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Chapter 1 

General introduction and outline of the thesis
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Prevalence of tobacco smoking and the associated 

public health burden 

Tobacco smoke is the major preventable cause of morbidity and mortality worldwide 

[1]. It accounts for approximately 6 million deaths every year, corresponding to more 

than 10% of all deaths [1, 2]. This includes more than 600,000 deaths from involuntary 

smoke exposure [3]. Moreover, in 2012, the economic cost of tobacco smoking due to 

productivity losses and health expenditures was estimated to amount to US$ 1436 

billion, i.e. 1.2% of the world’s gross domestic product [4]. To lower this immense 

public health burden, tobacco control policies have been implemented in many 

countries over the past decades. Such measures include tobacco access restrictions 

for adolescents [5], health warnings [6], mass media campaigns [7], increased taxes 

on tobacco products [8], smoking bans in public places [9], advertisement bans [10] 

and cessation treatment [11, 12]. Between 1990 and 2015, such tobacco control policies 

resulted in a 28.4% decrease in worldwide smoking prevalence in men and a 34.4% 

decrease in women to 25.0% and 5.4%, respectively [2]. However, the decline in 

smoking prevalence has decelerated over the past years and is expected to slow 

down further, possibly until stagnation [2, 13, 14]. Moreover, while the percentage of 

smokers is decreasing, population ageing, as well as population growth in developing 

countries will lead to an increase in the absolute number of smokers [2]. Therefore, 

tobacco smoking will continue to contribute to the public health burden and is 

anticipated to cause more than 8 million deaths in 2030 [1]. Additionally, related 

respiratory exposures, such as smoke from domestic fires, occupational toxicants and 

air pollution contribute substantially to the worldwide morbidity and mortality and 

may act through the same biological processes as tobacco smoke [15-18]. 

The three major contributors to the smoking-associated disease burden are 

cardiovascular diseases (CVD), cancers and chronic respiratory diseases [2]. 

Moreover, tobacco smoking contributes to the risk of several other chronic 

conditions, including type II diabetes mellitus [19], rheumatoid arthritis [20] and 

age-related macular degeneration [21]. While the molecular mechanisms underlying 

tobacco smoke-induced disease are incompletely understood, it is well established 

that oxidative stress and chronic inflammation are involved in all smoking-

associated diseases and occur in smokers before the onset of clinical disease [22]. As 

the results of this dissertation are of particular relevance for smoking-associated 

CVD and chronic obstructive pulmonary disease (COPD), these two conditions will 

be discussed in more detail below. 
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Composition of tobacco smoke and experimental 

models for smoke exposure 

Tobacco is most commonly consumed in the form of cigarettes [23]. Therefore, this 

dissertation focuses on cigarette smoke in particular. Cigarette smoke is a complex 

mixture containing several thousand chemically distinct compounds that arise from 

distillation, pyrolysis and combustion of tobacco [24, 25]. This includes gaseous 

components as well as components associated with microscopic aerosol droplets, 

referred to as the particulate phase [24, 25]. Individual smoke constituents may be 

found in the gas phase, the particulate phase, or both [24]. Cigarette smoke 

components with high abundance and known cytotoxic effects include nicotine, N-

nitrosamines, polycyclic aromatic hydrocarbons, volatile organic compounds such as 

carbonyls, heavy metals, aromatic amines and polycyclic amines [24]. The exact 

composition of cigarette smoke depends on both, cigarette design and individual 

smoking behaviour [24]. For instance, the puff volume and the number of puffs per 

cigarette are of influence [24]. Most in vitro and animal studies are performed using 

machine-smoked research reference cigarettes with a well-documented and 

standardised cigarette design and tobacco composition [24]. For in vitro studies, 

cigarette smoke is commonly drawn through an aqueous buffer to obtain cigarette 

smoke extract (CSE), which is then diluted in cell culture media [26]. 

Structure and function of the respiratory system 

As the respiratory system forms the major site of interaction between tobacco smoke 

and the human body, its structure and function will be discussed briefly in this 

section. Environmental air is inhaled either via the nasal or the oral cavity [27]. It 

then travels through the trachea into the main conducting airways or bronchi [27]. 

These branch out into secondary and tertiary bronchi and then into progressively 

smaller airways called bronchioles [27]. The smallest bronchioles terminate in so-

called alveoli or air-sacs, where gas-exchange takes place between the oxygen-rich 

inhaled air and the oxygen-poor capillary blood [27]. The entire surface of the 

respiratory system is covered with the respiratory epithelium, a layer of cells that are 

tightly attached to each other via tight junctions and adherens junctions in order to 

form a barrier for potentially harmful inhaled substances [28, 29]. In the larger or 

conducting airways, the epithelium, referred to as the bronchial epithelium, is 

pseudostratified with several specialised cellular subtypes [28, 29]. Among others, 

these include goblet cells, which secrete mucus that serves to trap foreign particles. 

They also include ciliated epithelial cells, whose cilia perform a coordinated 
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movement in order to transport the mucus-trapped particles out of the respiratory 

tract. Together, goblet cells and ciliated cells form the mucociliary escalator [29]. 

Underneath the bronchial epithelium lies the lamina propria, a loose layer of 

connective tissue. Pulmonary fibroblasts are the major cell type of the lamina 

propria and their major function is synthesizing extracellular matrix components 

[30]. Other interstitial cell types include smooth muscle cells which regulate the 

airway diameter, as well as various innate and adaptive immune cells [27]. 

In contrast to the bronchial epithelium, the alveolar epithelium is formed by 

a simple cell layer, which contains two cellular subtypes [31]. Type I alveolar 

epithelial cells have a highly extended and extremely thin cytoplasm [27]. They share 

a single fused basement membrane with the underlying pulmonary capillary 

endothelial cells which are likewise highly extended [27, 32]. The thinness of this 

epithelial-endothelial barrier allows efficient gas exchange between the air in the 

alveoli and the blood in the pulmonary capillaries [31]. Occasionally, pulmonary 

fibroblasts are found in the alveolar septa, interspersed between type I alveolar 

epithelial cells and pulmonary capillary endothelial cells [27]. Type II alveolar 

epithelial cells account for 60% of all alveolar epithelial cells but cover only 5% of the 

alveolar surface [27, 33]. They are specialised in the production of surfactant, which 

reduces surface tension and thus prevents alveolar collapse during expiration [31, 33]. 

Moreover, they are involved in innate immunity, among others by secreting 

immune-regulatory cytokines [31, 33]. Alveolar macrophages are present in the 

alveolar lumen, where they phagocytose inhaled particles and pathogens. Thereby, 

they prevent epithelial damage and potentially harmful pro-inflammatory activation 

of epithelial cells [34]. 

Interaction of inhaled cigarette smoke with the 

human body 

When air is inhaled through the nose, a large fraction of the air-borne 

particulate matter is trapped in the mucus of the nasal cavity [27]. However, 

cigarette smoke, which contains a much larger fraction of particulates than 

environmental air, is typically inhaled through the oral cavity. Therefore, it does not 

undergo any pre-clearing before entering the conducting airways. Part of the 

cigarette smoke particulates are removed by the mucociliary escalator of the 

conducting airways before reaching the alveoli [35]. Similarly, gaseous smoke 

constituents partly dissolve in epithelial lining fluid, followed by mucociliary 

clearance [35]. However, cigarette smoke disturbs the function of the mucociliary 

escalator by inducing mucus hypersecretion and impairing cilia function [35]. 
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Consequently, a significant fraction of gaseous and particulate cigarette smoke 

constituents reach the alveolar compartment [35]. Thus, both bronchial and alveolar 

epithelial cells are important target cells for the direct biological effects of cigarette 

smoke components from both phases. Another cell type that comes in direct contact 

with inhaled smoke is alveolar macrophages. Importantly, the number of 

macrophages in the lung lumen is elevated in active smokers, likely due to 

recruitment of monocytes from the blood circulation followed by monocyte-to-

macrophage differentiation [36, 37].  

Several constituents of cigarette smoke are likely to diffuse across the 

respiratory epithelium into the underlying tissue. Moreover, chronic exposure to 

cigarette smoke results in epithelial damage and impaired barrier function [38, 39]. 

Consequently, the epithelium of smokers becomes more permeable than that of 

non-smokers and cells that are located deeper inside the tissue can also become 

exposed to cigarette smoke constituents of the particulate phase. Thus, pulmonary 

fibroblasts and other interstitial cells are potentially exposed to cigarettes smoke and 

affected in their activity, be it to a lesser extent than epithelial cells and luminal 

macrophages. Finally, the extreme thinness of the epithelial-endothelial barrier in 

the alveoli allows absorption of certain cigarette smoke constituents into the blood 

vessels [40] where they may affect the behaviour of endothelial cells and circulating 

blood cells [23, 41, 42]. 

Taken together, both gas phase and particulate phase constituents of 

cigarette smoke interact with various cell types, most importantly bronchial and 

alveolar epithelial cells, but also macrophages, pulmonary fibroblasts, pulmonary 

capillary endothelial cells and circulating blood cells, among others. Therefore, 

studying the effects of cigarette smoke on cultured cells is a relevant model for the 

mechanisms that underlie smoking-induced chronic diseases. 

Cigarette smoking and cardiovascular disease 

Cigarette smoking is a major cause of cardiovascular morbidity and mortality. Ezzati 

et al. estimated that cigarette smoking caused more than 10% of cardiovascular 

deaths worldwide in the year 2000 (1,670,000 deaths) [43]. Numbers were highest in 

industrialised countries, amounting to approximately 13% of cardiovascular deaths in 

Western Europe (200,000 deaths) and 22% in North America (220,000 deaths) [43]. 

Importantly, even moderate smokers who smoke less than 5 cigarettes per day and 

individuals who are passively exposed to cigarette smoke have an elevated 

cardiovascular risk compared to unexposed individuals [24, 44].  
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Concerning the biological mechanisms underlying the elevated 

cardiovascular risk, cigarette smoking is known to influence several cardiovascular 

risk factors, including glucose intolerance and the blood lipid profile [45]. Thus, 

smoking particularly contributes to the initiation and progression of atherosclerotic 

lesions. Congruently, the atherosclerotic complications ischemic heart disease and 

cerebrovascular disease are the most common causes of smoking-associated 

cardiovascular mortality worldwide, accounting for 25% and 54% of smoking 

associated cardiovascular deaths, respectively [43]. Importantly, smokers with 

myocardial infarction are younger than non-smokers at the time of infarction [46]. 

They also have less cardiovascular risk factors and less severe underlying 

atherosclerotic disease [46]. Therefore, thrombosis may have a stronger contribution 

to myocardial infarction in smokers than in non-smokers. 

Cigarette smoking and chronic obstructive pulmonary 

disease 

COPD is a chronic lung disease characterised by incompletely reversible and 

progressive airflow obstruction. According to estimates for the year 2010, 384 million 

people worldwide suffer from COPD and COPD is the third leading cause of 

mortality after ischemic heart disease and cerebrovascular disease [47, 48]. Globally, 

COPD accounts for nearly 3 million annual deaths, corresponding to 6% of all deaths 

[49]. While only about 10% of all cardiovascular deaths are attributed to cigarette 

smoking [43], the contribution of cigarette smoking to the morbidity and mortality 

of COPD is much more pronounced. Up to 50% of all long-term smokers may 

eventually develop COPD [50]. Moreover, an estimated 73% of COPD mortality in 

high income countries and 40% in low to middle income countries are caused by 

cigarette smoking [48]. Related exposures, such as occupational respirable 

exposures, smoke from indoor cooking and outdoor pollution are thought to 

account for a large fraction of the none-smoking related COPD incidence and 

mortality [15, 51]. As a considerable fraction of long-term smokers never develop 

COPD, genetic susceptibility likely plays a role as well. 

The pathology underlying COPD is heterogeneous and characterised by 

different degrees of small airway inflammation (chronic bronchitis) and degradation 

of the lung tissue (emphysema) [52, 53]. Both bronchial and alveolar epithelial cells 

of smokers are directly exposed to high doses of gas phase and particulate phase 

cigarette smoke constituents. Several of these constituents are known cause 

cytotoxicity and to promote inflammation [24, 54]. Upon repetitive exposure, this 

leads to a vicious cycle of oxidative stress, tissue damage, inflammation, remodelling 
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and repair [54]. These processes contribute to the small airway inflammation, 

emphysema formation and fibrosis that hallmark COPD [54]. 

Extracellular vesicles 

Extracellular vesicles (EVs) are small membrane vesicles that are thought to be 

released by all cell types and that are present in various biological fluids, including 

bronchoalveolar lavage fluid (BALF) [55] and blood [56]. They consist of a lipid 

bilayer surrounding an aqueous lumen, and act as carriers for molecules derived 

from their cell of origin, including membrane proteins, cytoplasmic proteins and 

RNA. Via their complex cargo, EVs exert versatile functions in the vicinity of or 

distant from their cell of origin. For instance, EV-borne proteins can bind to 

receptors on the surface of target cells and trigger intracellular signal transduction 

[57]. Additionally, EVs can fuse with the membrane of their target cell and thereby 

deliver functional RNA and proteins to modulate the target cell’s activity [57]. 

Finally, EV-bound proteins exert functions in the extracellular space, such as 

scavenging of pathogens [58] or remodelling of the extracellular matrix [59]. EV 

release, composition and, consequently, function are modulated by various cellular 

stressors, including pro-inflammatory mediators, oxidants and cigarette smoke [60-

62]. Of note, chronic inflammation and oxidative stress are both common hallmarks 

of CS-induced diseases, including CVD and COPD [54, 63-65]. Moreover, EVs have 

been implicated in the pathogeneses of CVD and chronic lung disease [66, 67]. It is 

therefore conceivable that EVs mechanistically contribute to the link between 

exposure to CS and the elevated risk for developing chronic disease.  

EVs are not a single homogeneous population, but form a continuum of 

subpopulations with overlapping biochemical and biophysical properties [68]. 

Although it is difficult to study EV subpopulations separately, it is well accepted that 

there are three major subtypes with distinct biogenetic pathways (summarised in 

Figure 1) [68]. The first subtype, exosomes, is formed by inward budding of the 

endosomal membrane to form intraluminal vesicles, resulting in so-called 

multivesicular endosomes or multivesicular bodies (MVBs). When MVBs fuse with 

the plasma membrane, the intraluminal vesicles are released to the extracellular 

space as exosomes. The second EV subtype, commonly referred to as microvesicles 

or microparticles, arises by direct outward budding of the plasma membrane. The 

third EV subtype is apoptotic bodies, large membrane vesicles formed by apoptotic 

membrane blebbing. Apoptotic bodies contain DNA fragments and cellular 

organelles. This dissertation focuses primarily on exosomes, but in some chapters, 

microvesicles are also discussed. 
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Figure 1 – Schematic representation of the formation of the three major EV subtypes. (A) Exosome 

biogenesis starts when endosomes are formed by inward budding of the plasma membrane. Upon 

formation of intraluminal vesicles, late endosomes are referred to as MVBs. When MVBs fuse with the 

plasma membrane, the intraluminal vesicles are released as exosomes. (B) Microvesicles form by outward 

budding of the plasma membrane. (C) Apoptotic bodies are formed during apoptotic membrane blebbing. 

Due to their endosomal origin, exosomes (50-150 nm) are smaller than 

microvesicles (100-1000 nm). Moreover, they are enriched in proteins of the 

endosomal sorting complexes required for transport (ESCRT, e.g. Alix, TSG101) and 

in tetraspanins (e.g. CD9, CD63, and CD81) [68]. As exosomes are smaller than the 

resolution limit of conventional optical techniques (light microscopy, flow cytometry 

scatter) [69], highly dedicated technology is required for their detection, for instance 

electron microscopy, nanoparticle tracking analysis [70], tuneable resistive pulse 

sensing [71], or high resolution flow cytometry with fluorescence triggering [72]. 

Alternatively, they can be characterised by bulk analysis techniques such as Western 

blotting or bead-coupled flow cytometry, a technique in which EVs are linked to 

large beads and subsequently stained for exosome marker proteins [73, 74]. In 

contrast, microvesicles that are larger than 300 nm are commonly studied by 

conventional flow cytometry which allows characterizing individual vesicles [69].  

Aims and outline of the thesis 

Tobacco smoking is highly prevalent and acts as a major risk factor for various 

chronic inflammatory diseases, including CVD and COPD. Despite all efforts to 

decrease smoking prevalence, the current expectation is that smoking will continue 

to contribute substantially to morbidity and mortality in the coming decades. 

Moreover, related respiratory exposures such as air pollution are associated with 

similar pathologies and may act via the same biological processes. A better 
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understanding of the mechanisms that underlie respiratory exposure-induced 

pathologies is likely to improve disease prevention and management. It is 

conceivable that EVs contribute to the mechanistic link between environmental 

exposures and elevated disease risk because they have been implicated in the 

pathogeneses of CVD and COPD and because their production is modulated by 

environmental triggers at the cellular level. This thesis explores how EVs are 

influenced by exposure to cigarette smoke and related respiratory exposures, and 

whether they may contribute to the pathogenesis of smoking-associated diseases. 

To start with, an overview is given of the literature that is available on how 

respiratory exposures affect the release, composition and biological functions of EVs 

(chapter 2). EVs released in the response to respiratory toxicants have been 

proposed to modulate various biological processes that are of relevance for the 

development of chronic disease. However, as EV research is a relatively new field and 

techniques for EV isolation, quantification and characterisation are rapidly evolving, 

many of the available studies have been performed with outdated methodology that 

does not allow unambiguously attributing biological functions to EVs rather than to 

co-isolated contaminants. Therefore, one important aspect of the work presented in 

this dissertation was to establish protocols for specific and reliable EV detection, 

isolation and characterisation before studying the biological functions of respiratory 

exposure-induced EVs. In chapter 3, we provide a protocol for bead-based flow 

cytometry for semi-quantitative detection of bacterial as well as human cell derived 

EVs. In chapter 4, we then compare two protocols for EV isolation from cell culture 

media; the classical ultracentrifugation and the more recently described 

combination of ultrafiltration with size exclusion chromatography. In chapter 5, we 

characterise the proteomic composition of EVs secreted by CSE-exposed bronchial 

epithelial cells and unexposed control cells. Based on the proteomic composition, we 

predict biological functions of the CSE-induced EVs and we validate these functions 

in biological assays. In chapter 6 we perform a pilot study to translate the findings 

of chapter 5 to the human situation. In chapter 7, we investigate the biochemical 

mechanism through which CSE modulates EV release by bronchial epithelial cells 

and whether the effects of CSE can be counteracted by antioxidants. In chapter 8, 

we then investigate whether modulation of EV release is a common effect of 

respiratory exposures in different pulmonary cell types and for different types of 

respiratory toxicants. In chapter 9, we review modification of redox sensitive 

protein thiols as a regulatory mechanism of EV release. The thesis concludes with 

chapter 10, in which we summarise and discuss our findings and make suggestions 

for future research.  
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Abstract 

Extracellular vesicles (EV) are secreted signaling entities that enhance 

various pathological processes when released in response to cellular 

stresses. Respiratory exposures such as cigarette smoke and air 

pollution exert cellular stresses and are associated with an increased 

risk for several chronic diseases. The aim of this review was to 

examine the evidence that modifications in EV contribute to 

respiratory exposure-associated diseases. Publications were searched 

using PubMed and Google Scholar with the search terms (cigarette 

smoke OR tobacco smoke OR air pollution OR particulate matter) 

AND (extracellular vesicles OR exosomes OR microvesicles OR 

microparticles OR ectosomes). All original research articles were 

included and reviewed. Fifty articles were identified, most of which 

investigated the effect of respiratory exposures on EV release in vitro 

(25) and/or on circulating EV in human plasma (24). The majority of 

studies based their main observations on the relatively insensitive 

scatter-based flow cytometry of EV (29). EV induced by respiratory 

exposures were found to modulate inflammation (19), thrombosis (13), 

endothelial dysfunction (11), tissue remodeling (6) and angiogenesis 

(3). By influencing these processes, EV may play a role in 

development of cardiovascular diseases and chronic obstructive 

pulmonary disease (COPD) and possibly lung cancer and allergic 

asthma. The current findings warrant additional research with 

improved methodologies to evaluate the contribution of respiratory 

exposure-induced EV to disease etiology, as well as their potential as 

biomarkers of exposure or risk and as novel targets for preventive or 

therapeutic strategies. 
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Health hazards of respiratory exposures 

The adult human lungs inhale between 10,000 and 20,000 L of air daily, which 

interact with the vast 70 m
2
 surface of the lungs (Brochu et al. 2006, Frohlich et al. 

2016). While this makes lungs efficient for enabling gas exchange, it also makes 

pulmonary tissue highly vulnerable to airborne toxicants. Airborne toxicants may 

originate from personal exposures such as tobacco smoking (Lee et al. 2017), from 

occupational exposures including nanoparticles, asbestos, and volatile organic 

chemicals (Kermanizadeh et al. 2016, Paciencia et al. 2016, Umbright et al. 2017), and 

from environmental exposures such as particulate matter (PM) from outdoor air 

pollution (Chen and Yang 2018). Chronic exposure to respiratory toxicants 

substantially increases the risk of developing lung disease, cardiovascular disease 

(CVD) and cancer (Bartal 2001, Kelly and Fussell 2015). 

Chronic obstructive pulmonary disease (COPD) 

The link between exposure to respiratory toxicants and disease development is most 

evident for COPD, a disorder that is characterized by chronic and incompletely 

reversible airflow limitation. While there is a genetic aspect to COPD risk, the major 

risk factor is smoking (Salvi and Barnes 2009, Lamprecht et al. 2011). In patients 

without significant smoking history, indoor air pollution from burning of biomass 

fuels, outdoor air pollution and occupational exposures are thought to form 

environmental triggers for disease development (Salvi and Barnes 2009, Lamprecht 

et al. 2011). Repeated exposure over long periods of time ultimately results in the 

development of COPD, which is hallmarked by airway inflammation (chronic 

bronchitis), fibrosis, and degradation of the lung tissue (emphysema) (Demedts et al. 

2006). Once COPD is established, accelerated lung function decline may be brought 

about by acute exacerbations, which are sudden deteriorations of COPD symptoms 

that are often elicited by respiratory infections (Beasley et al. 2012) or exposure to 

high levels of air pollution (Song et al. 2014). 

Cardiovascular disease (CVD) 

The relative risk of morbidity and mortality of CVD is increased by exposure to 

cigarette smoke (CS) or high levels of air pollution, especially in individuals with 

obesity and type II diabetes (Rigotti and Clair 2013, Dunbar et al. 2013, Franklin et al. 

2015, Weichenthal et al. 2014). In particular, the risk for vascular diseases such as 

atherosclerosis and venous thromboembolism is elevated in smokers compared to 

non-smokers (Severinsen et al. 2009). The most serious complications of 
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atherosclerosis are myocardial infarction and ischemic stroke and the most serious 

complication of venous thrombosis is pulmonary embolism. These form the three 

leading causes of cardiovascular mortality worldwide (Lozano et al. 2012, ISTH 

Steering Committee for World Thrombosis Day 2014). While the mechanisms 

underlying respiratory exposure-induced CVD are incompletely understood, 

inflammation, endothelial dysfunction and hypercoagulability are involved (Csordas 

and Bernhard 2013, Piazza and Goldhaber 2010).  

Asthma and occupational asthma 

Asthma is characterized by reversible airflow obstruction that is initiated by chronic 

and oftentimes allergic bronchial wall inflammation and bronchial wall remodeling 

(Palgan and Bartuzi 2015). CS and air pollution were found to enhance the risk for 

developing asthma (Ferrante et al. 2014) and are thought to trigger acute 

exacerbations in patients with established asthma (Guarnieri and Balmes 2014, Wang 

et al. 2015). Moreover, occupational respiratory exposures, such as toluene 

diisocyanate and possibly nanoparticles are etiological factors for the development of 

occupational asthma (Tarlo and Lemiere 2014, Sharma 2010). 

Lung cancer 

Exposure to respiratory toxicants predisposes to developing lung cancer, which has 

been and will continue to be the most common cause of cancer-related death for 

several decades (Malvezzi et al. 2015, Rahib et al. 2014). A large proportion of lung 

cancer deaths are attributed to CS and male as well as female smokers have a 25 

times higher risk of dying of lung cancer than never-smokers (Ezzati and Lopez 

2003, Thun et al. 2013). Lung cancer develops when chronic exposure to respiratory 

toxicants produces cell damage and consequently a dysfunction of DNA repair 

mechanisms and cell cycle control. Respiratory toxicant-induced inflammation 

further aggravates this effect. Besides uncontrolled cell proliferation, both tissue 

remodeling and neoangiogenesis are involved in tumor growth (Pickup et al. 2014, 

Folkman 1971). 

Extracellular vesicles 

Importantly, there is a high rate of comorbidity between different diseases 

associated with exposure to respiratory toxicants (Decramer and Janssens 2013). 

Further, these diseases share chronic inflammation and oxidative stress as common 

hallmarks (Crotty Alexander et al. 2015, Barua et al. 2015, Siasos et al. 2014, 
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Valavanidis et al. 2013, Kelly and Fussell 2015), suggesting some overlap in the 

biological processes underlying disease development. Extracellular vesicles (EV) are 

secreted signaling entities whose production is modulated by pro-inflammatory and 

oxidative stimuli in vitro. It is well-known that EV are involved in the pathogeneses 

of CVD and cancer, and they were also proposed to contribute to development of 

chronic lung disease (Minciacchi et al. 2015, Loyer et al. 2014, Fujita et al. 2015b). The 

purpose of this review was to examine the relationship of EV secretion, composition 

and function with airborne environmental risk factors for developing lung disease, 

CVD and cancer. 

EV are small membrane-enclosed vesicles that are postulated to be released 

by all cell types and that have been detected in a variety of human body fluids, 

including nasal lavage fluid (NLF) (Lasser et al. 2011), bronchoalveolar lavage fluid 

(BALF) (Admyre et al. 2003) and blood (Wolf 1967). These vesicles carry a complex 

cargo of proteins, RNA and lipids that makes them potent entities of intercellular 

communication (van Niel et al. 2018). EV-borne proteins bind to cell surface 

receptors and trigger intracellular signal transduction (Camussi et al. 2011). In 

addition, EV fuse with the membrane of their target cells and thereby deliver 

functional RNA and proteins that modulate target cellular activity (Camussi et al. 

2011). Finally, certain EV-bound proteins exert functions in the extracellular space, 

such as remodeling of the extracellular matrix (Lacroix and Dignat-George 2013). 

Heterogeneity of extracellular vesicles 

Importantly, EV are not a homogenous population (Kowal et al. 2016). While EV 

nomenclature is still controversial (Gould and Raposo 2013), it is generally 

recognized that there are three major EV subtypes. The first subtype, exosomes, is 

formed by inward budding of the endosomal membrane to form intraluminal 

vesicles, and subsequently released to the extracellular space by fusion of 

multivesicular endosomes (MVE) with the plasma membrane (Abels et al. 2016). The 

second subtype, commonly referred to as microvesicles (or microparticles or 

ectosomes), arises by outward budding of the plasma membrane (Abels et al. 2016). 

The third EV type is apoptotic bodies, large membrane vesicles which are formed by 

apoptotic membrane blebbing and which contain DNA fragments and cellular 

organelles (Thery et al. 2009). This review focuses on the first two EV subtypes, 

exosomes and microvesicles, whose key properties are summarized in Table 1. 

Apoptotic bodies are not considered because they are formed only during apoptotic 

cell fragmentation. 
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Table 1 – Key properties of exosomes and microvesicles. ESCRT, endosomal complex required for 

transport; NTA, nanoparticle tracking analysis; TRPS, tunable resistive pulse sensing 

 Exosomes Microvesicles 

Alternative 
nomenclature 

Extracellular vesicles 
Extracellular vesicles, 
microparticles, ectosomes 

Subcellular origin Multivesicular endosomes Plasma membrane 
Diameter 50-150 nm 100-1000 nm 
Sedimentation 
speed 

100,000 x g 10,000 x g 

Molecular markers 
Tetraspanins (e.g. CD63, 
CD81,CD9), ESCRT proteins 
(TSG101, Alix), 

Phosphatidylserine, integrins, 
selectins 

Detection 
NTA, TRPS, bead-based flow 
cytometry, fluorescence-
triggered flow cytometry 

Conventional scatter-triggered 
flow cytometry 

Exosomes 

Due to their endosomal origin, exosomes (50-150 nm) are smaller than microvesicles 

(100-1000 nm). Further, exosomes are enriched in members of the endosomal sorting 

complexes required for transport (ESCRT, e.g. Alix, TSG101) and in tetraspanins such 

as CD9, CD63 and CD81. As exosomes are generally smaller than the resolution limit 

of conventional optical techniques (light microscopy, flow cytometry scatter) (van 

der Pol et al. 2010), highly dedicated technology is required for their detection, 

including electron microscopy, nanoparticle tracking analysis (NTA) (Sokolova et al. 

2011), tunable resistive pulse sensing (TRPS) (Maas et al. 2014) and fluorescence-

triggered high resolution flow cytometry (Nolte-'t Hoen et al. 2012). Alternatively, 

exosomes may be characterized by bulk analysis techniques, such as Western 

blotting or bead-based flow cytometry, a technique in which EV are linked to large 

beads and subsequently stained for exosome marker proteins (Volgers et al. 2017, 

Suarez et al. 2017). The most common method for isolation of exosomes is 

ultracentrifugation at 100,000 x g (Gardiner et al. 2016). 
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Microvesicles 

While all the techniques that are used for exosome characterization may also be 

applied to microvesicles, this is performed less frequently because microvesicles 

larger than 300 nm may be more easily detected employing conventional scatter-

triggered flow cytometry (van der Pol et al. 2010). Fluorescent stains commonly used 

for flow cytometric microvesicle detection include annexin V for detection of the 

negatively charged phospholipid phosphatidylserine (PS), as well as antibodies 

against selectins, integrins and cell adhesion molecules, which may provide clues 

regarding the cell of origin (summarized in Table 2). Microvesicles are most 

commonly isolated by centrifugation at 10,000 x g. 

Table 2 - Overview of surface molecules that are commonly used to identify the cellular origin of 

microvesicles in complex biological fluids such as plasma. 

Cellular origin marker proteins 

Endothelial CD105, CD62E, CD146 
endothelial/platelet CD31, CD144, CD51 
Platelet CD41, CD42a, CD42b, CD61 
Epithelial CD326 
total leukocytes CD45 
monocyte/macrophage CD14 
Neutrophil MPO, CD66 
Erythrocyte Ter119 
T cell CD154 

Methodology 

Publications published before September 2017 were searched using Pubmed and 

Google Scholar. The search terms were (cigarette smoke OR tobacco smoke OR air 

pollution OR particulate matter) AND (extracellular vesicles OR exosomes OR 

microvesicles OR microparticles OR ectosomes). Abstracts and keywords were 

screened to assess whether effects of CS, CS components, PM or other air pollutants 

on EV were reported. All original research articles fulfilling these criteria were 

included. Moreover, relevant references referred to in these publications were 

considered. 
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Systematic evaluation of the published literature 

EV research is a relatively novel and rapidly developing field. As one begins to 

understand that the results of some early EV studies may be attributed to 

methodological artefacts rather than reflecting true biological properties of EV, the 

following criteria were examined (1) experimental approaches and techniques used 

in identified studies and (2) number of studies suggesting an involvement of 

respiratory exposure-induced EV in certain biological processes as an indicator for 

the strength of evidence. In total, 50 original research articles from 36 independent 

research groups were identified that assessed effects of respiratory exposures on EV. 

Of these, 30 studies focused on CS or CS components and 20 on PM or other air 

pollutants. Detailed information on each of the 50 studies is given in the 

supplementary material (Table S1 and Table S2). 

The two oldest articles dated from 2004. Starting from the publication of the 

third article in 2008, there was a consistent increase in number of articles published 

per year, peaking at 11 articles in 2016 (Figure 1A). This highlights a growing interest 

in the topic over the past decade. The majority of the studies were performed in vitro 

(26), followed by human (25) and animal studies (6) with several articles using a 

combination of different study types (Figure 1B). Congruently, the most common 

fluids in which EV were studied were cell culture media (22; with varying 

percentages of untreated or EV-depleted fetal calf serum; FCS), followed by platelet-

depleted plasma (13; most commonly citrated, followed by EDTA and heparinized 

plasma) and BALF (3; Figure 1C). 
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Figure 1 - Results of the literature search. The graphs show the number of publications (A) per year since 

the first publication in 2004 (B) that report on in vitro, human and animal experiments, (C) according to 

the biological material in which EV were studied, (D) according to the EV nomenclature used by the 

authors, (E) that used a specific EV characterization technique, (F) that used a specific EV isolation 

technique, (G) that investigated and confirmed the involvement of respiratory exposure-induced EV in 

the specified biological processes, and (H) according to the pathology for which the authors considered 

the described changes to be relevant  
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Most investigators referred to the EV in their studies as microparticles or 

microvesicles (29), followed by exosomes (13) and extracellular vesicles (10) (Figure 

1D). In line with this, the most commonly applied EV characterization method was 

direct flow cytometry of microvesicles (30), followed by functional analyses (16), bulk 

detection of exosome marker proteins (15) and electron microscopy (14; Figure 1E). 

Strikingly, the majority of the studies (27 studies, i.e. 54%) only applied a single EV 

characterization technique; whereas the current consensus in the field is that 

multiple complementary techniques need to be combined when studying EV (Lotvall 

et al. 2014). The by far most commonly employed EV isolation technique was 

ultracentrifugation at approximately 100,000 x g (23; Figure 1F). This was often 

applied in experiments that referred to EV as microparticles, although it is well 

established that 100,000 x g centrifugation also sediments exosomes. The second 

most common isolation technique was centrifugation at approximately 10,000 x g (5; 

Figure 1F), which is considered to preferentially sediment microvesicles, with a 

smaller proportion of exosomes than 100,000 x g centrifugation. A number of 

investigations applied commercial EV precipitation kits (4; Figure 1F), which co-

precipitate soluble, non-EV bound molecules (Taylor and Shah 2015). All studies 

employed crude centrifugation pellets rather than performing additional EV 

purification by density-gradient centrifugation, which is required to deplete non-

vesicular high molecular weight complexes. One third of studies (17, Figure 1F) did 

not isolate EV at all, but only measured their concentration by direct flow cytometry 

or observed vesicle budding at the plasma membrane by fluorescence microscopy. 

Finally, the number of studies that investigated the involvement of 

respiratory exposure-induced EV in certain biological pathways was determined and 

the quantity of these studies that actually provided data in favor of such an 

involvement was noted. EV were proposed to be involved in biological processes 

such as inflammation (26/19), hypercoagulability (16/11), endothelial dysfunction 

(14/11) and tissue remodeling or angiogenesis (11/11; Figure 1G). These biological 

processes were projected to be of relevance for development of CVD (23), COPD (10), 

cancer (4) or allergic asthma (3; Figure 1H). Taken together, a substantial amount of 

findings suggests a role for respiratory exposure-induced EV in development of 

chronic disease. 

While the available evidence is valuable, part of it was obtained using 

outdated and/or suboptimal methods which do not allow for attributing biological 

functions unambiguously to EV rather than to co-isolated contaminants. Moreover, 

because of non-stringent combinations of detection, isolation and characterization 

methods, it is currently unclear whether certain biological effects of respiratory 
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exposure-induced EV are exerted by microvesicles, exosomes, or both. Therefore, the 

generic term EV will be used in the following sections, in which evidence will be 

presented comprehensively for involvement of respiratory exposure-induced EV in 

biological processes that promote development of chronic diseases. 

Inflammation and immunomodulation 

Inflammation is a universal attribute of respiratory exposure-associated diseases (Lee 

and Lawrence 2018). In total, 26 original research articles were identified that 

investigated whether and how respiratory exposure-induced EV modulated 

inflammatory responses. 

Interference with anti-inflammatory signaling 

In healthy lungs, alveolar macrophages and pulmonary epithelium act in concert to 

rapidly clear inhaled substances and maintain an anti-inflammatory state. EV from 

alveolar macrophages contribute to this anti-inflammatory state by delivering 

suppressor of cytokine signalling (SOCS) 1 and 3 to epithelial cells (Bourdonnay et al. 

2015). Importantly, CS-exposed mice and human smokers exhibited decreased SOCS 

concentrations in BALF compared to non-smoking controls, suggesting a loss of EV-

dependent anti-inflammatory state in smokers (Bourdonnay et al. 2015). In addition, 

the anti-inflammatory effect of alveolar macrophage-derived EV depends upon their 

internalization by target cells, which is inhibited by the presence of CS extract (CSE) 

(Schneider et al. 2017). 

Promotion of pro-inflammatory signaling 

CS not only interferes with EV-dependent anti-inflammatory signaling, it also 

actively promotes EV-dependent pro-inflammatory signaling. Chen et al (2016) 

demonstrated that EV from CSE-exposed macrophages contain the pro-

inflammatory alarmin high mobility group box 1 (HMGB1). Further, EV from CSE-

exposed macrophages and epithelial cells, as well as EV isolated from BALF of 

smokers trigger release of interleukin-(IL-)6, IL-8 and monocyte chemoattractant 

protein 1 (MCP1) by naïve pulmonary epithelial cells (Cordazzo et al. 2014, Moon et 

al. 2014, Heliot et al. 2017). EV also promote upregulation of intercellular adhesion 

molecule 1 (ICAM-1) (Cordazzo et al. 2014) and thus may contribute to inflammation 

and immune cell recruitment towards EV target cells.  

  



32 Chapter 2 
 
 

Interference with efferocytosis 

CS as well as PM exposure increase the release of phosphatidylserine (PS)
+
 EV from 

different cell types in vitro and the concentrations of circulating PS
+
 EV in vivo 

(Serban et al. 2016, Neri et al. 2016, Li et al. 2010, Emmerechts et al. 2012b). PS
+
 EV 

may contribute to inflammation, as Serban et al. (2016) reported that CSE-induced 

PS
+
 EV from endothelial cells prevent efferocytosis of apoptotic cells by PS-

dependent blocking of the phagocyte receptors for apoptotic cell engulfment. 

Importantly, deficient efferocytosis of apoptotic cells is postulated to contribute to 

sustained lung inflammation in COPD (McCubbrey and Curtis 2013) and to 

progression and destabilization of atherosclerotic plaques (Schrijvers et al. 2005, 

Foks et al. 2016). 

Indirect evidence for involvement in inflammation 

Exposure to CSE-, PM and other air pollutants was found to alter transcriptomic 

(microRNA) and, in one study, proteomic EV composition (Sheller et al. 2016, 

Rodosthenous et al. 2016, Pavanello et al. 2016, Pergoli et al. 2017, Lim et al. 2016, 

Heliot et al. 2017). Based on biological pathway analysis, these compositional 

changes were predicted to promote inflammation, although this was not 

experimentally confirmed. In one observational human study, PM exposure of young 

healthy individuals was associated with parallel increases in circulating endothelial 

cell-derived EV and various immune cells as well as pro-inflammatory molecules 

(Pope et al. 2016), yet a causal link between EV and inflammation was not 

established. 

Allergic inflammation 

Finally, respiratory exposure-induced EV may contribute to allergic inflammation 

and development of (occupational) asthma. In ovalbumin-sensitized mice, 

intratracheally instilled magnetic iron oxide nanoparticles triggered release of EV 

that promote dendritic cell maturation and T cell activation (Zhu et al. 2012). 

Brostrom et al (2015) found that treatment of pulmonary epithelial cells with the 

occupational respiratory toxicant toluene diisocyanate initiated release of autotaxin 

via EV, an enzyme that has been implicated in allergic airway inflammation. 

Conflicting data 

While the majority of published studies suggest a role for respiratory exposure-

induced EV in inflammation, several negative findings were also noted. Benedikter et 
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al (2017) found that EV from CSE-stimulated pulmonary epithelial cells did not 

significantly modify IL-8 secretion by naïve cells. The same CSE-EV were less potent 

inducers of monocyte adhesion to endothelial cells than EV secreted by unexposed 

cells (Benedikter et al. 2017), questioning a role for CSE-induced EV in immune cell 

recruitment. Several human and animal studies that assessed in vivo effects of 

respiratory exposures were not able to link changes in circulating EV to alterations in 

inflammatory markers (Emmerechts et al. 2012a, Emmerechts et al. 2012b, Levanen et 

al. 2013, Mobarrez et al. 2014). Several investigators even found that smokers 

displayed decreased concentrations of circulating PS
+ 

EV compared to non-smokers 

(Grant et al. 2011, Badrnya et al. 2014, Enjeti et al. 2017). In part, the failure to detect 

pro-inflammatory changes in EV in response to respiratory toxicants in vivo may be 

due to (1) use of relatively mild and acute exposures (Mobarrez et al. 2014, Levanen 

et al. 2013) or (2) the fact that current methods are not sensitive enough to detect 

subtle changes in EV and inflammatory mediators in study populations without 

clinical disease. 

The studies that report either induction (Cordazzo et al. 2014, Moon et al. 

2014, Heliot et al. 2017) or no induction (Benedikter et al. 2017) of pro-inflammatory 

cytokines by CS(E)-induced EV in vitro have all used similar exposure times, EV 

isolation techniques and EV target cells (bronchial epithelial cells). Yet, the 

divergent results might be explained by the quantity of EV used in functional assays 

as Heliot et al. (2017) obtained their positive results with 100-fold more EV than the 

concentration that resulted in negative results (Benedikter et al. 2017). The use of 

untreated versus EV-depleted FCS in the media for target cell stimulation may also 

be of influence. More transparent reporting of methodological details in future 

studies will improve comparability and allow identifying factors responsible for 

divergent results. 

Summary 

Taken together, the majority of data suggest that exposure to CSE or PM shifts the 

functionality of EV secreted by mononuclear, epithelial and endothelial cells from an 

anti-inflammatory towards a pro-inflammatory phenotype. Respiratory exposure-

induced EV may promote monocyte and neutrophil recruitment towards EV target 

cells, activate pro-inflammatory signaling and impair clearance of apoptotic cells. 

Such pro-inflammatory effects of respiratory exposure-induced EV are of potential 

relevance for atherogenesis as well as development of COPD. Some of the described 

pro-inflammatory effects may also have implications for allergic asthma and lung 

carcinogenesis. Further research is required to validate and extend current findings 
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as well as establish whether biological processes that were identified in vitro play a 

role in respiratory exposure-induced disease pathogenesis in vivo. 

Hypercoagulability 

Hypercoagulability is an abnormal tendency to develop blood clots and is postulated 

to contribute significantly to cardiovascular risk in smokers. Some EV express tissue 

factor (TF), which is able to trigger thrombin generation via the extrinsic 

coagulation pathway (van Es et al. 2015). The presence of PS and other negatively 

charged phospholipids in the membrane of EV enables assembly of coagulation 

factors on the EV surface and thus further promotes thrombin generation. In total, 

16 studies were identified that investigated the influence of respiratory toxicants on 

TF
+ 

EV, PS
+
 EV or other changes in EV related to hypercoagulability. 

In vitro evidence 

Both short-term (15 min) and long-term (20 hr) exposure of monocytes and 

macrophages to CSE result in elevated release of PS
+
 and TF

+
 EV, which is associated 

with increased procoagulant activity (Li et al. 2010, Cordazzo et al. 2014). Similarly, 

endothelial cells respond to CSE or PM exposure by releasing more PS
+
 and TF

+
 

procoagulant EV (Neri et al. 2016, Serban et al. 2016). However, evidence for 

involvement of TF
+
 and PS

+
 EV in respiratory exposure-induced hypercoagulability in 

vivo is less clear. 

In vivo evidence for TF+ extracellular vesicles 

A number of studies by one group assessed the influence of PM or ozone exposure 

on TF
+
 EV in either healthy individuals (Frampton et al. 2015) or type II diabetics 

(Stewart et al. 2010, Frampton et al. 2012). Among these, only an observational study 

detected a significant positive association between subacute exposure (2 and 5 days 

prior to sampling; Frampton et al. 2012) and circulating TF
+
 EV, whereas the other, 

interventional studies with a single acute exposure showed at most a trend for a 

positive association (Frampton et al. 2015, Stewart et al. 2010). Badrnya et al. (2014) 

determined the concentration of TF
+
 EV in plasma of young healthy smokers and 

non-smokers and found no significant difference. In another study with a broader 

age range, Enjeti et al (2017) reported that circulating TF
+
 EV were decreased in 

smokers compared to non-smokers using univariate analysis, whereas there was a 

significant positive correlation for smoking status and TF
+
 EV after correcting for 

age. This highlights the importance of correcting for confounding factors in 
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translational studies.  

The difficulty to detect increases in TF
+
 EV in the response to in vivo 

respiratory exposures may partly be explained by the small sample size and lack of 

correction for confounding factors in most human studies. Another problem when 

studying TF
+

 EV is the low sensitivity of antibody-based TF detection. TF 

concentrations required for procoagulant activity are considerably lower than the 

current detection limit of ELISA-based techniques (van Es et al. 2015). Conventional 

flow cytometry does not allow detection of small EV (<300 nm) which may also 

express TF. Further, fluorescence intensity may not be sufficient to detect all TF
+
 EV 

>300 nm as only a limited number of TF molecules may be present within an EV due 

to its small size (van Es et al. 2015). Thus, more sensitive methods for detection of 

procoagulant EV and larger or more controlled human studies are required to 

establish the importance of CS- and air pollution-induced circulating TF
+
 EV for 

hypercoagulability in vivo. 

In vivo evidence for PS+ extracellular vesicles 

Only one study was identified that assessed the effect of PM-exposure on PS
+
 EV in 

vivo. In this human observational cohort, short term PM exposure (hours to days) 

was associated with decreased, and long term exposure (3 months to 1 year) with 

increased concentrations of circulating PS
+
 EV (Emmerechts et al. 2012b). For CS 

exposure, while all in vitro studies reported increased concentrations of PS
+
 EV (Li et 

al. 2010, Cordazzo et al. 2014, Serban et al. 2016), all in vivo studies reported 

decreased concentrations in the blood circulation of smokers compared to non-

smokers (Grant et al. 2011, Badrnya et al. 2014, Enjeti et al. 2017). Whether cells 

indeed mount a different EV response to CS in vitro than in their physiological 

environment or whether the divergent findings are explained by other factors 

remains unclear. In vivo, PS
+
 EV may remain in the lung lumen rather than entering 

the circulation, meaning that they would not be detected in plasma samples. 

Alternatively, they may be rapidly phagocytosed (Serban et al. 2016) or absorbed by 

target tissues. Another potential explanation is that all in vitro studies investigated 

the effect of a single acute CS exposure, whereas the exposure in human smokers is 

repeated over a long time, and adaptation may take place in healthy individuals. To 

elucidate whether acute human CS exposure results in increased circulating PS
+
 EV, 

PS
+
 EV should be analysed in acute exposure studies such as those performed by 

Heiss et al. (2008) and Mobarrez et al. (2014). Finally, slower centrifugation speeds 

were used for EV isolation in the in vivo studies (ca. 10,000 x g) than in the in vitro 

studies (ca. 100,000 x g), which may have resulted in analysis of different EV 



36 Chapter 2 
 
 

subpopulations. Additional research is required to establish whether PS
+
 EV can 

contribute to hypercoagulability in response to CS-exposure in vivo. 

Other changes in extracellular vesicles related to hypercoagulability 

Besides surface-exposed TF and PS, other EV parameters may reflect and/or promote 

hypercoagulability. Several investigators found that respiratory exposures are 

associated with increased circulating platelet-derived EV (Emmerechts et al. 2012a, 

Pergoli et al. 2017, Xu et al. 2013, Mobarrez et al. 2014), which are thought to reflect 

platelet activation and promote coagulation. Exposure to occupational and 

environmental PM was reported to produce changes in circulating EV microRNA 

cargo that were predicted to promote coagulation based upon bioinformatics 

analyses (Pavanello et al. 2016, Pergoli et al. 2017). Finally, respiratory exposure-

induced alterations in circulating EV are associated with elevations of more classical 

markers for hypercoagulability such as increased coagulation factors, a greater 

number of platelet-leukocyte aggregates, decreased fibrinolytic factors and enhanced 

thrombin generation (Pergoli et al. 2017, Emmerechts et al. 2012b, Pope et al. 2016). 

Summary 

Taken together, in vitro studies suggest that several cell types secrete EV with PS- 

and TF-dependent procoagulant activity when exposed to CS or PM. In addition to 

PS and TF, EV also carry other cargo molecules that might promote 

hypercoagulability. Additional translational studies of circulating EV and EV from 

BALF are required to establish the importance of procoagulant EV for respiratory 

exposure-associated CVD and lung disease. 

Endothelial dysfunction 

While the healthy endothelium maintains vascular tone and blood fluidity, 

endothelial dysfunction is highlighted by impaired endothelium-dependent 

vasodilation and a shift of the endothelial secretome from anti-inflammatory and 

anticoagulant towards more pro-inflammatory and procoagulant factors. CS and PM 

exposure are both well established to produce endothelial dysfunction (Messner and 

Bernhard 2014, Bourdrel et al. 2017). Endothelial dysfunction is one of the earliest 

vascular changes in atherosclerosis and proposed to actively promote atherogenesis 

(Gimbrone and Garcia-Cardena 2016). Emphysema formation in COPD patients is 

associated with endothelial cell stress and cell death in the pulmonary capillaries, 

leading to impaired vessel functions (McCubbrey and Curtis 2013, Takahashi et al. 
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2012). Endothelial damage may actively contribute to the pathogenesis of COPD 

(Barr 2011). Hence, it may mechanistically explain the high rate of co-morbidity 

between COPD and CVD (Clarenbach et al. 2013). Increased concentrations of 

circulating endothelial-derived EV are thought to both result from and promote 

endothelial dysfunction (Sabatier et al. 2009). As such, EV are considered to act as 

surrogate markers for endothelial stress and may also reflect endothelial 

inflammation, coagulability, and vascular tone (Burger and Touyz 2012). A total of 14 

studies were identified that assessed the influence of respiratory toxicants on 

circulating endothelial-derived EV in vivo or on EV secretion by endothelial cells in 

vitro. 

Induction of endothelial extracellular vesicles by respiratory exposures 

A relatively large body of evidence supports that respiratory exposures induce 

endothelial EV release. CS exposure of mice and rats enhanced the concentration of 

circulating endothelial-derived EV (Serban et al. 2016, Liu et al. 2014). Transient 

exposure of healthy humans to second hand or mainstream CS, and chronic smoking 

are associated with elevated numbers of circulating endothelial-derived EV (Heiss et 

al. 2008, Mobarrez et al. 2014, Gordon et al. 2011). Smoking cessation reverts the rise 

in endothelial-derived EV, but only in individuals where lung damage has not yet 

been established (Strulovici-Barel et al. 2016). PM exposure was found to increase EV 

release by cultured endothelial cells (Neri et al. 2016). Observational studies in 

healthy volunteers provided evidence that high levels of outdoor air pollution or PM 

occurred concomitantly with elevated concentrations of endothelial-derived EV, 

especially in subjects that were overweight (Pope et al. 2016, Bonzini et al. 2017). 

Association of endothelial extracellular vesicles with biomarkers of 

damage 

Increases in circulating endothelial-derived EV in response to human CS exposure 

were correlated with other markers of endothelial dysfunction, such as impaired 

flow mediated dilation and elevated circulating endothelial progenitor cells (Heiss et 

al. 2008, Mobarrez et al. 2014). Some investigators proposed a link between elevated 

circulating endothelial-derived EV and endothelial apoptosis, especially for CD62E
+
 

endothelial EV (Liu et al. 2014, Strulovici-Barel et al. 2016, Gordon et al. 2011). It was 

also shown that endothelial-derived EV are associated with emphysematous lung 

damage and decreased lung function in smokers (Gordon et al. 2011, Strulovici-Barel 

et al. 2016).  
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Non-endothelial extracellular vesicles in endothelial dysfunction 

Finally, there is evidence that EV of non-endothelial origin contribute to endothelial 

dysfunction in response to respiratory exposures. Xu et al (2013) showed that mice 

exposed to carbon monoxide, an important component of CS and air pollution, 

exhibited increased endothelial permeability in the brain and skeletal muscle, which 

was mediated by neutrophil-derived EV. 

