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Investigation	of	RNA	in	Extracellular	Vesicles	

	

Abstract	

	

Extracellular	vesicles	(EVs)	are	small	membrane	packages	that	are	released	

by	all	cells.	About	a	decade	ago,	it	was	found	that	EVs	contain	RNA,	and	it	was	

proposed	that	EVs	may	transfer	RNA	between	cells	as	a	mechanism	of	intercellular	

communication.	In	this	thesis,	I	used	human	cell	culture	systems	to	develop	new	

methods	assessing	whether	EVs	and	RNA	are	transferred	between	cells,	and	also	

extensively	characterized	the	RNA	in	EVs.	Using	EVs	isolated	from	human	cells,	I	

developed	single	EV	imaging	methods	and	used	high	throughput	RNA	sequencing	

(RNA-Seq)	to	profile	EV	RNA.	Additionally,	I	developed	a	new	technique	based	on	

enzymatic	treatments	with	proteinase	and	then	RNase	to	differentiate	what	

extracellular	RNA	is	inside	vesicles	from	that	which	is	outside.	Applying	this	

technique,	I	performed	RNA-Seq	on	RNA	isolated	from	EVs	in	cell	culture	media	and	

I	found	that	the	mRNA	profile	in	EVs	is	highly	correlated	to	that	mRNA	profile	of	the	

donor	cells.	This	finding	suggests	that	mRNA	is	generally	packaged	into	EVs	in	a	

non-specific	manner,	and	has	significant	implications	for	using	EVs	to	non-

invasively	read	out	the	transcriptome	of	human	cells	from	biological	fluids.	Towards	

that	end,	I	describe	methods	for	isolating	cell-type	specific	EV,	using	EVs	from	

neurons	as	a	proof	of	principle.	My	work	highlights	the	potential	of	EVs	for	
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diagnostics,	but	also	casts	doubt	on	the	notion	that	EVs	are	used	to	physiologically	

transfer	RNA	between	cells.	
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Ribonucleic Acid (RNA) is a central player in the normal functioning of the cell. 

Although all of the described functions of RNA are inside the cell, it was demonstrated 

70 years ago that RNA is also found outside of the cell in human plasma, the cell-free 

portion of blood (1). For the subsequent 60 years, this finding was largely ignored as 

plasma is known to have a large amount of RNase activity, and it was unclear how RNA 

could be protected from RNases outside of the cell. It is well established that adding in-

vitro transcribed or chemically synthesized RNA to plasma causes rapid degradation. The 

RNA that is found in the extracellular portion of biological fluids, however, appears to be 

stable (2, 3). Thus, there must be a mechanism of protecting RNA outside of the cell from 

RNases. Such a mechanism was described in the form of extracellular vesicles (EVs) (4-

7). Although these EVs, also called exosomes or microvesicles, were first described in 

the late 1970’s and early 1980’s, the finding that they contain RNA came more than 25 

years later (8). 

The discovery that EVs contain RNA led to excitement (particularly among 

impressionable young RNA biologists), about the possibility of EVs transferring 

functional RNA between cells as a form of intercellular communication (9). RNA 

transfer between cells was first postulated to happen long before the discovery of EVs in 

1971 (10), but EVs provided a potential mechanistic explanation to how this process 

could occur. Namely, the fact that EVs contain transmembrane proteins theoretically 

opened up the possibility that certain EV ligands could interact with certain cellular 

receptors in a specific fashion. Soon, a large number of studies started to declare that EVs 

facilitate various physiological functions through transfer of RNAs in processes as 

diverse as cancer metastasis, longevity, and insulin resistance (11). Intercellular 
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communication through EVs is an enticing notion as EVs could serve as specific 

packages of RNAs and protein that could encode messages far more complex and precise 

than the signal transduction cascades induced by hormones or extracellular signaling 

proteins. For example, transfer of an mRNA would allow for the upregulation of one 

specific protein in the recipient cell (9). 

As tempting as it is to speculate about a previously unknown mechanism of 

intercellular communication, all of these studies suffered from serious and systematic 

shortcomings. Firstly, it is not possible to isolate just EVs and not other contaminating 

biomolecules (free proteins, etc.) from a given biological fluid or cell culture media 

preparation. This makes it difficult to determine whether a molecule presumed to be 

inside of EV is really inside or present in the EV preparation but actually stuck to the 

outside of EVs (11). This is particularly a problem for microRNAs (miRNAs), as it has 

been shown that miRNAs are protected from RNAse degradation in plasma through 

binding to proteins such as Argonaute2 (12, 13). Furthermore, the inability to isolate just 

EVs is also a problem for functional studies. When EVs are added to a certain type of cell 

and a phenotype is measured, it is not possible to conclude that the phenotype is from the 

EV cargo and not the contaminants in the EV preparation. Additionally, as EVs are 

heterogeneous and contain many different cargos, it is not possible to attribute the 

phenotype to any given cargo molecule, whether it is an RNA or protein (11). 

Another problem that has plagued the field is the inability to distinguish EVs 

released by live cells from those coming from dead cells. In the early days of EV 

research, there were questions of whether EVs are released from live cells at all or 

whether they come exclusively from dead cells (14). Although it is currently impossible 
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to answer what proportion of EVs in culture or a biological fluid come from live vs. dead 

cells, there is strong evidence that live cells do release EVs (8, 15). To evaluate this 

evidence, it is useful to consider how EVs were first discovered. 

In the late 1970’s and early 1980’s, EVs were discovered by electron microscopy 

(16-20). The term “exosome” was first coined in 1981 (17), but EVs were purified and 

visualized by electron microscopy even earlier (16). The mechanism of EVs release was 

first studied in detail in the course of studying the transferrin receptor in erythrocytes by 

electron microscopy with immune-gold labeling. It was found that the transferrin receptor 

is released from cells in vesicles. By looking at different electron microscopy images, a 

novel cellular mechanism was reconstructed whereby the endosome forms inward 

budding (to become the multivesicular body), and then fuses with the plasma membrane, 

releasing its intraluminal vesicles. These cross-sections showed cells releasing vesicles 

into the extracellular space (18, 21).  

Additional evidence for EV release is observed upon examining scanning electron 

microscopy images of the cell surface, which show budding of a large number of vesicles 

out of a cell directly from the membrane (7). Initially, there have been attempts to 

differentiate EVs that come from the MVB from those that bud directly from the plasma 

membrane by calling EVs that originate from the MVB “exosomes” and EVs that 

originate at the plasma membrane “microvesicles.” This, however, has not been a fruitful 

direction given that no protein markers (or other distinguishing features) exist that 

separate one from the other (22). Therefore, I will define EVs in this thesis as any vesicle 

outside of cells (regardless of mechanism of biogenesis) of an arbitrary size (or example, 

<~200 nm in diameter, if a 0.22 µm filter is used). Although most of what we know about 
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EV biogenesis comes from electron microscopy, more recently, there have been studies 

reporting the imaging of EV release from live cells using fluorescent reporters (23).  

One direction to try to understand the function of EVs has been to investigate the 

molecular mechanism of EV secretion. If genes involved in EV biogenesis could be 

found, the hope was that these genes could be inhibited. Then, EV function could 

theoretically be interrogated by shutting off EV function (24). Although RNAi screens 

for genes involved in EV biogenesis have been attempted (25, 26), a crucial limitation to 

performing such a screen is that there are no methods to directly and reliably quantify 

vesicles (27, 28). Furthermore, the candidate genes that are involved in EV biogenesis are 

very likely that they play other roles in various membrane trafficking pathways (24).  

Although EVs seem to be released by all cell types studies, figuring out where 

they go in vivo is largely unknown (29). One strategy has been to isolate EVs from cell 

culture in vitro, label them, and then to inject them into mice. These studies show that 

EVs accumulate primarily in the liver and spleen, as is the case with liposomes or other 

synthetic nanoparticles (30-32). Of course, isolated EVs that are then injected into the 

bloodstream may not necessarily travel the same path or have the same properties as 

those generated in vivo. Another approach has been to label cells with reporters and see if 

the reporter travels between cells. This approach has the advantage of being more 

physiological than injecting EVs, but has the disadvantage of not being able to directly 

prove that the reporter is transported through EVs. In this approach, a transgenic mouse is 

used in which there is a reporter gene that is flanked by LoxP sites. The reporter is only 

activated in the event of recombination by the Cre recombinase. When cells from a 

mouse transgenically expressing Cre are injected into mice transgenically expressing the 
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LoxP reporter, recombination of the reporter can be observed, suggesting that Cre was 

transferred from a donor cell to a different recipient cell (29).  

As a first demonstration of the Cre-Lox approach, Stefan Momma’s group 

performed a bone marrow transplant from a Cre-expressing mouse to a LoxP reporter-

expressing mouse. They were able to detect some recombined cells in the liver and also 

in the brain. The authors were able to rule out cell-cell fusion between the Cre and LoxP 

cells by also tagging the Cre cells with GFP and checking that the recipient recombined 

cells do not express GFP. The study also reported recombination in Purkinje neurons 

after injecting EVs isolated from the blood of Cre-expressing mice directly into the brains 

of LoxP reporter mouse brains, albeit at very low levels (33). The same group performed 

similar experiments observing Cre transfer between transplanted tumor cells and myeloid 

LoxP reporter cells in the tumor microenvironment (34). The van Rheenen group also 

used a similar Cre-Lox reporter system in mice to show transfer of Cre between different 

tumor cells using in vivo intravital imaging (35). 

For the studies investigating the intercellular transfer of Cre or other reporters, it 

has not been possible to definitely prove that the transfer is through EVs, and also that the 

transfer is of the mRNA encoding the reporter and not the protein. The authors of both 

studies made claims that the transfer of Cre was through mRNA and not protein by 

isolating EVs, and detecting Cre mRNA by RT-PCR but not the protein by an antibody-

based method such as ELISA or western blot (33, 35). However, as RT-PCR is much 

more sensitive than ELISA or western blot in terms of its limit of detection, this is not a 

particularly convincing argument (11). Furthermore, as one is merely studying what 

happens to a reporter in a recipient cell, it is not possible in these experiments to 
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definitely prove that the transfer is through EVs (29). Despite these limitations, the 

finding that a cytosolic protein (or mRNA encoding it) can be transferred between cells is 

a significant result that makes it theoretically plausible that EVs physiologically transfer 

RNA or protein between cells. 

One experiment to try to differentiate between mRNA and protein transfer of a 

reporter involved the translation-inhibiting drug cycloxhexamide. EVs were isolated from 

donor cells expressing luciferase and added to recipient cells with or without 

cyclohexamide. There was considerably less luciferase expression in recipient cells when 

cyclohexamide was added, and the authors concluded that the luciferase was transferred 

in the form of mRNA as opposed to protein (36). Using cyclohexamide, however, is not 

an ideal control, as global inhibition of translation in a cell is likely to have a wide variety 

of indirect effects that could affect the experiment. Furthermore, more generally, seeing 

transfer of an exogenous reporter between cells does not necessarily mean that 

endogenous RNAs are transferred between cells (11). Studying endogenous transfer of 

RNA between cells, however, is very challenging since the sequence of RNAs is the 

same in donor and acceptor cells and it is impossible to differentiate in any given 

condition (such as dropping isolated EVs from one cell type on another cell type) whether 

a change in RNA levels is due to potential RNA transfer or a change in transcription of 

the corresponding genes.  

While many studies have attempted to investigate the complex and (and, at least 

for now, largely intractable) question of whether EVs are involved in intercellular 

communication, many fundamental questions remain regarding EV released by a given 

cell type (28). These questions are more tractable as investigating these does not 
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necessitate the knowledge of whether EVs are functional, and if so, which cells are the 

target cells for EVs released by certain donor cells. Furthermore, these questions may be 

studies in vitro in mammalian cell culture systems. One such question is that of 

selectivity. Are specific cargo molecules packaged into EVs or does the RNA profile 

reflect that of donor cells? Ideally, one would be able to answer this question in vivo. 

However, this is not readily possible as isolating EVs from blood or another biological 

fluids represents a mixture from different cell types. Thus, using an in vitro system with a 

single type of cell in culture is a more appropriate approach. In principle, the experiment 

to determine how the RNA profile of EVs compares to that the RNA profile of cell is 

simple: isolate EVs and extract their RNA at the same time as extracting the RNA from 

the donor cells. Then, the cell RNA can be directly compared to the EV RNA by a high-

throughput RNA profiling method such as RNA-Seq.  

The first papers identifying RNA in EVs performed this basic experiment using 

gene expression microarrays. Their results indicated that for both mRNA and miRNAs, 

expression in EVs is uncorrelated to that of donor cells, suggesting that cells may have a 

mechanism for sorting specific RNAs into EVs (6, 7). A large number of studies followed 

profiling both coding and non-coding RNAs of EVs from different cell types. The results 

were wildly variable, with some groups reporting that the profiles were correlated while 

others reported that the profiles were uncorrelated. Some studies went on to suggest they 

found a packaging mechanism for a specific RNAs (37). 

Upon deeper inspection, it is clear that determining the relationship between EV 

RNA and that of donor cells is actually non-trivial. The main challenge lies in the 

imperfection and lack of standardized in available techniques for EV isolation. As all EV 
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isolation techniques have some non-vesicular contaminants, it is important to ascertain 

whether these contaminants include RNAs outside of EVs (11). If so, these RNAs would 

influence the comparison of cell to EV RNA profiles since the contaminating RNAs 

would erroneously be attributed to the EV RNA repertoire (37).  

In addition to differing amount of non-vesicular contaminants, various isolation 

procedures also capture different subpopulations of EVs. For example, some EV isolation 

procedures include a filtration step (often using a 0.22 µm filter) where others omit it. As 

there are EVs of all different sizes (including ones larger than one µm in size), isolating 

different EV subpopulations may yield different answers regarding their RNA contents 

(11). Furthermore, certain isolation procedures (such as those without the use of a size 

filter) are more likely than other to co-purify dead cells or apoptotic bodies in the EV 

preparation, again potentially skewing the results of RNA profiling. 

Lastly, EVs contain a very small amount of RNA relative to cells, and this poses 

significant challenges for analysis. For example, it was shown that there are biases when 

extracting microRNAs from different amounts of cells (a large number of cells vs. a 

small number of cells) when using Trizol, as opposed to Phenol-Chloroform. 

Specifically, the extraction efficiency is different for miRNAs with more GC content 

relative to other miRNAs when isolating RNA from differing numbers of cells (38). 

These findings certainly affect many studies investigating EV miRNAs, as the amount of 

RNA in EVs is several orders of magnitude less than the amount of RNA in the 

corresponding donor cells (37). 

Despite the challenges in both characterizing EVs and studying their potential 

function in intercellular communication, the EV field presents an exciting opportunity. 
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As EVs have been described not only in mammals but also in many other organisms 

(including unicellular ones) (39), they represent a fundamental aspect of cell biology that 

we do not understand. If EVs do transfer functional RNA between cells, this would 

represent a fundamentally new way of thinking about intercellular communication (9). 

The findings that exogenous RNA molecules such as double-stranded RNA can clearly 

be transferred between cells in plants (40) and the worm Caenorhabditis elegans (41), 

makes this worthy of investigation in other organisms, including mammals. Lastly, 

regardless of their function, EVs are already showing signs of great promise as diagnostic 

biomarkers of disease (42, 43).    

In this thesis, I explore several aspects of EV biology, particularly focusing on the 

RNA in EVs. Most of my work focuses on EVs isolated from mammalian cell culture 

systems, as studying EVs is much more tractable in vitro. In Chapter II, I describe the 

development of new techniques for RNA isolation and profiling, and apply them to 

profile RNA in EVs. In Chapter III, I describe the development of new methods to image 

single EVs by fluorescent microscopy and our application of this method to studying 

RNA in EVs. In Chapter IV, I describe general approaches for isolating cell type-specific 

EVs towards the goal of non-invasively measure transcriptomes in humans, and apply 

this framework for isolating neuron-specific EVs. In Chapter V, I describe new 

experimental approaches I developed to study whether EVs transfer RNA between cells. 

Lastly, in Chapter VI, I summarize my work and indulge in uninhibited speculation about 

the potential roles of EVs in biology. 
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Chapter II 

 

Characterization of the RNA contents of EVs 
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Introduction 

 

Cells release extracellular vesicles (EVs), and these vesicles are found in all 

human bodily fluids. EVs can be released by fusion of the multivesicular body (MVB) 

with the plasma membrane or by direct budding from the plasma membrane (8). Interest 

in extracellular vesicles has increased since the discovery that they contain RNA (4-7). 

This discovery led to the use of extracellular RNA in EVs as a novel biomarker in a wide 

range of medical applications. It has also led to excitement regarding the possibility that 

RNA could be transferred between cells as a mechanism of intercellular communication 

(44). Although there have been studies detailing RNA transfer through EVs and certain 

reporters have been shown to be secreted in one cell and functional in another, it remains 

unclear whether EVs transfer functional RNA under physiological conditions (29). 

One of the main challenges in studying the RNA in EVs has been purifying EVs 

without co-isolating contaminating RNA protected by protein complexes. In the case of 

extracellular microRNAs (miRNAs) in human serum, it has been shown that the majority 

of extracellular miRNAs are in ribonuceoprotein (RNP) complexes as opposed to 

vesicles, and common EV isolation techniques such as ultracentrifugation isolate large 

amounts of contaminating RNPs along with EVs (12, 13). Due to this technical challenge, 

answering the question of which RNAs are actually in EVs has remained unanswered 

since many of the RNAs analyzed after various EV isolation procedures were probably 

from contaminating RNPs (11).  

 A central question in EV biology is whether the contents of EVs (RNAs and 

proteins) are specifically packaged or whether their contents reflect the contents of the 
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cell. This question is of paramount importance for both the utility of EVs as diagnostic 

biomarkers and for understanding the role of EVs in intercellular communication. 

Previous attempts to answer the question of whether EVs package specific RNAs have 

yielded inconsistent results due to differences in EV isolation techniques, contamination 

with non-vesicular RNPs, and varying RNA profiling methods (37). 

 We set out to analyze the RNA in EVs. In particular, we focused on using high-

throughput sequencing to analyze messenger RNA (mRNA), which has been much less 

studied than miRNAs in EVs. Furthermore, we developed a method to separate RNA 

inside of vesicles from RNA that is outside based on enzymatic treatments with 

proteinase and then RNase. We analyzed the RNA from EVs in cell culture and found 

that the mRNA profile of EVs is highly correlated to that of cells. This finding indicates 

that EVs may be used as a non-invasive “read out” of a cell’s transcriptome. 

 

Results 

 

Characterization of EVs		

	

In	order	to	study	the	RNA	contents	of	EVs,	we	decided	to	turn	to	a	cell	culture	

system.	We	isolated	EVs	from	the	K562	human	leukemia	cell	line	using	the	widely	

used	differential	ultracentrifugation	method	(45).	After	spinning	down	the	cells	at	

300g,	taking	the	supernatant	through	a	2000g	spin	to	pellet	dead	cells	and	16,500g	

spin	to	remove	large	vesicles,	we	perform	a	filtration	through	a	0.22	μm	filter	and	

then	ultracentrifugation	at	120,000g.	We	have	previously	described	(46)	our	
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version	of	this	protocol	in	great	detail	(also	included	as	Appendix	S2).	We	were	able	

to	characterize	our	EVs	using	Dynamic	Light	Scattering	(DLS)	and	visualize	our	EVs	

using	transmission	electron	microscopy	(Fig	2.1).		

	

	

 

 
 
 
 
 
 
Figure 2.1: Characterization and visualization of differential ultracentrifugation isolation reveals 
EVs  
Dynamic Light Scattering (DLS) via Malvern Zetasizer reveals the preparation of EVs contains objects 
with diameter averaging slightly less than 100 nm (top). Transmission Electron Microscopy of EVs allows 
visualization of individual EVs (bottom).  
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Comparing RNA-Seq profiles of cells and EVs 

 

Characterization of EVs	Next,	we	isolated	total	RNA	from	EV	preparation	as	

well	as	the	donor	K562	cells.	We	first	analyzed	the	RNA	using	the	Bioanalyzer	and	

found	that	the	size	distribution	of	RNAs	is	very	different	between	cells	and	EVs	

(Figure	2.2).	In	particular,	the	RNA	in	EVs	does	not	have	large	ribosomal	RNA	peaks	

as	is	the	case	in	cells.	To	compare	the	RNA	profiles	of	EVs	and	the	corresponding	

donor	cells,	we	made	libraries	for	high	throughput	RNA	sequencing	(RNA-Seq).	As		

	

	

	

Figure 2.2: RNA size analysis shows marked differences between cell and EV RNA  
Cell RNA (left) and EV pellet RNA (right) size profiles were determined using Agilent Bioanalyzer. The 
EV pellet RNA contents have small ribosomal RNA peak relative to the cell RNA. 
	

