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1. Introduction  

1.1. Extracellular Vesicles (EVs)  

1.1.1. History of EVs  

EVs were first discovered in 1983 by Harding and Stahl and their findings were later con-

firmed by Pan and Johnstone, 1985. These independent research groups showed that 

reticulocytes release transferrin receptors associated with small vesicles into the extra-

cellular space when they mature into erythrocytes (Harding and Stahl 1983). This pro-

cess was considered for the cell to get rid of the transferrin receptor as a mechanism to 

remove obsolete proteins. Reticulocytes were incubated with a gold-labelled anti-trans-

ferrin receptor antibody, which was internalized into the cells after a few minutes and 

observed on the surface of 100-200 nm vesicles inside the cell. After a longer incubation 

time, 50 nm bodies with the transferrin receptor on their external surface were found 

inside larger multivesicular bodies (MVBs) (1-1,5 µm), but no transferrin receptors were 

found on the membrane of the MVBs. The limiting membrane of the MVBs then fused 

with the plasma membrane, releasing the transferrin receptor-bearing vesicles into the 

extracellular space, revealed by electron microscopy (EM) (Pan et al. 1985). Even two 

years earlier in 1981, it was reported, that cultured cells release the plasma-membrane-

bound enzymes ATPase and 5’-nucleotidase into the serum-free media (Trams et al. 

1981). These enzymes were associated with vesicles originating from a specific domain 

of the plasma membrane. A few years later, Rose Johnstone introduced the term “exo-

some” for these extracellular vesicles (Johnstone et al. 1987). Another breakthrough in 

EV research was the discovery of the role of EVs in the immune response, proved by the 

finding that B lymphocytes secrete vesicles carrying molecules modulating the immune 

response in the recipient cell (Raposo et al. 1996). Two years later it was shown, that 

dendritic cells release antigen-presenting exosomes carrying immune agents with an 

anti-tumour effect in mice (Zitvogel et al. 1998). Since then, the field of EV research grew 

and still grows, including two scientific societies (International Society for Extracellular 

Vesicles and The American Society for Exosomes and Microvesicles) with their own 
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journal (Journal of Extracellular Vesicles). After studying the physiological and patholog-

ical function of EVs, the use of EVs for diagnostics and clinical treatment has attracted 

attention to the scientific community. Even the Nobel Prize in Physiology or Medicine 

2013 was awarded to three researchers working in the field of vesicles (James E. Roth-

man, Randy W. Schekman, and Thomas C. Südhof) "for their discoveries of machinery 

regulating vesicle traffic, a major transport system in our cells (Zierath and Lendahl 

2013)."  

According to the “International Society for Extracellular Vesicles” stated in their posi-

tional paper “Minimal information for studies of extracellular vesicles 2018 

(MISEV2018): a position statement of the International Society for Extracellular Vesicles 

and update of the MISEV2014 guidelines”, the generic term “extracellular vesicles (EVs)” 

should be used for all particles which are released from cells, consisting of a lipid bilayer 

and unable to replicate (Théry et al. 2018). Due to the lack of specific markers for EV 

subtypes such as exosomes, microvesicles, or apoptotic bodies, a distinction in various 

subpopulations would not be expedient. Describing the physical properties of EVs like 

size, density, or biochemical composition instead is recommended. Below, the term “ex-

osome” is only used when it is used in the cited article.  

1.1.2. The biological composition of EVs   

EVs are biological nanostructures secreted by all studied cell types so far and can be 

found in most human biological fluids (blood, urine, breastmilk, CSF, etc.), but also in 

cell culture supernatant and tissue. They consist of a phospholipid bilayer originating 

from the plasma membrane of the secreting cell (Thery, Zitvogel, and Amigorena 2002). 

There is still no consensus about how to divide the whole EV population into subpopu-

lations, but the most common classification distinguishes between ectosomes and exo-

somes (Cocucci and Meldolesi 2015): Ectosomes are assembled at the plasma mem-

brane and are released into the extracellular space by direct outward budding of the 

membrane. Ectosomes consist of three main subgroups: microvesicles, microparticles, 

and large vesicles (including apoptotic bodies) (reviewed by (Kalluri and LeBleu 2020)). 

Exosomes with a diameter between 40 and 160 nm (on average 100 nm) on the other 



1. Introduction | 3 

 

hand originate from endosomes and are released from the cell when the endosome 

fuses with the plasma membrane. An overview of the three main EV classes exosomes, 

microvesicles, and apoptotic bodies is provided in table 1. Most isolation techniques fail 

to separate these subpopulations and unique markers for these subtypes are still lacking 

(Jeppesen et al. 2019). Similar to the heterogeneity in size, the cargo of EVs and their 

protein composition can differ widely depending on the original cell type and the isola-

tion method (Willms et al. 2018). Exosomal cargo includes various proteins, nucleic acids 

(DNA, different RNA species (mRNA, miRNA, tRNA, etc.)), amino acids, lipids, and me-

tabolites (Keerthikumar et al. 2016). The protein compound of EVs can be split up into 

ubiquitous proteins, that are often part of the biogenesis of EVs (e.g., cytosolic proteins, 

proteins involved in membrane fusion and signal transduction) and cell-specific pro-

teins, depending on the donor cell type. Tetraspanins, proteins with four transmem-

brane domains such as CD9, CD63, and CD81, are highly enriched on EVs (especially ex-

osomes) making them a suitable EV marker (Thery, Zitvogel, and Amigorena 2002). 

Other molecular markers include TSG101, HSC70, HSP90, Alix, Calnexin, and Flotillin-1 

(Thery et al. 2006; Borges, Reis, and Schor 2013).  

Table 1: Overview of EV subtypes (based on (Gyorgy et al. 2011; Borges, Reis, and Schor 2013; Kalluri 
and LeBleu 2020; Gurung et al. 2021)) 

 exosomes  microvesicles / 
microparticles  

apoptotic bodies  

diameter  40 – 160 nm (100 
nm on average)  

100 – 1,000 nm  1 – 5 µm 

structure  phospholipid bilayer  phospholipid bilayer phospholipid bilayer 

biogenesis  exocytosis via fusion 
of MVBs with the 
plasma membrane 

budding/blebbing of the 
plasma membrane 
(releasing signal: 
apoptosis/activation of 
membrane receptors --> 
increase of intracellular 
Ca2+)  

blebbing of 
apoptotic cells 
(vesicles can contain 
organelles)  

source  (almost) every living 
cell type (eukaryotes 
and prokaryotes) 

especially red blood 
cells, platelets, and 
endothelial cells  

apoptotic cells 

markers CD63, CD9, Alix, 
TSG101, HSP70 

Annexin V, Flotillin-2, 
selectin, integrin 

Annexin V, DNA, 
histones 
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function cell-cell-
communication  

cell-cell-communication  clearance of 
apoptotic cells  

note   inconsistent terminology  

 

1.1.3. Biogenesis of EVs  

The difference in the biogenesis between ectosomes (like microvesicles or apoptotic 

bodies) and exosomes is already described above. This section will focus on the biogen-

esis of exosomes. The first step in the generation of exosomes is the de-novo formation 

of an early endosome through inward budding of the plasma membrane (figure 1). The 

Golgi network and endoplasmic reticulum are also involved in this process (Hessvik and 

Llorente 2018). When early endosomes mature into late endosomes, they accumulate 

intraluminal vesicles (ILVs) which are formed by inward budding of the limiting endoso-

mal membrane (Stoorvogel et al. 1991). These ILVs in the lumen of an MVB are the fu-

ture exosomes. Although most of the MVBs are degraded by the fusion with lysosomes 

or autophagosomes, some of the MVBs fuse with the plasma membrane releasing the 

former ILVs (now called exosomes) into the extracellular space (Colombo, Raposo, and 

Thery 2014). CD63, LAMP1/2, and other molecules associated with late endosomes 

could be identified as signals that allow the MVB to fuse with the plasma membrane 

(Jaiswal, Andrews, and Simon 2002). It is important to note that the exosomal mem-

brane is primarily of endosomal origin and due to the “reverse budding” of the ILVs from 

the MVB membrane, cytosolic proteins can be found inside the exosomes and the ex-

tracellular domain of transmembrane receptors is orientated towards the lumen of the 

MVB (Thery, Zitvogel, and Amigorena 2002). The ESCRT machinery (endosomal sorting 

complex required for transport) plays an important role in the formation of MVBs 

(Williams and Urbe 2007). This machinery consists of about 30 proteins that assemble 

into 5 complexes (ESCRT-0, -I, -II, -III, and Vsp4) with associated proteins (Schmidt and 

Teis 2012). ESCRT-0 recognizes and sorts ubiquitinylated cargo, ESCRT-I and -II promote 

inward budding of the endosomal membrane, ESCRT-III binds to ESCRT-II necessary to 

“cut off” the forming vesicle from the membrane, releasing an ILV into the MVB and 

finally Vps4 plays an important role in the disassembly of the ESCRT machinery and re-

cycling (Gurung et al. 2021). Other proteins associated with the ESCRT machinery like 
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Alix and TSG101 can also be found in exosome preparations (Théry et al. 2001). How-

ever, ESCRT-depleted mammalian cells are also able to produce MVBs indicating that 

there is also an ESCRT-independent mechanism of exosome biogenesis (Stuffers et al. 

2009).  One mechanism includes complex lipids such as ceramide, which can form lipid 

rafts into membranes facilitating inward budding of the ILVs (Trajkovic et al. 2008). In 

the same manner, cholesterol is also able to increase the release of exosomes (Strauss 

et al. 2010). Tetraspanins contribute to the biogenesis of exosomes as well: The common 

exosomal marker CD63 (a tetraspanin) seems to be involved in the formation of small 

ILVs and the regulation of the size of these ILVs (Edgar, Eden, and Futter 2014). Intracel-

lular vesicle transport (for example to the plasma membrane) is achieved through the 

interaction between the cytoskeleton and Rab GTPases (Stenmark 2009). RAB11 for ex-

ample, which was first reported, modulates the exosome pathway and contributes to 

exosome secretion (Savina, Vidal, and Colombo 2002).  The final step, the fusion of the 

MVB with the plasma membrane, is carried out by SNARE proteins and the synaptotag-

min family (Jahn and Scheller 2006). Most cells seem to need a stimulus inducing the 

release of exosomes: It was shown that the rise of the intracellular calcium concentra-

tion triggers the secretion of exosomes (Savina et al. 2003). However, some tumor cells 

are able to release spontaneously plasma membrane derived EVs called “oncosomes” 

(Di Vizio et al. 2012).  

 

 

 

 

 

 

 

 

Figure 1: Molecular mechanisms of the generation of microvesicles (left) and exosomes (right). Mi-
crovesicles are released by direct budding of specialised parts of the plasma membrane (lipid rafts in red). 
Exosomes originate from ILVs inside of MVBs and are released into the extracellular space when the MVB 
fuses with the plasma membrane.  

© 2008, Elsevier. Adapted with permission from (Cocucci, Racchetti, and Meldolesi 2009).  
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1.1.4. Function of EVs  

1.1.4.1. Physiological functions of EVs  

The first discovered function of EVs was a “garbage disposal system” of cells to get rid 

of unnecessary proteins (e.g., when reticulocytes mature into erythrocytes they release 

transferrin receptors in small vesicles (Harding and Stahl 1983)). But that is just the tip 

of the iceberg and 40 years of EV research revealed plenty of other functions of EVs. It 

is now unquestioned, that EVs play a crucial role in cell-to-cell communication. Two 

mechanisms allow EVs to trigger signalling when reaching the target cell: Either via direct 

interaction, binding with their transmembrane proteins to surface receptors of a cell 

and activating a downstream signalling cascade, or via membrane fusion with the 

plasma membrane of the target cell respectively internalization followed by the release 

of their cargo into the cytosol of the cell (Gurung et al. 2021). Both mechanisms allow 

the EVs to modify protein expression in target cells. The role of EVs in the adaptive and 

innate immune system was firstly reported in 1996 when it could be shown that B lym-

phocytes secrete antigen-presenting vesicles (Raposo et al. 1996). Exosomes secreted 

by antigen-presenting cells (APCs) carry MHC-II (major histocompatibility complex II) on 

their surface, allowing them to present peptide-antigens to specific T lymphocytes and 

activate them (Vincent-Schneider et al. 2002). Also large EVs released from dendritic 

cells (DCs) can efficiently induce the activation of CD4+ T cells and promote a T helper 1 

response in vitro (Tkach et al. 2017). Exosomes released from macrophages infected 

with Mycobacterium tuberculosis carry mycobacterial antigens that could induce an an-

tibacterial immune response in mice, underlining their role in the immune system 

(Cheng and Schorey 2013). On the other hand, exosomes can promote viral infections 

by carrying and disseminating viral components or by using the vesicle biogenesis for 

their own survival (Crenshaw et al. 2018). Another function of EVs involves human re-

production and pregnancy. It was postulated that seminal exosomes promote sperm 

maturation when they pass the male reproductive tract (Sullivan et al. 2005). A growing 

number of studies also deal with breast milk EVs and their influence on the regulation 

of immune response and inflammation in infants. miRNA in breast milk exosomes for 

example seems to have an immune-related function, increasing the number of 
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regulatory T cells in the blood and contributing to immune tolerance (Zhou et al. 2012). 

Other functions of EVs include stem cell development and differentiation, tissue repair 

and regeneration, as well as anti-inflammatory and neuronal functions (reviewed by 

(Rashed et al. 2017). Needless to say, that EVs not only contribute to the normal physi-

ology but also participate in the pathophysiology of multiple diseases, especially the 

cancer life cycle.  

1.1.4.2. EVs in the central nervous system (CNS)  

In contrast to other cell types, neurons secrete a relatively low number of EVs into the 

cerebrospinal fluid (CSF) (Lizarraga-Valderrama and Sheridan 2021). Nevertheless, they 

contribute to a normal neuronal function. In vitro experiments with cultured cells 

showed that EVs are released from neurons, glial cells (oligodendrocytes and astro-

cytes), and microglia (Fauré et al. 2006; Krämer-Albers et al. 2007; Potolicchio et al. 

2005). Neuron-derived EVs contribute to the transfer of information across synapses. 

Exosomes internalized at the presynaptic terminal of neurons can induce local changes 

in synaptic plasticity by modifying mRNA trafficking and translation within the target cell 

(Chivet et al. 2013). Exosomes are also part of the signalling between neurons and glial 

cells, for example regulating protein expression in astrocytes (Lizarraga-Valderrama and 

Sheridan 2021). Astrocyte-derived EVs with Synapsin I as cargo were shown to stimulate 

neurite outgrowth and promote the survival of hippocampal neurons in mice (Wang et 

al. 2011). An inhibitory effect on the differentiation of oligodendrocytes and myelin for-

mation could be observed in small exosome-like vesicles derived from oligodendrocytes 

(Bakhti, Winter, and Simons 2011). In a study from 2019, purified exosomes harvested 

from rodent cultures were injected into the lateral ventricles of P4 mouse brains, result-

ing in increased hippocampal neurogenesis (Sharma et al. 2019). 

EVs from CNS cells are not just found in the CSF, they can also cross the blood-brain 

barrier (BBB) in both directions. Studies have shown that on the one hand peripheral 

exosomes can transport short interfering RNA (siRNA) to the brain in mice (Alvarez-

Erviti, Seow, Yin, et al. 2011) implicating a therapeutic use to deliver drugs across the 

BBB into the CNS and on the other hand, exosomes containing glioblastoma-specific RNA 



1. Introduction | 8 

 

as well as astrocyte-derived EVs could be isolated from human blood serum (Noerholm 

et al. 2012; Goetzl et al. 2016). Since neuronal-derived EVs in human blood only account 

for a small subpopulation within the total blood EV population (the number of neuronal-

derived L1CAM+ EVs in plasma was reported to be 90-95% lower than the number of 

total EVs in plasma (Mustapic et al. 2017)), neuronal-specific markers on the surface of 

EVs are needed to isolate EVs from neuronal origin. The transmembrane protein L1CAM 

for example could be identified to be enriched on neuronal-derived EVs allowing it to 

serve as a potential target to enrich for neuronal-derived EVs (Mustapic et al. 2017). In 

the same study, the authors could show that neuron-specific proteins like p-tau, neuron-

specific enolase, MAP2, NCAM, or NFL were enriched in L1CAM+ EVs compared to total 

plasma EVs. These findings suggest the conclusion that neuronal-derived EVs can be iso-

lated from the peripheral circulation and that they can serve as “a potential window into 

brain pathologic processes” (Mustapic et al. 2017). For the controversy about L1CAM as 

a suitable marker for neuronal-derived EVs, please refer to the discussion section.  

1.1.4.3. The role of EVs in Parkinson’s Disease  

There is a growing understanding of the role EVs play in the pathophysiology of neuro-

degenerative diseases like PD suggesting their use as a diagnostic and therapeutic tool. 

Based on the demonstration, that exosomes from prion-infected neuronal cells can ini-

tiate prion propagation in healthy recipient cells and are even able to cause prion dis-

ease in mice (Vella et al. 2007), the “Trojan horse” hypothesis was formulated, postulat-

ing that neurons ship pathogenic agents via exosomes from cell to cell throughout brain 

areas, “infecting” other cells, leading to protein oligomerization and finally cell death 

(Ghidoni, Benussi, and Binetti 2008). This hypothesis is supported by the observation, 

that CSF exosomes filled with α-Synuclein (αSyn) from PD and DLB patients can induce 

oligomerization of αSyn in a reporter cell line suggesting that it is a pathogenic species 

of αSyn (Stuendl et al. 2016). It is also long known that intracellular αSyn oligomers cause 

the death of neurons (Sung et al. 2001). However, extracellular αSyn oligomers were 

shown to exist in two fractions: either free or associated with exosomes. Interestingly, 

exosomal αSyn oligomers were more likely to be taken up by recipient cells and were 
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more toxic than the free αSyn oligomers (Danzer et al. 2012). Furthermore, it was dis-

covered that αSyn overexpressing SH-SY5Y cells release αSyn carrying exosomes, which 

transferred αSyn to normal SH-SY5Y cells (Alvarez-Erviti, Seow, Schapira, et al. 2011). In 

the same study, the role of the autophagy-lysosomal pathway was underlined by the 

observation, that lysosomal inhibition in the donor cell increased the exosomal αSyn 

release and its transmission between cells (Alvarez-Erviti, Seow, Schapira, et al. 2011). 

Extracellular and exosomal αSyn aggregates are normally degraded by microglia, the pri-

mary phagocytes in the brain (Brück et al. 2016), but when treated with human αSyn 

fibrils, they also release αSyn containing exosomes capable of inducing αSyn oligomeri-

zation in recipient neurons (Guo et al. 2020). To summarize, exosomal αSyn seems to 

contribute in the prion-like spread of αSyn throughout the brain, inducing oligomeriza-

tion of αSyn in “infected” cells and propagating the neurodegenerative process. But the 

picture is a little bit more complex since exosomes in PD can also have neuroprotective 

effects (Tomlinson et al. 2015). 

Another protein that links EVs and PD is the enzyme ATPase 13A2, encoded by the 

ATP13A2 gene (also known as PARK9), an autosomal recessive form of early-onset par-

kinsonism (Ramirez et al. 2006). ATP13A2 is localized at MVBs and therefore involved in 

the biogenesis of EVs (Tsunemi, Hamada, and Krainc 2014). In vivo and in vitro experi-

ments demonstrated, that reduced function of ATP13A2 (due to mutation or knock-

down) leads to lysosomal dysfunction and enhances αSyn misfolding and accumulation 

in the cells (Kong et al. 2014). On the other hand, overexpression of ATP13A2 was asso-

ciated with reduced αSyn toxicity, decreased intracellular αSyn levels, and increased 

αSyn externalization via exosomes (Tsunemi, Hamada, and Krainc 2014; Kong et al. 

2014). Due to its neuroprotective effect, overexpression of ATP13A2 could be detected 

in surviving neurons of the substantia nigra from PD brains (Ramonet et al. 2012).  

1.1.5. Isolation and Characterization of EVs  

Several techniques allow the enrichment of a sample for EVs that target different bio-

physical properties of EVs (size, density, solubility, surface proteins). The oldest and 

most commonly used method is probably differential ultracentrifugation (UC). Table 2 
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summarizes the most applied isolation techniques as well as their advantages and dis-

advantages.  

Table 2: Overview of different EV isolation techniques with their advantages and disadvantages (based 
on (Furi, Momen-Heravi, and Szabo 2017), (Kang, Kim, and Park 2017) and (Li et al. 2017)).  

method  functioning  advantages  disadvantages  

UC  series of different 
centrifugation 
steps, pelleting the  
EVs at 100,000 x g  

- relative cheap  
- no special 
material 
required 
- suitable for 
large sample 
volumes   

- low yield of EVs  
- relative high protein and 
lipoprotein contamination  
- contamination with non-
vesicular macromolecules  
- the integrity of EVs 
could be damaged  
- time-consuming  
- ultracentrifuge is 
required 
- no “standard protocol” 
available  
- inconsistencies in 
reproducibility  
- aggregation of EVs  

solution 
sedimentation  

combination of 
centrifugation and 
precipitation of EVs 
in a sucrose 
gradient  

- relative cheap  
- no special 
material 
required 
- purer solution 
than UC only  

- low yield of EVs  
- time-consuming 

Size 
exclu-
sion  

ultra-
filtra-
tion 

series of 
membrane filters 
with increasingly 
narrower pore 
sizes separating 
particles 
depending on their 
molecular weight 
or size 

- time-saving  
- moderate 
purity  
- functional 
integrity of the 
EVs is preserved  

- clogging and vesicle 
trapping on the 
membrane can lower the 
isolation efficiency  

SEC particles pass 
through a porous 
stationary phase, 
depending on their 
hydrodynamic radii 
particles result in 
different elution 
fractions  

- high purity  
- functional 
integrity of the 
EVs is preserved 

- special equipment 
needed 
- not suitable for large 
sample volumes  
- long run time 
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Immunoaffini-
ty capture-
based 
techniques (IP)  

EVs are captured 
by taking 
advantage of 
immunoaffinitive 
interactions 
between 
(membrane-
bound) proteins on 
EVs and their 
antibodies (e.g. 
antibody-coated 
magnetic beads)   

- high purity  
- high capture 
efficiency (small 
volumes 
sufficient)  
- isolation of 
subpopulations 
of EVs possible, 
e.g. from one 
origin 
(depending on 
the antibody)  

- usually low yields of EVs 
(only a subpopulation of 
all EVs is isolated)  
- not suitable for large 
sample volumes 
- time-consuming 
- EVs can be damaged in 
the elution process from 
the antibody-coated 
beads  
- high reagent costs 
(beads, antibodies, …)  
- sorting by size is not 
possible  

precipitation  precipitation 
solution containing 
polyethylene glycol 
(PEG) that ties up 
water molecules 
forcing less soluble 
components out of 
solution, collection 
of the EVs by 
centrifugation or 
filtration 

- high yield of 
EVs  
- time-saving 
- easy to 
perform  

- samples have to be pre-
cleaned (removing cells 
and cellular debris)  
- high protein 
contamination through 
co-precipitation 
(especially when using 
blood serum)  
- special kit required  
 

microchip-
based 
techniques 

flow of liquids 
through micro-
sized channels, EVs 
are captured by 
addressing 
different 
properties of EVs: 
immunoaffinity, 
size, density, etc.  

- automation 
possible 
- time-saving 
- high purity  
- suitable for 
small sample 
volumes  

- special equipment 
required (very expensive)  
- not routinely used, no 
standardization   
- low sample capacity  

 

The “International Society for Extracellular Vesicles” recommends a three-step process 

to characterize EVs (Théry et al. 2018). The first step is the quantification of both the 

source of the EVs (e.g., blood) and the EV preparation itself. To measure the particle 

number, different techniques are available, for example nanoparticle tracking analysis 

(NTA), resistive pulse sensing (RPS), dynamic light scattering (DLS), flow cytometry for 

larger vesicles, and electron microscopy. The source of the EVs can be quantified by the 

amount of proteins, lipids, and RNA, for example. The second step requires the 
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detection of typical EV marker proteins and the absence of contaminants. The presence 

of at least one transmembrane or GPI-anchored protein and at least one cytosolic or 

periplasmic protein able to bind to membranes or lipids is required. For purity control, 

proteins that could be found in co-isolated contaminants should be absent (e.g., albumin 

or apolipoproteins in EV preparations from blood). Western blotting is the most com-

mon technique to characterize the protein composition of EVs, but especially mass spec-

trometry has become increasingly popular. The third step demands the characterization 

of single vesicles. Therefore transmission electron microscopy (TEM) is usually used, re-

vealing a “cup-shaped” morphology due to the dehydrating conditions in the sample 

preparation process (Raposo et al. 1996). To preserve the native size and structure of 

the EVs, cryo-EM might be applied showing a naturally round shape (Raposo and 

Stoorvogel 2013). Other techniques include atomic force microscopy (AFM), NTA, or 

flow cytometry.  