Summary 

Taken together, data suggest that exposure to respiratory toxicants is associated with 

elevated concentrations of circulating endothelial-derived EV in animals and 

humans, which was determined by direct flow cytometry for various endothelial 

marker proteins. While endothelial-derived EV were proposed as mediators of and 

surrogate markers for endothelial dysfunction, no functional characterization has yet 

been performed for endothelial-derived EV secreted in response to respiratory 

exposures. 

Tissue remodeling and angiogenesis 

Respiratory exposure-associated diseases are hallmarked by modifications of tissue 

structure. Epithelial-to-mesenchymal transition and remodeling of the extracellular 

matrix are important processes in COPD and lung cancer development (Houghton 

2013). Thickening of the bronchial subepithelial layer and fibroblast-to-

myofibroblast differentiation are also involved in COPD and asthma pathogenesis 

(Palgan and Bartuzi 2015, Salazar and Herrera 2011, Al-Muhsen et al. 2011). Finally, 

extracellular matrix degradation may contribute to (1) emphysema formation 

(Salazar and Herrera 2011) and (2) destabilization of atherosclerotic plaques, 

enhancing  the risk for cardiovascular complications (Messner and Bernhard 2014). 

Another biological process that is related to and dependent upon tissue remodeling 

is neovascularization. In lung cancer, tumor-associated angiogenesis enables oxygen 

and nutrient supply to sustain tumor growth (Folkman 1971). In atherosclerosis, the 

formation of leaky intraplaque neovessels contributes to plaque destabilization 

(Michel et al. 2014). Finally, in asthma, subepithelial angiogenesis promotes 

thickening of the subepithelial layer and facilitates infiltration of immune cells into 

the bronchial wall (Palgan and Bartuzi 2015). Eleven studies were identified that 

investigated whether EV secreted in the response to respiratory exposures promote 

tissue degradation, remodeling or angiogenesis. The evidence is largely derived from 

in vitro studies using CSE exposure. 
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Extracellular vesicle-associated proteolytic enzymes 

Several studies demonstrated  that cell exposure to CSE produced an increased 

release of proteolytic enzymes in an EV-associated form. Li et al. (2013) noted that 

CSE exposure of monocytes and monocyte-derived macrophages induced a 3-fold 

rise in EV-associated matrix metalloproteinase (MMP) 14-dependent gelatinolytic 

and collagenolytic activity. Folkesson et al (2015) found that, when exposed to CSE, 

neutrophil-like HL60 cells secreted EV-associated and proteolytically active a 

disintegrin and metalloproteinase (ADAM)10 and ADAM17. Finally, EV released by 

lung epithelial cells in response to CSE promoted production of MMP1 by EV target 

cells (Moon et al. 2014). Xu and Deng (2004) demonstrated that CS-induced 

secretion of EV-bound proteolytic calpains was associated with increased migration 

and invasiveness of the EV-secreting lung carcinoma cells. 

Fibroblast-to-myofibroblast differentiation 

A proteinase-independent contribution of CSE-induced EV to tissue remodeling was 

also proposed. Fujita et al (2015a) found that lung epithelial cells stimulated with 

CSE secrete EV that are enriched in microRNA-210. EV-dependent delivery of the 

microRNA to pulmonary fibroblasts resulted in inhibition of autophagy and 

subsequent differentiation of the fibroblasts into myofibroblasts. 

Respiratory exposure-induced extracellular vesicles and angiogenesis 

Concerning angiogenesis, enhanced release of proteolytic enzymes in an EV-

associated form may promote endothelial cell migration by degrading the 

extracellular matrix. Further, EV from CSE-treated lung epithelial cells promote 

secretion of the proangiogenic vascular endothelial growth factor (VEGF) by EV 

target cells (Moon et al. 2014, Liu et al. 2014). Liu et al (2014) demonstrated that 

VEGF induction was mediated by EV-associated microRNA-21 and was able to trigger 

endothelial tube formation. 

Summary 

Taken together, CSE-exposure results in increased release of proteolytic enzymes by 

various cell types in either an EV-associated or EV-dependent manner. These EV-

bound or EV-induced proteolytic enzymes may promote tissue remodeling by 

degrading extracellular matrix constituents. CSE-induced EV may further promote 

tissue remodeling by initiating fibroblast to myofibroblast differentiation and 

endothelial tube formation. Yet, no apparent studies were identified that 
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investigated the effect of air pollution on EV-dependent tissue remodeling. Further, 

there is currently a lack of translational studies on the implications of respiratory 

exposure-induced proteolytic EV for tissue remodeling in vivo. 

Synopsis and identification of knowledge gaps 

Respiratory exposures such as CS and PM promote the release of EV from various 

cell types including lung epithelial cells, monocytes and endothelial cells. Further, 

respiratory exposures produce alterations in EV composition, which promote 

inflammation, hypercoagulability, endothelial dysfunction, tissue remodeling and 

neovascularization. While most of the cited studies focused on relevance of 

respiratory toxicant-induced EV for one specific respiratory exposure-associated 

disorder, this review provides an integrative view of the findings from different 

fields. Importantly, respiratory exposure-induced EV may be involved in the 

pathogeneses of COPD, CVD, asthma and lung cancer by modulating each of the 

above-mentioned biological processes (illustrated in Figure 2). 
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Figure 2 – Schematic representation of how respiratory exposure-induced EV may contribute to the 

pathogenesis of chronic diseases. Respiratory toxicants arise from CS, as well as occupational or 

environmental sources. Upon inhalation, they come in contact with several cell types of the lungs, 

including epithelial cells, endothelial cells, alveolar macrophages, monocytes and circulating blood cells. 

Exposure to respiratory toxicants causes increased release and altered composition of EV from different 

cellular sources. The respiratory exposure-induced EV may either remain in the lung lumen or are 

disseminated via the blood circulation. Locally at the site of exposure as well as systemically, they may 

promote inflammation, hypercoagulability, endothelial dysfunction, tissue remodeling and angiogenesis, 

all of which are interrelated and can further enhance each other. By promoting these biological processes, 

EV may contribute to the mechanistic link between respiratory exposures and the pathogenesis of 

respiratory exposure-associated diseases such as COPD, CVD, asthma and lung cancer. For each biological 

process, the diseases are sorted according to the strength of evidence for involvement of the respective 

process in their pathogenesis. This Figure contains elements from Servier Medical Art. 
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Technical requirements for future studies 

Although the presented findings are highly intriguing, it needs to be kept in mind 

that part of the studies were performed with outdated and/or suboptimal 

methodology for EV characterization and should be validated using more up-to-date 

methodology according to recent recommendations (Lotvall et al. 2014, Coumans et 

al. 2017). Similar effects to the ones reviewed here for EV are also mediated directly 

by respiratory exposures or by non-EV associated molecules such as pro-

inflammatory cytokines, coagulation factors and proteolytic enzymes. Therefore, an 

important challenge for future studies will be establishing the relative importance of 

EV and free secreted molecules, which will require extensive side-by-side 

comparisons of isolated EV and EV-depleted biological fluids. 

Requirement for translational studies 

Another aspect that should be in the focus of future studies is strengthening of the 

translational link between functional in vitro experiments and observational human 

studies. It is striking that the literature largely consists of mechanistic in vitro studies 

that have not been verified in vivo on the one hand and observational human studies 

without strong mechanistic foundation on the other hand. The integrative view that 

this review provides of studies from different fields may help to determine relevant 

biological read-outs for future translational studies, which should focus on the 

functional characterization of circulating EV as well as EV from the lung lumen. 

Circulating extracellular vesicles 

There is ample evidence showing that toxic respiratory exposures enhance the 

concentrations of circulating EV. This has been most thoroughly investigated for EV 

of endothelial origin, but also leukocyte-, erythrocyte- and platelet-derived EV 

appear to be affected. However, functional analyses of circulating EV lack almost 

completely. Moreover, no clear link has yet been established between concentration 

and composition of circulating EV in healthy exposed individuals and the risk of 

developing respiratory exposure-associated diseases. It should also be explored 

whether circulating EV causally contribute to the high rate of comorbidity between 

COPD, lung cancer and CVD. With improved techniques for detection, isolation and 

characterization, circulating EV may develop into valuable biomarkers for 

cardiovascular risk in healthy individuals and patients with other chronic 

inflammatory disorders. 
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Extracellular vesicles from the lung lumen 

Translational studies investigating the contribution of respiratory exposure-induced 

EV to the pathogenesis of pulmonary diseases also need to focus on EV in the lung 

lumen, for instance by isolating them from BALF or sputum. In this context, TF
+
 EV 

are of particular interest as they may promote fibrin deposition in alveoli and 

activation of pro-inflammatory signaling via protease activated receptors (PAR) 

(Witkowski et al. 2016, Bastarache et al. 2009). In the lung, EV may be derived from 

other cellular sources than in plasma, with a larger proportion of EV from epithelial 

cells and alveolar macrophages. Therefore, these EV may have different functions 

than circulating EV. 

Conclusions 

Two lines of evidence point towards an involvement of EV in respiratory exposure-

associated diseases, such as CVD, COPD and lung cancer. First, in vitro studies 

demonstrated that exposures such as CS and PM enhance EV release and modify EV 

composition and functions, promoting inflammation, tissue remodeling and 

hypercoagulability. Second, observational human studies reported that circulating 

EV, particularly of endothelial origin, are elevated in individuals exposed to CS or 

PM. Yet, functional implications of these circulating EV have not been evaluated. 

Translational studies are required to bridge these findings and establish whether EV 

are important etiological factors in respiratory-exposure induced disease. 
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Table S1 – Overview of all identified articles in which the effects of CS and related exposures on EV were investigated. AMD, age-related macular degenration; 

B(a)P, Benzo(a)Pyrene; BALF, bronchoalveolar lavage fluid; CS, cigarette smoke; CSE, cigarette smoke extract; CVD, cardiovascular disease; COPD, chronic 

obstructive pulmonary disease; EM, electron microscopy; EV, extracellular vesicle; FA, functional assays; FC, flow cytometry; FCS, fetal calf serum; MS, mass 

spectrometry; NNK, Nitrosamine 4-(Methylnitrosamino)-1-(3-pyridyl)-1- butanone; PPP, platelet-poor plasma 

Reference 
Study 
type 

Exposure 
study population (in vivo)/ 

cell type (in vitro) 
EV source EV isolation EV characterization 

EV termi-
nology 

Inflamma
-tion 

Hyper-
coagula-

bility 

Endothe-
lial dys-
function 

tissue 
remo-
delling 

Investigated 
pathology 

Casey et al. 
(2004) 

human CS 
healthy male non-smokers (n=9) 

healthy male smokers (n=10) 
platelet 

supernatants 
no isolation direct FC 

micro-
particles 

n.d. → → n.d. CVD 

Xu and Deng 
(2004) 

in vitro NNK human lung carcinoma cells 
media, 

0.1% FCS 
100,000 x g FA 

(media) 
vesicles 

n.d. n.d. n.d. ↑ lung cancer 

Heiss et al. 
(2008) 

human 
second 
hand CS 

healthy non-smokers (n=10) 
randomized crossover 

PPP, citrate no isolation direct FC 
micro-

particles 
n.d. n.d. ↑ n.d. CVD 

Wang et al. 
(2009) 

in vitro 
animal 

B(a)P 
human retinal pigment epithelial cells 

murine eyes (n=5) 
not applicable no isolation exosome markers 

exo-
somes 

↑ n.d. n.d. n.d. AMD 

Alcazar et al. 
(2009) 

in vitro 
Hydro-

quinone 
human retinal pigment epithelial cells media, 0.1% FCS 

others 

(100 x g) 

fluorescene 
microscopy 

exosome markers 
MS 
FA 

mem-
brane 
blebs 

↑ n.d. n.d. ↑ AMD 

Li et al. 
(2010) 

in vitro CSE 
human monocytes and monocyte-derived 

macrophages 
media, FCS-free no isolation direct FC 

micro-
vesicles 

n.d. ↑ n.d. n.d. CVD 

Gordon et 
al. (2011) 

human CS 

non-smokers (n=32/10; discovery/validation) 
smokers (n=41/20; discovery/validation) 

smokers with low DLCO (n=19/15; 
discovery/validation) 

PPP, citrate no isolation direct FC 
micro-

particles 
n.d. n.d. ↑ ↑ COPD 

Grant et al. 
(2011) 

human 
in vitro 

CS 
nicotine 

healthy volunteers (n=57) including smokers 
(n=?) 

monocytes 

PPP, citrate 
media, FCS-free 

10,000 x g 
direct FC 

EM 
micro-

vesicles 
↓ ↓ n.d. n.d. none 

Li et al. 
(2013) 

in vitro CSE human monocyte-derived macrophages media, FCS-free 100,000 x g 
direct FC 

functional analysis 
micro-

vesicles 
n.d. n.d. n.d. ↑ 

CVD 
COPD 

Takahashi et 
al. (2013) 

in vitro CSE 
human lung microvascular endothelial cells 

human aortic endothelial cells 
media, 5% FCS 10,000 x g direct FC 

micro-
particles 

n.d. n.d. ↑ n.d. COPD 

Cordazzo et 
al. (2014) 

in vitro CSE human peripheral blood mononuclear cells media, FCS-free 100,000 x g 
direct FC 

FA 
micro-

particles 
↑ ↑ n.d. n.d. 

COPD 
CVD 

Badrnya et 
al. (2014) 

human CS 
healthy non-smokers (n=20) 

healthy smokers (n=20) 
PPP, citrate 10,000 x g direct FC 

micro-
vesicles 

↓ ↓ → → n.d. CVD 

Mobarrez et 
al. (2014) 

human CS intermittent smokers (n=12) PPP, citrate no isolation direct FC 
micro-

particles 
→ n.d. ↑ n.d. CVD 

Liu et al. 
(2014) 

animal CS 
Wistar rats; 6 groups, n=10 per group 

CS-exposed vs. air-exposed for 2, 4 and 6 
PPP, citrate no isolation direct FC 

micro-
particles 

n.d. n.d. ↑ n.d. COPD 
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Reference 
Study 
type 

Exposure 
study population (in vivo)/ 

cell type (in vitro) 
EV source EV isolation EV characterization 

EV termi-
nology 

Inflamma
-tion 

Hyper-
coagula-

bility 

Endothe-
lial dys-
function 

tissue 
remo-
delling 

Investigated 
pathology 

months 

Moon et al. 
(2014) 

in vitro CSE human bronchial epithelial cells media, 10% FCS 100,000 x g 

EM 
exosome markers 

direct FC 
FA 

exo-
somes 

↑ n.d. n.d. ↑ COPD 

Bourdonnay 
et al. (2015) 

in vitro CS rat alveolar macrophages 
media, FCS-free 

(?) 

10,000 x g - 
microparticles 
100,000 x g - 

exosomes 

direct FC 
fluorescence 
microscopy 

FA 

micro-
particles 

exo-
somes 

↑ n.d. n.d. n.d. 
no specific 

disease 

Scruggs et 
al. (2015) 

in vitro CSE 

human pulmonary microvascular endothelial 
cells, 

pulmonary artery endothelial cells, 
aortic endothelial cells, 

pulmonary artery smooth muscle cells 

media, FCS-free 100,000 x g 
EM 

direct FC 
micro-

particles 
n.d. n.d. n.d. n.d. 

no specific 
disease 

Liu et al. 
(2016) 

in vitro CSE human bronchial epithelial cells media, 10% FCS precipitation 
EM 

exosome markers 
FA 

exo-
somes 

n.d. n.d. n.d. ↑ lung cancer 

Fujita et al. 
(2015) 

in vitro CSE human bronchial epithelial cells media, FCS-free 100,000 x g 

EM 
exosome markers 

RNA profiling 
size distribution 

FA 

EV/exo-
somes 

n.d. n.d. n.d. ↑ COPD 

Folkesson et 
al. (2015) 

human 
in vitro 

CSE 
intraluminal thrombi from patients 

with abdominal aortic aneurysm (n=21) 
HL60 neutrophils 

media, FCS-free 
intraluminal 

thrombi 
100,000 x g direct FC 

micro-
vesicles 

n.d. n.d. n.d. ↑ CVD 

Chen et al. 
(2016) 

in vitro CSE monocyte-derived macrophages media, FCS-free 100,000 x g 

fluorescence 
microscopy 

direct FC 

micro-
vesicles 

↑ n.d. n.d. n.d. 
no specific 

disease 

Sheller et al. 
(2016) 

in vitro CSE human amnion epithelial cells 
media, 10% EV-

depleted FCS 
100,000 x g 

EM 
size distribution 

exosome markers 

exo-
somes 

↑ n.d. n.d. n.d. 
preterm 

parturition 

Baek et al. 
(2016) 

human CS 
healthy volunteers (n=161) including smokers 

(n=51) 
PPP, EDTA no isolation exosome markers 

EV/exo-
somes 

n.d. n.d. n.d. n.d. 
no specific 

disease 

Strulovici-
Barel et al. 

(2016) 
human CS 

healthy non-smokers (n=28), healthy smokers 
(n=61) and smoking COPD patients (n=49) 
smoking cessation after baseline visit (≥12 

months): 
healthy ex-smokers (n=17), COPD ex-smokers 

(n=18) 

PPP, citrate no isolation direct FC 
micro-

particles 
n.d. n.d. ↑ ↑ COPD 

Serban et al. 
(2016) 

human 
animal 
in vitro 

CS, CSE 
human pulmonary miscrovascular and artery 

endothelial cells 
non-smokers without COPD (n=8) 

PPP, citrate 
media, 2% FCS 

100,000 x g 
direct FC 

EM 
fluorescence 

micro-
particles 

↑ ↑ n.d. n.d. COPD 
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Reference 
Study 
type 

Exposure 
study population (in vivo)/ 

cell type (in vitro) 
EV source EV isolation EV characterization 

EV termi-
nology 

Inflamma
-tion 

Hyper-
coagula-

bility 

Endothe-
lial dys-
function 

tissue 
remo-
delling 

Investigated 
pathology 

non-smoking COPD patients (n=9) 
smoking COPD patients (n=8) 

microscopy 
size distribution 

FA 

Antoniewicz 
et al. (2016) 

human 
E-cigarette 

vapor 

healthy intermittent smokers (n=16) 
randomized crossover (E cigarette 

vapor/room air) 
PPP, citrate no isolation direct FC 

micro-
vesicles 

→ n.d. ↑ n.d. CVD 

Heliot et al. 
(2017) 

human 
in vitro 

CS 
healthy non-smokers (n=10) 

healthy smokers (n=10) 
BALF 100,000 x g 

size distribution 
EM 

exosome markers 
RNA profiling 

EV ↑ n.d. n.d. n.d. 
lung cancer 

COPD 

Benedikter 
et al. 

(2017b) 
in vitro 

CSE, 
acrolein, 

H2O2 
bronchial epithelial cells 

media, 0.1% EV-
depleted FCS 

100,000 x g 
exosome markers 

EM 
size distribution 

EV/exo-
somes 

n.d. n.d. n.d. n.d. 
no specific 

disease 

Enjeti et al. 
(2017) 

human CS 
healthy volunteers (n=143) including smokers 

(n=21) 
PPP, citrate no isolation direct FC 

micro-
vesicles 

n.d. ↑ ↓ n.d. n.d. CVD 

Benedikter 
et al. 

(2017a) 
in vitro CSE bronchial epithelial cells 

media, 0.1% EV-
depleted FCS 

100,000 x g / 

others (SEC) 

exosome markers 
EM 
MS 

size distribution 
FA 

EV → n.d. n.d. n.d. 
no specific 

disease 

 

  



 

 
Review article – EVs in respiratory exposure-induced diseases 55 

 

Table S2 - Overview of all identified articles in which the effects of PM and related exposures on EV were investigated. BALF, bronchoalveolar lavage fluid; CO, 

carbon monoxide; COPD, chronic obstructive pulmonary disease; CVD, cardiovascular disease; EDTA, ethylenediaminetetraacetic acid; EM, electron 

microscopy; EV, extracellular vesicles; FC, flow cytometry; FCS, fetal calf serum; MION, magnetic iron oxide nanoparticles; OVA, ovalbumin;  PBS, phosphate 

buffered saline; PM, particulate matter; PPP, platelet-depleted plasma  

Reference 
Study 
type 

Exposure 
study population (in vivo)/ 

cell type (in vitro) 
EV source EV isolation EV characterization 

EV 
termino-

logy 

inflam-
mation 

Hypercoa
gulability 

Endo-
thelial 

dysfunc–
tion 

tissue 
remo–
delling 

Investi–
gated 

pathology 

Stewart et al. 
(2010) 

human PM Type 2 diabetics (n=19) 
whole blood, 

citrate 
no isolation direct FC 

micro-
particles 

n.d. → → n.d. CVD 

Emmerechts et 
al. (2012b) 

human PM type 1 or 2 diabetics (n=233) PPP, citrate no isolation direct FC 
micro-

vesicles 
→ ↓↑ n.d. n.d. CVD 

Zhu et al. 
(2012) 

animal 
in vitro 

MION 

BALB/c mice; 6 groups; n=8 per group 
OVA sensitized vs. Unsensitized 

intratracheal challenge: OVA vs. Low MION 
vs. High MION 

BALF 100,000 x g 
EM 

exosome markers 
FA 

exo-
somes 

↑ n.d. n.d. n.d. 
occupa–

tional 
asthma 

Emmerechts et 
al. (2012a) 

animal 
traffic 

emissions 

C57Bl6/j mice; 6 groups; n=7-8 per group 
young (10 weeks) vs. old (20 months) 

clean air vs. 0.4 µm-filtered tunnel air vs. 
unfiltered tunnel air 

PPP, citrate no isolation direct FC 
micro-

vesicles 
→ ↑ n.d. n.d. CVD 

Frampton et al. 
(2012) 

human 
PM, ozone, 

carbon 
monoxide 

Type 2 diabetics (n=19) 
whole blood, 

citrate 
no isolation direct FC 

micro-
particles 

n.d. ↑ n.d. n.d. CVD 

Levanen et al. 
(2013) 

human PM 
healthy controls (n=10) 

indivduals with mild asthma (n=10) 
BALF 100,000 x g 

RNA profiling 
exosome markers 

exo-
somes 

→ n.d. n.d. n.d. asthma 

Xu et al. (2013) animal 
carbon 

monoxide 

C57BL/6J mice; 
breathed different CO concentrations for 60 

min 

whole blood, 
heparin 

100,000 x g 
direct FC 

FA 
micro-

particles 
↑ ↑ ↑ n.d. 

Neurologi–
cal damage 

Bollati et al. 
(2015) 

human PM 
healthy male steel production workers 

(n=55) 
media, 10% FCS 

PPP, EDTA 
100,000 x g RNA profiling 

micro-
vesicles 

n.d. n.d. n.d. n.d. CVD 

Frampton et al. 
(2015) 

human ozone 

GSTM1-WT never-smokers (n=12) 
GSTM1-null never-smokers (n=12) 

3x3 crossover trial: filtered air vs. 100 ppb 
vs. 200 ppb ozone for 3 h 

whole blood, 
citrate 

no isolation direct FC 
micro-

particles 
n.d. → n.d. n.d. 

CVD 
lung 

function 

Rodosthenous 
et al. (2016) 

human PM elderly men (n=22) PPP, EDTA 100,000 x g 
EM 

exosome markers 
RNA profiling 

EV ↑ n.d. n.d. n.d. CVD 

Brostrom et al. 
(2015) 

in vitro 
toluene 

diiso-
cyanate 

alveolar epithelial cells 
bronchial epithelial cells 

employees from 9 isocyanate companies 
(n=118) 

not applicable no isolation 
fluorescence 
microscopy 

micro-
vesicles 

↑ n.d. n.d. n.d. 
occupa–

tional 
asthma 
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Reference 
Study 
type 

Exposure 
study population (in vivo)/ 

cell type (in vitro) 
EV source EV isolation EV characterization 

EV 
termino-

logy 

inflam-
mation 

Hypercoa
gulability 

Endo-
thelial 

dysfunc–
tion 

tissue 
remo–
delling 

Investi–
gated 

pathology 

Liu et al. (2015) in vitro PM human monocyte-derived macrophages media, FCS-free precipitation FA EV n.d. n.d. n.d. n.d. 
Neurological 

damage 

Neri et al. 
(2016) 

in vitro PM 
peripheral blood mononuclear cells 

human umbilical vein endothelial cells 
media, 5-10% 

FCS 
100,000 x g 

size distribution 
FA 

micro-
particles 

↑ ↑ n.d. n.d. CVD 

Pavanello et al. 
(2016) 

human PM 
healthy male steel production workers 

(n=55) 
PPP, EDTA 100,000 x g RNA profiling EV ↑ ↑ n.d. n.d. 

CVD 
neurologi–
cal disease 

Pope et al. 
(2016) 

human PM healthy young non-smokers (n=72) PPP, citrate 10,000 x g direct FC 
micro-

particles 
↑ n.d. ↑ n.d. CVD 

Lim et al. 
(2016) 

in vitro 

toluene, 
xylene, 
ethyl-

benzene 

HL-60 promyeloblast cells 
media, 10% EV-

depleted FCS 
precipitation 

EM 
exosome markers 

RNA profiling 

exo-
somes 

↑ n.d. n.d. n.d. 
sick building 

sydrome 
cancer 

Lim et al. 
(2017) 

in vitro toluene HL60 promyeloblast cells 
media, 10 % EV-

depleted FCS 
precipitation 

EM 
exosome markers 

RNA profiling 

exo-
somes 

n.d. n.d. n.d. n.d. 
no specific 

disease 

Bonzini et al. 
(2017) 

human PM 
healhty volunteers, normal weight (n=26) 

healthy volunteers, overweight (n=24) 
PPP, EDTA 100,000 x g 

size distribution 
direct FC 

EV n.d. n.d. ↑ n.d. CVD 

Pergoli et al. 
(2017) 

human PM 
overweight and obese subjects (n=1630) 
discovery cohort n=883/validation cohort 

n=747 
PPP, EDTA 100,000 x g 

direct FC 
size distribution 

RNA profiling 
EV ↑ ↑ ↑ n.d. CVD 

Thom et al. 
(2017) 

in vitro 
carbon 
dioxide 

primary human and murine neutrophils and 
monocytes 

PPP, heparin 
PBS or media, 

FCS-free 
100,000 x g 

direct FC 
FA 

micro-
particles 

↑ n.d. n.d. n.d. 
no specific 

disease 
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Graphical Abstract 

Sample processing time: 3-4 hours; incubation times: overnight and 1 hour; flow-cytometric analysis 

≤2min/sample. Graphical abstract was created using Servier Medical Art. 
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Abstract 

During infection, the release of nano-sized membrane vesicle is a 

process which is common both for bacteria and host cells. Host cell-

derived membrane vesicles can be involved in innate and adaptive 

immunity whereas bacterial membrane vesicles can contribute to 

bacterial pathogenicity. To study the contribution of both membrane 

vesicle populations during infection is highly complicated as most 

vesicles fall within a similar size range of 30–300 nm. Specialised 

techniques for purification are required and often no single technique 

complies on its own. Moreover, techniques for vesicle quantification 

are either complicated to use or do not distinguish between host cell-

derived and bacterial membrane vesicle subpopulations. Here we 

demonstrate a bead-based platform that allows a semi-quantitatively 

analysis by flow-cytometry of bacterial and host-cell derived 

membrane vesicles. We show this method can be used to study 

heterogeneous and complex vesicle populations composed of 

bacterial and host-cell membrane vesicles. The easy accessible design 

of the protocol makes it also highly suitable for screening procedures 

to assess how intrinsic and environmental factors affect vesicle 

release. 
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Introduction 

The shedding of nano-sized (30–300 nm)-membrane vesicles is a highly conserved 

process amongst bacteria, archaea, and eukaryotes. Depending on their origin and 

the context for release, these membrane vesicles govern functions in survival, 

communication and defence [1]. Thus, membrane vesicles released during infection 

constitute a mixture of bacterial and host-cell vesicles that can operate in host-

pathogen interactions [2-4]. 

To study vesicle release kinetics as well as their phenotypic and functional 

aspects, specialised techniques are required. Currently used assays for detection or 

quantitative analysis of individual particles include flow-cytometry and microscopy-

based methods as well as particle detection by nanoparticle tracking or tuneable 

resistive pulse sensing (TRPS) analysis [5-7]. Methods for the analysis of the gross 

vesicle population include Western blotting and conventional flow-cytometry. 

Amidst, there are flow-cytometry-based techniques for the analysis of vesicle 

subgroups that are more sensitive than methods for gross analysis, but less sensitive 

than approaches for single particle detection [7-10]. Each of these techniques has its 

own strengths and weaknesses and optimal vesicle analysis usually requires the use 

of a combination of techniques [7, 11]. Assays that enable the quantification and 

comparison of membrane vesicle populations are essential but most techniques are 

either complicated to use, not able to distinguish between vesicle subpopulations, or 

both. A relatively easy to use technique for the detection of membrane vesicles is 

based on bead-based flow-cytometry. By using 4-μM-sized latex beads, this assay 

overturns the size-related problems which prevent membrane vesicle analysis by 

conventional flow-cytometry. As these beads are coated with antibodies directed 

against specific marker proteins, they can be used to capture specific membrane 

vesicle subpopulations. Bead-bound vesicles can subsequently be stained with 

fluorescently labelled detection antibodies whereupon the total complex can be 

analysed by flow-cytometry. The beads are gated on their forward and side scatter so 

that fluorescent intensity of the bead-bound vesicles can be determined. This assay 

has already proven its value in the semi-quantitative determination of host- cell 

membrane vesicle release [12-14]. 

In this study, we present a novel application for this methodology. We 

modified the assay and made it appropriate for assessing bacterial vesicle release, i.e. 

membrane vesicles from two common respiratory pathogens Moraxella catarrhalis 

(Mrc) and Pseudomonas aeruginosa (Psa). This modified assay can be used to 
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distinguish bacterial and host-cell vesicle populations in complex samples such as 

obtained upon infection. 

Materials and methods 

2.1 Reagents and antibodies 

Latex aldehyde beads (4 μM) were purchased from Invitrogen (Paisley, UK). The 

antibody against Psa was from Aviva (OAMA02609, Aviva Systems Biology, San 

Diego, CA. USA). The rabbit serum against Mrc (strain A 1.39N, isolated from 

children in a primary school in Nieuwegein, the Netherlands, 1989) was kindly 

provided by Dr. J.P. Hays (Erasmus University Medical Centre, Rotterdam, the 

Netherlands). Antibodies were purified using the antibody serum purification kit 

based on protein A (Abcam, Cambridge, MA, USA). Hereafter, antibodies were 

quantified by the MicroBCA protein assay (Pierce, Rockford, IL, USA). Antibody 

conjugations were performed using a PE-labelling kit from Abcam (Cambridge, MA, 

USA). Antibodies (100 μg per conjugation) were PE-conjugated according the 

manufacturers’ instructions (Abcam, Cambridge, MA, USA). Antibodies against 

CD63 (unconjugated, mouse-anti-human clone H5C6), CD81 (PE conjugated, mouse-

anti-human clone JS-81) and isotype control (PE mouse IgG1, κ) antibodies were 

from BD (BD Bioscience, Franklin Lakes, NJ, USA). HRP-conjugated secondary 

antibodies were from R & D systems (Minneapolis, MN, USA). For Western blot 

analysis all working dilutions were 1:1000, except for Mrc where a dilution of 1:40 was 

used. Samples for Western blot analysis were diluted in sample buffer prepared with 

XT-sample buffer (Bio-Rad, Hercules, CA, USA), urea (8 M), protease inhibitor 

complete (Roche GmbH, Mannheim, Germany), and reducing agent TCEP (Bio-Rad, 

Hercules, CA, USA) or water, to obtain reducing or non-reducing conditions, 

respectively. 

2.2 Bacterial culture 

The bacterial strains used were Psa ATCC 27853 and a local clinical Mrc isolate 

(Maastricht University Medical Center, The Netherlands). All strains were cultured 

at 5% CO2 and 37 °C overnight on blood plates. After culture, several colonies were 

isolated and resuspended until an optical density of 0.5 McFarland (1.5 × 10
8
 colony 

forming units (cfu)/ml) in RPMI1640. Bacteria were then cultured in complete 

vesicle-depleted culture medium with 5% foetal calf serum (FCS). Vesicle-depleted 

medium was obtained by the overnight centrifugation of RPMI1640 containing 30% 

FCS, glucose (22.5%), and sodium pyruvate (100 mM) at 100.000 × g using a 70Ti 
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rotor with a κ-factor of 44 in an Optima L-90K ultracentrifuge (Beckman Coulter, 

Fullerton, CA, USA). This medium was then combined with FCS-free RPMI1640 with 

glucose and sodium pyruvate to obtain vesicle-depleted complete culture medium 

containing 5% FCS. Bacteria (5 × 10
8
 cfu/ml) were cultured in this vesicle-depleted 

medium for 4 h for flow-cytometric analysis. 

2.3 Cell culture 

The human monocytic THP-1 cell line (ATCC-TIB202) was maintained in RPMI1640 

(Sigma, St. Louis, MO, USA) supplemented with 10% FCS (Lonza, Verviers, Belgium), 

glucose (12.5 mM), sodium pyruvate (1 mM), and β-mercaptoethanol (50 µM) and 

cultured at 5% CO2 and 37 °C. For monocyte differentiation, cells were seeded at 0.5 

× 10
6
 cells per well in a 24-wells plate or at 1 × 10

7
 cells per flask in a T75 flask and 

stimulated for 72 h with 200 nM phorbol 12-myristate 13-acetate (PMA; Sigma, St. 

Louis, MO, USA). 

2.4 Macrophage infection 

Prior to infection, PMA-differentiated monocytes were washed 3 times with PBS and 

the medium was replaced with complete vesicle-depleted culture medium with 5% 

FCS (prepared as described above). Hereupon, macrophages were infected for 6 h 

with either one of the bacteria or both at a multiplicity of infection of 10. After 

infection, the medium was harvested, processed and used for bead-based flow- 

cytometry as described below. 

2.5 Isolation of bacterial and macrophage-derived 

membrane vesicles 

For Western blotting analysis of the vesicles and the cell lysates, macrophages in T75 

flasks and bacteria were cultured for 6 h after which the conditioned media were 

used for vesicle isolation. Cells were harvested by scraping in PBS, pelleted and lysed 

in NP-40 lysis buffer (150 mM NaCl, 1% NP-40, and 50 mM Tris). Additionally, 

bacteria were cultured for 4 h at 4.5 × 10
8
 cells/ml, hereafter the cells were pelleted 

and lysed in NP-40 and the conditioned media were used for vesicle isolation. 

Membrane vesicle isolation from the conditioned media was performed by 

ultracentrifugation. Herefore, the conditioned media were first cleared from cells 

and cell debris by sequential centrifugation at 300 × g and 1200 × g for 10 min. Then, 

the supernatants were filtered using 0.22 μM filters and transferred to ultraclear 

Quick-Seal tubes (Beckman Coulter, Fullerton, CA, USA) and centrifuged for 90 min 

at 100.000 × g using a type 70Ti rotor, κ-factor 44 in an Optima L-90K 
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ultracentrifuge (both Beckman Coulter, Fullerton, CA, USA). The vesicle pellet was 

resuspended in 150 µl PBS and kept at -80°C until further use. The protein content of 

the whole cell lysates (WCL) and the vesicle pellets was determined by the Micro 

BCA protein assay. 

2.6 Western blotting 

For Western blot analysis, ultracentrifugation pellets or cell lysates were diluted in 

sample buffer (Bio-Rad, Hercules, CA, USA, non-reducing for α-CD81 and α-CD63), 

and loaded on a 12% SDS-page gel. After electrophoresis and protein transfer to a 

nitrocellulose membrane (Fisher Scientific, Waltham, MA, USA), the membranes 

were blocked overnight in Tris-buffered saline (TBS) with 5% (w/v) milk powder 

after which they were washed with TBS with 0.05% (v/v) Tween and incubated with 

primary antibodies against CD63, CD81, Mrc (1:20) or Psa in TBS with 5% (w/v) BSA 

for 3 h. Next, the membranes were washed and incubated with a horse radish 

peroxidase (HRP)-labelled secondary antibody in TBS for 2 h. Antibodies were used 

at 1:1000 unless otherwise indicated. After incubation, the membranes were washed 

and the detection was performed by using chemiluminescence substrate 3 (Sigma, 

St. Louis, MO, USA). Whole cell lysates were used as a positive control. 

2.7 Flow-cytometric analysis 

2.7.1 Preparation of antibody-coated latex aldehyde  beads 

This method is based on the assay developed by Ostrowski et al. and was used 

accordingly for the determination of CD63/CD81
+
 host cell-derived vesicles or 

adopted for the determination of bacterial vesicle release [14] Overall, 3 different 

bead sets were prepared as follows: a total of 1 × 10
8
 4 μM aldehyde-sulphate beads 

was washed in 150 μl MES buffer (all washing steps were performed at 3000 x g for 10 

min) and coated with 35 μg antibody against CD63, Mrc, or Psa (in a total of 250 μl), 

overnight at 4 °C while keeping the solution under constant agitation at 6500 rpm. 

Antibodies supplied as serum were purified before use (as described in the reagents 

and antibodies section). After coating, the remaining free binding sites on the beads 

were blocked by washing the beads 3 times with 0.22-μM filtered PBS with 4% (w/v) 

bovine serum albumin (BSA). Hereafter the beads were resuspended and kept in a 

total of 500 μl storage buffer (PBS with 0.1% (v/v) glycine and 0.1% (w/v) sodium 

azide) at 4 °C. 
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2.7.3 Bead-based flow-cytometry 

After culture or infection, the supernatants were processed by centrifugation. 

Supernatants from bacterial cultures were processed by 2 subsequent centrifugation 

steps at 1200 x g while supernatants obtained after infection were processed by 2 

centrifugation steps (300 x g followed by 1200 x g both for 10 min). Then, the 

supernatants were filtered using 0.22 μM filters and a total of 50,000 (1 µl) of α-Mrc- 

and α-CD63-coated beads or 250,000 (5 µl) of α-Psa-coated beads were added to 200 

μl of the processed supernatants and incubated overnight at room temperature 

under constant agitation at 6500 rpm. The optimal number of beads was determined 

in earlier experiments. Several bead-bacteria ratios (with a range between 1:20 and 

1:200) were tested to reach an amount that resulted in sufficient vesicle binding 

without reaching a saturation, as this would prevent to determine an increase in the 

vesicle concentration. This way, the optimal bead concentrations for each platform 

was established. After overnight vesicle capture, the beads were washed twice with 

0.22 µm filtered PBS with 2% (w/v) BSA and incubated with an analogous secondary 

PE-conjugated antibody for 1 h at room temperature under constant agitation and 

protected from light. For the macrophage-derived vesicles, a PE-labelled isotype 

antibody was used as a control for non-specific Fc receptor binding and for the 

bacterial vesicles, unconditioned medium was used as a control. Then, the beads 

were washed twice in 0.22 µm filtered PBS with 2% (w/v) BSA, whereafter the pellets 

were resuspended in 300 μl PBS and analysed by flow-cytometry on a FACSCanto™ 

(BD Bioscience, Franklin Lakes, NJ, USA). Analyses were performed using FACSDiva 

Software. Single beads were gated on their forward and side scatter. The quartile 

distribution within a dot plot, based on the fluorescent intensity of single beads, was 

then used to calculate the relative fluorescent intensity. Quartile gate 4 was set on 

2% for beads incubated with unconditioned medium. The relative fluorescence 

intensity, expressed in arbitrary units (AU), was then calculated by multiplying the 

number and the fluorescence intensity of the positive beads in quartile 4. 

2.8 Tuneable resistive pulse sensing (TRPS)-based analysis 

Prior to TRPS-based analysis, the media were concentrated to 500 µl on Ultra-15 10-

kDa Amicon centrifugal filter units (Millipore, Billerica, MA, USA) by 15 min of 

centrifugation at 4000 x g at room temperature. Then, the absolute vesicle 

concentration in the supernatants was determined by TRPS-based analysis using the 

qNano Gold (Izon Science Ltd., Oxford, UK) using Izon Control Suite Software v3.2. 

Measurements were conducted using an NP150 pore with a stretch of 47 mm, a 

transmembrane voltage of 0.48 V (giving a baseline current of ± 100 nA), and a 
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pressure of 6 mbar. Measurements were performed for 10 min and repeated when 

system instabilities occurred. The samples were calibrated with 114 nm polystyrene 

calibration beads that were diluted in culture medium at a concentration of 1 x 10
9
 

particles/ml. Concentration calculations were performed using Graph-Pad Prism 5 

Software (Graph-Pad, San Diego, CA, USA) and Microsoft Office Excel (version 2010, 

Microsoft). 

2.9 Statistical analyses 

Linear regression was performed using Graph-Pad Prism 5 Software (Graph-Pad, San 

Diego, CA, USA). A non-parametric Mann-Whitney U test was performed to 

determine the statistical significance. Differences were considered significant when p 

≤ 0.05. 

Results 

3.1 Reactivity of the antibodies 

Western blotting analysis was performed to assess whether antibodies were reactive 

with epitopes on bacterial membrane vesicles isolated by ultracentrifugation. All 

antibodies were found to be reactive with whole cell lysates as well as the membrane 

vesicles (Fig. 1). The reactivity of the α-CD63 and α-CD81 antibodies (CD63 and CD81 

are proteins that are highly enriched on extracellular vesicles) to macrophage-

derived membrane vesicles was confirmed while cell lysates remained negative. 

Hereafter, the antibodies were used to establish the platform for flow cytometric 

analysis. The first step was to validate each platform for its reactivity and its 

specificity. As is shown in Fig. 2, all assays were confirmed to be positive only for the 

corresponding MVs. 
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Figure 1 - Analysis of membrane vesicles and whole cells lysates of bacteria and macrophages by Western 

blotting. The reactivity of antibodies with bacterial membrane vesicles and host cell-derived vesicles 

(MVs) as well as whole bacterial and host cell lysates (WCL) was determined by Western blotting. 

Moraxella catarrhalis (Mrc)- and Pseudomonas aeruginosa (Psa)-derived bacterial membrane vesicles 

(respectively 10 and 25 μg) isolated from conditioned media from bacterial cultures by ultracentrifugation, 

were subjected to SDS-PAGE, transferred to nitrocellulose  membranes and stained using antibodies 

against Mrc, Psa, CD63 and CD81. Whole bacterial and host cell lysates (50 μg) were used as a positive 

control. 

 

Figure 2 - Validation of the bead-based platforms by flow-cytometric analysis. Validation of the specificity 

of the bead-based platforms for detection of Mrc- and Psa-derived membrane vesicles by flow-cytometric 

analysis. Beads coated with antibodies directed against  either Mrc or Psa were added to control medium 

or media that were conditioned by Mrc and Psa for 4 h at 0.5 x 108 CFU/ml. The arbitrary units for the 

Mrc- (A) and Psa- (B) platforms were determined by flow-cytometry (mean ± SEM, n = 3). p < 0.05. 
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3.2 Analysis of purified bacterial vesicles by bead-based 

flow-cytometry 

Next, we aimed to determine if this platform qualifies for the semi- quantitative 

detection of bacterial membrane vesicles and to determine the experimental 

variation of this assay. To test this, conditioned media from bacterial suspensions at 

0.5 × 10
8
 CFU/ml were obtained, aliquoted in 3 portions to be tested in separate 

experiments. Then, the assay was applied on 4 sequential 1:1 serial dilutions. Fig. 3 

shows a concentration dependent decrease in the fluorescence intensity and shows 

that there is a low inter-experimental variation. Moreover, these results show a high 

variation in the absolute fluorescence intensity among the vesicle-bead complexes 

from the different bacteria. 

 

Figure 3 - Flow-cytometric analysis of bacterial vesicles. Beads were added to 2-fold dilution series with a 

total of 5 dilutions, using supernatants from Mrc or Psa monocultures, cultured for 4 h at 0.5 × 108 

CFU/ml. After vesicle capture, the arbitrary units for Mrc-MVs (A) and Psa-MVs (B) were determined by 

flow-cytometry (mean ± SEM, n = 3). 

3.3 Correlation between the relative and absolute 

concentration 

The correlation between the absolute and the relative concentration is shown in Fig. 

4. Linear regression  of the slopes revealed R
2
 values close to 1 indicating that there is 

a strong correlation between both variables (Mrc: R
2
 = 0.954 and Psa: R

2
 = 0.967). 

These data demonstrate that the bead-based flow cytometry assay can indeed be 

used for semi-quantitative analyses. Moreover, the high correlation indicates that 

the combination of bead-based flow-cytometry with TRPS-based analysis can also be 

used to infer the absolute concentration of vesicle subpopulations. 
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Figure 4 – Correlation between the absolute and the relative vesicle concentration. The absolute vesicle 

concentration was determined by TRPS-based analysis of supernatants from bacterial cultures that were 

concentrated (20-fold) on 10 kDa Amicon filter units. The relative membrane vesicle concentration was 

then plotted against the absolute concentration to determine the correlation. Linear regression of the 

slopes revealed R2 correlations of 0.954 for Mrc-MVs (A) and 0.967 for Psa-MVs (B). Plots are based on the 

average values of 3 independent experiments. 

3.4 Bead-based flow-cytometry to determine bacterial and 

host-cell vesicle release upon (co-)infection 

For analysis of mixed populations we used an in vitro model based on THP-1 

macrophages that were infected with Mrc, Psa, both Mrc and Psa or were left 

uninfected. To demonstrate that this assay indeed allows the semi-quantitative 

detection method of membrane vesicles, the harvested supernatants of Mrc- or Psa-

infected macrophages and uninfected macrophages were used undiluted or 2-and 4-

times diluted. Fig. 5A–C show dilution-dependent decreases in the amount of 

bacterial vesicles during infection and host cell-derived CD63/CD81
+
 vesicles by 

uninfected macrophages. Additionally, we demonstrate that infection results in a 

significantly increased release of CD63/CD81
+
 host cell-derived vesicles, while co-

infection significantly increased the release of Mrc-, Psa-, and CD63/CD81
+
 

membrane vesicles (Fig. 5D-F). 
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Figure 5 - Flow-cytometric analysis of bacterial and host cell vesicle release upon infection. Semi-

quantitative determination of bacterial and host-cell vesicles in supernatants of macrophages infected for 

6 h. Supernatants obtained after infection with Mrc (A) or Psa (B) or supernatants of uninfected 

macrophages (C) were used undiluted and 2- and 4-times diluted and assessed by flow-cytometry. The 

bacterial membrane vesicle release during infection with Mrc (D) and Psa (E) was compared to the release 

during co-infection. (F) shows the release of host cell vesicles by macrophages after infection by Mrc, Psa, 

or co-infection. Results are mean ± SEM from 3 independent experiments. *p<0.05 

3.5 Workflow and principle of bead based-flow-cytometry 

The typical workflow for the improved method is depicted in Fig. 6. After infection, 

the supernatants are harvested and processed by centrifugation and filtration 

whereupon antibody-coated beads are added for overnight vesicle capture. Then, the 

bead-vesicle complexes are washed and stained by PE-conjugated secondary 

antibodies after which the fluorescence intensity can be determined by flow 

cytometry. Scatter plots and fluorescence intensity histograms can subsequently be 

used for analysis. A scatter plot on the forward and side scatter of the bead-vesicle 

complexes allows to gate (gate 1) on single bead-vesicle complexes (the events in 

gate 2 and 3 are complexes clustered in duplicates or triplicates). A scatter plot of the 

fluorescence intensity of single complexes is then used to measure the percentage 

positive beads. The settings of the quartiles were adjusted using the plots of the 

unconditioned media for which the percentage of positive beads in quartile 4 was set 
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at 2%. Histograms on the beads in quartile 4 can then be used to determine the 

fluorescence intensity of the beads under experimental conditions, here shown for 

macrophage-derived vesicles released on infection with Mrc (red), together with 

histograms for the control conditions (unconditioned medium (grey) and the isotype 

control (blue)). Calculations are made using tables of statistics to determine the 

relative concentration in arbitrary units (AU) by multiplication of the percentage 

and median fluorescence intensity of the positive beads. 
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Figure 6 - Workflow and principle of bead-based flow cytometry for the analysis of complex membrane 

vesicle populations. Bead-based flow cytometric analysis for the semi-quantitative analysis of specific 

membrane vesicle populations within a complex vesicle population, such as released during bacterial 

infection (A-1/2). After infection, supernatants are harvested and processed by centrifugation and 

filtration (B). Then, antibody-coated beads are added and vesicles are captured during overnight 

incubation (C). Hereafter, the bead-vesicle complexes are washed and stained with conjugated secondary 

antibodies (D) and subjected to flow-cytometric analysis (E). The beads in gate 1 (gates 2 and 3 contain 

duplicate and triplicate complexes) are plotted in a scatter plot to determine the % of positive beads in 

quartile 4, adjusted to 2% using medium control beads. The fluorescence histogram on single beads can 

then be made, which is done here for an experimental condition based on macrophage vesicles released 

upon Mrc-infection (red), unconditioned medium (grey), and an isotype control (blue) (E). The relative 

intensity in arbitrary units (AU) can then be calculated by the multiplying the % of positive beads in 

quartile 4 with the median fluorescence intensity. This figure was created using Servier Medical Art. 
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Discussion and conclusion 

In this paper, we present a novel application of the bead-based flow-cytometry assay 

for the semi-quantitative analysis of specific bacterial and host cell vesicle 

populations within complex samples, such as obtained after infection. Membrane 

vesicle shedding during infection is a putatively important process in host-pathogen 

interactions. A better understanding of mechanisms for release of membrane 

vesicles during infection and how these are affected by environmental factors is 

required. To assess this is complicated as most membrane vesicles fall within the 

same size range of 30–300 nm. Conventional techniques that allow vesicle 

quantification at a single particle level generally have certain limitations as they may 

require highly specialised equipment [5, 15], extensive sample pre-processing, or are 

not able to distinguish between different vesicle subpopulations (as compared by [6, 

7]). 

The application presented in the present study was originally developed by 

Thery et al. for the analysis of exosomes and has since then shown to be useful to 

study the processes that drive exosome release [13, 14]. We found that the relative 

vesicle amount determined by flow cytometry correlated well with the absolute 

vesicle concentration determined by TRPS demonstrating that this bead-based 

method is a practical tool for semi- quantitative vesicle detection. We show that 

there was little variation between separate experiments, making this assay highly 

reproducible. When this assay is adopted for custom applications we recommend 

validation of this assay accordingly, since it is imperative to start with the 

assessment of the antibody reactivity and to test for linearity to establish the 

concentration range over which this assay can be applied. The upper detection limit 

is reached when the beads are saturated and display none or little variation in the 

fluorescent intensity. The lower detection limit is reached when the signal can no 

longer be distinguished from the background signal. To further decrease the lower 

limit, we suggest concentrating the samples. Apart from this, the platforms used in 

this study show a high variation in the absolute fluorescent intensity among the 

vesicle-bead complexes from the different bacteria. This variation could have been 

introduced by a higher affinity of the antibody to one or multiple vesicle-associated 

antigens per se or by the abundance of the antigen on the vesicle populations. Yet, as 

this assay can only be used to determine the relative abundance (relative to the 

control condition and other conditions based on the same platform), this does not 

affect the eventual interpretation of the results. 
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In this study, we showed that this method can be used to study the release 

of specific membrane vesicle subpopulations in complex samples composed of 

multiple types of vesicles, e.g. following infection of host cells by bacteria. The 

application of this assay on undiluted and diluted supernatants resulted in a 

dilution-dependent decrease in relative fluorescence intensity, confirming that this 

method allows the detection of relative changes in the vesicle concentration. Given 

the strong correlation between the relative concentrations (bead-based flow-

cytometry) and the absolute numbers (TRPS), our data indicate that the 

methodology described here can be used to infer the absolute vesicle concentration 

of a specific vesicle population within a heterogeneous vesicle population. 

Determination of an absolute vesicle concentration can be performed with the use of 

a reference sample of the given specific vesicle population. So, to assess the release of 

vesicles by bacteria or host cells during infection, a condition that is solely based on 

vesicles released by bacteria or cells can be used as a reference. 

