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General introduction and outline of the thesis

Chapter 1



preface 

Resolution of bacterial infection of the airways engages a multitude of host-de-
fences including innate immune defences. As central players of the innate immune 
system, phagocytic cells orchestrate several initial responses to infection. These 
responses, that follow host cell contact with bacteria and bacterial products, 
involve the release of pro-inflammatory mediators by the host and the concomitant 
immune cell recruitment. Amongst these bacterial and host-cell derived products 
are nanosized (10-300nm) membrane vesicles released by both the host and by 
bacteria. Membrane vesicles serve as platforms to confer complex information 
composed of a plethora of proteins and lipids, from one cell to another. These 
vesicles provide cells with an additional means to respond to the environment to 
their advantage and may therefore have a substantial influence on the outcome 
of infection.
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1
general introduction

1. invasion of the lower airways - bacterial airway infection 

Acute infections of the respiratory tract pose a huge burden on society worldwide. The 
world health organisation (WHO) determined that acute infections of the lower respira-
tory tract form the most important burden of disease worldwide. It was estimated that, in 
2010, acute respiratory infections accounted for 4-6% of the total disability adjusted life 
years (DALYs: a measure for the disease burden based on both decreased life expectancy 
and morbidity in life-years)[1,2]. Clinical conditions associated with or caused by acute 
lower respiratory tract infections include bacterial or viral bronchitis, influenza, pneumo-
nia, and tuberculosis but also include disease exacerbations of patients with underlying 
chronic conditions, such as asthma, chronic bronchitis or chronic obstructive airway 
disease (COPD)[2,3]. Although some of these conditions have an overlapping aetiology, 
the causative factors for each of these conditions are highly disease specific. Even more 
so, the aetiology of infection may vary among different countries. This for example has 
been demonstrated for the bacterial aetiology of community acquired pneumonia (CAP), 
where there are large differences in the aetiology of CAP between patients from different 
European countries [4]. Generally, the causative agents for lower respiratory tract infec-
tions can be classified as viral, bacterial, or fungal [5–8]. The most important respiratory 
viruses in this respect include the respiratory syncytial virus, rhinoviruses (in patients with 
an underlying airway condition), enteroviruses, influenza, parainfluenza, cytomegalovirus, 
herpes simplex virus, varicella zoster, and adenoviruses [5]. 

The involvement of bacterial infections in airway inflammation of the lower respiratory 
tract now becomes increasingly recognized. Although several lines of evidence indicated 
this, inconsistency in methods to obtain reproducible samples and the lack of sensitive 
methods for bacterial detection prevented drawing of ultimate conclusions. Also, the iden-
tification of bacteria as causative agents of disease exacerbations in patients with asthma 
or COPD proved complicated for several reasons. Herein, the lack of variation between 
the infection rate in patients with stable disease and during exacerbations has been one 
of the most important reasons [9–13]. Recent molecular techniques such as next gen 
sequencing (NGS) for bacterial identification in complex microbial niches made it possible 
to make more accurate correlations between bacterial infection and airway inflammation 
[14]. It has now been estimated based on NGS analyses that bacterial infections account 
for approximately 50% of the exacerbations of COPD [11,15–17].

Among the bacteria that are frequently associated with respiratory tract infections are 
opportunistic bacteria, known as colonizers of the upper respiratory tract, that are asso-
ciated with inflammation and the pathogenesis of airway disease during invasion of the 
lower respiratory tract. The most common pathogens involved in airway infection are 
non-typeable Haemophilus influenzae, Moraxella catarrhalis, Streptococcus pneumoniae, 
and Pseudomonas aeruginosa [9,13,18–23]. Non-typeable H. infuenzae and M. catarrh-
alis are frequently associated with exacerbations of disease in patients with COPD and 
bronchitis. P. aeruginosa is a notorious pathogen that can cause severe airway infection 
in cystic fibrosis patients [24,25]. Moreover, infection with P. aeruginosa has also been 
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reported to contribute to disease in COPD patients and is associated with approximately 
4% of the COPD exacerbations, mainly in patients with more severe disease [20,22]. A 
particularly strong association has been noticed between the acquisition of a new bac-
terial strain and the development of an exacerbation, as high as 42.6% for P. aeruginosa, 
44.5% for H. influenzae, and 44.7% for M. catarrhalis [11,21,26,27]. Finally, infections with 
these bacteria can increase the susceptibility to infections with other bacteria or viruses 
[28,29]. Viral infection can also predispose to a bacterial super infection, this has mainly 
been reported for influenza viruses and S. pneumoniae but has also been described for 
S. pneumoniae and other viruses such as RSV, parainfluenzae viruses, and rhinoviruses 
[30–33].      
 
1.1 First barriers – Host defence against bacterial infections of the lower res-
piratory tract
The lungs must provide a surface that allows an optimal gas exchange to provide animals 
which rely on oxygen respiratory systems with an optimal oxygen supply. At the same time, 
they act as a barrier that protects the organism against airborne environmental factors, 
such as harmless particles, noxious particles, a broad range of pathogens and bacteria that 
enter the lungs by migration of oropharyngeal bacteria [34]. This barrier consists of ciliated 
bronchial epithelial cells, that facilitate mucociliary clearance in the conducting airways, and 
alveolar epithelial cells and innate immune cells which provide a general and more directed 
mechanisms of defence [35]. The lung epithelium forms a multi-layered barrier that consists 
of - from the apical to the basolateral side - airway surface liquid consisting of mucin and 
pericellular fluid containing antimicrobial peptides, tight adhesions between epithelial cells, 
and the stroma. Innate immune cells, mainly macrophages, can be found in between the 
airway epithelial cells. Together this forms the first line of defence and most of the environ-
mental air particles and pathogens are removed by mucus-mediated clearance [35]. 

Physiological changes of the respiratory tract, for example a decreasing pH as a result of 
inflammation or an increased sputum production (e.g. as is observed during bronchitis) 
as well as local or systemic alterations in immunity may generate a lung habitat that is 
favourable for pathogenic bacterial growth [8].

1.2 Cell-mediated defences - innate immunity against bacterial infections of 
the lower respiratory tract
Cell-mediated defences are established by epithelial cells and cells of the innate immune 
system that reside in local niches within the lung or enter the airways after recruitment 
by airway epithelial or other immune cells through the release of chemokines like IL-8. 
Local innate immune cells constitute for 95% of airway macrophages which makes them 
critical for the first line of defence against pathogens [36]. Macrophage actions consist of 
the removal of particulate matter, pathogens, pathogenic components, and dead or dying 
cells by phagocytosis as well as the initiation and orchestration of subsequent innate and 
adaptive immunity [3,37–39]. Other innate immune cells that are particularly important 
for the clearance of airway pathogens are neutrophils that are recruited upon infection. 
Neutrophils are involved in the clearance of pathogens through the phagocytosis of path-
ogens, due to their ability to capture pathogens by neutrophil extracellular traps (NETs), 
and by the production of cytokines and chemokines [2,3,40].
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1.2.1 Cell-mediated defences – pathogen recognition 
To sense their environment, cells are equipped with receptors including pattern recogni-
tion receptors (PRR). These receptors are discussed below in more detail and generally 
serve to recognize endogenous danger associated molecular patterns (DAMPs) as well as 
exogenous pathogen associated molecular patterns (PAMPs) [36,41,42]. The expression of 
the pattern recognition receptors is highly cell type specific [36,37]. In the lower airways, 
pattern recognition primarily occurs by type II alveolar epithelial cells and innate immune 
cells and is dependent on the local environment that directs intercellular communica-
tion and primes these cells to respond adequately to subsequent triggers [35,37]. These 
receptors enable pathogen recognition, facilitate pathogen uptake and degradation, and 
subsequently allow a further pathogen characterization, based on features that become 
exposed upon degradation i.e. bacterial mRNA that is only present in viable bacteria [43]. 
Amongst these PRRs are the Toll-like receptors (TLRs), nucleotide oligomerization domain 
(NOD)-like receptors (NLRs), retinoid-inducible gene I (RIG-I)-like receptors (RLRs), other 
cytosolic sensors for nucleic acid, and C-type lectin receptors [44]. 

TLRs enable recognition of components that are predominantly pathogen-derived. Typi-
cally, lipopolysaccharide (LPS) or lipooligosaccharide (LOS) on the Gram-negative bacterial 
envelope and a wide variety of other components such as outer membrane proteins, 
glycoproteins, and lipoproteins are recognized by TLR-4 located on the membrane. 
Flagellin and lipoprotein recognition occurs also on the membrane by TLR-5 and TLR-2, 
respectively. Endosomal recognition occurs by TLR-3 and TLR-7 that recognize single- and 
double-stranded RNA and by TLR-9 that is activated by unmethylated 2’deoxyriboCpG 
DNA motifs, found in bacteria and viruses [44,45]. Other PRRs that are important for the 
recognition of bacterial products are the NLRs NOD1 and NOD2 that recognizes cyto-
plasmic bacterial peptidoglycan and DNA. NLRP3 that recognizes various stimuli, such as 
bacterial muramyl dipeptide, or toxins (e.g. Streptococcal pneumolysin) which initiates 
formation of the inflammasome complex and the production of IL-1β and IL-18 [46]. 
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FIGURE 1 Alveolar macrophages reside locally, within niches of the lung alveoli, where they 

remain in close contact with mostly type II alveolar epithelial cells. Macrophages sense their 

environment by a range of receptors on their surface. Pathogens and danger signals are iden-

tified via e.g. pattern recognition receptors such as Toll-like receptors, NOD-like receptors 

including NOD1 and 2 and NLRP3. On pathogen recognition, intracellular signalling pathways 

are activated. Negative regulation can occur by soluble factors and cell-cell contact with the 

epithelium. Inhibitory receptor-ligand interactions are mainly established by CD200-CD200R 

and by TGF-β and TGF-βR. Also soluble mediators such as IL-10 can have an inhibitory effect 

on pro-inflammation signalling pathways. CD200R: CD200 receptor; IL-10R: IL-10 receptor; 

TGFβR: TGFβ receptor; PGN: peptidoglycan; LP: lipoprotein; LAM: lipoarabinomannan. Figure 

adapted from [37] with permission. 

1.2.2 Cell-mediated defences - Macrophages as key players 
in the defence against respiratory pathogens
Macrophages are the most important innate immune cells found in association with the 
airway epithelium (figure 1). The macrophage subset is extremely heterogeneous [47–49]. 
The local environment determines the character of the interactions with the epithe-
lium and primes macrophages for a subsequent response [37]. This response entails the 
destruction of pathogens directly by phagocytosis, by reactive oxygen species, nitrogen 
intermediates or indirectly by secretion of cytokines, chemokines, and proteases such 
as matrix metalloproteinases (MMPs). Macrophages can also initiate and shape innate 
immune responses either by direct cell-cell contact or by the release of pro-inflammatory 
mediators that result in the recruitment and programming of e.g. macrophages and neu-
trophils. As professional antigen presenting cells macrophages can also present antigens 
in the context of MHC class I or II to CD8+ or CD4+ T-cells, respectively, hereby initiating 
adaptive immunity [37,47,50]. 
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As macrophages are constantly exposed to a variety of triggers, it is important that their 
activation is strictly controlled to avoid inappropriate and potentially harmful responses. 
As is shown in figure 1, this inhibitory signal for macrophage activation can be provided in 
several ways. Firstly, by interactions with the epithelium through receptor mediated inter-
actions via TGFβR with integrin-bound TGF-β or via CD200R with CD200 or in ways that 
depend on soluble factors such as IL-10 [37]. Damage to the epithelium or decreased inter-
actions with the epithelial cells, increase macrophage responsiveness to environmental 
triggers. Moreover, the release of collectins such as surfactant-associated protein A and D 
by the epithelium results in a suppression of TLR-2 or TLR-4 induced responses [37]. Other 
components that modulate phagocyte responses are immunoglobulins (via Fc recep-
tors) and complement (via complement receptors) [36,44]. Other general regulation of 
inflammatory processes occurs at the level of the negative regulation of pro-inflammatory 
signalling, as is induced e.g. upon TLR-activation, to prevent an excessive inflammatory 
response and to resolve inflammation on bacterial clearance. Hereby, recognition of a 
diverse range of stimuli leads to a context dependent activation which then results in a 
response that resonates with the initiator. The course of infection is then determined by 
the interaction between the pathogens, the site of infection, and cells of the host immune 
system [43,51].

To conclude, macrophages play a key role in the defence against bacterial invasion of the 
lower respiratory tract. Impairments of this defence lead to decreased pro-inflammatory 
responses resulting in a decreased bacterial clearance. 
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2. bacterial and host-cell membrane vesicles in intercel-
lular communication 

2.1 The discovery and implications of bacterial and host-cell vesicles 
Already in the 1960s and 1970s the release of nanosized membrane vesicles was observed 
for Vibrio cholera, Neisseria meningitides, and Escherichia coli, but this received little 
attention at that time, as these vesicles were considered to be but a mere by-product of 
bacterial growth [52–55]. Over the years, however, it became clear that vesicle shedding 
serves bacteria with advantages during growth and infection of the host. 

A similar history holds for extracellular release by eukaryotic cells: when the groups of 
Philip Stahl and Rose Johnstone reported around thirty years ago that reticulocytes shed 
small membrane vesicles during maturation into red blood cells, it was thought that 
these vesicles were used by the cells to remove waste [56,57]. Though, when researchers 
discovered that these vesicles can be used by the cells for communication and that they 
are involved in important immunological processes, cellular communication by means of 
extracellular vesicles became a full-fledged research field [58,59]. At present, shedding of 
host vesicles is a well-recognized process that occurs by virtually all cells of the human 
body and vesicles have been identified in almost all body fluids and tissues [60]. 

Investigating vesicle release in vivo to determine their involvement in processes of cell 
maintenance and immunity and their role in the pathogenesis of disease, however, proved 
rather difficult. With regard to airway disease, it has been shown that the release of extra-
cellular vesicles occurs by cells that are key players in the disease process and vesicles 
from different sources have been detected in bronchoalveolar lavage fluid [61,62]. The 
intrinsic properties that these vesicles exhibit, in vitro or in vivo upon instillation, indicates 
they can contribute to the pathogenesis of airway disease and acute airway inflamma-
tion [63–67]. It remains however highly complicated to comprehend the full extend as 
to which extracellular vesicles contribute to disease. Hence it is at present important to 
examine specific aspects of communication by means of extracellular vesicles in isolated 
processes, in vitro or in vivo [60,68,69]. 

This also holds true when studying the involvement of extracellular vesicles in processes 
related to bacterial infection. To study vesicle release is challenging as vesicle release can 
occur both by the pathogen and the infected host. It has been demonstrated that the 
release of membrane vesicles in vivo during infection also occurs by the respiratory path-
ogens non-typeable H. influenzae and M. catarrhalis. Moreover, it is highly likely that the 
release of vesicles during infection also occurs by other respiratory pathogens including 
P. aeruginosa and S. pneumoniae as these bacteria have been shown to shed vesicles 
during culture conditions [70–72]. Most studies on the release of extracellular vesicles in 
vitro used models based on macrophages, because they form the first line of defence 
against infection and because these cells are most frequently targeted by common intra-
cellular microbial pathogens such as the bacteria Mycobacterium tuberculosis, Salmonella 
typhimurium, or the parasite Toxoplasma gondii [73–77]. 
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The conclude, at present it is still complicated to unravel the functionality of host-cell 
derived and bacterial membrane vesicles released during infection. Studying the mech-
anisms of release and the functionality of vesicles using culture models will lead to an 
improved insight and will guide further research. 

2.2 Mechanisms for biogenesis and functional aspects of host-cell membrane 
vesicles
2.2.1 Mechanisms for membrane vesicle biogenesis by host-cells
Describing vesicle release by the host starts with a clarification of the nomenclature 
as the nomenclature will be used to describe processes for biogenesis. In general the 
terms ‘membrane vesicles’ and ‘extracellular vesicles’ are used as an umbrella term for 
nano- and microvesicles, released by cells from all three branches of life (table 1) [78]. 
Now focussing only on host-cell derived vesicles, the term extracellular vesicle is used 
for eukaryotic vesicles, again nano- and microvesicles, from different cellular origins. 
Microvesicles mostly refer to larger vesicles (200-1000 nm) that are released by extrava-
gation and budding from the cell surface but is also used to describe nanosized vesicles 
that are released this way. The term exosome is used to describe vesicles that are formed 
in endocytic compartments. This occurs in specific endocytic compartments that are 
referred to as multivesicular bodies (MVBs) or multivesicular endosomes (MVEs)[79]. The 
formation of membrane vesicles in these compartments occurs by the formation of 
membrane extrusions that then bud of into these compartments. This process can occur 
through mechanisms that can both be dependent or independent on the endosomal 
sorting complex required for transport (ESCRT) proteins. During ESCRT-dependent bio-
genesis, ESCRT-proteins facilitate rearrangements of the MVB membrane, resulting in 
vesicle formation, and ESCRT proteins can also direct the selection of exosomal cargo 
[60,80]. The transport of MVBs then relies on Rab GTPases, especially on Rab11, Rab27, 
and Rab35. After endocytic trafficking of the MVB to the plasma membrane, membrane 
fusion can occur which results in the release of the exosomal content into the extracel-
lular space [79–81]. 
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2.2.2 General physiological activity of host cell-derived vesicles
The physiological activity of extracellular vesicles is highly context dependent and reflects 
the nature and state of the host and the environment. An overview of the proteomic, 
lipidomic, and RNA analysis of extracellular vesicles from cells of diverse backgrounds 
and experimental conditions (i.e. species, lineage, culture conditions, exposure to growth 
factors, cytokines and stressors) are provided in Vesiclepedia, VesicleCarta, and EvPe-
dia: compendia of molecular data [94–97].  Recently EV-TRACK: a knowledgebase that 
guides reporting thereby generating clarity and consensus as well as contributing to the 
reproducibility of MV-research, was established [98]. Collectively, the studies in this knowl-
edgebase and these compendia identified that extracellular vesicles contain a wide variety 
of physiologically active components including signalling proteins, receptors, enzymes, 
cytokines, mRNAs, and miRNAs. Some of these factors are membrane-associated and 
others are located inside the vesicle lumen that is surrounded by a lipid bilayer. This lipid 
bilayer provides a platform for membrane-associated proteins and governs protection of 
the luminal cargo which is sensitive to degradation by enzymes in the extracellular envi-
ronment. Functional aspects of extracellular vesicles have been extensively studied and 
mostly in the context of immunity and/or disease. Now there is a large body of evidence 
that shows that extracellular vesicles affect and coordinate innate and adaptive immune 
responses, as was reviewed [68,99,100]. 

The physiological properties of host cell-derived membrane vesicles released during infec-
tion will be discussed in paragraph 4.3.

2.3. Biogenesis of membrane vesicles by bacteria 
Bacterial membrane vesicles have been shown to be involved in many physiological and 
pathological processes. They can help bacteria to acquire nutrients, transfer DNA, aid 
in niche competition with other bacteria, provide protection against anti-bacterial com-
ponents, and act as carriers of virulence factors [101–103]. The release of these vesicles 
occurs constituently, but can also occur in response to various stressors [88,104]. Herein, 
membrane vesicles can provide immediate and ultimate advantages. An example hereof 
is that membrane vesicles may provide protection against antimicrobial peptides. This 
can be established indirectly by passive adsorption and transfer of enzymes, or directly by 
vesicle-mediated release of membrane bound antimicrobial peptides [105,106]. 

To establish the pathophysiological role of membrane vesicles during infection requires 
a better understanding how vesicle biogenesis is induced, how membrane vesicles can 
interact with their environment e.g. by the transfer of virulence factors, and how vesicles 
can aid bacteria to adapt to their environment. 

2.3.1 Biogenesis of bacterial membrane vesicles by Gram-negative bacteria
The biogenesis of bacterial membrane vesicles by Gram-negative bacteria in response to 
host-associated factors and the immediate and ultimate physiological advantages, will be 
addressed in detail in chapter 2: “Gram-negative bacterial membrane vesicle in response 
to the host-environment: different threats, same trick?”. 
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2.3.2 Biogenesis of bacterial membrane vesicles by Gram-positive bacteria
As Gram-positive bacteria have a thick cell wall composed of peptidoglycan and (lipo-)
teichoic acid that lacks an outer membrane, it was initially thought that the formation of 
membrane vesicles was limited to Gram-negative bacteria. Recently, however, it became 
clear that membrane vesicle formation also occurs by Gram-positive bacteria. Although 
the process of membrane vesicle shedding has been studied more extensively in recent 
years, it is still not completely understood how these vesicles are being released from the 
cell wall. As the cell wall of Gram-positive bacteria is alike the fungal cell wall, it has been 
suggested that the release of membrane vesicles by Gram-positive bacteria resembles the 
process in fungi. Currently, two, and possibly even three mechanisms have been proposed 
to explain how membrane vesicles pass the cell wall. The first mechanism proposes that 
membrane vesicles, after being released from the cell membrane, are pushed through 
the cell wall by turgor pressure [107,108]. This process may be accompanied by proteases 
that partially “degrade” the cell wall allowing vesicles to pass through, but it is also possible 
that this protease-directed release forms a second, independent mechanism for release 
[109–112]. The third mechanism that has been described is based on the release of mem-
brane vesicles via ATP-gated protein channels [107,108]. 

In contrast to Gram-negative bacteria, there is hardly anything known regarding the mech-
anisms for the formation of vesicles by Gram-positive bacteria. Currently, there are only 
two factors known that can modulate the vesicle biogenesis. The first is the alternative 
transcription factor sigma factor B, that regulates the general stress response to nutrient 
starvation, heat-shock, and other environmental stressors such as exposure to ethanol 
[113]. One study reveals that sigma factor B is involved in the vesicle formation by Listeria 
monocytogenes by showing that mutants with deleted sigma factor B exhibit an increased 
vesicle shedding and shed vesicles with an aberrant morphology [114]. The second factor 
is virB, and for M. tuberculosis it has been shown that virB modulates the formation of 
membrane vesicles. VirB deletion was shown to affect the release of virulence factors 
such as LpqH, Rv1488, and Rv0383c by membrane vesicles [115].

2.4  Immunomodulation by membrane vesicles released upon infection
The release of membrane vesicles is a conserved way for intercellular communication and 
is utilized by both bacteria and host cells, and both vesicle populations are present upon 
infection (figure 2). How vesicles involved in the communication between host cells may 
promote pathogen clearance by mediating processes in innate and adaptive immunity, 
and how vesicles from pathogens contribute to virulence and promote bacterial invasion 
or niche occupation is discussed below. 
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FIGURE 2 Schematic overview of the release of membrane vesicles by bacteria and by the host 

during airway infection. The cell of origin and pathway for biogenesis determine the morphology 

which is in general highly similar for bacterial and host cell-derived vesicles. Host cell-derived 

membrane vesicles have been reported to contain cytokines such as IL-1β [116] and TNF-α [117] 

as well as bacterial components [73,74,118]. Bacterial membrane vesicles contain a plethora of 

components including factors involved in nutrient acquisition and virulence factors [69,103]. This 

figure was created using Servier Medical art. 

2.4.1 Immunomodulation by host cell membrane vesicles released during 
infection 
Since it was first recognized that B-cell-derived membrane vesicles carry functional MHC 
class II-peptide complexes, evidence on the involvement of extracellular vesicles in innate 
and adaptive immune processes has accumulated. Currently, it is well recognized that a 
broad range of physiological processes can be initiated, modulated, and directed by extra-
cellular vesicles. Communication by extracellular vesicles has mainly been investigated 
in relation to activation and modulation of innate immune responses and with regard to 
antigen presentation in adaptive immune responses. 

Vesicular activation of innate immunity has been shown to occur mainly by the activation 
of PRRs and has been investigated in many different contexts that involve inflammation 
or infection as reviewed by Schorey [119]. In this regard, vesicle-associated components 
include heat-shock proteins such as heat-shock protein 60, 70, and 90 and several 
pro-inflammatory cytokines including IL-1β and TNF-α [60,116,120]. Modulation of innate 
immunity can occur by vesicle-mediated transfer of cytokines, chemokines, and growth 
factors such as IL-6, IL-8, and vascular endothelial growth factor and transforming growth 
factor, as reviewed by Yáñez-Mó et al. [60].
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Membrane vesicle release following bacterial infection has been studied mostly in the 
context of intracellular pathogens such as Salmonella typhimurium, M. tuberculosis, and 
parasites such as Toxoplasma gondii [73,77,119,121]. Vesicles released upon such infec-
tion exert a strong pro-inflammatory potential, in vitro and in vivo and it has been shown 
that such vesicles released e.g. by infected macrophages contain several pathogen-de-
rived components (81,82,83,124,126,127). A closer examination of these vesicles indeed 
revealed that they can carry bacterial components such as glycopeptidolipids LAM and 
lipoproteins [75,77,124]. Therefore, it has been hypothesized that bacterial components 
are released in the phagosome, then transported through the endosomal compartments 
to the MVEs, where they are incorporated into the extracellular vesicles. A recent study 
by Athman and co-workers, however, shed new light on these observations by showing 
that during infection with M. tuberculosis both host cell and bacterial vesicles are being 
released. Markedly, they found that the bacterial components were predominantly present 
on the bacterial vesicles. Moreover, the vesicle population that demonstrated immunos-
timulatory potential was of bacterial origin. Yet, although this study strongly suggests that 
bacterial cargo is exclusively present on bacterial vesicles, it cannot be ruled out that 
bacterial components might end up on host cell-derived vesicles as well [77]. In this light 
another recent study demonstrated that ubiquitinated bacterial components are released 
in association with host cell vesicles and that inhibition of the ubiquitination machinery 
inhibits the release of membrane vesicle [76]. Therefore, it is not completely clear yet 
whether bacterial components can be incorporated into host cell vesicles and how host 
cell-related processes such as the ubiquitination machinery are involved in the formation 
and release of the bacterial vesicles. Other situations wherein pathogenic components 
have been found in association with vesicles were upon virus or parasitic infection. For 
example, vesicles that contained hepatitis C virus RNA were released upon plasmacytoid 
dendritic cell infection and Plasmodium yoelii-infected red blood cells were found to 
release exosomes that contained pathogen-derived proteins [125,126]. 