1.2. Parkinson’s disease  

1.2.1. Epidemiology 

Parkinson’s disease is the second most common neurodegenerative disease after Alz-

heimer’s disease and was first described in 1817 by James Parkinson (James Parkinson 

2002). It is a progressive disorder of the peripheral and the central nervous system, af-

fecting mostly elderly people. People are usually 65 – 70 years old when the disease is 

diagnosed, and the prevalence is increasing with age (Rijk et al. 1995). It is estimated 

that 1% of people over the age of 60 worldwide are affected by PD (Tysnes and Storstein 

2017) and that the prevalence of PD in men is modestly higher than in women in most 

populations (Tanner and Goldman 1996). There are several forms of parkinsonian syn-

dromes: Idiopathic or sporadic PD, the largest group characterized by an unknown aeti-

ology; genetic forms of PD with a Mendelian inheritance which account for approx. 5 – 

10% of all PD cases (Corti, Lesage, and Brice 2011); atypical parkinsonian disorders such 

as dementia with Lewy bodies (DLB), multi system atrophy (MSA), progressive supranu-

clear palsy (PSP), and cortico-basal degeneration (CBD) and at last secondary (or symp-

tomatic) parkinsonian syndromes, e.g. drug-induced, metabolic (e.g. M. Wilson), 
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inflammation, etc. Although just approx. 5 – 10% of all PD patients have inherited their 

disease, many of the sporadic PD patients have a positive family history. Patients with a 

monogenetic PD form are more likely to be affected earlier in their life than patients 

with sporadic PD. So far, at least 16 gene loci (PARK1-16) have been identified (reviewed 

by (Corti, Lesage, and Brice 2011)). SNCA (PARK1/PARK4) and LRRK2 (PARK8) are the 

most common mutations causing autosomal-dominant PD. A gain of function mutation 

in the SCNA gene encoding for the protein αSyn, the driving pathology of PD, directly 

links with PD (Kim and Alcalay 2017). The most common genetic alterations in autoso-

mal-recessive PD include parkin (PARK2), PINK1 (PARK6), and DJ-1 (PARK7) (reviewed by 

(Corti, Lesage, and Brice 2011)). The most frequent genetic alterations in early-onset PD 

(< 40 – 50 years) are mutations of the parkin gene at PARK2 (Hedrich et al. 2004). Muta-

tion of the GBA gene (encoding for the lysosomal enzyme glucocerebrosidase, which is 

deficient in Gaucher’s disease) is the most common genetic risk factor in PD (Riboldi and 

Di Fonzo 2019). The focus of this work lies on idiopathic (or sporadic) PD since it has a 

multifactorial aetiology and single disease-triggering genes are not known yet.  

1.2.2. Pathophysiology 

PD is counted among the extrapyramidal motor disorders. As the pathophysiological 

hallmark of PD, degeneration of dopaminergic neurons in the Substantia nigra, pars 

compacta (SNc) (a part of the basal ganglia) could be identified, leading to an impaired 

projection to the caudate nucleus and the putamen, which together form the striatum 

(Samii, Nutt, and Ransom 2004). Two separate pathways connect the striatum to the 

internal pallidal segments (GPi) and the substantia nigra, pars reticulata (SNr): a direct 

projection and an indirect projection via the external pallidal segments (GPe) and the 

subthalamic nucleus (STN) (Galvan and Wichmann 2008). The lack of the dopaminergic 

projection to the striatum results in overactivity of the indirect pathway and a decreased 

inhibition of the direct pathway, leading to a disinhibition of the STN and the GPi. In 

total, the inhibition of the thalamus increases, resulting in less input to the motor cortex 

leading to bradykinesia (Jankovic 2021).  
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The first motor symptoms typically occur, when 50 – 80% of the dopaminergic neurons 

have been destroyed (DeMaagd and Philip 2015). The histopathological correlate to the 

nigrostriatal degeneration is represented by the Lewy bodies (LB), intracellular cytoplas-

mic aggregates in neurons consisting of αSyn (Yasuda and Mochizuki 2010). Misfolded 

αSyn is more likely to form aggregates within the cells and dysregulated cellular clear-

ance mechanisms, especially the ubiquitin-proteasome system, contribute to the for-

mation and maintenance of the LBs (Del Tredici and Braak 2012; Olanow 2007). A hy-

pothesis formulated by Braak postulates that the process of the LB formation begins in 

the lower brain stem, especially the dorsal motor nucleus of the vagus nerve before it 

continues to spread all over the brain like a falling row of dominos, including the medulla 

oblongata, pontine tegmentum, midbrain, forebrain and finally the cerebral cortex 

(Braak et al. 2003). Involvement of the enteric nervous system and the vagus nerve in-

dicate, that there could exist a pathogen outside the CNS (which could not be identified 

yet), able to pass the mucosal barrier of the gastrointestinal tract and enter the vagus 

nerve, which could initiate the whole process of the LB formation (Braak et al. 2003). 

Studies could also identify risk factors associated with PD such as elevated cholesterol 

levels in the blood, high caloric intake, traumatic brain injury, and increased body mass 

index (reviewed by (Ascherio and Schwarzschild 2016)). Pesticides were among the first 

discovered risk factors for PD. In a prospective study by Ascherio et al from 2006 (CPS-

IIN cohort), exposure to pesticides (5.7% of the participants) lead to a 70% higher inci-

dence of PD compared to the absence of pesticide exposure. Similar findings were made 

in further studies (Ascherio et al. 2006). The observation of 4 people developing parkin-

sonism after using a drug containing 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine 

(MPTP), which is converted into a molecule similar to the herbicide paraquat supported 

pesticides as a risk factor (Langston et al. 1983). Other important pathophysiological 

contributors to PD include oxidative stress and mitochondrial dysfunction (see below), 

apoptosis, glutamate excitotoxicity (Lau and Tymianski 2010), and inflammation (De 

Virgilio et al. 2016), showing that the pathogenesis of PD is a complex process and is not 

fully understood yet. 
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1.2.3. Clinical presentation  

The clinical presentation of PD consists of four cardinal symptoms: bradykinesia/akine-

sia, rigor, tremor at rest, and postural instability (Jankovic 2008). Depending on the ex-

pression of the motor symptoms three disease variants can be distinguished: tremor-

dominant, akinetic-rigid, and Postural instability and gait difficulty (PIGD) (Thenganatt 

and Jankovic 2014). These subtypes can also change during the disease progression. 

Bradykinesia describes a slowness of movement e.g. shuffling steps, difficulties with fine 

motoric tasks, monotonic and hypophonic dysarthria, hypomimia, reduced blink fre-

quency, and reduced arm swing while walking (Jankovic 2008). The resting tremor is 

often referred to as “pill-rolling” tremor with a frequency of 4 – 6 Hz. The clinical picture 

often begins with a unilateral resting tremor at the distal part of an extremity, spreading 

to the contralateral extremity when the disease progresses over time (Beitz 2014). Rigor 

refers to increased resistance to passive movements, apparent as “cogwheel” phenom-

enon when examining the joint range of motion. Postural instability increases the risk of 

falling due to the flexed neck and trunk posture (Jankovic 2008). Other motor symptoms, 

which often occur when the disease progresses include “freezing” (inability to initiate a 

movement), dysarthria and dysphagia, micrography, and a “shuffling” gait (Baumann 

2012).  

Another challenging therapeutic aspect of PD and often very burdensome for the patient 

are the non-motor symptoms (NMS). NMS can occur in all stages of the disease and can 

be divided into four domains: neuropsychiatric, autonomic, sensory, and sleep (Lim and 

Lang 2010). Different studies analysed, that 100% of all PD patients reported at least 

one NMS during their disease (Kim et al. 2013; Krishnan et al. 2011), but many NMS also 

occur during “normal” aging. Some of these NMS can precede the classical motor symp-

toms, such as REM sleep behaviour disorder (Olson, Boeve, and Silber 2000), constipa-

tion (Abbott et al. 2001), urinary incontinence and erectile dysfunction (Gao et al. 2007), 

orthostatic hypotension (Kaufmann et al. 2004), depression (Schuurman et al. 2002) and 

decreased olfactory function (hyposmia) (Ponsen et al. 2004). Other NMS include exces-

sive daytime sleepiness, autonomic dysfunction, hallucinations, pain (Hely et al. 2008), 

and seborrheic dermatitis (Fischer et al. 2001). Cognitive dysfunction and dementia are 
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very common in PD especially when the disease progresses. A systematic review from 

2005 on European and North American populations suggested a point-prevalence of de-

mentia in PD between 25 and 30% (Aarsland, Zaccai, and Brayne 2005). PD patients have 

a six-times higher risk for (subcortical) dementia and 12 years after the initial diagnosis 

60% of PD patients develop dementia (Aarsland, Beyer, and Kurz 2008). Major chal-

lenges about the NMS are the lower response to antiparkinsonian medication compared 

to the motor symptoms and the triggering of some of these symptoms due to the dopa-

minergic treatment (e.g., hallucinations as a side effect of dopamine agonists) (Fénelon 

et al. 2000).  

1.2.4. Diagnosis 

The diagnosis of PD is primarily based on the clinical presentation of the patient and 

requires both of the following symptoms: bradykinesia (or akinesia) and rest tremor or 

rigidity (Hughes et al. 1992). A positive response to a dopaminergic treatment (improve-

ment of tremor, bradykinesia, and rigidity) is the most important supportive criterion. 

At the initial diagnosis, a conventional brain MRI should be performed to exclude struc-

tural abnormalities (e.g. hydrocephalus, tumor) (Chou 2021). The following additional 

imaging techniques are not used routinely and are reserved for unclear cases. 

DaTScanTM uses 123I-ioflupane, which binds to dopamine transporters to track dopa-

minergic nigrostriatal pathways (Stoessl, Lehericy, and Strafella 2014). Its main indica-

tion is the distinction between a tremor-dominant PD and an essential tremor, but it 

cannot discriminate between PD and atypical parkinsonian disorders like MSA or PSP 

(Chou 2021). [18F]-fluorodeoxyglucose positron emission tomography (FDG-PET) can be 

used to assess regional cerebral glucose metabolism and [18F]-DOPAL-6-fluoro-3, 4-di-

hydroxyphenylalanine (18F-DOPA) PET shows a decreased striatal F-DOPA uptake in early 

PD (Teune et al. 2010). On suspicion of a familial PD, genetic analysis can be taken into 

consideration. 
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1.2.5. Treatment 

The main goal in the management of PD is to alleviate the (non-)motor symptoms and 

to increase the quality of life. All pharmacological and non-pharmacological treatments 

(e.g., deep brain stimulation (DBS)) are just symptomatic therapies; so far (April 2022) 

there is no disease-modifying therapy available that could decelerate or stop the neuro-

degenerative processes (reviewed by (Radhakrishnan and Goyal 2018)). The most effec-

tive pharmacological therapy aims at the lack of dopamine due to the destruction of 

dopaminergic neurons, either by substitution of dopamine or stimulating dopaminergic 

receptors. Levodopa (or L-Dopa), a precursor of the endogenous dopamine able to pass 

the blood-brain-barrier, and its anti-parkinsonian effect was first discovered by 

Hornykiewicz and Birkmayer in 1961 and the benefit of high oral doses of levodopa could 

first be demonstrated in 1967 (Cotzias, Van Woert, and Schiffer 1967). Since then, levo-

dopa became the “gold standard” in treating PD at all stages, usually administered with 

a dopa-decarboxylase inhibitor like benserazide or carbidopa to reduce the daily doses 

and the adverse effects due to decreased peripheral dopaminergic stimulation. Long-

term usage of levodopa often leads to motor fluctuations and dyskinesia, complicating 

the therapy and limiting its potential (LeWitt 2015). Dopamine agonists like pramipexole 

or ropinirole show no fluctuation in the therapy's effect but are accompanied by severe 

side effects like hallucinations, psychosis, impulse control disorders, and daytime sleep-

iness (Radhakrishnan and Goyal 2018). Monoamine oxidase-B inhibitors (selegiline, 

rasagiline) can be used in patients with mild symptoms or in combination with Levodopa 

(Spindler and Tarsy 2021). Drugs of further choice include catechol O-methyltransferase 

(COMT) inhibitors, N-Methy-D-Aspartate (NMDA) receptor inhibitors, and anticholiner-

gics (especially for tremor-dominant PD) (Beitz 2014). Supportive non-pharmacological 

treatments include physical activity and exercises, speech therapy, nutrition, and sup-

port groups (Beitz 2014). Patients with motor complications can benefit from surgical 

procedures like the deep brain stimulation (DBS) of either the subthalamic nucleus (STN) 

or internal pallidal segments (GPi) (Kalia, Sankar, and Lozano 2013). Other interventional 

treatments include MRI-guided focused ultrasound ablation, unilateral (sub)thala-

motomy or pallidotomy, and the implantation of a drug pump (Chou and Tarsy 2022). 
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Gene therapy (reviewed by (Axelsen and Woldbye 2018)), neural transplantations to re-

place the dopamine-producing cells in the brain (Freed et al. 2001; Olanow et al. 2003), 

or drug delivery via EVs (Yang et al. 2021) are some of the recent investigational thera-

pies still under research with partly promising results for the future.  

1.3. Mitochondria and Parkinson’s disease 

1.3.1. Mitochondrial dysfunction in PD  

The first discovery linking mitochondrial dysfunction and PD was made in the 1980s 

when drug addicts developed symptoms of parkinsonism after consuming a new syn-

thetic heroin containing MPTP, an inhibitor of multiple complexes of the respiratory 

chain and selectively taken up by dopaminergic cells (Langston et al. 1983; Storch, 

Ludolph, and Schwarz 2004). Rotenone, an inhibitor of complex I of the respiratory chain 

in mitochondria, can also cause Parkinson-like symptoms (Greenamyre, Higgins, and 

Eller 1992). The observation of impaired respiratory chain function in post-mortem brain 

sections from PD patients supported the role of mitochondria in PD (Schapira et al. 

1989). Monogenetic PD forms also exhibit mitochondrial involvement. Mutations in the 

αSyn gene (SCNA) can cause early-onset dominant PD (Polymeropoulos et al. 1997) and 

different organelles including mitochondria were identified inside Lewy bodies 

(Shahmoradian et al. 2019). Furthermore, αSyn accumulations could be detected in mi-

tochondria reducing complex I function and increasing mitophagy in vivo (Chinta et al. 

2010). Mutations in Parkin (PARK2) and PINK1 (PARK6) can both result in autosomal re-

cessive PD and both proteins (Parkin is an E3 ubiquitin ligase, PINK1 = PTEN-induced 

putative kinase protein 1) are involved in mitochondrial quality control, regulation of 

mitochondrial homeostasis and mitophagy (reviewed by (Borsche et al. 2021)). The cur-

rent model suggests the following: Under dysfunctional conditions, PINK1 is stabilized 

on the outer mitochondrial membrane (despite being imported into mitochondria under 

healthy conditions) and phosphorylates diverse substrates (inter alia Parkin). Parkin is 

then recruited, translocated to the damaged mitochondria, activated, and finally initi-

ates mitophagy (Pickrell and Youle 2015). Knocking down PINK1 or parkin resulted in a 

reduced mitophagy, reduced clearance of damaged mitochondria, and their intracellular 
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accumulation (Wu et al. 2015). However, mitophagy is not the only mechanism for elim-

inating damaged mitochondria. Another mechanism consists of the formation of mito-

chondrial-derived vesicles (MDVs) that can carry damaged cargo, leading to its lysoso-

mal degradation and elimination (Soubannier et al. 2012). Similar to their effect on mi-

tophagy, the loss of PINK1- or Parkin-dependent vesicle trafficking mechanisms lead to 

an impaired ability of mitochondria to degrade damaged proteins resulting in mitochon-

drial dysfunction (McLelland et al. 2014). PINK1 also has a direct effect on the respiratory 

chain function since loss-of-function mutations in PINK1 diminish complex I activity 

(Morais et al. 2014). Another PD-linked gene, LRRK2, also impairs the PINK1/Parkin-de-

pendent mitophagy (Bonello et al. 2019). And finally, DJ-1 which can cause an autosomal 

recessive form of PD in case of a mutation (Bonifati et al. 2003) directly translocates to 

mitochondria to reduce oxidative stress (Andres-Mateos et al. 2007). 

1.3.2. Mitochondrial DNA damage in PD  

Mitochondria are the only organelles in the human cell which contain their own DNA. It 

is located within the inner matrix of the mitochondrion and each mitochondrion pos-

sesses several copies of the mitochondrial genome (Keogh and Chinnery 2015). The 

16,569 base-pairs (bp) form a closed circle of double-stranded DNA like in procaryotic 

cells, encoding for 37 genes, 2 rRNAs, and 22 tRNAs. This “equipment” allows the mtDNA 

to synthesize 13 peptides, subunits of the complexes I, III, IV, and V of the respiratory 

chain (reviewed by (Mishra and Chan 2014)). Due to the lack of histones and effective 

repair mechanisms, the mtDNA is susceptible to mutations as well as single- and double-

strand breaks (Larsson and Clayton 1995; Shokolenko et al. 2009). One major cause of 

mtDNA damage are free radicals and active quinones, summarized as reactive oxygen 

species (ROS), that can emerge from respiratory chain dysfunction or auto-oxidation of 

dopamine (LaVoie and Hastings 1999). A strong link between mtDNA and PD involves 

the DNA polymerase γ (POLG). POLG is the only known mammalian DNA polymerase in 

mitochondria (encoded in the nuclear DNA (nDNA)), responsible for maintaining mtDNA 

homeostasis (Chan and Copeland 2009) and mutations in the POLG gene can cause in-

herited PD (Davidzon et al. 2006). Although no inherited mtDNA mutations in PD are 
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(yet) known, somatic alterations in mtDNA often occur during the disease process 

(Giannoccaro et al. 2017). Postmortem SN neurons from patients with sporadic PD ex-

hibited a reduction in mtDNA copy numbers (Grünewald et al. 2016; Dolle et al. 2016; 

Pyle et al. 2016) and high levels of deleted mtDNA (Bender et al. 2006), although no 

increased mtDNA point mutational load was measured (Dolle et al. 2016). However, two 

other studies from 2012 and 2016 detected significantly higher somatic mtDNA muta-

tion levels in SN neurons from early PD and incidental DLB patients (Lin et al. 2012; 

Coxhead et al. 2016). It was shown, that dopaminergic neurons are particularly suscep-

tible to mtDNA damage since the dopamine metabolism drives the generation and ac-

cumulation of mtDNA mutations and deletions (Neuhaus et al. 2014). The “common de-

letion” is a 4,977-base-pair deletion located between the MT-ATP8 and MT-ND5 genes 

including four genes coding for complex I of the respiratory chain (MT-ND3, MT-ND4, 

MT-ND4L, and MT-ND5) (Ikebe et al. 1990). The mtDNA deletion load is usually meas-

ured by calculating the ratio of a frequently deleted gene (e.g., MT-ND4) and a com-

monly not deleted gene (e.g., MT-ND1) by using quantitative PCR (qPCR) (Müller-

Nedebock et al. 2019). Cell-free circulating mtDNA (cf-mtDNA) in CSF was firstly analysed 

in AD patients (Podlesniy et al. 2013) and it was later revealed, that the level of cf-mtDNA 

in CSF from PD patients is also significantly lower than in controls (Pyle et al. 2015). Fur-

thermore, it was discovered that Parkin has a direct effect on the mitochondrial genome 

by binding to TFAM, the mitochondrial transcription factor A, which modulates gene 

expression of the mtDNA (Kuroda et al. 2006). It is therefore postulated that Parkin has 

a neuroprotective effect on dopaminergic SN neurons, preserving mtDNA against muta-

genic stress (Pickrell et al. 2015). Another focus of interest is the association between 

mtDNA haplogroups and the risk of PD: Multiple European haplogroups (including J, K, 

and U) have been linked to a reduced PD risk, although the results are not consistent 

and other groups could not confirm these findings (reviewed by (Müller-Nedebock et al. 

2019)). Finally, it was shown recently that mtDNA levels in EVs decline with age (Lazo et 

al. 2021).  
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1.4. Biomarkers in neurodegenerative diseases 

1.4.1. Definition “Biomarker”  

The Biomarkers Definitions Working Group from the U.S. National Institutes of Health 

(NIH) defined the term “biomarker” in 2001 as follows: “A characteristic that is objec-

tively measured and evaluated as an indicator of normal biological processes, patho-

genic processes, or pharmacologic responses to a therapeutic intervention.” 

('Biomarkers and surrogate endpoints: preferred definitions and conceptual framework'  

2001). Since not all biomarkers are objectively measurable (e.g., histological or radiolog-

ical findings) and the definition concentrates on pharmacological responses and lacks 

other treatments (e.g., surgery), another definition of biomarkers might be more suita-

ble: “A biological observation that substitutes for and ideally predicts a clinically relevant 

endpoint or intermediate outcome that is more difficult to observe.” (Aronson and 

Ferner 2017). The most important advantage of biomarkers is that they can be meas-

ured more easily and repeatedly over some time instead of waiting for the final clinical 

endpoint, therefore allowing clinical trials to be completed in a shorter time and with 

fewer subjects (Aronson and Ferner 2017). Biomarkers can be used for a variety of ap-

plications. The most common application might be as a diagnostic tool (e.g., blood glu-

cose levels or HbA1c for the diagnosis of diabetes mellitus). In this context, they can also 

be used as screening parameters (e.g., PSA for the diagnosis of prostate cancer). When 

it comes to cancer, biomarkers are often used for staging or classifying the extent of a 

tumor or to screen for metastases after cancer therapy (various tumor markers like cal-

citonin in medullary thyroid cancer) (Wu and Qu 2015). Other applications of biomarkers 

include the prediction of a disease prognosis (e.g. tumor shrinkage or growth after can-

cer therapy) and monitoring or predicting the clinical response to an intervention 

('Biomarkers and surrogate endpoints: preferred definitions and conceptual framework'  

2001). Regarding biomarkers in cancer, another popular term refers to “liquid biopsy”, 

i.e., parameters from biological fluids such as blood or urine instead of tumor tissue to 

detect, analyse and monitor cancer (Poulet, Massias, and Taly 2019). Therefore, EVs can 

serve as liquid biopsies for various cancer types. The first step in identifying a suitable 

biomarker is to understand the pathophysiology behind a disease respectively the 
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mechanisms of how an intervention works or affects the pathophysiology (cholesterol 

might serve as a biomarker for atherosclerosis since elevated blood cholesterol levels 

play a crucial role in the formation of plaques) (Aronson and Ferner 2017). The next step 

would be to create and establish a method to measure/observe the suggested bi-

omarker in the most objective way possible (e.g., high interrater reliability or high test-

retest reliability). Finally, the biomarker must be validated, often in a retrospective anal-

ysis: How strong is the linkage between the biomarker and the clinical endpoint? How 

reliable is the suggested biomarker in predicting the clinical endpoint (Aronson and 

Ferner 2017)?  

1.4.2. EV-based biomarkers in PD 

The main pathology behind PD as described above is the formation of Lewy bodies con-

sisting of αSyn. Different studies reported lower αSyn levels in the CSF of PD patients 

compared to healthy controls (Hong et al. 2010; Mollenhauer et al. 2011). Since red 

blood cells and platelets also produce abundant αSyn, blood αSyn levels are inconsistent 

and not suitable as a biomarker (Shi et al. 2010). It was also shown that αSyn containing 

exosomes can pass the BBB and enter the circulatory system and that exosomal αSyn is 

relatively specific to the CNS, despite just a small portion of the total αSyn being en-

closed in exosomes (Shi et al. 2014). The same study reported higher αSyn levels in neu-

ronal-derived (L1CAM+) exosomes in PD patients compared to healthy controls and an 

association with the disease severity (Shi et al. 2014). Exosomes filled with αSyn could 

also be detected in the CSF with decreased αSyn levels in PD patients compared to con-

trols (Stuendl et al. 2016). Furthermore, higher levels of oligomeric αSyn and oligomeric 

αSyn/total αSyn were measured in exosomes isolated from saliva from PD patients in 

comparison with healthy controls (Cao et al. 2019). Tau is another protein associated 

with neurodegenerative diseases and can pass the BBB similar to αSyn via L1CAM+ exo-

somes (Shi et al. 2016). In PD (but not in AD) tau levels in L1CAM+ exosomes isolated 

from human plasma were reported to be higher in PD patients compared to controls 

and the L1CAM+ exosomal tau levels correlated with the CSF tau levels (Shi et al. 2016). 

Mutations in the LRRK2 gene cause familial and late-onset sporadic PD and LRRK2-
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positive exosomes were found in urine and CSF (although many other cell types apart 

from neurons like kidney epithelial cells secrete LRRK2) (Fraser et al. 2013). LRRK2 levels 

in urinary exosomes were reported to be higher in men than women, to be elevated in 

PD patients when compared with controls, and to correlate with the severity of cognitive 

impairment (Fraser et al. 2016). This gender difference in exosomal LRRK2 levels was 

also reported by another study (Ho et al. 2014). This study also postulated that the con-

centration of DJ-1 in urinary exosomes, another gene mutation that can cause autoso-

mal-recessive PD, was 1.7-fold higher in male PD patients than in healthy controls and 

that its concentration increased with age. miRNAs in EVs are another possible target for 

biomarker research. The profiling of exosomal miRNA from CSF exosomes in PD and AD 

patients revealed 16 significantly upregulated (MiR-1, miR-19b-3p) and 11 significantly 

downregulated (miR-153, miR-409-3p, miR-10a-5p, let-7g-3p) miRNAs in PD (Gui et al. 

2015). The exosomal transcripts including αSyn, tau, NFL, and DJ-1 also differed between 

AD and PD (Gui et al. 2015). Another study reported exosomal apolipoprotein A1 as a 

potential biomarker in PD: Plasma exosomes from PD patients at Hoehn and Yahr (HY) 

stages II and III were isolated and analysed for potential protein-based markers, showing 

decreased levels of exosomal apolipoprotein A1 in PD patients at HY stage III compared 

to stage II and a correlation with the disease progression (Kitamura et al. 2018).  

