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Abstract

Extracellular vesicles (EVs) are physiological vesicles secreted from most of eukaryotes and
contain cargos of their cell of origin. EVs, and particularly a subset of EV known as exosomes, are
emerging as key mediators of cell to cell communication and waste management for cells both
during normal organismal function and in disease. In this review, we investigate the rapidly
growing field of exosome biology, their biogenesis, cargo loading, and uptake by other cells. We
particularly consider the role of exosomes in Alzheimer’s disease, both as a pathogenic agent and
as a disease biomarker. We also explore the emerging role of exosomes in chronic traumatic
encephalopathy. Finally, we highlight open questions in these fields and the possible use of
exosomes as therapeutic targets and agents.
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Introduction

Extracellular vesicles

Extracellular vesicles (EVs) are membranous vesicles enclosed by a lipid bilayer and
containing the cytosol of their cell of origin (reviewed in Colombo et al. 2014). The creation
of EVs is an evolutionally conserved process observed in both prokaryotes and a wide
variety of eukaryotes (reviewed in Yafiez-M0 et al. 2015). EVs were first observed as pro-
coagulant particles in plasma, and were later termed “platelet dust” (Chargaff and West
1946; Wolf 1967). Since these early discoveries, EVs have been found in almost every cell
type and bodily fluid. Our current understanding of these vesicles groups them into three
major types: exosomes, microvesicles (MVs), and apoptotic bodies.
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Exosomes are a specific subset of EV approximately 30-150 nm in size (Cobb and
Gendelman 2016) that were first described in the 1980s (Trams et al. 1981; Pan and
Johnstone 1983; Harding et al. 1983). They are released by almost every known cell type in
the body, including cells of the central nervous system (CNS) (Perez-Gonzalez et al. 2012)
such as oligodendrocytes (Kramer-Albers et al. 2007), astrocytes (Fauré et al. 2006; Taylor
et al. 2007; Chiarini et al. 2017), neurons (Fauré et al. 2006), and microglia (Potolicchio et
al. 2005) (reviewed in Simpson et al. 2014). Exosomes are also found in most bodily fluids,
including cerebrospinal fluid (Vella et al. 2008), the blood (Caby et al. 2005), breast milk
(Admyre et al. 2007), and urine (Pisitkun et al. 2004) (reviewed in Simpson et al. 2014).

Exosomes are formed when the plasma membrane undergoes invagination, creating an
endosome. The endosome then undergoes internal budding, resulting in the formation of
multivesicular bodies (MVBSs) or late endosomes containing intraluminal vesicles (ILVSs).
The MVB can then fuse with the lysosome, degrading the ILVs and their contents, or instead
can fuse with the plasma membrane (Raposo et al. 1996; Buschow et al. 2009). During this
second type of fusion, the MVB releases the ILVs into the extracellular space, at which point
they are termed exosomes (Fig. 1). Once in the extracellular space, exosomes may circulate
in bodily fluids or be taken up by other cells. These two possibilities reflect the two major
functions of exosomes: as a means of waste disposal for cells, or as a form of long distance
cell to cell communication.

The other major type of extracellular vesicles involved in intercellular communication are
the MVs, which are also called ectosomes. Biologically, MVs are distinguished from
exosomes by the fact that they are generated by outward, rather than inward, budding of the
plasma membrane. These other types of EV come in many sizes, but are generally, although
not always, larger than exosomes (typical size 150 - 1000 nm) (reviewed in Colombo et al.
2014). Exosomes and microvesicles share many proteins markers, making it difficult to
distinguish between them in the extracellular space or after vesicles have been purified
(Kowal et al. 2016). Additionally, both types of EV use the Endosomal Sorting Complex
Required for Transport (ESCRT) machinery in their formation (reviewed in Abels and
Breakefield 2016). Of note is the fact that the ESCRT-0 proteins Hepatocyte growth factor-
Regulated tyrosine kinase (HRS) and Signal Transducing Adapter Molecule 1 (STAM) are
only involved in the initial phase of exosome biogenesis (reviewed in Colombo et al. 2014).
Exosomes may also be synthesized via non-ESCRT dependent mechanisms, for example,
ceramide-initiated biogenesis (Laulagnier et al. 2004; Trajkovic et al. 2008; Stuffers et al.
2009; Carayon et al. 2011; van Niel et al. 2011; Ghossoub et al. 2014). See Table 1 for an
overview of differences between these types of EV. Due to their differing biological origins,
exosomes and microvesicles may have divergent roles in the body; until this point is fully
resolved, it is important to differentiate between these two classes of EV.

Apoptotic bodies are generally 800 nm — 5 um in size, and, as the name suggests, are shed
by cells undergoing apoptosis (reviewed in Budnik et al. 2016). They are created by the
same mechanism as MVs (reviewed in Huang-Doran et al. 2016), and due to their larger size
are not often conflated with exosomes. Furthermore, they are not involved in cell-to-cell
communication, but instead are taken up by phagocytic cells and digested.
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Beyond size, exosomes are distinguished from other EVs by their ubiquitous expression of
the tetraspanin protein CD9. CD81 and CD63 are also common but less ubiquitously
expressed in exosomes (Kowal et al. 2016). Exosomes are often characterized by their high
concentration of lipid raft components, such as ceramide and sphingomyelin (de Gassart et
al. 2003; Record et al. 2014). Exosomes may also carry specific cell surface proteins that
reflect their cell of origin, as they are essentially composed of plasma membrane that has
inwardly budded multiple times (Raposo et al. 1996; Zitvogel et al. 1998) (reviewed in Cobb
and Gendelman 2016). Such cell surface proteins are thought to mediate exosomal uptake by
recipient cells (Morelli et al. 2004; Nazarenko et al. 2010; Atay et al. 2011; Escrevente et al.
2011; Naslund et al. 2014). Furthermore, the cell-type specific proteins found on the surface
of exosomes may play a key role in specifying what types of cell can act as recipients for a
given exosome (Fitzner et al. 2011; Alvarez-Erviti et al. 2011; Hood et al. 2011; Zech et al.
2012; Chivet et al. 2014) (reviewed in Milane et al. 2015)

During the creation of ILVs within the late endosome, proteins (reviewed in Théry et al.
2002), DNA (Balaj et al. 2011; Kahlert et al. 2014), RNA (Valadi et al. 2007; Cheng et al.
2014) (reviewed in Zhang et al. 2015), and lipids (reviewed in Théry et al. 2002) are sorted
into the newly forming vesicles (reviewed in Kalluri 2016; Abels and Breakefield 2016).
The protein and RNA cargo of exosomes seems to be specifically curated, as it can differ
from the parent cell (Valadi et al. 2007; Montecalvo et al. 2012 for RNA, Fauré et al. 2006;
Saman et al. 2014; Munich et al. 2014 for protein, Nazarenko et al. 2010 for both).
Additionally, the loaded cargo may change depending on the state of the parent cell (Eldh et
al. 2010; Carayon et al. 2011; de Jong et al. 2012).