The advantages of this technique are abundant. Firstly, no specialised and 

costly equipment is required, making this technique highly accessible. As this 

technique is based on the “in sample”-capture of vesicles, which also limits the 

processing time to 3–4 h, the introduction of processing-related artefacts is 

circumvented. Also, smaller volumes can be used, and processing is eased by the use 

of 4 µm-sized beads, making this method cheaper and less laborious then most 

conventional methods. As the flow cytometric detection is based on the 4 µm-sized 

beads, the gates can be applied based on the forward and side scatter. Hence, signals 

that may interfere with other assays such as antibody aggregates, other aggregated 

proteins and soluble proteins do not complicate the measurements. Moreover, this 

assay offers a versatile platform that allows the simultaneous analysis of different 

phenotypic vesicle characteristics as beads can be coated with multiple antibodies. 

Also, labelling of bead-bound vesicles yields higher fluorescence intensity in 

comparison with individual vesicles and thereby allows the detection of less 

abundant vesicle populations. 

Inevitably, this technique also has some disadvantages. By choosing (a set of) 

specific antibodies to coat the beads, it cannot be excluded that subsets of vesicles 

which do not express this specific marker will not be recognised. Therefore, when 

specific subsets of vesicles are to be detected, it is recommended to use a 

combination of the most common and well accepted membrane vesicle markers (e.g. 

CD9/63/81 for host cell derived vesicles). Also, it has been shown that the vesicle 

composition may change when the circumstances change, notably if this applies to 

an epitope that is targeted by the antibody of choice this can be crucial. This for 
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example has been shown for P. aeruginosa where exposure to stressors including 

oxygen tension, hydrogen peroxide, and gentamycin has been shown to affect the 

vesicles’ LPS phenotype. In these circumstances, it is important to determine if this 

has an effect on vesicle capture and detection. 

Taken together, this method has been shown a valuable tool in assessing the 

release of membrane vesicles under a variety of conditions. In case of a 

homogeneous vesicle population, e.g. from a specific cell line, other techniques like 

high resolution flow-cytometry, dedicated flow-cytometry, nanoparticle tracking 

analysis, or TRPS may be found superior, but in more complex samples this method 

allows a rapid and accurate (semi-quantitative) analysis of specific vesicle 

subpopulations. Moreover, the versatility and ease of this platform may also be 

further exploited e.g. for vesicle arrays by using different coating-antibody and 

conjugated-antibody combinations or by using fluorescent or magnetic beads. 

Therefore, in our opinion this assay provides a valuable addition to the rapidly 

growing offer of techniques for vesicle detection as a fast and easy approach for the 

semi-quantitative assessment of vesicle subpopulations in complex samples. 
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Abstract 

Appropriate isolation methods are essential for unravelling the 

relative contribution of extracellular vesicles (EVs) and the EV-free 

secretome to homeostasis and disease. We hypothesized that 

ultrafiltration followed by size exclusion chromatography (UF-SEC) 

provides well-matched concentrates of EVs and free secreted 

molecules for proteomic and functional studies. Conditioned media of 

BEAS-2B bronchial epithelial cells were concentrated on 10 kDa 

centrifuge filters, followed by separation of EVs and free protein using 

sepharose CL-4B SEC. Alternatively, EVs were isolated by 

ultracentrifugation. EV recovery was estimated by bead-coupled flow 

cytometry and tuneable resistive pulse sensing. The proteomic 

composition of EV isolates and SEC protein fractions was 

characterised by nano LC-MS/MS. UF-SEC EVs tended to have a 

higher yield and EV-to-protein rate of purity than ultracentrifugation 

EVs. UF-SEC EVs and ultracentrifugation EVs showed similar fold-

enrichments for biological pathways that were distinct from those of 

UF-SEC protein. Treatment of BEAS-2B cells with UF-SEC protein, 

but not with either type of EV isolate increased the IL-8 

concentration in the media whereas EVs, but not protein induced 

monocyte adhesion to endothelial cells. Thus, UF-SEC is a useful 

alternative for ultracentrifugation and allows comparing the 

proteomic composition and functional effects of EVs and free secreted 

molecules.  
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Introduction 

Extracellular vesicles (EVs) are secreted membrane vesicles that have emerged as 

important regulators of intercellular signalling. They are likely to contribute to 

homeostasis and disease via diverse functions, including the transfer of proteins and 

RNA between cells [1]. Adding to their importance, EVs are secreted by virtually all 

cells and are present in a variety of biological fluids, including blood [2] and 

bronchoalveolar lavage fluid [3]. In a recent worldwide survey, ultracentrifugation 

was the most commonly applied EV isolation technique (81%) and washing of 

isolated EVs by ultracentrifugation the most common clean-up procedure (64%) [4]. 

However, ultracentrifuges are not available in all laboratories and ultracentrifugation 

is associated with several disadvantages. It has been found to co-isolate non-vesicle 

associated macromolecules [5] and to cause EV aggregation [6], which may bias the 

compositional and functional characterisation of EVs. Recently, size exclusion 

chromatography (SEC) has been shown to provide high quality EV isolates from 

plasma [7], which were sufficiently pure for Mass Spectrometric analysis [8]. 

Advantages of SEC include that no specialised equipment is required and that there 

is little risk for damage or aggregation of EVs as the technique relies on gravity flow. 

However, while SEC purifies EVs, it also dilutes them. This makes SEC unsuitable as 

a standalone technique for EV isolation from cell culture media, which are often less 

concentrated in EVs than plasma. Yet, cell culture media are the most commonly 

used starting material for EV isolation (83%) [4], and robust and easy alternatives to 

isolation by ultracentrifugation are urgently needed. Two recent studies have 

provided evidence that concentrating conditioned media by ultrafiltration before 

SEC allows isolating EVs from dilute cell culture media [9, 10]. These studies used a 

100 kDa cut-off for ultrafiltration, which does not concentrate small secreted 

molecules. Yet, one of the major challenges in EV research is to establish the relative 

roles of EVs and the non EV-associated secretome in intercellular communication. A 

molecular weight cut-off of 10 kDa is expected to equally concentrate EVs and most 

free secreted signalling molecules. After separation using SEC, this should provide 

well-matched isolates of EVs and free protein from the same starting material for 

comparative studies. Here, we hypothesised that ultrafiltration followed by SEC (UF-

SEC) allows isolating EVs from cell culture media with comparable or superior yield 

and purity as compared to ultracentrifugation. We also hypothesised that UF-SEC 

isolated EVs are suitable for proteomic analysis and that the EV-low protein-rich 

SEC fractions provide a well-matched control for studying differences in the 

proteomic composition and biological effects between EVs and the non-EV 

associated secretome. As a cell culture model, we used BEAS-2B bronchial epithelial 
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cells that were either untreated or exposed to cigarette smoke extract (CSE) to 

induce pro-inflammatory activation [11]. 

Methods 

Cell culture and cell stimulation 

BEAS-2B bronchial epithelial cells (CRL-9609; ATCC, Manassas, VA, USA) were 

cultured, foetal calf serum (FCS; Lonza, Basel, Switzerland) was depleted of EVs and 

cigarette smoke extract (CSE) was prepared as described previously [12]. Human 

THP-1 cells (ACC-16; DSMZ, Braunschweig, Germany) were cultured at 37°C in 

RPMI-1640 supplemented with 10 % FCS and 1 % penicillin and streptomycin. 

Human umbilical vein endothelial cells (HUVEC, C-12203; PromoCell, Heidelberg, 

Germany) were cultured at passages 2-8 at 37°C in endothelial cell growth medium 

(Lonza) constituted with endothelial supplement mix (Lonza) and 1 % penicillin and 

streptomycin. 

For EV-isolations, 4 x 10
6
 BEAS-2B cells were seeded per T75 in RPMI-1640 

(Gibco) containing 10% FCS and allowed to attach overnight. After 2 h incubation in 

reduction medium (DMEM-F12 containing 0.1% EV-depleted FCS), cells were washed 

twice with phosphate buffered saline (PBS) before 20 ml reduction medium with 

either 1% (v/v) PBS (vehicle control) or, for functional studies, 1% (v/v) CSE was 

added. Three T75 flasks and a total medium volume of 60 ml were used per 

condition for EV isolation by UF-SEC and two flasks (40 ml) for ultracentrifugation 

(UC) or ultracentrifugation including a PBS wash step (UC-wash). For nano LC-

MS/MS, 6 flasks (120 ml) were used for both isolation methods and media were 

processed in 2 aliquots of 60 ml (UF-SEC) or 3 aliquots of 40 ml (UC). 

EV isolation 

After overnight incubation of BEAS-2B cells with 1% (v/v) PBS or CSE, conditioned 

media were harvested and centrifuged at 4C to remove cells and cell debris (15 

minutes at 5,000 x g). Next, media were passed through a 0.22 µm filter. 

For UF-SEC, media (60 ml) were loaded onto Amicon Ultra-15 Centrifugal 

Filter Units with Ultracel-10 membrane (MWCO = 10 kDa; Merck Millipore, Billerica, 

MA, USA) and concentrated to ≤ 300 µl by repeated centrifugation at 4000 x g. The 

concentrate was collected, after which the filter membrane was washed with 200 µl 

PBS, which was added to the concentrate. Where necessary, sample volume was 

adjusted to 500 µl. Media concentrates were fractionated by SEC as described by 
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Böing et al [7] with some adaptations. In brief, 500 µl of concentrated media was 

applied to a 10 ml sepharose CL-4B column (GE healthcare, Little Chalfont, UK) and 

24 fractions of 0.5 ml were collected using PBS as an eluent. Protein content of the 

fractions was determined using the Bradford assay (Bio-Rad, Hercules, CA, USA) 

according to the manufacturer’s instructions. The EV rich, protein-low fractions (6 

until 10 or 11) and the protein- rich, EV-low fractions (14 until 19) were then pooled 

and concentrated to 250 µl on an Amicon Ultra-4 Centrifugal Filter Unit with 

Ultracel-10 membrane (MWCO = 10 kDa; Merck Millipore) by centrifugation at 

4,000 x g and stored at -80°C. 

Alternatively, 0.22 µl filtered media (40 ml) were centrifuged in an Optima 

L-90K preparative ultracentrifuge (Beckman-Coulter, Brea, CA, USA) using a fixed-

angle Type 70Ti-rotor (Beckman-Coulter) and Quick-Seal tubes (Ultra-Clear, 39ml, 

Beckman-Coulter) at 40,000 rpm (Average RCF = 117,734 x g, k-Factor 133.7) for 2.5 h 

(optimal speed and duration as determined by Cvjetkovic et al. [13]). After 

ultracentrifugation, supernatant was poured off and the invisible EV-pellet was 

resuspended either in 200 µl PBS and stored at -80°C, or in 5 ml PBS for further 

purification by a second 2.5 h ultracentrifugation step using an NVT90 rotor and 

Quick-Seal tubes (Ultra-Clear, 5.1 ml, Beckman-Coulter) at 40,000 rpm (Average RCF 

= 110,656 x g, k-Factor 48.3). The PBS-washed EV pellet was resuspended in 200 µl 

PBS and stored at -80C. 

Assessment of EV recovery using CD63+CD81+ bead-

coupled flow cytometry 

Throughout the EV isolation procedures, samples were taken to determine the 

efficiency of isolation by CD63
+
CD81

+
 bead-coupled flow cytometry [14]. Unfiltered 

and 0.22 µm-filtered conditioned media, as well as SEC-fractions and the UF flow-

through were assessed undiluted, while UF concentrates and final EV isolates from 

the UF-SEC, UC or UC-wash methods were diluted to the volume from which they 

were isolated. Beads (3.5 x 10
8
 ml-1, 4 µm aldehyde/sulphate latex beads 5% (w/v); 

Thermo Fisher Scientific) were coated with 0.125 mg/ml mouse anti-human CD63 

antibody (Clone H5C6; BD Biosciences, San Jose, CA, USA) by overnight incubation 

in MES buffer and stored at 4⁰C in PBS containing 0.1 % (m/v) glycine and 0.1 % 

(m/v) sodium azide. Two hundred microliter of each EV sample were incubated 

overnight with 1 x 10
6
 beads. Beads were then washed twice by centrifugation in PBS- 

2% (m/v) BSA (5000 x g, 5min). This was followed by staining for 1 h in 50 µl PBS-2 % 

(m/v) BSA containing 0.01 mg/ml PE-labelled mouse anti-human CD81 antibody 

(Clone JS-81; BD Biosciences). The stained EV-coupled beads were washed twice by 
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centrifugation (5000 x g, 5 min), resuspended in 150 µl PBS and analysed using a BD 

FACSCanto (BD Biosciences) with FACS Diva V8.0.1 software (BD Biosciences). The 

quantity of EVs in relative fluorescent units (RFU) was calculated by multiplying the 

percentage of PE-positive beads with the median fluorescent intensity (MFI) of the 

positive bead population. For recovery calculations, all measurements were 

expressed as percentage of the unfiltered  conditioned medium. For the flow 

cytometry stainings in Figure 2C, beads were alternatively coated with mouse anti-

human CD81 (clone JS-81; BD Biosciences) or mouse anti-human CD9 (clone M-L13; 

BD Biosciences), followed by detection using PE-labelled mouse anti-human CD81 

(clone JS-81; BD Biosciences) or mouse anti-human CD9 (clone M-L13; BD 

Bisosciences), respectively. All volumes and concentrations were maintained 

identical as for the CD63/CD81 staining.  

Protein determination by Bradford microplate assay 

The Bradford microplate assay (Bio-Rad) was performed according to manufacturer’s 

protocol with some modifications to allow improved sensitivity. The standard curve 

was a 2-fold serial dilution ranging from 100 µg/ml to 3.125 µg/ml bovine serum 

albumin (BSA). 50 µl of each standard or protein sample were loaded on a 96-well 

plate followed by addition of 250 µl/well Bradford reagent. Absorption was measured 

at 595 nm. 

Western blotting 

For Ponceau S staining and Western blotting, the 24 SEC fractions were precipitated 

with acetone containing 10 % (v/v) trichloric acid (TCA) and 20 mM 1,4-

dithiothreitol (DTT). The protein pellets were resuspended in 30 µl XT sample buffer 

(Bio-Rad) containing 5 M urea and cOmplete™ protease inhibitor cocktail (Roche 

Life Science, Penzberg, Germany) at the concentration recommended by the 

manufacturer. Fifteen microliter were loaded onto a 12% running gel for sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) according to 

standard protocol. Transfer to an AmershamTM ProtranTM 0.2 µm nitrocellulose 

membrane (GE Healthcare) was performed by wet blotting and detection of general 

protein signal by Ponceau S staining. Next, non-specific binding sites were blocked 

using 5% (w/v) BSA in tris-buffered saline, followed by immunostaining using one of 

the following antibodies: mouse anti-human CD63 (clone H5C6, BD Biosciences, 

1000 x diluted), mouse-anti human CD81 (clone JS-81; BD Biosciences, 1000 x 

diluted), mouse anti-human MFGE8 (R&D Systems, clone 278918, 500x diluted) or 

mouse anti-human HSC70/HSP70 (Enzo Life Sciences, clone N27F3-4, 500 x diluted). 
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A detailed description of the staining protocol, as well as of the image acquisition 

and processing is provided in the supplementary methods, along with uncropped 

images of the Ponceau S and immunostaining (Supplementary Figure S1). 

Cryo transmission electron microscopy (cryo-TEM) 

Five microliter of UF-SEC EV isolates was applied to a glow-discharged holey carbon 

grid. The grid was incubated for 4 minutes at room temperature before blotting 

against filter paper to leave only a thin film spanning the grid holes. The sample was 

kept at 95 % humidity before plunge-freezing in liquid ethane using a Vitrobot (FEI, 

Eindhoven, The Netherlands). The vitreous sample films were transferred to a 

Tecnai T12 Spirit microscope (FEI) using a Gatan cryo-transfer. The images were 

taken at 120 kV with a 4,096 x 4,096 pixel CCD Eagle camera (FEI) at a temperature 

between -170ºC and -175ºC and using low-dose imaging conditions. 

Tuneable resistive pulse sensing (TRPS) 

TRPS was performed using a qNano Gold with Izon Control Suite 3.2 Software, an 

NP150 nanopore and SKP200 calibration beads (Izon, Chirstchurch, New Zealand). 

Cell-depleted unfiltered media and EV isolates were analysed after a single freeze-

thaw cycle at -80C. Media were diluted 2-fold and EV isolates up to 20-fold in 

Solution Q (Izon). To improve comparability between measurements, the following 

settings were used: For UF-SEC media and isolates, the stretch of the NP150 

nanopore was adjusted to obtain a relative particle size of approximately 0.65 for the 

SKP200 calibration beads. A concentration fraction from 80 to 250 nm was applied 

to these measurements. For UC and UC-wash media and isolates, the relative 

particle size for the SKP200 calibration beads was adjusted to 0.25, as smaller 

stretches resulted in pore obstruction. A concentration fraction from 110 to 300 nm 

was applied to these measurements. For all measurements, the voltage was adjusted 

to obtain a current between 120 and 130 nA. EV measurements of the dilute media 

were stopped after 10 minutes, while measurements of the more concentrated EV 

isolates were stopped after detecting 500 blockades. 

Proteomic analysis and database search 

UF-SEC EVs (n=5), UC-EVs (n=3) or UF-SEC protein (n=3; 500 µl per sample for all 

sample types, isolated from 120 ml of cell culture media) were precipitated by 

overnight incubation at -20C with 1.5 ml acetone containing 10 % (v/v) TCA and 20 

mM DTT followed by centrifugation for 10 min at 16,000 x g and 4C. After washing 
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with ice cold acetone, the protein pellets were resuspended in 30 µl 50 mM 

ammonium bicarbonate (ABC; Sigma-Aldrich) containing 5 M urea, and the protein 

concentration was determined using Bradford assay (Bio-Rad). To 5 µg of protein per 

sample, DTT (20 mM) was added and incubated at room temperature for 45 

minutes. Iodoacetamide (40 mM) was then added to alkylate for 45 minutes at room 

temperature until quenching by a second addition of DTT. A mixture of 

trypsin/lysozyme C (2 µg) was added and digestion was performed at 37ºC for 2 

hours. The mixture was diluted with ABC without urea and incubation was 

continued at 37ºC for 18 hours. The digestion mix was briefly centrifuged and the 

digest/peptide mixture diluted fourfold for nano-LC MS/MS analysis. A nanoflow 

HPLC instrument (Dionex ultimate 3000) was coupled in-line with a Q Exactive 

mass spectrometer (Thermo Fisher Scientific) with a nano-electrospray Flex ion 

source (Proxeon, Thermo Fisher Scientific). Five microliter of the digest/peptide 

mixture was loaded onto a C18-reversed phase column (Acclaim PepMap C18 

column, 75-μm inner diameter x 15 cm, 2-μm particle size; Thermo Fisher Scientific). 

The peptides were separated with a 90 min linear gradient of 4-45% buffer B (80% 

acetonitrile and 0.08% formic acid) at a flow rate of 300 nl/min.  

MS data was acquired using a data-dependent top10 method, dynamically 

choosing the most abundant precursor ions from the survey scan (250–1250 m/z) in 

positive mode. Survey scans were acquired at a resolution of 70,000. Dynamic 

exclusion duration was 30 s. Isolation of precursors was performed with a 4.0 m/z 

window. Resolution for HCD spectra was set to 17,500 and the Normalised collision 

energy was 30 eV. The under fill ratio was defined as 1.0%. The instrument was run 

with peptide recognition mode enabled, but exclusion of singly charged and charge 

states of more than five. 

The data was analysed using Sequest HT Proteome Discoverer 2.1 search 

engine (Thermo Fisher Scientific), against the Uniprot database. The false discovery 

rate (FDR) was set to 0.01 for proteins and peptides, which had to have a minimum 

length of 6 amino acids. The precursor mass tolerance was set at 10 ppm and the 

fragment tolerance at 0.2 Da. One miss-cleavage was tolerated, oxidation of 

methionine was set as a dynamic modification and carbamidomethylation of 

cysteine residues was a fixed modification. Proteins with a HT score > 10 were 

considered as being identified with high confidence. 

Functional assays 

For assessing IL-8 release, 5 x 10
4
 BEAS-2B cells/well were seeded on 48-well plates 

and allowed to attach overnight. Cells were washed twice with PBS before 
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stimulation with 2 x 10
8
 EVs/ml obtained by UF-SEC, the volume-matched UF-SEC 

protein, or 2 x 10
8
 UC EVs. For cell-free controls, the same dilution of UF-SEC 

protein was incubated in cell-free wells of the 48-well plate. After 48 h at 37°C , 

media were harvested and depleted of cells and cell debris by centrifugation (5,000 x 

g, 5min). IL-8 concentrations were assessed using ELISA (Ready-SET-Go; 

eBioscience, San Diego, USA) according to the manufacturer’s instructions.  

For flow chamber adhesion, HUVEC were seeded in 35-mm, 30 µg/ml 

collagen-coated dishes and incubated with 7.5 x 10
7
 UF-SEC EVs/ml, volume-

matched protein isolates, or 7.5 x 10
7
 UC EVs/ml for 72 h. THP-1 cells were labelled 

with 1 μM green fluorescent nucleic acid stain (Syto 13) for 30 min at 37°C, washed 

and perfused in Hank’s buffer at pH 7.45, containing 10 mM HEPES, 3 mM CaCl2, 

and 2 mM MgCl2 and 0.2% human albumin for 2-6 min minutes at 3 dynes/cm
2
. 

Adherent fluorescent cells were manually counted in >6 fields and expressed as 

cells/mm
2
. 

Data analysis 

All data are composed of at least three independent experiments. Data were 

analysed with Graphpad Prism 5.03 for Windows (GraphPad Software, Inc., La Jolla, 

CA, USA). Due to the small sample size, the data was analysed using the non-

parametric Mann-Whitney test where two groups were compared and the non-

parametric Kruskal-Wallis test followed by Dunn’s posthoc test where more than 

two groups were compared. Unless indicated otherwise, each individual graphs 

depict each individual data point and lines indicate the medians. P-values ≤ 0.05 

were considered statistically significant and are indicated in the graphs as reported 

by the analysis software: * p 0.01-0.05, ** p 0.001-0.01 and *** p <0.001. Functional 

enrichment analysis was performed using the hypergeometric test in the FunRich 

software version 2.1.2 [15]. 

Data availability 

All data generated and analysed during this study are included in this article and its 

Supplementary Information files. The raw data of the nano LC-MS/MS analyses have 

been deposited to the public database ProteomeXchange (Project number: 

PXD006738). 
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Results 

Efficiency of EV isolation using ultrafiltration followed by 

SEC compared to ultracentrifugation 

The aim of this study was to evaluate whether ultrafiltration combined with size 

exclusion chromatography (UF-SEC) can serve as an easy and robust protocol to 

obtain high quality EV isolates for compositional analysis and functional studies. For 

this purpose, conditioned cell culture media were processed either by UF-SEC or, for 

comparison, by ultracentrifugation (UC) or ultracentrifugation including a wash step 

(UC-wash; illustrated in Figure 1). 

 

Figure 1 - Flow chart of the EV isolation protocols. Red arrows indicate where samples were taken for 

determination of EV recovery based on CD63+ CD81+ bead-coupled flow cytometry. For nano LC/MS-MS, 

the isolation protocols were scaled up to 120 ml of cell culture medium as starting material. For UF-SEC, 
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the 120 ml were concentrated by 10 kDa filtration and subsequently run over the SEC column in two 

aliquots of 0.5 ml. The EV containing fractions from both SEC runs (fractions 6 to 10 or 11) were then 

pooled and concentrated by 10 kDa filtration. For UC, the 120 ml were processed in 3 portions of 40  ml, 

corresponding to the maximal volume of the UC tubes. 

First, we established that CD63
+
CD81

+
-bead coupled flow cytometry can be applied 

for semi-quantitative assessment of EV recovery, as the flow cytometry signal is 

linear over a broad range of EV concentrations for a serial dilution of isolated EVs 

(Figure 2A). There was no loss of CD63
+
CD81

+
 EVs after 0.22 µm filtration of the 

conditioned media (Figure 2B). Moreover, the recovery of CD63
+
CD81

+
 EVs in the 10 

kDa filter retentates was complete, while virtually no EVs were detectable in the flow 

through (Figure 2B). The 10 kDa filter retentates (0.5 ml) were run over a sepharose 

CL-4B SEC column and, per run, 24 fractions of 0.5 ml were collected. Protein 

elution was assessed by Bradford assay or Ponceau S staining and EV elution by 

tuneable resistive pulse sensing (TRPS). Moreover, elution of several EV marker 

proteins was assessed by bead-coupled flow cytometry and immunoblotting. By 

Bradford assay, protein showed a bimodal elution pattern with a minor peak at 

fraction 8 (10 µg/ml) and a major peak at fraction 15 (389 µg/ml; Figure 2C, detail in 

Supplementary Figure S1). Bead-coupled flow cytometry revealed slightly different 

elution patterns for CD63
+
CD81

+
, CD63

+
, CD81

+
 and CD9

+
 EVs (Figure 2C, detail in 

Supplementary Figure S1). Yet, the peak elution of EVs coincided with the minor 

protein elution peak from fractions 7 to 10 irrespective of the detected EV marker 

protein (Figure 2C, Supplementary Figure S1). 

TRPS further confirmed that the EV peak elution was in fraction 8 and 

showed that EV size was identical throughout fractions 6 to 12 (Figure 2D). Using 

Ponceau S staining, total protein remained virtually undetectable until fraction 12, 

whereas immunoblots revealed the presence of the EV marker proteins CD63, CD81 

and MFGE8 starting at fraction 7 and with a peak in fraction 8 (Figure 2E). Of note, 

CD63 and CD81 were specifically enriched in the early fractions, whereas MFGE8 was 

detected at a similar intensity in all fractions (Figure 2E). However, when the 

amount of protein loaded per fraction was standardised, MFGE8 was only detectable 

in fractions 7 to 10, suggesting a relative enrichment in the EV fractions (Figure. 2C, 

lane MFGE8 s.p.). Unexpectedly, HSP70, which is also considered an EV marker 

protein, was detected in the protein-rich fractions 13 to 18, rather than co-eluting 

with the other EV marker proteins (Figure 2E). This questions the suitability of 

HSP70 as a universal and specific EV marker protein. Uncropped images of all 

immunoblots are available in Supplementary Figure S2. 
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Figure 2 - Evaluation of the isolation protocol. (a) A representative standard curve demonstrating that the 

CD63+CD81+ bead-coupled flow cytometry signal is proportional to the EV concentration determined by 

tuneable resistive pulse sensing (TRPS), allowing semi-quantitative EV measurements. (b) EV recovery 

after 0.22 µm filtration of cell-depleted media. The data represents flow cytometry samples A and B in 

Fig. 1. EV quantity in unfiltered cell-depleted media was set to 100%. (c) Protein concentration of the 24 

SEC fractions determined by Bradford assay (µg/ml) and EV quantity determined by bead-coupled flow 
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cytometry (relative fluorescent units; RFU) for the following combinations of antibodies 

(capture/detection): anti-CD63/anti-CD81, anti-CD63/anti-CD63, anti-CD81/anti-CD81, anti-CD9/anti-

CD9 (sampling step D indicated in Fig. 1). Graph shows medians without error bars, n  =  3. (d) EV mode 

size, mean size and concentration for SEC fractions 6–12 as determined by TRPS. The graph shows the 

median and range, n=3. (e) Top: Ponceau S total protein staining of SEC fractions 5 to 18; bottom: Western 

blot of SEC fractions 5 to 18 for EV marker proteins CD63, CD81, MFGE8 and HSP70. For the lane MFGE8 

s.p., a standardised protein concentration of 5 µg was loaded for each fraction. For all other stainings, 

whole fractions were precipitated and loaded on the gel without standardisation of the protein content. 

(f) EV recovery in the final UF-SEC EV isolate (Fractions 6–11) and the final UF-SEC protein isolate 

(Fractions 13–19) as determined by TRPS or CD63+CD81+ flow cytometry. The EV quantity in conditioned 

culture medium has been set as 100%. (g) Comparison of the EV recovery for UF-SEC, UC or UC-wash, 

determined by TRPS (overall p-value = 0.0005) and CD63+CD81+ bead-couple flow cytometry (overall p-

value = 0.0009; sampling steps E, G and H, respectively). Data was analysed using the Kruskall Wallis test 

followed by Dunn’s post-test. ***p<0.001. (h) The EV-to-protein rate of purity base on TRPS and Bradford 

measurements of conditioned cell culture media, UF-SEC EVs and UC EVs. The statistical difference 

between UF-SEC EVs and UC EVs was assessed using the Mann-Whitney U test. 

The EV-enriched, protein-low (6 to 10 or 11) and the protein-enriched, EV-

low (14-19) SEC fractions were concentrated on 10 kDa centrifuge filters to obtain EV 

and protein concentrates, respectively. The median EV recovery in the final UF-SEC 

EV isolate was 40% according to CD63
+
CD81

+
 bead-coupled flow cytometry, while 

7% of EVs was lost in the final protein concentrate (Figure 2F). By TRPS, the median 

recovery of EVs sized 80-250 nm was 30% (Figure 2F). The EV recovery of the UF-

SEC protocol was compared to that of UC or UC-wash. TRPS and CD63
+
CD81

+
 bead-

coupled flow cytometry both found that EV recovery was higher for UF-SEC than for 

UC and UC-wash. For UC-wash, this was statistically significant (Figure 2G).The 

purity of an EV isolate can be estimated by dividing the EV concentration of the 

sample by its protein concentration [7]. UF-SEC EVs had a slightly higher EV-to-

protein rate of purity compared to UC EVs, although this was not statistically 

significant (Figure 2H). 

Taken together, UF-SEC efficiently concentrates EVs from cell culture media 

and separates them from the bulk of free protein. The yield and purity of these UF-

SEC EVs tend to be superior to those of UC-EVs isolated using ultracentrifugation 

settings as optimised by Cvjetkovic et al. [13]. 
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Characterisation of the isolated EVs 

EV size and morphology were assessed by TRPS and cryo-TEM. TRPS revealed that 

the EV size distribution was similar for EVs in unfiltered conditioned media (Figure 

3A), UF-SEC EVs (Figure 3B) and UC EVs (Figure 3C). For all three sample types, the 

vast majority of EVs ranged between 80 and 250 nm in diameter, with mode sizes 

between 105 and 125 nm. Although the UF-SEC and UC protocols both include a 0.22 

µm filtration step, only UF-SEC EVs, but not UC-EVs contained significantly less 

particles larger than 200 nm compared to the unfiltered media (Figure 3D), 

suggesting that aggregation may occur for the ultracentrifugation protocol. 

According to cryo-TEM, both UF-SEC EVs and UC EVs contained very small EVs 

below the detection limit of the qNano (<80 nm). The EV diameters were similar for 

UF-SEC EVs and UC EVs with medians of 61.9 and 74.6 nm, respectively (Figure 3D). 

Representative low and high magnification cryo-TEM images of UF-SEC EVs are 

shown in Figure 3E and F. We have previously published comparable cryo-TEM 

images of UC EVs [12].  

Proteomic analysis was performed by nano LC-MS/MS for UF-SEC EVs, UC 

EVs or UF-SEC protein fractions. Proteins with a Score Sequest HT >10 were 

considered as identified with high confidence. For the UF-SEC EVs these were 388 

proteins, for UC EVs 421 and for UF-SEC protein 264 (Supplementary Table S1). 

Figure 4A shows a Venn diagram of the identified proteins. One hundred and 

nineteen proteins overlapped between all three datasets, and 147 between UF-SEC 

EVs and UC EVs, whereas the overlap between each individual type of EV isolate and 

the free secreted protein was relatively small (28 and 22 proteins for UF-SEC EVs and 

UC EVs, respectively). Table 1 shows 34 exosomal marker proteins compiled by de 

Menezes-Neto et al. [8] and their respective expression in the UF-SEC EV, UC EV 

and UF-SEC protein isolates.  
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Figure 3 - Characterisation of EVs in unfiltered conditioned media, UF-SEC EVs and UC EVs. (a) Size 

distribution histogram of the EVs in (a) unfiltered conditioned media (b) UF-SEC EV isolates and (c) UC 

EV isolates as determined by TRPS. Graph shows the mean  ±  SEM, n  =  5. (d) The percentage of particles 

>200  nm in conditioned media, UF-SEC EVs and UC EVs according to TRPS. The bar indicates the 

median diameter. **p 0.001–0.01 (e) Size distribution of EVs in UF-SEC and UC isolates based on cryo-

TEM. The bar indicates the median diameter. (f) Low magnification and (g) detail cryo-TEM recording of 

UF-SEC isolated EVs from BEAS-2B. 

Table 1 List of EV marker proteins compiled by de Menezes-Neto et al. [9] and their presence or absence 

in EVs isolated from conditioned media of BEAS-2B cells using UF-SEC. The number of peptide spectral 

matches (#PSM) gives an estimation of the relative protein abundance 

EV marker proteins 
Gene 

symbol 
 

UF-SEC EVs   UC-EVs   
UF-SEC 
protein 

 

identified #PSM identified #PSM identified #PSM 

Actin, cytoplasmic 1 ACTB yes 79 yes 291 yes 297 

Fructose-bisphosphate aldolase 
A 

ALDOA yes 13 yes 65 yes 108 

Annexin A2 ANXA2 yes 42 yes 76 yes 6 

Annexin A5 ANXA5 yes 12 yes 10 no 0 

Annexin A6 ANXA6 yes 32 yes 33 no 0 

CD63 antigen CD63 yes 4 yes 5 no 0 

CD81 antigen CD81 yes 2 yes 9 no 0 
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EV marker proteins 
Gene 

symbol 
 

UF-SEC EVs   UC-EVs   
UF-SEC 
protein 

 

identified #PSM identified #PSM identified #PSM 

CD82 antigen CD82 yes 3 no 0 no 0 

CD9 antigen CD9 yes 8 yes 13 no 0 

Cofilin-1 CFL1 yes 12 yes 18 yes 38 

Clathrin heavy chain 1 CLTC yes 142 yes 324 yes 4 

Elongation factor 1-alpha 1 EEF1A1 yes 20 yes 56 yes 25 

Ezrin EZR yes 22 yes 10 yes 20 

Fatty acid synthase FASN yes 76 yes 274 yes 3 

Glyceraldehyde-3-phosphate 
dehydrogenase 

GAPDH yes 26 yes 127 yes 43 

Rab GDP dissociation inhibitor 
beta 

GDI2 yes 3 yes 2 yes 19 

Heat shock cognate 71 kDa 
protein 

HSPA8 yes 49 yes 30 yes 126 

Lactadherin MFGE8 yes 22 yes 40 no 0 

Moesin MSN yes 24 yes 9 yes 19 

Programmed cell death 6-
interacting protein 

PDCD6IP yes 21 yes 12 no 0 

Phosphoglycerate kinase 1 PGK1 yes 15 yes 31 yes 113 

Pyruvate kinase PKM2 yes 51 yes 180 yes 86 

Peroxiredoxin-1 PRDX1 yes 4 yes 14 yes 28 

Ras-related protein Rap-1b RAP1B yes 8 yes 3 no 0 

Radixin RDX yes 12 no 0 no 0 

Transforming protein RhoA RHOA yes 9 yes 5 no 0 

Rho-related GTP-binding 
protein RhoC 

RHOC no 0 yes 2 yes 1 

Syntenin-1 SDCBP yes 8 yes 15 no 0 

Tumour susceptibility gene 101 
protein 

TSG101 no 0 no 0 no 0 

14-3-3 protein beta/alpha YWHAB yes 15 yes 11 yes 26 

14-3-3 protein epsilon YWHAE yes 11 yes 11 yes 16 

14-3-3 protein gamma YWHAG yes 8 yes 17 yes 18 

14-3-3 protein theta YWHAQ yes 14 yes 8 yes 19 

14-3-3 protein zeta/delta YWHAZ yes 11 yes 9 yes 40 

Strikingly, most of these proposed exosomal markers were detected in all three 

datasets. Only Annexin A5, Annexin A6, CD63, CD81, CD9, MFGE8, PDCD6IP/Alix 

and syntenin-1 were identified in both UF-SEC EVs and UC EVs, but not in UF-SEC 
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protein, suggesting that these may be the most specific among the 34 proposed 

exosome markers. Of note, HSP70 (HSPA8) was identified with a higher number of 

peptide spectral matches (#PSM) in the UF-SEC protein than in either UF-SEC EVs 

or UC EVs, in line with our finding that immunoblots stained positive for HSP70 in 

fractions 13 to 18 rather than in the early EV-fractions (Figure 2E). Rab GTPases are 

enzymes that regulate membrane transport and fusion processes in the endosomal 

compartment that exosomes are derived from [16]. For UF-SEC EVs and UC EVs, but 

not UF-SEC protein, several Rab GTPases were identified (Supplementary Table S2). 

In all three sample types, most proteins considered as markers for contamination 

from intracellular organelles [17] were absent, except histones and the endoplasmic 

reticulum associated protein grp94 (Table 2). 

Table 2 List of contamination marker proteins (adapted from [13]) and their presence or absence in UF-

SEC EVs, UV EVs or UF-SEC protein 

contamination marker 
proteins 

Gene 
symbol 

Origin of 
contamination 

UF-SEC EVs UC-EVs 
UF-SEC 
protein 

endoplasmin / grp94 HSP90B1 ER yes yes yes 

calnexin CANX ER no no no 

130 kDa cis-Golgi matrix 
protein 

GM130 Golgi no no no 

cytochrome c1 CYC1 mitochondria no no no 

histones HIST*H* Nucleus yes yes yes 

protein argonaut AGO-* 
argonaut / RISC 

complex 
no no no 

 

Next, functional enrichment analysis of the proteomics data was performed 

for cellular component gene ontology (GO) terms. Both UF-SEC EVs and UC-EVs 

showed a more than 5-fold enrichment for the GO term exosomes (Figure 4B). 

However, the UF-SEC protein dataset was similarly enriched for exosomes, thus 

questioning the specificity of the finding (Figure 4B). All three datasets were 

similarly enriched for cytoplasm. Yet, UF-SEC EVs were most prominently enriched 

for membrane, whereas UF-SEC protein was most strongly enriched for extracellular, 

suggesting that there was an efficient separation of membrane-associated and free 

secreted proteins by UF-SEC (Figure 4B). Functional enrichment analysis was also 

performed for biological process GO terms (Figure 4C) and for manually curated 

biological pathways (Figure 4D). For most biological processes and pathways, the 
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fold enrichment was similar for UF-SEC EVs and UC EVs, but distinct from UF-SEC 

protein. This implies that EVs may exert distinct functions compared to free secreted 

proteins. EV-enriched biological pathways included metabolism of RNA, protein 

folding, regulation of mitotic cell cycle and several immunity related pathways, such 

as ER-phagosome pathway, antigen processing – cross presentation and adaptive 

immune system. 

We then aimed to determine whether BEAS-2B derived EVs contain proteins 

that are specific for lung epithelium-derived EVs. Hurwitz et al. have recently 

analysed the proteomic composition of EVs derived from 60 cancer cell lines, 

including 9 of pulmonary epithelial origin [18]. They identified 3362 unique proteins 

that were expressed in at least one of the 9 lung cancer cell lines. These comprised 

64 proteins that were absent in EVs from the 51 non-lung cancer cell lines. Here, we 

included 160 proteins that were detected in both UF-SEC EVs and UC EVs, but not in 

UF-SEC protein. We tested the overlap of these BEAS-2B EV-associated proteins 

with either the total lung cancer EV proteome or the lung-cancer specific proteins 

according to Hurwitz et al. While 140 of the 160 BEAS-2B EV proteins overlapped 

with the lung cancer EV proteome identified by Hurwitz et al., none of them 

overlapped with the 64 lung cancer EV-specific proteins. However, in a functional 

enrichment analysis for the site of expression, the BEAS-2B EVs showed a much 

stronger fold-enrichment for lung epithelial-related sites of expression than the 64 

proteins that were proposed as lung cancer EV-specific by Hurwitz et al. (Figure 4E). 

Thus, the BEAS-2B EV dataset contained no individual lung epithelial-specific 

proteins, but a complex protein signature that indicates their origin. 

Taken together, our UF-SEC protocol yields small to very small EVs 

expressing exosomal marker proteins. Moreover, our data suggests that besides 

universal EV-associated proteins, EVs also carry a protein signature that may be 

specific for their cell of origin. 
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Figure 4 - Proteomic characterisation of UF-SEC EVs, UC EVs and UF-SEC protein from BEAS-2B cells.  (a) 

Venn diagram of the proteins identified for UF-SEC EVs, UC EVs and UF-SEC protein. (b) Functional 

enrichment analysis for cellular component GO terms. (c) Functional enrichment analysis for biological 

process GO terms. (d) Functional enrichment analysis for manually curated biological pathways. (e) Venn 

diagram of proteins identified in UF-SEC EVs and UC EVs but not UF-SEC protein from BEAS-2B cells 

(BEAS-2B EVS) compared to the total lung cancer EV associated proteome and the lung cancer specific 

proteome according to Hurwitz et al.[18]. (f) Functional enrichment analysis for the site of expression for 

the BEAS-2B EV proteome and the lung cancer-specific proteome proposed by Hurwitz et al.[18]. 
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Functional analysis 

Finally, we aimed to assess whether UF-SEC is a suitable isolation method for 

comparing biological effects of EVs and the non-EV associated secretome. As Moon 

et al. have previously found that EVs from BEAS-2B bronchial epithelial cells 

stimulated with cigarette smoke extract (CSE) enhance IL-8 release from naïve 

BEAS-2B cells [11], we first determined the effect of UF-SEC EVs, UC EVs and UF-SEC 

protein from unexposed or CSE-exposed BEAS-2B cells on naïve BEAS-2B cells. Cells 

were treated with 10
8
 EVs/ml or with volume-matched protein isolates from the UF-

SEC protocol. After 48 h, supernatants were harvested and IL-8 concentrations 

determined using ELISA. In contrast to the observations by Moon et al., only the UF-

SEC protein fractions, but neither UF-SEC EVs nor UC EVs resulted in increased IL-8 

release (Figure 5A). To test whether UF-SEC protein truly induced IL-8 secretion in 

naïve BEAS-2B cells, we assessed the IL-8 content of UF-SEC protein samples that 

were incubated for 48 h without cells. Figure 5A (UF-SEC protein without cells) 

shows that a substantial amount of IL-8 was detected in these cell-free samples, 

suggesting that the elevated IL-8 concentrations after stimulation of BEAS-2B cells 

with UF-SEC protein largely result from a carryover of IL-8 protein. We also assessed 

the effect of UF-SEC EVs, UC EVs and UF-SEC protein on adhesion of THP-1 

monocytes to human umbilical cord endothelial cells (HUVECs). For this purpose, 

HUVECs were treated with 7.5 x 10
7
 EVs/ml or volume-matched protein isolates for 

72 h. After removal of the EV containing medium, adhesion of THP-1 monocytes to 

the HUVECs was assessed in a flow chamber. Only UF-SEC EVs and UC EVs from 

control and CSE-stimulated BEAS-2B cells, but not the protein isolates resulted in 

adhesion of the monocytes (Figure 5B). While results were comparable for UF-SEC 

EVs and UC EVs, the variance was greater for results obtained with the UC EVs 

(coefficient of variation 83.8% for 0% CSE UC EVs and 19.0% for 0% CSE UF-SEC 

EVs). 

Thus, UF-SEC EVs yielded similar, but more reproducible results in our 

functional assays than UC EVs. Moreover, UF-SEC isolation provides well-matched 

EVs and non-EV-associated secreted protein samples, allowing comparative 

functional studies. 
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Figure 5 - Differential functional effects of EVs and free secreted protein. Effect of the EVs obtained by 

UF-SEC or the protein fractions from unexposed (0% CSE) or CSE-stimulated BEAS-2B cells on (a) the IL-

8 secretion of naïve BEAS-2B cells and (b) adhesion of THP-1 monocytes to HUVECs (overall p-

value < 0.0001). Data was analysed by the Kruskall Wallis test followed by Dunn’s posthoc test. *p = 0.01-

0.05, and ***p < 0.001 compared to the unstimulated control. 

Discussion 

In this study, we established UF-SEC as an easy and robust method for obtaining EV 

isolates from cell culture media with sufficient yield and purity for compositional 

and functional characterisation. In 2014, Böing et al have demonstrated that SEC 

using 10 ml sepharose CL-2B columns efficiently isolates EVs from plasma [7]. 

However, the 10 ml sepharose CL-2B columns are only suitable for small sample 

volumes of about 0.5 ml. As cell culture media are relatively dilute in EVs, large 

volumes are required for EV isolation (often > 100 ml [4]). Therefore, protocols have 
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been developed where media are concentrated by ultrafiltration prior to SEC [9, 10]. 

Unfortunately, neither the media volumes before and after ultrafiltration, nor the 

size of the SEC column were reported in these studies. Here, we aimed to report our 

protocols in a detailed and transparent way to allow easy reproduction of our 

methodology by other research groups. 

The majority of EVs in unfiltered media of the bronchial epithelial cells used in this 

study were between 80 and 250 nm in diameter as estimated by TRPS. To specifically 

concentrate and purify these relatively small EVs, we introduced a 0.22 µm filtration 

step, chose a small molecular weight cut-off for ultrafiltration and used a SEC matrix 

expected to efficiently separate small EVs from free protein. Instead of the 100 kDa 

filters used for media concentration in previous studies [9, 19], we used 10 kDa filters, 

which resulted in complete EV recovery in the concentrate. Similarly, Vergauwen et 

al. have recently demonstrated that EVs can be concentrated with complete recovery 

on 10 kDa filters, whereas recovery was only 40% for 100 kDa filters [20]. 

Importantly, they have also shown that recovery was best with the regenerated 

cellulose Amicon Ultra Centrifugal filters from Millipore that were also used in this 

study, while EV yield was highly inferior when using ultrafiltration systems with 

different filtration membrane materials [20]. The matrix of our SEC columns was 

sepharose CL-4B, which has a smaller size exclusion limit than the classically used 

sepharose CL-2B (42 vs. 75 nm) [21]. Using this matrix, all particles larger than 42 nm 

are expected to elute in early fractions, while smaller particles and molecules are 

delayed. This putatively provides a better separation of small EVs from free protein 

than matrices with a larger size exclusion limit. This is supported by the finding of 

Baranyai et al. that sepharose CL-4B provides a better separation of EVs from bovine 

serum albumin than sepharose CL-2B [22]. The improved separation does not appear 

to result in decreased yield as EV recovery in the early protein-low fractions is 

similar for sepharose CL-4B (40%, this study) and CL-2B (43%, [7]). 

All in all, the combination of 0.22 µm filtration, concentration on a 10 kDa 

filter and CL-4B SEC in our isolation protocol yielded very small EVs (median size by 

cryo-TEM 61 nm, mode size by TRPS 105 nm). According to proteomics analysis, 

these EVs expressed several exosome marker proteins, including the tetraspanins 

CD63, CD81 and CD9, MFGE8 and several Rab GTPases that are suggestive of 

endosomal origin [16]. Moreover, most proteins considered to be contamination 

markers were absent, except for grp94 and several histones. However, grp94 

currently has 109 entries in the EVpedia database [23, 24], as compared to 103 entries 

for the most commonly used exosome marker protein CD63. This suggests that, in 

contrast to the current consensus, grp94 may truly occur associated with EVs. 
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Moreover, histones have been proposed to be sorted selectively into EVs by two 

independent studies [25, 26], questioning their categorisation as contamination 

markers. Thus, our UF-SEC protocol yields small EVs with exosome properties with 

sufficient purity for proteomic studies. 

As UC is currently the most widely applied and accepted technique for EV 

isolation [4], we also compared the efficiency of our UF-SEC protocol to UC. Both, 

the EV-yield and the EV-to-protein rate of purity were similar for UF-SEC and UC, 

but tended to be superior for UF-SEC. Similarly, Mol et al. did not find any 

difference between SEC-isolated and UC-isolated EVs in terms of protein content 

and EV yield [10]. In contrast, Nordin et al. have reported a 5-fold higher EV-yield for 

UF-SEC than for UC [9]. This discrepancy may arise from divergences in the details 

of either the UF-SEC or the UC protocols that were applied in the different studies. 

Proteomics characterisation revealed that the proteomes of UF-SEC EVs and UC EVs 

overlapped to a similar extent with non-EV associated secreted proteins (UF-SEC 

protein). This further supports that there is no clear difference in EV-to-protein 

purity between the two techniques. Additionally, bovine serum albumin (BSA) was 

the most abundantly identified protein in both UF-SEC EVs and UC EVs 

(Supplementary Table S1), highlighting that contamination with soluble proteins still 

occurs for both isolation techniques. However, UF-SEC EVs were more strongly 

enriched for the cellular component membrane than UC EVs (4.3-fold vs. 2.0-fold), 

suggesting a higher enrichment in membrane vesicles. In biological pathway 

analysis, UF-SEC EVs and UC EVs showed a similar pattern of enrichment that was 

distinct from the UF-SEC protein fractions. Pathways that were enriched in both 

types of EV isolates included maintenance functions such as metabolism of RNA, 

regulation of mitotic cell cycle and protein folding, as well as several pathways related 

to immunity, including ER-phagosome pathway, antigen processing – cross 

presentation and adaptive immune system. Nordin et al. also found that UF-SEC 

isolated and UC isolated EVs show similar patterns in GO term enrichment analysis 

[9]. However, they did not investigate whether the EV enrichment pattern was 

specific in terms of differing from the enrichment pattern of free secreted protein. 

Another aim of this study was to compare the functional effects of UF-SEC 

EVs and UC EVs and to investigate whether our UF-SEC protocol can be used to 

discriminate between the functional effects of EVs and of free secreted protein. The 

10 kDa ultrafiltration cut-off is anticipated to equally concentrate EVs and small 

secreted proteins. After separation using SEC, this should provide well-matched EV 

and protein concentrates for comparative functional analyses. We found that only 

UF-SEC protein fractions, but not UF-SEC EVs or UC EVs from cigarette smoke-
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exposed bronchial epithelial cells induce IL-8 release from naïve bronchial epithelial 

cells. In contrast, UF-SEC EVs and UC -EVs, but not UF-SEC protein promoted 

adhesion of THP-1 monocytes to endothelial cells. Thus, UF-SEC is an ideal method 

for directly comparing the biological effects of EVs to those of the non-EV associated 

secretome. Concerning the comparison of the two EV isolation techniques, results 

were similar for UF-SEC EVs and UC EVs. This is in contrast to findings of Mol et al. 

who reported a higher functionality of SEC-isolated EVs [10]. However, while the 

amplitude of the THP-1 adhesion to endothelial cells was similar for UF-SEC EVs and 

UC EVs, variability was higher for the UC EVs, leading to a higher p-value and less 

discriminative power in the statistical analysis. While it is premature to generalise 

this observation, the higher variability may be caused by the presence of aggregated 

EVs in the UC EVs. 

When studying EVs in conditioned media of cell monocultures, it is obvious 

from what cell type the EVs are derived. However, in translational studies, EVs are 

investigated in complex body fluids such as plasma. A major challenge is to 

determine the origin of these EVs. Therefore, one of the side aims of this study was 

to explore whether BEAS-2B bronchial epithelial cell-derived EVs contain cell type-

specific proteins. A similar attempt has previously been made by Hurwitz et al. who 

analysed the proteomic composition of 60 cancer cell lines, including 9 that were 

derived from the pulmonary epithelium [18]. They proposed a list of 64 potentially 

lung cancer-specific proteins that were identified in at least one of the 9 lung cancer 

cell lines, but in none of the other 51 cancer cell lines. None of these 64 proteins was 

found to be associated with BEAS-2B EVs in our study. However, the 160 proteins 

that were specifically EV-associated (i.e. identified in UF-SEC EVs and UC EVs but 

not in UF-SEC protein) were highly enriched for lung-related sites of expression, 

including bronchoalveolar lavage fluid and several pulmonary epithelial-derived 

cancer cell lines. Thus, our data suggests that pulmonary epithelial-derived EVs carry 

a unique protein signature. Such a protein signature may be useful for identifying 

EVs of pulmonary epithelial origin in complex biological fluids. 