1.5. Aims of the study 

Based on previous findings of mtDNA deletions in PD, the suitability of mtDNA extracted 

from EVs as a biomarker for PD was tried to assess. Therefore, firstly a method had to 

be established to isolate EVs from human blood serum and CSF and to enrich the total 

serum EVs for neuronal-derived EVs. Secondly, another method had to be developed to 

extract DNA from the EV preparation with sufficient quality and quantity for quantitative 

real-time PCR (rtPCR). Thirdly, an existing PCR protocol for mtDNA using primers against 

the mitochondrial genes ND1 and ND4 had to be applied to the DNA preparations from 

serum and CSF samples from PD patients and controls, using samples from the biobank 

of the Clinic for Neurology Tübingen. The primary endpoint was defined as the ratio be-

tween the threshold values of ND4 and ND1 (Ct(ND4)/Ct(ND1)). Finally, a statistical 
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analysis of the obtained PCR data had to be carried out to answer the question of 

whether mtDNA in EVs can serve as a biomarker for PD.  
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2. Materials and Methods  

2.1. Materials 

2.1.1. Chemicals and Consumables  

Most of the chemicals and consumables were purchased from Sigma-Aldrich (Merck 

KGaA, Darmstadt, Germany) and AppliChem GmbH (Darmstadt, Germany). Plastic con-

sumables were purchased from Greiner Bio-One (Frickenhausen, Germany) and Eppen-

dorf AG (Hamburg, Germany).  

2.1.2. Solutions and Buffers   

• Running buffer 10x  

o 151.5 g Tris-Base  

o 725 g glycine  

o 50 g SDS  

o fill up with distilled water to a total volume of 5 l 

o for use in Western Blot: dilute 1:10 in distilled water 

• TBS 10x  

o 50 mM Tris-Base, pH = 7.4 

o 150 mM NaCl  

o dissolve in distilled water, adjust to pH = 7.5  

o for use in Western Blot: dilute 1:10 in distilled water and add Tween-20 

to a concentration of 0.1%  

• Stripping buffer  

o 50 g glycine 

o 1 g SDS (0.1%) or 10 ml 10% SDS solution   

o 10 ml Tween-20  

o fill up with distilled water to a total volume of 1 l and adjust pH = 2.2 
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2.1.3. Antibodies  

Primary antibodies used for Western Blot and IP are listed in table 3. 

Table 3: List of primary antibodies.  

target  predicted 
target 
size  

species  company  catalogue 
number  

dilution  

CD9  25 kDa mouse Invitrogen, 
Thermo Fisher Sci-
entific, Waltham, 
USA 

MA1-19301 1:500 

Monoclonal 
Anti-CD9-Bio-
tin antibody 

25 kDa mouse Sigma-Aldrich, 
Merck KGaA, 
Darmstadt, Ger-
many 

SAB4700094 only 
used in 
IP 

CD63  26 kDa  rabbit  GeneTex, Alton 
Pkwy Irvine, USA 

GTX37555 1:500  

TSG101  46 kDa  mouse  GeneTex GTX70255 1:500  

Flotillin-1 48 kDa mouse BD Biosciences, 
San Jose, USA 

610820 1:500 

L1CAM / 
CD171 

200 kDa, 
cleavage 
products: 
60 – 80 
kDa  

mouse  Thermo Fisher Sci-
entific 

UJ127 1:500  

mouse  Abcam, Cam-
bridge, USA 

ab80832 1:500 

CD171 Mono-
clonal Anti-
body 
(eBio5G3 
(5G3)), Bio-
tin, eBiosci-
ence™ 

mouse  Thermo Fisher Sci-
entific  

13-1719-82 only 
used in 
IP  

Calnexin  90 kDa  rabbit  Enzo Life Sciences, 
Farmingdale, USA   

ADI-SPA-860-F 1:500  

Vinculin  116 kDa  mouse  Sigma-Aldrich V9131 1:20 
000  

 

Secondary antibodies for detection in Western Blots are listed in table 4. 

Table 4: List of secondary antibodies.  

target  company  catalog number  dilution  

Mouse IgG HRP Linked Whole Ab Sigma-Aldrich  NA931V 1:5000 

Rabbit IgG HRP Linked Whole Ab Sigma-Aldrich NA934V 1:5000 
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Rat monoclonal [H139-52.1] Anti-
Mouse kappa light chain (HRP) 

abcam  ab99632 1:5000  

IRDye® 800CW Goat anti-Mouse 
IgG (H + L) 

LI-COR 926-32210 1:10 000  

IRDye® 800CW Goat anti-Rabbit 
IgG (H + L) 

LI-COR 926-32211 1:10 000 

 

2.1.4. Commercial solutions and components  

Commercial solutions and components are listed in table 5.  

Table 5: List of commercial solutions and components.  

solution / component  company  

S-Monovette® 9ml Z SARSTEDT AG & Co. KG, Nümbrecht, Ger-
many 

Millex-GP Syringe Filter Unit, 0.22 µm, 
polyethersulfone, 33 mm, gamma 
sterilized 

Merck Millipore, Darmstadt, Germany  

14 mL, Open-Top Thinwall Ultra-Clear 
Tube, 14 x 95mm 

Beckman Coulter, Krefeld, Germany 

Dulbecco’s Phosphate Buffered Saline Sigma-Aldrich 

Sepharose® CL-2B Sigma-Aldrich 

Telos column 15 ml  Kinesis, Wertheim, Germany  

20 µm polyethylene frits  Kinesis 

NuPAGE LDS sample buffer 4x  Invitrogen™, Thermo Fisher Scientific 

PageRuler™ Plus Prestained Protein 
Ladder, 10 to 250 kDa 

Thermo Fisher Scientific 

4 – 12% gradient NuPAGE Bis-Tris-Gels Invitrogen™, Thermo Fisher Scientific 

Streptavidin Magnetic Beads (5 ml) New England Biolabs, Ipswich, USA 

Fluorescence Mounting Medium  Agilent Santa Clara, USA 

LightCycler® 480 Multiwell Plate 96, 
white 

Roche, Basel, Switzerland  

LightCycler® 480 Sealing Foil  Roche 

GeneRuler 1 kb Plus DNA-Leiter Thermo Fisher Scientific 

TriTrack DNA loading dye (6x) Thermo Fisher Scientific 

Qubit™ assay tubes Invitrogen™, Thermo Fisher Scientific 

cOmplete™, mini, EDTA-free protease 
inhibitor cocktail 

Roche 

 

2.1.5. Commercial Kits 

For the commercial kits used in this study refer to table 6.   
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Table 6: List of commercial kits.  

kit  company  

ExoQuick™ Exosome Precipitation Solution 
for Serum, Plasma and Tumor Ascites Fluid (5 
ml)  

System Biosciences, Palo Alto, USA  

ExoQuick™-TC Exosome Precipitation Solu-
tion for Culture Media, Spinal Fluid and Urine 
(10 ml)   

System Biosciences 

RQ1 RNase free DNase  Promega GmbH, Mannheim, Ger-
many 

QIAamp DNA Micro Kit  QIAGEN, Hilden, Germany 

Invitrogen™ Qubit™ dsDNA HS Assay Kit  Thermo Fisher Scientific 

Quant-iT™ PicoGreen dsDNA reagent Thermo Fisher Scientific 

FastStart Essential DNA Green Master Roche 

Thermo Scientific™ Micro BCA™ Protein-As-
say-Kit 

Thermo Fisher Scientific 

 

2.1.6. Software  

The software used in this project is listed in table 7.  

Table 7: List of software.  

software  company   application  

MS Office Word  Microsoft  text writing  

MS Office Excel  Microsoft  statistical analysis  

EndNote X9 Thomson Reuters  bibliography management  

GraphPad Prism 8 GraphPad Software Inc.  statistical analysis and 
graph creation  

LightCycler® 96 software Roche  rtPCR data  

Image Studio Lite  LI-COR  Western Blot detection  

ImageJ National Institutes of Health image analysis  

 

2.2. Methods  

2.2.1. Test samples used for establishing the methods  

2.2.1.1. Blood serum  

For the establishment of the methods, fresh serum from the author of this study was 

collected. Venous blood was drawn and collected in an S-Monovette® 9ml Z (SARSTEDT 

AG & Co. KG) containing a coagulation activator. After incubating for 45 min at room 
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temperature, the tubes were centrifuged for 10 min at 2000 x g. The supernatant was 

aspirated, and all samples were pooled together in a new bottle. The double amount of 

the recommended concentration of a protease inhibitor cocktail was added directly to 

the serum. The pooled serum preparation was aliquoted into 2 ml samples and stored 

until use at -80°C.   

2.2.1.2. Cerebrospinal Fluid  

As test-CSF, old CSF samples from the biobank of the Hertie Institute could be used. 

These samples were stored at -80°C for a longer time and could not be used for ongoing 

studies at the moment or in the future. Partly because they were too old, poorly classi-

fied, or did not meet the criteria for nowadays studies. There were not just samples from 

PD patients, but also AD patients, healthy people, or patients with other brain conditions 

such as tumours. Since these samples were only used for trials and to test the methods, 

the condition of the donor was negligible.  

2.2.2. EV Isolation Techniques  

2.2.2.1. Differential ultracentrifugation  

2.2.2.1.1. Serum samples  

EVs were isolated from human serum using differential ultracentrifugation according to 

a protocol from (Thery et al. 2006) with some modifications. Frozen serum samples were 

thawed on ice and 1 ml of serum was diluted in PBS to a total volume of 12 ml. Samples 

were centrifuged for 30 min at 200 x g, the supernatant was transferred to an ultracen-

trifuge tube (Beckman Coulter) and centrifuged for 45 min at 12,000 x g. The superna-

tant was transferred to a new ultracentrifuge tube and EVs were pelleted at 110,000 x g 

for 2 hours. The supernatant was discarded, and the pellet was resuspended in a large 

volume of PBS (typical about 12 ml) and filtered through a 0.22-μm filter (Merck Milli-

pore). The flow-through was collected in a new ultracentrifuge tube and centrifuged 70 

min at 110,000 x g. The last centrifugation step described in the original protocol from 

Théry et al. 2006 (110,000 x g for 70 min) was omitted to prevent losing too many par-

ticles. All centrifugation steps were carried out at 4°C. The supernatant was removed, 
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and the pellet resuspended in 500 µl PBS for storage or in 50 µl of 20 mM HEPES buffer 

with 0.025% Tween, pH = 7.5 for NTA measurements. The ultracentrifugation steps were 

carried out in an OPTIMA XE ultracentrifuge (Beckman Coulter) with an SW 40 Ti swing-

ing bucket rotor (Beckman Coulter) 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2.1.2. CSF samples  

For EV isolation from CSF, centrifugation steps were replicated from a protocol from 

Strauss et al. 2010. CSF samples (1 ml) were thawed on ice and subjected to various 

centrifugation steps: 3500 x g for 10 min (two times), 4500 x g for 10 min, and 10,000 x 

g for 30 min. After each of these steps, the pellet was discarded, and the supernatant 

was transferred to a new tube for the next centrifugation steps. The remaining super-

natant after the last step was filled in an ultracentrifugation tube and centrifuged for 60 

min at 100,000 x g. The supernatant was discarded, and the pellet was washed with 2 

ml PBS (because the smaller OPTIMA MAX tabletop ultracentrifuge (Beckman Coulter) 

was used) and again centrifuged at 100,000 x g for 60 min. After removing the 

dilute 1 ml 
serum in PBS to 

a total volume of 
12 ml

200 x g for 30 
min

12,000 x g for 45 
min

110,000 x g for 
120 min

110,000 x g for 
70 min 

transfer supernatant to 

ultracentrifuge tubes  

discard pellet   

discard pellet   

transfer supernatant to 

new ultracentrifuge tubes  
discard supernatant   

discard supernatant   

resuspend pellet in 

PBS and filter through 

a 0.22-µm-filter  

pellet with EVs    

Figure 2: Centrifugation steps for isolating EVs from serum samples. Adapted from (Thery et al. 2006)).  
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supernatant, the remaining pellet with the EVs was resuspended in a suitable buffer for 

downstream analysis (e.g., 50 µl of 20 mM HEPES buffer with 0.025% Tween, pH = 7.5 

for NTA measurements). All centrifugation steps were performed at 4°C.  

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2.2. Size-exclusion Chromatography  

Size-exclusion chromatography makes use of the distinct size of EVs floating through a 

porous gel. Boing et al were the first who 

described this method in 2014 which was 

replicated in this study. Two washing 

steps with each 10 ml 0.32% tri-sodium-

citrate in PBS removed the ethanol from 

the Sepharose CL-2B (Sigma-Aldrich). A 

15-ml column (Kinesis) was filled with pre-

washed Sepharose CL-2B and equilibrated 

1 ml CSF 

3500 x g 
for 10 min

3500 x g 
for 10 min

4500 x g 
for 10 min

10,000 x g 
for 30 min 

100,000 x g 
for 60 min

100,000 x g 
for 60 min

transfer supernatant 

to new tube   

discard pellet   

discard pellet   

transfer supernatant to 

new tube  discard pellet    

discard supernatant   
transfer supernatant to 

ultracentrifugation tube   

pellet with EVs    

transfer supernatant 

to new tube   

discard pellet   

wash pellet in 2 ml PBS    
discard supernatant   

Figure 3: Centrifugation steps for isolating EVs from CSF samples. Adapted from (Strauss et al. 2010).  

Figure 4: Demonstration of the setup of the 
SEC. Private photo.  
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with a variable volume of 0.32% tri-sodium-citrate in PBS till the settled Sepharose 

reached a volume of 10 ml. A 20 μm polyethylene frit (Kinesis) was placed at the top of 

the stacked Sepharose and just as the last drops of the tri-sodium-citrate buffer had 

entered the frit, 1 ml serum was pipetted on the top of the frit. From this moment for-

ward the flow-through was collected in 0.5 ml fractions. After the serum had completely 

entered the frit, 0.32% tri-sodium-citrate in PBS was added to the column to prevent the 

Sepharose from running dry. 26 fractions à 0.5 ml were collected in total and used for 

downstream analyses.  

Due to the high dilution of proteins in the running buffer, the protein concentrations in 

the earlier fractions were too low to run on a gel for Western Blot. A tri-chloroacetic acid 

(TCA) precipitation was performed on these fractions to concentrate the existing pro-

teins in a lower volume. One volume of TCA stock was added to 4 volumes of sample 

(e.g., 125 µl TCA to 500 µl sample) and the mixture was incubated 10 min on ice. Cen-

trifugation was performed at 14,000 rpm for 5 min at 4°C. The supernatant was removed 

with great caution to leave the pellet intact. The pellet was washed with 200 µl ice-cold 

acetone before another centrifugation step at 14,000 rpm for 5 min at 4°C. The super-

natant was discarded, the pellet again washed with 200 µl acetone and centrifuged at 

14,000 rpm for 5 min. After removing the supernatant, the pellet was air-dried at room 

temperature by opening the lid of the tube and waiting 5 – 10 min. NuPAGE LDS sample 

buffer 4x (Invitrogen™, Thermo Fisher Scientific) was added to the pellet.  

2.2.2.3. ExoQuick™ Kit  

ExoQuick™ (System Biosciences) is a precipitation solution based on polyethylene-glycol 

and is used as a commercial kit to enrich EVs in a sample. Preparation of the serum or 

CSF samples included thawing them on ice and spinning at 3000 x g for 15 min. The 

supernatant was kept for the following steps. 125 µl ExoQuick™ was added to 500 µl 

serum supernatant, the tube was inverted several times to ensure proper mixing and 

incubated for 1 h at 4°C. For CSF samples, 200 µl ExoQuick™ precipitation solution was 

incubated overnight at 4°C with 1 ml of CSF supernatant. After this incubation time, the 

tubes were centrifuged at 1500 x g for 30 min, the supernatant was removed, and the 
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tubes took a second spin at 1500 x g for 5 min. After discarding the remaining superna-

tant, the pellet was resuspended in different buffers depending on the downstream 

analysis (table 6).   

Table 8: Buffers for resuspension of the ExoQuick™ pellet according to the downstream analysis.  

Downstream analysis  Buffer  Volume of Buffer  

Western Blot  NuPAGE LDS sample buffer  100 µl  

Immunoprecipitation  PBS + PIC  500 µl  

DNA extraction molecular grade water + 
PIC 

100 µl  

NTA 20 mM HEPES buffer with 
0.025% Tween, pH = 7.5 

- 50 µl for CSF  
- 100 µl for serum  

 

2.2.2.4. Immunoprecipitation   

Immunoprecipitation (IP) is a method, that uses the specific interaction between an an-

tibody and its antigen to isolate a target protein from a mixture of different proteins 

(Kaboord and Perr 2008). Due to the specific binding of an antibody to its antigen, the 

desired protein can be captured, and the antigen-antibody complex can be precipitated 

from the solution. For these precipitation steps, antibodies are normally attached to a 

solid support. Traditionally, antibodies are immobilized on Protein A and G agarose 

beads. After centrifugation, the antigen-antibody-bead complexes are enriched in the 

pellet and can be separated from the supernatant. Another possibility is the usage of 

magnetic beads. The tubes with the solution and the magnetic beads are attached to a 

static magnet and the magnetic beads are attracted by the magnetic fields and accumu-

late on the side of the tube closest to the magnet. The supernatant can now be easily 

removed with a pipet since the beads with the desired proteins stick on the side of the 

tube. The big advantage of this method is the cleaner separation of beads and superna-

tant because of the missing pellet. Without a pellet, contamination of the final sample 

with unwanted proteins from the supernatant can be reduced to a minimum. Further-

more, the loss of protein through accidentally disturbing the pellet can be reduced to a 

minimum. Since serum contains huge amounts of proteins and surface proteins of EVs 

account only for a very small portion of all these proteins, the magnetic beads were 

qualified for our purpose. But even when using magnetic beads, two different 
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approaches can be considered. On the one hand, you can incubate the antibodies with 

the beads at higher temperatures to bind the antibodies permanently to the beads. The 

antibody-bead complex can in the next step be incubated with the sample to pull down 

the corresponding proteins. On the other hand, you can make use of the streptavidin-

biotin interaction, which is one of the strongest non-covalent bindings in nature. The 

tetramer protein streptavidin (MW = 25.8 kDa) was originally found in the hen egg white 

and can be purified from Streptomyces avidinii (Luong and Vashist 2019). Biotin (also 

known as vitamin B7) is an essential protein for the human body and serves as a cofactor 

for some carboxylases (Luong and Vashist 2019). Instead of coupling the antibodies di-

rectly to the beads, you can use biotinylated antibodies (commercial antibodies that are 

bound with their Fc part to biotin) and streptavidin magnetic beads (streptavidin that is 

attached to magnetic beads). It is now possible to capture the antibody-bound protein 

due to the strong interaction between streptavidin and biotin. This method is faster be-

cause when bringing streptavidin and biotin together, they react at a higher speed and 

the long step of binding the (pure) antibodies to the (pure) magnetic beads can be omit-

ted. After trying both methods, we decided to go ahead with the streptavidin-biotin 

based method which is described in the following (also refer to the discussion section).  

An IP-based method to isolate EVs makes use of surface markers on EVs which can be 

captured by antibodies. Eligible proteins are tetraspanins such as CD9 or CD81 or other 

transmembrane proteins like L1CAM. Since EVs from different fluids and organs differ in 

their surface protein profile, different subpopulations of EVs can be isolated by using 

different specific antibodies. This method was only applied to serum samples since the 

primary purpose was to isolate neuronal-derived EVs that are positive for L1CAM. EVs 

were isolated according to a protocol from (Mustapic et al. 2017) with a few modifica-

tions (visualised in figure 5). The first steps were identical to the isolation of EVs from 

serum using ExoQuick™ which is described above. The pellet after the last centrifugation 

step was resuspended in 500 µl PBS containing two times the suggested concentration 

of protease inhibitors. 4 µg of biotinylated antibody in a total volume of 50 µl 3% BSA in 

PBS was added to the suspension and incubated at 4°C for 1 h on a rotation mixer. Mean-

while, the streptavidin magnetic beads (New England Biolabs) had to be prepared: The 
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beads in the original tube were inverted several times to ensure proper mixing of the 

beads. 200 µl of the beads solution were transferred to a microcentrifuge tube, a mag-

net was applied to pull the beads to the side and the supernatant was removed. The 

beads were washed three times in total through resuspending in 1 ml binding buffer by 

pipetting up and down (20 mM Tris-HCl, pH = 7.5, 0.5 mM NaCl, 1 mM EDTA; recipe from 

the producer of the beads). After each washing cycle, the supernatant was removed. 

After the last washing step, the serum samples (with the biotinylated antibodies) were 

added to the washed streptavidin magnetic beads and the mixture was incubated for 30 

min at 4°C with continuous mixing on a wheel. A magnet was subsequently applied, and 

the supernatant was removed. Three washing steps with each 1 ml 0.1% BSA in PBS, pH 

= 7.5 followed. Proper washing was ensured by inverting the tubes about 20 times or till 

the beads cluster had dissolved and by removing the supernatant after each washing 

cycle. After the last removal of the supernatant, the beads were resuspended in one of 

two different elution buffers: 100 µl 0.1 M glycine, pH = 2 for electron microscopy, and 

NTA analysis or 100 µl NuPAGE LDS sample buffer for Western blotting. The complete 

suspension (beads + elution buffer) was transferred to a new microcentrifuge tube. The 

tube was vortexed strongly for at least 30 s and centrifuged at 4500 x g for 10 min at 4°C 

to detach the EVs from the bead-antibody complex. The samples with NuPAGE LDS sam-

ples buffer were also boiled for 10 min at 95°C on a thermomixer with gentle shaking to 

reach a higher particle yield. A magnet was applied and the supernatant containing the 

EVs was transferred to a new tube. 15 µl 1 M Tris-HCl was added to the samples with 

glycine as the elution buffer to neutralize the sample. For a more detailed protocol 

please refer to the appendix.  
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2.2.3. Characterization of EVs  

2.2.3.1. Dynamic Light Scattering 

DLS was performed on all samples but only the SEC samples are presented in the results 

part since the other samples were also analysed with NTA which provided better and 

more reliable results. Nevertheless, DLS is a good method to get a first impression of the 

size distribution of a sample. EVs from serum were analysed using SEC according to the 

protocol. 40 µl of each fraction was filled in a cuvette and analysed with a Zetasizer Nano 

ZS (Malvern Panalytical Ltd, Malvern, UK) 173° backscatter. Per sample, 3 runs à 15 sin-

gle measurements were performed.  

Figure 5: Visualisation of the IP method to enrich an EV sample for a specific subpopulation of EVs de-
pending on the antibody. Adapted from (Mustapic et al. 2017).  
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2.2.3.2. Nanoparticle Tracking Analysis 

NTA was performed with a NanoSight NS300 (Malvern Panalytical Ltd) in the lab of Prof 

Anja Schneider at the DZNE in Bonn. UC, ExoQuick™, and IP samples were prepared in 

our lab, and samples were diluted in 20 mM HEPES buffer with 0.025% Tween, pH = 7.5. 

Dilutions varied between the samples depending on the suggested particle concentra-

tions (table 7). A total volume of 400 µl was placed in a 2 ml tube and sent on cool pads 

to Bonn.  

Table 9: List of samples for NTA with their buffers and dilutions.  

method  fluid vol-
ume  

resuspension 
of the pellet / 
elution  

final dilu-
tion  

particle 
number 
in 1 ml 

UC CSF 1000 µl  50 µl HEPES-T 10 µl sam-
ple in 390 µl 
HEPES-T 

particle 
concen-
tration x 
200 

serum (pure) 1000 µl   50 µl HEPES-T  10 µl sam-
ple in 390 µl 
HEPES-T 

particle 
concen-
tration x 
200 

ExoQuick™  CSF 1000 µl  50 µl HEPES-T  10 µl sam-
ple in 390 µl 
HEPES-T 

particle 
concen-
tration x 
200 

serum (pure)  500 µl  100 µl HEPES-
T  

5 µl sample 
in 395 µl 
HEPES-T 

particle 
concen-
tration x 
3200 

IP 
- L1CAM 
- CD9 
- negative 

serum (in 500 µl 
PBS resuspended 
pellet of 
ExoQuick™) 

500 µl  80 µl 0.1 M 
glycine in PBS 
+ 20 µl 1 M 
Tris-HCl in 
PBS  

100 µl sam-
ple in 300 µl 
HEPES-T 

particle 
concen-
tration x 8 

 

2.2.3.3. Electron Microscopy  

Electron Microscopy was performed by Dr. Katharina Hipp at the Max-Planck Institute 

(MPI) in Tübingen. Samples were prepared according to the protocols and transferred 

on ice to the MPI. 4 µl of the samples were dropped on a grid that was prior taken to a 
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glow discharge unit making the surface of the grid negatively stained and more hydro-

philic. The grid was pulled through a drop of water three times and the remaining fluid 

on the grid was soaked up with filter paper. This procedure was repeated using drops of 

1% uranyl-acetate instead of water. Subsequently, one drop of 1% uranyl acetate was 

put on the grid, which was then incubated for 5 min at room temperature. The surplus 

fluid was soaked up and the grid was stored till performing the electron microscopy on 

the 120 kV Tecnai G2 Spirit BioTWIN (FEI Company, Hillsboro, USA).  