	

we	were	interested	in	mRNA	in	EVs,	we	isolated	PolyA+	RNA	in	both	cells	and	EVs	

after	DNase	treatment.	We	performed	RNA-Seq	and	assessed	the	correlation	of	

mRNA	expression	between	cells	and	EVs.	Our	results	indicate	a	high	correlation	

between	the	expression	of	mRNAs	in	cells	and	EVs	(Figure	2.3).		
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Figure 2.3: RNA-Seq of cells and EVs from K562 cells shows correlation in mRNA profiles 
RNA-Seq results of the correlation (R = Spearman Correlation) between gene expression of coding 
mRNAs in Transcripts Per Million (TPM) for A. two replicates of K562 cells, Cell 1 and Cell 2. B. two 
replicates of EVs isolated from K562 cells , EV 1 and EV 2. C. donor K562 cells and K562 EVs, replicate 
1 D. donor K562 cells and K562 EVs, replicate 2.  
 
 
 
 
	

Although	on	the	whole	the	mRNA	profiles	were	very	correlated,	there	were	

some	outlier	mRNAs	that	were	enriched	in	EVs	relative	to	cells.	We	looked	at	the	
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RNA-Seq	reads	for	a	few	of	these	mRNAs	in	the	Integrated	Genomics	Viewer	(IGV)	

(47)	to	see	how	the	reads	line	up	relative	to	the	gene	structure.	In	addition	to	

confirming	the	enrichment,	we	observed	that	the	mRNAs	appeared	to	be	full	length	

and	had	normal	exon	splicing	patterns,	as	in	the	cell	(Figure	2.4).		

As	we	are	working	with	a	cancer	cell	line,	we	were	also	interested	in	whether	

we	would	get	similar	results	if	we	looked	at	primary	cells.	While	we	were	

conducting	our	study,	Stefano	Pluchino’s	group	reported	RNA-Seq	results	of	EVs	or	

“Exosomes”	(defined	in	their	paper	as	EVs	that	are	subjected	to	an	additional	

density	gradient	ultracentrifugation	step)	obtained	from	primary	mouse	neural	

precursor	cells	(NPCs)	(48).	They	also	repeated	the	experiment	after	treating	their	

NPCs	with	a	pro-inflammatory	Th1-like	cytokine	cocktail	(which	they	refer	to	as	

“Th1”)	or	an	anti-inflammatory	Th2-like	cytokine	cocktail	(which	they	refer	to	as	

“Th2”).	Although	they	did	not	list	the	correlation	between	RNA	expression	in	cells	

and	EVs,	they	made	their	data	publicly	available	so	we	downloaded	the	raw	data	and	

reanalyzed	it	to	determine	the	correlation	between	RNA	in	cells	and	EVs	from	

primary	cells.	The	results	indicate	a	strong	correlation	between	cells	and	EVs	

(whether	or	not	purified	with	density	gradient	ultracentrifugation)	in	both	basal	

and	stimulated	conditions	(Figure	2.5),	agreeing	with	our	results	in	K562	cells.	
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Figure 2.4: IGV analysis of RNA-Seq reads confirms enriched outlier mRNAs exist 
Previously published (Cosseti et al, 2014) RNA-Seq dataset of primary mouse neural precursor cells 
(NPCs) and EVs shows strong correlation between Transcripts Per Million (TPM) expression levels of 
coding mRNAs (R = Spearman Correlation). 
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Figure 2.5: Available RNA-Seq dataset of neural precursor cells and EVs shows correlation in 
mRNA profiles 
Previously published (Cosseti et al, 2014) RNA-Seq dataset of primary mouse neural precursor cells 
(NPCs) and EVs or Exosomes (Exos), defined in the paper as EVs that go through additional density 
gradient centrifugation step for extra purification, shows strong correlation between Transcripts Per Million 
(TPM) expression levels of coding mRNAs (R = Spearman Correlation). In each experiment, RNA-Seq 
was performed on NPCs that were not stimulated (basal) and their A. EVs or D. Exos, NPCs that were 
stimulated with Th1 and their B. EVs or E. Exos, or NPCs that were stimulated with Th2 and their C. EVs 
or F. Exos.  
 

Development of proteinase-RNase method  

	

One	problem	with	all	current	EV	isolation	methods	is	that	they	are	unable	to	

fully	purify	contaminating	proteins	away	from	EVs.	It	has	previously	been	shown	
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that	the	majority	of	extracellular	miRNA	in	the	blood	are	present	in	protein	

complexes	that	prevent	the	miRNAs	from	being	degraded	by	RNAses.	Furthermore,	

these	protein-bound	miRNAs	co-purify	with	EVs	during	EV	isolation	by	

ultracentrifugation	(12,	13).	Although	it	is	not	known	whether	larger	miRNAs	such	

as	mRNAs	can	also	exist	outside	of	the	cell	in	protein-bound	complexes,	we	figured	

that	this	possibility	could	confound	our	results.	Thus,	we	decided	to	develop	a	

method	to	separate	RNA	that	is	inside	EVs	from	contaminating	RNA	that	is	stuck	to	

the	outside	of	EVs	and	is	co-purified	during	the	isolation.	Although	there	are	a	

variety	of	available	methods	that	can	be	used	in	conjunction	with	differential	

ultracentrifugation	(including	density-gradient	ultracentrifugation,	size-exclusion	

chromatography,	and	immuno-isolation),	none	of	these	are	perfect	at	removing	

contaminating	free	proteins	(49). 

We	decided	to	develop	a	method	to	degrade	all	RNAs	that	are	outside	of	EVs	

based	on	enzymatic	treatments	with	proteinase	and	then	RNase.	We	figured	that	if	

we	could	degrade	all	proteins	that	are	not	protected	by	the	lipid	membrane	of	the	

EVs,	this	would	expose	RNAs	in	protein	complexes	to	RNAse	activity.	The	RNAs	that	

are	inside	of	EVs,	however,	should	still	be	protected	(Figure	2.6).	One	question	we	

had	to	resolve	was	how	to	remove	or	inactivate	the	proteinase	after	allowing	it	to	

degrade	free	proteins	to	prevent	the	subsequent	degradation	of	the	RNase	enzyme.	

In	one	of	the	original	papers	that	first	described	RNA	in	EVs,	the	authors	added	the	

proteinase	Trypsin	to	EVs	and	then	ultracentrifuged	the	EVs	to	separate	them	from	

the	Trypsin	(which	is	then	expected	to	end	up	in	the	supernatant)	(6).		
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When	we	tried	this	strategy	(but	with	Proteinase	K,	which	is	a	more	

aggressive	proteinase	than	Trypsin),	we	were	surprised	to	find	a	strong	decrease	in		

	

Figure 2.6: General strategy for Proteinase-RNase enzymatic treatment method 
 As we do not know whether our EV pellet after our differential ultracentrifugation protocol contains 
exclusively RNA that is in EVs or also protein-bound RNA that is outside of EVs, we decided to develop a 
method to degrade all proteins not protected by the lipid membrane, inactivate the proteinase, add RNase to 
degrade all RNA not protected by the lipid membrane, and then inactivate the RNase, being left with only 
RNA inside EVs  

	

	

the	amount	of	RNA	in	EVs	relative	to	untreated	EVs	(Figure	2.7A,B).	We	reasoned	

this	proteinase	result	could	represent	the	liberation	of	non-vesicular	RNAs	that	

stuck	to	EVs	via	the	proteins	they	were	otherwise	bound	to.	Alternatively,	we	

considered	the	possibility	that	the	proteinase	treatment	was	somehow	breaking	our	

EVs	and	releasing	RNA	that	is	actually	inside.	As	we	generally	do	when	we	are	

worried,	we	decided	to	follow	up	with	a	series	of	controls.	Using	the	proteinase	

inhibitor,	phenylmethane	sulfonyl	(PMSF),	we	added	inactivated	proteinase	to	EVs	

before	the	final	spin	to	rule	out	that	there	may	be	potential	detergent	in	the	
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proteinase	enzyme	solution	that	could	lyse	EVs	(Figure	2.7C).	Finding	that	this	was	

not	the	case,	we	tried	another	control	where	added	proteinase	to	the	EVs	after	the		

	

	

	

Figure 2.7: Different proteinase treatments alter EV RNA profiles 
RNA was isolated and analyzed by Agilent Bioanalyzer for: A. normal EV isolation from K562 cell B. EV 
isolation where EVs were treated with Proteinase K before the final ultracentrifugation C. EV isolation 
where EVs were treated with inactivated Proteinase K (using the chemical PMSF) before the final 
ultracentrifugation D. EV isolation where EVs were treated with Proteinase K after the final 
ultracentrifugation spin 

	

	

final	spin,	and	then	analyzed	the	RNA.	The	RNA	in	this	treatment	looked	similar	to	

the	untreated	EVs	(Figure	2.7D).		

We	were	able	to	conclude	that	it	was	the	proteinase	activity	before	the	final	

spin	that	was	causing	a	decrease	in	RNA,	but	we	still	did	not	know	if	this	was	

because	the	EVs	were	breaking	when	treated	with	proteinase	and	then	
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ultracentrifuged	or	whether	protein-RNA	complexes	were	removed	from	the	EVs	

but	the	EVs	were	intact.	Given	that	this	was	a	crucial	question,	we	turned	to	

transmission	electron	microscopy	(TEM)	to	see	if	we	could	observe	morphological	

changes	to	the	EVs	upon	proteinase	treatment.	We	compared	EV	samples	where	

proteinase	was	added	before	or	after	the	final	ultracentrifugation	spin	(Figure	2.8).	

We	were	able	to	see	a	striking	difference	where	the	EVs	treated	with	proteinase	

before	the	ultracentrifugation	step	were	much	smaller	than	untreated	EVs	(as	seen	

in	Figure	2.1)	and	had	a	non-smooth	“popcorn”	morphology.	In	contrast,	the	EVs	

where	proteinase	was	added	after	the	ultracentrifugation	looked	similar	to	

untreated	EVs.		

We	concluded	that	adding	proteinase	before	the	final	ultracentrifugation	

breaks	EVs,	potentially	because	they	are	more	fragile	during	the	ultracentrifugation	

step	without	having	the	full-length	transmembrane	proteins	to	provide	structural	

integrity.	We	thus	settled	on	an	optimized	protocol	where	we	add	proteinase	to	EVs	

after	the	final	ultracentrifugation	step,	inhibit	the	proteinase	with	PMSF,	and	then	

add	RNase.	We	then	inactivate	the	RNase	with	harsh	lysis	buffer	and	extract	the	

resulting	protected	RNA.	As	an	additional	control,	we	checked	that	the	lysis	buffer	

inactivates	the	RNase	by	incubating	the	RNase	with	the	buffer	and	then	adding	

purified	RNA.	The	RNA	was	not	degraded.	

With	this	optimized	proteinase-RNase	protocol	in	hand,	we	applied	it	to	EVs	

isolated	from	K562	cells	by	differential	ultracentrifugation.	When	we	compared	the	

Bioanalyzer	profiles	of	untreated	EVs,	EVs	treated	with	the	proteinase-RNase	

protocol,	and	EVs	treated	with	proteinase	before	spins	(as	a	control),	we	were	
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surprised	to	see	that	there	was	much	less	RNA	in	the	proteinase-RNAse	EVs	relative	

to	the	untreated	control	(Figure	2.9A-C).	This	was	similar	to	the	proteinase	

between	spins	treatment	that	we	knew	from	electron	microscopy	was	breaking	the		

	

 
Figure 2.8: Electron microscopy of EVs treated with proteinase before, but not after, final spin show 
broken EVs  
Transmission electron microscopy (TEM) of EVs treated with Proteinase K before (top) or after (bottom) 
the final ultracentrifugation spin. Treating with proteinase before the final spin leads to what looks like 
smaller broken vesicles whereas treating with proteinase after the final spin leads to EVs with normal 
morphology. 
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Figure 2.9: qRT-PCR after optimized Proteinase-RNase protocol shows mRNAs are inside EVs 
Bioanalyzer profiles of RNA isolated from EV isolation after A. no treatment, B. optimized Proteinase-
RNase treatment after final ultracentrifugation spin, C. proteinase treatment before the final 
ultracentrifugation spin D. quantitative Reverse Transcription PCR (qRT-PCR) was performed on four 
different mRNAs after each treatment expression was normalized and compared to the no treatment EV 
control. Error bars represent +/- standard error of the mean (n=4). n.s. = not significant, * = p < 0.05, *** = 
p < 1e-7.    
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vesicles.	It	also	looked	like	there	was	less	RNA	in	the	untreated	EVs	than	usual	in	

this	experiment,	but	we	figured	this	could	be	because	we	put	the	untreated	EV	

samples	through	the	same	incubations	as	the	treated	samples.	Thus,	it	could	be	that	

some	RNA	is	degraded	upon	incubation	at	37C.	Nonetheless,	there	was	clearly	less	

RNA	in	the	proteinase-RNAse	EVs	relative	to	the	untreated	EVs.	

Despite	the	emotional	tumultuousness	caused	by	the	possibility	that	all	EV	

RNA	is	not	actually	in	EVs	but	rather	in	contaminating	protein	complexes,	we	

decided	to	explore	further.	By	Bioanalyzer,	most	of	the	EV	RNA	is	less	than	200	

nucleotides.	On	the	other	hand,	messenger	RNA	is	greater	than	200	nucleotides	and	

not	easily	seen	on	the	Bioanalyzer	as	it	is	of	various	sizes,	thereby	not	forming	a	

clear	peak.	We	decided	it	may	be	possible	that	smaller	RNAs	are	mostly	present	in	

protein	complexes	outside	of	EVs	but	the	larger	RNAs	(which	we	can’t	really	

visualize	on	the	Bioanalyzer	are	inside	of	EVs).		

We	thus	turned	to	quantitative	Reverse-Transcription	PCR	(qPCR)	to	

measure	the	levels	of	four	mRNA	in	the	EVs	treated	by	different	conditions.	We	

chose	four	mRNA	that	are	highly	expressed	in	K562s	and	are	often	used	as	

housekeeping	genes:	B2M,	SRP14,	ACTB,	and	GAPDH.	We	measured	the	levels	of	

these	four	mRNAs	in	EVs	treated	with	a	variety	of	conditions,	and	compared	them	to	

the	levels	in	untreated	EVs	(Figure	2.9D).	Our	results,	indeed,	suggested	that	these	

mRNAs	are	inside	EVs,	and	not	outside	since	when	we	treated	with	proteinase-

RNAse,	we	saw	no	decrease	in	RNA	levels	(we	even	saw	a	slight	increase,	probably	

due	to	experimental	noise	or	error).	We	also	saw	no	decrease	in	RNA	levels	relative	

to	untreated	EVs	when	we	treated	EVs	with	just	RNase.	This	was	expected	since	
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extracellular	RNases	should	degrade	free	RNA	not	bound	by	proteins.	Nonetheless,	

it	was	a	nice	control	to	confirm	that	the	RNase	we	add	is	being	inactivated	upon	

lysing	of	the	EVs.	In	the	proteinase	between	spins	condition,	we	saw	a	significant	

decrease	in	EV	RNA.	This	finding	is	in	accordance	with	the	electron	microscopy	

results	that	EVs	in	this	condition	are	likely	breaking.	Importantly,	we	see	RNA	levels	

drop	precipitously	when	we	add	the	detergent	Triton-X	together	with	RNAse.	This	is	

an	important	control	confirming	the	mRNA	inside	of	EVs.			

Having	confirmed	by	qRT-PCR	that	the	levels	of	four	mRNA	are	the	same	in	

proteinase-RNase	treated	and	untreated	EVs,	we	then	wanted	to	go	back	to	the	

RNA-Seq	and	look	at	all	transcripts.	We	sequenced	the	RNA	of	cells,	untreated	EVs,	

and	proteinase-RNase	treated	EVs	(Figure	2.10).	We	found	that	the	proteinase-

RNAse	EV	profile	is	very	correlated	to	the	untreated	EV	profile	for	coding	mRNAs,		

	

	

Figure 2.10: RNA-Seq after optimized proteinase-RNase protocol shows mRNAs are inside EVs and 
correlated to mRNAs in cells 
EVs from K562 cells were isolated and split into two samples. One sample was untreated (EV) while the 
other sample was treated with the optimized proteinase-RNase protocol (PRR EV). K562 cell RNA, EV 
RNA and PRR EV RNA were sequenced using an RNA-Seq method that uses PolyA priming. Correlation 
of expression levels in Transcripts Per Million (TPM) of coding mRNAs are shown for: A. untreated EVs 
relative to proteinase-RNase treated EVs (PRR EV) and B. K562 cells relative to proteinase-RNase treated 
EVs (PRR EV) confirming that mRNA is inside of EVs and correlated between cells and EVs (R = 
Spearman Correlation). 
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suggesting	that	mRNAs	obtained	by	differential	ultracentrifugation	are	all	inside	of	

EVs.	As	expected	from	our	previous	RNA-Seq	experiments,	the	RNA	profile	of	

proteinase-RNase	EVs	was	very	correlated	to	the	K562	cell	RNA	profile.	

 

Assessing DNA content of EVs 

 

After finding all of the mRNAs found in cells in our EVs, we wondered what else 

is in EVs. Are all cellular components in EVs? We decided to investigate DNA in EVs. 

Several groups have reported isolating DNA from EVs (50-52), including from the EVs 

released by K562 cells (52). Using the same differential ultracentrifugation procedure as 

before, we performed a DNA extraction from the EV pellet isolated from K562 cell 

culture media. We ran the resulting DNA on a gel, and found a smear of DNA of various 

sizes but mostly between 1 and 10 kilobases. Following the general idea of what we did 

with RNA, we then decided to treat the EV preparation with DNase. We inactivated the 

DNase with EDTA and then performed a DNA extraction on the resulting preparation 

(which we assumed to be any DNA inside of EVs, which should be protected from 

DNase activity). We found that there was no detectable DNA in this condition by gel 

electrophoresis, suggesting that DNA in the EV preparation is stuck to the outside of EVs 

and is not actually inside the EVs (Figure	2.11A). 

We performed several controls to help us gain confidence in our interpretation of 

the data. First, we also treated the DNA from the EVs with RNAse to ensure that the  
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Figure 2.11: DNase treatment shows DNA co-isolates, but is outside of EVs 
DNA is isolated and run on an agarose electrophoresis gel (stained with SYBRGold) for: A. K562 cells, an 
isolation of EVs, and an isolation of EVs treated with DNase. B. EVs treated with RNase and/or DNase to 
show that we visualizing DNA, not RNA. C. EVs treated with DNAse and/or DNase buffer to show that 
DNase buffer alone is not causing degradation of DNA. D. Cell DNA is treated with DNase that has been 
first inactivated by DNAse to show that our EDTA inactivation works (DNAse is inactivated with EDTA 
prior to extracting DNA).  
 

SYBR Gold nucleic acid gel stain is not actually staining RNA instead of DNA. This was 

not the case (Figure	2.11B). We also wanted to ensure that the DNase buffer is not 

somehow leading to degradation of DNA. This was also not the case (Figure	2.11C). 

Lastly, we checked the DNase inactivation with EDTA by adding purified cell DNA to 
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the inactivated enzyme to make sure it wasn’t being degraded (Figure	2.11D). This was 

to ensure the DNase was incapable of degrading DNA when we break open the vesicles 

during the DNA extraction (theoretically, the DNA lysis buffer should also inactivate the 

DNase but the EDTA was for extra assurance). After the expected results in all of these 

controls, we conclude that the vast majority of DNA in EV preparations is not actually 

inside of EVs, but most likely sticks to the outside of EVs during the isolation.  

 

Discussion 

 

We	have	used	a	simple	cell	culture	model	to	compare	the	RNA	profile	in	cells	

to	the	RNA	profile	of	the	EVs	they	produce.	We	found	that	the	mRNAs	levels	in	cells	

are	highly	correlated	to	those	of	EVs.	Our	results	suggest	that	mRNAs	are	generally	

packaged	into	EVs	in	a	non-specific	manner.	These	results	are	in	disagreement	with	

the	first	two	papers	analyzing	RNA	expression	in	EVs,	which	found	very	specific	

mRNAs	get	packaged	into	EVs	(6,	7).	The	procedure	in	those	studies	and	our	study	

used	to	isolate	EVs	was	the	same	(differential	ultracentrifugation),	but	there	are	two	

major	differences.	One	difference	was	that	each	study	analyzed	EVs	from	different	

cell	types.	The	other	difference	was	that	these	studies	used	microarrays	while	we	

used	RNA-Seq.	When	we	analyzed	RNA-Seq	data	from	a	report	investigating	EVs	

from	mouse	primary	neural	precursor	cells	(NPCs)	(48),	we	also	found	a	very	strong	

correlation	between	the	mRNA	profile	of	cells	and	EVs,	giving	us	more	confidence	in	

our	conclusions.	Nevertheless,	EVs	from	more	cell	types	need	to	be	analyzed	to	

determine	how	general	this	result	is.	Additionally,	it	would	be	interesting	to	see	
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whether	changes	in	RNA	profiles	upon	exposure	of	cells	to	stimuli	are	reflected	in	

the	RNA	profiles	of	EVs.	In	the	one	study	that	addressed	this	question	by	stimulating	

NPCs	with	cocktails	of	cytokines	and	then	analyzing	RNA	in	EVs,	the	differences	in	a	

cell’s	gene	expression	profile	were	reflected	in	EVs	(48).		

