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Background: Alzheimer’s disease (AD) diagnoses once depended on neuropathologic
examination. Now, many widely used, validated biomarkers benefits for monitoring of AD
neuropathologic changes. Exosome-derived biomarker studies have reported them to be
significantly related to AD’s early occurrence and development, although the findings are
inconclusive. The aim of this meta-analysis was to identify exosome-derived biomarkers
for the diagnosis of AD and mild cognitive impairment (MCI).

Methods: PubMed, PubMed Central, Web of Science, Embase, Google Scholar,
Cochrane Library, the Chinese National Knowledge Infrastructure (CNKI), and the
Chinese Biomedical Literature Database (CBM) were searched for studies assessing the
diagnostic value of biomarkers, including data describing the pooled sensitivity (SEN),
specificity (SPE), positive diagnostic likelihood ratio (DLR+), negative diagnostic likelihood
ratio (DLR-), diagnostic odds ratio (DOR), and area under the curve (AUC). The quality
of the included studies was assessed using RevMan 5.3 software. Publication bias
was analyzed.

Results: In total, 19 eligible studies, including 3,742 patients, were selected for this
meta-analysis. The SEN, SPE, DLR+, DLR-, DOR, and AUC (95% confidence intervals)
of exosome-derived biomarkers in the diagnosis of AD or MCI were 0.83 (0.76-0.87),
0.82 (0.77-0.86), 4.53 (8.46-5.93), 0.21 (0.15-0.29), 17.27 (11.41-26.14), and 0.89
(0.86-0.92), respectively. Sub-group analyses revealed that studies based on serum or
microRNA (MIiRNA) analysis, and those of Caucasian populations, AD patients, patient
sample size >50, neuron-derived exosomes (NDE) from plasma and p-tau had higher
sensitivity, specificity, and AUC values.

Conclusion: Exosome-derived biomarkers have shown potential diagnostic value in AD
and MCI, although further research is required for confirmation.
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INTRODUCTION

Alzheimer’s disease (AD), an age-associated neurodegenerative
disorder, currently afflicts over 35.6 million individuals
worldwide (Wortmann, 2012), while its prevalence continues
to increase over time. The mortality rate of AD increased
by 146.2% from 2000 to 2018, whereas deaths from human
immunodeficiency virus (HIV) and heart disease decreased
(Alzheimer’s Association, 2020). Mild cognitive impairment
(MCI), another type of neurodegenerative disorder, occurs
in the stage between normal neurodegenerative aging and
the development of AD, and such patients are more likely to
develop dementia (Petersen et al, 2018). Some investigators
have reported that about 45% of MCI patients remained in
stable condition over time, whereas 28% developed AD and
15% recovered their cognitive function (Hu et al., 2017). It is
generally understood that progressive neurodegeneration and
the accumulation of amyloid f (AB) peptide and neurofibrillary
tangles of tau proteins in the brain are the key characteristics
of dementia (Rapoport et al, 2002). Changes in biomarkers
involved in AD and MCI are closely related to the pathological
mechanisms driving these conditions.

Abnormal change in the accumulation of AP peptides are
currently used to identify the conversion from MCI to AD

dementia and to distinguish AD patients from those with MCI
or healthy individuals (Parnetti and Eusebi, 2018). A previous
meta-analysis (Koychev et al., 2020) also showed that the levels
of total tau (t-tau) and phosphorylated tau (p-tau) proteins in
the cerebrospinal fluid (CSF) could significantly distinguish AD
patients from healthy individuals. However, the discordances
between positron emission tomography (PET) imaging and CSF
biomarkers (CSF AP 42 vs. amyloid PET) had been described
(Vos et al,, 2016). Similarly, CSF t-tau just only reflected the
intensity of dementia at a specific point, whereas elevated CSF
p-tau represented an abnormal pathologic state depended by
paired helical filament (PHF) tau formation (Blennow and
Hampel, 2003). Moreover, Clifford R indicated that none of the
biomarkers are as sensitive as direct examination of tissue at
autopsy (Jack et al, 2018). In addition, widespread detection
of these biomarkers in CSF has been impeded due to the
invasiveness of the technique. Subsequently, blood became a
more desirable target for isolating biomarkers to diagnose AD
as an easier and less invasive means of collecting samples.
Some studies have investigated t-tau and p-tau protein levels
in the plasma of AD patients, although the results of these
studies were deemed to be controversial (Tapiola et al., 2009;
Chiu et al., 2014). Moreover, one previous meta-analysis also
showed that plasma levels of AB42 were not a useful potential

Records identified through pubmed
database searching (n =234)

Additional records identified
through other sources
(n=87)

[ Identification }

)

(n=103)

Records after duplicates removed

A 4

Records excluded:

Screening

[

(n=218)

Records screened

1. Not related to the topics (n=100)
» 2. Case report (n =21)
3. Review (n=57)

A 4

(n=40)

Full-text articles assessed
for eligibility

Full-text articles excluded:
1. Absence of detailed data(n =5)
2. Animals study (n=11)

A 4

h 4

3. Cell line study (n =5)

[ Included ] [ Eligibility ]

Studies included in
quantitative synthesis
(meta-analysis)
n=19)

FIGURE 1 | Flowchart diagram of selecting studies process.

