halved in the AD group (0.441 ± 0.17; CTvsAD, p = 0.003; 
FTDvsAD, p = 0.016). Regarding miR-320b, patients with 
FTD had higher levels than controls and the AD group (CT: 
0.073 ± 0.01, AD: 0.079 ± 0.01, FTD: 0.141 ± 0.03), but they 
reached the statistical significance only if compared to CTs 
with a p_value of 0.031 (CTvsAD, p = 0.719; ADvsFTD, 
p = 0.065; ADvsFTD, p = 0.719) as reported in Fig. 4 and 
Supplementary Table 5. The data remained significant after 
the Bonferroni correction except for mir-320b.

miR‑92a‑3p, miR‑320a and miR‑320b Levels in CSF 
Samples

To investigate if the miR-92a-3p, miR-320a and miR-320b  
found in peripheral plasma reflect their expression in a  
fluid directly derived from the central nervous system, the 
expression of the same miRNAs was also detected in CSF 
from AD and FTD patients as well as CT subjects. Both 
miR-92a-3p and miR-320a showed higher levels in the FTD 
group (miR-92a-3p: 0.502 ± 0.15; miR-320a: 0.877 ± 0.29) 
with respect to CTs (miR-92a-3p: 0.160 ± 0.01; CTvsFTD, 
p = 0.021; miR-320a: 0.160 ± 0.03; CTvsFTD, p = 0.013),  
but none of them significantly differed from patients  
with AD (miR-92a-3p: 0.262 ± 0.10; CTvsAD, p = 0.365; 
ADvsFTD, p = 0.189; miR-320a: 0.527 ± 0.20; CTvsAD, 
p = 0.109; ADvsFTD, p = 0.320). Moreover, mir-320b 
showed similar levels in all the three groups analyzed, 
as reported in Fig. 5 and Supplementary Table 6 (CT: 
4.478 ± 0.38, AD: 5.108 0.34, FTD: 4.205 ± 0.42; CTvsAD, 
p = 0.112; CTvsFTD, p = 0.365; ADvsFTD, p = 0.229). The 
data remained significant after the Bonferroni correction 
only for mir-320a.

Fig. 4  Scatter plots of the miRNA levels in plasmatic TEVs from CT, AD and FTD groups. Relative quantification of miRNAs in FTD and AD 
patients compared to CTs in TEVs. The bold bars represent the average value ± standard error. *p < 0.05; **p ≤ 0.01

Fig. 5  Scatter plots of the miRNA levels in CSF from CT, AD and FTD groups. Relative quantification of miRNAs in FTD and AD patients 
compared to CT in CSF samples. The bold bars represent the average value ± standard error. *p < 0.05
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Correlation Between CSF Protein Biomarkers 
and miRNA Levels

CSF samples were analysed by Lumipulse G600II (Fujire-
bio) to measure the protein biomarker levels. As expected, 
the AD patients had higher concentrations of tTau and 
pTau181 and lower values of Aβ-42/40 ratio than the FTD 
and CT groups, as shown in Table 1. Then, we correlated the 
protein biomarkers with miRNA expression levels in CSF 
into CT, AD and FTD groups. The Spearman correlation 
coefficients and the relative p_values were reported in Sup-
plementary Fig. 2. Interestingly, the miR-92a-3p positively 
correlated with the Aβ-42/40 ratio (r = 0.759; p = 0.015), 
while the miR-320a showed a positive correlation with the 
tTau levels in FTD patients (r = 0.821; p = 0.030).

miR‑92a‑3p, miR‑320a and miR‑320b in Neurons 
Derived from Human hiPSCs with Biallelic MAPT 
IVS10 + 16 Mutation

Neurons derived from human hiPSCs with biallelic MAPT 
IVS10 + 16 splicing mutation were used as a FTD model, 
and results were compared to those obtained from the 
corresponding isogenic wild-type hiPSCs [48]. Mature 
neurons derived from 10 + 16 hiPSCs with 120-day-long 
differentiation protocol are obtained to recapitulate several 
FTD hallmarks: 4R/3R Tau unbalance, neurodegenerative 
and neurodevelopmental phenotypes [48] and impaired 
neuronal excitability [49, 50].

