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ABSTRACT 

Exosomes are small membrane vesicles that are secreted by cells as means of intercellular 

communication. They are typically between 50 and 100 nm in diameter and originate from 

the endosomal compartment of cells. Exosomes have been considered a potential novel cell-

free therapeutic agent since exosomes are capable of antigen presentation. Indeed, exosomes 

from dendritic cells can activate the innate and adaptive immune systems, can establish 

protective immunity in various models of infectious diseases and can eradicate established 

tumors in mice. However, using exosomes in the clinic has proven difficult and need 

optimization to induce a sufficient immune response. Research now focuses on a) using 

exosomes as biomarkers and diagnostic tools for neoplastic diseases and b) understanding 

the exosomal immune response and finding ways to increase the immunogenicity of 

exosomes. 

This thesis aimed at 1) clarifying mechanisms important for the exosomal immune response, 

2) identifying new ways to increase immunogenicity of exosomes, and 3) studying the 

relevance of exosomes in a human inflammatory disease, atopic eczema (AE). We report that 

exosomes from murine bone marrow-derived dendritic cells (DCs) can induce CD4
+
 T cell 

responses in a B cell-dependent manner. By comparing exosomes loaded with the whole 

ovalbumin (OVA) protein to exosomes loaded with the dominant CD4
+
 T cell epitope we 

found that only whole OVA-loaded exosomes could induce memory T and B cell responses 

in vivo. Interestingly, T cell activation was absent in Bruton kinase knockout (btk
-/-

) mice 

lacking a functional B cell compartment. Further, we found that bone marrow DC-derived 

exosomes express CD1d and can activate natural killer T cells (NKT cells) in vitro and in 

vivo. Activation of NKT cells subsequently amplified innate NK cell and γδ T cell responses 

as well as OVA-specific CD4
+ 

T cell, CD8
+
 T cell and B cell responses. Our data suggest 

that exosome-induced antibody production is linked to subsequent activation of T follicular 

helper cells, germinal center B cells and plasma cells. In a third study, using exosomes from 

human monocyte-derived DCs, macrophages and plasma, we discovered a novel 

inflammatory property of exosomes. We found that exosomes contain enzymes of the 

leukotriene pathway and that they could produce high amounts of leukotriene B4 and C4 

when incubated with the intermediate leukotriene A4. Exosomes could also induce 

granulocyte migration, which increased when incubated with the substrate AA. Finally, we 

found that the commensal yeast Malassezia sympodialis secreted nanovesicles that carry M. 

sympodialis allergens and induced significantly higher IL-4 responses in peripheral blood 

mononuclear cells (PBMC) of AE patients sensitized to the yeast than in PBMC of healthy 

controls (HC). Nanovesicles induced TNF-α production in PBMC of both groups. Further, 

we find that exosomes from monocyte-derived DCs, co-cultured with M. sympodialis induce 

significantly higher IL-4 and TNF-α responses than exosomes from unstimulated DCs in 

PBMC of both AE patients and HC. This suggests a role for nanovesicles in the allergic 

immune response.  

In summary, we have identified three new pathways, which might be exploited to induce 

more potent immune responses to exosomes. Including B cell epitopes and CD1d ligands as 

well as exploiting the chemoattractive capacity of exosomes when designing future 

exosomal vaccines might increase the efficacy in a clinical setting. The finding that 

immunogenic nanovesicles are produced by M. sympodialis highlights novel host microbe 

interactions in AE and emphasizes the immunostimulatory potential of exosomes also in 

humans. 
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1 INTRODUCTION 

 

1.1 THE IMMUNE SYSTEM 

Immunology was born on May 14
th

, 1796. The British scientist Edward Jenner had just 

inoculated an 8-year old boy, James Phipps, with pus from cowpox blisters as an attempt 

to protect from smallpox, a deadly disease with high prevalence at that time. Jenner 

observed that the boy did not get infected when he exposed him to smallpox six weeks 

later. He concluded that inoculation with cowpox conferred resistance against smallpox, 

which was the first evidence of what we now call immunologic memory [1]. 

Jenner‟s method soon replaced variolation (deliberate skin infection with smallpox in 

hope for a mild infection) as the standard method of immunization in the following 

decennia, but mortality was still high. It became obvious that the underlying mechanisms 

that led to immunization were poorly understood and that more research was needed in 

order to generate more effective vaccines with fewer side effects. Jenner‟s efforts with his 

cowpox-based immunization, however, were honoured posthumously by Louis Pasteur, a 

French immunologist. He suggested that all immunization treatments should be named 

vaccination, referring to the latin word for cow, vacca [2]. 

Pasteur himself is known as the founder of the “Germ Theory”, a hypothesis stating that 

microbes such as bacteria are the cause of infections [3]. Together with Robert Koch, a 

German scientist, he developed immunization protocols against anthrax, tuberculosis and 

cholera in the late 19
th

 century [4, 5]. Although Pasteur also developed a vaccine against 

rabies, he did not succeed in identifying the causative agent. It was not until 1898 when 

the first virus was described by Martinus Beijerinck [6], and later on, that viruses were 

found to be the cause of both smallpox and rabies [7, 8]. 

At around the same time Elie Metchnikoff, Paul Ehrlich and Emil von Behring laid the 

foundation for modern immunology. Metchnikoff and Ehrlich discovered that white blood 

cells were capable of ingesting bacteria, a process now known as phagocytosis [9]. This 

marked the discovery of cellular immunology, a theorem postulating that immune cells 

actively combat microbial infections. Ehrlich and Emil von Behring gave rise to the 

second pillar of immunology: the non-cellular, or humoral immunity. They could isolate a 

protective compound from serum of diphtheria infected animals that was successfully used 

in a diphtheria epidemic in the late 19
th

 century [10]. 

These early discoveries were rewarded with Nobel Prizes for von Behring in 1901, Pasteur 

in 1905 and Metchnikoff and Ehrlich in 1908. They form the base of our concept of 

immunology: diseases are caused by microbial agents such as bacteria, viruses or 

parasites, which evoke an immune response that tries to protect the organism from the 

infectious agent. Immunity is either mediated directly through cells (cellular immunity) or 

indirectly through secreted soluble compounds (humoral immunity). More recent studies 

have led to further differentiation into innate and adaptive immunity, the first being an 

unspecific, early response that is highly conserved throughout evolution [11, 12], the latter 

being a highly specific, late response that is first found in jawed vertebrates [13]. Both 

types of immunity consist of several cellular and humoral defense mechanisms. 

With the successful use of vaccination in the western world, infectious diseases became 

less of a concern and instead new classes of diseases moved into focus: autoimmune 

diseases (already described by Ehrlich) as defined as immune responses against the 

organism‟s own components; allergies as an hyperreactivity against otherwise harmless 
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foreign substances and cancer as defined as uncontrolled growth of the organism‟s own 

cells. The immune system plays an important role in combating these diseases and many 

advances in treatment have been made. However, Jenner‟s initial principle to prevent 

disease through vaccination is still considered the „holy grail‟ of immunology. 

In the following, I will try to describe the nature of the immune system, as we understand 

it today. 

 

1.1.1 Anatomy of the immune system 

The immune system consists of many different cell types that can be found in almost all 

tissues and are generated in different organs. Primary lymphoid organs are responsible for 

the generation of immune cells, while secondary lymphoid organs are responsible for the 

generation of an immune response. All immune cells are derived from hematopoietic stem 

cells characterized by the expression of CD34, present in the bone marrow, a primary 

lymphoid organ. Their capacity to give rise to immune cells has led to their use in bone 

marrow transplantation in order to restore the immune system in immunodepleted 

individuals. Depending on the cytokine environment, CD34
+
 cells can either differentiate 

into myeloid precursors that give rise to cells of the innate immune system or lymphoid 

precursors that give rise to natural killer (NK) cells, B cells and T cells. NK cells and B 

cells also undergo early maturation in the bone marrow while T cell precursors 

differentiate in the thymus, the second primary lymphoid organ. Once immune cells have 

been generated they will migrate to secondary lymphoid tissues, such as the skin, spleen, 

regional lymph nodes, Peyer‟s patches in the gut, tonsils or mucosa-/gut-associated 

lymphoid tissue (MALT/GALT). Secondary lymphoid organs can be found throughout the 

body so that a quick, local immune response can be established. However, some sites are 

deprived of immune cells and are called immunoprivileged. These sites include the central 

nervous system (CNS), testis and the eye. Immune cells constantly migrate between 

different secondary lymphoid organs using a specialized system of vessels, the lymphoid 

system. Alternatively, immune cells can be transported in the blood stream and extravasate 

into lymphoid tissue across the endothelial barrier. The loss of primary lymphoid organs 

often leads to immunodeficiency, while the loss of secondary lymphoid organs can be 

compensated for. 

 

1.1.2 Innate immunity 

The innate immune system is the first line of defense against microbial infections and 

protects the organism from its birth onwards. It consists of a set of soluble factors, such as 

the complement system, and cellular components. The basic principle of innate immunity 

is the recognition of danger signals, either pathogen-derived molecules or endogenous 

danger molecules that are only released upon cell death. The most common tool used by 

innate immune cells to recognize danger molecules, is a set of receptors that bind to 

molecules that are normally not expressed by the organism, so called pattern recognition 

receptors (PRRs) [14]. Their ligands are pathogen- or danger-associated molecular 

patterns (PAMPs or DAMPs) and comprise lipids, glycolipids, carbohydrate residues, 

bacterial DNA, viral double stranded RNA (dsRNA) or intracellular molecules such as 

ATP [15, 16]. The best described class of PRRs are so called toll-like receptors (TLRs), a 

class of proteins that recognize most of the above mentioned molecules [17]. In humans, 

13 different TLRs with different ligand specificities have been characterized. Other 

receptor families include nod-like receptors (NLRs) recognizing e.g. muramyl dipeptide or 
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bacterial DNA [18], C-type lectins binding sugar residues on glycosylated molecules [19], 

mannose receptor-binding mannose residues on bacterial surfaces [20], the retinoic acid 

inducible gene I (RIG-I) recognizing RNA viruses [21], or the ATP receptor P2X7 [22]. 

The main effect of PRRs is the initiation of a cellular and humoral immune response by 

triggering four different responses. First, most receptors are coupled to intracellular 

tyrosine kinases that in a sequence of signaling events lead to the activation of the 

transcription factor NFκB. This protein translocates to the nucleus and initiates the 

transcription of proinflammatory cytokines, such as pro-Interleukin-1ß (pro-IL-1β), IL-6, 

pro-IL-18 and TNF-α (see section 1.1.4.3) [14]. Second, some receptors such as the NLR 

cryopyrin (NALP3) recruit caspases and activate a series of reactions collectively termed 

the “inflammasome”. At the end of this cascade stands the activation of caspase 8 that 

cleaves off the pro-domains of pro-IL-1β and pro-IL-18, leading to their secretion as 

active compounds into the extracellular space [23]. Third, some receptors such as TLR4, 

binding to bacterial lipopolysaccharides, will induce phenotypic maturation as defined as a 

change in the protein expression profile, for example in dendritic cells (DCs) and 

macrophages [24]. Fourth, some cells respond to microbial stimuli by secreting soluble 

factors, either as soluble proteins or as membranous vesicles stored under the cell surface 

(mast cells and granulocytes) [25]. Even though there is a common denominator for innate 

immune responses, there is considerable variation in the response depending on the cell 

type or tissue that encounters the initial stimuli. 

 

1.1.2.1 Granulocytes 

As all cells of the immune system, granulocytes are derived from CD34
+
 haematopoietic 

progenitor cells in the bone marrow. They belong to the myeloid lineage and differentiate 

in response to cytokines such as granulocyte, macrophage colony-stimulating factor (GM-

CSF) or IL-5. There are three subtypes of granulocytes that differ in their histological 

appearance and function [26].  

Neutrophils are defined by their neutral appearance in hematoxylin and eosin staining and 

are considered the main phagocytic cell type of the immune system. They account for 

almost 70% of leukocytes and are among the first cells to be recruited to sites of 

inflammation. They migrate towards a gradient of the cytokines IL-1β and IL-8 as well as 

complement factors C5a and the lipid mediator leukotriene B4 (LTB4), by a process called 

chemotaxis. At the inflammatory site, neutrophils are quick to phagocytose the pathogen 

and kill it due to intracellular production of reactive oxygen species (ROS). Phagocytosis 

is dependent on previous opsonisation of the pathogen either via means of the complement 

system or specific antibodies [27]. Alternatively, neutrophils can release granules 

containing bactericidal proteins, defensins or enzymes that act in the extracellular space to 

kill off bacteria [28]. A third mode of defense is related to the short lifespan of neutrophils 

that usually die off after phagocytosis and bacterial killing. Neutrophils can externalize 

their genetic material forming so called neutrophil extracellular traps (NETs) of DNA that 

entrap pathogens and facilitate their phagocytosis by other neutrophils or macrophages 

[29, 30]. 

Eosinophils constitute about 1–5% of all leukocytes and are characterized by their red 

appearance in hematoxylin and eosin staining due to their content of granules that contain 

major basic protein, histamine and eosinophilic peroxidase, which produces ROS in the 

extracellular space. They are recruited by the cytokines IL-3, IL-5 and GM-CSF and 

follow a gradient of eotaxins, leukotriene B4 (LTB4) and CCL5 to arrive at the site of 
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inflammation during the late phase reaction of an immune response [31]. There they 

contribute to the ongoing immune response by releasing their granules and producing 

cytokines such as IL-4, IL-5, IL-6 and IL-13 that shape the adaptive immune system into a 

T helper cell type 2 (Th2) response. They are found in increased numbers in allergies and 

non-allergic asthma [32, 33]. 