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2021 | Volume 13 | Article 637218


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Xing et al. Exosome-Derived Biomarkers in AD and MCI

TABLE 1 | Characteristics of subjects and the included studies in this meta-analysis.

Author, year Country Study  No. Sex Age MMSE Sample source Exosome  Marker Disease markers QUADAS-2
group (female /%) (SD/median) (SD/median) isolation analytical score
method method
Jia et al. China  AD 73 42 (57.5) 65 (6) 19.6 (3.1)  Blood plasma Isolation kit~ ELISA GAP43 3
(2020)
SNAP25
MCI 71 39 (54.9) 66 (7) 26.2 (0.4) Neurogranin
Synaptotagmin 1
HC 72 37 (61.4) 64 (5) 29.3(1.2)
Jia et al. China  AD 73 42 (57.5) 65 (6) 19.6 (3.1)  Blood plasma Isolation kit~ ELISA AB42 3
(2019)
t-Tau
MCI 71 39 (54.9) 66 (7) 26.2 (0.4) p-T181-tau
HC 72 37 (61.4) 64 (5) 29.3(1.2)
Goetzl etal. USA AD 12 13 (62) 74.4+6.84 26.3+3.45 Neuron-derived Isolation kit ELISA Synaptophysin 2
(2016) exosomes from
plasma
Synaptopodin
HC 12 13 (62) 744 +6.84 29.8+0.39 Synaptotagmin-2
MCI 16 4 (25) 63.661.82 19.762.57
Neurogranin
Winston et al. USA MCI 31 63.6(-) 7024+ 2.3 27.9 +0.64 Neuron-derived  Isolation kit ELISA AB42 2
(2018) exosomes
HC 36 61.5(-) 67.8+23 29.1+0.33
Fotuhiand  Iran AD 16 31(-) 76.4+7.89 19.33+5.0 Blood plasma Isolation kit  PCR INcRNA 2
Khalaj- BACE1-AS
Kondori
(2019)
HC 36 25(-) 79.7 £8.16 27.30 £ 0.54
Zhaoetal.  China  MCI 87 47 (54%) 66.2 (4.3) 25.7 (1.4)  Neuron-derived Isolation kit ~ ELISA Ap42 2
(2020) exosomes from
plasma
SS16
AD 88 50 (47%) 67.7 (4.2) 17.0(2.1)
HC 80 44 (55%) 67.3 (4.7) 29.3(0.7)
Nam and Lee Korea ~ MCI 29 12(5) 75,13+ 0.99 23.17 £0.20 Neuron-derived  Isolation kit~ ELISA t-tau 3
(2020) exosomes
p-tau
AD 18 3(-) 76.55+1.33 16.55 + 0.52
HC 23 17(-) 73.92+0.88 27.69+0.16
Yangetal. China  AD 100 66(-) 7415 - Serum exosome  Isolation kit  PCR miR-135a 1
(2018)
miR-193b
miR-384
HC 100 =) - R
Winston et al. USA AD 10 - - - Neuron-derived  Isolation kit~ ELISA p-T181-tau 2
(2016) exosomes from
plasma
p-S396-
MCI 20 7 68.70 £ 7.76 28.95 £ 0.26 tau
AB1-42
ADC 20 9 75.35+6.82 27.35+0.29
HC 10 &) - R
Fiandaca USA AD 57 27(-) 79.5 +6.05 - Neuron-derived  Isolation kit~ ELISA p-T181-tau 2
et al. (2015) blood exosomes
t-tau
AB1-42

(Continued)
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TABLE 1 | Continued