2.2.3.4. Western Blot  

Samples were either resuspended in NuPAGE LDS sample buffer 4x (in a 1:4 dilution with 

PBS) or beads were eluted with a 1:4 dilution of the sample buffer in PBS or sample 

buffer was added to the sample (to a final 1:4 dilution). Samples were heated for 5 min 

at 95°C and loaded on 10- or 20-wells 4 – 12% gradient NuPAGE Bis-Tris-Gels (Thermo 

Fisher Scientific, Waltham, USA). An electrophoresis tank was filled with running buffer, 

the chamber with the gel was set into the tank, and proteins were separated for about 

90 min at 100 V. Proteins were transferred to nitro-glycerine membranes using the iBlot 

2 Dry Blotting System (Thermo Fisher Scientific). For total protein staining, the mem-

branes were overlaid with Ponceau S solution (AppliChem GmbH) and placed on a shaker 

for 10 minutes. Incubation of the membranes with 5% milk in TBS-T for 1 h was used for 

blocking before the membranes were incubated with primary antibodies (diluted in 5% 

milk) overnight at 4°C on a roller. Unbound primary antibodies were removed by wash-

ing 6 times à 5 min with TBS-T the next day before incubating for 2 hours with the sec-

ondary antibody at room temperature on a roller (diluted in 5% milk). Depending on the 

primary antibody either fluorescence-labelled secondary anti-rabbit or anti-mouse anti-

bodies (LI-COR, Bad Homburg, Germany) or HRP secondary antibodies (Sigma-Aldrich) 

were used. For special questions and to distinguish between the signal of the primary 

antibody and the heavy chain of IgG immune globulins an anti-Kappa light chain anti-

body (HRP coupled) (Abcam) was used. After a second washing step bands were de-

tected depending on the type of the secondary antibody: For fluorescence-labelled sec-

ondary antibodies, membranes were scanned on the Odyssey® CLx Imaging System (LI-
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COR). For HRP secondary antibodies membranes were incubated for 1 min with Amer-

sham ECL Western Blotting Detection Reagent (GE Healthcare, Freiburg, Germany) be-

fore developing films using the film processor SRX-101A (Konica Minolta, Langenhagen, 

Germany). 

2.2.3.5. Bicinchoninic acid (BCA) Assay  

Protein concentrations were measured with the BCA assay. Starting from a bovine se-

rum albumin (BSA) stock solution with a concentration of 2 mg/ml, a dilution series was 

prepared according to the manufacturer’s instructions with a protein concentration 

range between 0 µg/ml and 2000 µg/ml. 25 µl of the prepared BSA solutions were pi-

petted in each well of a 96-well plate in triplicates and 25 µl of the (diluted) sample was 

added (also in triplicates = 3 wells for each sample and each dilution). The master mix 

was prepared according to the manufacturer’s instructions and 200 µl were added to 

each well. The plate was incubated for 30 min at 37°C and the optical density respec-

tively absorption was measured at 563 nm in a plate reader. A standard curve was drawn 

with the measured data, plotting the absorption against the BSA concentration. The pro-

tein concentration in each well can be calculated with the following mathematical for-

mula:  

𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [
𝜇𝑔

𝑚𝑙
] =

𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑢𝑟𝑣𝑒
∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

 

2.2.4. DNA analysis  

2.2.4.1. DNase digestion  

To remove extra-vesicular DNA and other DNA contaminations in the sample, non-ve-

sicular DNA was digested with the RQ1 RNase-free DNase (Promega GmbH). The DNase 

digestion was set up as follows: 70 µl sample, 10 µl 10x reaction buffer, 10 µl RNase free 

DNase (1 unit/µl). The digestion took place at 37°C for 30 minutes before adding 10 µl 

of RQ1 DNase Stop Solution for a total volume of 100 µl and incubating at 65°C for 10 

minutes to inactivate the DNase.   
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2.2.4.2. DNA extraction  

DNA from EVs (and supernatant) was extracted using the QIAamp DNA Micro Kit (QI-

AGEN) according to the manufacturer’s instructions with a few modifications (according 

to a protocol from (Thakur et al. 2014)): 100 µl of 100% ethanol instead of 50 µl was 

added to the sample in step 7 of the instruction and 30 µl AE buffer was used for the 

elution of the QIAamp MinElute columns in the last step. For more detail refer to the 

appendix. The Qubit™ fluorometer 3 (Invitrogen™, Thermo Fisher Scientific) confirmed 

the DNA concentrations in the samples. It was handled according to the manufacturer’s 

instructions by using the Invitrogen™ Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scien-

tific) with 5 µl of sample volume as input.  

2.2.4.3. PicoGreen Staining of EV-associated DNA  

DNA in EVs was stained with PicoGreen following a protocol published by Fernando et 

al. 2017: EVs isolated from 500 µl serum or 1 ml CSF using ExoQuick™ and from 500 µl 

serum with the IP method (antibody: anti-L1CAM) were resuspended in 100 µl ultra-

pure water and all samples except the IP samples were treated with 10 µl RNase-free 

DNase (Promega GmbH). 100 µl of the remaining supernatant from serum and CSF was 

kept and also treated with 10 µl DNase. After the DNA digestion was completed, 3 µl 

Quant-iT™ PicoGreen dsDNA reagent (Thermo Fisher Scientific) was added to each sam-

ple. They were incubated for 1 hour at RT. 100 µl of the sample were centrifuged (1500 

rpm, 10 min) on slides using a Cellspin cytocentrifuge (Tharmac GmbH, Waldsolms, Ger-

many). Slides were air-dried before mounting the samples with Fluorescence Mounting 

Medium (Agilent Santa Clara) and coverslips. Samples were analysed with Zeiss fluores-

cence microscope Axio Imager Z1 with Apotome 2 (Carl Zeiss AG, Oberkochen, Deutsch-

land).  

2.2.4.4. Agarose Gel Electrophoresis 

Agarose was added to TBS to produce a 3% agarose solution (3 g agarose in 100 ml TBS). 

The suspension was boiled up in a microwave and cooled down to approx. 60°C. 2 – 3 µl 

ethidium bromide was added per 10 ml gel solution and the mixture was filled in a 
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chamber with a casting frame on one side. After solidifying, the casting frame was re-

moved and the gel was put in an electrophoresis unit with TBE running buffer. One vol-

ume loading dye 6x was added to five volumes sample. The samples were vortexed and 

loaded on the gel. The first chamber was filled with a DNA ladder (1 µg). The gel was run 

at 150 V for about 90 min and finally, the gel was visualized under UV light.  

2.2.4.5. rtPCR  

Real-time PCR (rtPCR) was performed using the LightCycler® system by Roche with SYBR 

Green as the detection format. Two primers amplified a short part of the ND1- and ND4-

gene of the mitochondrial DNA and a third primer (ACTB) amplified a segment of the 

human β-actin gene which is localized on the nuclear genome (base sequences for the 

β-actin primers were taken from (Fernando et al. 2017)). Information about the primers 

and the amplified segments can be found in table 10:  

Table 10: Primer for rtPCR.  

Gene Sequence  Amplicon 
length  

ND1 forward  5’ – CCC TAA AAC CCG CCA CAT CT – 3’ 69 bp  

reverse  5’ – GAG CGA TGG TGA GAG CTA AGG T – 3’ 

ND4 forward  5’ – CCA TTC TCC TCC TAT CCC TCA AC – 3’ 84 bp  

reverse  5’ – CAC AAT CTG ATG TTT TGG TTA AAC TAT ATT T 
– 3’ 

ACTB forward  5’ – GCC AGG GCT TAC CTGG TAC ACT – 3’ 76 bp 

reverse  5’ – GTC ACA CTT GGC CTC ATT TTT – 3’ 

 

For rtPCR, one PCR Mix for each primer pair (forward + reverse) was prepared according 

to table 11.  

Table 11: Composition of the PCR Mix for ONE DNA sample.  

Reagent  Volume 

Water, PCR grade   2 µl  

PCR Primer (1:10 dilution)  1.4 µl  
- 0.7 µl forward-primer  
- 0.7 µl reverse-primer  

Master Mix  6.6 µl  

Total volume  10 µl  
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Primers were diluted 1:10 in molecular-grade water (separate for forward and reverse) 

before adding them to the PCR Mix. All reagents were mixed before pipetting 10 µl of 

the PCR Mix in each well of a 96-well plate. In every well, 3.3 µl of the DNA sample was 

added to a total volume of 13.3 µl per well. The multiwell plate was sealed with sealing 

foil and centrifuged at 600 x g for a few seconds. The plate was loaded into the Light-

Cycler® 96 instrument (Roche) and the PCR reaction was started. For the settings of the 

PCR cycles refer to the appendix. Results were analysed with the LightCycler® 96 soft-

ware.  

2.2.5. Data analysis and statistics  

Data and statistical analysis were performed with Microsoft Office Excel 2019 software 

(Microsoft, Redmond, USA) and GraphPad Prism® 8 software (GraphPad Software Inc., 

San Diego, USA). The Student’s two-sided t-test was performed on normally distributed, 

independent data sets. A p-value < 0,05 was considered significant. Values are given as 

mean + standard deviation (SD).  

2.3. Ethics 

The study was approved by the Ethics Committee of the University of Tübingen 

(199/2011BO1 for samples from the biobank of the Hertie Institute for Clinical Brain Re-

search (HIH) Tübiinigen and 586/2018B02). Participants gave written informed consent 

according to the Helsinki Declaration.  
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3. Results  

3.1. Characterization of EVs   

3.1.1. Electron Microscopy  

TEM images taken from EV samples isolated with different techniques revealed the pres-

ence of round vesicle-like structures with sizes between 25 and 120 nm. Total EVs from 

500 µl serum respectively 1000 µl CSF were isolated using the ExoQuick™ kit and the 

pellets were resuspended in 100 µl PBS. For L1CAM+ EVs, the IP method with biotinyl-

ated anti-L1CAM antibodies and magnetic beads was applied. The EVs were eluted from 

the beads with 100 µl of 0.1 M glycine in PBS (pH = 2). Especially EVs from serum and 

CSF isolated with ExoQuick™ showed an average particle size of around 35 nm with very 

few particles bigger than 50 nm. Only in samples of the IP method with anti-L1CAM an-

tibodies, bigger particles up to 120 nm could be found, but the majority of vesicles had 

sizes of approx. 60 nm (figure 1C). The number of EV-like particles under the microscope 

differed highly between the samples. While ExoQuick™ samples of CSF and serum had 

to be diluted 1:5 respectively 1:10 to obtain a good picture, no dilution was required for 

the L1CAM+ EVs, and the concentration of these particles was even without dilution 

much lower compared to total serum and CSF EVs. Also, the purity of the preparations 

A B 

C 

Figure 6: TEM images of EVs. (A) Total se-
rum EVs (ExoQuick ). Dilution 1:10 in PBS. 
Left image: bar = 200 nm, right image: bar 
= 100 nm. (B) Total CSF EVs (ExoQuick ). 
Dilution 1:5 in PBS. Bar = 100 nm. (C) 
L1CAM+ EVs (IP). No dilution. Bar = 100 nm 
(in both images).  
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differed widely between the samples: While EVs samples isolated with ExoQuick™ (es-

pecially serum) were quite impure with a large amount of very small particles and a high 

background signal, the IP samples displayed much fewer contaminants. 

3.1.2. Nanoparticle Tracking Analysis 

NTA is a method to measure the size distribution of particles and the particle number in 

a solution. NTA was performed on almost all isolation techniques. All measured samples 

revealed particles in a size between 10 and 150 nm with different peaks and particle 

concentrations. UC from serum and CSF demonstrated a wide range of particle sizes with 

multiple peaks and much lower particle concentrations in comparison with the 

ExoQuick™ preparations (all particle numbers standardized to 1 ml sample). The differ-

ence between both methods was most obvious in serum samples: ExoQuick™ obtained 

112-times more particles/ml than UC. Similar to the results from the UC samples, CSF 

particles isolated with ExoQuick™ presented a wide range of sizes, while serum particles 

isolated with ExoQuick™ were concentrated in two major peaks at about 50 and 100 nm. 

The most homogenous particle population was obtained with the IP method. Especially 

the usage of the anti-L1CAM-antibody to capture L1CAM+ vesicles displayed one major 

peak at the size of 110 nm and a smaller peak at around 75 nm. By using an anti-CD9-

antibody (a more general vesicle marker), fewer particles were isolated. In summary, 

ExoQuick™ from serum outranked all other isolation methods in particle yield (mean = 

8,5 x 1011 particles in 1 ml serum, n = 3), followed by the IP from serum with antibodies 

against L1CAM (mean = 2.37 x 109 particles in 1 ml serum, n = 5) and ExoQuick™ for CSF 

(mean = 2 x 109 particles in 1 ml CSF, n = 3). UC on the other side resulted in much lower 

particle yields (UC serum mean = 5.58 x 108 particles in 1 ml serum, n = 1; UC CSF mean 

= 1.6 x 109 particles in 1 ml CSF, n = 1). Regarding the purity and homogeneity of the 

isolated particles, UC provided the widest range of particles with multiple peaks, fol-

lowed by the ExoQuick™ kit with a quite heterogeneous particle population as well. The 

antibody-based IP methods showed very clear peaks with fewer background signals. 

Both results also fit the EM images taken from the IP method. Figure 6 provides an 
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overview of the size distribution profiles and particle concentrations from the NTA 

measurements.  

 

Figure 7: NTA measurements of EV samples. (A) Size distribution profiles of EVs isolated from 500 µl serum 
(each) using UC (brown line) and ExoQuick  (blue line) showed multiple peaks in the UC preparation and 
two peaks at about 50 nm and 100 nm in the ExoQuick  preparation. Also note the huge difference be-
tween the particle concentrations with approx. 112-times more particles per ml in the ExoQuick  prepa-
ration than in the UC. (B) Size distribution profile of EVs isolated from 1000 µl CSF (each) using ultracen-
trifugation (green line) and ExoQuick  (red line) displayed multiple peaks between 0 and 150 nm with one 
major peak in the UC sample at about 120 nm. The ExoQuick  sample contained approx. 2.5-times more 
particles/ml than the UC sample. (C) Size distribution profile of EVs isolated from 500 µl serum using im-
munoprecipitation with antibodies against L1CAM (green line) and CD9 (orange line) showed a more ho-
mogenous particle population then the other isolation techniques with a major peak at about 115 nm in 
the L1CAM sample. The L1CAM sample contained approx. 3.5-times more particles/ml then the CD9 sam-
ple. (D) Comparison of the particle yields obtained by different isolation methods. ExoQuick  serum out-
ranked all other isolation methods followed by ExoQuick  CSF and IP L1CAM with similar concentrations. 
Bar represents the absolute particle number in 1 ml fluid. Annotation: Particles were measured with a cut-
off value of 140 nm. Values are given as mean ± SD.  
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3.1.3. Western Blot  

Western Blot analysis of EV samples allows the detection of EV marker proteins respec-

tively the absence of contaminants. As cited above, the International Society for Extra-

cellular Vesicles (ISEV) recommended in its positional paper from 2018 (Théry et al. 

2018) to prove the presence of EVs and the absence of contaminants by detecting at 

least one protein of the following five categories (categories 4 and 5 not for all EVs): 

Table 12: Requirements for the characterization of EVs on a protein basis according to the ISEV. Adapted 
from (Théry et al. 2018).  

 Application Definition  Examples  

Category 1 for all EVs  transmembrane or GPI-anchored 
proteins as indicators for the li-
pid-bilayer structure of EVs 

CD9, CD63, CD81, 
LAMP1/2, L1CAM 
(CD171)  

Category 2 for all EVs  cytosolic proteins enclosed by 
the lipid bilayer with the ability 
to bind to lipids or membrane 
proteins 

TSG101, Flotillin-
1/-2, HSC 70, 
HSP90AB1, actin, 
tubulin  

Category 3 for all EVs  absence of contaminants (non-
EV structures), that are often co-
isolated with EVs 

apolipoprotein 
A1/2, albumin, 
uromodulin (in 
urinary EVs)  

Category 4 for specific 
subpopula-
tions of EVs 
(e.g., small 
EVs) 

absence of proteins associated 
with other intracellular compart-
ments than the plasma mem-
brane or endosomes (e.g., endo-
plasmic reticulum, Golgi appa-
ratus, nucleus, mitochondria)  

nucleus: histones, 
mitochondria: cy-
tochrome c, endo-
plasmic reticulum: 
calnexin  

Category 5 for the func-
tional com-
ponent of 
EVs  

secreted or luminal proteins that 
can bind to specific receptors on 
the EV surface  

cytokines/growth 
factors, extracellu-
lar matrix proteins 
(e.g., collagen)  

 

Figure 7 summarizes the most important findings of the Western Blot experiments. EVs 

isolated with ExoQuick™ both from serum and CSF revealed the presence of different 

EV marker proteins: TSG101 (44 kDa), Flotillin-1 (47 kDa), and L1CAM (200 – 250 kDa). 

CD63 (26 kDa), another common marker protein for EVs, was only measurable in serum 

EVs and the signal was very weak and unstable (not repeatable in all Western blots) 

(figure 7B). On the one hand, it was not possible to detect calnexin, a marker for the 
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endoplasmic reticulum, in the EV preparations. On the other hand, calnexin could not 

be detected in serum supernatant either, suggesting that the antibody was not working 

sufficiently. The supernatants which remained after the isolation of EVs from CSF and 

serum served as a negative control and showed the absence of the aforementioned pro-

teins although TSG101 and Flotillin-1 still emitted a faint signal but at a much longer 

exposure time. The strength of the bands can serve as an indicator for the amount of 

proteins loaded on the gel under the condition, that the same exposure times and de-

tection mediums were applied to the samples. This is best seen in the TSG101 band. As 

a general EV marker protein, it can be found in serum and CSF EVs. Despite the double 

volume of CSF (1000 µl) used for the EV isolation with ExoQuick™ compared to the vol-

ume of serum (500 µl), the much stronger band in the serum EV sample implies a higher 

number of particles in this sample, an observation also emphasized by the NTA meas-

urements. Nevertheless, the L1CAM band in the CSF EV sample is slightly stronger than 

in the serum EV sample. This higher L1CAM/TSG101 ratio in CSF EVs could indicate the 

enrichment of L1CAM in neuronal-derived EVs from CSF. Due to the capturing of L1CAM 

with an anti-L1CAM-antibody in the IP, L1CAM is highly expressed in these samples (fig-

ure 7A). Furthermore, also TSG101, Flotllin-1, CD63, and CD9 were detectable in the IP-

L1CAM-samples. As a negative control, the same protocol as for L1CAM+ EVs was fol-

lowed with the difference, that no anti-L1CAM antibodies were added to the sample and 

the beads. No bands accounting for EV marker proteins were observed in these samples. 

In conclusion, the IP method makes it possible to enrich samples for different proteins 

(e.g., L1CAM) that cannot be found in the negative control; and the L1CAM+ EVs also 

bear other EV marker proteins. Instead of an anti-L1CAM antibody to capture L1CAM+ 

EVs, CD9 as a common EV marker can be used to capture CD9-expressing EVs. The direct 

comparison of L1CAM+ and CD9+ EVs (figure 7C) showed, that L1CAM, TSG101, and CD9 

could be detected in both samples. The stronger L1CAM band in the L1CAM+ EV sample 

seems plausible, but even the CD9 band is (despite the same sample input) more domi-

nant in the L1CAM+ EVs than in the CD9+ EVs.  
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3.1.4. Enrichment of L1CAM in neuronal-derived EVs   

The whole concept of isolating neuronal-derived EVs as a subpopulation of all EVs is 

based on the specific enrichment of L1CAM at the surface of neuronal-derived EVs. 

When comparing total serum and total CSF EVs one would expect a higher expression of 

L1CAM in CSF exosomes than in serum EVs. Nevertheless, L1CAM should still be detect-

able in serum exosomes, because neuronal-derived exosomes can pass the BBB and can 

be found circulating in the blood. Considering the much higher number of total EVs in 

serum than in CSF, the number of EVs loaded on Western Blot must be standardized to 

examine the L1CAM expression. Due to a lacking possibility of exactly quantifying the 

number of EVs in a sample in the institute, the TSG101 band was taken as a reference. 

As mentioned above, TSG101 is a common EV marker and is found on EVs of variable 

origin. The intensity of the TSG101 band can be used as an indicator for the number of 

EVs loaded in the Western Blot (exemplary demonstrated in figure 8A). The quotient of 

the intensity of the L1CAM band divided through the intensity of the TSG101 band can 

serve as a rough idea about the enrichment of L1CAM in the EV preparation. The higher 

this quotient, the higher the enrichment of L1CAM in the sample. This procedure was 

applied in ExoQuick™ samples to compare total CSF and serum EVs. The relative inten-

sity of TSG101 and L1CAM bands were measured in three independent Western Blots 

with 14 different serum and 14 different CSF samples using the free software ImageJ. 

The L1CAM/TSG101 ratio was significant higher in CSF EVs compared to serum EVs (se-

rum EVs mean = 0.8557, SD = 0.126, n = 14; CSF EVs mean = 2.968, SD = 1.480, n = 14; 

**** p < 0.0001, Student’s two-sided t-test) (figure 8B). L1CAM is a transmembrane pro-

tein that is especially expressed on neurons and plays a crucial role in neuronal differ-

entiation (Salinas et al. 2008). To prove, that L1CAM is expressed on neuronal cells and 

to verify the localization of the L1CAM band for the other Western Blot experiments, 

lysate from a mouse brain cortex was run on a Western Blot and stained with an anti-

L1CAM antibody as a positive control. The band at approx. 250 kDa represents the pro-

tein L1CAM and fit to the L1CAM band in the EV samples (figure 8C).  
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3.2. Size-Exclusion-Chromatography  

This isolation method is based on the flow of a viscous mobile phase (in our experiment 

the serum sample diluted in buffer) through a porous stationary phase (Sepharose CL-

2B). Smaller particles like proteins and antibodies enter the pores in the Sepharose 

where they are trapped and elute later while bigger particles (like VLDL and HDL) cannot 

enter the small pores and are carried away through the flow of the mobile phase result-

ing in an elution in the earlier fractions. This separation method allows the enrichment 

of particles according to their sizes. Further advantages of this method include the effi-

cient removal of proteins and lipids which elute in different fractions than the EVs with 

little overlap and the gentle treatment of EVs which preserves their integrity and func-

tionality. To prove the elution of proteins, a BCA assay was performed on all 26 fractions. 

Figure 9B shows the protein concentrations of the 26 fractions à 0.5 ml. The protein 
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Figure 9: Enrichment of L1CAM in neuronal-derived CSF EVs compared to serum EVs. (A) Comparison of serum 
EVS (1, 3) and CSF EVs (2, 4) isolated with ExoQuick . The Ponceau staining (left side) shows the difference in 
the protein composition between two serum and CSF EVs samples. The relative intensity of the TSG101 and 
L1CAM bands in the Western Blot (right side) were used to calculate the L1CAM/TSG101 ratio. (B) In CSF EVs, 
a significant higher L1CAM/TSG101 ratio can be measured compared to serum EVs (n = 14, **** p < 0.0001, 
Student’s two-sided t-test). Values are given as mean ± SD. (C) Positive L1CAM staining in a lysate from a 
mouse brain cortex after incubating with an anti-L1CAM antibody in Western Blot (PL = protein ladder). 
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concentration increased from fraction 1 to 18 (with hardly any proteins in the first 7 

fractions), reached its maximum in the 18th fraction, and decreased in the later fractions. 

All 26 fractions were still not enough to remove all the proteins from the column. This 

measurement was also supported by SDS page and subsequent Copper staining reveal-

ing the increase of the loaded protein amount from fraction 1 to 18 (equal volumes of 

each fraction were loaded) (figure 9A).   

To confirm the size distribution of the particles in the different fractions, DLS measure-

ments of selected fractions were performed. Fractions were chosen according to the 

literature that proclaims the vesicle peak in fractions 8 and 9 (Böing et al. 2014). Figure 

9D summarizes the average size of the fractions 7 to 11 of one SEC experiment with 500 

µl serum. As expected, the size of the isolated particles decreased from the earlier to 

the later fractions because larger particles elute earlier than smaller particles (also pre-

sented in figure 9E with the average sizes of the fractions from three replicates). Con-

sidering the average size of exosomes as a subpopulation of EVs between 40 and 160 

nm, fractions 9, 10, and 11 show the strongest enrichment of exosomes. The comparison 

of this data with the protein concentrations in figure 9B suggests, that this method can 

successfully separate most of the proteins from the vesicles, resulting in a very clean and 

pure sample. Western Blot was performed to detect EV marker proteins in the sample. 

Despite several tries, CD63 and TSG101 could not be detected in any SEC fraction. Nev-

ertheless, a distinct signal was obtained for L1CAM presented in figure 9C. The strongest 

L1CAM bands could be detected in the 10th, 11th, and 12th fraction, the same fractions 

that contain most of the EVs measured in the DLS. Interestingly, the later fractions with 

a much higher protein concentration did not emit a signal for L1CAM, indicating that 

L1CAM is a specific marker for EVs. These findings underline the use of anti-L1CAM-an-

tibodies to capture EVs and strengthen together with the L1CAM/TSG101 quotient from 

the ExoQuick™ serum and CSF samples the expression of L1CAM on neuronal-derived 

EVs. 

