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Abstract 

Extracellular vesicles are released during infectious, inflammatory and 
prothrombotic conditions. These are membrane-derived vesicles shed by cells 
during activation, senescence and/or apoptosis. Extracellular vesicles contain and 
transfer components of the parent cell from which they are shed. During 
gastrointestinal infection with enterohemorrhagic Escherichia coli (EHEC) 
extracellular vesicles are released from blood cells into the circulation and contain 
Shiga toxin, the main EHEC virulence factor with potent cytotoxic effects. EHEC 
can cause hemorrhagic colitis or hemolytic uremic syndrome, characterized by acute 
kidney injury, thrombocytopenia, and non-immune hemolytic anemia. This PhD 
thesis addressed mechanisms of release and uptake of Shiga toxin-positive 
extracellular vesicles and characterized prothrombotic and proinflammatory 
properties related to vesicles released after Shiga toxin stimulation of blood cells. 
The thesis also provides methodology for the of these extracellular vesicles.   

Paper I shows that once Shiga toxin is taken up by cells it is released within vesicles 
within minutes and does not undergo retrograde transport. Toxin could bind directly 
to extracellular vesicles and could transfer from the surface to the inside of the 
vesicle suggesting sequestration, possibly to evade the host response. This is a novel 
mechanism by which vesicles could protect their content while in the circulation. 

Paper II investigated the importance of the toxin receptor, globotriaosylceramide 
(Gb3), in recipient cells for the uptake of Shiga toxin-containing extracellular 
vesicles by the cells and exertion of a cytotoxic effect. Various Gb3-negative and 
Gb3-positive cells were used showing that the recipient cell must possess 
endogenous Gb3 for the toxin, taken up in extracellular vesicles, to exert a toxic 
effect on cell viability.  

Paper III investigated the pro-thrombotic and proinflammatory properties of Shiga 
toxin-induced blood cell-derived extracellular vesicles. These vesicles possessed 
more tissue factor activity and thrombin-generating activity and induced platelet 
aggregation. The vesicles contained pro-inflammatory cytokines and induced the 
release of IL-8 from endothelial cells co-incubated with monocytes.  

Paper IV describes isolation procedures of blood cell- and cell culture-derived 
microvesicles and characterization of the vesicles by various methods including 
flow cytometry, electron microscopy, nanoparticle tracking, ELISA, proteomics and 
live cell imaging. 
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In summary, this thesis characterized important aspects of Shiga toxin-induced 
extracellular vesicles including their uptake, intracellular effects, release, and 
properties that can contribute to the development of hemolytic uremic syndrome.   

 

 



15 

Introduction 

Extracellular vesicles are membrane-encapsulated particles released by cells that 
contain a bioactive cargo of proteins, lipids and RNAs which can be functionally 
transferred to other cells [1]. Extracellular vesicles are involved in many biological 
processes. They partake in intercellular communication which plays a role in 
homeostasis as well as immune modulation but may also have a role in the 
development of diseases [2]. Extracellular vesicles can be divided into exosomes, 
microvesicles and apoptotic bodies based on size. They can also be classified 
according to their biogenesis and content [3]. Exosomes originate from intracellular 
multivesicular bodies while microvesicles bud directly from the plasma membrane 
of the cell [4,5]. Apoptotic bodies are shed by cells during apoptosis. Upon cellular 
activation, extracellular vesicles are extensively released and may exhibit pro-
inflammatory and pro-thrombotic properties [6-8].  

Extracellular vesicles were shown to participate in the development of hemolytic 
uremic syndrome (HUS) associated with enterohemorrhagic Escherichia coli 
(EHEC) infection. These bacteria release Shiga toxin as their main virulence factor 
[9]. Shiga toxin is an AB5 toxin. It binds by its pentameric B-subunit to a specific 
receptor, globotriaosylceramide (Gb3), and is taken up by receptor-mediated 
endocytosis [10]. Intracellularly it is transported via the retrograde route from the 
trans-Golgi network to the endoplasmic reticulum (ER) followed by translocation 
of the toxin A-subunit into the cytosol [11,12]. In the cytosol, the enzymatically 
active A-subunit binds to ribosomes and cleaves an adenine from the ribosomal 60S 
subunit following inhibition of protein synthesis and eventually cell death [13,14]. 
In addition to its cytotoxic effect, Shiga toxin can induce cellular activation during 
which toxin-containing extracellular vesicles may be released from cells [7].  

EHEC is a food- and water-borne pathogen that can cause severe disease in humans. 
EHEC infection can lead to diarrhea and hemorrhagic colitis and in certain cases 
develop into the life-threatening condition HUS. HUS is characterized by 
thrombocytopenia, non-immune hemolytic anemia, and acute kidney injury [15]. 
EHEC is a non-invasive bacterium and releases virulence factors in the intestine 
where it causes local inflammation [16]. Shiga toxin may thereby come in contact 
with the bloodstream. Extracellular vesicles play an important role in the 
development of HUS as they can transport the toxin within the circulation to the 
target organ, the kidney, where the vesicles are taken up and release their toxic 
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content [17]. Additionally, their pro-inflammatory and prothrombotic potential may 
play a role in disease development as will be addressed herein. 

In this thesis, aspects of extracellular vesicle pathophysiology relevant for mediating 
Shiga toxin-associated disease were addressed as well as the methodology used for 
detection of toxin-containing vesicles. The presence of Shiga toxin within 
extracellular vesicles could be due to its shedding within vesicles that contain 
cytosolic components, including Shiga toxin, when they bud off the cell membrane 
but could also be caused by toxin binding directly to the outer membrane of the 
vesicle within the circulation, followed by uptake and sequestration within the 
vesicle. This process could occur in the circulation and promote disease, as the toxin 
within a vesicle would evade the host response. This was addressed in the first paper 
of this thesis.  

The Gb3 receptor is required to usher the toxin along the retrograde route towards 
the trans-Golgi network and ER [18]. The second paper of this thesis investigated if 
the presence of Gb3 in vesicles containing Shiga toxin could suffice to allow 
retrograde transport and the induction of a cytotoxic effect in cells that take up the 
toxin within vesicles. This would suggest that toxin-positive vesicles taken up by 
Gb3-negative cells could have a cytotoxic effect. This aspect was addressed using 
cells with or without endogenous Gb3. 

When Shiga toxin binds to blood cells in the circulation, it induces release of 
extracellular vesicles which contain additional substances, other than the toxin 
itself. Vesicles released by toxin stimulation were evaluated for prothrombotic and 
proinflammatory properties in the third paper of this thesis. Such extracellular 
vesicles could play a role in the development of disease.  

Several methods can be used to detect and quantify Shiga toxin within extracellular 
vesicles. The fourth paper describes suitable methods for the study of Shiga toxin-
associated extracellular vesicles, particularly shed microvesicles.  

To-date there are no specific treatments for Shiga toxin-associated HUS. 
Extracellular vesicles are involved in the development of this severe disease [19]. 
Improved knowledge about their role in Shiga toxin-mediated disease may enable 
the development of novel therapeutic strategies.    



17 

Extracellular vesicles 

Secretory vesicles, known as extracellular vesicles, can be released by most, if not 
all, cells. Initially, extracellular vesicles were described as a mechanism for the cell 
to get rid of material during maturation of erythrocytes [20]. Today, extracellular 
vesicles are known to be much more than just disposal bags. Extracellular vesicles 
can exchange biologically active compounds between cells – varying from RNA to 
proteins and lipids - and function as signaling vehicles in homeostasis processes as 
well as partaking in the pathogenesis of various diseases such as inflammatory 
diseases [21], infectious diseases [22] and cancer [23].   

In this thesis, extracellular vesicle release, uptake and properties in Shiga toxin-
related disease were studied. The following section gives an introduction into 
extracellular vesicle subgroups, the mechanism of microvesicle formation, the 
vesicle cargo, and cellular uptake mechanisms. It also gives a description of methods 
for isolation and characterization of extracellular vesicles as well as the role of 
extracellular vesicles in homeostasis and disease. 

Exosomes, microvesicles and apoptotic bodies 
Extracellular vesicles can be divided into three main subgroups based on their 
biogenesis or size; exosomes (small extracellular vesicles), microvesicles (medium-
sized extracellular vesicles) and apoptotic bodies (large extracellular vesicles) [3]. 
The formation of exosomes and microvesicles is presented in Figure 1. Exosomes, 
which are the most abundant extracellular vesicles within the circulation, originate 
from the endosomal network. They are generated as intraluminal vesicles within 
multivesicular bodies and released from cells by fusion of multivesicular bodies 
with the plasma membrane, upon their release they are called exosomes [24]. 
Microvesicles are generated by outward budding of the plasma membrane and are 
overall larger (100-1000 µm [4]) than exosomes (30-150 µm [1]). However, as the 
size of exosomes and microvesicles overlaps the possibility to separate these two 
subtypes based on size is limited. Apoptotic bodies are distinct from exosomes and 
microvesicles as they arise during apoptosis and cell fragmentation and the large 
vesicles (1-5 µm) contain organelles and/or nuclear fragments [25]. In this thesis, 
only extracellular vesicles in the size range of shed microvesicles were studied and 
are therefore the focus of the following section.   
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Figure 1: Schematic presentation of exosome and microvesicle formation. Exosomes are 
generated as intraluminal vesicles (ILVs) by the inward budding of late endosomes leading to formation 
of multivesicular bodies (MVBs). ILVs are either released into the extracellular space by fusion of MVBs 
with the plasma membrane or fused with lysosomes and degraded. Upon release of ILVs into the 
extracellular space they are termed exosomes. Microvesicles are generated by outward budding of the 
plasma membrane followed by pinching off and release into the extracellular space. RER: rough 
endoplasmic reticulum, SER: smooth endoplasmic reticulum. This figure was created with Biodraw, 
Motifolio.

Microvesicle formation 
Microvesicles are released by cells under physiological conditions but the release of 
microvesicles is increased upon cell activation as a consequence of elevated 
cytosolic calcium levels [6]. During microvesicle formation physiological 
membrane asymmetry is disrupted. In resting cells, plasma membrane lipids are 
asymmetrically distributed. Phosphatidylcholine and sphingomyelin are mainly 
located on the outer leaflet (exposed to the extracellular space) whereas 
phosphatidylserine (PS) and phosphatidylethanolamine (PE) are located on the inner 
side of the membrane [26]. This phospholipid asymmetry is regulated by specific 
intramembraneous lipid-moving enzymes called floppases, flippases and 
scramblases [27]. The activity of these enzymes is Ca2+-dependent. Flippases are 
active in resting cells at normal intracellular calcium levels and can move certain 
phospholipids (e.g. PS and PE) from the outer to the inner membrane leaflet to 
maintain membrane asymmetry [28]. Floppases can translocate lipids from the inner 
side to the outer side of the membrane but is only activated upon increased 
intracellular level of calcium [29]. Scramblases are also activated by increased 
intracellular levels of calcium and transports lipids in a bidirectional nonspecific 
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manner [30]. When the intracellular calcium level increases, such as during cell 
activation, flippases are inactivated whereas floppases and scramblases are 
activated. This leads to translocation of PE and PS to the outer leaflet of the 
membrane and disruption of the lipid asymmetry. Thus, the budding microvesicles 
may carry PE and PS on their outside. Due to the exposure of PS on microvesicles, 
labelling of PS by annexin is a common strategy for detection of microvesicles in 
biological samples. However, PS-negative microvesicles have also been found. The 
biogenesis of PS-negative microvesicles is poorly understood but may involve 
certain cellular proteins capable of altering the membrane curvature [31,32].  

Other calcium-dependent processes involved in microvesicle formation are 
cytoskeleton reorganization and disruption of the actin network. One calcium-
dependent enzyme responsible for cleavage of actin-anchoring proteins is calpain. 
Calpain is activated when intracellular calcium is elevated and disrupts the actin-
based cytoskeleton, resulting in outward protrusion of the membrane and 
microvesicle formation. Inhibition of calpain significantly reduces the number of 
released microvesicles [33].    

Microvesicle content 
A microvesicle consists of a phospholipid bilayer and a cargo that is either carried 
on/in the vesicle membrane or is enclosed within the vesicle. The cargo can be 
divided into three main categories: proteins, lipids, and nucleic acids. Some forms 
of cargo are commonly detected in most microvesicles irrespective of the cellular 
origin whereas other forms of cargo are cell-specific [4,34]. The cargo also depends 
on the physiological state of the cell and/or the stimuli that trigger vesicle release 
(e.g. calcium ionophore, ATP, hypoxia, lipopolysaccharide, bacterial exotoxins, or 
cytokines) [7,35-38]. An overview of microvesicle content is presented in Figure 2.  

Protein content commonly found in microvesicles includes cytoskeletal proteins 
(such as actin and myosin) [36,39], membrane adhesion proteins (such as integrins, 
selectins and tetraspanins) [40] and membrane trafficking proteins (such as Rabs, 
GTPases and syntaxins) [41]. The GTPase ARF6 and Rab22A play a role in 
selective enrichment of certain contents into microvesicles as well as being enriched 
in microvesicles themselves [42].  