There are three major proposed routes for sorting protein into exosomes. The first pathway
uses cytosolic machinery such as ALG-2-Interacting Protein X (ALIX) and ESCRT proteins,
as well as Lysobisphosphatidic Acid (LBPA) (Matsuo et al. 2004; Géminard et al. 2004;
Trajkovic et al. 2008; van Niel et al. 2011). The ESCRT pathway recruits mono-
ubiquitinated proteins in ILVs for endo-lysosomal degradation (Raiborg et al. 2006; Carayon
et al. 2011). The second pathway is based on sphingolipid-enriched membrane domains
segregating membrane-embedded proteins, with certain proteins co-segregating with flotilins
and tetraspanins in lipid rafts Wubbolts et al. 2003; de Gassart et al. 2003; Géminard et al.
2004; Trajkovic et al. 2008; Carayon et al. 2011; Perez-Hernandez et al. 2013). The third
pathway for cargo loading is initiated on the luminal side of the endosomal membrane by
factors such as lectins. This pathway mainly recruits glycosylated proteins to the exosomes
(Barres et al. 2010; Carayon et al. 2011). In contrast, the mechanisms for loading specified
DNA and RNA cargo into exosomes are only beginning to be elucidated (Villarroya-Beltri et
al. 2013). See Table 2 for an overview of loading mechanisms (Wubbolts et al. 2003; de
Gassart et al. 2003; Géminard et al. 2004; Trajkovic et al. 2008; Carayon et al. 2011; Perez-
Hernandez et al. 2013). The third pathway for cargo loading is initiated on the luminal side
of the endosomal membrane by factors such as lectins. This pathway mainly recruits
glycosylated proteins to the exosomes (Barres et al. 2010; Carayon et al. 2011). In contrast,
the mechanisms for loading specified DNA and RNA cargo into exosomes are only
beginning to be elucidated (Villarroya-Beltri et al. 2013). See Table 2 for an overview of
loading mechanisms.
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Exosomes may be taken up by recipient cells via membrane fusion (Parolini et al. 2009;
Montecalvo et al. 2012) or endocytosis (Fitzner et al. 2011; Escrevente et al. 2011;
Montecalvo et al. 2012) (reviewed in Mulcahy et al. 2014). Once taken up, exosomes can
deliver their cargo to a recipient cell, thereby conveying a complex message and altering the
physiological state of their host (Admyre et al. 2007; Nazarenko et al. 2010; Zech et al.
2012; Frohlich et al. 2014). Exosomes have therefore been shown to be important for cell-
cell communication both during normal functions of the body (Al-Dossary et al. 2015) and
during disease progression; they are especially important factors in cancer metastasis
(reviewed in Milane et al. 2015; Javeed and Mukhopadhyay 2016).

In the nervous system, exosomes play roles in the maintenance of myelin (Krdmer-Albers et
al. 2007), intercellular communication (Potolicchio et al. 2005; Fruhbeis et al. 2013;
Frohlich et al. 2014), and elimination of waste (Fitzner et al. 2011). Brain tumors often
produce abundant exosomes that contain tumorigenic factors that they can communicate to
normal cells and may influence immune response (Graner et al. 2009). Exosomes in the
brain also play roles in neurodegenerative dis-eases such as Parkinson’s (reviewed in Russo
et al. 2012), Prion (Vella et al. 2008), as well as Alzheimer’s disease and Chronic Traumatic
Encephalopathy (Reviewed herein). Overall, exosomes are becoming recognized as
intercellular messengers able to deliver selected cargo to distinct downstream cell
populations, sometimes over long distances (Hood et al. 2011). Their role in promoting or
preventing pathology is just beginning to be understood.

Disease and EVs

Alzheimer’s disease is the most common form of dementia, with approximately 5.5 million
Americans currently diagnosed with the disease, and an expected 13.8 million to be
diagnosed with it by 2050 (Alzheimer’s Association 2017). Alzheimer’s disease (AD) is
characterized by presence of amyloid plaques (sometimes called senile plaques) formed by
misfolded and aggregated Ap as well as and tau-based neurofibrillary tangles (NFTS)
(Goedert et al. 1988) in the brain resulting in neuronal dysfunction and death. As AD
progresses, tau becomes hyper-phosphorylated, causing it to misfold and aggregate into
NFTs and neuropil threads (Hu et al. 2016) (reviewed in Geschwind 2003).

Amyloid plaque deposits are known to occur in the neocortex before appearing in the
subcortex in AD, while NFT deposits appear in a characteristic and predictable
spatiotemporal manner first described by Braak & Braak (Braak and Braak 1991). Braak and
Braak identified six stages of AD based on tau histology. The first two are characterized by
tau deposits in the transentorhinal region and then in the entorhinal cortex (EC). Therefore,
these initial phases are known as the transentorhinal stages. The CA1 region of the
hippocampus may also be affected at this time (Braak and Braak 1991). Later studies
determined that the locus coeruleus is also one of the earliest affect areas of the brain,
exhibiting pathology before the EC (Grudzien et al. 2007). During these first stages, patients
are largely cognitively normal and so may be referred to as having prodromal Alzheimer’s
Disease (pAD).

In stages 111 and IV, NFTs are more densely present in the pre-alpha region of the EC and in
the CA1 region. During this time, the subiculum begins to show NFTs as well. In stage IV,
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the CA4 region, amygdala, claustrum, putamen and thalamic nucleus are affected. These
stages are called limbic stages as they are affecting the limbic regions of the brain.
Clinically, such patients appear to have mild cognitive impairment (MCI) (reviewed in
Serrano-Pozo et al. 2011) but are able to carry out routine tasks.

Patients are diagnosed with stage V or VI AD when there is pathological tau in almost all
components of the hippocampus. These patients also exhibit widespread neuronal loss.
During stage V, the isocortex begins to exhibit NFTs. In stage VI all of the changes seen in
stage V are present but are more severe in terms of their pathology, with the major difference
being the involvement of the fascia dentata. These stages are considered moderate to severe
forms of AD (reviewed in Serrano-Pozo et al. 2011). These phases are also known as the
isocortical stages, as tau is now being deposited in the cortical regions. See Fig. 2 for a
visual summary of tau deposition across the Braak & Braak stages.

