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Abstract

Exosomes are small vesicles secreted by most cell types including neurons that function in intercellular communication
through transfer of their cargo or encapsulate and eliminate unnecessary cellular components and therefore have a
broad impact on nerve development, activation and regeneration. In addition, exosomes have been observed to
be involved in spreading pathological misfolded proteins, thereby leading to the onset and propagation of
disease. Alzheimer disease (AD) is the most common form of dementia and characterized by two types of lesions:
amyloid plaques and neurofibrillary tangles. Accumulating evidence has demonstrated that exosomes are
associated with amyloid precursor (APP) and Tau proteins and play a controversial role in Alzheimer’s disease
process. In this review, we will discuss the role of exosomes in the metabolism and secretion of APP and Tau
proteins and their subsequent impact on AD pathogenesis.

Background
According to the 2016 World Alzheimer Report, there
are 47 million people living with dementia worldwide
[1]. It is estimated that the total worldwide cost of de-
mentia is $818 billion (USD) and is expected to reach $1
trillion (USD) by 2018, thus placing a huge burden on
individuals, families, and societies [1]. As the leading
cause of dementia, Alzheimer’s disease (AD) accounts
for an estimated 60 to 80% of all cases [2]. It is clinically
characterized by cognitive impairment, a variety of
neuropsychiatric symptoms and the restriction of daily
life activities [3]. AD is pathologically defined by the
deposits of the protein fragment beta-amyloid (Aβ
plaques) outside neurons and twisted fibers of the pro-
tein tau that build up inside neurons (NFTs). The cause
for most AD cases is still uncovered except for 1 to 5%
of cases which develop as a result of mutations in the
presenilin1 (PSEN1), presenilin2 (PSEN2), or amyloid
precursor protein (APP) genes [4].
Recently, the role of “Prion-like mechanisms” in the

pathogenesis of neurodegenerative diseases has attracted
more and more attention. It has been suggested that
pathologically misfolded proteins can transfer their

conformation to properly folded proteins, thus resulting
in the propagation of disease [5]. For instance, plaques
and tangles tend to spread through the cortex in a pre-
dictable pattern as Alzheimer’s disease progresses [6].
While, the mechanisms underlying the spread of mis-
folded proteins still poorly understood. There are several
pathways for signal delivery and material communica-
tion between cells, such as synaptic transmission, dir-
ect communication trough gap junction and paracrine
signaling [7]. Among these hypotheses, accumulating
evidence supports the idea that exosomes may play as a
messenger to participate in cell communication and
contribute to this lesions spreading [8, 9].
Exosomes were first reported in reticulocytes and con-

sidered to function in the disposal of unnecessary cellu-
lar components [10, 11]. Exosomes are nanosized
extracellular vesicles (generally 50-100 nm diameter)
that can be released by nearly all cell types, including
neuronal cells [12]. The exosomes’ molecular contents
include proteins, lipids and genetic material. Exosomes
are released in bodily fluids and shuttle molecules for
long distances for the purpose of intercellular communi-
cation. Exosomes have been reported to implicate in the
spread of pathological proteins involved in neurodegen-
erative diseases, such as AD, Parkinson’s disease (PD)
and the prion diseases. APP, β- secretase, γ- secretase
has been detected in exosomes, what’s more, exosomal
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proteins such as Alix and Flotillin were also found to be
accumulated in the plaques of AD patient brains [13].
In this review, we will discuss role of exosomes in the

metabolism and secretion of APP and Tau proteins and
the subsequent impact on AD pathogenesis.

Biogenesis of exosomes
Exosomes are small membrane vesicles that are gener-
ated via endocytic pathways [14, 15]. Inward budding of
the plasma membrane forms small vesicles, which
undergo fused together to form the early endosome.
Intraluminal vesicles (ILVs) begin to compose through
invagination of the limiting endosomal membrane dur-
ing the maturation process of early endosome. Upon
creation, cytoplasmic molecules such as proteins, lipids,
and RNAs are encapsuled into the lumen and accumu-
lated within the late endosome, thus forming multi-
vesicular bodies (MVBs). There are two fates for MVBs,
some of which transport to lysosomes for degradation
(dMVBs), while others fuse with the plasma membrane
and release ILVs into the extracellular space as exo-
somes (sMVBs). Compared with the dMVBs which are
enriched in bismonoacylglycerophoshate (BMP, LBPA),
the sMVBs contain more of ceramides [16, 17]. ILV
formation is the key step in exosome biogenesis [18].
The formation of ILVs is mainly regulated by the com-
plex of multi-molecular machinery named Endosomal
Sorting Complex Required for Transport (ESCRT) [19, 20].
However, studies have shown that depletion of ESCRT sub-
units does not totally impair the composition of MVBs,
which indicate that other mechanisms may exist in the
process of ILVs formation [21]. It suggested that proper
level of lipids and tetraspanin-enriched micro-domains is
needed for MVBs formation [22–25]. Exosome secretion is
also regulated by membrane depolarization.