Author, year Country Study No. Sex Age MMSE Sample source Exosome  Marker Disease markers QUADAS-2
group (female /%) (SD/median) (SD/median) isolation analytical score
method method
HC 57 27() 79.5 + 6.03 -
Goetzl etal. USA AD 24 12() 75.7 £ 7.59 - Neuron-derived  Isolation kit~ ELISA LRP6 2
(2015) exosomes
HC 24 12(-) 751 +£7.18 - HSF1
REST
Kapogiannis  USA AD 26 13(-) 74.3 £7.48 - Neuron-derived  Isolation kit~ ELISA Total IRS-1 1
etal. (2015) exosomes from
plasma
p-serine
HC 26 13(-) 74.3 £7.48 - 312-IRS-1
p-Pan-tyrosine-
IRS-1
Dongetal. China  AD 31 -) 68.58 +8.04 15.93 £+ 6.61 Neuron-derived Isolation kit ~ ELISA AB42 2
(2020) exosomes from
plasma
p-T181-tau
MMP-9
HC 15 ) 64.80 £ 6.00 27.67 £1.72
Wang etal.  China  AD 68 - 737 7.7 13.7 £ 6.7 Blood plasma Isolation kit  PCR BACE 1-A S 3
(2020)
HC 55 &) 71.8 + 8.1 27.2 + 2.1
Perrotte et al. Canada AD 36 29(-) 79,1 +£1.1 19.90 £ 1.39 Blood plasma Isolation kit~ ELISA t-Tau 2
(2020)
APP level
p-Tau-T181
MCI 12 11(-) 7533+ 1.19 27.90 £ 0.31
HC 12 9 68.8+1.5 29.42+0.29
Cha et al. German AD 31 -) 70-105 - Neuron-derived  Ultracentrifu  PCR mir132 2
(2019) exosomes from  gation
plasma
MCI 16 ) 55-85 - mir212
HC 16 ) 85-105 -
Barbagallo  Italy AD 30 16(-) 72.6 + 8.1 13.1 £56.7 Serum Isolation kit  PCR miR-22, miR-23a, 2
et al. (2020) miR-29a,
miR-125b
HC 30 20(-) 67.9 4+ 8.2 -
Agliardi et al. ltaly AD 24 16(-) 77.67 £1.40 21.91 £0.91 Serum Isolation kit~ Western blot  SNAP-25 1
(2019)
HC 17 13(-) 76.47 £1.49 28.73+0.43
Wei et al. China  AD 32 13 79.3+£89 272 +£1.3 Serum Isolation kit  PCR miR-223 2
(2018)
HC 16 8 79.5+6.8 183+4.2

AD, Alzheimer’s disease; MCI, mild cognitive impairment; HC, healthy controls; MMSE, Mini-Mental State Examination; CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent
assay; GAP43, growth associated protein 43; neurogranin, SNAP2, synaptosome associated protein 25; QUADAS-2, Quality Assessment of Diagnosis Accuracy Studies.

biomarker for the diagnosis of AD based on the analysis of
more than 5,000 records (Olsson et al, 2016). Notably, in
humans, carriers in the extracellular space transport a vast
array of proteins or ribonucleic acids (RNAs), which remain
protected against degradation by free ribonucleases (RNases)
present in the blood (Van Niel et al., 2018). Exosomes are small

membrane-bound vesicles, with a diameter of 30-150 nm, that
contain functional molecules [proteins, microRNAs (miRNAs),
and long non-coding RNAs (IncRNAs))] and other cellular
components. Exosomes play important and diverse roles in
various diseases by acting as barrier-permeable cellular carriers
(Tapiola et al., 2009; Malm et al., 2016; Barile and Vassalli, 2017;
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Pegtel and Gould, 2019). The most recently available isolation kit
and centrifuge used for the isolation of exosomes from plasma or
serum is currently capable of ensuring the accurate quantification
of exosomes or neurodegeneration-related proteins in exosomes.
And it has been reported that AB42, t-tau, p-T181-tau, miRNAs,
and other proteins in exosomes could distinguish AD or MCI
patients from healthy individuals (Agliardi et al., 2019; Cha et al.,
2019; Jia et al., 2019).

Although there is a growing body of research on exosomes
related to AD or MCI, and the potential diagnostic
value of exosomes in AD or MCI has been evaluated,
the small number of cases included in each study has
limited the diagnostic value of using them as potential
AD or MCI clinical biomarkers. Additionally, a limitation
of the 2011 NIA-AA (the National Institute on Aging
and Alzheimer’s Association) recommendations was that
biomarkers were included just two categories- amyloid
and tau-related neurodegeneration (Jack et al, 2018). In
order to systematically illustrate the diagnostic value of
multiple exosomal biomarkers in AD or MCI, we aimed to
systematically review the published literature and perform a

meta-analysis. Related data were extracted from the included
studies and parameters describing the diagnostic value,
such as the sensitivity (SEN) and specificity (SPE) were
calculated, followed by subgroup analyses and an assessment of
publication bias.

METHODS

The present meta-analysis was performed according to the
Preferred Reporting Items for Systematic Reviews and Meta-
analysis (PRISMA) guidelines (Moher et al., 2009).

