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1. INTRODUCTION 

1.1. Extracellular vesicles 

The extracellular vesicles (EVs) are phospholipid bilayered subcellular structures that 

cannot replicate (1). Both pro- and eukaryotic cells can release EVs and they carry 

biologically active molecules as a result of a well-regulated sorting process (2, 3). The 

EVs are reported to carry nucleic acids (DNA, RNA), lipids, proteins, and carbohydrates 

(4, 5). Due to their high surface-to-volume ratio, they are able to efficiently interact with 

cells and extracellular molecules (6). In this manner, EVs are a new route of intercellular 

communication and their potential role in diagnostics and therapeutics exponentially 

increased the scientific interest for them over the last 20 years. 

EVs are very heterogeneous not only by their originating cell but also in the respect of 

their size and biogenesis (7) (Figure 1). The exosomes (30-100 nm) have an endosomal 

origin, they are released upon the fusion of multivesicular bodies with the plasma 

membrane (8). It is recommended to identify the exosomes by endosomal markers such 

as TSG101 or ALIX, CD63, CD9, and CD81 tetraspanins (9). Their biogenesis can be 

dependent or independent of the endosomal sorting complexes required for transport 

machinery (ESCRT) (10-13). The EVs that are shed from the plasma membrane of the 

cells (100-1000 nm) are called microvesicles (or microparticles or ectosomes). It is 

recommended to refer to them as medium-size EVs because of the way of their isolation 

(approx. 10 000 g pellet) until one can prove their plasma membrane-derived biogenesis 

by markers (9). The release of these EVs is associated most likely with the change of the 

membrane asymmetry. Phosphatidylserine (PS) is exposed in the outer leaflet that can be 

a result of a calcium-dependent activation of scramblases, floppases, and the inhibition 

of flippases (14). Another notable group of EVs are the apoptotic bodies. The apoptotic 

bodies are produced upon programmed cell death (apoptosis) and they contain specific 

markers such as DNA and histones (15). However, during apoptosis, the size of the EVs 

produced via apoptosis spread between 100 and 5000 nm (16, 17). The biogenesis of these 

EVs is similar to the microvesicles, but the specific condition of their generation justifies 

their distinction. 
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It is still challenging to determine the origin of the EVs without imaging the act of the EV 

generation of the cells. Therefore the latest recommendation for the nomenclature of the 

EVs defined by the “Minimal information for studies of extracellular vesicles” guideline 

reflects either on their physical characteristics (small EVs <100 nm, medium/large EVs 

>100 nm), or on their composition (e.g. CD63+CD86+ EVs, PS+ EVs), or on their cellular 

origin (1). 

1.1.1. Examination of extracellular vesicles 

The difficulties of EV research and the technical possibilities for EV research emerged 

hand in hand over the years. We have several EV-related modalities to examine, but we 

have to be really careful and combine several methods in order to get appropriate 

conclusions. 

Based on the MISEV2018 recommendation, there is no one, gold standard optimal 

method neither for isolation nor for the characterization of the EVs. For the separation, 

one should consider the sample origin, and also the downstream applications (1). 

Differential centrifugation and density gradient centrifugation both has the drawback of 

possible lipoprotein contamination and aggregation of the EVs (9, 18). While, in the case 

of ultrafiltration the EVs can attach to the filtration membrane which can decrease the 

efficiency of the isolation (19, 20). 

Figure 1. Classification of extracellular vesicles by their size and biogenesis 
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The precipitation- and affinity-based methods have issues with the applied reagents, 

buffers, and antibodies that can interfere with the downstream application, the EVs can 

get damaged upon separation from beads or the samples can contain non-EV 

contaminants in case of the precipitation techniques (21). The size exclusion 

chromatography (SEC) technique on the other hand can result in a quite diluted sample 

that may need re-concentration (18, 22). 

One of the greatest difficulties in EV research is to separate EVs from protein aggregates, 

lipid particles, and DNA that often contaminate EV samples (23-25). According to a lately 

published paper, the proteins from blood plasma can form a corona around the EVs (26). 

The storage of vesicles also has a great impact on the properties and effects of EVs (27). 

Freezing-thawing cycles can induce aggregation in the samples (28). Another challenge 

is to prove the vesicular nature of the samples. The widely used method is the lysis of the 

EVs, but the different populations of EVs show differential sensitivity to detergent lysis 

(29). Considering the above-mentioned aspects, it is suggested to characterize and 

examine EVs in multiple modalities and with different methods. 

As for the quantification of the EVs, the number of the EVs can be expressed in total 

particle number or total protein content, but the protein to particle, lipid to particle, or 

lipid to protein ratios are also recommended (1). Still, both single particle, and bulk 

measurements have drawbacks and limitations. Therefore it is highly recommended to 

perform quantification with different methods in parallel. For general EV population 

characterization, it is required to show at least three positive protein markers (at least one 

transmembrane or cytosolic) and one negative also. For single EV characterization, the 

application of at least two methods: a microscopic (e.g. electron, atomic force, super 

resolution microscopy) and a non-microscopic (e.g. nanoparticle tracking analysis, flow 

cytometry) technique are advised (1).  

1.1.2. Examination of biological effects of extracellular vesicles: antibacterial effect 

The above-mentioned aspects of EV isolation can influence and pose greater challenges 

to the investigation of functional properties of extracellular vesicles. In functional 

characterization experiments of the EVs, negative/background controls and soluble/non-

EV macromolecular contaminants controls are inevitable as well as dose-response 

experiments (1). 
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In our investigations, we aimed to examine the antibacterial effect and the dose-

dependency of neutrophilic granulocyte-derived EVs. However, we faced the drawbacks 

of the available methods (30). The classical counting of colony forming units (CFU) is 

the most widely used and easy technique which needs a lot of manual work (31). 

Therefore the throughput of CFU counting is low on top of the long incubation time (48 

hours). Less widely used techniques are the enzyme reaction-based methods (32-34). 

Their general weak point is that the measured parameter is enzyme activity can be 

modified by several factors independent of the true bacterial count and this can easily 

falsify the data evaluation. The usage of PCR is not common to test the antibacterial 

effect, probably because of its high cost, also the conversion of the measured parameter, 

fluorescent signal to bacterial count is not always straightforward and the duplication or 

depletion of the tested gene during cultivation may falsify the results (35, 36). The 

fluorescence quenching-based method has a strong limiting factor: only phagocytosed 

quenchable fluorescent bacteria can be tested, therefore we cannot examine the effect of 

subcellular or soluble agents (37, 38). Our group has previously described one of the 

methods based on following the optical density (OD) changes, however, this technique 

measures bacterial growth during a long incubation time (16 hours) which depends not 

only on the initial bacterial count but also on the growth rate and there is a limitation in 

the number of parallel samples (39). The matrix-assisted laser desorption/ionization time-

of-flight (MALDI-TOF) mass spectrometry seems to be a promising technique not only 

for bacteria identification but also for the assessment of antibacterial effect (40, 41). The 

drawback of this method is that it cannot provide adequate information about the number 

of bacteria as it is deduced from protein quantity and the presence of resistance factors. 

The demand for high throughput procedures inspired the previously introduced flow 

cytometry-based methods. These techniques follow the bacterial membrane potential or 

integrity changes to estimate indirectly the antibacterial effect with the application of 

expensive fluorescent dyes. However, there are alterations by different bacterial strains 

and staining protocols that can affect the results (42-44). Therefore one of our aims was 

to develop a new, high-throughput FC-based technique for our purposes to examine the 

effect of subcellular elements as EVs. 
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1.1.3. Effects of extracellular vesicles 

EVs as carriers of biologically active molecules take part in intercellular communication. 

On the one hand, EVs are important for the maintenance of cellular homeostasis by 

removing cellular waste, and dangerous molecules from the cells, on the other hand, they 

also prompt pathological processes (45, 46). On this basis, there are several diagnostic 

and therapeutic applications of the vesicles under development, albeit the questions of 

biodistribution, clearance, handling, and storage of EV samples are still not clarified (47). 

EVs take part in the transfer of RNA, receptors and participate in antigen presentation 

(48-50). Focusing on their role in Immunology, we can say that basically all types of 

immune cells release EVs that affect the other participants of the immune response. 

Previous studies suggest that the EVs can be captured by the recipient cells by their 

surface receptors and after that, the EVs can be internalized by the recipient cell (49). In 

many cases, cytokines have been also reported to be associated with EVs (51). NK cell-

derived EVs activated immune cells, but these EVs showed cytotoxic activity against 

tumor cells, moreover, the composition of these EVs depended on the surrounding 

environmental conditions (52, 53). Monocyte-derived EVs enhanced effector functions 

and the cytokine production of other immune cells: increased TNF-α, IL-6 release, and 

ROS production of monocytes/macrophages; increased IL-6 and MCP-1 production of 

podocytes; increased IL-8 release and up-regulated MCP-1 and ICAM-1 of airway 

epithelial cells (54-56). Mast cell-derived EVs can target other mast cells and transfer 

mRNA and miRNA to the recipient cell, but they can also activate B- and T-cells, induce 

dendritic cell maturation, and deliver antigens (50, 57). Even eosinophil granulocyte 

secreted EVs have been reported to influence the pathogenesis of asthma by modification 

of eosinophil functions (58). 

On the other side, prokaryotic EVs can also modulate immune functions: some examples, 

S. typhimurium, Yersinia pseudotuberculosis, and Y. pestis-derived outer membrane 

vesicles can alter the inflammatory response of the host via Toll-like receptors; 

Helicobacter pylori-derived EVs induced the proliferation and IL-8 production of gastric 

epithelial cells; while S. aureus-derived EVs induced atopic dermatitis-like skin 

inflammation (59-61). These bacterial EVs can also deliver toxins to eukaryotic cells, and 

exchange protein and DNA between bacteria (62). 
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There are also, non-cellular effects of the EVs, they are able to interfere with the 

complement and coagulation system (63, 64). Several studies showed that platelet EVs 

promote coagulation by the PS exposure on their surface that can provide a catalytic 

surface for the assembly of the coagulation complexes (65). Other platelet- and 

erythrocyte-derived EVs have been observed to support thrombin generation in a FXII-

dependent manner, while monocyte-derived EVs have been shown to initiate coagulation 

through tissue factor (66). Accordingly, the erythrocyte-derived EVs have been shown to 

activate the complement system through this thrombin-dependent process (67). 

However, there are data showing anti-coagulant properties of platelet and erythrocyte 

EVs through the Protein S, and Protein C system that may counterbalance the pro-

coagulant ability of these EVs (68, 69). EVs are able to modulate immune functions by 

expressing complement regulators (e.g. CD55, CD59), or providing a surface for 

complement activation (e.g. membrane attack complex formation) (70-72). EVs can also 

serve as a way of prevention against complement attack by the elimination of membrane 

attack complex  (73). Increased levels of complement carrier EVs have been also reported 

in patients with autoimmune diseases (74-77). 

The various effects of EVs are uncountable since up to our knowledge all kinds of cells 

produce vesicles and their effects can vary by the circumstances of their generation, the 

state of their mother cell, and the recipient cell. In my thesis, I focus on the biogenesis 

and effect of neutrophil granulocyte-derived vesicles. 

1.2. Neutrophilic granulocytes 

Neutrophilic granulocytes (neutrophils) form the most abundant leukocyte population in 

the human peripheral blood (50-65 % of the white blood cells). They fight in the first line 

by a wide range of effector tools with the pathogens (bacteria, fungi) that get through the 

physical barriers of the body (78). These fast-acting, professional phagocytes take part in 

acute inflammatory responses. Also, their inappropriate activation can lead to 

autoimmune and inflammatory diseases (79). In the past years, their role in cancer 

development is also revealed, as they can influence both metastasis formation and tumor 

growth (80). 
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They develop in the bone marrow from the common myeloid progenitor cells during 

granulopoiesis. At the end stages of this process, their nucleus becomes segmented (3-5 

segments) and therefore they belong to the polymorphonuclear (PMN) cell family (along 

with eosinophilic and basophilic granulocytes). Approximately 1011 neutrophils are 

produced each day. They have a short lifespan, they spend approximately 10-12 hours in 

the bloodstream and at the end of their life cycle they die by apoptosis. Macrophages take 

up the apoptotic neutrophils, the primary site of neutrophil elimination is the liver (81). 

The numbers of the neutrophils follow a circadian rhythm that affect also the circulating 

cells’ phenotype (82). 

Apart from the neutrophil’s segmented nucleus, the other characteristic morphological 

property is its granulated cytoplasm. There are four different types of granules, namely: 

azurophil (primary), specific (secondary), gelatinase (tertiary), and secretory granules. 

These granules differ in their composition (Figure 2) and also in their development. The 

azurophil granules appear first during the maturation of the cells and they are the largest, 

while the secretory granules are smaller and formed in mature, segmented cells (83). The 

secretory granules formed by endocytosis contain several cell membrane receptors (e.g. 

