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Abstract

Down syndrome (DS) is a multisystem disorder affecting one in 800 births worldwide. Advancing 

technology, medical treatment, and social intervention have dramatically increased life expectancy, 

yet there are many etiologies of this disorder that are in need of further research. The advent of the 

ability to capture extracellular vesicles (EVs) in blood from specific cell types allows for the 

investigation of novel intracellular processes. Exosomes are one type of EVs that have 

demonstrated great potential in uncovering new biomarkers of neurodegeneration and disease, and 

also that appear to be intricately involved in the transsynaptic spread of pathogenic factors 

underlying Alzheimer’s disease (AD) and other neurological diseases. Exosomes are nanosized 

vesicles, generated in endosomal multivesicular bodies (MVBs) and secreted by most cells in the 

body. Since exosomes are important mediators of intercellular communication and genetic 

exchange, they have emerged as a major research focus and have revealed novel biological 

sequelae involved in conditions afflicting the DS population. This review summarizes current 

knowledge on exosome biology in individuals with DS, both early in life and in aging individuals. 

Collectively these studies have demonstrated that complex multicellular processes underlying DS 

etiologies may include abnormal formation and secretion of extracellular vesicles such as 

exosomes.
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1. Introduction

Down syndrome (DS) is the most common survivable genetic developmental condition, 

caused by a triplication of Chromosome 21 (Hsa21); (Hartley et al., 2015) and with an 

incidence of about 1 in 800 live births worldwide. The phenotype of DS includes intellectual 

disabilities, congenital heart disease, hypotonia, muscle weakness and other developmental 

abnormalities, as well as early onset Alzheimer’s disease (AD) (see e.g. Gibson, 1973). In 

addition, using imaging studies, there is evidence for smaller total brain volume, total gray 

matter and white matter volumes affecting cortical lobar, hippocampal, and cerebellar 

volumes (Hamner et al., 2018). Into adolescence, frontal gray matter volume continues to be 

significantly smaller in those with DS (Hamner et al., 2018), providing a potential 

neuroanatomical basis for alterations in attention and working memory deficits in 

individuals with DS (Kirk et al., 2017; Naerland et al., 2017). In adults with DS, data 

suggest an early cortical degenerative process prior to the onset of an AD-like phenotype, 

suggesting that cortical regions are highly vulnerable in DS (Fonseca et al., 2016). The 

amyloid precursor protein gene (APP) is located on Chromosome 21 (Cooper et al., 2016), 

and individuals with DS exhibit accumulation of toxic amyloid peptides early in life 

(Prasher et al., 2010), leading to aggregation of amyloid plaques in their third or fourth 

decade (Neale et al., 2018; Rafii et al., 2017). Recent studies have demonstrated that 

overexpression of the APP gene is necessary, albeit not the only culprit, to develop AD in 

those with DS (Millan Sanchez et al., 2012). It is also well known that those with DS 

accumulate intracellular neurofibrillary tangles (NFTs) early in life (Head et al., 2003; Rafii, 

2018) as well as progressive loss of certain neuronal populations including basal forebrain 

cholinergic neurons (BFCNs) and locus coeruleus noradrenergic (LC-NE) neurons (German 

et al., 1992; Sendera et al., 2000). Because these are behavioral and pathological hallmarks 

of Alzheimer’s disease (AD), a majority of individuals with DS are diagnosed with AD in 

their fourth to sixth decade (Davidson et al., 2018; Firth et al., 2018; Head et al., 2016). 

These findings are replicated in mouse models of DS. For example, Ts65Dn mice, the most 

commonly used mouse model for DS (Costa et al., 2010; Reeves et al., 1995), exhibit 

significant hyperactivity as well as working and reference memory deficits along with 

neuronal cell loss, oxidative stress, and inflammation when they are middle-aged (Bimonte-

Nelson et al., 2003; Demas et al., 1996; Escorihuela et al., 1998; Granholm et al., 2000; 

Hamlett et al., 2016a). However, the pathogenetic mechanisms responsible for various DS 

phenotypes including alterations in brain development and aging have not yet been revealed.

Several other candidate genes on the triplicated segment of Hsa21 are thought to contribute 

to both developmental and age-related brain alterations. One component of the triplicated 

genes that appears to be important, both for development and adult brain function, is the 

gene encoding for the dual specificity tyrosine phosphorylation regulated kinase 1A 

(DYRK1A), which plays a role both in controlling the differentiation of prenatal neurons as 

well as in synaptic plasticity later in life (Arbones et al., 2018). In fact, overexpression of 
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DYRK1A results in altered cognitive abilities, defective cortical microarchitecture and 

imbalance of cortical excitation/inhibition, as evidenced by decreased excitability and 

deficits in gamma frequency in the prefrontal cortex (Ruiz-Mejias et al., 2016). DYRK1A 

also causes phosphorylation of APP, which leads to its cleavage in Aβ40 and Aβ42, playing a 

critical role in the early onset of AD pathologies in DS (Pathak et al., 2018). This effect of 

DYRK1A may be especially detrimental in people with DS, because the APP gene is located 

on Hsa21 (see above and Glasson et al., 2014), leading to an overexpression of APP, and the 

formation of toxic amyloid peptides early in life (Schoeppe et al., 2018). In addition, 

overexpression of DYRK1A contributes to the hyperphosphorylation of the microtubule-

associated protein Tau, resulting in the development of NFTs in adults with DS (Ryoo et al., 

2007). Tau hyperphosphorylation by DYRK1A also inhibits the ability of Tau to promote 

microtubule assembly, leading to dysfunction of neuronal axonal transport. Interestingly, our 

previous studies indicated that Tau hyperphosphorylation is already found in exosomal cargo 

in young children with DS, suggesting that this is an early neurodegenerative event in people 

with this disorder (Hamlett et al., 2016b).