2.4.2 Immunomodulation by bacterial membrane vesicles released by respira-
tory pathogens during infection 
Immunomodulation by bacterial membrane vesicles is species dependent, therefore 
several key immunomodulatory properties of membrane vesicles from non-typeable H. 
influenzae, M. catarrhalis, S. pneumoniae, and P. aeruginosa are summarized in table 2 and 
will be addressed in this context. Ren et al. demonstrate the release of bacterial membrane 
vesicles during co-culture of non-typeable H. influenzae with airway epithelial cells and 
showed that these vesicles interacted with host cells [127]. Another study supported such 
an interaction between bacterial membrane vesicles and epithelial cells and established 
that upon vesicle internalization IL-8 and the antimicrobial peptide LL-37 were released 
[128]. Proteomic analysis showed that these membrane vesicles contained a wide variety 
of proteins including several prominent virulence factors including LOS and adhesins 
[128–130]. Moreover, it has been shown that membrane vesicles of H. (para-)influenzae 
directly interact with B-lymphocytes via the immunoglobulin D B-cell receptor resulting 
in B-cell proliferation and antibody production. These antibodies, however, were only 
able to recognize the membrane vesicles indicating that these vesicles can deflect anti-
body-dependent immune responses [131]. Extensive proteomic profiling of M. catarrhalis 
membrane vesicles revealed that these vesicles also contained a wide range of bacterial 
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proteins, including several virulence factors such as the ubiquitous surface proteins (USP) 
A1/A2 and the Moraxella IgG-binding protein (MID). Bacterial vesicles were found to inter-
act with TLR2 resulting in their uptake and consequently the release of pro-inflammatory 
cytokines such as IL-8 [105]. As with membrane vesicles of H. influenzae, M. catarrh-
alis-derived vesicles were also able to divert adaptive immunity by IgD B-cell receptor 
activation that i.e. resulted in the release of vesicle-directed IgM but not in the release 
of bacteria-directed IgG or IgA [132]. Together with Escherichia coli, P. aeruginosa is the 
most well-studied bacterial species in terms membrane vesicle release, and therefore 
studies on the physiological activity of these vesicles are manifold. Pseudomonas’ mem-
brane vesicles have been shown to carry many virulence factors including LPS, alginate, 
and phospholipase C [133,134]. Moreover, these membrane vesicles have been shown 
to induce the release of pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6, the 
chemokine IL-8, and the β-defensins HBD2 and HBD3 [135–138]. A recently discovered 
mechanism whereby membrane vesicles from P. aeruginosa can modulate inflammation 
is via the transfer of short RNA sequences to epithelial cells. RNAs transferred this way have 
been shown to inhibit the release of IL-8 [139]. A less well studied microorganism with 
respect to the release of bacterial membrane vesicles is S. pneumoniae. But as proteomic 
analysis of bacterial membrane vesicles released by S. pneumoniae revealed a wide range 
of bacterial proteins including virulence factors, it is highly likely that these vesicles also 
exert a plethora of immunomodulatory activities [70]. 

In summary, membrane vesicles released during infection can be both bacterial and host 
cell-derived. Host cell vesicles released in the context of inflammation and infection have 
been shown to exert a plethora of immuno-modulatory and stimulatory activities. Bacterial 
vesicles released during infection may promote bacterial invasion by the subversion or 
modulation of immune responses (e.g. by acting as decoys to escape from antimicrobial 
peptide attack), but can also aid in bacterial survival during niche occupation through the 
acquisition of pivotal nutrients.
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Species Virulence factor Action

Non-typeable H. 
influenzae

Outer membrane protein P5 [128] Aids in the adherence to mucosal surfaces [140–
143]and provides with resistance to classical and 
alternative complement-mediated killing [144]

Lipooligosaccharide [129] Implicated to trigger the release of IL-8 by epithelial 
cells [128]

OMVs in total [131] Generated B-cell proliferation via IgD BCR cross 
linking which resulted in the release of IgM and 
IgG, these immunoglobulins did not recognize H. 
influenzae bacteria [131]

β-lactamase [145] Promotes survival of group A streptococci by 
inactivation of amoxicillin [145]

Outer membrane protein P1 and 
P2 precursors [128]

Bind complement factor C3 in serum [146], OMP 
P2 aids colonization by interactions with mucin (as 
reviewed by [147])

Ubiquitous surface protein (Usp) 
A1/A2  [148,149]

Binds complement factor C3 in serum [148], UspA1 
is important for the adhesion to host cells and 
induces TLR2-dependent inflammatory responses 
of pulmonary epithelial cells [150]

M. catarrhalis β-lactamase [105] Promotes survival by inactivation of amoxicillin 
[105]

Lipooligosaccharide [105] Implicated in serum resistance [151] and adherence 
[152]

Moraxella immunoglobulin (Ig) D 
binding protein (MID) [149]

Binds IgD and functions as an adhesin by mediating 
attachment to lung epithelial cells [153,154]. 
OMV-associated MID also induces a non-specific 
immune response that fails to target M. catarrhalis 
itself [155]

CpG-DNA motifs [155] Interacts with TLR9 in B lymphocytes [132]

CopB [149] Surface receptor that binds host transferrin and 
lactoferrin [156]

Phospolipase C [157] Can cleave phosphatidylcholine in membrane of 
human erythrocytes [158]

P. aeruginosa Alkaline phosphatase [134] Important for packing and release of virulence 
factors [72]

CFTR-inhibitory factor (Cif) [159] Epoxide hydrolase activity and downregulates the 
cystic fibrosis transmembrane resistance regulator 
(CFTR) protein, which aids in the colonization of 
epithelial surfaces

Pseudomonas Quinolone Signal 
(PQS) and other quinolones/
quinolines [160]

Quinoline, regulates quorum sensing systems 
that intracelllular communication, downstream 
virulence gene expression and biofilm formation 
[161], quinolones/quinolines also exert bactericidal 
properties 

β-lactamase [162] β-lactamase promotes bacterial survival by 
inactivation of amoxicillin [145]

Peptidoglycan hydrolase [163] Autolysins (bacteriolytic activity)  [163,164]

A-band and B-band LPS [134] Aid in invasion and internalization and activate 
TLR-4 [165]

Pneumolysin  (Ply) [70] Pore forming toxin with several virulent activities (as 
reviewed by  [166])
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S. pneumoniae Ami-AliA/AliB permease [70] Involved in nasopharyngeal colonization (via an 

unknown mechanism) [167]

Maltose/maltodextrin ABC 
transporter, maltose/ 
maltodextrin-binding protein 
(MalX) [70]

MalX deletion mutants display a decreased 
virulence, is involved in the degradation of alfa 
glucans and is involved in colonization of host-
tissues [168]

Transmembrane protein PspA [70] Major virulence factor e.g. by functioning as an 
adhesin that aids bacterial attachment to the host 
(as reviewed by [169])

Transmembrane protein IgA 
protease [70]

Cleaves the Fc receptor from secreted IgA1, hereby 
preventing opsonophagocytosis. Cleaved IgA1 
fragments increase bacterial adherence [170]

1,4-β-N-acetylmuramidase 
(lysozyme, LytC) [70]

Autolysin and involved in bacterial colonization 
[171,172]

Elongation factor Tu (TUF)[70] Binds complement factor C3 and C3b and the 
complement inhibitors factor H and factor H like 
protein-1 [173]

Detailed proteomic analysis of membrane vesicle contents 

Non-typeable H. influenzae [129,174]

M. catarrhalis [149]

S. pneumoniae [133]

P. aeruginosa [70]

TABLE 2 Overview of proteomic studies and studies on virulence factors of membrane vesicles 

from common respiratory pathogens. 
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3. objectives and outline of this thesis 

The outcome of (respiratory) infections is determined by the interplay between bacteria 
and the host which involves the release of small soluble mediators as well as membrane 
vesicles. Membrane vesicles confer both the host and bacteria with a means to shape 
their environment to their advantage. Yet, the fact that membrane vesicles are shed by 
both bacteria and host cells simultaneously during infection, makes it highly complicated 
to study the relative contributions of both population in the overall process. 

To obtain a better insight in the release and functional properties of membrane vesicles 
shed upon respiratory infection, in this thesis, several studies were performed to assess the 
release of membrane vesicles by macrophages and by the common respiratory pathogens 
non-typeable H. influenzae, M. catarrhalis, S. pneumoniae, and P. aeruginosa. The central 
hypothesis which was studied in this thesis was that both bacterial and host cell-derived 
membrane vesicles released upon infection convey a physiological activity. The main 
focus of this thesis was to study the immuno-stimulatory and -modulatory properties of 
these different membrane vesicle populations and to establish how therapeutic agents 
might affect the shedding of these vesicles and the putative pro-inflammatory responses 
to these vesicles.

The biogenesis and release of membrane vesicles is a highly dynamic process that is 
sensitive to environmental factors. During infection, within the complex host environment 
there are numerous factors present that can affect this process either directly or indirectly. 
In chapter 2, the current consensus on the mechanisms for Gram-negative bacterial 
membrane vesicle formation is reviewed, thereby focussing on how these mechanisms 
are affected by host-associated factors. 

The release of membrane vesicles can occur both by bacteria and host cells during 
infection and currently there are no elegant ways to assess the release of bacterial mem-
brane vesicle populations within a mixed vesicle population. In chapter 3 we present a 
novel method for the semi-quantitative determination of bacterial membrane vesicles by 
bead-based flow-cytometry. In chapter 4, we studied the immuno-modulating properties 
of membrane vesicles released by host cells and bacteria during macrophage infection 
with the common respiratory pathogens non-typeable H. influenzae, M. catarrhalis, S. 
pneumoniae, and P. aeruginosa. In chapter 5 and chapter 6, respectively, we investigated 
if the corticosteroids fluticasone propionate and budesonide, the macrolide antibiotic 
azithromycin and N-acetyl-L-cysteine affect the release of, and response to bacterial and 
host cell membrane vesicles. Finally, in chapter 7 the overall spectrum and implications of 
the data presented in this thesis are discussed, as well as indications for further research 
concerning the role of membrane vesicles in infections in general and respiratory diseases 
in particular.
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abstract

Bacteria are confronted with a multitude of stressors when occupying niches within 
the host. These stressors originate from host defence mechanisms, other bacteria 
during niche competition or result from physiological challenges such as nutrient 
limitation. To counteract these stressors, bacteria have developed a stress-indu-
ced network to mount the adaptations required for survival. These stress-induced 
adaptations include the release of membrane vesicles from the bacterial enve-
lope. Membrane vesicles can provide bacteria with a plethora of immediate and 
ultimate benefits for coping with environmental stressors. This review addresses 
how membrane vesicles aid Gram-negative bacteria to cope with host-associa-
ted stress factors, focusing on vesicle biogenesis and the physiological functions. 
As many of the pathways, that drive vesicle biogenesis, confer we propose that 
shedding of membrane vesicles by Gram-negative bacteria entails an integrated 
part of general stress responses.
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“If you had to define stress, it would not be far off if you said it was the process of living. 
The process of living is the process of having stress and reacting to it.” Stanley J. Sarnoff. 

1. introduction

Being single cell organisms, bacteria are constantly exposed to a variety of stressors. During 
niche occupation within the host, stress can be caused by defence mechanisms (host-as-
sociated and/or bacterial) and by passive stress caused by the host physiology, e.g. due to 
a limited nutrient availability [1–5]. To cope with these stressors, bacteria have developed an 
integrated network of stress-induced pathways to mount adaptations that aid survival [6]. 
A frequently observed response to various stressors is the release of bacterial membrane 
vesicles from the cell envelope [7–9]. These nanosized (10-300nm) membrane vesicles are 
released from the envelope, consist of envelope lipids and proteins and contain periplasmic 
and cytoplasmic components. Membrane vesicles are implicated in many physiological 
and pathological processes as they can provide bacteria with means to acquire nutrients, 
aid in niche competition with other bacteria, provide protection against anti-bacterial com-
ponents, and act as carriers of virulence factors [8,10,11]. Despite its high physiological 
relevance, only few studies have addressed the kinetics and physiological activity of mem-
brane vesicles directly in the context of infection. Hence, it remains poorly understood 
how bacteria utilize membrane vesicles to cope with the host environment. In this review, 
we address the question how membrane vesicles aid Gram-negative bacteria to endure 
host-associated stressors. To get a better insight in this, the following three questions will be 
addressed: 1) what are the processes involved in vesicle biogenesis, 2) how are these pro-
cesses triggered by host-associated factors, and 3) how can membrane vesicles contribute 
to the mechanisms which are being used by bacteria to deal with host-associated stressors. 



Chapter 2

42

2. biogenesis of membrane vesicles by gram-negative bacteria

Membrane vesicles are released from the bacterial envelope. Factors that compromise 
mechanisms for envelope maintenance, e.g. by affecting protein or lipid transport, are 
known to drive the formation of membrane vesicles (as reviewed in [8]. As is shown in 
figure 1, the Gram-negative envelope is composed of an inner glycerophospholipid bilayer, 
a peptidoglycan layer, and an outer membrane composed of a glycerophospholipid and 
a lipooligosaccharide layer. The space that separates the outer and inner membrane is 
termed the periplasmic space [12,13]. The mechanisms responsible for membrane vesicle 
biogenesis can be categorized into three models. 
•	Model A proposes that vesicle formation is triggered when mechanisms for the main-

tenance of lipid asymmetry are compromised (Fig. 1 Model A). 
•	Model B implies that membrane vesicle formation is induced by the accumulation of 

misfolded or unfolded proteins in the outer membrane (Fig. 1 Model B). 
•	Model C entails that membrane vesicles are formed because of lipopolysaccharide 

(LPS) modifications induced by intrinsic and extrinsic factors (Fig. 1 Model C). 
The most important aspects of these models will be covered in the following paragraphs, 
as a starting point to assess how vesicle biogenesis is affected by host-associated factors. 

2.1 Model A: vesicle biogenesis induced by a compromised maintenance of 
envelope lipid asymmetry 
Envelope stability is established by carefully organized lipid interactions and the mainte-
nance of envelope lipid asymmetry [12,13]. These interactions take place between lipids 
of the outer membrane and the peptidoglycan layer, the peptidoglycan layer and the 
Tol-Pal complex, and the peptidoglycan layer and outer membrane proteins (Omps) such 
as Omp A and Braun’s lipoprotein (lpp), as is shown in figure 1. Modifications which 
affect lipid interactions in the envelope will result in the release of membrane vesicles as 
has been demonstrated elegantly by Deatherage et al. in Salmonella typhimurium [14]. 
Moreover, they demonstrated that modifications, which reduce the number of outer 
membrane-peptidoglycan interactions during division, lead to an increased membrane 
vesicle formation [14]. Also, decreased interactions between membrane lipids and pepti-
doglycan-associated proteins in the envelope have been shown to increase vesiculation. 
This is supported by several lines of evidence. First, the deletion of genes that encode 
either one of the peptidoglycan-associated proteins Oprl (the homologue of lpp), OmpA, 
Pal or TolA in Pseudomonas aeruginosa resulted an increased vesicle formation [15,16]. 
Similarly, TolA, TolQ, and Tol/Pal deletion mutants of Escherichia coli are characterized 
by an increased vesicle formation [17–19]. Moreover, OmpA deletion mutants of E. coli, 
Salmonella spp., Vibrio cholera , and Acinobacter baumanni also show an increased 
vesicle release [14,20–22].  
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Other factors that have been shown to be involved in the maintenance of the envelope 
lipid asymmetry are components of ABC-transporters such as the VacJ/YrbC-transporter 
[12]. Recently, it has been shown in a study by Roier et al. that deletion or downregu-
lation of the VacJ/YrbC-ABC transporter results in the formation of membrane vesicles 
by Haemophilus influenzae and V. cholerae [23]. For E. coli, this VacJ/YrbC-transporter 
homologue is known as the Mla (Maintance of outer membrane lipid asymmetry) trans-
porter [24]. Studies on E. coli mutants with deletions in genes that encode Mla pathway 
proteins confirm that this transporter is involved in the formation of membrane vesicles 
[23]. Further evidence that a compromised functionality of this transporter enhances 
vesiculation is provided by Martorana et al. who showed that deletion or repression of 
components of the Mla transporter results in outer membrane phospholipid accumulation 
[25], which is a well-known inducer for vesicle formation [8,23]. 

2.2 Model B: vesicle biogenesis induced by accumulated envelope compo-
nents and extra-cytoplasmic stress responses 
Extra-cytoplasmic stress responses collectively describe mechanisms which respond to 
stress in systems located in the cell envelope, but outside the cytoplasm [6,26]. To date, 
three important stress responses have been shown to affect the release of membrane ves-
icles: 1) the sigma factor E (σE) response, 2) the two-component regulator Cpx response, 
and 3) the phage shock response [27]. 

The σE and Cpx pathways, which are both activated by misfolded outer membrane pro-
teins, generally contribute to bacterial pathogenesis and are required for the generation 
of resistance to a wide variety of stressors [6]. Genes under the control of σE and Cpx 
partially overlap and encode proteins that are involved in the degradation and folding 
of envelope polypeptides (e.g. proteases and chaperones) and proteins involved in the 
formation and modulation of LPS. For the σE pathway, impairments have been shown to 
result in the accumulation of misfolded outer membrane proteins and an increased vesicle 
release. This was observed for E. coli and P. aeruginosa where mutations in RpoE (which 
encodes the σE) and AlgU (that encodes the P. aeruginosa σE homologue, sigma factor H) 
promoted vesicle release [27,28]. In E. coli, increased vesiculation was also observed upon 
deletion of the periplasmic sensor proteases RseA, DegS, and RseP which are involved 
in the recognition of unfolded/misfolded or accumulated free outer membrane proteins 
[29–32]. Other important components of the σE pathway are the protease/chaperone pro-
teins known as DegP (E. coli) and MucD (P. aeruginosa). DegP and MucD mutants strains 
proved unable to control the amount of unfolded membrane proteins and exhibited an 
increased vesiculation [27,33,34]. 

Vesicle formation is also affected by the Cpx stress response in a similar fashion as the 
σE response as deletion mutants of Cpx showed an increased vesicle formation which 
implies this pathway inhibits processes that induce vesiculation [27]. 

The release of membrane vesicles can also be affected by other extra-cytoplasmic stress 
responses such as the phage shock response that confers protection against e.g. hydro-
phobic organic solvents, ethanol, high temperature, a high pH, and phage infection [6]. 
For example, exposure of S. typhimurium to 10% ethanol or E. coli to an increased tem-
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peratures or T4-bacteriophage infection have all been shown to lead to increased vesicle 
release [27,35,36].

To conclude model B proposes a model for vesiculation in response to stressors that 
induce the accumulation of envelope components and/or as a consequence of inade-
quate coping with extra-cytoplasmic stress responses leading to accumulated envelope 
components.   

2.3 Model C: vesicle biogenesis induced by factors that interact with or induce 
LPS modifications
The stability of the outer membrane is critically determined by interactions between LPS 
molecules on the surface of the outer membrane. The number and strength of these 
LPS-LPS interactions relies on the structure of LPS. Typically, LPS is composed of three 
domains: 1) lipid A that is anchored in the outer membrane, 2) the core domain that is 
linked to lipid A by the 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo), and 3) the O-anti-
gen (see Fig. 1 Model C). The core domain and O-antigen protrude into the extracellular 
environment. 

LPS-LPS interactions are based on salt bridges formed by cations (e.g. Mg2+ and Ca2+) 
between the terminal phosphates located at the lipid A domain, and anionic sites on the 
core region of LPS [37]. External factors that affect these salt bridges and the LPS pheno-
type or conformation have been shown to affect the vesicle production. It has been posed 
that the mechanism by which this occurs depends on an increased membrane bending 
as the result of a) charge repulsion between two LPS moieties [28,38,39] and/or b) the 
incorporation of certain external factors into the outer membrane [39,40]. 
Charge repulsion depends on the orientation and composition of LPS (e.g. lipid A phos-
phorylation status and composition of the O-antigen) and can be neutralized by the 
formation of salt bridges [39,41]. Moreover, the acylation status can also affect the release 
of membrane vesicles. Elhenawy et al. proposed that this is mediated by the conforma-
tional change of LPS from cone-shaped towards a more cylindrical shape. Consequently, 
the negative charged groups (e.g., the phosphate groups on lipid A) are then brought in 
a closer proximity, resulting in charge repulsion and increased membrane bending [42]. 
The factors that have been shown to induce the vesiculation as well as the consequences 
of the LPS/LOS composition will be discussed below in more detail. 

External factors that act on LPS are cationic antimicrobial peptides and cations such as 
Mg2+. The cationic antimicrobial peptides will be addressed in the paragraph on antimi-
crobial peptide-induced vesicle release (vide infra). Cations like Mg2+ have been shown 
to support the stability of outer membrane and addition of MgCl

2
 to E. coli cultures was 

found to repress the production of membrane vesicles [43]. Moreover, it has been shown 
that the LPS phenotype has a major impact on the formation of membrane vesicles. For P. 
aeruginosa, it has been shown that there are two types of LPS expressed, namely a short 
form (A-band LPS) and a longer form (B-band LPS) that has a high negative charge. This 
length and charge are determined by the O-antigen [44]. Strikingly, only the B-band LPS 
was found to be present in naturally formed membrane vesicles. Furthermore, P. aerug-
inosa strains that only expressed the A-band LPS showed a diminished vesicle release 
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[45]. For S. typhimurium and E. coli it has been shown that LPS lipid A modifications are 
controlled by the two-component system PhoPQ [46,47]. This PhoPQ system is conserved 
in many Gram-negative bacterial species and senses low extracellular levels of Mg2+ and 
antimicrobial peptides such as polymyxin B (as reviewed by Groisman [47]). Direct evi-
dence for the involvement of PhoPQ in vesicle biogenesis was provided by studies that 
demonstrated an increased vesicle formation by S. typhimurium and E. coli strains which 
overexpress the PhoPQ-induced components PagL and PagC (enzymes that de-acylate 
lipid A), respectively [42,48]. Importantly, this was shown to occur independently of the 
σe and Cpx stress responses [42].

An extensive assessment of the outer membrane vesicle release by E. coli identified many 
enzymes of the LPS biogenesis pathway to be involved in the formation of membrane 
vesicles [49]. Several studies show an increased vesiculation on PagL overexpression: PagL 
is known to remove a secondary acyl group from the 3th position [42,50–52]. This is in 
line with the proposed model that the de-acylation pattern of lipid A alters the orientation 
of lipid A, which results in an increased membrane curvature [42,53,54]. However, as 
was suggested by Elhenawy et al., conditions that result in activation of PagL by PhoPQ 
perhaps also lead to the activation of other lipid A modifying enzymes. So, although 
de-acylation itself can result in an increased membrane vesicle release, it is possible that 
these effects are cancelled-out by other lipid A modifications. Moreover, de-acylated lipid 
A (LpxM deletion mutants) or monophosphorylated penta-acylated mutants (LpxM/LpxF 
double deletions mutants) did not show or only showed a slightly increased vesiculation 
as compared to wild-type bacteria ([55,56] and personal communication with Dr. SH. Kim 
and Prof. M. DeLisa, respectively). 

Bacteria can modulate their LPS in response to their environment, which include changes 
in temperature, pH, MgCl

2
, NaCl, phosphate, sucrose concentrations, oxygen stress, and 

exposure to antimicrobial peptides [13,57–60]. Moreover, LPS modifications can also result 
from the activation of other pathways that affect vesiculation, such as a compromised 
functioning of the Tol-Pal system or ABC transporters as these mechanisms are involved 
in the biogenesis and/or transport of lipopolysaccharide components [17,61,62]. There-
fore, it will be highly relevant to determine how the bacterial “vesiculation” phenotype 
is shaped by the environment, not only with a focus on the LPS phenotype but also on 
outer membrane characteristics that comprise the accumulation of misfolded proteins 
and the maintenance of the lipid asymmetry.  
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3. bacterial vesicle release in response to host-associated 
environmental factors 

The previous paragraphs summarised various studies in which deletion mutants were 
used to provide insights in processes at the bacterial envelope that drive the formation 
of membrane vesicles. The next step will be to determine how this can be integrated 
into physiological conditions. Essential progress is made by studies that performed tran-
scriptome analysis of bacteria upon exposure to environmental stressors that are known 
to induce the release of membrane vesicles. When gene expression profiles of Neisse-
ria meningitidis in response to several stressors were assessed, high resemblance was 
observed between the gene expression profiles of cysteine-deprived bacteria, bacteria 
exposed to oxidative stress, heat shock or iron depletion, and bacteria during interaction 
with host-cells [63]. This indicates that pathways induced by these stressors congregate 
and that the formation of outer membrane vesicles can form an integrated part of general 
stress responses. In the following paragraphs, we will address how host-related factors 
such as nutrient availability and antibacterial components affect the membrane vesicle 
release (summarized in table 1). 

3.1 Nutrient deprivation 
A study by van de Waterbeemd et al. demonstrated that cysteine depletion induces growth 
phase transition from the logarithmic into the stationary phase and that this results in an 
upregulation of genes related to oxidative stress including the iron-sulphur cluster, metal ion 
uptake, and stress [63]. Based on this, the authors proposed that cysteine depletion impairs 
the sulphur supply required to produce iron-sulphur complexes and that this results in oxi-
dative stress and the formation of membrane vesicles. Nutrient depletion in general causes 
oxidative stress which results in the  induction of extra-cytoplasmic stress responses (Model 
B)[6]. It is possible that oxidative stress affects membrane vesicle formation by modulation 
of the LPS biosynthesis (Model C) as the oxidative stress induced genes OxyR and SoxRS 
[64] were found to induce the expression of genes involved in lipid A and peptidoglycan 
biosynthesis, metal ion transport, and amino-acid biosynthesis [65]. Moreover, it was found 
that iron-limiting conditions induce an increased vesicle biogenesis by downregulating the 
VacJ/Yrb components of the VacJ/Yrb ABC transporter [23]. Thus, nutrient deprivation can 
also affect processes involved in the maintenance of the lipid asymmetry (Model A). Oxi-
dative stress is also induced by other physiological conditions than nutrient deprivation, 
therefore vesiculation induced by oxidative stress will be discussed in more detail in the 
section on physiological stressors. Whether environmental stressors trigger one common 
mechanism for membrane vesicle formation or whether there are different processes on 
the membrane that account for vesicle formation is still largely unknown. 

3.2 Antimicrobial peptides and antibiotics 
Increased membrane vesicle formation in response to antimicrobial peptides and anti-
biotics is a well-described phenomenon. The antimicrobial peptides are classified and 
addressed here as bacteria-derived (i.e. quinolines, quinolones, and polymyxins: cationic 
antibiotics produced by Paenibacillus polymyxa), host-associated (i.e. lysozyme), or cat-
ionic antibiotics (i.e. aminoglycosides). Generally, the peptides and the antibiotics that 
trigger the formation of membrane vesicles have been shown to be cell envelope-di-
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rected, to induce the SOS response (oxidative stress), to alter the LPS structure, or a 
combination of the above [66]. Therefore, they can trigger the vesicle formation by one of 
the three models described above (A: lipid asymmetry maintenance, B: extra-cytoplasmic 
stress responses or C: LPS modification). 

Bacteria-derived antimicrobial peptides, that have been shown to induce the release of 
membrane vesicles, are quinolones, quinolines, and polymyxins. Quinolones and quinolines 
are part of the quorum sensing system which allows bacteria to communicate and coordi-
nate group actions. The antimicrobial quinoline PQS is the most important quorum sensing 
signal of P. aeruginosa and a potent inducer of membrane vesicle formation [39,67,68]. 
Interestingly, it has been demonstrated that PQS can induce its own release and the release 
of other quinolines and quinolones in a membrane vesicle-mediated way [69]. It seems likely 
that these signalling molecules can subsequently also trigger the release of additional/other 
membrane vesicles as several quinolones are structurally similar to PQS [70–72]. Despite this 
high similarity, at present only PQS is known to trigger the release of membrane vesicles 
and PQS was required and sufficient for membrane vesicle formation [73]. The mechanism 
behind this PQS-induced formation of membrane vesicles depends on the interaction of 
PQS with the lipid A region of LPS. The current hypothesis is that it increases the formation 
of membrane vesicles by disrupting the Mg2+ and Ca2+ salt bridges between the LPS mole-
cules and by insertion into the outer membrane [28,40]. Although PQS is only produced by 
P. aeruginosa were it forms an intrinsic factor that stimulates the formation of membrane 
vesicles [39,69], it has been demonstrated that exogenously added PQS can also serve as 
an extrinsic factor for the formation of membrane vesicles by other Gram-negative bacteria 
[39,43,73]. Moreover, it also has to be noted that PQS can induce the formation of mem-
brane vesicles by Gram-positive bacteria and even red blood cells, suggesting that PQS can 
also induce the release of membrane vesicles by alternative mechanisms [40,43]. 