Search Strategy

Two investigators independently performed a literature search
for articles in English or Chinese published before 31 September
2020 using databases that included PubMed, Web of Science,
Google Scholar, Cochrane Library, the Chinese National
Knowledge Infrastructure (CNKI), and the Chinese Biomedical
Literature Database (CBM). The following key terms were
used for the search: “Alzheimer’s disease,; “mild cognitive
impairment,” “exosomes,” “exosome,” “diagnosis,” “sensitivity,”

Studyld : SENSITIVITY (95% Cl)

gens —la
iardi/Z
Barbggallo/. 019 ——
Barbagallo/2019
Chal20

Perrotte/2
Perrotte/2019
Perrotte/2019
Dewei Wang/2020
Dongmei Gu/2020 —— 0.61
Dongmei Gu/2020 ;
Dongmei Gu/2020
Kapogiannis/2014 | —®
Kapogiannis/2014
Kapogiannis/2014
Goetzl b/2015
al |dat,a1201 5
al Idﬂl.dl201 5
andaca/2015
/inston b/2016
Winston b/2016
Winston b/2016
Winston b/2016
Tingting Yang/2018 [
Tingting Yang/2018 | &
Tingting Yang/2018
Eunjoo Nam/2020
Eunjoo Nam/2020
Aonan Zhao/2020
Aonan Zhao/2020
~ Fotuhi/2019
Winston a/2019
Goetzl a/2016

OOONWWRDWWNRVWOONWMWNRWN
= OO RWORPVOOWRWHROOWONWNO N

o

~

1=}
DHDOOOODW©
BORDROSS

Jia a/2020
Jia a/2020
Jia a/2020
Jia a/2020 | =

Jia a/2020 —e— !
<t 83[0.78 - 0.87]
| =3 =
|

Jia a/2020
COMBINED 0
Q .13, df = 49.00, 5 = 0.00
12 = 86.24 [83.06 - 89.42]

................................................
COO0000000000-+0000000000==00= 2000000000 =+00000000
ONONONOOWHENO

r_noooor.nAr.noo\nwoacva\u.no:AAoommoocococnmmmwwowwmwmm»omm\law—-awamt
RNOOWNO- - OROLPROORONONSOORAISOWORNNORNDNN & OO~ H O

DWONNNNVONNOVONNOLBLOOOOOPNOWNOONOND

HBNNONOONNON—LO—=2—2NO-NLENAEANOOONOOEANDWON— ~
S0 000000000000 000000000000000000000000000000000000

COO0000000000-0000000000200000000=00

Noowm&oob@&&bgwwag
an WWW

=)
©
N
b
o
©
=}

02 1.0
SENSITIVITY

FIGURE 2 | Forest plot of sensitivity and specificity of exosome-drived biomarkers for the diagnosis of Alzheimer’s disease (AD) and mild cognitive impairment (MCI).

Studyld

Hong Wei/2018
Agliardi’2019
Barbagallo/2019
Barbagallo/2019
Cha/2019

SPECIFICITY (95% Cl)
88(0.62 - 0.98]
4-0.90

o
S

o
8

Perrotte/2019
Perrotte/2019
Perrotte/2019
Dewei Wang/2020
Dongmei Gu/2020
Dongmei Gu/2020
Dongmei Gu/2020
Kapogiannis/2014
Kapogiannis/2014
Kapogiannis/2014
Goetzl b/2015
Fiandaca/2015
Fiandaca/2015
Fiandaca/2015
Winston b/2016
Winston b/2016
Winston b/2016
Winston b/2016
Tingting Yang/2018 | @
Tingting Yang/2018
Tingting Yang/2018 |
Eunjoo Nam/2020
Eunjoo Nam/2020
Aonan Zhao/2020
Aonan Zhao/2020

~ Fotuhi/2019
WlGnston a/2019

DOODOENRODNNDDNODNMODDNDONDDODHO~N~

Smwoooowdmommoowwmwmomw—-ww\l

S0 0000000000000 00000000000000000000000000000000

DN B NN N BN NN O~
S-S RONONWHONZONOBO——

OONODNHBWNDNNNBOWNDNWHENLELNWHON
MOONOOLNOO-VOBENNNO-NWHRO—=HLO
NOONOSOSONWHONWOWSHROOSNONSWED

3

R R

COO00O0O0O0000000==2O=000=00=2=2200000000=00=~000=00¢

DO BOSOS2SO

B0

Jia a/2020
Jia a/2020
Jia a/2020

COMBINED <
|
|

COO00000000000000-000=00022+00000000=000000=00000000

100 00 O LN 5) 0 00~ 00 0D () 00 €0 O N D O 0 D

NRONBDNDOAONANENO2OND
oococo\:g\l\uooooo'\ux'oo'o'o'oo'o'oog'coowwoooco«:«:«:\Acocoouoocwo\uocoocooo

11
N O 5O

oW
h

0.77 - 0.86]
5.75, df = 49.00, p= 0.00
196 [81.39 - 88.52]

SOo

SPECIFICITY

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2021 | Volume 13 | Article 637218


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Xing et al.

Exosome-Derived Biomarkers in AD and MCI

“specificity;” and “ROC curve.” We also manually searched the

relevant studies cited in the articles’ references.