Functionally, extracellular vesicles (EVs) have emerged as intercellular agents of transfer 

and communication (Armstrong and Wildman, 2018; Gamez-Valero et al., 2018). A sub-

type of EVs, called exosomes, are released by most cell types and are present in eukaryotic 

fluids, including blood, saliva and urine (Armstrong and Wildman, 2018; Properzi et al., 

2013). Because exosomes of different cellular origins can be isolated from either serum or 

plasma, it is relatively easy to examine their cargo and obtain information regarding neuron- 

or glia-related pathology from a blood draw. The current review will include information 

regarding exosome development, origin, release, and cargo both in typically developing 

individuals and those with DS. Exosome biology reveals not only biomarkers of disease, but 

also mechanisms of disease spreading throughout the neuro-axis and periphery. In addition, 

it may be possible to harness exosomes to function as delivery vessels for novel treatment 

paradigms that could prevent adult-onset pathologies in those with DS.

2. Formation of extracellular vesicles

EVs include a heterogeneous family of lipid-enclosed vesicles that consist of apoptotic 

bodies, microvesicles, and exosomes. EVs were first described in 1967 as products of 

platelets that appeared as small “dust” under electron microscopic examination (Wolf, 

1967). Today, EVs are recognized as important intracellular communication mechanisms in 

normal and pathological processes. Exosome biogenesis starts with invagination of the 

plasma membrane, transporting and enclosing materials into an endosome (Figure 1). 

Subsequently, the endosome will mature into a multivesicular body (MVB). The MVB 

undergoes inward budding, generating, and accumulating intraluminal vesicles that can 

either be directed to the lysosome for degradation or fused with the plasma membrane for 

subsequent release. Exosomes are vesicles sized 30–150 nm that are released to the 

extracellular environment after fusion of the MVBs with the plasma membrane (Kowal et 

al., 2014). Once released, these intraluminal vesicles, called exosomes (Johnstone et al., 

1987), transit for short and long distances between cells. Different molecules promote the 

intracellular formation of exosomes and their subsequent secretion suggesting the existence 

of different sub-types of exosomes, even within the same cell type. There is growing 
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evidence that predominant extracellular vesicle (EV) subtypes including exosomes from the 

endosomal origin can be stratified into distinct subtypes (Greening and Simpson, 2018). In 

addition, there is also emerging evidence supporting the notion that endogenous exosomes 

released by neurons or glial cells in the brain affect cell survival and proliferation, thus 

regulating neuronal protection and repair (Xiong et al., 2017).

3. Exosome release mechanisms

3.1. Exosome release mechanisms in normal conditions

Exosome secretion occurs in a constitutive manner although cellular stress or activation 

signals can modulate their secretion. Exosomes contain tiny amounts of the cytoplasm 

derived from their cells of origin. Thus, exosomal cargo essentially represents a sample of 

the intracellular environment and can be isolated from cerebrospinal fluid (CSF), blood, 

saliva, urine, and milk (Armstrong and Wildman, 2018; Vaswani et al., 2017). While initially 

observed in immune cells, they have now been observed in almost all cell types. Exosomes, 

which contain lipids, proteins and RNAs, represent an efficient way to transfer biologically 

active cargo from one cell to another. It has now been revealed that exosomes play a critical 

role in complex and coordinated communication among neurons, astrocytes and microglia in 

the brain, both in healthy conditions and in neurodegenerative diseases by propagating 

pathologic factors between brain regions (Lai and Breakefield, 2012). The inside-out 

budding of EVs carries not only membrane-associated material but also a substantial portion 

of cytosol. The outward budding of exosomal membranes at the cell membrane, which 

results in its release, is regulated by the endosomal sorting complex required for transport 

(ESCRT) (Juan and Furthauer, 2018), or by an ESCRT-independent manner via 

sphingomyelinase (Menck et al., 2017). The ESCRT machinery is a cytosolic protein 

complex, which together with accessory proteins enables a unique mode of membrane 

remodeling that results in budding (Babst, 2011).

Several cellular activities can activate or reduce the release of exosomes from central 

nervous system (CNS) cells (Chivet et al., 2012). For example, potassium-induced 

depolarization in neurons can increase exosome release (Faure et al., 2006). Intracellular 

calcium changes in cultured cortical neurons (Faure et al., 2006) and oligodendrocytes 

(Kramer-Albers et al., 2007) induce exosome release. Furthermore, in cultured cortical 

neurons, exosomal release is modulated by glutaminergic activity (Lachenal et al., 2011). In 

addition, exercise increases exosome release, at least from endothelial progenitor cells (Ma 

et al., 2018). Moreover, it has been suggested that beneficial effects of exercise on heart and 

vascular health could be related to an exercise-induced increase in miR-126 in the exosome 

cargo (Ma et al., 2018), which is known to promote vascular repair and angiogenesis.

Even though the data presented above strongly indicate that exosomes play a crucial role for 

brain function, we are only just beginning to explore mechanisms involved in the release, 

transport, and target uptake of EVs in the CNS. Nonetheless, two major biological needs of 

the cell are satisfied by the release of exosomes - expelling unneeded cellular material for 

disposal and transferring signaling biomolecules between cells.

Hamlett et al. Page 4

Dev Neurobiol. Author manuscript; available in PMC 2020 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2. Exosome release mechanisms in AD and DS

Enhanced exosome secretion is thought to be a compensatory mechanism in response to 

cellular stressors. Recent molecular studies suggest that specific molecular checkpoints, such 

as ATG5, ATG7 and CD63, interface with the control of exosomal release (Abdulrahman et 

al., 2018; Uddin et al., 2018). Tetraspanins, a family of transmembrane proteins (e.g., CD63 

and CD81) are among the most abundant surface proteins on exosomes (Booth et al., 2006; 

Raposo and Stoorvogel, 2013) and are often used to quantify total exosome secretion. 