Polymyxin B and colistin are bacterial antimicrobial peptides that target the outer mem-
brane by replacing Mg2+ and Ca2+ cations thereby destabilizing LPS-LPS bonds [74]. As 
indicated earlier, such destabilisation is a well-known stimulus for vesicle release. In line 
with this, MacDonald et al. reported that treatment of P. aeruginosa with polymyxin B 
resulted in an increased vesicle release [75]. Also, the exposure of E. coli to polymyxin B 
and colistin enhanced the membrane vesicle release [76]. Importantly, host-associated 
environmental factors may also determine the sensitivity to vesiculation for example by the 
activation of two-component regulators. The most prominent two-component regulator 
by which this has been shown to occur is PhoPQ [77]. As mentioned earlier binding of 
antimicrobial peptides by S. typhimurium and E. coli can be sensed by the PhoPQ and 
PhoPQ deletion mutants show an increased sensitivity to antimicrobial peptides [46,78,79]. 
Moreover, it was shown for S. typhimurium that low Mg2+ levels activate PhoPQ which was 
consequently found to promote resistance to these peptides [46,47,80]. Although, as the 
body’s divalent cation levels are as high as 1-2 mM, it was thought that this system was not 
induced in the host [81]. A study based on S. typhimurium showed that high cation levels 
repress the PhoPQ system and that antimicrobial peptides, even in the presence of these 
cations, induce an activation [82]. Moreover, for P. aeruginosa it has been shown that this 
PhoPQ system is upregulated on contact with epithelial cells (within the presence of cati-
ons) and that this resulted in PhoPQ dependent modifications of lipid A [83]. To conclude, 
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the host environment can result in the upregulation of PhoPQ and PagL dependent lipid 
A modifications leading to a decreased susceptibility to antimicrobial peptides. Although 
no direct link between vesiculation and host environment upregulation of PhoPQ has 
been made, it is tempting to speculate that the host environment can hereby affect the 
sensitivity to vesiculation.   

At present the best studied host-associated antimicrobial peptide involved in membrane 
vesicles release is lysozyme. Lysozyme is released among others by epithelial cells and is 
found within the phagosome of phagocytes where it aids in bacterial degradation. Several 
studies have shown that exposure of P. aeruginosa and Francisella novicida to lysozyme 
not only results in cell lysis but also in the release of outer membrane vesicles. It acts as 
an antimicrobial substance by mimicking cationic antimicrobial peptides by its enzymatic 
muramidase activity [84,85]. As a muramidase, it interacts with the peptidoglycan structure 
and hydrolyses the glycosidic bond between the N-acetylmuramic acid and N-acetyl-
glucosamine residues of the peptidoglycan backbone. Additionally, lysozymes’ cationic 
peptide can also disrupt the outer membrane [71,86]. And although there is currently no 
consensus on the mechanism by which this occurs, it has been suggested that lysozyme 
induces the release of membrane vesicles in a similar fashion as gentamicin by the dis-
ruption of LPS-LPS bonds, as will be described below [85]. 

Several antibiotics, like gentamicin, amikacin, ciprofloxacin, mitomycin C and D-cycloserin 
have also been shown to induce vesicle formation. Gentamicin is known to inhibit the 
bacterial protein synthesis and the consensus is that it gains access to the cell via holes 
in the outer membrane that are created by membrane destabilization. This membrane 
destabilization occurs when gentamicin binds sites on LPS that are normally occupied 
by the Mg2+ and Ca2+ cations. This subsequently destabilizes the salt bridges between the 
LPS molecules resulting in disruptions of the outer membrane and results in an increased 
vesicle formation [87]. Moreover, treatment with another aminoglycoside amikacin has 
also been shown to induce vesiculation as it triggers the formation of blebs on the outer 
membrane by destabilization of LPS-LPS bonds [88]. Treatment of P. aeruginosa with 
ciprofloxacin, an antibiotic that leads to DNA damage and the activation of the SOS 
stress response, also enhanced the release of membrane vesicles [89]. This SOS stress 
response was required for the vesicle release as a mutant strain deficient in a protein crit-
ical for the induction of this stress response, showed a compromised vesicle release. A 
similar phenomenon is observed for several other antibiotics including mitomycin C and 
D-cycloserin. Mitomycin C is also thought to activate the SOS stress response in Shigella 
dysenteriae and has been shown to induce vesiculation [90–92]. 

Bacterial modification of the outer membrane in response to environmental factors such 
as antimicrobial peptides is an important strategy for survival. For example, a lipid A de-ac-
ylation is known to lead to a decreased susceptibility to cationic antimicrobial peptides. 
Also, some commensal bacteria that express the lipid A phosphatase LpxF displayed an 
enhanced resistance to antimicrobial peptides [93,94]. Therefore, to fully understand how 
environmental factors affect the release of membrane vesicles, it will be of the essence 
to link how bacterial modification of the outer membrane associates with the release of 
membrane vesicles.   
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3.3 Physiological stressors
Besides the stressors mentioned above, it has been reported that physiological barriers 
such as oxidative stress, temperature, and oxygen tension can trigger stress responses 
and the release of bacterial membrane vesicles. 
 
Oxidative stress has been shown to be a potent inducer of membrane vesicle release as 
hydrogen peroxide triggered the membrane vesicle release from N. meningitis [95] and P. 
aeruginosa [67]. As was mentioned above in the paragraph on nutrient deprivation, the exact 
mechanism behind this is still unclear. Yet it is known that oxidative stress, caused e.g. by 
the release of reactive oxygen species by host immune cells [96], can trigger the extra-cy-
toplasmic stress response and may affect the biogenesis of LPS. Also, it is well-known that 
changes in temperature can alter the lipid composition and thereby affect the release of 
membrane vesicles (94). This has been shown to occur in a species-dependent manner [6]. 
For example, in E. coli exposure to increasing temperatures increased vesiculation [27], while 
in P. aeruginosa the release of membrane vesicles was not affected by changes in temper-
ature, although the composition of the vesicles changed under these conditions [60,67]. 

Another important factor that can affect the release of outer membrane vesicles is oxygen 
stress. Sabra et al. show that oxygen limitation markedly reduced the release of extracel-
lular proteins by P. aeruginosa [97]. In contrast, increased oxygen tension enhanced the 
vesicle release and the vesicle B-band LPS content of the vesicles [57]. 

3.4 Other host-associated factors  
Finally, it has been reported that neuropeptides can also trigger the release of bacterial 
membrane vesicles which has been demonstrated for Salmonella enterica serovar Typhi 
upon exposure to norepinephrine [98]. As norepinephrine is already known to increase 
bacterial pathogenicity including by the enhancement of bacterial adhesion, motility and 
toxin release [99–103], it is possible that the release of membrane vesicles in response to 
norepinephrine contributes to this pathogenicity. Bacteria mostly come in contact with 
epinephrine and norepinephrine in the bloodstream and in the gut respectively [104,105], 
but it also has been shown that macrophages produce these peptides [106]. 
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4. physiological roles of bacterial membrane vesicles 

During exposure to acute or chronic environmental stressors, early sensing of and adap-
tation to these stressors are key for bacterial survival. The release of membrane vesicles 
has been shown to be sensitive to various stressors that can be encountered during 
infection as part of the host response or during niche occupation. In the next section, 
we will discuss several ways how bacterial membrane vesicles can provide bacteria with 
a competitive advantage when exposed to acute and chronic host-associated stressors. 

4.1 Protection against innate and adaptive immunity 
Bacterial invasion of the host initiates an immune response that generally involves the 
innate immune and complement system and may engage the adaptive immune system 
[76]. The physiological activity of membrane vesicles in this respect either consists of 
providing direct protection or by suppression of the immune response. An example of 
bacterial membrane vesicle-mediated protection against host factors is the protection 
of Porphyromonas gingivalis and Neisseria gonorrhoeae from human serum which was 
established by absorption of bactericidal factors [111–113]. Moreover, it has been demon-
strated for a variety of bacteria that their membrane vesicles can also protect against 
complement [114]. For example, protection against complement factor C3 can be medi-
ated by the outer membrane protein P5, which can be found in membrane vesicles 
from H. influenzae [115,116]. Protection against complement factor C3 has also been 
demonstrated for lipooligosaccharide and ubiquitous surface protein Usp A1/A2 on M. 
catarrhalis vesicles [114,117], and IgG binding protein SbI on vesicles from S. aureus [118]. 
Moreover, Vidakovics et al. demonstrated that M. catarrhalis also utilizes membrane ves-
icles to escape from adaptive immunity. This study shows that membrane vesicles can 
directly prevent the uptake and destruction of M. catarrhalis by tonsillar B cells and that 
this occurs in a super antigen MID dependent fashion [119].

It is well-known that bacteria suppress the immune response by modifying the LPS lipid 
A composition towards a less immunogenic or immunosilent form to promote bacterial 
survival during host niche occupation or invasion  [120,121]. Interestingly, there seems to 
be a link between the LPS alterations that lead to this reduced immunogenicity and the 
release of membrane vesicles. The consequences for the physiological activity will be 
discussed below.  

LPS is a major constituent of the bacterial envelope and of membrane vesicles. The 
structure of LPS critically determines whether it can be considered a virulence factor/toxin 
or whether is involved in the establishment and maintenance of immune homeostasis 
[37,122–124]. Important herein are the number of acyl chains and the phosphate groups 
on the lipid-A region of LPS. Hexa-acylated lipid A is known to exert the strongest agonistic 
activity and penta- or tetra-acylated in general have a lower agonistic activity but may even 
have an antagonistic activity [125]. 

It has been shown that both the background as well as the environment are determinants 
for the structure of the LPS [37,126–129]. S. typhimurium mutants that over-express PagL 
exhibit a phenotype that is characterized by an increased production of vesicles which 
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are highly enriched in de-acylated lipid A [42]. Although it was not tested in this study, it is 
highly likely that the acylation phenotype has consequences for the immunogenicity of 
these vesicles, as de-acylated lipid A has strongly reduced immunostimulatory properties 
[52,130]. Besides the acylation pattern, the phosphate groups on lipid A also determine the 
immunogenicity of LPS [125]. Most lipid A structures contain two phosphate groups, which 
facilitate cation bridges and determine the stability of the outer membrane by facilitating 
these LPS-LPS bonds [39,71,131]. But as these groups also render bacteria susceptible to 
cationic antimicrobial peptides, a deletion or loss can therefore protect bacteria from 
these peptides. A deletion or loss of phosphate groups has also been shown to weaken 
the agonistic properties of LPS [93,126,132,133]. At present it is  known that 4’dephospho-
rylated-penta-acylated lipid A under natural conditions only leads to a slightly increased 
vesiculation (as was described above in ‘Model C’) ([55,56], and personal communication 
Dr. SH.Kim and Prof. M. DeLisa, respectively).

This is also reflected by the LPS phenotype of commensals. To achieve intestinal immune 
homeostasis a microbiota composition that is characterized by a low LPS endotoxicity is 
required [93,125,134,135]. A highly relevant study in this context is a study by Cullen et al. 
that shows that intestinal commensal bacteria accomplish this by LpxF mediated lipid A 
dephosphorylation [93]. Mass-spectrometric analysis established that the lipid A of human 
gut bacteria typically is 4’dephosphorylated-penta-acylated [93]. That this is reflected in 
lipid A composition of membrane vesicles from commensals is supported by a study by 
Elhenawy et al. which demonstrates that membrane vesicles from the common human 
gut commensal Bacteroides thetaoitaomicron were characterized by a 4’dephospho-
rylated penta-acylated lipid A moiety [136]. This implies a similar LPS phenotype for the 
outer membrane and outer membrane vesicles. Finally, it is key to mention that this lipid A 
phenotype also renders a phenotype that is highly resistant to cationic microbial peptides, 
suggesting that this phenotype may also affect the susceptibility to antimicrobial peptide 
induced vesiculation. 

As membrane vesicles which contain a less immunogenic LPS may have therapeutic vac-
cine potential, the immune responses to these “detoxified” membrane vesicles have been 
studied extensively [13,137]. Studies have shown that  membrane vesicles with penta-/ 
tetra-acylated and/or mono-/dephosphorylated LPS are characterized by a reduced tox-
icity (as compared to hexa-acylated bisphosphorylated LPS) [55,137–140].  An elegant 
study by Kang et al. demonstrated that this may also have implication for regulation of 
immunity by commensals. This study, that characterized both the gut microbiome and 
the vesicle composition, showed that not all commensals release membrane vesicles 
and that the release of these vesicles predominantly occurs by bacteria that fall under 
the genera Bacteroidetes, Akkermansia, and Bifidobacteria. But more importantly they 
also show that membrane vesicles from the commensal Akkermansia muciniphila can 
provide protection against inflammation induced by E. coli-derived membrane vesicles 
and against DSS-induced colitis [141].  

To conclude, structural alterations such as a decreased lipid A acylation or the loss of 
phosphate groups may render a phenotype that releases vesicles with weaker agonistic or 
even antagonistic properties that may serve to protect from immune recognition. Future 
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research will be required 1) to assess the vesicle release by commensals and pathogens 
and 2) to determine whether vesicles from commensals are more immunoquiescent in 
character.   

4.2 Protection from antimicrobial peptides and antibiotics
Within the host niche there may be a high level of competition amongst bacteria, and 
bacteria have adopted various strategies which aid in this competition. The release of 
bacterial antimicrobial peptides (bacteriocins), including quinolones and quinolines is one 
of them. As was mentioned above, the quinoline PQS is a potent inducer for the formation 
of membrane vesicles [142]. As PQS is known for its bacteriolytic properties, it has been 
suggested that PQS binding triggers the formation of membrane vesicles to ‘shake off’ 
PQS and other bacteriocins to prevent further damage. Although little is known on how 
membrane vesicle directly protect bacteria from the harmful effects of antimicrobial pep-
tides, this theory is supported by data presented by Marsland and colleagues who showed 
that upon the addition of the PQS, 60-80% of this peptide was immediately removed by 
membrane vesicle formation [73].  

Direct membrane vesicle-mediated protection against antimicrobial peptides and anti-
biotics has been demonstrated for polymyxin B and colistin [28,76]. Manning et al. 
demonstrated that treatment of E. coli with polymyxin B and colistin induced the release of 
membrane vesicles which subsequently protected bacteria by adsorption of the peptides 
[76]. As it has been reported that antimicrobial peptides can bind the lipid A region of LPS it 
is highly likely that this adsorption occurs by the binding to membrane vesicle-associated 
LPS [5,125]. This is supported by the finding that vesicles from the E. coli ETEC strain, which 
contains an altered LPS structure rendering it resistance to polymyxin B, were unable to 
provide polymyxin B-sensitive strains with membrane vesicle-dependent protection [76]. 
Bacterial vesicles can also transfer enzymes which protect against antibiotics as has been 
shown in a study by Schaar et al. [143]. They showed that exposure of M. catarrhalis to 
amoxicillin induces the release of β-lactamase-containing membrane vesicles that yielded 
protection against amoxicillin. The packing of β-lactamase into membrane vesicles was 
also observed for P. aeruginosa and Streptococcus aureus [143–145]. 

To conclude, at present it is recognized that membrane vesicles can provide protection 
against several antimicrobial peptides and antibiotics. 

4.3 Nutrient acquisition
Besides active defence strategies there are also other properties of MVs membrane vesi-
cles that contribute to bacterial survival and overcome host defence strategies to prevent 
bacterial niche occupation. A potent host strategy herein is the creation of an environment 
devoid of crucial nutrients such as iron. In response, bacteria have developed several 
ways to obtain iron from their environment (as reviewed by Schaible et al. [146]). How-
ever, as discussed before, iron and cysteine starvation are two well-known factors that 
trigger bacterial membrane vesicle release. Interestingly, there is compelling evidence 
demonstrating that membrane vesicles can contain factors (e.g. siderophores) that can 
bind iron and aid in the acquisition of iron. Membrane vesicles of N. meningitis have been 
shown to carry proteins for iron binding and uptake [147]. The presence of several proteins 



 55

Gram-negative bacterial membrane vesicle release in the host-environment

2

involved in the acquisition of iron has also been demonstrated for Moraxella membrane 
vesicles and these vesicles have been found to carry i.e. transferrin-binding protein B and 
CopB [148,149]. Moreover, P. gingivalis-derived membrane vesicles have been shown to 
contain the heme binding protein FetB and several gingipains which are also involved in 
iron acquisition [150]. The release of siderophore-containing membrane vesicles has been 
demonstrated for Klebsiella pneumoniae, P. aeruginosa and Mycobacterium tuberculosis 
[151–153]. 
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5. conclusion: different threats, same trick

Bacteria are constantly exposed to a variety of stressors and many of them are now 
known to trigger the release of membrane vesicles from the outer membrane. Although 
mechanisms behind the membrane vesicle biogenesis are more and more understood, 
a general notion on the position of membrane vesicles in stress responses still needs to 
be unravelled. Yet, it is becoming clear that there are several aspects in the mechanisms 
for biogenesis which are common. An elegant example hereof that was addressed in this 
review, is a recent study by Roier et al. that reveals a mechanism for the membrane vesi-
cle biogenesis that is highly conserved among Gram-negative bacteria. This mechanism 
depends on the VacJ/YrbC ABC transporter and was found to be sensitive to iron deple-
tion [23]. Another prominent example of a highly-conserved mechanism for the release 
of membrane vesicles is the modification of LPS and the release of membrane vesicles 
in response to environmental factors that bind LPS. 

From a physiological perspective, membrane vesicles can aid in the acquisition of nutrients 
but also serve to protect from antimicrobial peptides, antibiotics, and innate and adaptive 
immune attacks. Protection from antimicrobial peptides is provided in two ways. Directly, 
when these peptides bind the bacterial outer membrane, the formation of membrane ves-
icles enables bacteria to ‘shake off’ threatening antimicrobial peptides to prevent further 
damage. Released membrane vesicles can act as decoys and provide further protection 
against these peptides. Finally, the structure of LPS is not static, but subject to constant 
remodelling and bacteria can modulate their LPS in response to environmental changes. 
Bacteria that modulate their LPS towards a less pro-inflammatory form also have been 
shown to release membrane vesicles with diminished pro-inflammatory characteristics. 
Moreover, it has been shown that membrane vesicles can provide as decoys to escape 
innate and adaptive immune responses. Hereby membrane vesicles may also help bacteria 
to shape their environment.

There is substantial evidence that indicates there is a high similarity between the different 
stress response pathways that are induced by environmental stressors like nutrient stress, 
oxidative stress, and interaction with the host [49,95]. An improved insight on how these 
stress responses affect the bacterial vesiculation phenotype as well as how they affect 
the composition and immunogenicity of the vesicles will be key in understanding how 
commensals and pathogens can conquer host defence mechanism during infection/
colonization. This is particularly important as the release of membrane vesicles is also 
associated with virulence, tolerance, the acquisition of nutrients, and antibiotic resistance. 
This knowledge is of paramount therapeutic value, not only can it benefit the development 
of detoxified membrane vesicles for vaccination purposes, it may also help to prevent 
phenotypic alterations that result in increased (membrane-vesicle mediated) bacterial 
resilience to treatment regimens.
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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 mem-
brane vesicle populations during infection is highly complicated as most vesicles 
fall within a similar size range of 30–300 nm. Specialized techniques for purification 
are required and often no single technique complies on its own. Moreover, tech-
niques 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 popula-
tions 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.

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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1. 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 defense [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 special-
ized 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 tunable resistive pulse sensing (TRPS) 
analysis [5–7]. Methods for the analysis of the gross vesicle population include West-
ern 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 sub-
populations. Bead-bound vesicles can subsequently be stained with fluorescently labeled 
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.c. membrane vesicles 
from two common respiratory pathogens Moraxella catarrhalis (Mrc) and Pseudomonas 
aeruginosa (Psa). This modified assay can be used to distinguish bacterial and host-cell 
vesicle populations in complex samples such as obtained upon infection.
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2. material 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, antibody were quantified by the MicroBCA protein assay (Pierce, Rockford, IL, 
USA). Antibody conjugations were performed using a PE-labeling kit from Abcam (Cam-
bridge, 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 con- jugated, mouse-anti-hu-
man clone JS-81) and isotype control (PE mouse IgG1κ) 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 ana-
lysis 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 resus-
pended until an optical density of 0.5 McFarland (1.5x108

 
colony forming units (cfu)/ml) 

in RPMI1640. Bacteria were then cultured in complete vesicle-depleted culture medium 
with 5% fetal 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 rotor with a κ-factor of 44 in an Optima L-90K 
ultracentrifuge (Beckman Coulter, Fullterton, 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 (5x108

 
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 
(22.5%), sodium pyruvate (100 mM), and β-mercaptoethanol (25 mM) and cultured at 
5% CO

2 and 37 °C. For monocyte differentiation, cells were seeded at 0.5x106 cells per 
well in a 24-wells plate or at 1x107 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).
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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 4.5x10

8
, 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 x g 
for 10 min. Then, the supernatants were filtered using 0.22-μM filters and transferred to 
ultraclear Quickseal tubes (Beckman Coulter, Fullerton,  CA,  USA)  and  centrifuged  for  
90 min at 100.000 x g using a 70Ti rotor, κ-factor 44 in an Optima L-90K ultracentrifuge 
(both Beckman Coulter, Fullterton, 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 (Biorad, 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 mem-
brane (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)-labeled secondary antibody in TBS 
for 2 h. Antibodies were used at 1:1000 unless otherwise indicated. On incubation, the 
membranes were washed and the detection was performed by using chemiluminescence 
substrate (Sigma, St. Louis, MO, USA). Whole cell lysates were used as a positive control.
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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 accord-
ingly 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 1x108 4-μM aldehyde-sulfate beads was washed in 150 μl MES buffer 
(all washing steps were performed at 3000 × g for 10 min) and coated with 35 μg anti-
body 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.

2.7.2 Bead-based flow-cytometry
After culture or infection the supernatants were processed by centrifugation. Superna-
tants from bacterial cultures were processed by 2 subsequent centrifugation steps at 
1200 x g while supernatants obtained after infection were processed by 2 centrifuga-
tion 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 and 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 incuba-
ted 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-labeled 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 analyzed 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 Tunable 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 
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at 4000 x g at room temperature. Then, the absolute vesicle concentration in the super-
natants 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 pressure of 6 mbar. Measurements were performed 
for 10 min and repeated when system instabilities occurred. The samples were calibra-
ted with 114 nm polystyrene calibration beads that were diluted in culture medium at a 
concentration of 1x109 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 test was performed to determine the statistical 
variance. Differences were considered significant when p ≤ 0.05.
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3. 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.

FIGURE 1. Analysis of membrane vesicles and whole cells lysates of bacteria and mac-

rophages 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 aerug-

inosa (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.

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 × 108 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 there is a low inter-experimental varia-
tion. Moreover, these results show a high variation in the absolute fluorescence intensity 
among the  vesicle-bead complexes from the different bacteria.
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FIGURE 2. Validation of the bead-based platforms by flow-cytometric analysis. Validation 

of the specificity of the bead-based platforms to detect 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 0.5x108 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.

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 R2 values close to 1 indicating that there is 
a strong correlation between both variables (Mrc: R2 =0.954 and Psa: R2 =0.967). 
These data demonstrate that bead-based flow cytometry assay can indeed be used 
for semi-quantitative analyses. Moreover, the high correlation indicates that the com-
bination 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 3. Flow-cytometric analysis of bacterial vesicles. Beads were added to 2-fold dilu-

tion series with a total of 5 dilutions, using supernatants from Mrc or Psa monocultures, 

cultured for 4 h at 0.5x108 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).

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 concentra-
tion 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.
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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 
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 vesi-
cles, the harvested supernatants of Mrc- or Psa-infected macrophages and uninfected 
macrophages were used undiluted or 2-and 4-times diluted. Fig. 5 A–C show dilution-de-
pendent 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 vesi-
cles, while co-infection significantly increased the release of Mrc-, Psa-, and CD63/CD81+ 

membrane vesicles (Fig. 5 D–F).

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 fluo-
rescence 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 positive 
beads in quartile 4 was set 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 fluo-
rescence intensity of the positive beads.



78

Chapter 3

FIGURE 5. Flow-cytometric analysis of bacterial and host cell vesicle release upon infec-

tion. 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. The 

release of host cell vesicles  by macrophages  after  infection by  Mrc,  Psa, or co-infection  

(F). Results are mean ± SEM from 3 independent  experiments.  p < 0.05.
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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-quantita-

tive 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 com-

plexes 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 tripli-

cate 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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4. 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 specialized 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 to concentrate 
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.

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 rela-
tive 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 ves-
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icles 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 specialized and costly equip-
ment 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 intro-
duction of processing-related artifacts 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. Moreo-
ver, 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, 
labeling of bead-bound vesicles yields a 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 recognized. 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 deri-
ved 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 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 popu-
lation, 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-quantita-
tive) 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-an-
tibody 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-quan-
titative assessment of vesicle subpopulations in complex samples.
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abstract

During infection, inflammation is partially driven by the release of mediators which 
facilitate intercellular communication. Amongst these mediators are small mem-
brane vesicles (MVs) that can be released by both host cells and Gram-negative 
and -positive bacteria. Bacterial membrane vesicles are known to exert immu-
no-modulatory and -stimulatory actions. Moreover, it has been proposed that 
host cell-derived vesicles, released during infection, also have immunostimulatory 
properties. In this study, we assessed the release and activity of host cell-derived 
and bacterial MVs during the first hours following infection of THP-1 macrophages 
with the common respiratory pathogens non-typeable Haemophilus influenzae, 
Moraxella catarrhalis, Streptococcus pneumoniae, and Pseudomonas aeruginosa. 
Using a combination of flow cytometry, tunable resistive pulse sensing (TRPS)-ba-
sed analysis, and electron microscopy, we demonstrated that the release of MVs 
occurs by both host cells and bacteria during infection. MVs released during 
infection and bacterial culture were found to induce a strong pro-inflammatory 
response by naive THP-1 macrophages. On the other hand, these MVs may also 
induce tolerance of host cells to a second immunogenic stimulus and lead to an 
enhanced number of adherent and intracellular bacteria. In conclusion, bacterial 
MVs may play a dual role during infection, as they can both trigger immunity but 
also contribute to bacterial survival.
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introduction

Inflammation in response to bacterial infection results from contact of host cells with 
bacteria or bacterial products and this process is directed by an extensive communication 
between cells of the infected tissues, immune cells, and bacteria [1,2]. Involved in this 
communication are small soluble mediators as well as nanosized membrane vesicles 
(MVs) that are released by bacteria and by host cells [3–6]. 

Bacterial MVs have gained a considerable interest over the past decades as they are 
involved in physiological and pathological processes by transferring functional vesicular 
cargos to recipient cells or by direct vesicle-mediated target cell activation in bacteria–
host cell interactions. The release of MVs by Gram-negative bacteria has been studied 
extensively (as reviewed by Schwechheimer and Kuehn [4,7]). More recently it has been 
revealed that Gram-positive bacteria also shed MVs (as reviewed by Brown et al. [8]). MV 
release takes place not only during bacterial culture but also during infection, both in vitro 
and in vivo [7–9]. Yet, only a few studies assessed bacterial MV shedding during infection, 
and consequently the kinetics for release as well as the functionality of MVs shed during 
infection have remained poorly addressed [10–12]. 