The UF-SEC EV isolation protocol described in this study provides several 

advantages. Here, we demonstrate that the technique can be used for proteomic and 

functional EV characterisation. Moreover, others have shown that SEC also allows 

discriminating between EV-associated and non EV-associated microRNAs [27]. 

While we estimate that the consumable costs of our technique are comparable to 

ultracentrifugation, EV isolation can be performed using a normal table top 

centrifuge. Thus, research groups that start working with EVs are not confronted 

with the high costs of purchasing an ultracentrifuge. Moreover, in our hands the EV 
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yield and purity appear slightly superior using UF-SEC compared to UC and the 

technique provides very robust results when performed by inexperienced 

experimenters. In contrast, we have experienced that the yield of UC isolations 

strongly depends on the operator. Increasing the size of the 10 kDa centrifuge filters 

and/or the SEC columns combined with automated fraction collection would allow 

scaling up the isolation protocol to obtain large amounts of EVs for clinical studies. 

However, our technique also bears limitations. The sepharose CL-4B matrix used in 

our study may not be suitable for isolating EVs from plasma as its low size exclusion 

limit may impair the resolution between EVs and high density lipoprotein (HDL). 

Moreover, our method may be unable to resolve EVs from very high molecular 

weight complexes with similar sizes to HDL, such as extracellular proteasome 

complexes. Variations of the protocol may be applied for isolating larger EVs from 

cell culture media or for isolating EVs from body fluids. These may include skipping 

the 0.22 µm filtration, using a larger molecular weight cut-off for ultrafiltration and 

using a SEC matrix with a larger size exclusion limit. 

In conclusion, this study demonstrates that ultrafiltration combined with 

SEC is an easy and robust method for isolating EVs with exosome properties from 

cell culture media. The yield and purity of EVs obtained with this method tended to 

be superior to ultracentrifugation and were sufficient for proteomic and functional 

analyses. Moreover, UF-SEC provides a well-matched concentrate of the non-EV 

associated secretome for differential functional analysis.  
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Supplementary Methods  

Immunostaining and imaging equipment and settings  

After membrane transfer, the presence of protein, including the unstained low range 

SDS-PAGE standard (Bio-Rad) was revealed by Ponceau S staining and an image was 

recorded. For immunoblots where unstained SDS-PAGE standards were used, the 

molecular weight standard bands were marked with a pen before destaining. The 

membrane was blocked overnight at 4°C with 5% BSA (m/v) in tris-buffered saline 

(TBS). Next, the membrane was incubated for 2 h at room temperature with one of 

the following antibodies: mouse anti-human CD63 (clone H5C6, BD Biosciences, 

1000 x diluted), mouse-anti human CD81 (clone JS-81; BD Biosciences, 1000 x 

diluted), mouse anti-human MFGE8 (R&D Systems, clone 278918, 500 x diluted) or 

mouse anti-human HSC70/HSP70 (Enzo Life Sciences, clone N27F3-4, 500 x diluted). 

For all primary antibodies, this was followed by 1 h incubation with a polyclonal 

HRP-labelled rabbit anti-mouse antibody (DAKO, 1000 x diluted). Staining was 

revealed using chemiluminescence-peroxidase substrate-3 (Sigma-Aldrich). Images 

were recorded using a ChemidocTM XRS+ System (Bio-Rad) with the software 

Quantity One V 4.6.7 (Bio-Rad). For chemiluminescence recordings, the Chemi Hi 

Sensitivity mode was used (2 x 2 binning, no light, 2 x gain), the iris was opened 

completely and the exposure time was set between 15 and 120 s according to the 

signal strength. The Ponceau S staining (uncropped in Supplementary Figure 1A, 

cropped in Figure 2C) and marker bands were recorded with custom settings (2 x 2 

binning, Epi white illumination, 2 x gain) using the auto exposure time function. The 

multichannel viewer of the software was used to make an overlay of the 

chemiluminescence (green) and light signal (red). Using the software Irfanview V 

4.25, the overlay image was then converted to grey scale, followed by a conversion to 

the negative in order to obtain dark bands on a light background. Uncropped 

immunoblots are shown in Supplementary Figure 2. These images were cropped in 

order to show only the relevant bands in Figure 2E.   
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Supplementary Figure S1 – Protein and EV elution in the 24 SEC fractions according to Bradford assay and 

bead-coupled flow cytometry. The graphs show the means ± standard error of 4 independent experiments. 

(A) The protein concentration according to Bradford microplate assay that was adapted for improved 

sensitivity. EVs detected by bead-coupled flow cytometry using (B) anti-CD63-coated beads and PE-

labelled anti-CD81 detection antibody; (C) anti-CD63-coated beads and PE-labelled anti-CD63 detection 

antibody; (D) anti-CD81-coated beads and PE-labelled anti-CD81 detection antibody or (E) anti-CD9-

coated beads and PE-labelled anti-CD9 detection antibody 
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Supplementary Figure S2 – Uncropped images of the stainings in Figure 2E of the main article. (A) 

Ponceau S staining, (B) CD63 immunoblot, (C) CD81 immunoblot, (D) MFGE8 immunoblot, (E) MFGE8 

immunoblot with a standardised amount of protein per fraction (3 µg) and (F) HSP70 immunoblot. The 

numbers below the images indicate which SEC fraction was loaded into the respective lane. The lane 

where the molecular weight marker was loaded is marked with an M and the lane in which a BEAS-2B cell 

lysate was loaded as positive control is marked with a C. Between brackets, the predicted molecular 

weight of each protein according to the antibody manufacturer is given. For Figures A, C, D and E 

Precision Plus Dual Colour Standard #161-0374 (Bio-Rad) was used, whereas Unstained SDS-Page 

standards, low range #161-0304 was used for Figures B and F 
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Supplementary Table S1 – All identified proteins for UF-SEC isolated EVs, UC-isolated EVs and UF-SEC 

protein fractions. 

Available online at 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-017-15717-

7/MediaObjects/41598_2017_15717_MOESM2_ESM.xlsx 

  

https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-017-15717-7/MediaObjects/41598_2017_15717_MOESM2_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-017-15717-7/MediaObjects/41598_2017_15717_MOESM2_ESM.xlsx
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Supplementary Table S2 – overview over Rab GTPases that were identified by nano LC-MS/MS in UF-SEC 

EVs, UC EVs and UF-SEC proteins. Proteins identified with a Score Sequest HT >10 were considered as 

identified with high confidence. In this table, proteins identified with a Score <10 are also included for 

completeness. The number of peptide spectral matches (#PSM) gives an indication of the relative protein 

abundance  

EV marker proteins 
Gene 

symbol 

 
UF-SEC EVs 

 
UC EVs 

 
UF-SEC protein 

 identified #PSM  identified #PSM  identified #PSM 

Ras-related protein Rab-1A RAB1A  Score <10 3  No 0  No 0 

Ras-related protein Rab-5C RAB5C  Score<10 2  No 0  No 0 

Ras-related protein Rab-7a RAB7A  Yes 5  Score <10 2  No 0 

Ras-related protein Rab-8B RAB8B  Score <10 3  Yes 5  No 0 

Ras-related protein Rab-10 RAB10  Score <10 4  Yes 6  No 0 

Ras-related protein Rab-35 RAB35  yes 6  yes 5  no 0 
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Abstract 

Airway epithelial cells secrete extracellular vesicles (EVs) under basal 

conditions and when exposed to cigarette smoke extract (CSE). 

Getting insights into the composition of these EVs will help unravel 

their functions in homeostasis and smoking-induced pathology. Here, 

we characterized the proteomic composition of basal and CSE-

induced airway epithelial EVs. BEAS-2B cells were left unexposed or 

exposed to 1% CSE for 24 h, followed by EV isolation using 

ultrafiltration and size exclusion chromatography. Isolated EVs were 

labelled with tandem mass tags and their proteomic composition was 

determined using nano LC-MS/MS. Tissue factor activity was 

determined by a factor Xa generation assay; phosphatidylserine 

content by prothrombinase assay and thrombin generation using 

calibrated automated thrombogram (CAT). Nano LC-MS/MS 

identified 585 EV-associated proteins with high confidence. Of these, 

201 were differentially expressed in the CSE-EVs according to the 

moderated t-test, followed by false discovery rate (FDR) adjustment 

with the FDR threshold set to 0.1. Functional enrichment analysis 

revealed that 24 proteins of the pathway haemostasis were 

significantly upregulated in CSE-EVs, including tissue factor (TF). 

Increased TF expression on CSE-EVs was confirmed by bead-based 

flow cytometry and was associated with increased TF activity. CSE-

EVs caused faster and more thrombin generation in normal human 

plasma than control-EVs, which was partly TF-, but also 

phosphatidylserine-dependent. In conclusion, proteomic analysis 

allowed us to predict procoagulant properties of CSE-EVs which were 

confirmed in vitro. Cigarette smoke-induced EVs may contribute to 

the increased cardiovascular risk observed in smokers. 
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Introduction 

Tobacco consumption forms an important risk factor for several chronic diseases 

including lung cancer, chronic obstructive pulmonary disease (COPD) and 

cardiovascular disease (1). We and others have shown that cigarette smoke extract 

(CSE) causes increased release of extracellular vesicles (EVs) by different cell types in 

vitro (2-5). Moreover, smokers have increased concentrations of circulating EVs in 

vivo (4, 6, 7). These EVs are secreted membrane vesicles that carry a versatile cargo 

of lipids, nucleotides and proteins (8). While EV nomenclature is currently 

controversial, it is generally accepted that two major subtypes with distinct 

biogenetic pathways exist, microvesicles and exosomes (9, 10). While the larger 

microvesicles are formed by direct shedding from the plasma membrane, the smaller 

exosomes are formed as intraluminal vesicles within multivesicular endosomes 

(MVEs) and released to the extracellular space when MVEs fuse with the plasma 

membrane (11, 12). Both types of EVs have been ascribed multiple functions by which 

they contribute to homeostasis, but also pathologies (8). As it is difficult to 

determine the biogenetic origin of EVs in complex biological fluids, exosomes (~30-

150 nm) and microvesicles (~100-1000 nm) have most commonly been distinguished 

based on their size and on the expression of marker proteins that are more 

frequently and abundantly expressed in exosomes than in microvesicles (e.g. CD63, 

CD81, CD9) (13). Here, the terms exosomes and microvesicles will be used according 

to these characteristics, and the general term EVs will be used when the 

characteristics are unknown. 

The functions of microvesicles released by smoke-exposed monocytes and 

macrophages are relatively well studied. These microvesicles have been proposed to 

promote inflammation (3), proteolysis (14) and coagulation (15). However, EV 

functions can differ depending on the EV subtype, the secreting cell and its 

physiological state (16, 17). Although the airway epithelium forms the first line of 

contact with inhaled cigarette smoke, studies on the functions of EVs released by 

smoke-exposed airway epithelial cells are scarce. Previously, we have shown that 

airway epithelial cells secrete EVs with exosome properties, both at control 

conditions and when exposed to cigarette smoke extract (CSE) (5). Therefore, this 

study aimed to predict the functions of smoke-induced airway epithelial-derived 

exosomes. For this purpose, we isolated exosomes from conditioned media of 

unexposed or CSE-exposed airway epithelial cells using a combination of 

ultrafiltration and size exclusion chromatography (SEC). We then characterized 

their proteomic composition using nanoscale liquid chromatography coupled to 
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tandem mass spectrometry (nano LC-MS/MS), with the hypothesis that exosome 

functions can be predicted based on their proteomic content. 

Materials and Methods 

Cell culture and exposure 

BEAS-2B bronchial epithelial cells (ATCC CRL-9609) were cultured and EV-depleted 

FCS and CSE were prepared as described previously (5). For flow cytometric analysis 

of EVs or cells, 2 x 10
5
 cells per well were seeded on a 12-wells plate and for EV-

isolations, 4 x 10
6
 cells were seeded per T75 and allowed to attach overnight. Cells 

were then washed twice with phosphate buffered saline (PBS) before 1 ml (12-well 

plate) or 20 ml (T75) of DMEM-F12 (Gibco) containing 0.1 % EV-free FCS and either 1 

% (v/v) PBS (vehicle control) or 1 % (v/v) CSE was added. For EV isolations, 3 T75 

cell culture flasks and a total medium volume of 60 ml were used per condition, 

except for nano LC-MS/MS, where 6 T75 and 120 ml were used.  

EV isolation 

EV isolation was performed by a combination of 10 kDa ultrafiltration and sepharose 

CL-4B size exclusion chromatography (SEC) as described previously (18). In brief, 60 

ml of conditioned media were concentrated to 500 l on an Amicon Ultra-15 

Centrifugal Filter Unit with Ultracel 10 membrane (10 kDa MWCO, Merck 

Millipore), followed by separation of EVs and free protein by SEC. The EV-

containing SEC fractions as well as the protein containing SEC fractions were then 

pooled and concentrated to 250 l on an Amicon Ultra-4 Centrifugal Filter Unit with 

Ultracel 10 membrane (10 kDa MWCO, Merck Millipore) to obtain EV isolates and 

protein concentrates, respectively. Unconditioned media isolates were the “EV” SEC 

fractions obtained by applying the isolation protocol to unconditioned media that 

were incubated for 24 hours with 1% (v/v) PBS or CSE in the absence of cells.  

Characterization of EV size and morphology 

The morphology and size of the isolated EVs was visualized by cryo-transmission 

electron microscopy (TEM) as described previously (18). Additionally, the EV size 

distribution and concentration was determined by tuneable resistive pulse sensing 

(TRPS). TRPS was performed using a qNano Gold with Izon Control Suite 3.2 

Software and SKP200 calibration beads (Izon, Chirstchurch, New Zealand). EV 

isolates were analysed after a single freeze-thaw cycle at -80C. Where possible, at 

least 500 blockades were detected per sample. To improve comparability between 
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the different recordings, the pore stretch was adjusted to obtain a relative particle 

size of 0.65 for the SKP200 calibration beads, and the voltage was adjusted to obtain 

a current between 125 and 130 nA. A size filter from 80 to 250 nm was applied for 

estimating EV concentrations. 

Processing of EV-associated protein, nano LC–MS/MS and database search 

Isolated EVs (500 l, obtained from 120 ml of conditioned media) were precipitated 

as described previously (18). Five microgram of precipitated protein per sample was 

incubated for 1 hour at 55C with 50 mM triethylammonium bicarbonate (TEAB; 

Sigma-Aldrich) and 10 mM tris(2-carboxyethyl)phosphine (TCEP; Thermo Fisher 

Scientific). Next, protein was alkylated by incubation with 17 mM iodoacetic acid 

(IAA, Sigma-Aldrich) for 30 min in the dark at room temperature. Samples were then 

incubated with six volumes of ice-cold acetone at -20 C overnight before 

centrifugation at 8000 x g for 10 min at 4 C. The dried pellet was resuspended in 50 

l of 100 mM TEAB and samples were incubated with 20 ng/l 

trypsin/endoproteinase lysC (Promega) for 2 hours at 37 C. After addition of 75 l 

100 mM TEAB, samples were incubated for another 18 hours at 37 C. Finally, 

samples were stained using the TMT10plex™ Isobaric Label Reagent Set (Thermo 

Fisher Scientific) according to manufacturer’s protocol. Twenty microliter from each 

of the ten samples (5 control isolates and 5 CSE isolates) was pooled. 

A nanoflow HPLC instrument (Dionex ultimate 300) was coupled on-line to 

a Q Exactive (Thermo Scientific) with a nano-electrospray Flex ion source (Proxeon). 

The final concentration of the TMT labelled digest/peptide mixture was 0.2 μg/μl 

and 5 μl of this mixture was loaded onto a C18-reversed phase column (Thermo 

Fisher Scientific, Acclaim PepMap C18 column, 75 μm inner diameter x 15 cm, 5 μm 

particle size). The peptides were separated with a 90 minutes linear gradient of 4-45 

% buffer B (80 % acetonitrile and 0.08 % formic acid) at a flow rate of 300 nL/min.  

The MS data acquisition and the data base search were performed using the 

Sequest HT Proteome Discoverer 2.1 as described previously (18), except that the 

resolution for HCD spectra was set to 35,000 and TMT reagent adducts (+229.162932 

Da) on lysine and peptide amino termini were set as fixed modifications. Sample 

abundances were normalized as to obtain an equal total peptide amount for all ten 

samples. The raw data of the nano LC-MS/MS analyses have been deposited to the 

public database ProteomeXchange (Project number: PXD006738). Proteins 

identified with a false discovery rate (FDR) < 0.01 were considered of high confidence 

and included for downstream analysis. 
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EV detection using bead-coupled flow cytometry 

All antibodies were from BD Biosciences. EVs were detected by bead-coupled flow 

cytometry as described previously with some adaptations (5). Beads (3.5 x 10
8
/ml; 4 

m aldehyde/sulphate latex beads; Thermo Fisher Scientific) were coated with 0.125 

mg/ml of mouse anti-human CD63 antibody (Clone H5C6), anti-human CD81 (clone 

JS-81), anti-human CD9 (Clone M-L13), or an equal mixture of all three antibodies. 

Then, 1 x 10
6
 beads were incubated overnight with either 200 l of conditioned cell 

culture media or 200 l of isolated EVs suspended in PBS at a concentration of 2 x 10
8 

particles/ml. Detection was performed as described previously (5) with either of the 

following phycoerythrin (PE)-labelled antibodies: mouse anti-human CD63, anti-

human CD81, anti-human CD9 or anti-human tissue factor (TF; clone HTF-1). 

Alternatively, beads were stained for 15 minutes at room temperature with 50 l of 

Alexa Fluor 488 (AF488) conjugated annexin V (Thermo Fisher Scientific) diluted 50 

x in annexin binding buffer (ABB) in order to detect phosphatidylserine (PS). Stained 

beads were suspended in 150 l PBS (antibody staining) or ABB (annexin V staining) 

and analysed using a BD FACSCanto II (BD Biosciences) with FACS Diva V8.0.1 

software (BD Biosciences). The quantity of EVs in relative fluorescent units (RFU) 

was calculated by multiplying the percentage of PE or AF488-positive beads with the 

median fluorescent intensity (MFI) of the positive bead population. 

Cell viability and detection of cell surface-exposed TF and PS 

BEAS-2B cells (2 x 10
5
) were incubated with 1% (v/v) PBS or CSE on 12-well plates. 

After 24 h, cell viability was assessed by MTT assay as described previously (5). 

Alternatively, EDTA (250 mM, pH 6.14) was added to the wells to a final 

concentration of 10 mM and incubated for 10 minutes at 37˚C. Cells were then gently 

detached by pipetting and sedimented by centrifugation (400 x g, 7 min). 

For detection of cell surface-exposed PS, cells were resuspended in 70 l 

annexin binding buffer (ABB) containing 3.6% (v/v) AF488-labelled annexin V 

(AnxV) and 1 g/ml propidium iodide (PI). After incubation for 15 minutes at room 

temperature, 100 l of ABB was added, followed by immediate measurement using a 

BD FACSCanto II (BD Biosciences) with FACS Diva V8.0.1 software (BD Biosciences). 

The percentages of AnxV
-
PI

-
 (live, no cell surface-exposed PS), AnxV

+
PI

-
 (apoptotic, 

cell surface-exposed PS) and AnxV
+
PI

+
 (dead, impaired membrane integrity) were 

determined. 

For TF detection, pelleted cells were resuspended in 100 l PBS containing 

2% (w/v) bovine serum albumin (BSA) and 2% (v/v) PE-labelled mouse anti-human 
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TF (clone HTF-1, BD Biosciences) or PE-labelled isotype control (clone MPC-21, BD 

Biosciences). After 45 min incubation at room temperature with gentle shaking, cells 

were sedimented at 400 x g for 7 minutes, followed by resuspension in 150 l PBS 

and measurement using a BD FACSCanto II (BD Biosciences) with FACS Diva V8.0.1 

software (BD Biosciences). The gate was set so that 2% of the isotype-stained cells 

had a positive PE-signal. 

Blood collection for the normal human plasma pool 

Blood collection was performed as described previously with some adaptations (19). 

Written informed consent was obtained from all participants, and the study was 

approved by the institutional ethics committee of the Maastricht UMC+. Venous 

blood was collected from 122 healthy volunteers through antecubital venipuncture 

using 21-gauge needles, one discarding tube and 4 consecutive 3.2% (w/v) citrated 

Vacutainer glass tubes (BD). Blood was centrifuged at 2,000 x g for 5 min, followed 

by a second centrifugation step at 5,000 x g for 10 min to obtain platelet poor plasma 

(PPP). PPP from all donors was pooled and aliquots of the thus obtained normal 

human plasma pool were snap-frozen in liquid nitrogen and stored at -80 ˚C until 

use. 

Assessing procoagulant effects of EVs 

For blocking surface-exposed PS, 2.5 x 10
9

 EVs/ml were incubated for 30 min at 37°C 

with 10 g/ml annexin V (Thermo Fisher Scientific) in 50 l PBS containing 10% (v/v) 

10 x ABB. Controls were mock-treated with 50 l PBS containing 10% (v/v) 10 x ABB. 

EVs were then stored at -80°C. 

Tissue factor (TF) activity was determined using an in house factor Xa 

generation assay as described previously (20). The assay is based on the principle 

that active TF forms a complex with factor VIIa, which activates factor X to Xa in the 

presence of Ca
2+

 and phospholipids. In brief, isolated EVs (7.5 x 10
6
) and standards 

were incubated for 10 minutes at 37˚C in the presence of recombinant factor VIIa 

(Novo Nordisk, Bagsværd, Denmark), 0.2 mM 20/80 PS/phosphatidylcholine (PC) 

vesicles, 1 U/mL Bovine FX (Sigma-Aldrich) and 100 mM Ca
2+

. The formation of 

factor Xa was then measured kinetically using the chromogenic substrate 2765 

(Chromogenix, final concentration of 0.7 mg/mL diluted in 50 mM Tris-HCl, 175 nM 

NaCl, 30 mM Na2EDTA, pH 7.4) by measuring the OD at 405 nm each 15 seconds, for 

15 minutes at 37˚C.  
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Phosphatidylserine (PS)-dependent thrombin generation was determined 

using an in-house prothrombinase assay. In brief, in the presence of negatively 

charged phospholipids such as PS, factor Va and factor Xa assemble to form the 

active prothrombinase complex, which converts prothrombin into its active form 

thrombin. A reaction mix of 5 mg/ml BSA, 1.0 nM bovine factor Va, 0.05 nM bovine 

factor Xa and 5 mM CaCl2 was prepared in HEPES-NaCl (HN) buffer (25 mM HEPES 

and 175 mM NaCl, pH 7.7 at room temperature). Ten microliter of phospholipid 

standard (10% PS, 90% PC; ranging from 10 to 250 nM), mock-treated EVs or annexin 

V-treated EVs (5 x 10
8
 particles/ml) were added to 190 l of the reaction mix. After 10 

minutes incubation, human prothrombin (Haematologic Technologies 

Incorporated) was added to a final concentration of 500 nM and incubated for 1 

minute. Next, 50 l was subsampled and transferred to 150 l cuvette buffer (50 mM 

Tris, 175 mM NaCl, 20 mM EDTA, 0.5 mg/ml ovalbumin, pH 7.9) and incubated for 7 

min 37˚C. Thereafter, 50 l of the thrombin substrate S2238 (Chromogenix) was 

added and the absorption at 405 and 490 nm was measured every 30 s for 15 min.

Thrombin generation in human plasma was determined by the Calibrated 

Automated Thrombogram method (CAT, Thrombinoscope BV). Untreated, mock-

treated or annexin V-treated control EVs or CSE EVs (2 x 10
8
 or 1 x 10

8
) were added to 

70 l of normal pooled PPP in the presence or absence of 30 nM of the TF inhibitor 

active site inhibited factor VII (ASIS). The total reaction volume was 120 l and 

measurements were performed as described previously (21). 

Data analysis 

For a flow chart summarizing the data analysis steps performed on the 

proteomics data, see Supplementary Figure 1. The method proposed by Kammers et 

al. was used to detect significant changes in protein abundance between control EVs 

and CSE-induced EVs (22) using the limma packageV3.32.10 in R V3.4.1 with R studio 

(23). Abundance values of proteins identified by the Sequest HT Proteome 

Discoverer 2.1 with an FDR <0.01 were imported into R. The log2 of the abundances 

was then calculated. Subsequently, the median log2 abundance of each protein was 

subtracted from each individual abundance value of that protein (n=5 for control 

EVs and n=5 for CSE-induced EVs) to obtain a normalized protein abundance with a 

median of 0. A moderated t-test was then performed to test for statistically 

significant differences in protein abundance between the control-EVs and the CSE-

EVs using a slight modification of the code published by Kammers et al (22) 

(supplementary file 1). This included calculation of the p-value of the moderated t-

test as well as transformation into q-values according to the method of Storey and 
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Tibshirani (24). Proteins that showed a differential expression with a q-value (i.e. 

FDR) < 0.1 were included for downstream functional enrichment analysis for gene 

ontology (GO) terms and biological pathways. Functional enrichment analysis by 

hypergeometric test was performed using FunRich software version 2.1.2 and the 

human-specific integrated FunRich background database (25). For the functional 

enrichment analysis, the FDR was set to 0.01. Functional enrichment was determined 

for gene ontology (GO) terms from the three GO domains ‘cellular component’, 

‘molecular function’ and ‘biological process’, as well as for biological pathways. The 

protein dataset was subdivided into three subsets; 1) proteins that were unchanged 

in CSE-EVs compared to control-EVs, 2) proteins that were significantly upregulated 

and 3) proteins that were significantly downregulated in CSE-EVs. GO terms and 

biological pathways were selected for display in the results section if they showed a 

strong enrichment in all three subsets or if they showed strong differences in 

enrichment between the subsets. 

All other data analysis was performed using Graphpad Prism 5.03 for 

Windows using the Mann-Whitney test where two groups were compared and the 

Kruskall-Wallis test with Dunn’s post-hoc test where more than two groups were 

compared. 

Results 

Difference in proteomic composition between CSE-induced EVs and 

control-EVs 

The major aim of this study was to determine functionally relevant differences in the 

proteomic composition of EVs from unexposed or CSE-exposed BEAS-2B bronchial 

epithelial cells. Cells were either left untreated or exposed to 1% (v/v) CSE for 24 h. 

Exposure to CSE resulted in a moderate decrease in cell metabolic activity as 

determined by MTT assay (Figure 1 A). This was associated with an increased release 

of EVs according to TRPS (Figure 1 B). Bead-coupled flow cytometry using a cocktail 

of antibodies against the exosome marker proteins CD63, CD81 and CD9 confirmed 

that there was an overall increase in EV concentration in conditioned media of CSE-

exposed cells (Figure 1 C). Staining for each individual marker protein revealed that 

the overall increase in EV concentration was driven by CD81
+
 and CD9

+
, but not 

CD63
+
 EVs (Figure 1 C). The differential upregulation of some, but not all tested 

exosome marker proteins is suggestive of compositional changes. 
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Figure 1 CSE-induced changes in  BEAS-2B derived EVs. (A) Metabolic activity of BEAS-2B cells incubated 

for 24 h at control conditions or with addition of 1 % (v/v) CSE. The box and whisker plot shows the median (line 

in box), interquartile range (borders of box) and range (whiskers), n = 8. (B) Concentration of EV isolates obtained 

from conditioned media of BEAS-2B cells as measured by TRPS, n = 7. A size filter of 80 to 250 nm was applied. 

(C) EVs detected in conditioned media of BEAS-2B cells after 24 h under control conditions or exposure to CSE 

as measured by bead-coupled flow cytometry using different combinations of capture beads and detection 

antibodies. The bar graph shows the median and interquartile range, n=7. (D-E) Differences in protein composition 

of EVs from unexposed or CSE-exposed BEAS-2B cells. (D) Histogram of p-values obtained by performing a 

moderated  t-test to detect differences between control-EVs and CSE-EVs concerning the expression of proteins 

identified by nano LC-MS/MS, n=5. (E) Volcano plot. The x-axis shows the log2 of the fold change (expression in 

CSE-EVs/expression in control EVs) and the y-axis shows the -log10 of the q-value.  

EVs were isolated using a combination of ultrafiltration and size exclusion 

chromatography as described previously (18). Size and morphology of isolated 

control EVs and CSE-induced EVs were similar according to cryo-TEM and TRPS 

(Supplementary Figure 2). Isolated control-EVs and CSE-EVs (n=5) were 

precipitated, followed by protein digestion and isobaric labelling. Quantitative 

proteomic analysis was then performed using nano LC-MS/MS. Using this method, 

732 proteins were identified, of which 633 with high FDR confidence (q<0.01) that 
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were included in the linear model used for statistical testing by moderated t-test. No 

p-values could be calculated for 48 proteins due to too many missing values, 

resulting in p-values and q-values for 585 proteins in total. The p-value histogram in 

Figure 1 D shows that there were true differences in protein abundance between 

CSE-EVs and control EVs as illustrated by the clear peak for p-values < 0.05. All p-

values were transformed to q-values using the false discovery rate adjustment 

method described by Storey and Tibshirani and the 201 proteins with q <0.1 were 

considered as differentially regulated in the downstream analyses (24). The q-values 

were plotted in a volcano plot, which shows that 26.3% of proteins were significantly 

upregulated and 8.0% significantly downregulated in the CSE-EVs (Figure 1 E). 

To identify functional changes in the EV composition due to CSE exposure, 

the 585 proteins were divided into 3 subsets: proteins that were unchanged (384; 

65.6 %), up-regulated (154; 26.3 %) or down-regulated (47; 8.0%) in CSE-EVs (Figure 

2 A). For the total dataset, as well as the three subsets, functional enrichment 

analysis was performed for the three GO domains ‘cellular component’, ‘molecular 

function’ and ‘biological process’, as well as for manually curated biological pathways 

(results in Table 1). To allow graphical representation of the results, it was then 

calculated what percentage of the proteins representing each enriched GO term or 

biological pathway was unchanged, significantly up-regulated or significantly down-

regulated in the CSE-EVs. Proteins of the cellular component ‘exosomes’ showed a 

similar percentage of unchanged, up-regulated and down-regulated proteins as the 

total protein set (Figure 2 B, Table 1). This indicates that the proteomic changes in 

CSE-EVs were not simply due to a different abundance of exosomal compared to 

contaminating protein. However, upon CSE exposure there was an up-regulation of 

proteins associated with the ‘plasma membrane’ and the ‘cell surface’ (Figure 2 B, 

Table 1). Concerning the molecular function, proteins representing ‘extracellular 

matrix structural constituent’, ‘ubiquitin-specific protease activity’ and ‘chaperone 

activity’ were mostly unchanged, whereas there was a clear upregulation of proteins 

with GTPase and receptor activity (Figure 2 C, Table 1). Finally, biological process 

(Figure 2 D, Table 1) and biological pathway analyses (Figure 2 E, Table 1) revealed 

that proteins involved in maintenance functions such as ‘protein metabolism’, ‘cell 

growth and/or maintenance’ and ‘metabolism of RNA’ tended to be unchanged or 

down-regulated. Yet, there was an up-regulation of proteins related to immunity 

(‘immune response’, ‘adaptive immune system’) and communication (‘cell 

communication’, ‘signal transduction’; Figures 2 D and E, Table 1). Finally, there was 

a clear upregulation of proteins involved in ‘hemostasis’ and ‘platelet activation, 

signaling and aggregation’. Supplementary Table 2 summarizes all identified 
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proteins related to these two pathways, including the fold-change, p-value and q-

value. 

 

Figure 2 Results of the functional enrichment analysis. The graphs display how many percent of the 

proteins related to the enriched GO terms or pathways were unchanged, up-regulated or down-regulated 

in the CSE-EVs compared to control-EVs. Panel (A) shows a reference bar with the percentages of 

unchanged, up-regulated and down-regulated proteins for all 585 proteins included in the functional 

enrichment analysis. (B-E) show the percentages of proteins related to different cellular components (B), 

molecular functions (C), biological processes (D) or biological pathways (E) that were unchanged, up-

regulated or down-regulated in CSE-EVs compared to control-EVs. The numbers above the bars indicate 

the total number of proteins identified for each GO term or pathway. 
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Table 1 Results of the functional enrichment analysis. Displayed are 1) the percentage of proteins within each dataset that represents a certain GO term or 

biological pathway, 2) the fold-enrichment of each dataset for each GO term or biological pathway and 3) the q-value of the hypergeometric test after false 

discovery rate adjustment according to the method of Storey and Tibshirani. ’All’ designates all 585 proteins identified with high confidence in both control-

EVs and CSE-EVs, ’unchanged’ designates the 384 proteins whose expression was unaffected by CSE exposure, ’up’ designates the 154 proteins that were 

upregulated in CSE-EVs compared to control EVs when assuming an FDR of 0.1, and ’down’ designates the 47 proteins that were downregulated in CSE-EVs 

compared to control-EVs. Significant q-values of the functional enrichment analysis are printed in italic (q<0.01). NA, not available 

  
percentage of proteins fold-enrichment q-value 

  
all unchanged up down all unchanged up down all unchanged up down 

C
el

lu
la

r 
co

m
p

o
n

en
t 

exosomes 68,7 65,2 76,5 72,3 4,9 4,7 5,5 5,3 1,3E-209 1,2E-119 4,7E-67 9,0E-18 

cytoplasm 67,3 69,7 61,7 66,0 1,7 1,8 1,6 1,7 1,1E-43 1,4E-33 6,5E-09 8,4E-04 

plasma membrane 33,7 24,8 60,4 21,3 1,4 1,0 2,5 1,0 3,7E-08 3,9E-02 2,2E-21 7,3E-01 

cell surface 5,2 3,7 10,7 NA 3,8 2,8 8,1 NA 4,5E-10 5,6E-04 2,2E-10 NA 

M
o

le
cu

la
r 

fu
n

ct
io

n
 

extracellular matrix structural constituent 5,9 5,8 2,7 17,0 6,6 6,6 3,7 20,5 6,6E-17 1,1E-10 2,4E-02 8,9E-08 

ubiquitin-specific protease activity 6,1 7,1 5,4 NA 3,0 3,5 2,9  1,5E-07 2,3E-07 1,6E-02 NA 

chaperone activity 3,3 4,5 0,7 2,1 4,0 6,9 2,1 6,7 1,5E-07 1,1E-08 1,8E-01 1,3E-01 

GTPase activity 4,2 2,1 10,1 2,1 3,5 2,0 8,7 3,7 1,4E-06 1,1E-01 2,1E-09 1,5E-01 

receptor activity 4,4 1,9 12,1 NA 2,3 1,1 6,4 NA 8,3E-04 3,7E-01 3,0E-09 NA 
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percentage of proteins fold-enrichment q-value 

  
all unchanged up down all unchanged up down all unchanged up down 

b
io

lo
g

ic
al

 
p

ro
ce

ss
 

protein metabolism 24,6 28,0 20,8 8,5 3,4 3,9 2,9 1,5 5,7E-38 9,5E-34 6,9E-07 2,3E-01 

cell growth and/or maintenance 18,8 19,6 12,1 30,0 3,0 3,2 2,1 5,7 8,6E-25 5,4E-18 7,5E-03 5,8E-08 

immune response 3,8 2,4 8,1 2,1 1,3 0,9 2,8 1,5 1,6E-01 4,7E-01 4,5E-03 2,6E-01 

cell communication 20,7 13,8 38,3 21,3 1,0 0,7 1,9 1,1 2,5E-01 4,8E-01 1,8E-06 2,4E-01 

signal transduction 21,3 15,1 36,9 21,3 1,0 0,7 1,7 1,1 3,0E-01 4,8E-01 4,1E-05 2,4E-01 

b
io

lo
g

ic
al

 
p

at
h

w
ay

 

Metabolism of RNA 21,1 22,6 21,7 7,9 4,6 5,0 4,9 2,3 5,6E-35 1,2E-25 2,9E-09 1,4E-02 

hemostasis 13,2 10,6 22,6 5,3 2,2 1,8 3,9 1,4 6,6E-08 2,1E-03 4,3E-08 2,8E-02 

platelet activation, signalling and aggregation 6,2 5,1 10,4 2,6 2,9 2,4 5,0 2,5 7,6E-06 3,6E-03 4,9E-05 2,5E-02 

adaptive immune system 11,0 11,3 14,2 NA 2,9 3,0 3,8 NA 3,1E-10 1,3E-07 3,8E-05 NA 

integrin cell surface interactions 5,0 2,9 7,5 13,2 4,4 2,8 7,1 13,0 4,2E-08 1,4E-02 5,5E-05 7,2E-04 
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Confirmation of the predicted procoagulant phenotype of CSE-EVs 

The most strongly enriched biological pathway in CSE-EVs was ‘hemostasis’. One of 

the identified proteins of this pathway was tissue factor (TF), which was 1.4-fold 

upregulated in CSE-EVs (p= 0.03, q = 0.05, Supplementary Table 2). Importantly, TF 

by itself is sufficient to trigger the extrinsic pathway of coagulation. To verify 

whether TF was indeed associated with the isolated EVs and not a co-isolated 

contaminant, we determined the presence of TF on tetraspanin-positive EVs using 

bead-coupled flow cytometry on conditioned cell culture media, and on a 

standardized number of isolated EVs (10
8 

particles/ml). For cell culture media, we 

assessed the presence of TF on EVs captured using beads that were coated with 

antibodies against either a combination of tetraspanins (CD63, CD81, CD9), or each 

individual tetraspanin. For all bead types, we confirmed the presence of TF on 

control-EVs and CSE-EVs. Moreover, there was a statistically significant increase in 

TF
+
 EVs using all bead types for the CSE-exposed condition (Figure 3 A). This was 

also the case when TF was measured for a standardized concentration of isolated EVs 

(10
8
 particles/ml) using CD63/CD81/CD9 beads (Figure 3 B). The increased TF 

expression on EVs was associated with increased TF activity as assessed by a factor 

Xa generation assay (Figure 3 C). The control conditions, namely the protein-rich 

EV-low SEC fractions (fractions 14-19) and unconditioned media isolates (UCM, 

corresponding to the EV-rich SEC fractions but obtained from media that have not 

been in contact with cells) had little and no detectable TF activity, respectively. The 

EV-secreting cells also showed an upregulation of cell surface exposed TF when 

exposed to CSE, similar to the increase observed on CSE-EVs (Figure 3 D). 
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Figure 3 Confirmation of the presence of the procoagulant factors TF and phosphatidylserine (PS) on EVs. 

(A) Detection of TF+-EVs in conditioned cell culture media using bead-coupled flow cytometry with 

beads coated for different tetraspanins, n=7. (B) TF expression on isolated EVs (108 particles/ml) 
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determined by bead-coupled flow cytometry with anti-CD63/CD81/CD9-coated beads, n=6. (C) TF activity 

of EV isolates obtained by UF-SEC (108 particles/ml), volume-matched protein isolates obtained by UF-

SEC and volume-matched sham EV isolated from unconditioned cell culture media, n=5. (D) Percentage 

of TF+ cells (the gate was set so that 98% of the cells stained with the isotype control were negative), n=4. 

(E) Detection of PS+-EVs in conditioned cell culture media using bead-coupled flow cytometry with beads 

coated for different tetraspanins, n=7. (F) PS expression on isolated EVs (108 particles/ml) determined by 

bead-coupled flow cytometry with anti-CD63/CD81/CD9-coated beads, n=9. (G) Thrombin generation as 

determined by prothrombinase assay in the absence or presence of the PS blocker annexin V; n=4. (H) PS 

externalization on the EV secreting BEAS-2B cells as determined by flow cytometry using annexin V and 

PI staining; n=6.  

Next, isolated EVs were added to normal human plasma and thrombin 

generation was assessed over time. As predicted, CSE-EVs induced more thrombin 

generation than control-EVs for a standardized number of EVs (10
8

 particles, Figure 4 

A). When CSE-EVs were used at the double concentration in line with the 

approximately two-fold EV induction by CSE, this effect was further enhanced 

(Figure 4 A). Neither the protein-rich SEC fractions, nor UCM were able to trigger 

thrombin generation, suggesting that this effect can be attributed specifically to the 

EVs (Figure 4 A). Finally, thrombin generation was partly inhibited by addition of 

active site inhibited factor VIIa (ASIS), which traps TF in an inactive complex and 

thereby inhibits the extrinsic pathway (Figure 4 B). Thus, TF accounts for a part of 

the procoagulant effect of CSE-EVs, but other factors are likely to contribute as well. 
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Figure 4 Time-dependent thrombin generation in normal human plasma. Thrombin generation upon (A) 

Addition of CSE-EVs, control-EVs, volume-matched free secreted molecules (SEC protein fraction) or 

sham EVs isolated from unconditioned media. (B) Addition of CSE-EVs or control EVs in the presence of 

the TF inhibitor ASIS. (C) Addition of CSE-EVs or control EVs that were pre-treated with 10 µg/ml 

annexin V. (D) Addition of CSE-EV and control EVs that were pre-treated with annexin V in the presence 

of the TF inhibitor ASIS. The graphs show representative thrombin generation curves for 4 independent 

experiments 

Besides TF, the phospholipid phosphatidylserine (PS) is known to 

contribute to the procoagulant effects of EVs (26). Therefore, we assessed whether 

the remaining difference in procoagulant potential between CSE-EVs and control-

EVs during TF-pathway inhibition could be due to increased surface-exposed PS on 

CSE-EVs. Bead-coupled flow cytometry of conditioned media revealed that PS was 

increased on EVs captured by beads coated with a cocktail of antibodies against 

CD63, CD81 and CD9 or against each individual protein (Figure 3 E). This was not 

purely due to increased EV release, as there was also increased PS signal for a 

standardized concentration of isolated CSE-EVs compared to control EVs (Figure 3 

F). Additionally, PS was quantified by prothrombinase assay, for which purified 
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coagulation factors Va and Xa, the two subunits of the prothrombinase complex, 

were added to a fixed concentration of isolated EVs. In this assay, the EV membrane 

provides the phospholipid surface for the assembly of the prothrombinase complex. 

Prothrombin was added as a substrate and thrombin generation measured over time. 

CSE EVs resulted in significantly more thrombin generation than control EVs. The 

difference between CSE EVs and control EVs could be attributed to PS, as PS 

blockage with annexin V substantially decreased the thrombin generation and 

equalized the effect of CSE-EVs and control EVs (Figure 3 G). By flow cytometry, we 

showed that the increased PS exposure of CSE-EVs was not paralleled by PS 

externalization on the secreting cells, as there was no increase in PS
+

 cells upon CSE 

exposure (Figure 3 H). Finally, it was assessed to what extent PS accounts for EV-

induced thrombin generation in normal human plasma. Annexin V treatment of EVs 

completely abolished thrombin induction by control-EVs and strongly decreased the 

thrombin generation by CSE-EVs (Figure 4 C). When EVs were treated with 

Annexin-V and the TF inhibitor ASIS was added, thrombin generation was 

completely prevented for both control-EVs and CSE-EVs (Figure 4 D). Thus, TF and 

PS together appear to account for a large proportion of thrombin generation in 

normal human plasma in response to both, control EVs and CSE-induced EVs. 

Discussion 

The airway epithelium is constantly exposed to inhaled air, and airborne exposures 

modulate the behaviour of airway epithelial cells. We and others have recently 

shown that exposure to CSE stimulates airway epithelial cells to release EVs (2, 5). 

Here we extend this finding and present to our knowledge the first study which 

characterizes the proteomic composition of CSE-induced EVs and its functional 

implications. Using nano LC-MS/MS, we demonstrated that CSE-EVs show a notable 

up-regulation of proteins involved in ‘hemostasis’, including TF. We then confirmed 

a partly TF-dependent procoagulant effect for these EVs in vitro. 

EVs were isolated from cell culture media by a combination of ultrafiltration 

and size exclusion chromatography, a protocol that we and others have shown to 

yield EVs with sufficient purity for proteomic characterization (27, 28). While no 

unique proteins were identified in either control EVs or CSE EVs, 33% of the 

identified proteins were differentially expressed. Functional enrichment analysis of 

the EV proteome for GO terms of the ‘cellular component’ GO domain showed that 

the CSE-exposure caused an upregulation of proteins of the ‘plasma membrane’ and 

‘cell surface’. This might imply that CSE exposure results in a shift from the release 

of endosomal-derived exosomes to plasma membrane-derived microvesicles. 
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Alternatively, there may have been a specific sorting of cell surface proteins into the 

EVs rather than a shift in EV subtype. This is supported by the fact that the size 

distribution of control EVs and CSE EVs was similar, whereas a shift towards 

microvesicle release would most likely be associated with an increase in the EV 

diameter. Moreover, control EVs and CSE EVs both showed a similar enrichment for 

the GO term ‘exosomes’ and CSE exposure even resulted in a significant 

upregulation of the exosome marker proteins CD81 and CD9, which further 

contradicts a shift towards microvesicle release. Concerning the GO domain 

‘molecular function’, CSE EVs were enriched in proteins with ‘GTPase activity’ and 

‘receptor activity’, in line with an involvement in cell signaling. Congruently, there 

was an upregulation of the biological processes ‘immune response’, ‘cell 

communication’ and ‘signal transduction’. While we have not performed a functional 

evaluation of these enriched biological processes, others have previously proposed 

an involvement of CSE-induced airway epithelial-derived EVs in cell-to-cell 

communication. In particular, cells that were stimulated with CSE-EVs were shown 

to undergo pro-inflammatory and pro-fibrotic changes (2, 29).  

Functional enrichment analysis for manually curated biological pathways 

revealed that ‘hemostasis’ and ‘platelet activation, signaling and aggregation’ were 

strikingly upregulated in the CSE-induced EVs, suggesting a potential involvement 

in thrombus formation. Using calibrated automated thrombogram, we confirmed a 

procoagulant effect of the CSE-EVs as they caused faster and more thrombin 

generation in normal human plasma than control-EVs. We showed that this effect 

could be partly attributed to EV-associated TF. We then went on to demonstrate 

that CSE-EVs are also enriched in the procoagulant phospholipid PS and that 

concomitant inhibition of TF and PS completely abolished CSE-EV-induced 

thrombin generation. It is well known that smokers have an elevated risk for 

thrombotic cardiovascular diseases (30) and that circulating microvesicles can 

contribute to hypercoagulability and thrombotic disease via expression of TF and PS 

(31). Moreover, it has previously been shown that CSE is able to induce the release of 

TF
+
 procoagulant microvesicles from monocytes and macrophages (3, 15). Our study 

adds that also airway epithelial cells respond to CSE by releasing TF
+
 procoagulant 

EVs and that, besides TF
+
, a number of other procoagulant factors are also associated 

with the EVs and upregulated upon CSE exposure. Moreover, we have shown that 

the procoagulant airway epithelial-derived EVs have exosome properties in terms of 

size and expression of marker proteins. This implies that either functions of 

exosomes and microvesicles overlap or that the EV populations as such overlap. The 

distinction of microvesicles and exosomes might to some extent reflect divergent 
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methodologies of isolation and characterization rather than truly distinct EV 

properties. A side by side evaluation of the exosome- and microvesicle-associated TF 

release of CSE stimulated airway epithelial cells, monocytes and macrophages could 

help shed more light on this. 

One question that remains unanswered here is whether airway epithelial-

derived procoagulant EVs actually enter the blood circulation and thus contribute to 

hypercoagulability in smokers. Although this seems plausible because smoking 

impairs the function of the epithelial-endothelial barrier in the lungs (32, 33), 

Badrnya et al. did not detect any significant changes in circulating TF
+ 

EVs between 

young healthy smokers and non-smokers (34). Besides exerting potential 

procoagulant effects in the systemic blood circulation, TF
+ 

EVs may also have local 

effects in the lungs. Intriguingly, elevated concentrations of TF
+
 EVs have been 

detected in the lungs of patients with several lung diseases, including asthma, acute 

respiratory distress syndrome (ARDS) and interstitial lung disease (35-39). Moreover, 

TF is secreted by airway and alveolar epithelial cells in an EV-associated form in 

response to mechanical stress, pro-inflammatory mediators or oxidants (35-37). 

Besides its prominent role in coagulation, TF also exerts alternative functions, such 

as regulating inflammatory responses, promoting angiogenesis and wound repair 

(40-44). To date, these alternative functions are relatively poorly explored. It is thus 

a promising field for future research to investigate whether TF
+
 EVs contribute to 

tissue remodelling in chronic lung diseases. Importantly, there is a high rate of 

comorbidity of the smoking-associated chronic lung disease COPD and 

cardiovascular disease (45). It would be relevant to investigate whether this can be 

mechanistically explained by an increased production of TF
+
 EVs in response to 

cigarette smoking.  

In conclusion, CSE-induced EVs from airway epithelial cells are – among 

others - enriched in proteins that are involved in cell communication, the immune 

response and hemostasis compared to control EVs. An enhanced procoagulant effect 

of CSE-induced EVs was confirmed in vitro and shown to depend largely on EV-

associated TF and PS. Increased production of procoagulant EVs in response to 

airway epithelial cell stress could be a mechanistic explanation for the high degree of 

comorbidity between chronic lung diseases and cardiovascular diseases. 
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Supplementary Figure 1 - Flow chart of the proteomics data analysis. The chart summarizes the data 

analysis process starting from the data acquisition and ending at the GO terms and biological pathways 

that were found to be enriched. Rounded rectangles represent data handling steps, whereas rhombi 

represent (intermediate) results. 
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Supplementary Figure 1 - Size and morphology of EVs released by BEAS-2B cells under control conditions 

and when exposed to 1% (v/v) CSE for 24 h. (A) Low magnification (scale bar 200 nm) and (B) detail (scale 

bar 100 nm) cryo-TEM recordings of isolated EVs. White arrows in the low magnification recordings 

indicate structures which the authors considered to be EVs. (C) Diameter of isolated EV as determined by 

cryo-TEM. (D) Size distribution histogram of isolated EVs as determined by TRPS. Bars show the mean ± 

SEM, n=5. The vertical dotted lines indicate the size filter that was applied to quantify EVs in order to 

normalize the input for EV characterization (80-250 nm). 
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Supplementary Table 1 Complete list of proteins identified by nano LC-MS/MS. The first work sheet 

“Output Sequest HT” gives the list of proteins as exported from the Sequest HT Proteome Discoverer 2.1, 

which was used for MS data acquisition and database search against the Uniprot database. The second 

work sheet “output data analysis R” gives the data table that was obtained after importing the data in the 

first work sheet into R and analysing it using the R code provided as Supplementary file 1. 

Available online at 

https://docs.google.com/spreadsheets/d/1EMsqrsazjJCP89DOBLptmmDB3HZFx30yC3QH-

dij4yk/edit?usp=sharing   

https://docs.google.com/spreadsheets/d/1EMsqrsazjJCP89DOBLptmmDB3HZFx30yC3QH-dij4yk/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1EMsqrsazjJCP89DOBLptmmDB3HZFx30yC3QH-dij4yk/edit?usp=sharing
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Supplementary Table 2 list of EV-associated proteins that represent the pathway hemostasis. Proteins 

were ordered according to the fold-change (FC; CSE-EVs/control-EVs) and significant q-values (<0.1) are 

printed in italic. 