Other proteins that may be found on or within microvesicles include growth factors 
[43], cytokines (e.g., regulated upon activation, normal T cell expressed and 
presumably secreted (RANTES), tumor necrosis factor (TNF)-α) [44,45], signaling 
receptors (e.g., kinin B1-receptor, TNF receptor) [46,47], membrane glycoprotein 
receptors (e.g., tissue factor, major histocompatibility complex (MHC) class I and 
II) [7,48], extracellular matrix proteases [49], and bacterial virulence factors (e.g., 
Shiga toxin or pore forming toxins) [17,50].  
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Various types of RNAs have been found in microvesicles including mRNA and 
microRNA (miRNA) and have been shown to be functionally active when 
horizontally transferred by microvesicles to cells [51,52].  

Figure 2: Schematic presentation of a microvesicle and its molecular content. Microvesicles 
contain lipids, proteins and nucleic acids. The vesicle consists of a lipid bilayer consisting of lipids and 
membrane-associated proteins. Within the vesicle a variety of proteins and nucleic acids are found and 
the encapsulated contents are protected from enzymatic degradation by extracellular proteases. MHC: 
major histocompatibility complex, TNF: tumor necrosis factor, RANTES: regulated upon activation, 
normal T cell expressed and presumably secreted.  

The lipid membrane of circulating microvesicles predominantly contains PS, 
phosphatidylcholine, sphingomyelin and PE [53,54]. The lipid composition may 
differ from the plasma membrane of the cell from which the vesicle was released 
from [55]. 

Uptake of extracellular vesicles 
Released extracellular vesicles can be taken up by nearby or distant cells by 
endocytosis or fusion with the plasma membrane [56]. Uptake of extracellular 
vesicles can be achieved by several different pathways; phagocytosis [57], 
macropinocytosis [58], clathrin-mediated endocytosis [59], caveolin-dependent 
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endocytosis [60] and lipid raft-mediated uptake [61]. Lipids and proteins enriched 
on the surface of extracellular vesicles can facilitate cellular uptake by interactions 
between the extracellular vesicle and the recipient cell [61]. An overview of the 
different uptake mechanisms and the fate of the vesicle content is presented in 
Figure 3. 

Phagocytosis can be performed by most cells to internalize extracellular materials 
but is accomplished with higher efficacy by certain immune cells such as 
macrophages, dendritic cells, monocytes, and neutrophils [62]. Upon binding of 
extracellular substances to phagocytic receptors (non-opsonic or opsonic) the cell 
extends its membrane, engulfing the extracellular material to be taken up [63]. 
During maturation, phagosomes fuse with endosomes and lysosomes creating 
phagolysosomes in which the internalized material is broken down [62]. 
Phosphatidylserine located on the outer leaflet of dying cells or on extracellular 
vesicles is a potential signal for the induction of phagocytosis [61,64].   

Macropinocytosis involves plasma membrane extension, subsequent invagination 
of the membrane followed by fusion of the protrusion with its own membrane and 
pinching off of the content into the intracellular space [65]. 

Clathrin-dependent endocytosis involves the formation of clathrin-coated pits that 
turn into vesicles. This process is initiated by the clustering of endocytic coat 
proteins on the inner leaflet of the plasma membrane. The assembly of clathrin 
proteins promotes the membrane to form a vesicle bud. The vesicle in then pinched 
off into the cytosol, scission is performed by dynamin [66].  
Caveolin-dependent endocytosis is similar to clathrin-dependent endocytosis. 
Instead of clathrin proteins, membrane proteins called caveolins induce membrane 
invaginations termed caveolae that are subsequently pinched off into the 
intracellular space by dynamin. Caveolae are domains enriched in caveolins, 
cholesterol and sphingolipids [67].  

Lipid rafts are involved in both clathrin- and caveolae-mediated endocytosis but can 
also be involved in clathrin- and caveolae-independent uptake. Lipid raft-mediated 
uptake has also been shown to play a role in cellular uptake of extracellular vesicles 
and may involve the association of proteins called flotillins with lipids rafts leading 
to endocytosis [61,68].   

Following uptake, endocytic vesicles are delivered to early endosomes in which the 
extracellular vesicles can either fuse with the endosomal membrane and thereafter 
expose their content to the cytosol, recycle back to the plasma membrane or be 
degraded in lysosomes [69-71]. Alternatively, vesicle cargo can also be transported 
to trans-Golgi network [6]. 

Extracellular vesicles can also fuse directly with the plasma membrane of the 
recipient cell. This enables the content of extracellular vesicles to be directly 
released into the cytosol of the cell [72]. The likelihood of fusion to occur is 



22 

determined by several factors including an acidic environment, the degree of 
binding between the vesicle and the plasma membrane, and the lipid composition 
of the extracellular vesicle [73].   

Figure 3: Mechanisms of extracellular vesicle uptake by cells and the fate of vesicular content. 
Extracellular vesicles can bind to or be taken up by recipient cells by a number of mechanisms. Endocytic 
vesicles rapidly fuse with early endosomes in which extracellular vesicles release their cargo or 
alternatively be transported to the trans-Golgi network. Early endosomes can also mature into late 
endosomes followed by degradation of extracellular vesicles in lysosomes. 

Isolation of extracellular vesicles  
Isolation of extracellular vesicles can be performed by a variety of methods all with 
certain advantages or limitations. The use of size- or density-based isolation 
methods allows for the differentiation of vesicle subpopulations but also some 
contaminants, such as non-vesicular particles and protein aggregates, based on 
defined size and density but with overlapping properties [74,75]. The surface 
proteins and lipids on exosomes and microvesicles are often similar [76], making 
separation of these two groups of extracellular vesicles difficult based on 
immunoaffinity-based methods. There is, as yet, no gold-standard method for 
isolation of extracellular vesicles.  

Some of the most commonly used methods include differential centrifugation, 
ultracentrifugation, density gradient centrifugation, filtration, size-exclusion 
chromatography, precipitation, and magnetic beads capture. The isolation principles 
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and the different advantages and limitations for each isolation method are presented 
in Table 1. Differential centrifugation was used for isolation of extracellular vesicles 
in the size range of microvesicles in the studies included in this thesis. 
Table 1: Methods for isolation of microvesicles and exosomes.  

Method Isolation principle Advantages/Limitations Ref 

Differential 
centrifugation/ 
ultracentrifugation 

Centrifugation g-force allows 
sedimentation of EVs according 
to size and density. 

High yield, easy to perform 
Low purity, loss of EVs, may 
cause EV deformation 

[77-79] 

Density gradient 
centrifugation 

Separation dependent on EV 
density in a density gradient 
medium. 

High purity, optimized for isolation 
of exosomes 
Time consuming, loss of EVs due 
to incomplete sedimentation, low 
recovery 

[80,81] 

Ultrafiltration Filter membrane with pore 
diameter smaller than EVs allows 
smaller components to be filtered 
away. 

Quick, easy 
Low purity, disruption of EVs 

[82,83] 

Size-exclusion 
chromatography 

Column with a porous matrix that 
allows particles larger than the 
size cutoff to pass through 
whereas small particles 
temporarily enter the porous 
matrix. Large particles therefore 
elute faster than particles smaller 
than the size cutoff. 

High reproducibility, high purity 
Time consuming, requires specific 
equipment 

[83,84] 

Precipitation Hydrophilic polymers bind water 
molecules surrounding the EVs 
and lower EV solubility forcing 
them out of solution into a 
precipitate. 

Quick 
Low purity (co-precipitation of 
contaminants) 

[84] 

Magnetic beads 
capture 

Immuno-capture using magnetic 
beads conjugated to antibodies or 
proteins with affinity towards EV-
specific surface markers. 
Magnetic force captures EVs 
bound to the beads whereas 
other compounds are discarded.  

High purity, high specificity 
Exclusion of EVs 

[85] 

EVs: extracellular vesicles  

Characterization of extracellular vesicles  
After isolation of extracellular vesicles, several different methods can be used for 
their characterization giving information related to size, shape, concentration, and 
content. Some of the most commonly used methods are summarized in Table 2. 
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Table 2: Methods for characterization of extracellular vesicles. 

Method Detection range Principle Ref 

Nanoparticle 
tracking analysis 
(NTA) 

Size (10 nm-2 µm) 
concentration 107-109 

particles/mL 

Detects single particles by light 
scattering and determines size and 
concentration by tracking the particles 
under Brownian motion. 

[86,87] 

Dynamic light 
scattering (DLS) 

Size (0.3 nm – 1 µm) Detects particles by light scattering and 
estimates the size by fluctuation in 
scattered light intensity under Brownian 
motion.  

[87] 

Flow cytometry Size > 200 nm 
concentration 106-109 
particles/mL 

Scattered light of EVs flowing through a 
laser beam relates to the EV size and 
granularity. Detection of EV antigens 
can be obtained by labeling with 
fluorescent antibodies that are detected 
by fluorescent detectors. 

[88] 

Electron microscopy 
(EM) 

0.1 nm- µm range The sample is illuminated by 
accelerating electrons and the 
transmitted electrons enter an optical 
lens and appear as an image 

[89] 

EVs: Extracellular vesicles. 

The size and concentration of extracellular vesicles in a sample can be determined 
by dynamic light scattering and by nanoparticle tracking analysis. These methods 
utilize light scattering of a laser beam to detect particles and their random motion in 
liquid phase, known as Brownian motion [86]. Another method that can be used for 
quantification of extracellular vesicles is flow cytometry. This method can also be 
used to differentiate extracellular vesicle subpopulations by using fluorescently 
labelled antibodies against specific antigens possessed by the vesicles. Flow 
cytometry is optimized for measuring larger vesicles in the size range of 
microvesicles [90].   

The morphology of extracellular vesicles can be characterized using conventional 
transmission electron microscope (TEM) or cryo-EM [89]. Conventional TEM 
includes negative staining, in which the vesicle sample is dried on a carbon-coated 
grid and the vesicles are visualized by heavy metal staining (Figure 4a) or thin 
section, in which vesicles are embedded in plastic and sectioned (Figure 4b). In 
TEM, addition of an antibody can reveal the presence of a specific antigen in the 
vesicle sample.  
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Figure 4: Characterization of extracellular vesicles by transmission electron microscopy. A) 
Transmission electron microscopy of negatively stained extracellular vesicles reveals the presence of 
extracellular vesicles (arrow heads) and gives an estimation of the size and amount of isolated 
extracellular vesicles. B) Thin section of embedded extracellular vesicles enables high contrast 
visualization of the membrane bilayer of the vesicles (arrowhead).  

The protein content of extracellular vesicles can be determined by a variety of 
methods such as proteomics, enzyme-linked immunosorbent assays (ELISAs) and 
immunoblotting [91]. Methods for characterization of extracellular vesicles used in 
the studies included in this thesis include nanoparticle tracking analysis, flow 
cytometry, proteomics, ELISA and electron microscopy of thin section extracellular 
vesicles.  

The role of extracellular vesicles  
in homeostasis and disease 
Extracellular vesicles are involved in a large number of cellular processes such as 
immune modulation, coagulation, thrombosis, cell migration and tumorigenesis. In 
the following section, the role of extracellular vesicles in cell physiology, 
homeostatic processes, and their contribution to the development of disease will be 
discussed.  

Intercellular communication 
Extracellular vesicles are an important means for cell-to-cell communication. 
Extracellular vesicles can mediate transfer of biologically active substances between 
cells including RNAs and receptors.  
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Transfer of RNA by extracellular vesicles 
Extracellular vesicles can transfer genetic material such as mRNA and miRNA that 
may phenotypically alter the recipient cells [52,92]. mRNA and miRNA released 
from exosomes derived from mouse mast cells were transferred to human mast cells 
and translated into proteins in the recipient cells [52]. Microvesicles from 
embryonic stem cells were shown to transfer biologically functional ligands and 
mRNA to hematopoietic progenitor cells in vitro [93]. mRNA delivered by the 
vesicles was translated into corresponding proteins leading to increase survival and 
expansion of these cells. Microvesicles released from leukemic bone marrow cells 
were shown to contain miRNA-21, which is known to be upregulated in several 
types of tumor cells, and miRNA-29a that were transferred to hematopoietic stem 
cells in vitro resulted in enhanced cell survival [94,95]. 

Transfer of receptors 
Microvesicles possess functional membrane receptors that can be transferred to 
recipient cells which either lack the receptor or express it at a low level resulting in 
its increase [46,47]. Microvesicle-mediated receptor transfer can functionally alter 
the recipient cell [96]. One example is the transfer of human immunodeficiency 
virus (HIV)-coreceptors CCR5 and C-X-C receptor 4 (CXCR4) important for the 
virus to enter cells. CCR5 was transferred by microvesicles from Chinese hamster 
ovary cells or peripheral blood mononuclear cells to receptor-deficient endothelial 
cells in vitro thereby rendering the recipient cells susceptibility to HIV infection 
[97]. In a similar manner, microvesicles from megakaryocytes or platelets 
transferred CXCR4 receptor to cells that previously lacked the receptor whereafter 
the cells could become infected by HIV, as shown in vitro [98].  