Exosome release has been demonstrated to increase by induced hypoxia (King et al., 2012), 

DNA damage (Lehmann et al., 2008; Xiao et al., 2014), and by oxidative stress (Atienzar-

Aroca et al., 2016). However, not all pathological conditions may induce exosomal 

secretion. In a recent study, investigators found that there were no differences in the total 

number or size distribution of neuronal exosomes isolated from the blood of subjects with a 

clinical diagnosis of mild cognitive impairment (MCI) a prodromal stage of AD compared to 

control participants (Winston et al., 2016). As described earlier, individuals with AD and DS 

have dysfunctions in endosomal transport and endosomal enlargement (Cataldo et al., 2004; 

Ginsberg et al., 2010), a cellular pathology which may be compensated by exosomal 

secretion. In a recent study, Levy and colleagues support this notion with evidence that post 
mortem brain tissue isolated from individuals with DS expelled nearly 40% more exosomes 

that age-matched non-DS controls (Gauthier et al., 2017). They showed that this enhanced 

exosome secretion phenomenon also occurred in the TS2 mouse model of DS, which also 

exhibits age-related endosome abnormalities (Levine et al., 2009). In support of this finding, 

we quantified levels of CD81 expression from two cohorts that included a population of 

participants with DS (8–62 years old) and a population of age-matched control participants 

(8–77 years old)(Hamlett et al., 2016b). These populations were age- and gender-matched 

but a near 40% increase in neuron-derived exosomes (NDEs) was observed in blood samples 

obtained from individuals with DS compared to non-DS controls (Hamlett et al., 2018). 

CD81 displayed a trend for elevated levels over broad cross-sections of ages as early as 8 

years of age in the DS population (Figure 2B) that remained high into the sixth decade of 

life, compared to non-DS controls. Collectively, the results support that there is enhanced 

exosome secretion in the DS brain, which can also be observed in NDE abundance in the 

blood. This phenomenon could either be due to alterations in the lysosomal pathway, as 

discussed above (Cataldo et al., 2004; Nixon, 2017), or to other alterations associated with 

the Hsa21 trisomy.

Further studies by Levy’s group using DS fibroblasts revealed increased levels of the 

tetraspanin CD63, and rab35 (Gauthier et al., 2017), both important regulators of exosome 

biogenesis. They found that DS fibroblasts secreted more exosomes into the cell culture 

media than non-DS (2N) fibroblasts. Interestingly, CD63 knockdown in the DS fibroblasts 

significantly reduced exosome release and significantly increased the number of intracellular 

endosomes (Gauthier et al., 2017). Together these data suggest that increased CD63 

expression in DS is a compensatory cellular mechanism that enhances exosome release to 

relieve endosomal abnormalities (see also Figure 1). The CD63 compensatory enhancement 

seems to be associated with DS aneuploidy rather than with pathological Aβ alone. Tg2576 

mice also overexpress APP but do not secrete more exosomes than their littermate controls 

at an age after which amyloid pathology has fully developed (Perez-Gonzalez et al., 2012). 
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Thus enhanced exosome secretion may be a distinct cellular phenotype that could be 

observed across all cell types in various tissues and organs of individuals with DS. 

Interestingly, the apolipoprotein Apoɛ4 variant allele, whether homozygous or heterozygous 

with an ɛ3 allele, gives rise to secretion of lower numbers of exosomes in the brain 

extracellular space (Peng et al., 2018). These investigators showed that expression of the 

Apoɛ4 allele gave rise to reduced expression levels of the exosome pathway regulators 

tumor susceptibility gene 101 (TSG101) and Ras-related protein Rab35, and the 

investigators therefore argued that having the ɛ4 allele leads to a downregulation of exosome 

biosynthesis and release (Peng et al., 2018). Reduced exosome production is likely to have 

adverse effects, including diminished ability to eliminate damaging materials via the 

endosomal-lysosomal system. Peng and collaborators postulated that the reduction in brain 

exosome levels in 12-month-old ApoE ɛ4 mice occurred earlier than endosomal pathway 

dysfunction, arguing that an ɛ4-driven failure in exosome production plays a primary role in 

endosomal and lysosomal deficits in these mice and potentially also in humans with one or 

two copies of the ɛ4 allele (Peng et al., 2018).

For individuals with DS, defects in endocytosis and autophagy/lysosomal recycling have 

emerged as key drivers of accumulation of cellular waste products, progressive neuronal 

dysfunction, and neurodegeneration (Colacurcio et al., 2018).

4. Interaction between exosomes and autophagy

The autophagosomal pathway mediates the specific degradation of damaged or old proteins 

as well as organelles. This pathway is important for cellular protection, homeostasis, as well 

as life span in many organisms. Autophagy malfunction is often linked to a variety of human 

diseases, such as cancer, neurodegeneration, and microbial infection. A review of the 

relationship between exosomes and autophagy and their involvement in brain health and 

disease can be found in (Baixauli et al., 2014). As indicated in Figure 1, there are at least 

two alternative pathways – the lysosomal and the exosomal pathways – that coordinate the 

removal of harmful or unwanted materials from the cell to preserve cellular integrity. 