Inclusion and Exclusion Criteria

Two authors independently read the titles and abstracts of
the studies identified in the search of the databases. Searched
articles were included in this meta-analysis according to the

following criteria: (1) the diagnosis of AD or MCI was clinically
confirmed according to the National Institute of Neurological
and Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA)
criteria (Dubois et al., 2007); (2) the study included patients with
AD or MCI, with healthy individuals as a control group; (3)
the study assessed biological markers (for example, miRNAs or

0.01
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FIGURE 3 | Forest plot of DLR + and DLR- of exosome-drived biomarkers for the diagnosis of Alzheimer's disease (AD) and mild cognitive impairment (MCI).
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proteins) contained in exosomes; (4) exosome-derived markers
for the diagnosis of AD or MCI were evaluated; (5) the study
provided sufficient data about the diagnostic 2 x 2 tables; (6)
the study was published in Chinese or English. Articles were
excluded if they met any of the following criteria: (1) case reports
or review articles; (2) duplicate articles; (3) articles not related
to the assessment of diagnostic value; and (4) articles not related
to exosomes.

Data Extraction and Quality Assessment
Two authors independently extracted the following data from
each of the included studies: the first author, publication year,
region from which the study population was derived, type
of sample, the source, content, and isolation method of the
exosomes, the number of case and control groups, and the
true-positive (TP), false-positive (FP), true-negative (TN), and
false-negative (FN) numbers. Any inconsistency was resolved by
a third researcher.

The quality of the included studies was independently assessed
by two of the authors using the Quality Assessment of Diagnostic
Accuracy Studies 2 (QUADAS-2) tool (Whiting et al., 2011).

Statistical Analysis

Statistical analyses were performed using Stata 12.0 (Stata
Corporation, College Station, TX, USA), RevMan 5.3 (https://
community.cochrane.org/help/tools-and-software/revman-

5). Diagnostic parameters, including the SEN, SPE, positive
diagnostic likelihood ratio (DLR+), negative diagnostic
likelihood ratio (DLR-), and diagnostic odds ratio (DOR)
were calculated using a bivariate random effects regression
model (Reitsma et al., 2005). The summary receiver operator
characteristic (SROCs) curves were calculated, along with
the pooled area under the curve (AUC) values with the
corresponding 95% confidence intervals (CIs) (Hamza et al,
2009). Heterogeneity among the studies was evaluated using the
Q test and based on the I? statistic, with significant heterogeneity
between studies defined as an I> > 50% (Higgins et al., 2003).
To further explore the heterogeneity, subgroup analysis and
meta-regression were performed using Stata 12.0 software.
Publication bias was assessed by generating a Deeks” funnel plot.
Lastly, the post-test probability was evaluated by drawing Fagan’s
nomogram. P-values < 0.05 were considered to be indicative of
statistically significant differences.

RESULTS

Characteristics of the Included Studies and
Individuals

According to the search results, a total of 321 articles were
retrieved from the databases, among which, 103 duplicated
articles were removed. We then removed 178 articles that did
not meet the inclusion criteria based on the abstracts. Based
on the full-text versions of the articles, we removed another 21
articles that did not meet our inclusion and exclusion criteria
either due to a lack of detailed data to allow the calculation
of TP, FP, TN, or FN values or a lack of a healthy control
group as a comparator. Finally, we retrieved 19 articles that

met all the criteria (Fiandaca et al., 2015; Goetzl et al., 2015,
2016; Kapogiannis et al., 2015; Winston et al., 2016, 2018; Wei
et al.,, 2018; Yang et al., 2018; Agliardi et al.,, 2019; Cha et al.,
2019; Fotuhi and Khalaj-Kondori, 2019; Jia et al., 2019, 2020;
Barbagallo et al., 2020; Gu et al, 2020; Nam and Lee, 2020;
Perrotte et al., 2020; Wang et al., 2020; Zhao et al., 2020). The
detailed study selection process is shown in the flow diagram
(Figure 1).

A summary of the characteristics of the 19 included studies is
shown in Table 1; overall, the studies included 3,742 individuals
(1,587 AD patients, 334 MCI patients, and 1,821 healthy
individuals). The included studies were published from 2014
to 2020 and were conducted in Asia (Wei et al,, 2018; Yang
et al, 2018; Jia et al, 2019, 2020; Gu et al, 2020; Nam
and Lee, 2020; Wang et al, 2020; Zhao et al, 2020), North
America (Fiandaca et al., 2015; Goetzl et al., 2015, 2016;
Kapogiannis et al., 2015; Winston et al.,, 2016, 2018; Perrotte
et al., 2020) and Europe (Agliardi et al., 2019; Cha et al., 2019;
Fotuhi and Khalaj-Kondori, 2019; Barbagallo et al., 2020). The
exosome sources included plasma and serum samples. Enzyme-
linked immunosorbent assays (ELISAs) were used to detect the
expression of protein markers (e.g., t-tau protein and AB42
protein), and quantitative reverse transcription polymerase chain
reaction (qRT-PCR) was used to detect the expression level
of miRNAs (Wei et al, 2018; Yang et al., 2018; Cha et al.,
2019; Barbagallo et al., 2020). The sample sizes of the included
studies ranged from 12 to 100, and all AD or MCI patients
were diagnosed based on Mini-Mental State Examination
(MMSE) scores and clinical histopathologic examinations.
The healthy control individuals had regular MMSE scores.
Additionally, the publication languages were limited to English
and Chinese.