Gene name protein name FC p q 

ITGB1 Integrin beta-1 1.8 0.001 0.018 
CD63 CD63 antigen 1.7 0.003 0.019 
BSG Basigin 1.6 0.001 0.018 

SLC16A3 Monocarboxylate transporter 4 1.6 0.081 0.099 
CD47 Leukocyte surface antigen CD47 1.5 0.004 0.021 

PRKAR2A cAMP-dependent protein kinase type II-alpha regulatory subunit 1.5 0.043 0.065 
RAC1 Isoform B of Ras-related C3 botulinum toxin substrate 1 1.5 0.002 0.019 

CALM1 Calmodulin 1.5 0.006 0.025 
ITGAV Integrin alpha-V 1.5 0.003 0.019 
GNAS Guanine nucleotide-binding protein G(s) subunit alpha isoforms Xlas 1.5 0.006 0.025 
GNAI2 Guanine nucleotide-binding protein G(i) subunit alpha-2 1.4 0.006 0.025 
GNB1 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 1.4 0.001 0.018 
A2M Alpha-2-macroglobulin 1.4 0.001 0.018 

ATP2B1 Plasma membrane calcium-transporting ATPase 1 1.4 0.042 0.065 
F3 Tissue factor 1.4 0.030 0.052 

RAP1B Ras-related protein Rap-1b 1.3 0.008 0.027 
CDC42 Cell division control protein 42 homolog 1.3 0.003 0.019 
APOB Apolipoprotein B-100 1.3 0.008 0.026 
GNA13 Guanine nucleotide-binding protein subunit alpha-13 1.3 0.025 0.048 
PFN1 Profilin-1 1.2 0.015 0.036 

GNA11 Guanine nucleotide-binding protein subunit alpha-11 1.2 0.030 0.052 
ITGA5 Integrin alpha-5 1.2 0.027 0.050 

F2 Prothrombin 1.2 0.041 0.063 
RHOA Transforming protein RhoA 1.2 0.053 0.076 

GNAI1 Guanine nucleotide-binding protein G(i) subunit alpha-1 1.4 0.121 0.125 
EHD2 EH domain-containing protein 2 1.4 0.275 0.211 

PLAUR Urokinase plasminogen activator surface receptor 1.2 0.169 0.154 
COL1A2 Collagen alpha-2(I) chain 1.2 0.761 0.356 

SERPINE1 Plasminogen activator inhibitor 1 1.2 0.143 0.138 
CFL1 Cofilin-1 OS=Homo sapiens GN=CFL1 PE=1 SV=3 1.2 0.092 0.104 

F5 Coagulation factor V 1.2 0.187 0.165 
APOA1 Apolipoprotein A-I 1.2 0.139 0.137 
AP2M1 AP-2 complex subunit mu 1.1 0.152 0.143 
CAV1 Caveolin-1 1.1 0.234 0.188 

ITGA2 Integrin alpha-2 1.1 0.285 0.216 
STX4 Syntaxin-4 1.1 0.671 0.340 
CAP1 Adenylyl cyclase-associated protein 1 1.1 0.473 0.281 

YWHAZ 14-3-3 protein zeta/delta 1.1 0.614 0.323 
FLNA Filamin-A 1.1 0.331 0.233 

SERPINC1 Antithrombin-III 1.1 0.619 0.324 
HBB Hemoglobin subunit beta 1.0 0.799 0.364 

WDR1 WD repeat-containing protein 1 1.0 0.974 0.410 
MAPK1 Mitogen-activated protein kinase 1 1.0 0.927 0.397 

CAPZA2 F-actin-capping protein subunit alpha-2 1.0 0.716 0.349 
COL1A1 Collagen alpha-1(I) chain 0.9 0.799 0.364 

TLN1 Talin-1 0.9 0.270 0.208 
SERPINF2 Alpha-2-antiplasmin 0.9 0.569 0.312 
PRKAR1A cAMP-dependent protein kinase type I-alpha regulatory subunit 0.9 0.250 0.197 

HSPA5 78 kDa glucose-regulated protein 0.9 0.340 0.238 
CAPZB Isoform 2 of F-actin-capping protein subunit beta 0.9 0.153 0.143 
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Gene name protein name FC p q 

VCL Vinculin 0.8 0.095 0.105 
EHD1 EH domain-containing protein 1 0.8 0.403 0.265 

TF Serotransferrin 0.7 0.089 0.102 

TUBA4A Tubulin alpha-4A chain 0.8 0.004 0.020 
FN1 Fibronectin 0.7 0.003 0.019 
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Supplementary File 1 - R code used for analysing the differential expression of proteins in CSE-induced 

EVs compared to control EVs. 

#Check whether the required packages are installed, if not install them 

if("samr" %in% rownames(installed.packages()) == FALSE) {install.packages("samr")} 

if("Biobase" %in% rownames(installed.packages()) == FALSE) {install.packages("Biobase")} 

if("qvalue" %in% rownames(installed.packages()) == FALSE) { 

  source("http://bioconductor.org/biocLite.R") 

  biocLite("qvalue") } 

 

#read.csv(): reads data from a .csv file 

#file.choose(): let's the user select the file to be opened by clicking on it. Alternatively a 

location can be used such as "C:\user\documents\...\file.csv" 

#header = TRUE: the first row that is read will be set as column names 

#sep=";" : sets ";" as list separator. As a standard, this is set to "," but this can cause problems 

when reading tables that contain commas 

#dec="." : defines how decimals are given, with a "," or "." 

#skip = 2; skips the first two rows of the table because these do not contain relevant 

information  

#na.strings = c("", "NA", "#NUM!") : empty cells, missing values and error messages, will be 

noted NA 

 

File <- read.csv(file.choose(), header = TRUE, sep = ";", dec = ".", skip = 2, na.strings=c("", "NA", 

"#NUM!")) 

File <- subset(File, select = -c(X) ) # remove empty column with the title x 

File <- File[rowSums(is.na(File[ ,4:13])) != 10, ] #remove rows that do not have any abundance 

values 

 

#Data frame creates a matrix of values. A column of  File can be selected using '$'.  

corrections <- data.frame(CSE1 = File$X127N_CSE, 

                          CSE2 = File$X128N_CSE, 

                          CSE3 = File$X129N_CSE, 

                          CSE4 = File$X130N_CSE, 

                          CSE5 = File$X131N_CSE, 

                          ctrl1 = File$X126C_Control, 

                          ctrl2 = File$X127C_Control, 

                          ctrl3 = File$X128C_Control, 
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                          ctrl4 = File$X129C_Control, 

                          ctrl5 = File$X130C_Control 

) 

 

# calculate the log2 of all relative protein abundance values 

corrections <- log2(corrections) 

 

#subtract median of all proteins to obtain a median of 0 for all identified proteins 

library(Biobase) #loads the package required for calculating row medians 

med <- as.matrix(corrections) #transforms the data frame corrections into a matrix, so that 

rowMedians() can be applied 

med <- rowMedians(med, na.rm=FALSE) #creates a new matrix with only 1 column containing 

the row medians 

corrections <- corrections-med #subtracts the row medians from all values in the respective 

row 

corrections <- as.data.frame(corrections) 

 

#create a data frame with the accession, q-value_protein_identification and the median 

corrected abundace values 

analysis <- File 

analysis$X126C_Control <- corrections$ctrl1 

analysis$X127C_Control <- corrections$ctrl2 

analysis$X128C_Control <- corrections$ctrl3 

analysis$X129C_Control <- corrections$ctrl4 

analysis$X130C_Control <- corrections$ctrl5 

analysis$X127N_CSE <- corrections$CSE1 

analysis$X128N_CSE <- corrections$CSE2 

analysis$X129N_CSE <- corrections$CSE3 

analysis$X130N_CSE <- corrections$CSE4 

analysis$X131N_CSE <- corrections$CSE5 

 

#remove unnecessary rows 

## select only rows with high FDR confidence (q<0,01) 

analysis.complete <- analysis # data frame for storing the complete data 

analysis <- subset(analysis, analysis$Protein_FDR_Confidence == "High") #creates new data 

frame with proteins identified FDR <=0,01 
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dim(analysis) # gives the number of proteins with an FDR <=0,01 

 

# boxplot: intensities of all eight channels after data preprocessing and normalization 

par(mfrow=c(1,1), font.lab=2, cex.lab=1.2, font.axis=2, cex.axis=1.2) 

boxplot(analysis[, 4:13],  ylim = c(-3, 3), main="Boxplot normalized Intensities") 

 

# define design according to syntax of limma package 

design <- model.matrix(~factor(c(2,2,2,2,2,1,1,1,1,1))) 

design 

colnames(design) <- c("Intercept", "Diff") 

 

# eb.fit performs two sample unmoderated and moderated t-test 

# outputs a data frame that contains for each protein: its log2-FC, ordinary and moderated p-

values and q-values, sorted by moderated p-values in increasing order  

eb.fit.bb <-  function(analysis, design){ 

    n <- dim(analysis)[1] 

    fit <- lmFit(analysis[,4:13], design) 

    fit.eb.bb <- eBayes(fit) 

    logFC <- fit.eb.bb$coefficients[, 2] 

    logFC <- -logFC 

    df.r <- fit.eb.bb$df.residual 

    df.0 <- rep(fit.eb.bb$df.prior, n) 

    s2.0 <- rep(fit.eb.bb$s2.prior, n) 

    s2 <- (fit.eb.bb$sigma)^2 

    s2.post <- fit.eb.bb$s2.post 

    t.ord <- fit.eb.bb$coefficients[, 2]/fit.eb.bb$sigma/fit.eb.bb$stdev.unscaled[, 2] 

    t.mod <- fit.eb.bb$t[, 2] 

    p.ord <- 2*pt(-abs(t.ord), fit.eb.bb$df.residual) 

    p.mod <- fit.eb.bb$p.value[, 2] 

    q.ord <- qvalue(p.ord)$q 

    q.mod <- qvalue(p.mod)$q 

    results.eb.bb <- data.frame(analysis,logFC, t.ord, t.mod, p.ord, p.mod, q.ord, q.mod, df.r, 

df.0, s2.0, s2, s2.post) 

    results.eb.bb <- results.eb.bb[order(results.eb.bb$p.mod), ] 

    return(results.eb.bb) 

  } 
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getwd() 

results.eb.bb$Ratio=as.vector(results.eb.bb$Ratio) 

results.eb.bb$Ratio=gsub(",","\\.",results.eb.bb$Ratio) 

results.eb.bb$Ratio=as.numeric(results.eb.bb$Ratio) 

write.csv(results.eb.bb, file="MS_moderated_t_4.csv") 

 

##The rownames of the generated data frame res.eb correspond to protein groups accessions 

numbers provided by the original raw data set. Each protein (row) has the following columns: 

#logFC  estimate of the log2-fold-change corresponding to the effect size 

#t.ord  vector of ordinary t-statistic 

#t.mod  moderated t-statistic 

#p.ord  ordinary p-value corresonding to the ordinary t-statistic 

#p.mod  moderated p-value corresonding to the moderated t-statistic 

#q.ord  ordinary q-value corresonding to the ordinary t-statistic 

#q.mod  moderated q-value corresonding to the moderated t-statistic 

#df.r  residual degrees of freedom assiciated with ordinary t-statistic and p-value 

#df.0  degrees of freedom associated with s2.0 

#s2.0  estimated prior value for the variance 

#s2  sample variance 

#s2.post  posterior value for the variance
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Abstract 

We have shown by bead-based flow cytometry that cultured 

bronchial epithelial cells secrete an increased quantity of total, tissue 

factor (TF)
+
, and phosphatidylserine (PS)

+ 
extracellular vesicles (EVs) 

when exposed to cigarette smoke extract. In this pilot study, we 

tested whether bead-based flow cytometry can be used for detecting 

EVs in human plasma. We then aimed to translate our in vitro 

findings by comparing EV concentrations in young healthy smokers 

before and after smoking, as well as between smokers and non-

smoking controls. PS content of isolated EVs was assessed by 

prothrombinase assay and plasma thrombogenicity by calibrated 

automated thrombrogram. While many bead-based flow cytometry 

stainings were unspecific or too insensitive when applied to human 

plasma, the following capture/detection combinations provided a 

specific signal: CD81/CD81, CD81/TF and CD81/EpCAM. No 

significant differences in circulating EVs were found in smokers 

before and after smoking. Yet, in baseline samples, there was a trend 

for a positive association between the number of cigarettes smoked 

per day and CD81
+
TF

+
 EVs. When analysing the data from male 

samples only, there was a significant negative association between 

smoking status and CD81
+
EpCAM

+
 EVs. CD81

+
EpCAM

+
 EVs showed a 

moderate negative correlation with the time required for thrombin 

formation. In conclusion, bead-based flow cytometry can be used for 

detecting EVs in human plasma, but this requires extensive validation 

and optimisation. This pilot study does not provide evidence for 

smoking-induced procoagulant changes in circulating TF
+
 EVs.  
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Introduction 

In chapter 5, we have shown that, when exposed to cigarette smoke extract (CSE), 

bronchial epithelial cells secrete increased concentrations of total, tissue factor (TF)
+
 

and phosphatidylserine (PS)
+ 

extracellular vesicles (EVs). These results were largely 

obtained using bead-based flow cytometry for EVs that express exosome marker 

proteins such as CD63, CD81 and CD9. This sub-chapter describes a pilot study, in 

which we aimed to 1) validate bead-based flow cytometry for the detection of EVs in 

human plasma, 2) determine whether smoking modifies the concentrations of total, 

TF
+
 and PS

+
 circulating EVs and 3) investigate whether concentrations of circulating 

EVs are correlated with plasma thrombogenicity. 

Materials and Methods 

Healthy volunteers, blood sampling and platelet poor 

plasma 

Written informed consent was obtained from all participants, and the study was 

approved by the institutional ethics committee of the Maastricht UMC+. To study 

the acute effects of smoking, 6 young (18-35 years) healthy smokers and 6 age- and 

sex-matched controls were included. A baseline blood sample was taken after 

overnight abstinence from smoking and eating. All participants then received a 

standardised breakfast and were encouraged to follow their normal smoking 

behaviour. After 3 hours, a second blood sample was drawn. To study medium term 

effects of smoking, 8 additional young (18-35 years) healthy smokers and age- and 

sex-matched controls were included for the baseline blood sample only (total n=14 

per group). Participants filled in a short questionnaire about their smoking 

behaviour, health status and medication use. Blood collection was performed as 

described previously with some adaptations [1]. Venous blood was collected by 

antecubital venepuncture using 21-gauge needles, one discarding tube and 2 

consecutive 3.2% (w/v) citrated Vacutainer glass tubes (BD). Blood was centrifuged 

twice at 1,550 x g for 20 min to obtain platelet poor plasma (PPP). PPP was aliquoted 

and stored at -80˚C until use. 

Bead-based flow cytometry 

Bead-based flow cytometry was performed as described in chapter 5 with some 

adaptations. Various combinations of capture beads and detection antibodies were 

tested. CD63-, CD63/CD81/CD9- and CD81-beads were coated as described in 
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chapter 5. Additionally, beads (3.5 x 10
8
/ml) were coated with 0.25 mg/ml Annexin V 

unlabelled recombinant protein (eBioscience), 0.125 mg/ml mouse anti-human TF 

(BD; clone HTF-1), 0.125 mg/ml mouse anti-human EpCAM (Thermo Fisher 

Scientific; clone 1B7) or 0.125 mg/ml mouse IgG1,k isotype control (clone MOPC-21; 

BD) by overnight incubation in 2-(N-morpholino)ethanesulfonic acid (MES) buffer. 

After coating, all beads were incubated for 8 hours with 4% (w/v) BSA in PBS to 

block unspecific binding sites. 

PPP and positive controls (24 hour conditioned media from BEAS-2B cells) 

were thawed at room temperature, followed by vortexing and centrifugation for 2 

minutes at 10,000 x g, after which the supernatant was transferred into a fresh tube. 

Plasma samples were diluted using PBS with 0.32% (w/v) sodium citrate. Next, 1 x 10
6
 

beads were incubated overnight with either undiluted (400 µl) or 5 x diluted (200 µl) 

PPP or with the volume-matched positive control. Detection was performed as 

described previously [2] with either of the following phycoerythrin (PE)-labelled 

antibodies: mouse anti-human CD81 (BD; clone JS-81), mouse anti-human TF (BD; 

clone HTF-1), or mouse anti-human EpCAM (clone1B7). Alternatively, beads were 

stained for 15 minutes at room temperature with 50 µl of Alexa Fluor 488 (AF488)-

conjugated annexin V (Thermo Fisher Scientific) diluted 50 x in annexin binding 

buffer (ABB) in order to detect PS. 

Tuneable resistive pulse sensing 

Total circulating nanoparticles were measured by tuneable resistive pulse sensing 

(TRPS) using a qNano Gold (Izon) and Izon Control Suite Software Version 3.2. 

Plasma was diluted 50 x in 0.2 µm-filtered PBS with 0.32% (w/v) sodium citrate and 

measured using an NP300 nanopore (Izon) with SKP400 calibration beads (Izon) to 

detect particles of 200-400 nm in diameter. Alternatively, 50 x diluted plasma was 

filtered through a 0.4 µm syringe filter and measured on an NP150 nanopore (Izon) 

with SKP200 calibration beads (Izon) to detect particles of 85-250 nm in diameter. 

For each pore type, the stretch was adjusted as to maintain the blockade height of 

the calibration beads constant and the voltage was adjusted to maintain the current 

between 125 and 135 nA. The pressure was maintained at 15 mbar for all 

measurements. 

EV isolation and prothrombinase assay 

EVs were isolated from PPP by size exclusion chromatography (SEC). In brief, 500 µl 

of PPP were thawed at room temperature and vortexed, followed by application to a 

qEV SEC column (Izon). Using PBS with 0.32% (w/v) sodium citrate as elution 
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buffer, 8 fractions of 1.5 ml were collected. By bead-based flow cytometry, the 

majority of EVs was found to elute in fraction 3 (data not shown). Therefore, fraction 

3 of each plasma sample was collected and concentrated to 400 µl on an Amicon 

Ultra-4 Centrifugal Filter Unit with Ultracel 10 membrane (10 kDa MWCO, Merck 

Millipore). The obtained EV isolates were aliquoted and stored at -80˚C until PS 

quantification. PS quantification was performed using the prothrombinase assay as 

described in chapter 5, except that all EV isolates were tested 10 x and 100 x diluted 

rather than at a fixed EV concentration. 

Thrombin generation 

Thrombin generation was determined using the calibrated automated thrombogram 

method (CAT, Thrombinoscope BV) as described in chapter 5 with some 

adaptations. Instead of in the normal human plasma pool, thrombin generation was 

assessed in PPP of the healthy smokers and controls. Either 20 µl of calibrator or 20 

µl of phospholipids (MP reagent, Thrombinoscope BV) was added to 80 µl of plasma. 

Measurements were performed as described previously [3]. 

Data analysis 

Data was analysed using R version 3.4.1 for Windows with R studio. Comparisons 

between baseline and post-exposure samples of smokers or non-smokers were 

performed using the Wilcoxon signed rank test. To compare baseline samples of 

non-smokers and smokers, univariate analysis was performed using the independent 

2-group Mann-Whitney U test. Multivariate analysis was performed using linear 

regression, including testing for interaction. Multicollinearity was tested using the 

mctest package. Spearman correlation coefficients were calculated using R and 

plotted using the heatmap.2 function of the gplots package. 

Results 

Validation of bead-based flow cytometry stainings for the 

detection of EVs in human plasma 

We first evaluated whether bead-based flow cytometry can be used for detecting EVs 

in human plasma. For this purpose, baseline PPP from 12 study participants (6 

smokers and 6 controls) was pooled and incubated with various capture beads and 

detection antibodies. As a positive control, 24 h-conditioned media of BEAS-2B 

bronchial epithelial cells were used. The results are shown in Figure 1. While all 

tested stainings except for CD81/EpCAM (Figure 1 D) provided a specific signal for  
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Figure 1 – Validation of different bead/detection combinations for measurement of EVs in human plasma. 

As a positive control, 24 h-conditioned medium of BEAS-2B bronchial epithelial cells was used. Grey 

zones indicate the spread of the background signal measured with isotype beads. The stainings that were 

selected for comparing circulating EVs of non-smokers and smokers are highlighted in red. (A) Detection 

using Alexa Fluor 488-labelled Annexin V, (B) Detection using a combination of PE-labelled anti-CD63, 

anti-CD81 and anti-CD9, (C) Detection using PE-labelled, (D) Detection using PE-labelled anti-EpCAM 

and (E) Detection using PE-labelled anti-CD81 

the positive control, several problems were encountered when applying the method 

to plasma samples. Beads coated with anti-CD63, annexin V, or a combination of 

anti-CD63, anti-CD81 and anti-CD9 were excluded from analysis because these beads 

agglutinated irreversibly when incubated with plasma. Anti-CD9 beads were not 

included because we previously found platelet-derived EVs to be rich in CD9 

compared to BEAS-2B bronchial epithelial cell-derived EVs [4], suggesting that these 

beads would not target the EV population of interest. For all bead types, EV 

detection using annexin V (Figure 1A) or using a mixture of PE-labelled anti-CD63, 

anti-CD81 and anti-CD9 (Figure 1B) provided a high unspecific signal when using 

isotype-coated beads. In both cases, the high background signal was not improved 

by isolating EVs using UF-SEC prior to bead-based flow cytometry (data not shown). 

Finally, anti-TF (Figure 1C), anti-EpCAM (Figure 1D) and anti-CD81 (Figure 1E) 

detection provided a specific signal for plasma when combined with CD81 capture 

beads. Therefore, the following capture/detection combinations were chosen for 

studying the effects of smoking on circulating EVs: 1) CD81/CD81 for detection of 

total CD81
+
 EVs; CD81/TF for detection of CD81

+
TF

+
 procoagulant EVs; and 3) 

CD81/EpCAM for detection of CD81
+
EpCAM

+
 epithelial-derived EVs 

Effects of acute smoke exposure on circulating EVs 

To assess acute effects of smoking, we compared circulating EVs in baseline and 

post-exposure samples of 6 smokers. Additionally, 6 non-smokers were included to 

control for diurnal or diet-induced variations in EV concentrations. All subjects were 

sampled in the morning after overnight abstinence from smoking and eating, after 

which they received a standardised breakfast. Smokers were then encouraged to 

follow their normal smoking behaviour and a second blood sample was drawn from 

all participants after 3 hours. The participant characteristics are summarised in table 

1 (before-after). The median number of cigarettes smoked per person in the smoker 

group was 3 and no participant smoked less than 2 cigarettes between the two 

sampling time points, whereas no cigarettes were smoked by the participants of the 
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control group. 

Circulating EVs were detected by bead-based flow cytometry with the 

optimal capture/detection combinations. Additionally, circulating EVs were 

measured using TRPS with an NP150 nanopore for particles with a diameter of 85-

250 nm and with an NP300 for particles with a diameter of 200-400 nm. Box plots of 

the results are shown in Figure 2. Neither in smokers nor in non-smokers was there 

any significant difference in CD81
+
, CD81

+
TF

+
 or CD81

+
EpCAM

+
 EVs between the two 

sampling time points (Figure 2A-C). Circulating nanoparticles of 85-250 nm were 

significantly increased between baseline and post-exposure samples in smokers as 

well as non-smokers (Figure 2D). For both groups, there was also an increase in 

nanoparticles with a diameter of 200-400 nm (Figure 2E). For non-smokers, this was 

statistically significant (Figure 2E). There were no significant differences in the delta 

(concentration post-exposure – concentration at baseline) for any of the assessed EV 

outcomes. While we found no acute effect of smoking on circulating EVs in before-

after samples, potential differences in the baseline values between non-smokers and 

smokers were perceived for CD81
+
, CD81

+
TF

+
 and CD81

+
EpCAM

+
 EVs. Additional 

participants were therefore included for the baseline measurements in order to 

examine whether these differences were reproducible and statistically significant. 

Table 1 – Characteristics of the participants included for testing the acute (before-after) and medium term 

(baseline only) effects of smoking on circulating EVs. Values are given as median with interquartile range. 

 

before-after  baseline only 

 

smokers non-smokers  smokers non-smokers 

n 6 6  14 14 

age 28 (27-29.75) 30.5 (28.5-31)  26 (24.25-28.5) 28 (24.5-31) 

females 1 1  6 6 

years of smoking 7 (6.25-9.25) 0  7.5 (6-10) 0 

cigarettes per day 20 (12.5-20) 0  13.75 (10-20) 0 

pack-years 6 (3.5-7) 0  5.5 (3.38-7) 0 

cigarettes between samplings 3 (3-3.75) 0  n.a. n.a. 
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Figure 2 – Box plots of the different EV measurements in baseline (t1) and ‘post-exposure’ (t2) samples. 

White box plots show the absolute values for non-smokers and smokers at both time points and grey box 

plots show the delta (t2-t1) for non-smokers and smokers. (A) CD81+ EVs, (B) CD81+ TF+ EVs, (C) 

CD81+EpCAM+ EVs, (D) nanoparticles with a diameter of 85-250 nm, (E) nanoparticles with a diameter of 

200-400 nm. Statistical differences were tested for all datasets using the Wilcoxon signed rank test to 

compare the t1 and t2 time points within each group and using the Mann-Whitney U test to compare the 

deltas of the two groups to each other. *p=0.01-0.05. NS, non-smokers; S, smokers; t1, time point 1 

(baseline); t2, time point 2 (‘post-exposure’) 

Cross-sectional effects of smoking on circulating EVs 

To determine effects of smoking on circulating EVs in a cross-sectional setup, we 

compared EV measurements in baseline samples of smokers and non-smoking 

controls (n=14 per group), i.e. in samples that were taken in the morning after 

overnight abstinence from smoking and eating. The participant characteristics are 

summarised in table 1 (baseline only). Univariate analysis by Mann-Whitney U test 
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revealed no significant differences between smokers and non-smokers for any of the 

assessed EV parameters, i.e. CD81
+
 EVs (Figure 3A), CD81

+
TF

+ 
EVs (Figure 3B), 

CD81
+
EpCAM

+
 EVs (Figure 3C) and EV-associated PS (Figure 3D). There were also no 

differences in phospholipid-induced thrombin generation between smokers and 

non-smokers in terms of lagtime (Figure 3E), endogenous thrombin potential (ETP; 

Figure 3F), thrombin peak concentration (Figure 3G) and the time to peak (ttPeak; 

Figure 3H). 

 

Figure 3 – Box plots of the different EV measurements for baseline samples, divided into non-smokers 

(NS) and smokers (S). (A) CD81+TF+ EVs. (B) CD81+ EVs. (C) CD81+EpCAM+ EVs. (D) EV-associated PS. (E) 

Lagtime. (F) ETP. (G) Thrombin peak concentration. (H) ttPeak. Statistical differences were tested for all 

datasets using the Mann-Whitney U test to compare the values in non-smokers and smokers to each 

other. NS, non-smokers; S, smokers; t1, time point 1 (baseline); t2, time point 2 (‘post-exposure’) 

To adjust for the age and sex of the study participants, a multivariate linear 

regression was used. Linear regression models with the smoking status as predictor 

variable were built for the whole study population (n=28). Linear regression models 

with either pack-years or the number of cigarettes smoked per day were built for 

smokers only (n=14) because inclusion of the non-smokers would lead to a highly 

skewed distribution of the predictor variables (with half of the values being null), 
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violating the assumption of normality. We first tested whether there was a 

significant interaction between smoking status and sex as predictors for all outcome 

variables. For CD81
+
EpCAM

+ 
EVs, sex was a significant effect modifier. Therefore, 

separate linear models were built for males and females for CD81
+
EpCAM

+ 
EVs as 

outcome variable. Moreover, we tested for multicollinearity and found that pack-

years and age were significantly correlated. Therefore, age was excluded from the 

model when predicting outcome variables based on the pack-years. 

Table 2– Results of the multivariate linear regression analysis. °p=0.05-0.1; *p=0.01-0.05; **p=0.001-0.01; ***p<0.001 

 

total, n=28 
16 males, 12 females 

smokers, n=14 
8 males, 6 females 

smokers, n=14 
8 males, 6 females 

  

beta p 

 

beta p 

 

beta p 

CD81+ EVs smoking status 44.98 0.284 cigarettes/day 10.93 0.216 pack-years 4.73 0.647 

 

female sex 66.50 0.117 female sex 95.61 0.247 female sex 99.94 0.242 

 

age -4.39 0.365 age -10.74 0.453 

   CD81+TF+ EVs smoking status -3.96 0.882 cigarettes/day 9.41 0.070˚ pack-years 0.09 0.989 

 

female sex 53.87 0.051° female sex 42.37 0.354 female sex 55.13 0.296 

 

age -2.73 0.380 age -9.43 0.249 

   CD81+EpCAM+ EVs  

        

 

males smoking status -106.07 0.009** cigarettes/day -1.12 0.544 pack-years -3.75 0.274 

 

age -0.69 0.874 age -2.21 0.481 

   

 

females smoking status 226.32 0.273 cigarettes/day 50.22 0.292 pack-years -0.88 0.983 

 

age -15.39 0.473 age -75.84 0.325 

   PS smoking status -0.79 0.570 cigarettes/day -0.09 0.683 pack-years -0.18 0.485 

 

female sex -1.60 0.254 female sex -1.76 0.425 female sex -1.72 0.423 

 

age -0.17 0.299 age 0.30 0.447 

   Lagtime smoking status -0.58 0.633 cigarettes/day -0.02 0.903 pack-years 0.13 0.478 

 

female sex -0.63 0.602 female sex -1.88 0.262 female sex -2.23 0.161 

 

age -0.13 0.358 age 0.07 0.790 

   ETP smoking status 81.99 0.470 cigarettes/day 21.26 0.292 pack-years -3.85 0.870 

 

female sex 136.93 0.229 female sex 142.89 0.448 female sex 163.07 0.400 

 

age 15.41 0.238 age -14.95 0.644 

   Peak smoking status 13.20 0.438 cigarettes/day 3.38 0.269 pack-years -2.20 0.531 

 

female sex 6.73 0.689 female sex 15.24 0.589 female sex 24.56 0.393 

 

age 1.43 0.460 age -4.81 0.334 

   ttPeak smoking status -1.15 0.418 cigarettes/day -0.04 0.817 pack-years 0.20 0.333 

 

female sex -0.19 0.891 female sex -1.67 0.359 female sex -2.24 0.192 

 

age -0.16 0.335 age 0.15 0.627      
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The results of all linear regression analyses are summarised in table 2. For 

the total group (n=28), in the analysis for the smoking status, age and sex, female sex 

was positively associated with the concentration of CD81
+
TF

+
 EVs with a near 

significant p-value (p=0.051). While no association was found for the smoking status 

or pack-years and CD81
+
TF

+
 EVs, the number of cigarettes smoked per day tended to 

be positively associated with this procoagulant EV subtype (p=0.07). Moreover, there 

was a significant negative association between smoking status and CD81
+
EpCAM

+
 

EVs in the male subgroup (n=16, p=0.009). Figure 4 shows two separate boxplots of 

the CD81
+
EpCAM

+
 EVs for males (Figure 4A) and females (Figure 4B). Similar to the 

linear regression model, the Mann-Whitney U test confirmed a significant decrease 

of CD81
+
EpCAM

+
 EVs in male smokers (Figure 4A, p=0.006). 

 

Figure 4 – Box plot for CD81+EpCAM+ EVs for (A) the male and (B) the female subpopulation. Statistical 

differences were tested using the Mann-Whitney U test to compare the median values of non-smokers 

and smokers to each other. 

Correlation between circulating EVs and plasma 

thrombogenicity 

Finally, we assessed whether measures of circulating EVs are correlated with plasma 

thrombogenicity irrespective of the participant characteristics and smoking 

behaviour. Non-parametric Spearman correlations were calculated for each of the 

four EV measures (CD81
+
 EVs, CD81

+
TF

+
 EVs, CD81

+
EpCAM

+
 EVs and EV-associated 

PS) correlated to each of the four parameters of plasma thrombogenicity (lagtime, 

ETP, thrombin peak concentration and ttPeak). The results are plotted in a heatmap 
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(Figure 5). Overall, the correlation between EV measures and parameters of 

thrombogenicity was low. However, CD81
+
EpCAM

+
 EVs showed a moderate but 

statistically significant negative association with the lagtime (rho= -0.42, p=0.031) 

and with the ttPeak (rho=-0.39, p=0.035), implying faster thrombin formation in 

samples with higher concentrations of these EVs. 

 

Figure 5 – Heat map of the spearman correlation coefficients for the different EV measurements and 

parameters of thrombin generation. The asterisks indicate statistically significant correlations. *p=0.01-

0.05 

Discussion 

In chapter 5, we have shown that, when exposed to cigarette smoke extract (CSE), 

bronchial epithelial cells secrete increased concentrations of total, tissue factor (TF)
+
 

and phosphatidylserine (PS)
+ 

extracellular vesicles (EVs). In this sub-chapter, we 

aimed to set a first step towards translating these in vitro findings to the human 

situation. 

We first tested whether bead-based flow cytometry can be used for 

detecting EVs in plasma samples. While this method provides a highly specific signal 

for EVs in conditioned cell culture media, many combinations of capture beads and 

detection antibodies resulted in irreversible agglutination of the beads or an 

unspecific signal for plasma samples. This could not be improved by isolating EVs 
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using size exclusion chromatography prior to bead incubation, suggesting that the 

unspecific signal may arise from a ‘sticky’ EV surface rather than from the presence 

of plasma proteins. We finally found that the following capture/detection 

combinations provided a specific signal: CD81/CD81, CD81/TF and CD81/EpCAM. 

Yet, particularly for the CD81/TF and CD81/EpCAM measurements, the signal was 

close to the lower detection limit and it was required to work with 400 µl of 

undiluted plasma to pick up a signal. This makes the technique suboptimal for EV 

detection in clinical studies, where often only small sample volumes are available. 

The majority of EVs in plasma are derived from platelets. Hypothesizing that TF
+
 

EVs in smokers are mostly derived from lung epithelial cells, their detection may be 

improved by depleting the confounding highly abundant platelet-derived EVs. 

Finally, while the use of CD81 capture beads adds specificity to the measurement, it 

is also associated with the inherent disadvantage that only a subpopulation of EVs is 

analysed. This shortcoming could be overcome by detecting individual EVs using 

direct flow cytometry. Scatter triggered flow cytometry is commonly used for the 

detection of TF
+
 EVs, but also only analyses a subset, as it is unable to detect EVs 

smaller than 300 nm [5, 6]. Fluorescence-triggered flow cytometry has recently been 

proposed as a broadly applicable method for sensitive EV detection and should be 

evaluated as a viable alternative for detection of TF
+
 EVs in plasma samples [7]. 

The second aim of this study was to investigate whether smoking affects 

circulating EVs in young healthy volunteers using both acute exposure and cross-

sectional study designs. No significant differences in CD81
+
, CD81

+
TF

+
 or 

CD81
+
EpCAM

+
 EVs were found in smokers before and after smoking. Yet, there was 

an increase in circulating nanoparticles of 85-250 nm and 200-400 nm in diameter. 

For the smaller nanoparticles, this effect was statistically significant. However, a 

similar increase was observed in the non-smoking controls, suggesting that this 

reflects a diurnal effect or a response to the standardised breakfast rather than an 

effect of smoking. It is also important to note that total circulating nanoparticles are 

not only composed of EVs but may also comprise lipoproteins. Postprandial 

increases in circulating nanoparticles have been observed and are at least in part 

attributable to low density lipoprotein [8]. 

While we observed no effects of short term smoke exposure on circulating 

EVs according to bead-based flow cytometry, CD81
+
TF

+
 EVs appeared to be elevated 

in baseline samples of smokers compared to non-smokers. A power calculation 

showed that inclusion of at least 6 additional participants would be sufficient to 

reach statistical significance for the observed effect size (effect size d=1.39 for the 

CD81
+
TF

+
 EVs, data not shown). Therefore, 8 additional participants per group were 
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included for the baseline sampling. Additionally to the bead-based flow cytometry 

measurements, we also determined the concentration of EV-associated PS and 

thrombin generation in all baseline samples. However, no significant differences 

were observed between smokers and non-smokers for any of the outcome variables 

according to univariate analysis. Yet, in the multivariate analysis, the number of 

cigarettes smoked per day tended to be associated with the CD81
+
TF

+
 EVs. 

Surprisingly, CD81
+
EpCAM

+
 EVs were significantly decreased rather than increased 

in male smokers, whereas there was no difference between female non-smokers and 

smokers. Interestingly, EVs positive for tetraspanins (CD63, CD81 and CD9) and 

EpCAM have previously been reported to be decreased in smokers compared to non-

smokers [9]. Yet, the biological explanation for this observation remains elusive. It 

should be tested whether CSE exposure decreases the release of EpCAM on CD81
+
 

EVs from cultured bronchial epithelial cells. Bronchial epithelial cells undergo 

epithelial-to-mesenchymal transition when exposed to CSE, and the associated shift 

from epithelial to fibroblast marker expression might explain the decreased release 

of EpCAM
+
 EVs [10]. 

Finally, we investigated whether circulating EV concentrations are 

correlated with thrombin generation in plasma of healthy volunteers irrespective of 

their smoking status. Such a correlation, particularly for TF
+
 EVs, would be in line 

with the hypothesis that EVs can promote coagulability. However, only 

CD81
+
EpCAM

+
 EVs showed a moderate correlation with a decreased thrombin 

lagtime and time to the thrombin peak (ttPeak). This implies that higher 

CD81
+
EpCAM

+
 EV concentrations are associated with faster thrombin generation. 

This finding was surprising because male smokers had significantly less 

CD81
+
EpCAM

+
 EVs than male non-smokers, whereas it is well established that 

smoking results in activation of the coagulation cascade [11]. Larger studies with a 

more thorough profiling of circulating EV subpopulations are required to validate 

this observation and place it into context. 

This pilot study has several limitations. First, our study population 

comprised only young and healthy individuals. Most of the participants only had a 

mild smoking history. Yet, the integrity of the epithelial-endothelial barrier in the 

lungs only becomes impaired in long-term smokers. Thus, even if there is an 

induction of TF
+
 EVs in the lungs of young healthy smokers, the majority of these 

EVs may never reach the blood circulation but remain within the lung lumen. 

Moreover, a strong variation in TF
+
 EVs was observed in women. It is well known 

that the menstrual cycle and the use of hormonal contraceptives influence 

coagulability [12-14]. These factors may also influence TF
+
 EVs, but have 
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unfortunately not been controlled for in this pilot study. Additionally, the bead-

based flow cytometry method that we used likely only detects a subset of TF
+
 EVs, as 

discussed above. Larger and better controlled translational studies in older and more 

severe smokers may yet reveal more pronounced effects of smoking on TF
+
 EVs, 

especially when using more comprehensive methods for EV detection. 

In conclusion, we have shown that bead-based flow cytometry can be used 

for detecting certain EV subpopulations in plasma. However, careful validation of 

each staining combination is required and sensitivity for low abundant EV 

subpopulations is rather low, making bead-based flow cytometry suboptimal for the 

application in clinical studies. Fluorescence-triggered flow cytometry may be a 

preferable alternative. In this pilot study, smoking status had little influence on 

circulating EVs. The major outcome variable, TF
+
 EVs, tended to be positively 

associated with the number of cigarettes smoked per day but was not correlated with 

thrombin generation. Translational studies in older and more severe smokers may 

yet reveal effects of smoking on TF
+
 EVs, especially when using more comprehensive 

methods for EV detection. 
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Abstract 

Introduction: Airway epithelial cells have been described to release 

extracellular vesicles (EVs) with pathological properties when 

exposed to cigarette smoke extract (CSE). As CSE causes oxidative 

stress, we investigated whether its oxidative components are 

responsible for inducing EV release and whether this could be 

prevented using the thiol antioxidants N-acetyl-L-cysteine (NAC) or 

glutathione (GSH). 

Methods: BEAS-2B cells were exposed for 24 h to CSE, H2O2, 

acrolein, 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), bacitracin, rutin 

or the anti-protein disulphide isomerase (PDI) antibody clone RL90; 

with or without NAC or GSH. EVs in media were measured using 

CD63
+
CD81

+
 bead-coupled flow cytometry or tuneable resistive pulse 

sensing (TRPS). For characterisation by Western Blotting, cryo-

transmission electron microscopy and TRPS, EVs were isolated using 

ultracentrifugation. Glutathione disulphide and GSH in cells were 

assessed by a GSH reductase cycling assay, and exofacial thiols using 

Flow cytometry. 

Results: CSE augmented the release of the EV subtype exosomes, 

which could be prevented by scavenging thiol-reactive components 

using NAC or GSH. Among the thiol-reactive CSE components, H2O2 

had no effect on exosome release, whereas acrolein imitated the NAC-

reversible exosome induction. The exosome induction by CSE and 

acrolein was paralleled by depletion of cell surface thiols. Membrane 

impermeable thiol blocking agents, but not specific inhibitors of the 

exofacially located thiol-dependent enzyme PDI, stimulated exosome 

release. 

Summary/conclusion: Thiol-reactive compounds like acrolein 

account for CSE-induced exosome release by reacting with cell 

surface thiols. As acrolein is produced endogenously during 

inflammation, it may influence exosome release not only in smokers, 

but also in ex-smokers with chronic obstructive pulmonary disease. 

NAC and GSH prevent acrolein- and CSE-induced exosome release, 

which may contribute to the clinical benefits of NAC treatment. 
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Introduction 

Situated at the vast interface between environment and lung tissue, the airway 

epithelium is crucial for maintaining pulmonary homeostasis. Not only does it act as 

a physical barrier, it also supports appropriate responses to inhaled pathogens and 

chemicals by sending signals towards immune and stromal cells in its vicinity (for a 

review, see [1]). Yet, epithelial integrity and function become impaired upon chronic 

exposure to noxious stimuli, for instance in long term cigarette smokers [2]. 

Cigarette smoke-induced epithelial damage is partly mediated by components that 

cause oxidative stress, such as the reactive oxygen species (ROS) hydrogen peroxide 

(H2O2) [3, 4] and the reactive carbonyl acrolein [5, 6]. The oxidative stress exerted by 

cigarette smoke components is thought to contribute to the early pathogenesis of 

chronic obstructive pulmonary disease (COPD) [7]. Moreover, once COPD is 

established, markers of oxidative stress, as well as acrolein, remain elevated in the 

lungs even after patients stop smoking [8, 9]. Recent studies have revealed that 

treatment with a high-dose of the thiol-group bearing mucolytic and antioxidant N-

acetyl-L-cysteine (NAC) improved small airway function in COPD patients [10] and 

lowered the frequency of acute exacerbations [11]. This suggests that oxidative stress 

causally contributes to small airway disease and worsening of COPD via acute 

exacerbations, even in ex-smokers. 

A number of studies have suggested that oxidative stress influences the 

release of extracellular vesicles (EVs) by various cell types [12-14].  EVs are membrane 

vesicles secreted by nearly all cell types. They consist of a lipid bilayer surrounding 

an aqueous lumen, and act as carriers for molecules derived from their cell of origin, 

including membrane proteins, cytoplasmic proteins and RNA. EV functions include 

removing unnecessary or toxic molecules from their cell of origin [15, 16], as well as 

delivering complex messages between cells [17].  Thus, EVs regulate many biological 

processes, including immune responses and inflammation [17]. Although EV 

nomenclature is complex and still controversial [18], EVs are commonly classified 

into two major groups based on their size and marker expression, the larger 

microvesicles and the smaller exosomes. In the context of cigarette smoke-induced 

lung disease, microvesicles have been studied predominantly to evaluate their utility 

as biomarkers for early lung damage and exacerbation susceptibility [19, 20]. In 

contrast, the smaller exosomes have been investigated for functional properties that 

may contribute to COPD pathogenesis. Two recent in vitro studies have suggested 

that exosomes secreted by airway epithelial cells (AEC) exposed to cigarette smoke 

extract (CSE) cause inflammation [21] and tissue remodelling by inhibiting fibroblast 

autophagy [22]. Yet, it has not been clarified how CSE influences the exosome release 
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by AEC and whether this can be manipulated. We hypothesised that oxidative CSE 

components, such as H2O2 or acrolein, mediate CSE-induced exosome release and 

that the exosome induction can be prevented by antioxidants. 

Materials and Methods 

Cell culture 

BEAS-2B human bronchial epithelial cells (ATCC CRL-9609) were cultured at 5% 

CO2 and 37⁰C in T-75 culture flasks pre-coated with LHC basal medium (Gibco, Life 

Technologies, New York, NY, USA) supplemented with 0.1 mg/mL bovine serum 

albumin (BSA, Boehringer Mannheim GmbH, Mannheim, Germany), 0.03 mg/ml 

bovine collagen I (BD Biosciences, San Jose, CA, USA) and 0.01 mg/ml human 

fibronectin (BD Biosciences). Cells were subcultured twice per week in RPMI1640 

(Gibco) containing 10 % foetal calf serum (FCS, Lonza, Verviers, Belgium). 

EV-depletion of FCS 

To deplete confounding bovine EVs, FCS was diluted to 30 % (v/v) in DMEM-F12 

without phenol-red (Gibco) and centrifuged for 16 h at 40,000 rpm (Average RCF = 

117,734 x g), in a fixed-angle Type 70Ti-rotor in an Optima L-90K preparative 

ultracentrifuge (Beckman-Coulter, Brea, CA, USA). The supernatant was collected 

without disturbing the concentrated layer at the bottom of the tube. 

Stimuli and cell exposures 

N-acetyl-L-cysteine (NAC), H2O2, acrolein, 5,5'-dithiobis-(2-nitrobenzoic acid) 

(DTNB), bacitracin and rutin were from Sigma Aldrich (St. Louis, MO, USA). The 

monoclonal anti-protein disulphide isomerase (PDI) antibody clone RL90 was from 

Thermo Fisher Scientific (Waltham, MA, USA). To produce CSE, mainstream smoke 

of one cigarette (Reference Cigarette 3R4F, Tobacco-Health Research, University of 

Kentucky, USA) without filter was drawn through 2 ml phosphate buffered saline 

(PBS) using a vacuum-pump at constant speed. The obtained solution was filtered 

through a 0.22 μm Acrodisk filter (Pall, Port Washington, NY, USA) and defined as 

100 % CSE. For quality control, the extinction of 100 μl 100 % CSE was measured in 

duplicate at wavelengths of  = 320 nm (A320) and  = 540 nm (A540). CSE quality 

was accepted if ΔOD (A320-A540) was between 0.9 and 1.2. CSE was prepared freshly 

for each experiment and used within 15 min. 
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BEAS-2B cells were seeded in RPMI1640 + 10 % (v/v) FCS on pre-coated 

plates (5 x 10
4 

cells/cm
2
 ) and allowed to attach for 24 h. Cells were washed twice 

with PBS and incubated with reduction medium (DMEM-F12 + 0.1 % (v/v) EV-

depleted FCS, 0.25 ml/cm
2
) for 2 h.  Next, cells were exposed to different 

concentrations of CSE, acrolein, H2O2, DTNB, bacitracin, rutin or RL90 in reduction 

medium for 24 h. Where indicated, cells were treated with NAC (1 mM) or GSH 

(62.5, 125 or 250 µM) for 2 h. After these 2 h, cells were washed with PBS to remove 

any pre-formed EVs. Then, NAC or GSH were added again to the cells in 

combination with either CSE, acrolein or H2O2 and co-incubated for 24 h. Rutin was 

dissolved in DMSO, all other chemicals were dissolved and diluted in PBS. Vehicle 

controls were exposed to matched concentrations of DMSO or PBS. The vehicle 

control for RL90 contained 0.0005 % (v/v) sodium azide. 

MTT assay 

Cells were washed with PBS and 200 µl/cm
2
 reduction medium containing 0.5 

mg/ml thiazolyl blue tetrazolium bromide (MTT; Sigma Aldrich) was added. After 3 

h, medium was discarded and the formed formazan crystals were dissolved in 100 

µl/cm
2
 dimethyl sulfoxide (DMSO; Sigma Aldrich). Absorbance of the dissolved 

formazan was measured at  = 540 nm and cell viability was expressed relative to a 

non-treated cells (100 % cell viability) and triton-lysed cells (0 % viability). 

GSH measurements 

For determining GSH oxidation in cell-free conditions, different CSE dilutions were 

made in PBS containing 50 µM reduced glutathione (Sigma Aldrich) and incubated 

for 24 h at 37⁰C. Ten microliter of each solution was transferred to a 96-well plate in 

triplicate. Ninety microliter of DTNB working reagent (1 mM DTNB and 2.5 mM 

sodium acetate in 0.1 M Tris-hydrochloride, pH 8.8) was then added. Absorbance 

was measured with a plate reader at  = 412 nm. 

For analysing cellular GSH concentrations, 2 x 10
5
 cells were washed twice 

with ice cold PBS. They were then incubated on ice with 250 µl 0.1 M potassium 

phosphate buffer containing 5 mM ethylenediaminetetraacetic acid (EDTA) 

disodium salt and 0.1 % (v/v) Triton X-100, pH = 7.5 for 30 min. Next, cells were 

scraped and cellular debris was pelleted at 16,100 x g at 4⁰C for 15 min. Supernatant 

was transferred to a new tube. Protein concentrations were determined using the 

Bradford assay according to the manufacturer’s protocol (Bio-Rad, Hercules, CA, 

USA). The remaining supernatant was mixed 1:1 with 6 % (m/v) sulfosalicylic acid. 
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The samples were stored at -80⁰C until analysis of GSH and the GSH oxidation 

product glutathione disulphide (GSSG) using an enzymatic cycling assay as 

previously described [23]. GSSG and GSH concentrations were normalised to the 

protein concentrations. 

Quantification of exofacial thiol groups 

Cells (2 x 10
5
) were washed 3x with PBS and incubated for 10 min with 2 mM EDTA in 

PBS before gentle scraping. Detached cells were pelleted at 400 x g for 7 minutes at  

4 C and resuspended in PBS. Alexa Fluor® 488 C5 Maleimide (AFM; Thermo Fisher 

Scientific, Waltham, MA, USA ) was added to the homogenous cell suspension to a 

final concentration of 2.5 µM, followed by 15 min incubation on ice. Cells were 

pelleted again (400 x g, 7 min, 4 C), washed with PBS, followed by a last 

centrifugation (400 x g, 7 min, 4 C). For flow cytometry measurements using a BD 

FACSCanto and FACS Diva V8.0.1 software (BD Biosciences), cells were resuspended 

in PBS containing 1% (w/v) bovine serum albumin (BSA; Sigma Aldrich). Just before 

measuring, 1 µg/ml propidium iodide (PI; Sigma Aldrich) was added in order to gate 

out cells with impaired membrane integrity. The relative quantity of exofacial thiol 

groups was determined as the median fluorescence intensity of AFM in the PI-low 

cell population. 

Processing conditioned cell culture medium 

Conditioned medium of BEAS-2B cells (1 ml per condition for EV measurements 

using bead-coupled flow cytometry, 40 ml for EV isolation using ultracentrifugation) 

was centrifuged at 300 x g for 10 min at 4⁰C to pellet cells, then at 5000 x g for 10 min 

at 4⁰C to pellet cell debris. Where indicated, the conditioned medium was filtered 

through a 0.22 µm filter to remove larger membrane vesicles. Conditioned medium 

was always processed within one day without any freeze-thaw cycles. 

Analysis of EV release using bead-coupled flow cytometry 

EV detection using bead-coupled flow cytometry was performed as described 

previously [24, 25], with some adaptations: 3.5 x 10
8
 beads/ml (4 µm 

aldehyde/sulphate latex beads 5% (w/v); Molecular Probes Life Technologies, 

Waltham, MA, USA) were coated with 0.125 mg/ml mouse anti-human CD63 

antibody (Clone H5C6; BD Biosciences) by overnight incubation in MES buffer. 

These beads were stored in PBS containing 0.1 % (m/v) glycine and 0.1 % (m/v) 

sodium azide at 4⁰C until use. For EV-coupling, 2 x 10
5
 CD63-coated beads were 
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incubated with 400 µl conditioned medium overnight. Beads were then washed 

twice with PBS containing 2 % (m/v) BSA by centrifugation at 5000 x g for 10 min. 

The bead pellet was resuspended in 50 µl PBS-2 % (m/v) BSA containing 0.01 mg/ml 

phycoerythrin (PE)-labelled mouse anti-human CD81 antibody (Clone JS-81; BD 

Biosciences) and incubated for 1 h. Beads were washed twice with PBS – 2 % (m/v) 

BSA by centrifugation at 5000 x g for 10 min. The final bead pellet was resuspended 

in 200 µl PBS and analysed by flow cytometry using a BD FACSCanto (BD 

Biosciences) with FACS Diva V8.0.1 software (BD Biosciences). All incubations were 

carried out at room temperature and with vigorous shaking (1000 min
-1
). The 

quantity of EVs in relative fluorescent units (RFU) was calculated by multiplying the 

percentage of PE-positive beads with the median fluorescent intensity (MFI) of the 

positive bead population. 