Autophagy occurs constitutively but can also be triggered or enhanced by different stimuli 

such as nutrients, growth factors, energy and oxidative stress or inflammation (Papandreou 

and Tavernarakis, 2017). Several lines of evidence suggest that there is close coordination 

between autophagy and biogenesis and release of exosomes from cells (Xu et al., 2018). For 

example, in conditions that stimulate autophagy, the multivesicular bodies (MVBs) are 

directed towards the autophagic/lysosomal pathway, leading to a reduction in exosome 

release (Fader et al., 2008). On the other hand, studies have shown that where there is a 

neuronal lysosomal dysfunction, secretion of unique exosomes is increased. These are 

enriched for undigested lysosomal substrates, including amyloid precursor protein C-

terminal fragments (APP-CTFs) and sphingolipids which normally reside in endolysosomes 

(Miranda et al., 2018). The mechanistic consequence of increased exosomal release will be 

discussed further below in the context of AD.

Once released into extracellular space, exosomes can travel vast distances both within in the 

brain parenchyma and also across the blood-brain barrier (BBB) and other tissue barriers 

(Das et al., 2018; Osorio-Querejeta et al., 2018). Exosomes can, for example, propagate 
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inflammation across the BBB (Holm et al., 2018) but can also deliver drugs and other 

therapies across the BBB as a novel therapeutic delivery system (Tian et al., 2018).

5. Exosome and cargo detection methods

Studies of NDEs have been greatly enabled by unique neuron-specific surface markers that 

are abundant in brain tissue but to a lesser extent in peripheral tissues. Specifically, a neural 

cell adhesion molecule, L1-cell adhesion molecule (L1CAM, or CD171), is a highly 

expressed surface protein in the brain, and to a lesser extent in other organs (Figure 3) 

(Uhlen et al., 2015). While L1CAM is observed in other human tissues, brain expression 

predominates significantly, as seen in Figure 3, thus targeted capture of L1CAM-positive 

exosomes from circulating biological fluids allows for relatively stringent enrichment of 

neuronal exosomes (Fiandaca et al., 2015; Goetzl et al., 2018; Goetzl et al., 2015; Goetzl et 

al., 2016; Hamlett et al., 2016b).

Our laboratory uses the ExoQuick polymer solution (System Biosciences) to isolate total 

exosomes from serum or plasma (Hamlett et al., 2016b). Thereafter, samples are incubated 

with mouse biotinylated anti-human CD171 monoclonal antibody (see Figure 2A). Then, 

streptavidin-Plus Ultralink resin (Thermo Scientific, Inc.) plus BSA is added to the 

suspension and incubated at room temperature. Immunoabsorbed samples are centrifuged 

followed by removal of supernatants and each resin pellet suspended in 0.1 M glycine-HCl 

(pH 3.0), incubated and centrifuged according to standard protocols (Goetzl et al., 2018; 

Goetzl et al., 2019; Goetzl et al., 2016; Hamlett et al., 2016b). Supernatants containing the 

CNS-derived exosomes are neutralized with 1 M Tris-HCl and then lysed with M-PER lysis 

buffer. The final sample can be examined for purity and size of exosomes using different 

methods. For example, electron microscopy will allow determination of particle size and can 

therefore be used to distinguish between exosomes and other vesicles (Baglio et al., 2015). 

Nanosight technology uses optical microscopy to quantify small particles like exosomes and 

can be used to assess the size, distribution and number of exosomes (see e.g. Street et al., 

2017; www.nanosight.com). Finally, ELISA kits (e.g., ExoELISA, Franquesa et al., 2014) 

allow exosome particle quantification. Unfortunately, there is not yet a consensus for a gold 

standard of exosome isolation methods from blood, nor is there a consensus for 

quantification of exosome size and quantity. It is therefore difficult to determine the best 

combination of methods for the ideal approach.

6. Exosomal Cargo

6.1. Exosomal cargo in control conditions

Exosomes contain proteins, messenger RNA (mRNA) and microRNA (miRNA) that reflect 

their cellular origin and play a key role in cellular signaling, removal of unwanted proteins, 

and transfer of cellular pathogens to other cells (Coleman and Hill, 2015). Proteomic studies 

of EVs released by primary cell cultures, cell lines, tissue cultures or isolated from biofluids 

have yielded extensive catalogs of the protein abundance in different types of EVs. Several 

recent investigations have reported that exosomes contain proteins associated with 

neurodegenerative diseases, including Aβ, α-synuclein, and phospho-Tau (Emmanouilidou 

et al., 2010; Goetzl et al., 2018; Hamlett et al., 2016b; Winston et al., 2016). Because 
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exosomes have found some success as diagnostic biomarkers in cancer (Gao and Jiang, 

2018; Properzi et al., 2013; Rofi et al., 2018), it was thought that they might also be utilized 

to measure biomarkers of neurodegenerative disease. Public on-line databases are available 

that catalog EV-associated components including Vesiclepedia, EVpedia (Kim et al., 2015) 

and ExoCarta (Mathivanan et al., 2012). Exosomes contain a multitude of protein profiles 

that differ by cellular origin, small differences in physical properties and composition 

(Zaborowski et al., 2015), and cell topography (basolateral vs. apical) (Tauro et al., 2013). 

Therefore, the same cell type may secrete different subgroups of vesicles dependent on the 

sum of these factors as well as dependent on cellular responses to stress or pathological 

burdens over time. Because of these heterogeneous interactions and the vast number of 

cellular subtypes, over 40,000 different proteins have been identified as cargo inside 

exosomes (Kim et al., 2015).