The quality of all the included studies was assessed using the
QUADAS-2 tool, most of which obtained high scores on the
QUADAS-2 assessments. All are summarized in Table 1.

Diagnostic Performance
A random effects model was used to evaluate the pooled
diagnostic effect. The pooled results for the SEN and SPE are
shown in Figure 2. The pooled SEN of the 19 included studies
was 0.83 (95% CI: 0.78-0.87, P= 86.24%, P < 0.01) and the
pooled SPE was 0.82 (95% CI: 0.77-0.86, = 84.96%, P <
0.01). The pooled results for the DLR+ and DLR- are shown in
Figure 3. The pooled DLR+ and DLR- were 4.53 (95% CI: 3.46-
5.93, > = 85.57%, P < 0.01; Figure 4) and 0.21 (95% CI: 0.15-
0.29, I = 88.70%, P < 0.01; Figure 4), respectively. The DOR
value was 17.27 (95% CI: 11.41-26.14, = 82.60%, P < 0.01;
Figure 3), and the AUC was 0.89 (95% CI: 0.86-0.92; Figure 5A).
The above findings demonstrated that exosome-derived
biomarkers had a high potential diagnostic value for AD or
MCI. However, the Cochran’s Q values for the SEN and
SPE were 356.13 and 325.75, respectively, and the I* values
for the SEN and SPE were 86.24 and 84.96%, respectively,
suggesting significant heterogeneity in the analysis. Additional
analysis needed to be performed to explore the source(s) of
this heterogeneity.
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FIGURE 4 | Forest plot of DOR of exosome-drived biomarkers for the diagnosis of Alzheimer’s disease (AD) and mild cognitive impairment (MCI).

Meta-Regression and Subgroup Analysis
Meta-regression was performed to explore the source of the
potential heterogeneity. The ethnicity (Caucasian or not),
sample type (plasma or not), type of exosome content
(miRNA or not), sample size (>50 or not), and type of
dementia (AD or not) were used as covariates to conduct
the meta-regression analysis. As shown in Figure5C, the
ethnicity, type of exosomal content, and sample size were
likely to be the sources of the heterogeneity in the SEN,
whereas ethnicity, sample type, type of exosomal content,
and sample size all had P-values <0.05, <0.01, or <0.001,
making them the likely sources of the heterogeneity seen in
the SPE.

Next, the subgroup analysis was performed in the following
characteristics: ethnicity, sample type, type of exosome content,
sample size, exosome sources and type of exosome protein (AB42,
t-tau, plasma p-tau). As shown in Table 2, exosomal markers
had higher diagnostic ability in the Caucasian than the Asian
population; for example, higher SEN (0.85 vs. 0.82) SPE (0.85 vs.
0.78), DLR+ (5.5 vs. 3.7), DOR (31 vs. 16), and AUC (0.91 vs.
0.87) values were observed in the Caucasian population. In the

analysis of the exosome source (sample type), exosomes isolated
from serum exhibited high SEN (0.86), SPE (0.89), DOR (48),
and AUC (0.94) values. For the subgroup based on exosome
contents, we found significant differences between the protein
and miRNA groups; for example, the SPE (0.85 vs. 0.81), DLR+
(5.4 vs. 4.3), and DOR (25 vs. 21) values were higher in the
miRNA subgroup compared to the protein subgroup, which may
indicate that exosome-derived miRNAs could be used to more
efficiently discriminate between AD or MCI patients and healthy
individuals. Moreover, the differences in exosomal markers were
also assessed between the AD and MCI patients based on data
extracted from 19 studies. That comparison showed that the SEN
(0.87 vs. 0.73), SPE (0.85 vs. 0.71), DLR+ (5.9 vs. 2.6), DOR
(37 vs. 7), and AUC (0.92 vs. 0.78) values of AD patients were
all higher than those of individuals with MCIL. Compared to
studies with a sample size < 50, studies with sample sizes of
50 or higher exhibited higher SEN values (0.81 vs. 0.76), but
a lower SPE (0.83 vs. 0.80) in dementia patients. In addition,
compared with plasma total exosome group, NDE isolated from
plasma obtained significant higher SEN (0.85 vs. 0.80), SPE (0.83
vs. 0.75), DLR+ (5.0 vs. 3.2), AUC (0.90 vs. 0.85). Lastly, the
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FIGURE 5 | The SROC (A) Fagan’s nomogram assessing (B) and forest plot of covariates’ meta-regression (C) of exosome-drived biomarkers for the diagnosis of AD
and MCI. A: AUC, area under the curve; SENS, sensitivity; SPEC, specificity; SROC, summary receiver operator characteristic; AD, Alzheimer’s disease; MCI, mild