To complete the characterization of EVs obtained by SEC, TEM was performed on frac-

tion 9.  Round vesicle-like structures could be identified on the TEM images with diam-

eters ranging from 30 nm to 80 nm (figure 9F).   
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Figure 10: Characterization of EVs isolated with SEC. (A) Copper staining of a SDS gel with the 26 fractions ob-
tained in one SEC from 500 µl serum (the numbers 1-26 in the upper bar stand for the fractions). (B) Correlation 
between protein concentration (measured with BCA assay) and SEC fraction. The protein concentration increases 
with the fractions and reaches its peak in the 18th fraction before decreasing again. (C) Western Blot with fractions 
2 – 19 with a staining against L1CAM. Bands are only visible in fractions 10, 11 and 12 (PL = protein ladder). (D) 
Size distribution profile of different SEC fractions measured with DLS. The higher the fraction the smaller the par-
ticle size. Particles with a diameter of 100 nm have their peak in fractions 8 und 9. (E) Average size of particles in 
fractions 7 – 11 from 3 SEC experiments. (F) Electron microscopy image of the 9th fraction. Bar = 100 nm.  
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3.3. Validation and Efficiency of rtPCR  

Quantitative real-time PCR (rtPCR) was performed on DNA extracted from EVs on mul-

tiple occasions. Essentially three primers were of interest for this study: ND1 and ND4 

as markers for the mtDNA and ACTB (encoding for β-actin) as a marker for the nuclear 

genome. The Ct value (cycle threshold), the main parameter in rtPCR experiments, is 

defined as the number of reaction cycles that are necessary for the fluorescent signal to 

pass the threshold. The threshold is usually defined as the specific signal intensity of the 

reaction that exceeds the background signal.  

There are many different methods to prove the efficiency (E) of an rtPCR. One possibility 

is to run the rtPCR with a serial dilution of the original DNA sample (normally using 10-

fold dilutions steps) and draw a standard curve through the Ct values. When plotting the 

Ct values against the logarithm of the targeted concentrations, a linear curve with a neg-

ative slope is expected. For a 100% efficiency, the slope must be -3.33 in a 10-fold dilu-

tion series (Svec et al. 2015). The efficiency is 100% when the number of DNA templates 

doubles in every PCR cycle. For the aforementioned three primers, four dilutions of an 

original DNA test sample (0.1, 0.01, 0.02, and 0.001) were prepared and standard curves 

were fitted through the resulting Ct values shown in figure 11. Linear regression calcula-

tions resulted in a slope of -2.836 for ND1 (Y-intercept: 15.40), -3.020 for ND4 (Y-inter-

cept: 14.92) and -3.270 for ACTB (Y-intercept: 22.99). All three slopes come close to the 

ideal slope of -3.3, indicating high efficiency.  

 

Knowing the slope, the efficiency can be also calculated by this equation (Kubista et al. 

2006):  

Figure 11: Standard curves of rtPCR 
primers. Ct values are plotted 
against DNA concentrations in a se-
rial dilution (logarithmic scale) for 
three primers: ND1, ND4 and ACTB. 
Standard curves were calculated 
with simple linear regression: slope 
ND1: -2.836, slope ND4: -3.020, 
slope ACTB: -3.270. A slope of -3.3 is 
associated with a 100% efficiency of 
the rtPCR.  
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𝐸 = 10
−(

1
𝑠𝑙𝑜𝑝𝑒

)
− 1 

By fitting the slopes in this equation, the efficiencies are 1.25 for ND1, 1.14 for ND4, and 

1.02 for ACTB.  

Another possibility to assess the purity of the reaction and whether there is one specific 

amplified DNA product or additional off-target amplicons, or contaminants provides the 

analysis of the melting peaks. A melting curve measures the fluorescence emitted from 

the amplified products when gradually raising the temperature. In the beginning, the 

fluorescence decreases with increasing temperatures. When the temperature reaches a 

A 

B 

C 

Figure 12: Melting peaks of the rtPCR using different primers. (A) Primer against ND1. (B) Primer 
against ND4. (C) Primer against ACTB. While ND1 and ND4 showed a single melting peak indicating 
a single pure amplified DNA product, ACTB exhibited two peaks.  
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certain point, the double-stranded DNA breaks apart, the dye is released and the fluo-

rescence drops abruptly (Kubista et al. 2006). This process is visualized as a melting peak. 

A single melting peak stands for a single specific amplified DNA product. The melting 

peaks for the primers ND1, ND4, and ACTB are shown in figure 12.  

In the rtPCR, the amplified DNA products are measured by fluorescence, but they can 

also be run on conventional gel electrophoresis to visualize the bands presented in fig-

ure 11. The rtPCR DNA amplicons were loaded on a 3% agarose gel and left there at 150 

V for 90 min. All three samples exhibited a band with the expected size of the amplified 

DNA sequence: 69 bp for ND1, 84 bp for ND4, and 76 bp for ACTB. The amplicon of the 

ACTB primer showed an additional smaller and fainter band at about 275 bp.  

 

3.4. Analysis of DNA in EVs  

3.4.1. PicoGreen staining of EV-associated DNA  

PicoGreen is a fluorescent dye that preferably binds to double-stranded DNA (dsDNA) 

and is often used for the quantification of dsDNA. Nevertheless, it is also able to perme-

ate cell membranes without prior permeabilization (Ashley et al, 2005). It is therefore 

suitable to stain mtDNA in mitochondria, but also to stain DNA in EVs which are also 

surrounded by a lipid bilayer. EV preparations from serum and CSF using ExoQuick™ and 

IP with anti-L1CAM antibodies (only with serum samples) were incubated with 

ND1       ND4     ACTB 

bp 
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Figure 13: Gel electrophoresis of rtPCR products. The amplified prod-
ucts of ND1, ND4 and ACTB from the rtPCR were put on 3% agarose gel 
and run at 150 V for 90 min. For ND1 and ND4, the shown bands fit to 
the expected size of the amplicon (ND1: 69 bp, ND4: 84 bp). For ACTB, 
the lower band is the expected amplicon (76 bp), the upper band and 
approx. 275 bp an additional, most likely contaminating or off-target 
product.  
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PicoGreen, centrifuged on slides, air-dried, and observed under the microscope. The mi-

croscopy images revealed the presence of fluorescent green dots that indicate the pres-

ence of dsDNA. Due to the prior treatment with DNase, most of the extra-vesicular DNA 

should have been degraded making the dsDNA inside the EVs mainly responsible for the 

signal. This observation was underlined by the declining density of fluorescent EVs after 

dilutions and the absence respectively a much lower number of fluorescent particles in 

the supernatant samples that were also treated with DNase. The same applied to EVs 

obtained via IP although the image appeared different with a predominant number of 

small particles (< 500 nm) and a smaller number of big green dots (1 – 5 µm).    

Table 13: Microscopy images of EVs from serum and CSF stained with PicoGreen to visualize dsDNA 
inside EVs (bar = 10 µm).  

ExoQuick™ 
from serum  

pellet  

no dilution 1:3 dilution 1:30 dilution 

   

supernatant    

 

  

ExoQuick™ 
from CSF 

pellet  supernatant   
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L1CAM+ EVs 
(IP)  

  

 

 

3.4.2. Characterization of the DNA composition in EVs 

3.4.2.1. Effect of DNase treatment 

Since cfDNA consists of vesicular and non-vesicular DNA, it is a crucial step to remove 

extra-vesicular DNA from the sample in order to leave only vesicular DNA behind. For 

this purpose, 10 µl of DNase (10 units) was added to 100 µl of the sample according to 

the manufacturer’s instructions. For bigger sample sizes (like 500 µl supernatant), the 

volume of the DNase and the other reagents was scaled up. DNase treatment was per-

formed on EV preparations from serum and CSF isolated with the ExoQuick™ kit. It was 

not applied to EVs isolated with the IP method, because the majority of the contaminat-

ing non-vesicular cfDNA should have been removed in the multiple washing steps be-

fore, and since the amount of DNA was very low anyway, additional loss of DNA had to 

be avoided at any cost to run the rtPCR. Quantitative PCR measurements of the mito-

chondrial genes ND1 and ND4 provide the most reliable method to assess the effect of 

the DNase treatment on serum and CSF EVs.  

Note: DNA concentrations were measured in different settings (pellet, supernatant, elu-

ate). The “native” DNA concentrations cannot be compared properly since the pellet, for 

example, contains “concentrated” DNA and the measured DNA concentration depends 

on the resuspension volume while the supernatant in contrast is not concentrated. To 

reflect this situation, DNA concentrations were normalized to 1 µl serum or CSF and the 

numbers do not show the “native” DNA concentrations.  

Serum EVs: Ct values of ND1 and ND4 revealed no significant difference between sam-

ples before and after DNA digestion (ND1: serum EVs with DNase mean = 20.471, SD = 

1.572, n = 10; serum EVs without DNase mean = 19.995, SD = 1.579, n = 6; p = 0.5676, 
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Student’s two-sided t-test; ND4: serum EVs with DNase mean = 20.843, SD = 1.486, n = 

10; serum EVs without DNase mean = 20.352, SD = 1.576, n = 6; p = 0.5411, Student’s 

two-sided t-test) (figure 13B). However, when measuring the DNA concentrations in the 

serum EV samples, the DNase treatment resulted in a significantly lower DNA concen-

tration (serum EVs with DNase mean = 0.116 ng/µl serum, SD = 0.033, n = 3; serum EVs 

without DNase mean = 0.365 ng/µl serum, SD = 0.105, n = 3; * p = 0.0174, Student’s two-

sided t-test) (figure 13A). The Ct values alone are not quite meaningful since they 

strongly depend on the DNA concentration in the sample. Therefore, a more accurate 

parameter would be the ratio of the Ct values of ND1 respectively ND4 and the DNA 

concentration. Using this calculation, the difference between the DNase treatment and 

the absence of the DNase treatment in serum EVs becomes highly significant (ND1: 

Ct(ND1)/DNA concentration: with DNase mean = 176.5, SD = 13.55, n = 10; without 

DNase mean = 54.78, SD = 4.326, n = 6; **** p < 0.0001, Student’s two-sided t-test; ND4: 

Ct(ND4)/DNA concentration: with DNase mean = 179.7, SD = 12.81, n = 10; without 

DNase mean = 55.76, SD = 4.318, n = 6; **** p < 0.0001, Student’s two-sided t-test).  

CSF EVs: In contrast to serum EVs, the DNase treatment had a significant effect on the 

mtDNA in CSF EVs, resulting in higher Ct values for ND1 and ND4 in the DNase treatment 

group compared to the group without DNase treatment (ND1: CSF EVs with DNase mean 

= 30.71, SD = 0.601, n = 3; CSF EVs without DNase mean = 26.71, SD = 0,199, n = 3; ** p 

= 0.0014, Student’s two-sided t-test; ND4: CSF EVs with DNase mean = 32.28, SD = 1.301, 

n = 3; CSF EVs without DNase mean = 27.33, SD = 0.323, n = 3; ** p = 0,0061, Student’s  

two-sided t-test) (figure 13B). 

 

 



3. Results | 59 

 

 

3.4.2.2. DNA in serum EVs  

DNA concentrations were measured in all ExoQuick™ serum and CSF samples from the 

patients and controls in the cohort as well as in the IP samples containing L1CAM+ EVs. 

The DNA concentrations of the cohort samples are listed below. The results which are 

presented in this section refer to the test serum and CSF samples that were used for 

establishing the methods. According to the previous results, 10 µl of DNase (10 units) 

were added to the in 100 µl molecular-grade water resuspended pellet as well as the 

supernatant (the volume of DNase was scaled up according to the volume of the sam-

ple). Figure 14A shows the mean DNA concentration of EVs isolated from serum samples 

using the ExoQuick™ kit (the measured concentration values were normalized to 1 µl 

serum): In the pellet samples (containing the expected EVs), a mean DNA concentration 

of 0.055 ng/µl serum was measured, ranging from 0.011 ng/µl serum to 0.153 ng/µl 

serum (SD = 0.045, n = 15), whereas the DNA concentration in the supernatant with 

mean 1.771 ng/µl serum (ranging from 0.480 ng/µl serum to 5.460 ng/µl serum, SD = 

Figure 14: Effect of DNase treatment on EV samples. (A) The adding of 10 units DNase to an ExoQuick  
serum pellet containing the EVs shows a significant decline of the DNA concentration compared to the 
absence of the DNase. The mean DNA concentration decreases from 1.823 ng/µl without DNase to 0.577 
ng/µl with DNase (n = 3, * p < 0.05, Student’s two-sided t-test). (B) The DNase treatment has no significant 
effect on the Ct values of the mitochondrial genes ND1 and ND4. The Ct values are slightly lower without 
DNase than with DNase, but the difference is neglectable and not significant (ND1: n = 6 and 10, p > 0.05, 
Student’s two-sided t-test; ND4: n = 6 and 10, p > 0.05, Student’s two-sided t-test). (C) In CSF EVs, the 
DNase treatment leads to significant higher Ct values for ND1 and ND4 (ND1: n = 3, ** p < 0.01, Student’s 
two-sided t-test; ND4: n = 3, ** p < 0.01, Student’s two-sided t-test). Values are given as mean ± SD.  
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1.821, n = 12, ** p = 0.001, Student’s two-sided t-test) was significantly higher. A con-

trary picture was observed when looking at the Ct values of ND1, ND4, and ACTB in the 

rtPCR (figure 14B). Despite lower DNA concentrations in serum pellet samples compared 

to supernatant, the Ct values were significantly lower in the pellet samples containing 

the EVs implicating higher mtDNA and nDNA amount (ND1: pellet mean = 20.53, SD = 

1.238, n = 16; supernatant mean = 28.51, SD = 4.153, n = 11; **** p < 0.0001, Student’s 

two-sided t-test; ND4: pellet mean = 21.04, SD = 1.195, n = 16; supernatant mean = 

30.64, SD = 3.454, n = 11; **** p < 0.0001, Student’s two-sided t-test; ACTB: pellet mean 

= 31.31, SD = 1,900, n = 3; supernatant mean = 40.29, SD = 0, n = 1; too few replicates 

for statistical analysis). The ratio of the Ct values and the DNA concentrations resulted 

in even bigger differences between the pellet and the supernatant group (ND1: 

Ct(ND1)/DNA concentration: pellet mean = 373.341, SD = 22.50, n = 16; supernatant 

mean = 16.099, SD = 2.345, n = 11; **** p < 0.0001, Student’s two-sided t-test; ND4:  

Figure 15: Characterization of the DNA composition in serum EVs. (A) Mean DNA concentrations of 
ExoQuick  samples from 500 µl serum. The supernatant has a 32.2-times higher DNA concentration than 
the pellet with the EVs (pellet: n = 15, supernatant: n = 12; ** p < 0.01, Student’s two-sided t-test). (B) 
rtPCR with primers against ND1, ND4, and ACTB in ExoQuick  serum samples. The Ct values in the serum 
pellet samples are significantly lower for all three amplicons compared to the supernatant although a 
higher total DNA concentration was measured in the supernatant (ND1 and ND4: pellet: n = 14, superna-
tant: n = 11, **** p < 0.0001, Student’s two-sided t-test; ACTB: pellet: n = 3, supernatant: n = 1). When 
putting the Ct values in relation to the DNA concentrations, the difference between both groups is even 
bigger. Values are given as mean ± SD. 
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Ct(ND4)/DNA concentration: pellet mean = 382.591, SD = 21.73, n = 16; supernatant 

mean = 17.301, SD = 1.950, n = 11; **** p < 0.0001, Student’s two-sided t-test; ACTB: 

Ct(ACTB)/DNA concentration: pellet mean = 569.273, SD = 34.55, n = 3; supernatant 

mean = 22.750, n = 1; too few replicates for statistical analysis).  

3.4.2.3. DNA in CSF EVs  

EVs from CSF isolated with the ExoQuick™ kit were subjected to the same experiments 

and measurements as the serum EVs. Figure 15A presents the mean DNA concentration 

of EVs isolated from CSF samples (the measured concentration values were again nor-

malized to 1 µl CSF). With 0.0217 ng/µl CSF, the DNA concentration in CSF EVs (pellet 

from ExoQuick™ kit) was about half as low than in serum EVs (0.055 ng/µl) with a mini-

mum of 0.005 ng/µl CSF and a maximum of 0.039 ng/µl CSF (SD = 0.010, n = 15). Similar 

to the serum samples, significant higher DNA concentrations were measured in the CSF 

supernatant (CSF supernatant mean = 0.263 ng/µl, SD = 0.067, n = 4; **** p < 0.0001, 

Student’s two-sided t-test). The DNA concentration data was very inconsistent, and 

some values had to be excluded from the analysis. The rtPCR with primers against ND1, 

ND4, and ACTB revealed also no significant difference between the CSF pellet and the 

supernatant as presented in figure 15B (ND1: pellet mean = 30.71, SD = 0.601, n = 2; 

supernatant mean = 31.92, SD = 1.153, n = 2; p = 0.319, Student’s two-sided t-test; ND4: 

pellet mean = 32.28, SD = 1.301, n = 2; supernatant mean = 33.34, SD = 0.672, n = 2; p = 

0.454, Student’s two-sided t-test, ACTB: pellet mean = 38.37, SD = 0.240, n = 2; super-

natant mean = 39.84, n = 1; too few replicates for statistical analysis). However, after 

normalizing the Ct values to the mean DNA concentrations of the CSF pellet and super-

natant, both groups differed significantly for ND1 and ND4 (ND1: Ct(ND1)/DNA concen-

tration: pellet mean = 1414.977, SD = 27.70, n = 2; supernatant mean = 121.350, SD = 

4.382, n = 2; *** p = 0.0002, Student’s two-sided t-test; ND4: Ct(ND4)/DNA concentra-

tion: pellet mean = 1492.166, SD = 59.96, n = 2; supernatant mean = 126.749, SD = 2.554, 

n = 2; *** p = 0.001, Student’s two-sided t-test; ACTB: Ct(ACTB)/DNA concentration: 
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pellet mean = 1768.203, SD = 11.08, n = 2; supernatant = 151.483, n = 1; too few repli-

cates for statistical analysis). 

 

3.4.2.4. DNA in L1CAM+ EVs  

A little bit lower DNA concentration than in serum EVs were detected in the IP samples 

using a biotinylated anti-L1CAM-antibody. A mean DNA concentration of 0.041 ng/µl 

serum (range = 0.061 ng/µl, SD = 0.021, n = 16) was measured on the Qubit™ Fluorom-

eter. Compared to a negative control in which no antibody at all was used, there was no 

significant difference between both samples (negative control = 0.049 ng/µl serum, SD 

= 0.035, range = 0.136, n = 13; p = 0.4437, Student’s two-sided t-test). It is important to 

note, that neither in the L1CAM+ EV sample nor in the negative control a DNase was 

added to the sample to avoid too much DNA loss. To determine the difference in the 

amount of mtDNA and nDNA between both samples, rtPCR with primers for ND1 and 

ND4 for the mtDNA and ACTB for the nDNA was performed. Despite a significant differ-

ence in the Ct values for ND1 and ND4 between L1CAM+ EV samples and negative 

Figure 16: Characterization of the DNA composition in CSF EVs. (A) Mean DNA concentrations of 
ExoQuick  samples from 500 µl CSF. The supernatant has a 12.1-times higher DNA concentration then the 
pellet with the EVs, but the difference is highly significant (pellet: n = 15, supernatant: n = 6; **** p > 
0.0001, Student’s two-sided t-test). (B) rtPCR with primers against ND1, ND4, and ACTB in ExoQuick  CSF 
samples. The Ct values in the CSF pellet samples for all three primers differ not significantly from the su-
pernatant (ND1 and ND4: pellet: n = 2, supernatant: n = 2; p > 0.05, Student’s two-sided t-test; ACTB: 
pellet: n = 2, supernatant: n = 1). Values are given as mean ± SD. 
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controls, the Ct values were lower in the negative control indicating a higher mtDNA 

quantity in the negative control compared to the L1CAM+ EVs enriched sample (ND1: 

L1CAM+ EVs mean = 22.39, SD = 0.7201, n = 14; negative control mean = 21.58, SD = 

0.6044, n = 13; ** p = 0.0042, Student’s two-sided t-test; ND4: L1CAM+ EVs mean = 

23.00, SD = 0.9172, n = 14; negative control mean = 22.01, SD = 0.7903, n = 13; ** p = 

0.0062, Student’s two-sided t-test). No significant difference was observed in the Ct val-

ues for ACTB, but in contrast to ND1 and ND4, Ct values for ACTB were higher in the 

negative control (ACTB: L1CAM+ EVs mean = 31.84, SD = 1.937, n = 12; negative control 

mean = 32.16, SD = 1.639, n = 11; p = 0.680, Student’s two-sided t-test). The ratio of the 

Ct values of ND1/ND4/ACTB and the DNA concentration revealed a bigger difference 

between L1CAM+ EVs and the negative control (ND1: Ct(ND1)/DNA concentration: 

L1CAM+ EVs mean = 552.9, SD = 17.78, n = 14; negative control mean = 443.7, SD = 12.43, 

n = 13; **** p < 0.0001, Student’s two-sided t-test; ND4: Ct(ND4)/DNA concentration: 

L1CAM+ EVs mean = 567.8, SD = 22.65, n = 14; negative control mean = 452.5, SD = 16.25, 

n = 13; **** p < 0.0001, Student’s two-sided t-test; ACTB: Ct(ACTB)/DNA concentration: 

L1CAM+ EVs mean = 786.2, SD = 47.83, n = 12; negative control mean = 661.1, SD = 33.69, 

n = 11; **** p < 0.0001, Student’s two-sided t-test). In summary, it can be said that the 

DNA concentrations on the one hand and the “pure” Ct values on the other hand re-

vealed no difference between L1CAM+ EVs and the negative control. On the other hand, 

when calculating the ratio of the Ct value and the DNA concentration, significant higher 

mtDNA and nDNA quantities could be found in the L1CAM+ EVs compared to the nega-

tive control. Due to the inconsistent results, this method was not applied to the cohort 

samples and instead only total serum EVs were isolated by using the ExoQuick™ kit. 
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3.5. Analysis of the cohort 

3.5.1. Description of the cohort  

The cohort consisted of 35 PD patients and 35 age- and gender-matched healthy con-

trols. More details for both groups provide table 1.  

Table 14: Characteristics of the cohort. 

 PD patients  controls  

total  35 35 

mean age (sample picking) 64.343 years 64 years 

sex male  21 21 

female  14 14 

age of onset  56.030 years -  

samples  - 35 x serum (à 500 µl)  
- 30 x CSF (à 400 µl)  

35 x serum (à 500 µl) 

 

Figure 17: Characterization of the DNA composition in L1CAM+ EVs compared to negative controls. (A) 
Mean DNA concentrations of IP samples. There is no significant difference between the L1CAM+ EVs and 
the negative control (L1CAM+ EVS: n = 16, negative control: n = 13, p > 0.05, Student’s two-sided t-test). 
Also note the considerably lower DNA concentrations compared to serum EVs. (B) rtPCR of ND1, ND4 and 
ACTB in IP samples. A significant difference in the Ct values of ND1 and ND4 between L1CAM+ EVs and a 
negative control (without anti-L1CAM antibody) was observed, but with lower Ct values in the negative 
control group (ND1: L1CAM+ EVs: n = 14, negative control: n = 13, ** p < 0.01, Student’s two-sided t-test; 
ND4: L1CAM+ EVs: n = 14, negative control: n = 13, ** p < 0.01, Student’s two-sided t-test). ACTB showed 
no difference between both groups (L1CAM+ EVs: n = 12, negative control: n = 11, p > 0.05, Student’s two-
sided t-test). Values are given as mean ± SD.  
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More exactly, the PD cohort consisted of 29 patients with idiopathic PD, one patient 

with a genetic PD (PINK1 (PARK6)), two patients with a mitochondriopathy, and three 

patients with PSP-P. In the following, all patients are referred to as PD patients.   

There was one serum sample from each PD patient available, and from 30 of the 35 PD 

patients, also a CSF sample was available (5 PD patients only had serum samples). Of the 

35 healthy controls, only serum samples were accessible (figure 17).  

 

 

 

Total EVs from serum and CSF were isolated using the ExoQuick™ kit and DNA was ana-

lysed regarding the mitochondrial genes ND1 and ND4 with rtPCR. The Ct values of ND1 

and ND4 and especially the ratio Ct(ND4)/Ct(ND1) represented the primary endpoint. 

Furthermore, protein and DNA concentrations were measured in every sample and the  

ratio of the Ct values of ND4 respectively ND1, and the DNA concentration was calcu-

lated. For statistical analysis, the results from the serum samples of the PD patients and 

the controls were compared and the results from the serum samples of the PD patients 

and the CSF samples of the same PD patients (figure 18).  

PD patients      

serum 

controls 

serum 

PD patients      

CSF 

PD patients      

serum 

Figure 19: Illustration of the two ma-
jor comparisons for statistical analy-
sis. Serum EVs from controls were not 
compared to the CSF EVs from pa-
tients.  

Figure 18: Structure of the cohort. From 5 PD patients only serum samples were available. From all con-
trols only serum samples (and no CSF) were available.  