6.2. Exosome cargo in AD and DS-AD

About 10 years ago, it was discovered that amyloid might be transported out of the cell via 

the endosome/exosome pathway (Rajendran et al., 2006; Vella et al., 2008). Previous studies 

revealed that endocytic perturbations including endosome enlargement, which occurred even 

before Aβ levels increase during the early stages of AD (Cataldo et al., 2004; Ginsberg et 

al., 2010). The same is true for individuals with DS, who also exhibit early dysfunction of 

the endosomal machinery in the CNS (Jiang et al., 2010). Aβ accumulates in abnormal 

neuronal endosomes suggesting that endosomal trafficking contributes to the early elevation 

of Aβ (Cataldo et al., 2004), and this AD pathology is found in exosomes prior to the onset 

of AD symptoms (Yuyama and Igarashi, 2017; Yuyama et al., 2015). Aβ also accumulates in 

MVBs, which are precursors of exosomes (Babst, 2011). It has been reported that Aβ is 

released in association with exosomes from APP-transfected cells to the culture medium 

(Rajendran et al., 2006). In addition, Alix, an exosomal marker involved in exosome 

secretion (Chiasserini et al., 2014), is enriched around amyloid plaques in post mortem 
human tissues, suggesting that Aβ associated with exosomes may contribute to plaque 

formation. APP and APP C-terminal fragments (CTFs) are also present in exosomes and 

released to the extracellular space (Vingtdeux et al., 2007).

The process by which Aβ binds to exosomes is complex. Glycosphingolipids (GSLs), which 

are involved in exosome release mechanisms, bind to cytosolic Aβ and are present both in 

the cell membrane and in exosomes (Dinkins et al., 2017). Degradation of GSL-glycans with 

endoglycoceramidase (EGCase) prevent the association between Aβ and exosomes (Yuyama 

and Igarashi, 2017; Yuyama et al., 2015). It was also shown that significantly more GSLs in 

exosomes from neurons than in those from glial cells (Yuyama and Igarashi, 2017). Since 

the autophagosome and other degradation pathways are disrupted in both AD and DS 

(Colacurcio et al., 2018; Nixon, 2017; Tramutola et al., 2016; Uddin et al., 2018), Aβ may 

accumulate and propagate by disrupting the normal degradation of amyloid peptides. 

Collective evidence strongly suggests that this is an early event, prior to the accumulation of 

other pathological hallmarks (Nixon, 2017).

Interestingly, Yuyama and collaborators (Yuyama et al., 2015) found that infusion of NDEs 

purified from neuronal cell cultures intracranially into APP transgenic mice decreased 

Hamlett et al. Page 8

Dev Neurobiol. Author manuscript; available in PMC 2020 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



amyloid levels, plaque load, and attenuated synaptic densities in the hippocampus, 

suggesting that NDEs were involved in amyloid clearance. These investigators also 

demonstrated that intracranial infusion of NDEs led to an almost exclusive uptake of 

injected exosomes into microglia vs. other cell types, suggesting that exosomes may 

participate in Aβ clearance via microglial mechanisms. These findings are interesting, and 

perhaps also controversial based on the findings from others suggesting that exosomes may 

spread pathologic proteins from one brain region to another. Studies found that 

depolarization of neurons promoted the release of Tau-containing exosomes in culture, 

suggesting that neuronal activity contributes to the spread of pathology and exosomes were 

also found to mediate the trans-neuronal transfer of Tau depending on synaptic connectivity 

in multi-fluidic culture chambers (Wang et al., 2017). These findings suggested that Tau 

propagation by direct transmission of exosomes between neurons and may be a diametrically 

different function of exosomes compared to the Aβ clearance mediated by exosomes 

described above. As this field emerges, more specific biological mechanisms for the role of 

exosomes in both clearance and spreading of AD pathology will be revealed in more detail.

The findings regarding Tau seeding and spreading via exosomes were corroborated by 

Winston and collaborators (Winston et al., 2016) who injected purified NDEs from humans 

with AD into wild type mice. Several weeks after infusion, they found large numbers of p-

Tau staining of neurons within the hippocampus, suggesting the spread of toxic hyper-

phosphorylated Tau from individual to individual via exosomes. We have recently 

undertaken pilot experiments with injections of NDEs purified from blood of individuals 

with DS-AD and discovered a significant amount of p-Tau immunostaining in neurons of the 

pyramidal cell layer and the dentate gyrus in the hippocampus 6 weeks following the 

injection (Ledreux et al., unpublished results). P-Tau immunostaining (P-Tau S396, 

Invitrogen) was not observed in the hippocampus of mice who received NDEs from non-DS 

control participants. These findings suggest that toxic Tau species can spread from 

individual to individual via exosome transfer. Studies continue in our laboratory focusing on 

which Tau species that are present in NDEs from those with DS-AD as well as how early in 

development these aggregating Tau species can be detected in NDE samples obtained from 

blood.

Neuropathological biomarkers of AD, including Aβ40 and Aβ42, have been detected in brain 

tissue and cerebrospinal fluid (CSF) decades before the onset of dementia in general 

(Blennow and Zetterberg, 2018) and DS population (Dekker et al., 2017). The progressive 

accumulation of Alzheimer’s disease (AD) pathology in the DS population suggests that 

there is a preclinical phase to DS-AD since there are at least two decades between the onset 

of AD pathology and dementia diagnosis in those with DS (Head et al., 2016; Prasher et al., 

2010; Schupf et al., 2015; Wiseman et al., 2015). Although CSF is a more reliable source of 

biomarkers for AD than blood, performing lumbar punctures in those with DS to acquire 

CSF can be challenging. Thus, exosomal biomarkers of dementia from blood samples would 

allow a minimally invasive method once further validated.