We measured the levels of the three miRNAs  
(normalized on snoRNA U48 expression) in these FTD  
neurons and observed a significant upregulation compared  
to healthy neurons at 120 days of differentiation. In  
particular, miR-320a and miR-320b levels triplicated in 

Fig. 6  miRNA levels in FTD cellular model. Quantification of the 
miRNA levels (expressed as 2^-ΔCt) in (A) neurons and (B) culture 
medium derived from hiPSCs. White columns are referred to wild-

type hiPSC, while the black ones to the MAPT IVS10 + 16 mutated 
hiPSCs, after 120  days from differentiation inputs (n = 4 for each 
group). *p < 0.05; **p < 0.01; ***p < 0.001
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mutated neurons, while miR-92a-3p levels increased by 
approximately 1.75 times (Fig. 6A). To further confirm 
these results, we measured miRNAs also in the culture 
medium. As shown in Fig. 6B, all the three miRNAs were 
upregulated in MAPT IVS10 + 16 mutated than the wild-
type hiPCS.

Discussion

The importance of small non-coding RNAs as post-tran-
scriptional regulators of pathology-related genes, includ-
ing neurodegenerative diseases, is lately emerging. The 
intrinsic properties of miRNAs, such as their high stabil-
ity and ease of detection, make them good candidates as 
diagnostic and prognostic biomarkers. Moreover, they are 
found in peripheric biofluids, such as blood or plasma, 
where they could reflect the physiological or pathologi-
cal state. Interestingly, even more studies correlate several 
miRNAs with the diagnosis or progression of neurodegen-
erative diseases. In our previous study, we proposed three 
different miRNAs as diagnostic plasma-biomarkers candi-
dates for AD and FTD: miR-92a-3p, miR-320a and miR-
320b [34]. They were selected by using the miR-CATCH 
methodology on the MAPT transcript [51]. Currently, we 
focused our work on the analysis of the expression of the 
same miRNAs in plasma-derived neuronal extracellular 
vesicles, considering that NDEVs isolated from plasma 
may be used as a source of miRNAs reflecting a particular 
pathological condition of the nervous system.

In NDEVs, we found miR-92a-3p and miR-320a up-
regulated in FTD patients, but not in AD patients; unlike 
what we observed in plasma samples, specifically for the 
miR-92a-3p, downregulated in patients. Interestingly, the 
induction of miR-92a-3p and miR-320a in NDEVs from 
patients with FTD was also significant with respect to 
the AD group. Contrarily, miR-320b was up-regulated in 
plasma, but we did not note some differences in NDEVs. 
To better understand whether these results were specific 
to neuronal extracellular vesicles, we extended the anal-
ysis to total extracellular vesicles and CSF as well. As 
expected, the data on TEVs were similar to those observed 
in plasma, leading us to speculate that the up-regulation of 
miR-92a-3p and miR-320a observed in NDEVs from FTD 
patients was brain-derived. Worthy of note, the increased 
levels of these miRNAs also in CSF from FTD patients 
confirmed our hypothesis. Furthermore, we correlated the 
miRNA expression in CSF with the levels of the canonical 
protein CSF biomarkers for AD diagnosis. Specifically, 
we measured the concentration of tTau and pTau181, 
which indicate the formation of the neurofibrillary tan-
gles and thus the cellular death, and the ratio Aβ42/40 for 
the amyloid accumulation and deposition. Interestingly, 

we found that miR-320a positively correlates with tTau 
levels in FTD group suggesting the existence of indirect 
regulatory mechanisms between the miR-320a and the Tau 
expression.

To further deepen our findings, we analysed miRNA 
expression in hiPSCs-derived neurons. In particular, we 
induced the differentiation in neural progenitor cells of 
the wild-type hiPSCs and relative isogenic mutated MAPT 
IVS10 + 16 biallelic hiPSCs. All three miRNAs analysed 
were increased in the mutated model compared to the wild 
type confirming the results obtained in NDEVs for mir-
320a and mir-92a-3p, while mir-320b was upregulated in 
hiPSCs-derived neurons, but not in NDEVs.