From the perspective of the host, previous studies have shown that MVs shed upon infec-
tion with intracellular pathogens have immunostimulatory and -modulatory properties 
[13-15]. Initially it was anticipated that this was the result of the incorporation of bacterial 
components into host MVs. However, this has been questioned recently by findings of 
Athman et al. showing that bacterial cargo-containing MVs, shed upon infection with 
Mycobacterium tuberculosis, are mostly of bacterial origin [13]. Thus, MVs released during 
infection are most likely a complex mixture of both bacterial and host-derived MVs. 

To obtain clarity on the dynamics of MV shedding during infection, we studied the release 
kinetics and examined the functional activity of both host cell-derived and bacterial MVs 
released by THP-1 macrophages infected with non-typeable Haemophilus influenzae 
(NTHi), Moraxella catarrhalis (Mrc), Streptococcus pneumoniae (Spn), and Pseudomonas 
aeruginosa (Psa), which are well-known opportunistic pathogens most frequently involved 
in lower respiratory tract infections in humans [14–16]. We found that MV release occurs 
by both the host and bacteria during infection, by bacteria during culture and that both 
MV populations have pro-inflammatory and immuno-modulating properties. 
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materials and methods

Cells and media
Human monocytic cells (THP-1, ATCC-TIB202) were cultured at 5% CO

2
 and 37oC in 

RPMI1640 (Sigma, St. Louis, MO, USA) containing 10% fetal calf serum (FCS) (Lonza, Ver-
viers, Belgium) with glucose (0.045%), sodium pyruvate (200 μM), and β-mercaptoethanol 
(50 μM). For monocyte differentiation, cells were stimulated for 72 hours with 200 nM 
phorbol 12-myristate 13-acetate (PMA; Sigma, St. Louis, MO, USA) at 1x107 cells per flask 
in T75-flasks, at 0.5x106 cells per well when using a 24-well plate, and at 1x104 per well 
for 96-well plates. After differentiation, the medium was replaced with complete culture 
medium with 5% FCS which had previously been depleted of vesicles. Vesicle-depleted 
medium was obtained by the overnight centrifugation of RPMI1640 containing 30% FCS, 
glucose, and sodium pyruvate at 100.000 × g using a 70Ti-rotor, κ-factor 44 in an Optima 
L-90K ultracentrifuge (both Beckman Coulter, Fullerton, CA, USA). By combining this 
medium with FCS-free RPMI1640 medium with glucose and sodium pyruvate, 5% FCS 
vesicle-free culture medium was obtained.

Reagents and antibodies
Antibodies against CD63 (unconjugated, mouse-anti-human clone H5C6) and CD81 (PE 
conjugated, mouse-anti-human clone JS-81) were obtained from BD (BD Biosciences, 
Franklin Lakes, NJ, USA). Purified lipopolysaccharide (LPS) from Escherichia coli was 
purchased from Sigma (St. Louis, MO, USA). Pam3CSK4 was obtained from InvivoGen 
(InvivoGen, San Diego, CA, USA). Polymyxin B sulfate salt was from Sigma (St. Louis, MO, 
USA).

Bacterial strains, culture conditions, and heat-inactivation
The following bacterial strains were used: NTHi (ATCC-49247), Psa (ATCC-27853), Spn 
(ATCC-49619), and a clinical Mrc isolate obtained at the academic hospital of Maastricht 
(Academic Hospital Maastricht (AZM), the Netherlands). All strains were pre-cultured over-
night on blood plates at 5% CO

2
 and 37oC, except for NTHi which was pre-cultured on 

vitalex-supplemented chocolate agar plates (Oxoid, Wesel, Germany). After overnight 
growth, several colonies were picked and resuspended at 0.5 McFarland (1.5x108 colony 
forming units (cfu) ml-1) in RPMI1640. These suspensions were then used for infection or 
culture experiments. For bacterial culture, bacteria were added to 30 ml of vesicle-de-
pleted culture medium supplemented with 5% FCS, prepared as described in the cells and 
media section, and cultured for 4 hours. For heat-inactivation, bacterial suspensions were 
exposed for 60 minutes to 65oC. After heat-inactivation, the inactivated bacteria were 
washed twice with phosphate buffered saline (PBS) and resuspended at 0.5 McFarland. 
Inactivation was confirmed by overnight plating of 150 μl of the bacterial suspension on 
blood plates at 5% CO

2
 and 37oC, except for NTHi which was cultured on vitalex-supple-

mented chocolate agar plates.

Infection or stimulation of THP-1 macrophages with 
(heat-inactivated) bacteria
Infection and stimulation of THP-1 macrophages was performed at an MOI of 10. For 
vesicle isolation infections were performed in T75-flasks. 1x107 adherent THP-1 macro-
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phages were washed twice with PBS after which they were infected, stimulated with 
heat-inactivated bacteria, or left untreated in 30 ml of vesicle-depleted culture medium for 
4 hours. Next, the culture medium was harvested for MV isolation. For semi-quantitative 
MV analysis by bead-based flow cytometry, cells were infected or stimulated for 2-8 hours 
on 24-well plates and the supernatants were collected.  

Determination of the number of intracellular bacteria
THP-1 macrophages seeded on 24-well plates were infected for 2-8 hours. Hereafter the 
cells were washed 3 times with PBS, then medium containing 300 μg/ml gentamicin 
was added and after 2 hours, cells were washed 3 times with PBS, lysed by adding 300 μl 
distilled water with 0.025% saponin for 10 minutes, and neutralized using 700 μl culture 
medium. The number of adherent and intracellular bacteria was then determined by 
bacterial plating of 2 different dilutions.

Cytotoxicity assay
A dimethylthiazol diphenyltetrazolium bromide (MTT) assay was used to determine the cell 
viability. THP-1 macrophages seeded in 24-well plate were infected for 2-8 hours, washed 
with PBS, whereafter medium containing 0.5 mg/ml MTT (Sigma, St. Louis, MO, USA) 
was added. Cells were incubated for 1 hour, then the medium was removed and DMSO 
was added to dissolve the formazan crystals. The optical density (OD) at the wavelength 
of 540 nm was determined and the OD relative to uninfected control cells was used to 
determine the percentage of viable cells. 

MV concentration and purification from conditioned medium 
using ultrafiltration and size exclusion chromatography (SEC)
Conditioned media (30 ml) obtained upon infection or culture were centrifuged at 300 × 
g for 10 minutes followed by two 1200 × g centrifugation steps for 10 minutes. After this 
the supernatants were filtered through 0.22-μm filters. Hereafter 2 ml samples were taken 
and stored at -80oC until further analysis. The remaining supernatants were concentrated 
by ultrafiltration (as described by Lobb et al. [17]) and purified by SEC. For ultrafiltration, the 
conditioned media were concentrated to 500 μl in 2 runs at 4000 × g for 15 minutes at 
room temperature using Amicon ultra-15 10-kDa centrifugal filter units (Millipore, Biller-
ica, MA, USA). The concentrates were then purified by sepharose columns as described 
by Boing et al. with some minor modifications [18]. Briefly, 30 ml sepharose CL-2B (GE 
Healthcare, Uppsala, Sweden) was washed twice with PBS, and 10 ml sepharose was 
used to stack TELOS 15 ml filtration column (Kinesis Scientific Experts, St. Neots, Cam-
bridgeshire, UK). Next, the concentrates were loaded onto the column and fractions of 
0.5 ml were eluted using PBS. Fractions 7-11 were found to be highly enriched for MVs 
and negative for free protein (determined by flow cytometry and microBCA). These frac-
tions were pooled and stored at -80oC until use. For electron microscopic analysis, the 
isolations were performed according to the same protocol except for the initial bacterial 
culture or cell culture conditions: bacterial culturing was performed overnight using a 
total 2x109 cfu in a total of 60 ml RPMI without FCS. Conditioned medium from THP-1 
macrophages was obtained from 4 T75-flasks containing 1x107 cells and 30 ml medium 
per flask in vesicle-depleted culture medium after 4 hours of culturing at 37oC.
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MV analysis by TRPS
The concentration and size distribution of the MVs were determined by TRPS using the 
qNano Gold (Izon Science Ltd., Oxford, UK). This technique identifies individual particles 
in suspension by detecting a change in the voltage applied across a nanopore within a 
membrane when particle pass through this pore. Measurements were conducted using an 
NP150-rated pore with a fixed stretch of 47 mm, a transmembrane voltage of 0.48 V (led to 
a baseline current of ±100 nA), and a pressure of 6 mbar. To prevent particle aggregation, 
solution G (Izon Science Ltd. Oxford, UK) was added (10%) to the supernatants diluted 
(1:1) in solution Q (Izon Science Ltd. Oxford, UK), each sample was measured for 10 min-
utes. The samples were calibrated using 114 nm polystyrene calibration beads (CPC100, 
Izon Science Ltd. Oxford, UK) at a concentration of 1x109 particles ml-1 diluted in culture 
medium. All reagents were purchased from Izon (Reagent kit (type RK1) for EV analysis, 
Izon Science Ltd., Oxford, UK). Data were analysed using Izon Control Suite Software 
v3.2 and concentration calculations were performed using Graph-Pad Prism 5 Software 
(Graph-Pad, San Diego, CA, USA) and Microsoft Office Excel (version 2010, Microsoft) and 
corrected for residual vesicles found to be present in the vesicle-depleted culture medium.

Flow cytometric analysis of MVs using antibody-coated latex beads
A bead-based flow cytometric assay was used for the semi-quantitative analysis of CD63/
CD81+ host cell-derived MVs. This method is based on the assay described previously 
[19,20]. Briefly, 4-μm-sized aldehyde-sulfate beads were washed in MES buffer and coated 
with an antibody against CD63, a marker for host-cell MVs. Antibody-coated beads were 
incubated overnight with 200 μl of processed supernatant obtained after macrophage 
infection/stimulation, or with vesicle-free control medium. The supernatants were pro-
cessed by centrifugation at 300 × g, at 1200 × g, and 0.22-μM filtration. During overnight 
incubation, the samples were kept under constant agitation at 6500 rpm at room tempera-
ture (RT). The next day, beads were washed twice with 0.22-μM filtered PBS with 2% (w/v) 
bovine serum albumin (BSA) and incubated under continuous shaking with PE-conjugated 
anti-CD81 (Abcam, Cambridge, MA, USA). Then, the beads were washed and diluted in 
300 μl PBS for analysis by flow cytometry on a FACSCantoTM (BD Biosciences, Franklin 
Lakes, NJ, USA). Analyses were performed using FACSDiva Software and the threshold 
for the percentage of PE-positive beads was based on control beads incubated in culture 
medium and set at 2%. The relative amount of MVs, expressed in arbitrary units (AU), was 
calculated by the multiplication of the number of positive beads with the median fluo-
rescence intensity.

Pro-inflammatory and immuno-modulating characteristics
THP-1 macrophages were seeded in a 96-well plate, washed twice with PBS and provided 
with fresh complete vesicle-depleted culture medium with 5% FCS. Hereupon, cells were 
exposed to 20 μl of the SEC purified MVs (isolated after macrophage infection), bacterial 
MVs (bMVs), host-cell derived extracellular vesicles (EVs: isolated after macrophage stim-
ulation with heat-inactivated bacteria) or whole heat-inactivated bacteria for 16 hours. 
To determine the effect of MV pre-exposure on the response to a subsequent TLR-4 or 
TLR2/1 challenge with LPS or Pam3CSK4, respectively, THP-1 macrophages were cul-
tured, treated, and stimulated as described above for a period of 4 hours. After 4 hours 
of stimulation with MVs, the cells were washed 3 times with PBS and after the addition of 
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vesicle-depleted culture medium, re-stimulated with either LPS (100 ng ml-1) or Pam3CSK4 
(50 ng ml-1) for 16 hours. The vesicle amounts (20 μl) used for the THP-1 macrophage 
exposures represent 2 times the physiological concentration that is theoretically present 
in a physiological situation (i.e. the amount of vesicles that is present after an 4 hour 
infection of 1x107 THP-1 macrophages with either one of the bacteria at an MOI of 10). 
This volume represents this amount of vesicles is based on the recovery as determined 
by TRPS-based analysis of the vesicle concentration in conditioned culture medium and 
of the purified vesicles as obtained on vesicle enrichment using ultrafiltration and vesicle 
purification by SEC. The recovery was determined using MVs from infection experiments 
(Fig 5D: MVs-SEC; based on NTHi and Mrc) and calibration beads (Fig 5D: beads-SEC; 
based on 114nm-sized Izon® calibration beads). The culture supernatants were harvested 
hereafter and used for cytokine measurements.

The effect of vesicle exposure on the number of 
adherent and intracellular bacteria
 THP-1 macrophages seeded in 24-well plates were washed 3 times with PBS after which 
300 μl complete vesicle-depleted culture medium with 5% FCS was added. Then 200 
μl of the MV-containing SEC fraction was added to the appropriate wells and the cells 
were pre-exposed to the vesicles for 1 hour. Upon pre-exposure, the cells were infected 
with either one of the bacteria at a MOI of 50 for 1 hour. After infection, the cells were 
washed 3 times with PBS to remove free bacteria, then cells were either left untreated, 
to determine the total amount of adherent and intracellular bacteria, or the cells were 
treated with gentamicin as described above to determine the number of intracellular 
bacteria.  After bacterial plating of 2 different dilutions, the number intracellular bacteria 
was determined and the number of adherent bacteria was determined by subtracting 
the number of bacteria left after gentamicin treatment from the number obtained in the 
absence of gentamicin. 

Cytokine measurements
The release of TNF-α, IL-8, and IL-1β by THP-1 macrophages was determined by enzyme-
linked immuno-sorbent assay (ELISA). The human Ready-Set-Go ELISA kits were obtained 
from eBiosciences and the assays were performed according the manufacturers’ instruc-
tions (Affymetrix eBioscience, Santa Clara, CA, USA). 

Cryo-electron microscopy
Upon MV isolation and purification by ultrafiltration and SEC the MV-containing SEC frac-
tions were further concentrated to 100 μl using Amicon ultra-4 10-kDa centrifugal filter 
units (Millipore, Billerica, MA, USA). Vitrified specimens were prepared by loading a grid 
into an FEI Mark IV Vitrobot (FEI Company, Eindhoven, The Netherlands), adding 5 μl of 
MV-suspension to the grid, and then immediately blotting the grid for 1 second before 
plunge-freezing in liquid ethane which was kept at its melting point by liquid nitrogen using 
a Vitrobot environmental chamber that was maintained at 95% humidity. For microscopy, 
grids were mounted in a Gatan cryoholder in liquid nitrogen and transferred to a Tecnai 
T12 Spirit microscope (FEI Company, Eindhoven, the Netherlands). Images were acquired 
with a 4096x4096 pixel CCD Eagle camera (FEI Company, Eindhoven, the Netherlands) 
at 120 kV with a temperature between -170oC and -175oC. Image analysis to determine 
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the median MV-diameter was performed using ImageJ processing software (National 
institutes of Health, Bethesda, USA). 

Statistical analysis
Statistical analysis was performed using Graph-Pad Prism 5 Software (Graph-Pad, San 
Diego, CA, USA). Statistical dispersion was determined by calculation of the standard 
error of the mean. One-way analysis of variance (ANOVA) was performed in combination 
with the Bonferroni multiple comparison test to determine statistical significance of the 
variances between multiple groups. An unpaired t-test was performed for the statistical 
analysis of the variance between the means of 2 groups. p-values were considered sig-
nificant when <0.05.  
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results

To study vesicle release during short-term infection of THP-1 macrophages and during 
culture of NTHi, Mrc, Spn, and Psa, we first aimed to characterize MVs shed by unstim-
ulated THP-1 macrophages and during culture. Cryo-EM analysis revealed that THP-1 
macrophages release MVs under control conditions and that the release of MVs occurs 
by all bacteria during culture (Fig. 1A-E). Also, the morphology of the bacterial MVs was 
highly comparable between the different species with an overall median diameter of 60 
nm with an interquartile range (IQR) of 54-70 nm whereas the size of the THP-1 mac-
rophages-derived MVs was found to be larger at 117 with an IQR of 98-146 nm (Fig. 1F). 

A B C

D E F

FIGURE 1: Cryo-EM analysis of MVs released by THP-1 macrophages (A) or during bacterial 

culture of NTHi (B), Mrc (C), Spn (D), and Psa (E). MVs released during bacterial culture show 

a similar size and appearance. The median is based on the diameter as obtained by cryo-EM 

imaging (F). Scale bar represents 200nm.

Next, we determined the size distribution and median size of MVs shed by unstimulated 
THP-1 macrophages and bacteria during 4 hours of culture by TRPS. A similar distribution 
and size range  (Fig. 2A and 2C). Regarding the concentrations, although there were less 
MVs released by Spn (3.8 (IQR 2.5-4.3) x108 particles ml-1) as compared to the other bac-
teria (4.5 (IQR 2.8-8.2) x108 for NTHi, 4.4 (IQR 2.8-8.6) x108  for Mrc, and 5.5 (IQR 3.3-8.4) 
x108 particles ml-1 for Psa), this difference was not statistically significant (Fig. 2E). 
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Having characterized the MV release by both THP-1 macrophages and bacteria under 
control culture conditions, we continued with the characterization of the mixed MV pop-
ulations released during infection. Macrophages were infected with the bacteria for 4 
hours after which the size and concentrations of the MV populations were determined.  
The size-distribution of the mixed MV populations shed during infection were found to 
be highly similar (Fig. 2B). Overall there was little variation in the MV size and the median 
size was found to be 107 nm with an IQR of 105-115 (Fig. 2D). With respect to the con-
centration, the absolute numbers tended to be somewhat increased upon infection with 
NTHi and Mrc compared to the aggregate number that was released by individual bacte-
ria and THP-1 macrophages. This increase was, however, not significant (NTHi: 4.5 (IQR 
1.9-15.3) x108, Mrc: 9.8 (IQR 6.1-12.4) x108 vs. uninfected: 6.2 (IQR 2.2-9.4) x108 particles 
ml-1) (Fig. 2F). Infection with Spn did not result in a change in the concentration of MVs 
(6.2 (IQR 5.5-9.4) x108 particles ml-1). THP-1 macrophage infection with Psa, on the other 
hand, significantly increased the MV release when compared to control conditions (Psa: 
3.2 (IQR 1.2-4.5) x109 vs. uninfected: 6.2 (IQR 2.2-9.4) x108 particles ml-1, p0.05) (Fig. 2F). 

After the analysis of the whole MV population released during infection, the release of 
host-cell MVs over time, during infection, was determined. Using a semi-quantitative 
flow cytometry-based assay, we established the release of CD63+/CD81+ host-cell MVs: 
CD63 and CD81 are both members of the tetraspanin family and highly enriched on host 
cell-derived MVs. We found that the release of CD63+/CD81+ host cell MVs under control 
conditions was time-dependent and highest after 8 hours (Fig. 3A). Likewise, during infec-
tion the release of vesicles also increased in a time-dependent way. For all conditions the 
vesicle release at 8 hours was found to be significantly increased over the vesicle release 
at 2 hours (except for the NTHi-based condition) (Fig. 3A). When compared to the release 
under control conditions, after 8 hours of infection there was a tendency towards an 
increased host cell MV release by infected cells (Fig. 3C).  Moreover, to determine whether 
viable bacteria were required for this induction, the MV release by THP-1 macrophages 
was determined following stimulation with heat-inactivated bacteria (Fig. 3B). Interestingly, 
although the number of MVs released by host cells following exposure to heat-inactivated 
NTHi or Mrc was not different from the number of MVs released following infection with 
viable bacteria, numbers were lower for THP-1 macrophages exposed to heat-inactivated 
Psa or Spn. These data suggest that, at least for Psa and Spn, viable bacteria are required 
to evoke an increased MV release by host cells. 
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FIGURE 2: Tunable resistive pulse sensing-based characterization of MVs released upon infec-

tion with or culture of NTHi, Mrc, Spn, and Psa. Conditioned media of bacterial cultures (bMVs) 

were used to assess the vesicle size and numbers of vesicles released (A). Also, MV release by 

uninfected THP1 macrophages (MVs-Ctrl) and by THP1 macrophages after 4 hours of infection 

with different bacteria (MVs-NTHi, -Mrc, -Psa, -Spn) was determined (B). The median diameter 

and interquartile range (between brackets) was calculated and is given for bacterial MVs (C) and 

for the mixed MV population released by cells and bacteria during infection (D). Box and whisker 

plots (E-F) indicate the median (line in box), 25th and 75th percentiles (outer lines of box) and the 

minimal and maximal values (whiskers) for the bacterial MV concentration (E) and the concen-

tration of MVs released upon infection (F). Results are from 6 independent experiments. *p<0.05.
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FIGURE 3: Time dependent increase in the release of CD63/CD81+ host cell MVs, by uninfected 

THP-1 macrophages (Ctrl), and by THP-1 macrophages upon exposure to viable or heat-in-

activated NTHi, Mrc, Spn, and Psa. THP-1 macrophages were infected (A) or stimulated with 

(heat-inactivated) bacteria (B) at an MOI of 10 for 2, 4, 6, and 8 hours. The supernatants were 

collected and used for bead-based flow cytometric analysis to determine (A) the relative number 

of CD63/CD81+ MVs after infection (n=4 except for spn (n=3) or (B) stimulation with heat-inac-

tivated bacteria (n=3). After infection, the MV release increased over time and at all the 8 hour 

time points the MV numbers for all conditions were significantly increased over the 2 hour time 

points, except for NTHi. After stimulation with heat-inactivated bacteria, no significant increase 

was found between MVs release at 8 hours and 2 hours of stimulation (C). After 8 hours of infec-

tion there was a tendency towards an increased release of MVs for all pathogens as compared 

to control, which was significant after Psa-infection (n=4 except for spn: n=3). Data are means 

± the SEM. *p<0.05, **p<0.01.

Finally, we determined the effect of infection on the cell viability and number of intracel-
lular bacteria over the course of infection. We found that the cell viability was not altered 
by an infection with NTHi, Mrc, and Spn (Fig. 4E). Infection with Psa, however, led to a 
60% reduction in cell viability after 4 hours and a 70% reduction after 8 hours of infection. 
Moreover, the number of intracellular bacteria was found to increase over time for all 
bacteria except for Psa. Recently it was shown that intracellular bacteria also release MVs 
[13], therefore these findings implicate that during infection, bacterial MVs can be released 
both by intra- and extracellular bacteria (Fig. 4A-D). Taken together our results show that 
both bacterial and host cell MVs are released during infection.
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FIGURE 4: The number of intracellular bacteria and the cell viability over time after infection 

with various bacteria. THP-1 macrophages were infected for 2, 4, 6, and 8 hours with NTHi, Mrc, 

Spn or Psa, then washed, treated with 300 μg gentamicin and lysed to determine the number of 

intracellular bacteria (A). The viability of THP-1 macrophages was determined over the course of 

infection (B). Data are represented as the mean ± SEM (n=3). *p<0.05, **p<0.01.
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Careful characterizations of the MV protein content in previous studies identified immu-
nogenic bacterial proteins on MVs. Therefore, functional aspects of bacterial MVs, MVs 
derived from infected THP-1 macrophages and of MVs from THP-1 macrophages stim-
ulated with heat-inactivated bacteria were studied. To this end, the release of several 
pro-inflammatory cyto- and chemokines by naive THP-1 macrophages upon MV exposure 
was assessed. The number of MVs used for these exposures represents 2-times the phys-
iological MV-concentration that cells are theoretically exposed to when cells are infected 
with the bacteria at an MOI of 10 (as described in the materials and methods section). This 
amount is based on the vesicle recovery after SEC (Figure 5D). Bacterial MVs elicited the 
release of TNF-a, IL-8 and IL-1β by naive THP-1 macrophages, albeit with different poten-
cies for the different bacterial species (Fig. 5A-C, respectively). For example, stimulation 
with MVs derived from NTHi resulted in the release of >1ng ml-1 TNF-a, while the amount 
of TNF-a release upon stimulation by Mrc and Psa MVs was far less pronounced and Spn 
MVs were even unable to induce a significant release of TNF-α. These variations were 
comparable with the variations observed on stimulation with whole (heat-inactivated) 
bacteria (Fig. 5A). When naive THP-1 macrophages were stimulated with MVs obtained 
after infection, the amounts of TNF-α released were almost identical to the amounts 
released when stimulated with bacterial MVs only. This suggests that the bacterial MVs are 
primarily responsible for activation of naive THP-1 macrophages, which is supported by 
the almost complete absence of TNF-a release following stimulation with MVs of THP-1 
macrophages that were exposed to heat-inactivated bacteria, a vesicle population that 
exclusively consists of host cell-derived MVs. 

Earlier it has been shown that  several of the PAMPs associated with MVs are well-known 
ligands for Toll-like receptors (TLRs) (as reviewed by Ellis et al. [21]). Therefore, the next aim 
was to determine whether MV-associated LPS is responsible for the MV-induced TNF-α 
response. To neutralize the effects of MV-associated LPS, polymyxin B (a compound that 
binds to the lipid A region of LPS) was used. The specificity of polymyxin B was confirmed 
as it only blunted the LPS-induced TNF- release by naive THP-1 macrophages (2.2±0.3 
to 0.2±0.2 ng ml-1), but not the TNF-a release induced by the TLR2/1 ligand PAM3CSK4 
(2.3±0.1 to 1.9±0.2 ng ml-1). Polymyxin B was found to significantly reduce the TNF-a 
release in response to NTHi MVs or MVs isolated from NTHi-infected THP-1 macrophages 
(Fig. 6A and 6B). The response to MVs from the Gram-positive Spn were not considerably 
affected. Moreover, the Mrc-MV-induced TNF-a response also remained unaffected. 
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FIGURE 5: THP-1 macrophages were exposed for 16 hours to MVs released during bacterial 

culture (bMVs), infection (MVs), vesicles from THP-1 macrophages that were stimulated with 

heat-inactivated bacteria (EVs), and to whole heat-inactivated bacteria at an MOI of 0.1 (hi-bac-

teria). Then the release of the pro-inflammatory cyto- or chemokines TNF-α (A), IL-8 (B) and IL-1β 

(C) was determined by ELISA. The number of MVs used for these exposures represents 2-times 

the physiological MV-concentration cells are theoretically exposed to when cells are infected 

with the bacteria at an MOI of 10. To calculate the amount of MVs to be used for these experi-

ments we determined the vesicle recovery following vesicle-enrichment using ultrafiltration and 

vesicle purification by SEC using TRPS on MVs from infection experiments (MVs-SEC; based on 

NTHi and Mrc) and calibration beads (beads-SEC; based on 114nm-sized Izon® calibration beads) 

(D). Data are represented as the mean ± SEM (n≥4). *p<0.05, **p<0.01, ***p<0.001. 
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FIGURE 6: Effect of polymyxin B treatment on the TNF-α release in response to MVs 
released during infection or bacterial culture. THP-1 macrophages were pre-incubated 
for 1 hour with polymyxin B prior to overnight stimulation with MVs released upon 
infection (MVs, A) or bacterial culture (bMVs, B). Data are represented as the mean ± 
SEM (n=3). ***p<0.001.