Another example is the transfer of epidermal growth factor receptor (EGFR)vIII by 
aggressive brain tumor cells. EGFRvIII transferred by microvesicles to more benign 
cells, previously lacking EGFRvIII, were shown to promote oncogenic 
transformation in vitro [99].   

Receptor transfer by microvesicles may also promote inflammation. Platelet 
microvesicles were shown to transfer glycoprotein IIb/IIIa receptors to neutrophils 
in vitro. When stimulated with granulocyte macrophage colony-stimulating factor 
(GM-CSF), the transferred glycoprotein IIb/IIa receptor interacted with beta2 
integrins resulting in nuclear factor kB (NF-kB) activation [96]. NF-kB is a 
transcription factor that can induce the expression of a wide range of pro-
inflammatory genes and suggests that receptor transfer by microvesicles could have 
a role in regulating the immune response of neutrophils [100]. Another example is 
the transfer of the kinin B1-receptor by microvesicles. Neutrophil-derived 
microvesicles possess functional kinin B1-receptor which was transferred to 
glomerular endothelial cells thereby promoting glomerular inflammation by the 
kallikrein-kinin system. Transfer of kinin B1-receptor to glomerular endothelial 
cells were shown in vasculitis patients in vivo and also in vitro [46]. The kinin B1-
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receptor on microvesicles is involved in neutrophil migration in vitro [101] and 
participates in the development of chronic inflammation.  

Extracellular vesicles as a cellular disposal mechanism 
Cells can release microvesicles as a mechanism of ridding the cell of harmful 
substances to maintain homeostasis. One example is the release of the complement 
membrane-attack complex (MAC) on microvesicles upon complement activation 
on the cell surface. MAC consist of the complement components: C5b, C6, C7, C8 
and C9 and the formation of MAC leads to generation of large pore-like channels in 
the cell membrane. A sufficient quantity of MAC on the cell surface will eventually 
lead to lysis of the cell. MAC has been found on microvesicles from activated red 
blood cells and platelets in vivo and its release on the membrane of vesicles could 
be a mechanism by which the cell survives complement-mediated cell-lysis 
[102,103]. Another example is the release of active caspase 3, involved in apoptotic 
pathways, in microvesicles from various cells. Active caspase 3 is not present in 
resting cells and removal of active caspase 3 by microvesicles, as shown in vivo and 
in vitro, has been suggested to increase cell survival [104,105].  

In cancer cells, the release of extracellular vesicles can lead to drug resistance [106]. 
The cancer cell reduces the intracellular level of the drug by exporting it within 
extracellular vesicles as demonstrated in vitro [107].  

Virulence factors from bacterial pathogens have been detected in microvesicles and 
might be released by cells as a protective measure. Some bacteria, such as 
Streptococcus pneumonia and Streptococcus pyogenes, produce membrane 
perforating toxins that form a pore in the plasma membrane resulting in leakage of 
cytoplasmic proteins and influx of calcium. Instead of leading to cell lysis, the cell 
can efficiently eliminate the toxin pores by shedding microvesicles as a mechanism 
of membrane repair to ensure cell survival, as demonstrated in vitro [50,108,109].  

In patients with HUS, caused by EHEC, microvesicles in the circulation have been 
shown to contain the main bacterial virulence factor, Shiga toxin [17]. This could 
be a mechanism by which cells get rid of the toxin in order to decrease the toxin 
load within the cell. 

Immune modulation  
Extracellular vesicles play an important role in the modulation of immune 
responses, especially during infection, injury and inflammation. Neutrophils in the 
circulation are rapidly recruited to inflamed tissue in response to inflammatory 
mediators, and extracellular vesicles can contribute to this process. Neutrophils that 
migrate towards a chemoattractant were shown to release leukotriene B4-containing 
exosomes. These exosomes could induce activation of resting neutrophils in vitro 
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and increase the chemotactic activity in an autocrine fashion which was dependent 
on leukotriene B4 receptor activation [110]. In a similar manner, neutrophil-derived 
microvesicles containing L-selectin and P-selectin glycoprotein ligand-1 (PSGL-1) 
were shown to have chemotactic potential attracting neutrophil migration in vitro 
[111].  
Neutrophils have been shown to release neutrophil-derived trails (NDTRs) [8]. 
NDTRs are highly pro-inflammatory microvesicles released during neutrophil 
migration from the endothelium into inflamed tissue. NDTRs contain 
proinflammatory miRNAs and monocyte chemotactic protein-1 (MCP-1) able to 
induce monocyte recruitment and macrophage polarization in vitro suggesting a role 
of NDTRs in initiating inflammation [8]. Additionally, endothelial cell-derived 
microvesicles in patients with chronic vascular inflammation possess the kinin B1-
receptor and these microvesicles promote neutrophil chemotaxis in vitro [101]. 
Thus, certain microvesicles are chemoattractant for neutrophils.   

Microvesicles released from platelets have been shown to exert immunomodulating 
properties by their ability to activate immune cells as well as endothelial cells and 
induce cell-to-cell interactions. Platelet microvesicles, containing the inflammatory 
mediator CCL5 (also called RANTES), were shown to deposit on endothelial cells 
leading to recruitment of monocytes. This was demonstrated both in vitro and by ex 
vivo prefusion of murine carotid arteries [45]. Incorporation of cytokines within 
extracellular vesicles is a selective process and may be a mechanism of immune 
modulation [37]. Platelet microvesicles can also deliver arachidonic acid to 
endothelial cells, monocytes and platelets leading to thromboxane A2 metabolism, 
cellular activation, increased expression of adhesion molecules on endothelial cells 
and monocyte adhesion to the endothelium in vitro [112,113].  

Platelet microvesicles may also play a role in neutrophil aggregation and 
accumulation. P-selectin located on platelet-derived microvesicles bind to 
neutrophils via P-selectin glycoprotein ligand-1 (PSGL-1) and serve as a bridge 
between adherent and circulating neutrophils [114].   

Platelet-derived microvesicles released during platelet activation and aggregation 
induce extensive release of inflammatory cytokines such as interleukin (IL)-1β, 
TNFα, IL-6 and IL-8 from endothelial cells and the monocytic cell line THP-1 in 
vitro. These microvesicles could also induced the expression of adhesion molecules, 
such as CD11b by THP-1 cells and intercellular adhesion molecule (ICAM)-1 by 
endothelial cells, resulting in cell-to-cell adhesion [115].  

Thrombosis 
When a blood vessel is damaged, the blood forms a blood clot to seal the vessel and 
prevent blood loss. This process, which maintains the integrity of the vessel, is 
called hemostasis. Upon vascular damage the endothelium, forming a single cell 
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layer on the inner wall of the blood vessel, becomes disrupted allowing collagen and 
tissue factor from the underlying tissue to be exposed to the blood. Collagen induces 
platelet activation and aggregation whereas tissue factor initiates activation of the 
extrinsic pathway of the coagulation cascade ultimately leading to thrombin 
generation. Thrombin converts fibrinogen into fibrin but can also induce platelet 
activation [116,117]. The recruitment of platelets to the site of injury and the 
formation of a fibrin meshwork leads to the formation of a blood clot or thrombus.  

Microvesicles can promote both coagulation and thrombosis [118]. Under 
physiological conditions microvesicles in the circulation of healthy individuals 
induce low-grade thrombin generation and play a role in homeostasis [119]. 
However, activated platelets are a source of microvesicles with prothrombotic 
potential. Platelet-derived microvesicles induce platelet adhesion to the endothelium 
during vascular injury, facilitating thrombus formation [120]. 

Microvesicles can promote coagulation and thrombosis by the exposure of 
phosphatidylserine and tissue factor (Figure 5). Phosphatidylserine exposed on the 
outer leaflet of the microvesicle membrane creates a negatively-charged surface 
which facilitates assembly of coagulation factors prothrombin, factor Va and factor 
Xa [121]. This leads to the formation of the prothrombinase complex followed by 
thrombin generation [122]. Phosphatidylserine is also required for tissue factor, a 
transmembrane glycoprotein, to bind to factor VII/VIIa. In addition to the high 
expression of tissue factor in fibroblasts surrounding the blood vessels, tissue factor 
can also be expressed by monocytes and upregulated upon stimulation with 
inflammatory stimuli [123-125]. Microvesicles derived from activated monocytes 
have been shown to possess tissue factor and can be highly procoagulant [126]. 

 
Figure 5: Thrombus formation mediated by monocyte-derived microvesicles. Phosphatidylserine 
and tissue factor (TF) on microvesicles can be highly prothrombotic by their ability to activate coagulation 
and induce thrombin generation. Thrombin induces platelet aggregation and converts fibrinogen into 
fibrin resulting in formation of a fibrin meshwork and clot formation. TF: tissue factor, MV: Microvesicle, 
PS: phosphatidylserine. This figure was created with Biodraw, Motifolio. 
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Enterohemorrhagic Escherichia coli 

Microvesicles have been shown to partake in most aspects of Shiga toxin-mediated 
disease leading to HUS. Shiga toxin-producing E. coli are a particularly virulent 
subtype of E. coli. E. coli are gram-negative bacteria and part of the normal bacterial 
flora in the human gastrointestinal tract. Most strains of E. coli are harmless but 
some strains have obtained specific virulence factors through plasmids, 
bacteriophages, transposomes and/or pathogenicity islands and have become highly 
pathogenic causing serious illness in humans [127], such as EHEC. The major 
reservoir of EHEC is in the intestinal tract of cattle, where it coexists with its host 
usually without causing disease [128]. In humans, EHEC can cause infection after 
ingestion of EHEC-contaminated food or water. This may lead to large outbreaks 
of disease or sporadic cases. EHEC infection can be asymptomatic but may cause 
watery diarrhea, hemorrhagic colitis (bloody diarrhea) and in some cases develop 
into the life-threatening condition called HUS [129] described below. EHEC 
possesses several virulence factors, of which Shiga toxin is considered to be the 
most important for the pathogenicity of the strain.  

Shiga toxin 
Shiga toxin is named after the Japanese doctor Kiyoshi Shiga and was originally 
discovered in Shigella dysenteriae [130].  

Shiga toxin 1 and 2 
Shiga toxins produced by EHEC can be divided into Shiga toxin 1 and 2 of which 
Shiga toxin 2 is associated with more severe disease in humans [131]. Shiga toxin 
1 is subtyped into three variants (Shiga toxin 1a, 1c and 1d) and Shiga toxin 2 into 
seven variants (Shiga toxin 2a-g) [132]. Shiga toxin 1 differs by one amino acid 
from the Shiga toxin produced by S. dysenteriae while Shiga toxin 2 has only 50-
60% sequence homology with Shiga toxin 1 [133]. Shiga toxins are AB5 toxins and 
belongs to the type II ribosomal-inactivating proteins. A schematic drawing of Shiga 
toxin is presented in Figure 6. The enzymatically active A-subunit is responsible for 
the cytotoxic property of the toxin whereas the pentameric B-subunit, composed of 
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five identical B subunits, is responsible for its binding to the cellular 
glycosphingolipid receptor, globotriaosylceramide (Gb3) [10,134].  

Figure 6: Schematic presentation of the structure of Shiga toxin. Shiga toxin consists of a single A-
subunit and a pentameric B-subunit, linked together by non-covalent bonds. The A-subunit can be 
cleaved by the protease furin into A1 and A2 moieties. After cleavage, A1 and A2 are held together by a 
disulfide bridge.  

The toxin receptor 

Shiga toxin binding to its receptor is important for toxin uptake by cells. The binding 
subunit of Shiga toxin 1 and 2, the B-subunit, binds with high affinity to Gb3 [135]. 
Shiga toxin can also bind to globotetraosylceramide (Gb4) (the main receptor for 
Shiga toxin 2e) [10]. The B-subunit of Shiga toxin 1 and 2 binds to the carbohydrate 
moiety of the Gb3 structure and contains 15 potential binding sites, three in each 
monomer [134,136,137]. The structure of Gb3 and the synthesis of 
glycosphingolipids are presented in Figure 7.   

Not all cells express Gb3 and even if a cell expresses Gb3 it might not be susceptible 
to Shiga toxin-induced cytotoxicity. The lipids in the surrounding environment of 
Gb3 within the plasma membrane and the length and saturation of the fatty acid 
chain in the Gb3 molecule are factors that affect this outcome [138,139]. The ability 
of Gb3 to associate and cluster within lipid rafts has been shown to increase Shiga 
toxin 1 binding and internalization and make the cell more susceptible to Shiga toxin 
1 [140]. Lipid rafts, or detergent-resistant membrane regions, are microdomains 
within the membrane enriched in cholesterol, glycosphingolipids and trans-
membrane proteins. The structure of lipid rafts promotes endocytosis and lipid rafts 
are involved in signal transduction in cells [141]. The association of Gb3 with lipid 
rafts also affects the intracellular transport after Shiga toxin internalization [142]. 