Cohort

35 PD patients

Per patient 1 
serum sample

Per patient 1  
CSF sample

5 patients 
without CSF 

samples

35 healthy 
controls

Per control 1 
serum sample
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3.5.2. Serum EVs  

Total EVs were extracted from serum from PD patients and healthy controls. Since no 

method to measure the number of particles in the EV preparation was available, the 

protein concentration served as a rough indicator for isolation efficiency. Both groups 

did not differ significantly in protein concentration (serum patients mean = 58.48 mg/ml, 

SD = 9.706, n = 30; serum controls mean = 60.43, SD = 18.87, n = 30; p = 0.6164, Student’s 

two-sided t-test; Note: n is 30 (and not 35), because 5 patient and 5 control serum sam-

ples were not measured). There was also no difference in the DNA concentrations of 

both groups measurable (serum patients mean = 0.5176 ng/µl, SD = 0.3992, n = 35; se-

rum controls mean = 0.5522 ng/µl, SD = 0.3939, n = 35; p = 0.7161, Student’s two-sided 

t-test) (figure 19A). Furthermore, the primary endpoint Ct(ND4)/Ct(ND1) in serum re-

vealed no significant difference between the PD patients and the controls (serum pa-

tients mean = 1.048, SD = 0.025, n = 33; serum controls mean = 1.047, SD = 0.017, n = 

35; p = 0.837, Student’s two-sided t-test) (figure 19B). In conclusion, this parameter 

could not be used to distinguish between PD patients and healthy controls based on 

serum EVs. Serum samples from two patients showed unusual high Ct values for ND1 

and ND4 which exceeded all other values. Since both values were increased, the ratio 

(ND4/ND1) was similar to the others. Statistical analysis (robust nonlinear regression 

(ROUT test)) was performed to identify outliers and the Ct values for ND1 and ND4 for 

the serum samples of the patients with the IDs 17846 and 17949 were removed. This 

explains n = 33 for serum samples from PD patients when Ct values are included in the 

further calculations. As an alternative to the ND4/ND1 ratio, the quotient of the Ct values 

of ND1 respectively ND4 and the DNA concentration was calculated and showed no dif-

ference between both groups (Ct(ND1)/DNA concentration: serum patients mean = 

60.41, SD = 45.01, n = 33; serum controls mean = 55.05, SD = 35.91, n = 35; p = 0.5879, 

Student’s two-sided t-test; Ct(ND4)/DNA concentration: serum patients mean = 63.30, 

SD = 47.00, n = 33; serum controls mean = 57.68, SD = 37.89, n = 35; p = 0.5885, Student’s 

two-sided t-test) (figure 19C). Also the two patients with mitochondriopathy did not dif-

fer from the rest of the cohort or from the healthy controls.  
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3.5.3. CSF EVs  

Since no CSF samples from healthy controls were available, the main focus lied on the 

comparison between serum and CSF samples from the same PD patients. Since CSF and 

serum EVs represent different EV populations with distinguished features and since PD 

mainly affects the brain, the comparison between both EV populations can lead to new 

findings. The 5 patients with only serum and no CSF samples (ID13314, ID14333, 

ID17553, ID22424, ID31779) were omitted from the statistical analysis. In conclusion, 30 

PD patients with their serum and CSF samples were compared. As described above, CSF 

contains much less EVs than serum in the same starting volume. This could explain partly 

the almost 187-times higher mean protein concentration in the serum samples of the 

PD patients compared to the CSF samples of the same patients (serum patients mean = 

58.270 mg/ml, SD = 10.34, n = 25; CSF patients mean = 0.312 mg/ml, SD = 0.277, n = 30; 

**** p < 0.0001, Student’s two-sided t-test) (figure 19A). Other reasons include the 

Figure 20: Results of the serum samples from PD patients and healthy controls of the cohort. Starting 
volume was 500 µl each. (A) Comparison of the DNA concentrations measured in the serum EVs samples 
from patients and controls. Both groups have similar DNA concentrations with a wide range (patients: 
range = 1.518 ng/µl, n = 35; controls: range = 1.935 ng/µl, n = 35) and an insignificant difference (p > 0.05, 
Student’s two-sided t-test). (B) Primary endpoint was the ratio of the Ct values of ND4 and ND1. This ratio 
does not differ significantly between serum EVs from patients and controls (patients: n = 33, controls: n = 
35; p > 0.05, Student’s two-sided t-test) and therefore cannot be used to distinguish between PD patients 
and controls. (C) The quotient of the Ct values of ND1 or ND4 and the DNA concentration can serve as an 
alternative endpoint. But also with this parameter, no significant difference between serum EVs from pa-
tients and controls can be found (patients: n = 33, controls: n = 35; Ct(ND1)/DNA concentration: p > 0.05, 
Ct(ND4)/DNA concentration: p > 0.05, both Student’s two-sided t-test). Values are given as mean ± SD.  
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lower concentration of albumin and lipoproteins in the CSF. Contrary to the protein con-

centration, the DNA concentration in both groups behaves the other way round: The 

mean DNA concentrations in the CSF samples was 1.4-times higher than in the serum 

samples of the PD patients (serum patients mean = 0.448 ng/µl, SD = 0.367, n = 30; CSF 

patients mean = 0.6479 ng/µl, SD = 0.344, n = 30; * p = 0.033, Student’s two-sided t-test) 

(figure 19B). This finding seems contrary to the DNA concentrations measured in the 

“test samples” above and will be tackled in the discussion section. Nevertheless, the 

DNA concentrations in both groups differed widely and had a large overlap area. Despite 

slightly higher DNA concentrations in the CSF EV samples, the Ct values for ND1 and ND4 

were much lower in the serum EVs samples (ND1: serum patients mean = 19.59, SD = 

0.981, n = 28; CSF patients mean = 30.48, SD = 1.734, n = 30; **** p < 0.0001, Student’s 

two-sided t-test; ND4: serum patients mean = 20.57, SD = 1.114, n = 28; CSF patients 

mean = 32.88, SD = 2.323, n = 30; **** p < 0.0001, Student’s two-sided t-test) (figure 

19D). In other words: Although the CSF EV preparations contained a little bit more DNA 

than serum EV preparations, they possessed less mtDNA, because the Ct values for the 

mitochondrial genes ND1 and ND4 were higher. But more important than the “pure” Ct 

values is the ratio of the Ct values of ND4 and ND1. When comparing serum EVs and CSF 

EVs from the same patients, a significant difference in the Ct(ND4)/Ct(ND1) ratio be-

tween both groups could be detected with a slightly higher value in the CSF group (se-

rum patients mean = 1.047, SD = 0.026, n = 30; CSF patients mean = 1.079, SD = 0.046, 

n = 30; ** p = 0.0016, Student’s two-sided t-test) (figure 19C). The difference in the 

ND4/ND1 ratio between serum and CSF EVs could indicate, that these two EV popula-

tions differ in their mtDNA composition. Another perspective on this subject provides 

the matching of the ND4/ND1 ratio for each person separate: In 21 of 30 PD patients 

(70%) the ND4/ND1 ratio in the CSF EVs was higher than in the serum EVs, while in the 

other 9 of 30 patients (30%), the ND4/ND1 ratio in the CSF EVs was lower than in the 

serum EVs (figure 19E). Not significant on the other hand was the difference between 

the Ct(ND1)/DNA concentration respectively Ct(ND4)/DNA concentration ratio between 

serum and CSF samples (ND1/DNA concentration: serum patients mean = 66.94, SD = 

45.69, n = 28; CSF patients mean = 60.33, SD = 29.32, n = 30; p = 0.512, Student’s two-
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sided t-test; ND4/DNA concentration: serum patients mean = 70.04, SD = 47.76, n = 28; 

CSF patients mean = 65.09, SD = 31.21, n = 30; p = 0.640, Student’s two-sided t-test).  

Figure 21: Results of the CSF samples from the patients compared to their serum samples. CSF and serum 
were taken from the same patients. Starting volume was 500 µl for serum samples and 400 µl for CSF 
samples. (A) Comparison of the protein concentrations in serum and CSF samples from the PD patients. 
Serum samples have a 187-times higher protein concentration than CSF samples (serum patients: n = 25, 
CSF patients: n = 30). (B) DNA concentrations shows a slightly higher value in the CSF samples than in the 
serum samples but with a wide range (serum patients: range = 1.518 ng/µl, n = 30; CSF patients: range = 
1.215, n = 30). (C) The primary endpoint (Ct(ND4)/Ct(ND1)) differs significantly between serum and CSF EVs 
from the same patients (serum: n = 30, CSF: n = 30; ** p < 0.005, Student’s two-sided t-test). (D) Compar-
ison of the absolute Ct values between both groups. Significant lower Ct values for ND1 and ND4 can be 
found in the serum EVs compared to the CSF EVs (serum: n = 30, CSF: n = 30; **** p < 0.0001 for ND1 and 
ND4 each, Student’s two-sided t-test). (E) Illustration of the ND4/ND1 ratio in serum and CSF samples of 
each patient separately. The two points linked with a line stand for one person. The line connects the 
ND4/ND1 ratio in serum EVs (left) and CSF EVs (right) in one patient and illustrates the direction in which 
both samples differ. 70% of the patients (21 of 30) show a higher ND1/ND4 ratio in CSF EVs than in serum 
EVs. On the other hand, 30% of the patients (9 of 30) behave the other way round with lower ND4/ND1 
ratios in CSF EVs than in serum EVs. All values are given as mean ± SD.  
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4. Discussion  

4.1. Characterization of EVs  

4.1.1. Total serum and CSF EVs  

Characterization of EVs requires a three-step process according to the ISEV as described 

above (Théry et al. 2018). The first step involves the quantification of the EV preparation 

and the source. For the quantification of the EV preparations, NTA was performed to 

measure particle yield and size distribution. NTA measurements of the ExoQuick™ sam-

ples revealed the predominantly small size of the EVs and the high “background signal”. 

Serum EVs from ExoQuick™ exhibited their peak at a size of about 50 nm and CSF EVs 

from ExoQuick™ presented multiple peaks between 50 and 130 nm. Particle yields from 

ExoQuick™ samples outranked the other isolation techniques and a compromise had to 

be found between purity and particle gain. Since the main focus of this study lies on DNA 

analysis, a higher particle yield seemed to be preferable to gain enough material for the 

measurements. The quantification of the EV source (serum or CSF) was largely skipped 

since slots for NTA measurements were rare (they had to be sent to Bonn) and the mean 

protein concentration of serum and CSF is widely known (serum: 61 – 81 g/l, CSF: 15 – 

45 mg/dl). The second step according to the ISEV requires the detection of EV marker 

proteins and the absence of contaminants. This was done by Western blotting with the 

following target proteins: CD63, TSG101, Flotillin-1, and L1CAM. Except for CD63, all 

three proteins could be detected in serum and CSF EVs. CD63 and L1CAM are tetraspan-

ins (category 1 according to ISEV), TSG101 and Flotillin-1 are cytosolic proteins (category 

2). Also, calnexin, a protein associated with the endoplasmic reticulum and Golgi appa-

ratus (category 4) could not be detected in the EV preparations (but also not in the su-

pernatant). However, the absence of common proteins, which are often co-isolated with 

EVs, was not measured (partly because the Western blot experiments were performed 

before the positional paper was published). Especially serum is a mixture of abundant 

types of proteins and staining against albumin or apolipoprotein A1/2 would have been 

sensible to evaluate the extent of contaminating proteins. Nevertheless, when loading 

serum EV samples on a Western blot and staining the gel with Ponceau or Copper, a 
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prominent band at just over the 55 kDa protein ladder band was visible which could – 

with some probability – represent albumin. This is another indicator, that many serum 

proteins were co-isolated with the EVs when using the ExoQuick™ kit. This finding is 

consistent with other studies that compared different isolation techniques (Tang et al. 

2017; Helwa et al. 2017). They compared different isolation techniques and took the 

ratio of particle number and protein concentration as an indicator of the purity of a 

sample. They reported a significantly higher particle-to-protein ratio in the UC samples 

(= higher purity) than in the ExoQuick™ samples (Tang et al. 2017). The third and last 

step requires the characterization of single vesicles, in this case by TEM. The majority of 

the total serum and CSF EVs isolated with the ExoQuick™ kit had sizes smaller than 50 

nm in TEM. According to the nomenclature of the ISEV, the correct term for these par-

ticles would be “small EVs” (< 100 nm) (Théry et al. 2018). In accordance with the NTA 

measurements, TEM images of ExoQuick™ serum and CSF EVs came along with a high 

background signal. In summary, most of the requirements of the ISEV were fulfilled. Alt-

hough the isolation process with ExoQuick™ provides many advantages (easy to handle, 

time-saving, high particle yield, EV marker detectable, little sample volume sufficient), 

the biggest disadvantage remains the co-isolation of other proteins resulting in an un-

clean sample.  

Different studies have also investigated the stability of EVs themselves and the stability 

of DNA in EVs. One study with serum EVs from 2016 concluded, that EVs are quite stable 

when exposed to different environments: EV markers in Western blot were stable at 4°C 

for at least 168 h (= 7 days), at room temperature for at least 48 h, and at -80°C for at 

least 5 freeze-thaw-cycles (Jin et al. 2016). The same study also reported, that exosomal 

DNA is stable for at least one week at 4°C, for at least one day at room temperature, and 

also after multiple freeze-thaw cycles (Jin et al. 2016). Another group reported, that 

TSG101 was still detectable in EV samples after 3 months when stored at 4°C, -20°C, and 

-80°C, and even after 30 days at 37°C. However, they suggested that EVs are more stable 

when stored at -80°C (Kalra et al. 2013). The serum samples used for the test experi-

ments were freshly drawn and stored at -80°C for max. one month. However, the test 
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CSF samples were quite old, and despite being stored at -80°C, a decline of EV marker 

proteins and DNA has to be assumed.  

4.1.2. Immunoprecipitation 

Basically, two different IP methods exist, that were applied to EVs: The first method di-

rectly couples antibodies to (magnetic) beads by incubating the beads with the antibod-

ies on a shaking incubator at 37°C for 24 h (first described by (Tauro et al. 2012), adapted 

for L1CAM+ EVs by (Shi 2014)). After this procedure, the antibodies are linked covalently 

to the beads and can be added to the sample. The second method adds a biotinylated 

antibody (e.g., anti-L1CAM) directly to the sample and traps the antigen-antibody-com-

plexes with streptavidin magnetic beads profiting from the strong interaction between 

biotin and streptavidin (first described by (Fiandaca et al. 2015), modified by (Mustapic 

et al. 2017)). Both methods were tried out and allowed the isolation of L1CAM+ EVs. 

Several reasons made us use the second method: It took only one day to isolate the EVs 

and not three days like the first method; the overall protein, particle, and DNA yield was 

higher; and it was overall cheaper. The crucial part and biggest disadvantage of the first 

method lies in the coupling of the antibodies directly to the beads. Firstly, the coupling 

efficiency is difficult to measure so it remains unclear how many antibodies are coupled 

to the beads. Secondly, the antibodies are incubated at 37°C for 24 h with the beads, 

and considering the fragility of protein structures, one can assume that such a long time 

at 37°C could damage the antibodies. Nevertheless, also the second method with bioti-

nylated antibodies has its problem. BSA was added to the washing solution (0.1%) and 

to the antibody (3%) to prevent and block non-specific bindings of proteins and particles 

to the beads (Bonifacino, Gershlick, and Dell'Angelica 2016). Although multiple washing 

steps were performed to get rid of obsolete proteins and BSA it cannot fully be excluded 

that some BSA remained in the final preparation and that it interfered with the protein 

concentration measurements and the Western blot. BSA has a molecular weight of ap-

prox. 66 kDa and in Western blots of IP samples a corresponding band could be observed 

(similar to serum samples which contained abundant human albumin). Another obstacle 

in Western blots of IP samples was the IP-antibody itself. In the final step of this method, 
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SDS and heat were applied to the sample to separate the antibody-bound proteins (in 

this case antibody-bound EVs) from the magnetic beads. The beads stayed at the side of 

the tube due to the magnetic force, but not just the desired protein was detached from 

the beads, also the antibody was separated from the beads and appeared in the final 

solution. The typical IgG antibody consists of two light chains (à 25 kDa) and two heavy 

chains (à 50 – 55 kDa) and has a total molecular weight of approx. 150 – 160 kDa 

(Schroeder and Cavacini 2010). Because the IP sample was boiled in the last step to de-

tach the proteins respectively EVs from the beads, most of the antibodies from the IP 

should have split into heavy and light chains and they should appear as 25 and 50 kDa 

bands in the Western blot. IgG also denatures irreversibly at temperatures higher than 

65°C (Mainer et al. 1999; Indyk, Williams, and Patel 2008). The biotinylated anti-L1CAM 

and anti-CD9 antibodies used for the IP were produced in mice and the primary and 

secondary antibodies were selected to originate from another species than mouse (e.g., 

rat, goat). Nevertheless, cross-reactions between antibodies of different species are 

possible, especially when abundant antibodies are loaded on the gel (Erickson, Lewis, 

and Fisher 1993; Mao et al. 2021). That is per se not a big problem, but it can get prob-

lematic when the expected size of a target protein is close to the molecular weight of a 

heavy or light chain. In this case, the band from the target protein and the band from 

the heavy or light chain cannot be distinguished. Therefore, a specific secondary anti-

body that only recognizes the kappa light chain of the primary antibody was used, espe-

cially for TSG101 due to the similar molecular weight to the heavy chain. The same ap-

proach was applied to the serum EV samples since serum also contains abundant anti-

bodies.  

Two different antibodies were used for IP: CD9 as a common EV marker and L1CAM as 

a (potential) marker for neuronal-derived EVs. Paradoxically, although L1CAM+ EVs only 

represent a small subpopulation of all EVs (Mustapic et al. 2017), the particle yield in the 

NTA measurements was higher and the bands for L1CAM, TSG101, and CD9 were 

stronger compared to the CD9+ EVs. The reason for this finding might be the worse effi-

ciency of the anti-CD9 antibody to capture EVs. As negative control to prove the specific 

binding of L1CAM+ or CD9+ EVs to the beads, IP samples with no antibody but the same 
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starting material and the same steps were used. As an alternative negative control, an 

unspecific antibody like IgG could have been added to the sample instead of L1CAM or 

CD9.  

4.1.3. Neuronal-derived EVs  

After the discovery that CSF EVs can pass the BBB and can be found in the peripheral 

circulation, many attempts have been made to isolate this specific subpopulation of neu-

ronal-derived EVs. Results from in vitro cultured neuronal cells suggested L1CAM as a 

marker for neuronal-derived EVs (Fauré et al. 2006; Kenwrick, Watkins, and De Angelis 

2000; Lachenal et al. 2011). Shi et al were the first to use L1CAM to capture neuronal-

derived EVs (Shi 2014). Multiple other studies followed using L1CAM as a marker for 

neuronal-derived EVs. This method was also supported by the observation, that typical 

neuronal proteins (e.g., αSyn) were enriched in L1CAM+ EVs compared to CD81+ EVs 

(Mustapic et al. 2017). However, a recent study from 2021 postulated, that L1CAM is 

not associated with plasma or CSF EVs at all (Norman et al. 2021). Several reasons lead 

to their conclusion: L1CAM is also expressed outside the brain and not neuron-specific; 

there is also a soluble extracellular form of L1CAM which is not associated with EVs and 

can be captured by anti-L1CAM antibodies; when performing SEC, L1CAM was enriched 

in different fractions than EVs. Furthermore, the detection of higher αSyn levels in 

L1CAM+ EVs could be explained by a non-specific binding of soluble αSyn to the anti-

L1CAM antibody. In conclusion, the authors do not recommend using L1CAM as a 

marker for neuronal-derived EVs (Norman et al. 2021). So far there is no suitable marker 

for neuronal-derived EVs available.  

Despite doubt about the suitability of L1CAM and the IP experiments carried out before 

this last paper was published, some findings in this study still support L1CAM as a marker 

for neuronal-derived EVs. Firstly, the L1CAM signal in CSF EVs was stronger than in the 

serum EVs despite an overall lower protein concentration and particle number in the 

CSF samples. After standardising to the intensity of the TSG101 band as a common EV 

marker found in neuronal-derived and CSF EVs (Mustapic et al. 2017), the relative inten-

sity of the L1CAM band was still higher in the CSF EVs. This observation suggests that 
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L1CAM is enriched in CSF EVs. Secondly, in the SEC experiment, L1CAM could be de-

tected in the same fractions as the EVs: The EV peak was observed in the fractions 8 – 

11 and L1CAM could be measured in the fractions 10 – 12. Both groups overlap indeed, 

nevertheless in the fractions 8 and 9 with vesicles the size of 100 – 200 nm, no L1AM 

signal was obtained. However, the topic remains controversial and future studies on 

L1CAM+ neuronal-derived EVs must address this problem.  

4.2. DNA composition in EVs  

The first evidence of genetic information embedded in EVs came up in 2007 when it was 

discovered that exosomes from mouse and human mast cell lines contain functional 

mRNA and miRNA (Valadi et al. 2007). After transferring the exosomal RNA originating 

from the mouse cell line to human cells, new mouse proteins were detected in the hu-

man cells. A similar observation was made in exosomes from Glioblastoma tumour cells 

containing mRNA and miRNA, which could transfer their genetic information to recipient 

cells (Skog et al. 2008). The same study also suggested using the genetic information in 

EVs for diagnostic and therapeutic purposes. Double-stranded DNA was firstly discov-

ered in exosomes in 2011: amplified oncogenes (c-Myc) and retrotransposon RNA tran-

scripts were found in tumour exosomes (Balaj et al. 2011). The existence of dsDNA was 

later proven by other studies (Thakur et al. 2014; Kalluri and LeBleu 2016). Their findings 

also suggested that the exosomal DNA reflects the mutational status of the donor cells 

indicating the potential use of this parameter as a circulating biomarker (“liquid biopsy”) 

in tumours (Thakur et al. 2014). And finally, mtDNA could be detected in exosomes from 

Glioblastoma and Astrocyte cells (Guescini et al. 2010). However, not all cfDNA is asso-

ciated with EVs/exosomes. A study from 2017 showed, that 93% of all amplifiable cfDNA 

in human plasma was located in plasma exosomes measured by droplet digital PCR 

(ddPCR) (Fernando et al. 2017). This observation also necessitates the use of a DNase to 

degrade the extra-vesicular cfDNA. Confocal microscopy of PicoGreen stained DNA in 

exosome preparations revealed, that a large proportion of plasma cfDNA was associated 

respectively localized in exosomes. Even after adding DNase to the sample, the DNA re-

mained inside the exosomes indicating that exosomal DNA is protected from the DNase 
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due to the surrounding lipid bilayer (Fernando et al. 2017). Our PicoGreen staining ex-

periments suggest a similar conclusion: The serum and CSF EV preparations (“pellet”) 

exhibited a much higher number and density of the green fluorescent dots compared to 

the supernatant. Even when taking into consideration, that the serum and CSF EV prep-

arations were highly concentrated because a small pellet from original 500 µl serum or 

1000 µl CSF was resuspended in only 100 µl volume while the remaining supernatant 

was not concentrated at all, the signal is still stronger in the EV samples. (To compare 

both samples in the right way, the number of green dots in the supernatant sample 

would have to be multiplied by 5 (serum) or 10 (CSF), but as seen in the serum sample, 

the 1:30 dilution of the EV preparation still emits a stronger signal than the supernatant.) 

This difference was even more obvious in the CSF sample because there was almost no 

stained DNA in the supernatant present. Furthermore, the DNA inside EVs was protected 

from the DNase, because the DNase (added to the serum and CSF EV and supernatant 

samples) could not eradicate the DNA signal in the EV preparations. The positive signal 

in the DNase-treated supernatant could have two reasons: Firstly, the amount of DNase 

added to the supernatant might not have been sufficient to digest all remaining DNA. 

Secondly, many EVs could still be present in the supernatant protecting the DNA from 

being degraded. As expected, the number and density of the green fluorescent dots in 

the L1CAM+ EV sample were much lower than in the serum EV sample since only a sub-

population of the total serum EVs was isolated. Nevertheless, the existence of dsDNA in 

EVs is still under investigation and different studies come to contradictory results. A re-

cent extensive work from 2019 postulated, that dsDNA is not natively present in small 

EVs and exosomes, and the coexistence of dsDNA is more likely an indicator of insuffi-

cient purification (Jeppesen et al. 2019). However, dsDNA can be associated with larger 

vesicles.  

The effect of the DNase treatment happened to be inconsistent between serum and CSF 

EV samples. While a clear and significant decline of the total DNA concentration in serum 

EVs after DNase treatment could be measured, no significant effect was found in the 

rtPCR for mtDNA. A possible explanation therefore could be, that cf-mtDNA only makes 

up a small part of the total cfDNA (Szilágyi et al. 2020), meaning that the effect of the 
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DNase should be most apparent in the nDNA that stands for the majority of the cfDNA. 

Therefore, the decline in the total DNA concentration and the absence of a DNase effect 

in mtDNA after the DNase treatment would make sense. A quantitative PCR for the 

nDNA would be helpful to prove this theory, but it was not performed in this study. In 

contrast to the serum EVs, the DNase had a significant effect on the Ct values of ND1 

and ND4 in the CSF EVs, but the sample size was also very small. In harmony with these 

results and the procedures described in the literature, DNase was added to all serum 

and CSF EV samples in the following experiments and also in the cohort samples.  

DNA concentrations and compositions were examined in total serum and CSF EVs iso-

lated with the ExoQuick™ kit as well as in L1CAM+ EVs. Due to the multiple measure-

ments and parameters, table 15 provides a short overview of the most important data:  

Table 15: Overview of the results of the DNA measurements in EVs.  

Total se-
rum EVs  

 pellet  supernatant  p-value (t-
test)  

DNA concentration  0.055 ng/µl se-
rum  

1.771 ng/µl se-
rum  

**  

Ct value  ND1 20.53 28.51 ****  

ND4 21.04 30.64 **** 

ACTB  31.31 40.29 - 

Ct/DNA 
concentra-
tion  

ND1 373.341 16.099 ****  

ND4 382.591 17.301 **** 

ACTB  569.273 22.750 - 

 

Total CSF 
EVs  

 pellet  supernatant  p-value (t-
test)  

DNA concentration  0.022 ng/µl 
CSF  

0.263 ng/µl CSF **** 

Ct value  ND1 30.71 31.92 ns 

ND4 32.28 33.34 ns 

ACTB  38.37 39.84 - 

Ct/DNA 
concentra-
tion  

ND1 1414.977 121.350 *** 

ND4 1492.166 126.749 *** 

ACTB  1768.203 151.483 - 

 

IP  L1CAM+ EVs  negative control  p-value (t-
test) 

DNA concentration  0.041 ng/µl se-
rum 

0.049 ng/µl se-
rum)  

ns 
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Ct value  ND1 22.39 21.58 ** 

ND4 23.00 22.01 ** 

ACTB  31.84 32.16 ns 

Ct/DNA 
concentra-
tion  

ND1 552.9 443.7 **** 

ND4 567.8 452.5 **** 

ACTB  786.2 661.1 **** 

 

A common method to analyse rtPCR results is the ΔΔCt method which calculates the 

difference between the expression of a housekeeping gene and the gene of interest. 