As	with	any	RNA-Seq	experiment,	there	were	some	outliers.	Although	the	

RNA-Seq	profiles	of	cells	and	EVs	were	very	correlated,	generally	arguing	against	a	

packaging	mechanism,	there	were	some	RNAs	in	EVs	that	were	enriched	relative	to	

cells.	Looking	at	some	of	RNA-Seq	reads	for	these,	they	are	full-length	mRNAs.	This	

is	in	contrast	to	some	studies	that	EVs	do	not	carry	full	length	mRNA	(53,	54).	There	

are	various	technical	articles	that	could	lead	to	results	that	look	like	certain	RNAs	

are	enriched	in	EVs	compared	to	cells	(55,	56),	but	it’s	also	possible	that	there	is	a	

subset	of	EVs	package	specific	RNA	while	most	EVs	do	not	package	RNA.	This	

possibility	would	be	difficult	to	follow	up	unless	the	subset	of	EVs	had	a	clear	

defining	feature	that	could	be	used	to	isolate	them	(such	as	a	specific	surface	

protein).	Intriguingly,	one	of	the	mRNAs	we	found	to	be	highly	enriched,	Rab13,	was	

also	recently	found	to	be	enriched	in	EVs	isolated	from	colorectal	cancer	cells	(57).	 	

	 A	central	challenge	in	the	EV	field	has	been	the	inability	to	isolate	EVs	away	

from	other	components	in	cell	culture	media	or	biological	fluid.	This	has	hampered	

previous	studies	from	being	able	to	distinguish	whether	a	given	protein	or	nucleic	

acid	is	truly	inside	EVs	or	outside	and	merely	stuck	to	EVs	as	an	artifact	of	the	

isolation	procedure	(11).	This	has	been	a	particular	problem	for	RNA	as	it	has	been	

reported	that	a	majority	of	extracellular	miRNAs	are	in	protein-RNA	complexes	as	

opposed	to	inside	of	EVs,	but	co-purify	during	many	EV	isolation	procedures	(12,	
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13).	Although	there	have	been	a	variety	of	biochemical	approaches	applied	to	purify	

more	stringently	than	just	differential	ultracentrifugation	(including	density-

gradient	ultracentrifugation,	size-exclusion	chromatography,	and	immuno-

isolation),	none	of	these	are	perfect	for	separating	EVs	away	from	free	proteins	or	

RNA-protein	complexes	(49).	We	believe	our	new	approach	of	enzymatic	treatments	

of	EVs	with	proteinase	and	then	RNase	in	a	fashion	that	does	not	break	open	the	EVs	

solves	the	problem	of	not	knowing	whether	a	given	RNA	is	inside	or	outside.	We	use	

our	approach	to	confirm	that	EVs	contain	mRNA	and	that	mRNA	levels	in	EVs	are,	

indeed,	correlated	to	mRNA	levels	in	cells.	We	expect	our	approach	to	be	applicable	

to	understanding	the	miRNA	and	protein	content	of	EVs	as	well.	

	 We	found	that	in	our	K562	cell	culture	system,	EVs	do	not	contain	DNA	since	

treating	the	outside	of	EVs	with	DNase	(without	proteinase)	gets	rid	of	all	DNA	

(visible	by	gel).	Thus,	we	think	that	previous	reports	claiming	the	presence	of	DNA	

in	EVs	(50-52)	may	have	actually	been	isolating	DNA	from	the	outside	of	EVs	that	

became	associated	with	EVs	during	the	isolation	procedure.	The	most	likely	

explanation	for	this	DNA	is	that	it	found	its	way	outside	of	the	cell	after	cell	death.	

This	is	also	a	likely	explanation	for	the	biogenesis	of	extracellular	Ago2-miRNA	

found	outside	of	EVs.	Secreted	proteins	generally	go	through	the	Golgi,	where	they	

would	presumably	not	have	a	chance	to	interact	with	RNA.		

	 Our	result	that	the	transcriptome	of	cells	is	reflected	in	EVs,	if	generalizable,	

has	widespread	implications	for	the	use	of	EVs	in	studying	human	biology	and	

diagnosing	disease.	As	most	cell	types	in	the	human	body	are	inaccessible	to	biopsy,	

isolating	EVs	from	biological	fluids	may	represent	a	non-invasive	way	to	read	out	
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the	RNA	profiles	of	cells.	We	expect	EVs	in	biological	fluids	to	carry	different	RNA	

signatures	in	the	context	of	different	physiological	and	disease	processes.	Although	

previous	reports	have	performed	RNA-Seq	on	cell-free	RNA	(not	specifically	by	

isolating	EVs)	(58,	59),	it	is	unclear	whether	this	RNA	correlates	to	RNA	from	cells.	

One	particular	advantage	of	isolating	RNA	from	EVs	relative	to	total	cell-free	RNA	is	

that	EVs	have	membrane	proteins	that	can	be	used	for	immuno-isolation.	Thus,	it	

should	theoretically	be	possible	to	isolate	EVs	from	a	particular	cell	type	using	

antibodies	against	a	cell	type-specific	transmembrane	protein	found	on	a	subset	of	

EVs	in	a	biological	fluid	such	as	plasma.	This	possibility,	combined	with	our	finding	

that	EVs	reflect	the	mRNA	profile	of	cells,	holds	promise	for	both	better	

understanding	biological	processes	in	humans	in	general	and	assessing	health	and	

disease	in	individuals.	
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Chapter III 

	

Single	EV	Imaging	

  



	 35	

Introduction 

 

A	major	challenge	in	the	EV	field	is	that	EVs	are	heterogeneous.	When	

isolating	a	population	of	EVs,	there	are	many	proteins	and	RNAs	detected	and	it	is	

unclear	if	there	are	specific	subpopulations	of	EVs.	This	question	is	of	great	

importance	for	trying	to	decipher	the	potential	functions	of	EVs,	as	well	as	for	using	

EVs	diagnostically	(29).	Although,	theoretically,	individual	EVs	can	be	characterized	

by	flow	cytometry,	the	fact	that	EVs	are	much	smaller	than	cells	presents	a	large	

number	of	technical	challenges	for	this	technique	(60,	61).	We	set	out	to	develop	

methods	to	image	and	characterize	single	EVs	using	fluorescence	microscopy.		

We	were	particularly	interested	in	imaging	RNA	in	EVs	to	understand	

questions	such	as	whether	a	subpopulation	of	EVs	contains	RNAs	or	whether	RNA	is	

evenly	distributed	in	EVs.	We	also	wanted	to	assess	how	well	our	proteinase-RNase	

method	worked	using	additional	techniques.	We	developed	a	method	of	imaging	

isolated	EVs	using	by	Total	Internal	Reflection	Fluorescence	(TIRF)	Microscopy,	and	

explored	its	utility	in	investigating	the	EV	RNA	at	the	single	EV	level.	

	

Results 

 

Imaging EVs labeled with lipid and RNA dye 

	

In	order	to	imagine	single	EVs	with	microscopy,	which	requires	great	

sensitivity,	we	used	TIRF.	The	main	defining	characteristic	of	EV	is	the	presence	of	
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membrane,	so	we	used	a	hydrophobic	membrane	dye	to	visualize	them.	We	had	

success	labeling	EVs	with	a	variety	of	lipid	dyes,	but	found	that	different	dyes	had	

varying	degrees	of	brightness	and	different	propensities	to	aggregate	into	micelles	

(which	could	then	be	confused	for	EVs).	For	each	EV	treatment,	we	also	tested	the	

dye	without	EVs.	We	started	by	labeling	EV	membranes	with	the	red	fluorescent	

dye,	BODIPY	TR	Ceramide.	After	labeling	EVs,	we	assessed	various	methods	of	

removing	excess	unbound	dye.	Although	previous	reports	have	used	

ultracentrifugation	to	separate	EVs	from	unbound	lipid	dye,	ultracentrifugation	

itself	can	cause	the	lipophilic	dye	to	form	aggregates	of	similar	size	to	EVs	(62).	We	

found	a	gel-containing	spin	column	was	able	to	efficiently	remove	unbound	dye	and	

recover	labeled	EVs.	We	then	were	able	to	attach	EVs	to	the	surface	of	charged	glass	

and	image	EVs	by	TIRF	microscopy.	

	 After	establishing	our	EV	membrane	labeling	method,	we	then	wanted	

to	characterize	the	RNA	in	EVs	using	with	an	RNA	dye.	We	were	interested	in	co-

localizing	EVs	and	RNA	to	see	the	RNA	distribution	among	isolated	EVs.	We	started	

by	using	a	membrane	permeable	RNA	dye,	SYTO	RNASelect.	We	wanted	the	dye	to	

be	membrane	permeable	so	that	it	would	be	able	to	label	RNA	inside	EVs	in	addition	

to	outside.	For	all	of	the	imaging	experiments,	we	used	EVs	isolated	from	K562	cells.	

We	incubated	the	EVs	with	both	BODIPY	TR	Ceramide	(10	µM final concentration)	

and	SYTO	RNASelect	(10	µM final concentration),	removed	excess	dye,	applied	EVs	to	

a	charged	glass	coverslip	and	then	imaged	the	EVs	using	TIRF	(Figure	3.1).	We	

were	able	to	see	many	spots	corresponding	to	EVs,	a	fraction	of	which	co-localized	

with	the	RNA.	Although	we	could	not	discriminate	whether	the	RNA	was	inside	or	
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outside	of	the	EVs,	this	was	encouraging.	However,	we	also	observed	RNA	some	

RNA	dye	spots	that	did	not	co-localize	with	the	lipid	dye.		We	reasoned	that	there	

could	be	several	reasons	that	we	observe	RNA	without	lipid.	One	reason	could	be	

that	we	are	not	staining	all	EVs.	Another	reason	could	be	that	not	all	EVs	are	being	

labeled.		

We	tried	increasing	the	concentration	of	the	Bodipy	TR	Ceramide	lipid	dye	to	

see	if	higher	concentrations	of	dye	would	label	more	EVs,	but	at	those	higher		

	

 
Figure 3.1: Imaging EVs with BODIPY TR Ceramide lipid dye and SYTO RNA Select dye reveals 
some co-localization 
EVs stained with BODIPY TR Ceramide (10 µM) lipid dye and SYTO RNASelect dye (10 µM) and 
imaged using TIRF microscopy. Top left: EVs imaged in green channel. Top right: EVs imaged in red 
channel. Bottom left: merge of red channel and green channel images. Arrows point to co-localization 
events. Bottom right: merge and offset of red channel and green channel images for easier visualization of 
co-localization. Arrows point to co-localization events.  
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concentrations	the	dye	starting	forming	objects	in	the	PBS	only	(no	EV)	control.	This	

is	likely	due	to	the	formation	of	micelles.	After	trying	several	other	dyes	to	see	if	we	

could	find	a	brighter	one	which	would	potentially	label	more	EVs,	we	had	the	best	

results	with	DiD,	a	lipophilic	carbocyanine	with	fluorescence	in	the	far-red	range.	

DiD	is	weakly	fluorescent	in	water	but	highly	fluorescent	and	photo	stable	upon	

incorporation	into	membranes.	After	checking	that	DiD	does	not	form	micelles	at	10	

µM, we repeated the lipid and RNA co-localization experiment. As before, we	incubated	

the	EVs	with	both	DiD	(10	µM final concentration)	and	SYTO	RNASelect	(10	µM final 

concentration),	removed	excess	dye,	applied	EVs	to	a	charged	glass	coverslip	and	

then	imaged	the	EVs	using	TIRF	(Figure	3.2A).	

	 Our	results	imaging	EVs	labeled	with	both	DiD	and	SYTO	RNASelect	showed	

very	high	co-localization	between	the	lipid	and	RNA	dyes.	Suspicious	by	the	

extremely	high	percentage	of	co-localized	events,	we	set	out	to	perform	a	variety	of	

controls.	We	identified	the	problem	when	we	did	a	DiD	(with	no	SYTO	RNASelect)	

EV	labeling	control.	Despite	the	difference	in	emission	spectra	between	the	two	

dyes,	we	saw	bleed-through	of	DiD	into	the	green	channel	(used	for	detection	of	

RNA)	(Figure	3.2B).	This	was	surprising	since	one	of	the	reasons	we	picked	DiD	is	

that	it	emits	in	the	far-red	range.	We	reasoned	this	would	be	ideal	for	double-

labeling	application	with	the	RNA	dye	since	SYTO	RNASelect	is	green,	far	away	from	

the	emission	of	the	far-red	DiD	dye.	However,	since	we	are	exposing	much	longer	in	

the	SYTO	RNASelect	channel	than	the	DiD	channel	(since	the	amount	of	RNA	is	very	

low	relative	to	lipid),	bleed-through	still	occurs	at	some	rate	despite	having	the		
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Figure 3.2: DiD lipid dye bleeds through at high concentrations 
EVs are imaged by TIRF using: A. DiD (10 µM) lipid dye and SYTO RNASelect (10 µM). B. Just DiD (10 
µM) with no RNA dye, showing some bleed-through of DiD into the green channel (used for RNA). C. Just 
DiD (1 nM) with no RNA dye, now showing no bleed-through. The two bright green objects are GFP beads 
used to find the focal plane at the surface of the glass slide. Left: green channel, middle: far-red channel, 
right: composite (merge of two channels). 
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correct	filter	on	our	microscope	and	the	dyes	having	emission	spectra	that	are	far	

away	from	each	other.	

We	were	able	to	solve	this	problem	by	lowering	the	DiD	concentration	and	

checking	for	absence	of	signal	in	the	green	channel	with	a	DiD	only	staining	control	

(Figure	3.2C).	Satisfied	that	we	were	now	staining	EVs	such	that	our	DiD	lipid	dye	

does	not	spontaneously	form	micelles	(with	a	PBS	only	DiD	control)	and	that	our	

DiD	dye	does	not	bleed	through	into	the	green	channel	used	to	image	the	RNA	dye,	

we	turned	back	to	the	task	of	co-localizing	EVs	with	RNA.	We	again	imaged	EVs	with	

both	DiD	(1	nM final concentration)	and	SYTO	RNASelect	(10	µM final concentration). 

We were able to see EVs and several spots of RNA, but there was now very low co-

localization between the EVs and the RNA dye (Figure	3.3). We reasoned that this 

could be because most of the RNA in the EV pellet we obtained by our standard  

 

 

Figure 3.3: EVs labeled with DiD lipid dye and SYTO RNASelect show low number of co-
localizations 
EVs are imaged by TIRF using DiD (1 nM) lipid dye and SYTO RNASelect (10 µM). Left: green channel, 
middle: far-red channel, right: composite (merge of two channels). 
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differential ultracentrifugation protocol is in RNA-protein complexes and not EVs. This 

would be consistent with our finding that most of the RNA in EVs (less than 200 

nucleotides in length, not the mRNA) goes away after proteinase and RNase treatment 

according to the BioAnalyzer.  

 

Imaging of Proteinase-RNAse treated EVs 

 

To test if the RNA spots that do not co-localize with the lipid dye are protein-

RNA complexes, we decided to treat our EVs with our proteinase-RNase protocol and 

then image them. When we imaged EVs with either proteinase or proteinase-RNase 

treatment with both	DiD	(1	nM final concentration)	and	SYTO	RNASelect	(10	µM final 

concentration), we still found several RNA dye spots that were not co-localizing with 

lipid (Figure	3.4). At first, we went back to the thought we are not labeling all EV at the 

lowered DiD concentration where there is no bleed-through into the RNA channel. 

Although we did observe that we label more EVs when we increase the DiD 

concentration, we then also started having bleed-through into the green channel. 

 We then considered another explanation for the large number of spots of RNA 

dye without co-localized lipid dye. Since the amount of RNA in our EV sample is very 

low, we wondered whether the RNA dye was binding non-specifically to other molecules 

in the sample. We reasoned this was possible given that SYTO	RNASelect	is a membrane 

permeable dye, which means that it has considerable hydrophobic character. We figured 

this might make it more likely to bind to molecules other than RNA. To test this 

possibility we, decided to repeat the proteinase-RNase experiment with DiD and a  
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Figure 3.4: Proteinase-RNase treated EVs labeled with DiD lipid dye and SYTO RNASelect show low 
number of co-localizations 
Proteinase-RNase or proteinase treated EVs are imaged by TIRF using DiD (1 nM) lipid dye and SYTO 
RNASelect (10 µM). Left: green channel, middle: far-red channel, right: composite (merge of two 
channels). 
 

 

different green RNA-binding dye, TOTO-1. When we incubated both untreated EVs and 

proteinase-RNase treated EV with DiD and TOTO-1, we observed almost a complete 

disappearance of green spots of RNA dye in the proteinase-RNase sample compared to 

the control (Figure	3.5). This result was in strong disagreement with the SYTO	

RNASelect	result,	suggesting	that	SYTO	RNASelect	could	be	binding	non-specifically.	

The TOTO-1 imaging result reassured us that our proteinase-RNase protocol was 

effective. However, since TOTO-1 is not membrane permeable, we were unable to 

conclude anything about RNA inside EVs.  
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Figure 3.5: Proteinase-RNase treated EVs labeled with DiD lipid dye and TOTO-1 RNA dye reveal 
degradation of non-vesicular RNA 
Proteinase-RNase or proteinase treated EVs are imaged by TIRF using DiD (30 nM) lipid dye and TOTO-1 
RNA dye (50 nM). Left: green channel, middle: far-red channel, right: composite (merge of two channels). 
 

 

Discussion 

 

 The ability to characterize individual EVs and their cargo molecules would 

greatly advance the EV field. We set out to develop methods to image isolated, individual 

EVs using TIRF microscopy. We applied this method to the study of EV RNA in order to 

figure out how RNA is distributed among EVs or what proportion of RNA in our EV 

preparation is truly inside EV. We were hoping that we would be able to gather 

quantitative answers to these questions, but found ourselves faced with several challenges 
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that prevented us from this goal. Although we believe imaging individual EVs is a 

promising approach to characterize EV heterogeneity, we encountered a number of 

challenges that need to be overcome for this technique to be reliable and informative. 

 One problem we encountered is that lipid dyes can, by themselves, assemble into 

micelles if they are at a sufficiently high concentration. We were able to solve this 

problem by performing a “no EV” PBS control to ensure that this is not happening at the 

dye concentration we use. However, as we lowered the dye concentration, we also 

became less confident in our ability label all of the EV. Not being able to label EVs 

would obviously prevent this technique from providing quantitative answers in co-

localization experiments. 

 Another problem we encountered is bleed-through of dyes during our co-

localization experiments with lipid and RNA dyes. This is a particular problem with 

regard to labeling EV RNA since the amount of RNA in EVs is very low. Thus, it is 

necessary to always do a control staining the EVs with just a lipid dye and not the RNA 

dye to insure that the lipid dye does not bleed-through into the channel of the other dye. 

Yet another problem that we encountered, also likely due to the amount of RNA being 

very low in EVs, is that it difficult to find a dye that is sufficiently specific. This is 

particularly the case for dyes that are also membrane permeable, since the moiety that 

makes it permeable to membranes is likely to make it less specific for RNA.  

One other consideration that must be taken into account if one is to use this 

technique to obtain quantitative information. Since EVs are smaller than the diffraction 

limit, for a given diffraction-limited spot, we cannot distinguish one EV from two EVs 

stuck together. By electron microscopy, we see an identical preparation of EVs as used 
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here fairly dispersed on a grid (such that the EVs are generally not stuck together). 

Nevertheless, further experiments mixing half of a preparation of EVs labeled with a 

membrane dye of one color and half labeled with a membrane dye of another color could 

determine whether mostly single EVs are being imaged or not. 

Despite all of the challenges, we still believe single EV imaging will prove to be a 

useful technique. There is still no technique to reliably address very basic questions such 

as what percentage of EVs contain a given protein marker. Using single EV imaging, for 

example by co-localizing lipid dye together with a fluorescently–labeled antibody, should 

theoretically be able to answer such a question and many others. 
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Chapter IV 

 

Isolation of Cell-Type Specific EVs 
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Introduction 

 

A grand challenge in maximizing the potential of EVs in molecular diagnostics is 

the isolation of cell-type specific EVs. Although the total population of EVs can be 

isolated from a biological fluid such as plasma and the RNA can be analyzed, this 

approach does not distinguish which RNA comes from which cell type. Analyzing RNA 

in total EVs can certainly be diagnostically useful, since RNA-Seq would yield on the 

order of tens of thousands of different measurements. But, in theory, it would be even 

more useful to be able to distinguish a population of EVs by their cell type of origin. If 

EVs from a given cell type can be isolated, then proteins and RNAs can from inside those 

EVs can be analyzed as a non-invasive “window” into that cell type. If our cell culture 

results that the RNA profile of EVs reflects that of cells is broadly applicable, analyzing 

cell type-specific EVs would allow the non-invasive measurement of a cell type’s 

transcriptome.  