CR1, CR3). Therefore the secretory granules serve as stores of receptors and can enhance 

the extravasation, migration, and phagocytosis of the cells. When the cells eliminate the 

pathogens, the enzymes and toxic proteins from these granules are released to the 

extracellular space (degranulation) or to the phagosome (upon a fusion with the 

phagosomal membrane). The granules also differ by their tendency for exocytosis and 

their Ca2+ sensitivity (84, 85). At the lowest Ca2+ level the secretory granules are secreted 

in very large numbers, then the gelatinase and the specific granules are released. The 

azurophil granules show limited exocytosis, and they more likely fuse with the 

phagosome (86). 
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Figure 2. Composition of the granules of neutrophilic granulocytes, based on (87, 88) 

Effector functions of neutrophilic granulocytes 

When inflammation occurs, the fast-acting neutrophils respond to the local activation of 

the vascular endothelial cells, bind to the endothelial adhesion molecules, and start the 

multistep process of extravasation (see Figure 3 at the end of the chapter). They leave the 

vessels and migrate through endothelial cells, pericytes, and basement membrane to the 

site of the infection. The cascade starts with selectin molecules (E-, P-, and L-selectins 

interacting with PSGL-1 and other glycosylated ligands) mediated rolling on the surface 

of the endothelial cells. Then chemokines and other chemoattractants trigger the arrest of 

the cells. The stronger adhesion, spreading, and crawling requires integrin activation 

(LFA-1, Mac-1) and their bind to the ICAM-1 and VCAM-1 molecules expressed on the 

surface of the endothelial cells. In the transmigration, apart from the integrins, PECAM-

1, JAMs, ESAM, and CD99 also have important roles. When the cells reached the 

interstitium, they are guided by chemoattractant molecules (e.g. chemokines, complement 

anaphylatoxins, formyl peptides, leukotriene B4) and they migrate towards the inflamed 

tissues (89, 90). 
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Whenever neutrophils reached the place of action and encounter the pathogens they 

recognize them with their opsonin receptors (Fcγ and complement receptors) and pattern 

recognizing receptors (PRRs) (see Table 1). 

Table 1. Receptors of neutrophil granulocytes, based on (91) 

adhesion receptors 

integrins LFA-1, Mac-1, VLA-4, CR4 

selectins and selectin 

ligands 
L-selectin, PSGL-1 

cytokine receptors 

type I cytokine 

receptors 

IL-4R, IL-6R, IL-12R, IL-15R, 

G-CSFR, GM-CSFR 

type II cytokine 

receptors 
IFN receptors, IL-10R 

interleukin-1 

receptor family 
IL-1 receptors, IL-18R 

tumor necrosis factor 

receptor family 

TNF receptors, Fas, LTβR, RANK, 

TRAIL receptors 

Fc receptors 

Fcα-receptors FcαRI 

Fcγ-receptors 
FcγRI, FcγRIIA, FcγRIIB, FcγRIII, 

FcγRIIIB, FcγRIV 

Fcε-receptors FcεRI, FcεRII 

G-protein coupled 

receptors 

chemoattractant 

receptors 
leukotriene B4 receptors, PAFR, C5aR 

chemokine receptors CXCR1, CXCR2, CCR1, CCR2 

formyl-peptide 

receptors 
FPR1, FPR2, FPR3 

pattern recognizing 

receptors 

C-type lectins 
Dectin-1, Mincle, MDL-1, Mcl, 

CLEC-2 

NOD-like receptors NOD2, NLRP3 

RIG-like receptors RIG-I, MDA5 

Toll-like receptors 
TLR1, TLR2, TRL4, TLR5, TLR6, 

TLR8, TLR9 
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As professional phagocytes, the activated neutrophils can phagocytose the invading 

bacteria or fungi and perform an intracellular killing in the phagosome, phagolysosome. 

Depending on the participation of the NADPH-oxidase we can distinguish oxidative and 

non-oxidative killing mechanisms. In the case of non-oxidative killing, the effectors are 

the antimicrobial components of the granules that are fused with the phagosomes. The 

importance of the different mechanisms and even the different molecules differ by the 

microorganism. Namely, the neutrophil elastase has a crucial role in the elimination of 

Gram-negative bacteria (e.g. K. pneumoniae and E. coli) and Candida albicans, but in the 

case of the Gram-positive S. aureus bacteria, it seemed to be not as important (92, 93). 

The key enzyme of oxidative killing is the superoxide-producing NADPH-oxidase 

enzyme complex (NOX) that is localized in the membrane of the phagosome. The NOX 

is responsible for the oxidative burst of the cells by the production of various reactive 

oxygen species (ROS). In resting conditions, three subunits (p40phox, p47phox, and p67phox) 

are localized in the cytoplasm, and two subunits (p22phox and gp91phox) are localized in 

the membrane of the specific and secretory granules (94). The activation of the NADPH-

oxidase is a complex, and intricately regulated process. At the beginning of the 

phagocytosis, these five subunits assemble to form the NOX. During the oxidation of the 

NADPH, the NADPH-oxidase transports the free electron through the membrane to the 

molecular oxygen, resulting in the formation of superoxide anion radical (O2
•-) (39). This 

superoxide anion reacts with the enzymes of the granules (MPO - myeloperoxidase, SOD 

- superoxide dismutase) and as a result, many, different reactive oxygen species are 

produced. The SOD catalyzes the production of the hydrogen peroxide (H2O2) from the 

O2
•- and the MPO catalyzes the reaction of the H2O2 and Cl- ions and as a result 

hypochlorite (OCl-) is produced. Then, other free radicals such as hydroxyl (•OH), 

peroxyl (RO2
•-), alkoxyl (RO•-) radical, and also hypochlorous acid (HOCl), ozone (O3), 

and singlet oxygen (1O2) are produced (94, 95). The efficiency and contribution of the 

ROS species depend on the type of the microbe. The divergences can be due to the 

different cell wall compositions (Gram-negative or positive bacteria) and the produced 

bacterial enzymes (e.g. bacterial catalase can decompose the H2O2) (96). To wit, the role 

of HOCl has a particular role in the killing of fungi, but it has a rather marginal role in 

the case of E. coli (97). All at once, in the phagolysosome the granules’ antimicrobial 

proteins, the ROS, and the pH act together in order to eliminate the pathogen. 
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Upon activation of the cells, they also release granules to the extracellular space 

(degranulation) and inhibit bacterial growth with the antimicrobial content of the 

granules. The granules contain cleaving enzymes (e.g. elastase, metalloprotease), and 

proteins that can sequestrate essential ions for the pathogen survival (e.g. lactoferrin) 

(Figure 2). The neutrophils can also release cytokines to activate and recruit other 

immune cells to participate in the immune response. They produce a generally lower 

amount of cytokines per cell compared to other cytokine-producing immune cells, but 

since they are in large numbers in the circulation and at the site of the infection, they are 

definitely an important source of cytokines (98). Upon stimulation, they can produce both 

pro-, anti-inflammatory, and immunoregulatory cytokines (e.g. TNFα, IL-1β, IL-6, IL-8, 

IL-1ra, IL-12), chemokines, colony-stimulating factors (e.g. G-CSF) and other 

angiogenic/fibrogenic factors (e.g. VEGF) (99, 100). The most studied chemokine 

produced by neutrophils is the IL-8 which also targets neutrophils and recruits them to 

the inflammatory foci and enhances several effector functions of the cells (101). Lately, 

neutrophils have been reported to release transforming growth factor beta (TGF-β) in 

pathological conditions (102, 103).  

Classically, the neutrophils were considered intracellular executioner cells until 2004 

when the neutrophil extracellular trap (NET) formation was described (104). The 

activated neutrophils release web-like structures containing DNA-histone complexes and 

granule proteins that can grab microorganisms (bacteria, fungi, and even viruses). NET 

is also considered a second way to eliminate small, virulent bacteria that can escape 

phagosomes or those that interfere with the maturation of the phagosomes (105). Three 

key players participating in the NET formation have been described in the literature so 

far. Both the peptidylarginine deiminase 4, a nuclear citrullinating enzyme, and two 

granule proteins: MPO and neutrophil elastase promote chromatin decondensation (105). 

Because the firstly described NET formation was accompanied by the death of the cells, 

the process was considered a form of death and termed as NETosis (106). 
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Today, we can even distinguish vital (non-lytic) and suicidal (lytic) NETosis. The vital is 

a rapid form of NETosis (<30 minutes) is distinguished when the cells remain viable after 

they exposed their chromatin to the extracellular space, they can maintain the membrane 

integrity, and they continue to migrate and even phagocytose (107). However, the 

uncontrolled or excessive release of the NETs can contribute to many autoimmune and 

other pathological conditions (105). 

Once, the pathogenic microorganism is eliminated, the death and the clearance of the dead 

neutrophils by macrophages are critical for the resolution of the inflammation. The delay 

in the efferocytosis can lead to tissue damage and chronic inflammation. Apart from 

apoptosis, many forms of cell death (necrosis, necroptosis, pyroptosis) of neutrophils 

have been described during the last years (108). 

 

 

  

Figure 3. Extravasation and effector functions of neutrophil granulocytes in the 

interstitium 
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1.2.1. Role of Mac-1 integrin in the effector functions of neutrophilic granulocytes 

Among complement receptors, the complement receptor 3 (CR3), or by another name 

macrophage-1 antigen (Mac-1) is the most abundant on neutrophilic granulocytes. The 

Mac-1 integrin complex has the capability to bind a broad range of ligands and to facilitate 

effector functions of the cells (109-111). Integrins in general are transmembrane 

heterodimeric glycoproteins that consist of α and β non-covalently associated subunits. 

In particular, Mac-1 is part of the β2 subfamily of leukocyte integrins. In Mac-1 complex 

β2 subunit (CD18) is associated with the αM subunit (CD11b). Each subunit consists of a 

short cytoplasmic domain, a transmembrane domain, and a big extracellular domain 

(112).  

The intracellular tail does not have enzymatic activity, but it can bind signaling and 

structure proteins. The integrin-ligand interaction depends on divalent cations as calcium 

and magnesium. Integrin signal is bidirectional that can be transmitted from inside the 

cells (inside-out signaling) and from outside the cells (outside-in signaling) (Figure 4). 

Like traditional signaling receptors, in the case of outside-in signaling, the binding to the 

extracellular ligand changes the conformation of the integrin and resulting activation. In 

the case of inside-out signaling, intracellular signals (e.g. initiated via E-selectin or 

PSGL-1 binding) lead to conformational changes and ligand binding (113). Three 

conformation/affinity states of integrins have been described: bent conformation/low 

affinity state, extended conformation with closed headpiece/intermediate affinity state, 

and extended conformation with open headpiece/high affinity state (112)(Figure 4). 

In the case of Mac-1 and other β2 integrins inserted domain (I domain) of the α-subunit is 

responsible for the recognition of a ligand. Mac-1 is a promiscuous integrin that has more 

than 40 known ligands (extracellular matrix elements as fibronectin and vitronectin; cell 

surface receptor ligands as CD16 or CD23; plasma protein ligands as C3bi, fibrinogen, 

or complement factor H; microbial ligands as LPS; counter receptors as E-selectin or 

ICAM, and other ligands as heparin or neutrophil inhibitory factor) (114). The binding 

sites of Mac-1 are overlapping with each other, but they are not identical (different amino 

acid residues within these structures may contact the ligands), and importantly, the 

ligands do not always activate all the available signaling pathways (115). 
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In outside-in signaling, the binding of the ligand leads to the activation of Src family 

kinases. Neutrophil activation via β2 integrins also requires the activation of Syk tyrosine 

kinases by binding their SH2 domain to phosphorylated immunoreceptor tyrosine-based 

activation motives (ITAMs) (116). The adapter molecules FcRγ chain and DAP12 adapter 

molecules were shown to play a critical role in the Syk activation. Other participants of 

the downstream signaling are SLP-76 adapter protein, PLCγ2 phospholipase, and Vav 

guanine exchange factor family members (113). 

The Rap1 small GTPase is suggested to play a key role in the regulation of inside-out 

integrin activation by recruiting talin to integrin cytoplasmic tails. Talin-1 and kindlin-3 

have been both important components of high-affinity conformation induction (Figure 

4). While there is a direct linkage between talin and F actin, kindlin can only bind to the 

actin cytoskeleton through adapter molecules (117). 

 

Figure 4. Conformations, inside-out and outside-in signaling of β2 integrins. 

Modification of figure of mechanobio.info. 
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1.2.2. Neutrophil-derived extracellular vesicles 

The observation of neutrophils releasing EVs in response to sublytic complement attack 

was first published in 1991 (118). Since then, several groups published data about 

neutrophil EVs formed with or without stimulation of the cells and upon apoptosis. This 

EV generation seems to be a constitutive process that cannot be inhibited so far neither 

with the application of inhibitors nor with genetic mutations of receptors or signaling 

molecules (119-121). The exact quantification of the neutrophil EVs is an unobtainable 

challenge due to the technical limitations that I mentioned earlier. Therefore, in most 

cases, the produced EV number is compared to control samples (e.g. without activator). 