diagnostic value of AB42, t-tau and p-tau was also evaluated, and
p-tau exhibited the optimal diagnostic value with higher AUC
(0.91), SEN (0.85), SPE (0.85), and DOR (31), and following with
AP42 (SEN: 0.86, SPE: 0.78, AUC: 0.88) and t-tau (SEN: 0.78, SPE:
0.75, AUC: 0.83).

Clinical Diagnostic Value of
Exosome-Derived Biomarkers in AD and
MCI

To evaluate the diagnostic value of exosome-derived markers in
AD and MCI, a Fagan nomogram was constructed. As shown in
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TABLE 2 | Results of subgroup analysis in diagnostic meta-analysis.

Subgroups Number of studies SEN (95% Cl) SPE (95% CI) DLR+ (95% CI) DLR- (95% CI) DOR (95% CI) AUC
Ethnicity

Caucasian 28 0.85 (0.77-0.91) 0.85 (0.79-0.89) 5.5(3.8-7.9) 0.18 (0.11-0.29) 31(15-65) 0.91
Asian 22 0.82 (0.75-0.87) 0.78 (0.70-0.84) 3.7 (2.5-5.4) 0.24 (0.16-0.35) 16 (8-32) 0.87
Sample type

Plasma 43 0.82 (0.77-0.87) 0.80 (0.74-0.84) 4.1 (3.1-5.3) 0.22 (0.16-0.30) 18 (11-31) 0.88
Serum 7 0.86 (0.70-0.94) 0.89 (0.78-0.95) 7.8 (3.5-17.5) 0.16 (0.07-0.39) 48 (10-242) 0.94
Type of exosome content

Protein 39 0.83 (0.78-0.88) 0.81(0.75-0.85) 4.3 (3.2-5.7) 0.21(0.15-0.29) 21 (12-36) 0.89
miRNA ihl 0.82 (0.68-0.91) 0.85(0.75-0.91) 5.4 (2.9-9.9) 0.22 (0.11-0.43) 25 (7-83) 0.90
Type of dementia

AD 33 0.87 (0.81-0.91) 0.85 (0.80-0.89) 5.9 (4.2-8.1) 0.16 (0.11-0.23) 37 (20-71) 0.92
MCI 17 0.73 (0.65-0.80) 0.71 (0.63-0.79) 2.6 (1.9-3.4) 0.38 0.28-0.51) 7 (4-12) 0.78
Patient size

<50 27 0.81(0.73-0.87) 0.83 (0.76-0.88) 4.7 (3.3-6.7) 0.23 (0.15-0.34) 21 (11-40) 0.89
>50 23 0.84 (0.78-0.89) 0.80 (0.73-0.86) 4.3 (2.9-6.3) 0.19(0.13-0.29) 22 (10-47) 0.89
Exosome source

Plasma total exosome 18 0.80 (0.74-0.85) 0.75 (0.66-0.82) 3.2 (2.3-4.5) 0.27 (0.19-0.37) 12 (6-23) 0.85
NDE from plasma 25 0.85 (0.76-0.91) 0.83(0.77-0.88) 5.0 (3.5-7.1) 0.18 (0.11-0.31) 27 (13-58) 0.90
Serum total exosome 7 0.86 (0.70-0.94) 0.89 (0.78-0.95) 7.8 (3.5-17.5) 0.16 (0.07-0.39) 48 (10-242) 0.94
Type of exosome protein

Ap42 9 0.86 (0.75-0.92) 0.78 (0.69-0.85) 4.0 (2.6-6.0) 0.18 (0.10-0.34) 22 (8-58) 0.88
T-tau 6 0.78 (0.63-0.87) 0.75 (0.51-0.89) 3.1(1.3-7.0) 0.30 (0.16-0.57) 10 (3-40) 0.83
P-tau 8 0.85 (0.68-0.94) 0.85 (0.74-0.92) 5.5(3.1-10.0) 0.18 (0.08-0.41) 31 (10-103) 0.91

NDE, neuronally derived exosomes.

Figure 5B, when there was low suspicion of AD or MCI (20%),
the post-test probability for a positive test was 53%. The LR-
was 0.21, which decreased the post-test probability to 5% for a
negative test.

Publication bias

An analysis of publication bias was also performed. Deeks’ funnel
plot asymmetry test showed that there was no publication bias
(Supplementary Figure 1).