The mechanism by which misfolded protein spreads in AD and other neurodegenerative
diseases is thought to occur in the manner of a prion disease, where native protein monomers
become misfolded, and then act as templates for the misfolding and eventual aggregation of
other monomers (Frost et al. 2009; Guo and Lee 2011; Jucker and Walker 2011) (reviewed
in Guo and Lee 2014) (Fig. 3). Interestingly, oligomeric, rather than fully fibrilized forms of
either AP or tau may be the toxic component in AD (Iba et al. 2013; Iba et al. 2015; Hu et al.
2016) (reviewed in Guo and Lee 2014). In either case, the deposition of NFTs is the best
clinically correlated marker of AD progression (Nelson et al. 2012; Scholl et al. 2016). A
deposition does not necessarily correlate with AD stage (Arriagada et al. 1992; Jack et al.
2009). Early onset and familial forms of AD have been linked to mutations in the gene
encoding amyloid precursor protein (APP) as well as in those genes that process APP into
APB1.42, the pathological form of Ap linked to AD (Giri et al. 2017). Intriguingly, no link has
been found between AD and mutations in tau, though mutations in tau are linked to other
forms of dementia and neurodegeneration (reviewed in Ballatore et al. 2007; Igbal et al.
2015; Arendt et al. 2016).

Although the propagation of tau through the brain during AD progression can largely be
explained by trans-synaptic transmission (Liu et al. 2012), there is a lateral and long-
distance spread of tau protein that is currently unexplained (reviewed in Guo and Lee 2014).
However, this dissemination of tau could be accounted for if it is propagated through the
brain by exosomes (Fig. 3). Alternately, it may be that neuron-to-neuron transmission of tau*
exosomes requires synaptic connections (Wang et al. 2017), or that MVs also account for
some tau propagation (Dujardin et al. 2014). Recent work has begun to explore the
possibility that exosomes act to spread misfolded proteins such as AB and tau in AD. With
the increasing use of proteomics, researchers are beginning to understand the cellular origin
of pathological exosomes. Furthermore, scientists are using exosomes as biomarkers for
predicting AD diagnosis before clinical symptoms arise.

Exosomes contain AD biomarkers—It is now known that exosomes contain the classic
AD biomarkers, Ap (Rajendran et al. 2006) and tau (Saman et al. 2012). Additionally, it is
now known that exosomes from the brain can cross the blood-brain barrier and are present in
the blood (Graner et al. 2009; Shi et al. 2016). Recent studies have been working to
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understand where and how these proteins, as well as other biomarkers, appear in exosomes,
and whether they can be used to track or even predict AD progression.

Extracellular vesicles present in plasma can now be reliably enriched for neuron-derived
exosomes (NDEs) using antibodies against L1 Cell Adhesion Molecule (LICAM) or Neural
Cell Adhesion Molecule 1 (NCAML1), proteins known to be expressed by neurons
(Kapogiannis et al. 2015; Goetzl et al. 2015a; Fiandaca et al. 2015). NDEs positive for these
markers comprise up to 15% of total plasma exosomes (Kapogiannis et al. 2015).

Levels of AB1.4o, total tau, tau phosphorylated at threonine 181 (pT181), and especially tau
phosphorylated at serine 396 (pS396) in NDEs from plasma have been able to differentiate
AD patients from control patients (Fiandaca et al. 2015). Using all markers except for total
tau, the authors were able to generate a model that correctly segregated MCI and AD
patients from controls 96.4% of the time (Fiandaca et al. 2015). There was no difference in
the expression level of these markers between MCI and AD patient NDEs, suggesting that
the exosomal levels of these proteins could be used as an early detection point for AD onset.
A conflicting study found that there was no significant difference in total tau between
control and AD NDEs (Shi et al. 2016). This group, instead, found that NDE tau levels were
different between controls and patients with Parkinson’s disease, and that whole plasma
levels of tau could differentiate between AD patients and controls. Interestingly, Shi et al.
could only detect tau in NDEs using extremely sensitive Single Molecule Array (SiMoA)
technology, while Fiandaca et al. could detect tau using conventional ELISA methods.

When examining plasma NDEs from a cohort of patients that were cognitively normal but
went on to develop AD, Fiandaca et al. found that those who went on to develop AD had
significantly higher levels of pT181 and pS396 even at 10 years prior to diagnosis as
compared to those who did not develop the disease (Fiandaca et al. 2015). Remarkably,
while pT181 and pS396 levels plateaued in the 10 years before diagnosis, Ap levels
continued to increase. Furthermore, increased levels of Ap and pT181 were observed in
patients with fronto-temporal dementia (FTD). Strikingly, pS396 was the only marker
uniquely elevated in AD. A second study found that pT181, but not pS396, was significantly
elevated in the NDEs of MCI patients (Winston et al. 2016), and that the markers pS396 and
AP1.42 both increased between MCI patients and AD patients, rather than Ap alone.

It has been shown that in AD and FTD, synaptic protein levels decrease in the brain as the
disease progresses. Examining synaptic proteins found in NDEs from patient plasma, GoetzI
et al. found that these proteins were largely decreased in both AD and FTD, but that growth-
associated protein 43 and synapsin 1 were uniquely depleted in AD (Goetzl et al. 2016a).
Similar to the tau phosphorylation levels observed in the study by Fiandaca et al., these
synaptic protein levels were altered up to 10 years before the onset of clinical symptoms in
patients. Interestingly, Goetzl et al. found that synaptopodin and synaptophysin levels
correlated with worse mini-mental state examination (MMSE) and Alzheimer’s disease
assessment scale-cognitive subscale (ADAS-cog) scores, but neither Ap nor pT181 levels
did. This last finding echoes the Fiandaca et al. finding for pT181.: its level is elevated but
steady from the pre-clinical state through to clinical Alzheimer’s disease diagnosis in this
study as well. However, the groups diverge in their findings for Ap, which may be due to the
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fact that the NDEs in the Goetzl study were LLCAM™ (as were those studied by Winston et
al.), whereas the Fiandaca NDEs were NCAM1™ or sometimes double-positive with
L1CAM.

Another study performed by Goetzl et al. found that neuro-protective transcription factors
such as Repressor Element 1 Silencing Transcription factor (REST), Low-density
Lipoprotein Receptor-related Protein 6 (LRP6), and Heat Shock Factor 1 (HSF1) were
decreased in NDEs 2-10 years before the onset of clinical AD symptoms, and persisted at
low levels during the clinical manifestation of the disease (Goetzl et al. 2015a). This finding
suggests that exosomes may normally spread protective factors, but that in AD this ability is
lost. Interestingly, REST is significantly increased in FTD over controls and AD, suggesting
that it may play different roles in FTD and AD pathology.