Molecular contents of exosomes
The molecules within exosomes can be divided into two
types: constitutive molecules and cargo molecules. Con-
stitutive molecules are unique to exosomes regardless of
the cell type from which they are derived and play an es-
sential role in keeping fundamental structures and func-
tions of exosomes. Cargo molecules, on the other hand,
are proteins, lipids and genetic material which are
sorted, encapsulated and transported by exosomes. The
cargo molecules are variable according to cell origin and
the physiological or pathological conditions when exo-
somes generate. In addition, sorting of molecules into
exosomes is thought to be a selective process, since
some accumulated factors observed in exosomes are
barely detectable in parental cells.
The protein composition of exosomes has been ana-

lyzed extensively. Since exosomes are released through
the endosome pathway, proteins such as tetraspanins

(CD9, CD63, CD81 and CD82), Rab GTPases, flotillin,
Alix, TSG101and heat shock proteins (Hsc70, Hsp90)
have been all identified in exosomes [26–29]. In addition
to constitutive molecules, exosomes with different cell
origin carry specific proteins. For example, major histo-
compatibility complex class II (MHCII) is mainly present
on exosomes derived from antigen presenting cells [30].
Cells can also release prions, beta-amyloid peptides, tau
protein, misfolded superoxide dismutase-1(SOD1) and
alpha-synuclein through exosomes in different patho-
logical and physiological conditions [13, 31–34]. Lipids
in exosomes mainly work as regulating exosomal sorting
of small RNAs and proteins [35, 36].
In addition to proteins and lipids, genetic materials are

also found in exosomes, such as DNA, mRNA, miRNA,
ribosomal RNA (rRNA), circular RNA, and long non-
coding RNA (lnRNA) [37–42]. Among them, small RNA
(<30 nucleotides) account for a large proportion, making
up >50% of all exosomal RNA species [38, 40, 43]. How-
ever, a few studies have shown different results in
which ribosomal RNA, in particular 28S and 18S rRNA
subunits, were found to be the major class of RNA in
exosomes [39]. These conflicting results may be due to
the purity of the exosome preparation and differences
in cell origin. It has been shown that exosome RNA is
functional. Valadi and colleagues detected the expres-
sion of mouse proteins after transfer of mouse exoso-
mal RNA to human mast cells [43]. What’ more
previous studies showed that miR-222 transferred through
exosome was able to increase tumor malignancy in melan-
oma through suppression of p27Kip1 expression and
induction of the PI3K/AKT pathway [44].

Function of exosomes in the central nervous
system (CNS)
Exosomes can be released by most cell types in the CNS,
such as neurons, astrocytes, oligodendrocytes and micro-
glia, and participate in regulating neuronal develop-
ment, regeneration, and modulation of synaptic
functions [45–47]. The main physiological roles of
exosomes include eliminating cellular waste, regulat-
ing immune response and communicating between
neural cells [20, 48, 49]. Once released into extracellu-
lar space, exosomes act as messengers, can be cap-
tured by neighboring cells or internalized by cells with
a certain distance, or enter body fluids and taken up
by different tissues [50]. There are several ways for
signal transduction mediated by exosomes, such as
receptor-ligand pathway, endocytosis and phagocytosis
[51]. Because of the double membrane structure, exo-
somes pathway may have a higher efficiency in trans-
fer substance.
In CNS, both glia and neuron secrete exosomes is reg-

ulated by glutamate in a certain degree. It has been
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hypothesized that exosomes can be served as messenger
to mediate the communication between neuron and glia.
While, as the reported, exosomes derived from neurons
can only be captured by neurons, but not glia. It is inter-
esting to note exosomes secreted by neuroblastoma cells
can bind with both of neurons and glial cells. It demon-
strate that cell communication mediated by exosomes
has cell- selectivity [52].
In addition, the function of exosomes may be variable

among different cell origins. Evidence shows that exo-
somes derived from N2a cells or isolated from human
cerebrospinal fluid can abolish the synaptic plasticity
disruption caused by both synthetic and AD brain-
derived Aβ [53]. However, Asai and colleagues observed
that exosomes derived from microglia can spread tau
protein, and inhibiting exosome synthesis significantly
reduced tau propagation in vitro and in vivo [47].
Except the physiological function, the role of exosomes

in spreading toxic proteins and inducing the propagation
of diseases such as AD has been discussed extensively.

Impact of exosomes on amyloidogenic processing
of APP
The major component of amyloid deposits is small pep-
tides, 39–43 amino acids in length named Aβ, which is
derived from a sequence of successive cleavages of APP
[54]. APP is a type-I transmembrane glycoproteins.
Three secretases termed α, β and γ-secretases are involved
in the metabolism of APP. In the amyloidogenic pathway,
upon cleavage by β-secretase (BACE-1) and γ-secretase, a
large soluble ectodomain fragment (sAPP-β), membrane-
bound C-terminal fragment (β-CTF), a small APP intra-
cellular fragment (AICD) and Aβ peptides are produced
[55, 56]. In the non-amyloidogenic pathway, APP is
initially cleaved at the α-secretase site, generating
sAPP-α and α-CTF. The latter is further processed by
the γ-secretase complex, releasing AICD and a p3 pep-
tide [57]. β-cleavage of APP mainly occurs in early
endosomes [51, 54]. Immunofluorescence experiments
in HeLa cells (APP mutant) observed the colocaliza-
tion of sAPPβ, APP and BACE with early endosomal
markers (Rab5) and early endosomal antigen-1 [51]. It
has been found that Aβ is accumulated in MVBs and
can be released into extracellular space through exo-
somes [13, 58]. Although only a very small portion of
Aβ (<1%) is associated with exosomes, APP, β- and γ-
secretase have been detected in exosomes, suggesting
that except transport Aβ peptide in the extracellular
space, cleavage of APP to generate Aβ could be the
main mechanism of spreading lesions [8, 48, 59].
However, the exact role of exosomes in AD progress is