Isolating cell type-specific EVs would have broad applications in both the study 

of biological processes in humans and as a novel class of biomarkers for diagnosing 

disease. Although there have been reports claiming to isolate cell type-specific EVs (63-

70), none of them have assessed whether the marker they use is unique to the cell type of 

origin and how efficient and specific their immuno-isolation technique is. Thus, we set 

out to develop a rigorously validated and optimized immuno-isolation technique. We also 

set out to identify a general framework for identifying cell type-specific EV markers. 

To test our methods, we decided to focus on neurons as a proof of principle. We 

applied our framework for choosing cell type-specific EV markers to figure out markers 
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for the isolation of neuron-specific EVs from human CSF. We then developed a general 

EV immuno-isolation method to capture EV subpopulations with a specific marker, and 

applied it to the isolation of neuron-specific EVs.    

 

Isolation and proteomics of EVs from human iPS-derived neurons  

 

To study neuron-derived EVs, we differentiated human neurons from induced 

pluripotent stem (iPS) cells. We figured having an in vitro model of EVs from our target 

cell type would be very useful for both identifying which proteins are found on neuron-

derived EVs and, also, developing or optimizing our immuno-isolation procedure. We 

used a system previously developed in our lab based on doxycycline-inducible expression 

of the transcription factors Neurogenin-1 and Neurogenin-2. This system of inducible 

Neurogenin (iNGN) iPS cells allows for the rapid (as little as 4 days) differentiation of 

iPS cells into neurons at a very high (>90%) efficiency (71).   

 After validating the expected morphological differences in cells in iPS colonies 

spreading out and forming long processes (Figure 4.1), we isolated EVs from the cell 

culture media of the neurons. We followed the same protocol of EV isolation from cell  
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Figure 4.1: Microscopy of iPS iNGN cell differentiation into neurons  
(A) iPS NGN cells before doxycycline addition (40x magnification) (B) iPS NGN cells 1 day after 
doxycycline addition (40x magnification) (C) iPS NGN cells 2 days after doxycycline addition (40x 
magnification) (D) iPS NGN cells 4 days after doxycycline addition (40x magnification) (E) iPS NGN cells 
5 days after doxycycline addition (200x magnification)  
 

 

culture media (Appendix S2) that we used for the K562 cells and other cell lines. We 

then wanted to identify all of the transmembrane proteins in the neuron EVs, and turned 

to mass spectrometry. We had to optimize the mass spectrometry sample prep to 

maximize the number of proteins detected. In particular, as cell culture media has a large 

amount of Albumin, we had to devise ways of albumin depletion from our sample. The 

method we found most successful was cutting out the Albumin band from the protein gel 

and using the rest of the proteins for downstream analysis. 

 To ensure that the proteins we characterize are truly neuronal and not from 

undifferentiated iPS cells, we used EVs from undifferentiated iPS cells as a control in the 

proteomics experiments. We restricted our analysis to only transmembrane proteins so 

that we could pull on them with antibodies to isolate the corresponding EVs. We were 

able to also detect proteins that were not transmembrane in our mass spectrometry results 
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but for those proteins we could not be confident that the proteins are truly inside the 

lumen of EVs as opposed to being stuck to the outside. We found 197 transmembrane 

proteins found in EVs from neurons that were not also found in EVs from 

undifferentiated iPS cells 

 

Framework for identifying cell type-specific EV markers 

We decided to implement a simple, unbiased framework for determining which 

markers to use for cell-type specific EV isolation from a specific biological fluid. The 

frameworks starts by finding markers that are transmembrane, expressed in the given cell 

type of interest at the gene expression level, and found in the biological fluid of interest. 

We applied this framework for determining candidate markers for isolating neuron-

specific EVs from human CSF.  

First, we start with only transmembrane proteins (so that we could use them for 

immuno-isolation) based on annotations from the UniProt database (72). Next, we look at 

existing mass spectrometry data of all proteins that have been found in the biofluid of 

interest - in this case, cell-free CSF. This step is to ensure that the candidate EV marker is 

actually expressed and gets into biofluid of interest. We found two studies that performed 

mass spectrometry on pooled samples of human cell-free CSF (73, 74) and filtered the 

subset of those that are annotated as transmembrane. Lastly, we overlap these hits (of 

which there are 1819) with proteins that are neuron-specific at the gene expression level 

from RNA-Seq data (75, 76). We picked a cutoff of 3-fold enrichment in neurons over 

average expression in other cell types of the CNS in both human and mouse (although we 

are only working with human samples, using markers that are also neuron-specific in 
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mouse gives us higher confidence that they are truly neuron specific). Overlapping these 

three lists, we end up with 78 candidate transmembrane markers, found in cell-free CSF, 

and specific to neurons at the gene expression level. 

 We then overlapped the set of 78 candidate markers from our computational 

analysis of publicly available data with the mass spectrometry data we generated. This 

yielded 15 candidates that were transmembrane, found in CSF, neuron-specific at the 

gene expression level (in both human and mouse), and also found on EVs isolated from 

our iNGN neurons (Figure 4.2). From these 15 candidates, we prioritized seven 

candidates to screen antibodies for based on how well they satisfy the criteria relative to 

each other (Table 3.1). We were able to find specific antibodies (as evidenced by giving 

a single band of the predicted size by western blot) for the three top markers: L1CAM, 

SYT1, and CACNA2B1 and confirmed the presence of the marker in both cells and EVs 

(Figure 4.3). Individual inspection of their gene expression profiles in various cell types 

in the brain from the published reference studies (75, 76) confirmed that they were, 

indeed, neuron-specific in both mice and humans (Figure 4.4). 
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Figure 4.2. Framework for choosing neuron-specific EV markers  
Transmembrane proteins are selected that have been found in human cell-free CSF by mass spectrometry 
and are also specific to neurons at the gene expression level (greater than three-fold enriched in neurons 
relative to average of other cell types) in both human and mouse RNA-Seq reference data sets. 
 

 

Table 4.1: Prioritization of top EV neuron-specific candidate markers 

 



	 53	

 

 
Figure 4.3: Western blot detects presence of candidate markers in neurons and neuron EVs 
For the proteins L1CAM (left), CACNA2D1 (middle), and SYT1 (right), western blotting was performed 
on cell lysate from the iNGN neurons or EVs isolated from the media of iNGN neurons 
 

 

 

 
Figure 4.4: Gene expression profiles show top three candidate markers are specifically expressed in 
neurons 
Gene expression profiles (obtained from Source: 
http://web.stanford.edu/group/barres_lab/brainseq2/brainseq2.html) show that the genes L1CAM (left), 
SYT1 (middle), and CACNA2D1 (right) are expressed specifically in neurons in both mouse and human.   
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Development of EV immuno-isolation method 

 

We set out to develop a method for immuno-isolation of EVs based on antibody 

capture of specific EV transmembrane proteins. Such a method would be useful for both 

the study of EVs subsets from a given cell type in culture (in order to study EV 

heterogeneity), as well as for the capture of cell type specific EVs from a human 

biological fluid such as plasma. The basic idea of the method is to capture EVs 

containing the specific marker with antibodies against that marker. By using conjugating 

the antibodies to magnetic beads, the antibody-bound EVs could then be isolated using a 

magnet.  

We decided to start by developing a protocol for immuno-isolation of EVs using 

the tetraspanin proteins and common EV markers, CD63 and CD81. We first established 

the read-out of our method using western blotting to detect the target proteins used for the 

immuno-isolation. We performed western blotting to confirm that both CD63 and CD81 

are present in K562 cells and EVs (Figure 4.5). We figured that to evaluate how various  

parameters affect the immuno-isolation, we first need a clear way to assess how our 

protocol is performing. In particular, we need to measure the efficiency our capture, 

which we define as the percentage of marker detected in the pulldown fraction compared 

to the flow-through fraction when adding EVs to beads with antibody against the target. 

We also needed to evaluate the specificity of our capture, to ensure that we are not 

binding EVs non-specifically to our beads regardless of whether they have the target 

protein or not (77). For this, we used an equal amount of EVs (as with the target  
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Figure 4.5: Western blot of K562 cells and EVs shows presence of CD81 and CD63  
Lysate from cells and EVs was run on a denaturing gel and western blotting was performed against CD81 
and CD63. The expected size of CD81 is ~26 kDa but we see it closer to the 20 kDa ladder marker. CD63 
is also ~26kDa in size but is expected to be a larger smear between 30 and 60 kDa due to it’s variable 
glycosylation patterns, giving rise to proteins of different sizes. 
 

 

antibody) with a non-specific antibody (against a protein not expressed on the EVs such 

as GFP or mCherry). 

After testing a variety of antibodies, we performed immuno-isolations on EVs 

isolated by differential ultracentrifugation from K562 cells. One problem we had in the 

beginning was that after immuno-isolating EVs and adding lysis buffer to the beads to 

recover EV lysate, the primary antibody came off the beads in the lysis buffer. It was then 

detected (on the denaturing gel) as prominent bands by the secondary antibody. This was 
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particularly problematic as the light chain of the antibody is close in size to CD81. We 

were able to largely remedy this problem by using a special secondary antibody (called 

TrueBlot) that preferentially detects the native, disulfide form of IgG over the denatured 

form (Figure 4.6). 

 

 

 
 
Figure 4.6: TrueBlot secondary antibody reduces binding to primary antibody conjugated to beads 
CD81 western blot comparing regular secondary Rabbit Anti-Mouse IgG HRP antibody to the TrueBlot 
secondary antibody. TrueBlot greatly reduces the signal seen at 150 kDa of the primary antibody that is 
conjugated to the beads coming off during the EV lysis. Lysate was used from K562 EVs (EV pellet) or EV 
pulldown using beads conjugated to antibody (clone 1.3.3.22) 
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With our western blots now working well, we started comparing different 

parameters and conditions for immuno-isolation. We first compared direct (primary 

antibody conjugated to beads and then added to sample) vs. indirect (primary antibody is 

added to sample first and then added to beads) immuno-isolation methods using two 

different antibodies (clones M38 and 1.3.3.22) against CD81 (Figure 4.7). Finding that 

the direct method worked better, we stuck with it for the subsequent optimizations. Next,  

 

 

 
Figure 4.7: Direct immuno-isolation of EVs works better than indirect for CD81 
Direct (primary antibody conjugated to beads and then added to sample) vs. indirect (primary antibody is 
added to sample first and then added to beads) pulldown methods are compared for CD81 immuno-
isolation using two different antibodies (clones M38 and 1.3.3.22). Note: band at 150 kDa is primary 
antibody coming off of beads.    
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we tried different incubation times and temperatures, finding that changing these 

variables has a large effect on the CD81 capture efficiency (Figure 4.8).  

 

 

 
Figure 4.8: Immuno-isolation incubation time and temperature affects CD81 capture efficiency 
Western blot against CD81 and CD63 after EVs were incubated with beads for either 1 hour or overnight 
(ON), at different temperatures (4C, room temperature, or 37C) using beads conjugated to either CD81 or a 
control (ctrl) non-specific antibody (against mCherry) 

 

 

After some more optimization, we were able to get highly efficient and specific 

immuno-isolations for CD81 and CD63. Additionally, we tested the topology of CD81 

and CD63 in EVs using a proteinase protection assay. We treated the EVs with 

Proteinase K or Triton and Proteinase K and performed a western blot against CD63 or 

CD81 using antibodies that recognize the extracellular domain. We confirmed CD81 has 

the expected topology as the protein was fully degraded upon treatment of EVs using 

proteinase. CD63 was not fully degraded upon proteinase treatment, but that may be 

because its heavy glycosylation protects it from proteinase cleavage. We also checked 

that after lysing EVs on the beads to recover the lysate we don’t leave any EVs behind 

(by reboiling the beads and assessing if any further protein is removed) (Figure 4.9). Our 
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best protocol yielded a capture efficiency of 98% for CD81 and a specificity of 100% (as 

measured by western blot). 

   

 

 

Figure 4.9: Optimized immuno-isolation protocol is efficient and specific against K562 EVs with 
CD81 or CD63 
Western blot against CD81 and CD63 after EVs were incubated with beads for 1 hour at 37C using beads 
conjugated to antibody against CD81, CD63 or mCherry. As an extra control to ensure that all EVs came 
off of beads during lysis, beads were reboiled after lysis to see if more material was left. Additionally, EV 
pellet was treated with Proteinase K (PK) or Triton X and Proteinase K.   
 

Immuno-isolation of EVs isolated from neurons 

 

After developing an immuno-isolation protocol against the general EV markers 

CD63 and CD81, we set out to adapt the protocol for neuron-specific EV markers. We 

first tested a variety of antibodies against our top three candidate markers (L1CAM, 
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SYT1, and CACAN2D1). Although we found one or more antibodies for each of the 

three proteins that were specific by western blot, we only found one antibody (against 

L1CAM, Clone 5G3) that worked well for immuno-isolation. It is not entirely surprising 

that antibodies that work for western blot do not often work for immuno-isolation since a 

western blot is performed after running a gel under denaturing conditions, whereas the 

immuno-isolation is performed using native conditions. 

We also tested the topology of L1CAM. We were worried that some of the 

proteins we were using for immuno-isolation could have the opposite topology. For 

example, if there are contaminating synaptic vesicles from dying cells, and we isolate 

them using our protocol, the domain of the protein that is normally extracellular would be 

inside of the synaptic vesicle and inaccessible to our antibody. A proteinase protection 

assay (with a antibody used for western blot that recognizes the extracellular domain of 

L1CAM) showed that L1CAM has the expected topology on EVs with the extracellular 

domain exposed (Figure 4.10).  

 

 

 
Figure 4.10: Proteinase protection assay shows L1CAM has expected topology in neuron EVs 
Western blot against L1CAM using antibody that recognizes extracellular domain. Lysate is used from 
neurons EVs that are untreated (EVs), treated with Proteinase K (EVs+ Prot. K) or treated with Proteinase 
K and Triton X (EVs+Triton+ Prot. K)  
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Using the best-performing antibody, we were able to demonstrate a highly 

specific immuno-isolation against L1CAM using EVs isolated form the media of the 

iNGN neurons. This took some additional optimization, as conditions that worked best 

for the CD81 antibody did not work as well for the L1CAM antibody (Figure 4.11).  

 

 

 

Figure 4.11: Optimal immuno-isolation conditions for CD81 not optimal for L1CAM 
Immuno-isolation for 1 hour at 37C was performed on K562 EVs using CD81 (or control GFP antibody) 
and neuron EVs using L1CAM (or control GFP antibody) and corresponding western blot was performed 
against CD81 (Top) or L1CAM (Bottom). Intensity of bands on western blot was quantified as percentage 
of band relative to sum of pulldown (PD) + flow-through (FT) for that condition. 
 

 

Using EVs from the iNGN neurons, we went back to trying different temperatures, 

volumes, and incubation times for the immuno-isolation (Figure 4.12). Then, holding 

those parameters constant but further optimizing the number of antibody-conjugated 

beads led us to find the optimal conditions for the L1CAM immuno-isolation. We were 

able to achieve 89% efficiency (comparing how much L1CAM was in pulldown vs. flow-

through fraction when using L1CAM antibody) and 100% specificity (comparing how  
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Figure 4.12: Immuno-isolation incubation time, volume and temperature affects L1CAM capture 
efficiency 
Western blot against L1CAM after neuron EVs were incubated with antibody conjugated beads (against 
L1CAM or GFP) for different times (1, 2, 4, or 24 hours), in different volumes (0.5 mL or 2 mL) at 
different temperatures (4C or 37C). Intensity of bands on western blot was quantified as percentage of band 
relative to sum of pulldown (PD) + flow-through (FT) for that condition. 
 

 

much L1CAM was in flow-through fraction vs. pulldown fraction when using non-

specific antibody) (Figure 4.13). 

After we optimized the L1CAM immuno-isolation to be highly efficient and 

specific in the neuron EVs, we wanted to see if it would work for a more complex 

mixture of EVs. We thus decided to perform a mixing experiment where we mix EVs  
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Figure 4.13: Optimized immuno-isolation protocol is efficient and specific against neuron EVs with 
L1CAM 
Western blot against L1CAM after neuron EVs were incubated with beads for 24 hours at 4C using beads 
conjugated to either an antibody against L1CAM or GFP. Intensity of bands on western blot was quantified 
as percentage of band relative to sum of pulldown (PD) + flow-through (FT) for that condition. 

 

 

from neurons and EVs from a different cell type that does not express L1CAM. For this 

purpose, we chose undifferentiated iPS cells. We first confirmed that the iPS EVs do not 

express L1CAM. We also found a marker from our mass spectrometry data, GJA1, which 

is expressed only in iPS cells but not in neurons. We figured we could follow this marker 

as additional control that our L1CAM immuno-isolation is specific.  

Performing the L1CAM immuno-isolation on a mixture of neuron and iPS EVs 

mixed at an equal ratio (normalized to cell number), we found that our immuno-isolation 

protocol was still highly efficient and specific (Figure 4.14). Although we do not know 

what percentage of EVs from neurons or in CSF have L1CAM, we expect that percentage 

to low. Thus, we wanted to insure that our protocol still works when there is an even 

lower percentage of L1CAM-positive EVs. We repeated the mixture experiment again 

but with a lower ratio of neuron EVs to iPS EV and assured ourselves that our immuno-

isolation protocol still works with a lower percentage of EVs (Figure 4.15). 
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Figure 4.14: Mixing experiment with equal ratio of both neuron and iPS EVs shows high efficiency 
and specificity of L1CAM immuno-isolation 
Western blot against L1CAM and GJA1 using lysate from neuron EVs, iPS EVs, or an immuno-isolation 
(using L1CAM or GFP antibody) on a mixture of neuron EVs and iPS EV. An equal ratio of neuron or iPS 
EVs was used in the mixture (normalized to cell number). Intensity of bands on western blot was quantified 
as percentage of band relative to sum of pulldown (PD) + flow-through (FT) for that condition. 
 
 

 

 
Figure 4.15: Mixing experiment with different ratios of neuron and iPS EVs shows high efficiency 
and specificity of L1CAM immuno-isolation 
Western blot against L1CAM and GJA1 on EV lysate recovered from L1CAM immuno-isolation on 
mixtures of neuron EVs and iPS EVs. Different ratios were used of neuron EVs to iPS EVs (normalized to 
cell number). Ratio of 1:10 is equivalent 1 part neuron EVs to 10 parts iPS EVs. Ratio of 2:20 is same as 
1:10 but twice as much of each is used (so that bands on western blot are less faint). Intensity of bands on 
western blot was quantified as percentage of band relative to sum of pulldown (PD) + flow-through (FT) 
for that condition. 
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Immuno-isolation of neuron-specific EVs from human CSF 

 

Having convinced ourselves that our immuno-isolation protocol is robust in EVs 

isolated from cell culture, we then turned to human CSF. We performed the protocol on 

0.5 mL of human CSF and performed RNA-Seq using an ultralow input RNA-Seq library 

construction protocol used for single cell RNA-Seq (78). When we sequenced the 

libraries, it did not look like the method worked, likely due to not getting enough RNA to 

sequence. There were several possibilities that we considered as to why we did not get 

enough RNA to sequence. It could be that the immuno-isolation worked but there were 

not sufficient EVs (or RNA in EVs) to be able to sequence. It also could be that the 

immuno-isolation did not work in CSF.  

We decided to first see if we could detect L1CAM in EVs isolated from CSF. We 

pooled 3 mL of human CSF and isolated EVs by ultracentrifugation. We then performed 

a western blot to detect L1CAM. We were able to detect L1CAM but found that a 

majority of it was a cleaved product much shorter than the full length transmembrane 

L1CAM (Figure 4.16). We had previously considered that L1CAM could be 

proteolytically cleaved since cleavage products have been reported before. The full length 

L1CAM is 200-220 kDa in size (there is some variability due to glycosylation) but much 

smaller, soluble fragments have been reported both in the brain and in some cancer cells 

(79). However, our western blot (Figure 4.3) of L1CAM in neuron EVs suggested that 

L1CAM was full length as we saw only one prominent band corresponding in size to the 

full-length protein. Our CSF results, nonetheless, suggest that L1CAM may bot be a good  
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Figure 4.16: L1CAM western blot in human CSF shows predominant form of L1CAM is cleavage 
product 
Western blot against L1CAM on lysate from: neuron cells, and EVs isolated from 3mL human CSF. 
 

 

marker for immuno-isolation as a large majority of it in CSF is cleaved and, therefore, 

not associated with EVs. 
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Discussion 

 

One of the greatest challenges in studying EVs, whether in a biological fluid such 

as blood, or in cell culture media, is that they are heterogeneous. One reasonable way to 

try to characterize subsets of EVs is through which proteins are on their surface (29). 

Analyzing EV surface proteins represents a way of characterizing EVs, as well as a 

means to isolate them (through antibody capture). Furthermore, isolating EV subsets 

using cell type specific markers from biological fluids in humans would have tremendous 

utility in clinical diagnostics as it would allow for the analysis of RNAs and intracellular 

proteins RNAs that come from specific cell types that are inaccessible to biopsy (most 

cell types in humans).  