However, this method was not quite suitable for these experiments since defining a 

housekeeping gene for DNA in EVs is difficult and not standardised, and the goal was to 

measure the difference in the overall (mt)DNA quantity between pellet and supernatant 

respectively between L1CAM+ EVs and negative controls and not primarily the difference 

in the expression of different genes. Since the Ct value represents the number of cycles 

required for the fluorescence to exceed the background signal (= threshold), this value 

depends on the quantity of DNA loaded for the reaction. To reflect this situation, the 

ratio of the Ct value and the DNA concentration was calculated and introduced as a new 

parameter. The higher the copy number of a gene, the lower the Ct value for this gene 

and the other way round. DNA concentrations were measured with the Qubit™ fluorom-

eter. However, biological replicates often exhibited a wide range of values, especially 

when measuring as low concentrations as in this case. For future experiments, a digital 

PCR (dPCR) could provide more precise and more reliable results because it makes the 

exact quantitation of target molecules possible (Kanagal-Shamanna 2016). The principle 

behind dPCR is the creation of millions of separate units by diluting and partitioning the 

original sample that contain all the necessary components for a “normal” PCR and addi-

tionally either one DNA particle or no DNA particle. Every single unit can be seen as a 

“micro-PCR” and the quantitation is binary (either reaction or no reaction) (Kanagal-

Shamanna 2016). Two types of dPCR are used frequently: Either by creating millions of 

droplets of a water-in-oil emulsion (every droplet serves as a PCR unit) (Nakano et al. 

2003) or by using a chip with microchannels (Azuara et al. 2012). This technique would 

allow the absolute quantitation of the number of copy numbers of a single DNA 
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fragment (e.g., gene) and could provide a more detailed insight into mtDNA copy num-

bers and deletions.  

The only extensive study about the DNA composition of EVs was published by Fernando 

et al in 2017 (and their results were never proven by other studies). They measured the 

DNA concentration in plasma exosomes isolated with UC and sucrose gradient and com-

pared it to the DNA concentration in the remaining supernatant and the native plasma. 

They reported a mean DNA concentration of 7 ng/ml plasma in native plasma, 5 ng/ml 

plasma in exosomes, and 0.6 ng/ml plasma in the supernatant (Fernando et al. 2017). 

Since they used 500 µl plasma instead of serum, another EV isolation method, and a 

different kit for the DNA extraction, a direct comparison between their data and the 

data presented in this study is not possible. Nevertheless, the reported DNA concentra-

tions in this paper were lower than the measured DNA concentrations in this study (total 

serum EVs: 0.055 ng/µl serum (study: 0.005 ng/µl plasma), serum supernatant: 1.771 

ng/µl serum (study: 0.0006 ng/µl plasma)) and in contrast to the paper, DNA concentra-

tions were higher in the supernatant than in the EV preparations. This could indicate a 

contamination of the EV sample with non-vesicular DNA or an overall higher EV isolation 

efficiency (particle yields with the ExoQuick™ kit should be higher than with UC and su-

crose gradient as used in the study). The same situation was observed in the CSF with 

overall lower DNA concentrations than in serum, but also with lower DNA concentra-

tions in the CSF EV samples compared to the supernatant. No comparative values for 

the DNA concentration in CSF EVs and supernatant could be found in the literature. 

These findings seem to stand in contrast with the PicoGreen staining experiment. Since 

DNA measurements with the Qubit™ fluorometer often displayed a large range of values 

(especially for so low values like in this case) and a high standard deviation, rtPCR was 

regarded to provide a more accurate measurement. And although lower DNA concen-

trations were measured in serum and CSF EVs compared to the supernatant, higher copy 

numbers of ND1, ND4, and ACTB (lower Ct values) were measured in the EV samples 

(highly significant in serum EVs, not significant in CSF EVs). This circumstance (lower Ct 

values despite lower DNA concentrations) was also reflected in the Ct value-DNA con-

centration ratio which was significantly higher in serum and CSF EVs compared to the 
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supernatant. For ND1 and ND4 this suggests the conclusion that mtDNA is enriched in 

the EV preparations. For ACTB, a nuclear gene, there is no simple conclusion to draw 

despite similar efficiency rates of the rtPCR. Firstly, it must be considered, that nDNA 

should make up the largest part of the total cfDNA (see above). However, overall higher 

Ct values were measured in EV samples and supernatant. This could indicate that a large 

proportion of the cf-nDNA (including ACTB) was degraded by the DNase, but only a much 

smaller part of the cf-mtDNA, because it might have been protected inside the lipid bi-

layer of the EVs. Furthermore, this hypothesis could also match the observations made 

in the DNase experiment (at least in serum EVs): The decline in the DNA concentration 

in the samples with DNase despite no significant difference in the Ct values for ND1 and 

ND4 between DNase and no DNase samples could also implicate, that mtDNA is enriched 

in EVs where it is protected from degradation. Secondly, ACTB is just one gene among 

many others, and it cannot be fully excluded, that this gene is enriched in EVs while 

other nuclear genes are more abundant in the supernatant. Nevertheless, it remains 

unclear why also ACTB seems to be enriched in the EV preparations and further investi-

gations would be required to solve this problem.  

Beside serum and CSF samples, also IP samples with L1CAM+ EVs and negative controls 

have been subjected to DNA measurements. The DNA concentrations between both 

groups did not differ significantly. On the one hand, the “native” Ct values for ND1 and 

ND4 were lower in the negative control, but on the other hand, the normalization to the 

DNA concentration revealed for all three primers higher values in the L1CAM+ EV group 

indicating a higher number of copy numbers of these genes. The origin of the DNA in the 

negative control in which no antibody at all was used could lie in an unspecific binding 

of DNA fragments to the beads (special magnetic beads can also be used for DNA ex-

traction) which are then eluted in the sample. A possible solution for this problem could 

be the addition of a DNase because most of the unspecific bound DNA should be non-

vesicular and therefore accessible for DNA degradation. This step was omitted in this 

experiment to avoid too much DNA loss, but it could help in the future to avoid the 

contamination of the EV samples with unspecific bound DNA. The original plan was to 

use this method for the serum cohort samples to isolate neuronal-derived EVs and use 



4. Discussion | 81 

 

their DNA for the calculation of the ND4/ND1 ratio. Due to the insufficient enrichment 

of (mt)DNA in L1CAM EVs compared to the negative controls, this plan was rejected, and 

instead, total serum EVs were used for the measurements. Furthermore, the prices for 

the materials need in the IP (beads, antibodies, …) were quite high and not suitable for 

a higher number of samples.  

Summing up, mtDNA was enriched in total serum and CSF EVs compared to the super-

natant justifying their usage for the cohort samples.  

The remaining question concerns the biological role of mtDNA in EVs or to put it differ-

ently: What is the purpose of cf-mtDNA? Recent studies underline the role of mitochon-

dria in innate immunity and the release of mtDNA into the cytosol or outside the cell as 

a mechanism to protect the nuclear genome (West et al. 2015; West and Shadel 2017; 

Wu et al. 2019). In this context, the cGAS-STING signalling pathway seems to be im-

portant. It was shown, that cGAS can detect cytoplasmic DNA fragments either from a 

bacterial respectively viral origin (Chen, Sun, and Chen 2016) or endogenous mtDNA 

(White et al. 2014). Stress to the mtDNA (e.g., a viral infection, chemotherapeutic drugs, 

etc.) can lead to an escape of mtDNA fragments into the cytosol where it is detected by 

cGAS. cGAS then activates and promotes STING signalling, which promotes a type I in-

terferon response, resulting in an improved (antiviral) resistance of the cell and under-

lining the role of mitochondria in the innate immunity (West et al. 2015). It was also 

reported that the release of mtDNA into the cytosol enhances the repair of the nuclear 

genome, suggesting the role of mtDNA as a sentinel for genotoxic stress (Wu et al. 2019). 

But the presence of mtDNA is not limited to the cytosol, it can also be detected in the 

extracellular space (as shown in this study). A study from 2017 discovered that extracel-

lular mtDNA can affect neighbouring immune cells and that neutrophil extracellular 

traps – involved in anti-bacterial response and sterile inflammations – contain mtDNA 

(Wang et al. 2015; Lood et al. 2016). Transferred to mitochondrial dysfunction and 

mtDNA deletions in PD, the question comes up whether more mtDNA is shipped out 

from damaged cells (e.g., dopaminergic SN neurons in PD) than healthy cells. The results 

of the cohort would suggest no (see below), but a comparison of mtDNA in CSF EVs from 

PD patients and healthy controls would be necessary to answer this question.  
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4.3. Cohort results  

The basis of the usage of the ND4/ND1 ratio as a potential biomarker in PD lies in the 

discovery of a 4,977 bp deletion (“major arc deletion”) (figure 22). This “common” dele-

tion was first discovered in mtDNA extracted from muscle tissue in patients with mito-

chondrial myopathies (Holt, Harding, and Morgan-Hughes 1988). It was later reported 

that this deletion was also found in brain sections of PD patients: A higher mtDNA dele-

tion load was found in the striatum of four of five PD patients compared to controls 

although also in the striatum of aged controls, deleted mtDNA was detectable but to a 

lesser degree (Ikebe et al. 1990). Furthermore, when looking at different parts of the 

brain, the proportion of deleted mtDNA was higher in the striatum (part of the basal 

ganglia and involved in the pathophysiology of PD) than in the cerebral cortex (Ikebe et 

al. 1990). Another study also found deleted mtDNA in the striatum of PD patients as well 

as controls, but the proportion of mutant mtDNA to normal mtDNA was in the parkin-

sonian striatum approx. 16-times higher than in the control striatum (5% vs. 0.3%) 

(Ozawa et al. 1990). A more recent study concluded that total mtDNA deletions and re-

arrangements (not limited to the common deletion) could be found in the SN of patients 

with PD, MSA, DLB, and AD compared to age-matched controls and that these changes 

Figure 22: Visualisation of the mitochondrial genome and the common deletion (between the green 
arrows). The common deletion is a 4,977-bp deletion located between the MT-ATP8 and MT-ND5 
gene. Several genes are enclosed by this deletion, including four genes coding for complex I of the 
respiratory chain (MT-ND3, MT-ND4, MT-ND4L, and MT-ND5). 

© 2019, Elsevier. Adapted with permission from (Müller-Nedebock et al. 2019).  
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in the mtDNA were also increased in other parts of the brain (Dolle et al. 2016). In con-

trast, the point mutational load in the neuronal mtDNA was not increased ((Dolle et al. 

2016). The same method to detect major arc deletions in mtDNA (N4/ND1) as in this 

study was also applied to fibroblasts from LRRK2 carriers with either PD or not PD and 

healthy controls (Ouzren et al. 2019). They discovered a significant difference in the 

ND4/ND1 ratio between the three groups with the highest mtDNA deletion levels in 

LRRK2 carriers with PD and an association between the somatic mtDNA deletion levels 

and PD (Ouzren et al. 2019). However, the link between the common deletion and PD is 

questioned by other researchers and the increased mtDNA deletion load could not be 

replicated in all studies: A study that performed Southern blot and PCR from SN tissue 

from PD patients and controls postulated, that the deletion is more likely to be age-

related rather than contributing to the pathogenesis of the disease (Mann, Cooper, and 

Schapira 1992). Other researchers reported that the common deletion in PD patients is 

not increased at all compared to controls (Kösel et al. 1997). A study from 2002 showed, 

that mtDNA deletions accumulate primarily in neurons but not glial cells and that the 

mtDNA deletion load is the highest in the SN and other midbrain regions, but they did 

not find an association of the common deletion with nigral neurodegeneration (Zhang 

et al. 2002). Other studies followed a different approach and analysed the total burden 

of mtDNA deletions. Two studies reported significantly higher mtDNA deletion levels in 

single dopaminergic SN neurons in PD patients (Dolle et al. 2016) and in cholinergic neu-

rons (Bury et al. 2017). Other studies only found a reduction of mtDNA copy numbers in 

SN neurons from idiopathic PD patients (Grünewald et al. 2016) or an overall higher level 

of deleted mtDNA in SN neurons in aged people and PD patients (Bender et al. 2006). 

Bender et al. also were the first to use the ND4/ND1 ratio to measure the common de-

letion. Last but not least, the ND4/ND1 ratio was also explored as a biomarker for bipolar 

disorder respectively schizophrenia (Kakiuchi et al. 2005), and thyroid cancer (Jiang et 

al. 2020). To sum up, the topic remains controversial with partly contradictory findings. 

The study aimed to examine whether the ND4/ND1 ratio from DNA inside serum and 

CSF EVs could serve as a biomarker for PD. Since it was not possible to gain DNA from 

neuronal-derived L1CAM+ serum EVs in sufficient quality and quantity and since the 
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controversy about L1CAM as a potential marker for neuronal-derived EVs continues, 

only total serum EVs extracted with the ExoQuick™ kit from PD patients and age-and 

gender-matched healthy controls as wells as total CSF EVs from PD patients were ana-

lysed. CSF samples from healthy controls would have been interesting too, but it was 

very hard to get them, so we gave up on these samples. The three remaining groups 

(total serum EVs from PD patients, total serum EVs from controls, and total CSF EVs from 

the same PD patients) also allowed for some interesting comparisons.  

While the measured DNA concentrations in all three groups differed widely with a huge 

standard deviation and a large overlapping area, the Ct values were quite homogenous 

within the groups with a little standard deviation (except for two values in the serum EV 

groups which had to be excluded). While some differences between the groups were 

expected (e.g., similar DNA and protein concentrations in serum EV samples from PD 

patients and controls or a much higher protein concentration in the serum EV samples 

compared to the CSF EV samples), it stands out, that the mean DNA concentration in the 

CSF EV samples was significantly higher than the mean DNA concentration in the serum 

EV samples. In the test samples which were analysed to establish the methods, the ratio 

between serum and CSF EVs was the other way round. This can partly be explained by 

the fact, that very old CSF samples were used that otherwise would have been dis-

carded. As mentioned above, DNA in EVs seems to be quite stable when stored at -80°C, 

but nevertheless, a reduction of the DNA quantity over a longer period seems to be 

likely. Furthermore, despite the higher mean DNA concentration in CSF EVs, the Ct values 

in this group were significantly higher than in the serum EV group, indicating that in total 

more mtDNA was enriched in the serum EVs compared to the CSF EVs. Unfortunately, 

no significant difference in the ND4/ND1 ratio between total serum EVs from PD pa-

tients and controls could be measured, also when normalized to the DNA concentration. 

Biomarkers from serum would be the most convenient since drawing blood is a less-

invasive procedure, does not require special equipment, and is everywhere accessible. 

CSF biomarker would require a lumbar puncture, an invasive and painful procedure that 

requires a specialist and that is associated with the risk of severe complications, and the 

obtained volume is usually smaller. A significant difference could be calculated when the 
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ND4/ND1 ratios of total serum EVs and total CSF EVs from the same PD patients were 

compared. The ND4/ND1 ratio was significantly lower in the CSF EVs. However, the re-

lation between the ratios in serum and CSF EVs was not consistent: 70% of the PD pa-

tients exhibited higher ND1/ND4 ratios in CSF EVs than in serum EVs and in 30% of the 

PD patients, the direction was the other way round. These findings clarify that the 

mtDNA composition of CSF EVs differed significantly from the mtDNA composition of 

serum EVs. Since no difference in the ND4/ND1 ratio in serum EVs from PD patients and 

controls was found, CSF EVs might be more suitable as a biomarker: Firstly, neuronal-

derived EVs that have passed the BBB make up only a small part of the total serum EVs. 

When analysing total serum EVs they could get lost in the abundant other serum EVs. 

Secondly, the isolation of neuronal-derived EVs remains controversial, and as long as 

L1CAM is not validated as a marker for neuronal-derived EVs or as long as no other reli-

able marker is discovered, CSF EVs come closest to the brain. Thirdly, the main patho-

physiological process plays in the brain that stands in a direct neighbourhood with the 

CSF, so changes in the brain should affect the CSF in an early stage making CSF EVs a 

suitable candidate for biomarkers. Nevertheless, also a difference in the ND4/ND1 ratio 

in CSF EVs between PD patients and controls would be hard to find because neurons are 

not the only cells secreting EVs and the mtDNA deletion was so far mainly observed in 

neurons from the SN and the striatum, but they only represent a tiny proportion of all 

cerebral neurons. So even if there were a mtDNA deletion in the patient’s brain, it could 

get covered by the other EVs. What is missing in this experiment is a real positive control 

to prove that the method is functioning properly and can detect the common mutation. 

Another missing topic concerns the comparison between CSF EVs from PD patients and 

healthy controls. But before using these precious samples, the method should be tried 

and tested more to ensure proper results.  
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5. Conclusion  

This study followed two main goals: Firstly, to establish a method to isolate EVs from 

serum and CSF, to characterize these EVs regarding their protein composition, particle 

size, and appearance under TEM, and to create a method to extract DNA from these 

particles. Secondly, to apply these methods to a cohort consisting of PD patients and 

healthy controls to examine, whether mtDNA in EVs could serve as a biomarker for PD. 

The isolation and characterization of EVs were successful: After trying different methods 

(UC, SEC), a commercial kit (ExoQuick™) was used to isolate EVs from serum and CSF. 

Characterization by TEM, NTA, and Western Blot revealed the typical characteristics of 

EVs. Also, the isolation of (potential) neuronal-derived L1CAM+ EVs from serum was pos-

sible, although the method turned out to be unsuitable for the cohort samples. Total 

serum and CSF EVs showed the enrichment of mtDNA justifying their usage for the co-

hort samples. The cohort consisted of 35 PD patients with serum and CSF samples and 

35 healthy controls with serum samples. The primary endpoint was the ratio of the mi-

tochondrial genes ND4 and ND1 in DNA from total serum and CSF EVs to detect a com-

mon deletion previously found in PD patients. While no difference could be detected 

between serum EVs from PD patients and controls, the comparison of serum EVs and 

CSF EVs from the PD patients revealed a significant difference making CSF EVs a potential 

biomarker for PD although further research is required.  
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6. Summary 

6.1. English 

Parkinson’s disease (PD) is the second most common neurodegenerative disease after 

Alzheimer’s disease and affects 150 000 – 250 000 people in Germany. Although the 

disease is not curable yet, great progress has been made in the past few years to treat 

the symptoms and improve the quality of life of these patients. However, reliable bi-

omarkers to detect the disease in an early stage before the first symptoms occur are so 

far unavailable. Mitochondrial dysfunction and mitochondrial DNA (mtDNA) damage 

could be detected in many PD patients, but their analysis requires either post-mortem 

brain sections, a brain biopsy, or CSF. Extracellular vesicles (EVs) are a potential new 

source of biomarkers. They are nanoparticles made of a lipid bilayer and can be found 

in serum and CSF and can also pass the blood-brain barrier. EVs carry mtDNA making 

them suitable for genetic analysis.  

In this work, different EV isolation methods from serum and CSF were tested and corre-

sponding protocols were established (ultracentrifugation, size-exclusion chromatog-

raphy, precipitation techniques). A commercial kit (ExoQuick™) was chosen for the 

downstream analysis as the most promising method. EVs were characterized by their 

appearance, their size, and their protein composition. Extravesicular DNA was digested, 

and DNA was extracted from the EV preparation and characterized by PCR showing en-

richment of mtDNA in these samples. Furthermore, an immunoprecipitation technique 

was modified to use the transmembrane protein L1CAM as a potential marker for neu-

ronal-derived EVs in serum, but this method turned out to be unsuitable for the down-

stream analysis.  

A cohort with 35 PD patients (serum and CSF samples) and 35 healthy controls (only 

serum samples) was built to assess the suitability of mtDNA in EVs as a biomarker for 

PD. The primary endpoint was the ratio of two mitochondrial genes (ND4 and ND1) as 

an established parameter to detect deletion in the mtDNA. EVs from the serum and CSF 

samples were isolated using the ExoQuick™ kit, their DNA was extracted, and gene ex-

pression was measured by using quantitative real-time PCR. The ND4/ND1 ratio showed 
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no difference between serum EVs from PD patients and controls, but a significant differ-

ence could be observed when comparing serum and CSF EVs from the PD patients. 

mtDNA deletion measured with the ND4/ND1 ratio in serum EVs did not turn out to be 

a reliable biomarker for PD. However, CSF EVs might serve as better biomarkers and 

further research is required to explore their promising potential.  

6.2. German 

Morbus Parkinson ist die zweithäufigste neurodegenerative Erkrankung hinter Morbus 

Alzheimer und betrifft 150 000 – 250 000 Menschen in Deutschland. Obwohl die Erkran-

kung bisher nicht heilbar ist, wurden in den letzten Jahren große Fortschritte gemacht 

was die Behandlung der Symptome und die Verbesserung der Lebensqualität betrifft. 

Nichtsdestotrotz fehlen bisher immer noch zuverlässige Biomarker, um die Krankheit in 

einem frühen Stadium zu erkennen bevor die ersten Symptome auftreten. Eine Dysfunk-

tion der Mitochondrien und Schaden an der mitochondrialen DNA (mtDNA) wurden in 

Parkinson-Patienten entdeckt, jedoch erfordern derartige Untersuchungen entweder 

Gehirnschnitte von verstorbenen Parkinson-Patienten, eine Hirnbiopsie oder Liquor. 

Extrazelluläre Vesikel (EVs) stellen neue potentielle Biomarker dar. EVs sind Nanoparti-

kel, die aus einer Lipiddoppelschicht bestehen und im Serum und im Liquor zu finden 

sind, aber auch die Blut-Hirn-Schranke überwinden können. EVs transportieren mtDNA 

im Innern, die für genetische Untersuchungen genutzt werden kann.  

In dieser Arbeit wurden verschiedene Techniken zur Isolierung von EVs erprobt und ent-

sprechende Protokolle etabliert (Ultrazentrifugation, Größenausschluss-Chromatogra-

phie, Fällungs-Techniken). Als vielversprechendste Methode wurde ein kommerziell er-

hältliches Kit (ExoQuick™) für die nachfolgenden Untersuchungen ausgewählt. EVs wur-

den anhand ihres Aussehens, ihrer Größe und ihrer Protein-Zusammensetzung charak-

terisiert. Extravesikuläre DNA wurde verdaut und die verbliebene DNA aus der EV-Probe 

extrahiert und mittels PCR charakterisiert. Darin zeigte sich eine Anreicherung von 

mtDNA in diesen Proben. Zusätzlich wurde eine Immunfällung-Methode modifiziert, um 

das Transmembran-Protein L1CAM als potentiellen Marker für EVs im Serum zu 
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verwenden, die von neuronalen Zellen abstammen. Diese Methode zeigte sich allerdings 

ungeeignet für die nachfolgenden Untersuchungen.  

Eine Kohorte bestehend aus 35 Parkinson-Patienten (Serum- und Liquor-Proben) und 35 

gesunden Kontrollpersonen (nur Serum-Proben) wurde aufgebaut, um herauszufinden, 

ob sich mtDNA als Biomarker für M. Parkinson eignen könnte. Der Quotient aus zwei 

mitochondrialen Genen (ND4 und ND1) – ein etablierter Parameter, um Deletionen in 

der mtDNA nachzuweisen – bildete den primären Endpunkt der Studie. EVs aus Serum 

und CSF wurden mithilfe des ExoQuick™ Kits isoliert, die entsprechende DNA extrahiert 

und die Genexpression mittels quantitativer real-time PCR gemessen. Der ND4/ND1- 

Quotient zeigte keinen Unterschied zwischen den Serum-EVs der Parkinson-Patienten 

und der Kontrollen, jedoch konnte ein signifikanter Unterschied zwischen den Serum-

EVs und den Liquor-EVs der Parkinson-Patienten festgestellt werden. Der ND4/ND1-

Quotient aus Serum-EVs, um Deletionen in der mtDNA zu messen, stellte sich somit 

nicht als zuverlässiger Biomarker für M. Parkinson heraus. EVs aus Liquor könnten dage-

gen eher als Biomarker in Frage kommen, es braucht jedoch mehr Forschung, um ihr 

Potential auszuloten.  
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10. Appendix  

10.1. Cohort characteristics  

10.1.1. PD patients 

Table 16: Demographics of analysed CSF and serum samples from the cohort (patients). 