A further study by the same group found that lysosomal proteins were altered in plasma
NDEs during AD (Goetzl et al. 2015b). Two proteins were increased: Cathepsin D, which is
involved in protein cleavage in the lysosomes and endosomes of neural cells, as well as
Lysosomal-Associated Membrane Protein 1 (LAMP1), which maintains lysosomal integrity.
Overall levels of protein ubiquitination were elevated in AD and MCI patient NDEs, which
is a marker normally used to flag abnormal proteins for elimination. Finally, Heat Shock
Protein 70 (HSP70), which maintains normal lysosomal permeability and prevents
apoptosis, was found to be decreased in AD NDEs. These alterations in expression could be
detected up to 10 years before AD diagnosis (Goetzl et al. 2015b). Together, Cathepsin D,
HSP70, and ubiquitinated protein levels could differentiate AD from controls with a 100%
success rate, and had 95.8% accuracy at differentiating from FTD. Interestingly, pT181,
AP1.42, and Cathepsin D expression all increased significantly with aging, while
neurogranin and REST levels decreased (Winston et al. 2016), although all of the age-related
changes were smaller in magnitude than that of changes due to AD (Abner et al. 2016).

AD patient brains often show markers of insulin resistance (Kapogiannis et al. 2015).
Furthermore, type 2 diabetes is associated with an increased risk of developing AD
(reviewed in Suzanne and Wands 2008). Included in the markers of insulin resistance in AD
brains is the protein type 1 Insulin Receptor Substrate (IRS-1). This protein shows altered
patterns of phosphorylation in AD, with increased phosphorylation of serine 312 (pS312)
and decreased overall phosphorylation of tyrosine residues, which can lead to decreases in
insulin receptor signaling and therefore increased AR levels, as well as tau phosphorylation.
Recently, these altered forms of IRS-1 were found in NDEs from AD patient plasma. The
total level of IRS-1 was lower in AD patients as compared to control. Overall
phosphorylation of tyrosine was significantly lower in AD patients than controls, as well as
in those with FTD, while patients with type 2 diabetes showed an intermediate level. pS312
was most increased in AD, followed by FTD patients and then those with type 2 diabetes.
Together, the altered phosphorylation markers on IRS-1 could distinguish between control
and MCI/AD patients 100% of the time, and could distinguish between controls and patients
with type 2 diabetes 97.5% of the time (Kapogiannis et al. 2015). pS312 alone was useful
for distinguishing between FTD patients and controls, with an 84% success rate. As with
some of the other markers identified in plasma NDEs, these changes were detectable up to
10 yeas before diagnosis, and there were no changes in overall IRS-1 level or its
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phosphorylation between MCI and AD. This discovery suggests that IRS-1 and its
phosphorylation will be useful as marker to diagnose patients before they fully develop AD
(Kapogiannis et al. 2015). Caution will have to be exercised in using this model in those
with type 2 diabetes, however, as they often show altered levels of IRS-1 related markers,
but do not always develop AD. The lack of correlation in this instance suggests that there are
other factors yet to be uncovered in AD susceptibility. See Table 3 for a summary of
exosomal protein markers and their relationship to AD.

Exosomes within the serum also contain AD-correlating microRNAs (Cheng et al. 2015).
MicroRNAs (miRs) are 18-22 nucleotides in length and are important post-transcriptional
regulators of mRNA translation. MicroRNAs target mRNAs for translational repression
using only 6-8 nucleotide long complementation sites, allowing them to bind many mRNA
targets simultaneously and to globally sculpt the transcriptome of a cell. Exosomes are
enriched for miRs, especially in comparison to the levels of free-floating miRs found in
bodily fluids such as the serum (Cheng et al. 2014). The packaging of miRs into exosomes
may be important to the successful delivery of miRs to recipient cells as the blood is an
especially RNase rich environment (Huang et al. 2013). 13 miRs were found to be increased
in AD exosomes, while 3 were decreased (Table 4). The majority of the serum exosome
miRs discovered in this study had previously been identified in the brain. miR-1306-5p, one
of the decreased miRs, showed the greatest combined sensitivity and specificity for
predicting whether a patient had AD (Cheng et al. 2015). miR-1306-5p is involved in
regulation of A Disintegrin and Metalloproteinase Domain-containing protein 10
(ADAM10), which generates secreted APP. Interestingly, one of the increased microRNAs,
miR-101-3p, is known to target APP, and thereby to reduce the amount of AP created, while
miRs -15 and -424 regulate tau phosphorylation (Cheng et al. 2015).

Exosomes containing pathological protein species are also detectable in the cerebrospinal
fluid (CSF) of patients with AD. CSF is especially important to diagnosing and
understanding brain diseases as it generally reflects the biochemistry of the brain and central
nervous system.

Exosomes in the CSF were found to contain pT181 more often than was found in total CSF
(Saman et al. 2012). Interestingly, exosomes carrying phosphorylated forms of tau were seen
most often in stage 111 AD, with overall levels of such exosomes decreasing with disease
progression. Exosomes containing phosphorylated tau were not found at all in other
neurological conditions such as vascular or Lewy Body disease. The fact that this form of
tau is released so early in AD pathogenesis suggests that exosomal packaging and release of
tau is likely an active process of the brain rather than a passive one due to neuronal death
(Saman et al. 2012).

Determining Exosomal/Pathology Source—Currently, AD research is determining
which CNS cells are involved in creating, maintaining, and spreading AD pathology.
Similarly, the exosome subfield is also attempting to determine the source of exosomes
carrying potentially pathologic proteins for this disease. Goetzl et al. recently were able to
purify a subset of astrocyte-derived exosomes (ADEs, GLAST* exosomes) from the
population of exosomes circulating in the blood (Goetzl et al. 2016b). Astrocytes have been
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known to act protectively in the brain during AD; they accumulate at site of Ap deposition in
order to bind, internalize, and degrade Ap1.42 (Wyss-Coray et al. 2003; Koistinaho et al.
2004). However, some astrocytes can generate their own A peptides, especially when
stimulated by fibrillary forms of Ap and inflammatory cytokines (Hartlage-Ribsamen et al.
2003; Hong et al. 2003; Zhao et al. 2011). Strikingly, exosomes isolated from cultured
astrocyte media were found to accelerate AP aggregation in 5XFAD mice (Dinkins et al.
2016), suggesting that ADEs may drive AD pathology.

Excitingly, NDEs from the plasma of AD and MCI patients were able to propagate
filamentous forms of tau to the CAL region in normal mouse brains once injected into the
hippocampus. Exosomes from AD patients were able to more extensively propagate tau into
the CAL region than were MCI NDEs (Winston et al. 2016). This difference may be due to
the increased concentration of phosphorylated tau species present in the NDEs from AD
patient serum, as phosphorylated tau species are considered to be more prone to aggregation.

Microglia derived exosomes can also propagate tau pathology from the EC to the dentate
gyrus (Asai et al. 2015). Clearly, further work in this area is needed to identify markers for
exosomes of each of the CNS cell types. Such markers will be instrumental in determining
which cells are the sources of pathological exosomes, and may provide specific therapeutic
targets for combating pathological propagation of proteins in AD.