We demonstrate how to go about choosing markers for the isolation of cell type-

specific EVs, using neurons as a proof of principle. We also develop and validate an 

immuno-isolation method using EVs in cell culture, and apply it to neuron EVs. 

Although previous groups have attempted to isolate cell-type specific EVs from plasma, 

including neuron-specific EVs, these studies did not show validation that their immuno-

isolation method was successful. Furthermore, these studies did not take into account 

global gene expression data when picking their marker. Thus, they didn’t could not 

conclude the EVs they obtained, even if their immuno-isolation was actually efficient and 

specific for the marker of interest, were coming from the cell type of interest and not a 

different cell type that also expressed that marker.  

For example, one group claimed to isolate neuron-derived EVs from blood using 

either NCAM1 or L1CAM. Although both of these proteins are expressed in neurons, 
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NCAM1 is not specific to neurons. Gene expression data in both human mouse brains 

shows that it is also expressed in astrocytes (Figure 4-17). Currently, we only have 

organ-level body-wide gene expression data (as opposed to cell type specific) for 

humans. Thus, it is difficult to know how cell type specific a given EV marker is when 

isolated from blood (where presumably all cell types of the body can contribute EVs).  

  

 

 
Figure 4.17: Gene expression profiles show NCAM1 is not expressed specifically in neurons 
Gene expression profiles (obtained from Source: 
http://web.stanford.edu/group/barres_lab/brainseq2/brainseq2.html) show that the NCAM1 is not expressed 
specifically in neurons in both and human (top) and mouse (bottom). 
 

 

We focused on isolating neuron EVs from CSF as opposed to blood. We made the 

assumption that the large majority of EVs in CSF are coming from the brain and not the 

periphery. This simplifies the problem of choosing cell type specific EV markers since 

there is good cell type specific gene expression data available for the brain (75, 76). As 
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more cell type-specific gene expression data becomes available, for example, through the 

Human Cell Atlas Initiative (80), our computational framework can easily be adapted to 

use this data. We would then also be able to better predict EV markers (whether from 

neurons or other cell types) for EV isolation in blood, which is, of course, a more 

accessible biofluid than CSF. 

 Our work demonstrates the utility of using simple cell culture systems for 

developing new methods to isolate and characterize EVs. By using EVs from cell culture, 

we were able to obtain large amount of material in a reproducible fashion. We validated 

our EV immuno-isolation method using a variety of cell culture experiments before 

applying it to the isolation of neuron-specific EVs from human CSF. Our attempts to 

isolate neuron-specific EVs and perform RNA-Seq on their contents in order to measure 

the human neuronal transcriptome were, alas, not successful. Our investigation into 

potential reasons why we did not get enough RNA for RNA-Seq led us to the finding that 

the large majority of cleaved L1CAM in CSF is cleaved, and therefore not associated 

with EVs. This likely means that L1CAM is not a good marker for isolating EVs and 

other markers will need to be tried. We have provided, for future attempts, a framework 

for choosing other markers and a method for immuno-isolating EVs. 
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Chapter V 

 

Investigation of EV and RNA transfer between cells 
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Introduction: 

 

The main question in the EV field is whether EVs are involved in intercellular 

communication. The excitement regarding EVs largely stems from the possibility that 

EVs carry cargo, in the form of RNA and protein, which is sent from a donor cell to a 

recipient cell. Whether this actually happens under physiological conditions, however, is 

not known and heavily debated (11, 29). This question has been difficult to study since it 

is unclear where EVs are transferred, if at all. Does a cell type A, maybe a dendritic cell, 

send EVs specifically to cell type B, maybe a particular T cell? And is this transfer 

mediated by a particular receptor-ligand interaction that mediates cell type specificity? 

Although it was initially assumed that some of the transmembrane proteins on EV are 

ligands for particular cell type specific receptors, none such ligand-receptor interactions 

have been convincingly identified (11).  

Some of the challenges of studying EV transfer in mammalian systems are 

inherent to studying any intercellular communication. The general problem of trying to 

figure out a complex in vivo process is difficult to reduce to a simple in vitro system, 

particularly when it is unclear which pair of cells should be studied. There have been 

some attempts at investigating EVs in vivo. One clever approach involves the use of the 

Cre-Lox system in mice. In this approach, donor cells expressing Cre are injected into 

mice with LoxP reporters such that recombination only occurs if Cre is transferred 

between donor and acceptor cells. Although these experiments showed a very low level 

of recombination, and were unable to conclusively differentiate whether the Cre was 

transferred as mRNA or protein, they nonetheless demonstrated the possibility of a 
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functional reporter transferring between different cells (33-35). Demonstrating the 

transfer of Cre is different than showing transfer of endogenous RNA since Cre is an 

exogenous reporter, and also one that is incredibly sensitive (only one molecule of Cre 

protein is enough to induce recombination in the recipient cell). Nonetheless, this was an 

important demonstration for the field (29).    

 The first study to undertake the investigation of RNA transfer between cells was 

devised in 1971 by Gerald Kolodny. In a spectacularly elegant set of experiments, 

Kolodny realized he could use metabolic labeling to detect transferred RNAs. 

Specifically, Kolodny added the radioactive nucleotide, 3H-uridine, to one set of (donor) 

human 3T3 fibroblast cells. He waited for the radioactive (monomeric) nucleotide to 

incorporate in polymeric RNAs during transcription and then washed away the excess 

free radioactive nucleotide. He then co-cultured the donor cells (with radioactive RNA) 

with a different set of acceptor cells (also 3T3 fibroblasts). The acceptor cells had never 

seen the radioactive nucleotide and thus did not have any radioactivity. The acceptor cells 

were could also be separated from the donor cells as heavy tantalum beads were added to 

the culture media of donor cells. The cells took up the beads by phagocytosis and were 

consequently heavier than cells that had not taken up by beads. This principle was then 

used to be able to separate the donor cells (containing beads) from acceptor cells (that 

had never seen beads).  

Kolodny then co-cultured the donor cells (containing radioactive RNA and heavy 

beads) with the acceptor cells (containing no radioactivity). Next, Kolodny separated the 

acceptor cells away from donor cells using centrifugation on a Ficoll gradient due to the 
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fact that the donor cells were heavier (having previously taken up the beads). RNA was 

subsequently extracted from the acceptor cells and radioactivity was detected (10).  

We decided to investigate whether EVs and RNAs are transferred between cells in 

vitro using a co-culture system. We devised an experiment to study whether EVs are 

transferred between cells using fluorescent reporters and live cell imaging. We also 

devised two different approaches to investigate whether RNAs are transferred between 

cells. In one approach, we used metabolic labeling using the click-chemistry compatible 

modified nucleotide, Ethylene Uridine (EU). In a second approach we co-cultured human 

and mouse cells and looked for mouse transcripts in human cells by RNA-Seq.  

 

Results: 

 

Live cell imaging of EV transfer 

 

To investigate whether EVs are transferred between cells, we decided to use a 

simple co-culture system and perform live cell imaging. To label EVs, we made fusion 

protein constructs with membrane proteins fused to a fluorescent protein. Specifically, we 

fused GFP or RFP to the C terminus of either CD63 or CD9. Both of these proteins are 

considered to be general EV markers that enriched in EVs and are members of the 

tetraspanin family. Tetraspanins are a class of proteins with four transmembrane 

domains, with both the N and C domains facing into the cytosol (81). Thus, in EVs, a 

tetraspanin fused to a fluorescent protein would orient the fluorescent protein inside the 

vesicle, decreasing the chance that the fusion protein would interfere with potential 
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interactions between EVs and recipient cells. We made lentiviral constructs of CD9-GFP, 

CD9-RFP, and CD63-RFP, and then infected three batches of A549 lung adenocarcinoma 

cells with the different constructs.  

We set up co-culture experiments with cells expressing CD9-GFP and either 

CD9-RFP or CD63-RFP. Using spinning disk confocal microscopy, we were able to 

observe EV exchange between live cells in the co-culture system. One advantage of this 

system is that we don’t isolate EVs, thereby eliminating the possibility of studying an 

artifact of the purification procedure (such as cells or larger particles being broken up into 

smaller vesicles during a centrifugation or filtration step). We made live cell imaging 

movies of co-cultures using either CD9-GFP cells and CD63-RFP cells (Figure 5.1) or 

CD9-GFP and CD9-RFP cells (Figures 5.2 and 5.3). In these movies, a Z plane was  

found such that we were looking at a slice through the middle of the cells and the Z plane 

was held constant. We also made a movie where a Z stack was taken over time going 

from the bottom of the cells to the top (Figure 5.4) in a co-culture of CD9-GFP cells and 

CD63-RFP cells. This was to ensure that the EVs we observed were truly inside the cells.  

In each movie, we were clearly able to see GFP-labeled EVs in RFP–expressing 

cells and RFP-labeled EVs in GFP-labeled cells. The results were similar regardless of 

whether CD9-GFP cells were used together with CD9-RFP cells or CD63-RFP cells. We 

could observe, however, that the CD9 is much more localized to the membrane whereas 

CD63 is more heavily expressed in endosomes and multivesicular bodies. Due to the 

restricted movement of most donor EVs in recipient cells, it is likely they are in 

endosomes and therefore taken up by endocytosis. We also saw cells extrude protrusions 

or tubes of this membrane and contact other cells. We often were able to see EVs transfer 
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close to the area, suggesting that EVs may be more likely to transfer between cells at 

areas where cells contact each other. 

 

 

 
 
Figure 5.1: Live cell imaging of CD9-GFP and CD63-RFP cells over time shows EV exchange  
Live cell imaging of CD9-GFP A549 cells co-cultured with CD63-RFP A549 cells over time. Z plane was 
held constant and cells were recorded over time. A-E: Still images from live cell imaging movie with each 
still 1 second apart. F: Image from live cell imaging movie at 1 second with arrows indicating EVs from 
one cells inside another cell. 
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Figure 5.2: Live cell imaging of CD9-GFP and CD9-RFP cells over time shows EV exchange 
Live cell imaging of CD9-GFP A549 cells co-cultured with CD9-RFP A549 cells over time. Z plane was 
held constant and cells were recorded over time. A-C: still images from live cell imaging movie with each 
still 1 second apart. D: Image from live cell imaging movie at 2.25 second with arrows indicating EVs from 
one cells inside another cell. 
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Figure 5.3: Live cell imaging of CD9-GFP and CD9-RFP cells shows EVs close to intercellular 
membrane contact sites 
Live cell imaging of CD9-GFP A549 cells co-cultured with CD9-RFP A549 cells over time. Z plane was 
held constant and cells were recorded over time. A-H: still images from live cell imaging movie with each 
still 1 second apart.  
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Figure 5.4: Live cell imaging Z-stack of CD9-GFP and CD63-RFP cells shows EVs exchange  
Live cell imaging of CD9-GFP A549 cells co-cultured with CD63-RFP A549 cells over time. Z plane was 
scanned from bottom to top over time. Each image is a still from live cell imaging movie with each still 1 
second apart. Placement of arrow held constant in XY plane and indicates CD63-RFP EV inside CD9-GFP 
cell. 
 

Metabolic	labeling	of	RNA	to	assess	intercellular	transfer	

	

 We decided to test whether RNA is transferred between cells using metabolic 

labeling of RNA in a co-culture system. Inspired by Gerald Kolodny’s experiments from 

the 1970’s (10), we decided to perform similar experiments using newer methods. One 

disadvantage of using radioactive uridine is that although the radioactivity can be 

detected, the radioactive RNA cannot be separated from non-radioactive RNA. The 
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radioactive RNA also cannot be imaged to assess its location inside of the cell. Thus, we 

decided to perform metabolic labeling of RNA using the chemically modified analog of 

uridine, 5-Ethynyl-Uridine (EU). Like normal uridine, EU can be incorporated into 

mRNA or other long (polymeric) RNA molecules during transcription. Since EU has an 

alkyne group, it is amenable to a click chemistry reaction using an azide group in the 

presence of copper. This means that RNA molecules containing EU are tagged in such a 

way that, using click chemistry, a biotin can be attached (allowing isolation using 

streptavidin beads). Alternatively, an azide-containing fluorescent dye can also be 

attached to image the EU-containing RNA in the cell (82).  

 We decided to use EU to see if RNA is transferred between two cell lines, human 

K562 leukemia cells and 293T human embryonic kidney cells. First, to label the donor 

K562 cells, we added EU to the media of K562 cells and cultured the cells in the 

presence of EU for 24 hour. We then removed the EU-containing media and washed the 

K562 cells. Next, the K562 cells were co-cultured with 293T cells for 14 hours. All of the 

cells were then fixed and permeabilized, followed by click coupling of EU to Alexa Flour 

594 fluorescent dye (Figure 5.5). We also performed a series of controls where we 

labeled 293T cells with EU as positive control (Figure 5.6A) and 293T cells without EU 

as a negative control (Figure 5.6B). As an additional negative control, K562 cells with 

no EU labeling were also co-cultured with 293T cells (Figure 5.6C). All cells were then 

imaged by fluorescent microscopy. The K562 and 293T cells could be easily 

distinguished by cell morphology as the K562 cells are round suspension cells and the 

293T are elongated adherent cells. After checking that there was no background 

fluorescence of Alexa Flour 594 in the controls where no EU was added (Figure 5.6D), 
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using the same microscopy settings, we observed distinct foci of labeled EU in acceptor 

293T cells (Figure 5.7). We were able to observe fields of view where both the acceptor 

293T cells and labeled donor K562 cells are visible and also fields of view acceptor 293T 

cells are in the image with the donor K562 cells out of the frame. These results 

demonstrate the labeled EU RNA in recipient cells.  

 

 

 

 
 
Figure 5.5: Outline of metabolic RNA labeling experiment to evaluate potential RNA transfer 
between cells 
Outline of experimental setup. Round suspension K562 cells are labeled with 5-Ethynyl Uridine (EU), the 
free EU in media is washed off, and cells are added to unlabeled adherent 293T cells. The cells are then 
fixed, and a fluorescent dye is attached via Click Chemistry to the RNA. Potential labeled RNA could be 
detected in the adherent 293T cells.   
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Figure 5.6: Metabolic RNA labeling experiment and controls to evaluate potential RNA transfer 
In all experiments, blue is the Hoechst nuclear stain and red is the Alexa Flour 594 EU RNA label. A. 293T 
cells grown in the presence of EU. Top left: AlexaFlour594 label conjugated to EU. Top right: Hoechst 
DNA stain to label nucleus. Bottom left: Differential interference contrast (DIC). Bottom right: merge of 
three images, 100x magnification. B. 293T cells grown without EU. Top left: AlexaFlour594 label. Top 
right: Hoechst DNA stain to label nucleus. Bottom left: Differential interference contrast (DIC). Bottom 
right: merge. 100x magnification. C. 293T cells grown in co-culture with K562 cells not labeled with EU. 
Top left: AlexaFlour594 label. Top right: Hoechst DNA stain to label nucleus. Bottom left: Differential 
interference contrast (DIC). Bottom right: merge, 640x magnification. D. 293T cells grown in co-culture 
with EU-labeled K562 cells. Top left: AlexaFlour594 labeling. Top right: Hoechst DNA stain to label 
nucleus. Bottom left: Differential interference contrast (DIC). Bottom right: merge, 640x magnification.   
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Figure 5.7: Metabolic RNA labeling to evaluate potential RNA transfer shows putative signal 
Imaging the 293T cells that are co-cultured with EU-labeled K562 cells. Top: Image from Figure 5.6D 
showing both K562 cells and 293T cells. Bottom: Image from different field of same plate showing just 
293T cells with some potentially transferred, labeled RNA. Merge of  Alexa Flour 594 EU labeling, 
Hoechst DNA stain to label nucleus, and Differential interference contrast (DIC), 640x magnification.  
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To test if the effect was dependent on direct cell-cell contact, a transwell plate 

with 0.45 µm pores was used. Donor K562 cells with EU-labeled RNA were added to the 

top and unlabeled acceptor 293T cells were added to the bottom. As with the direct co-

culture experiment, 293T cells were fixed and permeabilized after 14 hours of being 

cultured in the transwell plate together (but separated by the filter) with the labeled K562 

cells. Click coupling was then performed to Alexa Flour 594 fluorescent dye and imaging 

was performed on the 293T cells. In the transwell system, no fluorescence was observed.  

 

Human mouse cell co-culture 

 

Due to the potential artifacts related to the metabolic labeling experiments, we 

came up with an alternative experimental approach to study transfer of RNA between 

cells. Since the human genome has a significant number of differences from that of the 

mouse, we decided this could be used to detect RNA transfer between human and mouse 

cells co-cultured in vitro. We reasoned that since some of the sequence differences 

between human and mouse are in coding regions, by sequencing the RNA of human cells 

after co-culture with mouse cells, we could detect if mouse RNAs have been transferred 

to human cells.  

For this experiment, we needed to be able to separate the recipient cells from the 

donor cells. Thus, we infected K562 cells (human leukemia cell line) with a lentiviral 

construct encoding a nuclear GFP. We then sorted these cells using flow cytometry to 

have a pure population of GFP-positive cells. We co-cultured these cells with mouse 

RAW cells (a macrophage cell line) for 24 hours at 1:1 ratio. After 24 hours of co-
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culture, we sorted the human K562 cells by flow cytometry away from the mouse cells 

(using GFP). We chose to use the mouse macrophage cell line as donor (as we didn’t 

want a highly phagocytic cell type to be the acceptor cell). We then performed RNA-Seq 

on the population of human cells and aligned the sequencing reads to both human and 

mouse annotations so that we could differentiate between the two to detect mouse 

transcripts in human cells (Figure 5.8A).  

We also included two controls conditions. As one control, we had just human 

cells that went through the same procedure as the human mouse co-culture to see if any 

reads from just the human cells mistakenly get aligned to the mouse annotations. As 

another control, we mixed human and mouse cells and immediately sorted them (not 

giving them an opportunity to interact in co-culture). We reasoned that this would act as a 

control for imperfect sorting (where a GFP-negative mouse cell could accidentally be 

sorted with the GFP-positive human cells) (Figure 5.8B).  

We first examined the percentage of mouse genes detected in human cells in each 

condition. For this, we decided on an expression of 2 or greater using Trimmed Mean of 

M Values (TMM). Our K562 human only condition was meant to act as a negative 

control, and we expected our Mix 1 and 2 conditions (where cells were co-cultured for 24 

hours) to be higher than Mix 0 (where cells were mixed and immediately sorted). This 

was not what we saw, as the Mix 0 condition had a slightly higher expression of mouse 

genes detected than the other conditions (Figure 5.9A). 
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Figure 5.8: Outline of human-mouse co-culture experiment to evaluate potential RNA transfer  
between cells 
Experimental setup: A. schematic of general procedure - human K562 cells expressing nuclear GFP and 
mouse RAW macrophage cells are co-cultured and then human K562 cells are separated from mouse RAW 
cells by flow cytometry and RNA-Seq is performed. B. Different experimental conditions – as controls, 
human K562 cells go through process by themselves, and human and mouse cell are mixed, immediately 
put on ice, and human cells are sorted  
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Figure 5.9: Human-mouse co-culture evaluates potential RNA transfer between cells  
RNA-Seq results of human sorted K562 cells shown. A. Percentage of mouse genes with TMM of 2 or 
greater detected in human cells in the following conditions: K562 GFP (human only) cells, Mix 0 (mouse 
and human cells mixed for 0 hours), Mix 1 (replicate 1 of mouse and human cells mixed for 24 hours), and 
Mix 2 (replicate 2 of mouse and human cells mixed for 24 hours) B. Expression of top mouse transcripts 
expressed in human cells in: K562 GFP (human only) cells, Mix 0 (mouse and human cells mixed for 0 
hours), Mix 1 (replicate 1 of mouse and human cells mixed for 24 hours), and Mix 2 (replicate 2 of mouse 
and human cells mixed for 24 hours) 
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Despite a lack of overall difference, we looked at the expression of specific mouse 

transcripts in each of the conditions for the mouse transcripts that were most highly 

detected in the human cells. We saw a few transcripts that were more highly expressed in 

Mix 1 and Mix 2 (where cells were co-cultured for 24 hours) than Mix 0 (where cells 

were mixed and immediately sorted) and did not show up in the human only control 

condition (Figure 5.9B). Interestingly, of the top 12 such transcripts, 3 are virally derived 

(likely from endogenous retroviruses in the mouse). Gm3168 encoded a Gag protein, 

Ctse encodes an envelope glycoprotein and ENSMUSG00000073777 encoded an 

envelope polyprotein. 

 

Discussion 

 

 It is currently unclear whether EVs are transferred between cells, and if so, 

whether they transfer functional cargo to recipient cells. This is the main question in the 

EV field but has been difficult to answer, largely due to a lack of techniques to track EVs 

and their RNA cargo. We have developed two new techniques to study the transfer of 

RNA between cells and also investigated the transfer of EVs using live cell imaging. In 

one technique, we used metabolic labeling using EU to “mark” the RNA of a donor cell 

and then detect the marked RNA in recipient cells. In another technique, we co-cultured 

mouse and human cells and then looked for mouse transcripts in human cells by RNA-

Seq. We also fused membrane proteins found on EVs with fluorescent proteins to 

visualize EV transfer between live cells. 
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 Although we used cell lines for our experiments, the techniques we developed 

should be broadly applicable to studying RNA or EV transfer between any set of donor 

and acceptor cells. These techniques may also be extended to study RNA transfer in vivo. 