Only few basophils exist in human peripheral blood (about 0,1% of leukocytes) and their 

exact function is still unclear. They share similarities with mast cells, since they express an 

immunoglobulin E (IgE) receptor (FcεR) that can be cross-linked by allergen, which leads 

to basophil degranulation. They contain large cytoplasmic granules containing histamine 

and preformed lipid mediators, such as prostaglandins and leukotrienes. Since they also 

produce IL-4 they are associated with Th2-mediated diseases, such as allergies and 

parasitic diseases [34]. Interestingly, two groups have found basophils capable of major 

histocompatibility class II (MHC II) expression, antigen presentation and induction of a 

Th2 immune response, characteristics that were previously only associated with DCs [35, 

36]. This idea is still controversial [37]. 

   

 

1.1.2.2 Dendritic cells 

Dendritic cells owe their name to their characteristic shape with long protrusions that 

emanate from the cell body. As granulocytes, they are derived from myeloid precursors in 

the bone marrow and develop through a series of events to tissue-specific DCs, which are 

well characterized in mice. Here, conventional myeloid DCs (cDCs) are grouped into 

CD8α
+
 or CD8α

-
 cDCs and typically arise from preDCs in the blood, while inflammatory 

DCs arise from monocyte precursors in the blood. The cytokines fms-like tyrosine kinase 

three ligand (Flt3L) and GM-CSF are important for DC generation and differentiation [38, 

39]. A third type of DC is the plasmacytoid DC that develops from a separate bone 

marrow precursor [40]. 

Most DCs are located in mucosal tissues but both myeloid and plasmacytoid DCs can also 

be found in low frequency in peripheral blood (~0.5% of peripheral blood mononuclear 

cells). In the absence of a danger signal, DCs are considered immature. They have a high 

phagocytic and endocytic capacity and sample the environment for antigen. DCs typically 

express MHC class I and II, the lipid antigen-presenting molecule CD1, the integrin 

CD11c, the adhesion molecule ICAM-1 (CD54) and low levels of the co-stimulatory 

molecules CD40, CD80 and CD86 [41]. 

Myeloid DCs recognize pathogens through PRRs [42]. In response, the pathogen is 

phagocytosed and degraded in the lysosome at acidic pH. MHC class II molecules coming 

from the endoplasmic reticulum are then loaded with pathogen-derived antigens under 

acidic conditions and are transported to the cell surface for subsequent presentation to 

naïve T cells [43]. At the same time, DCs mature and upregulate levels of CD40, CD80 

and CD86, necessary for co-stimulation of T cells; the chemokine receptor CCR7, 

necessary for migration to CCL19 expressing lymph nodes; and cytokines like IL-12 that 

further shape T cell activation [43]. Mature DCs can also present phagocytosed antigen on 

MHC class I molecules, a process called antigen cross-presentation [44, 45]. In mice, 

CD8α
+
 DCs are the most potent cross-presenting DC subtype and can be found in the 

spleen and lymph nodes of mice [46]. Recent observations suggest that antigen-loading in 

cross-presenting DCs requires basic pH [47]. 
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Plasmacytoid DCs are believed to have low phagocytic capacity. However they are highly 

responsive to activation through TLR7, recognizing viral ssRNA, and TLR9, recognising 

C poly G oligodeoxynucleotides (CpG-ODN) that are found in bacterial or viral DNA 

[48]. Plasmacytoid DCs respond by producing type I interferons (IFN-α, IFN-β) that have 

broad effects on antiviral immunity. For example, IFN-α has been shown to induce the 

expression of MHC class I related chain A and B (MICA, B), ligands for the activating 

receptor NKG2D on NK cells, γδ T cells, NKT cells and CD8
+
 T cells [49]. 

After maturation, DCs will migrate towards draining lymph nodes where they present 

antigen to naïve T cells. Antigen presentation to T cells occurs after formation of an 

immune synapse between the two cells. CD54 of the DC binds CD11a/CD18 (LFA-1) on 

the T cell, establishing a strong cell-cell contact that forms a synapse between the DC and 

the T cell [50, 51]. Synapse formation leads to plasma membrane rearrangement and a 

concentration of MHC classI/II, CD80, CD86 on the DC, and TCR, CD4 and CD28 on the 

T cell to the centre of the synapse. Three signals will then determine the outcome of the T 

cell response: 1) antigen recognition via the MHC class II/TCR, CD4 or MHC class 

I/TCR, CD8 interaction, 2) co-stimulation via CD80/CD28 or CD86/CD28 binding and 3) 

the local cytokine environment [43]. 

Due to their immunostimulatory capacity, DCs have been tested as cancer treatment in 

several clinical trials using antigen-loaded DCs to stimulate cancer specific T cell 

responses [52, 53]. However, DC-based vaccines have not yet succeeded in inducing long-

lasting antitumor immunity with corresponding clinical responses. This may be due to the 

inability to overcome already established tumor tolerance or by a tolerance inducing tumor 

microenvironment [54].  

 

1.1.2.3 Monocytes/Macrophages 

Monocytes and macrophages are cell types of the myeloid lineage. Monocytes are blood-

borne precursors of macrophages that are found in skin or mucosal tissues. Monocytes 

extravasate into the inflammatory site in response to inflammatory cytokines, such as 

TNF-α, and differentiate either into DCs or macrophages, depending on the local cytokine 

environment [55]. The main role of macrophages in the immune system is the 

phagocytosis and killing of opsonized pathogens, removal of debris from the inflammatory 

site and the instruction of tissue repair. Macrophages become activated via TLR 1, 2, 4, 6 

or 8, via complement receptors or via Fcγ receptors upon recognition of opsonized 

pathogens. Activation leads to production of ROS in phagosomes that kill the bacteria. 

Similar to DCs, macrophages can then present antigen to T cells via their MHC molecules, 

although their expression of MHC class II is much lower than in DCs. Together with their 

production of IFN-γ, macrophages are prone to induce cytotoxic CD8
+
 T-lymphocyte 

responses and Th1-type of immunity [56]. 

Macrophages are also equipped with a variety of scavenger receptors such as CD36, 

MARCO, Siglec molecules, TIM receptors etc. They recognize lipids or sugar residues on 

glycosylated proteins expressed e.g. on cellular debris or on apoptotic cells and mediate 

uptake by macrophages [57]. Deficiencies in these mechanisms link macrophages to the 

development of autoimmune disease [58]. 

 

1.1.2.4 NK cells 

Natural killer cells are not derived from the myeloid compartment of the bone marrow, but 

have a lymphoid progenitor. They were initially described as lymphocytes that mediate 
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antibody dependent cytotoxicity independent of B and T lymphocytes [59, 60]. NK cells 

express receptors for the Fc parts of immunoglobulins and upon binding to opsonized 

pathogens secrete the cytotoxic molecules perforin and granzyme as well as high amounts 

of IFN-γ. NK cells are monitoring the expression of MHC class I molecules on the surface 

of surrounding cells through killer cell immunoglobulin (Ig)-like receptors (KIR), a class 

of inhibitory receptors. NK cells are educated to recognize the organism‟s own MHC class 

I repertoire. In the absence of self MHC class I, e.g. during transplantation or in tumors 

that downregulate MHC class I expression, NK cells become activated by the lack of 

inhibitory stimulus through the KIR receptors, a phenomenon known as the missing-self 

theory [61, 62]. A third way of activating NK cells is through activating receptors such as 

NKG2D, which ligands are upregulated on e.g. tumor cells and activated DCs [49, 63]. 

Thus NK cell regulation is a balance between activatory and inhibitory signals and 

dysregulation can lead to NK cell overactivation and autoimmune disease [64]. Further, 

NK cells are important in shutting off the immune response as they can kill activated DCs 

and thus silence antigen presentation and the following immune response [65]. Recently 

NK cells were also shown to develop immunologic memory, however it is not fully 

understood how this is generated [66, 67]. 

  

1.1.2.5 NKT cells 

Natural killer T cells are another type of innate immune cell with lymphoid origin. They 

have been shown to have a profound effect on the ensuing adaptive immune response, 

although they are only very few in numbers (0.001 – 0.1% of leukocytes in human 

circulation). NKT cells are characterized by sharing features of NK cells and T cells. They 

express typical NK cell markers such as NK1.1 or NKG2D and can secrete perforin and 

granzyme upon activation but also possess a T cell receptor (TCR). In contrast to typical 

TCRs, the NKT cell receptor is called semi-invariant since its repertoire only consists of a 

few α- and β-chains. NKT cells can be activated via antigen presentation of lipids or 

glycolipids by a MHC like molecule, CD1. There are two main types of NKT cells, type I 

or invariant NKT cells, recognizing the prototypical ligand α-galactosylceramide 

(αGalCer), and type II NKT cells, recognizing sulfatide [68]. Invariant NKT cells (iNKT 

cells) express a TCR that consists of a Vα14Jα18 chain and one of three β-chains (Vβ2, 

Vβ7 or Vβ8.2; the NKT cell TCR consists of Vα24Jα18 and Vβ11 in human) while type II 

NKT cells have a higher variability in their α-chain repertoire.  

Upon activation through their TCR, iNKT cells release high amounts of the cytokines IL-

2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, IL-21, IFN-γ, GM-CSF and TNF-α [69]. In 

vivo administration of αGalCer revealed that the peak concentrations of cytokines are 

reached already 6 hrs after administration [70], which is in part due to the presence of pre-

stored mRNA molecules in NKT cells [71]. Which cytokine is produced, depends on the 

subtype of NKT cells, the ligand that is presented on CD1, and on the cytokine 

environment during activation. Invariant NKT cells are classified into CD4
-
 and CD4

+
 

NKT cells that differ in their capacity to produce cytokines. While IFN-γ is produced by 

both cell types upon stimulation, IL-4 is predominantly released from CD4
+
 NKT cells 

[72]. The initial studies on NKT cells were performed with the prototypic ligand αGalCer, 

derived from the marine sponge Agelas mauritianus [73]. In recent years, new ligands 

from the bacteria Sphingomonas aeruginosa and Borrelia burgdorferii have been 

discovered that modify the NKT cell cytokine profile [74, 75].  αGalCer and its synthetic 

analog OCH [76] have been shown to induce Th2-type cytokines [77, 78] while other 
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synthetic ligands lead to a more pronounced Th1 cytokine profile. CD1 also presents 

endogenous ligands to NKT cells in a steady state. The lysosomal sphingolipid 

isoglobotrihexosylceramide (iGb3) has been suggested to be involved in NKT cell 

development and immune functions [79]. A recent paper suggests that iGb3‟s presentation 

on CD1d can be enhanced after TLR stimulation [80]. 

To exert their function, NKT cells are dependent on IL-12 but also IL-7, IL-15 and GM-

CSF have been reported to contribute to NKT cell function [81-83]. Besides TCR- and 

cytokine-dependent activation, NKT cells also express NKG2D and can be activated by 

NKG2D ligand-expressing cells [84]. 

Activation of NKT cells has a myriad of effects on the subsequent immune response. The 

initial interaction is a crosstalk with ligand-presenting DCs where the NKT cell instructs 

the DC to release IL-12 and CCL17 [85, 86]. IL-12 upregulates the expression of e.g. IFN-

γ, which activates surrounding innate immune cells, such as NK cells [87]. CCL-17, on the 

other hand, attracts CD4
+
 and CD8

+ 
T cells to the “licensed” DC, thus increasing efficacy 

for antigen presentation [86]. NKT cell activation also leads to increased B cell and 

antibody responses that can occur both T cell-dependently and -independently [70, 88-90]. 

NKT cell receptor ligands, such as αGalCer, are attractive compounds for clinical use due 

to the strong effects on the immune response. However, no significant success in cancer 

treatment has been achieved using either αGalCer-stimulated NKT cells or αGalCer-

loaded DCs [91-93], possibly due to reduced function of NKT cells in cancer patients [94]. 

Using CD1 ligands in vaccines against infectious diseases has shown promise in pre-

clinical studies but needs to be verified in a clinical setting [95].   

 

1.1.2.6 γδ T cells 

Similar to NKT cells, γδ T cells are a specialized subset of T cells that are considered part 

of the innate immune system. They are predominantly found in intraepithelial parts of 

mucosal tissues but also in the spleen. Their TCR includes restricted segments of the Vγ 

and Vδ chain and does not recognize antigens via classical MHC- dependent antigen 

presentation [96]. In humans, γδ T cells are activated via CD1c, and in mice via similar 

molecules called T10 or T22, MHC like molecules that present foreign non-peptide 

antigen to the γδ TCR. Other forms of activation include recognition of endogenous stress 

molecules such as MICA or MICB via NKG2D, or DAMPs via PRRs. Once activated, γδ 

T cells display various effector functions that include cytotoxicity via perforin and 

granzyme, induction of apoptosis via Fas/FasL interactions or release of IFN-γ and IL-17 

[97]. Especially their capacity to be an early producer of IL-17 has put γδ T cells into the 

focus of mucosal immunity but also of cancer immunotherapy [98-100]. 

Several pre-clinical studies attribute γδ T cells an important role in the defense against 

malignancies, especially in cutaneous tumors and in virus-induced cancer [101-104], and 

γδ T cells are recognized for possible use in cancer immunotherapy [105]. 

 

1.1.3 Adaptive immunity 

The adaptive immune system is the second line of defense and has developed in recent 

evolutionary history with the appearance of jawed vertebrates. It consists of T- and B cells, 

which carry surface receptors with high ligand specificity. In fact, these receptors are 

unique for each cell and recognize only small parts of an antigen, so called epitopes. 