The most prominent increase in the PMN EV number is initiated by encountering 

opsonized particles or due to apoptosis of the cells (47). 

The majority of the studies show mostly medium size EVs in the case of the neutrophils: 

their size spreads between 100 and 700 nm, with a modus of 200-300 nm regardless of 

the applied stimulation (47). By microscopic image, they are heterogeneous in density. 

Explicitly, the apoptotic EVs show major differences compared to the other populations, 

since they have a less dense, rather empty appearance (16)(Table 2). 

On the surface of the PMN EVs mother cell-specific CD11b, CD18, CD63, CD66b, and 

CD177 molecules, as well as general EV markers such as PS can be detected (119, 122, 

123). Upon activation and degranulation other molecules, e.g. MPO, and NE can bind to 

the surface of the EVs, along with complement proteins from serum, e.g. C1q, C3b, C4b 

(26, 123, 124). The neutrophil vesicles contain proteins of the cytoskeleton, the granules, 

the mitochondria, and signal proteins (47, 119, 122, 125). We found that complement 

opsonized particle induces the enrichment of granule proteins in the produced EVs and 

these vesicles contain a higher proportion of proteins interacting with integrins and 

integrin-binding molecules (120, 126). 
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1.2.3. Effect of neutrophil-derived EVs on other cells 

In spite of the similar physical characteristics, the biological effects of neutrophil EVs are 

very diverse, sometimes even controversial. The quality control of the neutrophils 

themselves and the isolated EVs are crucial for the accurate interpretation of the results 

of functional analysis. The neutrophils are sensitive cells and heterogeneous populations 

circulate in the bloodstream. Hence the determination of the viability of the parent cells 

is a crucial step. The separation method of choice and the storage of the EVs may affect 

greatly the observed effects, therefore the careful protocol setup with accurate control and 

parallel measurements is another essential aspect of neutrophil EV research in order to 

obtain reproducible data (1, 47). 

Neutrophils proved to release EVs upon pharmacological stimulation as well. In the case 

of phorbol ester PMA activation, PMN released vesicles that inhibited monocyte-derived 

dendritic cell maturation and promoted Th2 polarization (127). Ca2+ ionophore activation 

resulted in EVs that caused MPO-dependent loss of membrane integrity of endothelial 

cells (128). 

TNF-α induced PMN EVs could enhance the IL-6, IL-8, and superoxide production and 

ICAM-1 expression of endothelial cells (129). However, anti-inflammatory properties 

were also observed on macrophages and macrophage/fibroblast-like synoviocyte co-

cultures (130). In one work, C5a triggered EVs featured a strong anti-inflammatory effect 

on macrophages by decreasing the secretion of pro-inflammatory cytokines and 

increasing the anti-inflammatory TGF-β secretion of zymosan-activated macrophages 

(131). While in another study the similarly induced EVs activated resting neutrophil’s 

ROS and IL-6 production (132). 

Other widely used neutrophil activators, bacterial products (e.g. N-formylmethionyl-

leucyl-phenylalanine - fMLP, lipopolysaccharide - LPS) have been applied for the 

induction of EV release. The observed effects of these vesicles are quite disparate though. 

The fMLP-triggered EVs are thoroughly examined in several aspects. Schifferli’s group 

found that the fMLP induced neutrophil EVs reduce the transcription of pro-inflammatory 

genes in zymosan-activated macrophages, increase the release of TGF-β, inhibit the C5a-

mediated inflammasome activation of macrophages, and the maturation of monocyte-

derived dendritic cells (131, 133-135). 
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Another group showed that the fMLP EVs inhibit the production of IFN-γ and TNF-α, 

and increase the TGF-β production of IL-2/IL-12 activated natural killer cells (136). 

There are various interesting data on the effect of fMLP-induced PMN EVs on endothelial 

cells. As an example, neutrophils attached to the endothelium produced EVs upon fMLP 

activation that inhibited the adhesion of resting neutrophils and IL-1β induced leukocyte 

trafficking (137). Others found that endothelial cells increased their IL-8 and IL-6 release 

due to the fMLP-induced EV treatment (138, 139). These EVs have also been shown to 

increase the permeability and decrease the transendothelial electrical resistance of a 

monolayer of endothelial cells that can suggest that these EVs can interfere with the 

transmigration of the neutrophils (140). While the EVs produced after neutrophil 

extravasation enable the maintenance of the endothelial barrier function (141). The LPS 

treatment of the neutrophils resulted in EVs that induced airway smooth muscle cell 

proliferation (142). By LPS stimulation of splenocytes, they observed EVs that expressed 

pro-inflammatory, pro-coagulant, and pro-senescent responses in endothelial cells (143). 

The combination of the LPS and fMLP activation resulted in EVs with a clear pro-

inflammatory effect, increasing the superoxide production of resting neutrophils and 

macrophages (144). 

The most prominent stimulation of the neutrophils occurs via opsonized pathogen-derived 

complex activation of both PRRs and opsonin receptors. Our group found that opsonized 

bacteria or zymosan-induced, middle-sized EVs could impair the bacterial survival of S. 

aureus and E. coli strains compared to differently induced EV populations (119). In 

previous works, we labeled them as aEVs. The extent of the effect seems to be species-

dependent, but we could observe dose-dependency in the case of S. aureus (30, 119). 

Besides, our group published that aEV population increases ROS and IL-8 production of 

neutrophils as well as endothelial cells’ IL-8 release, VCAM-1, and E-selectin expression 

(47)(Table 2). In collaboration, we also found antifungal capacity of the aEVs as they 

could inhibit the growth of Aspergillus fumigatus hyphae (122). The background of the 

antibacterial effect remained elusive. However, our group revealed a phenomenon of the 

aEVs forming clumps with the bacteria, and the same EV-bacteria aggregates were 

observed in the plasma of septic patients (119). Based on this aggregate formation, an 

independent group published a sepsis diagnostic method (145). 
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Another group showed that S. aureus-PMN EV aggregates enhanced IL-6, IL-1β 

production, and CD86, HLA-DR expression of macrophages (146). Similar observations 

were described on Mycobacterium tuberculosis infection-induced EVs with a pro-

inflammatory profile: promoting the pro-inflammatory cytokine production, superoxide 

production, autophagy of macrophages, and consequently the bacterial clearance (147). 

In contrast, another work shows that upon M. tuberculosis infection the secreted PMN 

EVs diminished the antibacterial activity of macrophages (148). However, it is worth 

noting that in this particular case also the explanation can be found in the methodological 

differences between the two works (EV generation and isolation protocols, infection of 

neutrophils, etc.). 

Meanwhile, neutrophils without activation have been reported to produce EVs that 

express a direct anti-inflammatory effect on macrophages by decreasing their 

antimycobacterial activity (148). Spontaneously formed PMN EVs reduce neutrophils’ 

superoxide production and IL-8 production (126)(Table 2). 

Several studies have shown that neutrophils undergoing apoptosis along with isolated 

apoptotic EVs can exert an anti-inflammatory effect on Th cells, decrease bacterial killing 

of macrophages, suppress neutrophil infiltration, and delay their ROS production (126, 

149-151)(Table 2). 

Based on these diverse observations of the literature, we outlined a continuous spectrum 

model of neutrophil EVs as the properties of the EVs depend on the prevailing activation 

state and extracellular environment of the parent cell (47)(Figure 5). The resting (without 

activation) and apoptotic cells produce EVs that convey rather an anti-inflammatory 

signal to surrounding cells (monocytes, other neutrophils) that can suggest local 

participation in inflammation resolution and inhibition of autoimmune processes. While, 

in case of infection, the stepwise activating PMNs start to release rather pro-inflammatory 

EVs to the neighboring cells, activating, recruiting them, and facilitating their own 

diapedesis. 
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To single activation with fMLP or TNF-α for instance the cells produce EVs that can 

exert even an anti-inflammatory effect on other neutrophils or monocytes, and inhibit 

them from activation, while these vesicles can stimulate endothelial cells and make them 

capable to anchor immune cells. However, when a second activation (e.g. LPS, GM-CSF) 

or complement activation (e.g. C3bi, C5a) occurs the neutrophil tends to release pro-

inflammatory type EVs. Whenever they face an opsonized particle or pathogen, the cells 

start to secrete dominantly pro-inflammatory and antimicrobial EVs. In this sense, this 

secondary activation from other immune cells or the complement system endorses the 

neutrophils for the initiation of the inflammatory response (47). 

 

Figure 5. Overview of the neutrophilic granulocyte-derived EVs continuous spectrum 

model showing their role in intercellular communication, pathogen elimination, and 

coagulation. Broken arrows represent non-consensual effects. Source: (47) 
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Our group thoroughly investigated the characteristics of three types of neutrophil-derived 

EVs. We examined EVs produced by neutrophils without stimulation, spontaneously 

formed EVs (spEVs), and apoptotic vesicles (apoEVs) derived from 24 hours incubated 

neutrophils. We examined the characteristics and biological functions of opsonized 

particle (bacteria, zymosan) activation induced EVs (aEVs) from several perspectives. In 

our previous articles, and as a general term we applied the aEV abbreviation for this 

population. However, in our latest experiments, we solely applied zymosan particles to 

avoid interference of bacteria in the EV samples with our bacterial survival 

measurements. Therefore, in the thesis, I will use a more specific term for this population 

of opsonized zymosan-induced EVs (oZ-EVs). I summarized the characteristics and 

immunomodulatory effects that are observed so far in Table 2. 

Previously, we started the investigation of the signaling pathway of oZ-EV biogenesis. 

We proved that the Mac-1 integrin complex plays a crucial role in the generation of the 

oZ-EVs (120). The process proved to be tyrosine kinase-dependent, and independent of 

phagocytosis. We found that PRR stimulation (e.g. with non-opsonized zymosan) 

enhances the EV production of the neutrophils, but these EVs do not show the 

characteristic antibacterial properties of oZ-EVs. The activation through Fc receptors 

(e.g. with only antibody opsonized zymosan) could not induce the EV production of the 

cells neither in the case of murine nor in the case of human neutrophils. We also found 

that spEV production is independent of extracellular Ca2+ supply or PLCγ2 signaling, 

while oZ-EV production needs intact Ca2+ signaling (121). This differential requirement 

for extracellular Ca2+ supply and intracellular Ca2+ signaling indicates a distinct route of 

spEV and oZ-EV biogenesis. Interestingly, it revealed that the phagocytosis is 

independent of Ca2+ supply or PLCγ2 signaling. Therefore we concluded that while both 

processes can be initiated by the same receptor, the phagocytosis and oZ-EV production 

are results of divergent signaling pathways after encountering the opsonized pathogen 

(121). 
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Table 2. Physical and biological properties of neutrophilic granulocyte-derived 

extracellular vesicles characterized by our group - based on our previous observations, 

published in (16, 47, 119, 126). Labels: - non-observed characteristics/effect,  

represents observed characteristics, arrows represent increasing () or decreasing () 

effects. 

 spEV aEV (oZ-EV) apoEV 

DIAMETER 50 – 800 nm 50 – 800 nm 200 – 1000 nm 

MARKERS 
PS+, 

CD11b+, CD18+ 
PS+, 

CD11b+, CD18+ 
PS+, PI+, 

CD11b+, CD18+ 

EM MORPHOLOGY 

 
dense, intact 

 
dense, intact 

 
empty, intact 

LIPID : PROTEIN RATIO 1.28 0.82 1.07 

DNA CONTENT    

RNA CONTENT    

ROS PRODUCTION    

ANTIMICROBIAL EFFECT    

NEUTROPHIL 
IL-8 PRODUCTION 

   

NEUTROPHIL MAXIMAL 

ROS PRODUCTION 
   

NEUTROPHIL EARLY 

ROS PRODUCTION 
   

ENDOTHELIAL CELL 
IL-8 PRODUCTION    

ENDOTHELIAL CELL 

VCAM-1 EXPRESSION    

ENDOTHELIAL CELL 
E-SELECTIN EXPRESSION    

COAGULATION    
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2. OBJECTIVES 

In order to continue our investigations of neutrophil EVs, we had to optimize and develop 

our formerly used methods. The previously introduced methods for antibacterial effect 

assessment have drawbacks in the respect of time, throughput, and data conversion. We 

intended to develop a rapid flow cytometry-based and high-throughput method that is 

capable for the assessment of the antibacterial effect of cellular and subcellular samples, 

and suitable also for the examination of the dose-dependency of the oZ-EVs’ antibacterial 

effect. Another methodological aim was to provide adequate quality control for our 

differential centrifugation and filtration-based EV separation technique by size exclusion 

chromatography (SEC) and examine whether the described antibacterial effect is due to 

protein contamination in our samples. 