For example, one could imagine studying potential RNA transfer between xenograft 

human tumor cells in a mouse and mouse cells by looking at human RNAs in mouse 

cells. This could further be combined with a Cre-Lox reporter system to help determine 

which cells to look at for potential RNA transfer (if the human tumor cells have Cre and a 

LoxP reporter mouse is used).  

In the EV live cell imaging experiments, we were clearly able to see EVs in the 

extracellular space as well as the uptake of EVs from one cell to another. It is important 

to note that most of the EVs we observed in the live cell imaging were larger than the 

isolated EVs we characterized previously. In our EV isolation experiments, we used a 

0.22 µm filter, so we only analyzed EVs smaller than ~220 nm in diameter. For almost all 

of EVs we observed, we could not conclude that they came from live (as opposed to dead 

cells) since we started observing them after they had been released from donor cells. 

Despite these caveats, our experiments conclusively showed that cells in culture take up 

EVs. By using spinning-disk confocal microscopy, we were also able to conclude that the 

EVs that were taken up were truly inside recipient cells and not just stuck to the outside.  

In our experiments, we were not, however able to determine where in recipient 

cells our EVs localized to. A crucial question is whether EVs end up in lysosomes after 

uptake by recipient cells. Once in a lysosome, it is unlikely that an EV is functional since 

we expect the EV and its cargo would be degraded. Thus, it is important to determine 

whether EVs get taken up by endocytosis, and, if so, whether EVs fuse with the 
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endosomal membrane. This would presumably be necessary for functional RNA cargo 

delivery since it would RNAs need to access the cytoplasm to carry out their functions.  

Future experiments will use the labeling of various endocytic and lysosomal 

markers in recipient cells. This will allow us to analyze what compartments in the 

recipient cell EVs co-localize with. Additionally, it would be informative to tag RNA or 

protein cargo in the EVs in addition to a membrane protein. Then, it would be possible to 

track the co-localization (or lack thereof) of a transmembrane protein labeled with a 

fluorescent protein of one color with a cargo molecule labeled with another color to 

detect endosomal escape. Upon fusion of the EV membrane with the endosomal 

membrane of the recipient cell, I would expect the membrane protein fluorescence to 

disappear. At that point, it may be possible to still see a burst of the cargo protein 

fluorescence without membrane protein fluorescence before the cargo protein diffuses in 

the cytoplasm. New advances in microscopy, such as the development of light-sheet 

microscopy (83), will also allow improved interrogation of EV release and uptake in live 

cells. 

In the metabolic labeling experiments, we were able to visualize RNA transfer 

between our K562 donor cells and HEK293 acceptor cells. However, we did not establish 

that the punctae of fluorescence we saw (EU-RNA conjugated to fluorescent dye) were in 

the cytosol of the recipient cells (as opposed to in lysosomes or stuck to the outside of the 

cell). Since RNA acts in the cytosol (or nucleus for some non-coding RNAs), RNA that is 

not in the cytosol does not have a chance to be functional. Future experiments could use 

confocal microscopy to ascertain that the RNA is inside the cell rather than stuck to the 

outside. Additionally, co-staining the recipient cells with other markers (such as 
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endocytic or lysosomal markers) could help determine whether the RNA is in the cytosol 

as opposed to the endosome or lysosome. It would also be interesting to attach biotin to 

EU-labeled RNA, and then use streptavidin to isolate it. This RNA could then be 

sequenced to see which particular transcripts get transferred. 

  In the human-mouse co-culture experiments, we were able to detect a very small 

number of mouse transcripts in human cells. The fact that several of the transferred 

transcripts were from virally derived genes indicates the utility of the experimental 

system, as we would expect these to be transferred if viral particles are being produced in 

the donor cells. Although there may be barriers to the transfer of RNA through EVs or 

other mechanisms between mouse and human cells (as opposed to cells of the same 

species), the advantage of this system is that no labeling is required.  

 Although in our experiments we were not able to confidently detect RNA transfer 

between cells, these experimental systems should pave the way for future investigation of 

RNA transfer. In the metabolic labeling experiments, we saw some contact-dependent 

RNA transfer but were not able to conclude that the RNA was in the cytosol of the 

recipient cells. We also cannot absolutely rule out that the EU nucleotide is transferred in 

monomeric form between donor and acceptor cells (for example, though gap junctions). 

In the human-mouse co-culture experiment, we saw only a few mouse transcripts 

transferred to human cells, and at very low levels. Nonetheless, both of these approaches 

warrant further investigation. In particular, the use of various primary cells that are 

known to interact (such as T cells and dendritic cells or neurons and glia) may result in 

more robust RNA transfer.  
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Chapter VI  

 

Conclusion 
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In this thesis, I explore several aspects of EV biology pertaining to the RNA in 

EVs and whether EVs transfer RNA between mammalian cells. I also describe the 

development of several new methods to characterize EVs and their RNA content. We 

performed RNA-Seq to characterize the RNA contents of EVs and compare the RNA 

profiles of EVs to the profiles of donor cells. We found a strong correlation between the 

mRNA profile of cells and EVs. We also developed a new method using enzymatic 

treatments to differentiate the extracellular RNAs that are truly inside EVs from those 

outside of EVs. We further visualized single EVs with fluorescent dyes using TIRF 

imaging. Additionally, we developed an immuno-isolation protocol to capture EV subsets 

with specific protein markers. 

Our work has significant applications towards the development of new molecular 

diagnostics. We have developed a simple computational framework for determining how 

to select protein markers for cell-type specific EV isolation. We then used this framework 

for the isolation of neuron-specific EV as a proof of principle. Working towards this goal, 

we established human iPS–derived neurons as a powerful in vitro system to study human 

neuronal EVs and develop methods for their isolation from biological fluids. We used 

this system to comprehensively characterize the full repertoire of membrane proteins in 

neuron EVs by mass spectrometry. We then applied our immuno-isolation protocol to 

isolate EVs using the neuron-specific markers we identified. 

In the future, our work on isolating cell-type specific EVs could be extended to 

different cell types beyond neurons. One could imagine, one day, taking a sample of 

blood and isolating EVs from several different cell types. RNA-Seq could then be 

performed on each of those cell-type specific EVs. The resulting RNA-Seq profiles could 
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be used to assess the health of an individual at the molecular level. Additionally, one 

could analyze the protein contents of EVs in addition to the RNAs. This would be 

particularly useful for neurodegenerative diseases like Parkinson’s or Alzheimer’s, where 

a number of proteins isoforms and post-translational modifications are implicated in the 

disease process (84). A technical challenge that will have to be overcome is the low 

amount of material in any given subset of EVs, but new ultrasensitive methods for 

measuring RNAs and proteins, such as low input RNA-Seq (used for single cell RNA-

Seq) (78) and Single Molecule Array (Simoa) “digital ELISA” technology (85), 

respectively, may help overcome this challenge.   

One of my main interests upon the beginning of my thesis was studying whether 

EVs transfer RNA between cells as a mechanism of intercellular communication. 

Towards this end, I developed several experimental systems to study this question. First, 

we were able to set up a system for looking at EV transfer between cells using live cell 

imaging. Additionally, I came up with two new experimental frameworks for studying 

RNA transfer between cells. In one, I used metabolic labeling with a modified uridine to 

label RNA in donor cells and evaluate the presence of labeled RNA in unlabeled acceptor 

cells. In another set of experiments, I co-cultured mouse and human cells and looked for 

RNAs of one species in cells of the other species using RNA-Seq. 

The results of my intercellular EV and RNA transfer experiments were not as 

conclusive as I would have liked. For the EV transfer live cell imaging experiments, I 

was clearly able to see EV transfer and EVs from one cell inside another cell. This was 

encouraging. However, I was not able to conclude that EVs transfer their cargo in 

recipient cells. It could be that the EVs that I observed were in endosomes (on their way 
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to lysosomes) or in lysosomes. It is likely that if EVs end up in lysosomes, their contents 

would be degraded, preventing RNA from reaching the cytoplasm (which would be 

necessary for the RNA to be functional) (86). Future experiments expanding on this work 

involve donor cells tagged with EV markers and recipient cells tagged with proteins 

marking different endosomal and lysosomal compartments. Additionally, one could label 

the cargo EVs in addition to the membrane to try to visualize endosomal escape. 

The metabolic labeling experiments showed that RNA was transferred in my co-

culture system. However, I could not conclude that the RNA was truly inside the 

recipient cells and not stuck to the outside. As with the live cell imaging experiment, I 

was also unable to rule out the possibility that if the labeled RNA is inside recipient cells, 

it may be in endosomes or lysosomes. Immunofluorescence experiments with markers of 

endosomes or lysosomes could help clarify this. Additionally, I also could not rule out a 

potential artifact of the experiment: it is possible that individual (monomeric) modified 

nucleotides (which were never incorporated into RNA molecules or after degradation of 

polymeric RNA molecules) are passed between donor and recipient cells. Gerald 

Kolodny, in his pioneering 1971 study of RNA transfer, thought about this potential 

artifact and used a drug that blocks transcription, Actinomycin D.  After adding this drug 

to recipient cells, he was still able to see the labeled RNA signal (10). This is a good 

control, although blocking transcription will likely have many different effects in the cell.  

An alternative experimental system that gets around the potential artifact of 

nucleotide transfer is the co-culture of human and mouse cells. An advantage of this 

system is that labeling RNA is not required, although a potential disadvantage is that 

human and mouse cells may have some interspecies barriers to interacting. I detected a 
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potential signal between the cells in my system, but the signal was low. It was reassuring 

to see that some of the top RNAs transferred were of viral origin, as there is evidence that 

some endogenous retroviruses form particles and bud from cells (87). In some instances, 

endogenous retroviruses have also been found to enter other cells (88, 89).   

For both the metabolic labeling and mouse-human co-culture experiments, future 

studies will need to assess RNA transfer at different times, as we do not know at what 

conditions and timescales RNA transfer occurs (if it occurs at all). Furthermore, different 

types of donor and acceptor cells should be tried (with an emphasis on cell types that we 

know interact). As the question involves intercellular communication in mammals, some 

of these experiments will ultimately need to be done in vivo in mice. Although some 

variables will be harder to control, the experimental systems I’ve described should be 

amenable to transfer to an in vivo system. It would be useful to implant human tumors or 

human hematopoietic cells into mice and then performing RNA-Seq on various mouse 

cells. To help determine which cells to analyze, a Cre-Lox system could be used, where 

the human cells also express Cre and the mouse could be transgenic with a reporter that is 

expressed upon LoxP recombination. 

Although it is perhaps naïve to have assumed that a single graduate student’s 

thesis would come anywhere close to answering a question as broad as “what do EVs 

actually do,” my work in the field allows me to speculate in a way that is at least slightly 

more informed than when I started. The pervading view of EV function in the field is that 

EVs transfer RNA and proteins between cells as part of a highly coordinated mechanism 

of intercellular communication (28, 90). Outside of the field, this notion is viewed with 
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skepticism (28, 91), and rightfully so. Extraordinary claims (such as a new form of 

intercellular communication) require extraordinary evidence.  

I would consider my findings that the RNAs in EVs are generally not selectively 

packaged, with several caveats, an argument against the hypothesis of intercellular RNA 

communication through EVs. After all, why would a cell send another cell a sampling of 

its transcriptome? One would expect that in a coordinated system of intercellular 

communication, EVs would package specific RNAs. The caveats, however, are plentiful: 

EVs from more cell types need to be investigated, it is possible that a subset of EVs (for 

example, containing a fusogenic protein) is the important one that is functional, and the 

situation could be different in vivo. Nonetheless, at the conclusion of my thesis work, I 

am not certainly able to offer the world any evidence for functional RNA transfer 

between cells.  

There are several other hypotheses of why EVs could be released by cells that are 

worth considering besides transferring RNA. These may be foundations for future theses. 

One such hypothesis is the “garbage bag” hypothesis that cells release unwanted proteins 

or other cellular components (lipids, RNAs, etc.). This hypothesis is that came to some of 

the early researchers in the field (92, 93). One theoretical argument against this 

hypothesis is that cells have a plethora of mechanisms to degrade various molecules and 

reuse the components. For example, the cell has all kinds of mechanisms for tagging 

proteins for degradation in the proteasome (94). Similarly, there are numerous, specific 

pathways for RNA degradation (95). Furthermore, when cells degrade proteins or RNAs, 

the monomeric subunits (amino acids or nucleotides) can be reused for transcription or 

translation. Nonetheless, perhaps there may be cases where it is easier for the cell to 
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throw away misfolded and aggregated proteins rather than try to degrade them (96). It is 

also possible that cells release damaged membrane in the form of EVs (97, 98). 

Another reason for the existence of EVs could be that they are released from cells 

for a specific reason but do not transfer their luminal cargo. For example, perhaps EVs 

act through membrane protein on their surface to induce some response in a target cell 

through some receptor (48). This could particularly be the cause in the context of 

immunology for EVs that carry MHC, for example (99). In this case, the RNA cargo of 

EVs may not matter. 

Another interesting possibility is that EVs are endogenous retroviruses, or are 

related to them. EVs have many features in common with viruses, and it is extremely 

challenging to separate EVs from viruses. As mammalian cells have a large portion of 

DNA that is of viral origin, some of this DNA encodes large open reading frames 

expresses functional proteins. There is significant evidence that some of the proteins form 

viral particles and bud from cells (87). Although there is considerable confusion 

regarding endogenous retrovirus annotations (100, 101), future work will investigate 

whether RNAs and proteins found in isolated EVs is enriched for components of 

endogenous retroviruses. 

It is also important to note that “contaminating” exogenous retroviruses could 

contribute to EVs. It is unclear what proportion of cells in given organism, or in cell 

culture, are infected with viruses at any given point in time. Humans (in even a healthy 

state) have a “virome” that consists of many different viruses (102). This question could 

be investigated by aligning RNA-Seq data from EVs isolated from cell culture or human 

biological fluids to viral sequence reference databases. 
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The EV-virus connection has been made before. It has been speculated that the 

two are evolutionarily linked: either EVs have co-opted viral budding mechanisms or 

vice versa at some point in evolution (103, 104). Upon closer inspection, this question is 

even more complicated as viruses and EVs are hard to distinguish even conceptually. If 

we define a virus as a particle that contains each of the protein and RNA components that 

the viral genome encodes, any given cell that releases viral particles will also release 

incomplete viral particles (which have some, but not, all of the viral components) (105). 

For example, it has been shown that after expressing a single viral protein such as HIV 

Gag in an uninfected cell, the viral protein will be released in EVs (106). Thus, the 

distinction between EVs and viruses within an infected cell is not one that is clear.  And 

this distinction becomes even less clear if we consider expression of endogenous 

retroviruses. Further development of techniques to image single EVs and their 

components will hopefully shed light on these questions. 

Perhaps less exciting, it is also possible that some EVs are an artifact of isolation 

procedures (and are not naturally produced by cells). For example, I include a filtration 

step through a 0.22 µm filter in my EV isolation procedure but not all protocols include 

this step. My rationale for using a filter is that this gives a reproducible cutoff to the size 

of EVs, a parameter that I can control between experiments. Additionally, as the amount 

of RNA we are analyzing from a preparation of EVs is very low, if even one cell were to 

get into my preparation (escaping pelleting during the previous centrifugations), this 

could significantly skew my results. Thus using a filter should prevent against that as 

well. However, using a filter also raises the possibility that larger EVs (or even cells or 

parts of cells) could break during the filtration process itself, and therefore artificially 



	 99	

produce EVs of a smaller size (107). The fact that EVs with similar characteristics can be 

isolated using different isolation techniques provides some confidence that EVs are not 

just an artifact of the isolation procedure, but this remains an important consideration 

when choosing a particular isolation technique, and the lack of standardization of EV 

techniques continues to be a problem for reproducibility (49). 

In our live cell imaging experiments, we were able to see EVs without performing 

any isolation procedure. Although most of the EVs we observed in those experiments 

were larger than the ones we isolated with a 0.22 µm filter, this was nonetheless proof 

that cells release EVs. One thing we were not able to distinguish, however, is what 

proportion of EVs is produced by dead cells (as opposed by to live cells). When a cell 

dies by apoptosis, the remains of the cell are released as vesicles called apoptotic bodies. 

These are generally thought to be larger than the EVs we analyze, but it is likely that 

apoptotic bodies can also be small and therefore overlap in size with the EVs that we 

presume are released by live cells (15).  

There is, of course, significant evidence that live cells release EVs. When 

observing EV release by electron microscopy, budding at the plasma membrane or fusion 

of the MVB with the membrane can be seen without the large scale membrane blebbing 

found in apoptotic cells (18, 21). Additionally, observations of EV release with 

fluorescent reporters have been reported using live cell imaging (23). Nonetheless, it is 

disconcerting that when EVs are isolated from cell culture or a biological fluid, we have 

no way of knowing what proportion is coming from dying vs. live cells. It is conceivable 

that perhaps even the majority of EVs in a given preparation are actually from dead cells. 

Recent studies have reported that when a cell undergoes apoptosis, there is widespread 
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decay of mRNA (108). As part of the decay process involves non-templated uridylation 

at the 3’ end of the mRNA (109), we could look whether we see enrichment of this 

uridylation in RNA isolated from EVs and compare that to what we see in the donor 

cells. If a strong enrichment of uridylation in EVs relative to cells (which in culture are 

always a mix of live and dead cells) is detected, this would suggest most of the EV RNAs 

come from dead cells. 

Additionally, one could investigate the question of whether EVs come from 

mostly live or dead cells by sorting single cells into wells. Then, cell viability could be 

followed by microscopy and only media from cells that are alive could be analyzed for 

EV membrane proteins or RNAs by ultrasensitive methods such as Simoa (85) or digital 

droplet PCR (ddPCR) (110), respectively. Although this would be technically nontrivial, 

this would be a way of studying EVs only from live cells (since in a large cell culture 

dish there is always a significant number of dying cells). 

As I’ve outline above, the field of EV research is clearly still in its infancy as 

there are many very basic questions completely unanswered. Despite evidence that all 

cell types release EVs, we still don’t know what EVs actually do. Do they transfer 

functional RNA and protein contents between cells as a form of intercellular 

communication? And, if so, which cells send EVs to which cells? What are the molecular 

mechanisms involved in EV biogenesis? Are there specific proteins whose main role is 

EV secretion? How does RNA or protein cargo get selected for packaging into EVs? 

Many of these questions unanswered because we don’t yet have the necessary tools. For 

example, we don’t have a good tool for counting EVs (27) and being able to differentiate 

them from similarly sized complexes of aggregated proteins (11). In this thesis, I have 
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addressed fundamental questions relating to the RNA in EVs and developed several new 

methods for studying EVs. Collectively, I hope the work in this thesis represents a 

significant contribution to the experimentally challenging and confusing world of EV 

biology, and will be built upon by others to both understand the functional roles of EVs 

and, in parallel, accelerate their medical applications.  
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Appendix S1: Materials and Methods 

 

Cell Culture 

K562 cells (from ATCC) were grown in Gibco IMDM with Glutamax (Thermo Fisher 

Scientific) supplemented with Gibco Heat-Inactivated Fetal Bovine Serum (Thermo 

Fisher Scientific) and Gibco Penicillin Streptomycin (Thermo Fisher Scientific). For EV 

isolations, cells were switched to Gibco Aim V Serum-Free Medium (Thermo Fisher 

Scientific). A549, 293T, or RAW264.7 cells (all from ATCC) were grown in Gibco 

DMEM with Glutamax (Thermo Fisher Scientific) supplemented with Gibco Heat-

Inactivated Fetal Bovine Serum (Thermo Fisher Scientific) and Gibco Penicillin 

Streptomycin (Thermo Fisher Scientific). For EV isolations, cells were switched to EV-

depleted media (obtained by ultracentrifugation of media for 16 hours at 120,000xg and 

subsequent filtration through Corning 0.22 µm filter). Previously described iNGN cells 

were grown in mTeSR1 media (STEMCELL Technologies) on Matrigel (Corning) coated 

plates. Doxycycline (Sigma Aldrich) was diluted in PBS and added to MTeSR1 at a final 

concentration of 0.5 µg/mL to initiate differentiation. On Day 4 after Dox addition, media 

was switched to Gibco DMEM with Glutamax (Thermo Fisher Scientific) supplemented 

with B27 Serum-Free Supplement (Thermo Fisher Scientific) and Gibco Penicillin 

Streptomycin (Thermo Fisher Scientific). 