still controversial. Several studies have observed that
exosomes play a harmful role. A unique Aβ species,
tightly binding with GM1, was found in brains of early

pathological stage of AD [60]. Endocytic pathway im-
pairment in neurons, including the enlargement of early
endosomes and the up-regulation of Rab5 was observed
in the brain of a patient with sporadic AD. This impair-
ment significantly accelerated the release of GM1-
associated exosomes and induced amyloid fibril formation
[61]. Furthermore, exosomes mediate the apoptosis of as-
trocytes caused by Aβ exposure. Wang and colleagues
found that amyloid peptides could activate neutral sphin-
gomyelinase 2 (nSMase2) and induce an increase of PAR-4
and ceramide-containing exosomes secretion in astrocytes.
The exosomes were able to be captured by astrocytes and
cause apoptosis [62]. Alternatively, fewer amyloid plaques
were observed in a mouse model of AD after injection of
GW4869, an inhibitor of nSMase2, through prevention of
the secretion of exosomes [63]. The protective function of
exosomes was also found in various studies. Neuronal exo-
somes rich in glycosphingolipids could capture Aβ and
promote uptake of Aβ by microglia, thus decreasing Aβ
and amyloid deposition in APP transgenic mice [64–66].
The cellular prion protein (PrPC), a glycosylphosphati-
dylinositol (GPI)-anchored surface glycoprotein highly
expressed on exosomes, was shown to bind oligomeric
Aβ42 with high affinity via its flexible N-terminus and
accelerate fibrillization of amyloid beta, thereby redu-
cing the neurotoxic effects imparted by oligomeric Aβ
[53, 67]. It should be noted that exosomes utilized as
protective agents in recent studies almost always come
from healthy cells.
In brief, exosomes may serve as a double-edged sword

in Aβ metabolism. The imbalanced metabolism of APP
may cause accumulation of intracellular Aβ. When be-
yond the clearance capacity of lysosomes or glial cells,
the toxic protein will be released into extracellular space
and spread through the brain via the exosome pathway.

Impact of exosomes on tau pathology
Hyperphosphorylated tau proteins are the major compo-
nents of NFTs [68]. Tau protein is a member of the fam-
ily of microtubule-associated proteins encoded by the
MAPT gene. Because of the alternative splicing of exon
10, there are two major tau isoforms in the adult brain,
denoted as 3R and 4R [5, 69]. An abnormal 3R/4R bal-
ance is thought to impair the function of tau in keeping
stabilization of microtubule structure and material trans-
port [70]. Differences in 3R/4R expression also exist
among different diseases. For instance, 3R is the main
tau isoform in Pick’s disease, while the 4R tau isoform is
a significant component of inclusions in progressive
supranuclear palsy (PSP) and corticobasal degeneration
(CBD) [71, 72]. In AD, two major tau isoforms are
present in the filaments [73]. Tau pathology developed
within a definite pattern in AD. The first involved region
is entorhinal cortex (Braak stages I-II), then developed
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to limbic areas (Braak stages III-IV), finally reaches neo-
cortical areas (Braak stages V and IV) [6]. The mechan-
ism of this spreading characteristic of tauopathy
throughout human brain has been discussed many years.
There is accumulating evidence that tau aggregates
spread and replicate in a prion-like manner, with the up-
take of pathological tau causing misfolded aggregations
of monomeric tau in recipient cells [74, 75]. Exosome-
mediated secretion pathways may play an important role
in this progress. Studies showed that tau can be exported
via an exosome-mediated mechanism in the M1C neuro-
blastoma tauopathy model, where it is enriched in a
phospho-tau biomarker for early AD (AT270). In
addition, exosome-associated tau is also present in
human CSF samples [76]. Previous studies discovered
that propagation of mutant tau between brain regions
depended on the presence of microglia, the resident
phagocytes of the brain. Microglia spread tau via exo-
some secretion and depletion of microglia or inhibition
of exosome synthesis significantly reduced tau propaga-
tion in vitro and in vivo [47]. Polanco and colleagues
detected tau in exosomes from tau transgenic rTg4510
mice, and these vesicles were capable of seeding tau ag-
gregation in a threshold-dependent manner [32].

Conclusions
Increased attention has been paid to the prion-like
mechanism involved in the propagation of AD. In this
review, we have illustrated the biogenesis and function
of exosomes and their impact on amyloidogenic process-
ing and tau pathology. The exosomes pathway may have
a “double-edged sword” effect on the process of AD.
And the effect is dependent on the cell origins of exo-
somes and the conditions when exosomes formed. The
identification of exosomal pathways could provide not
only important insights in the pathogenesis of AD, but
due to the tissue-specificity and non-immunogenicity of
exosomes, could also serve as an ideal platform for de-
livery of therapeutic drugs. Furthermore, the molecules
packaged in exosomes can be secreted into a variety of
bodily fluids, which may serve as biomarkers of disease.
Despite the potential benefits of exosomes in diagnosis
and therapy, there are some remaining issues, such as
making improvements in exosomal isolation techniques
and developing a more thorough understanding of the
role of exosomes from different cell types under different
conditions, which should be the focus of future studies.

Acknowledgements
Not applicable.