In our previous experiments, we were not able to rule out the possible auxiliary role of 

the PRRs in the process of oZ-EV generation when we stimulated the cells with opsonized 

particles. Therefore we planned to selectively examine the activation of the Mac-1 

receptor in vitro by specific ligands and antibodies. Based on our observations the intact 

Ca2+ signal is crucial for the generation of the oZ-EVs, but we did not know whether the 

signal solely is sufficient for the oZ-EV formation.  

Taken together, during my Ph.D. studies, I aimed to: 

1) develop and validate a new, flow cytometry-based bacterial survival assessment 

assay in order to rapidly assess the antibacterial effect of biological samples, e.g. 

neutrophils and EVs, 

2) perform a size exclusion chromatography based quality control of the differential 

centrifugation-based isolation of the neutrophil EVs, 

3) investigate whether the specific activation of the Mac-1 integrin complex on its 

own is sufficient for the antibacterial, pro-inflammatory oZ-EV formation, 

4) and examine whether the Ca2+-signal on its own is sufficient for the initiation of 

the oZ-EV biogenesis from neutrophils. 
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3. METHODS 

3.1. Materials 

The composition and/or source of the applied solutions, buffers, and mediums are detailed 

in Table 3. The dextran was from Serva (Heidelberg, Germany). Zymosan A, bovine 

serum albumin (BSA), ovalbumin, lucigenin (N, N′-dimethyl-9,9′-biacridinium 

dinitrate), luminol, calcium ionophore A23187, glycine, Tween 20, and DMSO were from 

Sigma Aldrich (St. Louis, MO, USA). Acridine Orange was from Serva-Feinbiochemica 

(Heidelberg, Germany). DNAse I was from Thermo Scientific (Waltham, MA, USA). 

Human complement iC3b and Factor H were from Merck Millipore (Darmstadt, 

Germany). Triton-X 100 was from Reanal (Budapest, Hungary) and the saponin was from 

Merck Millipore (Darmstadt, Germany). Isotype controls, AnnexinV-FITC were from 

BioLegend (San Diego, CA, USA), and the other applied specifications of the applied 

antibodies are detailed in Table 4. All other used reagents were research grade. 

Methicillin-sensitive S. aureus (ATCC: 29213) was used. Green fluorescent protein 

(GFP) expressing- and chloramphenicol resistant S. aureus (USA300) was a kind gift 

from Professor William Nauseef (University of Iowa, USA). 

Table 3. Composition of applied buffers, solutions, and mediums 

Buffer/solution Composition Source 

Bradford reagent 
solution 

0.24 g Coomassie Blue G 250, 125.5 ml 96% 
ethanol, 300 ml 85% orthophosphoric acid, 
174.6 ml distilled water 

own preparation 

ECL reagent 1 5 ml 1 M Tris-HCl (pH=8.5), 500 µl luminol 
in DMSO, 220 µl p-coumaric acid in DMSO, 
45 ml distilled water 

own preparation 

ECL reagent 2 5 ml 1 M Tris-HCl (pH=8.5), 30 µl 30% H2O2, 
45 ml distilled water  

own preparation 

Electrophoresis 
buffer 

3.03 g 0.025 M Tris, 14.41 g 0.192 glycine, 10 
ml 10% SDS ad 1 L distilled water 

own preparation 

HBSS (1x) 0.14 g CaCl2, 0.4 g KCl, 0.06 g KH2PO4, 
0.0977 g MgSO4, 8 g NaCl, 0.0477 g 
Na2HPO4, 0.35 g NaHCO3,1 g D-glucose in 1 
L distilled water, pH adjusted between 7.0-7.4 

GE Healthcare 
Life Sciences 
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Ficoll-Paque 5.7 g Ficoll PM400, 9 g diatrizoate Sodium, 
with edetate calcium disodium in 100 ml 
purified water 

GE Healthcare 
Life Sciences 

Laemmli sample 
buffer 

4 ml 0.5 M Tris-HCl (pH=6.8), 4 ml 99% 
glycerol, 2 ml 2-mercaptoethanol, 200 µl 1% 
bromphenol blue, 0.8 g SDS ad 10 ml distilled 
water 

own preparation 

LB medium 10 g tryptone, 5 g yeast extract, 10 g NaCl 
in 1 L distilled water, pH was adjusted to 7.0 

own preparation 

PBS 8 g NaCl, 0.2 g KCl, 0.2 g KH2PO4, 1.44 g 
Na2HPO4*2H2O in 1 L distilled water 

own preparation 

Semi-dry blot 
buffer 

1.16 g Tris, 0.58 g glycine, 0.074 g SDS, 40 ml 
methanol ad 200 ml distilled water 

own preparation 

Table 4. List of the applied antibodies 

Antibody specificity Clone 
Conjugated 
fluorophore 

Source 

β-actin, human AC-74 - Sigma Aldrich 

CD11b, human 
concentration-dependent 
blocking (152) 

M1/70 RPE or Alexa647 BioLegend 

CD11b, human 
blocking 

ICRF44 - BioLegend 

CD11b, human 
non-blocking 

Bear-1 - HycultBiotech 

CD11b, human 
activation-specific epitope 

CBRM1/5 RPE ThermoFischer 
Scientific 

CD11c, human 
blocking 

3.9 - BioLegend 

CD18, human 
non-blocking 

CBR 
LFA-1/2 

Alexa647 BioLegend 

lactoferrin, human polyclonal - Sigma Aldrich 
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3.2. Isolation of human neutrophilic granulocytes 

Venous blood samples were drawn from healthy adult volunteers approved by the 

National Ethical Committee (ETT-TUKEB No. IV/5448-5/EKU). Neutrophils were 

separated by dextran sedimentation followed by a 62.5 V/V% Ficoll gradient 

centrifugation (Beckman Coulter Allegra X-15R, 700 g, 20 min, 22 °C). The samples 

were prepared in non-pyrogen-free conditions generally. The isolates contained more 

than 95 % neutrophils and less than 0.5 % eosinophils. The viability of the cells was 

always above 99% (less than 1% propidium-iodide positivity). To control the activation 

of Mac-1 receptors after the cell preparation, we used conformation recognizing (clone: 

CBRM1/5) antibody labeling. 

3.3. Opsonization of zymosan and bacteria 

Zymosan A (5 mg/ml in HBSS) was opsonized with 200 μL pre-warmed, pooled (3 

donors) human serum at 37 °C for 20 minutes with 600 rpm shaking in a dry block 

thermostat. After the opsonization, the zymosan was centrifuged (8,000 g, Hermle 

Z216MK 45° fixed angle rotor, 5 min, 4°C) and washed in HBSS. GFP-expressing 

USA300 bacteria (1,000 µl of OD600nm=1.0) were opsonized with 200 μL pre-warmed, 

pooled (3 donors) human serum (600 rpm, 20 min, 37°C. After the opsonization, bacteria 

were centrifuged (8,000 g, Hermle Z216MK 45° fixed angle rotor, 5 min, 4°C) and 

washed in HBSS. 

3.4. Isolation of extracellular vesicles 

Immediately after isolation, the PMNs (in most cases, 107 cells/ml HBSS) were freshly 

incubated with or without activating agent for 20 minutes at 37°C in a linear shaking 

water bath (120 rpm). Spontaneously formed EVs (spEV) were secreted without any 

activation; while stimulation triggered EV were secreted after PMN activation by: 0.5 

mg/ml opsonized zymosan A (oZ-EV); 2 µM Ca2+ ionophore A23187 (Ca-i EV); 20 

µg/ml BSA (BSA solub. EV); 50-150 µg/ml C3bi (C3bi solub. EV); 50-150 µg/ml FH 

(FH solub. EV). In indicated cases, we applied a combination of activators. We prepared 

indicated samples in a Ca2+-free environment (EV w/o Ca): commercial HBSS without 

Ca2+ and Mg2+ was supplemented with 1 mM Mg2+. 
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We also activated cells on surfaces coated with 20 µg/ml BSA (BSA surf. EV); or 50 

µg/ml C3bi (C3bi surf. EV); or 50 µg/ml FH (FH surf. EV); or 150 µg/ml fibrinogen 

(fibrinogen surf. EV) overnight at 4°C. To avoid the interference of Ca2+ ionophore with 

the bacterial survival measurement, after the EV production period, we added BSA (2 

mg/ml) to bind the free, rest Ca2+ ionophore in the samples. After preparation, EVs were 

analyzed immediately or processed for downstream application (27). 

3.4.1. Differential centrifugation and gravitational filtration 

After adequate activation, cells were sedimented (500 g, Hermle Z216MK 45° fixed angle 

rotor, 5 min, 4 °C). Upper 500 μl of the supernatant was filtered through a 5 μm pore 

sterile filter (Sterile Millex Filter Unit, Millipore, Billerica, MA, USA). The filtered 

fraction was sedimented (15 700 g, Hermle Z216MK 45° fixed angle rotor, 5 min, 4°C) 

and the pellet was carefully resuspended in HBSS in the original 500 μl volume for flow 

cytometry and functional tests. For the assessment of the protein content of EV fractions, 

we resuspended the EV pellet in distilled water and determined the protein concentration 

by Bradford protein assay using BSA as standard in a microplate reader (Labsystems 

iEMS Reader MF; Thermo Scientific, Waltham, MA, USA) at 595 nm. 

3.4.2. Size exclusion chromatography (SEC) 

Sepharose CL-2B (GE Healthcare; Uppsala, Sweden) was stacked in empty 

polypropylene columns that contained a 30 μm pore size polyethylene filter 

(ThermoFischer Scientific, USA). We prepared columns with 1.6 cm diameter, 6.5 cm 

height, and 13 ml total bed volume. Neutrophils (107 cells/mL HBSS) were sedimented 

(500 g, Hermle Z216MK 45° fixed angle rotor, 5 min, 4 °C). We filtered the supernatant 

through a 5 μm pore sterile filter onto the top of the SEC column. A maximal volume of 

1.5 ml was loaded on the column, followed by elution with HBSS (pH=7.4). The eluate 

was collected in 22 sequential fractions of 0.5 ml. Each fraction was analyzed by dynamic 

light scattering (DLS), flow cytometry, and western blotting. The collected fractions were 

centrifuged (15,700 g, Hermle Z216MK 45° fixed angle rotor, 5 min, 4 °C) and the pellet 

was carefully resuspended in 30 μL distilled water and 10 μl Laemmli sample buffer for 

western blotting, the indicated fractions were resuspended in 50 μl distilled water for 

Bradford protein measurements, and in 500 μl HBSS for bacterial survival assay and flow 

cytometry measurement. 



34 
 

After every separation, SEC columns were regenerated and were not used more than five 

times (153). 

3.5. EV quantification by flow cytometry 

We quantified the EVs by a Becton Dickinson FACSCalibur flow cytometer as we 

described previously (120). First, by HBSS buffer we set the threshold in order to 

eliminate the instrumental noise. With fluorescent polystyrene beads (3.8 μm SPHEROTM 

Ultra Rainbow Fluorescent Particles, Spherotech Inc., USA) we set the upper size limit 

of the EV detection range. We set the lower size limit with HBSS background 

measurement. EVs were labeled with RPE-conjugated monoclonal anti-CD11b (1 μg/ml, 

clone: M1/70) and FITC conjugated AnnexinV (1 μg/ml). After the measurement of an 

EV sample, the events of isotype control events (or 20 mM EDTA containing medium in 

case of AnnexinV labeling) and the 0.1 % TritonX-100 detergent non-sensitive events 

were subtracted to calculate the valid EV number. To avoid swarm detection, the flow 

rate was held below 1,000 events/s (3,750 events/μl). To control the linearity of the 

measurements, we also re-measured the samples after a 2-fold dilution. We analyzed the 

data with Flowing 2.5 Software (Turku Center for Biotechnology, Finland). 

3.6. Western blot analysis of EV samples 

The EV fractions were lysed in Laemmli sample buffer and boiled at 100 °C for 5 minutes. 

We run the samples in 10 (w/V) % polyacrylamide gels and transferred them to 

nitrocellulose membranes by semi-dry blotting. The blocking was carried out for 1 hour 

in PBS containing 5 (w/V) % ovalbumin and 0.1% (w/V) Tween 20. Then blots were 

incubated with anti-lactoferrin polyclonal antibody in 1:5000 dilution or anti-β-actin 

monoclonal antibody in 1:1000 dilution in 5 (w/V) % ovalbumin for 1 hour. As secondary 

antibodies, we applied horseradish peroxidase linked whole anti-mouse-IgG or anti-

rabbit-IgG (GE Healthcare) in 1:5000 dilution in PBS containing 5 (w/V) % ovalbumin 

for 40 minutes. Both after the primary and the secondary antibodies, we washed the 

membranes three times for 10 minutes with PBS containing 0.1% Tween 20. The bound 

antibodies were detected with enhanced chemiluminescence and the immunoblots were 

exposed to FUJI medical Super RX film. 
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3.7. Measurement of size distribution of EVs by Dynamic Light Scattering 

These measurements were carried out with the help of Dániel Veres (Department of 

Biophysics and Radiation Biology, Semmelweis University). We performed the 

experiments at room temperature with equipment consisting of a goniometer system 

(ALV GmbH, Langen, Germany), a diode-pumped solid-state laser light source (Melles 

Griot 58-BLS-301, 457 nm, 150 mW), and a light detector (Hamamatsu H7155 PMT 

module). The evaluation software yielded the auto-correlation function of scattered light 

intensity that was analyzed by the maximum entropy method, and the different 

contributions of this function were determined. We calculated the radius of the particles 

by sphere approximation. We illustrated the results on size distribution graphs. 