Another factor that affects the toxin sensitivity of a cell is the number of Gb3 
receptor molecules in the plasma membrane. Lipopolysaccharide and tumor 
necrosis factor (TNF-α) have been shown to upregulate the expression of Gb3 on 
certain cells and, hence, increase the number of toxin binding sites [143,144].  
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Figure 7: A schematic drawing of the of the Shiga toxin receptor globotriaosylceramide (Gb3) and 
its synthesis. A) The carbohydrate moiety of Gb3 is composed of one glucose and two galactoses. The 
glucose molecule is attached to the sphingosine backbone of ceramide. The fatty acid side-chain of 
ceramide can vary in length by the number of carbons. B) Gb3 is synthesized from ceramide. First, one 
glucose is attached to ceramide by glucosylceramide synthase resulting in the formation of 
glucosylceramide. Next, addition of one galactose leads to the formation of lactosylceramide whereafter 
addition of one more galactose results in the formation of Gb3. Gb3 synthase is responsible for the 
attachment of galactose and the formation of Gb3. Addition of N-acetyl-glucosamine to Gb3 leads to the 
formation of Gb4. Gb3: Globotriaosylceramide, Gb4: Globotetraosylceramide, Cer: Ceramide.  

Endocytosis and intracellular transport 

When Shiga toxin binds to the Gb3 receptor it is mainly taken up by endocytosis. 
Various endocytic routes have been described for Shiga toxin including clathrin-
dependent and clathrin-independent uptake [145,146]. Clathrin-independent 
endocytosis includes caveolae-mediated endocytosis, tubular formation and other 
clathrin-independent pathways. During clathrin-dependent endocytosis, Shiga toxin 
1 has been shown to promote its own uptake by inducing Syk kinase signaling in 
cells leading to clathrin phosphorylation and an increased level of clathrin-coated 
structures [147]. Shiga toxin 1 uptake can also be mediated by tubule formation. 
Upon binding of the toxin, the assembly of Gb3 receptors induces inward curvature 
of the plasma membrane, leading to formation of tubular endocytic pits [145]. 
Release of clathrin-coated vesicles and tubular structures into the cytosol is 
mediated by dynamin.  

After internalization, Shiga toxin-containing vesicles fuse with early endosomes in 
which sorting of the toxin occurs. For Shiga toxin to induce a cytotoxic effect in 
cells, it needs to be transported along the retrograde transport, from early endosomes 
to the trans-Golgi network and further to the endoplasmic reticulum (ER) [12,148]. 
During Shiga toxin’s retrograde transport it is cleaved by furin into A1 and A2 
[149]. From the ER, Shiga toxin is transported to the ribosomes in the cytosol where 
the A1-subunit inhibits protein synthesis by cleaving an adenosine residue from the 
60S ribosome [13].  
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Alternative intracellular routes, besides retrograde transport, have also been 
described. In toxin-resistant cells in which Gb3 is not localized in lipid rafts, Shiga 
toxin 1 can be transported to lysosomal compartments leading to its degradation 
[150]. Additionally, Shiga toxin 1 and 2 can be released within membrane-derived 
microvesicles. Both toxin-sensitive cells, such as HeLa cells [6], and toxin-resistant 
cells (resistant to the cytotoxic effects), such as platelets, red blood cells, neutrophils 
and monocytes, have been shown to release toxin-containing microvesicles [17]. An 
overview of the intracellular trafficking of Shiga toxin is presented in Figure 8.  

Figure 8: Cellular uptake and intracellular trafficking of Shiga toxin. Shiga toxin is endocytosed by 
cells after binding to the toxin receptor, Gb3. The toxin undergoes retrograde transport from the 
endosome to the trans-Golgi network and further to the endoplasmic reticulum (ER). From the ER, Shiga 
toxin is translocated to the ribosomes in the cytosol where it cleaves an adenine from the 60s rRNA of 
ribosomes leading to inhibited protein synthesis and eventually cell death. Alternatively, Shiga toxin can 
be transported to lysosomes where it is broken down or it can be released into the extracellular space 
within microvesicles shed from the cell membrane. This figure was modified from Biodraw pictures, 
Motifolio. 
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Apoptosis 
Shiga toxin can induce apoptosis in several cell types such as epithelial and 
endothelial cells [14,151]. Shiga toxin may induce multiple intracellular signaling 
pathways leading to the activation of caspase-8 and 9 [14,152]. Both caspases are 
involved in the activation of caspase-3 and -7 which executes the apoptotic program 
[153]. Activation of the ER stress response has been demonstrated in human 
monocytic cells after Shiga toxin 1 uptake [154]. This response is activated when 
Shiga toxin 1 is recognized in the ER as an incorrectly folded protein by the 
chaperone Bip [155]. ER stress signaling may further result in activation of 
apoptotic pathways.  

Shiga toxin can also induce the ribotoxic stress response in cells as a consequence 
of ribosomal damage. Shiga toxin 1-induced stress response may involve 
recognition of conformational changes in ribosomes that leads to activation of p38 
mitogen activated protein kinase [156].  
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EHEC and the host response 

EHEC is a non-invasive bacteria which is not associated with bacteremia [157]. 
Following colonization of the intestinal mucosa, usually by formation of attaching 
and effacing lesions, EHEC may induce severe inflammation in the intestine [158]. 
Virulence factors released by EHEC may gain access to the circulation and play a 
role in the pathogenesis of HUS [159].  

EHEC in the intestine 
The intestinal mucosal layer is the major barrier that protects the host against 
bacterial infection. This layer consists of a mucus layer, produced by goblet cells, 
and the intestinal epithelium. The initial binding of EHEC is mainly located at the 
villi of the terminal ileum and the follicle-associated epithelium of Peyer’s patches 
[160,161]. Although most EHEC remain attached to the intestinal mucosa, EHEC 
can also be taken up by intestinal M cells located in the follicle-associated 
epithelium and by underlying macrophages in Peyer’s patches where they are able 
to survive and produce Shiga toxin 2 as demonstrated in a murine model in vivo and 
in macrophages in vitro [162].  

The inflammatory response induced during EHEC colonization of the colon is 
triggered by recognition of pathogen-associated molecular patterns (PAMPs) [163]. 
PAMPs are molecules commonly possessed by pathogens, such as 
lipopolysaccharide (LPS) and flagellin. PAMPs activate cells by binding to pattern 
recognition receptors (PRRs), such as toll-like receptors (TLRs) [164]. Flagellin, 
the structural protein of the bacterial flagellum, is recognized by TLR5 and LPS is 
recognized by TLR4 [165,166]. TLR5 and TLR4 signaling leads to release of 
cytokines. During EHEC colonization an extensive release of cytokines and 
chemokines has been reported from human colon epithelium in vivo and in vitro, 
such as IL-8 and TNFα [165,167,168]. IL-8 is a potent neutrophil chemoattractant 
inducing transmigration of neutrophils into the gut. High levels of IL-8 correlate 
with the risk of developing EHEC-associated HUS in children [169].  

Shiga toxin also plays a role in the intestinal inflammation during EHEC infection. 
In a pediatric patient with EHEC infection, Shiga toxin 1 and 2 were found within 
intestinal epithelial cells indicating cellular uptake [170]. Shiga toxin 1 and 2 can 
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bind to human intestinal Paneth cells, located in crypts of the small intestine, which 
express Gb3, as shown in vitro [171]. In mice inoculated with Shiga toxin 2-
producing or non-Shiga toxin producing isogenic strains of E. coli O157:H7, 
intestinal mucosal cell damage was strongly associated with the presence of Shiga 
toxin 2. This indicates that Shiga toxin 2 could be involved in the intestinal cell 
injury during EHEC infection [158]. Severe inflammation in the intestine during 
EHEC infection can lead to diarrhea or hemorrhagic colitis. The damaged barrier in 
the intestine can enable Shiga toxin to leak into the circulation [172]. Shiga toxin 
has been shown to be involved in the development of hemorrhagic colitis. This was 
demonstrated in a primate model infected with a Shiga toxin-producing or a toxin-
mutant strain of S. dysenteriae in which hemorrhagic colitis was only observed 
when Shiga toxin was present [173]. 

Shiga toxin in the circulation  
Once Shiga toxin is within the circulation it can bind to blood cells by its receptor 
Gb3. Only minimal amounts of free Shiga toxin have been found in the blood of 
EHEC patients [174] as the toxin likely circulates bound to blood cells or within 
blood cell-derived microvesicles [7,17]. Blood cells are resistant to the cytotoxic 
effects of Shiga toxin which may instead induce cellular activation leading to the 
release of inflammatory substances and microvesicles [17,175]. The cellular 
response to Shiga toxin in the circulation is summarized in Figure 9.  

Blood cell response to Shiga toxin  
Shiga toxin binds to platelets via Gb3 or an alternative glycolipid called 0.03 
[176,177]. For binding to occur, the platelets need to be pre-activated and binding 
of Shiga toxin leads to further platelet activation [176,178]. Thereafter platelets can 
take up the toxin and aggregate as demonstrated in vitro using Shiga toxin 1 [178]. 
LPS can induce platelet activation in vitro by binding to a receptor complex 
consisting of TLR4 and CD62 [179] and thereby promote Shiga toxin 1 binding 
[176]. LPS is bound to platelets from pediatric HUS patients [179]. Activated 
platelets can release pro-inflammatory mediators and promote vascular 
inflammation [180]. 

Monocytes also possess Gb3 and can interact with Shiga toxin in the circulation 
[181,182]. Shiga toxin 1 and 2 have shown to initiate the release of pro-
inflammatory cytokines from human monocytes or monocytic THP-1 cells, 
respectively, such as IL-1ß, IL-6, IL-8 and TNF-α in vitro [182,183]. Additionally, 
THP-1 cells released IL-8, macrophage-derived chemokine (MDC) and RANTES 
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upon stimulation with Shiga toxin 2, which further induced platelet activation [184]. 
Shiga toxin 2 can also induce expression of tissue factor in monocytes in vitro, 
especially in the presence of LPS, and in monocytes in complex with platelets [7].  

Neutrophils, despite the absence of Gb3, can also bind Shiga toxin. In HUS patients, 
Shiga toxin 1 or 2 were found on the surface of neutrophils in the circulation 
[7,174,185]. Shiga toxin 2 has been shown to inhibit spontaneous neutrophil 
apoptosis [186] and could thereby play a role in the high neutrophil counts that 
correlate with poor prognosis in EHEC-associated HUS [187].   

Shiga toxin can also bind to red blood cells [188]. In red blood cells Gb3 is known 
as the Pk antigen which is one of three P antigens (termed P1, Pk and P) [189]. 
Shiga toxin 2 has been shown to induce complement activation on red blood cells 
and the release of microvesicles from red blood cells in vitro possibly contributing 
to hemolysis [103].  

Figure 9: Cellular response to Shiga toxin in a glomerular capillary. Blood cells respond to Shiga 
toxin by the release of microvesicles, inflammatory and prothrombotic mediators. In glomerular 
endothelial cells Shiga toxin can induce cytotoxicity, upregulate adhesion factors and induce the release 
of pro-inflammatory and pro-thrombotic substances leading to recruitment of immune cells, endothelial 
dysfunction and thrombus formation. TNF: tumor necrosis factor, IL: interleukin, VCAM: vascular cell 
adhesion molecule-1, ICAM: intercellular adhesion molecule-1, ECM: extracellular matrix, NF-KB: 
nuclear factor kappa B, RANTES: regulated on activation, normal T cell expressed and secreted, MCP: 
monocyte chemotactic protein-1, MIP: macrophage inflammatory protein, MVs: microvesicles, LPS: 
lipopolysaccharide, TF: tissue factor, PS: phosphatidylserine, MAC: membrane attack complex. This 
figure was created using Biodraw, Motifolio. 
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Shiga toxin and the kidney 
Shiga toxin-induced damage of the renal vasculature is a central event in the 
pathogenesis of EHEC-induced HUS [190]. Vascular damage leads to a 
prothrombotic and proinflammatory state.  

In EHEC-associated HUS patients, Shiga toxin 2 has been found in kidney cells 
[17,191,192]. Cells that express the Gb3 receptor in humans include glomerular 
endothelial cells, podocytes, mesangial cells and proximal tubular epithelial cells 
[193]. All these cells are sensitive to Shiga toxin [151,194-197]. Human glomerular 
microvascular endothelial cells were shown to be sensitive to nanomolar of Shiga 
toxin purified from S. dysenteriae [195]. Human podocytes and proximal tubule 
cells were sensitive to picomolar of Shiga toxin 2 or 1, respectively [196,197].   