Funding
This study was supported through the National Natural Science Foundation
of China (No.8167051815 to Lu Shen).

Availability of data and materials
The datasets used during the current study available from the corresponding
author on reasonable request.

Authors’ contributions
TX: Study conception; acquisition of data; drafting of the manuscript; critical
revision of the manuscript for important intellectual content. BJ, WZ, C-ZP
and XL: critical revision of the manuscript for important intellectual content.
LS: Study conception, design, and organization; critical revision of the manuscript
for important intellectual content; study supervision. All authors read and
approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details
1Department of Neurology, Xiangya Hospital, Central South University,
Changsha, China. 2State Key Laboratory of Medical Genetics, Changsha,
China. 3Key Laboratory of Hunan Province in Neurodegenerative Disorders,
Central South University, Changsha, China.

Received: 30 November 2016 Accepted: 12 January 2017

References
1. Tian JY, Tang BS, Shi CH, Lv ZY, Li K, Yu RL, et al. Analysis of PLA2G6 gene

mutation in sporadic early-onset parkinsonism patients from Chinese
population. Neurosci Lett. 2012;514(2):156–8. doi:10.1016/j.neulet.2012.02.078.

2. Alzheimer’s A. Alzheimer’s disease facts and figures. Alzheimers Dement.
2015;11(3):332–84.

3. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et al.
Toward defining the preclinical stages of Alzheimer’s disease:
recommendations from the National Institute on Aging-Alzheimer’s
Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 2011;7(3):280–92. doi:10.1016/j.jalz.2011.03.003.

4. Bekris LM, Yu CE, Bird TD, Tsuang DW. Genetics of Alzheimer disease. J
Geriatr Psychiatry Neurol. 2010;23(4):213–27. doi:10.1177/0891988710383571.

5. Vingtdeux V, Sergeant N, Buee L. Potential contribution of exosomes to the
prion-like propagation of lesions in Alzheimer’s disease. Front Physiol. 2012;
3:229. doi:10.3389/fphys.2012.00229.

6. Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes.
Acta Neuropathol. 1991;82(4):239–59.

7. Schiera G, Di Liegro CM, Di Liegro I. Extracellular membrane vesicles as
vehicles for brain cell-to-cell interactions in physiological as well as
pathological conditions. Biomed Res Int. 2015;2015:152926. doi:10.1155/
2015/152926.

8. Rajendran L, Honsho M, Zahn TR, Keller P, Geiger KD, Verkade P, et al.
Alzheimer’s disease beta-amyloid peptides are released in association with
exosomes. Proc Natl Acad Sci U S A. 2006;103(30):11172–7. doi:10.1073/
pnas.0603838103.

9. Eitan E, Suire C, Zhang S, Mattson MP. Impact of lysosome status on
extracellular vesicle content and release. Ageing Res Rev. 2016. doi:10.1016/
j.arr.2016.05.001.

10. Harding C, Heuser J, Stahl P. Receptor-mediated endocytosis of transferrin
and recycling of the transferrin receptor in rat reticulocytes. J Cell Biol. 1983;
97(2):329–39.

11. Pan BT, Johnstone RM. Fate of the transferrin receptor during maturation of
sheep reticulocytes in vitro: selective externalization of the receptor. Cell.
1983;33(3):967–78.

12. Pan BT, Teng K, Wu C, Adam M, Johnstone RM. Electron microscopic
evidence for externalization of the transferrin receptor in vesicular form in
sheep reticulocytes. J Cell Biol. 1985;101(3):942–8.

13. Takahashi RH, Milner TA, Li F, Nam EE, Edgar MA, Yamaguchi H, et al.
Intraneuronal Alzheimer abeta42 accumulates in multivesicular bodies and
is associated with synaptic pathology. Am J Pathol. 2002;161(5):1869–79.

Xiao et al. Translational Neurodegeneration  (2017) 6:3 Page 4 of 6

http://dx.doi.org/10.1016/j.neulet.2012.02.078
http://dx.doi.org/10.1016/j.jalz.2011.03.003
http://dx.doi.org/10.1177/0891988710383571
http://dx.doi.org/10.3389/fphys.2012.00229
http://dx.doi.org/10.1155/2015/152926
http://dx.doi.org/10.1155/2015/152926
http://dx.doi.org/10.1073/pnas.0603838103
http://dx.doi.org/10.1073/pnas.0603838103
http://dx.doi.org/10.1016/j.arr.2016.05.001
http://dx.doi.org/10.1016/j.arr.2016.05.001


14. Abels ER, Breakefield XO. Introduction to extracellular vesicles: biogenesis,
RNA cargo selection, content, release, and uptake. Cell Mol Neurobiol. 2016;
36(3):301–12. doi:10.1007/s10571-016-0366-z.

15. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular
interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev
Biol. 2014;30:255–89. doi:10.1146/annurev-cellbio-101512-122326.

16. Janas AM, Sapon K, Janas T, Stowell MH, Janas T. Exosomes and other
extracellular vesicles in neural cells and neurodegenerative diseases. Biochim
Biophys Acta. 2016;1858(6):1139–51. doi:10.1016/j.bbamem.2016.02.011.

17. Record M, Carayon K, Poirot M, Silvente-Poirot S. Exosomes as new vesicular
lipid transporters involved in cell-cell communication and various
pathophysiologies. Biochim Biophys Acta. 2014;1841(1):108–20. doi:10.1016/j.
bbalip.2013.10.004.