To determine how bacterial MVs or MVs shed upon infection modulate a subsequent 
pro-inflammatory response to bacteria, THP-1 macrophages were pre-incubated with 
MVs for 4 hours and subsequently exposed to LPS or Pam3CSK4, thereby mimicking 
bacterial infection. Pre-incubation with NTHi-derived MVs as well as MVs derived from 
NTHi-infected THP-1 macrophages significantly blunted the TNF-a response to both LPS 
and Pam3CSK4 (Fig. 7A). Moreover, pre-exposure to Mrc MVs also significantly reduced 
the response to secondary stimulation with Pam3CSK4 (Fig. 7B). Psa and Spn MVs or MVs 
from infected THP-1 macrophages did not significantly reduce the release of TNF-a in 
response to LPS or Pam3CSK4 (Fig. 7C-D, respectively). These results indicate that the 
presence of MV-associated TLR-agonists determines the subsequent response to a LPS 
or Pam3CSK4 challenge.   
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FIGURE 7:  The pro-inflammatory response to a secondary challenge with LPS or Pam3CSK4 

is blunted after THP-1 macrophages pre-exposure to MVs released during infection or bacterial 

culture. The TNF-α response to LPS or Pam3CSK4 upon MVs pretreatment was determined and 

is shown separately for bacterial MVs (bMVs) or mixed MVs isolated from THP-1 macrophages 

infected with NTHi (A), Mrc (B), Psa (C), and Spn (D). THP-1 macrophages were pre-incubated with 

purified MVs/bMVs for 1 hour before secondary stimuli were added and the cells were exposed 

overnight to these components or to a combination. Data are represented as the mean ± SEM 

(n≥4). *p<0.05, **p<0.01, ***p<0.001).

To further elucidate how MVs shed upon infection affect the course of infection, the 
next aim was to determine whether MV exposure affects the bacterial adhesion and the 
number of intracellular bacteria. To assess this, THP-1 macrophages were pre-exposed 
for 1 hour to the MVs after which the bacteria were added. After another hour, the cells 
were washed and left either untreated (to assess for the number of adherent and intracel-
lular bacteria) or were treated with gentamicin (to determine the number of intracellular 
bacteria). When exposed to MVs from NTHi, Mrc, and Spn there was a trend towards an 
increased bacterial adhesion but the intracellular bacterial load was not affected (Fig. 
8A-C). However, exposure to MVs from Psa-infected cells significantly enhanced number 
of adherent and intracellular bacteria (Fig. 8D).  
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FIGURE 8: Number of adherent and intracellular bacteria after exposure of THP-1 macrophages 

to MVs released by infected THP-1 macrophages or bacteria during culture. The effect of MV-ex-

posure on the adhesion and intracellular bacteria are shown separately for the conditions based 

on NTHi (A), Mrc (B), Spn (C), and Psa (D). THP-1 macrophages were pre-incubated with purified 

MVs/bMVs for 1 hour before the cells were infected with either one of the bacteria (MOI 50) for 

1 hour in the presence of the vesicles. Bacterial counts (CFU/ml) were determined by plating of 

bacterial serial dilutions. Data are represented as the mean ± SEM (n≥4). *p<0.05.
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discussion

In this study, we demonstrated that a variety of bacterial species release MVs both during 
culture and infection of host cells. In addition, we show that THP-1 macrophages also 
release MVs, both under control conditions and during infection. Moreover, we showed 
that MVs released during infection have immuno-stimulating and -modulating properties.

Previous studies have shown that the shedding of bacterial MVs may provide bacteria with 
a selective advantage as it may aid bacterial internalization of host tissues (as reviewed 
by Kaparakis-Liaskos, 2015 [3]). In addition, during infection these vesicles can also evoke 
the release of pro-inflammatory cytokines as they carry PAMPs. MVs from M. catarrhalis, 
non-typeable H. influenzae, and P. aeruginosa have been detected in patients with various 
airway conditions suggesting that these MVs may also contribute to the pathogenesis of 
airway diseases [12,22–24]. Regarding the dynamics and characteristics of bacterial MVs 
released upon long-term bacterial culture, these have been studied extensively [22,25–28]. 
However, these characteristics are still poorly defined for MVs shed upon short-term infec-
tion. Moreover, MVs are also being released by the host both under control conditions 
and during infection, and it is unknown whether these MVs also exhibit immuno-stimu-
latory or -modulatory properties. Therefore, in this study we determined the release and 
functional properties of both bacterial and host cell MVs released upon infection of THP-1 
macrophages with different bacterial species. 

Analyses with both cryo-EM and TRPS confirmed the shedding of MVs upon bacterial cul-
ture and by THP-1 macrophages under control conditions. Strikingly, the median diameter 
of the bacterial MVs which was obtained by cryo-EM was found to be smaller than that 
obtained by TRPS (56.7 (IQR 53.7-73.4) vs 105.0 (IQR 95.5- 110.8) nm). It is possible that 
this discrepancy is introduced by the cutoff value of the lower threshold of the qNano 
(previously established at 70-100 nm [29]). This may have led to the inability of the qNano 
to discriminate signals generated by smaller MVs from the background noise, resulting 
in a size that was skewed towards a larger MV diameter. Regarding the total number 
of MVs released, TRPS analysis revealed a significant increase in the number of MVs 
released during Psa infection, and a similar tendency was observed for the other bacteria. 
Likewise, bead-based flow cytometric analysis also revealed that the release of CD63/
CD81+ host cell MVs also increased upon infection. Remarkably, the magnitude of the 
Psa-induced increase release of CD63/CD81+ MVs was in the same range of the other 
conditions which does not explain the results obtained by TRPS analysis that showed an 
almost 10-fold increase upon Psa infection. In this study we also determined two other 
aspects that consider the macrophage infections namely the number of intracellular 
bacteria and the host-cell viability after infection. This latter revealed a high percentage 
of cell death already upon 4 hours of Psa-infection, therefore it is likely that these ves-
icles are apoptotic bodies or nanosized membrane structures released from death or 
dying cells [30]. However, further research will be required to establish the origin of this 
MV population. This difference in cytotoxicity between Psa and the other bacteria could 
have been caused by differences in secretion system-associated virulence factors [31]. 
It has been shown that the cytotoxicity of Psa correlates with the expression of the type 
III secretion system which enables Psa to inject highly cytotoxic exotoxins into the host 
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cell [32]. Moreover, we observed an increase in the number of intracellular bacteria (total 
number determined by bacterial invasion/phagocytosis, intracellular growth as well as 
bacterial killing after phagocytosis) over the course of infection for all bacteria except for 
Psa which likely resulted from its cytotoxicity. As it has been shown that the release of 
membrane vesicles by bacteria can also occur by intracellular bacteria, the bMVs released 
during macrophage infection could, therefore, have been originated from extra- as well 
as intracellular bacteria. 

Another interesting observation made by TRPS-analysis is that there are no significant dif-
ferences in the numbers of bacterial MVs shed by either the three Gram-negative bacteria 
or the Gram-positive Spn. This comparable release by both Gram-positive and Gram-nega-
tive bacteria might be an important finding as the release of MVs by Gram-positive bacteria 
has only been recognized recently (as reviewed by Brown et al. [8]). The release of MVs 
by Gram-negative bacteria is acknowledged as an evolutionarily conserved process for 
which at least 3 different mechanisms of release have been described. Future research 
needs to reveal whether the release of MVs by Gram-positive bacteria is likewise evolu-
tionary conserved.

Earlier studies have demonstrated that next to external stressors (e.g. by nutrient deple-
tion) the biogenesis of MVs can be affected by the growth stage [22,28,33–35]. Most 
studies on MV shedding use bacterial cultures that are in the late exponential or stationary 
growth phase for the isolation of outer membrane vesicles [21,26,33,36]. External stress-
ors may also induce a growth stage transition towards stationary growth [37]. Our study 
shows that bacterial MV production also occurs during the early growth phase, both by 
the Gram-negative bacteria as well as by the Gram-positive Spn. Future research on the 
MV biogenesis and on factors that affect the MV release such as the growth phase and 
environmental factors will result in an improved understanding of the MV production 
and functional activity. To conclude, by using electron microscopic analysis, TRPS-based 
analysis, and flow cytometry we demonstrated that both bacterial and host cell MVs are 
released during infection. 

The functional properties of bacterial MVs, including those released by the airway patho-
gens used in this study, have been studied previously (as reviewed by Ellis and Kuehn [21]). 
Moreover, studies have demonstrated the release of immuno-stimulatory host cell MVs 
during infection. These immuno-stimulatory properties of host cell-derived MVs have been 
attributed to the presence of several bacterial outer membrane proteins assumed to be 
present in these host cell vesicles [38–40]. Yet, this has recently been disputed by Athman 
and colleagues who demonstrated that host cells infected with Mycobacterium tubercu-
losis released two distinct MV populations, containing either host cell molecules (CD63/
CD9) or bacterial components [13]. Here we determined the biological properties of the 
MVs shed upon infection and compared them to those of pure bacterial MVs shed during 
culture. Additionally, the immuno-stimulatory properties of MVs isolated from THP-1 mac-
rophages following stimulation with heat-inactivated bacteria were determined. The MV 
population released by infected THP-1 macrophages elicited the release of significant 
amount of pro-inflammatory cytokines by naive macrophages, which was comparable to 
the amount of pro-inflammatory cytokine release following stimulation with pure bacterial 
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MVs. We observed that this pro-inflammatory cytokine response was induced in a spe-
cies-specific manner and that it was not induced by Spn-derived MVs. In line with previous 
studies we found that MVs released upon stimulation with heat-inactivated intracellular 
pathogens failed to induce a significant pro-inflammatory response [13,43]. Overall, these 
results show that both host cell and bacterial MVs are released during infection and that 
particularly bacterial MVs have a strong immuno-stimulatory potential. 

Studies that assessed the composition and function of bacterial MVs released upon cul-
ture identified several TLR-agonists on the membranes of these MVs [22,26,41–46]. Here, 
experiments with polymyxin B, a compound that antagonizes LPS, showed that the MV-in-
duced pro-inflammatory response is predominantly dependent on the presence of LPS 
on MVs of NTHi and Psa but not Mrc. Our results are consistent with what has previously 
been published by Sharpe et al. who show that NTHi-derived MVs contain several immu-
no-stimulatory proteins including lipooligosaccharide (LOS) [36]. That LOS induces the 
release of TNF-α in a TLR-4 dependent manner was elegantly demonstrated in a study by 
Lorenz et al. [47]. In contrast, our results show that polymyxin B was not able to neutralize 
the Mrc-MVs in their ability to induce the release of TNF-α. This is in line with previous 
research that demonstrates the pro-inflammatory properties of these MVs are dependent 
on the presence of TLR-2 ligands [26]. Furthermore, previous studies on the composition 
and immunogenicity of Psa-derived MVs show that these vesicles can elicit potent pro-in-
flammatory responses due to the presence of several TLR-4 agonists [21], which supports 
our findings that polymyxin B reduced the TNF-α response to these MVs.

Previous studies that examined the effects of bacterial MVs demonstrate that a prolonged 
exposure to TLR-agonists-bearing MVs can also lead to TLR-desensitisation [48,49]. In 
our study this was found to be pathogen dependent and mostly restricted to NTHi and 
Mrc. As a significant decrease was also observed upon pre-exposure to the analogous 
TLR-ligands, it is highly likely that this desensitisation was indeed TLR-mediated. A study 
by Waller et al. demonstrated that this TLR-2/4-induced desensitisation was dependent 
on IL-10 as the TNF-α responses was reinstated upon neutralization of IL-10. Moreover, 
it was shown that the IL-10 release induced on TLR-2 and TLR-4 activation, depended 
on a signalling pathway involving PI3K/PKB/Akt/mTOR [48]. We determined the levels of 
IL-10 following stimulation of naïve macrophages with a variety of host cell-derived and 
bacterial vesicles and only very low IL-10 levels (<5 pg/ml) were found under all condi-
tions (results not shown). Therefore, we consider it unlikely that the observed MV-induced 
tolerance was IL-10 dependent. 

Several studies investigating the functional properties of bacterial MVs demonstrated an 
enhanced bacterial adhesion upon MV exposure. The effects elicited by these MVs were 
shown to be mediated by vesicle-associated virulence [49,50]. Likewise, we could demon-
strate that MVs released by THP-1 macrophages during infection all tended to increase 
bacterial adhesion irrespective of the bacteria used. Moreover, the number of intracellular 
bacteria after exposure of THP-1 macrophages to MVs from Psa-infected cells was also 
found to be significantly increased. Further studies to examine the intracellular bacte-
rial survival and determine the effects of our findings on the bacterial clearance will be 
required to establish the implications of our findings.   
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Although the release of MVs by Gram-negative bacteria in culture has been studied in 
more detail, only a few studies addressed bacterial MV shedding during infection. Here 
we demonstrated that bacterial MVs are released during bacterial culture and within 4 
hours after infection. Although both the mixed vesicle population released upon infection 
as well as pure bacterial MVs were found to have a profound pro-inflammatory potential, 
pre-exposure to these MVs led to a significant reduction in the pro-inflammatory response 
to a secondary challenge. Moreover, MVs released upon infection also led to an increased 
number of adherent and intracellular bacteria.

Taken together, these findings show evidence that MVs trigger a strong immune response 
and increase the number of intracellular bacteria. The latter requires a careful interpre-
tation as on one hand it may indicate increase bacterial invasion while it also might be 
indicative for enhanced early phagocytosis. Further research will be required to elucidate 
how these MVs may serve bacteria to overcome the host-immune response. A better 
understanding of these processes may help to find new therapies to combat bacterial 
respiratory infections.
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abstract 

Patients with more severe chronic obstructive pulmonary disease (COPD) frequently 
experience exacerbations and it is estimated that up to 50% of these exacerbations 
are associated with bacterial infections. The mainstay treatment for these infection-
related exacerbations constitutes the administration of glucocorticoids, alone 
or in combination with antibiotics. A recent line of evidence demonstrates that 
many hormones including the steroid beclomethasone can also directly affect 
bacterial growth, virulence, and antibiotic resistance. The effect of these regimens 
on the release of potentially virulent and toxic membrane vesicles is at present 
unclear. In this study we determined the effect of several pharmacological agents 
on membrane vesicle release by and bacterial growth of common respiratory 
pathogens. We found that neither the release of membrane vesicles nor the 
bacterial growth was affected by the glucocorticoids budesonide and fluticasone. 
Azithromycin only inhibited the growth of Moraxella catarrhalis but no effects 
were observed on bacterial membrane vesicle release at a concentration that is 
achieved locally in the epithelial lining on administration. The macrophage pro-
inflammatory response to membrane vesicles was significantly reduced after 
treatment with budesonide and fluticasone but not by azithromycin treatment. Our 
findings suggest that these glucocorticoids may have a positive effect on infection-
related inflammation although the bacterial growth and membrane vesicle release 
remained unaffected.  
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introduction

Chronic obstructive pulmonary disease (COPD) is a progressive airway disease that is 
characterized by excessive inflammation resulting in airway limitation and a progressive 
decline in lung function [1]. Moreover, patients with moderate and severe disease often 
experience exacerbations of disease [2]. These exacerbations are frequently triggered by 
infectious insults and it has been estimated that bacterial infections account for up to 
50% of the exacerbations [3]. 

Standard treatment of patients that experience an exacerbation consists of the 
administration of systemic corticoids alone or combined with antibiotics [4,5,6]. Moreover, 
it has been shown in several large randomized trials that patients with stable disease 
may benefit from the use of inhaled corticosteroids (ICS) and antibiotics as these can 
reduce the number of exacerbations [7–9]. Apart from their antibacterial effects, macrolide 
antibiotics also have been shown to reduce inflammation [10,11]. ICS, on the other hand, 
may have controversial effects on the defence against bacteria. Although they are able to 
reduce epithelial invasion by airway pathogens, this might be at the expense of resistance 
to infections as ICS also inhibit the release of antimicrobial peptides and suppress 
inflammatory processes [12–14]. Alternatively, ICS may also have a direct effect on the 
bacteria as recent studies have shown that hormones such as catecholamines and steroid 
hormones can also directly affect bacterial growth, virulence, and gene expression [15,16]. 

Bacterial membrane vesicles are released by bacteria in response to a variety of stressors. 
These nanosized (30-300 nm) vesicles do not only contribute to bacterial virulence, they 
also increase resistance to certain antimicrobial peptides and antibiotics. Moreover, they 
can exert strong pro-inflammatory responses [17,18]. Therefore, understanding bacterial 
behaviour in terms vesiculation may help to improve treatment strategies. Moreover, 
host-cells are also known to release membrane vesicles [19] and several pro-inflammatory 
properties have been assigned to membrane vesicles released in the context of infection 
and inflammation [20,21]. 

In this study, we aimed to address if treatment with the glucocorticoids budesonide and 
fluticasone and the antibiotic azithromycin a) affects membrane vesicle release by bacteria 
and macrophages, and b) suppresses the pro-inflammatory response to these membrane 
vesicles released by some of the most common respiratory bacterial pathogens. 
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materials and methods 

Reagents and antibodies
Budesonide (BUD), fluticasone propionate (FLUT), and azithromycin (AZI) were from 
Sigma (Sigma Aldrich, St. Louis, MO, USA). The anti-Haemophilus influenzae type b (α-Hib; 
clone 1079/457) monoclonal antibody was obtained from Acris (Acris GmbH, Herford, 
Germany). The rabbit serum against Moraxella catarrhalis (Mrc, strain A 1.39N, isolated 
from children in a primary school in Nieuwegein, the Netherlands, 1989), was kindly 
provided by Dr. J. Hays (Erasmus University, Rotterdam, the Netherlands). The polyclonal 
antibody against Pseudomonas aeruginosa (Psa) (OAMA02609) was from Antibodies 
online (Aviva Systems Biology, San Diego, CA, USA). α-CD63 (unconjugated, mouse-anti-
human clone H5C6) and α-CD81 (PE conjugated, mouse-anti-human clone JS-81) were 
from BD (BD Bioscience, Franklin Lakes, NJ, USA). Purification of antibodies from serum 
was performed using the antibody serum purification kit based on protein A (Abcam, 
Cambridge, MA, USA). Antibodies for detection for flow cytometric analyses, were PE 
conjugated using a PE-labeling kit from Abcam according the manufacturers’ instructions 
(Cambridge, MA, USA). 

Bacterial strains and culture
The following bacterial strains were selected: Haemophilus influenzae (NTHi, ATCC-
49247), Pseudomonas aeruginosa (Psa, ATCC-27853), Streptococcus pneumoniae (Spn, 
ATCC-49619), and a clinical Moraxella catarrhalis (Mrc) isolate (University Medical Centre 
Maastricht (MUMC+), the Netherlands). The ATCC strains are well characterized and 
recommended by ATCC for quality control and antimicrobial susceptibility testing. All 
bacteria were cultured overnight on blood plates except for NTHi which was cultured on 
vitalex-supplemented chocolate agar plates (Oxoid, Wesel, Germany) at 5% CO

2
 and 37oC. 

After overnight pre-culture, bacteria were resuspended at 0.5 McFarland (1.5x108 colony 
forming units (cfu)/ml) in RPMI1640 and used for infection or culture experiments. For 
bacterial culture, bacteria were used at 5x107 cfu/ml and cultured without or with BUD, 
FLUT, or AZI for 6 hours in 10 ml RPMI1640. Next, the conditioned media were processed 
by centrifugation at 1200 × g for 10 minutes, at room temperature. The pelleted bacteria 
were washed, diluted in PBS and the optical density was determined at 600 nm using 
optical methacrylate disposable cuvettes (Sarstedt, Newton, NC, USA). The supernatants 
were centrifuged again at 1200 × g for 10 minutes, and the supernatants were filtered 
through 0.22 μM filters. Hereafter, the supernatants were further concentrated 20 times 
to a total of 500 μl by centrifugation at 4000 × g for 15 minutes using Amicon ultra-15 
10-kDa centrifugal filter units (Millipore, Billerica, MA, USA).

Membrane vesicles (MVs) used for the stimulation of THP1 macrophages were obtained 
from bacterial cultures (at a density of 1x108 cfu/ml) following culturing for 4 hours in 30 
ml complete vesicle-depleted medium containing 5% FCS, that was obtained as described 
in the “cells and media” section below. Upon culture, supernatants were depleted from 
bacteria by 2 centrifugation steps at 1200 × g for 10 minutes and 0.22 μm filtration. The 
supernatants that were cleared from bacteria were then further processed by ultrafiltration 
and size-exclusion chromatography (SEC), as described below.
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Cells and media
The human monocytic cell line THP-1 (ATCC-TIB202) was maintained in RPMI1640 
(Sigma, St. Louis, MO, USA) supplemented with 100 mM sodium pyruvate, 22.5% glucose, 
25 mM β-mercaptoethanol, and 10% fetal calf serum (FCS) (Lonza, Verviers, Belgium) and 
cultured at 5% CO

2
 and 37oC. For monocyte differentiation, cells were seeded in a 24 

wells plate at 0.5x106 cells/well or in a 96-wells plate at 1x104 cells/well and stimulated 
for 72 hours with 200 nM phorbol 12-myristate 13-acetate (PMA; Sigma, St. Louis, MO, 
USA). THP-1 macrophage stimulations were performed in vesicle-depleted medium 
containing 5% FCS (complete vesicle-depleted medium). This medium was obtained by 
combining vesicle-depleted RPMI1640 medium with 30% FCS with FCS-free medium 
(both supplemented with sodium pyruvate and glucose). Vesicle depleted medium was 
generated by overnight centrifugation at 100.000 × g using a 70Ti-rotor, κ-factor 44 in an 
Optima L-90K ultracentrifuge (both Beckman Coulter, Fullerton, CA, USA). 

Macrophage infection for membrane vesicle analysis
THP-1 macrophages seeded in 24-wells plates were washed 3 times with PBS and medium 
was replaced with complete vesicle-depleted medium. Hereafter the cells were pre-
treated with BUD (0.1 μM), FLUT (0.1 μM), or AZI (3 μg/ml) for 1 hour, the concentrations 
were previously calculated to represent a concentration as can be obtained locally upon 
administration by inhalation [22–24]. After pretreatment, macrophages were infected with 
one of the bacteria at a multiplicity of infection of 10 for 6 hours. After infection, the 
medium was harvested, processed by centrifugation at 300 × g and 1200 × g, filtrated 
with a 0.22 μM micropore filter and subsequently analyzed by flow-cytometry.   

Membrane vesicle concentration and purification from conditioned medium 
using ultrafiltration and SEC
The bacteria-cleared conditioned media obtained from bacterial cultures were subjected 
to ultrafiltration [25] and SEC [26]. First, the cleared conditioned media were concentrated 
to 500 μl in 2 runs at 4000 × g for 15 minutes at room temperature using Amicon ultra-15 
10-kDa centrifugal filter units (Millipore, Billerica, MA, USA) [25]. Then, the concentrates 
were purified by SEC using sepharose columns as described by Boïng et al. with minor 
modifications [26]. For this a TELOS 15 ml filtration column (Kinesis Scientific Experts, 
St. Neots, Cambridgeshire, UK) was stacked with a total of 10 ml sepharose CL-2B (GE 
Healthcare, Uppsala, Sweden). The concentrates were loaded onto the column and 
fractions of 0.5 ml were eluted using PBS. The fractions that were found to be highly 
enriched for MVs and negative for free protein (fractions 7-11 as was determined by flow 
cytometry and microBCA, Pierce, Rockford, IL, USA) were pooled and stored at -80oC 
until further use. 

Flow cytometric analysis of membrane vesicles using antibody-coated latex 
beads
A bead-based flow cytometric assay based on a method that was previously described by 
Volgers et al. 2017 [27] was used for the semi-quantitative analysis of bacterial MVs and 
CD63+/CD81+ host cell-derived MVs. Four μm sized aldehyde-sulfate beads were washed 
in MES buffer, coated with α-CD63 antibody, or antibodies directed against bacterial 
vesicles (with the exception of Spn as we could not establish this assay for Spn). Antibody-
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coated beads were incubated overnight with processed supernatants (200 μl) obtained 
after infection under constant agitation at 1000 rpm at room temperature. Next, beads 
were washed twice with 0.22 μM filtered PBS with 2% (w/v) bovine serum albumin (BSA) 
and incubated with PE-conjugated detection antibodies (α-CD81-PE for host cell vesicles 
or an PE-conjugated α-bacterial antibody) for 90 minutes under continuous agitation 
at room temperature. Bacterial antibodies were PE-conjugated using a PE-conjugation 
kit (Abcam, Cambridge, MA, USA) according the manufacturer’s instructions. Then, the 
vesicle-bead complexes were washed, suspended in PBS (300 μl), and used for flow 
cytometric analysis using a FACSCantoTM (BD Bioscience, Franklin Lakes, NJ, USA). The 
lower threshold for detection was set at 2% based on the percentage of PE-positive 
control beads (based on culture-medium). Analyses were performed using FACSDiva 
Software. The relative concentration was expressed in arbitrary units (AU), calculated by 
the multiplication of the number of positive beads with the median fluorescence intensity.

MV analysis by tunable resistive pulse sensing
Tunable resistive pulse sensing analysis was used to determine the MV-concentration using 
the qNano Gold, the Izon Control Suite Software v3.2 and the reagent kit (type RK1) for EV 
analysis from Izon (Izon Science Ltd., Oxford, UK). The measurements were performed 
using a NP150-pore. The stretch was fixed at 47 mm, the pressure kept at 6 mbar, and a 
baseline current of ±100 nA was maintained. Solution G was added (10%) to supernatants 
that were diluted in solution Q (1:1) and each sample was measured for 10 minutes 
and measurements were repeated when system instabilities occurred. The samples were 
calibrated using 114 nm polystyrene calibration beads (CPC100, Izon Science Ltd., Oxford, 
UK) at a concentration of 1x109 particles/ml diluted in culture medium. 

Macrophage stimulation with membrane vesicles 
Stimulation of THP-1 macrophages with MVs was performed using macrophages seeded 
in 96-wells plates. Prior to stimulation, the cells were washed three times with PBS 
whereafter the medium was replaced with complete vesicle depleted medium. Then 
the cells were pre-treated with BUD (0.1 μM), FLUT (0.1 μM), or AZI (3 μg/ml) for 1 hour. 
Next, the cells were washed again after which they were exposed to 20 μl of the MV-
containing SEC fractions, without or in the presence of BUD, FLUT, or AZI, in complete 
vesicle-depleted medium for 16 hours. Hereafter, the culture supernatants were harvested 
and used for cytokine measurements.

Cytokine measurements
TNF-α levels in the supernatants from the stimulation experiments were determined by 
enzyme-linked immuno-sorbent assay (ELISA) using the human Ready-Set-Go TNF-α 
ELISA kit eBioscience (Affymetrix eBioscience, Santa Clara, CA, USA).  

Statistical analysis
Statistical analysis was performed using Graph-Pad Prism 5 Software (Graph-Pad, San Diego, 
CA, USA). Statistical dispersion was determined by calculation of the standard error of the 
mean. A Mann-Whitney t-test was performed for the statistical analysis of the variance 
between the means of two groups. P-values were considered significant when <0.05.  
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results 

Effect of BUD, FLUT, and AZI on bacterial and host cell membrane vesicle 
release during infection
First, the effect of BUD, FLUT and AZI on bacterial membrane vesicle release was 
determined. This was done semi-quantitatively by flow-cytometry based on antibody-
coated beads. We found that neither FLUT nor BUD significantly affected the vesicle 
release by NTHi and Mrc (Fig. 1A and B). Treatment with AZI also did not affect the 
membrane vesicle release (Fig. 1C). 