In addition to the cytotoxic effects of Shiga toxin, it may also contribute to a 
proinflammatory and prothrombotic state in the kidney by promoting the expression 
of adhesion proteins and release of cytokines and chemokines from the renal 
endothelium. This can induce recruitment of immune cells and platelets resulting in 
thrombus formation [198]. Shiga toxin 2 can induce the expression of E-selectin, 
ICAM-1 and vascular cell adhesion molecule-1 (VCAM) as well as the release of 
IL-8, monocyte chemoattractant protein (MCP-1) and stromal cell-derived factor 
(SDF)-1α in human umbilical vein endothelial cells and human glomerular 
endothelial cells [199]. This may result in recruitment of leukocytes to the 
endothelium, formation of platelet-monocyte aggregates and/or platelet aggregation 
[199-201]. In mice, Shiga toxin 2 injected together with LPS has been shown to 
induced infiltration of macrophages into the kidney which was dependent on the 
release of MCP-1, RANTES and macrophage inflammatory protein (MIP)-1α in the 
kidney. Inhibition of these chemokines lead to decreased macrophage infiltration 
[202]. The release of proinflammatory substances can exacerbate Shiga toxin-
mediated cytotoxicity. For example, TNF-α increases the expression of Gb3 
rendering human umbilical vein endothelial cells more sensitive to Shiga toxin 1-
induced cytotoxicity [144]. 

Shiga toxin 1 can also induce the release of von Willebrand factor (VWF) from 
human umbilical vein endothelial cells resulting in platelet activation and their 
deposition on the endothelium in vitro [203]. VWF mediates platelet adhesion in 
response to endothelial injury and exposure of the subendothelium [204].  
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EHEC-associated hemolytic uremic 
syndrome 

EHEC-infection is the main cause of HUS usually associated with a prodrome of 
gastrointestinal symptoms including watery diarrhea, bloody diarrhea and/or 
abdominal pain [129]. Within 5-13 days after the debut of diarrhea about 15% of 
patients will develop HUS [205,206]. Shiga toxin is a crucial factor in the 
development of EHEC-HUS [207] since other bacteria such as enteropathogenic E. 
coli (EPEC), similar to EHEC in their expression of virulence factors but lacking 
expression of Shiga toxin [127], are not associated with HUS and bacteria other than 
E. coli such as S. dysenteriae [208] or Citrobacter freundii [209] can cause HUS 
when they express Shiga toxin.  

HUS is characterized by the simultaneously occurrence of thrombocytopenia (low 
platelet counts), non-immune hemolytic anemia and acute kidney injury [206]. 
Extrarenal involvement such as affection of the central nervous system may also 
occur [210].  

The main target organs in HUS are the kidney and the brain. The characteristic 
pathological lesion in the microvasculature of the kidney is termed thrombotic 
microangiopathy [211]. Thrombotic microangiopathy is characterized by 
endothelial cell swelling and thickening, detachment from the basement membrane 
and thrombus formation in the renal capillaries resulting in occlusion of the vessel 
[212]. Severe tubular damage occurs as well [151]. 
Low platelet counts are associated with the risk of developing HUS [213] and poor 
prognosis in HUS [214]. The underlying mechanism of thrombocytopenia is platelet 
activation and consumption on damaged endothelium [180]. Children with EHEC-
associated HUS have impaired laboratory parameters related to thrombosis and 
fibrinolysis [215-217]. During the prodromal phase children who later developed 
HUS were shown to have increased plasma levels of prothrombin fragment 1+2, 
plasminogen activator (t-PA) antigen, t-PA-plasminogen-activator inhibitor type 1 
complex and D-dimer, indicating ongoing endothelial activation and thrombus 
generation [218,219]. The endothelial damage during HUS leads to the exposure of 
subendothelial matrix proteins such as VWF, collagen and fibrinogen and results in 
platelet adhesion and activation [220].  



42 

Non-immune hemolytic anemia, characteristic of HUS, is associated with 
fragmented red blood cells (schistocytes) [212]. The hemolysis is not mediated by 
antibody binding to red blood cells. The mechanism by which the red blood cells 
are damaged is suggested to be a consequence of red blood cell passage through 
partially occluded vessels due to thrombi. The narrow path through the vessels leads 
to mechanical disruption of the cells and formation of schistocytes. Another possible 
explanation is that Shiga toxin induces complement-mediated hemolysis of red 
blood cells. Shiga toxin 2 binding to red blood cells has been shown to induce 
complement activation and deposition on red blood cells leading to hemolysis [103]. 
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Microvesicles in EHEC-associated 
hemolytic uremic syndrome 

Microvesicles are involved in all aspects of EHEC-HUS including the transport of 
Shiga toxin to the kidney [17], thrombosis [7] and hemolysis [103]. HUS patients 
have elevated circulating microvesicles during the acute phase of disease [7,17,221]. 
These microvesicles originate from platelets, monocytes, neutrophils and red blood 
cells and were shown to contain Shiga toxin 2 [17]. In one HUS patient, blood cell-
derived microvesicles containing Shiga toxin 2 were detected within the renal cortex 
[17]. Likewise, mice infected with EHEC showed elevated levels of blood cell-
derived microvesicles that also contained Shiga toxin 2. Blood cell-derived 
microvesicles containing Shiga toxin 2 were found within the kidney cells of EHEC-
infected mice including the glomerular and peritubular capillary endothelium, 
podocytes and tubular epithelial cells. In vitro experiments showed elevated levels 
of blood cell-derived microvesicles when whole blood was stimulated with Shiga 
toxin 2. These vesicles also contained Shiga toxin 2 [17]. Shiga toxin 2 was shown 
to retain its toxicity within the microvesicles as demonstrated in glomerular 
endothelial cells after uptake of Shiga toxin 2-containing microvesicles resulting in 
inhibition of proteins synthesis [17]. These data demonstrated that Shiga toxin 2 
could be transported into the kidney within microvesicles.  

HUS patients also have elevated levels of microvesicles possessing tissue factor and 
phosphatidylserine indicating that the microvesicles have pro-thrombotic 
properties. This could also be demonstrated in vitro when whole blood was 
incubated with Shiga toxin 2 resulting in an increased levels of microvesicles 
possessing tissue factor and phosphatidylserine [7,17].  

The mechanism by which Shiga toxin 1 and 2 induce release of microvesicles has 
been studied in HeLa cells. Shiga toxin 1 was shown to induce release of 
extracellular ATP followed by purinergic P2X receptor activation and calcium 
influx leading to the shedding of microvesicles [6]. The P2X1 receptor antagonist, 
NF449, inhibited the release of microvesicles from HeLa cells and platelets when 
stimulated with Shiga toxin 1 or 2 in vitro. In a similar manner, a nonselective P2X 
antagonist, suramin, decreased the release of platelet-derived microvesicles in 
EHEC-infected mice [6]. Likewise, suramin and PPADS (also a P2X antagonist) 
decreased the number of microvesicles released from red blood cells stimulated with 
Shiga toxin 2 in vitro and resulted in reduced complement-mediated hemolysis 
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[103]. Taken together, these data show that Shiga toxin 1 and 2 induce release of 
microvesicles from cells in a P2X receptor-dependent manner.  

In EHEC-HUS patients complement C3 and C9 were detected on blood cell-derived 
microvesicles from platelets and monocytes [222]. This could also be reproduced in 
vitro upon Shiga toxin 2 stimulation of whole blood resulting in complement 
deposition of C3 and C9 on released blood cell-derived microvesicles [222]. 
Likewise, EHEC-HUS patients (both adults and children) exhibit complement 
deposits on red blood cells and on red blood cell-derived microvesicles. C3 but not 
C5b-9 was detected on red blood cells while C5b-9 was detected on microvesicles 
from red blood cells [103]. This suggests that either the microvesicles or the cells 
of origin were exposed to complement activation during HUS. Cells with 
complement deposits may release microvesicles in order to maintain cellular 
integrity and avoid complement-mediated lysis.  
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The present investigation 

The overall aim of this thesis was to study the release, uptake, and properties of 
Shiga toxin-mediated extracellular vesicles and their detection. Extracellular 
vesicles have been implicated in the pathogenesis of Shiga toxin-mediated disease 
as Shiga toxin is transported within extracellular vesicles to the kidney. It is 
therefore of importance to study the mechanism by which extracellular vesicles may 
contribute to the pathogenesis of this disease.  

Specific aims 
1. To investigate the mechanism by which Shiga toxin 1B is released from cells

within vesicles and by which the toxin is taken up and sequestered within
extracellular vesicles.

2. To investigate the importance of endogenous Gb3 receptors in recipient cells
for the uptake of Shiga toxin 2 within extracellular vesicles and for exertion of
a cytotoxic effect.

3. To investigate prothrombotic and proinflammatory properties of blood cell-
derived extracellular vesicles released after stimulation with Shiga toxin 2.

4. To provide detailed methodology for the isolation and characterization of Shiga
toxin 1 and 2-associated extracellular vesicles.



46 

Methods 
In the following section, a brief description of the materials and methods used in the 
papers within this thesis will be presented. For more detailed information, see the 
material and methods section of each individual paper. The size range of the 
extracellular vesicles used in the papers within this thesis corresponds to the size of 
shed microvesicles, however, due to the overlap in size between exosomes and 
microvesicles the term extracellular vesicles will be exclusively used in the 
following section.   

Ethical considerations 
Blood samples from adult healthy volunteers were used in papers I, II, III and IV 
with informed written consent from all subjects. The use of blood from healthy 
volunteers was approved by the Ethical review board, Lund University.  

Shiga toxin 
Shiga toxin 1, Shiga toxin 1B-subunit and Shiga toxin 2 were used. In paper I, Shiga 
toxin 1B-subunit was conjugated to Alexa-488, 1.4 nm nanogold or biotin (Stx1B-
SS-biotin). In papers II and III, Shiga toxin 2 was used and in paper IV both Shiga 
toxin 1 and 2 were used. Shiga toxin 2 conjugated to Alexa-555 or Alexa-488 was 
used in paper II. 

Cells  
HeLa cells which are cervical epithelial were used in papers I, II and IV.  

Red blood cells were used from an anonymous donor with a P1
k phenotype. This 

phenotype is known to possess high amounts of Gb3 on red blood cells resulting in 
high levels of Shiga toxin binding compared to other phenotypes [188]. Red blood 
cells were used in paper I.   

Chinese hamster ovary (CHO) cells lack Gb3 expression. CHO cells were 
transfected with a plasmid encoding the Gb3 synthase (A4GALT) resulting in Gb3 
expression. CHO cells were used in paper II. 

Colonic epithelial cells (DLD-1), which lack Gb3 expression, were used in paper II.  
Platelet-rich plasma was used in paper III.  
Human umbilical vein endothelial cell line EA.hy 926 is a fusion between primary 
human umbilical vein cells and a lung epithelial cell line A549. EA.hy 926 cells 
were used in paper III. 

A human monocytic cell line, THP-1 cells, were used in paper III.  
Conditionally immortalized glomerular endothelial cells were used in paper IV.  
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In papers I and II HeLa cells and DLD-1 cells, respectively, were fluorescently 
labelled with a plasma membrane dye (CellMask deep red) to visualize the plasma 
membrane. 

Retro 2.1 
Retro-2.1 is a compound that blocks the retrograde trafficking of Shiga toxin 1 and 
2 between the early endosomes and the trans-Golgi network and thereby protects 
the cell from the cytotoxic action of Shiga toxin [223-225]. In papers I and II, HeLa 
cells and CHO cells, respectively, were treated with Retro-2.1 to inhibit retrograde 
trafficking of Shiga toxin. Retro-2.1 was used in paper I to study the intracellular 
route of Shiga toxin 1B-subunit prior to release in extracellular vesicles. In paper II, 
Retro 2.1 was used to study if Shiga toxin 2 that was taken up by transfected Gb3-
positive CHO cells, within extracellular vesicles, underwent retrograde transport to 
induce inhibition of protein synthesis. 

Exogenous Gb3 
In paper II, Gb3 was introduced in CHO cells and DLD-1 cells by adding liposomes 
containing Gb3, phosphatidylethanolamine and phosphatidylserine into the cell 
medium. Following exogenously inserted Gb3 into the plasma membrane the 
cytotoxicity of Shiga toxin 2 was studied.  

PPMP 
In papers I and II HeLa cells were treated with PPMP (D-threo-1-Phenyl-2-
palmitoylamino-3-morpholino-1-propanol) which is a glucosylceramide synthase 
inhibitor that reduces the expression of Gb3 in cells. 

Stimulation with Shiga toxin and release of extracellular vesicles 
In paper I, extracellular vesicles were obtained from HeLa cells stimulated with 
Shiga toxin 1B 10 ng/mL for 0-120 min. In paper IV, Shiga toxin 1 or 2 stimulation 
of HeLa cells, at a concentration of 200 ng/mL for 40 min, was described. In papers 
II, III and IV, blood cell-derived extracellular vesicles were obtained from whole 
blood stimulated with Shiga toxin. Freshly collected citrated blood was incubated 
with Shiga toxin 1 (paper IV) or Shiga toxin 2, both at 200 ng/mL for 40 min (papers 
II, III and IV).    