Evidence has been mounting suggesting that exosomes, isolated from either blood (Gauthier 

et al., 2017; Hamlett et al., 2016b) or CSF (Gomes DeAndrade et al., 2018; Otake et al., 

2019), might be useful in capturing relevant neuropathological processes within CNS 
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neurons. Although only one manuscript could be found where investigators compared cargo 

of exosomes derived from blood vs CSF (Chen et al., 2019), this is indeed a promising new 

direction. The investigators did find differences in exosome cargo between these two 

sources; specifically, alterations in miRNAs as a result of pathology were different between 

the two. However, as it is more difficult to obtain LPs from those with DS, CSF exosome 

investigations may not be a mainstream focus in this field. In relation to AD neuropathology, 

NDEs have been shown to be involved in the processing of APP by self-contained proteases 

(Rajendran et al., 2006; Yuyama et al., 2015). As described above, exosomes receive APP 

from early endosomes which is cleaved into Aβ peptides and then secreted from the cells in 

exosome clearance strategies (Yuyama and Igarashi, 2017). NDEs contain Aβ peptide 

products with neuropathogenic potential (Coleman and Hill, 2015), suggesting that NDEs 

extracted from either plasma or CSF could be used to assess neuropathological processes 

within CNS neurons (Chiasserini et al., 2014; Coleman and Hill, 2015; Fiandaca et al., 2015; 

Goetzl et al., 2018).

The first research group to explore the use of NDEs isolated from blood as biomarkers for 

AD was the Kapiogannis/Goetzl research group at the National Institutes of Health (NIH, 

see Fiandaca et al., 2015; Goetzl et al., 2018; Goetzl et al., 2015; Goetzl et al., 2016; 

Kapogiannis et al., 2015). These investigators found significantly higher levels of Aβ42, p-

Tau-T181, and p-Tau-S396 in NDEs purified from the blood of patients with AD. They 

further found that the levels of each protein predicted AD with an accuracy of more than 

90%. When combined, the predictive ability of these three AD biomarkers in exosomes 

approached 100 percent (Fiandaca et al., 2015). They also discovered that the same three 

proteins were elevated in NDEs obtained from patients 1–10 years prior to the onset of AD, 

suggesting a strong predictive capability of AD biomarkers in NDEs. Based on these 

findings, we hypothesized that NDEs obtained from blood of individuals with DS might 

portray a novel window to better define the preclinical AD phase of DS-AD. Analysis of 

NDEs obtained from blood samples of participants with DS (8–64 years of age) showed 

elevated levels of Aβ1–42 peptides and p-Tau already early in life (Hamlett et al., 2016b). It 

was not surprising that neuronal exosome levels of Aβ42 were elevated in DS since the gene 

encoding for APP is located on Hsa21 (Cooper et al., 2016; Head et al., 2016), and previous 

studies have shown elevations of toxic amyloid peptides in the plasma of young adults with 

DS (Fortea et al., 2018). Positron emission tomography (PET) imaging studies established 

that accumulation of Aβ occurs almost without exceptions in the DS brain in the 3rd to 5th 

decade (Annus et al., 2016; Cole et al., 2017; Handen et al., 2012; Hartley et al., 2015; 

Hartley et al., 2017; Lao et al., 2017; Neale et al., 2018; Rafii et al., 2017; Wilcock et al., 

2016). Increased levels of Aβ42 have been reported in the CSF of adults with DS without 

dementia (Dekker et al., 2017; Fortea et al., 2018). Interestingly, findings from the 

Dominantly Inherited Alzheimer Network (DIAN), an international registry of individuals at 

risk for developing autosomal dominant AD, suggest that early high levels of Aβ in the CSF, 

followed by reduced CSF Aβ levels at more progressive disease stages successfully mark the 

onset of AD (Moulder et al., 2013).

Diffuse amyloid plaques have been described as early as age fifteen in post mortem brain 

samples from people with DS (Lemere et al., 1996), and elevated Aβ levels are observed in 

plasma already in young adults with DS (Mehta et al., 1998; Prasher et al., 2010). In a 
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similar vein, we observed a marked increase in Aβ42 levels in NDEs of individuals with DS 

as early as eight years of age (Hamlett et al., 2016b) suggesting that intracellular pathology 

is present long before silver staining or PET imaging can identify lesions. In addition to the 

pronounced Aβ deposition seen in subjects with DS, abundant NFTs and increased phospho-

Tau levels also occur (Head et al., 2003; Hof et al., 1995; Kasai et al., 2017; Rafii, 2018). 

NFTs are first seen in the entorhinal cortex in the mid‐thirties, hippocampus in mid‐forties, 

and neocortex in the mid‐fifties, but variability exists between individuals with DS 

(Davidson et al., 2018; Dekker et al., 2017; Hartley et al., 2015). In a neuropathological 

study of people with DS and of different ages, NFT pathology was observed in 4 cases 

below 36 years of age and in all 20 cases above that age, again suggesting individual 

variability in terms of onset (Wegiel et al., 1996). However, although frank NFTs may not 

appear before the age of 20 in those with DS, a recent report demonstrated abnormal 

phosphorylation of Tau already in the brain of fetuses with DS, suggesting that alterations in 

Tau conformation or phosphorylation state is an early event in DS and may contribute to 

later development of AD pathology (Milenkovic et al., 2018). Tau phosphorylation at the 

carboxyl terminus has been shown to be one of the earliest pathological events in DS-AD 

(Mondragon-Rodriguez et al., 2014).

Similar to the findings described above from the Milenkovic lab (Milenkovic et al., 2018), in 

our study we found that levels of phosphorylated Tau residues (p-(S396) and p-(T181)-Tau) 

were also significantly increased as early as eight years of age in NDEs obtained from blood 

samples of children with DS (Hamlett et al., 2016b). The biological mechanisms driving 

elevated p-Tau levels early in those with DS remain unknown but recent studies show that 

exosomes are capable of transferring Tau pathology via seeding in the rodent brain. 

Exosomes isolated from Tau transgenic mouse brains (Polanco et al., 2018) or from humans 

with AD (Winston et al., 2018) propagate seeding of Tau pathology when injected into wild-

type mice. In addition, as discussed above in the Introduction, several other gene targets on 

Hsa21 have been shown to affect Tau phosphorylation, both in vivo and in vitro. These 

include RCAN1 (Jung et al., 2011), APP (Hartley et al., 2015) and DYRK1A (Jung et al., 

2011; Pathak et al., 2018; Ryoo et al., 2007), which are all overexpressed in DS mouse 

models and humans with DS. Further studies are warranted to examine the effects of these 

overexpressed genes, gene interactions between them, as well as other gene targets, on 

Hsa21, and their role for exosome formation or secretion as well as spreading of toxic agents 

between brain regions and between cell types or individuals.