FIGURE 1. Flow cytometric analysis of the bacterial membrane vesicle release during macrophage 

infection in the presence or absence of pharmacological agents. Macrophages were infected 

with NTHi (A), Mrc (B), or Psa (C) for 4 hours at an MOI of 10 in the continuous presence of 

FLUT, BUD or AZI. The relative counts are expressed here as the percentage of the untreated 

control condition (n=3).
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The release of membrane vesicles is highly conserved and apart from the bacteria, also 
the host cells are known to release membrane vesicles. We therefore assessed the effect 
of BUD, FLUT, and AZI treatment on the release of CD63+/CD81+ host cell vesicles by 
macrophages under control conditions and upon infection. Neither treatment with BUD 
and FLUT, nor with AZI, was found to affect the release of host cell membrane vesicles 
(Fig. 2).

FIGURE 2. Flow cytometric analysis of CD63+/CD81+ membrane vesicle release by macrophages 

during infection in the presence or absence of pharmacological agents. Macrophages were 

infected with NTHi, Mrc, Spn, or Psa for 4 hours at an MOI of 10 in the continuous presence of 

FLUT (A), BUD (B) or AZI (C). Data are expressed here as the percentage of the untreated control 

condition. (n=3).
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Bacterial MV release in response to BUD, FLUT, and AZI
Next, we aimed to determine how the bacterial membrane vesicle release is affected by 
BUD, FLUT and AZI in the absence of host cells. Vesicle release after 6 hours of culture 
without or with these drugs was determined by tunable resistive pulse sensing analysis. We 
observed that treatment with neither FLUT, BUD nor AZI affected the release of bacterial 
membrane vesicles (Fig. 3A). 

Next, we determined if FLUT, BUD, or AZI had any effect on the bacterial growth. To assess 
this, the relative number of bacteria was determined upon treatment with FLUT, BUD, 
and AZI, which was done by measuring the optical density. As shown in figure 3B, only 
the Mrc counts were significantly reduced after bacterial culture in the presence of AZI.  

Effect of BUD, FLUT, and AZI on the TNF-α response to immuno-stimulatory 
bacterial membrane vesicles
Since bacterial membrane vesicles can possess a strong pro-inflammatory character 
[28–32]), our next aim was to establish if BUD, FLUT, and AZI affected the TNF-α release 
by naïve macrophages in response to bacteria membrane vesicles. MVs from both NTHi 
and Mrc induced the release of TNF-α by macrophages, while the response to MVs from 
Psa and Spn was less pronounced. Treatment with BUD and FLUT significantly reduced 
the release of TNF-α by macrophages in response to bacterial membrane vesicles from 
NTHi and Mrc (Fig. 4A and 4B). In contrast, the TNF-α release in response to Spn and 
Psa MVs was not affected by BUD or FLUT. No significant effect of AZI was found on the 
TNF-α response to either NTHi-, Mrc-, Spn- or Psa-derived membrane vesicles (Fig. 4C). 



120

Chapter 5

FIGURE 3. Effect of BUD, FLUT, and AZI on the MV release and bacterial growth during culture. 

NTHi, Mrc, Spn, or Psa were cultured for 6 hours in the continuous presence of FLUT, BUD or 

AZI. MV release was determined by TRPS-analysis (A) and the bacterial growth was determined 

with the optical density of the bacterial suspensions at 600 nm (B). (n=3, *p<0.05).
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FIGURE 4. Effect of FLUT, BUD and AZI on the TNF-α release by naïve macrophages 
in response to bacteria membrane vesicles. Macrophages were pre-treated for 1 hour 
with FLUT (A), BUD (B), or AZI (C), before they were exposed overnight to purified 
membrane vesicles released during culture of NTHi, Mrc, Spn, or Psa. The TNF-α 
release was determined by ELISA. (n=4, *p<0.05).
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discussion

In this study, we determined if the glucocorticoids budesonide (BUD) and fluticasone 
propionate (FLUT), and the antibiotic azithromycin (AZI) affected the release of bacterial 
membrane vesicles. Results demonstrated that neither the release of bacterial nor host 
cell vesicles was altered by any of the drugs. Moreover, except for Mrc, whose growth 
was significantly reduced by AZI, bacterial growth was not affected by any of the drugs. 
In contrast, the release of TNF-a by vesicle-stimulated macrophages was significantly 
reduced by the glucocorticoids, but not by AZI.

Recently it has been shown that non-typeable Haemophilus influenzae exposure to 
glucocorticoids results in a phenotype that resembles the RpoE knock-out phenotype, 
and is characterized by an enhanced antibiotic resistance and biofilm formation [16]. 
The activation of this RpoE gene, which is part of the σE stress response pathway, has 
been associated with the release of membrane vesicles by Gram-negative bacteria [18]. 
This inspired us to hypothesize that glucocorticoids might trigger the release of bacterial 
membrane vesicles. However, we found that neither FLUT nor BUD at concentrations that 
can be attained locally on inhalation, affected the release of bacterial membrane vesicles. 
Moreover, several antibiotics have also been shown to induce the release of bacterial 
membrane vesicles [33–35]. In our hands, however, AZI at a concentration that is achieved 
locally in vivo on treatment did not affect the membrane vesicle release, neither during 
infection nor in culture. Remarkably, only the bacterial growth of Mrc was significantly 
reduced by AZI. We also anticipated that the growth of NTHi and Spn would have been 
inhibited since the minimum inhibitory concentrations (MICs), which were determined 
for these bacteria using azithromycin sensitivity testing strips, are far below the AZI 
concentration used in our experiments: NTHi: 0.125-; Mrc: 0.125-, Spn: 1.5 μg/mL. For 
Psa, we obtained a MIC of 12 μg/mL which may explain why no reduced bacterial numbers 
were observed on AZI treatment of Psa. These results were also consistent with previously 
reported MIC values for NTHi (0.25-4 μg/ml), Mrc (0.25-0.5 μg/ml), and 8-512 μg/ml for 
Psa but not for Spn (0.25-0.5 μg/ml) [35,37]. The reason for this discrepancy remains 
unclear as it has been shown that azithromycin can be bactericidal already at early time 
points [38]. As it has been shown previously that membrane vesicles can contribute to 
the resistance against certain antibiotics [39], it will be interesting to determine whether 
membrane vesicles participate in the increased azithromycin resistance.   

As these drugs are known for their immunosuppressive properties, we additionally 
determined their effects on the release of TNF-α by naïve macrophages in response to 
bacterial membrane vesicles. We found that both budesonide and fluticasone inhibited 
the membrane vesicle-induced TNF-α release. This was in line with previous studies 
that demonstrated that BUD and FLUT have anti-inflammatory properties [10,23,40,41]. 
Although some studies have acknowledged an anti-inflammatory effect to AZI [10,11], 
we did not observe a reduce pro-inflammatory response to bacterial membrane vesicles 
after AZI treatment.
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It should be noted that in our studies we used a THP-1 macrophage cell model. These PMA-
differentiated THP-1 cells show a high similarity with monocyte-derived macrophages both 
in morphology and behaviour [42]. Yet, it cannot be excluded that their responsiveness 
regarding membrane vesicle release following infection might be different from  alveolar 
macrophages whose phenotype might be slightly different because of differences in 
the local micro-environment [43]. Several studies indicate that the release of membrane 
vesicles in response to an inflammatory stimulus (i.e. LPS), occurs in a similar fashion by 
THP-1 and by alveolar macrophages [44,45], however alveolar macrophages should be 
used in future studies before definite conclusions on the vesicle release in the context of 
infection can be drawn. Moreover, we did not determine the effects of BUD, FLUT, and 
AZI on the release of vesicles under more physiologically relevant conditions, i.e. in the 
presence of pro-inflammatory mediators or during cigarette smoke exposure. It cannot 
be excluded that these conditions affect the sensitivity to treatment. Finally, this study 
only quantified the membrane vesicles on treatment with BUD, FLUT, or AZI, but did not 
characterize the vesicles. Vesicle characterization may reveal whether these agents are 
able to affect the composition and thereby possibly physiological aspects of these vesicles. 
Therefore, this may be a subject for further investigation.   

To conclude, glucocorticoids and antibiotics are frequently prescribed to treat COPD 
patients in particular during an exacerbation [4–6]. Treatment with glucocorticoids is 
considered an effective treatment for COPD patients that experience an exacerbation, as 
it increases the rate of lung function improvement and treatment success mostly because 
it significantly reduces local inflammation [6,46]. Regarding the use of antibiotics, up to 
50% of all exacerbations are associated with bacterial infections [47–50]. Therefore, this 
study aimed to determine how these drugs affect several aspects that to some extent 
may determine the course of infection: the bacterial growth, vesicle release and pro-
inflammatory response to these membrane vesicles. Our study shows that the bacterial 
growth and membrane vesicle release are not affected by FLUT, BUD or AZI treatment. 
Treatment with FLUT and BUD, however, was efficient to reduce the pro-inflammatory 
response to bacterial membrane vesicles. The implications of these findings with respect 
to the effects of these glucocorticoids on airway inflammation and on the resolution of 
infection need to be further investigated. 
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abstract 

Bacterial infections contribute to the disease progression of chronic obstructive 
pulmonary disease by stimulating mucus production in the airways. This increased 
mucus production and other symptoms are often alleviated when patients are 
treated with mucolytics such as N-acetyl-L-cysteine (NAC). Moreover, NAC has 
been suggested to inhibit bacterial growth. Bacteria can release membrane vesicles 
(MVs) in response to stress, and recent studies report a role for these proinflam-
matory MVs in the pathogenesis of airways disease. Yet, until now it is not clear 
whether NAC also affects the release of these MVs. This study set out to deter-
mine whether NAC, at concentrations reached during high-dose nebulization, 
affects bacterial growth and MV release of the respiratory pathogens non-typeable 
Haemophilus influenzae (NTHi), Moraxella catarrhalis (Mrc), Streptococcus pneu-
moniae (Spn) and Pseudomonas aeruginosa (Psa). We observed that NAC exerted 
a strong bacteriostatic effect, but also induced the release of proinflammatory MVs 
by NTHi, Mrc and Psa, but not by Spn. Interestingly, NAC also markedly blunted the 
release of TNF-α by naive macrophages in response to MVs. This suggests that the 
application of NAC by nebulization at a high dosage may be beneficial for patients 
with airway conditions. 
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introduction

Chronic obstructive pulmonary disease (COPD) is a respiratory condition that poses a 
huge burden on the society worldwide [1,2]. Patients with COPD often show an increased 
mucus production, sputum purulence and cough [3–5]. To alleviate symptoms, mucolytics 
are frequently prescribed [6–9]. A commonly administered mucolytic is N-acetyl-L-
cysteine (NAC): a small thiol-containing antioxidant  that  acts  by  disrupting  disulphide  
bonds  in mucus [7,10]. Two  recent meta-analyses concluded that patients with COPD 
experience less exacerbations after oral NAC administration [9,11]. 
Bacterial respiratory infections are the main cause of exacerbations in patients with COPD 
and bacteria also have been shown to contribute the progression of stable disease [12–15]. 
A variety of studies has shown that NAC does not only have anti-oxidant or anti-inflamma-
tory characteristics, but also bacteriostatic properties [16–20]. These bacteriostatic effects 
of NAC are thought to be mediated by the inhibition of cysteine utilization by bacteria 
[16]. It is now understood that cysteine deprivation, besides its bacteriostatic action, also 
induces a bacterial stress response which is characterized by the release of bacterial 
membrane vesicles (MVs) [21]. MVs carry several bacterial virulence factors causing them 
to exert strong pro-inflammatory responses (as reviewed in [22,23]). 

Therefore, in this study we examined the effect of NAC on both the MV release and 
growth of the common respiratory pathogens non-typeable Haemophilus influenzae, 
(NTHi), Moraxella catarrhalis (Mrc), Streptococcus pneumoniae (Spn), and Pseudomonas 
aeruginosa (Psa). Moreover, we determined if NAC affects the MV-induced pro-inflam-
matory responses.  
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materials and methods

Reagents and antibodies
NAC (Sigma, St. Louis, MO, USA) was dissolved at 200 mM, the pH was corrected to 
7.0–8.0. Antibodies against CD63 (uncon- jugated, mouse-anti-human clone H5C6) and 
CD81 (PE conju- gated, mouse-anti-human clone JS-81) were obtained from BD (BD 
Bioscience, Franklin Lakes, NJ, USA). The anti-Haemophilus influenzae type b (α-Hib; 
clone 1079/457) monoclonal antibody was obtained from Acris (Acris GmbH, Herford, 
Germany). 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. Hays (Erasmus 
University, Rotterdam, the Netherlands). The antibody against Psa was from Antibodies 
online (Antibodies online, neat raised in guinea pig). Anti- bodies were purified using the 
antibody serum purification kit based on protein A (Abcam, Cambridge, MA, USA). For 
flow cytometric analysis, detection antibodies were PE conjugated using PE-labeling kits 
from Abcam. One hundred microgram of each antibody was PE conjugated according 
to the manufacturer’s instructions.

Bacterial strains and culturing 
The following bacterial strains were used: NTHi (ATCC-49247), Psa (ATCC-27853), Spn 
(ATCC-49619), and a Mrc clinical isolate (University Medical Centre Maastricht (MUMC+), 
the Netherlands). Mrc, Spn, and Psa were pre-cultured on blood plates and NTHi was cul-
tured on vitalex-supplemented chocolate agar plates (Oxoid, Wesel, Germany) overnight 
at 5% CO

2
 and 37oC. After overnight pre-culture, bacterial suspensions with a density of 0.5 

McFarland (1.5x108 colony forming units (cfu)/ml) were prepared. These suspensions were 
then used to prepare bacterial cultures or for infection experiments. Bacteria were cultured 
at 5x107 cfu/ml with or without NAC (5, 25, or 50 mM) for 6 hours in 10 ml RPMI1640. 
NTHi and Mrc were cultured in medium supplied with 10 μg/ml hemin and nicotinamide 
adenine dinucleotide (NAD) (both from Sigma, St. Louis, MO, USA). After 6 hours, cultures 
were centrifuged at 1200 × g for 10 minutes, at room temperature. The pelleted bacteria 
were washed, diluted in PBS and the optical density was determined at 600 nm in optical 
methacrylate disposable cuvettes (Sarstedt, Newton, NC, USA). The supernatant was again 
centrifuged at 1200 × g for 10 minutes to deplete possible remnant bacteria, followed by 
filtering the supernatants through 0.22 μm filters. To allow MV quantification by tunable 
resistive pulse sensing supernatants were concentrated 20 times to a final volume of 500 
μl by centrifugation at 4000 × g for 15 minutes using Amicon ultra-15 10-kDa centrifugal 
filter units (Millipore, Billerica, MA, USA). 

Bacterial MVs for the stimulation experiments were obtained from bacteria that were 
cultured for 4 hours in 30 ml complete vesicle-depleted medium (prepared as described 
in the cells and media section) at a density of 1x108 cfu/ml. Upon culture, supernatants 
were depleted from bacteria by two centrifugation steps at 1200 × g for 10 minutes and 
0.22 μm filtration. Cleared supernatants were then further processed by ultrafiltration and 
size-exclusion chromatography (SEC), as described below.
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Cells and media
Human monocytic THP-1 cells (ATCC-TIB202) were cultured at 5% CO

2
 and 37oC in 

RPMI1640 (Sigma) containing 10% fetal calf serum (FCS) (Lonza, Verviers, Belgium) with 
glucose (22.5%), sodium pyruvate (100 mM), and β-mercaptoethanol (25 mM). Monocytes, 
seeded at 0.5x106 cells per well in 24-wells plates, 1x104 per well in 96-wells plates and 
1x107 cells in T75-flasks, were differentiated using 200 nM phorbol 12-myristate 13-acetate 
(PMA; Sigma) for 72 hours. Hereafter, the medium was replaced with vesicle-depleted 
culture medium containing 5% FCS containing glucose (22.5%), and sodium pyruvate 
(100 mM), hereafter referred to complete vesicle-depleted medium. Medium with 30% 
FCS was depleted from abundant and possibly confounding bovine membrane vesicles 
by combining FCS-free culture medium with vesicle-depleted medium with 30% FCS. 
Vesicle-depleted medium with 30% FCS was obtained by the overnight centrifugation 
at 100.000 × g using a 70Ti-rotor, κ-factor 44 in an Optima L-90K ultracentrifuge (both 
Beckman Coulter, Fullerton, CA, USA).

Infection of macrophages for MV analysis
For macrophage infections in 24-wells plates, cells were washed three times with PBS 
whereafter the medium was replaced with complete vesicle-depleted culture medium. 
Hereupon, macrophages were infected with either one of the bacteria at a multiplicity 
of infection of 10. After 6 hours of infection the medium was harvested, processed by 
two centrifugation steps at 1200 × g for 10 minutes and 0.22 μm filtration, and used for 
bead-based flow-cytometry. 

MV concentration and purification from conditioned 
medium using ultrafiltration and SEC
MVs were concentrated from bacteria-cleared supernatants by using ultrafiltration [24] 
and separated from protein by SEC [25]. This method for vesicle isolation is considered 
one of the most appropriate methods for the isolation of mammalian extracellular vesi-
cles as it provides with an efficient standardized method for the generation of pure intact 
membrane vesicle populations [24–26]. For ultrafiltration, the cleared-supernatants were 
concentrated 60 times to 500 μl in two centrifugation runs at 4000 × g for 15 minutes 
at room temperature using Amicon ultra-15 10-kDa centrifugal filter units (Millipore). The 
method for membrane vesicle purification by SEC was performed as previously described 
by Boing et al., with minor alterations [25]. Briefly, a 15 ml-TELOS filtration column (Kinesis 
Scientific Experts, St. Neots, Cambridgeshire, UK) was stacked with 10 ml sepharose CL-2B 
(GE Healthcare, Uppsala, Sweden). Next, the concentrates were loaded onto the column 
and eluted using PBS. Twenty-four fractions of 500 μl were collected and the MV-con-
taining fraction (based on five pooled fractions: 7-11, previously identified to be highly 
enriched for MVs and negative for free proteins) was stored at -80oC until further use.

MV analysis by tunable resistive pulse sensing
The MV-concentration was determined by tunable resistive pulse sensing using the qNano 
Gold, the Izon Control Suite Software v3.2 and the reagent kit (type RK1) for EV analysis 
from Izon (Izon Science Ltd., Oxford, UK). Measurements were conducted using a NP150-
pore with a fixed stretch of 47 mm, a transmembrane voltage of 0.48 V (led to a baseline 
current of ±100 nA), and a pressure of 6 mbar. Solution G was added (10%) to superna-
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tants that were diluted in solution Q (1:1) and each sample was measured for 10 minutes 
and measurements were repeated when system instabilities occurred. The samples were 
calibrated using 114 nm polystyrene calibration beads (CPC100, Izon Science Ltd.) at a 
concentration of 1x109 particles/ml diluted in culture medium. 

Flow cytometric analysis of MVs using antibody-coated latex beads
Bead-based flow cytometry was used for the semi-quantitative analysis of MVs released 
by macrophages and bacteria. This method was previously described [27,28] and was 
adopted here for bacterial vesicle quantification [29]. Briefly, 4-μm-sized aldehyde-sulfate 
beads were washed in MES buffer and coated with anti-CD63 for host-cell vesicles or with 
an antibody against one of the bacterial membrane vesicles. Antibody-coated beads were 
incubated overnight with 200 μl of cleared supernatant under constant agitation at 1000 
rpm at room temperature. Next, the beads were washed twice with 0.22 μm filtered PBS 
with 2% (w/v) bovine serum albumin (BSA) and incubated with a PE-conjugated detection 
antibody, for 90 minutes at room temperature under continuous agitation. Anti-bacterial 
antibodies were PE-conjugated using a PE-conjugation kit (Abcam) following the manu-
facturer’s instructions and for the host-cell MVs, the detection was based on anti-CD81-PE 
labeled detection antibodies. After incubation with the PE-labeled detection antibodies, 
the beads were washed and suspended in 300 μl PBS for flow cytometric analysis on a 
FACSCantoTM (BD Bioscience, Franklin Lakes, NJ, USA). The lower threshold for detec-
tion was set at 2% based on the percentage of PE-positive control beads (incubated with 
unconditioned culture-medium). Analyses were performed using FACSDiva Software. The 
relative amount of MVs was calculated by the multiplication of the percentage of positive 
beads with the median fluorescence intensity and expressed relative to the control (as 
% of control).

Macrophage stimulation with membrane vesicles 
Stimulation of macrophages with MVs was performed using macrophages seeded in 
96-wells plates. Prior to stimulation, macrophages in 96-wells plates were washed three 
times with phosphate buffered saline (PBS) were after the medium was replaced with 
vesicle-depleted culture medium with 5% FCS. Then, cells were exposed to 20 μl of the 
MV-containing SEC fraction for 16 hours, without or in the presence of NAC (5 μM, 5 mM 
or 25 mM). Hereafter, the culture supernatants were harvested and used for cytokine 
measurements.

Assessment of the bacterial growth and adhesion and internalization
To assess for bacterial growth during culture the optical density at 600 nm was determined 
at a path length of 1 cm using a spectrophotometer (Novaspec II: Pharmacia Biotech, 
Uppsala, Sweden) [30]. PMA-stimulated monocytes seeded in 24-wells plates were washed 
three times with PBS after which vesicle-depleted culture medium was added. Next, 
the cells were infected with either one of the bacteria at an MOI of 10 for 4 hours. After 
infection, the media were collected to assess bacterial survival (and for flow cytometric 
analysis of bacterial and host-cell membrane vesicle release). To assess bacterial survival, 
bacteria were pelleted by centrifugation at 1200 × g, resuspended in 1 ml PBS, where-
upon bacterial dilutions were made and plated. In addition to bacterial survival, bacterial 
adhesion and internalization were determined. After the supernatant was harvested, cells 
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were washed three times with PBS and lysed by adding 0.025% saponin in distilled water 
for 10 minutes. After neutralization, by the addition of culture medium, bacterial adhe-
sion and internalization was determined by bacterial plating. The number of adhered and 
internalized bacteria were then determined by counting. 

Cytokine measurements
The human Ready-Set-Go TNF-α enzyme-linked immuno-sorbent assay (ELISA) kit (Affy-
metrix eBioscience, Santa Clara, CA, USA) was used to determine the TNF-α release 
according the manufacturers’ instructions. 

Statistical analyses
Statistical analysis was performed using Graph-Pad Prism 5 Software (Graph-Pad, San 
Diego, CA, USA). Statistical dispersion was determined by calculation of the standard error 
of the mean. A Mann-Whitney t-test was performed for the statistical analysis of the vari-
ance between the means of two groups. p-values were considered significant when <0.05.  
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results 

The effect of NAC on bacterial growth 
First it was determined whether NAC affects the growth of the common respiratory patho-
gens NTHi, Mrc, Spn, and Psa. We initially determined if the growth was affected by NAC 
concentrations of 5-50 mM, a concentration based on the estimated concentration of 
~30 mM that may be achieved in the lower airway upon administration of 300 mg NAC 
by nebulization and which may therefore be physiologically relevant [31]. As shown in 
figure 1, in the presence of 50 mM NAC bacterial growth was reduced by 43%, 66%, and 
80% of the Gram-negative bacteria NTHi, Mrc, and Psa, respectively. Finally, the bacterial 
growth of the Gram-positive Spn was also reduced by 47%. 

Bacterial MV release in response to NAC
Next, the effect of NAC on the release of bacterial MVs was assessed by tunable resistive 
pulse sensing-based analysis. We observed that the addition of NAC at a concentration 
of 5 mM resulted in a twofold and threefold increase in the release of NTHi and Mrc MVs, 
respectively (Fig. 1B). This MV release was also increased after treatment with higher con-
centrations, albeit to a lesser extent. Yet, since NAC markedly inhibited bacterial growth 
(Fig. 1A), we adjusted the release of MVs for the number of bacteria present in each 
culture condition. After adjustment, the bacterial MV release was found to be increased 
threefold for NTHi and even fivefold for Mrc (Fig. 1B). Although the bacterial MV release 
by Psa initially did not seem to be affected by NAC (Fig. 1A), when the percentage was 
adjusted for the number of bacteria the MV release was found to be increased fivefold. 
Overall this suggests that although NAC significantly inhibited bacterial growth of these 
Gram-negative bacteria, the release of MVs per bacterium seemed to be increased in the 
presence of NAC. The release of MVs by Spn tended to decrease upon treatment and 
disappeared when adjustments for the total bacterial numbers were made suggesting that 
this decrease was the consequence of the reduced number of bacteria (Fig. 1A).   

The effects of NAC on bacterial growth during infection 
As bacterial infections of the airways are associated with prominent activation of alveolar 
macrophages, we examined the effects of NAC treatment on bacterial survival and MV 
release in an in vitro infection model [32]. First, we determined bacterial growth and 
adhesion/internalization after macrophage infection with either one of the bacteria, and 
determined how this was affected by 25 mM NAC. NAC treatment almost completely 
prevented bacterial growth and adhesion/internalization of NTHi and Mrc (Fig. 2A and 
2B). Treatment of Psa-infected macrophages had inconsistent effects on the bacterial 
growth and hardly affected adhesion/internalization (Fig. 2A and 2B). Finally, treatment 
of Spn led to a ~50% reduction of the bacterial growth but did not affect the adherence/
internalization (Fig. 2A and 2B)
.
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FIGURE 1. Bacterial growth and MV release by respiratory pathogens during bacterial 

culture with or without NAC. NTHi, Mrc, Spn and Psa were cultured for 6 h without or in 

the presence of NAC (5, 25 or 50 mM). Bacterial growth was determined with the opti-

cal density of the bacterial suspensions at 600 nm (A). Additionally, the MV release was 

determined by tunable resistive pulse sensing (B) and the MV release was adjusted for 

the number of bacteria (C). All values are presented here as percentage of the untreated 

control condition. (n =  3, * P < 0.05)
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FIGURE 2. The effect of NAC on bacterial survival and adhesion and internalization of respiratory 

pathogens during macrophage infection. Bacterial survival and adhesion/internalization were 

determined after 4 h of infection with NTHi,  Mrc,  Spn  and  Psa  without  or  with  25  mM  

NAC.  Bacteria  were  quantified  by  plating  and  the counts  are  expressed  as  percentage  of  

the  untreated  control.  (n  = 3,  * P  < 0.05)

The effect of NAC on the release of bacterial and host cell-derived 
MVs during macrophage-infection
Next, we studied if bacterial MV shedding during macrophage infection was affected by 
NAC. In the first set of experiments, tunable resistive pulse sensing was used to quantify 
MVs in a bacterial monoculture. However, during infection the MV population released 
consisted of both bacterial and host-cell MVs. Therefore, a bead-based flow-cytometry 
assay for the semi-quantitative determination of MVs was applied here. Unfortunately, 
we failed to establish this platform for Spn so we could not quantify the release for this 
species in this setting. 

At a concentration of 25 mM, NAC increased the MV release by NTHi and Mrc (Fig. 3A). 
When adjustments were made for the total number of bacteria, this increase was fivefold 
for NTHi and tenfold for Mrc (p£ 0.05 vs control, Fig. 3B). Regarding Psa, when adjustments 
were made, the MV release was found to increase on treatment with 25 mM NAC (Fig. 3B). 