 

EV Isolation 

EV isolation from cell culture is described in great detail (46) and also reproduced in this 

thesis as Appendix S2. For CSF EV isolation, several samples of human CSF (BioIVT) 



	 104	

totaling 3 mL were pooled. Samples were centrifuged at 2000xg for 10 minutes to 

remove any potential residual cells. The pellet was left behind and the resulting 

supernatant was then applied to Corning CoStar X 0.44 µm filter and centrifuged again at 

2000xg for 10 minutes. The filtered sample was then ultracentrifuged for 2 hours at 

120,000xg. 

 

Western Blotting  

EV western blotting is described in great detail (46) and also reproduced in this thesis as 

Appendix S2. We used the iBlot Dry Blotting System (Thermo Fisher Scientific) for 

transfer. The following primary antibodies were used for western blot at the 

corresponding dilutions: M38 for CD81 (Thermo Fisher Scientific) at 1:666, h5c6 for 

CD63 (BD) at 1:1000, EPR18998 for L1CAM (Abcam) at 1:500, ab47441 for GJA1 at 

1:500. For western blots of pulldown experiments, TrueBlot anti-mouse HRP or anti-

rabbit HRP (Rockland) was used as a secondary at a concentration of 1:1000 in milk 

buffer.  

 

EV Imaging by TIRF 

EV imaging protocol is described in great detail (111) and also reproduced in this thesis 

as Appendix S3. For experiments with RNA labeling, Bodipy TR Ceramide or DiD and 

SYTO RNASelect or TOTO-1 were used to label EVs at the same time. All dyes are 

from Thermo Fisher Scientific. Samples were imaged on TIRF/LSM710 Confocal 

Microscope (Zeiss).   
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Metabolic RNA Labeling and Imaging 

Cells were labeled using Click-iT RNA Alexa Flour 594 Imaging kit (Thermo Fisher 

Scientific). Metabolic RNA labeling was performed by adding EU to cell culture media 

to a final concentration of 2 mM. Cells were incubated for 24 hours with EU and then 

media containing EU was removed. Cells were washed twice with PBS, and then put in 

fresh media. After click labeling, cells were fixed and permeabilized using Click-iT 

Fixation/Permeabilization kit (Thermo Fisher Scientific). Cells were imaged on 

DMI6000B microscope (Leica). 

 

Dynamic Light Scattering 

Dynamic Light Scattering was performed by diluting EV samples 1:20 and loaded in a 

microcuvette (Malvern) into a Zetasizer Nano ZS (Malvern). 

 

Transmission Electron Microscopy (TEM) 

Procedure for visualizing EVs by TEM was based on previously described protocol (45). 

EV samples (undiluted) were stained with 2% uranyl formate on 400 mesh formar coated 

grid stabilized with evaporated carbon film. Grid was imaged on a JEM-1400 Series 120 

kV transmission electron microscope (JEOL USA). 

 

DNA/RNA Electrophoretic Size Analysis 

RNA samples were analyzed using chips and reagents from RNA Pico 6000 kit (Agilent) 

and run on the Bioanalyzer (Agilent). DNA size was analyzed by agarose gel 

electrophoresis, either by 1.5% Agarose gel run in TAE buffer or by a 2% E-Gel EX 
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Agarose Gel (Thermo Fisher Scientific). 1.5% Agarose gel was stained with SYBR Gold 

Nucleic Acid Gel Stain (Thermo Fisher Scientific). Imaging of gel was performed on Gel 

Doc EZ Imager (Bio-Rad) or Typhoon FLA 9000 Gel Scanner (GE Healthcare). 

 

DNA/RNA Extraction  

DNA from cells or EVs was isolated using QIAamp DNA Mini kit (Qiagen). RNA from 

cells or EVs was extracted using miRvana miRNA Isolation kit, with phenol (Thermo 

Fisher Scientific). After extraction, RNA was treated with Turbo DNase Thermo Fisher 

Scientific together with Superase In RNase Inhibitor Thermo Fisher Scientific. RNA was 

then put through RNA Clean and Concentrator-5 kit (Zymo Research) before either qRT-

PCR or RNA-Seq library construction. 

 

RNA-Seq Library Preparation and Sequencing 

For human/mouse co-culture experiments and K562 untreated EVs, RNA-Seq libraries 

using adapter ligation were performed as previously described (112). For proteinase-

RNase experiments and CSF EV RNA-Seq, libraries were constructed using the 

SmartSeq2 method (78). All libraries were sequenced (paired end) using Illumina 

HiSeq2000, NextSeq500, or MiSeq. 

 

RNA-Seq Analysis 

Reads were aligned to the hg19 UCSC Known Genes annotations using RSEM v1.2.1 

(113) to calculate TPM values. For calculating TMM normalization, edgeR was used 
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(114). For human mouse mixing experiment, UCSC human and mouse genome 

annotations were combined and RSEM was used to align to the joint annotation. 

 

Enzymatic Treatments 

After ultracentrifugation for EV isolation was finished, supernatant was removed and 

150µL PBS was added to ultracentrifuge tube. Then 5 µL Proteinase K (New England 

BioLabs) was added to tube and incubated at 37C for 30 minutes with parafilm covering 

the top of the tube. PMSF (Sigma Aldrich) was then added to a final concentration of 1 

mM and tubes were incubated at room temperature for 10 minutes. Then 0.5 µL of RNase 

A/T1 was added to each tube and tube was incubated at 37C for 30 minutes (again with 

parafilm covering the top of tube).  

 

qRT-PCR 

RNA was reverse transcribed using the SuperScript VILO cDNA Synthesis kit (Thermo 

Fisher Scientific). cDNA was then quantified by addition of qPCR Master Mix, 2x 

(KAPA Biosystems) together with primers and analysis on CFX96 Touch Real-Time 

PCR Detection System (Bio-Rad).  

 

Live Cell Imaging 

Cell media was switched to DMEM with no phenol red (Thermo	Fisher	Scientific) to 

reduce autofluorescence from media. Spinning-disk confocal fluorescence microscopy 

was done as previously described (115) using a Marianna system controlling an Axiovert 

200M Fluorescence/Live Cell Imaging Microscope (Zeiss) with a Plan Apochromat 63x 
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objective (NA 1.4, Zeiss) and a CSU-XI spinning disk confocal head (Yokogawa 

Electric). 

 

Mass Spectrometry 

Mass Spectrometry was performed at the Broad Institute Proteomics Platform. EVs were 

lysed in RIPA buffer (Thermo Fisher Scientific). Samples were then run on an SDS gel 

and band corresponding in size to Albumin was cut out and discarded. Remaining 

samples was prepared for TNT labeling and run on Mass Spectrometer. 

 

EV Immuno-isolation 

Isolation Buffer was prepared by adding BSA to 7.4 pH PBS to final concentration of 

1mg/mL and filtered through a 0.22 µm Steriflip Filter (Millipore). 500uL (2x10^8) 

Dynabeads Goat Anti-Mouse IgG beads (Thermo Fisher Scientific) was put into 2mL 

eppendorf tube and put on magnetic rack. Supernatant was removed and replaced with 

250uL of Isolation Buffer off of the magnet. 10 µg primary antibody was coupled to 

beads overnight. The	following	antibodies	were	used	for	immuno-isolation:	5G3	(BD)	

for	L1CAM,	1C51	for	mCherry	(Abcam),	9F9.F9	for	GFP	(Abcam),	1.3.3.22	(Thermo 

Fisher Scientific) for CD81, and h5c6 (BD) for CD63. On the next day, beads were 

washed twice with 1 mL of Isolation Buffer each time. EVs were then added (usually one 

pellet was in 150 µL) and Isolation Buffer was added to bring the volume to 0.5 mL. 

Immuno-isolation was performed on rotating rack either at 4C for 24 hours for L1CAM 

or for 1 hour at 37C for CD81 or CD63.  
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Appendix S2: Extracellular Vesicle Isolation and Analysis by Western 

Blotting 

 

Reproduced with permission from Springer Nature (License Number:  

4476311476553 



Chapter 12

Extracellular Vesicle Isolation and Analysis by Western
Blotting

Emma J. K. Kowal, Dmitry Ter-Ovanesyan, Aviv Regev,
and George M. Church

Abstract

Extracellular vesicles (EVs) are released by mammalian cells and are thought to be important mediators of
intercellular communication. There are many methods for isolating EVs from cell culture media, but the
most popular methods involve purification based on ultracentrifugation. Here, we provide a detailed
protocol for isolating EVs by differential ultracentrifugation and analyzing EV proteins (such as the
tetraspanins CD9, CD63 and CD81) by western blotting.

Key words Exosomes, Extracellular vesicles, Exosome isolation, Extracellular vesicle isolation, Ultra-
centrifugation, Immunoblotting, Western blot, Tetraspanins, CD63, CD81, CD9

1 Introduction

Extracellular vesicles (EVs) are involved in intercellular communi-
cation. All mammalian cell types secrete heterogeneous vesicles of a
variety of sizes [1]. Here, we focus on small EVs, which are often
called exosomes. Although the exact definition of exosomes varies
in different papers and remains debated [2], we define an exosome
as any EV between 30 and ~200 nanometers (nm). The upper limit
is imposed by using a 0.22 μm filter.

There are many different protocols for isolating EVs, which
yield vesicles of varying purity (all protocols, to some degree co-
isolate soluble proteins) [3]. We describe an ultracentrifugation-
based protocol, which remains one of the most commonly used
protocols for isolating extracellular vesicles from cell culture media
[4]. There are many variations on this protocol, and our protocol
includes a 0.22 μm filtration step. This cutoff provides a specific size
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range for the isolated extracellular vesicles, which enhances
reproducibility in EV analysis across cell types or conditions.

EVs can be characterized by a wide variety of techniques,
including profiling the proteins they contain. Tetraspanins are a
group of proteins that contain four transmembrane domains and
certain characteristic features. The tetraspanins CD9, CD63 and
CD81 are transmembrane proteins that are commonly found in
extracellular vesicles across cell types [5]. In addition to our EV
isolation protocol, we describe a detailed protocol for analysis of
these characteristic EV markers by western blotting.

2 Materials

Store all materials at room temperature unless otherwise stated.

2.1 Cell Culture 1. Cells and cultureware.

2. Fetal bovine serum (FBS)-depleted media or defined media
without FBS (see Note 1).

2.2 EV Isolation 1. PBS without Ca2+/Mg2+.

2. HEPES buffer (optional) (see Note 2).

3. 50 mL Falcon tubes (Fisher Scientific).

4. 0.22 μm Steriflip filter tubes (Fisher Scientific).

5. Ultracentrifuge and rotor.

6. Polyallomer ultracentrifuge tubes (Beckman Coulter).

2.3 Western Blot 1. Sample Buffer: Bolt 4! LDS Sample Buffer (Thermo Fisher
Scientific). Store at 4 "C.

2. Bolt 10! Reducing Buffer (optional) (Thermo Fisher Scien-
tific) (For proteins that require reducing conditions, not tetra-
spanins; see Note 3).

3. RIPA buffer (optional) (see Note 4).

4. A660orBCAproteinquantificationassay (optional) (seeNote5).

5. Running buffer: 100 mL 20! MES SDS running buffer
(Thermo Fisher Scientific), 1900 mL deionized water.

6. 4–12% Bis-Tris Gels (Thermo Fisher Scientific). Store at 4 "C.

7. Gel tank (XCell SureLock® Mini, Thermo Fisher Scientific)
and electrophoresis equipment.

8. MagicMark XP Western protein standard (Thermo Fisher Sci-
entific). Store at #20 "C.

9. SeeBluePlus2 protein ladder (Thermo Fisher Scientific). Store
at 4 "C.
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10. XCell II Blot Module and sponges (Thermo Fisher Scientific)
(see Note 6).

11. Methanol.

12. Transfer buffer: 100 mL Bolt 20! transfer buffer (Thermo
Fisher Scientific), 400 mL methanol, 1500 mL deionized
water.

13. PVDF or nitrocellulose membranes (Thermo Fisher Scientific).

14. Milk powder.

15. Tween 20.

16. PBST: PBS with 0.1% vol/vol Tween 20. Store at 4 "C.

17. Cold room with a tilting rocker (not orbital).

18. Plastic containers to hold membranes, such as PerfectWes-
tern™ containers.

19. Flat tweezers for handling membranes.

20. Antibodies to proteins of interest.

21. HRP-conjugated secondary antibody for visualization (Bethyl
Laboratories).

22. HRP substrate, such as SpectraQuant™-HRP CL Chemilumi-
nescent detection reagent (BridgePath Scientific).

3 Methods

3.1 EV Isolation 1. Culture cells under standard conditions to 50–70% confluency.

Day 1
For suspension cells:

1. Spin down desired total number of cells (see Note 7) in six
50 mL Falcon tubes at 300 ! g for 5 min.

2. Aspirate media and resuspend each cell pellet in 40 mL FBS-
depleted or defined media without FBS (see Note 1). Transfer
contents of each Falcon tube to T75 flask and return to
incubator.

For adherent cells:

1. Aspirate media from twelve 15 cm plates.

2. Add 20 mL FBS-depleted or defined media without FBS per
plate (see Note 1). Return cells to incubator.

Day 2

1. After 24 h, take off all media and divide among 50 mL falcon
tubes.

2. Spin at 300 ! g for 10 min at RT (to pellet the cells).
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3. Transfer supernatant to new 50 mL tubes leaving cell pellet
behind. If cell protein is to be analyzed alongside EVs, one cell
pellet can at this step be resuspended in the desired lysis buffer
(see Notes 4 and 5).

4. Spin at 2000 ! g for 10 min at RT (to pellet any dead cells).

5. Transfer supernatant to new 50 mL tubes leaving cell pellet
behind.

6. Spin supernatant at 16,500 ! g for 20 min at 4 "C (to pellet
large EVs).

7. Transfer supernatant to new 50 mL tubes, leaving pellet
behind.

8. Pass supernatant through Steriflip 0.22 μm filter.

9. Transfer supernatant to polyallomer ultracentrifuge tubes.
Centrifuge at 120,000 ! g (26,500 RPM with SW32Ti
rotor) for 70 min at 4 "C.

10. Remove most of supernatant, leaving ~2 cm of media above
pellet. Add 5 mL PBS to each tube. Vortex on medium speed
for a few seconds. Fill to top of each tube with PBS.

11. Again, centrifuge at 120,000 ! g for 70 min at 4 "C.

12. Aspirate all of supernatant with Pasteur pipet without touching
bottom of tube where pellet is located (see Note 8).

13. Resuspend pellet either in PBS or directly in the desired lysis
buffer for western blot (see Notes 4 and 5).

3.2 Western Blot 14. Add 100 μL 1! Sample Buffer to each pellet, or add 4! sample
buffer to a final concentration of 1! (i.e., add 25 μL 4! sample
buffer to 75 μL sample) in a pre-isolated EV sample. Vortex on
high speed to mix. If in ultracentrifuge tubes pipet up and
down to further disrupt pellet, then transfer to Eppendorf
tubes.

15. Incubate at 70 "C for 10 min.

16. Make 2 L of 1!MES SDS running buffer (100 mL buffer into
1900 mL deionized water).

17. Make 5% milk buffer: 2.5 g dried milk into 50 mL PBST
(PBS þ 0.1% v/v Tween 20). Tumble at 4" for an hour (see
Note 9).

18. Prepare 4–12% bis-tris gel in gel tank. Add 1! MES running
buffer to top of gel. Do not forget to rinse wells.

19. Load wells. For ladder use 3 μL MagicMark þ 6 μL SeeBlue-
Plus2, in separate lanes if possible (see Note 10).

20. Run 40 min at 150 V, 22 min at 200 V, or until blue dye
reaches gel foot.
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21. While gel is running, prepare for transfer (see XCell surelock
manufacturer instructions [6] for more detail).

22. Make 2 L transfer buffer (100 mL Bolt 20! transfer buffer,
400 mL methanol, 1500 mL water).

23. If using PVDF membranes, place one membrane in empty tip
box lid with a few milliliters methanol to activate it. Rinse
several times with transfer buffer, dumping excess into large
sandwich making tray, then rock gently in hand for several
minutes. For nitrocellulose membranes, simply soak in transfer
buffer for a minute.

24. Soak sponges in transfer buffer, squeezing out bubbles as much
as possible (seeNote 11). Briefly immerse filter papers in trans-
fer buffer as well.

25. Build sandwich up from the bottom in the following order:
anode, sponges, filter paper, gel, transfer membrane, filter
paper and sponges (see Fig. 1, Note 12).

26. When sandwich is ready for gel, take gel out of tank and rinse it
off. Crack open plastic casing. Cut off wells and foot so that
remainder is completely flat and lay carefully on filter paper.

27. Squeeze sandwich together in holder and insert into gel tank.
If reusing the same tank make sure to pour out gel running
buffer and rinse with deionized water.

28. Use fresh transfer buffer to fill in sandwich from the top. Open
and close clamp several times to let the buffer soak down
through.

29. Fill the rest of the gel box with deionized water, which will
serve as a heat sink.

30. Put on lid and run 1.5–2 h at 30 V, tapping firmly on occasion
to remove bubbles (see Note 11).

Fig. 1 Schematic of membrane transfer sandwich. This should be constructed
from the bottom (cathode) up, using as many sponges as necessary to put even
pressure across the surface of the membrane with no air bubbles, and all
internal components except gel pre-soaked in transfer buffer

Extracellular Vesicle Isolation and Western Blotting 147

114



31. When done, turn off current, pull out sandwich in holder, put
it back in large tray (minus transfer buffer) then unpack it
carefully. Peel away filter paper very slowly to check for protein
transfer (see Note 13).

32. As soon as you peel off membrane, take a blade and cut off
upper right hand corner to mark “top” face (face which was
touching gel).

33. Place membrane in PerfectWestern box containing 5–10 mL
milk buffer (as much as necessary to cover membrane
completely). If using PVDF membranes, ensure that the mem-
brane does not dry out at any step.

34. To block, place membrane in milk buffer on rocker in the cold
room and let rock at least half an hour. Conduct all further
steps in the cold room if possible.

35. After at least half an hour, pour off block and add 10 mL
primary antibody diluted 1:1000 in milk buffer (see Note 14).
Leave overnight rocking in the cold room.

Day 3:

1. Pour off primary, take PBST, pour in, swish, pour off, 2!, then
do three washes in PBST of ~10 min each, rocking in the cold
room.

2. Add 10 mL secondary antibody diluted 1:2000 in milk buffer
(see Note 14). Leave rocking in the cold room for at least 1 h.

3. Pour off secondary, take PBST, pour in, swish, pour off, 2!,
then do three washes in PBST of ~10 min each, rocking in the
cold room.

4. Bring the membrane (in fresh PBST), equal volumes of each
component of HRP substrate (reagent A and B; see Subheading
2.3, item 21) and an empty falcon tube to the imaging stage.

5. Mix reagent A and B together immediately before use. Pour
PBSToff membrane and pour A/B mix on. Let sit for a minute
then image, using tweezers to handle membrane (seeNote 15).

4 Notes

1. Since fetal bovine serum contains bovine EVs, it is important
for downstream analysis that media from which EVs will be
isolated is either FBS-free or has been depleted of vesicles by
overnight ultracentrifugation at 120,000 ! g. A convenient
formulation is to make media with 2! FBS and ultracentrifuge
it overnight, then remove and keep the supernatant, diluting it
1:1 in the base media to bring it to 1!. Some cells will still not
like this media and so we advise collecting EVs for 24 h.
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2. For storage of EVs at #80 "C we recommend the addition of
HEPES buffer to a final concentration of 20 mM to stabilize
pH over freeze–thaw cycles (to PBS or other buffers).

3. Protein gel electrophoresis can be either denaturing or non-
denaturing (“native,” i.e., retaining the original folded struc-
ture) and either reducing (where Cys-Cys disulfide bonds are
specifically broken) or nonreducing. Though reducing can help
to solubilize a concentrated or complex sample, tetraspanins
such as CD63, CD81 and CD9 require nonreducing electro-
phoresis for western blotting, as the epitope recognized by
antibodies to these proteins usually relies on several disulfide
bonds to fold properly and be recognized.

4. Transmembrane proteins, particularly those with four or more
membrane-spanning regions, can be difficult to extract from
lysates. We have had success extracting tetraspanins with LDS
sample buffer alone (Subheading 2.3, item 1) but other pro-
teins may require some optimization of lysis buffer for efficient
extraction. RIPA buffer is one of the harsher common buffers
and is well suited for this purpose. When extracting membrane
proteins from cells, it is often helpful to centrifuge the lysate at
high speed (>12,000! g) for 10 min and take the supernatant,
leaving behind the membrane and insoluble material which can
interfere with electrophoresis.

5. Many common protein quantification assays (such as A660 and
BCA) rely on a colorimetric readout, and are thus incompatible
with the bromophenol blue-containing LDS sample buffer.
This protocol does not explicitly describe how to quantify
protein in a lysate, but note that if you do wish to quantify
the protein in your samples, you should lyse the cells or vesicles
in RIPA (Subheading 2.3, item 2) or another clear buffer,
quantify, and then add 4! LDS sample buffer to 1! concen-
tration prior to immunoblotting.