6.3. Exosome RNA cargo

Exosomes contain not only surface markers and proteins, but they have also been shown to 

contain different forms of RNA including mRNA, microRNA (miRNA) and long non-

coding RNA (Gamez-Valero et al., 2018; Ren, 2018). Hill and collaborators (Cheng et al., 

2015) have identified 14 upregulated and 3 downregulated miRNAs in patients with AD or 

mild cognitive impairment (MCI) compared to controls. The altered miRNAs that were most 

predictive of AD or MCI were associated with APP processing, apoptosis, or cellular stress, 

indicating that these miRNAs may be involved in the disease process. These data suggest 

that exosomal RNA biomarker panels may become a suitable peripheral screening tool for 

AD. Independent of these exosome RNA studies, others have shown that specific miRNAs 
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are involved in age-associated changes in the brain as well as cognitive impairment. 

Candidate miRNAs have been linked to age-associated alterations in cortical thickness, 

cortical glucose metabolism, and cognitive performance (Maldonado-Lasuncion et al., 

2018). These include for example miR29-b, miR-125b, and miR-146a – miRNAs which 

have all been found in exosomal cargo (Kim et al., 2015; Mathivanan et al., 2012). It has 

been suggested that some miRNAs and tRNAs are overrepresented in exosomes compared to 

the cell of origin, for example following an inflammatory or other stress events (Baglio et 

al., 2015) or in neurodegenerative diseases (Bellingham et al., 2012a). This is an interesting 

field that deserves more attention, and that may lead to novel diagnostic or predictive tools 

for AD and DS-related AD.

7. Exosome transportation and signaling

Once released, exosomes may have both short- and long-range destinations (Bellingham et 

al., 2012b). The mechanisms underlying exosome transport into biological fluids is likely 

driven by endothelial intracellular transport, which seems to be governed, in part, by 

exosomal surface markers. In a recent study, investigators discovered that removal of 

exosome surface proteins with proteinase K decreased endothelial transport rates of 

exosomes by 45% while inhibition of endocytosis, with cytochalasin D, caused a 50% 

decrease in transport (Kusuma et al., 2016). It seems that regardless of tissue or cellular 

origin, exosomes are actively transported from interstitial space through endothelial cells 

into the blood which makes them an extremely mobile vehicle in vivo. Thus exosomes are 

proposed to serve as signaling vectors and/or off-loading mechanisms to neighboring 

recipient cells, and likely can impart a long- and short-range “bystander effect” in vivo (Xu 

et al., 2015). Because of their small size, secreted exosomes diffuse into biological fluids 

(blood, CSF and urine) and circulate in the interstitial space, both in brain and periphery, and 

can cross the BBB in both directions (Salido-Guadarrama et al., 2014). The ability to capture 

exosomes directly from fluids makes them an extremely attractive tool to probe various 

etiologies associated with neurological conditions.

In the context of enhanced exosome secretion, for example, in neurodegenerative diseases, it 

is important to consider that long-range exosome transmittance could affect any other cell in 

the entire body. For example, Aβ aggregates, generally thought to be specific to brain tissue, 

have also been found in the skin, skeletal muscle and gut tissue of AD patients (Joachim et 

al., 1989). Additionally, it has been discovered that Aβ aggregates are present in the 

myocardium of patients with AD (Troncone et al., 2016). The occurrence of Aβ deposits in 

multiple tissues suggests that the protein may be either produced locally in numerous organs 

or derived from a common circulating precursor (Jensen and Willis, 2016). These findings 

indicate that the bystander effect imparted by exosomes from a specific cell type could be 

ubiquitously modulating other cellular recipients across several organs. Exosome kinetics in 

the brain and peripheral organs have yet to be reported but are currently under investigation. 

Systemic studies of whole-body kinetics in mice revealed that labeled exosomes, when 

injected into the blood, are transferred to liver and lungs to a much higher degree than 

spleen, kidney, and heart (Lee et al., 2018). Altogether, in studies of exosome influence upon 

a specific cell or tissue, one must consider the cellular exosome source, especially during 

pathological situations. Recent elegant work using a microfluidics culture system showed 
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that extracellular exosomes could be internalized by a nearby neuron and transferred to 

another neuron (Polanco et al., 2018) by utilizing secretory endosomes. Together, these 

findings suggest that the endosomal/exosomal machinery can spread pathogenic agents 

across neuronal connectomes and increase the radius of action of pathogenic cargoes. We are 

currently investigating the travel patterns of labeled human NDEs when injected either into 

the bloodstream or directly into brain tissue of intact mice, to examine their movement 

patterns across long distances and across the blood-brain barrier (BBB).

8. Challenges in the Field

As mentioned above, the exosome biomarker field is yet in its infancy and much remains to 

be investigated. There are challenges which are summarized in this section. First, we do not 

yet know whether exosome cargo remains the same within a person with DS during 

longitudinal sampling. However, this experiment has been performed in patients with 

prodromal AD, where exosomal cargo was examined in the prodromal phase and then 1–10 

years later (Goetzl et al., 2015). The investigators demonstrated that exosomal cargo 

predicted conversion to AD which occurred later in the same patient and thus we expect a 

similar progression also in patients with DS and prodromal AD.