Exosomes can spread pathology—As early as 2006, not only were exosomes were
found to contain AP, but exosomal proteins were found in association with the amyloid
plaques in AD patient brains (Rajendran et al. 2006). Exosomes derived from a cell culture
model of AD, as well as those directly isolated from the brain, were found to contain APP
proteins, and were especially enriched for C-terminal fragments of APP, the precursor of Ap
(CTF-APP, (Sharples et al. 2007; Perez-Gonzalez et al. 2012). Interestingly, the amount of
CTF-APP was increased in brain-derived exosomes over brain homogenate (Perez-Gonzalez
et al. 2012). Overall, inhibiting nSmase2, a key regulatory enzyme of ceramide biogenesis,
reduced the level of exosomes in the brain and serum and further reduced Ap plaque load in
5XFAD mice (Dinkins et al. 2014). Together, these data suggest that exosomes contribute to
the spread of Ap pathology.

There is an ongoing debate as to the relationship between Ap, tau, and AD progression.
Intriguingly, in cultured astrocytes, pretreatment with AB,s.35 causes an increase in
intracellular pTau levels via the Calcium-Sensing Receptor (CaSR). This in turn causes an
increase in exosomal pTau levels (Chiarini et al. 2017). These findings suggest that Ap may
trigger the classic spread of tau seen in AD, and are consistent with the fact that Ap deposits
usually appear in the brain before tau does (Ingelsson et al. 2004). While AP appears first in
AD, the presence of tau seems to induce Ap toxicity, and may therefore be necessary for
development of AD (Roberson et al. 2007; Ittner et al. 2010).

But what is it about exosomes that allows them to spread pathology so effectively in AD?
Exosomes from the brain or from cell culture APP models were found to contain proteases
that contribute to the biogenesis of Ap fragments such as ADAM10, Beta-secretase 1
(BACEL), Nicastrin, and Presenilin 1 and 2 (PSEN1 and 2) (Sharples et al. 2007; Perez-
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Gonzalez et al. 2012; Cheng et al. 2015). These findings suggest that exosomes not only
deposit A, but can transmit the ability to create it between cells.

In Jurkat T cells, oligomerization of proteins was shown to be sufficient to target them to
exosomes (Fang et al. 2007). Later studies performed in neuroblastoma cells investigating
aggregation of a-synuclein, found that exosomes catalyzed and accelerated the nucleation
and aggregation process, particularly in the presence of ganglioside lipids GM1 or 3 (Grey et
al. 2015). An earlier study found that increasing GM1 in cell media was enough to
accelerate A assembly into insoluble forms in exosomes (Yuyama et al. 2008). The same
group found that NDEs can accelerate Ap assembly within themselves (Yuyama et al. 2012;
An et al. 2013), although there are conflicting reports as to the effect of lipids on Ap
aggregation (Kakio et al. 2002; Martins et al. 2008). Together, these findings suggest that
oligomerized tau and/or Ap may be targeted to exosomes and thereby excreted from the cell.
Furthermore, these data indicate that some types of exosomes may themselves promote
oligomeric assembly of pathogenic proteins.

After assembly and release, AP oligomer-containing exosomes can then be incorporated into
microglia, where A is degraded (Yuyama et al. 2012). It has been suggested that this
sequestration of oligomerized Ap into exosomes and subsequent degradation can preserve
synaptic plasticity (An et al. 2013). The packaging of already oligomeric proteins into
exosomes may be an attempt by the cells to preserve their health that ironically leads to
overall decreased health of the brain in AD. Indeed, loss of ceramide and thereby lowering
of overall brain exosome load was found to reduce AP1.42 level in the brains of 5XFAD
mice, as well as to improve their cognition (Dinkins et al. 2016).

While many studies suggest that exosomes spread AR in the brain, exosomes have also been
shown to carry proteolytically active insulin-degrading enzyme (IDE) on their surfaces. This
enzyme is known to degrade AP, and therefore, in this context, IDE* exosomes may
function to clear extracellular Ap (Bulloj et al. 2015). Further work should be conducted to
determine whether excretion of IDE on exosomes is impaired in AD.

As for tau, misprocessing of non-microtubule-bound tau was shown to pre-dispose it to
being associated with intracellular vesicles. The vesicular association of tau was especially
prevalent in areas where microtubules were disorganized and where phosphorylated tau was
present (Lee et al. 2012). This finding gives clues as to some of the early mechanisms of tau
accumulation into the endocytic compartment and possible packaging into exosomes.
Furthermore, the tyrosine kinase Fyn, which is associated with lipid rafts and with
extracellular toxicity in AD, was found to be associated with vesicular tau, allowing for the
possibility of further phosphorylation of tau within vesicles (Lee et al. 2012).

Exosome-enriched vesicles from rTg4510 mouse brains (Tet-repressible P301L tau) were
shown to act similarly to lysates from the same brains in that both sample types were able to
increase the number of cells containing hyperphosphorylated tau in the CA1 region over
wild-type injected controls (Baker et al. 2016). Furthermore, both the lysate and EVs were
able to cause the endogenous tau to form oligomers in the hippocampus (Baker et al. 2016).
A second study using the same type of mouse found that the initiation of tau aggregation by
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exosomes was concentration dependent (Polanco et al. 2016). They suggest that this
threshold may be why AD develops late in life for most patients. Recent work by Asai et al.
has shown that, in an inverse of the neuron to microglia exosome communication process,
microglia-derived exosomes can propagate tau to neurons in the brain. Furthermore,
microglia-derived exosomes are sufficient to spread tau from the entorhinal cortex (EC), one
of the earliest loci of tau pathology, to the dentate gyrus, a later but still early effected area
(Asai et al. 2015). Exosome biogenesis inhibition via blocking of nSmase2 activity
significantly reduced tau propagation in this model, suggesting that exosomes are indeed a
pathogenic agent in AD. Taken together, these studies evince that tau* exosomes may be a
major component of pathological tau propagation in the brain.

Coupled with the findings from Yuyama et al., these data suggest that it could be possible
that neurons secrete potentially pathogenic forms of tau or A in exosomes for uptake and
degradation by microglia. The microglia may eventually reach capacity in terms of protein
degradation and re-release pathological proteins in an attempt to remain healthy. These
pathological protein-laden exosomes could in turn be re-uptaken by neurons, which are
especially vulnerable to buildup of such proteins, resulting in their eventual death. Neurons
can also transmit tau to each other via exosomes, although this seems to occur largely across
synaptic connections, even when exosomes are involved (Wang et al. 2017). Exosomes
created by these processes also spread pathological forms of tau laterally throughout the
brain, and may eventually end up in the CSF or blood, where their detection can serve as a
warning system for clinicians.