18. Minciacchi VR, Freeman MR, Di Vizio D. Extracellular vesicles in cancer:
exosomes, microvesicles and the emerging role of large oncosomes. Semin
Cell Dev Biol. 2015;40:41–51. doi:10.1016/j.semcdb.2015.02.010.

19. Gibbings DJ, Ciaudo C, Erhardt M, Voinnet O. Multivesicular bodies associate
with components of miRNA effector complexes and modulate miRNA
activity. Nat Cell Biol. 2009;11(9):1143–9. doi:10.1038/ncb1929.

20. Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya T. Secretory
mechanisms and intercellular transfer of microRNAs in living cells. J Biol
Chem. 2010;285(23):17442–52. doi:10.1074/jbc.M110.107821.

21. Stuffers S, Sem Wegner C, Stenmark H, Brech A. Multivesicular endosome
biogenesis in the absence of ESCRTs. Traffic. 2009;10(7):925–37. doi:10.1111/
j.1600-0854.2009.00920.x.

22. Dinkins MB, Dasgupta S, Wang G, Zhu G, He Q, Kong JN, et al. The 5XFAD
mouse model of alzheimer’s disease exhibits an age-dependent increase in
anti-ceramide igg and exogenous administration of ceramide further
increases anti-ceramide titers and amyloid plaque burden. J Alzheimer’s Dis.
2015;46(1):55–61. doi:10.3233/JAD-150088.

23. Guo BB, Bellingham SA, Hill AF. The neutral sphingomyelinase pathway
regulates packaging of the prion protein into exosomes. J Biol Chem. 2015;
290(6):3455–67. doi:10.1074/jbc.M114.605253.

24. Kobuna H, Inoue T, Shibata M, Gengyo-Ando K, Yamamoto A, Mitani S et al.
Multivesicular body formation requires OSBP-related proteins and
cholesterol. PLoS genetics. 2010;6(8). doi:10.1371/journal.pgen.1001055.

25. Miwako I, Yamamoto A, Kitamura T, Nagayama K, Ohashi M. Cholesterol
requirement for cation-independent mannose 6-phosphate receptor exit
from multivesicular late endosomes to the Golgi. J Cell Sci. 2001;114(Pt 9):
1765–76.

26. Colombo M, Moita C, van Niel G, Kowal J, Vigneron J, Benaroch P, et al.
Analysis of ESCRT functions in exosome biogenesis, composition and
secretion highlights the heterogeneity of extracellular vesicles. J Cell Sci.
2013;126(Pt 24):5553–65. doi:10.1242/jcs.128868.

27. Stenmark H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell
Biol. 2009;10(8):513–25. doi:10.1038/nrm2728.

28. Hsu C, Morohashi Y, Yoshimura S, Manrique-Hoyos N, Jung S, Lauterbach
MA, et al. Regulation of exosome secretion by Rab35 and its GTPase-
activating proteins TBC1D10A-C. J Cell Biol. 2010;189(2):223–32. doi:10.1083/
jcb.200911018.

29. Tytell M, Lasek RJ, Gainer H. Axonal maintenance, glia, exosomes, and heat
shock proteins. F1000Research. 2016;5. doi: 10.12688/f1000research.7247.1.

30. De Toro J, Herschlik L, Waldner C, Mongini C. Emerging roles of exosomes
in normal and pathological conditions: new insights for diagnosis and
therapeutic applications. Front Immunol. 2015;6:203. doi:10.3389/fimmu.
2015.00203.

31. Arellano-Anaya ZE, Huor A, Leblanc P, Lehmann S, Provansal M, Raposo G,
et al. Prion strains are differentially released through the exosomal pathway.
Cell Mol Life Sci. 2015;72(6):1185–96. doi:10.1007/s00018-014-1735-8.

32. Polanco JC, Scicluna BJ, Hill AF, Gotz J. Extracellular vesicles isolated from
the brains of rTg4510 mice seed Tau protein aggregation in a threshold-
dependent manner. J Biol Chem. 2016;291(24):12445–66. doi:10.1074/jbc.
M115.709485.

33. Loov C, Scherzer CR, Hyman BT, Breakefield XO, Ingelsson M. alpha-
Synuclein in extracellular vesicles: functional implications and diagnostic
opportunities. Cell Mol Neurobiol. 2016;36(3):437–48. doi:10.1007/s10571-
015-0317-0.

34. Ding X, Ma M, Teng J, Teng RK, Zhou S, Yin J, et al. Exposure to ALS-FTD-
CSF generates TDP-43 aggregates in glioblastoma cells through exosomes
and TNTs-like structure. Oncotarget. 2015;6(27):24178–91. doi:10.18632/
oncotarget.4680.

35. Llorente A, Skotland T, Sylvanne T, Kauhanen D, Rog T, Orlowski A, et al.
Molecular lipidomics of exosomes released by PC-3 prostate cancer cells.
Biochim Biophys Acta. 2013;1831(7):1302–9.

36. Yuyama K, Igarashi Y. Physiological and pathological roles of exosomes in
the nervous system. Biomol Concepts. 2016;7(1):53–68. doi:10.1515/bmc-
2015-0033.

37. Lamichhane TN, Raiker RS, Jay SM. Exogenous DNA loading into
extracellular vesicles via electroporation is size-dependent and enables
limited gene delivery. Mol Pharm. 2015;12(10):3650–7. doi:10.1021/acs.
molpharmaceut.5b00364.