6. The reagents listed as subheading 2.3, items 10–13 are
required for a traditional wet transfer of proteins to a mem-
brane. These can be substituted with other materials of your
choice for dry or semidry transfer. For example, we have found
the iBlot dry blotting system from Thermo Fisher is convenient
and effective, though not all labs may have the required
equipment.

7. The total number of cells per isolation should be determined by
the total volume of media from which you are able to isolate
EVs. The limiting factor will likely be the volume capacity of
your ultracentrifuge tubes (e.g., the SW32Ti rotor can hold six
tubes with a volume of ~38 mL each, so the max volume per
isolation is 228 mL). Start with a few extra milliliters of media
per flask to account for some loss throughout the
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centrifugation steps and culture the number of cells necessary
to achieve 50–70% confluence in this volume.

8. The pellet at this stage will most likely not be visible. It is
possible to remove all but 20–30 μL of the supernatant by
tilting the tube to pool the liquid on one side and carefully
avoiding touching the center of the tube bottom. We have also
found that it is helpful to remove all but ~2 cm of supernatant
and wait 30 s before aspirating the final few milliliters, as
otherwise some liquid clings to the sides of the tube and
makes the final residual volume >50 μL.

9. The proteins in the milk buffer associate with proteins in the
membrane and block nonspecific antibody interactions. There
are many formulations of blocking solution available but we
have found milk to be cheap and effective. It is important to
make this buffer fresh (it should be a few days old at most and
stored at 4 "C with rotation).

10. MagicMark XP is a protein standard ladder containing IgG
binding sites (you will see it on the final western blot, not in
the gel), while SeeBlue is a prestained protein standard ladder
which you should see in the gel and membrane but not in the
final blot. These can be mixed if necessary but will run better in
separate wells. SeeBlue is useful for evaluating how far the gel
has run and if the transfer was successful (see Note 13) as well
as for horizontally cutting the membrane in order to blot for
proteins of different molecular weights, e.g., CD63 and CD81
(see Fig. 2).

11. Air bubbles anywhere in the sandwich can prevent successful
transfer of proteins to the membrane in that spot, so it’s
important to squeeze the sandwich tightly and firmly tap the
XCell mini tank periodically (as many times as is convenient)
while transfer occurs.

12. Use as many sponges as necessary to form a tight sandwich.
Generally at least three sponges on either side of the gel and
membrane (six total) will suffice, but the tighter the better. See
Fig. 1 for schematic.

13. Carefully peel away the top corner of the membrane closest to
where the SeeBlue ladder was run and check for the location of
the colored bands. If the transfer worked, some or all of them
should now be on the membrane instead of the gel. Specifically,
check that the SeeBlue bands in the molecular weight range of
your protein of interest (for example, the 28 kDa band is close
to the size of CD81) are on the membrane. If they are still on
the gel, you can carefully reconstruct the sandwich (ensure that
the gel and membrane do not shift relative to one another) and
run it slightly longer. Keep in mind that running the transfer
for too long will cause the lower molecular weight bands to
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pass through the membrane onto the filter paper, at which
point they cannot be recovered.

14. As different antibodies have different affinities for their targets,
it is often necessary to experimentally determine the optimal
antibody dilutions for immunoblotting. Generally these fall
within 1:100 and 1:5000 and are lower (i.e., more dilute) for
the secondary antibody. We recommend starting with a higher
dilution (more concentrated) to ensure a strong signal and
diluting further as necessary to eliminate background or con-
serve reagents.

15. If using Image Lab software to visualize the blot, it can be set
to “signal accumulation mode” to determine optimal exposure
time by monitoring blot over the course of imaging.

Fig. 2 Western blot showing CD81 and CD63 blotting on K562 EV lysate (7 μg)
and cell lysate (86 μg), resuspended in RIPA and quantified before addition of
LDS Sample Buffer. Note that CD63 appears as a smear in the range of
30–60 kDa; this is due to heavy glycosylation and is expected [7]. Each
membrane was blocked for 30 min at 4 "C in milk buffer, then incubated with
primary antibody diluted in 10 mL milk buffer for 12 h (1:1000 dilution mouse
anti-human CD81, clone M38, or 1:1000 dilution mouse anti-human CD63, clone
TS63), washed three times for 10 min each in PBST, then incubated for 2 h with
10 mL secondary antibody (Rabbit anti-mouse HRP, 1:2000 dilution in milk
buffer), washed three times for 10 min each in PBST, then imaged on a Bio-
Rad ChemiDoc MP system with SpectraQuant‘™-HRP CL Chemiluminescent
detection reagent
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Chapter 19

Imaging of Isolated Extracellular Vesicles Using
Fluorescence Microscopy

Dmitry Ter-Ovanesyan, Emma J. K. Kowal, Aviv Regev,
George M. Church, and Emanuele Cocucci

Abstract

High-resolution fluorescence microscopy approaches enable the study of single objects or biological
complexes. Single object studies have the general advantage of uncovering heterogeneity that may be
hidden during the ensemble averaging which is common in any bulk conventional biochemical analysis. The
implementation of single object analysis in the study of extracellular vesicles (EVs) may therefore be used to
characterize specific properties of vesicle subsets which would be otherwise undetectable. We present a
protocol for staining isolated EVs with a fluorescent lipid dye and attaching them onto a glass slide in
preparation for imaging with total internal reflection fluorescence microscopy (TIRF-M) or other high-
resolution microscopy techniques.

Key words Exosomes, Extracellular vesicles, EVs, Imaging, Microscopy, TIRF

1 Introduction

Over the last decade, interest in extracellular vesicles (EVs) has
significantly grown due to their role in normal physiology, as well
as pathological processes. EVs are thought to signal with recipient
cells by interaction with their surface ligands or by transferring their
contents (such as RNA or protein) into the recipient cell’s cyto-
plasm [1]. Furthermore, as EVs are secreted into all biological
fluids, they also hold great promise as novel biomarkers [2].

One of the major challenges in understanding the role of EVs
in intercellular communication is characterizing the composition
of individual EVs. When EVs are isolated in bulk, information
regarding EV heterogeneity is lost. Existing EV isolation techni-
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ques, such as ultracentrifugation [3], result in a diverse mixture of
vesicles from different cellular compartments [4] and are often
contaminated by nonvesicular components such as extracellular
protein complexes [5].

In recent years, high-resolution imaging has contributed
greatly to the understanding of cell biology, permitting the detailed
visualization of complex processes such as endocytosis [6], or the
composition of single objects such as viruses [7]. In particular,
total internal reflection fluorescence microscopy (TIRF-M) has
been widely applied since it permits a high signal to noise ratio,
the detection of single molecules, and a facile calibration of
measurements to the single molecule level. These approaches can
be efficiently applied to the study of EVs and identify different
subpopulation of EVs present in a given sample. Although
flow cytometry-based methods are able to characterize EV subpo-
pulations, using flow cytometry for EV detection presents
many technical challenges [8, 9] and is much less sensitive than
TIRF-M.

Here, we provide a protocol for imaging isolated EVs by
fluorescence microscopy. Although we have found TIRF-M to be
best suited for these studies, other microscopes such as confocal
[10, 11] and STED microscopes [12] can be used as well. We
provide detailed instructions for staining EVs with a fluorescent
membrane dye and attaching them to a glass slide (Fig. 1). This
basic approach can be easily combined with other more specific
staining, such as antibodies or nucleic acid dyes to study the het-
erogeneity of EV composition. Though colocalization does not
strictly indicate that a given molecule is encapsulated within the
lipid membrane, since it could also be adhered to the outside of
the vesicle, use of this technique after various enzymatic treatments
could provide this information. Additionally, EVs isolated from
cells expressing fluorescent fusion proteins can be visualized using
high-resolution microscopy [10, 11]. In conclusion, the high sen-
sitivity of TIRF-M and its ability to make quantitative measure-
ments provides a highly promising approach to study EV
composition, as well as other diffraction-limited objects such as
viruses or nanoparticles.

Fig. 1 Conceptual overview of the protocol. Schematic of EV staining and imaging procedure
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2 Materials

Store all materials at room temperature unless otherwise stated.

1. Glass coverslips. # 1.5 round 25 mm glass coverslips (Warner
Instruments).

2. Coverslip rack. Teflon rack to vertically hold glass coverslips
during cleaning procedures (C-14784, Thermo Fisher
Scientific).

3. Coverslip holder for imaging. Attofluor Cell Chamber (A-
7816, Thermo Fisher Scientific).

4. Total Internal Reflection Microscopy System. The imaging
setup described here is composed of a Zeiss Axio Imager Z2
microscope equipped with a 63! Oil immersion objective
(1.46 NA, Carl Zeiss) and a TIRF slider with manual angle
and focus controls (Carl Zeiss). The illumination is supplied by
solid state and argon ion lasers at 405 nm, 458/488/514 nm,
561 nm and 639 nm (power ~ 2–5 mW at the objective
depending on laser). The excitation light is coupled through
an acousto-optical tunable filter into a single mode optical
fiber, carried to the TIRF slider and reflected into the objective
using a single- or multi-band dichroic mirror (various; Sem-
rock). The emission light is collected by the objective, passes
the dichroic mirror and a single- or multi-band emission filter
(various; Semrock), and is projected onto an electron multi-
plying charge-coupled device (EMCCD) camera (ImagEM-1K
BackThinned EMCCD, Hamamatsu) for a final pixel size of
206 nm. Microscope operation and image acquisition are con-
trolled by the Zen Blue software (Carl Zeiss). Any equivalent
setup is suitable for the experiments described in this chapter.

5. EVs (seeNote 1) isolated fresh, stored at 4 "C, or thawed from
storage at #80 "C (see Note 2).

6. Vybrant DiD Cell-Labeling Solution (V-22887, Thermo
Fisher Scientific).

7. Other fluorescent dyes (seeNote 3) stored according to respec-
tive manufacturer recommendations.

8. Diluted dye stocks (see Note 4) stored according to respective
manufacturer recommendations. For DiD, make a 50 nM stock
in DMSO and store at room temperature in the dark.

9. EV Spin Columns, MW 3000 (4484449, Thermo Fisher Sci-
entific) (see Note 5).

10. Fluorescent beads (see Note 6). 0.1 μm carboxylated beads
(Ex/Em: 505/515 nm; F-8803, Thermo Fisher Scientific)
stored at 4 "C.
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11. Fluorescent bead solution. Dilute the fluorescent beads (2.10)
to obtain ~4x107 beads in 100 μL of PBS, which according to
the manufacturer (see 2.10) corresponds to a 105-fold dilution.
To do this, prepare two consecutive dilutions, first 1:1000 to
obtain a 1 mL stock solution, then 1:100 to obtain the working
solution. Store all bead solutions at 4 "C or on ice during the
experiment.

12. Bottle-top filter unit. Reusable bottle top filter unit
(DS0320–5033, Nalgene) with removable membrane of
0.2 μm pore size for vacuum filtration.

13. 100% Ethanol. Filter 1 L of denatured ethanol (9401–03, JT
Baker) into a bottle using a vacuum-based bottle-top filter unit
(2.10). Fill a glass jar with the filtered ethanol such that it will
entirely cover a rack loaded with glass coverslips (2.1 and 2.2).

14. Dulbecco’s Phosphate Buffer Saline, no calcium, no magne-
sium (PBS, Thermo Fisher Scientific).

3 Methods

3.1 Clean Glass
Coverslip Preparation

1. Place coverslips in rack (one per sample to be imaged, plus
controls; see Note 7) and submerge rack in filtered 100%
ethanol.

2. Sonicate for 20–30 min on low power.

3. Remove rack from ethanol and, without touching coverslips,
adsorb excess ethanol by placing rack onto a Kimwipes or other
tissue.

4. Place the rack with coverslips in 120 "C oven until dry; a lower
temperature is acceptable but will take longer.

5. Immediately before applying sample to be imaged, expose the
rack of coverslips to air plasma inside a glow discharge unit
operated at 50 mA for 2 min.

3.2 Sample
Preparation

1. Prepare one clean 1.5 mL tube of 50 μL PBS (see Note 8).

2. Prepare one tube of 50 μL EVs. If you are testing other dyes in
addition to DiD, prepare one tube of EVs per dye and dye
combination to be tested (see Note 7 on experimental design).

3. Add 1 μL of 50 nM DiD stock to PBS and to EVs. If using
other dyes, add to appropriate tubes, making sure to add all
dyes in use to control PBS tube.

4. Tap or gently vortex tubes to mix.

5. Incubate all samples for 20 min at 37 "C in the dark.

6. While incubating, prepare spin columns (seeNote 5) according
to manufacturer instructions [13], reproduced here:
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7. Tap the column to settle the dry gel into the bottom of the spin
column.

8. Hydrate the column with 650 μL PBS.

9. Cap, vortex, tap out air bubbles, and leave at RT 5–15 min.

10. Place columns in 2 mL collection tubes and spin at 750 RCF
for 2 min at RT. Keep track of the orientation of the column in
the rotor.

11. Discard collection tube and immediately apply the EV sample
directly to the center of the gel bed at the top of the column
IMPORTANT! Do not disturb the gel surface or contact the
sides of the column with the pipette tip or reaction mixture.

12. Place column in 1.5 mL elution tube and place in rotor, main-
taining same orientation as previous spin.

13. Spin at 750 RCF for 2 min at RT.

14. Discard column, retrieve EV sample from tube.

15. Samples can be imaged immediately or stored at 4 "C in the
dark for up to 24 h.

3.3 Sample Addition
to Coverslips
and Imaging

1. Tape a clean strip of Parafilm onto bench and carefully lay down
coverslip(s).

2. If using beads to visualize the focal plane (seeNote 6), add 1 μL
working fluorescent bead solution (see 2.1.11) to sample and
invert several times to mix.

3. Add 50–100 μL sample to each coverslip and wait for 5 min for
EVs to adsorb. Monitor the coverslips to ensure that they do
not dry out completely, as this will create salt crystals which will
interfere with imaging. If necessary, add several drops of PBS.
(see also Note 8).

4. Using tweezers, turn the coverslip on its side and dab against
Kimwipes or other tissue to wick off excess liquid, again with-
out drying completely.

5. Place the coverslip carefully into bottom of holder with sample
oriented up and make sure it is centered (tap around edges with
tweezers, it should not lift on opposite side; seeNote 9) before
screwing holder together.

6. Gently add 1 mL PBS directly to coverslip.

3.4 Imaging 1. Place the holder with coverslip and PBS on the microscope
stage.

2. Find the focal plane (see Note 6). In the DiD-stained EV
sample, you should see a distribution of diffraction-limited
punctae across the field of view (as in Fig. 2, right panel).

Imaging Isolated Extracellular Vesicles 237

125



3. Acquire several images in each channel of interest. Ensure that
the PBS þ dyes control sample is devoid of signal in each
channel (as in Fig. 2, left panel).

4. For colocalization studies, ensure that vesicles labeled with one
dye alone do not give signal in other channels (as in Fig. 3,
bottom panels) and use caution when interpreting results (see
Note 10).

4 Notes

1. EVs can be derived from any source of interest, i.e., cell culture
or biological fluids. We find that EVs collected by standard
ultracentrifugation protocols [3] from 250 mL of 50% conflu-
ent K562 cells over 24 h are sufficient to cover 50 coverslips
with a reasonable concentration of particles/field.

2. EVs stored at 4 "C for under a week look similar to freshly
isolated vesicles. For storage at #80 "C we recommend the
addition of 20 mM HEPES buffer to stabilize the pH at ~7.4
over freeze-thaw cycles.

3. This protocol specifically outlines use of a lipid dye (DiD) to
label EV membranes, but it can be used in combination with
other dyes to label EV protein and RNA, or with transgenic cell
lines to label specific molecules of interest [10, 11]. DiD in
particular is conveniently combined with other probes as it
emits in far-red, minimizing chance of bleed-through into
other commonly used channels. Based on our tests, the spin

Fig. 2 Imaging of DiD-labeled extracellular vesicles. K562 EVs and PBS control incubated with 1 nM DiD, then
imaged in far-red (Em filter 688/48). No signal is visible in the PBS slide while the EVs are clearly visible above
background. Images shown are representative of three coverslips, twenty fields of view, in each case. (Scale
bars ¼ 10 μm)
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columns (2.1.9) did not effectively clear unbound fluorescent
antibodies. When using multiple dyes or labeling strategies it is
important to perform controls outlined in Note 7.

4. We recommend making dye stocks at a concentration equal to
the desired final concentration times the volume of the sample,
such that each dye can be provided to each sample in 1 μL of
stock solution—for example, use a 150 nM stock of DiD with
30 μL EV samples for a final concentration of 5 nM. This is
both for convenience and to avoid disrupting vesicle mem-
branes with high concentrations of stock solvent.

5. The purpose of these spin columns is to remove contaminating
fluorescent components from the dyed sample (i.e., free or
aggregated dye, which should be in complexes smaller than

Fig. 3 Imaging of DiD-labeled EVs together with fluorescent beads. Distinguishing EV signal from bleed-
through. Top: K562 EV sample demonstrating bleed-through between channels. Left: green (Em filter 525/50),
Center: far-red (Em filter 688/48), Right: merge. EVs stained with 10 nM DiD appear to colocalize with objects
in the green channel (emission filter) despite absence of green fluorophores in the sample. Bottom: K562 EV
sample demonstrating no bleed-through between channels. Left: green (Em filter 525/50), Center: far-red (Em
filter 688/48), Right: merge. Decreasing the concentration of DiD to 1 nM in the staining relieves bleed-
through, while GFP-coated beads are still visible. Green channel is deliberately overexposed to demonstrate
absence of any signal from DiD-stained objects. Images shown are representative of three coverslips, twenty
fields of view, in each case. (Scale bars ¼ 10 μm)
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3 kDa). We found that the spin columns were more effective
than dialysis and more convenient than ultracentrifugation.

6. It can be difficult to find the correct focal plane while imaging
using signal from the vesicles alone, especially for initial experi-
ments, and so we recommend the use of beads (with Ex/Em
spectra distinct from any dyes in use) to aid in finding the
correct plane. This is particularly crucial for control experi-
ments with no labeled vesicles (see Note 8).

7. As EVs are diffraction-limited objects and this technique is very
sensitive, there are many potential sources of false positive
signal. It is important that for a given set of parameters (EV
and dye concentration, laser power, TIRF angle, gain and
exposure time) a number of controls is performed, and several
images are taken across the coverslip in each channel of interest
and at the correct focal plane (seeNote 9). A sample of PBS and
dyes only (no EVs) should be prepared and imaged to ensure
that the dye itself is not forming micelles or aggregates which
escape the spin column, as these would appear as fluorescent
punctae indistinguishable from EVs (see Fig. 2, left vs. right). If
objects are seen in this control, potential fixes are: decreasing
the concentration of dye, cleaning and handling coverslips
meticulously, filtering PBS to ensure it is free of contaminants,
loading the spin column without disturbing the gel bed, or
centrifuging dye stocks at high speed to remove precipitates.
For colocalization experiments, a separate aliquot of EVs
should be labeled with each dye alone and imaged to ensure
that there is no bleed-through of fluorescence from the
expected channel into another (see Fig. 3, top vs. bottom). If
bleed-through is seen, exposure time may be lowered in the
channel where bleed-through is observed or the concentration
of the dye is decreased. Another potential solution is finding a
narrower emission band filter for that channel.

8. The manufacturer’s protocol [13] for the EV Spin Columns
suggests a sample volume of 20–100 μL, but in our hands,
samples lower than 40 μL applied to the column do not con-
sistently elute at input volume and often come out 50% more
dilute (i.e., 20 μL input yields 30 μL or more stained sample).
This should be taken into account when considering desired
final sample concentration for imaging.

9. If the coverslip is not flat it will be difficult to keep the focal
plane while panning across the sample. If repeated adjustments
of the coverslip in the holder do not fix a tilted sample, check
that the microscope stage is flat.

10. The diffraction of light limits the resolution of imaging instru-
ments. Therefore objects smaller than the diffraction limit,
which approximately corresponds to half of the emitted

240 Dmitry Ter-Ovanesyan et al.

128



wavelength in a fluorescent sample, corresponds to the point
spread function of the imaging system. Since a large fraction of
EVs is smaller than the diffraction limit (~250 nm) more than
one vesicle might be present in a single detected point spread
function. Thus, this technique cannot strictly distinguish
between one vesicle and two vesicles stuck together. Further-
more, as small EVs are diffraction-limited objects, colocaliza-
tion does not strictly indicate that a given molecule is
encapsulated within the lipid membrane, since it could also
be adhered to the outside of the vesicle. Use of this technique
in concert with enzymatic protection assays would be necessary
to elucidate the contents of EVs.
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Appendix S4: Primer Sequences 

 

Primer Sequences for qRT-PCR (All sequences 5’ > 3’) 

 

Gene  Forward Primer Reverse Primer 

SRP14  GGGTACTGTGGAGGGCTTTG AGGAGGTTTGAATAAGCCATCTGA 

B2M GTATGCCTGCCGTGTGAAC AAAGCAAGCAAGCAGAATTTGG 

ACTB CGGCATCGTCACCAACTG AACATGATCTGGGTCATCTTCTC 

GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT 
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