Isolation of extracellular vesicles 
Differential centrifugation (presented in Figure 10) was used for isolation of 
extracellular vesicles from whole blood and/or cell culture medium in papers I, II, 
III and IV. The protocol was initiated by a low-speed centrifugation step to discard 
cells. In papers I and IV, extracellular vesicles were isolated from HeLa cells. HeLa 
cells were pelleted at 800 g for 10 min. In papers II, III and IV, extracellular vesicles 
were isolated from blood cells that were pelleted at 1500 g for 15 min. The cell-free 



48 

supernatant was then collected and centrifuged at 10000 g for 10 min to pellet cell 
debris. To obtain a extracellular vesicle-enriched suspension, the supernatant was 
further centrifuged at 20000 g for 40 min whereafter the supernatant was discarded 
leaving 150 μl of extracellular vesicle-enriched suspension. 

 
Figure 10: Schematic presentation of extracellular vesicle isolation by differential centrifugation. 
A low centrifugation g-force was applied to pellet blood cells or HeLa cells followed by a centrifugation 
step in which cell debris was discarded. A extracellular vesicle-enriched suspension containing 
extracellular vesicles in the size range of microvesicles were obtained by centrifugation at 20000 g. EV: 
extracellular vesicle. This figure was created using Biodraw, Motifolio. 

Analysis of extracellular vesicles by flow cytometry  
Flow cytometry was used in papers I and IV to analyze extracellular vesicles. In 
paper I, Shiga toxin 1B-subunit fluorescently labeled with Alexa-488 was incubated 
with HeLa cells to stimulate the release of extracellular vesicles. After isolation of 
extracellular vesicles they were labeled with anti-CD44 antibody conjugated to 
phycoerythrin (PE). CD44 is expressed on the surface of HeLa cells and was used 
to identify extracellular vesicles. The number of fluorescent extracellular vesicles 
were then detected in the flow cytometer. In paper IV, Shiga toxin 1 or 2-positive 
extracellular vesicles released from toxin-stimulated whole blood or cultured cells 
were detected by flow cytometry. To enable detection of Shiga toxin located within 
extracellular vesicles, the vesicles were fixed in 1% paraformaldehyde, washed and 
permeabilized with 0.1% saponin to allow the anti-Shiga toxin antibody to gain 
access to the vesicle. Following washing, a secondary fluorescent antibody was 
added and detection was performed in a CyFlow Cube 8 flow cytometer.  

 

Differential centrifugation

Blood cells: 
1500 g 15 min

10000xg 
10 min

20000xg 
40 min

Discard
cell pellet

Discard
cell debris

HeLa cells:
800 g 15 min

EV-enriched
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Microscopy 
The various types of microscopy used in this thesis includes structure illumination 
microscopy (papers I, II and IV), confocal microscopy (papers I and IV), 
conventional fluorescent microscopy (paper II) and transmission electron 
microscopy (papers I and IV). Live cell imaging of shed vesicles from the 
membrane of cells were studied in paper I. Confocal microscopy is an adequate 
microscopy technique to visualize the cell membrane because it is possible to 
control the field depth of the cell and it provides a high spatial resolution compared 
to conventional wide-field microscopy. Structure illumination microscopy offers 
high resolution imaging of live cells and vesicles released from cells. In Paper II, z-
stack images of cells by structure illumination microscopy were used to provide 
information at variable depths within the cell which can reveal intracellular uptake 
of extracellular vesicles. Images taken by structure illumination microscopy 
compared to conventional microscopy are shown in Figure 11.  

Figure 11: A comparison between conventional fluorescent microscopy (CFM) and structure 
illumination microscopy (SIM). HeLa cells with fluorescent actin were imaged by CFM and SIM. SIM 
gave a higher resolution image of actin compared to CFM. 

Transmission electron microscopy was used in paper I to visualize Shiga toxin 1B-
subunit on or within extracellular vesicles and in paper IV to visualize uptake of 
Shiga toxin 2-containing extracellular vesicles by cultured conditionally 
immortalized glomerular endothelial cells. In paper I, Shiga toxin 1B was 
conjugated to 1.4 nm nanogold particles before incubation with extracellular 
vesicles. The vesicles were then pelleted onto an agarose gel and embedded in 
Polybed to enable thin sectioning of the vesicle pellet. Prior to imaging, the sections 
were treated with gold enhancement in order to enable visualization of the nanogold 
conjugated to Shiga toxin 1B. In paper IV, glomerular endothelial cells that had 
been incubated with Shiga toxin 2-containing microvesicles were pelleted, fixed, 
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embedded and sectioned. Shiga toxin 2 was detected in glomerular endothelial cells 
by labeling Shiga toxin 2 with an anti-Shiga toxin 2 antibody followed by addition 
of a secondary antibody that detected the Shiga toxin antibody which was 
conjugated to a 5 nm gold particle. 

Enzyme-linked immunosorbent assay (ELISA)  
In papers I, II and IV in-house ELISAs were used to measure the concentration of 
Shiga toxin 1B (biotinylated), Shiga toxin 1 or Shiga toxin 2 in extracellular 
vesicles. In paper III, a commercially available IL-8 ELISA (R&D) was used to 
detect IL-8 released by cells during incubation with Shiga toxin 2-induced 
extracellular vesicles from whole blood.  

Thin layer chromatography 
In papers I and II thin layer chromatography (TLC) was used to determine the 
glycosphingolipid content of cells and extracellular vesicles. Lipids from cells or 
extracellular vesicles were solubilized by adding methanol followed by sonication 
of the samples to ensure disruption of the plasma membrane. This procedure was 
followed by mild saponification, a process of ester bond cleavage between glycerol 
and fatty acids of triglycerides resulting in generation of free fatty acids and glycerol 
(soluble in water). To remove proteins and nucleic acids in the samples a set mixture 
of methanol-chloroform-water was added. This procedure is called Folch partition 
and results in the generation of different layers that separate the water-soluble 
substances from the lipids. The lipid mixtures were further loaded onto a TLC plate 
consisting of a silica gel coated on aluminum foil, in the stationary phase. Then a 
solvent mixture, the mobile phase, was absorbed onto the plate by capillary force 
separating the lipids based on solubility and polarity. Glycosphingolipids separated 
on the gel were visualized by adding orcinol reagent. Alternatively, a Shiga toxin 
overlay was carried out by incubating the plate with Shiga toxin 2 followed by 
detection of Shiga toxin with an anti-Shiga toxin 2 antibody.   

Nanoparticle tracking analysis 
In papers I, II and IV nanoparticle tracking analysis was used to estimate the size 
range and concentration of all particles in samples containing extracellular vesicles. 
Nanoparticle tracking analysis is a quick and easy technique to determine size and 
concentration of submicrometer particles in a solution and can provide information 
about changes in e.g., vesicle release and uptake, when comparing different 
experimental conditions. A disadvantage with this analysis is that extracellular 
vesicles cannot be distinguished from non-extracellular vesicle particles.  

Membrane translocation assay 
A membrane translocation assay (illustrated in Figure 6A of paper I) was used to 
study if Shiga toxin 1B-subunit could translocate from the outside to the inside of 



51 

extracellular vesicles. In this assay, vesicles were incubated with biotinylated Shiga 
toxin 1B-subunit (Stx1B-SS-biotin) whereafter exposed biotin was cleaved off by a 
plasma membrane impermeable substance called sodium 2-mercaptoethane 
sulfonate (MESNA) which reduces the SS-bond between Shiga toxin 1B and biotin. 
The extracellular vesicles were then washed and lysed and the amount of Stx1B-SS-
biotin was detected by ELISA thereby quantifying the amount of Stx1B that was 
internalized. In certain samples, extracellular vesicles were treated with methyl-β-
cyclodextrin, which removes cholesterol from the membrane [226], or 
chlorpromazine, a well-known inhibitor of clathrin-dependent endocytosis [227], 
before incubation with Stx1B-SS-biotin.   

Cell metabolism assay 
In paper II a cellular metabolism assay was used to determine the cell viability after 
incubation with Shiga toxin 2 or extracellular vesicles with or without Shiga toxin 
2. Viable cells were determined based on their metabolic activity using alamar blue. 
Alamar blue is the non-fluorescent oxidation-reduction indicator resazurin. When it 
is taken up be a viable cell, the reagent is reduced to resorufin, a highly fluorescent 
compound, due to the cellular metabolic reduction occurring in growing cells.  

Protein synthesis assay 
In paper II, protein synthesis was determined in cells after treatment with free Shiga 
toxin 2 or with Shiga toxin-containing extracellular vesicles. In this assay, the 
incorporation of a methionine analogue that binds a fluorescent dye was measured. 
The fluorescent signal from the cells correlates to the amount of synthesized 
proteins.  

Tissue factor activity 
Tissue factor activity of isolated extracellular vesicles were determined by a 
commercially available assay which measure the generation of FXa. By adding 
FVIIa, a tissue factor/FVIIa complex is formed that converts FX into FXa. This 
assay was used in paper III. 

Procoagulant activity 
The procoagulant activity of isolated extracellular vesicles were measured by a 
commercially available assay that uses the amount of exposed phosphatidylserine 
on the surface of the extracellular vesicles to assess thrombin generation. By adding 
coagulation factors Va and Xa to the vesicle samples, FVa/FXa complexes will be 
formed upon binding to phosphatidylserine that in the presence of calcium cleaves 
prothrombin into thrombin. This assay was used in paper III.  
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Platelet aggregometry 
Platelet aggregates were measured in paper III to determine the ability of 
extracellular vesicles isolated from Shiga toxin 2-stimulated whole blood to induce 
aggregation. The light transmitted through a sample of platelet-rich-plasma was 
measured and compared with platelet-poor-plasma which corresponds to 100% light 
transmission. When platelet aggregation occurs, the sample will absorb less light 
resulting in more light being transmitted.  

Measurement of cytokines in extracellular vesicles 
Multiplex immunoassay was used in paper III to detect up to 27 cytokines in 
extracellular vesicles from Shiga toxin-stimulated or unstimulated whole blood. In 
this method a set of colored beads is used, each distinct bead coated with an antibody 
against one specific cytokine. The beads are incubated with the sample allowing 
cytokine binding to the beads. Then a second antibody towards the cytokines, 
labeled with a fluorescent reporter dye, is added. Analysis by flow cytometry 
enables detection of the colored beads in one channel and determination of the 
reporter dye in another channel in which the intensity of the reporter dye determines 
the concentration of the cytokine.  

Liquid chromatography - Mass Spectrometry (LC-MS) 
In paper IV, the protein content in isolated extracellular vesicles from Shiga toxin 
2-stimulated or unstimulated blood cells was analyzed by liquid chromatography-
mass spectrometry. In this assay compounds in a sample are separated based on their 
chemical properties by their interaction with the stationary and mobile phase. After 
separation, the compounds are inserted into the mass spectrometer which separates 
molecules based on their mass-to-charge ratio.  

Results 
Paper I 
In this paper we investigated the mechanisms of Shiga toxin 1B uptake and release 
within extracellular vesicles and Shiga toxin 1B sequestration in extracellular 
vesicles.  

Results 
HeLa cells and red blood cells were shown to release Shiga toxin 1B-positive 
extracellular vesicles within minutes after stimulation with Shiga toxin 1B, detected 
by live cell imaging. This indicates that Shiga toxin 1B is quickly released within 
extracellular vesicles from cells after toxin binding. Flow cytometry measurement 
of Shiga toxin 1B-containing extracellular vesicles revealed that HeLa cells released 
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extracellular vesicles continuously for up to 40 min whereafter the levels decreased. 
In contrast, HeLa cells treated with Retro-2.1 continued to release toxin-positive 
extracellular vesicles even after 40 min. Extracellular vesicles released by HeLa 
cells were shown to contain Shiga toxin 1B-subunit both on the inside and on the 
outside of the vesicles. 

HeLa cell-derived extracellular vesicles were shown to contain Gb3 indicating their 
ability to bind toxin to their outer membrane. Shiga toxin 1B was shown to bind 
directly to extracellular vesicles in the absence of cells and extracellular vesicles 
from PPMP-treated HeLa cells exhibited significantly lower Shiga toxin 1B 
binding. Electron microscopy of sectioned blood cell-derived extracellular vesicles 
that had been incubated with Shiga toxin 1B conjugated with 1.4 nm nanogold (in 
the absence of cells) revealed that Shiga toxin 1B was located on the membrane and 
within the vesicles. This result indicated that Shiga toxin 1B could be sequestered 
within extracellular vesicles. The ability of Shiga toxin 1B to translocate from the 
membrane surface to the inside of extracellular vesicles was investigated by a 
translocation assay showing that a fraction of the Shiga toxin 1B was translocated 
to the inside of extracellular vesicles, a process that was enhanced by treating the 
vesicles with methyl-β-cyclodextrin or chlorpromazine indicating that the 
translocation was affected by extracting cholesterol or by making the membrane 
more permeable, respectively.  