Several cells can recognize different epitopes of the same antigen. In contrast to the 

conserved receptors of the innate immune system, adaptive immune receptors are not 
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encoded in the genome as a single gene sequence but as a set of genes that are rearranged 

and combined during early development of adaptive immune cells. Thus, each organism 

has a unique set of adaptive immune cells and develops an individual immunologic 

memory. 

Cells that recognize their antigen during infection become activated and will undergo 

several circles of self-reproduction, so-called “clonal expansion”, to increase the number 

of cells that can mount an immune response against the infectious agent. This auto-

reproduction is driven by the cytokine IL-2 that is produced by the activated immune cells 

themselves. Some of the cells will develop into effector cells, which fight the infection, 

and some cells will become memory cells, which will become activated upon a second 

exposure to their antigen. All vaccines try to establish a broad repertoire of memory cells 

that can be activated upon re-infection with the pathogen. However, it becomes more and 

more evident that the preceding innate immune response is important for the development 

of the adaptive memory response.  

 

1.1.3.1 T cells 

T cells have received their name due to their development in the thymus. As all adaptive 

immune cells, they originate from a lymphoid precursor in the bone marrow that migrates 

into the thymus where selection occurs. At this stage all T cells are termed thymocytes and 

express a rearranged TCR as well as the co-receptor molecules CD4 and CD8. Selection 

occurs in two rounds: positive and negative selection. During positive selection T cells that 

recognize MHC/peptide complexes on cortical thymic epithelial cells (cTECs) will survive 

and proceed to negative selection. If recognition occurred via a MHC I molecule, the T 

cell will retain CD8 on its surface, and if it occurred via MHC II, T cells will retain CD4. 

During negative selection in the thymic medulla, thymocytes that exhibit too strong 

binding to self-antigens/MHC complexes will be removed by apoptosis to eliminate 

possible autoreactive cells. Approximately 5% of all thymocytes survive the selection 

process and go on to circulate through blood and the lymphatics, ready to respond to an 

antigenic stimulus [106]. 

Both CD4
+
 and CD8

+
 T cells are located in the T cell zone in lymphoid organs, where they 

can interact with antigen-presenting DCs. DCs either present antigen on their MHC class I 

through cross-presentation to CD8
+
 T cells or on their MHC class II to CD4

+
 T cells. 

Antigen presentation in the absence of co-stimulatory molecules such as CD80 or CD86 

leads to T cell unresponsiveness, also called anergy. T cells, which have been activated by 

mature DCs, will differentiate into either CD4
+
 T helper cells (Th cells) or CD8

+
 cytotoxic 

T lymphocytes (CTLs) [107, 108]. 

After activation, Th cells upregulate the adhesion molecule CD44 and can acquire 

different phenotypes, depending on the cytokine environment during activation [109, 110]. 

Presence of IL-12 will lead to expression of the transcription factor t-bet in T cells and an 

acquisition of a Th1 phenotype, which is associated with bacterial inflammation and IFN-γ 

production [111]. Presence of IL-4 leads to development of Th2 cells, driven by the 

transcription factor GATA-3 [111]. Th2 cells are associated with parasitic infections and 

allergies and production of high levels of IL-4. Th17 cells are induced by the cytokines IL-

6, IL-21 and IL-23 while their effector cytokines IL-17, IL-21 and IL-22 are driven by the 

transcription factor RORγT [112]. They have been implicated in mucosal immunity 

against bacteria and fungi, are proposed to inhibit tumor development but also seem to 

drive autoimmune diseases [113]. Other types of T-helper cells have been reported, such 
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as IL-9 producing Th9 cells [114], but no conclusive evidence has yet been presented. A 

different type of CD4
+
 T cell is the Foxp3

+
 regulatory T cell, which is induced by TGF-β 

and expresses the immunosuppressive cytokine IL-10 [115, 116]. They have been shown 

to downregulate antigen-specific T cell responses and exhibit unspecific bystander 

inhibition of T cell responses.  

Besides cytokine production, CD4
+
 T cells contribute to the immune response by 

regulating B cell responses. Activated helper T cells will migrate to the border of the B 

cell/T cell zone were they become further activated. B cells that have taken up antigen 

through their B cell receptor will present it to antigen-specific CD4
+
 T cells and form a so 

called cognate B/T cell interaction [117]. T cells express CD40L, which binds to CD40 on 

B cells and licenses them to proliferate and to enter the germinal center reaction [118]. A 

subset of T cells, the T follicular helper cells (Tfh-cells), are important for the formation of 

germinal centers (GC). The cytokine that is released by Tfh-cells during the GC reaction is 

important for the antibody isotype that plasma cells will produce [119]. 

CD8
+
 cytotoxic T cells also upregulate CD44 after activation, and release IFN-γ, and thus 

support macrophage function and Th1-type immunity. CTLs respond to MHC class 

I/peptide complexes that are expressed by i.e. tumor cells, virus-infected cells or cross-

presenting DCs. Here, CTLs directly lyse target cells via release of perforin and granzyme 

that induce pore formation and apoptosis in the target cell. An alternative effector function 

is the expression of FasL that induces apoptosis in Fas-expressing cells, a mechanism 

important in T cell homeostasis and resolution of inflammation [120]. Some studies have 

been published on different CTL subtypes. Type 1 CTLs (Tc1) are supposed to correspond 

to Th1 cells, are generated in an IL-12 environment and release mostly IL-2 and IFN-γ 

[121]. Tc2 cells in turn correspond to Th2 cells, are generated in an IL-4 environment and 

release IL-4, IL-5 and IL-10 [122]. 

 

1.1.3.2 B cells 

B cells are also derived from a lymphoid precursor, but in contrast to T cells, most of their 

development takes place in the bone marrow. Their name derives from the bursa fabricius, 

which is responsible for B cell maturation in birds, the first species in which B cells were 

defined. Each B cell is highly specific for the ligand it can recognize. Similar to T cells, B 

cells recognize their specific antigen through a unique B cell receptor (BCR) that is 

generated through rearrangement of several gene segments during early development [33, 

123]. The BCR consists of two heavy and two light chains each, with the heavy chains 

being inserted in the plasma membrane. The BCR has several intracellular adaptor 

molecules, such as the bruton tyrosine kinase (btk), that signal upon ligand binding. The 

specificity of the BCR is determined by gene rearrangements for heavy and light chains 

and through complementarity determining regions (CDRs) in the antigen-binding domains 

[124]. B cells are selected via negative selection in the bone marrow. Upon binding of the 

BCR to self-antigens, B cells either become apoptotic or undergo several rounds of 

receptor rearrangement that changes the BCR specificity. If the BCR does not bind self-

antigens, the B cell matures and migrates to the periphery [123]. 

B cells circulate in the blood stream and the lymphatics and are ready to respond to an 

antigenic stimulus. The main function of B cells is to secrete a soluble form of their B cell 

receptor, an antibody. Antibodies are responsible for many of the effector functions of the 

immune system, such as phagocytosis by macrophages or cytolysis by NK cells, but can 



 

  15 

also inactivate pathogenic organisms due to neutralization of microbial molecules and 

toxins [33].  

B cells are classified into innate-like B cells, such as B-1 B cells that are mostly found in 

the peritoneal cavity, or marginal zone B cells (MZBs) and classical, follicular B cells that 

reside in B cell follicles in lymphoid tissues. B-1 B cells already develop in the fetus and 

are characterized by expressing CD5, having a limited BCR specificity and secreting high 

levels of IgM antibodies after recognition of glycosylated antigens [125]. MZB cells are 

resident B cells located in the marginal sinus of lymph follicles. Although similar to B-1 B 

cells in their restricted BCR-specificity, they express high amounts of the complement 

receptor CD21 and the lipid antigen-presentation molecule CD1d in mice [126]. Recent 

studies suggest that MZBs are responsible for antigen capture from the blood and its 

transport into the lymphoid follicles, possibly via complement receptors [127]. They might 

also bridge innate and adaptive immunity due to their close interaction with DCs, 

macrophages and NKT cells [128]. Follicular B cells give rise to the T cell- dependent 

antibody response. Initial activation of follicular B cells occurs on follicular DCs, on 

which soluble antigen is deposited in the form of antigen/antibody/complement complexes 

[129] or possibly exosomes. Follicular B cells recognize antigen via the BCR, upregulate 

CD40 expression and migrate to the B cell/T cell interface, waiting for final activation 

through a cognate B/T cell interaction. Once activated, follicular B cells secrete high 

amounts of IL-2, undergo clonal expansion and form germinal centers, in which final B 

cell maturation occurs. Germinal center B cells are characterized by high expression of 

Fas, rendering them sensitive to apoptosis induction via FasL-expressing cells [130].  

In a germinal center reaction, B cells further increase the specificity of their BCR by 

processes called affinity maturation and somatic hypermutation. Affinity maturation 

describes the selection of B cell clones that have high affinity for the antigen, while clones 

with low affinity are deleted. During somatic hypermutation a cellular enzyme machinery 

randomly exchanges nucleotides in the CDRs and thus modifies the amino acid sequence 

and ligand specificity of the BCR [131]. B cells also change the isotype of their B cell 

receptor by gene rearrangement of their heavy chain genes. This is mainly driven by 

cytokines provided by T follicular helper cells. Here, Th1 type T follicular helper cells 

drive development of IgG2a antibodies while Th2 cells lead to IgG1 and IgE responses. 

High affinity clones will then develop into antibody-producing plasma cells or antigen-

specific memory cells [132]. Plasma cells downregulate surface expression of their BCR 

and secrete high levels of immunoglobulins. Memory B cells maintain their BCR 

expression but remain inactive until restimulation with antigen, upon which they can 

rapidly develop into plasma cells [133]. Recent studies suggest that low affinity memory 

cells are formed in the early stages of the germinal center reaction and locate to 

extrafollicular foci. These cells are believed to serve as a reservoir of antigen-specific cells 

that can quickly reestablish a new germinal center reaction. 

An alternative to BCR-mediated B cell activation, is ligand recognition via innate immune 

receptors, such as TLRs. These responses are known as T-independent responses and 

result in polyclonal activation of B cells and secretion of low affinity IgM or IgD 

antibodies. This is believed to be an effective defense in acute bacterial infection but it is 

also correlated to autoimmune disorders, since autoreactive B cell clones can be activated 

[134]. B cells also have a dominant role in allergic diseases, where IgE antibodies against 

allergens lead to activation of mast cells and a subsequent allergic immune reaction [135]. 

New treatments for allergies try to shift the antibody response away from IgE towards 

neutralizing IgG4 or Th1 type of response [136]. 
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1.1.4 Soluble mediators 

Many of the immune effects that lead to inflammation are due to soluble mediators that act 

at distance from the cell of origin. Soluble mediators can be single molecules, lipids or 

proteins, or complex membrane vesicles containing several effector molecules. They can 

act directly by killing or neutralizing the pathogen. They can also act indirectly by binding 

to pathogens and mediating their uptake by other immune cells, a process called 

opsonisation. Since one mediator might have multiple receptors, its effect depends on the 

receptor distribution on the target cell. In the following section, I will discuss the most 

important groups of single-molecular soluble mediators.  

 

1.1.4.1 Complement 

The complement system is a set of molecules that is secreted by the liver as inactive 

proteins that become activated by a series of proteolytic cleavages. It serves two purposes: 

1) opsonisation of pathogens to mediate uptake by phagocytic cells, or 2) complement-

mediated lysis through formation of a membrane attack complex (MAC) [33]. Three 

different events can initiate the complement cascade: 1) binding of the multivalent protein 

C1q to Fc-parts of antibodies [33], 2) binding of mannan-binding lectin (MBL) to mannan 

on bacterial cells [33, 137], or 3) autoactivation of the complement factor 3 and its 

deposition on bacterial surfaces [33]. Initial binding of C1q and MBL will lead to 

recruitment of further complement factors that together gain catalytic activity and cleave 

pro-forms of the complement protein C3 into the chemotactic compound C3a and the 

opsonizing C3b. C3b is the main complement protein recognized by complement 

receptors such as CD21 on MZBs. If opsonisation does not lead to phagocytosis, C3b can 

form enzyme complexes with other complement factors. They cleave and recruit further 

complement factors C5b - C9 that form the MAC, a pore-forming complex [138]. Host 

cells are protected from complement- mediated lysis by the expression of inhibitory 

molecules, such as CD55 and CD59 that interfere with enzyme complexes and MAC 

formation [139]. 

 

1.1.4.2 Antibodies 

Antibodies are secreted by plasma cells and serve four major purposes in the immune 

response: 1) neutralization, 2) complement activation, 3) opsonisation, and 4) antibody- 

dependent cell-mediated cytotoxicity (ADCC) [33, 140]. Antibodies consist of an antigen 

binding Fab-part and an Fc-part that can be bound by Fc-binding receptors. The Fab-part is 

important in neutralizing pathogens by binding to its surface molecules, thus interfering 

with its life cycle and pathogenicity. Antibodies that have bound to microbial surfaces are 

adaptors for complement-mediated effects. Macrophages, neutrophils and NK cells 

express Fc-receptors against IgG antibodies, while mast cells capture IgE molecules 

through Fcε-receptors. In the case of macrophages and neutrophils, Fc-recognition leads to 

phagocytosis of the pathogen, whereas recognition by NK cells leads to secretion of 

perforin and granzyme and direct killing of the pathogen via ADCC. Antibodies are major 

effectors of the immune system and the success of vaccination is evaluated by measuring 

induced antibody levels in the patient‟s serum. They can also be transferred between 

individuals to help fighting an ongoing immune response or to protect from infection 

(passive immunization). Injection of purified immunoglobulins is widely used as treatment 
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for antibody-mediated autoimmunity, and a recent report suggests that this depends on a 

Th2 shift of the immune response [141].    