3.8. Measurement of size distribution of EVs by Nanoparticle Tracking Analysis 

These measurements were assisted by Delaram Khamari (Department of Genetics, Cell- 

and Immunbiology, Semmelweis University). EV samples were resuspended in 1 ml PBS 

to reach the appropriate particle concentration range for the measurement. Particle size 

distribution and concentration were analyzed on the ZetaView PMX120 instrument 

(Particle Metrix, Inning am Ammersee, Germany). For each measurement, 11 cell 

positions were scanned in 2 cycles at 25 °C. The following camera settings were applied: 

shutter speed—100, sensitivity—75, frame rate—7.5, video quality—medium (30 

frames). The videos were analyzed by the ZetaView Analyze software 8.05.10 with a 

minimum area of 5, a maximum area of 1,000, and minimum brightness of 20. 

3.9. Bacterial survival assay based on optical density measurement 

Opsonized GFP-expressing Staphylococcus aureus (USA300) bacteria (50 μl of 

OD600nm=1.0) were added to 500 μl of EV (derived from 1*107 PMNs, and normalized 

for protein content) suspended in HBSS containing 4V/V% LB. After a 40 minutes-long 

co-incubation at 37 °C in a linear shaking water bath (120 rpm), we stopped the 

measurement by adding 2 ml ice-cold stopping solution (0.5 mg/ml saponin in HBSS) 

that lyse EVs or cells. Then we froze the samples at −80 °C for 20 minutes and thawed 

them to room temperature. Then, the samples were inoculated to LB broth to follow the 

bacterial growth by the measurement of optical density (OD) in a microplate reader 

(Labsystems iEMS Reader MF; Thermo Scientific, Waltham, MA, USA). 
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We followed the OD changes for 8 hours, at 37 °C, at 600 nm. In the end, we calculated 

the initial bacterial counts indirectly using an equation similar to PCR calculation based 

on former calibration, as it was described previously (39). 

3.10. Bacterial survival assay based on flow cytometry measurement 

For parallel measurement with the OD-based method, in the case of this FC-based 

method, before their inoculation to LB broth, we proceeded with the samples by 

inoculation to HBSS buffer. Measurements were carried out by a BD FACSCalibur flow 

cytometer. As both the size and the refractive index of EV and bacteria are very similar, 

the gating procedure was similar to the EV detection and quantification. We used HBSS 

buffer and 3.8 µm fluorescent beads for thresholding. I present the applied gating strategy 

in Figure 6. Since the bacteria's size range (around 500–1000 nm) is near the detection 

limit of conventional flow cytometers, fluorescent labeling was used to improve FC 

detection of the bacteria. In the results presented in the thesis, we used endogenously 

fluorescent, GFP-expressing USA300. For fluorescent labeling of non-endogenously 

fluorescent bacteria, we stained methicillin-sensitive S. aureus (ATCC: 29213) with 

Acridine Orange (N,N,N′,N′-tetramethylacridine-3,6-diamine) in 5 µg/ml final 

concentration (pH=3 adjusted by HCl) for 5 minutes, at room temperature. In each case, 

samples were very gently sonicated (Bandelin Sonopuls HD 2070, 10 % power) for 5 

seconds to disrupt bacterial clumps and doublets. Our control measurements agreed with 

previous findings and indicated that weak sonication did not interfere with bacterial 

viability and Acridine Orange staining (154). The fluorescence gate was set above the 

autofluorescence of non-labeled bacteria detected by the 530/30 nm fluorescence 

detector. To avoid swarm detection, an optimal flow range was defined with a 10-fold 

dilution scale of fluorescent bacteria. The flow rate was held during measurements under 

1,000 events/s (3,750 events/µL). As in the case of the EV samples, all samples were re-

measured in a 2-fold dilution to control the linearity of measurements. We analyzed the 

FC data with Flowing 2.5 Software (Turku Centre for Biotechnology, Finland). 
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In the end, we expressed the bacterial survival (%) with the following quotient in both 

cases: 

𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑐𝑜𝑢𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑒𝑥𝑎𝑚𝑖𝑛𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑐𝑜𝑢𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 (0.  𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡)
 

Consequently, if the bacteria are inhibited from growing, the bacterial survival remains 

around 100 %, but it decreases if there is any direct bactericidal effect, and it increases 

above 100% if there is no growth-inhibiting action. Since our incubation media contains 

LB in 4V/V%, it provides the possibility to observe a bacteriostatic effect, not only a 

direct bactericidal effect. If there the bacterial survival is above 100%, but below the 

control conditions, we can consider the effect as growth inhibition or bacteriostatic effect. 
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Figure 6. Gating strategy of the flow cytometric measurements presented with USA300 

strain. On panel (A) side scatter (SSC) is presented against forward scatter (FSC), 

whereas in panels (B), (C) and (E)–(G) green fluorescence (FL-1) is presented against 

SSC. (A) and (B) panels show the threshold setting based on the HBSS background 

measurement. (C) panel shows the upper threshold setting by fluorescent, 3.8 µm beads, 

where GFP-expressing USA300 is measured in the R1 gate. Panels (D)–(F) represents 

dot plots of USA300 bacteria killing assay: at the 0. minute (D), at the end of the co-

incubation, in the  40. minute (E), and after 40 minutes co-incubation with neutrophils 

(F). (G) Adjusting the optimal flow rate based on the calibration with USA300 bacteria 

on BD FACSCalibur flow cytometer. The undiluted 1:1 sample had OD600nm=1.0 (n=5, 

± SEM). 
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3.11. Measurement of cytokine production of neutrophils 

PMNs (120 μL of 2.5*107/ml) were added to 480 µl of EV samples at 37 °C in a linear 

shaker (120 rpm) for 3 hours. Cells were centrifuged (500 g, Hermle Z216MK 45° fixed 

angle rotor, 10 min, 4 °C) and supernatants were analyzed for IL-8 and TGF-β with a 

human IL-8 and TGF-β DuoSet sandwich ELISA kit according to the manufacturer’s 

instructions (R&D Systems, Minneapolis, MN, USA) in a microplate reader (Labsystems 

iEMS Reader MF, Thermo Scientific). 

For these measurements, we prepared a control sample for the oZ-EV samples that 

contained the same amount of zymosan as the oZ-EV isolates. To achieve this, in half of 

the oZ-EV batch EVs were lysed whereas zymosan particles were left intact (17). We 

refer to this control sample as “lysed oZ-EV”. 

3.12. Measurement of reactive oxygen species production of PMNs 

PMNs (200 µl of 1×106/ml) were placed onto fibrinogen surface (150 µg/ml) in white 

flat-bottom 96-well plates. Lucigenin (5 mg/ml dissolved in DMSO) was added in a 1:100 

volume ratio to the cells. As a negative control for the ROS production measurements, 

the inhibitor DPI (5 µM) was used. We recorded the luminescence for 90 minutes, at 37°C 

with gentle shaking in a Varioskan CLARIOstar multi-mode microplate reader (BMG 

LabtechThermo Fisher Scientific) every minute. 

3.13. TIRF imaging of clustering 

The #1.5 coverslips (Thermo Scientific, Waltham, MA, USA) were overnight coated with 

C3bi (50 µg/ml) or BSA (20 µg/ml) at 4 °C. The PMNs were first labeled with Alexa647 

conjugated monoclonal anti-CD11b (1 μg/ml, clone: M1/70) antibodies for 20 minutes at 

37 °C and washed in HBSS once. As we demonstrated with ROS measurements, this 

antibody does not interfere with Mac-1 activation in the used concentration. Then 105 

cells were placed on BSA or C3bi coated coverslips. The imaging setup was supported 

by Pál Vági and László Barna (Nikon Center of Excellence, Institute of Experimental 

Medicine, Hungarian Academy of Science). 
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Images of the live cells were collected with a Nikon Eclipse Ti2 microscope, using HP 

Apo TIRF AC 100xH objective lens (numerical aperture=1.49), a HAMAMATSU 

C13440-20CU ORCA-Flash4.0 V3 camera (2048 (H) × 2048 (V) pixels, 6.5 μm × 6.5 

μm pixel size), and a 647 nm, VFL-P-400-647-OEM2-B1 solid-state laser. 

We collected the images in 4 x 4 fields every 30th seconds with an exposure time of 300 

msec. The cells were followed for 20 minutes. It has to be noted, that we made “semi-

TIRF images”, as we could not reach a flawless TIRF angle during the live experiments. 

We analyzed the images with ImageJ (155) by two different approaches. 

First, we analyzed the Mac-1 intensities by fluorescence profile measurement along a 25 

μm standard line placed on the equator of the cells (Figure 7). We ordered in descending 

sequence the measured intensity values of each cell and we compared the median of these 

ranked intensities. 

 

  

Figure 7. Evaluation of TIRF microscopic image - intensity profile measurement along 

a standard, 25 µm line placed on the equator of the cells placed on BSA- or C3bi-coated 

surfaces, after 20 minutes. 
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Second, we carried out a cluster outlining with particle analysis after subtracting the 

background with a 12 μm rolling ball radius and setting the threshold manually to 200 

AU minimum intensity (Figure 8). We measured the maximal fluorescence intensities of 

all outlined clusters. The median of these peak fluorescence values was used for statistical 

comparison. 

 

3.14. Induction of cluster formation with antibodies 

PMNs were incubated with 10 µg/ml non-inhibitory anti-CD11b (clone: Bear-1) in PBS 

containing 1% BSA for 30 minutes at 37°C, followed by incubation with 10 µg/ml mouse 

anti-human IgG1 for 30 minutes at 37°C. After the clustering induction, the cells were 

washed once in HBSS (500 g, Hermle Z216MK 45° fixed angle rotor, 10 min, 4°C) and 

further used for EV generation (Ab. clust. EV). 

3.15. Statistics 

All bar graphs show mean and ± SEM. The difference was taken as significant if the P-

value was <0.05. * represents P < 0.05 and ** represents P < 0.01. In each experiment, 

“n” indicates the number of independent experiments from different donors, and “n.s.” 

indicates a non-significant difference. Statistical analysis was performed using GraphPad 

Prism 8 for Windows (La Jolla, California, USA). 

  

Figure 8. Evaluation of TIRF microscopic image – cluster outlining of the cells placed 

on BSA- or C3bi-coated surfaces, after 20 minutes. 
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4. RESULTS 

4.1. Validation of the new, flow cytometry-based bacterial survival assay 

Our aim was to develop a new method that is able to detect the antibacterial effect of 

cells, subcellular particles, and soluble agents in a fast, cost- and labor-effective way. I 

discussed in the Introduction the drawbacks of the available methods for bacterial survival 

assessment. The classical, gold-standard colony-forming unit (CFU) counting method is 

greatly time-(48 hours) and labor-consuming method. The optical density-based method 

developed earlier in our laboratory is also time-consuming (16 hours) and has limitations 

on the number of parallel samples (30, 39). 

We compared our new FC-based method with the previously used OD-based method. 

The main difference between the techniques is that with the OD method we calculate 

indirectly the number of bacteria, while with the FC-based method we quantify them 

directly. Our incubating solution contains 4 V/V% LB in order to provide nutrients and 

gain the benefit of distinguishing bacteriostatic and bactericidal effects. In a non-

inhibitory circumstance, where nutrients are present, the bacteria reach the logarithmic 

phase of growth during the incubation time, therefore we start the OD measurement with 

bacteria that are already started to divide, and in this way, the increase of the bacterial 

count is amplified. While, in an inhibitory circumstance, where the growth of the bacteria 

is inhibited and/or part of the bacteria killed or phagocytosed, the bacteria start the OD 

measurement in the lag phase and reach the log phase at a later time point that can reduce 

the number. On the contrary, our FC-based method is a direct quantification of the 

bacterial count at the endpoint of the co-incubation. 

Within this project, we compared the killing capacity of human blood cells, wild type and 

NADPH oxidase-deficient murine neutrophils, and neutrophil-derived oZ-EVs in 

different dosages on Gram-positive and Gram-negative bacteria (30). In the frame of this 

thesis, I narrow down the results for the reproducibility of this new type of measurement. 