These results are consistent among them, confirming 
that the differences in miRNA levels seen in the plasma of 
patients with AD [34] likely do not stem from the brain. 
The discrepancy between the results obtained on plasma 
and those obtained on NDEV could be due to the very low 
percentage of vesicles derived from the brain in the blood. 
Li and colleagues have developed an algorithm to define the 
origin of extracellular vesicles, based on membrane markers: 
their results indicated that only 0.65% of the vesicles present 
in blood come from the brain [52]. Indeed, the miRNAs 
analyzed in our previous study are not only derived from 
the brain but also other tissues, as described on the web-
site TissueAtlas (uni-saarland.de). Effectively, our results 
suggest that miRNA levels identified in plasma may have 
an origin other than the neuronal one demonstrating that 
plasma NDEVs could represent a distinct and more acces-
sible source of CNS biomarkers. Worthy of note, it should 
not exclude a relation between non-neural miRNAs and neu-
rodegenerative diseases. The glial cells play a fundamental 
role in neuro-pathological processes, and they can release 
EVs into the blood [53, 54].

In the last few years, the role of miRNAs released into 
EVs has aroused considerable interest. They may regulate 
the expression also in the EVs-receiving cells, contributing 
to the pathology’s spread or inhibition, depending on the 
type of miRNA cargoes [55]. Consequently, the biomarker 
potential of EVs-derived miRNAs is increasingly accepted 
[55]. Since miRNAs are released in EVs by cells, they may 
also reflect their pathological state [56]. Interestingly, as the 
changes that occur in the CNS can be reflected in the periph-
ery, it has also been hypothesized that peripheral inputs may 
affect processes that occur in the CNS, establishing bidirec-
tional communication [57]. Therefore, microRNAs of vari-
ous origins can also influence the pathogenesis of neurode-
generative diseases and be involved in both AD and FTD.

Despite that, there are not many articles in the litera-
ture on EVs miRNAs and dementia. Yang and colleagues 
identified few miRNAs in serum EVs, able to discriminate 
AD from vascular dementia and Parkinson’s disease [58]. 
In another study, Wei et al. identified a subset of potential 
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diagnostic miRNA biomarkers that correlated with some of 
the clinical scales used for AD diagnosis [59]. Finally, the 
miR-485-3p contained in salivary exosomes was associated 
with amyloid-β accumulation in the brain in subjects with 
AD [60]. In the last year, Visconte et al. identified a panel 
of EVs-derived miRNAs deregulated in the plasma of AD 
patients, including miR-92a-3p, which was up-regulated also 
in prodromal AD [61]. Our results are not in accordance 
with these reports. These discrepancies are probably due to 
the differences in the studied population and methodology.

Regarding FTD, only few studies investigated the role 
of miRNAs in EVs. One interesting study analysed the 
exosomal miRNAs in CSF of patients from the Genetic 
FTD Initiative (GENFI) with sporadic FTD, highlighting 
the downregulation of the miR-632 and the miR-204-5p in 
patients [62]. They recognised a good potential for the miR-
632 in the diagnosis of the genetic and sporadic form of 
FTD, while the miR-204-5p appeared to have an interesting 
diagnostic potential only for the genetic FTD [62]. On the 
other hand, Pounders and colleagues examined the expres-
sion of miRNAs in NDEV among FTD and AD patients 
and CT subjects: their results indicated that miR-181c was 
downregulated in FTD patients to CT subjects, while miR-
122 and miR-3591 were downregulated in AD patients with 
respect to FTD and CTs [63].

Interestingly, even more exosome-derived miRNA detec-
tion methods were developed by the most recent technolo-
gies, to optimize the sensitivity and minimize the costs of 
detection [64]. For example, Song and colleagues devel-
oped a biosensor able to build a precise profile of exosomal 
miRNAs with a diagnostic aim for AD and mild cognitive 
impairment [65].

The most interesting finding that emerges from this study 
is that miR-92a-3p and miR-320a could be potential bio-
markers for differential diagnosis between AD and FTD 
patients. Their levels are three times higher in patients with 
FTD. Biomarkers that accurately predict the specific bio-
chemical type of pathology in individuals with FTD are cur-
rently lacking. To date the development of CSF biomarkers 
based on neuropathological profiles can help to discriminate 
FTD from other types of dementia [66–68], even if Tau/
Ab42 ratio can distinguish AD from FTD with a diagnostic 
accuracy of only 70% for the bvFTD forms [69]. Moreover, 
no biomarker or constellation of biomarkers can provide a 
well-established diagnosis of FTD.

Conclusions

In summary, our findings indicate that NDEV miRNA pro-
files are distinct from those derived from plasma circulating 
miRNAs, suggesting that they could represent an additional 

resource to identify new biomarkers useful for differential 
diagnosis between AD and FTD.
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