 

1.1.4.3 Cytokines & Chemokines 

Cytokines and chemokines constitute the most diverse group of soluble mediators. 

Chemokines are small proteins of ~10 kDa in size and are the major contributors to cell 

migration. They bind to chemokine receptors on the cell surface and induce rearrangement 

of the cytoskeleton to allow for directed migration of the cell. As a consequence, cells 

downregulate the level of chemokine receptors on the surface, rendering cells less 

sensitive to the chemokine. Cells can thus follow a gradient of increasing chemokine 

concentrations. Chemokines are important for the immune response as they play a crucial 

role in attracting cells to the site of inflammation. IL-8 (CXCL8) is a major 

chemoattractant for neutrophils, while CCL11, 24 and 26 (also known as eotaxins) attract 

eosinophils. CCL17 and CCL22 have been reported to be important for CD8
+
 T cells and 

might also have a role for CD4
+
 T cells [86]. 

Cytokines are a group of larger proteins that can exist as monomers, homodimers or 

heterodimers. They bind to cytokine receptors, which can mediate various functions 

depending on the cell type the receptor is expressed on. The biggest group of cytokines is 

interleukins that transfer signals between leukocytes. Interleukin-1 (IL-1), the main fever-

inducer, is a major pro-inflammatory cytokine that is activated by cleavage into IL-1α and 

IL-1β by caspases of the inflammasome [142]. It is often released together with IL-18, a 

related cytokine with immune-potentiating function. TNF-α is a cytokine with similar 

functions. It mediates vasodilation, and the expression of adhesion molecules on 

endothelial cells that allow leukocytes to adhere and migrate into the inflamed tissue. 

Interferons are another group of cytokines that shape the immune response at an early 

stage [143]. IFN-α and -β are called type I interferons and are mainly secreted by 

plasmacytoid DCs. They mediate antiviral effects by shutting off transcription and 

inducing RNases to destroy viral RNA. IFN-γ is a type II interferon produced by 

macrophages, NK cells, CTLs and Th1 cells. It is the main cytokine involved in type I 

adaptive immune responses and induces production of IL-12 in DCs, antibody class-

switching to the IgG2a subtype and an upregulation of MHC molecules to increase antigen 

presentation. IL-12 in turn is crucial for the induction of Th1 cells. It is a heterodimeric 

cytokine consisting of a 40 kDa (p40) and a 35 kDa (p35) subunit. It shares its p35 subunit 

with IL-17, the major cytokine of Th 17 cells, which mediates the recruitment of 

inflammatory cells in the late phase of an immune reaction. IL-4 is the main cytokine of 

Th2 responses and induces antibody class switch to IgE while inhibiting type I cytokines. 

It synergizes with IL-13 and is often associated with IL-5 that mediates eosinophil 

accumulation in tissues [33]. 

Cytokines can also act as growth factors. Granulocyte, macrophage colony stimulating 

factor (GM-CSF) is released during inflammation to stimulate the differentiation of 

granulocytes and macrophages from myeloid precursors in the bone marrow. IL-3 is an 

essential growth factor for myeloid cell development while IL-2 is the major cytokine that 

drives clonal expansion of activated lymphocytes [33]. 

 

1.1.4.4 Lipid Mediators 

Lipid mediators are an often neglected but important class of mediators. They are derived 

from membrane phospholipids through enzymatic cascades, often initiated by calcium-
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influx through Ca
++

-channels at the plasma membrane or the endoplasmic reticulum. 

While cytokine production depends on protein biosynthesis that requires hours, lipid 

mediators are derived through enzymatic reactions and can reach high concentrations after 

a few minutes. Calcium-dependent phospholipases such as PLA2 cleave the ester bond of 

phospholipids in the nuclear membrane yielding arachidonic acid (AA) [144]. All 

subsequent derivatives of AA are collectively termed eicosanoids.  

Several enzymatic cascades compete for the substrate AA. Enzyme expression and 

posttranslational modification determines which subclass of lipid mediators cells produce. 

Cyclooxygenases-1 and -2 (COX-1, -2) will produce prostaglandin H2 (PGH2), which is an 

intermediate substrate for terminal synthases that will produce prostaglandins, 

prostacyclins and thromboxanes as final mediators. Prostaglandins are known for their 

pro-inflammatory role and fever induction. Thromboxanes mediate platelet aggregation 

and vasoconstriction and have a function in wound healing [145, 146]. These effects are 

antagonized by the COX inhibitor acetylsalicylic acid (aspirin), which is widely used in 

the clinics. 

A different class of enzymes for conversion of AA includes 5-, 12- and 15-lipoxygenase 

(LO). All reactions involving lipoxygenases are catalyzed at the membrane and are Ca
++

-

dependent. They differ in the position in which they incorporate molecular oxygen into 

AA. 12- and 15- lipoxygenase oxidize carbon double bonds at the 12
th

 and 15
th

 C-atom, 

respectively, creating 12- and 15-hydroxy eicosatetraenoic acids (12- and 15-HETE). Not 

much is known about these substances but they are believed to be weak chemoattractants 

for granulocytes.  

Five-LO (5-LO) produces an unstable metabolite, 5-HPETE, that is quickly metabolized 

to leukotriene A4 (LTA4) [147]. LTA4 can be converted to LTB4 by the cytosolic 

leukotriene A4 hydrolase (LTA4H), or to LTC4, by LTC4 synthase, which is located at the 

nuclear membrane (Fig. 1). Peptidases can further convert LTC4 to LTD4 and LTE4, which 

are collectively termed cysteinyl leukotrienes (cysLTs). 

Both cysLTs and LTB4 are highly potent and are effective at picomolar concentrations 

upon binding to their receptors: BLT 1/2 for LTB4 and cysLT 1/2 for LTC4. Their effects 

are best described in bronchial asthma. Together with IL-8, LTB4 is a strong 

chemoattractant for neutrophils and a major contributor to neutrophil accumulation during 

early inflammation. Moreover, LTB4 contributes to Fcγ-dependent phagocytosis, ROS-

production by macrophages or release of antimicrobial peptides [147]. Several studies 

have also linked LTB4 to adaptive immunity. It affects DC migration [148, 149], Th2 

development [150], and it has chemoattractant effects on activated CD8
+
 T cells and 

recruits them to the site of inflammation [151-155].  

Cysteinyl leukotrienes were first described as slow-reacting substances of anaphylaxis. 

They are known to cause smooth muscle contraction, edema formation and mucus 

secretion, especially in the lung. LTC4 increases the production of Th2 cytokines, like IL-

13, and contributes to eosinophil accumulation, airway remodeling and thus chronic 

disease. LTC4 appears to have an important effect on DC maturation and migration. 

Knocking out the intracellular transport protein for LTC4 resulted in accumulation of DCs 

at mucosal surfaces due to their inability to migrate to draining lymph nodes [156]. 

CysLTs also contribute to DC maturation, upregulate expression of cytokines, MHC and 

co-stimulatory molecules and enhance antibody production in activated B cells [157-160]. 

The cysLT1 antagonists montelukast, pranlukast and zafirlukast are often used in 

combination with corticosteroids to treat allergic rhinitis or asthma, while the 5-LO 

inhibitor zileuton is only used in severe cases of asthma due to hepatotoxic side effects 

[161].  

C 
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Fig. 1 Cellular synthesis of leukotrienes  

 

(A) 1) The cell encounters a stimulus (fungi, bacteria, etc.) that leads to an increase in intracellular Ca
++

 

levels. 2) Ca
++

 is needed for downstream kinases to phosphorylate the cytosolic enzymes cPLA2 and 

5-LO (pictured with its chaperone coactosin-like protein (CLP)). 3) Both enzymes translocate to the 

nuclear membrane after phosphorylation. 

(B)  cPLA2 cleaves nuclear membrane phospholipids into Arachidonic acid (AA). AA serves as a 

substrate fur 5-LO, which in the presence of CLP and 5-LO activating protein (FLAP) metabolises 

AA to LTA4. 

(C) LTA4 is an instable compound and is quickly metabolized to LTB4 in the presence of cytosolic LTA4 

hydrolase (LTA4H) or to LTC4 in the presence of LTC4 synthase (LTC4S) on the nuclear membrane. 

The active leukotrienes can then cross the membrane and bind autocrine or paracrine to cysteinyl LT 

receptors 1 or 2 (cysLTs= LTC4, LTD4, LTE4 which are derivates of LTC4) or to B leukotriene 

receptors 1 or 2 (BLT1/2) 

 

 

 

A 
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1.2 EXOSOMES 

Exosomes are membrane vesicles released by various eukaryotic cells and can mediate 

multiple signals to one cell at the same time. No exosome-specific molecule has been 

described yet, which is why several characteristics, such as density, size and origin, are 

used to define exosomes. 

 

1.2.1 Hallmarks of exosomes 

1.2.1.1 History 

The term “exosome” was first suggested in 1981 to describe exfoliated membrane vesicles 

that contained enzymes for adenosine production [162]. In 1983, reticulocytes were found 

to release membrane vesicles. The pioneering work of R. Johnstone showed that it was a 

way to externalize superfluous proteins, such as the transferrin receptor during maturation 

to erythrocytes [163-165]. In 1996, the discovery of antigen-presenting vesicles in B cell 

cultures turned the focus of exosome research on their functions in the immune system 

[166]. Two years later, exosomes from DCs pulsed with cancer peptides were shown to 

successfully eradicate established tumors in mice [167]. These initial studies fueled 

interest in using exosomes as vehicles for use in immunotherapy and vaccine 

development. In 2002, exosomes were isolated from malignant effusions and this, together 

with the finding that exosomes can shuttle miRNA and mRNA between cells, led to that 

exosomes are now being investigated for their use as non-invasive disease biomarkers 

[168, 169].  

 

1.2.1.2 Definition 

Exosomes are complex soluble mediators, defined as membrane vesicles with a size of 

around 100 nm, and derive from membranes of the endosomal compartment. They contain 

proteins, lipids and RNA molecules and are devoid of markers of the endoplasmic 

reticulum (Fig. 2) [169, 170]. Exosomes float in sucrose gradients in density fractions of 

about 1.10 – 1.20 g/ml [166]. However, there is a discussion about the distinction between 

exosomes and microvesicles, larger vesicles derived from the plasma membrane [171]. 

Traditionally, exosomes were prepared from culture supernatants or body fluids using an 

ultracentrifugation protocol. Differential centrifugation at 100,000 x g yielded the 

exosomal pellet, while centrifugation at 10,000 x g was used as the final step for 

microvesicles [172]. However, electron microscopy analysis revealed that microvesicle 

preparations also contained vesicles in the exosomal size range. More recent, size-based 

preparation protocols using ultrafiltration, dialysis or column separation have not resulted 

in a better distinction between the two vesicle populations. Density-based exosome 

preparation methods, such as sucrose gradient or sucrose cushion centrifugation, are the 

most accepted preparation methods to yield pure populations [172, 173]. However, density 

ranges for microvesicles and exosomes overlap. As of now, separation on single-exosome 

level, based on surface molecule expression, is not possible due to hardware limitations on 

conventional flow cytometers. Recently developed nanoparticle tracking devices can 

measure particle size and potentially surface molecule expression on a single particle 

basis.  They might also serve as a tool to improve exosome quantification, which is 

currently based on the measurement of exosomal protein using Bradford assays. However, 

no consensus on standardized preparation methods and terminology could be reached at 

the recent “International Workshop on Exosomes” in Paris, 2011. These practical issues 
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Fig. 2 Schematic view of typical components of an APC-derived exosome  

Exosomes are typically enriched in tetraspanins CD9, CD63 and CD81, contain MHC class I and 

II molecules and carry heat shock proteins as well as micro RNAs and mRNAs. Exosomes from 

APCs can also carry co-stimulatory molecules such as CD40, CD80 or CD86, the lipid antigen-

presenting molecule CD1d.  

 

should be taken into consideration when drawing conclusions about exosome- or 

microvesicle-mediated effects.  

Exosomes also share similarities with apoptotic cells, since they express apoptotic 

proteins, such as Alix and phosphatidylserine, a hallmark of apoptotic cells. However, 

proteomic analysis found that these vesicle populations are distinct from each other. 

Apoptotic cells contain high amounts of histone proteins that are not present in exosomes, 

they float at higher densities than exosomes (1.24 – 1.28 g/ml), and appear as bigger 

electron dense structures in electron microscopy [174]. 

 

 

1.2.1.3 Exosome biogenesis 

Exosome generation begins at the late endosomal membrane. Early electron microscopy 

studies observed electron dense vesicles inside bigger vesicles, called multivesicular 

bodies (MVBs). These small vesicles expressed endosomal markers such as the 

tetraspanins CD9, CD63, CD81 and CD82 (Fig. 2) [175]. It is believed that these 

intraluminal vesicles are formed through inward budding of the late endosomal membrane 

but the exact mechanism is not known (Fig. 3). The endosomal sorting complex required 

for transport (ESCRT) has been shown to be important for sorting of proteins into the 

endosomal membrane and for membrane fission events leading to vesicle formation. 