MV shedding during infection is a dynamic process that occurs by both bacteria as well as 
by the host. As it has been shown previously that host cell-derived MVs also have immu-
no-stimulatory properties [33–35], we additionally determined the effect of NAC on the 
release of CD63+/CD81+ MVs by macrophages. Treatment with 25 mM NAC significantly 
reduced the release of host-derived vesicles by macrophages, irrespective of the bacteria 
they were infected with (Fig. 4).

The pro-inflammatory response to MVs is reduced by NAC
In earlier experiments, we demonstrated that bacterial MVs induce the release of 
pro-inflammatory cytokines by naïve macrophages [57]. Here, we determined if this pro-in-
flammatory response induced by MVs from NTHi, Mrc, Spn, and Psa was affected by NAC 
treatment. As is shown in figure 5, all MV populations except those of Spn, induced the 
release of TNF-α by naive macrophages, albeit with different potencies. The response of 
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macrophages to MVs was dose dependently reduced in the presence of NAC for all con-
ditions except for Spn (Fig. 5A). Importantly, we determined that this decreased release of 
TNF-a was not the result of a treatment-induced cytotoxicity as NAC treatment was not 
found to have a cytotoxic effects (Fig. 5B). Interestingly, MVs from NTHi and Mrc showed 
to have cytotoxic effects that could be prevented by NAC treatment. 

FIGURE 3. Bacterial MV release by respiratory bacteria during infection without or with 

25 mM NAC. The bacterial MV release after 4 h of infection in the presence 25 mM NAC 

or under control conditions was determined by bead-based flow cytometry. The relative 

counts are presented here as a percentage of the untreated control (A). Moreover, the 

release was adjusted for the total number of bacteria present. (n = 3, * P < 0.05)

FIGURE 4. MV release by macrophages after infection with either one of the respiratory 

pathogens in the presence or absence of 25 mM NAC. The release of CD63+/CD81+ 

MVs by macrophages after 4 h of infection with either one of the bacteria (multiplicity 

of infection of 10) in the presence or absence of 25 mM NAC was determined by bead-

based flow cytometry. The relative counts are expressed here as a percentage of the 

untreated control (n = 3, *  P < 0.05).
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FIGURE 5. The effect of NAC on the TNF-α response by naive macrophages af- ter 

stimulation with bacterial MVs. Macrophages were exposed to bacterial MVs without 

or in the continuous presence of NAC (0.005, 5 or 25 mM) overnight, where after the 

release of TNF-α was determined (data for Mrc-, Psa-, and Spn-MVs are plotted on the 

right y-axis) (A). The cell viability after overnight MV exposure and/or NAC treatment 

was determined by a MTT assay (B). The results are presented as the mean ± SEM (n = 

3, * P < 0.05).
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discussion

NAC is best known for its mucolytic properties, and because of its additional antioxi-
dant and anti-inflammatory properties, it is an attractive drug in COPD therapy [9,11,6–8]. 
Moreover, bacteriostatic characteristics have been assigned to NAC in several studies 
[17–20,36]. In the present study, we confirmed this bacteriostatic effect as the growth of 
several respiratory pathogens was markedly inhibited by NAC. Therefore, as many exacer-
bations result from bacterial infections, the therapeutic effect of NAC may be beyond its 
mucolytic and anti-inflammatory and anti-oxidative properties. Additionally, in the present 
study we demonstrate that NAC, despite an enhancement of the release of pro-inflam-
matory MVs by the Gram-negative bacteria used in this study, suppressed the release of 
inflammatory cytokines by naive macrophages in response to these MVs.

There is a great demand for new treatments that relieve airway obstruction and inflamma-
tory processes in patients with COPD [37]. Treatment with mucolytics, most prominently 
NAC, has been shown to alleviate these symptoms [9,11]. Moreover, (part of) these patients 
frequently suffer from severe exacerbations which are mostly caused by respiratory infec-
tions. Recently, Cazzola et al. concluded from their meta-analysis that patients with or 
without airway obstruction that received oral NAC treatment had a decreased risk of exac-
erbations of COPD, although higher doses were required in patients with obstruction [11]. 
There are indications that this protective effect of NAC may not only rely on its mucolytic, 
anti-oxidant or anti-inflammatory effects, but also on its antibacterial activity. One study 
by Riise et al. shows that COPD patients that received oral NAC therapy had a signifi-
cant reduction of the intrabronchial bacterial numbers [38]. This antibacterial activity has 
already been demonstrated in the ’70 by Parry and Neu [16], who demonstrated that NAC 
inhibited the growth of both Gram-negative and Gram-positive bacteria. Likewise, we also 
found that NAC caused a dose-dependent growth reduction of all bacteria tested. Also, 
during infection of naive macrophages, survival of NTHi and Mrc was significantly reduced 
in the presence of NAC. Adhesion of these two Gram-negative bacteria was markedly 
diminished by NAC. This is in accordance by findings by others, who also demonstrated 
that the presence of NAC significantly reduced the ability of Spn, NTHi or Psa to adhere 
to epithelial cells, in vitro [17,19,36,39,40]. These data suggest a possible role for NAC 
beyond its well-known effects.

The release of MVs, which have been shown to be important vehicles for the simultaneous 
delivery of many effector molecules to host cells, is a common feature for both Gram-neg-
ative and Gram-positive bacteria [23,41]. MVs may influence the course of infection and the 
host immune response by presenting pathogen-associated molecular patterns (PAMPs) 
and antigens to their respective host receptors. A potential involvement of bacterial MVs 
in the pathogenesis of lung disease is indicated by several studies that demonstrate that 
bacterial MVs are present in infected tissues [42–44]. Moreover, it has been demonstrated 
that demonstrated that bacterial MVs are well able to activate immune cells and induce 
the release of pro-inflammatory cytokines. Additionally, bacterial MVs have been shown 
to facilitate replication of Legionella pneumophilia in infected macrophages or to induce 
emphysema via IL-17A-mediated neutrophilic inflammation [45,46]. Thus, inhibition of 
bacterial MV release might be beneficial for the course of pulmonary disease associated 
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with infection (and other infection-related diseases). Here we examined the effects of 
NAC on the release of MVs by common respiratory pathogens. We provide evidence that 
treatment markedly enhanced the release of these vesicles by all Gram-negative bacteria 
when corrected for the number of bacteria. In contrast, no effects on the MV release by 
the Gram-positive Spn were observed. 

The proposed mechanism by which NAC inhibits bacterial growth is by inhibiting the 
cysteine utilization by bacteria [16]. Additionally, this may also explain how NAC triggers 
the release of MVs as a recent study showed that the inhibition of cysteine utilization 
in Neisseria meningitis cultures had bacteriostatic effects and promoted the release of 
bacterial MVs [21]. That the bacteriostatic effects of NAC are likely due to the inhibition 
of cysteine utilization might also explain the species-specific effects observed. Since the 
cysteine requirements differ among bacteria and can even vary between strains, these 
differences may affect the bacterial sensitivity to NAC [47].

 We also showed that particularly MVs from the Gram-negative bacteria stimulated the 
release of TNF-a by nave macrophages. This is in accordance with earlier studies demon-
strating a MV-induced release of pro-inflammatory cytokines and chemokines in vitro as a 
well as in vivo [44,48–51]. Thus, in view of the enhanced release of MVs by our Gram-neg-
ative bacteria, the therapeutic potential of NAC may be limited as it may hereby enhance 
the pulmonary inflammation. However, when we stimulated naive macrophages with 
bacterial MVs, the release of TNF-α could be dose-dependently inhibited by increasing 
concentrations of NAC. This suggests that NAC might be able to counteract its pro-in-
flammatory effect due to the enhanced bacterial MV release by inhibiting the subsequent 
release of pro-inflammatory cytokines by activated immune cells. Additional studies are 
warranted to further examine the net effect of NAC in pulmonary bacterial infections. 
  
Although several in vitro studies have shown that NAC has potent anti-oxidant and anti-in-
flammatory (as reviewed by Sadowska et al. [52]), as well as bacteriostatic properties 
[16–20,36], this was mostly at concentrations which are hard to achieve by oral adminis-
tration. E.g., upon oral administration of 600 mg thrice daily for five days, NAC could not 
be detected in the epithelial lining fluid, bronchoalveolar lavage fluid (BALF) or lung tissue 
[53,54]. Yet, for certain respiratory conditions, such as idiopathic pulmonary fibrosis and 
cystic fibrosis, NAC is administered by nebulization (350 mg, twice daily), whereby a high 
local bioavailability is reached [55,56]. In view of the present data, which suggest that also 
COPD patients may benefit from high local NAC concentrations, nebulization might form 
an attractive alternative in the treatment of these patients.

To summarize, in the current study we demonstrated that high NAC concentrations exert 
bacteriostatic effects on NTHi, Mrc, Spn, and Psa cultures and on NTHi and Mrc during 
macrophage infection. On the other hand, this inhibition of the bacterial growth was 
accompanied by an increased MV release. However, as our results also show that NAC 
markedly reduces the pro-inflammatory response to MVs, it is likely that the increased MV 
release is of little consequence. This may implicate that NAC administration by nebuliza-
tion may have a positive treatment outcome during airway infections, such as bacterial 
exacerbations of COPD, but only when administered at a high concentration. Future 
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research will be required to study these effects in vivo and to determine the long-term 
effects of NAC treatment on respiratory infection and exacerbations. 
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general discussion

The outcome of bacterial infections of the respiratory tract is critically determined by 
interactions between bacteria and host cells. And because of conflicting aims, there is 
great complexity in the execution of these interactions. Membrane vesicles (MVs) are 
released by cells from all branches of life and may facilitate communication. Moreover, 
they may fulfil functions that are beyond communication and provide the cell with addi-
tional advantages. The release of MVs is highly dynamic and context dependent. Past 
studies on the release of bacterial MVs were mostly based on bacterial monocultures 
in the late exponential or stationary phase. Now, in this thesis the central aim was to 
assess the release of both bacterial and host cell-derived MVs during bacterial infection 
of macrophages. The central hypothesis was that both bacterial and host cell-derived 
membrane vesicles released upon infection convey a physiological activity and affect 
host-pathogen interactions. Additionally, we hypothesized that the release of membrane 
vesicles is affected by therapeutics. Therefore, we also studied how therapeutics that are 
frequently used for treatment of chronic obstructive pulmonary disease (COPD), affect 
the release of bacterial and host cell-derived membrane vesicles. 
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Methods to study vesicle release upon infection
In recent literature, a substantial amount of work on bacterial MVs is based on studies 
where MVs were isolated from bacterial monocultures [1–7]. However, in our studies we 
aimed to study the release of not only bacterial MVs but also host cell MVs during active 
infection of macrophages. To address this, we had to establish methodologies to isolate, 
measure and characterize both bacterial and host cell MVs. 

As the release of membrane vesicles is such a dynamic process where the composition of 
membrane vesicles is determined by intra- and intercellular processes, it is key to choose 
a physiological approach to study the expression of membrane vesicles. This, however, 
is highly complicated as the membrane vesicle population released during infection is 
extremely heterogeneous and consists of both host-derived vesicles as well as bacterial 
vesicles. Because of this complexity, intracellular bacteria have been mainly used to study 
vesicle release during infection, as this model assumed that MVs released upon infec-
tion were mainly host cell-derived and therefore easier to characterize. In contrast, the 
dynamics and functionality of MVs shed during infection with extracellular bacteria have 
remained less well studied and as far as we know, no studies on both vesicle populations 
have been published thus far. 

The evaluation of existing methods to study MV release was therefore critical. At the onset of 
the work presented in this thesis, differential ultracentrifugation followed by sucrose cushion 
purification or purification by a sucrose or iodixanol density-gradient was considered the 
gold standard for the isolation and purification of MVs [8,9]. Yet, developments in the field 
indicated that ultrafiltration followed by size exclusion chromatography might be superior 
as this technique does not compromise the vesicle integrity, results in a higher vesicle con-
centration, and might affect the physiological activity of the vesicles to a lesser extent as 
has been suggested for ‘matrix-based’ purification methods such as sucrose and iodixanol 
[10–14]. Therefore, ultrafiltration was chosen for the initial isolation of vesicles from both 
bacteria and host cells. For further characterization and quantification of the vesicles three 
methods were selected: i) Cryo-electronmicroscopy (cryo-EM), ii) tunable-resistive pulse 
sensing (TRPS: for the detection and characterization of single particles), and iii) flow-cytom-
etry [15–17]. Regarding the latter, conventional flow cytometry is not suitable to detect MVs 
because of their small size. To overcome this problem, we used bead-based flow cytometry. 
This technique is based on an existing method for the determination of host cell-derived 
vesicles [9,18]. In chapter 3, we demonstrated the applicability of this technique for the 
semi-quantitative determination of bacterial MVs. We additionally showed that this method 
can be applied on small sample volumes (which makes it suitable for a wide number of 
applications including high throughput screening) to study the release kinetics of multiple 
MV subpopulations within complex vesicle populations.

In summary, we developed a suitable method that allowed us to study heterogeneous 
and complex vesicle populations (e.g. composed of bacterial and host cell-derived MVs). 
This allowed us to determine the kinetics of bacterial and host cell MVs during infection 
(chapter 4) and to establish how the release was affected by drugs frequently prescribed 
to patients with chronic respiratory disease (chapters 5 and 6). 
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To study functional aspects of one specific vesicle population within a mixed population 
(e.g. bacterial and host cell-derived MVs), separation of the different vesicle populations is 
required. To this end, several approaches, including methods based on antibody-coated 
(magnetic-)beads and Optiprep-based techniques, were tested [8,11,19]. Unfortunately, 
none of these approaches gave an adequate separation (results not shown). Novel tech-
niques based on affinity capture of heat shock proteins or heparin for the isolation of 
specific vesicle populations were considered inadequate, as heat-shock proteins (e.g. 
vn96) are also highly conserved in bacteria. Moreover, bacteria (and most likely also MVs) 
contain many heparin binding proteins, which also makes heparin not useful for the dis-
crimination between host cell-derived and bacterial vesicles [20]. Nonetheless, tailor made 
methods can provide a way to isolate specific vesicle populations. An example hereof is 
a platform developed by Ihalin et al. based on immuno-affinity chromatography. Yet, the 
development of such a platform is complicated, timely, and requires validation, especially 
as the success of such a method is highly dependent on the affinity and specificity of the 
antibodies [21]. Therefore, we decided to take vesicles from macrophages stimulated with 
heat-inactivated bacteria (which do not release MVs) to study functional characteristics of 
MVs released by macrophages after bacterial challenge. 

To summarize, the assessment of MVs requires highly advanced techniques that need 
to be optimized and verified a priori. We selected and verified several techniques and 
modified an existing method which allowed us to study bacterial and host cell-derived 
MVs released during infection and culture. 

Characterization of bacterial MVs released upon culture
Previous studies have demonstrated that MVs are released by bacteria during culture. 
Most of these studies assessed the release of bacterial MVs during the stationary growth 
phase of the cultures in specialized culture media [1–7]. In chapter 2 we highlighted that 
the culture conditions, e.g. the availability of nutrients or the presence of host cells, can 
affect the release of MVs by bacteria. Therefore, in chapter 4 we characterized bacterial 
MV release under culture conditions that resemble those as used during infection (short 
culture periods in standard cell culture medium). With the use of cryo-EM and TRPS we 
confirmed that MVs are being released during bacterial culture. Moreover, our results 
revealed that the vesicles released by the four bacterial species tested were comparable 
in size and number. Unfortunately, it is difficult to directly compare our results to other 
studies that were based on the same species. Most studies used different culture media 
and culturing times and mostly base their quantifications on the protein concentration of 
ultracentrifugation pellets [3,22–24], while our quantifications are based on TRPS-based 
analysis, which makes it difficult to compare. 

To summarize, our results demonstrate that MVs are being released by bacterial cultures, 
already in the early exponential phase. 
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Characterization of bacterial MVs released upon infection
That bacterial behaviour, including the release of MVs, is altered in the presence of host 
cells is generally recognized. As reviewed in chapter 2, cationic antimicrobial peptides 
and certain other host cell-derived products can induce the release of bacterial MVs. On 
the other hand, it cannot be excluded that during infection phagocytes eliminate bac-
teria thereby reducing the number of MVs being released. Future studies, however, will 
be necessary to perform more detailed studies on how host cells and the physiological 
context can (in-)directly affect bacterial MV biogenesis. We suggest this can be done using 
a platform based on fluorescent antibodies e.g. by our bead-based flow-cytometric assay 
or by dedicated flow cytometry (e.g. Apogee A50 flow cytometric analysis)[25–27].   

To summarize, our results indicate that bacterial MVs are released during macrophage 
infection and we addressed this in more detail in chapter 4.  

Characterization of host cell-derived MVs released upon infection
During infection host cells are exposed to a variety of stressors that may be a consequence 
of infection [28,29]. Exposure to stressors (i.e. heat stress or oxidative stress) has previously 
been shown to induce the release of MVs [30,31]. However, the effect of bacterial infec-
tions have been studied less intensively. In chapter 4 we studied the dynamics of vesicle 
shedding by macrophages under control conditions and during infection by cryo-EM and 
TRPS. We showed that MVs could be detected already after 4 hours of culture. The average 
concentration of the host cell-derived vesicles under control conditions was established 
at 5.8x108 particles/ml. The median diameter of these vesicles was established at 117 nm 
(IQR 98-146) and 111 nm (IQ 105-118) by TRPS and cryo-EM, which once more confirms 
the resemblance between host cell-derived and bacterial vesicles at least at the size level. 
To determine more specifically the release of host cell-derived vesicles following infection, 
we used bead-based flow-cytometry. Results showed that infection enhanced the release 
of CD63+/CD81+ vesicles. This is in accordance with earlier studies by Carriére et al., who 
demonstrated that in vitro macrophage infection with E. coli resulted in an increased 
release of CD63+ MVs [32]. Also in vivo the release of MVs was shown to be augmented 
in the bronchoalveolar fluid of mice after the instillation of LPS [33,34], and neutrophils, 
macrophages, and epithelial cells were all found to contribute to this increase [33]. In 
contrast, however, the release of CD63+ or CD9+ vesicle by Mycobacterium tuberculo-
sis-infected macrophages was not altered, suggesting that the nature of infection may 
determine whether the release of host cell vesicles changes  [35]. 

In summary, our results presented in chapter 4 demonstrated that macrophages release 
MVs during short term culture conditions. Moreover, we observed that macrophage infec-
tion with extracellular bacteria enhances the release of MVs. 

Bacterial MVs released upon infection exert a strong pro-inflammatory activity
It has been recognized that bacteria release MVs with immuno-stimulatory and -mod-
ulatory properties. These properties can mainly be attributed to components such as 
lipopolysaccharides and various (other) virulence factors [36,37]. In chapter 4 we could 
confirm that bacterial MVs possess a strong pro-inflammatory potential, which was how-
ever limited to the Gram-negative bacteria as MVs of S. pneumoniae did not induce the 
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release of TNF-α. Additionally, we demonstrate this response was induced in a TLR-4 
dependent manner for vesicles from non-typeable H. influenzae and P. aeruginosa, which 
was as expected since others identified LOS and LPS, respectively, as important vesi-
cle components [5,24,38]. M. catarrhalis MVs, on the other hand, induced inflammatory 
responses independently of TLR-4 which is in line with a previous study demonstrating 
that this occurs in a TLR-2 dependent manner [39]. 

As membrane vesicle shedding occurs constitutively it is possible that host cells are 
exposed to bacterial vesicles for prolonged periods of time. In chapter 4 we established 
how prolonged macrophage exposure to infection-associated MVs affects the response 
to subsequent stimulation with bacterial mimetics. Interestingly, we observed that par-
ticularly pre-exposure to MVs from non-typeable H. influenzae significantly decreased the 
pro-inflammatory response to a secondary challenge with TLR-4 or TLR-2/1 ligands. This 
is likely to be the consequence of TLR-desensitisation which can occur upon prolonged 
TLR-4 activation [40,41]. This may compromise innate immune responses required to 
resolve infection [28,42]. Another important finding presented in chapter 4 is the increased 
bacterial adhesion to and internalization of macrophages upon pre-exposure to MVs. 
As proteomic analyses identified several adhesins on these vesicles it is likely that these 
account for part of the effects [2,4,43,44]. However, these results ask for a careful inter-
pretation as they may also have been caused by an augmented bacterial phagocytosis. 
Therefore, additional studies are required to determine the true effects of MVs in this 
respect. 

To conclude, the results we present in chapter 4 demonstrate that bacterial MVs shed 
during the initial phase of infection provoke strong inflammatory responses by naïve 
macrophages but can also induce tolerance and enhance bacterial adhesion and inter-
nalization. Future research is needed to determine the consequences of bacterial MV 
shedding on bacterial clearance. 

The physiological activity of host cell-derived MVs 
Various functional characteristics have been attributed to host cell-derived vesicles 
released in the context of infection or inflammation. These include pro-inflammatory 
properties which have been accredited to the presence of pathogen-associated molecular 
patterns or pro-inflammatory cytokines such as IL-1β or TNF-α on or inside the vesi-
cles [33,34,45–47]. Therefore, we determined the pro-inflammatory properties of host 
cell-derived vesicles released upon infection. By using MVs released by macrophages after 
stimulation with heat-inactivated bacteria (where no bacterial vesicles are present), we 
demonstrated in chapter 4 that these macrophage-derived MVs did not induce the release 
of TNF-a by naïve macrophages. Moreover, we showed that the release of TNF-a by naïve 
macrophages following stimulation with mixed membrane population (host cell-derived 
and bacterial) was comparable to the results achieved when stimulated with bacterial 
vesicles only. This indicates that host cell-derived vesicles have little pro-inflammatory 
potential. This is in line with recent findings by Athman et al. who demonstrated that 
MVs released during macrophage infection with M. tuberculosis consist of bacterial and 
host-derived MVs and that only the bacterial MVs induced an inflammatory response [16]. 
There are conditions, however, where pro-inflammatory MVs can be released by mac-



156

Chapter 7

rophages, which for example has been shown to occur in response to stimulation with 
LPS [33,34,45]. Thus, the release of inflammatory MVs by host cells seems highly context 
and cell-type specific and a plethora of other physiological properties has been ascribed 
to MVs of innate immune cells. For example, it has been shown that dendritic cell or mac-
rophage-derived MVs can carry (functional) MHC-II-peptide complexes [48–51]. Therefore, 
future studies are required to assess other physiological aspects of MVs released by innate 
immune cells upon infection with extracellular bacteria.  

Bacterial MV release in response to conventional 
therapeutics in chronic airway disease
Bacterial infections of the respiratory tract have been shown to be the main cause of 
exacerbations in patients with chronic bronchitis or COPD [52–56]. Usually such exacerba-
tions are treated with corticoids and/or antibiotics to prevent excessive inflammation and 
to kill bacteria, respectively [57–59]. Moreover, a few studies recently demonstrated that 
glucocorticoids can directly affect the bacterial growth and the sensitivity to antibiotics 
in a species-dependent fashion [60–62]. To further extent these findings, in chapter 5 we 
investigated the effects of the glucocorticoids fluticasone, budesonide, and the antibiotic 
azithromycin on bacterial growth. However, in contrast to these earlier findings, in our 
hands bacterial growth was in general not significantly affected by these pharmacological 
agents. Previous studies demonstrate that certain antibiotics induce the release of MVs 
and that this contributes to an enhanced bacterial resistance. Therefore, we also deter-
mined the effects of these drugs on the shedding of bacterial MVs. We found that none 
of the pharmacological agents had any effect on the release of bacterial vesicles. This 
was an interesting finding as there was considerable reason to suspect that glucocorti-
coids can affect the release of these vesicles. This motive was provided by a recent study 
that shows a high resemblance in the bacterial behaviour of H. influenzae exposed to a 
glucocorticoid and RpoE deletions strains [60]. RpoE encodes sigma factor E (sE) and the 
activation of sE is a well-known trigger for MV release (reviewed in chapter 2). Therefore, 
we anticipated that glucocorticoids exerted an inhibitory effect on the release of MVs. 
Yet, for this no evidence was found for the therapeutically relevant concentration tested 
in our study. Also in chapter 5, we showed that fluticasone propionate, budesonide, and 
azithromycin strongly inhibited the pro-inflammatory response to bacterial MVs. This was 
in line with previous studies which demonstrated immune-silencing by glucocorticoids as 
well as azithromycin [63,64]. So, together our findings implicate that treatment with these 
glucocorticoids and/or azithromycin has beneficial effects on inflammation (figure 1). This 
positive effect is further supported by findings of others who demonstrated a decreased 
invasion of airway epithelial cells and lungs by S. pneumoniae and H. influenzae upon 
treatment with glucocorticoids [65,66]. These effects were dependent on a reduction of 
inflammation and consequently a reduced expression of platelet-activating factor receptor 
(PAF-R)[66]. PAF-R is important for the bacterial adhesion of certain airway pathogens, 
including S. pneumoniae and H. influenzae but not for other bacteria such as Klebsiella 
pneumonia. This may explain why fluticasone treatment did not result in a decreased 
invasion and even impaired clearance of K. pneumoniae [67]. Therefore, not only should 
the impact of treatment with glucocortocoids on adhesion/invasion be determined, also 
the impact on bacterial clearance needs to be addressed before an appropriate indication 
for treatment can be given.
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Thus, our results suggest that the potentially positive effects of glucocorticoids or azith-
romycin on airway inflammation and infection in patients with bacterial exacerbations 
may depend on additional mechanisms besides the well-known anti-inflammatory and 
anti-bacterial effects.

Bacterial MV release in response to non-conventional
therapeutics in chronic airway disease
Despite the positive effects of glucocorticoids and antibiotics in severe chronic lung dis-
eases, there might also be a downside as they may alter the lung microenvironment (e.g. 
presence of oxidative stress, inflammatory cells and components, or by lung remodelling) 
when administered over a long period of time. This may ultimately impact the bacterial 
growth and behaviour [61,68]. As these therapeutics are frequently administered over a 
longer time span [69–73], future studies will be required to determine how they affect the 
lung microenvironment [68]. This is particularly important for three major reasons. Firstly, 
the bacterial composition in the lower airways of patients with stable COPD is markedly 
different from healthy subjects, both in number and composition, characterized by an 
increased prevalence of H. influenzae, S. pneumoniae, M. catarrhalis, and P. aeruginosa 
[74–80]. Secondly, respiratory infections and bacterial sputum counts are associated with 
a decline in lung function in COPD [81–85]. Finally, it is not known whether this difference 
is the result of pathology, treatment, or a combination. Irrespectively, large randomized 
trials have demonstrated that the majority of the COPD patients does not benefit from 
treatment with immuno-corticoids [57–59]. Therefore, new therapies that are effective 
over long periods of time and free of side effects are required.  