EV analysis using tuneable resistive pulse sensing (TRPS) 

TRPS was performed using a qNano Gold with Izon Control Suite 3.2 Software and 

CPC100 calibration beads (Izon, Chirstchurch, New Zealand). Cell-depleted 

unfiltered medium was analysed after a single freeze-thaw cycle at -80C. An NP150 

nanopore (Izon) was coated using the Izon reagent kit for EV analysis according to 

the manufacturer’s instructions. To obtain a stable baseline current, samples were 

diluted 1:2 in Solution Q (Izon) and to prevent frequent pore obstruction, 10 % (v/v) 

Solution G (Izon) was added. The NP150 nanopore was used at a stretch of 45-47 mm 

and a pressure of 10-12 mbar, keeping the current between 120 and 130 nA for all 

measurements. Recordings were stopped after detection of 500 blockades or after 10 

min.  

EV isolation using ultracentrifugation 

Cell-depleted medium (40 ml/condition) was filtered through an Acrodisk 0.22 µm 

filter (Pall) to remove larger membrane vesicles or particles. The filtered medium 

was centrifuged in an Optima L-90K preparative ultracentrifuge (Beckman-Coulter) 

using a fixed-angle Type 70Ti-rotor (Beckman-Coulter) and Quick-Seal tubes (Ultra-

Clear, 39 ml, Beckman-Coulter) at 40,000 rpm (Average RCF  = 117,734 x g) for 2.5 h 

(optimal speed and duration as determined by Cvjetkovic et al. [26]). After 

ultracentrifugation, supernatant was poured off and the invisible EV-pellet was 

resuspended in 70 µl PBS for cryo-TEM, 70 µl lysis buffer (1.5 % (m/v) sodium 

dodecyl sulphate (SDS), 50 mM Tris, pH = 6.8) for Western blotting, or in 2.5 mL 

DMEM-F12 + 0.1% (v/v) EV-depleted FCS for flow cytometric analysis. For cyro-TEM 

and flow cytometric analysis, isolated EVs were processed immediately. For Western 
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blotting, samples were stored in lysis buffer at -80C until gel electrophoresis was 

performed. 

Western blotting 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed according to standard protocol, with a 12 % running gel. Before loading, 

the protein concentration of all cell and EV lysates was standardised and samples 

were diluted 1:2 in 2 x XT sample buffer (Bio-Rad) containing 5 M urea and 

cOmplete™ protease inhibitor cocktail (Roche Life Science, Penzberg, Germany) at 

the concentration recommended by the manufacturer. Blots were stained for 2-3 h 

with 0.5 µg/ml mouse anti-human CD63 antibody (Clone H5C6; BD Biosciences), 

followed by 1 h incubation with HRP-conjugated rabbit anti-mouse antibody diluted 

1:1000 (P0260; DAKO, Agilent Technologies, Santa Clara, CA, USA). The blots were 

incubated with chemiluminescent peroxidase substrate-3 (Sigma Aldrich) and signal 

was detected using an enhanced chemiluminescence system (ChemiDoc™ MP 

System, Bio-Rad). 

Cryo-transmission electron microscopy 

To prepare vitrified EV specimens, a freshly glow-discharged Quantifoil R 2/2 grid 

(Quantifoil Micro Tools GmbH, Jena, Germany) was loaded into a FEI Mark IV 

Vitrobot (FEI Company, Eindhoven, The Netherlands). The Vitrobot environmental 

chamber was maintained at 22 C and 100 % humidity. Three microliter of freshly 

isolated EV suspension was added to the grid. The grid was blotted immediately for 1 

s before plunge-freezing in liquid ethane (-180C). For microscopy, grids were 

mounted in a Gatan cryoholder (Gatan, Pleasanton, CA, USA) in liquid nitrogen and 

images were acquired at 120 kV using a Tecnai Biotwin iCorr 120KV (FEI Company). 

Statistics 

All data are composed of at least three independent experiments. Data were 

analysed with Graphpad Prism software (GraphPad Software, Inc., La Jolla, CA, 

USA). Because of the small sample size and the paired nature of the data, data was 

analysed using the non-parametric Wilcoxon matched-pairs signed rank test (where 

2 groups were compared) or the non-parametric Friedman test, followed by Dunn’s 

posthoc test (where more than 2 groups were compared) unless indicated differently. 

P-values below 0.05 were considered statistically significant. Values in the text are 

given as the median and interquartile range (IQR). 
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Results 

CSE exposure enhances the release of EVs with exosome 

properties by AEC 

To determine the effect of CSE-exposure on EV release by AEC, BEAS-2B cells were 

exposed to CSE concentrations ranging from 0.75 to 1.5 % (v/v) for 24 h. The quantity 

of CD63
+
CD81

+
 EVs in the conditioned media was assessed using bead-coupled flow 

cytometry. A concentration-dependent increase in EV release was observed from 1.4 

fold (IQR 1.3-1.6) at 0.75 % CSE up to 2.3 fold (IQR 1.6-2.7) at 1.5 % CSE (Figure 1A). 

This was associated with a decrease in cell viability ranging from 88.0 % (IQR 79.6-

97.6) cell viability at 0.75 % CSE to 52.7 % (IQR 46.5-63.5) at 1.5 % CSE (Figure 1B). 

Using TRPS, we confirmed an increased concentration of small EVs (80-250 nm in 

diameter) after 24 h exposure to 1.5% (v/v) CSE (Figure 1C, D).The EV induction was 

fast and sustained, as the EV concentration was increased for CSE-exposed cells at 30 

min, 3 h and 24 h (Figure 1E). Moreover, the induction required the continuous 

presence of CSE, as there was no increased EV concentration compared to the 

unexposed control when cells were stimulated with CSE for 3 h, followed by washing 

and 24 h incubation in CSE-free medium (Figure 1E). 

 

Fig. 1. Effect of CSE-exposure on EV release and cell viability of BEAS-2B cells. (A) EV concentrations 

(CD63+CD81+ bead-coupled flow cytometry) after 24 h exposure to 0.75–1.5% (v/v) CSE, n =4. (B) Cell 

viability (MTT assay) after 24 h exposure to 0.75–1.5% (v/v) CSE, n =4. (C) Concentration of EVs ranging 
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from 80 to 250 nm (size range indicated by vertical dotted lines in Fig. 1D) as determined by TRPS after 

exposing BEAS-2B cells for 24 h exposure to 0 or 1.5% (v/v) CSE, n =6. (C) TRPS size distribution 

histogram of EVs released by BEAS-2B cells exposed for 24 h exposure to 0 or 1.5% (v/v) CSE. Bars 

represent the mean ±standard error of the mean (SEM), n =6. The vertical dotted lines at 80 and 250 nm 

indicate the size limits between which EV concentration was determined for Fig. 1C. (E) EV 

concentrations in media of BEAS-2B cells exposed to CSE for 30 min, 3 h or 24 h, or exposed to CSE for 3 h 

followed by 24 h incubation in CSE-free medium. Box and whisker plots (A-B,D-E) indicate the median 

(line in box), 25th and 75th percentiles (outer lines of box) and the minimal and maximal values 

(whiskers). Statistical differences were analysed using Friedmann's test with Dunn's posthoc test in Figs. A 

and B and using Wilcoxon matched-pairs signed rank test in figure D (*p<0.05 compared with 0% CSE). 

The tetraspanins CD63 and CD81, which we used for flow cytometric EV 

detection, are classically considered specific marker proteins for the smallest EV 

type, exosomes [27]. However, it has recently been suggested that the larger 

microvesicles may express these proteins as well [28]. To determine whether the EVs 

detected by CD63
+
CD81

+
 flow cytometry were truly exosomes, we first determined 

their size by comparing the flow cytometry signal in non-filtered media with the 

signal in media passed through a 0.22 µm filter. Signal recovery after filtration was 

complete for both control and CSE-induced EVs (Figure 2A), suggesting that the vast 

majority of EVs detected using bead-coupled flow cytometry was smaller than 220 

nm. We also determined the size distribution of EVs in unfiltered conditioned media 

using TRPS. The mode size was about 100 nm for both, control EVs and CSE EVs, 

with the majority of particles being smaller than 200 nm (Figure 1C). One of the 

most commonly applied isolation protocols for small EVs is 0.22 µm filtration of 

conditioned cell culture medium followed by ultracentrifugation at high speed (e.g. 

120,000 x g). Using this protocol, a large fraction of CD63
+
CD81

+
 EVs measured in the 

conditioned medium could be recovered both for control EVs (63.4 %, IQR 33.4-80.9 

%) and CSE-induced EVs (39.3 %, IQR 17.7-105.4 %) (Figure 2C). Western blotting 

confirmed the presence of CD63 in the ultracentrifugation isolate from both 

exposure conditions, whereas the endoplasmic reticulum-derived contamination 

marker grp94 was undetectable (Figure 2D). Finally, cryo-TEM of isolated control 

EVs and CSE EVs revealed membrane surrounded spheres ranging from 30 to 170 nm 

in diameter (Figure 2E, F). Based on the properties described in this paragraph, we 

will from now on refer to the EVs in this study as exosomes. 
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Fig. 2. Characterisation of EVs released by BEAS-2B cells after 24 h exposure to 0 or 1% (v/v) CSE. (A) 

Quantity of EVs detected using bead-coupled flow cytometry for CD63+CD81+ EVs in conditioned 

medium before and after 0.22 µm-filtration; n =7. (B) Recovery of EVs by ultracentrifugation, estimated 

using bead-coupled flow cytometry for CD63+CD81+ EVs; n =5. (C) Western blots of EVs isolated by 

ultracentrifugation. Blots were stained for endoplasmic reticulum-derived contamination marker grp94 

and exosome marker CD63. (D) Cryo-TEM of EVs. The scale bars are 100 nm. (E) EV diameter according 

to cryo-TEM (horizontal bars indicate the median; n =18 for control EVs and n =17 for CSE EVs). Statistical 

differences in EV diameter were analysed using the Mann-Whitney test (N.S. = not significant). Box and 

whisker plots (A-B) indicate the median (line in box), 25th and 75th percentiles (outer lines of box) and 

the minimal and maximal values (whiskers). 

The exosome induction is mediated by CSE components 

that react with thiol groups and is prevented by clinically 

relevant concentrations of thiol-antioxidants 

To confirm that CSE contains oxidative components, CSE was incubated with the 

thiol group bearing antioxidant GSH. This resulted in a concentration-dependent 

depletion of free GSH (data not shown). Next, to investigate whether the oxidative 

components of CSE were causally responsible for the exosome induction, AEC were 

exposed to CSE in the absence or presence of the antioxidant NAC. NAC completely 
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prevented CSE-induced exosome release as determined by CD63
+
CD81

+
 bead-

coupled flow cytometry (Figure 3A) and by TRPS (Figure 3B). It also prevented the 

decrease in cell viability (Figure 3C). 

 

Fig. 3. Contribution of oxidative components to the effects of CSE on EV release and cell viability. BEAS-

2B cells were exposed to 1.5% (v/v) PBS (control) or 1.5% (v/v) CSE for 24 h in the continuous presence of 

the thiol-group bearing antioxidant NAC or with several concentrations of the antioxidant GSH. (A) Effect 

of NAC on CSE-induced EV release (CD63+CD81+ bead-coupled flow cytometry), n =6. (B) Effect of NAC 

on CSE-induced EV release (TRPS), n =6. (C) Effect of NAC on cell viability (MTT assay), n =6. All graphs 

show the median ±IQR. Statistical differences were analysed using Friedmann's test with Dunn's posthoc 

test (*p<0.05). Box and whisker plots indicate the median (line in box), 25th and 75th percentiles (outer 

lines of box) and the minimal and maximal values (whiskers). (D) Effect of GSH on EV release 

(CD63+CD81+ bead-coupled flow cytometry; n=5). (E) Effect of GSH on cell viability (MTT assay; n=5). 

The unstimulated control was set to 100% in both graphs. Box and whisker plots indicate the median (line 

in box), 25th and 75th percentiles (outer lines of box) and the minimal and maximal values (whiskers). 

Statistical analysis was performed using Friedmann's test with Dunn's posthoc test (* p<0.05 compared to 

1.5% (v/v) CSE/0 µM GSH). 
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Clinically, NAC is used in COPD patients as a mucolytic and antioxidant. 

While oral NAC treatment hardly increases NAC concentrations in the lung, it has 

been reported to result in a 1.7-fold increased GSH concentration in the epithelial 

lining fluid of patients with idiopathic pulmonary fibrosis, from 190 µM to 320 µM 

[29]. To determine whether CSE-induced EV release can be inhibited by such 

clinically relevant GSH concentrations, BEAS-2B cells were exposed to CSE in the 

continuous presence of different GSH concentrations. GSH concentration-

dependently prevented EV induction by CSE (Figure 3D) and restored cell viability 

(Figure 3E). EV inhibition reached statistical significance at 125 µM GSH and was 

complete for 250 µM GSH. 

Among all CSE components, ROS such as H2O2 and reactive carbonyls such 

as acrolein can react with the thiol groups of both, GSH and NAC [30]. To determine 

whether these components contribute to CSE-induced exosome release, we exposed 

BEAS-2B cells for 24 h to either H2O2 or acrolein and measured the same parameters 

as after CSE exposure. H2O2 did not affect exosome release (Figure 4A) at 

concentrations resulting in similar decreases in cell viability to CSE (Figure 4B). In 

contrast, acrolein augmented exosome release (Figure 4C) already at concentrations 

that only mildly affected cell viability (Figure 4D). Similar to the CSE-induced 

exosome release, the exosome induction by acrolein was completely prevented in the 

continuous presence of NAC (Figure 4E) and cell viability was restored (Figure 4F). 

This suggests that CSE and acrolein have a different effect on cellular thiols than 

H2O2, and that this difference may account for the EV induction. 
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Fig.4. Effect of H2O2 and acrolein on EV release and cell viability. BEAS-2B cells were exposed for 24 h to 

H2O2 (A-B) or, alternatively, acrolein in the absence or continuous presence of NAC (C-F). EV release was 

determined using CD63+CD81+ bead-coupled flow cytometry. Cell viability was assessed using MTT assay. 

(A) Effect of H2O2 on EV release, n =4. (B) Effect of H2O2 on cell viability, n =4. (C) Effect of acrolein on 

EV release, n =4. (D) Effect of acrolein on cell viability, n =4. (E) Effect of NAC on acrolein-induced EV 

release (n =4). (F) Effect of NAC on acrolein-induced cytotoxicity (n =4). Box and whisker plots indicate 

the median (line in box), 25th and 75th percentiles (outer lines of box) and the minimal and maximal 

values (whiskers). Statistical differences were determined using the Friedmann's test with Dunn's posthoc 

test (*p<0.05 compared to unexposed control (B-D) or p<0.05 for 15 µM acrolein /1 mM NAC compared to 

15 µM acrolein /0 mM NAC (E)). 

Reaction with exofacial thiols is sufficient to enhance EV 

release 

We next aimed to identify changes in cellular thiols that may mediate the exosome 

induction by CSE and acrolein. First, the intracellular concentrations of reduced 

GSH and its oxidation product GSSG were measured. While 24 h exposure to CSE or 

acrolein caused an increase in both, reduced GSH (Supplementary Figure 1A, B) and 

its disulphide GSSG (Supplementary Figure 1D, E), the increase in GSH was stronger 

as illustrated by an increasing GSH/GSSG ratio (Figure 5A, B). Upon H2O2 exposure, 

GSH only increased slightly (Supplementary Figure 1C), while GSSG (Supplementary 

Figure 1F) and the GSH/GSSG ratio (Figure 5C) remained unchanged. Next, the 

quantity of free thiol groups on the cell surface was assessed using the membrane 

impermeable thiol dye AFM. At concentrations of the three stimuli that were re-

matched for their effect on cell viability, CSE and acrolein both led to a 

concentration-dependent depletion of exofacial thiol groups (Figure 5D, E), while 

H2O2 showed no effect (Figure 5F). Thus, the oxidative stress caused by 24 h 

exposure to CSE or acrolein was compensated at the intracellular level, as illustrated 

by the increased GSH/GSSG ratio, but not on the cell surface, as illustrated by the 

depleted exofacial thiol groups. 



184 Chapter 7 
 

 
Fig. 5. BEAS-2B cells were exposed to CSE, acrolein or H2O2 for 24 h. The intracellular GSH/GSSG ratio 

was determined by means of a GSH reductase cycling assay (A-C) and exofacial free thiol groups were 

detected using AFM (D-F). (A) The intracellular GSH/GSSG ratio after 24 h exposure to CSE, n =6. (B) The 

intracellular GSH/GSSG ratio after 24 h exposure to acrolein, n =5. (C) The intracellular GSH/GSSG ratio 

after 24 h exposure to H2O2, n =6. (D) Exofacial thiols detected by AFM after 24 h exposure to CSE, n =4. 

(E) Exofacial thiols detected by AFM after 24 h exposure to acrolein, n =4. (F) Exofacial thiols detected 

after 24 h exposure to H2O2, n =4. Box and whisker plots (A-F) indicate the median (line in box), 25th and 

75th percentiles (outer lines of box) and the minimal and maximal values (whiskers). Statistical 

differences were determined using the Friedmann's test with Dunn's posthoc test (*p<0.05 compared to 

unexposed control). 

Finally, cells were exposed to CSE for 3 h, followed by 24 h incubation in CSE-free 

medium, which does not result in increased EV release compared to unexposed cells 

(Figure 1E). While GSH (Supplementary Figure 1G), GSSG (Supplementary Figure 

1H), and the GSH/GSSG ratio (Figure 6A) were increased similarly as during 24 h 

exposure to CSE, there was no effect on the exofacial thiol groups (Figure 6B). 

Therefore, the EV induction is more likely mediated by the depletion of exofacial 

thiols than by the intracellular GSH response. 

We next assessed whether depletion of exofacial thiol groups is sufficient to 

enhance EV release. For this purpose, we exposed the BEAS-2B cells to either DTNB 

or bacitracin for 24 h. Both compounds have poor membrane permeability and block 

exofacial thiol groups by forming disulphide bonds [31-34]. Both, DTNB and 

bacitracin, induced EV release (Figure 6C) without affecting cell viability (Figure 
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6D). Bacitracin is known to inhibit the reductase function of protein disulphide 

isomerase (PDI). However, PDI is not the only target of bacitracin [35]. For this 

reason, PDI reductase activity was inhibited more specifically using rutin [36] or the 

monoclonal anti-PDI antibody clone RL90. However, no effect on EV release was 

observed for either rutin or the PDI specific antibody at concentrations that have 

previously been shown to inhibit PDI activity [36, 37] and that were non-cytotoxic 

(Figure 6C, D). 

 
Fig. 6. Effect of exofacial thiol depletion and PDI inhibition on EV release and cell viability. (A-B) Cells 

were pre-stimulated with CSE for 3 h, followed by 24 h incubation with CSE-free medium or continuously 

exposed to CSE for 24 h. (A) Effect on the intracellular GSH/GSSG ratio, n=4. (B) Effect on the exofacial 

thiols, n=4. Statistical differences were assessed using the Friedman test with Dunn's posthoc test. (C-D) 

BEAS-2B cells were exposed to either 0.25 mM DTNB, 2.5 mM bacitracin, 25 µM rutin or 10 µM RL90 for 

24 h. (C) The percent EV release (CD63+CD81+ bead-coupled flow cytometry) as compared to the 

appropriate vehicle control for each stimulus. (D) The cell viability relative to the appropriate vehicle 

control for each stimulus. (n =6 for DTNB and bacitracin, n =5 for rutin and RL90). Statistical differences 

between the stimuli and their respective vehicle controls were analysed using the Wilcoxon matched-

pairs signed rank test (*p<0.05, n =6 for DTNB and bacitracin, n =5 for rutin and RL90). Box and whisker 

plots indicate the median (line in box), 25th and 75th percentiles (outer lines of box) and the minimal and 

maximal values (whiskers). 
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Discussion 

CS causes serious damage to the airway epithelium [38, 39] and, in long term 

smokers, it forms an important risk for developing COPD [40]. In vitro, AEC exposed 

to CSE have been reported to release exosomes which induce myofibroblast 

differentiation [22] and cytokine secretion [21] in cells that have not been in direct 

contact with CSE. Therefore, it is conceivable that cigarette smoke-induced 

exosomes are involved in the pathogenesis of COPD. Understanding the biochemical 

mechanisms by which cigarette smoke influences exosome release by AEC, and how 

this can be prevented, could therefore be of clinical relevance. 

The first objective of this study was to characterise the EV release after 

exposure of AEC to CSE in terms of quantity and EV properties. Using CD63
+
CD81

+
-

bead coupled flow cytometry and the label-free TRPS technique, we found that CSE 

exposure enhances EV release concentration- and time-dependently. Based on their 

size and marker expression we classified both, control EVs and CSE-induced EVs, as 

exosomes. Our highly specific methods corroborate and extend a report from Moon 

et al. who found that CSE exposure of AEC increases the protein content of a 100,000 

x g ultracentrifugation pellet [21], which can be seen as a rough estimate for exosome 

quantity. Notably, we found that the increased exosome release upon CSE-exposure 

was paralleled by a concentration- and time-dependent decrease in cell viability. Yet, 

it is unlikely that cell death causes the increase in exosomes irrespective of the 

stimulus, since exposure to H2O2-concentrations with a similar impact on cell 

viability did not enhance exosome release. Additionally, the thiol-blocking 

compounds DTNB and bacitracin both enhanced EV release without affecting cell 

viability. 

Our second objective was to identify the chemical trigger for CSE-induced 

exosome release. In line with previous research, we found that CSE is thiol-reactive 

as it depletes the free thiol groups of GSH in a direct reaction. Moreover, scavenging 

thiol-reactive compounds in CSE using the thiol-antioxidants NAC or GSH 

completely prevented the exosome induction. This implies that thiol-reactive 

compounds within CSE entirely account for the increased exosome release. 

Components of CSE that can react with thiol groups and thus can be neutralised by 

thiol-antioxidants comprise ROS such as H2O2, which cause disulphide bond 

formation [41, 42]; and thiol-reactive carbonyls such as acrolein [43], which form 

adducts [44]. In our study, the cellular effects of CSE could not be mimicked by 

H2O2. Although the used H2O2 concentrations caused a similar decrease in cell 

viability to CSE, they had no effect on exosome release. This is in contrast to the 
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findings of Hedlund et al. who have shown that lymphoma cells  release more CD63
+
 

EVs when exposed to H2O2 for 24 h [13]. Therefore, it may be cell-type specific 

whether an oxidative stimulus like H2O2 induces exosome release or not. 

In contrast to H2O2, acrolein mimicked all cellular effects observed for CSE, 

including NAC-reversible induction of exosome release. Based on data from Lambert 

et al. , who quantified acrolein in CSE, we estimate that the CSE concentration in our 

experiments (1.5 % (v/v)) contains between 2.6 and 37.5 µM acrolein [45]. This 

corresponds well with our experimental acrolein concentrations of 12.5 to 15 µM. 

Moreover, the fold-change increase in exosome release was similar after exposure to 

1.5 % (v/v) CSE and 15 µM acrolein (2.2 ± 0.3 fold vs. 1.9 ± 0.3 fold). In addition, NAC 

could completely restore exosome concentrations to the control level for both, CSE 

and acrolein exposure. Therefore, it is conceivable that acrolein accounts for the 

exosome induction upon CSE exposure. Intriguingly, acrolein and other thiol-

reactive carbonyls are not only present in CSE, but are also formed endogenously 

during inflammation and oxidative stress [46, 47]. Thiol-reactive carbonyls have 

been shown to be increased in COPD patients who have stopped smoking [9], and in 

other conditions characterised by inflammation and oxidative stress, such as 

diabetes and neuroinflammatory disorders [9, 48-51]. Hence, they may serve as 

triggers for exosome release in these chronic inflammatory disorders. This is 

especially interesting as exosomes have been shown to play a pathological role in 

both, metabolic and neuroinflammatory diseases[52, 53]. Moreover, NAC, which can 

prevent thiol-reactive carbonyl-induced exosome release has not only been 

attributed a protective role in COPD, but also in metabolic and neurological 

disorders [54, 55]. 

Thirdly, we aimed to identify the cellular target that mediates the EV 

induction by CSE. Therefore, we first assessed how free thiol concentrations were 

affected at different subcellular locations. Intracellularly, 24 h exposure to CSE and 

acrolein, but not to H2O2, led to an overall increase in free thiols as indicated by an 

increased GSH/GSSG ratio. Such an upregulation of the endogenous antioxidant 

response has previously been reported for cells exposed to reactive carbonyls [5, 56]. 

In spite of the excess of the oxidant-scavenging GSH inside the cell, free thiol groups 

on the cell surface were still depleted after 24 h. This suggests the cellular target that 

mediates the EV induction by CSE may be located on the cell surface. Indeed, 

blocking exofacial thiols using either of two membrane-impermeable compounds, 

DTNB or bacitracin, was sufficient to induce exosome release with a similar fold-

change to CSE. One target of bacitracin is cell surface-associated PDI [34, 35]. 

Notably, PDI has previously been implied in EV release [37] and a recent study 
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reports that CSE and acrolein, but not H2O2, inhibit PDI reductase activity [57]. 

However, in this study neither of two specific PDI reductase inhibitors, i.e. the 

flavonoid rutin [36] and the monoclonal antibody RL90 [37, 58], elicited an increased 

exosome release. Thus, blocking thiol-disulphide exchange reactions on the cell 

surface may be the mechanism by which CSE enhances exosome release, but the 

precise molecular target remains to be elucidated. It is conceivable that exofacial 

thiol-depletion causes secondary intracellular changes, which then result in the 

exosome induction. However, we expect that the depletion of exofacial thiols 

directly results in the exosome induction as the induction already occurs within 30 

minutes of exposure and requires the continuous presence of the stimulus. CSE may 

trigger the membrane fusion required for exosome release,  as thiol-dependent 

mechanisms have long been known to regulate membrane fusion [59]. 

As CSE-induced exosomes have been attributed potentially detrimental 

functions [21, 22], the ultimate objective of this study was also to evaluate whether 

exosome induction could be prevented by antioxidants at clinically relevant 

concentrations. Recent meta-analyses encourage the use of NAC in COPD patients, 

as high doses (≥ 1200 mg/ day orally) were found to be well tolerated and efficient in 

decreasing exacerbation frequency [11, 60] and to improve small airway function [10]. 

As the bioavailability of the unchanged NAC molecule is low, the beneficial effects 

are attributed to NAC serving as a precursor for GSH [61]. GSH concentrations are 

severely decreased in the epithelial lining fluid (ELF) of COPD patients compared to 

healthy controls [61]. While it is not known if GSH in ELF of COPD patients can be 

restored by NAC treatment, patients with idiopathic pulmonary fibrosis have 

similarly decreased GSH concentrations (190 µM vs. 380 µM in the control group) 

and these are restored to the normal level (310 µM) by high dose NAC (1800 mg/day 

orally)[29]. Here, we found that GSH prevents CSE-induced EV release at 125-250 

µM, which matches the concentration range observed in the IPF study.  Thus, future 

studies should aim to explore whether inhibition of exosome release contributes to 

the protective outcome of oral NAC treatment in COPD patients. 

A limitation of this study is that exposure to CSE in vitro is acute, whereas it 

is chronic cigarette smoking that forms the major risk factor for developing COPD. 

Additionally, it is currently impossible to match the in vitro CSE exposure to the in 

vivo CS exposure of the epithelium of smokers. However, it has been argued that 

acute CSE exposure in vitro is suitable to model changes in the naïve lung during the 

earliest phase of COPD development [62]. Nevertheless, to translate the in vitro 

findings of our study, it would be revealing to investigate exosome concentrations in 

bronchoalveolar lavage fluid or plasma of smokers and COPD patients compared 
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with non-smoking control subjects. Although we did not address functional 

properties of CSE-induced exosomes, there is evidence from earlier studies that CSE-

induced airway epithelial-derived exosomes are involved in the pathogenesis of 

COPD by inducing of pro-inflammatory cytokines and profibrotic changes [21, 22]. 

Therefore, it should also be studied whether exosomes from patients’ body fluids 

contribute to the pathogenesis of COPD. 

Conclusion 

Our study reveals that CSE exposure enhances the exosome release by AEC. This is 

mediated by thiol-reactive compounds like the carbonyl acrolein, which may act by 

depleting extracellular free thiols. Thiol-antioxidants like NAC and GSH inhibit 

exosome release induced by CSE or acrolein, which may contribute to the 

therapeutic benefits of NAC in COPD. These findings pave the way for future 

research investigating the role of cigarette smoke- and reactive carbonyl-induced 

exosomes in the pathogenesis of COPD and other chronic inflammatory diseases. 
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Supplementary Fig. 1: Effect of CSE, acrolein or H2O2 on intracellular GSH and GSSG. (A-C) Intracellular 

GSH was assessed after 24 h exposure of BEAS-2B cells to (A) CSE, (B) acrolein or (C) H2O2. (D-E) 

Intracellular GSSG after 24 h exposure of BEAS-2B cells to (D) CSE, (E) acrolein or (F) H2O2. (G,H) 

Intracellular GSH (G) and GSSG (H) was assessed after exposure to CSE for 3 h followed by 24 h 

incubation with CSE-free medium, compared to 24 h continuous stimulation with CSE. Box and whisker 

plots indicate the median (line in box), 25th and 75th percentiles (outer lines of box) and the minimal and 

maximal values (whiskers). Statistical differences were determined using the Friedmann’s test with 

Dunn’s post hoc test (*p<0.05 compared to unexposed control; n=6 for A, C, D and F; n=5 for B, E; n=4 for 

G,H). 
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Abstract 

Chronic exposure to respiratory stressors increases the risk for 

pulmonary and cardiovascular diseases. Previously, we have shown 

that cigarette smoke extract (CSE) triggers the release of CD63
+
CD81

+
 

and tissue factor (TF)
+
 procoagulant extracellular vesicles (EVs) by 

bronchial epithelial cells (BEC) via depletion of cell surface thiols. 

Here, we hypothesised that this represents a universal response for 

different pulmonary cell types and respiratory exposures. Using bead-

based flow cytometry, we found that BEC and pulmonary fibroblasts, 

but not pulmonary microvascular endothelial cells or macrophages 

release CD63
+
CD81

+
 and TF

+
 EVs in response to CSE. Cell surface 

thiols decreased in all cell types upon CSE exposure, but targeted 

depletion of cell surface thiols using bacitracin only triggered EV 

release by BEC and fibroblasts. The thiol-antioxidant NAC prevented 

the EV induction by CSE in BEC and fibroblasts. Exposure of BEC to 

occupational silica nanoparticles and particulate matter (PM) from 

outdoor air pollution also enhanced EV release. Cell surface thiols 

were mildly decreased and NAC partly prevented the EV induction for 

PM10, but not for silica and PM2.5. Taken together, induction of 

procoagulant EVs is a cell type specific response to CSE. Moreover, 

induction of CD63
+
CD81

+
 and TF

+
 EVs in BEC appears to be a 

universal response to various respiratory stressors. TF
+
 EVs may serve 

as biomarkers of exposure and/or risk in response to respiratory 

exposures. Inhibiting their induction could be a novel strategy to 

prevent respiratory exposure-associated morbidity.  
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Introduction 

The human lungs are covered with a vast epithelial surface, which makes them very 

efficient for gas exchange, but also highly vulnerable to inhaled exposures [1]. Such 

exposures include cigarette smoke, but also gases, volatile compounds and 

particulates from outdoor and indoor sources of air pollution. Traffic emissions are 

major contributors to outdoor air pollution [2] whereas exposure to indoor air 

pollution is often occupational. For instance, workers of many industrial sectors are 

exposed to crystalline silica nanoparticles at their workplace [3]. Exposure to 

respiratory toxicants is associated with several health consequences. Many 

respiratory exposures contribute to the development or aggravation of pulmonary 

diseases, such as chronic obstructive pulmonary disease (COPD) [4], (occupational) 

asthma [5, 6], or pneumoconiosis [7]. Moreover, respiratory exposures are associated 

with increased risks of lung cancer [8-10] and cardiovascular diseases (CVD) [11-13]. 

While the cellular and molecular mechanisms underlying the development of 

respiratory exposure-associated diseases are still incompletely understood, 

inflammation is known to play an important role. 

Epithelial cells form a major cellular target for respiratory exposures as they 

cover the entire surface of the airways and alveoli [14]. Due to their respective 

locations in the lung lumen or directly underneath the epithelial layer, alveolar 

macrophages, pulmonary fibroblasts and pulmonary capillary endothelial cells are 

additional targets for inhaled substances. When cells come into contact with 

environmental stressors, their behaviour is profoundly affected, including the release 

of extracellular vesicles (EVs) [15, 16]. These EVs are small secreted membrane 

vesicles that carry a complex molecular cargo and exert versatile functions in cell-to-

cell communication and in the extracellular space [17]. They are thought to be 

actively involved in the pathogenesis of several chronic inflammatory diseases, 

including CVD [18, 19]. There are two EV subtypes, exosomes and microvesicles. 

Exosomes (50-150 nm) are smaller than microvesicles (150-1000 nm) and express 

characteristic exosome marker proteins, including the tetraspanins CD63, CD81 and 

CD9. We have previously shown that cigarette smoke extract (CSE) increases the 

amount of exosomes released by bronchial epithelial cells (BEC) [15]. These CSE-

induced exosomes were enriched in tissue factor (TF) compared to exosomes 

secreted by unexposed cells [Chapter 5, under review]. Thus, they likely reflect 

epithelial activation and damage. Moreover, they exert a TF-dependent procoagulant 

activity and may thereby contribute to the elevated cardiovascular risk in smokers 

[Chapter 5, under review]. We further demonstrated that the exosome induction by 

CSE depended on oxidative depletion of cellular thiols and could be prevented by 
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antioxidants, such as N-acetyl-L-cysteine (NAC) [15]. In the current study, we aimed 

to determine whether thiol-dependent exosome induction is a universal response to 

respiratory exposures in different cell types and for different respiratory toxicants. 

We first investigated the effect of CSE on the exosome release by BEC, pulmonary 

fibroblasts, macrophages and pulmonary microvascular endothelial cells. Secondly, 

we investigated whether respiratory exposures other than CSE also affect exosome 

release by BEC. For this purpose, BEC were stimulated with either particulate matter 

(PM) from outdoor sources of air pollution or with crystalline silica particles. Total 

(CD63
+
CD81

+
) and procoagulant (TF

+
) exosomes were detected using bead-based 

flow cytometry, a method that we and others have shown to be suitable for semi-

quantitative EV measurements [20-22]. 

Materials and Methods 

Cell Culture 

The bronchial epithelial cell line BEAS-2B (ATCC CRL-9609), the pulmonary 

fibroblast cell lines MRC-5 (ATCC CCL-171) and HEL-299 (ATCC CCL-137), the 

monocytic cell line THP-1 and the pulmonary microvascular endothelial cell line 

HPMEC-ST1.6R (a kind gift from Dr. C.J. Kirkpatrick, Institute for Pathology, 

University of Mainz, Germany) were maintained at 5% CO2 and 37˚C. BEAS-2B cells 

were cultured as described previously [15]. MRC-5 and HEL-299 cells were cultured 

in Minimal Essential Medium (MEM; Gibco) supplemented with 1% (v/v) 100 x Non-

Essential Amino Acids (Sigma Aldrich), 2 mM L-glutamine and 10% (v/v) foetal calf 

serum (FCS; Lonza). They were passaged once per week with a 1:2 split ratio and 

used for experiments between passages 20 and 30. THP-1 cells were cultured in 

RPMI-1640 (Gibco) supplemented with 50 µM β-mercaptoethanol (Sigma Aldrich), 1 

mM sodium pyruvate (Sigma Aldrich), 12.5 mM glucose and 10% (v/v) FCS. They 

were passaged once or twice per week with a split ratio of 1:5 to 1:20. HPMEC-ST1.6R 

cells were cultured as described previously in MCDB1 (Gibco) supplemented with 1 

µg/ml hydrocortisone (Sigma Aldrich), 10 ng/ml human recombinant epidermal 

growth factor (Sigma Aldrich), 10% (v/v) FCS and 1% (v/v) 100x penicillin and 

streptomycin (Gibco) [23]. They were subcultured twice per week with a split ratio of 

1:4 to 1:8. Cell culture dishes were pre-coated with 2% (v/v) gelatin (Sigma Aldrich) 

in MilliQ before HPMEC-ST1.6R cells were seeded. 

For experiments, cells were seeded on 12- or 24-well plates. BEAS-2B and 

HPMEC-ST1.6R were seeded at 5 x 10
4
 cells/cm

2
 and allowed to attach overnight. 

MRC-5 and HEL-299 cells were seeded at 0.4 x 10
4
 cells/well and grown until 
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confluence (usually 72 h). THP-1 cells were seeded at 0.5 x 10
4
 cells/well in growth 

medium which was additionally supplemented with 200 nM Phorbol 12-myristate 13-

acetate (PMA; Sigma Aldrich) to induce monocyte-to-macrophage differentiation. 

After 72 h, the PMA-medium was replaced by normal growth medium, followed by 

incubation for another 72 h. 

For 2 h prior to exposure, cells were kept in reduction medium. Reduction 

medium was DMEM-F12 without phenol-red (Gibco) supplemented with varying 

percentages of EV-depleted FCS depending on the cell line. For BEAS-2B and 

HPMEC-ST1.6R cells, reduction medium was supplemented with 0.1% (v/v) EV-

depleted FCS. For MRC-5 and HEL-299 cells, it was supplemented with 2% (v/v) EV-

depleted FCS and for THP-1 cells with 2% (v/v) EV-depleted FCS and 0.5 mM sodium 

pyruvate. EV-depleted FCS was prepared as described previously [15]. 

Cell exposures 

CSE, bacitracin and NAC solutions, as well as silica suspensions were prepared as 

described previously [15, 24]. Particulate matter with an aerodynamic diameter ≤ 10 

µm (PM10) and ≤ 2.5 µm (PM2.5) was sampled at three primary schools in Maastricht, 

The Netherlands, as described previously [25]. For extraction of PM, filters were cut 

into pieces of approximately 1cm
2
 and incubated in 250 ml of dichloromethane 

overnight at room temperature on a shaker. Dichloromethane was then evaporated 

using a Rotavap rotational evaporator. Remaining dry material was resuspended in 5 

ml methanol and transferred into a centrifuge tube. After 5 minutes centrifugation at 

300 x g, the supernatant was transferred into a fresh recipient and evaporated using 

a Rotavap rotational evaporator. The remaining dry material was resuspended in 

methanol so that particulate matter from 200 m
3
 of air was suspended per ml. To 

obtain a suitable vehicle control, the extraction protocol was also applied to an 

unused PM10 filter. The resulting dry material was weight-matched to the PM10 

extract and also suspended in methanol. 

Prior to exposure, cells were washed twice with PBS followed by addition of 1 

ml of reduction medium. Different concentrations of CSE, NAC, bacitracin (Sigma 

Aldrich), Silica, PM10, and PM2.5 or the respective vehicle/solvent controls were then 

added, followed by 24 h incubation at 37 ˚C and 5% CO2. CSE concentrations are 

given in % (v/v). Silica concentrations are given in µm
2
/cm

2
 (surface area of the silica 

particles/cell culture surface area). PM concentrations are given in m
3
/ml (cubic 

meters of air filtered to obtain the PM/ml of cell culture medium). The PM vehicle 

control was volume-matched to PM10. 
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Determination of cell metabolic activity, EV release and 

exofacial thiols 

Cell viability was assessed by MTT assay as described previously [15]. Quantification 

of CD63
+
CD81

+ 
EVs by bead-based flow cytometry of conditioned media was also 

done as described previously [15], except that 200 µl of conditioned media were used 

instead of 400 µl. For detection of CD63/CD81/CD9
+
TF

+
 EVs, the protocol was 

slightly adapted. In brief, 3.5×10
8
 beads/ml (4 µm aldehyde/sulphate latex beads 5% 

(w/v); Molecular Probes Life Technologies, Waltham, MA, USA) were coated with a 

mixture of 42 µg/ml mouse anti-human CD81 antibody (Clone JS-81; BD 

Biosciences), 42 µg/ml mouse anti-human CD63 antibody (Clone H5C6, BD 

Biosciences) and 42 µg/ml mouse anti-human CD9 antibody (clone M-L13, BD 

Biosciences) by overnight incubation in MES buffer. Conditioned media (200 µl) 

were incubated overnight with the beads, followed by staining with 0.01 mg/ml 

phycoerythrin (PE)-labelled mouse anti-human TF/CD142 antibody (Clone HTF-1; 

BD Biosciences). Quantification of exofacial thiols was also performed as previously 

described [15] except that a different protocol was used for the detachment of 

adherent cells before staining. EDTA was added directly to the exposure medium to 

a final concentration of 10 mM. After incubating for 10 min at 37˚C, cells were gently 

detached using the pipette tip and transferred to 1.5 ml centrifuge tubes. 

Electron spin resonance 

Electron spin resonance (ESR) spectroscopy was used to determine generation of 

reactive oxygen species (ROS) as described previously [26]. In brief, PM2.5 or PM10 

filter pieces of 0.5 cm × 2 cm were placed in a tissue cell (ER 162 TC-Q, Bruker 

BioSpin GmbH, Rheinstetten, Germany) and saturated with a solution of 70 μL of 40 

mM Tris-HCl buffer supplemented with 100 mM of the spin trap 5,5-Dimethyl-1-

pyrroline N-oxide (DMPO) and 13 µM ascorbate. After sealing, the tissue cell with 

filter material was immediately placed in the resonator of the ESR spectrometer. ESR 

spectra were recorded at room temperature on a Bruker EMX 1273 spectrometer 

equipped with an ER 4119HS high-sensitivity resonator and 12-kW power supply 

operating at X band frequencies. The modulation frequency of the spectrometer was 

100 kHz. Instrumental conditions were as follows: centre of magnetic field, 3490 G; 

scan range, 60 G; modulation amplitude, 1 G; receiver gain, 1 × 10
4
; microwave 

frequency, 9.85 GHz; power, 50 mW; time constant, 40.96 ms; scan time, 20.97 s; 

number of scans, 100. Spectra were quantified (in arbitrary units) through peak 

surface measurements using the WIN-EPR spectrum manipulation program. 
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Data analysis 

All values are expressed as percentages of the untreated control condition. Data was 

analysed using Graphpad Prism V5.03. All datasets were tested for normal 

distribution using the Kolmogorov-Smirnov test. For those datasets that passed the 

Kolmogorov-Smirnov test, a one sample t-test was used to test whether the mean of 

each measurement significantly differed from the control (100%). For those datasets 

that were not normally distributed, the Wilcoxon signed rank test was used. To test 

whether NAC significantly modified the effect of each exposure, a t-test was applied 

to compare the effect of treatment only to the treatment plus NAC. P-values <0.05 

were considered statistically significant. All EV measurements are displayed on a 

Log10 scale, whereas cell metabolic activity cell surface thiols and ESR measurements 

are displayed on a linear scale. 

Results 

Effect of CSE on the EV release by different cell types 

The first aim of this study was to investigate the effect of CSE on the EV release by 

different pulmonary cell types. BEC (BEAS-2B), pulmonary fibroblasts (HEL-299, 

MRC-5), monocyte-derived macrophages (THP-1) and pulmonary microvascular 

endothelial cells (HPMEC-ST1.6R, short HPMEC) were exposed to CSE for 24 h. 

According to MTT assay, the used CSE concentrations decreased cell metabolic 

activity by no more than 25% (Figure 1A). We then assessed the effect of these CSE 

concentrations on cell surface thiols and on the release of CD63
+
CD81

+
 EVs. Despite 

a significant CSE-induced decrease in cell surface thiols for all cell types (Figure 1B), 

a concentration dependent increase in EV release was only observed in BEAS-2B, 

HEL-299 and MRC-5 cells, but not in THP-1 cells or HPMEC (Figure 1C). Likewise, 

the membrane impermeable thiol-blocking agent bacitracin was able to induce EV 

release by BEAS-2B, HEL-299 and MRC-5 cells, whereas no significant increase in EV 

release was observed for bacitracin-stimulated THP-1 and HPMEC cells (Figure 1D). 

Moreover, the thiol-antioxidant NAC inhibited the CSE-dependent EV induction in 

BEAS-2B, HEL-299 and MRC-5 cells, while it did not influence EV release by THP-1 

and HPMEC cells (Figure 2A). Finally, we measured the quantity of the procoagulant 

protein TF on EVs released by the different cell types in response to CSE-exposure in 

the presence or absence of NAC. EVs from BEAS-2B, HEL-299 and MRC-5 cells, but 

not THP-1 cells and HPMEC showed an increased expression of TF when exposed to 

CSE, and this was preventable by NAC (Figure 2B). NAC was able to restore the cell 

metabolic activity during CSE exposure to approximately 100% for all cell types 
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(Figure 2C). 

 

Figure 1 – Effect of CSE and the thiol scavenger bacitracin on different pulmonary cell types. (A-C) effect 

of CSE-exposure on (A) cell metabolic activity as determined by MTT assay, n=5-11; (B) cell surface thiols, 

n=4-6; (C) release of CD63+CD81+ EVs determined by bead-based flow cytometry, n=6-13; (D) Effect of 2.5 

mM bacitracin on the release of CD63+CD81+ EVs, n=5-9. The box and whisker plots show the median 

(line in box), 25th and 75th percentiles (outer lines of box) and minimal and maximal values (whiskers). 

*p<0.05 compared to the untreated control (100%), #p<0.05 for bacitracin compared to the vehicle control 

Taken together, CSE enhanced the release of CD63
+
CD81

+
 EVs and TF

+ 
EVs 

in BEC and pulmonary fibroblasts, which was associated with a decrease in cell 

surface exposed thiols. In these cells, the membrane impermeable thiol-blocking 

agent bacitracin also increased the EV release. Moreover, the CSE-induced release of 

CD63
+
CD81

+
 and TF

+
 EVs was preventable by the thiol-antioxidant NAC. In contrast, 

despite a significant depletion of cell surface thiols upon treatment with CSE, 

HPMEC and THP-1 cells did not show an enhanced EV release. In these cells, EV 

release could neither be triggered by bacitracin and was not decreased by NAC. 
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Figure 2 – Effect of NAC on the EV release and cell metabolic activity during CSE exposure. Cells were 

exposed to CSE in the presence or absence of the thiol antioxidant NAC and different readouts were 

performed. Concentration of (A) CD63+CD81+ EVs (n=5-9) and (B) CD63/CD81/CD9+TF+ EVs (n=5-6) as 

determined by bead-based flow cytometry. (C) Cell metabolic activity as determined by MTT assay (n=5-

11). The box and whisker plots show the median (line in box), 25th and 75th percentiles (outer lines of 

box) and minimal and maximal values (whiskers). *p<0.05 compared to the unexposed control (100%); 

#p<0.05 for CSE alone compared to CSE with NAC 

Effect of different respiratory exposures on the EV release 

by BEC 

The second aim of this study was to investigate whether respiratory exposures such 

as crystalline silica particles or PM from air pollution affect the EV release by BEAS-

2B BEC similarly to CSE. Firstly, two concentrations of silica as well as PM2.5 and PM10 

were determined that decreased cell metabolic activity by at most 25% (Figure 3A). 

The concentration of cell surface thiols was not affected by silica or PM2.5, but was 

significantly decreased upon exposure to PM10 (Figure 3B). To test whether the 
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difference between PM2.5 and PM10 could be attributed to differences in their ROS 

forming capacity, ROS generation for both PM types was assessed using ESR. PM 

samples were derived from three different sampling locations, and for each location, 

PM10 had a higher ROS-generating capacity than PM2.5 (Figure 3C). All three 

exposure types (silica, PM2.5 and PM10), but not the vehicle control for PM, triggered 

an increase in CD63
+
CD81

+
 EVs (Figure 3D). NAC did not decrease the quantity of 

CD63
+
CD81

+
 EVs induced by silica or PM2.5, but a trend for a decrease was observed 

for PM10 (p=0.09; Figure 4A). Importantly, TF
+
 EVs were also induced by all three 

stimuli (Figure 4B). Yet, NAC did not significantly decrease TF
+ 

EVs for any of the 

exposures (Figure 4C). NAC treatment neither led to a significant recovery of the cell 

metabolic activity (Figure 3F). 

 

Figure 3 - Effect of silica particles, PM2.5, PM10 and the PM vehicle control (v.c.) on BEC. Cells were 

exposed for 24 h to different concentrations of the 4 stimuli. Silica concentrations are given in µm2/cm2 

and PM concentrations in m3/ml. (A) Cell metabolic activity determined by MTT assay, n=5-8; (B) Cell 

surface thiols after 24 h exposure to 100 µm2/cm2 silica or 1.5 m3/ml PM, n=5. (C) ROS generating capacity 

of PM2.5 and PM10 as determined by ESR. Paired PM2.5 and PM10 samples from the same sampling location 

are connected by a line. (D) Release of CD63+CD81+ EVs determined by bead-based flow cytometry, n=6-9. 

*p<0.05 compared to the unexposed control (100%); #p<0.05 for PM10 compared to PM2.5. 
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Figure 4 - Effect of 1 mM NAC on EV release and cell metabolic activity during exposure to silica (100 

µm2/cm2) or PM (1.5 m3/ml). Release of (A) CD63+CD81+ EVs, n=5-9 and (B) CD63/CD81/CD9+TF+ EVs, 

n=6-7. (C) Cell metabolic activity as determined by MTT assay, n=5-8. The box and whisker plots show the 

median (line in box), 25th and 75th percentiles (outer lines of box) and minimal and maximal values 

(whiskers). * p<0.05 compared to the unexposed control (100%). 

To summarise, all tested respiratory stressors, namely CSE (Figure 1 and 2), 

silica particles, PM2.5 and PM10, triggered total and TF
+
 EV release by BEC. The EV 

induction could be entirely attributed to depletion of cell surface thiols for CSE 

exposure and partly for the PM10 exposure, whereas another mechanism appears to 

regulate the EV induction by PM2.5 and silica particles. 

Discussion 

TF
+
 procoagulant EVs

 
have been implicated as active contributors to thrombosis [27, 

28] as well as pulmonary inflammation [29-32]. We have previously shown that 

exposure of BEC to CSE causes an increase in total EV release and in TF-dependent 

procoagulant activity of these EVs [Chapter 5, under review]. Here, we extend these 
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findings by showing that pulmonary fibroblasts also respond to CSE by releasing 

increased concentrations of EVs that express the exosome markers CD63 and CD81 

as well as TF. Yet, no increased EV release was observed for monocyte-derived 

macrophages or pulmonary microvascular endothelial cells when stimulated with 

CSE. Thus, in our hands, only tissue-resident but not vascular or immune cells 

responded to acute CSE-exposure by releasing (procoagulant) EVs. Moreover, the 

quantity of TF
+
 EVs released by unexposed cells was lower for endothelial cells and 

macrophages than for BEC and lung fibroblasts (data not shown). This suggests that 

tissue resident cells may be the major source of TF
+
 EVs in vivo. Yet, others have 

reported that monocytes, macrophages and endothelial cells respond to either CSE 

or PM exposure by releasing an increased quantity of TF
+ 

EVs [16, 33, 34]. These 

divergent results may arise from the use different cells (e.g. human umbilical vein 

endothelial cells [16] instead of pulmonary microvascular endothelial cells) and/or 

cell culture conditions. Another likely explanation is the use of different methods for 

EV detection. While we detected TF
+ 

EVs that were enriched in exosome markers 

(CD63/CD81/CD9), the other studies based their findings on techniques that favour 

detection of microvesicles. Thus, BEC and fibroblasts may secrete TF in exosomes in 

response to CSE whereas macrophages and endothelial cells may secrete it in 

microvesicles. Side-by-side comparisons of exosome and microvesicle release by 

each cell type are required to investigate whether this is the case. Moreover, to 

address whether smoking increases the concentrations of total and TF
+ 

EVs in the 

lungs and/or in the blood circulation, translational studies would be of value.  