Pat ID  date of  
examination  

age at 
sam-
ple  
picking  

diagnosis  sex birth date  age of 
dis-
ease 
onset  

samples 

se-
rum 

CSF 

ID12962 04.05.2010 66 IPD male 01.11.1943 55 X X 

ID13776 13.04.2011 69 IPD (equivalent type) female 01.12.1941 60 X X 

ID14511 06.09.2012 59 IPD (equivalent type) male 01.06.1953 50 X X 

ID15038 31.05.2010 66 IPD (akinetic-rigid 
type) 

male 01.09.1943 64 X X 

ID16459 06.11.2013 62 IPD male 01.02.1951 58 X X 

ID16991 24.01.2017 64 IPD (tremor-domi-
nant type) 

male 01.12.1952 55 X X 

ID17086 03.05.2012 71 IPD (akinetic-rigid 
type) 

female 01.01.1941 67 X X 

ID17399 18.04.2018 65 IPD (equivalent type) female 01.06.1952 54 X X 

ID17846 23.03.2010 68 IPD (tremor-domi-
nant type) 

male 01.04.1941 68 X X 

ID17949 07.04.2010 69 IPD (equivalent type) male 01.03.1941 61 X X 

ID18031 29.10.2010 55 IPD male 17.10.1955 51 X X 

ID18341 17.09.2014 77 IPD female 01.11.1936 71 X X 

ID20456 16.03.2015 79 IPD (equivalent type) female 01.07.1935 73 X X 

ID20492 02.07.2012 55 IPS female 01.04.1957 54 X X 

ID20924 24.03.2017 58 IPD (akinetic-rigid 
type) 

female 01.09.1958 50 X X 

ID21317 29.05.2015 66 IPD male 01.03.1949 57 X X 

ID21595 26.07.2017 78 IPD (equivalent type) male 09.07.1939 72 X X 

ID22039 18.03.2015 69 IPD (tremor-domi-
nant type) 

male 01.04.1945 66 X X 

ID23347 07.04.2014 65 IPD male 01.02.1949 53 X X 

ID23558 10.11.2017 67 IPD (tremor-domi-
nant type) 

male 01.05.1950 59 X X 

ID25010 16.05.2018 64 IPD male 01.02.1954 60 X X 

ID00761 16.11.2009 61  genetic PD (PINKK1) female 20.03.1948 41 X X 

ID14486 08.11.2018 66 IPD (equivalent type) female 05.02.1952 52 X X 

ID17553 17.11.2010 48 IPD (akinetic-rigid 
type) 

female 25.03.1962 42 X  

ID17589 06.07.2017 53 IPD (equivalent type) male 01.02.1964 29 X X 

ID31779 07.11.2018 69  IPD female 23.02.1949 ? X  

ID22424 27.06.2016 69 mitochondriopathy male 21.10.1946 ? X  

ID20405 01.03.2018 56 IPD (equivalent type) male 23.09.1961 48 X X 

ID13314 14.10.2009 66 IPD male 12.10.1943 59 X  
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ID14333 04.07.2012 68 IPD (equivalent type) male 21.05.1944 58 X X 

ID20349 06.11.2014 53 IPD (equivalent type) female 09.08.1961 37 X X 

ID19995 26.07.2011 67 PSP-P female 29.04.1944 64 X X 

ID22305 29.04.2013 52 PSP-P female 18.01.1961 50 X X 

ID23490 15.05.2014 66 PSP-P male 15.10.1947 60 X X 

ID13327 21.11.2014 66 mitochondriopathy male 10.11.1948 51 X X 

 

10.1.2. Controls  

Table 17: Demographics of analysed serum samples from the cohort (controls).  

Pat ID date of examination  age diagnosis sex sample 

ID11514 01.06.2015 70 Control person female serum 

ID11515 01.06.2015 65 Control person male serum 

ID11570 14.04.2009 55 Control person male serum 

ID11650 04.08.2009 67 Control person male serum 

ID11713 20.09.2010 64 Control person male serum 

ID11785 22.11.2010 65 Control person female serum 

ID11853 11.08.2009 71 Control person female serum 

ID11867 14.05.2009 62 Control person male serum 

ID11872 31.01.2011 66 Control person male serum 

ID12045 05.10.2010 59 Control person male serum 

ID12373 29.09.2010 66 Control person male serum 

ID12780 08.06.2016 77 Control person female serum 

ID12815 07.10.2010 69 Control person female serum 

ID12823 20.09.2010 69 Control person male serum 

ID13084 30.09.2010 66 Control person male serum 

ID14828 10.06.2010 61 Control person female serum 

ID15955 21.04.2010 64 Control person male serum 

ID16026 12.08.2010 77 Control person female serum 

ID16053 21.09.2010 55 Control person male serum 

ID16071 04.05.2011 66 Control person male serum 

ID16082 24.08.2010 68 Control person male serum 

ID16123 03.07.2017 66 Control person female serum 

ID16124 26.03.2010 58 Control person female serum 

ID16161 06.04.2010 69 Control person female serum 

ID17739 19.06.2017 70 Control person male serum 

ID17845 19.04.2011 52 Control person female serum 

ID18085 30.04.2013 78 Control person male serum 

ID18093 04.06.2012 66 Control person male serum 

ID18156 11.06.2010 55 Control person female serum 

ID18184 21.05.2010 53 Control person male serum 

ID18220 26.11.2012 69 Control person male serum 

ID27133 30.03.2016 66 Control person male serum 

ID27361 25.05.2016 69 Control person male serum 
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ID28862 29.03.2017 48 Control person female serum 

ID31916 05.12.2018 50 Control person female serum 

 

10.2. Standard operating procedure (SOP) for cohort samples  

10.2.1. Serum samples  

• Thaw serum on ice  

• Centrifuge 500 µl serum at 3,000 x g for 15 min at 4°C  

• Transfer supernatant to a fresh tube and add 125 µl of ExoQuickTM exosome so-

lution and gently mix by inversion  

• Incubate suspension for 60 min at 4°C to precipitate total EVs  

• Centrifuge at 1,500 × g for 30 min at 4°C 

• Discard the supernatant  

• Centrifuge at 1,500 x g for 5 min at 4°C 

• Resuspend the pellet containing EVs in 100 µl PBS + 1 PIC  

• Set up the DNase digestion reaction as follows:  

o Add 10 µl of 10x reaction buffer to the sample  

o Add 10 µl of RNase-free DNase to the sample  

• Incubate at 37°C for 30 minutes  

• Add 10 μl of RQ1 DNase Stop Solution to terminate the reaction. 

• Incubate at 65°C for 10 minutes to inactivate the DNase. 

• Continue with DNA isolation with the QIAamp DNA Micro Kit  

• Add 100 μl Buffer AL, close the lid, and mix by pulse-vortexing for 15 s 

• Add 1 µl of carrier RNA (which has been dissolved in 310 µl AE buffer)  

• Incubate for 10 min at room temperature  

• Add 10 μl proteinase K 

• Incubate at 56°C for 10 min. 

• Briefly centrifuge the 1.5 ml tube to remove drops from inside the lid. 

• Add 100 μl ethanol (100%), close the lid, and mix thoroughly by pulse-vortexing 

for 15 s 

• Incubate for 3 min at room temperature. 
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• Briefly centrifuge the 1.5 ml tube to remove drops from inside the lid. 

• Carefully transfer the entire lysate to the QIAamp MinElute column (in a 2 ml 

collection tube) without wetting the rim. NOTE: The columns are stored in the 

fridge   

• Close the lid, and centrifuge at 6000 x g (8000 rpm) for 1 min.  

• Place the QIAamp MinElute column in a clean 2 ml collection tube and discard 

the collection tube containing the flow-through. 

• Add 500 μl Buffer AW1 

• Centrifuge at 6000 x g (8000 rpm) for 1 min. 

• Place the QIAamp MinElute column in a clean 2 ml collection tube and discard 

the collection tube containing the flow-through. 

• Add 500 μl Buffer AW2  

• Centrifuge at 6000 x g (8000 rpm) for 1 min. 

• Place the QIAamp MinElute column in a clean 2 ml collection tube and discard 

the collection tube. 

• Centrifuge at full speed (20,000 x g; 14,000 rpm) for 3 min to dry the mem-

brane completely. 

• Place the QIAamp MinElute column in a clean 1.5 ml microcentrifuge tube and 

discard the collection tube containing the flow-through.  

• Apply 30 μl Buffer AE to the centre of the membrane. 

• Incubate at room temperature for 5 min  

• Centrifuge at 20,000 x g for 1 min 

• Add the flow-through again to the centre of the membrane and centrifuge at 

20,000 x g for 1 min 

• Transfer the flow-through to a 500 µl PCR-tube  

10.2.2. CSF samples  

• Thaw CSF on ice  

• Add 1 x PIC (diluted in PCR grade water) to the samples  

• Centrifuge 400 µl CSF (= 1 tube) at 3,000 x g for 15 min at 4°C  
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• Transfer supernatant to a fresh tube and add 100 µl of ExoQuick-TCTM exosome 

solution and gently mix by inversion  

• Incubate suspension overnight at 4°C to precipitate total EVs  

• Centrifuge at 1,500 × g for 30 min at 4°C 

• Discard the supernatant  

• Centrifuge at 1,500 x g for 5 min at 4°C 

• Resuspend the pellet containing EVs in 100 µl PCR grade water   

• Continue with the digestion of extra-vesicular DNA and the DNA isolation with 

the QIAamp DNA Micro Kit as described for serum samples  

10.3. Detailed IP protocol  

(Modified from: Plasma Extracellular Vesicles Enriched for Neuronal Origin: A Potential 

Window into Brain Pathologic Processes (Mustapic et al, 2017))  

• Thaw frozen serum on ice.  

• If the protease inhibitor cocktail has not been added to the sample yet, add 50x 

PIC to a final concentration of 1 x PIC  

• Centrifuge serum at 3,000 x g for 15 min at 4°C  

• Transfer 500 µl of the supernatant to fresh tubes and add 125 µl of ExoQuickTM 

exosome solution and gently mix by inversion  

• Incubate suspension with ExoQuickTM for 60 min at 4°C to precipitate total EVs  

• Centrifuge at 1,500 × g for 30 min at 4°C 

• Discard the supernatant  

• Centrifuge at 1,500 x g for 5 min at 4°C 

• Resuspend the pellet containing EVs after centrifugation in 0.5 ml of Ultra-pure 

distilled water or PBS (containing two times the suggested concentrations of 

protease and phosphatase inhibitors) 

• Incubate suspension 1 h at 4°C with 4 μg of mouse anti-human CD171 (L1CAM) 

in total volume of 50 μl of 3% per tube with mixing on a rotation mixer  

• Prepare Streptavidin Magnetic Beads  
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o Gently vortex and thoroughly suspend magnetic beads (vortex > 30 sec-

onds or mix by end-over-end inversion for > 5 minutes)  

o Transfer 200 µl of magnetic beads to microcentrifuge tube. Apply mag-

net to pull beads to the side of the tube and remove supernatant  

o Wash beads in total 3 times through resuspending in 1 ml binding buffer 

(20 mM Tris-HCl, pH 7.5; 0.5 M NaCl; 1 mM EDTA) and removing the su-

pernatant  

• Add the exosome sample (with antibodies) to the washed streptavidin mag-

netic beads and incubate for 30 min at 4°C with continuous mixing on a rota-

tion mixer 

• Wash the beads three times with 1 ml 0.1% BSA in PBS, pH = 7.5 (mix the sam-

ple by inverting the tube about 20 times) 

• Resuspend the beads in 200 μl of 0.1 M glycine, pH = 2  

• Transfer the complete solution (glycine + beads) to a new microcentrifuge tube 

(0.5 ml PCR-tube)  

• Vortex strongly for at least 30 s and centrifuge at 4,500 × g for 10 min at 4°C to 

detach L1CAM+EVs from the bead-antibody complex 

• Transfer supernatants to clean tubes containing 25 μl of 10% BSA and 15 μl of 1 

M TRIS-HCl and mix to neutralize the sample 

Modifications of the elution:  

• glycine  

o Resuspend the beads (after washing) in 110 µl of 0.1 M glycine (pH = 2) 

and incubate for 1 hour at room temperature with gentle shaking on a 

vortex  

o Centrifuge at 4,500 × g for 10 min at 4°C and collect the supernatant  

o Transfer supernatants to clean tubes and add 10 μl of 1 M Tris-HCl and 

mix  

• SDS loading buffer and other buffers containing detergents 

o Resuspend the beads (after washing) in 110 µl of 1:4 diluted 4 x Nu-

PAGE LDS sample buffer 
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o Place the tube in a thermomixer and boil the solution for 10 min at 

95°C (70°C) with gentle shaking  

o Centrifuge at 10,000 x g for 3 minutes at 4°C and collect the superna-

tant  

10.4. Setting of the LightCycler® machine (ROCHE) 

Table 18: Machine settings for the rtPCR (LightCycler® from ROCHE).  

Detection Format  SYBR Green I 

Reaction Volume  13 µl  

Preincubation  ramp  4.4°C/s  

duration 600 s  

target  95°C  

3-Step-Amplifi-
cation  

1 ramp  4.4°C/s 

duration 10 s  

target  95°C 

acquisition mode  none   

2 ramp  2.2°C/s  

duration 20 s  

target  60°C  

acquisition mode  single  

3  ramp  4.4°C/s  

duration 30 s  

target  72°C  

acquisition mode  none   

High Resolu-
tion Melting  

1 ramp  4.4°C/s 

duration 60 s  

target  95°C 

acquisition mode  none  

2 ramp  2.2°C/s 

duration 60 s  

target  40°C  

acquisition mode  none  

3  ramp  4.4°C/s 

duration 1 s  

target  50°C 

acquisition mode  none  

4 ramp  -  

duration -  

target  95°C 

acquisition mode  continuous - 25 read-
ings/°C  
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Cooling  ramp  2.2°C/s  

duration  30 s  

target  40°C  

acquisition mode  none  

 

10.5. Data for L1CAM/TSG101 ratio  

This table shows the relative intensity of TSG101 and L1CAM bands in different West-

ern Blots with different serum and CSF samples. Data were obtained using ImageJ.  

Table 19: Overview of the data for the calculation of the L1CAM/TSG101 ratio.  

date of Western 
Blot  

sample intensity 
L1CAM band 

intensity 
TSG101 band  

L1CAM/TSG101  

serum CSF 

07. + 08.03.2019 X  21,433% 17,395% 1,23 

 X 11,428% 11,312% 1,01 

X  15,709% 19,381% 0,81 

 X 14,132% 12,086% 1,05 

X  18,421% 24,503% 0,75 

 X 18,876% 15,342% 1,23 

18. + 19.03.2019 X  16,13% 19,371% 0,83 

 X 4,222% 1,395% 3,03 

X  21,152% 23,569% 0,90 

 X 5,115% 1,529% 3,35 

X  23,416% 25,217% 0,93 

 X 4,687% 1,537% 3,05 

X  20,341% 25,624% 0,79 

 X 4,938% 1,758% 2,81 

31.01. + 
01.02.2019 

X  32,441%  43,228% 0,75 

 X 25,309% 17,711% 1,43 

X  23,737% 30,418% 0,78 

 X 18,514% 8,643% 2,14 

21. + 22.03.2019 X  16,822% 18,048% 0,93 

 X 3,735% 0,925% 4,04 

X  17,502% 19,018% 0,92 

 X 3,681% 0,891% 4,13 

X  16,671% 20,827% 0,80 

 X 3,625% 0,893% 4,06 

X  15,295% 19,739% 0,77 

 X 4,3% 1,035% 4,15 

X  14,264% 17,948% 0,79 

 X 4,105% 0,676% 6,07 
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10.6. Results of the cohort in detail  

Table 20: Complete data from the serum and CSF samples of the cohort (PD = Parkinson’s disease pa-
tient, C = control person, conc. = concentration).   

PD C sample ID protein 
conc. 
[mg/ml]  

DNA 
conc. 
[ng/µl] 

Ct 
(ND1) 

Ct 
(ND4) 

ND4/ 
ND1 

ND1/ 
DNA 
conc. 

ND4/ 
DNA 
conc.  

X 
 

Serum ID15038 38.13  0.285   19.93 20.22 1.015 69.930 70.947 

X 
 

Serum ID17846 50.27  0.0424   35.14 34.95 0.995 828.774 824.292 

X 
 

Serum ID17949 41.91  0.048   35.53 35.73 1.006 740.208 744.375 

X 
 

Serum ID18031 35.69  0.264  21.76 22.28 1.024 82.424 84.394 

X 
 

Serum ID20492 39.94  0.333  19.41 20.02 1.031 58.288 60.120 
 

X Serum ID11570 40.52  0.800  20.61 21.38 1.037 25.763 26.725 
 

X Serum ID11650 37.60  0.484  21.36 22.11 1.035 44.132 45.682 
 

X Serum ID16124 49.55  0.237 21.68 22.54 1.040 91.477 95.105 
 

X Serum ID18093 38.81  0.209  19.2 19.79 1.031 91.866 94.689 
 

X Serum ID18220 40.44  0.234  19.07 19.77 1.037 81.496 84.487 

X 
 

Serum ID12962 57.73  0.174  19.99 20.62 1.032 114.885 118.506 

X 
 

Serum ID13776 69.31  0.219  19.69 20.51 1.042 89.909 93.653 

X 
 

Serum ID14511 53.37  0.526  19.72 20.3 1.029 37.490 38.593 

X 
 

Serum ID17086 61.59  0.200  19.78 20.52 1.037 98.900 102.600 

X 
 

Serum ID00761 65.70  0.207  17.48 18.09 1.035 84.444 87.391 
 

X Serum ID14828 61.14  0.202  19.12 20.18 1.055 94.653 99.901 
 

X Serum ID15955 50.52  0.201  19.4 20.6 1.062 96.517 102.488 
 

X Serum ID16161 63.31  0.199  20.64 21.51 1.042 103.719 108.090 
 

X Serum ID18156 53.13  0.508  18.48 19.34 1.047 36.378 38.071 
 

X Serum ID18184 67.10  0.158  19.08 20.2 1.059 120.759 127.848 

X 
 

Serum ID16991 70.95  0.106  18.96 19.95 1.052 178.868 188.208 

X 
 

Serum ID20924 65.46  0.124  18.4 19.21 1.044 148.387 154.919 

X 
 

Serum ID21595 58.44  0.160  19.34 20.33 1.051 120.875 127.063 

X 
 

Serum ID23558 65.28  0.113  18.49 19.39 1.049 163.628 171.593 

X 
 

Serum ID20405 69.59  0.190  19.49 20.65 1.060 102.579 108.684 
 

X Serum ID12045 65.39  0.171  18.25 19.18 1.051 106.725 112.164 
 

X Serum ID12815 59.28  0.728  19.47 20.32 1.044 26.745 27.912 
 

X Serum ID16026 52.34  0.135  18.65 19.77 1.060 138.148 146.444 
 

X Serum ID16053 66.31  0.164  18.92 20.18 1.067 115.366 123.049 
 

X Serum ID16082 56.79  1.07  18.99 20.03 1.055 17.748 18.720 

X 
 

Serum ID16459 61.70  0.404 19.29 20.98 1.088 47.748 51.931 

X 
 

Serum ID17399 66.22  0.488 21.5 23.6 1.098 44.057 48.361 

X 
 

Serum ID25010 65.28  0.728  20.34 21.99 1.081 27.940 30.206 

X 
 

Serum ID31779 52.86  0.448  19.64 21.32 1.086 43.839 47.589 

X 
 

Serum ID22305 67.80  0.379  20.9 22.46 1.075 55.145 59.261 
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X Serum ID11713 59.35  1.14  19.69 21.32 1.083 17.272 18.702 

 
X Serum ID11785 72.22  0.596  18.03 19.47 1.080 30.252 32.668 

 
X Serum ID16071 58.16  0.948  20.24 21.71 1.073 21.350 22.901 

 
X Serum ID17845 47.92  0.864  18.95 20.42 1.078 21.933 23.634 

 
X Serum ID31916 61.61  0.358 18.78 20.31 1.081 52.458 56.732 

X 
 

Serum ID18341 56.74  0.396  18.99 20.54 1.082 47.955 51.869 

X 
 

Serum ID23347 49.09  0.744  19.05 20.61 1.082 25.605 27.702 

X 
 

Serum ID14333 56.66  1.38  17.26 18.52 1.073 12.507 13.420 

X 
 

Serum ID19995 63.39  1.56  18.78 20.35 1.084 12.038 13.045 

X 
 

Serum ID23490 64.49  0.460  18.34 19.77 1.078 39.870 42.978 
 

X Serum ID12373 52.33  0.268 20.98 21.71 1.035 78.284 81.007 
 

X Serum ID12780 76.14  0.384  19.98 20.46 1.024 52.031 53.281 
 

X Serum ID12823 78.77  0.260  20.51 21.51 1.049 78.885 82.731 
 

X Serum ID13084 137.58  0.616  20.47 21.32 1.042 33.231 34.610 
 

X Serum ID27361 91.81  0.676  20.98 21.83 1.041 31.036 32.293 

X 
 

Serum ID20456  - 0.395  18.61 19.07 1.025 47.114 48.278 

X 
 

Serum ID21317  - 1.02  20.32 21.08 1.037 19.922 20.667 

X 
 

Serum ID22039  - 1.02  19.7 20.43 1.037 19.314 20.029 

X 
 

Serum ID20349  - 0.444  18.84 19.55 1.038 42.432 44.032 

X 
 

Serum ID13327  - 0.390  20.65 21.27 1.030 52.949 54.538 
 

X Serum ID11853  - 0.424  20.69 21.45 1.037 48.797 50.590 
 

X Serum ID11867  - 0.736  19.33 20.06 1.038 26.264 27.255 
 

X Serum ID16123  - 0.448  19.91 20.65 1.037 44.442 46.094 
 

X Serum ID17739  - 0.341  19.28 19.86 1.030 56.540 58.240 
 

X Serum ID18085  - 0.628  18.91 19.71 1.042 30.111 31.385 

X 
 

Serum ID14486 56.90  0.836  20.22 20.96 1.037 24.187 25.072 

X 
 

Serum ID17553 64.94  0.828  19.47 20.11 1.033 23.514 24.287 

X 
 

Serum ID17589 61.87  1.18  20.52 21.22 1.034 17.390 17.983 

X 
 

Serum ID22424 67.42  1.16  19.18 20.01 1.043 16.534 17.250 

X 
 

Serum ID13314 55.70  0.864  19.69 20.38 1.035 22.789 23.588 
 

X Serum ID11514 56.83  1.05  19.06 19.66 1.031 18.152 18.724 
 

X Serum ID11515 58.59  0.712  18.19 18.91 1.040 25.548 26.559 
 

X Serum ID27133 56.44  0.780  20.3 20.81 1.025 26.026 26.679 
 

X Serum ID11872 53.06  2.07  17.23 17.82 1.034 8.324 8.609 
 

X Serum ID28862 50.70  0.528  18.06 18.38 1.018 34.205 34.811 

X 
 

CSF ID13776 0.23  1.20 30.76 31.75 1.032 25.633 26.458 

X 
 

CSF ID17086 0.30 1.17 25.56 26.6 1.041 21.846 22.735 

X 
 

CSF ID14511 0.24  1.44 29.39 30.29 1.031 20.410 21.035 

X 
 

CSF ID15038 0.29  0.383 31.67 33.2 1.048 82.689 86.684 

X 
 

CSF ID17846 0.42  1.12 33.16 33.16 1.000 29.607 29.607 

X 
 

CSF ID20492 0.10  0.472 32.67 38.03 1.164 69.216 80.572 
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X 
 

CSF ID18031 0.11  0.444 32.53 35.99 1.106 73.266 81.059 

X 
 

CSF ID12962 0.22  0.440 32.23 35.41 1.099 73.250 80.477 

X 
 

CSF ID17949 0.20  0.608 31.27 35.07 1.122 51.431 57.681 

X 
 

CSF ID00761 0.14  0.828 32.61 35.99 1.104 39.384 43.466 

X 
 

CSF ID22305 0.09  0.484 30.22 33.72 1.116 62.438 69.669 

X 
 

CSF ID16459 0.16  0.736 29.16 32.88 1.128 39.620 44.674 

X 
 

CSF ID23347 0.11  0.640 29.97 34.17 1.140 46.828 53.391 

X 
 

CSF ID14333 0.14   - -  -  - - - 

X 
 

CSF ID23490 0.28  0.548 30.8 34.42 1.118 56.204 62.810 

X 
 

CSF ID13327 0.11  1.38 27.12 30.91 1.140 19.652 22.399 

X 
 

CSF ID20456 1.60  0.292 28.17 31.99 1.136 96.473 109.555 

X 
 

CSF ID22039 0.27  0.424 31.33 36.01 1.149 73.892 84.929 

X 
 

CSF ID21317 0.26  0.580 30.54 34.44 1.128 52.655 59.379 

X 
 

CSF ID20405 0.33  0.600 32.15 32.94 1.025 53.583 54.900 

X 
 

CSF ID17399 0.20  0.265 28.87 30.22 1.047 108.943 114.038 

X 
 

CSF ID25010 0.36  0.900 29.66 30.96 1.044 32.956 34.400 

X 
 

CSF ID14486 0.26  0.386 30.87 32.41 1.050 79.974 83.964 

X 
 

CSF ID16991 0.26  0.295 32.46 34.12 1.051 110.034 115.661 

X 
 

CSF ID20924 0.28  0.358 28.52 29.7 1.041 79.665 82.961 

X 
 

CSF ID17589 0.31  0.656 29.36 30.85 1.051 44.756 47.027 

X 
 

CSF ID21595 0.26  0.444 30.93 32.12 1.038 69.662 72.342 

X 
 

CSF ID23558 0.43  1.13 30.77 32.36 1.052 27.230 28.637 

X 
 

CSF ID18341 0.26  0.225 31.13 32.54 1.045 138.356 144.622 

X 
 

CSF ID19995 0.61  0.620 30.7 32.83 1.069 49.516 52.952 

X 
 

CSF ID20349 0.66  0.370 29.87 31.31 1.048 80.730 84.622 

 

 

 