One such promising alternative may consist of N-acetyl-L-cysteine (NAC) administration 
by nebulization. As a mucolytic, NAC is currently used in the treatment of patients with 
chronic bronchitis and COPD, where it is administered orally [86,87]. As administration 
by nebulization results in a higher local availability, this may form an attractive treatment 
approach. In chapter 6 we tested the effects of NAC on bacterial behaviour regarding 
bacterial growth and MV release of/by common respiratory pathogens. We observed 
that, under culture conditions, NAC exerts a strong bacteriostatic effect on non-typeable 
H. influenzae, M. catarrhalis, S. pneumoniae, and P. aeruginosa, which was in agreement 
with previous studies [88–93]. For H. influenzae and M. catarrhalis our results also showed 
that treatment with NAC resulted in a markedly enhanced MV release. Interestingly, both 
observations may be closely linked and dependent on the inhibition of bacterial cysteine 
utilisation by NAC. Cysteine deprivation drastically reduces bacterial growth [88] but also 
has been shown a trigger for the release of bacterial MVs (as reviewed in chapter 2)
[94]. However, in chapter 4 we demonstrated that such enhanced release of vesicles 
may be detrimental and initiate pro-inflammatory processes. Nonetheless, we addition-
ally demonstrate (chapter 6) that NAC treatment reduced these potentially dangerous 
pro-inflammatory responses to bacterial MVs and therefore the increased shedding of 
pro-inflammatory MVs due to NAC treatment is allegedly of little consequence. 
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Thus, although bacterial exposure to NAC initially induced an increased release of 
pro-inflammatory MVs by Gram-negative bacteria, NAC at the same time exerts strong 
bacteriostatic and anti-inflammatory effects (figure 1). This led us to speculate that the 
net-effect of NAC when administered at a high dose by nebulization may be beneficial for 
patients with COPD. Future studies on the long-term effects of NAC on bacterial airway 
infection and inflammation will be required to follow up on this theory. 

FIGURE 1: summarising the effect of therapeutics on the bacterial behaviour in terms of 

bacterial growth and membrane vesicle release and on the pro-inflammatory response to 

pro-inflammatory bacterial MVs.
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directions for future research 

Pre-clinical models
Previous studies have shown that MVs are released by host cells during infection with 
intracellular bacteria [46,47,95,96], upon stimulation with bacterial mimetics such as LPS 
[33,45], but also by bacteria over longer periods of culture [1,4,7,97]. The data presented 
in this thesis improved our insight concerning the dynamics of membrane vesicle shed-
ding during infection with extracellular bacteria during relatively short infection periods. 
However, most studies were performed in a “1-dimensional” environment (one cell type 
and one species of bacteria). Yet, as delineated in chapter 2, the (micro-)environment 
is of relevance for host cell and bacterial stress responses. Therefore, studies that are 
performed in a physiological setting are of great importance. The easiest and most effi-
cient way to make fast progress involves the use of in vitro infection models. In recent 
years, significant progress has been made in the development of 2D co-culture and 3D 
organotypic models. The application of such models allows to study in greater detail the 
involvement of different cell types and their interaction with respect to the release of both 
host cell and bacterial vesicles. For example, membrane vesicle shedding by respiratory 
pathogens can be assessed using a 2D air-liquid interface co-culture model based on 
differentiated airway epithelial cells and macrophages. From the host perspective, this 
will help to determine their true physiologically value over the course of infection and to 
unravel if these vesicles contribute to innate immunity-mediated bacterial clearance. From 
the perspective of the bacteria, these models will help to understand how bacteria shape 
their outer membrane (e.g. lipid-A region) over the course of infection or during niche 
occupation and the involvement of MVs in virulence and defence and nutrient acquisition.   

Therapy
As was shown in studies presented in this thesis and by others, certain therapeutic 
agents may be accompanied by undesired side-effects as they can affect bacterial stress 
responses in terms of antibiotic resistance [60,62], biofilm formation [60] and the release 
of immunogenic MVs (chapter 6 [98,99]). Future research on the mechanisms for vesicle 
biogenesis may help to predict and prevent these undesired outcomes. It is at present 
unknown to what extend MVs contribute to bacterial resistance to certain cationic antibi-
otics. Nevertheless, it is known that membrane remodelling is important for the acquisition 
for resilience [100–102]. Further elucidation of the role MVs play in this stress response will 
therefore also help to overcome general bacterial defence mechanisms to antibiotic treat-
ment. An example hereof may be the targeted combination of therapeutics and “smart 
factors”, like the combination of polymyxins and certain components (e.g. nutrients) that 
stabilize the bacterial outer membrane and/or inhibit bacterial stress responses. In addi-
tion, it will be key to establish the physiological conditions that bacteria are exposed to in 
the host during invasion and niche occupation, and to understand how these can trigger 
bacteria to modulate their outer membrane and release of MVs. This will be essential to 
determine whether and how bacterial membrane vesicle release can be targeted and 
how this can be modulated. 
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Environment 
A better understanding of the mechanisms of bacterial defence against environmental 
factors is highly relevant as the virulence and pathogenicity of bacteria is predominantly 
determined by their ability to overcome these challenges. MVs are an important aspect 
of the bacterial arsenal that enables them to cope with their environment and thus may 
be a determinant for virulence and pathogenicity. Also, they may help to overcome host 
defences and confer with protection against antimicrobial compounds. Therefore, future 
research is essential to understand how environmental and host-related factors as well 
as conventional treatments affect bacterial stress responses. This can prevent the release 
of vesicle-associated toxins and inflammatory components such as lipopolysaccharide. 

concluding remarks 

In this thesis, we have shown that MVs are released by both host cells and the common 
respiratory pathogens H. influenzae, M. catarrhalis, S. pneumoniae, and P. aeruginosa in 
the context of infection and demonstrate that bacterial vesicles are of physiological impor-
tance as they can induce and modulate inflammatory responses and may as well affect 
bacterial internalization. Finally, we have demonstrated how (non-)conventional thera-
peutics may affect inflammatory responses by modulating the release of and response to 
these pro-inflammatory MVs. Overall, these results provide a solid ground for innovative 
and exciting research in the field of bacterial and host cell MVs especially in the context 
of (chronic) respiratory diseases.
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Summary

A

summary 

The release of membrane vesicles is a process that is conserved amongst cells of all 
branches of life and the physiological functions and release are highly dynamic and con-
text dependent. In this thesis, we presented studies that addressed the release of host cell 
and bacterial membrane vesicles in the context of infection with the common respiratory 
pathogens non-typeable Haemophilus influenzae, Moraxella catarrhalis, Streptococcus 
pneumoniae, and Pseudomonas aeruginosa. 

In the general introduction (chapter 1) the context for this thesis was outlined by describ-
ing bacterial infections of the airways by common respiratory pathogens, innate immunity 
to infection, and intercellular communication by means of membrane vesicles during 
infection and inflammation.

In chapter 2, we reviewed how vesicle shedding is affected by a plethora of host-associ-
ated factors. These factors include physiological barriers, antimicrobial peptides released 
by host tissues, bacterial antimicrobial peptides found within host niches, and antibiotics. 
Another aspect that is covered in this review is how these vesicles confer bacteria with 
a means to cope with challenges that bacteria are faced with during invasion and occu-
pation of host niches. 

It is important to study the release of membrane vesicles in a physiological situation. This, 
however, remains challenging as most currently available techniques for characterization 
and isolation have specific shortcomings. One such shortcoming is that it is difficult to 
determine the release kinetics of specific membrane vesicle subpopulations in mixed 
vesicle populations (e.g. composed of host and bacterial vesicles). In chapter 3 an assay 
is presented which was developed by us to overcome this problem and which allows 
the semi-quantitative analysis of specific membrane vesicle subpopulations within such 
heterogeneous vesicle populations. 

In chapter 4 the release and functional activity of bacterial and host cell membrane 
vesicles released during macrophage infection with non-typeable H. influenzae, M. 
catarrhalis, S. pneumoniae, and P. aeruginosa were determined. This study revealed that 
during infection both host cells and bacteria release membrane vesicles. Moreover, we 
demonstrated that host cell-derived vesicles do not induce a significant pro-inflammatory 
cytokine release whereas bacterial membrane vesicles do. Conversely, these membrane 
vesicles were also found to result in host cell desensitisation to secondary immunogenic 
stimuli and to lead to an increased number of adherent and intracellular bacteria. This 
implies that bacterial membrane vesicles may on one hand aid in the immunity to infection 
and on the other contribute to bacterial survival.   

The release of membrane vesicles can be triggered by various factors, including therapeu-
tic agents. A sudden release of potent immuno-stimulatory membrane vesicles may form 
a potential hazard. In chapter 5 the release of bacterial membrane vesicle in response to 
conventional therapeutics that are used to treat airway inflammation (the glucorticoster-
oids fluticasone propionate and budesonide and the macrolide antibiotic azithromycin), 



172

Appendix

was studied. Again, this was assessed in the context of infection to account for direct 
and indirect effects of these components (by affecting  host cell behaviour) on bacterial 
membrane vesicle shedding. We determined that the release of membrane vesicles by 
none of the bacteria was affected by treatment. Moreover, we found that these therapeu-
tics resulted in a significantly decreased pro-inflammatory response to bacterial vesicles.
 
As conventional therapeutics fall short in the treatment of patients with chronic obstructive 
pulmonary disease, there is a great need for novel effective treatment approaches that 
are free of side effects and can be used over long periods of time. N-acetyl-L-cysteine 
(NAC) is a frequently used mucolyticum that is administered orally. Alternatively, it can 
also be applied by nebulization, but it is unknown how this affects bacterial behaviour. In  
chapter 6 we established the effect of NAC on the bacterial behaviour. Results showed 
that NAC treatment not only significantly inhibited the growth of all bacteria, it also strongly 
induced the release of bacterial membrane vesicles. Alternatively, we also revealed that 
NAC markedly reduced the pro-inflammatory response to membrane vesicles. Therefore, 
it seems that this initial discharge of pro-inflammatory vesicles is of little consequence 
and that the overall treatment outcome is most likely positive. Future studies are required 
to further establish the effects of NAC on airway infection. 

In the final chapter of this thesis, chapter 7 we discussed the major findings and make 
suggestions for future research. We started this discussion with the technical challenges 
that come with studying vesicle release in more complex models based on multiple cell 
types. Hereafter we discussed the physiological activity of host cell-derived and bacte-
rial membrane vesicles. Finally, we discussed how the release of membrane vesicles is 
affected by external factors with a focus on the therapeutics tested in this studies. 

This thesis provides with background on the release of bacterial membrane vesicle release 
in the context of a host environment. In our studies we show that bacterial membrane 
vesicles have immuno-stimulatory and modulatory properties. Moreover it was shown 
how therapeutics may affect inflammatory responses by modulating the release of and 
the response to pro-inflammatory membrane vesicles. Overall, this thesis provides with 
an improved insight on the release and functionality of the membrane vesicle release 
during infection. The gained insights and methodology can guide direction and provide 
with a means to follow up on this.
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De vrijstelling van membraan blaasjes (vesicles) door cellen is een sterk geconserveerd 
proces en vindt plaats in alle domeinen van het leven waarbij zowel de functionaliteit als 
de uitscheiding uiterst dynamisch en context afhankelijk zijn. De verschillende studies 
opgenomen in dit proefschrift richtten zich op de uitscheiding van membraan vesicles 
door gastheercellen en bacteriën, in de context van infectie met de veelvoorkomende 
luchtwegpathogenen non-typeable Haemophilus influenzae, Moraxella catarrhalis, Strep-
tococcus pneumoniae en Pseudomonas aeruginosa.

In de algemene introductie (hoofdstuk 1) wordt de achtergrond voor dit proefschrift 
gegeven door in te gaan op bacteriële infecties van de luchtwegen, de aangeboren 
immuunreactie op infecties en de intercellulaire communicatie door middel van mem-
braan vesicles tijdens infecties en ontstekingen.  

In hoofdstuk 2 (het overzichtsartikel) hebben we uitgebreid beschreven hoe de uitschei-
ding van membraan vesicles beïnvloedt kan worden door een scala aan verschillende 
gastheer-geassocieerde factoren. Voorbeelden van deze factoren zijn fysiologische bar-
rières, antimicrobiële peptides die worden uitgescheiden door verschillende weefsels 
in het lichaam, bacteriële antimicrobiële peptides die kunnen worden aangetroffen op 
specifieke locaties in het lichaam en bepaalde antibiotica. Een ander aspect dat in dit 
overzichtsartikel wordt besproken is hoe membraan vesicles bacteriën kunnen assisteren 
bij het omgaan met bedreigingen die ze tegenkomen tijdens de invasie en kolonisatie van 
gastheer-geassocieerde niches.  

Het is belangrijk om membraan vesicles te bestuderen in een fysiologische situatie. Dit 
blijkt echter complex te zijn omdat het merendeel van de beschikbare conventionele 
technieken voor het karakteriseren en isoleren van membraan vesicles bepaalde tekort-
komingen hebben. Een van deze beperkingen is dat het moeilijk is om het aandeel van 
een specifieke membraan vesicle populatie in een samengestelde populatie te bepalen 
(bijvoorbeeld een populatie die is samengesteld uit gastheer-afkomstige en bacteriële vesi-
cles). In hoofdstuk 3 presenteren we een door ons ontwikkelde methode. Deze methode 
stelde ons in staat dit probleem op te lossen door gebruik te maken van met specifieke 
antilichamen gecoate “beads”, waarmee het mogelijk bleek om zowel de membraan 
vesicles afkomstig van de bacteriën als de gastheer vesicles semi-kwantitatief te bepalen. 

In hoofdstuk 4 hebben we de vrijstelling en functionaliteit van bacteriële en van de gast-
heercel afkomstige membraan vesicles bepaald tijdens de infectie van macrofagen met 
de eerder genoemde luchtwegpathogenen. In deze studie konden we aantonen dat 
de uitscheiding van membraan vesicles tijdens infectie plaats vindt door zowel de gast-
heercellen als de bacteriën. Voorts hebben we hier aangetoond dat blootstelling van 
macrofagen aan vesicles afkomstig van gastheercellen niet zorgen voor de uitscheiding 
van ontstekingsbevorderende cytokinen terwijl dit wel het geval was na blootstelling aan 
bacteriële vesicles. Anderzijds konden we ook aantonen dat deze bacteriële vesicles 
kunnen zorgen voor een verminderde ontstekingsreactie op een daaropvolgende immu-
nogene prikkel. Ook zagen we dat de blootstelling aan bacteriële vesicles zorgde voor 



174

Appendix

een verhoogde bacteriële adhesie en meer intracellulaire bacteriën. Dit suggereert dat 
de bacteriële membraan vesicles de immuunreactie op een infectie kunnen bevorderen 
maar dat deze ook kunnen bijdragen tot infectie.  

De uitscheiding van membraan vesicles kan worden veroorzaakt door verscheidene 
factoren inclusief therapeutische middelen. Een onverhoedse vrijstelling van sterk ont-
stekingsbevorderende membraan vesicles als resultaat van een bepaalde therapeutische 
interventie zou potentieel gevaarlijk kunnen zijn. In hoofdstuk 5 wordt de uitscheiding 
van bacteriële membraan vesicles na blootstelling aan conventionele therapeutische mid-
delen (de glucocorticosteroïden fluticasone propionate en budesonide en het macrolide 
antibioticum azithromycine) nader bepaald. Wederom werd dit uitgezocht in de context 
van een infectie om zo de directe als ook indirecte effecten (door de beïnvloeding van 
het gedrag van de gastheercellen) van deze componenten op de vrijstelling van bacteri-
ele membraan vesicles mee te kunnen nemen. We konden vaststellen dat geen van de 
therapeutische middelen de vrijstelling van membraan vesicles door de bacteriën beïn-
vloedde. Daarnaast vonden we dat deze middelen leidden tot een aanzienlijk verminderde 
ontstekingsreactie na blootstelling aan bacteriële vesicles. 

Omdat conventionele therapeutische middelen tekortschieten in de behandeling van 
patiënten met chronische obstructieve luchtwegaandoeningen, zoals COPD en astma, 
is er een grote behoefte aan nieuwe effectieve behandelingsmethoden die vrij zijn van 
bijwerkingen en die gedurende langere tijd gebruikt kunnen worden. N-acetyl-L-cysteine 
(NAC) is een veelvuldig gebruikt slijmoplossend middel dat over het algemeen oraal wordt 
toegediend. Optioneel kan het ook worden toegediend door middel van verneveling. 
Het is echter niet bekend hoe dit middel het gedrag van bacteriën beïnvloedt. In hoofd-
stuk 6 hebben we uitgezocht hoe een blootstelling aan NAC het gedrag van bacteriën 
beïnvloedt. Onze resultaten lieten zien dat blootstelling aan NAC niet alleen leidde tot 
een aanzienlijke remming van de bacteriële groei, maar daarnaast ook leidde tot een 
sterk verhoogde uitscheiding van bacteriële membraan vesicles. Echter, we konden ook 
een sterke verlaging van door membraan vesicles geïnduceerde ontstekingsreactie na 
blootstelling aan NAC aantonen. Derhalve lijkt het ons waarschijnlijk dat de aanvankelijke 
vrijstelling van ontstekingsbevorderende vesicles minimale consequenties heeft en dat 
de uiteindelijke uitkomst van de behandeling vermoedelijk positief is. Vervolgstudies zijn 
echter nodig om de effecten van NAC op luchtweginfecties nader te bepalen. 

In het laatste hoofdstuk van dit proefschrift (hoofdstuk 7) zijn de belangrijkste bevin-
dingen besproken en zijn er suggesties gedaan voor toekomstig onderzoek. We zijn in 
deze discussie begonnen met de technische uitdagingen die zich aandienden bij aan-
vang van het hier beschreven promotietraject bij het bestuderen van de uitscheiding van 
membraan vesicles in gecompliceerdere modellen die zijn samengesteld uit meerdere 
celtypen. Vervolgens is de fysiologische activiteit van vesicles afkomstig van zowel bac-
teriën als gastheercellen besproken. Tot slot hebben we besproken hoe de uitscheiding 
van membraan vesicles beïnvloed wordt door externe factoren, waarbij de focus lag op 
de therapeutische middelen die gebruikt worden bij de behandeling van patiënten met 
chronische obstructieve luchtwegaandoeningen. 
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Dit proefschrift geeft achtergrond over de uitscheiding van bacteriële membraan vesicles 
in een omgeving zoals deze zich voordoet in de gastheer. In dit onderzoek konden we 
aantonen dat bacteriële membraan vesicles een ontstekingsbevorderend, maar ook een 
immuun-modulerend effect kunnen hebben. Daarnaast werd aangetoond hoe therapeu-
tische middelen de ontstekingsreactie kunnen beïnvloeden door effect uit te oefenen op 
de vesicle-uitscheiding en op de ontstekingsreactie van macrofagen na blootstelling aan 
deze vesicles. Alleszins geeft dit proefschrift een beter inzicht in de uitscheiding en functi-
onaliteit van membraan vesicles zoals die worden vrijgesteld tijdens infectie. De verkregen 
inzichten kunnen helpen bij het bepalen van een toekomstige koers voor vervolgstudies 
en de ontwikkelde methodologieën kunnen hierbij van toegevoegde waarde zijn bij de 
uitvoering van deze toekomstige studies. 
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valorisation 

“The importance of asking questions purely out of curiosity and carrying out experiments 
to test models that arise from these questions—the paradigm of basic biological research—
cannot be dismissed as ‘old-style’ thinking; it is the main driving force of scientific freedom 
and originality.” -  Schvartzman [1] - 

1. introduction 

This chapter will provide an overview on the valorisation of this thesis. This was done in 
accordance with the guidelines introduced by the Maastricht University in 2014 that state 
all dissertations should include a chapter on the valorisation of the research. Valorisation 
of research lays in the potential use of its outcomes, so if these outcomes are of direct 
or indirect benefit for society. Or as defined by the national valorisation committee: “val-
orisation is the process of creating value from knowledge by making knowledge suitable 
and/or available for economic and/or societal use and translating that knowledge into 
competitive products, services, processes, and entrepreneurial activity” [2].

It is easy to realize a valorisation of research biased by valorisation policies with a defined 
measureable outcome set a priori. This type of research usually concerns well designed 
research, marked-out as a controlled trajectory. If you would compare designing and 
realising a research project with the design and realization of a building design this would 
almost guarantee you to achieve the plotted end product. However, sometimes one 
needs to make a leap beyond the practical and set out on an exploration. This, in part, 
applies for basic research that aims at identifying and describing biologic processes to 
deepen understanding.  In my opinion, the gain of fundamental knowledge on a subject, 
in itself should be its valorisation. Because isn’t it so that an increasing knowledge of a 
phenomenon usually leads to the valorisation of the phenomenon. 

This study focused on small membrane ‘bags’ once thought of as garbage bags observed 
to be released by certain cells of our body. Also in the field of microbiology the release of 
the membrane vesicles was reported. To date, around 30 years after their discovery, the 
value of these membrane vesicles is being increasingly recognized. It is now clear that the 
release of these vesicles is a highly-conserved process that occurs by cells that belong to 
all branches of life. They are involved in intercellular communication and processes that 
lay beyond, such as the acquisition of nutrients and the protection against environmental 
factors. Hereby their physiological activities affect and enable a wide range of biological 
processes. In this thesis, we investigated the release of membrane vesicles in an in vitro 
infection-model based on macrophages and bacteria associated with airway disease to 
obtain a better understanding of the biological significance of vesicles shed by the host 
and bacteria during infection.  
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2. relevance for society
Respiratory infections have a large impact on the global health. The World Health Organ-
isation established that acute respiratory tract infections are the most important cause of 
morbidity and mortality worldwide and account annually for 4 million deaths [3]. Besides 
the direct consequences for patients that succumb to such an infectious disease, there 
is also a substantial economic burden. Over the years, a better understanding of the 
determinants for the process of bacterial invasion, manifestation, and spread has led 
to improved means to fight infection. As was reviewed in this thesis (chapter 2) and by 
others [4,5], bacteria release membrane vesicles that provide them with a means to cope 
with host cell-associated environmental challenges, both during bacterial growth and 
during infection. Membrane vesicles contain e.g. lipopoly- or lipooligosaccharides and 
a multitude of proteins and they can aid in the acquisition of nutrients and the defence 
against antimicrobial peptides. Importantly, host-associated environmental stressors (such 
as nutrient limitation and the exposure to antimicrobial peptides) can trigger the release of 
membrane vesicles. In this thesis we studied the release and functionality of membrane 
vesicles released during macrophage infection with respiratory pathogens. Additionally, 
we determined the effects of frequently prescribed pharmacological agents and a prom-
ising new regimen on the vesicle shedding. We and others observed that the application 
of pharmacological regimens may substantially boost the vesicle production (chapters 
5 and 6, [6,7]), thereby liberating a multitude of vesicle-associated virulence factors into 
the host-environment [8,9]. Future studies that focus on bacterial behaviour and growth 
in response to therapeutics and host factors can help to predict (or explain) treatment 
outcome and may aid in the development of novel therapeutics. 
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3. valorisation of project outcomes 

3.1 Communication
As mentioned previously, the research field of membrane vesicles is relatively young and 
dynamic. The value of these vesicles becomes increasingly recognized and it is now 
understood that they are involved in a plethora of pathologies including infectious dis-
eases. A critical appraisal on the release and physiological activity of bacterial membrane 
vesicles in the context of a host-environment is given in chapter 2, which has been 
published in Critical Reviews in Microbiology. The studies presented in this thesis provide 
novel insights in the release of bacterial and host cell membrane vesicles during infection 
and the findings presented in chapters 2-6 of this thesis have been made available for the 
scientific society through publications in peer-reviewed journals.

Moreover, most of the results obtained during these studies were communicated at 
several international conferences. Especially the sharing of experiences, results, and tech-
niques during the annual conference of the International Society for Extracellular Vesicles 
was highly valuable. As this field is still rather young and involves many research fields 
it is particularly constructive to exchange information with fellow researchers that work 
within the same niche. Finally, as this project was a pioneering project at the department 
of Medical Microbiology, the experimental techniques and results this project delivered 
facilitate follow-up projects and opened new possibilities for collaboration between the 
departments’ research groups.  

3.2 Activities, products, and innovation
Researchers that work with membrane vesicles face the challenge of working in a field 
that is subject to constant change and expansion, foremost with respect to the techniques 
used to study these vesicles. Oftentimes, highly specialized techniques are required for 
the study of membrane vesicles and technical limitations can hamper assessment of their 
release and functionality, techniques and experimental parameters are constantly evolving. 
As a consequence, there were several shifts in consensus as to which techniques were 
best suited for the isolation and purification as well as for the characterization. To reach 
consensus on this an ISEV position paper was published several years ago followed by 
the establishment of the EV-TRACK consortium, this year. This consortium established 
a knowledgebase that facilitates the registration of a study and its research procedures, 
hereby not only improving clarity and easing the interpretation of studies, but also pro-
viding with guidelines to improve reporting. The studies presented in this thesis were all 
registered in this database. 

Often, existing techniques to study membrane vesicles need to be customized to enable 
addressing specific research questions. Also in this study, we had to overcome a technical 
limitation by customizing a conventional method in order to be able to assess the release 
of specific membrane vesicle populations within a mixed vesicle population. To this end, 
we developed a semi-quantitative method that allowed us to determine the release of 
bacterial vesicles. The manuscript in which this application was presented (chapter 3) 
was published in Microbiology Research. The introduction of this method provides a 
new way to study bacterial vesicle release during infection and allows e.g. to establish 
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the impact how host environment-associated factors affect bacterial membrane vesicle 
release. Moreover, this method can be taken over directly by researchers in the field as 
it provides with a platform that can easily be adopted for alternative applications and is 
therefore highly accessible and versatile. 

Finally, innovation is being described as the application of an invention. Inventing literally 
means to create a new concept or conception. One of the concepts or take-home mes-
sages of this thesis is that a host-environment can alter bacterial behaviour. In this thesis, 
we focussed on one aspect of this behaviour, namely the release of membrane vesicles. 
In chapter 2 we introduced the concept that the transformation of the bacterial outer 
membrane and the release of membrane vesicles can provide bacteria with a selective 
advantage in the host environment. In chapter 3, we studied this by assessing the bac-
terial membrane vesicle release in the context of infection. We took a first step to study 
how the interaction with host cells may affect the bacterial membrane vesicle release in 
chapters 4-6. The discussion of this thesis provides with directions for future research. We 
think studying this concept will eventually help us to understand how bacteria succeed 
in overcoming host defence mechanisms and thrive in a host environment, because it is 
in the interaction with the host that their pathogenicity is determined. 
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AMP Antimicrobial peptide

AU Arbitrary Units 

AZI Azithromycin

BALF Bronchoalveolar lining fluid

BUD Budesonide 

CFU Colony forming units 

COPD Chronic obstructive pulmonary disease

ELF Epithelial lining fluid

ELISA Enzyme linked immunosorbent assay

EM Electron microscopy

EVs Extracellular vesicles

FLUT Fluticasone propionate 

Hi Heat inactivated 

IM Inner membrane

IL Interleukin 

LPS Lipopolysaccharide

LOS Lipooligosaccharide

MFI Mean fluorescence intensity

MIC Minimal inhibitory concentration

MOI Multiplicity of infection 

Mphis Macrophages

Mrc Moraxella catarrhalis 

MVs Membrane vesicles

MVB Multivesicular body 

NF-κB Nuclear factor-kappa B

NTHi Non-typeable Haemophilus influenzae

OD Optical density

OM Outer membrane 

OMP Outer membrane protein

OMV Outer membrane vesicle

PAMPs Pathogen-associated molecular patterns

PG Peptidoglycan

PQS Pseudomonas quinolone signal

PRRs Pattern recognition receptors 

Psa Pseudomonas aeruginosa 
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RIG-1 Retinoic acid-inducible Gene 5

ROS Reactive oxygen species 

σe Sigma factor E

Spn Streptococcus pneumoniae

TLR Toll-like receptor

TNF-α Tumor necrosis factor-α
WT Wild-type
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