Tau overexpression in a neural cell culture experiment revealed that the abundance of tau
significantly altered the composition of proteins recruited to exosomes (Saman et al. 2014),
with only 35 proteins common to exosomes with or without tau overexpression. Tau
overexpression alone was enough to increase the significance for the gene ontology term
“Alzheimer” as curated by the Kyoto encyclopedia of genes and genomes. The resulting
profile closely resembled the profile of exosomes derived from the hippocampus of stage IV
AD patients. The overexpression of tau in exosomes induced enrichment of proteins
associated with AP processing, such as APP and PSEN1. This finding is in contradiction
with the general consensus that APP misprocessing occurs prior to that of tau, instead
suggesting that either might be possible. Interestingly, proteins known to interact with both
tau and APP were significantly overrepresented. Overexpression of tau recruited many
mitochondrial proteins to the exosomes, echoing other research suggesting that autophagy
and mitochondrial function may be disrupted in AD (reviewed in Cadonic et al. 2016).
Finally, those proteins recruited to exosomes by tau overexpression overlapped by 80% with
those proteins downregulated in familial AD. Overall, these results suggest that alterations in
tau may underlie a large amount of the proteomic changes in AD, and links tau and
exosomes to mitochondrial dysfunction. As the majority of recruited proteins in this model
are downregulated in AD, exosomes in this case may be functioning more as a waste-
disposal method rather than as a means of cell-cell communication in an attempt by cells to
protect themselves.
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Chronic Traumatic Encephalopathy and Exosomes

Chronic Traumatic Encephalopathy (CTE) was first identified in the 1920s as “dementia
pugilistica” or punch-drunk syndrome in boxers (Martland 1928) and was first
neuropathically described in 1973 (Corsellis et al. 1973). This disease consists of
progressive deterioration of both motor and executive functions, generally following
multiple head injuries. It is often associated with irritability, impulsivity, aggression,
cognitive impairment, and depression. This disease occurs especially in athletes playing
football, hockey, rugby, soccer, and wrestling (Stein et al. 2014), as well as in persons with a
history of military service, headbanging, epilepsy, or who participate in other activities in
which concussion or sub-concussive impacts occur (Geddes et al. 1999; McKee et al. 2009;
McKee et al. 2012; Stein et al. 2014). CTE has also been reported in a case of domestic
violence (Roberts et al. 1990b; McKee et al. 2009). Generally, there is a period of latency
between head injuries and when symptoms first occur (Roberts et al. 1990a; McKee et al.
2009). Interestingly, not all persons subjected to repetitive head injuries develop CTE,
suggesting that other factors, such as type of injury, genetics, and lifestyle, may contribute to
whether an individual develops the disease (Jordan et al. 1997; McKee et al. 2012; Jeter et
al. 2013; Montenigro et al. 2015; Bieniek et al. 2015; Stern 2016).

As in Alzheimer’s disease, one of the characteristics of CTE is the abnormal deposition of
tau in the brain (Stein et al. 2014). However, CTE differs from AD and other tauopathies in
the spatio-temporal distribution of tau present in this disease (See Fig. 2, Table 5). In fact,
CTE tau deposition progresses in almost an exact inversion of that seen in AD: in CTE tau
pathology first appears in the cortex before manifesting in deeper brain areas such as the
CAL region.

Currently, CTE progression is divided into four stages. In CTE stage |, there are isolated foci
of phosphorylated tau, NFTs, and astrocytic tangles in the sulcal depths, which are largely
perivascular (Tokuda et al. 1991; Geddes et al. 1999; McKee et al. 2009; Stein et al. 2014).
Approximately half of stage | pa-tients will have TAR DNA-binding protein 43 (TDP-43)
inclusions (Stein et al. 2014). Clinically, patients in stage | of CTE tend to report headaches
and loss of focus with some short term memory issues as well as aggression and depression
(McKee et al. 2012).

Stage Il CTE manifests with mild lateral ventricle enlargement. Multiple sulcal depths of the
cortex begin to show phosphorylated tau, and NFTs appear in the areas of the cortex nearer
to the brain surface and proximal to the initial legion sites. NFTs are also present in the LC
and amygdala. TDP43 positivity is more frequent in this stage and often mimics the
distribution of tau (Stein et al. 2014). Symptomatically, patients in stage Il present with
headaches, memory loss, and loss of focus, as well as depression and aggression.

In stage 111 CTE, patients exhibit mild cerebral atrophy as well as loss of white and grey
matter in the mammillary bodies, thalamus, and frontal as well as temporal lobes, resulting
in overall lower brain weight (Stein et al. 2014). At this time, there is more intensive
enlargement of the lateral and third ventricles as well as septal abnormalities. NFTs are now
found in many areas including the temporal cortex, hippocampus, entorhinal cortex,
amygdala, hypothalamus and SN. TDP43 inclusions are more frequent. Ap deposition may
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occur in some patients. In stage 11, executive dysfunction in patients becomes more
apparent, and the emergence of visuospatial difficulties begins to occur. The majority of
patients with stage 111 of CTE are considered cognitively impaired.

The final phase of CTE, stage 1V, is characterized by gross loss in brain weight, even as
compared to earlier CTE stages (Stein et al. 2014). There is often cavum septum pellucidum
at this stage. Neuronal loss is now observed in the CAL regions as well as in the subiculum,
which is accompanied by astrocytic tau phosphorylation. TDP43 inclusions now appear as
thread-like neurites and are more widespread than in previous stages. Executive dysfunction
and memory loss are common clinical symptoms at this stage, with many patients exhibiting
dementia. Aggression and paranoia are often exhibited by patients, and a significant portion
of them may experience suicidal tendencies. As with Alzheimer’s, definitive diagnosis of
this CTE can only be made with a post-mortem neuropathological examination of the brain.

APOE &4, a known risk factor for late-onset AD, is also associated with increased risk of
developing CTE (Stern et al. 2013). This may be in part due to the fact that APOE &4 is
associated with worse clinical outcomes after traumatic brain injury (TBI) (Teasdale et al.
1997; Friedman et al. 1999), and especially chronic or repetitive TBI (Jordan et al. 1997),
which often precede CTE (Shahim et al. 2016).

The fact that CTE can only be definitively diagnosed by post-mortem brain examination
makes clinical recognition of the disease especially difficult in the face of two inter-related
conditions: TBI and post-concussion syndrome (PCS). Both of these share many clinical
symptoms with CTE and may even precede the development of CTE (Shahim et al. 2016).
PCS is especially difficult to differentiate from CTE as PCS is also most often seen after an
individual has suffered concussions or TBIs. Excitingly, the level of tau measured in the
blood post-concussion correlated with duration of symptoms, and could potentially be useful
for predicting clinical outcome as PCS symptoms are limited in duration (Shahim et al.
2014).