38. Huang X, Yuan T, Tschannen M, Sun Z, Jacob H, Du M, et al.
Characterization of human plasma-derived exosomal RNAs by deep
sequencing. BMC Genomics. 2013;14:319. doi:10.1186/1471-2164-14-319.

39. Jenjaroenpun P, Kremenska Y, Nair VM, Kremenskoy M, Joseph B, Kurochkin IV.
Characterization of RNA in exosomes secreted by human breast cancer cell lines
using next-generation sequencing. PeerJ. 2013;1:e201. doi:10.7717/peerj.201.

40. Crescitelli R, Lasser C, Szabo TG, Kittel A, Eldh M, Dianzani I et al. Distinct RNA
profiles in subpopulations of extracellular vesicles: apoptotic bodies, microvesicles
and exosomes. J Extracell Vesicles. 2013;2. doi:10.3402/jev.v2i0.20677.

41. Li Y, Zheng Q, Bao C, Li S, Guo W, Zhao J, et al. Circular RNA is enriched
and stable in exosomes: a promising biomarker for cancer diagnosis. Cell
Res. 2015;25(8):981–4. doi:10.1038/cr.2015.82.

42. Dong L, Lin W, Qi P, Xu MD, Wu X, Ni S, et al. Circulating long RNAs in
serum extracellular vesicles: their characterization and potential application
as biomarkers for diagnosis of colorectal cancer. Cancer Epidemiol
Biomarkers Prev. 2016;25(7):1158–66. doi:10.1158/1055-9965.EPI-16-0006.

43. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol. 2007;9(6):654–9. doi:10.1038/
ncb1596.

44. Felicetti F, De Feo A, Coscia C, Puglisi R, Pedini F, Pasquini L, et al. Exosome-
mediated transfer of miR-222 is sufficient to increase tumor malignancy in
melanoma. J Transl Med. 2016;14:56. doi:10.1186/s12967-016-0811-2.

45. Guitart K, Loers G, Buck F, Bork U, Schachner M, Kleene R. Improvement of
neuronal cell survival by astrocyte-derived exosomes under hypoxic and
ischemic conditions depends on prion protein. Glia. 2016;64(6):896–910. doi:
10.1002/glia.22963.

46. Frohlich D, Kuo WP, Fruhbeis C, Sun JJ, Zehendner CM, Luhmann HJ et al.
Multifaceted effects of oligodendroglial exosomes on neurons: impact on
neuronal firing rate, signal transduction and gene regulation. Philos Trans R
Soc Lond B Biol Sci. 2014;369(1652). doi: 10.1098/rstb.2013.0510.

47. Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al. Depletion
of microglia and inhibition of exosome synthesis halt tau propagation. Nat
Neurosci. 2015;18(11):1584–93. doi:10.1038/nn.4132.

48. Sharples RA, Vella LJ, Nisbet RM, Naylor R, Perez K, Barnham KJ, et al.
Inhibition of gamma-secretase causes increased secretion of amyloid
precursor protein C-terminal fragments in association with exosomes. FASEB
J. 2008;22(5):1469–78. doi:10.1096/fj.07-9357com.

49. Gupta A, Pulliam L. Exosomes as mediators of neuroinflammation.
J Neuroinflammation. 2014;11:68. doi:10.1186/1742-2094-11-68.

50. Dreyer F, Baur A. Biogenesis and functions of exosomes and extracellular vesicles.
Methods Mol Biol. 2016;1448:201–16. doi:10.1007/978-1-4939-3753-0_15.

51. Tkach M, Thery C. Communication by extracellular vesicles: where we are and
where we need to go. Cell. 2016;164(6):1226–32. doi:10.1016/j.cell.2016.01.043.

52. Chivet M, Javalet C, Laulagnier K, Blot B, Hemming FJ, Sadoul R. Exosomes
secreted by cortical neurons upon glutamatergic synapse activation
specifically interact with neurons. J Extracell Vesicles. 2014;3:24722.

53. An K, Klyubin I, Kim Y, Jung JH, Mably AJ, O'Dowd ST, et al. Exosomes
neutralize synaptic-plasticity-disrupting activity of Abeta assemblies in vivo.
Mol Brain. 2013;6:47. doi:10.1186/1756-6606-6-47.

54. Bibl M, Esselmann H, Wiltfang J. Neurochemical biomarkers in Alzheimer’s
disease and related disorders. Ther Adv Neurol Disord. 2012;5(6):335–48. doi:
10.1177/1756285612455367.

55. Palmert MR, Podlisny MB, Witker DS, Oltersdorf T, Younkin LH, Selkoe DJ, et
al. The beta-amyloid protein precursor of Alzheimer disease has soluble
derivatives found in human brain and cerebrospinal fluid. Proc Natl Acad
Sci U S A. 1989;86(16):6338–42.

56. Rose C, Peoc'h K, Chasseigneaux S, Paquet C, Dumurgier J, Bourasset F, et al.
New highly sensitive rodent and human tests for soluble amyloid precursor
protein alpha quantification: preclinical and clinical applications in
Alzheimer’s disease. BMC Neurosci. 2012;13:84. doi:10.1186/1471-2202-13-84.