Mono-ubiquitination of proteins by E3-ligases leads to recognition by the ESCRT 

adaptors hrs, tsg101 and Alix/AIP1, and subsequent sorting into the endosomal membrane 

[176]. Interestingly, all three adaptor proteins and mono-ubiquitinated proteins are readily 

found in exosomal preparations [170, 177-179]. The lipid constitution of exosomal 

membranes resembles that of cellular membranes, with a high content of sphingomyelins 

[180-182]. However, a recent study suggests a ceramide- dependent mechanism for 

intraluminal vesicle formation that is independent of the ESCRT machinery [183]. In line 

with this, it is suggested that oligomerisation of proteins, so called higher order 
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oligomerisation, is sufficient for protein sorting into exosomes [184, 185]. Interestingly, 

this study highlights the similarity between exosome biogenesis and retrovirus formation 

and budding. Evidence accumulates that exosome biogenesis and retrovirus generation 

might be mediated by the same mechanisms [186]. Initially proposed as the Trojan 

exosome hypothesis, HIV-1 can hijack the exosomal pathway in macrophages and DCs, 

which increases its infectivity [187-191]. These observations have led to the speculation 

that exosomes are an evolutionary remnant of retroviruses, that co-evolved with and 

adapted to the eukaryotic cell, similar to the endosymbiont theory for mitochondria [192]. 

The recent finding of retrotransposons, genomic remnants of retroviruses, in tumor-

derived exosomes supports this idea [193].  

MVBs are either targeted to the lysosome for degradation or to the plasma membrane. At 

the membrane they release intraluminal vesicles into the extracellular space (Fig. 3). After 

their release, the nanovesicles are called “exosomes”. The events that regulate MVB 

transport to the plasma membrane instead of the lysosome have not been fully described, 

but it appears as if it involves proteins of the rabGTPase family, which regulate 

intracellular membrane trafficking. In an shRNA screening study, silencing of rab27a and 

b significantly decreased exosome secretion, as MVB could not efficiently travel to and 

fuse with the plasma membrane [194]. The tumor suppressor protein TSAP6 has also been 

suggested to have an important role in exosome biogenesis [195, 196]. However, since 

there is no efficient method to interfere with exosome production in vivo, their 

physiological function is hitherto unknown. Most studies have been performed on 

exosomes derived from in vitro cultures. Furthermore, exosomes derived from 

physiological fluids can only be studied after several ex vivo preparation steps. Due to 

these difficulties, exosome research has mainly focused on possible applications of 

exosomes, either as immunotherapeutic agents or as biomarkers.  

 

Fig. 3 Schematic overview of exosome biogenesis 

1) Antigen is taken up by a dendritic cell and stored in 2) early endosomes where pH is decreased 

and antigen is degraded. 3) Upon fusion with vesicles from the endoplasmic reticulum, antigen 

epitopes are loaded onto MHC class II molecules. These MHC class II compartments can then 

either fuse with 4a) lysosomes for degradation of its content or 4b) undergo a process termed 

“inward budding”. Here, the endosomal membrane invaginates and forms small membrane vesicles 

within the endosomal lumen. 5) These so-called multivesicular bodies can fuse with the plasma 

membrane and 6) release their content into the extracellular space where the small vesicles are now 

termed “exosomes”. 

Dendritic cell 
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1.2.2 Exosomes in the immune system 

Almost all immune-competent cells have been shown to release membrane vesicles but 

most research has been performed on exosomes from antigen-presenting cells. 

 

1.2.2.1 B cell derived exosomes 

The first evidence for the existence of antigen-presenting vesicles came from B cell 

cultures [166]. The authors demonstrated that antigen was found in late endosomal 

compartments that also contained small MHC II/peptide-positive vesicles. The 

compartments could fuse with the plasma membrane, release vesicles that could induce 

antigen-specific CD4
+ 

T cell responses in vitro [166]. Besides MHC class II, B cell 

exosomes contain the BCR, complement factor 3 (C3), LAMP-1, CD20, the tetraspanins 

CD37, CD63, CD81 and CD82, heat shock protein (hsp) 27, hsp 70, hsc70, hsp 90, CD54, 

CD86 and MHC class I (Fig. 2) [175, 197-201]. Most studies on B cell exosomes use 

EBV-transformed lymphoblastic cell lines (LCL) or lymphoma B cell lines for exosome 

production since primary B cells only produce small amounts of exosomes. Exosome-

secretion from naïve B cells can be induced by stimulation with anti-CD40 antibody and 

IL-4 or by co-culture with activated cognate T cells [202-204]. In contrast, LCL cells 

constantly secrete high amounts of exosomes. They are distinct from EBV virus particles, 

can transport EBV-derived miRNA between cells and can use integrins for adhesion to 

cells and extracellular matrix fibronectin [205-207]. Exosomes from one LCL line 

expressed the EBV glycoprotein gp350, preferentially targeted other B cells via 

gp350/CD21 interactions and could efficiently block infection of naïve B cells with EBV 

[205]. This finding is interesting when using exosomes as delivery vehicles to target B 

cells, for example in B cell lymphomas or leukemia [208].  

 

1.2.2.2 Dendritic cell-derived exosomes 

Most of the initial studies on the immunoregulatory functions of exosomes have been 

perfomed with DC-derived exosomes, either from murine bone marrow-derived DCs, the 

murine DC cell line D1 or human monocyte-derived DCs. Both immature and mature DCs 

can release exosomes, while it is unclear whether the maturation state affects the quantity 

of exosome production. Exosomes from mature DCs express higher levels of e.g. MHC 

class I and II, CD54 (ICAM-1), CD80 and CD86 and are considered more 

immunostimulatory than exosomes from immature DCs [209]. Other molecules typically 

associated with DC exosomes include heat shock proteins hsc73 and hsp90, CD11b and 

CD11c, C3 and milk fat globule elongation factor VIII (MFG-E8) [174, 210, 211]. 

Initially, exosomes from DCs pulsed with tumor peptides were found to be more effective 

than DCs in inducing anti-tumor immunity. They could induce tumor eradication in a 

mouse melanoma model [167], as well as tumor-specific CD8
+
 T cell responses. Other 

studies determined that exosomes transfer functional MHC I/peptide complexes to 

bystander antigen-presenting cells (APCs) [212]. It has been debated whether DC-derived 

exosomes directly activate CD8
+
 T cells or whether they require uptake and presentation 

by DCs. Although there is evidence for both direct [213, 214] and indirect [215] activation 

it is accepted that T cell-priming is most efficient in the presence of DCs. Exosomes were 

also found to activate CD4
+
 T cells by transferring MHC II/peptide complexes, but 

activation required the presence of costimulatory molecules on DCs [216]. Surprisingly, 

DC-exosomes also carry entire antigenic proteins and induce type I antibody responses 



24 

[217-219]. Uptake of exosomes by DCs is mainly mediated via exosomal CD54 binding to 

LFA-1 expressed on DCs [214, 220] but also exosomal phosphatidylserine, CD9, CD81 or 

MFG-E8 have been suggested to be important [221]. In vivo, exosomes were preferentially 

taken up by CD8α
+
 DCs after footpad injection. CD8α

+
 DCs are the DC-subtype 

responsible for antigen-crosspresentation to CD8
+
 T cells [222]. Moreover, both murine 

and human DC- exosomes activate NK cells via the activating receptors NKp30, NKG2D 

and IL-15Rα. DC-exosomes were found to express the NKp30 ligand BAT3 and NKG2D 

ligands MICA, B and ULBPs [223, 224].  

 

1.2.2.3 Macrophage derived exosomes 

Most studies on macrophage exosomes use murine bone marrow derived macrophages or 

human monocyte-derived macrophages. Their phenotype resembles that of DC-derived 

exosomes with enrichment of MHC class II, LAMP-1 and -2, CD63, CD81, CD86. In 

contrast to DC exosomes they express CD14 and CD45 but no MFG-E8 [187, 225, 226]. 

Their release can be stimulated by ATP in a P2X7 receptor-mediated fashion that requires 

the activation of the inflammasome [227, 228]. 

Macrophage-derived exosomes have mostly been studied in the context of infection with 

HIV-1 or Mycobacterium tuberculosis. It is known that HIV-1 can infect macrophages 

where it accumulates in endosomal structures and is released when endosomes fuse with 

the plasma membrane [229-231]. The proteome of HIV-1 particles released through this 

way resembles that of macrophage exosomes [187, 232]. In contrast to macrophages, the 

exosome pathway in T cells seems to be distinct from the HIV-1 pathway [233]. 

Exosomes from M. tuberculosis infected macrophages carry mycobacteria-derived 

antigens and induce pro-inflammatory immune responses in vitro and in vivo [226, 234-

236] while inhibiting IFN-γ-dependent activation of macrophages [237]. Exosomes 

contain TLR2 ligands and hsp70 that contributed to the immune response against 

mycobacteria [238]. Mycobacterial infection also increased exosome release 

synergistically with ATP-dependent secretion [239]. Similar findings have been reported 

for the intracellular bacteria Mycoplasma [240]. 

Interestingly, macrophage exosomes have been reported to contain the nuclear autoantigen 

DEK that has a chemotactic effect on neutrophils, CD8
+
 T cells and macrophages [241]. 

Similar to B cell exosomes, macrophage exosomes also bind C3 fragments, which have a 

role in exosomal uptake by complement receptor-expressing cells [201]. 

 

1.2.2.4 Exosomes from other immune cells 

Almost all immune cells have been reported to release exosomes. T cells can release 

LAMP-1
+
, TCR

+
, CD3

+
, LFA-1

+
, FasL

+ 
exosome-like vesicles, though they have been 

reported to derive from the plasma membrane. Similarly to B cell exosomes, their release 

is strongly enhanced upon TCR stimulation [242, 243]. Exosomes from activated CD8
+
 T 

cells can induce apoptosis in antigen presenting DCs in a Fas/FasL manner and thus shut 

down antigen-specific immune responses [244]. CD4
+
 T cell exosomes in turn bind to 

DCs in an antigen-specific and CD54/LFA-1 dependent manner and inhibited ensuing 

CD4
+
 T cell responses in vitro and CD8

+
 T cell responses in vivo probably through 

downregulation or masking of MHC class II/peptide complexes [243, 245]. Moreover, an 

exciting recent finding describes the exosomal transport of functional miRNAs from T 

cells to DCs during immune synapse formation [246]. Micro RNA-dependent fine-tuning 
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of immune interactions between DCs and T cells might be an important physiological 

function of exosomes. 

Mast cells have also been found to release nanovesicles. Mast cell lines constitutively 

release exosomes while bone marrow-derived mast cells need IL-4 stimulation for 

efficient exosome production. Mast cell exosomes express MHC class I and II, CD40, 

CD40L, CD54, LFA-1 and CD86 as determined by ELISA and induce unspecific 

proliferation and cytokine production by T and B cells [247]. In addition, they induce 

functional maturation of DCs and stronger antigen-specific proliferation than B cell or 

macrophage exosomes when loaded with antigen [219]. However possible contamination 

of exosome preparations with LPS was not excluded. 

Neutrophils, erythrocytes and platelets have been shown to release a similar, cell surface- 

derived type of vesicle, termed the “ectosome”. Neutrophil-derived ectosomes express 

CR1, MHC class I, CD59, myeloperoxidase and elastase, and their release was 

proportional to stimulation with fMLP, PMA or ionomycin [248, 249]. In contrast to most 

immune cell-derived exosomes, ectosomes are anti-inflammatory. They stimulate the 

release of TGF-β by macrophages and DCs, inhibit their response to TLR agonists, and 

decrease phagocytotic activity as well as T cell priming capacity [250, 251]. Similar 

effects have been reported for platelet- and erythrocyte-derived ectosomes [252, 253]. 

Also eosinophils have been reported to use vesicles in order to externalize cytokine 

receptors for IL-4, IL-6 and IL-13 [254]. 

 

1.2.2.5 Exosomes from non-immune cells 

Several other non-leukocytic cells release exosomes. Initial investigations found that 

exosomes from human intestinal epithelial cells (IEC) express MHC class I and II, CD26, 

tetraspanins CD9, CD63, CD81 and CD82  and the IEC marker A33 [255]. IEC-exosomes 

from rat conferred MHC class II-dependent tolerance to antigen-induced delayed type 

hypersensitivity (DTH) in a rat model and were thus termed ”tolerosomes” [256, 257]. 

Conflicting results were obtained with exosomes from a murine IEC-line that induced DC-

dependent T cell proliferation in vitro and antigen-specific immunity, not tolerance, after 

in vivo administration [258, 259]. However, both studies argue for a role for exosomes in 

the transport of antigens from the intestinal lumen to immunocompetent organs and cells 

[260, 261]. 

Recent findings also link exosomes to pregnancy-associated immunosuppression. Human 

syncytiotrophoblast cells secrete FasL-bearing exosomes with a possible role in 

establishing an immune-privileged site in the placenta [262]. Also, exosomes from 

placenta cultures downregulated NKG2D expression on placental immune cells via 

exosomal MICA and B [263, 264]. Two more cell types have been shown to produce 

exosomes with possible roles in the immune systems. Vascular endothelial cells release a 

soluble, vesicular form of the TNF-α receptor I that might modulate TNF function during 

inflammation [265]. Tracheobronchial ciliated epithelial cells produce exosomes that 

express MUC1, 4 and 16 and can inhibit epithelial infection with influenza virus via 

exosomal α-2,6-sialic acid  residues [266].  

 

1.2.2.6 Tumor-derived exosomes 

Exosomes are secreted by all investigated cancer cell lines and are reported to be 

immunosuppressive and stimulate tolerance as mechanisms of tumor evasion. Tumor-

exosomes express several NKG2D ligands and downregulate NKG2D expression on T- 



26 

and NK cells [267-269]. Oxidative and thermal stress increase the expression of 

immunoevasive NKG2D ligands on exosomes from leukemic B and T cells [270]. 

Tumor exosomes can express FasL and induce apoptosis in CD8
+
 T cells [271, 272]. 