The results of this study suggest that Shiga toxin 1B is released by cells, in 
extracellular vesicles, within minutes after binding to HeLa cells or red blood cells 
and that the release is continuous without the toxin undergoing retrograde transport. 
The results also showed that Shiga toxin 1B can bind to released extracellular 
vesicles, in the absence of cells, in a Gb3-dependent manner and that the toxin could 
translocate from the outside to the inside of the vesicle membrane, a novel 
mechanism for bacterial toxin to be sequestered in host cell-derived vesicles.  

 
Paper II 
The Gb3 receptor is important for Shiga toxin-mediated uptake and toxicity [228]. 
In a previous publication from our group using the EHEC-infected mouse model 
Shiga toxin 2 was demonstrated in mouse glomerular endothelial cells within blood 
cell-derived extracellular vesicles [17]. This observation was of particular interest 
because murine glomerular endothelial cells lack the Gb3 toxin receptor [229,196] 
and suggested that the toxin could possibly affect cells that lack Gb3 when taken up 
within extracellular vesicles. This aspect was addressed in this study. We 
investigated if Shiga toxin 2-containing extracellular vesicles, that were Gb3-
positive, could interact with and induce cytotoxicity in a variety of Gb3-negative 
cells. The intracellular route of Shiga toxin 2 delivered by extracellular vesicles was 
also studied. 
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Results  
Blood cell-derived extracellular vesicles containing Shiga toxin 2 were highly 
cytotoxic in CHO cells that had been transfected with Gb3 synthase as determined 
by the cells’ metabolic activity and inhibition of protein synthesis. These 
extracellular vesicles were demonstrated to be taken up by Gb3-negative CHO cells 
or Gb3-negative DLD-1 intestinal cells, however, without inducing cytotoxicity. 
Similar results were obtained using PPMP-treated HeLa cells, with reduced Gb3 
expression, in which blood cell-derived toxin-containing extracellular vesicles did 
not induce inhibition of protein synthesis compared to untreated HeLa cells. In Gb3-
synthase transfected CHO cells, the retrograde transport inhibitor Retro-2.1 
protected the cells from the cytotoxic effect of Shiga toxin 2 which was delivered 
within extracellular vesicles.  

DLD-1 cells and CHO cells, both lacking the Gb3 toxin receptor, that were 
incubated with exogenous Gb3 in liposomes were shown to bind free Shiga toxin 2, 
however, without an effect on cell metabolism. For this reason, experiments with 
toxin-positive extracellular vesicles were not carried out.  

The results of this paper suggest that Shiga toxin 2 can be taken up by cells within 
extracellular vesicles regardless of if the cell expresses Gb3 or not. However, in 
order for Shiga toxin 2 introduced within extracellular vesicles to induce 
cytotoxicity in the cells, endogenous expression of Gb3 in the recipient cells is a 
prerequisite.  

 

Paper III 
Shiga toxin 2 induces release of extracellular vesicles that exhibit pro-thrombotic 
potential by exposing phosphatidylserine and tissue factor [7]. In paper III we 
investigated the pro-thrombotic and pro-inflammatory properties of Shiga toxin 2-
positive vesicles released from blood cells that could thereby contribute to the 
pathogenesis of Shiga toxin-mediated disease.  

Results 
Extracellular vesicles released upon Shiga toxin 2 stimulation of whole blood were 
shown to possess tissue factor activity as they converted coagulation FX into FXa. 
The vesicles also exhibited enhanced thrombin generation capacity by increased 
exposure of phosphatidylserine which creates a binding site for FVa and FXa. 
FVa/FXa complexes cleave prothrombin into thrombin. These vesicles induced 
platelet aggregation, which extracellular vesicles released from unstimulated blood 
did not. This indicates that extracellular vesicles released from blood stimulated 
with Shiga toxin 2 can trigger thrombosis.  

Extracellular vesicles released from whole blood stimulated with Shiga toxin 2 
exhibited pro-inflammatory attributes. The vesicles induced release of IL-8 from 
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endothelial cells (EA.hy 926 cells) co-incubated with monocytes (THP-1 cells). The 
release of IL-8 was not demonstrated when the cells were incubated with each cell 
separately. Four proinflammatory cytokines: eotaxin, IL-9, MIP-1β and RANTES, 
were significantly increased in extracellular vesicles released from whole blood 
stimulated with Shiga toxin 2, compared to vesicles in unstimulated samples.  

The results suggest that Shiga toxin 2 induced release of extracellular vesicles from 
blood cells that attained prothrombotic and proinflammatory properties. These 
extracellular vesicles supported thrombin generation and induced platelet 
aggregation. They also promoted the release of IL-8 from endothelial cells co- 
incubated with monocytes and contained elevated levels of proinflammatory 
cytokines.  

 

Paper IV 
In this paper various methods were used to isolate and characterize extracellular 
vesicles released after stimulation of HeLa cells or whole blood with Shiga toxin 1 
or 2. These methods can specifically be used for purification of vesicles such as 
differential centrifugation, their quantification such as flow cytometry and 
nanoparticle tracking analysis and their imaging such as confocal microscopy, 
structure illumination microscopy and transmission electron microscopy. 
Furthermore, methodology for the characterization of their content was described 
including Shiga toxin 1 and 2 ELISAs, and proteomics analysis.  

Discussion 
Extracellular vesicles play an important role in intercellular communication. They 
transfer components from their cell of origin that can phenotypically alter the 
recipient cells and affect normal physiological processes [52,96]. They can also 
function as a disposal mechanism by which cells release harmful substances. Their 
capability to concentrate cellular contents, during shedding of the vesicle from the 
cell [42], can contribute to their role in pathophysiology and the development of 
disease. Extracellular vesicles play a major role in the pathogenesis of EHEC-
associated HUS. In this thesis I focused on extracellular vesicles induced by 
stimulation of cells with Shiga toxin, their mechanism of release and uptake in cells 
as well as the mechanism by which Shiga toxin interacts with vesicles. The thesis 
provides insight into the properties of these vesicles that may promote disease, and 
describes methodology used for the detection of vesicles and their content.    

Upon incubation with cells, Shiga toxin is taken up by Gb3-mediated endocytosis 
and the toxin can be packaged into and shed within extracellular vesicles in minutes, 
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as demonstrated in Paper I. The cells, probably in an attempt to rid themselves of 
toxin, release toxin within vesicles. The toxin would otherwise undergo retrograde 
transport to the trans-Golgi network followed by the ER and from there to the 
cytosolic ribosomes where it inhibits protein synthesis and induces cell death. 
Instead, it is immediately shed within vesicles. Shedding of toxin in vesicles was 
increased in the presence of Retro 2.1, a substance that inhibits retrograde transport 
of Shiga toxin [225]. The release of toxin within vesicles is presumably crucial for 
the survival of the cells but this process can be harmful for the organism as a whole. 
Furthermore, we could show that extracellular vesicles possess the Shiga toxin Gb3 
receptor allowing toxin binding, and that a fraction of the toxin is then taken up from 
the exterior of the vesicle. These two processes, shedding from toxin-simulated cells 
and direct binding to and sequestration in vesicles, allow the toxin to circulate within 
vesicles in the bloodstream and thereby be protected from the immune response. 
Within plasma the effects of Shiga toxin 2 can be partially inhibited [230], possibly 
by an interaction with the plasma protein amyloid P [231]. Shiga toxin sequestration 
within extracellular vesicles may enable the toxin to escape this inhibition and 
maintain its toxicity.  

When Shiga toxin-positive vesicles interact with recipient cells the vesicles are 
taken up into early endosomes and thereafter release their toxic content. The toxin 
can then undergo retrograde transport and harm the recipient cell [17]. Several 
questions arise from these findings. It is unclear why some cells shed the toxin in 
vesicles while others allow the toxin to undergo retrograde transport that will 
ultimately destroy the cell. Which cellular protective mechanisms determine 
whether the toxin will be shed in vesicles or not? Also, it is unclear why certain cells 
will take up the toxin within extracellular vesicles, such as renal cells, while others 
do not, as the mechanism of tissue tropism could explain why the kidneys are 
specifically affected during EHEC infection.  

The presence of Gb3 on cells is essential for Shiga toxin-mediated toxicity. Mice 
deficient in Gb3 [229] or cells that lack Gb3 [232] remain unaffected by the toxin’s 
inhibitory effect on protein synthesis. Shiga toxin binds to Gb3 located within lipid 
rafts and is thereby taken up by cells and exerts cytotoxic effects [233]. In bovine 
intestinal epithelial cells, where the Gb3 is not localized in lipid rafts, these effects 
could not be demonstrated [234]. However, toxin can be visualized within Gb3-
negative cells, as shown for T84 intestinal cells that are Gb3-negative [170], in 
which uptake by macropinocytosis was suggested.  
Our group has previously shown that Gb3-negative cells can take up Shiga toxin 2 
within extracellular vesicles. This was demonstrated in a mouse model of EHEC 
infection in which toxin-positive vesicles were detected in murine glomerular 
endothelial cells [17] that have been shown to be Gb3-negative [196]. This finding 
prompted the study presented in Paper II in which the significance of endogenous 
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Gb3 in cells for the uptake of toxin-positive vesicles and exertion of toxicity was 
investigated. The findings suggest that recipient cells can take up toxin-positive 
vesicles regardless of Gb3 expression, but for the toxic effect to occur the Gb3 
receptor needs to be expressed by the recipient cell. Shiga toxin enters the cell by 
receptor-mediated endocytosis bound to Gb3. Gb3 is required for retrograde 
transport [150,235,236]. The Gb3 can be taken up via extracellular vesicles, as we 
showed the vesicles were Gb3-positive. All the same, the Gb3 in the vesicle 
membrane is insufficient to target the toxin towards retrograde transport and raises 
the question of if the Gb3 in vesicles is localized within lipid rafts and if the toxin 
follows a predestined route determined by the cell membrane composition, 
specifically detergent-resistant regions, that may differ from the composition of the 
vesicle membrane. Another remarkable aspect previously shown was that toxin-
positive extracellular vesicles within Gb3-negative murine glomerular endothelial 
cells did not always release their content. Some vesicles transferred through the cells 
to the basement membrane and from there towards podocytes [17] suggesting that 
components of the recipient cell may signal to the vesicle to empty its contents. This 
aspect remains to be investigated.  

Extracellular vesicles contribute to the development of EHEC-associated HUS by 
transporting the toxin to the kidney [17]. Our group has previously reported that 
circulating extracellular vesicles during this condition have deposits of complement 
C3 and C9 [103,222], tissue factor and phosphatidylserine [7]. They are also 
released from red blood cells during hemolysis exhibiting complement deposits and 
thereby indicate that complement may partake in the hemolytic process [102]. In 
Paper III we further investigated the role of blood cell-derived extracellular 
vesicles in this condition by investigating the prothrombotic and proinflammatory 
potential of the vesicles released after incubation of whole blood with Shiga toxin 
2. The released vesicles possess excess tissue factor and thrombin-generating 
activity as well the capacity to induce platelet aggregation. This can explain how 
vesicles reaching the kidney can induce thrombotic microangiopathy. As described 
in the paper, we used a given volume of extracellular vesicles in suspension and thus 
the amount of vesicles in the Shiga toxin 2-stimulated sample would presumably be 
higher. Therefore, we cannot determine if each individual vesicle possesses more 
prothrombotic potential or if this is due to an increased number of vesicles. 
Nonetheless, the effect can contribute to the pathogenesis of capillary occlusion due 
to thrombi, hemolysis and endothelial damage in the kidney.  

We further investigated the pro-inflammatory potential of blood cell-derived 
extracellular vesicles. We found that the vesicles released after stimulation of blood 
cells with Shiga toxin 2 possessed a proinflammatory cytokine profile including 
elevated levels of eotaxin, RANTES, MIP-1ß, and IL-9. In the presence of 
endothelial cells and THP-1 monocytes we demonstrated increased IL-8 release. IL-
8 has been demonstrated in children with HUS and correlated to the severity of 
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disease [169,237]. It is plausible that circulating blood cell-derived vesicles 
contribute to the release of IL-8 from endothelial cells and monocytes [115] and that 
the released IL-8 would promote inflammation by recruiting inflammatory cells. 
Interestingly, incubation of the extracellular vesicles released from Shiga toxin-
stimulated blood cells with endothelial cells alone or monocytic cells alone was 
insufficient to induce IL-8 release. This may be related to the quantity and 
concentration of vesicles which may differ from the in vivo setting. 