Secondly, it will be interesting to discuss utilizing exosomes obtained from saliva or urine 

instead of blood in future studies. There are experiments performed purifying exosomes 

from both urine and saliva in the cancer field (Armstrong and Wildman, 2018; Properzi et 

al., 2013) but these have not yet been performed in DS or AD. As discussed above, secreted 

exosomes diffuse into blood, CSF and can cross the BBB in both directions (Salido-

Guadarrama et al., 2014). Because, at least theoretically, NDEs can be isolated from all these 

body fluids, their cargo should be similar whether obtained from blood, saliva or urine based 

on the neuronal surface markers used in the precipitation. However, this has not been 

examined in DS yet, and remains an unanswered question. Cargo found within these NDEs 

must be considered of brain rather than peripheral origin. Purifying NDEs from brain tissue 

vs. blood samples from the same individual to compare cargo is a focus of a recently funded 

grant in the Ledreux laboratory.

Another challenge with new biomarkers is replicability across several cohorts. A recent 

manuscript from our group has specifically addressed this challenge by demonstrating 

identical findings when NDEs were purified from blood samples obtained from 4 different 

sources (one in Europe and three in the US, see Hamlett et al., 2016B). Because the NDE 

cargo is normalized against exosomal markers, similar results were obtained whether 

exosomes were purified from serum or plasma from the same individual (Hamlett et al., 

2016B).

Finally, as with every novel biomarker method, a challenge would be the rate of throughput 

for translating the new method into the clinic. This is, indeed, a challenge with exosome 

biomarkers. Although purification of NDEs from blood samples is relatively straightforward, 

obtaining their cargo is technically difficult and is only mastered by a few laboratories to 

date. As with other novel techniques, methodological development will no doubt rapidly 

translate the method into a clinical rate technique.
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9. Conclusions

The NDE-based studies described above suggest that alterations in AD biomarkers may 

already be occurring in children with DS. While neuritic plaques and NFTs occur earlier in 

the DS brain than in typically developing individuals, alterations in synapse number, cortical 

neuronal population and dendritic structure are seen even earlier in DS, already during fetal 

development (Wisniewski, 1990). Furthermore, early impairment in neuronal differentiation 

leads to reduced gray matter volume especially in the frontal cortex as discussed above 

(Hamner et al., 2018). Thus a lifelong complex interplay between developmental alterations 

and age-related deterioration can be studied in the DS population from the aging paradigm 

but also from a developmental perspective in this unique population.

The exosome biomarker approach offers several benefits for the interrogation of DS 

etiologies. Once validated, exosomal screening could allow insight into the profile of 

proteins secreted from neurons throughout the lifespan with minimally invasive techniques. 

Another significant benefit is that outcome measures can be reliably obtained either from 

serum or plasma samples from a consortium of biobanks since data are normalized against 

the same exosomal markers. The exosome approach may also prove useful in evaluating 

potential drug targets by enabling reliable measures of therapeutic efficacy. Future studies 

will include comparison studies between whole plasma and NDE biomarker levels, as well 

as expanded search for other putative biomarkers in neuronal and glial exosomes that may 

predict dementia and/or other conditions in adults with DS.

Despite the usefulness of exosome biomarkers, there remain several challenges to their 

optimal use. In particular, methods for large-scale isolation must be developed and are 

currently too costly to be utilized in a routine clinical environment. Other caveats include 

methods for isolation and storage which should be carefully optimized since other 

extracellular vesicles or other cellular components may share major biophysical and 

biochemical characteristics, reducing precision in exosome isolation (Tkach et al., 2018). 

Additionally, further studies of therapeutic delivery of exosomes are needed to maximize the 

potential of this exciting vesicle-based technology. This novel approach has already been 

extensively tested in the cancer field (Gao and Jiang, 2018), but to our knowledge not for 

neurodegenerative conditions.

Studies of individuals with DS and mouse models of DS show new interactions between 

brain pathology, inflammatory pathways, autoimmune disorders and the endosomal/

exosomal machinery which may inform future diagnostics, preventions, and therapies in the 

DS population. We postulate that recent advances in exosome technology may enable 

improvements in precision medicine and diagnostics and promote healthy development and 

aging. Such benefits could prevent the onset of aging-related diseases like AD in those with 

DS.
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Figure 1. Exosome biogenesis and secretion.
A. Invagination of the plasma membrane into signaling endosomes. B. Transport of the 

vesicle into a larger endosome. C. The endosome will mature into a multivesicular body 

(MVB). D. The MVB undergoes inward budding, generating, and accumulating intraluminal 

vesicles that can either be directed to the lysosome for degradation (E) or fused to the 

plasma membrane for subsequent release (F). Alterations noted in the DS population, or in 

DS mouse models, are shown in Red in the figure.
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Figure 2. Exosome purification method.
A. Plasma or serum samples are obtained and the Exoquick polymer employed to obtain 

total exosomes from the fluid. Thereafter, an L1CAM antibody capture system is utilized to 

purify all exomes of neuronal origin from the sample. B. CD81 levels in DS and control 
NDEs. Multiple blood samples at each age from DS and a typically developing population 

were obtained, exosomes purified and CD81 levels measured by ELISA. As can be seen 

here, most DS samples contained elevated amounts of CD81, indicating an increase in 
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exosome release in this population at all ages analyzed. [Original data Hamlett, Ledreux and 
Granholm et al]
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Figure 3. L1CAM immunostaining in various organs in human post mortem tissues.
L1CAM immunostaining is enriched in (A) cortical tissues, and is much less abundant to 

near absent in (B-F) other organs. Thus, this antibody represents an excellent tool for 

immunoprecipitation of brain-derived exosomes, as used in our protocols. Photos were 

obtained from the Human Protein Atlas which is licensed under the Creative Commons 

Attribution-ShareAlike 3.0 International License (thus not copyrighted). From Uhlen et al., 

2015.
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