Exosomes from mesothelioma patients express the ATP converting enzyme CD39 and 

CD73 and produce adenosine that inhibits T cell activation [273]. In vitro, tumor 

exosomes can increase expression of CD25 and Foxp3 in CD4
+
 T cells, indicative of Treg 

induction. Tregs in turn were shown to inhibit CD8
+
 T cell and NK cell responses by 

interfering with IL-2 signaling and by upregulating FasL, IL-10, TGF-ß1, CTLA-4, 

granzyme B and perforin [274, 275]. Melanoma cell exosomes express the tolerogenic 

HLA-G molecule [276], while exosomes from EBV-infected nasopharyngeal carcinoma 

cells and from sera of carcinoma patients express LMP-1 and galectin 9 that have Th1 

suppressive effects in vitro [277, 278]. Moreover, MyD88-dependent induction of myeloid 

derived suppressor cells (MDSC) by tumor exosomal hsp72 promotes tumor progression 

[279, 280]. Tumor-exosomal TGF-β and PGE2 are suggested to contribute to this effect 

[281]. Another immune escape-mechanism is antibody sequestration by tumor exosomes 

that prevent antibody binding to tumor cells and reduces subsequent ADCC [282]. Two 

non-immune system-related evasion strategies are: 1) the externalization of miRNAs that 

normally suppress tumor growth, such as the Let-7 miRNA family in gastric cancer cells 

[283], and 2) the CD9- and CD82-dependent externalization of β-catenin that regulates 

oncogenic Wnt-signaling [284]. 

On the opposite, tumor cells also utilize exosomes as vehicles for intercellular 

communication that promote tumor growth and metastasis formation. Exosomal transport 

of miRNAs promotes tumor growth in nasopharyngeal and hepatocellular carcinoma [285, 

286]. HeLa cancer cells secrete pro-mitogenic survivin upon irradiation-induced stress 

[287], and melanoma exosomes can induce angiogenesis and induce tissue remodeling in 

sentinel tumor draining lymph nodes [288, 289]. Similar results have been reported for 

exosomes from colorectal cancer and cancer cells subjected to hypoxia [290, 291]. 

 

1.2.2.7 Body-fluid derived exosomes 

Analyzing exosomes from physiological fluids will probably yield the most relevant 

information for understanding the physiological function of exosomes, since they have 

been produced in vivo. The first report of in vivo occurring exosomes came from 

malignant effusions of melanoma patients [168]. Exosomes carried CD81, MHC class I, 

and tumor antigens Mart1, gp100 Her2/Neu and TRP, and DCs pulsed with tumor-

exosomes could expand tumor-specific T cells from melanoma patients in vitro. Exosomes 

have also been isolated from pleural effusions of patients with different neoplastic diseases 

[269, 292, 293] and from ascites of ovarian cancer and colorectal cancer patients [294, 

295]. 

Plasma- or serum-derived exosomes can be prepared from peripheral blood and have been 

widely studied due to their accessibility [296]. Most studies have used plasma exosomes 

as a diagnostic tool for neoplastic disease (see below) and only little is known about their 

immunoregulatory role. However, it has been shown that they carry RNA molecules [297] 

and express CD63, CD81, MHC class I and II, CD80, CD86 and FasL, and they induce 

CD4
+
 T cell apoptosis in a FasL-dependent manner in vitro [298]. In mice, MHC class II

+
 

plasma exosomes could suppress DTH in an antigen-specific and FasL-dependent manner 

[299], while serum exosomes from antigen-fed mice or rats could prevent DTH and 
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allergic sensitization [257, 300], indicating that they might have an immunoregulatory 

role. 

Exosomes expressing MHC class I and II, CD63, CD81 and MUC1 can also be derived 

from bronchoalveolar lavage fluid (BALf) [301]. Exosomes from patients with sarcoidosis 

express increased levels of MHC II and induce IFN-γ and IL-13 in autologous PBMC, as 

well as IL-8 in a lung epithelial cell line [302]. In the murine system, BALf exosomes of 

tolerized mice could suppress allergic sensitization in naïve recipient mice [303] but also 

conferred bystander suppression to sensitization with unrelated allergens [304]. In 

contrast, BAL-exosomes from Mycobyteria bovis infected mice carried mycobacterial 

antigens and induced a pro-inflammatory TNF-α response in macrophages [234]. 

Exosomes from human breast milk express MHC class I and II, CD63, CD81, MUC 1 and 

contain RNA molecules [297, 305]. They inhibit production of IL-2 and IFN-γ from 

polyclonally activated PBMC and induced Foxp3
+
 Treg cells [305]. It is speculated that 

they have a role in development of oral tolerance to allergens in newborns. 

Saliva exosomes contain mRNAs and miRNAs, CD26 and tissue factor (TF), which 

accelerates blood clotting and wound healing [297, 306-309]. Also nasal secretions and 

urine have been reported to contain exosomes but no studies on their immunological 

relevance have been performed yet [310, 311]. 

 

1.2.3 Exosomes in immunotherapy 

1.2.3.1 Exosomal vaccines  

The immunostimulatory properties of DC-derived exosomes have made them attractive 

vaccine vehicles for infectious diseases. Exosomes from DCs, pulsed with antigens from 

Toxoplasma gondii that were injected intravenously (i.v.), conferred protection against 

infection with the pathogen in syngeneic and allogenic mice but also against congenital 

toxoplasmosis. After i.v. injection, exosomes accumulated in spleen, kidney and intestine 

up to 6 hrs after injection and were predominantly found in the spleen after 12 and 24 hrs. 

Exosome treatment increased survival, splenocyte proliferation, IFN-γ production and T. 

gondii-specific antibody levels, while decreasing the number of brain cysts [312-314]. 

Similar findings have been reported for the parasites Leishmania major and Eimeria 

tenella [315, 316]. Interestingly, DC-exosomes constitutively express a glycoconjugate, 

cross-reactive with a streptococcal capsular polysaccharide (Cps14-CRA) and injection of 

naïve DC-exosomes protected against lethal S. pneumoniae infection [317]. Similar cross-

reactivities might explain why DC-derived exosomes have a protective effect in some 

studies. 

Antigen-loaded exosomes alone are effective inducers of antibody responses with a 

reported dominance of type I antibodies [217]. This leads to the speculation that exosomes 

might be used as an allergy vaccine. In fact, allergen-loaded exosomes can stimulate 

allergen specific T cells of sensitized patients [318], implying that it should be possible to 

induce a protective Th1-biased immune response in naïve individuals with prophylactic 

immunization.  

Other designs for exosomal vaccines try to increase the immunogenicity of exosomes or to 

generate tolerogenic exosomes. Differentiation of monocytes with IL-3/IL-4 yielded 

slightly more immunogenic exosomes than treatment with IL-4/GM-CSF [319]. On the 

other hand, DCs treated with IL-10 or transduced to express indoleamine 2, 3-

dioxygenase (IDO), IL-4 or FasL were found to induce tolerance to collagen-induced 

arthritis or DTH [320-323]. In contrast, galectin-1-transfected DC exosomes increased 
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antigen-specific sensitization but induced apoptosis in activated effector T cells [324]. An 

exciting finding is that DC-exosomes could be targeted to specific cells (neurons) by 

transfection with a targeting molecule (Lamp2) [325]. Transfection with cell type- specific 

molecules might lead to targeted delivery of exosomes and increase the efficacy of 

exosomal vaccines. 

Cross-dressing of T cells or DCs with exosomes from antigen-pulsed DCs is another 

approach to generate antigen-specific immunity. In vivo administration of cross-dressed 

CD4
+
 T cells led to a potent induction of antigen-specific memory CD8

+
 cells and 

suppression of Treg development [326, 327] while cross-dressed DCs were more effective 

than exosomes alone [328]. In vivo cross-dressing of DCs with MHC/peptide complexes 

has recently been reported crucial for development of immunological memory, however 

the authors conclude that this transfer occurred independently of exosomes [329].  

 

1.2.3.2 Exosomes as cancer treatment 

One main focus of exosomal research has been to find a way to induce an effective anti-

tumor immune response. Two main approaches have been tested: 1) using tumor antigen-

loaded, DC-derived exosomes, or 2) modifying tumor cells to produce immunogenic 

exosomes. 

DC-exosomes were first shown to mediate potent anti-tumor immunity in a mouse 

melanoma model [167]. These findings motivated two initial phase I clinical trials on 

patients with malignant melanoma and non-small cell lung cancer, using exosomes from 

peptide-pulsed immature DCs. Although treatment was well tolerated and led to prolonged 

stable-disease, no clinical response and no tumor-specific CD8
+
 T cell responses were 

detected [330, 331]. In mice, immunogenicity could be increased by coadministrating 

CpG-ODN [332] and cyclophosphamide, which counteracted Treg- mediated 

immunosuppression and allowed secondary CD8
+
 T cell responses [333]. Stimulating DCs 

with IFN-γ further enhanced immunogenicity [334]. A phase II clinical trial is currently 

ongoing, evaluating the potency of melanoma peptide loaded, IFN-γ-matured DC-

exosome/cyclophosphamide combination treatment (N. Chaput, personal communication).  

The second strategy is based on the idea that tumor-exosomes contain the most relevant 

antigenic information for the generation of anti-tumor responses. It has been discussed 

whether tumor-derived exosomes can be used as an antigen-delivery system for 

autologous DC [335, 336]. Further, different strategies have been employed to overcome 

their tolerance inducing nature in order to increase their immunogenicity. Tumor cell lines 

were transfected to express the following proteins that all increased specific immune 

responses in vitro and/or in vivo: hsp70 [337], CIITA [338], IL-2 [339], IL-12 [340], IL-18 

[341], SEA [342], and TNF [343]. Stressing tumor cells with heat treatment led to the 

incorporation of CCL2, 3, 4, 5 and 20 [344], hsp 70 and MHC class I [345] into exosomes, 

which increased anti-tumor T cell responses. 

An innovative approach has been to link tumor antigens to the C1C2-domain of MFG-E8, 

which promotes antigen-binding to exosomal membranes. This strategy has been shown to 

increase anti-tumor immunity in OVA-, PAP- and PSA-specific models [346, 347]. Only 

one clinical trial used tumor-derived exosomes. Here, tumor-exosomes were administered 

together with GM-CSF in colorectal cancer patients. Treatment was tolerated and CD8
+
 T 

cell responses were observed in some patients, but no clinical responses were seen [348]. 
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1.2.4 Exosomes as biomarkers 

The discovery of mRNAs and miRNAs in exosomes and the arrival of systems biology 

have made exosomes attractive biomarkers for non-invasive diagnostic purposes. A 

proteomic/transcriptomic database has been created that allows the comparison of 

exosomal protein and RNA profiles for the discovery of new biomarkers [349]. The 

protein and RNA content of exosomes from biological samples such as plasma or ascites 

can be assessed with mass spectrometry and microarrays. First studies have revealed that 

plasma exosomes from cancer patients have a distinct RNA fingerprint. Tumor-specific 

mRNAs and miRNAs were detected in plasma exosomes of glioblastoma patients but not 

in those of healthy controls [350]. Advances are also made in discovering suitable 

biomarkers for prostate cancer or kidney ischemia using urinary exosomes [351, 352]. 

With more sensitive technology and bigger sample cohorts novel exosomal biomarkers 

might be discovered for other diseases as well [353]. 

 

1.3 ATOPIC ECZEMA 

Atopic diseases such as allergic asthma, rhinoconjuctivitis, atopic eczema and food allergy 

are characterized by a hereditary tendency to produce IgE antibodies against otherwise 

harmless antigens, so called allergens. They start with a sensitization phase during which 

the immune system induces inflammation and a Th2-polarised T cell response to the 

allergen. The subsequent release of IL-4, IL-5 and IL-13 induces class switching in 

allergen-specific B cells that develop into IgE-producing plasma cells. Allergen-specific 

IgE in turn binds to FcεRI on mast cells. Upon secondary exposure, allergens bound to IgE 

cross-link the receptor, which leads to a quick release of granules and pro-inflammatory 

mediators such as prostaglandins, histamine, proteases and cytokines (e.g. IL-3, IL-4, IL-5, 

TNF-α). This early phase reaction is characterized by vascular leakage and edema 

formation, smooth muscle contraction and influx of neutrophils. After several hours, T 

cells and eosinophils are attracted to the site of inflammation. Their recruitment marks the 

beginning of the late phase [33].  

 

1.3.1 Etiology 

Atopic eczema (AE) is one of the most common allergic diseases in western countries. It 

is characterized by red, dry and crusted skin that causes intense itch in patients. Depending 

on the population, the prevalence varies between 2 and 10% among adults and between 15 

and 30% among children [354]. AE is distinct from non-atopic and seborrhoeic eczema 

due to the prevalence of allergen-specific serum IgE levels and/or a positive skin prick test 

[355]. For diagnostic purposes, disease severity is assessed using the SCORAD index 

(Severity scoring of atopic dermatitis [356]). AE patients have been shown to react to a 

variety of allergens, among others proteins of the skin bacteria Staphylococcus aureus, and 

the commensal yeast Malassezia [357, 358]. Fourteen Malassezia species are known and 

M. sympodialis is most frequently associated with AE [359]. 

  

Several factors are believed to contribute to the development of AE: 1) genetic 

predisposition, 2) disturbances in the epithelial barrier, and 3) lifestyle and environmental 

factors. As of now, polymorphisms have been found, among others, in many genes related 

to the development of Th2-diseases, such as genes encoding for IL-3, IL-4, IL-5, IL-13 

and the β-chain of the FcεRI [360, 361]. Most common, however, are polymorphisms in 
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the gene encoding for filaggrin, a protein expressed in the stratum corneum of the skin that 

cross-links keratin-fibers and contributes to skin homeostasis [362]. About 50% of all 

severe AE cases have at least one mutation in this gene [363]. 