Little is currently understood about how tau and other proteins spread from the site of injury
to the other brain areas characteristic of CTE. As with AD, trans-synaptic propagation of tau
explains some, but not all, of the pathology seen in CTE. Especially as there is astrocyte
involvement in CTE, it seems that mechanisms other than trans-synaptic transmission may
be at work. McKee et al. proposed that tau may spread through the paravenous flow as well
as via the CSF and explain the periventricular and perivascular deposits of tau and TDP43
seen in this disease (McKee et al. 2012). Exosomes may also play a role in this deposition,
as they can travel along the same routes, and their capability to be preferentially uptaken by
particular cell types can explain why pathology is largely restricted to neurons and
astrocytes.

Due to the fact that options for diagnosing CTE are so limited, biomarkers, and especially
any correlating to the earliest stages of the disease, will be essential to timely clinical
intervention for patients showing signs of this disease. Therefore, researchers have been
turning to plasma exosomes for potential biomarkers. As with AD, sufferers of CTE showed
significantly elevated levels of tau in their blood exosomes, even when adjusted for age and
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body mass index (BMI). Level of tau in plasma exosomes was able to correctly discern
between CTE and control patients 82% of the time (Stern et al. 2016). Interestingly, higher
levels of exosomal tau were associated with worse performance on memory tests, but not
with mood or behavior deficits. This correlation was not present when measuring tau in total
plasma, although this measure was positively associated with cumulative head impact index
(Alosco et al. 2017). However, it is yet to be seen whether tests of exosomal tau can
discriminate between CTE patients and those with other types of tauopathy.

A second use of exosomes in the CTE field is the recently developed UMED device (Ko et
al. 2016). This device specifically captures CD81 exosomes from serum and then measures
their level of Glutamate receptor 2 (GIuR2). GIuR2 shows a 20% increase in release from
the brain following TBI-like injury in mice. This marker is found in most neurons, as well as
in some oligodendrocytes, and is inversely correlated with neuronal activity. Tests of the
device showed 73% sensitivity and 71% specificity in determining TBI from control mice
and was useable for up to 4 days following initial injury (Ko et al. 2016). Given the
relationship of TBI to CTE, this type of technology may prove invaluable for early detection
and intervention in both conditions.

Discussion/Future directions

While exosomes are clearly part of the propagation process for pathological proteins in AD,
it still remains to be understood whether they are involved in tau propagation in CTE. It is
also yet to be determined what triggers the misfolding of tau proteins in the first place.
However, if exosomes with AD or CTE biomarkers are discovered in the blood or CSF early
enough into disease progression, clinical intervention might occur in time to halt the
majority of neuron loss. There is also a need for identification of markers specific to
exosomes originating from the different CNS cell types in order to identify sources of
pathological exosomes. Furthermore, comprehensive understanding of exosomal surface
markers will aid in identification of the mechanisms by which CNS exosomes are taken up
by specific cell types and potential therapeutic targets for halting exosomal uptake and
pathological propagation.

Another unexplained aspect of tauopathies more generally is the variation in clinical
symptoms and tau deposition observed between such diseases even though they share a
known pathological agent. One explanation may be the fact that the tauopathies all have
differing initial sites of injury or tau deposition (Clavaguera et al. 2009) (reviewed in Guo
and Lee 2014; Arendt et al. 2016), and that these sites may determine which areas become
subsequently affected. Another explanation could be that variations in tau misfolding and or
in co-aggregating proteins for each disease dictate the sub-populations of neurons affected
and the rate at which they become dysfunctional (Guo and Lee 2014). A currently
unexplored avenue is whether there are variations in the exosomes carrying tau in each of
these diseases that affect their progression and explain their overall differences.

As in AD, microglia are also activated in CTE (Cherry et al. 2016). Therefore, it may be
worth exploring the origin of pathological exosomes in CTE as well to determine which may
be responsible for tau propagation. Overall, markers for exosomal origin are only just
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beginning to be uncovered, and can provide a wealth of information as to the source of
pathological proteins in neurodegenerative diseases.

Some of the studies reviewed herein have halted exosome biogenesis and seen amelioration
in AD biomarkers and overall cognition (Dinkins et al. 2014; Asai et al. 2015). However,
such global reduction in a highly-conserved pathway is likely to have many side effects. In
looking to exosomes for therapeutic targets, it will likely be best to selectively target a subset
of exosomes rather than to globally suppress them. One enticing option in this arena will be
to use surface markers correlating with pathological protein cargo as targets for exosomal
uptake inhibition. In this way, harmful exosomes might instead exit the brain or at least
deposit their cargo extracellularly.

Another open question is how exosomes in the brain travel between cells both during normal
brain function as well as when spreading pathology in disease. While trans-synaptic
spreading seems to readily occur, exosomal travel between non-adjacent neurons and even to
other cell types has been documented (Asai et al. 2015). The recently described glymphatic
system may provide an answer to this question (lliff et al. 2012). The glymphatic system is
the lymphatic system of the brain, and consists of CSF that travels in the interstitial spaces
of the brain flowing from perivascular spaces to the ventricles. Its primary function has been
described as clearance of extracellular proteins, including AB. Interestingly, the same group
found that the glymphatic system becomes disrupted after TBI (lliff et al. 2014). If
exosomes are indeed traveling through or being cleared by this system, such a disruption
may reduce ability of exosomes to leave the brain, exacerbating or perhaps even causing the
initial tau deposits seen in CTE.

Instead of being therapeutic targets, exosomes themselves could be used as therapeutics for
neurodegenerative diseases. The therapeutic potential of exosomes is already being explored
for other diseases. Naturally occurring exosomes in breast milk are known to block HIV
infection by 50% (Naslund et al. 2014); and those made by dendritic cells can kill tumor
cells (Munich et al. 2014) (reviewed in Andaloussi et al. 2013). On the AD front, mouse
exosomes were successfully designed to target CNS cells and were loaded with small
interfering RNAs (siRNAs) directed to knock down expression of BACE1, one of the
proteases responsible for AP biogenesis (Alvarez-Erviti et al. 2011). The engineered
exosomes were successful in crossing the blood brain barrier, which has been a large hurdle
for small molecule-based therapies for neurodegenerative diseases, as well as in successfully
reducing expression of BACE1. With the identification of other target proteins underlying
AD and or CTE pathogenesis, as well as those proteins mediating exosomal propagation of
pathology, engineered exosomes could open a new horizon for therapies for these diseases.
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Fig 1. Schema of exosome and microvesicle synthesis and cargo molecules
Left Schematic of exosome biogenesis. First, the plasma membrane invaginates creating the

early endosome. The early endosome then buds inwardly for a second time creating
intraluminal vesicles (ILVs) and becomes the late endosome or multivesicular body (MVB).
The MVB can then fuse with the lysosome and ILVs along with their contents will be
degraded (bottom middle). Alternately, the MVB can fuse with the plasma membrane,
releasing ILVs into the extracellular space, at which point they are considered exosomes.
Ectosomes or microvesicles are created by the outward budding of the plasma membrane
(bottom right). Right Schema of a single exosome. Exosomes are recognized by their
expression of tetraspanins (blue) such as CD9, CD81, and CD63 as well as lipid rafts and
Flotilin 1 protein (green). Depending on their cell of origin, exosomes may possess cell-
specific receptors (red). Internally, exosomes contain DNA (grey), RNA (grey strand), and
proteins (purple) specially packaged during their assembly.
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Fig. 2. Schema for the staging of Alzheimer’s disease and Chronic Traumatic Encephalopathy
based on tauopathy