In the second part of this study, we investigated the effect of silica 

nanoparticles as well as small (PM2.5) and larger (PM10) particulates from outdoor 

sources of air pollution on the release of EVs by BEC. All three respiratory stressors 

triggered the release of CD63
+
CD81

+
 and TF

+ 
EVs by BEC. Yet, they did not (silica, 

PM2.5) or only mildly (PM10) deplete cell surface thiols. Moreover, their effect on EV 

induction was not preventable by the antioxidant NAC (silica, PM2.5) or the 

prevention did not reach statistical significance (PM10, p=0.09). This suggests that 

the EV induction by silica nanoparticles and PM2.5 may not be mediated by oxidative 

thiol depletion and the EV induction by PM10 at most partly. A stronger contribution 

of oxidative mechanisms for PM10 is supported by the observation that our PM10 

samples all had more radical generating capacity than the paired PM2.5 samples. 

Although PM has previously been shown to induce the release of TF
+
 

microvesicles by endothelial cells in vitro [16], this is to our knowledge the first study 

reporting PM-induced EV release by epithelial cells. It is also the first study to report 

PM-induced release of TF on EVs that express exosome marker proteins and the first 
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study to report that silica nanoparticles stimulate EV release. The finding that 

environmental as well as occupational air pollutants trigger the release of TF
+
 EVs is 

important as both types of exposures are associated with an increased risk for 

pulmonary [4-7] and cardiovascular disease [11-13] and exposure often cannot be 

avoided by at-risk individuals. Additional research should be performed to elucidate 

the cellular mechanisms that mediate the increased EV release in response to 

particulates, as this could allow identifying strategies for modulating particulate-

induced changes in EV signaling. 

In conclusion, we show that some, but not all pulmonary cell types respond 

to CSE by releasing CD63
+
CD81

+
 and TF

+
 EVs, in particular BEC and fibroblasts. 

Moreover, (TF
+
) EV induction in BEC appears to be a universal response to various 

respiratory toxicants. It may contribute to the elevated risk for cardiovascular and 

pulmonary disease development in response to respiratory exposures. Therefore, 

inhibiting the induction of procoagulant EVs might be a novel strategy to prevent 

respiratory exposure-associated morbidity. Moreover, it should be evaluated whether 

TF
+ 

EVs can serve as biomarkers of exposure and/or risk in individuals exposed to 

respiratory toxicants. 
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Abstract 

Extracellular vesicles (EVs), including microvesicles and exosomes, 

are emerging as important regulators of homeostasis and 

pathophysiology. During pro-inflammatory and pro-oxidant 

conditions, EV release is induced. As EVs released under such 

conditions often exert pro-inflammatory and procoagulant effects, 

they may actively promote the pathogenesis of chronic diseases. 

There is evidence that thiol-group containing antioxidants can 

prevent EV induction by pro-inflammatory and oxidative stimuli, 

likely by protecting protein thiols of the EV-secreting cells from 

oxidation. As the redox state of protein thiols greatly impacts three-

dimensional protein structure and, consequently, function, redox 

modifications of protein thiols may directly modulate EV release in 

response to changes in the cell’s redox environment. In this review 

article, we discuss targets of redox-dependent thiol modifications that 

are known or expected to be involved in the regulation of EV release, 

namely redox-sensitive calcium channels, N-ethylmaleimide sensitive 

factor (NSF), protein disulfide isomerase (PDI), phospholipid 

flippases, actin filaments, calpains and cell surface-exposed thiols. 

Thiol protection is proposed as a strategy for preventing detrimental 

changes in EV signaling in response to inflammation and oxidative 

stress. Identification of the thiol-containing proteins that modulate 

EV release in pro-oxidant environments could provide a rationale for 

broad application of thiol group-containing antioxidants in chronic 

inflammatory diseases. 
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1. Extracellular vesicles 

Extracellular vesicles (EVs) are small membrane-surrounded vesicles that are 

secreted by virtually all cell types and that have been detected in various body fluids 

including plasma [1], urine [2] and bronchoalveolar lavage fluid [3]. These EVs carry 

a complex cargo composed of proteins, nucleotides and lipids, among others [4]. 

They can exert multiple biological effects, either by interacting with or being taken 

up by target cells, or in the extracellular space [5]. As EVs are released under 

physiological and stress conditions, they have been attributed various functions in 

homeostasis as well as pathology [5]. 

1.1. EV biogenesis and uptake 

In recent years, it has become clear that EVs are a heterogeneous population of 

membrane-delimited structures that emerge from distinct biogenetic pathways, and 

that have diverse biophysical and biochemical properties [6,7]. This review focuses 

on two major EV types, exosomes and microvesicles, whose properties are 

summarized in Table 1. Several recent review articles provide a detailed overview of 

the current knowledge on EV biogenesis [8-10] and uptake [11,12]. Therefore, these 

processes will be described only briefly and non-comprehensively, to provide the 

necessary context for later sections of this article. Exosome biogenesis takes place in 

late endosomes, which transform into multivesicular bodies (MVBs) by inward 

budding of their membrane to form small intraluminal vesicles (ILVs). These MVBs 

can then fuse with the plasma membrane and release their ILVs to the extracellular 

space as exosomes. In contrast to exosomes, microvesicles are released from the cell 

by outward budding of the plasma membrane followed by membrane fission. The 

membrane rearrangements that occur during exosome and microvesicle biogenesis 

are regulated by energy-dependent enzymes, including Rab GTPases and the 

endosomal sorting complex required for transport (ESCRT). EV uptake by target 

cells appears to occur most commonly by endocytosis or phagocytosis followed by 

membrane fusion within the endocytic compartment. An alternative pathway is 

direct membrane fusion at the cell surface. 
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Table 3 - Summary of the differential properties of exosomes and microvesicles. ESCRT, endosomal 

sorting complex required for transport; MVB, multivesicular body  

 
exosomes microvesicles 

alternative names extracellular vesicles 
extracellular vesicles, 
microparticles, 
shedding vesicles, ectosomes 

size 50 - 150 nm 100 - 1000 nm 

biogenesis 

as ILVs in MVBs, followed by 
extracellular release by fusion of 
the MVBs with the plasma 
membrane 

direct shedding from the plasma 
membrane 

characteristic 
proteins 

tetraspanins (e.g. CD63, CD81, 
CD9), ESCRT components (ALIX, 
TSG101) 

integrins, selectins 

1.2. Pathophysiological relevance of redox-mediated EV 

signaling  

EVs are actively involved in the pathophysiology of conditions that are associated 

with local or systemic inflammation and oxidative stress, such as unhealthy aging 

(also termed ‘inflammaging’), cancer, cardiovascular disease (CVD) and chronic lung 

diseases [13-16]. Several in vitro studies have shown that exposure of EV-secreting 

cells to pro-inflammatory or pro-oxidant conditions causes pathological changes in 

EV signaling [17,18]. Moreover, chronic inflammatory diseases are associated with 

oxidative stress as well as elevated EV concentrations and altered EV composition, 

both of which can contribute to adverse biological effects of EVs [19,15,20]. 

Pharmacological modulation of EV formation may therefore be a promising 

treatment strategy for multiple chronic inflammatory conditions. However, most 

known targets for inhibiting EV release, including neutral sphingomyelinase 2 and 

the GTPase Rab27a [21,22], are required for vital cellular processes such as lipid 

biosynthesis and intracellular membrane trafficking [23,24]. Therefore, currently 

known strategies for EV inhibition are likely associated with off-target effects, 

hampering their application for the therapeutic modulation of EV signaling in vivo. 

An improved understanding of the mechanisms that modulate EV release under 

conditions of chronic inflammation and oxidative stress could allow identifying 

pharmacological compounds that only prevent pathological changes in EV signaling 

but do not interfere with the physiological functions of EVs. Protein thiols can 

undergo reversible redox modifications. Thereby, they can act as switches in cellular 

redox signaling, and determine the cell’s response to changes in its redox 
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environment [25,26]. In this review article, we discuss how thiol modifications may 

be involved in EV formation and propose thiol protection as a novel strategy for 

preventing pathological changes in EV signaling. 

2. Redox regulation of protein thiols 

This section provides general background information on how redox modifications 

of protein thiols affect protein function and, consequently, cellular functions. It aims 

to familiarize the reader with important principles and terminology in the field of 

redox-dependent thiol modifications before we discuss the relevance of such 

modifications for the modulation of EV release in section 3. 

Thiol groups in proteins are contributed by the amino acid cysteine. Most 

commonly, protein thiols exist either in a free, reduced form (Cys-SH), or oxidized 

to a disulfide with another thiol group of the same or another protein (Cys-S-S-Cys) 

[27]. During protein biosynthesis, disulfide bonds are introduced in a highly 

regulated manner. They are essential for correct three-dimensional protein structure 

and, consequently, for protein function. To assure correct protein folding, the 

position of cysteine residues within proteins is highly conserved [28]. Reduced thiols 

are nucleophilic and susceptible to electrophilic attacks because of their electron-

rich sulfur atom [25]. Certain protein microenvironments polarize the S-H bond and 

thereby lower the acid dissociation constant (pKa) of thiol groups. This favors their 

deprotonation (i.e. the dissociation of H
+
), resulting in the formation of even more 

reactive thiolate anions (Cys-S
-
) [27]. This often occurs at active site cysteines, 

making them especially susceptible for redox modifications [29]. 

Electrophilic compounds that are prone to react with thiolates or thiols 

include reactive oxygen species (ROS), which can lead to the formation of ectopic 

disulfide bonds, reactive nitrogen species (RNS) which lead to S-nitrosylation or S-

nitration (Cys-S-NO) and reactive carbonyl species (RCS) which result in adduct 

formation (Cys-S-R) [26] (illustrated in Figure 1). ROS, RNS and RCS are present in 

environmental exposures, including cigarette smoke and vehicle emissions [30-32] 

and are also formed endogenously, for instance during inflammation and lipid 

peroxidation [33-35]. Reaction of such oxidative stimuli with protein thiols can 

strongly affect protein conformation and functionality and cysteine-rich proteins 

often underlie redox regulation, especially those containing unpaired cysteines with 

free thiol groups [27]. The cell has a powerful antioxidant system at its disposal, 

which consists of glutathione and various antioxidant enzymes [36]. Up to moderate 

oxidant levels, this system is able to control and reverse thiol modifications by ROS 
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and RCS, thereby allowing oxidative thiol modifications to act as transient and 

specific cell signaling events [36,37]. Studies that investigate the regulation of 

protein function by redox sensitive thiols often apply electrophiles that covalently 

modify thiols, trapping them either transiently or irreversibly in an oxidized state 

[29]. Here, we will refer to these chemicals as thiol scavengers. 

 

Fig. 1 Schematic representation of thiol modifications by ROS, RNS and RCS. (1) Thiol oxidation by ROS 

leads to formation of an unstable cysteine sulfenic acid intermediate. This unstable intermediate can react 

with other thiol groups within the same or another molecule, which leads to formation of intramolecular 

or intermolecular disulfide bonds. (2) Thiol modification by RNS such as nitric oxide (NO) or 

peroxynitrite (ONOO-) leads to S-nitrosylation or S-nitration. (3) Thiol modification by RCS causes 

formation of relatively large and bulky carbonyl S-adducts as illustrated here for acrolein. This figure was 

created using Servier Medical Art. 

In the following sections, we discuss how thiol modifications may be 

involved in EV formation and how thiol protection may be used to prevent 

pathological changes in EV signaling. 

3. Modulation of EV signaling by thiol modifications 

3.1. Modulation of EV release 

Intriguingly, it was reported as early as 1961 that treatment of various cells with thiol-

reactive compounds induces blebbing of the plasma membrane [38]. In 1979, Scott 

and Maercklein found that these blebs were released into the cell culture media as 

100 nm- to 10 µm-sized vesicles and could be isolated by centrifugation at 30,000 x g 

[39]. The phenomenon was universal for cultured cells from different species and 



Review article – Redox Regulation of EV release via protein thiols 217 
 

 
 

tissues, including fibroblasts, monocytes and macrophages and could be induced by 

a wide panel of RCS, including formaldehyde, N-ethyl-maleimide (NEM) and 

acrolein [39]. More recently, we and others have confirmed that treatment of various 

cell types with RCS or ROS enhances the release of EVs (for details, see table 2) [40-

43]. A number of studies have shown that both ROS-dependent and RCS-dependent 

EV induction are preventable by thiol-based antioxidants such as NAC [42,43,41], 

suggesting that thiol-reactivity is causally linked to EV induction. Yet, while 

Vatsyayan et al. proposed that RCS-induced EV release is mediated by secondary 

ROS generation, we found that only RCS, but not the ROS hydrogen peroxide, elicit 

increased EV release [40,41]. Vatsyayan et al. and the studies that showed ROS-

induced EV release detected EVs by direct flow cytometry for microvesicles 

(detection limit 300 nm) [40,42,43], whereas we used a combination of tunable 

resistive pulse sensing and bead-based flow cytometry to detect small EVs (85-250 

nm) expressing exosome marker proteins [41]. Therefore, thiol modifications by RCS 

and ROS may differentially affect the release of microvesicles and exosomes. 

Moreover, it may depend on the cell type and its repertoire of proteins with redox 

sensitive thiols whether a certain stimulus does or does not trigger EV release. For 

instance, in the study by Vatsyayan et al., cell exposure to the RCS 4-hydroxy-2-

nonenal enhanced the release of EVs by endothelial cells and fibroblasts, but not by 

monocytes [40]. 

In some studies, ROS or RCS-induced microvesicle production was 

associated with a considerable amount of apoptotic cell death [23, 48], suggesting 

that microvesicle shedding in the response to thiol-reactive compounds may be due 

to cytotoxicity rather than being directly mediated by thiol modifications. However, 

we have found that the thiol scavengers 5,5-dithio-bis-(2-nitrobenzoic acid) DTNB 

and bacitracin induce EVs without affecting cell viability [29] and other mechanisms 

have been implied in ROS and RCS-dependent EV induction, as will be discussed 

later. While the effect of RNS on EV release is less well studied than that of ROS and 

RCS, there is evidence that nitric oxide (NO) negatively regulates EV release [44,45]. 

Table 2 gives an overview of the experimental evidence for modulation of EV release 

by thiol-reactive compounds. 
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Table 2 – Experimental evidence for the involvement of protein thiols in the regulation of EV release. AnxV, Annexin V; ATP, adenosine triphosphate; CSE, 

cigarette smoke extract; DTNB, 5,5-dithio-bis-(2-nitrobenzoic acid); EV, extracellular vesicle; HCAEC, human coronary artery endothelial cells; GSH, glutathione; 

HNE, 4-Hydroxy-2-nonenal; LPS, lipopolysaccharide; NAC, N-acetyl-L-cysteine; NACA, N-acetyl-L-cysteine amide; NEM, N-ethylmaleimide; MPG, N-(2-

Mercaptopropionyl)glycine; PS, phosphatidylserine; RCS, reactive carbonyl species; RPE, retinal pigment epithelial cells; TEM, transmission electron microscopy; 

TNF-α, tumor necrosis factor α; TF, tissue factor; TRPS, tunable resistive pulse sensing 

study cell type 
Exogenous thiol-

reactive 
compounds 

Expo-
sure 
time 

Endogenous 
thiol-reactive 
compounds 

Thiol 
antioxidants 

EV nomen–
clature 

Effect of the 
thiol-reactive 

compounds on 
EV release 

Summary of major findings 

Belkin and 
Hardy, 

1961 [38] 

ascites cells, 
malignant cells, 
non-malignant 

cells 

RCS (NEM; 
iodoacetamide) 

ROS (H2O2) 

Others (mercurial 
diuretics) 

≤60 
min 

n.d. none 
plasma 

membrane 
blebs 

↑ 
All tested cell types respond to treatment with 
various extrinsic thiol-reactive compounds by 

plasma membrane blebbing. 

Scott et 
al., 1979 

[39] 

fibroblasts, 
monocytes, 

myoblasts etc. 

RCS (e.g. 
formaldehyde, 
acrolein, NEM, 
iodoacetate) 

30 min n.d. none 

plasma 
membrane 

blebs/ 
vesicles 

↑ 
All tested RCS, but not control compounds that do 

not react with thiols (e.g. succinimide), induce 
plasma membrane blebbing. 

Dachary-
Prigent et 
al., 1993 

[97] 

human platelets RCS (NEM, diamide) 10 min n.d. none 
Micro-

particles 
(↓) 

Platelet preincubation with RCS inhibits ionophore-
induced calpain activity, PS externalization and EV 

release. 

Furlan-
Freguia et 
al., 2011 

[52] 

murine 
macrophages 
and smooth 
muscle cells 

Thiol scavenger 
(DTNB) 

30 min ROS NAC 
Micro-

particles 
↑ 

ATP stimulation results in endogenous ROS 
formation and release of procoagulant EVs. Blocking 

cell surface thiols with DTNB and ROS scavenging 
both prevent ATP-induced EV release. 

Vatsyayan 
et al., 

2013 [40] 

human 
macrophages, 

coronary artery 
endothelial 

cells, fibroblasts 

RCS (HNE, acrolein) 
15 min 
to 4 h 

ROS 
NAC, 

MPG 

Micro-
particles 

↑ 

In endothelial cells and fibroblasts, but not 
monocytes, extrinsic RCS induce procoagulant EVs. 
Intrinsic ROS generation and PS externalization are 
increased in all cell types and preventable by thiol 

protection. 
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study cell type 
Exogenous thiol-

reactive 
compounds 

Expo-
sure 
time 

Endogenous 
thiol-reactive 
compounds 

Thiol 
antioxidants 

EV nomen–
clature 

Effect of the 
thiol-reactive 

compounds on 
EV release 

Summary of major findings 

Novelli et 
al., 2014 

[42] 

Human alveolar 
and bronchial 
epithelial cells 

ROS (H2O2) 20 h n.d. NAC 
Micro-

particles 
↑ 

Extrinsic ROS induce the release of procoagulant 
EVs by alveolar and bronchial epithelial cells, which 

is prevented by thiol protection. 

Carver et 
al., 2016 

[43] 

human retinal 
pigment 

epithelial cells 
ROS (H2O2) 

2 to 24 
h 

n.d. NACA 
Micro-

particles 
↑ 

Extrinsic ROS induce EV release. The EV release 
correlates with cellular apoptosis and is preventable 

by thiol protection. 

Szabó-
Taylor et 
al., 2017 

[47] 

human 
monocytes 

none 90 min n.d. none EVs not determined 

Monocytes from pro-inflammatory conditions have 
increased exofacial thiols, but release EVs with 

decreased exofacial thiols. These EVs carry 
overoxidized proteins. 

Thom et 
al., 2017 

[67] 

human and 
murine 

neutrophils and 
monocytes 

none 2 h 
ROS 

RNS 
none 

Micro-
particles 

↑ 

Treatment of neutrophils with CO2 activates 
mitochondrial ROS generation and subsequent 

thiol-dependent activation of IP3 receptors. This 
causes calcium flux from the ER to the cytoplasm, 
and S-nitrosylation of actin, resulting in increased 

EV release. 

Benedik-
ter et al., 
2017[41] 

human 
bronchial 

epithelial cells 

RCS (acrolein) 

ROS (H2O2) 

Thiol scavengers 
(DTNB, bacitracin) 

30 min 
- 24 h 

n.d. NAC,  GSH exosomes 
↑ (RCS)/→ 

(ROS) 

RCS and thiol scavengers, but not ROS deplete 
exofacial thiols and induce EV release. The EV 
induction by RCS can be prevented by thiol-

protection. 
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3.2. Modulation of EV cargo and functions 

Functional implications of EVs released under oxidative stress conditions have been 

described in detail elsewhere [46,18]. Therefore, we will only discuss those studies 

that explicitly investigated EV functions related to oxidative thiol modifications. 

Szabó-Taylor et al. have exposed monocytes to pro-inflammatory conditions 

associated with oxidative stress and assessed the expression of the thiol-dependent 

redox enzyme peroxiredoxin 1 on the cells and their EVs [47]. While exofacial 

peroxiredoxin 1 was readily detectable on both, secreting cells and EVs, the 

overoxidized and enzymatically inactive form was exclusively enriched on the EVs 

[47]. This suggests that cells may release membrane proteins with oxidized thiol 

groups on EVs to maintain a reduced membrane status in oxidative environments. 

Similarly, the thiol groups of the cytosolic enzyme glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) become oxidized during red blood cell storage and the 

oxidized form of GAPDH is then released in an EV-associated manner [48]. This 

implies that intraluminal proteins with oxidized thiols may also be released in EVs as 

a protective mechanism. 

However, the release of EVs under thiol-depleting conditions may not only 

confer cellular protection, as EV-associated oxidized proteins and phospholipids can 

serve as danger-associated molecular patterns and trigger inflammation [49]. 

Oxidative thiol modifications also appear to promote coagulation in an EV-

dependent manner. A variety of thiol-depleting oxidative and pro-inflammatory 

conditions have been found to result in accumulation of prothrombotic EVs in vitro 

and in vivo [40,42,50-53]. The prothrombotic effect of these EVs has been ascribed to 

the phospholipid phosphatidylserine (PS) [42,50,53] and to EV-associated tissue 

factor (TF) [40,42,50,52]. PS-rich membranes provide a negatively charged surface 

for the assembly of coagulation factors and thereby promote coagulation [54]. Since 

PS is considered a universal constituent of the outer leaflet of EV membranes [55], an 

increase in the number of secreted EVs should be sufficient to enhance PS-

dependent coagulation. TF is the initiator of the extrinsic coagulation cascade [56]. 

Expression and activity of TF are both increased in EVs secreted by cells stimulated 

with thiol-reactive compounds [40,42,50,52]. Intriguingly, the activity of TF increases 

when its free thiol groups are oxidized to form a disulfide bond [57], suggesting that 

redox modifications are important regulators of both, quantity and activity of EV-

associated TF. 
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3.3. Summary 

Cell exposure to thiol-reactive compounds, particularly RCS and ROS, results in 

plasma membrane blebbing and increased release of EVs. EVs released in response 

to thiol-modifications protect the secreting cell from oxidative damage, but also 

promote potentially harmful processes such as inflammation and coagulation. 

4. Molecular targets of thiol modifications that 

regulate EV release or EV uptake 

Although thiol modifications modulate the release and biological functions of EVs, 

relatively little is known about the thiol-bearing proteins that mediate these 

changes. In this section, various thiol-dependent mechanisms are presented that 

regulate either membrane fusion or blebbing and that are known or hypothesized to 

modulate EV release. These mechanisms are summarized in Table 3 and visualized 

in Figure 2. Additionally, three recent publications are discussed in detail, which 

specifically imply modifications of cell surface-exposed thiols in EV release [52,47,41].
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Table 3 – Molecular targets with redox-sensitive thiol groups that regulate EV biology. AFF-1, anchor cell fusion failure 1; EFF-1, epithelial fusion failure 1; EV, 

extracellular vesicle; ER, endoplasmic reticulum; IP3, inositol-1,3,5-triphosphate receptors; MVE, multivesicular endosome; NSF, N-ethylmaleimide-sensitive factor; 

PDI, protein disulfide isomerase; PE, phosphatidylethanolamine; PS, phosphatidylserine; RyR, ryanodine receptor; SERCA, sarco/endoplasmic reticulum Ca2+-

ATPase; SNARE, soluble NSF-attachment protein receptor; TRPA1, transient receptor potential A1 

molecular target 
Subcellular 

location 
mechanism of action active form 

(expected) effect of 
oxidation/thiol blockage 

Mechanism of EV release References 

Calcium channels 
(TRPA1, RyR, L-
type channels, 

SERCA, IP3 
receptors) transmembrane 

calcium influx into the cytoplasm 
inhibits flippases, 

activates SNARE-dependent 
membrane fusion and 

promotes calpain-and caspase-
dependent cytoskeletal 

reorganization 

oxidized/adducted/ 
nitrosylated 

increased EV release 
plasma membrane 

blebbing, fusion of MVE 
with plasma membrane 

[60,61,67] 

Calcium channels 
(SERCA, L-type 

channels, T-type 
channels) 

reduced 
decreased EV induction by 
activators of these channels 

[60] 

NSF intracellular 
recovers SNAREs for repeated 
rounds of membrane fusion 

reduced decreased EV release 
Fusion of MVE with 
plasma membrane 

[72-74,69] 

PDI family 
members 

ER, cell surface 
unknown, may catalyze thiol-

dependent conformational 
changes in fusion proteins 

reduced (reductase) 
oxidized (oxidase) 

decreased (thiol blockage, 
DTNB)/increased (oxidation, 

ROS) EV release observed 

unknown, EVs can have 
microvesicle- or 

exosome-like properties 
[52,81,83] 

thiol-rich fusion 
proteins (syncytin-
1,-2, EFF-1, AFF-1) 

transmembrane mediate membrane fusion reduced decreased EV-uptake 
Involved in EV uptake 

(syncytin-1,-2), unknown 
(EFF-1, AFF-1) 

[109,87] 

phospholipid 
flippases 

transmembrane 
maintain conical phospholipids 

(PS, PE) in inner membrane leaflet 
reduced increased EV release 

plasma membrane 
blebbing 

[89] 

actin cytoskeleton intracellular retraction of membrane blebs reduced increased EV release 
plasma membrane 

blebbing 
[95,67] 

calpains 
intracellular, can 

be membrane-
associated 

degrade actin cytoskeleton and 
thereby prevent retraction of 

membrane blebs 
reduced decreased EV release 

plasma membrane 
blebbing 

[97] 

cell surface thiols Cell surface unknown 
Reduced/oxidized 
(conflicting data) 

increased EV release? 
Unknown, EVs can have 

microvesicles or 
exosome-like properties 

[41,52,47] 
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Fig. 2 Known modulators of EV release that are directly or indirectly regulated by redox-sensitive thiols. 

Active proteins are represented in green and inactive proteins in purple. Disulfide bonds (-S-S-) in this 

figure are used representatively for all oxidative thiol modifications. (A) Several calcium channels become 

activated upon thiol oxidation, resulting in calcium influx and increased cytoplasmic calcium 
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concentration. (B) Upon the thiol-dependent calcium influx, SNAREs mediate calcium-dependent fusion 

of MVBs with the plasma membrane, resulting in exosome release. (C) Reduced, but not oxidize NSF 

catalyzes the separation of v-SNAREs and t-SNAREs, allowing their recovery for repeated membrane 

fusion events. (D) Flippases ensure localization of PE and PS in the inner membrane leaflet. Upon thiol 

oxidation or upon thiol-dependent calcium influx, the enzymatic activity of flippase is inhibited, resulting 

in accumulation of PE and PS in the outer membrane leaflet and consequently, in membrane blebbing. 

(E) Upon thiol-dependent calcium influx, scramblase becomes activated, allowing PE and PS to diffuse to 

the outer membrane leaflet, enhancing membrane blebbing. (F) The actin cytoskeleton depends on 

reduced thiols for retracting membrane blebs. Oxidation of actin thiols causes depolymerization of actin 

filaments and impairs their functionality. Moreover, actin filaments can be degraded by calpains, cysteine 

proteases which are activated by cytoplasmic calcium but inactivated by thiol oxidation. NSF, N-

ethylmaleimide sensitive factor; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, 

phosphatidylserine SNARE, soluble NSF attachment protein receptor; t-SNARE, target membrane-

associated SNARE; v-SNARE, vesicle-associated SNARE. This figure was created using Servier Medical Art 

4.1. Redox sensitive calcium channels 

Cytoplasmic calcium influx is a major inducer of both, microvesicle and exosome 

release, as it promotes membrane blebbing as well as fusion of MVBs with the 

plasma membrane [58,59]. Intriguingly, several calcium channels bear redox-

sensitive thiol groups and become activated upon their oxidation [60-64] (Figure 2A; 

for details of the different calcium channels see Table 3). The nociceptor transient 

receptor potential ankyrin subtype 1 (TRPA1) is among the best-studied calcium 

channels whose activity is modulated by thiol modifications [65]. Expressed by 

sensory neurons and other sensory cells, including epithelial cells [65], TRPA1 

becomes activated upon covalent thiol oxidation by RCS or ROS [61,66]. While a 

causal link between TRPA1 activation and induction of EV release has to our 

knowledge not been investigated, oxidative stimuli such as cigarette smoke and 

acrolein cause TRPA1 activation [63] and also enhance EV release [41]. Direct 

evidence that thiol-dependent calcium flux to the cytoplasm is associated with 

increased EV release stems from a study by Thom et al. The authors have shown 

that, ROS-dependent thiol oxidation of inositol-1,3,5-triphosphate (IP3) receptors 

triggers calcium flux from the endoplasmic reticulum to the cytoplasm and, 

consequently, EV release [67]. However, it should be noted that some calcium 

channels are inhibited, rather than activated by oxidative modification of their thiols 

[60]. Therefore it may depend on the types of calcium channels expressed by a cell 

whether cytoplasmic calcium influx and, consequently, EV release is promoted or 

inhibited by cell exposure to thiol-reactive species. 
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Additionally to the direct effects of thiol modifications on EV release, the 

coming sections will also address how cytoplasmic calcium concentrations influence 

EV release. 

4.2. SNAREs and NSF 

Soluble N-ethylmaleimide sensitive factor attachment protein receptors (SNAREs) 

mediate various intracellular membrane fusion events and are also involved in EV 

release [68-70]. In the presence of cytoplasmic calcium, e.g. upon activation of thiol-

regulated calcium channels, vesicle-associated (v)-SNAREs and target membrane 

associated (t)-SNAREs form a highly stable complex that can force two membranes 

together, resulting in membrane fusion (Figure 2B) [71]. After SNARE-mediated 

fusion, the ATPase N-ethylmaleimide-sensitive factor (NSF) can translate the energy 

from ATP hydrolysis into a large conformational change that mechanically separates 

v-SNAREs and t-SNAREs, making them available for further membrane fusion events 

[71] (Figure 2C). Importantly, activity of NSF depends on reduced thiols and can be 

inhibited by the thiol-reactive carbonyl N-ethyl-maleimide (NEM) [72]. SNAREs as 

well as NSF have been implicated in the fusion of MVBs with the plasma membrane, 

resulting in exosome release [69,73,74]. Taken together, under oxidative conditions, 

thiol-dependent calcium influx is expected to cause SNARE-dependent exosome 

release. Yet, oxidation of the free thiol group of NSF may prevent recovery of the 

SNARE proteins for subsequent membrane fusion events. 

4.3. The protein disulfide isomerase family and thiol-rich 

fusion proteins 

The protein disulfide isomerase (PDI) family is a family of proteins with thiol-

dependent oxidoreductase activity. The prototype family member PDI is expressed 

abundantly in most tissues and has two thioredoxin-like active sites (-Cys-XX-Cys-) 

[75]. Both active sites contain two cysteine residues, which catalyze various redox 

reactions, such as reduction of disulfide bonds, isomerization of disulfide bonds and 

oxidation of free thiols, by forming intermolecular disulfides with a substrate protein 

[76]. The redox state of PDI, and thus whether it is prone to catalyze oxidations or 

reductions, is controlled by other redox enzymes and by glutathione [75]. While 

most PDI is sorted to the endoplasmic reticulum (ER), significant amounts of PDI 

have also been detected associated with the plasma membrane, with the redox sites 

exposed on the cell surface [77], and secreted in an EV-associated form [78,79,52]. 

Importantly, PDI activity has been shown to be crucially involved in ATP-induced 

EV release by murine myeloid cells [52]. 
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Several studies have implicated PDI family members as regulators of 

membrane fusion, making it conceivable that EV release and/or uptake can be 

mediated by PDI-dependent membrane rearrangements. For instance, sperm-egg 

fusion can be prevented by thiol scavengers and depends on expression of the PDI 

family member Erp57 on the sperm cell membrane and of the tetraspanins CD81 and 

CD9 on the egg cell membrane [80-82]. Notably, exosomal membranes are 

commonly associated with both tetraspanins and PDI, making it tempting to 

speculate that PDI may be involved in the fusion of tetraspanin-enriched 

membranes during EV biogenesis or uptake. Next to gamete fusion, the PDI family is 

also involved in the cell entry of several enveloped viruses, including retroviruses, 

whose biogenesis and cellular uptake bear striking resemblances to those of 

exosomes [83,84]. PDI-catalyzed reduction of disulfide bonds in viral fusion proteins 

induces conformational changes which mediate fusion of the viral envelope with the 

host cell membrane [85,86]. PDI may similarly regulate EV uptake by catalyzing 

thiol-disulfide exchange reactions in EV-borne fusion proteins. For instance, the 

fusion proteins syncytin-1 and syncytin-2 have been identified on EVs and proposed 

to mediate EV uptake by target cells [87]. The fusogenic activity of syncytins 

depends on several highly conserved cysteine residues [88], supporting the notion 

that they may be subject to thiol oxidoreductase regulation. 

4.4. Phospholipid flippases and scramblase 

Phospholipid flippases and scramblase are enzymes that regulate the proportions of 

various phospholipids in the inner and outer leaflet of the cell membrane. Each 

membrane lipid has a characteristic shape due to the form of its head and the 

composition of its acyl tail. Therefore, the phospholipid composition of the inner 

and outer membrane leaflets determines membrane curvature. Under physiological 

conditions, phospholipid flippases assure the localization of the negatively charged 

phosphatidylserine (PS) and the conical phophatidylethanolamine (PE) in the inner 

membrane leaflet. Importantly, flippase function depends on free thiol groups and is 

inhibited by thiol scavengers [89,90]. This results in accumulation of PE and PS in 

the outer membrane leaflet and, consequently, in curving of the plasma membrane 

into blebs (Figure 2D). Calcium influx, for instance triggered by oxidation of thiol-

bearing calcium channels, also inhibits flippase function [91]. Furthermore, it 

stimulates the activity of scramblase, an enzyme that allows phospholipids to move 

along their concentration gradient from one membrane leaflet to the other (Figure 

2E)[91]. Together, calcium-dependent flippase inhibition and scramblase activation 

result in rapid accumulation of PS and PE in the outer leaflet and in bleb formation. 
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Loss of membrane asymmetry is of direct relevance for microvesicle formation. In C. 

elegans, deletion of the PE-flippase TAT5 resulted in PE accumulation in the outer 

membrane leaflet and in large scale shedding of 100 to 200 nm sized microvesicles 

from the plasma membrane [92]. Additionally, a number of studies report that ROS 

or RCS-induced microvesicle production is associated with cellular PS 

externalization, which may be caused by flippase inactivation and/or scramblase 

activation [40]. 

4.5. Retractive actin filaments and calpains 

Under physiological conditions, membrane blebbing is counteracted by the 

retractive force of cytoskeletal actin filaments, whose activity depends on reduced 

thiols [93,94] (Figure 2E). Cytoskeletal inhibition by membrane permeable thiol 

scavengers results in rapid and abundant shedding of plasma membrane-derived 

microvesicles (reviewed in [95]). The EVs induced by this treatment are very large 

(5-15 µm in diameter) and are thought to reflect the cytosolic and plasma membrane 

composition of their cells of origin [95,39]. However, such large EVs rarely occur 

under physiological conditions. Thus, it remains to be elucidated whether blocking 

of cytoskeletal free thiols contributes to normal EV biogenesis. Thom et al. reported 

that exposure of neutrophils to CO2 results in increased activity of inducible nitric 

oxide synthase (iNOS) and, consequently, in S-nitrosylation of actin. Abrogation of 

actin S-nitrosylation by UV-light prevented the EV induction, suggesting that the S-

nitrosylation was required for CO2-induced EV release. Intriguingly, the authors 

found that S-nitrosylated actin was associated with phospholipid flippase and PDI, 

which may further contribute to thiol-dependent regulation of EV release as 

discussed above. 

Retraction of membrane blebs is additionally regulated by calpains, cysteine 

proteases that degrade actin filaments. Calcium-dependent activation of calpains 

prevents retraction of membrane blebs and promotes microvesicle formation [91,96]. 

However, while calpains are activated by calcium, they become inactivated when 

their free thiols are oxidized. Therefore, calpain-dependent microvesicle release may 

be enhanced by membrane impermeable thiol-reactive compounds that activate 

calcium influx channels at the cell surface, but inactivated by thiol-reactive 

compounds that enter the cell and oxidize the active site thiols of calpains. 

Congruently, Dachary-Prigent et al. have shown that the membrane-permeable RCS 

N-ethylmaleimide and diamide inhibit calpain function and thereby prevent the 

release of platelet EVs in response to the calcium ionophore A23187 [97].  
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4.6. Cell surface-exposed thiols 

A number of recent studies have proposed that the redox state of cell surface-

exposed thiols is involved in the regulation of EV release [52,47,41]. Firstly, Furlan-

Freguia et al have shown that stimulation of murine macrophages with the danger 

associated molecular pattern (DAMP) ATP results in P2X7 receptor-dependent 

upregulation of free thiols at the cell surface and in ROS-dependent release of thiol-

rich microvesicles [52]. Cell pre-treatment with the membrane impermeable thiol-

scavenger DTNB, as well as inhibition of PDI reductase activity (using the anti-PDI 

clone RL90) prevented the microvesicle induction in response to ATP [52]. In 

contrast, inhibition of PDI oxidase activity (using the anti-PDI clone 34) directly 

induced increased cell surface thiols and thiol-rich microvesicle release [52]. A 

possible interpretation of these findings is that PDI may maintain thiols in an 

oxidized state under control conditions, thereby preventing microvesicle formation. 

Upon ATP exposure, PDI activity may then shift from oxidase to reductase activity, 

resulting in the appearance of free cell surface thiols and subsequent ROS-

dependent induction of thiol-rich microvesicles. Similarly to Furlan-Freguia et al., 

Szabó-Taylor et al. have found that stimulation of human monocytes with pro-

inflammatory stimuli, namely lipopolysaccharide (LPS) or tumor necrosis factor 

(TNF)-α, caused an upregulation of cell-surface exposed thiols [47]. However, the 

EVs that these cells secreted were poor in exofacial thiols [47], in contrast to the 

thiol-rich EVs observed by Furlan-Freguia et al. While Szabó-Taylor et al. did not 

assess whether there was a quantitative change in EV release when monocytes were 

stimulated with LPS or TNF-α, they did hypothesize that the shedding of thiol-poor 

EVs may be a protective mechanism to maintain the cell surface in a reduced state 

[47]. 

Data from our group further corroborates that the redox state of exofacial 

thiols regulates EV release [41], although part of our results appear to disagree with 

findings of the two other groups. We found that treatment of airway epithelial cells 

with the RCS acrolein but not with the ROS H2O2 causes depletion of cell surface 

thiols. Acrolein as well as the membrane impermeable thiol scavengers DTNB and 

bacitracin triggered increased release of small EVs expressing the exosome markers 

CD63 and CD81, whereas H2O2 had no measurable effect on EV release. The EV 

induction appeared to be directly caused by the depletion of cell surface thiols rather 

than being associated with the cell’s adaptive antioxidant response because EV 

induction required continuous presence of the RCS, whereas a transient RCS-

stimulation was sufficient to induce upregulation of the cellular antioxidant 

glutathione [41]. In our study, neither the anti-PDI clone RL90 nor the PDI-inhibitor 
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rutin affected basal or RCS-induced EV release. Although we were unable to identify 

a specific exofacial target protein of thiol modifications, we could conclude that 

depletion of cell surface thiols is sufficient to elicit an increased EV release in airway 

epithelial cells. 

Although all 3 studies provide evidence that cell surface thiols may be 

crucially involved in the regulation of EV release, a number of discrepancies remain. 

While Furlan-Freguia et al. argue that an increase in the number of cell-surface 

thiols is required for EV induction [52], we found that depletion of exofacial thiols 

enhances EV release [41]. Another discrepancy is that EVs released by cells with 

increased cell-surface thiols were rich in exofacial thiols in the study of Furlan-

Freguia et al. [52], while they were poor in exofacial thiols in the study of Szabó-

Taylor et al [47]. Additional research is required to reveal whether the differences 

between studies are due to the stimuli, the cell types, the EV subpopulations or the 

exposure times that were investigated. It has to be noted that oxidative processes 

were involved in the cell surface thiol-dependent EV release in all three studies. 

Thus, initial upregulation of reduced cell surface thiols may be a prerequisite for 

subsequent oxidant-dependent thiol modifications and EV induction. It should be 

investigated whether the amount of cell surface thiols regulates EV release via one or 

more specific thiol-bearing proteins, or whether a more general mechanism is 

involved, such as disulfide cross-linking of exofacial thiol-bearing proteins by ROS or 

formation of bulky adducts by RCS, both of which may influence membrane 

curvature. 

5. Thiol protection to prevent EV modifications – 

therapeutic implications 

As thiol modifications appear to modulate the formation and functions of EVs upon 

cell exposure to pro-oxidant conditions, thiol protection may be a promising strategy 

to prevent detrimental changes in EV signaling under such conditions. Indeed, 

several thiol-bearing small molecules, such as NAC; NACA and glutathione are able 

to prevent EV induction by a variety of ROS, RCS and pro-inflammatory stimuli, 

likely by scavenging thiol-reactive compounds and preventing them from reacting 

with cellular thiols [41-43,52,53,98-100]. NAC also inhibits EV-associated release of 

TF and PS by cells exposed to oxidant conditions and consequently decreases the 

pro-coagulant potential of EVs [42,52,53]. It may also prevent EV-dependent 

secretion of pro-inflammatory molecules [98], although this has been less well 

studied. Importantly, NAC treatment appears to restore EV secretion, composition 

and functions to the level observed for unexposed cells, rather than completely 
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inhibiting EV signaling. Thus, NAC may specifically prevent oxidant-induced 

detrimental changes in EV signaling without interfering with the physiological 

functions of EVs. 

In lung disease, particularly chronic obstructive pulmonary disease (COPD), 

NAC is currently used as a mucolytic. According to recent meta-analyses, NAC is 

associated with improved small airway function and decreased exacerbation 

frequency in this target group when administered orally at ≥1200 mg/day [101-103]. 

Importantly, it has been proposed that these clinical benefits can at least partly be 

attributed to antioxidant and anti-inflammatory properties of NAC or its thiol-

bearing metabolites rather than to the mucolytic activity alone [102,104]. Additional 

research could reveal whether prevention of cellular thiol modifications and 

subsequent changes in EV signaling contribute to this alternative mechanism of 

action. Importantly, NAC has recently been proposed to be of clinical benefit in 

other conditions that are also hallmarked by inflammation and oxidative stress, such 

as insulin resistance and possibly neurological disorders [105,106]. There is even early 

stage evidence suggesting an anti-thrombotic effect of NAC treatment [107,108,104]. 

This is in line with the observation that NAC prevents the release of procoagulant 

EVs in the response to oxidative thiol modifications [52,42,53]. Translational studies 

are required to elucidate whether inhibition of thiol-dependent EV modifications 

contributes to the clinical benefit of NAC in COPD patients and to determine 

whether additional target groups may benefit from NAC treatment due to this 

mechanism of action.  

6. Conclusion 

Taken together, protein thiols play a crucial role in the modulation of membrane 

fusion and membrane blebbing. Thereby, they regulate EV release and, possibly, 

uptake. EV release under thiol-depleting conditions may have evolved as a beneficial 

adaptive response to cellular oxidative stress. However, these EVs may also exert 

detrimental pro-inflammatory and prothrombotic effects. Additional research is 

required to establish the importance of thiols in EV biology and to identify the 

molecular mechanisms that mediate the thiol-dependent regulation of EV-related 

membrane rearrangements. Many known inhibitors of EV signaling interfere with 

vital cellular processes, making them unsuitable for the therapeutic modulation of 

EV signaling. Thiol-containing antioxidants such as NAC counteract the induction of 

EVs by pro-oxidant stimuli in vitro. Clinical studies are required to investigate 

whether inhibiting the release of pro-inflammatory and pro-coagulant EVs 

contributes to the therapeutic benefit of NAC in conditions of chronic inflammation 
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and oxidative stress. Additionally, future research should focus on identifying the 

specific thiol-dependent mechanisms that are involved in the regulation of EV 

release and uptake, as these may be promising targets for specific pharmacological 

modulation of EV signaling. 
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Scientific context of the dissertation 

Tobacco smoking is the major preventable cause of morbidity and mortality 

worldwide, accounting for an immense economic loss and approximately 10% of all 

deaths [1, 2]. In spite of various smoking control policies that have been 

implemented over the past decades, smoking remains highly prevalent and will 

continue to contribute to the public health burden in the coming decades [3]. The 

most important contributors to the smoking-associated disease burden are cancer, 

cardiovascular diseases (CVD) and chronic lung diseases [4]. Extracellular vesicles 

(EVs) are well accepted to be involved in the pathogeneses of cancer and CVD and 

have also been proposed to contribute to the development of chronic lung disease 

[5-7]. To date, it has not been thoroughly investigated how environmental risk 

factors for these diseases, particularly tobacco smoke, influence EV secretion, 

composition and function. This thesis explored how EVs are affected by exposure to 

tobacco smoke and related respiratory exposures, and whether they may contribute 

to the pathogenesis of smoking-associated diseases. 

In chapter 2 we systematically reviewed the literature on how respiratory 

exposures affect the release, composition and biological functions of EVs. We found 

that respiratory exposure-induced EVs have been implicated in the modulation of 

biological processes such as inflammation, hypercoagulability, endothelial 

dysfunction, tissue remodelling and angiogenesis. By influencing these processes, 

respiratory exposure-induced EVs may contribute to the development of CVD and 

COPD, as well as lung cancer and allergic asthma. However, it has to be noted that 

EV research is a relatively novel and rapidly developing field. Therefore, 

methodologies for EV isolation and characterization need to be constantly evaluated 

and improved. Many of the published studies on EVs released in the response to 

respiratory exposures used outdated isolation techniques that provide EVs with 

suboptimal purity, such as ultracentrifugation without further purification or even 

polymer-based precipitation. Moreover, EVs obtained using these techniques were 

often characterised only by a single method, whereas the current consensus in the 

EV field is that several complementary techniques should be used when defining EVs 

and their functions [8]. Therefore, an important aspect of the work presented in this 

dissertation was to establish up-to-date specific and reliable methods for EV 

detection and isolation. 

EV detection 

One major challenge of EV research has been to develop fast, sensitive and specific 
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assays that allow high throughput screening for the quantity of EVs released under 

different experimental conditions. While classical, light scatter-triggered flow 

cytometry can be applied for the quantitation of the relatively large microvesicles, 

this method is not suitable for exosomes which are virtually all smaller than the 

detection limit of this technique (300 nm) [9]. Therefore, nanoparticle tracking 

analysis (NTA) and tuneable resistive pulse sensing (TRPS) have recently emerged 

for the quantification of small EVs down to ca. 50 nm in diameter [10, 11]. However, 

these techniques do not allow distinguishing between EVs and non-vesicular 

nanoparticles. Hence, they should only be applied to purified EVs or in combination 

with other characterisation methods to verify the vesicular nature of the analysed 

nanoparticles. The currently most specific method for the detection of individual 

EVs and their quantitation is fluorescence-triggered flow cytometry [12-15]. However, 

this technique requires laborious sample pre-treatment including EV isolation and 

staining with a generic EV dye, as well as expert operators. Another technique that 

can be used for semi-quantitative EV measurements is bead-based flow cytometry. 

This method was first used by Ostrowski et al. to screen for the effect of an shRNA 

library on the EV release by cultured cells [16]. In brief, Ostrowski et al. captured EVs 

from small volumes of cell culture media on beads coated with an antibody against 

the exosome marker protein CD63. They then stained the bead-bound EVs with 

either fluorescently labelled annexin V for the phospholipid phosphatidylserine (PS) 

or fluorescently labelled antibodies against one of the membrane proteins CD81 or 

MHCII, followed by flow cytometric detection. In chapter 3, we confirmed that 

bead-based flow cytometry using anti-CD63 beads and anti-CD81 detection allows 

semi-quantitative measurements of human cell-derived EVs [17]. We also 

demonstrated that, using appropriate antibodies, the technique can be applied for 

the detection of membrane vesicles secreted by different bacterial species. Thus, 

bead-based flow cytometry is currently one of the only options for studying the 

relative contributions of host cell-derived EVs and bacterial-derived membrane 

vesicles to the total vesicle population during infection. Throughout the different 

chapters of this thesis, several adaptations of the bead-based flow cytometry have 

been applied using various combinations of capture and detection antibodies. For 

instance, in chapter 4, we applied the technique to determine the EV recovery of 

different EV isolation protocols. Moreover, in chapter 5, bead-based flow cytometry 

allowed us to confirm the presence tissue factor (TF) and PS on EVs expressing 

either one of the exosome marker proteins CD63, CD81 and CD9, and their 

upregulation when the EV secreting cells were exposed to cigarette smoke. Finally, 

in chapters 7 and 8, bead-based flow cytometry was applied to screen for the effect 
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of several stimuli and inhibitors on the release of CD63
+
CD81

+
 EVs by bronchial 

epithelial cells and other cell types of the lungs. Advantages of the technique include 

that it is simple to perform, fast, sensitive and scalable as an experienced operator 

can process up to 150 samples per day. Recently, it has been confirmed by Suarez et 

al. that bead-based flow cytometry is a suitable method for semi-quantitative EV 

detection [18]. However, while bead-based flow cytometry provides a very sensitive 

and specific signal when applied to cell culture media, it is less suitable for detecting 

EVs in human plasma or isolated from plasma (chapter 6). Incubation of plasma 

with generic capture beads coated with annexin V or with antibodies against a 

combination of EV marker proteins (CD63/CD81/CD9) caused irreversible bead 

agglutination. Moreover, using annexin V or the anti-CD63/CD81/CD9 combination 

for detection resulted in a high unspecific signal. We were able to identify certain 

combinations of capture beads and detection antibodies that provided a specific 

signal even for plasma (CD81/CD81, CD81/TF and CD81/EpCAM). Yet, these 

combinations only detect subsets of EVs and do not provide a comprehensive 

representation of the total EV population. Therefore, other methods like 

fluorescence-triggered flow cytometry [12, 14] may be more suitable for EV detection 

in plasma. 

EV isolation 

Concerning EV isolation, at the start of this PhD project in 2013, ultracentrifugation 

was considered the gold standard. However, in the past years, it has become clear 

that ultracentrifugation is associated with several disadvantages, including a 

relatively low yield, formation of EV aggregates due to the high gravitational forces 

and co-isolation of non-vesicular macromolecular complexes [15, 19, 20]. Technically 

neat studies therefore further purify ultracentrifugation-isolated EVs by density 

gradient centrifugations. Yet, gradient centrifugations are time-consuming, labour-

intensive and subject to inter-operator variations. Moreover, the highly osmolar 

sucrose gradients have been found to decrease EV functionality [21]. Finally, many 

functional effects of EVs overlap with those reported for free secreted molecules. 

Due to a relative lack of side-by-side comparisons, it is currently unclear to what 

extent the overlapping functions of EVs and free secreted molecules are 

complementary, redundant or maybe even experimental artefacts. 

Ultracentrifugation concentrates EVs but leaves the free secreted molecules dilute, 

making the technique unsuitable for side-by-side comparisons of EVs and the EV-

free secretome. In this thesis, we aimed to develop an easy and robust protocol that 

provides well-matched concentrates of EVs and free secreted molecules from the 
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same starting material. A requirement was that the quality of EV isolates should be 

at least equivalent to that of isolates obtained by ultracentrifugation. In 2014, size 

exclusion chromatography was proposed as a fast, easy and robust technique for EV 

isolation from plasma [21]. As most of the research in this thesis was performed using 

cultured cells rather than plasma, chapter 4 describes how we adapted the SEC 

protocol for EV isolation from conditioned cell culture media. Because culture media 

are commonly less concentrated in EVs than plasma, we added a concentration step 

prior to SEC. We applied ultrafiltration with a 10 kDa molecular weight cut-off to 

equally concentrate EVs and most free secreted molecules. It has now been shown by 

Vergauwen et al. that the 10 kDa filters that we used (Amicon Ultracel Centrifugal 

Filter units from Merck Millipore, made from regenerated cellulose) provide the best 

EV recovery compared to a range of ultrafiltration devices with different molecular 

weight cut-off values and membrane materials [22]. Vergauwen et al. and we have 

both shown that the EV recovery is approximately 100% using these Amicon filters. 

After the 10 kDa concentration, we separated the EVs from free secreted protein 

using a sepharose CL-4B SEC matrix. We then analysed the proteomic composition 

and functional effects of both, EVs and free protein fractions. We showed that EVs 

and free protein show a differential enrichment for biological pathways and distinct 

biological effects. Moreover, the EV fractions showed presence of several EV marker 

proteins that were absent in the protein fractions. We also performed a side-by-side 

comparison of ultrafiltration-SEC with the classical ultracentrifugation protocol. In 

line with two studies by other groups, we show that ultrafiltration-SEC provides EVs 

with a similar to superior yield and purity as compared to ultracentrifugation [15, 23]. 