The dry, red skin of AE patients is often a result of low levels of extracellular lipids in the 

skin that lead to transepithelial water loss. Increased skin pH and a decrease in microbial 

peptides have also been associated with AE skin. Interestingly, dysfunctional filaggrin has 

similar effects on epithelial barrier function [364]. An increase in skin pH in turn has been 

associated with higher levels of the proinflammatory cytokines IL-1α and IL-1β that might 

contribute to the exaggerated immune response in AE [364]. Also, IL-4 has been shown to 

downmodulate ceramide and filaggrin production in the skin, thus aggravating the 

epithelial barrier dysfunction [365]. 

As with most atopic diseases, genetic factors alone cannot explain the increase in disease 

prevalence during the latter half of the 20
th

 century. Lifestyle factors, such as small family 

size, increased use of antibiotics and decreased exposure to pathogens have been 

suggested to increase the risk for developing atopic eczema [366]. Individuals living on a 

farm or following an anthroposophic lifestyle have a lower risk to develop an atopic 

disease [367-369]. Other environmental factors include stress that can be correlated to 

increased serum levels of stress molecules like substance P and nerve growth factor (NGF) 

in AE patients [360, 370]. 

Current treatments for AE include lubricating lotions to minimize skin damage, 

corticosteroids to suppress inflammation and anti-IgE antibodies to treat IgE-mediated 

effects. However, a better understanding of the events leading up to AE is needed to 

develop more specific and cost-efficient therapy. Understanding the relationship between 

commensals and AE development might lead to a preventive treatment that could decrease 

the prevalence of AE. 

 

1.3.2 Malassezia sympodialis 

In 1983, it was observed that AE symptoms improved after anti-fungal treatment. This 

finding led to the discovery that the commensal yeast Malassezia (at that time denoted 

Pityrosporum) was a triggering agent of AE [371]. Depending on the population, about 

50% of adult AE patients have specific serum-IgE against M. sympodialis, and/or are 

atopy patch/skin-prick test positive [372-374]. As of now, ten M. sympodialis allergens 

have been identified (Mala s 1, Mala s 5-13) [358], and produced as recombinant allergens 

for diagnostic testing of allergen-specific reactivity. Three of the allergens have been 

found to cross-react with human homologues: Mala s 6 with cyclophilin, Mala s 11 with 

manganese superoxide dismutase and Mala s 13 with thioredoxin [375]. 

It is believed that M. sympodialis enters the skin through a dysfunctional epithelial barrier 

and induces a Th2-based immune response, which can be sustained through cross-

reactivity with homologous proteins [373, 376]. In vitro studies suggest that M. 

sympodialis or its allergenic components are taken up by DCs already after a few hours. 

Within 48 hrs, M. sympodialis induces upregulation of the DC maturation markers CD80, 

CD83, and CD86, increases the transcription of mRNAs for IL-8, CD54, CD83 and IL-

1R, and stimulates the production of TNF-α, IL-1β and IL-18 [377-379]. Also, DCs are 

found in close proximity to NK cells in lesional skin of AE patients and pre-incubation 

with M. sympodialis renders them less sensitive to NK cell-induced killing [380, 381]. 

These findings indicate that M. sympodialis can induce inflammation in the skin, which 

might lead to sensitization and a late phase Th2 response in genetically predisposed 
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individuals. Interestingly, M. sympodialis secretes allergens into the culture medium, 

especially at a pH level similar to that on the skin of AE patients [382]. This suggests that 

the yeast could aggravate inflammation by secreting soluble allergens that trigger an early 

mast cell response. In fact M. sympodialis can elicit IgE responses from mast cells that are 

regulated via several receptors such as TLR2 [383]. Interestingly, mast cells generated 

from cord blood progenitors of AE patients have higher levels of granule mediators but 

lower levels of dectin-1 than mast cells of healthy controls, suggesting inherent genetic or 

epigenetic differences between mast cells from AE patients and healthy controls [384].  

In which form Malassezia releases allergens was not known at the beginning of the work 

on this thesis. However, recent studies have revealed that related fungi such as 

Cryptococcus neoformans, Histoplasma capsulatum or Saccharomyces cerevisiae release 

exosome-like vesicles that contain immunogenic proteins and can modulate macrophage 

functions in vitro [385-387]. The presence of metabolic enzymes in fungal vesicle 

preparations suggests that they have a role in extracellular nutrient degradation. It is 

tempting to speculate that M. sympodialis releases similar vesicles, which might play a 

role in the pathogenesis of AE. 
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2 AIMS 

Most vaccines today are either based on heat-/irradiation-inactivated pathogens or live, 

attenuated pathogens that have been passaged in different species to reduce pathogenicity 

while maintaining immunogenicity. They are mixtures of antigens and immunogenic 

molecules with complex, but badly characterized effects, on the immune system. The 

recent swine flu epidemic has shown that current protocols for vaccine generation (e.g. 

growth of influenza virus in chicken eggs) are not adequate to generate enough vaccine 

doses in a short amount of time. A new generation of vaccines is synthetic vaccines that 

contain few but very well characterized components and should generate antigen-specific 

memory at low cost. Most vaccines are based on immunogenic proteins, T or B cell 

epitopes, and adjuvants to stimulate the innate immune system. However, their efficacy in 

generating protective memory responses is limited and new, efficient ways to induce long-

lasting memory responses are highly needed. Novel strategies to induce immune responses 

might also be relevant for cancer immunotherapy and allergy treatment.  

 

Exosomes are a promising tool that combines several antigenic and immunogenic stimuli 

in one entity and allows delivery to the same target cell. Exosomes were successfully 

tested in pre-clinical trials but failed to induce antigen-specific immune responses in phase 

I clinical trials [330, 331]. In this thesis, I wanted to investigate new ways to increase 

exosomal immunogenicity and to assess their immunogenicity in a human inflammatory 

disease setting. 

 

In study I, we investigated if direct loading of BMDC-derived exosomes with the 

immunodominant CD4
+
 T cell epitope of OVA yields stronger CD4

+
 T cell responses than 

exosomes from BMDCs indirectly loading with whole OVA protein, both in vitro and in 

vivo.  

 

In study II, we were interested in whether NKT cell activation can amplify the ensuing 

innate and adaptive immune responses. Thus, we investigated whether BMDC-derived 

exosomes express CD1d and activate NKT cells in vitro and in vivo.  

 

In study III, we wanted to know if exosomes can contribute to transcellular metabolism 

and to granulocyte chemotaxis through the production of pro-inflammatory lipid mediators 

and hence play a role in inflammation. 

 

In study IV, we asked whether the commensal yeast M. sympodialis releases exosome-

like nanovesicles and if those vesicles and exosomes from DC and M. sympodialis co-

cultures can contribute to the inflammatory responses in patients with AE. 
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3 MATERIALS & METHODS 

This section summarizes the materials and methods that were used to complete the studies 

included in this thesis. A more detailed description can be found in the respective study. 

 

3.1 MATERIALS 

3.1.1 Mice 

In study I and II, the following mouse strains have been used for in vivo experiments with 

the permission of the Stockholm Regional Ethics Committee: Balb/c and C57Bl/6 wild 

type mice, DO11.10 mice on Balb/c background, transgenic for the OVA323-339-specific 

TCR; OT-I mice on C57Bl/6,Rag2
-/-

 background, transgenic for the OVASIINFEKL-specific 

TCR; Vα14Cα
-
 mice on C57Bl/6 background, transgenic for the NKT cell TCR; Bruton 

kinase 
-/-

 (btk
-/-

) and CD1d
-/-

 mice on C57Bl/6 background. 

 

3.1.2 Patients 

For study IV, eight atopic eczema patients were recruited and diagnosed according to the 

UK working party criteria [388]. Patients were tested for allergen-specific IgE using a 

mixture of eleven common allergens (e.g. birch, timothy, house dust mite; Phadiatop
®
, 

Phadia AB, Uppsala, Sweden). Patients were Phadiatop
®
-positive (≥0.35 kU/l) and 

displayed elevated levels of total and M. sympodialis-specific serum IgE (ImmunoCAP, 

m70, Phadia AB). Eight healthy controls (HC) with no personal history of skin disorders 

and a negative Phadiatop
® 

were recruited. All participants donated 450 ml blood that was 

used for the generation of DCs, PBMC cultures and preparation of plasma exosomes. The 

study was approved by the Regional Ethics Committee in Stockholm, Sweden. 

 

 

 

 

3.2 METHODS 

Carboxyfluorescein 

succinimidyl ester (CFSE) 

dilution assay 

Flow cytometry-based method to quantify in vitro and 

in vivo proliferation over the course of the experiment, 

based on the dilution of CFSE upon each cell division. 

  

Dendritic cell generation MDDCs were generated from human CD14
+
 

monocytes while BMDC were generated from murine 

bone marrow cells in the presence of the cytokines 

GM-CSF and IL-4. 

 

Electron microscopy  

 

 

A technique to visualize a) the morphology of 

exosomes/nanovesicles (transmission EM) and b) the 

presence of specific molecules on exosomes/ 

nanovesicles (immune EM). 

 

Enzyme-linked 

immunosorbent assay 

(ELISA) 

Quantitative in vitro method to determine the amount 

of TNF-α, IFN-γ or IL-17 produced by cells in 

supernatants of cell cultures. 
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Enzyme-linked immunospot 

assay (ELISPOT) 

Quantitative in vitro method to determine the number 

of IL-4 or IFN-γ producing cells in a cell culture. 

 

Exosome/Nanovesicle 

preparation 

Exosomes were prepared using differential 

ultracentrifugation and filtration as described in the 

literature [172] with slight variations depending on the 

source of exosomes. 

 

Exosome phenotyping Exosomes were loaded on uncoated, anti-CD9 

(mouse) or anti-MHC class II (human) coated beads 

and stained for surface molecule expression using 

fluorochrome-labeled monoclonal antibodies. 

 

Flow cytometry Quantitative method to detect surface molecule 

expression based on cell-specific markers and 

fluorochrome-labeled monoclonal antibodies on a 

single cell level. 

 
3
H-thymidine assay Assay to quantify cell proliferation in response to 

defined stimuli based on the incorporation of 

radioactively labeled (
3
H)-thymidine into DNA during 

cell division. 

 

High performance liquid 

chromatography (HPLC) 

Chromatographic method to identify and quantify lipid 

mediators produced by exosomes and DCs. 

 

Immunohistochemistry  A microscope-based method used to localize cells in 

the spleen based on the expression of characteristic 

molecules and their detection by fluorochrome-labeled 

monoclonal antibodies. 

 

Intracellular cytokine 

staining 

Quantitative flow cytometry-based method to detect 

the number of cytokine-producing cells after ex vivo 

restimulation. 

 

In vivo assays (in mice) In study I, OVA-loaded exosomes were injected i.v. 

and the immune response was monitored before and 

after a boost with OVA on day 28. 

In study II, OVA- and αGC-loaded exosomes were 

injected i.v. into mice that were fed with BrdU and the 

immune response was followed for 7 days. 

 

Magnetic cell separation 

(MACS) 

Method used to separate subpopulations of cells from 

blood or tissues based on cell type-specific surface 

molecules and magnetically labeled monoclonal 

antibodies. 
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M. sympodialis culture Culture of the ATCC strain 42132 on Dixon agar 

plates at 32°C for 4 days while excluding bacterial or 

fungal contamination using Sab-Oxoid or blood agar 

plates. 

 

Statistical analysis Different parametric and non-parametric tests were 

used to detect statistical significance. Parametric tests 

were used when data followed a normal distribution, 

and non-parametric tests when this was not the case. 

 

Sucrose gradient 

centrifugation 

Method used to verify the presence of exosomal 

vesicles, which usually float in a continuous sucrose 

gradient between densities 1.10 and 1.20 g/ml after 

overnight centrifugation. 

 

Transmigration assay In vitro assay to measure the migration of 

polymorphonuclear leukocytes (PMN) towards 

chemotactic stimuli released from exosomes.  

 

Western blot  Semi-quantitative method to detect protein expression 

and size in cell lysates or exosome/nanovesicle 

preparations using enzyme-labeled monoclonal 

antibodies. 
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4 RESULTS & DISCUSSION 

In the following section I will discuss some of my results and their implications for the use 

of exosomes as vaccines and in immunotherapy. 

 

4.1 THE EXOSOME-INDUCED IMMUNE RESPONSE  

In order to generate more effective exosomes for vaccines, the immune response induced 

by exosomes needs to be characterized more thoroughly. Exosomes have been found to 

induce NK, T and B cell responses in vivo but little is known about the events that regulate 

these responses [167, 216, 217, 223]. Which cell types are needed to induce a potent 

adaptive immune response to exosomes? What is the most efficient way of loading antigen 

on exosomes? In which ways can exosomes be harnessed to induce more potent innate and 

adaptive immune responses? These were questions we tried to address in study I, II and 

III. 

 

4.1.1 B cell dependent activation of CD4+ T cells (Study I) 

The initial studies on DC-exosomes used exosomes loaded with tumor-peptides. This 

method successfully generated exosomes that could elicit antigen-specific CD4
+
 and CD8

+
 

T cell responses, both in vitro and in vivo [167, 389]. An in vitro study suggested that 

antigen-loading could be improved by eluting native peptides from MHC class I molecules 

at low pH before adding a surplus of antigenic peptides and increasing the pH (“direct 

loading”) [389]. Here, we set out to compare direct loading of exosomes with the MHC 

class II OVA323-339 peptide (Pep-Exo) with indirect loading by adding whole OVA-protein 

to DC cultures (OVA-Exo). As a read-out we tested the ability of exosomes to induce 

CD4
+
 T cell responses in mice, both in vitro and in vivo. 