Figure 9. summarizes all the data we gained for S. aureus (USA300 and Acridine Orange-

labeled methicillin-sensitive S. aureus) survival from these above-mentioned 

measurements with cells and particles measured parallel with OD-based and FC-based 

methods. 
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The summary of the 37 experiments gave a regression coefficient of 0.8766 which 

indicates good comparability of the two techniques up to approximately 300 % growth 

rate. We observed however a higher deviation in the case of the OD measurement mainly 

in the higher range of bacterial survival. This higher deviation can be explained by the 

nature of the indirect measurement that can enlarge the differences. All together, we found 

that the FC-based method showed good correlation even in a narrow growth range when 

we examined the antibacterial effect of EVs. Therefore we could confidently use this 

method for further bacterial survival measurements.  

 

Figure 9. Comparison of the reproducibility of the new FC-based and OD-based 

methods. Linear regression of bacterial survival of S. aureus measured by OD- and FC-

based methods (n=37, ± SEM). 
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4.2. Quality control for the differential centrifugation, filtration based PMN EV 
isolation with size exclusion chromatography  

Following the principles of MISEV2018 (1), we aimed to perform quality control 

measurements for our generally used EV isolation with differential centrifugation and 

filtration (DC+F). Previously, we did not detect intact granules in our samples based on 

the electron microscopic images, but we could not exclude the possibility that protein 

aggregates could be co-sedimented with the vesicles that may interfere with the observed 

antibacterial effect of oZ-EVs. For this reason, we planned to set up a size exclusion 

chromatography (SEC) platform to purify EVs from our samples and examine the size 

distribution, the EV quantity, protein content, and antibacterial effect of the collected 

fractions. 

Both in the case of spEV, and oZ-EV preparations, fractions 8 to 12 contained EVs 

detectable by DLS, FC, and Bradford assay. This is in accordance with the literature in 

the case of SEC columns with similar technical properties (156). Compared to the DC+F 

isolation the size distribution of EVs isolated by SEC did not show significant alteration, 

the continuous shift of the peaks of the SEC samples is in accordance with the elution 

sequence of the fractions (Figure 10). Scattering intensity values were too low in the 

further fractions, therefore the SEC 8 to 11 fractions are represented in the figure. 

I have to add that the DLS on its own provides information solely on the total light scatter 

of a suspension. The peaks indicate the size range of the detected particles, but the smaller 

particles scatter less light, thus the concentration of these particles can be underestimated 

by DLS. Therefore, for further experiments, we rather used nanoparticle tracking analysis 

(NTA) measurement. 
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Figure 10. Representative size distribution spectra (out of n=3 DLS measurements) of 

spEVs and oZ-EVs isolated by DC+F (black lines) and SEC 8-11 fractions (colored, 

labeled accordingly). 

In the same SEC fractions, EVs were detected also by flow cytometry and the proportion 

of the oZ-EVs versus spEVs was similar to the proportion gained with the DC+F method 

and to our previous observations as well (Figure 11). On the other hand, we obtained a 

lower yield of EVs by SEC in terms of EV number (Figure 11). 

 

Figure 11. EV quantification of spEV and oZ-EV samples determined by flow cytometry 

as described in the Methods section. The first columns belong to the result of the DC+F 

isolation, the further columns belong to a particular SEC fraction (n=3, ± SEM). 



46 
 

This observation would allow us to use this particular SEC preparation only to a limited 

extent, in selected experiments. Indubitably, the further optimization of this SEC isolation 

by changing technical parameters of the column (e.g. column height, diameter) could 

improve the separation and the recovery of the EVs. However, currently, our aim was to 

provide quality control for our generally used isolation, not to optimize the method in 

order to reach a higher yield. 

 

Figure 12. Protein content of pooled SEC fractions compared to DC+F isolated EV 

samples, measured by Bradford protein evaluation (n=4, ± SEM). Data were compared 

to SEC 8-12 oZ-EV pool by RM one-way ANOVA with Dunnett’s post hoc test. 

The lower yield of the SEC preparation was evincible also in the case of the protein 

measurement. The increase of protein amount in oZ-EV preparation (compared to spEV) 

affected only the protein recovered in the vesicular (SEC 8-12) fractions, whereas the 

amount of co-sedimented protein recovered in fractions SEC 13-22 was not changed 

(Figure 12). Based on our previous findings, one of the major granule proteins that are 

present in the oZ-EVs is lactoferrin. Actin and actin-associated proteins are also present 

in EVs (119). We wanted to examine whether these proteins can be detected in those 

fractions where we identified EVs by FC, DLS, and Bradford measurement. In the 

fractions SEC 8-12 both lactoferrin and actin could be detected in the same fractions by 

western blotting (Figure 13). 
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Figure 13. Representative (n=3) western blot for lactoferrin and actin content of the oZ-

EV samples isolated by DC+F method (oZ-EV) and by SEC. The sequence of the SEC 

fractions was separated in order to demonstrate the relevant fractions on the same blot. 

However, in the posterior SEC fractions (SEC 13-22) we can observe the presence of 

lactoferrin on the western blot. Also, the Bradford assay detected measurable protein 

content in those fractions (Figure 12). To reveal whether that protein content without EV 

structure expresses an antibacterial effect or not, we carried out USA300 bacterial 

survival measurement. We found that only the pool of vesicular EV fractions shared the 

same antibacterial property with the DC+F separated oZ-EVs, the SEC 13-22 fractions 

did not show a similar antibacterial effect to the DC+F oZ-EV sample (Figure 14). 

 

Figure 14. Bacterial survival of USA300 measured with OD-method in the presence of 

DC+F isolated oZ-EV sample, or pooled SEC fractions of spEV and oZ-EV (n=4, ± 

SEM). Data were compared to oZ-EV isolated by DC+F by RM one-way ANOVA with 

Dunnett’s post hoc test. 
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We performed a further quality control measurement for the possible DNA contamination 

of our samples. Previously, we did not detect DNA, and histone content in our oZ-EV 

samples, only in the case of apoEVs (16, 119)(Table 2). Nonetheless, we wanted to rule 

out the possibility that NETs could contribute to the observed antibacterial effect in our 

sample. It has been proved that DNAse can disrupt NETs in in vitro and in vivo conditions 

(157, 158). Therefore, we treated our oZ-EV sample with DNAse (100 U/ml) or with 

Triton X-100 (0.1%) and found that the detergent lysis of the EVs (disruption of the 

structure) diminished the antibacterial effect, but the DNAse treatment did not change the 

effect compared to the control oZ-EV sample (Figure 15, Panel A). We checked that 

neither the DNAse treatment nor the Triton X-100 treatment on their own did not affect 

the bacterial growth (Figure 15, Panel B). 

 

Figure 15. Bacterial survival of USA300 strain in the presence of oZ-EV (A) (n=4, ± 

SEM) and without EVs (B) (n=5, ± SEM). Data were compared to the according control 

sample by RM one-way ANOVA with Dunnett’s post hoc test. 

Altogether, we found that our EV pellets do contain detectable soluble proteins or protein 

aggregates, but the observed antibacterial effect of oZ-EVs is independent of the presence 

of these proteins and can be associated with the vesicular nature of the oZ-EVs. 
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4.3. Role of Mac-1 in the formation of neutrophil EVs 

To examine the exclusive contribution of the Mac-1 for the antibacterial and pro-

inflammatory type oZ-EV production, we selectively activated the Mac-1 receptors by 

different ligands. The receptor has over 40 ligands identified already (114). Complement 

receptors have been characterized for their preference for specific C3 opsonic fragments. 

Mac-1 specifically recognize C3bi (159, 160). The complement factor H (FH) was also 

discovered to specifically bind to neutrophils through the Mac-1 receptor (161, 162). It 

has been demonstrated that FH-coated surface activation can lead to induced ROS and 

IL-8 production of neutrophils (161, 163). Therefore, we decided to apply C3bi and FH 

as specific ligands of Mac-1. 

We stimulated the neutrophils in suspension with increasing concentrations of FH and 

C3bi and compared the released EV numbers to the spontaneous EV release (spEV). 

There was no significant increase in the quantity of the EVs regardless of the 

concentration of the applied ligand (Figure 16). The question was raised, whether soluble 

C3bi or FH supports the high-affinity binding that induces the integrin activation. 

Therefore we primed the cells with TNF-α through inside-out activation of the integrin 

prior to the co-incubation with the ligand. The pre-treatment did not affect the number of 

formed EVs either (Figure 16). 

 

Figure 16. EV quantification determined by flow cytometry as described in the Methods 

section. TNF-α pretreatment (20 ng/ml) was applied for 20 minutes prior to secondary 

stimulation. Data were compared to spEV by RM one-way ANOVA with Dunnett’s post 

hoc test (n=3, ± SEM) and no significant difference was found. 



50 
 

Beyond that, we examined the proportion of the cells with high-affinity Mac-1 

conformation immediately after the isolation of the cells. We examined whether this 

proportion can be further increased by TNF-α priming (20 ng/ml, 20 minutes stimulation). 

It was revealed that the dominant part of neutrophils carry Mac-1 receptors in high-

affinity conformation and their activation could not be further increased by adding TNF-

α. Neutrophils isolated with sterile preparation (pyrogen-free) had a lower percentage of 

activated Mac-1 receptors and TNF-α had a significant effect (Figure 17). These data 

suggest that the inability of soluble C3bi and FH to trigger increased EV formation is not 

due to the lack of Mac-1 in high-affinity conformation. 

 

Figure 17. Percentage of the neutrophils with the active conformation of Mac-1 detected 

by conformation recognizing antibody (clone: CBRM1) with/without TNF-α 

pretreatment, measured after isolation of the cells in normal or sterile (pyrogen-free) 

circumstances. Data were compared to the non-pretreated control data by RM one-way 

ANOVA coupled with Sidak’s multiple comparison test (n=3, ± SEM). 

  



51 
 

4.3.1. Mac-1 ligand surface induces EV production from adherent PMNs 

Surprisingly, when we applied the C3bi and FH in a surface-bound form, the cells placed 

on these ligand surfaces produced a significantly higher number of EVs compared to the 

albumin surface. The total protein content of the ligand surface-triggered EVs changed 

proportionally with to the quantity of the detected EVs (Figure 18, Panel A). These 

results are in agreement with our previous observation on the fibrinogen surface-induced 

EV release compared to resting neutrophils on the BSA surface (152). The flow cytometry 

has a limitation by detectable size. The nanoparticle tracking analysis (NTA) is also a 

gold standard method of EV research, because this approach is able to examine particles 

in suspension particle by particle, and determine their size based on their Brownian 

motion at the same time by scattering the laser beam. This method has no size limitation, 

it is possible to detect events around and below 100 nm size. We confirmed the observed 

difference between the surface and soluble stimulated EV production of the cells by NTA 

measurement of the EV concentration (Figure 18, Panel B). The size distribution of the 

EVs did not change by these means of activation (Figure 18, Panel C), the diameter of 

the EVs ranges between 100 and 700 nm with a modus around 200-300 nm. 
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  Figure 18. Adherent neutrophil EV production on Mac-1 ligand-coated surfaces.

(A) Comparison of EV production on bovine serum albumin (BSA) and surface-bound 

Mac-1 ligands. Dot scatter bars represent the quantity of EVs determined by flow 

cytometry, square scatter bars represent the quantification based on total protein 

estimation measured by Bradford assay. The EV production was measured on BSA 

surface (20 µg/ml), on C3bi surface (50 µg/ml) and on FH surface (50 µg/ml) for 20 

minutes. Data were compared to BSA by using RM one-way ANOVA coupled with 

Dunnett’s post hoc test (n=3, ± SEM).  (B) Comparison of the concentration of EV 

samples released from adherent and soluble PMNs, measured by NTA. C3bi and BSA 

were used in the previously detailed concentration. Data were compared to BSA surface 

by using RM one-way ANOVA coupled with Dunnett’s multiple comparisons test (n=3, ± 

SEM). (C) Representative size distribution diagram of PMN EVs induced by soluble or 

surface-bound C3bi or BSA surface measured by NTA. 
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The C3bi and the FH are shown to be ligands of the complement receptor 4 (CR4, 

CD11c/CD18) as well (164). On neutrophils, the CR4 is far less abundant than Mac-1, 

and it has been also shown that in all human phagocytes (neutrophils, monocytes, 

macrophages, dendritic cells) solely Mac-1 takes part in the engulfment of C3bi-

opsonized S. aureus, while CR4 is only responsible for the binding of the pathogen (165, 

166). We wanted to confirm the dominant role of Mac-1 over CR4. We carried out EV 

production and ROS production measurements with specific, inhibitory antibodies of 

CD11b and CD11c. By the application of the inhibitory antibody against Mac-1, the oZ-

EV production was significantly inhibited, and the ROS production was almost 

completely reduced (Figure 19). On the other hand, by the application of the CR4 

inhibitory antibody, there was no significant change either in oZ-EV or in ROS 

production. Therefore, we concluded that anti-CR4 antibodies did not interfere with 

opsonin receptor-induced EV release of neutrophils. 
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Figure 19. Examination of the possible contribution of CR4 in the oZ-EV formation and 

ROS production of neutrophils. (A) Spontaneous and opsonized zymosan-induced EV 

production of PMNs in the presence of anti-CD11b (clone: ICRF44) and anti-CD11c 

(clone: 3.9) inhibitory antibodies, measured by flow cytometry. EVs were labeled with 

FITC-Annexin V. Data were compared by using RM one-way ANOVA coupled with 

Sidak’s multiple comparison test (n=3, ± SEM). (B) Comparison of ROS production of 

PMNs placed on fibrinogen surface in the presence of anti-CD11b (clone: ICRF44) anti-

CD11c (clone: 3.9) inhibitory antibodies, and in the presence of ROS inhibitor DPI 

applied as a negative control. The maximal ROS production was compared with the 

maximal ROS production of PMNs on the fibrinogen surface, and the percentages are 

presented. Data were analyzed by multiple one-sample t-tests (n=4, ± SEM). 