Xiao et al. Translational Neurodegeneration  (2017) 6:3 Page 5 of 6

http://dx.doi.org/10.1007/s10571-016-0366-z
http://dx.doi.org/10.1146/annurev-cellbio-101512-122326
http://dx.doi.org/10.1016/j.bbamem.2016.02.011
http://dx.doi.org/10.1016/j.bbalip.2013.10.004
http://dx.doi.org/10.1016/j.bbalip.2013.10.004
http://dx.doi.org/10.1016/j.semcdb.2015.02.010
http://dx.doi.org/10.1038/ncb1929
http://dx.doi.org/10.1074/jbc.M110.107821
http://dx.doi.org/10.1111/j.1600-0854.2009.00920.x
http://dx.doi.org/10.1111/j.1600-0854.2009.00920.x
http://dx.doi.org/10.3233/JAD-150088
http://dx.doi.org/10.1074/jbc.M114.605253
http://dx.doi.org/10.1371/journal.pgen.1001055
http://dx.doi.org/10.1242/jcs.128868
http://dx.doi.org/10.1038/nrm2728
http://dx.doi.org/10.1083/jcb.200911018
http://dx.doi.org/10.1083/jcb.200911018
http://dx.doi.org/10.12688/f1000research.7247.1
http://dx.doi.org/10.3389/fimmu.2015.00203
http://dx.doi.org/10.3389/fimmu.2015.00203
http://dx.doi.org/10.1007/s00018-014-1735-8
http://dx.doi.org/10.1074/jbc.M115.709485
http://dx.doi.org/10.1074/jbc.M115.709485
http://dx.doi.org/10.1007/s10571-015-0317-0
http://dx.doi.org/10.1007/s10571-015-0317-0
http://dx.doi.org/10.18632/oncotarget.4680
http://dx.doi.org/10.18632/oncotarget.4680
http://dx.doi.org/10.1515/bmc-2015-0033
http://dx.doi.org/10.1515/bmc-2015-0033
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00364
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00364
http://dx.doi.org/10.1186/1471-2164-14-319
http://dx.doi.org/10.7717/peerj.201
http://dx.doi.org/10.3402/jev.v2i0.20677
http://dx.doi.org/10.1038/cr.2015.82
http://dx.doi.org/10.1158/1055-9965.EPI-16-0006
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.1186/s12967-016-0811-2
http://dx.doi.org/10.1002/glia.22963
http://dx.doi.org/10.1098/rstb.2013.0510
http://dx.doi.org/10.1038/nn.4132
http://dx.doi.org/10.1096/fj.07-9357com
http://dx.doi.org/10.1186/1742-2094-11-68
http://dx.doi.org/10.1007/978-1-4939-3753-0_15
http://dx.doi.org/10.1016/j.cell.2016.01.043
http://dx.doi.org/10.1186/1756-6606-6-47
http://dx.doi.org/10.1177/1756285612455367
http://dx.doi.org/10.1186/1471-2202-13-84


57. Cuchillo-Ibanez I, Lopez-Font I, Boix-Amoros A, Brinkmalm G, Blennow K,
Molinuevo JL, et al. Heteromers of amyloid precursor protein in cerebrospinal
fluid. Mol Neurodegener. 2015;10:2. doi:10.1186/1750-1326-10-2.

58. Vingtdeux V, Hamdane M, Loyens A, Gele P, Drobeck H, Begard S, et al.
Alkalizing drugs induce accumulation of amyloid precursor protein by-
products in luminal vesicles of multivesicular bodies. J Biol Chem. 2007;
282(25):18197–205. doi:10.1074/jbc.M609475200.

59. Coleman BM, Hill AF. Extracellular vesicles–Their role in the packaging and
spread of misfolded proteins associated with neurodegenerative diseases.
Semin Cell Dev Biol. 2015;40:89–96. doi:10.1016/j.semcdb.2015.02.007.

60. Kimura N, Yanagisawa K. Endosomal accumulation of GM1 ganglioside-
bound amyloid beta-protein in neurons of aged monkey brains.
Neuroreport. 2007;18(16):1669–73. doi:10.1097/WNR.0b013e3282f0d2ab.

61. Yuyama K, Yamamoto N, Yanagisawa K. Accelerated release of exosome-
associated GM1 ganglioside (GM1) by endocytic pathway abnormality:
another putative pathway for GM1-induced amyloid fibril formation. J
Neurochem. 2008;105(1):217–24. doi:10.1111/j.1471-4159.2007.05128.x.

62. Wang G, Dinkins M, He Q, Zhu G, Poirier C, Campbell A, et al. Astrocytes
secrete exosomes enriched with proapoptotic ceramide and prostate
apoptosis response 4 (PAR-4): potential mechanism of apoptosis induction
in Alzheimer disease (AD). J Biol Chem. 2012;287(25):21384–95. doi:10.1074/
jbc.M112.340513.

63. Dinkins MB, Dasgupta S, Wang G, Zhu G, Bieberich E. Exosome reduction in
vivo is associated with lower amyloid plaque load in the 5XFAD mouse
model of Alzheimer’s disease. Neurobiol Aging. 2014;35(8):1792–800. doi:10.
1016/j.neurobiolaging.2014.02.012.

64. Yuyama K, Sun H, Sakai S, Mitsutake S, Okada M, Tahara H, et al. Decreased
amyloid-beta pathologies by intracerebral loading of glycosphingolipid-
enriched exosomes in Alzheimer model mice. J Biol Chem. 2014;289(35):
24488–98. doi:10.1074/jbc.M114.577213.