However, it remains important to note that there was a significant overlap between 

the proteins identified in either ultracentrifugation-isolated EVs or ultrafiltration-

SEC EV fractions and the ultrafiltration-SEC protein fractions, suggesting an 

imperfect separation of EVs from free secreted molecules for both isolation 

techniques. Additionally, bovine albumin was the most abundant protein in both 

ultracentrifugation and ultrafiltration-SEC isolated EVs. This implies that both 

methods only enrich but do not completely purify EVs. Thus, ultrafiltration-SEC is 

unlikely to replace density gradient centrifugations as the method of choice for high 

purity EV isolation. Nevertheless, proteomic characterisation of ultrafiltration-SEC-

isolated EVs can be a useful tool to predict EV functions, provided that appropriate 

experimental controls are performed to validate that functionally active molecules 

are indeed EV-associated, rather than co-isolated. This can for instance be done by 

bead-based flow cytometry using beads coated with a capture antibody against an 

EV marker protein and a detection antibody against the protein of interest. 
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Functional characterisation of cigarette smoke-

induced EVs 

In chapter 5, we aimed to predict functions of cigarette smoke-induced EVs by 

characterizing their proteomic composition. Ultrafiltration-SEC was used to isolate 

EVs from conditioned media of bronchial epithelial cells that were either unexposed 

or exposed to a mildly cytotoxic concentration of cigarette smoke extract (CSE). EV-

associated proteins were precipitated, followed by labelling with isobaric mass tags 

and nanoscale liquid chromatography coupled with tandem mass spectrometry 

(nano LC-MS/MS). The isobaric mass tags allowed us to determine differences in 

protein expression between control-EVs and CSE-induced EVs. Subsequent 

functional enrichment analysis of the differentially expressed proteins revealed that 

several biological pathways were significantly enriched in CSE-induced EVs, most 

prominently “hemostasis”. In total, 29 proteins that contribute to hemostasis were 

upregulated in the CSE-induced EVs, among which TF, the trigger for the extrinsic 

pathway of coagulation. Using bead-based flow cytometry, we confirmed that TF in 

cell culture media as well as in ultrafiltration-SEC isolates was associated with 

tetraspanin-expressing EVs. Moreover, we confirmed a significant increase in EV-

bound TF for CSE-induced EVs. CSE-EVs triggered more thrombin generation when 

added to normal human plasma than control EVs, and this effect was partly TF-

dependent as it could be inhibited by the TF inhibitor active site inhibited factor 

VIIa (ASIS). Additionally, we have shown that CSE exposure results in increased PS 

exposure on the EV surface and PS-dependent thrombin generation. Other groups 

have previously shown that cigarette smoke and particulate matter from air 

pollution can induce the release of TF- and PS-enriched EVs by monocytes and 

endothelial cells [24-26]. Thus, it seems likely that tobacco smoking induces release 

of pro-coagulant EVs by several cell types of the lung and of the blood vessels. When 

these CSE-induced pro-coagulant EVs enter the blood circulation, they may 

contribute to the increased risk for atherothrombotic events in smokers. However, 

Badrnya et al. only detected a small and non-significant increase in TF
+
 microvesicles 

in the plasma of young healthy smokers compared to non-smokers by direct flow 

cytometry [27]. Yet, there may have been a more marked increase in small TF
+
 EVs 

(exosomes) in their study population, which would have been missed by the direct 

flow cytometry approach. Future research should aim to reproduce the findings of 

Badrnya et al. and to extend the measurement of TF
+
 EVs to the smaller exosomes. 

We attempted to address the latter by applying bead-based flow cytometry 

to assess the circulating EV profile of young healthy smokers 1) before and after 
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smoking (n=6) and 2) compared to non-smoking controls(n=14 per group, Chapter 

6). As discussed above, only the following capture/detection combinations provided 

a specific signal for human plasma: CD81/CD81 for detecting ‘total exosome 

population’, CD81/TF for the detecting ‘procoagulant exosomes’ and CD81/EpCAM 

for detecting ‘epithelial-derived exosomes’. Using these combinations, no significant 

differences were found in smokers before and after smoking. However, the number 

of cigarettes smoked per day tended to be positively associated with increased 

CD81
+
TF

+
 EVs. Moreover, CD81

+
EpCAM

+
 EVs were significantly decreased in male 

smokers compared to male non-smokers. As CS causes epithelial-to-mesenchymal 

transition [28], the decrease in CD81
+
EpCAM

+
 EVs might reflect an early smoking-

induced decrease of epithelial marker expression by lung epithelial cells and, 

consequently, their EVs. To investigate this, EpCAM expression in lung epithelial 

cells and lung epithelial-derived EVs should be assessed in response to in vitro 

exposure to CSE. We also found that CD81
+
EpCAM

+
 EVs showed a moderate 

negative correlation with the time required for thrombin generation in our study 

participants, implying faster thrombin generation for higher CD81
+
EpCAM

+
 EVs. 

This finding was surprising, considering that CD81
+
EpCAM

+
 EVs were decreased in 

male smokers whereas smoking is known to activate the coagulation cascade [29]. 

Larger studies with a more thorough profiling of circulating EVs are required to 

validate this observation and to place it into context. Translational studies in older 

and more severe smokers may reveal more pronounced effects of smoking on TF
+
 

EVs, especially when using more comprehensive methods for EV detection. 

Another possible explanation why neither we nor Badrnya et al. detected 

significant increases in circulating TF
+
 EVs in smokers may be that the majority of 

smoking-induced TF
+
 EVs remain within the lungs, particularly in young healthy 

individuals with an intact epithelial-endothelial barrier. We are not aware of any 

studies that investigated whether smokers have elevated concentrations of TF
+
 EVs 

in their lungs. Yet, for patients with asthma, interstitial lung diseases or acute 

respiratory distress syndrome, such elevated concentrations have been reported in 

sputum, bronchoalveolar lavage fluid (BALF) or pulmonary oedema fluid [30-32]. TF
+
 

EVs may contribute to airway remodelling and inflammation by promoting 

subepithelial angiogenesis, fibrin deposition in alveoli and protease activated 

receptor (PAR)-dependent pro-inflammatory signalling [31, 33, 34]. These TF-

mediated processes are of potential relevance to smoking-associated chronic 

obstructive pulmonary disease (COPD). Therefore, future studies are warranted to 

examine whether TF
+ 

EVs are elevated in the lungs of smokers and COPD patients, 

and whether they actively contribute to the pathogenesis of COPD.  
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Mechanisms of EV induction by respiratory exposures 

and therapeutic modulation 

As we and others have found that CSE-induced airway epithelial-derived EVs exert 

potentially detrimental biological effects ([35, 36], chapter 5), it is of relevance to 

investigate the mechanisms by which CSE influences the release of EVs and whether 

this can be prevented. In chapter 7, we have shown that CSE causes a 

concentration-dependent increase in EV release by BEAS-2B airway epithelial cells 

which is associated with oxidative stress and oxidation of cell surface-exposed thiols. 

These effects could be mimicked by the CSE component acrolein, but not by 

hydrogen peroxide. Moreover, we have shown that depletion of cell surface thiols 

with membrane impermeable thiol-blocking compounds is sufficient to induce EV 

release. Intriguingly, other groups have also provided evidence that thiol 

modifications influence the release and cargo of EVs [37-39]. Finally, and most 

importantly, thiol-based antioxidants such as the glutathione (GSH) precursor N-

acetyl-L-cysteine (NAC) and GSH itself were able to inhibit CSE-induced EV release 

(chapter 7) at concentrations that can be reached after oral administration of NAC 

[40]. In chapter 8, we extended these findings by showing that also the CSE-

dependent induction of TF
+
-EVs can be prevented by NAC. Moreover, others have 

shown that NAC and structurally related antioxidants can prevent (TF
+
) EV 

induction by other oxidative stimuli as we highlighted in chapter 9 [30, 37, 41]. 

Airway epithelial cells are not the only cells within the lungs to come in 

contact with inhaled cigarette smoke. Moreover, even individuals who do not smoke 

are exposed to respiratory irritants from occupational or environmental sources, 

such as silica particles or particulate matter (PM) from air pollution. In chapter 8, 

we therefore investigated whether EV induction is a universal response to respiratory 

exposures, for different cell types and different respiratory irritants. We showed that 

airway epithelial cells and lung fibroblasts, but not monocyte-derived macrophages 

or pulmonary microvascular endothelial cells respond to CSE by releasing 

CD63
+
CD81

+
 and TF

+
 EVs, whereas cell surface thiols are decreased in all cell types. 

This implies that the EV induction by thiol-depletion is likely a cell type-specific 

mechanism. We also found that both silica particles and particulate matter (PM) 

from air pollution induce CD63
+
CD81

+
 and TF

+
 EV release by BEAS-2B bronchial 

epithelial cells. Yet, only relatively larger PM (PM10), but not fine PM (PM2.5) or silica 

nanoparticles resulted in cell surface thiol depletion. In line with this NAC tended to 

decrease EV induction by PM10 (p=0.09), whereas it did not influence EV induction 

by PM2.5 or silica. Thus, while induction of pro-coagulant EVs appears to be a 
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universal response to respiratory exposures, this is not necessarily triggered by 

depletion of cell surface thiols. Other factors, such as mechanical stimulation by 

nanoparticles, may also be involved. 

Finally, in chapter 9, we reviewed a number of proteins with redox sensitive protein 

thiols that regulate membrane rearrangements. These include redox-regulated 

calcium channels, N-ethylmaleimide sensitive factor (NSF), oxidoreductases of the 

protein disulphide isomerase (PDI) family, fusion proteins, phospholipid flippases, 

and cytoskeletal actin filaments. We propose that such proteins may be crucially 

involved in the regulation of EV formation and uptake and give an overview over the 

literature supporting this hypothesis. Numerous studies have shown that thiol-

reactive compounds including reactive oxygen and carbonyl species trigger increased 

EV release by various cell types. There is experimental evidence that this is mediated 

by mechanisms such thiol-dependent inactivation of flippase and actin filaments, 

resulting in membrane blebbing, and by modifications of cell surface-exposed thiols 

that may be mediated by PDI. Importantly, these thiol modifications appear to 

regulate EV formation upon cell exposure not only to thiol-reactive compounds, but 

also to pro-inflammatory stimuli that do not directly react with thiols. Moreover, 

thiol group-bearing small molecules such as NAC, that scavenge thiol-reactive 

compounds, can prevent EV modifications by pro-oxidant as well as pro-

inflammatory conditions. The prevention of EV modifications by NAC and its 

biologically active metabolite GSH is particularly relevant because NAC is currently 

used as a mucolytic in COPD patients. Recent meta-analyses have demonstrated that 

oral administration of NAC at a dose of 1200 mg/day is safe. Moreover, it is efficient 

in reducing exacerbation frequency and improving small airway function in this 

target group [42-44]. Intriguingly, there is also early stage evidence that oral 

administration of NAC exerts anti-thrombotic effects in individuals with an elevated 

cardiovascular risk, by decreasing platelet activation and improving endothelial 

function (reviewed in [45]). Future studies should investigate whether inhibition of 

CSE-dependent EV induction mechanistically contributes to the therapeutic benefit 

of NAC in COPD patients, and to potential benefits in smokers and individuals at 

high cardiovascular risk. Protection of cellular thiols using NAC may be a promising 

strategy for preventing pathological changes in EV signalling not only upon 

respiratory exposure to cigarette smoke or air pollution but also in various diseases 

that are hallmarked by inflammation and oxidative stress. 
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Conclusions 

In this thesis we investigated the effect of cigarette smoke and related respiratory 

exposures on the release of EVs by pulmonary cells. We first focused on optimizing 

methods for the quantification, isolation and characterisation of EVs from cultured 

cells. For instance, we established bead-based flow cytometry as a simple, fast and 

high throughput method for semi-quantitative EV detection and for confirming the 

EV association of molecules with biological functions. Moreover, we have established 

UF-SEC as a robust, efficient and easy-to-use method for EV isolation that also 

provides well-matched free secreted factors for comparative compositional and 

functional studies. We then applied these methods to demonstrate an enrichment of 

CSE-induced EVs from airway epithelial cells in pro-coagulant factors, including TF. 

As we found that CSE-EVs exert a strong and potentially harmful procoagulant 

activity, we further investigated the mechanism by which CSE modulates EV release 

in order to develop a strategy for preventing CSE-dependent EV modifications. We 

demonstrated that the EV induction by CSE depends on oxidative thiol 

modifications at the cellular level and that antioxidants, such as NAC and GSH, 

protect against the EV induction by CSE. Oral or respiratory administration of NAC 

may prevent the induction of EVs by cigarette smoke in vivo, which may contribute 

to the beneficial effects that NAC exerts in COPD patients and that have also been 

suggested for CVD. Finally, we have shown that lung fibroblasts, but not monocyte-

derived macrophages or endothelial cells also respond to CSE-exposure by secreting 

TF
+
 EVs and that respiratory exposures other than CSE, namely silica particles and 

PM, have similar effects. If CSE-induced pro-coagulant EVs from the lungs enter the 

blood circulation, they may contribute to the increased cardiovascular risk in 

smokers. Additionally, TF
+
 EVs may contribute to the pathogenesis of pulmonary 

diseases, by promoting intrapulmonary fibrin deposition, inflammation and 

profibrotic changes. Translational studies are required to elucidate the importance 

of CSE-induced EVs in these processes. 

Future perspectives 

The studies in this dissertation were almost entirely based on in vitro experiments 

performed with undifferentiated cell monocultures. Therefore, the physiological 

relevance of our findings needs to be validated in more complex experimental 

systems and translational studies. 

Airway epithelial cells cultured in monolayers do not reflect the true 

complexity of the pseudostratified airway epithelium with its polarity and specialised 
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cellular subtypes. Primary human bronchial epithelial cells (PBECs) could be 

differentiated in a transwell system and experiments performed at the air-liquid 

interface. One advantage of this system is that cells could be exposed to gaseous 

cigarette smoke rather than CSE, which resembles the human exposure more closely. 

Moreover, differentiated cells can be maintained over longer periods of time, which 

allows testing the effect of repetitive and chronic rather than acute exposure as was 

done in this thesis. Finally, epithelial and endothelial cells could be co-cultured in 

transwell systems to test whether procoagulant EVs are increased on the ‘vascular 

side’ of the epithelial-endothelial barrier upon exposure to CS.  

Another possibility to investigate whether cigarette smoke or PM-induced 

EVs contribute to the development of pulmonary and cardiovascular diseases could 

be the use of animal models. Cigarette smoke exposure of mice that are genetically 

susceptible for the development of atherosclerosis have been used as a combined 

model for the smoking-induced pathogenesis of COPD and atherosclerosis [46, 47]. 

These include apolipoprotein E deficient (ApoE
-/-

) and low density lipoprotein 

receptor deficient (LDLR
-/-

) mice. Such genetically susceptible mice could be 

intratracheally instilled with isolated EVs from CSE-exposed cells or control cells. 

Lung function could be monitored over time and lungs harvested at several time 

points for assessment of emphysema formation and tissue remodelling. Moreover, 

systemic and pulmonary inflammation, as well as formation of atherosclerotic 

lesions could be assessed.  

Another important focus for future research is translating our in vitro 

findings to human cohorts. Concentrations of total and TF
+
-EVs could be studied in 

BALF and plasma of smokers and non-smokers as well as in COPD patients with and 

without cardiovascular comorbidity compared to non-COPD controls. Before doing 

so, efforts should be made to improve detection methods for small (<250 nm) and 

low abundant EVs in the complex and highly concentrated plasma EV pool. It could 

be attempted to enhance the sensitivity and specificity of the bead-based flow 

cytometry for plasma samples. Alternatively, small EVs could be detected by 

fluorescence-triggered flow cytometry. With the appropriate choice of dyes, this 

technique should allow detecting the total plasma EV population as well as subsets 

expressing specific marker proteins or molecules with known biological functions 

such (e.g. TF and PS). Platelet-derived EVs are the most abundant EVs in plasma 

[48] and may obscure the detection of EVs from other cellular sources simply by 

outnumbering them. (Immuno-) affinity based methods could be developed for the 

depletion of platelet-derived EVs from plasma. Such a negative selection of 
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confounding EVs is anticipated to improve the detection of less abundant EVs by 

bead-based as well as fluorescence-triggered flow cytometry. 

Finally, it remains to be noted that the most efficient strategy to fight 

smoking-associated disease morbidity and mortality should and likely will be the 

continued implementation of novel smoking control policies. While smoking 

incidence and the smoking-associated disease burden should therefore decrease on 

the long term, other respiratory exposures, particularly outdoor air pollution, are of 

increasing concern [49] and their health implications need to be thoroughly 

investigated. While cigarette smoking is an active lifestyle decision, exposure to 

outdoor pollution is passive and vulnerable groups, such as pregnant women, 

children and patients with asthma or diabetes cannot avoid being exposed. 

Therefore, future research should also focus on extending the finding of this 

dissertation that PM induces the release of TF
+
 EVs from bronchial epithelial cells. 

The functions of PM-induced EVs should be studied in vitro and, possibly in animal 

models as suggested for CSE-induced EVs above. Moreover, it should be assessed 

whether at-risk populations show elevated concentrations of circulating TF
+
-EVs at 

times of high air pollution. Identifying strategies for preventing PM-induced EV 

modifications could be a first step towards preventing detrimental effects of PM 

exposure. 

Taken together, we have shown that lung cells respond to respiratory 

exposures by releasing increased concentrations of EVs, which likely exert functions 

in cell communication, immunity and, most evidently, hemostasis. NAC can prevent 

the EV induction by CSE. Our results should enable new developments in the 

understanding and therapy of respiratory exposure-associated diseases. 
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I - Abbreviations 
ABB annexin binding buffer 

ADAM a disintegrin and metalloproteinase 

AEC airway epithelial cells 

AF488 alexa fluor 488 dye 

AFF-1 anchor cell fusion failure 1 

AFM alexa fluor 488-labelled maleimide 

AMD age-related macular degeneration 

AnxV annexin V 

ARDS acute respiratory distress syndrome 

ASIS active site inhibited factor VII 

ATP adenosine triphosphate 

AU arbitrary units 

B(a)P benzo(a)pyrene 

BALF bronchoalveolar lavage fluid 

BCA bicichoninic acid 

BEC bronchial epithelial cells 

BSA bovine serum albumin 

CAT calibrated automated thrombogram 

CD cluster of differentiation 

CFU colony forming units 

CI confidence interval 

CO carbon monoxide 

CO2 carbon dioxide 

COPD chronic obstructive pulmonary disease 

cryo-TEM cryo transmission electron microscopy 

CS cigarette smoke 

CSE cigarette smoke extract 

CVD cardiovascular disease 

Cys Cysteine 

DAMP danger associated molecular pattern 

DMSO dimethylsulfoxide 

DNA desoxyribonucleic acid 

DTNB 5,5'-dithiobis-(2-nitrobenzoic acid 

DTT 1,4-dithiothreitol 

EDTA ethylenediaminetetraacetic acid 

EFF-1 epithelial fusion failure 1 

ELISA enzyme-linked immunosorbent assay 

EM electron microscopy mass spectrometry 
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EpCAM epithelial cell adhesion molecule 

ER endoplasmic reticulum 

Erp57 Protein disulphide-isomerase A3 

ESCRT endosomal complex required for transport 

ESR electron spin resonance 

ETP endogenous thrombin potential 

EV extracellular vesicles 

FC flow cytometry 

FCS foetal calf serum 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GO gene ontology 

grp94 glucose regulated protein 94/heat shock protein 90kDa beta member 1  

GSH glutathione 

GSSG glutathione disulphide 

H2O2 hydrogen peroxide 

HCAEC human coronary artery endothelial cells 

HDL high density lipoprotein 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HMGB1 high mobility group box 1  

HNE 4-hydroxy-2-nonenal 

HPLC high performance liquid chromatography 

HPMEC human pulmonary microvascular endothelial cells 

HRP horseradish peroxidase 

HSP70 70 kilo Dalton heat shock protein 

HUVEC human umbilical vein endothelial cells 

ICAM-1 intercellular adhesion molecule 1 

IL interleukin 

ILV intraluminal vesicles 

iNOS inducible nitric oxide synthase 

IP3 inositol-1,3,5-triphosphate  

IQR interquartile range 

LPS lipopolysaccharide 

MCP1 monocyte chemotactic protein 1 

MES 2-(N-morpholino)ethanesulfonic acid 

MFGE8 milk fat globule-EGF factor 8 protein/lactadherin 

MFI median fluorescence intensity 

MION magnetic iron oxide nanoparticles 

MMP matrix metalloproteinase 

MPG N-(2-Mercaptopropionyl)glycine 

Mrc Moraxella catarrhalis 
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MS mass spectrometry 

MTT thiazolyl blue tetrazolium bromide 

MV membrane vesicles 

MVB multivesicular body 

MVE multivesicular endosome 

MWCO molecular weight cut-off 

NAC N-acetyl-L-cysteine 

NACA N-acetyl-L-cysteine amide 

NaCl sodium chloride 

nano LC-MS/MS nanoscale liquid chromatography followed by tandem mass spectrometry 

NLF nasal lavage fluid 

NNK Nitrosamine 4-(Methylnitrosamino)-1-(3-pyridyl)-1- butanone 

NO nitric oxide 

NP-40 nonyl phenoxypolyethoxylethanol 

NS non-smokers 

NSF N-ethylmaleimide sensitive factor 

NTA nanoparticle tracking analysis 

OVA ovalbumin 

PAR protease activated receptor 

PBS phosphate buffered saline 

PC phosphatidylcholine 

PDCD6IP programmed cell death 6-interacting protein 

PDI protein disulphide isomerase 

PE phycoerythrin 

PE phophatidylethanolamine 

PI propidium iodide 

PM particulate matter 

PM10 particulate matter with an aerodynamic diameter smaller than 10 µm 

PM2.5 particulate matter with an aerodynamic diameter smaller than 2.5 µm 

PPP platelet poor plasma 

PRDX1 peroxiredoxin 1 

PS phosphatidylserine 

Psa Pseudomonas aeruginosa 

PSM peptide spectral matches 

RCS reactive carbonyl species 

RFU relative fluorescent units 

RNA ribonucleic acid 

RNS reactive nitrogen species 

ROS reactive oxygen species 

RPE retinal pigment epithelium 
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RPMI medium Rosewell Park Memorial Institute medium 

RyR ryanodine receptor 

S smokers 

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SEC size exclusion chromatography 

SEM standard error of the mean 

SERCA Sarco-/endoplasmic reticulum Ca2+-ATPase 

SNAP soluble NSF attachment protein 

SNARE soluble NSF attachment protein receptor 

SOCS suppressor of cytokine signalling 

t1 time point 1, baseline 

t2 time point 2, post-exposure 

TBS Tris buffered saline 

TCA trichloroacetic acid 

TCEP tris(2-carboxyethyl)phosphine 

TEAB triethylammonium bicarbonate 

TEM transmission electron microscopy 

TF tissue factor 

TMT tandem mass tag 

TNF-α tumour necrosis factor α 

TRPA1 transient receptor potential A1 

TRPS tuneable resistive pulse sensing 

TSG101 tumour suppressor gene 101 

t-SNARE target membrane-associated SNARE 

ttPeak time to peak 

UC ultracentrifugation 

UCM unconditioned cell culture medium 

UC-wash ultracentrifugation including a PBS wash step 

UF ultrafiltration 

UF-SEC ultrafiltration followed by size exclusion chromatography 

UV ultraviolet 

VAMP7 vesicle-associated membrane protein 7 

VEGF vascular endothelial growth factor 

v-SNARE vesicle-associated SNARE 

WCL whole cell lysate 
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II - Summary 

Tobacco smoking is highly prevalent and predisposes to developing various chronic 

diseases, including cardiovascular disease (CVD), chronic obstructive pulmonary 

disease (COPD) and cancer. It thereby accounts for 10% of all deaths worldwide. 

Other respiratory exposures such as occupational and environmental air pollutants 

also predispose to chronic disease and may act via the same biological processes as 

tobacco smoke. When tobacco smoke or air pollutants are inhaled, they interact 

with several cell types of the lung, most prominently the epithelial cells that cover 

the surface of the lungs. Exposure of lung cells to respiratory toxicants results in cell 

stress and pro-inflammatory activation. It is well established that cell stress 

influences the release of extracellular vesicles (EVs). These EVs are secreted 

membrane vesicles that carry various proteins and RNA derived from their secreting 

cell. Via this complex cargo, they act as mediators of cell-to-cell signalling and exert 

functions in the extracellular space. It is thought that EVs are involved in the 

pathogenesis of both, CVD and COPD. However, it is poorly investigated whether 

EVs could constitute a mechanistic link between environmental exposures and the 

elevated risk for chronic disease. In this thesis, we explored how EV release and 

composition are influenced by exposure to cigarette smoke and related respiratory 

exposures, and whether EVs may contribute to the pathogenesis of smoking-

associated diseases. 

In chapter 2 an overview is given of the literature on how respiratory 

exposures affect the release, composition and biological functions of EVs. The 

PubMed and Google Scholar search engines were used to systematically search for 

publications in which effects of tobacco smoke, particulate matter or other air 

pollutants on EVs were assessed. Fifty original research articles were identified, most 

of which investigated the effect of respiratory exposures on EV release in vitro or on 

circulating EVs in human plasma. Respiratory exposure-induced EVs were found to 

modulate biological processes such as inflammation, hypercoagulability, endothelial 

dysfunction, tissue remodelling and angiogenesis. By influencing these processes, 

respiratory-exposure induced EVs may contribute to the development of CVD and 

COPD, as well as lung cancer and allergic asthma. However, many of the identified 

studies based their main observations on relatively unspecific and partly outdated 

methods for EV detection, isolation and characterisation. 

Therefore, an important aspect of the work presented in this dissertation 

was to establish up-to-date, specific and reliable methods for EV detection and 

isolation. In chapter 3, we provided a protocol for bead-based flow cytometry that 
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allows semi-quantitative detection of bacterial as well as human cell derived EVs. 

This method is easy to perform and allows rapidly comparing the quantity of EVs in 

a relatively large number of samples. In chapter 4, we then compared two protocols 

for EV isolation from cell culture media; the classical ultracentrifugation and the 

more recently described combination of ultrafiltration with size exclusion 

chromatography (UF-SEC). We showed that UF-SEC isolates EVs with a similar to 

superior yield and purity compared to ultracentrifugation. Importantly, we also 

demonstrated that UF-SEC provides well-matched EVs and free secreted molecules 

from the same starting material for comparative compositional and functional 

studies. 

In the following chapters of this dissertation, we applied the methods 

described in chapters 3 and 4 to study how cigarette smoke and related respiratory 

exposures influence the quantity, composition and functions of EVs released by 

bronchial epithelial cells and other lung cells. In chapter 5, we used UF-SEC to 

isolate EVs from bronchial epithelial cells that were either unexposed or stimulated 

with cigarette smoke extract (CSE). We compared the proteomic composition of 

control EVs and CSE-induced EVs by Mass Spectrometry. Bioinformatics analysis of 

the identified EV proteome revealed that CSE-induced EVs are enriched in proteins 

of the biological pathway hemostasis compared to control EVs. This included tissue 

factor (TF), the initiator of the extrinsic pathway of coagulation. Several in vitro 

assays were performed to assess the pro-coagulant effects of the CSE-induced EVs. 

Using these assays, we confirmed that CSE-induced EVs are more procoagulant than 

control EVs. We established that this was attributable to increased EV-associated TF 

and phosphatidylserine. Based on these findings, we propose that smoking-induced 

EVs may contribute to the increased cardiovascular risk in smokers by promoting 

intravascular coagulation and consequent thrombus formation. Additionally, 

procoagulant EVs may contribute to pulmonary inflammation and remodelling. 

In chapter 6, we aimed to translate the findings of chapter 5 to the human 

situation. We first validated bead-based flow cytometry for EV detection in human 

plasma. Only some combinations of capture beads and detection antibodies 

provided a specific signal, namely CD81/CD81, CD81/TF and CD81/EpCAM. No 

significant differences in these EV subtypes were found in healthy smokers before 

and after smoking. Yet, in baseline samples, CD81
+
TF

+
 EVs tended to be positively 

associated with the number of cigarettes smoked per day. However, the 

concentration of these EVs was not correlated to thrombin generation. We suggest 

that more clear-cut effects of smoking on circulating EVs and EV-dependent 

thrombin generation may be observed in translational studies with older and more 
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severe smokers, especially when using more comprehensive methods for EV 

detection. 

After showing that CSE-induced EVs are potentially detrimental, we next 

studied the biochemical mechanism by which CSE modulates EV release. It was also 

tested whether the effects of CSE can be counteracted by antioxidants (chapter 7). 

The quantity of EVs released by CSE-stimulated bronchial epithelial cells increased 

in a time and concentration-dependent manner. Moreover, the EV induction by CSE 

was associated with a decrease of cell surface thiols and that could be prevented by 

the thiol-based antioxidants glutathione and N-acetyl-L-cysteine (NAC). Finally, the 

thiol-reactive CSE component acrolein and two membrane impermeable thiol 

blockers, but not the reactive oxygen species hydrogen peroxide, were able to induce 

EV release. We conclude that thiol-reactive compounds likely mediate the EV 

induction by CSE via depletion of cell surface exposed thiol groups. We also suggest 

that inhibition of EV induction may mechanistically contribute to the clinical benefit 

of NAC in COPD patients. 

In chapter 8 we investigated whether modulation of EV release is a 

common effect of respiratory exposures in different pulmonary cell types and for 

different types of respiratory toxicants. We demonstrated that pulmonary fibroblasts 

respond to CSE by releasing more EVs and more EV-associated TF. Furthermore, EV 

induction in pulmonary fibroblasts was associated with a decrease in cell surface 

thiols and reversible by NAC, similar to the observations reported for bronchial 

epithelial cells in earlier chapters. In contrast, CSE had no clear effect on EV release 

and EV-associated TF in monocyte-derived macrophages or pulmonary 

microvascular endothelial cells. In summary, only some cell types responded to CSE 

by releasing procoagulant EVs. We also tested the effect of silica nanoparticles and 

particulate matter from outdoor air pollution on EV release by bronchial epithelial 

cells. Both, silica and particulate matter enhanced the release of total and TF-

expressing EVs. Only for larger particulate matter (PM10), but not for small 

particulate matter (PM2.5) or silica, the induction was associated with depletion of 

cell surface thiols and tended to be reversible by addition of NAC. This implies that a 

thiol-dependent biochemical mechanism underlies EV induction by CSE and PM10, 

and that PM2.5 and silica particles induce EVs via a different mechanism. 

Thiols are present on the side chain of the amino acid cysteine and act as 

crucial regulators of three-dimensional protein structure as well as protein function, 

as they can exist either in a free form (-SH), or link protein domains via disulphide 

bonds (-S-S-). Free thiols are highly susceptible to electrophilic attacks by reactive 

oxygen, nitrogen and carbonyl species and their oxidation alters protein function. In 
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chapter 9, we discussed several proteins that are regulated by redox sensitive thiols 

and that in turn regulate membrane fusion and membrane blebbing, including 

calcium channels, phospholipid flippases, retractive actin filaments, N-

ethylmaleimide sensitive factor and protein disulphide isomerase. These molecules 

may be targeted by thiol-reactive components of CSE and mechanistically explain 

why depletion of cell surface thiols results in increased EV release. Literature is 

discussed showing that other thiol-reactive stimuli besides CSE induce EV release by 

various cell types and that EV induction by some non-oxidative stimuli is mediated 

by secondary thiol modifications. 

Taken together, this thesis provides protocols for the detection and isolation 

of cell culture-derived EVs. It demonstrates that CSE and other respiratory toxicants 

enhance the quantity and alter the composition of EVs released by bronchial 

epithelial cells and pulmonary fibroblasts, resulting in a procoagulant EV phenotype. 

The CSE-dependent EV modifications are dependent on thiol-reactive CSE 

components and can be prevented by the thiol antioxidant NAC. Translational 

studies are now warranted to determine whether these in vitro findings are involved 

in the aetiology of respiratory exposure-associated diseases in vivo. 
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III - Samenvatting 

Het roken van tabak verhoogt het risico voor een groot aantal chronische ziekten, 

waaronder hart- en vaatziekten (CVD), chronisch obstructieve longziekte (COPD) 

en kanker. Hierdoor veroorzaakt roken meer dan 10% van alle sterfgevallen 

wereldwijd. Ondanks een steeds strenger rookbeleid blijven veel mensen roken, en 

zal roken in de komende decennia blijven bijdragen aan de totale ziektelast en 

ziektekosten. Naast roken verhogen ook andere respiratoire blootstellingen het 

risico voor chronische ziekten, bijvoorbeeld werk- en omgevings-gerelateerde 

luchtvervuiling. Wanneer sigarettenrook of andere schadelijke stoffen ingeademd 

worden, komen zij in contact met verschillende longcellen, waaronder de 

longepitheelcellen, die de gehele oppervlakte van de long bedekken. Wanneer 

longcellen aan schadelijke stoffen blootgesteld worden, leidt dit tot cellulaire stress 

en ontstekings-gerelateerde activatie van de cellen. Blootstelling aan stimuli die 

celstress veroorzaken beïnvloedt de uitscheiding van zogenaamde “extracellulaire 

vesikels” (EV’s). Deze EV’s zijn membraanblaasjes, die verschillende eiwitten en 

RNA-moleculen bevatten, die van hun moedercel afkomstig zijn. Door hun 

veelzijdige lading fungeren EV’s als mediatoren van intercellulaire communicatie en 

oefenen ze ook functies in de tussencelruimte uit. EV’s zijn waarschijnlijk betrokken 

bij de pathogenese van zowel CVD als ook COPD. Tot op heden is echter niet 

bekend of EV’s een mechanistische verbinding vormen tussen respiratoire 

blootstellingen en het verhoogde risico voor chronische ziekten. In dit proefschrift 

werd onderzocht hoe EV’s beïnvloedt worden door sigarettenrook en vergelijkbare 

blootstellingen, en of zij mogelijk bijdragen aan het ontstaan van ziekten die met 

roken geassocieerd zijn. 

Hoofdstuk 2 is een overzichtsartikel over hoe respiratoire blootstellingen 

de uitscheiding, samenstelling en biologische functies van EV’s beïnvloeden. Er is 

gebruik gemaakt van de Pubmed en Google Scholar zoekmachines om systematisch 

naar artikelen te zoeken waarin het effect van sigarettenrook, fijnstof of andere 

luchtvervuilers op EV’s is onderzocht. De meeste van de vijftig geïdentificeerde 

artikelen onderzochten het effect van respiratoire blootstellingen op de productie 

van EV’s in vitro, of op circulerende EV’s in humaan plasma. EV’s, die als reactie op 

respiratoire blootstellingen uitgescheiden worden, beïnvloeden biologische 

processen zoals ontsteking, trombofilie, endotheel dysfunctie, weefselveranderingen 

en angiogenese. Hierdoor zouden de EV’s kunnen bijdragen aan het ontstaan van 

CVD, COPD, en mogelijk ook longkanker en astma. Echter verkregen vele van de 
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onderzochte studies hun bevindingen met behulp van relatief aspecifieke en 

gedeeltelijk verouderde methodes voor de detectie, isolatie en karakterisering van 

EV’s. 

Daarom was een belangrijk onderdeel van het werk in dit proefschrift het 

opzetten van actuele, specifieke en betrouwbare methodes voor de detectie en 

isolatie van EV’s. In hoofdstuk 3 is een protocol beschreven voor een bead-

gebaseerde flow cytometrie methode voor de detectie van bacteriële en humane 

EV’s. Deze methode is makkelijk uit te voeren en maakt het mogelijk om snel de 

hoeveelheid EV’s in een groot aantal monsters te vergelijken. Hoofdstuk 4 bevat een 

vergelijking van twee protocollen voor de opzuivering van EV’s uit geconditioneerde 

celkweekmedia, namelijk de klassieke ultracentrifugatie en de recenter beschreven 

ultrafiltratie met size exclusionchromatografie (UF-SEC). In dit hoofdstuk toonden 

we aan dat EV’s met behulp van UF-SEC met een vergelijkbare tot betere opbrengst 

en zuiverheid geïsoleerd kunnen worden dan met behulp van ultracentrifugatie. 

Tevens lieten we zien dat we door middel van UF-SEC gepaarde concentraten van 

EV’s en het EV-vrije secretoom kunnen verkrijgen, om hun samenstelling en functies 

met elkaar te vergelijken. 

In hoofdstuk 5 werd UF-SEC toegepast om EV’s van bronchiale 

epitheelcellen te isoleren, die onder controle-omstandigheden gekweekt werden of 

blootgesteld werden aan sigarettenrookextract (CSE). De eiwit-samenstelling van 

controle-EV’s en CSE-EV’s werd vervolgens met behulp van massaspectrometrie 

vergeleken. Bioinformatische analyse van het EV-proteoom liet zien dat CSE-EV’s 

verrijkt zijn met eiwitten uit de biologische pathway ‘hemostase’. Een van deze 

eiwitten is tissue factor (TF), de initiator van het extrinsieke bloedstollingsketen. 

Verschillende in vitro methodes werden gebruikt om te laten zien dat CSE-EV’s 

sterker procoagulant zijn dan controle-EVs, en dat dit toe te schrijven is aan EV-

gebonden TF en phosphatidylserine. Gebaseerd op deze bevindingen kan worden 

gesteld dat EV’s mogelijk bijdragen aan het verhoogde cardiovasculaire risico in 

rokers door intravasculaire bloedstolling te bevorderen. Tevens dragen 

procoagulante EV’s mogelijk bij aan ontsteking en weefselverandering in de long. 

In hoofdstuk 6 werd gepoogd, de bevindingen van hoofdstuk 5 naar de 

mens te vertalen. In eerste instantie werd de bead-gebaseerde flow cytometrie voor 

detectie van EV’s in humaan plasma gevalideerd. Alleen bepaalde combinaties van 

capture beads en detectie-antilichamen gaven een specifiek signaal, namelijk 

CD81/CD81, CD81/TF en CD81/EpCAM. Met deze detectiemethodes waren er geen 

significante verschillen in rokers voor en na het roken, maar was er wel een positief 

verband tussen het aantal sigaretten per dag en de concentratie van CD81
+
TF

+
 EV’s 
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in baseline monsters (p=0.07). Geen verband werd er echter gevonden tussen 

CD81
+
TF

+
 EV’s en trombine vorming. Het dient nader onderzocht te worden of in 

oudere en hevigere rokers duidelijkere effecten op circulerende EV’s te zien zijn, 

vooral in verband met een uitgebreidere karakterisering van EV’s. 

Aangezien rook-geïnduceerde EV’s mogelijk schadelijke biologische functies 

kunnen uitoefenen, bestudeerden we in hoofdstuk 7 het biochemisch mechanisme 

waardoor CSE de uitscheiding van EV’s door longepitheelcellen beïnvloedt. Hiervoor 

bepaalden we met behulp van bead-gebaseerde flow cytometrie het effect van 

verschillende cel-behandelingen op de hoeveelheid EV’s in de celkweekmedia. We 

toonden aan dat blootstelling van longepitheelcellen aan CSE leidt tot een tijd- en 

concentratieafhankelijke verhoging van de EV-uitscheiding. Tevens was de EV-

inductie geassocieerd met een afname van thiol-groepen aan het celoppervlak, en 

kon worden voorkomen door de thiol-gebaseerde antioxidant N-acetyl-L-cysteine 

(NAC). We lieten zien dat zowel acroleïne, een thiol-reactief bestanddeel van CSE, 

alsook twee membraan-impermeabele thiol-blokkers EV uitscheiding kunnen 

induceren. De reactieve zuurstofverbinding waterstofperoxide daarentegen had geen 

effect op de vrijstelling van EV’s. Deze bevindingen suggereren dat thiol-reactieve 

stoffen de EV inductie door CSE veroorzaken door thiol-groepen aan het 

celoppervlak uit te putten. Het werd gehypothetiseerd dat de klinische werking van 

NAC in COPD patiënten mogelijk gedeeltelijk berust op het remmen van de EV 

inductie. 

In hoofdstuk 8 onderzochten we of modulatie van de EV-uitscheiding een 

algemeen effect van respiratoire blootstellingen is. Hiervoor werden verschillende 

longceltypes blootgesteld aan diverse stoffen, die de luchtwegen irriteren. 

Longfibroblasten reageerden op CSE door meer EV’s en meer EV-gebonden TF vrij te 

zetten, zoals in eerdere hoofdstukken voor longepitheelcellen beschreven. Verder 

was de EV-inductie in longfibroblasten geassocieerd is met een afname van thiol-

groepen aan het celoppervlak en kon worden voorkomen door NAC. Daarentegen 

had CSE geen duidelijk effect op de uitscheiding van EV’s en EV-gebonden TF door 

macrofagen en microvasculaire endotheelcellen uit de long. Samengevat reageerden 

alleen bepaalde celtypes door uitscheiding van procoagulante EV’s op CSE. We 

testten ook het effect van silica-deeltjes en fijnstof op de uitscheiding van EV’s door 

longepitheelcellen. Zowel silica alsook fijnstof veroorzaakten een toename in de 

uitscheiding van totale en TF-positieve EV’s. Alleen voor het grove fijnstof (PM10), 

maar niet voor het fijne fijnstof (PM2.5) of silica-deeltjes was de EV-inductie 

geassocieerd met een gedeeltelijke afname van thiol-groepen aan het celoppervlak 

en gedeeltelijk te voorkomen door toevoeging van NAC. Dit suggereert dat een thiol-
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afhankelijk mechanisme verantwoordelijk is voor de EV-inductie door CSE en 

gedeeltelijk verantwoordelijk voor de EV-inductie door PM10. PM2.5 en silica-deeltjes 

daarentegen lijken EV’s via een ander mechanisme te induceren. 

Thiol-groepen zijn aanwezig op de zijketen van het aminozuur cysteine. Zij 

fungeren als belangrijke regelaars van de driedimensionale eiwitstructuur en 

eiwitfunctie, doordat zij in een vrije vorm (-SH) of als disulfide bruggen (-S-S-) 

voorkomen. Vrije thiol-groepen zijn zeer vatbaar voor electrofiele aanvallen door 

reactieve zuurstof-, stikstof- of carbonylverbindingen. Hoofdstuk 9 geeft een 

overzicht over verschillende eiwitten, die gereguleerd worden door redox-gevoelige 

thiol-groepen, onder andere calcium kanalen, phospholipid flippases, actine vezels, 

N-ethylmaleimide sensitive factor en protein disulfide isomerase. Deze moleculen 

kunnen doelwit zijn van veranderingen door thiol-reactieve stoffen in CSE en dus als 

mechanistische verbinding fungeren tussen de depletie van thiol-groepen en de 

inductie van EV’s. Tevens wordt de literatuur besproken, die laat zien dat naast CSE 

ook andere thiol-reactieve stimuli de EV-uitscheiding door verschillende celtypes 

verhogen. Ook lijkt de EV-inductie door sommige niet-oxidatieve stimuli afhankelijk 

van secundaire thiol-veranderingen. 

Samenvattend bevat dit proefschrift een aantal protocollen voor de detectie 

en isolatie van celkweek-afkomstige EV’s. Tevens werd aangetoond dat CSE en 

andere respiratoire blootstellingen leiden tot een toename in de hoeveelheid EV’s en 

een verandering in de samenstelling van EV’s die afkomstig zijn van 

longepitheelcellen en longfibroblasten. Dit leidt tot een procoagulant EV fenotype. 

De door CSE veroorzaakte veranderingen kunnen worden voorkomen door NAC. Als 

volgende stap zijn translationele studies nodig om te bepalen of onze in vitro 

bevindingen een rol spelen in de pathogenese van chronische ziekten die 

geassocieerd zijn met respiratoire blootstellingen. 
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IV – Valorisation 

“The important thing is not to stop questioning. Curiosity has its own reason for 

existing. One cannot help but be in awe when he contemplates the mysteries of 

eternity, of life, of the marvelous structure of reality. It is enough if one tries merely 

to comprehend a little of this mystery every day.” 

Albert Einstein 

Knowledge utilisation is the process of making knowledge valuable by making it 

suitable for social or economic use and for translation into competitive products, 

services, processes and new commercial activities (definition based on the National 

Valorisation Committee 2011). Over the past decades, such practical applicability of 

research has increasingly become a prerequisite for obtaining government funding in 

the Netherlands and elsewhere. Yet, when asked why they spend their unpaid 

evenings and weekends performing experiments, analysing data and writing papers, 

few fundamental researchers will reply: “Because I am trying to save the world.” or 

“Because my research will give a real boost to the Dutch economy.” I, for one, might 

reply: “Because cells produce extracellular vesicles, and I really want to understand 

why.” 

I believe that the intrinsic curiosity that drives many fundamental 

researchers is what allowed mankind to develop into the modern society that we are. 

An example of a purely curiosity-driven finding is the discovery of the 

hyperthermophilic bacterium Thermus aquaticus that lives in hot springs in the 

Yellowstone National Park [1]. While this beautiful finding showed that life is 

possible under circumstances (i.e. at temperatures) that were previously thought 

incompatible with life, no one at the time would have anticipated that the 

thermoresistant DNA polymerase of Thermus aquaticus would form the basis for one 

of the most important biotechnological inventions of the late 20
th

 century, the 

polymerase chain reaction (PCR). PCR is now one of the most used laboratory 

techniques in molecular biology research and has substantially improved and 

accelerated the diagnostic process for several diseases, including viral and bacterial 

infections. 

Obviously, it is unlikely that the research presented in this dissertation, or 

most other fundamental studies, will have a similar impact on science, healthcare 

and society as the discovery of Thermus aquaticus. However, to quote Thomas 

Levenson of the Massachusetts Institute of Technology, “Science is a set of ways of 
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thinking and acting through which, sometimes, results emerge. Failure, “wasted” 

time, is intrinsic to that process. It’s impossible to do science without a tolerance for 

uncertainty over the years or decades it can take to reveal what many discoveries 

actually mean.” [2] Moreover, “Science as a body of knowledge is powerful, valuable, 

essential to human well-being. Science as a human process is wasteful, necessarily — 

and even more, usefully — so.” [2] The major and, in my opinion, most relevant 

societal gain of the studies in this dissertation is that they make a contribution to the 

body of human knowledge (however little it may be). 

Societal and economic relevance 

On a less philosophical and more practical note, this thesis describes a number of 

fundamental studies investigating extracellular vesicles (EVs) as a novel mechanistic 

link between exposure to respiratory toxicants such as cigarette smoke and the 

development of respiratory exposure-associated chronic diseases. Despite extensive 

efforts to control smoking prevalence, smoking currently causes 10% of all deaths 

worldwide [3, 4]. It is projected to continue making an important contribution to the 

public health burden in the coming decades, in terms of productivity losses, health 

expenditures and mortality [3, 5]. Additionally, respiratory exposure to air 

pollutants, especially in urbanised areas, is also an important public health concern 

[6]. Smoking and exposure to high levels of air pollution are both associated with 

increased risks for developing cardiovascular disease, chronic lung disease and 

cancer [4, 6]. Improved understanding of how respiratory exposures cause these 

diseases is highly relevant, as it forms the first step for developing novel preventive 

and therapeutic strategies. In this thesis, we have found that cultured lung cells 

exposed to cigarette smoke release procoagulant EVs which may contribute to the 

increased cardiovascular risk in smokers, and which may even be involved in lung 

pathogenesis. While we did not find any significant changes in circulating 

procoagulant EVs between young healthy smokers and non-smokers, only a sub-

group of smokers may respond to respiratory exposures with elevated concentrations 

of circulating procoagulant EVs. In that case, these EVs could be used as a non-

invasive biomarker of risk to identify those individuals that are susceptible to 

developing chronic disease in response to respiratory toxicants. We have also shown 

that the clinically tested antioxidant NAC and its active metabolic product 

glutathione can prevent the release of procoagulant EVs in cells exposed to smoke. 

Although these are very early stage in vitro findings, they provide a rationale for 

testing the efficacy of NAC to prevent cardiovascular adverse events in individuals 

with a history of exposure to respiratory toxicants, such as COPD patients. 
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Target groups 

At the current stage, the findings of this research project are mainly relevant to the 

scientific community, which may use them as the basis for additional fundamental 

and clinical studies. As suggested in the general discussion of this dissertation 

(chapter 9) and in the previous section, future research could focus on determining 

whether circulating EVs can serve as biomarkers of exposure to respiratory toxicants 

and/or for the risk of developing disease. For this purpose, sensitive, specific and fast 

methods for the detection of procoagulant EVs in plasma should be developed. 

Moreover, it could be tested whether NAC can benefit additional target groups 

besides the subgroup of COPD patients who currently receive NAC for its mucolytic 

activity. These intermediate steps are required before the findings described in this 

thesis can be used by the pharmaceutical industry as a basis to develop novel EV 

based screening tests or before NAC may be implemented in additional target 

groups in the clinic. 

Products and innovation 

An important aspect of the work presented in this dissertation was the development 

of two techniques; one for reliable detection of EVs and EV subtypes in cell culture 

media, and one for isolation of EVs from cell culture media. While we are not the 

first ones to use these techniques, and no commercial benefit arises from publishing 

our protocols, making the protocols publicly available is a valuable contribution to 

the scientific community. While EVs attract increasing attention and interest from 

the biomedical research community, only relatively few large and specialised 

research groups have the expertise, funding and equipment to perform EV isolation 

and characterisation at the highest quality level. Unfortunately, applying these 

highest quality techniques as a standard for daily use in smaller or less specialised 

laboratories seems almost impossible. To prevent a large number of low quality 

studies being performed with suboptimal EV isolation techniques, such as 

commercial precipitation kits, techniques need to be developed that are cost-

effective, easy and fast to perform. These techniques should also be reliable in terms 

of specificity for EV detection and in terms of yield and purity for EV isolation. We 

think that these prerequisites are met by the bead-based flow cytometry that we 

describe for EV detection and the ultrafiltration with size exclusion chromatography 

that we describe for EV isolation. Therefore, the publication of these protocols 

should be a valuable contribution to the EV research community. 
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Personal development of the candidate and 

contributions to the scientific community 

This PhD project has been the result of a proposal written by the PhD candidate. 

During the proposal writing, as well as during the PhD project itself, the candidate 

learned a lot about planning, performing and writing about scientific research. 

Furthermore, the candidate has attended several specialised courses and gained 

teaching experience as a tutor for Bachelor and Master students. The research was 

performed with a supervision team from two departments at Maastricht University, 

Medical Microbiology and Respiratory Medicine. Moreover, a lot of the work was 

done in close collaboration with researchers from the departments of Toxicology and 

Pharmacology, Toxicogenomics, Human Biology, and Biochemistry. Thereby, this 

project has brought together experts from different fields of biomedical research and 

has resulted in an intensive exchange of knowledge and in shared use of specialised 

equipment. This group effort was largely initiated by the PhD candidate and has 

resulted in two original research papers in international peer-reviewed journals with 

the PhD candidate as first author, as well as four publications with the PhD 

candidate as second author. Two review articles have also been published with the 

PhD candidate as first author, providing other researchers with an overview of the 

candidate’s field of expertise. Moreover, several additional manuscripts are currently 

submitted or in preparation for publication, in order to make the findings 

originating from this PhD project broadly available to the scientific community. 

Parts of the work presented in this thesis have also been presented as posters and 

oral presentations at several conferences, including the annual meetings of the 

International Society for Extracellular Vesicles and of the European Respiratory 

Society. 

Conclusion 

The major value of the work presented in this dissertation is its contribution to the 

scientific body of knowledge. We have initiated novel collaborations between 

researchers from different departments and different fields of expertise. Moreover, 

we have published protocols that may be of value to the EV research community and 

have provided evidence that respiratory exposures induce the release of 

procoagulant EVs, which may contribute to chronic disease risk. These findings may 

form the basis for additional fundamental and clinical research and may eventually 

lead to the development of novel screening tests and/or strategies for disease 

prevention and management.  
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