4.3.2. Mac-1 receptor clustering on BSA and C3bi surface 

The discrepancy in the effect of Mac-1 activation on a surface or in suspension suggested 

the possibility that Mac-1 is not able to bind ligands in suspension or that the mere binding 

of a ligand is not able to initiate EV production. As we knew that Mac-1 receptors on the 

cells are mostly in an active state, the C3bi and FH could bind to Mac-1 on the surface of 

the neutrophils. Therefore, we aimed to investigate the possible importance of the Mac-1 

receptor clustering in the vesicle formation of the PMNs. We carried out live total internal 

reflection fluorescence (TIRF) microscopy on cells undergoing surface activation in order 

to visualize the pattern of Mac-1 receptors during the process. 
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For this reason, we labeled the cells for CD11b with a non-inhibitory antibody (clone 

M1/70) and followed the adherence for 20 minutes (the time period we applied for EV 

generation). We could detect higher receptor concentrations in the membrane of the cells 

placed on the C3bi-coated surface compared to cells placed on the BSA-coated surface 

(Figure 20). 

 

Figure 20. Mac-1 receptor clustering on BSA and C3bi surface captured by TIRF 

microscopy at the 20th minute time point. Representative images of the cells on BSA and 

C3bi coated surfaces. Cells were labeled with Alexa647-conjugated anti-CD11b. 
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As further means of the comparison of the control and the ligand surface, we carried out 

two, different evaluations as it was detailed in the Methods section. We assessed the Mac-

1 fluorescence intensity along the equator of each of the cells on the C3bi or BSA surface 

and ranked the values in descending order. We plotted the median values of the ranks of 

the samples and we got significantly different curves (Figure 21, Panel A). The intensity 

profile of C3bi surface-adherent cells demonstrates higher Mac-1 receptor concentration 

than BSA surface-adhered cells. When we outlined the clusters in the cells and measured 

the peak Mac-1 receptor density, we found that on the C3bi surface, the median values of 

the peak intensities were significantly higher compared to the control (Figure 21, Panel 

B). 

Figure 21. Evaluation of TIRF images of cells placed on BSA and C3bi surface. (A) 

Median fluorescence intensity values of the ranked intensities of all the cells measured 

along a standard 25 μm line. Data were compared by linear regression (n=3, ± SEM). 

The two datasets are significantly different (p<0.0001). (B) Median of peak intensity 

values of the outlined clusters of the cells in the samples. Data were compared by using 

Students’s t-test (n=3, ± SEM). 
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4.3.3. Mac-1 ligand surface- and antibody-induced clustering initiates antibacterial 
and pro-inflammatory PMN EV production 

We intended to examine the functional properties of the Mac-1 ligand-induced EVs. For 

that reason, we carried out different control measurements. First, we compared the 

bacterial survival of the USA300 strain in the presence of Mac-1 ligand surface-induced 

EVs and soluble ligand activation-derived EVs. We found that only those EVs expressed 

similar inhibition of bacterial growth as oZ-EV that were produced on ligand surface 

(Figure 22, Panel A). In parallel, we measured the antibacterial effect with our new flow 

cytometry-based method as well. However, we had to face technical difficulties at this 

time we could not conduct all the parallel measurements with the cytometer. 

Nevertheless, we were able to measure more samples with the new method, because we 

were not limited by the number of the wells on the plate as in the case of a 

spectrophotometry-based measurement. While the tendencies were similar to the results 

that we obtained with the OD-based measurement, in this case, we did not have the same 

significant differences among samples (Figure 22, Panel B). For further confirmation, 

we also tested the influence of inside-out activation of Mac-1 prior to ligand application 

on the antibacterial effect of the EVs. We observed no effect of the priming by TNF-α on 

the antibacterial capacity. However, we could confirm that fibrinogen surface-induced 

EVs are also potent inhibitors of bacterial growth (Figure 22, Panel C). 

In order to substantiate the involvement of the Mac-1 clustering in the antibacterial type 

EV production of the cells, we performed antibody-induced receptor clustering, isolated 

the EVs thereafter, and examined the bacterial survival of USA300 after co-incubation 

with these EVs. For these experiments, we used a non-inhibitory CD11b primary 

antibody, and with a secondary antibody, we initiated the clustering. The measured 

antibacterial effect was significant but weaker than the effect of oZ-EV or C3bi surface-

induced EVs (Figure 22, Panel D). Accordingly, this result suggests that clustered Mac-

1 molecules can attract the signaling elements that are required for the initiation of the 

antibacterial oZ-EVs. 
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Figure 22. Bacterial survival of USA300 bacteria treated with differently induced 

neutrophil EVs. The amount of the applied EVs was normalized to protein content. (A) 

Bacterial survival measured by OD-based method in the presence of different types of 

neutrophil EVs. Data were compared to spEV by using RM one-way ANOVA coupled 

with Dunnett’s post hoc test (n=4, ± SEM). (B) Bacterial survival measured by FC-

method in the presence of different types of neutrophil EVs. Data were compared to spEV 

by using RM one-way ANOVA coupled with Dunnett’s post hoc test (n=3, ± SEM), no 

significant difference was found. (C) Bacterial survival measured by OD-based method 

in the presence of fibrinogen surface induced PMN EVs. Data were compared by using 

RM one-way ANOVA coupled with Sidak’s multiple comparison test (n=6, ± SEM). (D) 

Bacterial survival measured by OD-based method in the presence of EVs produced after 

antibody triggered cluster formation (Ab clust. EV). Data were compared by using RM 

one-way ANOVA coupled with Sidak’s multiple comparison test (n=5, ± SEM). 
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We tested whether the C3bi surface-induced EVs possess the pro-inflammatory property 

of the oZ-EVs by inducing IL-8 production of resting neutrophils. We measured the 

cytokine production of the cells after 3 hours of co-incubation with the differently induced 

EV populations. As a control, we applied lysed oZ-EV samples to test the possible 

activating effect of remnant zymosan particles. In our preliminary experiments, we could 

not detect pro-inflammatory cytokines IL-1α, IL-6, TNF-α, and anti-inflammatory IL-

1RA from PMNs during 3 hours of co-incubation with opsonized zymosan (152). 

However, an interesting finding of these experiments, is that spontaneously released EVs 

increased the basal TGF-β production of the PMNs, but nothing else increased the TGF-

β in the supernatant (Figure 23, Panel B). As we previously described, the oZ-EVs 

evoked a strong IL-8 answer from PMNs. While the EVs soluble C3bi treated cells did 

not increase the IL-8 production of resting PMNs, the EVs produced on the C3bi-coated 

surface resulted in a significantly higher IL-8 production compared to the BSA-coated 

surface-induced EVs (Figure 23, Panel A). 

Figure 23. Cytokine production PMNs treated for 3 hours with different PMN EV 

populations. (A) IL-8 production was quantified with sandwich ELISA. Data were 

compared by using RM one-way ANOVA coupled with Sidak’s multiple comparison test 

(n=3, ± SEM). (B) TGF-β production was assessed with sandwich ELISA. Data were 

compared by using RM one-way ANOVA coupled with Sidak’s multiple comparison test 

(n=3, ± SEM). 
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4.4. Role of Ca2+ signal in the formation of neutrophil EVs 

It has been shown that Ca2+ ionophores can initiate EV generation from cells, but the 

functional properties of these EVs are not investigated in detail yet (128, 167). In our 

earlier work, we showed that Ca2+ supply is important for the generation of oZ-EVs (121). 

To answer the question, of whether the Ca2+ signal itself is sufficient for the generation 

of oZ-EV, with the observed antibacterial and pro-inflammatory properties, we tested the 

effect of the Ca2+ ionophore A23187 and the absence of extracellular Ca2+. 

4.4.1. Role of Ca2+ supply in the PMNs’ EV production 

When we quantified the number of the produced EVs, we found that the absence of 

extracellular Ca2+ does not affect the spontaneous EV release of the cells, but the oZ-EV 

production did decrease significantly in the lack of extracellular calcium (Figure 24, 

Panel A) A strong increase occurred in the EV number by the application of the Ca2+ 

ionophore in the presence of extracellular Ca2+. By the withdrawal of extracellular Ca2+ 

it was partially inhibited, but not fully diminished. We also tested the combination of 

stimuli to answer whether the Ca2+ ionophore has an additional, potentiating effect on the 

opsonized zymosan triggered EV generation, but the Ca2+ ionophore could not further 

potentiate the oZ-EV generation. The concentrations that we measured with NTA were 

in good agreement with the results of the flow cytometry quantification (Figure 24, Panel 

B). However, the NTA measurement showed an even more pronounced effect of the Ca2+ 

ionophore on the EV production enhancement of the neutrophils. The size distribution of 

the EVs was altered neither by the presence of the Ca2+ ionophore nor in the absence of 

extracellular calcium supply, the size of the EVs varied in the 100-700 nm range, with a 

peak around 200-300 nm (Figure 24, Panel C). 
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Figure 24. Role of the Ca2+ supply in the production of EVs from neutrophils.

(A) EV production in different conditions, determined by flow cytometry. The Ca2+ supply 

dependence was tested by omitting Ca2+ from the incubation medium or by application 

of Ca2+ ionophore A23187. Data were compared by RM one-way ANOVA coupled with 

Sidak’s post hoc test (n=4, ± SEM). (B) NTA measurement of differently induced PMN 

EV concentration. Data were compared by using RM one-way ANOVA coupled with 

Sidak’s multiple comparisons test (n=3, ± SEM). Ca-i EV indicates sample is produced 

in the presence of Ca2+ ionophore and extracellular calcium. (C) Representative size 

distribution diagram of PMN EVs produced in different conditions, examined by NTA. 
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4.4.2. Role of Ca2+ supply in PMNs’ antibacterial and pro-inflammatory EV 
production 

We examined the functionality of the differently generated neutrophil EVs: produced in 

the absence of extracellular Ca2+ or in the presence of Ca2+ ionophore. In these 

experiments, the remaining Ca2+ ionophore in the samples was bound by BSA. The 

calcium ionophore induced-EVs could not decrease the survival of the S. aureus, except 

in the case when we stimulated the cells along with opsonized zymosan in the presence 

of extracellular calcium (Figure 25). However, the Ca2+ ionophore induction could not 

potentiate the effect of the oZ-EV against the bacteria. The other EV populations did not 

show any effect on the bacteria, similar to the spontaneously generated EVs. 

 

Figure 25. Extracellular Ca2+ is necessary for the PMNs’ antibacterial EV production. 

Bacterial survival of USA300 measured with OD-method in the presence of different types 

of neutrophil EVs. The amount of the applied EVs was normalized to protein content. The 

bacterial survival was quantified by the optical density-based method. Data were 

compared by using RM one-way ANOVA coupled with Sidak’s post hoc test (n=3, ± 

SEM). 
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The observed differences in the amount of the resting neutrophils’ released IL-8 were 

similar to the effect on bacterial survival. The Mac-1 stimulation (through opsonized 

zymosan particles) and the presence of extracellular Ca2+ together seem to be essential for 

the generation of pro-inflammatory EVs (Figure 26). These results support that the 

application of Ca2+ ionophore regardless of the extracellular Ca2+ supply cannot result in 

EVs with the same effect as the opsonized zymosan stimulation. The Ca2+ ionophore 

could not potentiate the IL-8 production increasing the effect of the oZ-EVs either. 

 

Figure 26. Extracellular Ca2+ is necessary for the PMNs’ pro-inflammatory EV 

production. PMNs were treated for 3 h with different PMN EV populations or with 

controls. IL-8 production was quantified with sandwich ELISA. Data were compared by 

using RM one-way ANOVA coupled with Sidak’s multiple comparison test (n=3, ± SEM). 
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5. DISCUSSION 

Extracellular vesicle research highly demands multiple parallel measurements of different 

modalities with adequate controls. Demonstration that the effect is associated with the 

EVs themselves and not to cell-cell contact or to soluble, non-vesicular components (1). 