DISCUSSION

Numerous studies have confirmed that exosome-derived
proteins, IncRNAs or miRNAs can be stably detected in body
fluids (He et al., 2018). These molecules have been considered
as novel biomarkers for the diagnosis of neurodegenerative
diseases, including AD (Dong et al., 2020); however, the potential
diagnostic value of quantifying exosome-derived biomarkers
for AD or MCI has not previously been confirmed through a
systematic analysis. Thus, this meta-analysis was performed to
elucidate the diagnostic value of exosome-derived biomarkers
in AD or MCI. Nineteen eligible studies were included in the
present meta-analysis. The results indicated that exosome-
derived biomarkers might serve as valuable cognitive biomarkers
for AD or MCI diagnoses.

Overall, the pooled diagnostic SEN, SPE, and AUC were
determined to be 0.83, 0.82, and 0.89, respectively. Exosome-
derived markers exhibited a performance for distinguishing
AD and MCI patients in Caucasian populations than in Asian
populations, given an AUC of 0.91 vs. an AUC of 0.87,
respectively. In serum samples, exosome-derived markers had a
higher diagnostic value for AD and MCI diagnoses compared
with exosome-derived markers in plasma, with a higher AUC
of 0.94. Hence, exosome-derived markers isolated from serum
might be a more accurate and non-invasive detection method.
In addition, exosome-derived markers seemed to distinguish
AD from healthy individuals with more power than they could
distinguish MCI patients from healthy individuals (AUCs of
0.92 vs. 0.78, respectively). AB and tau protein, which could be
packaged inside exosomes, aggregated in the brain, and then
transported into CSF and blood (Gu et al., 2020). So we compared
the diagnostic value between plasma total exosomes and NDE-
drived from plasma. Sure enough, NDE-drived from plasma
presented more potential diagnosis than plasma total exosomes.
Interestingly, although AP and tau protein had been guided as the
gold standard for diagnosis AD, p-tau showed the best potential
diagnosis value for AD in this meta-analysis, which was worth to
be confirmed in the further large scale studies.

As cellular membranes (diameter: 30-100nm) secreted by
certain cell-types, exosomes can be isolated from bodily fluids.
Neurodegenerative disease-associated proteins or miRNAs, such
as AB1-42, tau, p-tau, and miRNA-22 are secreted in exosomes
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during their formation (Jia et al., 2019; Barbagallo et al., 2020).
Interestingly, exosomes may readily penetrate the blood-brain
barrier (BBB) and spread throughout the brain via synaptic
delivery (Andjus et al., 2020) as a result of their small size and cell
membrane-like structure. Previous studies have also shown that
intravenously injected exosomes can move across the BBB and
transfer biological molecules into neurons (Alvarez-Erviti et al.,
2011). Moreover, exosomes can more easily carry AP peptides
and tau proteins into the blood across the BBB under pathological
conditions, in addition to growth-associated protein 43 (GAP43),
synaptosomal-associated protein 25 (SNAP25), neurogranin,
synaptotagmin-1, miR-135a, miR-193b, and miR-384. A previous
study also reported that AB42, T-tau, and P-T181-tau derived
from exosomes in the blood could accurately diagnose AD and
predict its occurrence up to ten years before its clinical onset;
these findings were also confirmed via detection in CSF (Jia et al.,
2019).

However, there was an important limitation in this meta-
analysis. The protein biomarkers detection method in included
studies was only by ELISA method. During the detection,
adequate protection from heterophilic antibodies and other
blood molecules that might interfere in the measurement, which
couldn’t ensure analytical sensitivity and specificity (Zetterberg
and Blennow, 2020). But, ultrasensitive assays, for example
Simoa (single molecule array) and LC-MS method, could reduce
the risk of molecular interference and avoid the combination
with heterophilic antibodies in the sample diluent, which had
obtained a reliable quantification. Neurofilament light (NfL), one
neurodegeneration biomarker, was firstly quantified using Simoa
assay technology. And later, plasma AB40, AB42 were detected by
the same method (Zetterberg and Bendlin, 2021). And Karikari
also developed a very sensitive and specific p-taul81 assay for
plasma and serum samples by using a sandwich immunoassay
format on Simoa (Karikari et al., 2020). Although there were
no included studies to detect AD biomarkers by using Simoa
assay, fortunately, NDE biomarkers of phosphorylated tau and
insulin receptor substrate 1 were validated with Simoa assay in
cognitively normal participants who developed AD (Kapogiannis
etal., 2019).

Some other limitations should also be considered in this
comprehensive and systematic meta-analysis. Firstly, further
studies with larger populations are needed to confirm these
results. Secondly, the samples in the included studies were tested
at different time points, which could be problematic, as miRNAs
in the blood could have been altered in cases of prolonged storage
times. Thirdly, the results of some included studies had not
been verified by the additional assessment of biomarkers in the
CSE, which could have led to some of the measurements being
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