Taken together, blood cell-derived extracellular vesicles seem to play a crucial role 
in the development of all aspects of HUS and particularly thrombotic 
microangiopathy. The delivery of toxin to its target organ, the kidney, and exertion 
of thrombotic and inflammatory effects at the site of injury, can lead to endothelial 
cell injury, platelet aggregation and thrombocytopenia due to consumption of 
platelets in microthrombi as well as neutrophil recruitment with release of harmful 
proteases and proinflammatory cytokines. Microthrombi occlude glomerular 
capillaries leading to ischemic damage, and the toxin, delivered in vesicles, has a 
direct cytotoxic effect on glomerular and tubular cells [17,151,212]. These effects 
combined with inflammation will lead to renal failure.  

The importance of extracellular vesicles for the development of this condition led 
us to Paper IV which describes the various methods used for detection, 
quantification, and determination of vesicle content. Of note, freeze-thawing 
affected the localization of Shiga toxin in vesicles, which is important to consider. 
Following our group’s studies on this topic other groups have shown that patients 
have elevated extracellular vesicles during HUS [221,238]. It is therefore important 
to determine the appropriate methodology for detection of extracellular vesicles. 
The international society for extracellular vesicles (ISEV) has updated its 
recommendations and protocols in 2018 [3] for a more uniform use of extracellular 
vesicles in research.  

Ultimately, the goal of these studies will be to find an appropriate treatment for 
HUS. Patients are currently treated by supportive care and careful hydration during 
the prodromal phase of diarrhea and once renal failure, thrombocytopenia and 
hemolytic anemia develop. There is no specific treatment for HUS [239]. Antibiotic 
therapy during the prodromal phase may worsen the outcome, as more toxin can be 
released from the bacteria [240]. Once HUS has developed antibiotics may be 
beneficial in some cases [241], but this finding is uncertain and requires more 
investigation. As extracellular vesicles seem to be involved in most aspects of 
disease blocking their release or uptake may have beneficial effects. Blocking their 
release may, however, have detrimental effects as vesicle shedding rids cells of 
injurious substances. Blocking their uptake may therefore be more promising and 
could temporarily inhibit toxin uptake by the kidney. In line with this, a recent study 
from our group showed that annexin A5, that binds phosphatidylserine on the 
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vesicle membrane, induced excess phagocytosis of extracellular vesicles and 
delayed the onset of disease in EHEC-infected mice [242]. Plasma exchange would 
remove extracellular vesicles from the circulation. This treatment was effective in a 
few cases of HUS [243] but is generally not beneficial or recommended [241], most 
probably because by the time the patient presents renal failure is already fulminant. 
Thus, the aspect of whether blocking or removing extracellular vesicles during HUS 
is effective remains to be determined.  

One unexpected finding in this thesis was that Shiga toxin bound to the surface of 
the vesicle membrane could translocate to the inside of the vesicle as shown in 
Paper I. To my knowledge the transfer of a naturally occurring protein from a 
vesicle surface to its inside has not been described before. Extensive studies are 
focused on bioengineering extracellular vesicles as drug delivery systems. For these 
purposes small molecules, drug substances and small interfering RNAs (siRNAs) 
are used [244-246]. Various methods have been described for drug loading into 
vesicles, including preloading in which the content is incorporated into cells that 
shed vesicles or post-loading in which drugs either integrate into the vesicle 
membrane or are incorporated by pore formation or permeabilization of the 
membrane. Cholesterol-conjugated siRNAs were also described as a therapeutic 
option [244]. These therapeutic systems may prove very promising. Shiga toxin 
induces apoptosis and was suggested as a treatment for certain types of cancer such 
as astrocytoma [247,248]. Gb3 is elevated in various types of cancer such as 
pancreatic, ovarian, breast, testicular, renal, among others, and Shiga toxin has been 
shown to effectively target cancer cells [249]. The finding that Shiga toxin could 
translocate naturally into extracellular vesicles could be utilized to target vesicles 
towards specific cancer cells.  

In this thesis Shiga toxin 1 B subunit, Shiga toxin 1 and Shiga toxin 2 were used. 
Shiga toxin 1 B subunit was used to study the binding interaction of Shiga toxin 1 
without the enzymatic cytotoxic effect of the A subunit. We had access to various 
conjugates of the B subunit of Shiga toxin 1 (Paper I Table 1) which we did not 
have for Shiga toxin 2. There may be important differences between Shiga toxin 1 
and 2, for example in their interaction with the glycolipid receptor [138,250]. Shiga 
toxin 2 is strongly associated with clinical isolates of EHEC that cause HUS [251], 
whereas Shiga toxin 1 is not. All the same, Shiga toxin 1 exhibits a similar mode of 
action in vitro in cell models.  

An interesting aspect that was found in all studies included herein is the donor 
dependent response to Shiga toxin. Blood from different donors responded 
differently to Shiga toxin as demonstrated by release of extracellular vesicles. It is 
unclear why some donors release an excess number of extracellular vesicles when 
their blood is stimulated with Shiga toxin whereas others do not and if this finding 
would correlate with increased clearance of Shiga toxin from the bloodstream of 
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such individuals. One study has shown that children with P1 antigen expression on 
red blood cells were protected against HUS compared to P1-negative children. The 
P1 antigen could promote binding of Shiga toxin to red blood cells which may 
thereby clear the toxin from the circulation [252].  

As described in the methods a variety of cells were used in the studies included in 
this thesis. Some of the cells were chosen because of their explicit susceptibility to 
the cytotoxic effects of Shiga toxin, such as HeLa cells [152]. These cells have also 
been extensively studied regarding the toxin’s retrograde transport [253]. Other cells 
were chosen because they naturally lack Gb3 (CHO cells and DLD-1 cells). Two 
types of endothelial cells were used, EA.hy 926 a cultured HUVEC cell line as well 
as immortalized glomerular endothelial cells, the latter to study the effects of the 
toxin in its relevant clinical setting. For the same purpose studies were carried out 
using blood cells, red blood cells and platelets, as well as extracellular vesicles 
released from toxin-stimulated whole blood. In vitro cell models cannot mimic all 
aspects of a clinical disease but the cells used were deemed suitable for the 
experimental settings described.  

In summary, this thesis investigated the importance of extracellular vesicles in 
EHEC-associated HUS and could show that vesicles containing toxin are released 
from affected cells shortly after stimulation, the toxin can also bind to the surface 
of vesicles and be internalized and thereby circulate in the bloodstream. Toxin 
within vesicles is harmful to cells when the vesicles are taken up and release their 
cargo. For this to occur the recipient cell must possess the toxin’s Gb3 receptor. The 
vesicles released from blood cells upon Shiga toxin stimulation are both 
prothrombotic and pro-inflammatory. Thus, extracellular vesicles released by Shiga 
toxin stimulation possess detrimental properties and should be targeted as a 
therapeutic strategy.  
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Conclusions 

• Shiga toxin can be associated with extracellular vesicles by two separate 
mechanisms. Shiga toxin can either bind to cells followed by rapid release 
of toxin-containing extracellular vesicles without undergoing retrograde 
transport. Alternatively, Shiga toxin can bind directly to extracellular 
vesicles even in the absence of cells and translocate from the outside to the 
inside of the vesicle. The latter mechanism would allow its sequestration 
within the host membrane and thereby evasion of an immune response 
during its transfer within the circulation. 

 
• Shiga toxin 2 released in extracellular vesicles can be taken up by Gb3-

negative and Gb3-positive cells but is only toxic to cells that endogenously 
express Gb3. Shiga toxin 2 delivered to Gb3-positive cells by extracellular 
vesicles retains its toxicity and undergoes retrograde transport thereby 
inducing a cytotoxic effect within the cell.   
 

• Shiga toxin 2 induces the release of pro-thrombotic and pro-inflammatory 
extracellular vesicles from blood cells.  
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Populärvetenskaplig sammanfattning 
på svenska  

Enterohemorragisk Escherichia coli (EHEC) är en bakterie som kan orsaka 
tarminfektion hos människor. EHEC är vanligt förekommande i tarmfloran hos 
framför allt nötkreatur och kan spridas till oss människor genom förtäring av 
förorenad mat och vatten. Efter intag av EHEC kan den färdas genom mag-
tarmsystemet och slutligen fästa vid framför allt tjocktarmen. Här koloniseras 
bakterien och symtom kan uppstå efter ca 3–7 dagar som ofta innefattar buksmärtor 
och diarréer som ibland kan vara blodiga. I 10–15 % av fallen kan även den 
livshotande sjukdomen, hemolytisk uremisk syndrom (HUS), uppkomma. HUS 
kännetecknas av blodbrist, låga nivåer av blodplättar och akut njursvikt. EHEC är 
icke-invasiv, vilket innebär att den stannar kvar i tarmen och orsakar sjukdom 
genom att frisätta giftiga ämnen som kallas för bakterietoxiner. Dessa kan komma 
in i blodbanan och orsaka sjukdom. Bakteriens främsta toxin heter Shigatoxin (Stx).  

Stx binder till en specifik receptor, globotriasylceramid (Gb3), som finns på vissa 
av kroppens celler. När Stx binder till receptorn tas den upp av cellen och kan 
därefter genomgå en väldigt specifik intracellulär transport. Under transporten 
förändras toxinets struktur som resulterar i att Stx kan förstöra cellens maskineri för 
att producera proteiner. I och med att maskineriet är nödvändigt för en cells 
överlevnad kommer detta i sin tur leda till att cellen dör.  

När Stx cirkulerar i blodbanan binder det till cellerna i blodet och tas upp, dock utan 
att orsaka celldöd i dessa celler. Istället aktiveras cellerna och börjar frisläppa 
membranblåsor från cellmembranet som kallas för mikrovesikler. Mikrovesikler har 
många viktiga funktioner i kroppen, bland annat genom att förmedla biologiskt 
material mellan olika celler som ett sätt att kommunicera. Vår forskargrupp har 
tidigare visat att Stx cirkulerar i blodbanan inuti mikrovesikler från blodceller och 
att detta används som ett transportsätt för toxinet att nå och tas upp av cellerna i 
njuren som i sin tur leder till celldöd i njurcellerna.   

I det första delarbetet studerades hur Stx kommer in i mikrovesikler. Dels 
undersöktes hur snabbt Stx frisläpptes av celler, inuti mikrovesikler, och om det 
krävdes en specifik intracellulär transport av toxinet innan den frisläpptes. I detta 
arbete undersöktes även om Stx kan binda till fria mikrovesikler, utan närvaro av en 
cell. Vi observerade att Stx släpps ut, redan efter 5 min, i vesikler efter cellulärt 
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upptag. En annan intressant observation var att Stx kan binda till redan fria 
mikrovesikler och omplaceras från att vara bunden på utsidan av vesiklen, till att 
befinna sig på insidan. Vi tror att detta kan vara ett sätt för Stx att gömma sig från 
kroppens försvarssystem och på så sätt kunna transporteras gömd inuti 
mikrovesikler till njuren där den sedan kan orsaka skada. 

I det andra delarbetet studerades om Stx, som har blivit frisläppt i mikrovesikler, 
även kan vara giftigt för celler som saknar toxinreceptorn. I normala fall är 
toxinreceptorn helt avgörande för Stx att kunna tas upp av cellen och orsaka celldöd 
men är detta även fallet för Stx som finns i mikrovesikler? I detta projekt skapades 
celler med och utan Gb3 och när Stx tillsattes till dessa celler orsakade toxinet endast 
celldöd i cellerna med Gb3. När mikrovesikler innehållande Stx istället tillsattes till 
cellerna kunde vi observera att dessa togs upp av celler oberoende om cellerna 
innehöll Gb3 eller inte. Dock var inte toxinet giftigt för cellerna som inte hade Gb3. 
Detta innebär att mikrovesikler som innehåller Stx kan tas upp av celler men att 
toxinet bara kan utföra sin skadliga handling om cellen innehåller Gb3.  

I det tredje delarbetet utreddes om Stx kan stimulera celler i blodet att frisläppa 
mikrovesikler med ett specifikt innehåll som gynnar uppkomsten av inflammation 
och bildning av blodproppar. Vi fann att mikrovesikler som frisläpptes från 
blodceller i närvaro av Stx innehöll ökad mängd av inflammationsframkallande 
substanser jämför med mikrovesikler från ostimulerade celler. Vi kunde också mäta 
en ökad nivå av vissa komponenter som gynnar uppkomsten av blodproppar. I detta 
delarbete visar vi att Stx gynnar frisläppning av mikrovesikler innehållande 
substanser som kan bidra till ett förvärrat sjukdomstillstånd.  

I det fjärde arbetet beskrivs det i detalj olika metoder för framrening och 
karakterisering av Stx-associerade mikrovesikler. Arbetet innehåller flera metoder 
som har använts i ovanstående delarbeten och som har utvecklats för att rena fram 
mikrovesikler från blod och cellkulturer. Det beskriver även flera metoder för att 
mäta Stx inuti mikrovesikler samt hur antalet, storleken och innehållet på de 
framrenade mikrovesiklerna kan analyseras. 
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