Technical development is an inherent urge of the field. We aspired to develop a new, high 

throughput, fast, reliable, and reproducible flow cytometry-based bacterial survival 

assessment method. Our assay measures bacterial number directly, therefore no 

conversion or processing of the acquired data is needed for evaluation. We compared the 

new, FC-based method to an optical density-based measurement (Figure 9) (30). We got 

good comparability of the two techniques up to approximately 300 % growth rate. With 

the adequate selection of the incubation media, we can even distinguish the bactericidal 

and bacteriostatic effects of cellular and subcellular particles. Since then, a new antibiotic 

susceptibility testing method named MICy has been developed based on this work (168). 

We aimed to validate our EV isolation protocol in order to control the purity of our EV 

samples and ensure that neither DNA nor granule protein aggregates can be responsible 

for the observed antibacterial effect. The SEC isolation of neutrophil EVs resulted in 

lower EV yield compared to our regularly performed differential centrifugation and 

filtration-based EV isolation protocol (Figure 11, Figure 12). The bacterial survival 

assays carried out with the pooled SEC fractions of EVs revealed that the antibacterial 

effect is associated with the EVs themselves and not with soluble, non-vesicular 

structures (DNA or protein contamination) (Figure 14, Figure 15). 

On the basis of these technical developments and findings, we proceeded to investigate 

the role of the Mac-1 in the neutrophilic granulocyte-derived EVs. The phenomenon of 

Mac-1 clustering both via inside-out and outside-in activation of the receptor has been 

shown to be important in the phagocytic function of the cells in several cases (169-171). 

Our previous observations confirmed the pivotal role of Mac-1 in the anti-bacterial and 

pro-inflammatory oZ-EV biogenesis accompanied by granule protein enrichment in these 

EVs (120). This suggests a connection between Mac-1 activation and sorting machinery 

that has not been revealed yet. However, the pathway seems to be divergent from the 

signaling pathway of the phagocytosis, independent of Syk and Src kinases, but depends 

on PLCγ2 and intact calcium signaling (121). 
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Until now, we could not rule out the possible auxiliary role of the PRRs in the oZ-EV 

production as we applied serum opsonized zymosan particles as activators. 

In the present work, I show evidence that specific activation of the receptor results in the 

oZ-EV formation, but only if the ligands are immobilized to a surface (Figure 18). This 

observation is in agreement with previous data concerning the differential impact of 

soluble and immobilized forms of FH on neutrophil activation (163). It has been shown 

that the soluble FH does not affect the neutrophil activation, except for the migration of 

the cells towards the FH gradient. We found that the EVs released on C3bi, FH, and 

fibrinogen surfaces possessed an antibacterial effect against S. aureus, and also C3bi 

surface-induced EVs increased the IL-8 production of neutrophils, but did not cause TGF-

β release (Figure 22, Figure 23). This finding is in good agreement with the previous 

observation with opsonized zymosan that also serves as a ligand-coated surface for the 

neutrophils. We also show that a prominent portion of cells has Mac-1 receptors in high-

affinity conformation on their surface prior to initiation of EV production by Mac-1 

ligands, therefore the difference between soluble and surface activation cannot be 

explained by this (Figure 17). With blocking antibodies we showed the dominance of 

Mac-1 over CR4 not just in EV formation, but in ROS production as well (Figure 19). 

The TIRF microscopic images indicated also a higher Mac-1 concentration on the surface 

of neutrophils placed on the C3bi surface which strengthens the concept of receptor 

clustering (Figure 21). More explicit evidence for the role of Mac-1 clustering in the oZ-

EV biogenesis is the experiment when antibody-induced receptor accumulation resulted 

in an EV population that did show inhibitory potential against S. aureus (Figure 22, Panel 

C). Therefore, we assume that the pathogen surface covered with opsonins that are ligands 

of Mac-1 induces the cluster formation of Mac-1 receptors that can attract the signaling 

components that are involved in the generation of the oZ-EVs (Figure 27). 

In our earlier work, we found that oZ-EV release of neutrophils is strongly dependent on 

the presence of extracellular Ca2+ (121). In the current work, I show results that the strong 

pharmacologically induced Ca2+ signal can also lead to increased EV formation from 

neutrophils that can even exceed the EV triggering effect of Mac-1 stimulation (Figure 

24). It should be noted that the application of the Ca2+ ionophore A23187 for the initiation 

of vesicle release is most likely accompanied by degranulation (172). 
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Nonetheless, the solely ionophore-induced EVs do not possess an antibacterial property 

and IL-8 production enhancing effect either (Figure 25, Figure 26). Moreover, the 

combined application of opsonized zymosan and Ca2+ ionophore does not result in further 

elevation of EV release or augmentation of the biological activity of oZ-EVs (Figure 24, 

Figure 25, Figure 26). 

The lack of calcium from the extracellular space had no influence on the quantity and the 

examined biological functions of spontaneous EVs (Figure 24). Interestingly, the Ca2+ 

ionophore could increase the EV production of the resting neutrophils in the absence of 

extracellular Ca2+, presumably by mobilizing Ca2+ from intracellular sources. This data 

supports that the machinery responsible for the formation of extracellular vesicles does 

depend on Ca2+ signaling but it is independent of the source of the calcium (173-175). 

Taken together, we can conclude that the extracellular Ca2+ and intact Ca2+ signaling is 

necessary for oZ-EV production, but by itself, it is not sufficient for oZ-EV formation. In 

contrast to the spontaneous EV release of neutrophils, the process of oZ-EV biogenesis 

has a different Ca2+ sensitivity or needs a store-operated refill of internal Ca2+ sources or 

a long-lasting Ca2+ signal. 

Based on all the above-mentioned observations, we have to highlight that the extracellular 

environment determines the characteristics of the produced EVs. 

 

Figure 27. Neutrophilic granulocytes produce antibacterial and pro-inflammatory type 

extracellular vesicles upon encountering opsonized particles initiated by clustering of 

Mac-1 receptors 
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6. CONCLUSIONS 

According to the objectives and based on the above-described results my conclusions are 

the following: 

1. We developed a new, fast, reliable, and reproducible FC-based bacterial survival 

assessment method that is suitable for high throughput quantification of 

bacteriostatic or bactericidal effect of immune cells and subcellular particles. 

2. The size exclusion chromatography-based isolation of neutrophils EVs revealed 

that the antibacterial effect of the oZ-EV preparation is associated with EVs 

themselves as neither soluble nor non-vesicular structures from other fractions 

showed the same property. 

3. The selective Mac-1 activation and the clustering of the receptor are not just 

crucial, but sufficient in the initiation of the biogenesis of oZ-EVs that shows a 

completely different biological activity on other cells than spEV. 

4. The CR4 activation is not sufficient for oZ-EV production from human 

neutrophils. 

5. The spontaneously released spEVs increased the TGF-β production of resting 

neutrophils. 

6. The Ca2+ signal is crucial, but not sufficient alone in the generation of oZ-EVs. 

The additionally applied Ca2+ ionophore could not potentiate the antibacterial 

effect of the oZ-EVs. 
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7. SUMMARY 

The neutrophil granulocytes produce extracellular vesicles in response to several 

pharmacological, biological activators, and in various pathological conditions. These EVs 

as means of intercellular communication transmit a broad range of biological effects. 

Previously, our group characterized three distinct types of EVs released from neutrophils: 

EVs formed spontaneously (spEV), during apoptosis (apoEV), and upon activation with 

opsonized particles as zymosan (oZ-EV). The oZ-EVs have a pro-inflammatory effect on 

resting neutrophils and an antibacterial effect on bacteria and fungi. 

In my Ph.D. work, I aimed to enrich the methodological arsenal in order to study the 

exclusive role of Mac-1 and Ca2+ signal in EV biogenesis under better-controlled 

conditions by developing a flow cytometry-based platform for the quick assessment of 

the antibacterial effect and by providing quality control for our EV isolation method with 

SEC. The FC-based bacterial survival assay correlated well with the reference OD-based 

method both in the case of cellular and subcellular samples. This allowed us to measure 

more samples in an efficient manner. We could confirm that the only intact oZ-EVs 

possess the antibacterial property in our samples. However, because of the lower EV yield 

we could not use the SEC method routinely. 

On the basis of these technical developments, we proceeded to investigate the role of the 

Mac-1 in the oZ-EV biogenesis of neutrophils. We selectively activated the neutrophils 

with Mac-1 ligands (C3bi, FH) in soluble and surface-bound form. On C3bi-coated or 

FH-coated surface, we observed an increased EV production, and these EVs possessed 

antibacterial and pro-inflammatory capacity. However, in soluble conditions, neither 

C3bi nor FH did induce EV production. Live imaging and antibody-induced clustering 

experiments revealed that the clustering of Mac-1 is important in oZ-EV generation. The 

selective activation and clustering of Mac-1 are not just crucial, but sufficient for oZ-EV 

biogenesis. In contrast, we found that calcium ionophore enhanced EV release, but these 

EVs were ineffective in functional tests. Thus, intact Ca2+ signaling is crucial, but not 

sufficient on its own in the formation of oZ-EVs. We also demonstrated that spEVs 

increased the TGF-β production of resting neutrophils. We propose that the anti-

inflammatory type spEV production is an inherent constitutive activity of resting 

neutrophils. Our observations support that neutrophils are able to change their EV 

production according to the environmental conditions detected by their receptors. 
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8. ÖSSZEFOGLALÁS 

Neutrofil granulociták extracelluláris vezikulákat termelnek számos farmakológiai inger, 

biológiai aktiváció hatására és patológiás körülmények között is. Az EV-k az intercelluláris 

hírközlőként szerteágazó biológiai hatást közvetítenek. Munkacsoportunk korábban három 

különböző, neutrofilekből lefűződő EV populációt karakterizált: spontán termelt (spEV), 

apoptózis során termelt (apoEV) és opszonizált partikula, például opszonizált zimozán 

hatására lefűződő EV-t (oZ-EV). Az oZ-EV pro-inflammatórikus hatást gyakorol nyugvó 

neutrofilekre és antibakteriális hatást mutat baktérium törzseken és gombán is. 

Doktori munkám során, célom volt módszertani fejlesztéseket végezni annak érdekében, 

hogy a Mac-1 és a Ca2+ jel kizárólagos szerepét vizsgálhassam jobban kontrollált 

körülmények között. Ennek érdekében fejlesztettünk áramlási citometria-alapú, gyors, a 

PMN EV-k antibakteriális hatásának meghatározására is alkalmas módszert, továbbá a 

korábban alkalmazott EV izolálásunknak minőségbiztosításaként SEC-kel izolált EV-ket 

vizsgáltunk. Az FC-alapú baktériumtúlélési esszé jó korrelációt mutatott a referencia OD-

követésén alapuló módszerünkkel mind sejtes, mind szubcelluláris (EV) minták esetén. A 

módszer lehetővé tette, hogy hatékonyan vizsgálhassunk több, párhuzamos mintát. Igazolni 

tudtuk, hogy a korábban megfigyelt hatás kizárólag intakt oZ-EV mintákhoz köthető. Az 

alacsonyabb kinyerés miatt a SEC módszert nem használhattuk rutinszerűen. 

Ezen technikai fejlesztések alapján folytattuk a Mac-1 kizárólagos szerepének vizsgálatát a 

neutrofilek oZ-EV termelésében. Szelektíven aktivációt Mac-1 ligandumokkal (C3bi, FH) 

szolubilis és felszínhez kötött formában végeztünk. C3bi és FH felszínen is emelkedett az 

EV termelés, ezek a vezikulák rendelkeztek a korábban megfigyelt antibakteriális és pro-

inflammatórikus hatással. Azonban, szolubilis körülmények között sem a C3bi, sem a FH 

nem volt képes EV termelés emelésére. Mikroszkópos és antitest-indukált receptor 

clustering kísérleteink is arra utalnak, hogy a Mac-1 szelektív aktivációja és cluster-képzése 

nem csak alapvető, de önmagában elegendő is oZ-EV termeléshez. Ezzel szemben, Ca2+ 

ionofór emelte a sejtek EV termelését, de ezek az EV-k nem rendelkeztek a leírt hatásokkal. 

Úgy gondoljuk, hogy a Ca2+ jel szükséges, azonban nem elégséges oZ-EV lefűződés 

kiváltásához. Bemutattuk, hogy spEV-k emelték neutrofilek TGF-β termelését. Ez erősíti 

az elképzelésünket, hogy az anti-inflammatórikus spEV-k termelése egy permanens 

funkciója nyugvó neutrofileknek. Megfigyeléseink alátámasztják, hogy a neutrofilek 

környezetük változásaira eltérő típusú EV termeléssel reagálnak. 
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