Left Schema of tau deposition (red) in Alzheimer’s disease as based on the 6 Braak & Braak
stages. Top Left In stages I-11 of AD, tau deposits are seen in the transentorhinal and
entorhinal cortices (EC), as well as in the locus coeruleus (LC). Middle Left In AD stages
I11-1V, tau is additionally found in the CA1 region, subiculum, amygdala, and putamen, and
stains more intensely in the EC. Bottom Left In stages V-VI, tau deposits are found
throughout the hippocampus and cortex. The brain has also undergone shrinkage at this
point. Right The four stages of Chronic Traumatic Encephalopathy in coronal view. Top
Right CTE stage | is characterized by tau deposits in the depths cortical sulci. Middle Top
Right In CTE stage 11, tau has spread from the depths of the sulci to areas closer to the brain
surface as well as other sulcal depths, and have begun to appear in the LC. Middle Bottom
Right In CTE stage 111, the brain begins to exhibit atrophy and ventricular enlargement.
NFTs are now present in the hippocampus, EC, and amygdala, as well as being more
widespread in the cortex. Bottom Right Stage VI of CTE is characterized by gross brain
weight loss and septal defects, and widespread presence of pathological tau.

q
[
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Fig. 3. Schema of mechanisms for the spread of pathological protein seeding in the brain via
direct and indirect routes

1 An event occurs that alters normal protein monomers, such as tau (black) into pathological
misfolded proteins (red). In the case of tau, this event may be hyperphosphorylation. 2 The
misfolded protein templates other monomers to misfold. Together, these misfolded proteins
aggregate, eventually leading to cell death. 3 The misfolded protein escapes the dying cell
and 4 is taken up by a nearby recipient cell. 5 In the recipient cell, the misfolded protein
again templates other proteins to misfold and aggregate. 6 Alternatively, microglia
phagocytose the cytopathic cells, thereby taking up the misfolded protein. 7 Misfolded
proteins may be shuttled into endosomes and processed through endolysosomal degradation
or incorporated into the multivesicular bodies (MVBs), where intraluminal vesicles package
misfolded proteins and then 8 are released into the extracellular space as exosomes. 9 The
exosomes may then be taken up by recipient cells via membrane fusion, directly releasing
their cargo, or may be taken up by endocytosis. 10 The misfolded protein in the endocytosed
exosome reaches the cytoplasm and templates and aggregates in the recipient cell. While in
neuro-degenerative diseases such as Alzheimer’s and CTE this type of seeding is thought to
occur across synapses, exosomes can also travel laterally or across long distances to be taken
up by distal neurons or even other cell types, and cause pathological aggregation.
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Table 1

Differences observed between exosomes and microvesicles.

Page 28

Type of EV Size Location of Biosynthesis Known unique markers Biosynthesis mechanisms
ALIX, CD9, CD81, CD 63, TSG101, ESCRT, nSMase2, phospholipase
Exosome 30-150 nm Endosomes Syntenin-1 D2, CDB3
: ; Glycoprotein 1b, external ESCRT, actin cytoskeleton
bAlETBUEIEE || 100 B00 T AR TR phosphatidylserine, HSP90B1 depolymerization
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Table 2

Summary of currently known mechanisms for cargo loading into Exosomes.
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Cargo Loading Mechanisms

Involved Molecules

Type of Cargo Loaded

Shared with Microvesicles?

Cytosolic ALIX, ESCRTs, LBPA | Proteins, ubiquitinated proteins with ESCRTS Yes
Lipid Raft Microdomains Flotillins, Tetraspanins | Membrane embedded and transmembrane proteins Yes
Lectins Galectin-5 Glycosylated proteins Unknown
Sumoylated hnRNPA2B1 hnRNPA2B1 microRNA Unknown
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Table 3

Exosomal Protein Biomarkers for Alzheimer’s disease

Page 30

Direction of Chang e

Predictive Before AD

Involvement in Other

Protein ; Neurodegenerative Studies
in AD Onset? Diseases?
Fiandaca et al. 2015
ABrs e WES Abner et al. 2016
- Abner et al. 2016
Cathepsin D Increased Yes FTD Goetzl et al. 2015b
‘(133r0wth associated protein Decreased Yes Goetzl et al. 2016
HSF1 Decreased Yes Goetzl et al. 2015a
HSP70 Decreased Yes FTD™* Goetzl et al. 2015b
IRS-1, total Decreased No Kapogiannis et al. 2015
IRS-1, pan tyrosine . T
phosphorylation Decreased Yes Type 2 diabetes Kapogiannis et al. 2015
IRS-1, pS312 Increased Yes Type 2 diabetes, FTD Kapogiannis et al. 2015
LAMP1 Increased Yes Goetzl et al. 2015b
LRP6 Decreased Yes Goetzl et al. 2015a
- Winston et al. 2016
Neurogranin Decreased No Abner et al. 2016
Abner et al. 2016
REST Decreased Yes Winston et al. 2016
Goetzl et al. 2015a
Synapsin 1 Decreased Yes Goetzl et al. 2016a
Synaptophysin Decreased Yes FTD Goetzl et al. 2016a
Synaptopodin Decreased Yes FTD Goetzl et al. 2016a
Fiandaca et al. 2015
Tau, total Increased No PD Shi et al. 2016
Saman et al. 2012
Tau, pT181 Increased Yes FTD Fiandaca et al. 2015
Abner et al. 2016
Fiandaca et al. 2015
Tau, pS396 Increased Yes Abner et al. 2016
Ubiquitination Increased Yes No Goetzl et al. 2015b

*
Denotes biomarker has a more predictive effect for this disease
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Table 4

Exosomal microRNA markers for Alzheimer’s Disease.

microRNAs upregulated in AD Exosomes

miR-361-5p, miR-30e-5p, miR-93-5p, miR-15a-5p, miR-143-3p, miR-335-5p,
miR-106b-5p, miR-101-3p, miR-424-5p, miR-106a-5p, miR-18b-5p, miR-20a-5p,
miR-582-5p

microRNAs downregulated in AD Exosomes

miR-1306-5p, miR-342-3p, miR-15b-3p

Bold indicates miRs that were previously found to be important for AD pathogenesis in mouse or cell line models.
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