65. Yuyama K, Sun H, Usuki S, Sakai S, Hanamatsu H, Mioka T, et al. A potential
function for neuronal exosomes: sequestering intracerebral amyloid-beta
peptide. FEBS Lett. 2015;589(1):84–8. doi:10.1016/j.febslet.2014.11.027.

66. Yuyama K, Sun H, Mitsutake S, Igarashi Y. Sphingolipid-modulated exosome
secretion promotes clearance of amyloid-beta by microglia. J Biol Chem.
2012;287(14):10977–89. doi:10.1074/jbc.M111.324616.

67. Falker C, Hartmann A, Guett I, Dohler F, Altmeppen H, Betzel C, et al.
Exosomal cellular prion protein drives fibrillization of amyloid beta and
counteracts amyloid beta-mediated neurotoxicity. J Neurochem. 2016;
137(1):88–100. doi:10.1111/jnc.13514.

68. Kopeikina KJ, Carlson GA, Pitstick R, Ludvigson AE, Peters A, Luebke JI, et al.
Tau accumulation causes mitochondrial distribution deficits in neurons in a
mouse model of tauopathy and in human Alzheimer’s disease brain. Am J
Pathol. 2011;179(4):2071–82. doi:10.1016/j.ajpath.2011.07.004.

69. Crespo-Biel N, Theunis C, Van Leuven F. Protein tau: prime cause of synaptic
and neuronal degeneration in Alzheimer’s disease. Int J Alzheimers Dis.
2012;2012:251426. doi:10.1155/2012/251426.

70. Goedert M, Jakes R. Expression of separate isoforms of human tau protein:
correlation with the tau pattern in brain and effects on tubulin
polymerization. EMBO J. 1990;9(13):4225–30.

71. Dickson DW, Kouri N, Murray ME, Josephs KA. Neuropathology of
frontotemporal lobar degeneration-tau (FTLD-tau). J Mol Neurosci. 2011;
45(3):384–9. doi:10.1007/s12031-011-9589-0.

72. Katsuse O, Iseki E, Arai T, Akiyama H, Togo T, Uchikado H, et al. 4-repeat
tauopathy sharing pathological and biochemical features of corticobasal
degeneration and progressive supranuclear palsy. Acta Neuropathol. 2003;
106(3):251–60. doi:10.1007/s00401-003-0728-8.

73. Siddiqua A, Margittai M. Three- and four-repeat Tau coassemble into
heterogeneous filaments: an implication for Alzheimer disease. J Biol Chem.
2010;285(48):37920–6. doi:10.1074/jbc.M110.185728.

74. Guo JL, Lee VM. Seeding of normal Tau by pathological Tau conformers
drives pathogenesis of Alzheimer-like tangles. J Biol Chem. 2011;286(17):
15317–31. doi:10.1074/jbc.M110.209296.

75. Stancu IC, Vasconcelos B, Ris L, Wang P, Villers A, Peeraer E, et al. Templated
misfolding of Tau by prion-like seeding along neuronal connections impairs
neuronal network function and associated behavioral outcomes in Tau transgenic
mice. Acta Neuropathol. 2015;129(6):875–94. doi:10.1007/s00401-015-1413-4.

76. Saman S, Kim W, Raya M, Visnick Y, Miro S, Saman S, et al. Exosome-
associated tau is secreted in tauopathy models and is selectively
phosphorylated in cerebrospinal fluid in early Alzheimer disease. J Biol
Chem. 2012;287(6):3842–9. doi:10.1074/jbc.M111.277061.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Xiao et al. Translational Neurodegeneration  (2017) 6:3 Page 6 of 6

http://dx.doi.org/10.1186/1750-1326-10-2
http://dx.doi.org/10.1074/jbc.M609475200
http://dx.doi.org/10.1016/j.semcdb.2015.02.007
http://dx.doi.org/10.1097/WNR.0b013e3282f0d2ab
http://dx.doi.org/10.1111/j.1471-4159.2007.05128.x
http://dx.doi.org/10.1074/jbc.M112.340513
http://dx.doi.org/10.1074/jbc.M112.340513
http://dx.doi.org/10.1016/j.neurobiolaging.2014.02.012
http://dx.doi.org/10.1016/j.neurobiolaging.2014.02.012
http://dx.doi.org/10.1074/jbc.M114.577213
http://dx.doi.org/10.1016/j.febslet.2014.11.027
http://dx.doi.org/10.1074/jbc.M111.324616
http://dx.doi.org/10.1111/jnc.13514
http://dx.doi.org/10.1016/j.ajpath.2011.07.004
http://dx.doi.org/10.1155/2012/251426
http://dx.doi.org/10.1007/s12031-011-9589-0
http://dx.doi.org/10.1007/s00401-003-0728-8
http://dx.doi.org/10.1074/jbc.M110.185728
http://dx.doi.org/10.1074/jbc.M110.209296
http://dx.doi.org/10.1007/s00401-015-1413-4
http://dx.doi.org/10.1074/jbc.M111.277061

	Abstract
	Background
	Biogenesis of exosomes
	Molecular contents of exosomes
	Function of exosomes in the central nervous system (CNS)
	Impact of exosomes on amyloidogenic processing of APP
	Impact of exosomes on tau pathology
	Conclusions
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