 

4.1.1.1 Protein-loaded exosomes are less potent in vitro but more potent in vivo 

In vitro, we found that both types of exosomes induced peptide-specific CD4
+
 T cell 

proliferation where Pep-Exo were about 5-10 times more efficient than OVA-Exo. To 

verify these findings in vivo we performed an adoptive transfer experiment using CFSE-

labeled OVA-specific DO11.10 CD4
+
 T cells. To our surprise, Pep-Exo did not induce 

CD4
+ 

T cell activation and proliferation in vivo while OVA-Exo did (Fig. 4A). In addition, 

DO11.10 cells were found close to DCs and B cells in the spleen, indicating a role for 

these cells in CD4
+
 T cell activation. 

 

4.1.1.2 Exosomes induce type I antibody responses in vivo and retain proteins on 

their surface 

Next, we asked whether indirectly loaded exosomes could function as an adjuvant by 

providing necessary CD4
+
 T cell help for the induction of primary antibody responses to 

OVA. We injected OVA together with conventional adjuvants, LPS or Alum, or with Pep-

Exo or OVA-Exo, while having OVA-Exo alone as a control. We found that OVA-Exo 

boosted the OVA-specific antibody response to similar levels as conventional adjuvants 

did, while Pep-Exo did not. Surprisingly, OVA-Exo also induced OVA-specific IgG 

responses in the absence of free OVA, suggesting the presence of B cell epitopes on OVA-

Exo. Indeed, we could verify the presence of whole OVA protein in OVA-Exo exosome 

preparations by Western blot as well as on the surface of exosomes by using flow 
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cytometry. To determine which type of antibody response OVA-Exo induced, we boosted 

the immune response with soluble OVA four weeks after exosome injection. OVA-Exo, 

but not Pep-Exo, were as effective as OVA+LPS or OVA+Alum in inducing secondary 

IgG responses. However, exosomes preferentially induced production of type I IgG2a 

antibodies in contrast to type II IgG1 induced by LPS and alum (Fig. 4B). Accordingly, 

restimulation of splenocytes ex vivo with OVA showed the predominant production of Th1 

cytokines. 

These findings suggest that exosomes loaded with dominant T cell peptides may not elicit 

the most effective immune response. Instead whole antigens, containing both B cell and T 

cell epitopes, should be loaded onto exosomes. Our data further suggests that antigens are 

either retained on the exosomal surface to activate B cells via the BCR or endosomally 

degraded into MHC I and II peptides for presentation to CD4
+ 

and CD8
+
 T cells. Whole 

OVA-protein can be detected on exosomes after incubation with non-pelleted culture 

supernatants, suggesting that OVA-association with exosomes is not an artifact of 

ultracentrifugation. Also, trypsin digestion does not remove OVA from exosomes, 

indicating that it is protected from enzyme degradation, possibly by being integrated in the 

membrane (S. Hiltbrunner, personal communication). However these findings have to be 

confirmed for other antigenic proteins than OVA. Another possibility is that antigens bind 

to scavenger receptors that are expressed on the surface of exosomes. Our preliminary data 

show the presence of CD36 on BMDC-derived exosomes, a scavenger receptor that binds 

a variety of ligands such as collagen, thrombospondin or low density lipoproteins (LDL) 

[390-392]. Comparing exosomes from wt mice with those from CD36
-/-

 mice might clarify 

whether CD36 has a role in protein retention on the exosomal surface. Understanding the 

mechanism behind protein loading onto exosomes might lead to improved protocols for 

antigen loading, and thus to the generation of more immunogenic exosomes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Fig. 4 (A) Ova-Exo but not Pep-Exo induces proliferation of OVA-specific CD4+ T cells in vivo. Data show 

the percentage of OVA-specific CD4+ T cells among all CD3+ T cells after adoptive transfer of OVA-

specific CD4+ T cells. Data are from one representative out of two experiments. (B) Immunization with Exo-

OVA leads to type I IgG2a OVA-specific antibody responses as measured by ELISA, 7 days after boost with 

OVA. Mann-Whitney-U test was used to determine statistical significance. * p<0.05; ** p<0.01 
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4.1.1.3 T cell responses are B cell dependent (1) 

Our results suggested that B cells are important for the induction of OVA-specific CD4
+
 T 

cell immunity to exosomes. To test this hypothesis, we repeated the experiment in btk
-/-

 

mice, which are defective in BCR-signaling and B cell activation. As expected, antibody 

responses were almost undetectable in btk
-/-

 mice, which correlated with decreased 

splenocyte proliferation in ex vivo-restimulated splenocyte cultures. 

It is generally believed that the adaptive immune response is induced by antigen-

presenting cells that activate CD4
+
 T cells, which in turn license B cells to produce 

antibodies. Our data suggests the opposite for the exosome-induced immune response: B 

cell activation is necessary for the development of efficient CD4
+
 T cell immunity. In 

addition, our preliminary data show that activation of CD8
+
 T cells is partially dependent 

on B cells, probably through the activation of CD4
+
 T cells (Näslund et al., personal 

communication). It is currently unclear whether B cell help to CD4
+
 T cells occurs during 

cognate T/B cell interactions or whether B cells are needed at an earlier stage, e.g. during 

exosomal antigen transport into the follicle.  

 

 

4.1.2 Amplification of immune responses by NKT cells (Study II) 

Three studies reported the presence of CD1 molecules on human and murine DC-derived 

exosomes [173, 317, 393]. However, it has not been investigated whether exosomes can 

induce CD1-dependent immune responses. NKT cells are potent regulators of innate and 

adaptive immune responses and are activated in a CD1-dependent manner. Thus, we 

hypothesized that exosomes, loaded with the prototypic CD1d ligand αGC, can activate 

NKT cells and increase innate and adaptive immune responses in mice. 

 

4.1.2.1 αGC-loaded exosomes activate NKT cells and stimulate innate immune cells 

in an NKT cell-dependent manner  

To test this hypothesis, we prepared exosomes from BMDC pulsed with αGC (Exo-αGC), 

OVA (Exo-OVA), or a combination of both molecules (Exo(αGC-OVA)). Exosomes from 

wt mice, but not from CD1d
-/-

 mice, expressed detectable levels of CD1d. We stimulated 

splenocytes from Vα14 mice, transgenic for the NKT cell receptor, and found that Exo-

αGC but not Exo-OVA induced NKT cell proliferation as well as IFN-γ, IL-4 and IL-17 

production in vitro. The effect on NKT cells was much stronger using exosomes from wt 

than from CD1d
-/-

 mice, indicating that responses were partially dependent on exosomal 

CD1d.  

Next, we asked whether αGC-loaded exosomes could activate NKT cells in vivo. Also 

here, Exo(αGC-OVA) but not Exo-OVA induced NKT cell activation, IFN-γ and IL-4 

production and proliferation up to 5 days after injection (Fig. 5A). Moreover, Exo(αGC-

OVA) but not Exo-OVA led to an activation, IFN-γ production and proliferation of NK 

cells and γδ T cells up to 3 days after injection (Fig. 5B, C). This activation of innate 

immune cells was dependent on the presence of NKT cells since this effect was not 

observed in CD1d
-/-

 mice. 

 

4.1.2.2 NKT cell activation amplifies adaptive immunity 

To measure the effect of NKT cell activation on antigen-specific immune responses, we 

compared T and B cell responses to Exo-OVA and Exo(αGC-OVA). We noticed a 
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significant increase in the numbers of OVA-specific CD8
+
 T cells on day 7 after injection 

of Exo(αGC-OVA) compared to Exo-OVA. This effect was specific, since we did not 

observe a similar increase in CD8
+
 T-cell numbers when using exosomes only loaded with 

the OVA-specific MHC I peptide SIINFEKL (Exo(αGC-SIINFEKL)), and which do not 

induce CD8
+
 T-cell proliferation (Näslund et al., unpublished data, Fig 5D). For CD4

+
 T 

cells, we observed an increase in IFN-γ producing cells after ex vivo restimulation of 

splenocytes with the specific OVA323-339 peptide in response to Exo(αGC-OVA) but not to 

Exo(αGC-SIINFEKL).  

This major finding of study II should be considered when designing future exosomal 

vaccines. The first clinical trials using exosomes struggled to increase the number of 

tumor-specific CD8
+
 T cells to detectable levels. Here, we report a 5-10 fold increase of 

antigen-specific CD8
+
 T cells as well as amplified CD4

+
 T cell and B cell responses after 

injection of Exo(αGC-OVA) compared to Exo-OVA. Whether this boost of immunity is 

due to independent effects of NKT cells on each cell-type or whether it is a chain reaction 

initiated by NKT cells is unknown. However, our preliminary data from CD4
-/-

 mice 

suggest that NKT cells can differentially regulate CD8
+
 T cell responses. Injection of 

Exo(αGC-OVA) induced CD8
+
 T cell responses in both wt and CD4

-/-
 mice while Exo-

OVA only elicited CD8
+
 T cell responses in wt mice (Gehrmann et al., unpublished data). 

This indicates that CD8
+
 T cell responses to Exo-OVA are CD4

+
 T cell-dependent but that 

NKT cells can compensate for CD4
+
 T cells and provide help for CD8

+
 T cells. 

 

4.1.2.3 Exosomes induce type I antibody responses 

NKT cell activation by exosomes induced a Th1 immune response. OVA-specific serum 

IgG levels were increased 7 days after exosome injection and the response was skewed 

towards IgG2a antibodies (Fig 5E). Interestingly, we detected proliferation of follicular 

helper T cells and germinal center B cells on day 5 and plasma cell proliferation on day 7 

after exosome injection. All effects on the adaptive immune response were dependent on 

NKT cells. 

These results support the results of study I and a previous study, both suggesting that 

exosomes predominantly induce a type I antibody response [217], and show that αGC 

further skews this response. However, the mechanism is still unknown. Our finding that 

Exo(αGC-OVA) induces stronger Th1 immunity than Exo-OVA indicates that NKT cells 

might be an important contributor to an IgG2a-promoting cytokine environment. For 

instance, we see that NKT cells predominantly produce IFN-γ at the time of CD4
+
 T cell 

proliferation, in response to Exo(αGC-OVA). Further, we show that both Exo-OVA and 

Exo(αGC-OVA) induce proliferation of Tfh-cells which are important for the type of 

antibody response. Preliminary data show that Tfh-cells predominantly produce IFN-γ 

after ex vivo stimulation with PMA and ionomycin, which might explain the IgG2a 

antibody response (Gehrmann et al., unpublished data). Immune skewing towards Th1 

type responses is one suggested strategy for the development of new allergy treatments 

[394]. Thus, our finding allows the speculation that exosomes might be suitable vehicles 

for vaccinations or treatment against allergies. 

 

4.1.2.4 T cell responses are B cell dependent (2) 

Interestingly, B cells had increased levels of the activation marker CD69 on day 1 after 

injection of Exo(αGC-OVA) compared to Exo-OVA or PBS. This coincided with 

downregulation of CD21 on MZB cells and MZB proliferation after exosome injection. 
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These results indicate that MZB cells have a role in the exosome-induced immune 

response (Fig. 6). It is possible that MZB cells are important for exosome transport from 

the marginal zone into the follicle and might explain why T cell responses are B cell- 

dependent, as observed in study I [127].  

It is known that immune complexes are captured by MZB cells via complement receptors. 

The MZB cells transport the complexes from the marginal sinus to lymph follicles where 

they are deposited on the surface of follicular DCs [127]. Exosomes are too big to reach 

lymph follicles via conduits, as soluble antigens do [395], thus they might be transported 

to lymph follicles in a similar fashion as immune complexes. In addition, exosomes have 

been shown to accumulate complement factors on their surface [201] and it is known that 

exosomes can be found on the surface of follicular DCs [396]. It is thus possible that 

exosomes are transported to the lymph follicle by MZB cells. In fact, preliminary data 

indicate that MZB cells might be important since CD8
+ 

T cell responses to Exo-OVA are 

lower in CD19
-/-

 mice, lacking MZB cells (Näslund et al., unpublished data).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Exo-(αGC-OVA) PBS 

Fig. 5 (A) Injection of Exo(αGC-OVA) induces NKT cell proliferation in vivo, as measured by the 

number of BrdU
+
 cells, detected by flow cytometry 7 days after exosome injection. Exo(αGC-OVA) 

but not Exo-OVA induces (B) NK cell and (C) γδT cell proliferation up to 3 days after exosome 

injection, as measured by the number of BrdU
+
 cells. (D) Increased numbers of OVASIINFEKL-specific 

CD8
+
 T cells, as determined with Pentamer-staining 7 days after exosome injection. (E) Induction of 

predominantly IgG2a antibody production in response to Exo(αGC-OVA). Antibody titres were 

measured in serum 7 days after exosome injection. In (A, E) Kruskal-Wallis test with Dunn‟s multiple 

test correction and in (B, C) Two-way ANOVA with Bonferroni‟s multiple test correction was used 

to test for statistical significance. 
**

 p<0.01; 
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 p<0.001; 
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 p<0.0001  
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4.2  EXOSOMES AS PRODUCERS OF LIPID MEDIATORS (STUDY III) 

Lipid mediators such as LTB4 or LTC4 have important functions during the early phase of 

inflammation e.g. by recruiting neutrophils and eosinophils. Antigen-presenting cells are 

important for the initiation of an immune response but little is known about their ability to 

produce lipid mediators. Likewise, it is unknown whether APC-derived exosomes can 

contribute to leukotriene production and if they play a role in the exosomal immune 

response. In study III, we asked whether APCs and their exosomes can contribute to 

leukotriene production and whether they can contribute to granulocyte chemotaxis. 

 

4.2.1.1 Antigen presenting cells are potent producers of leukotrienes 

We cultured macrophages and DCs from human monocytes, both in the presence or 

absence of TGF-β, a cytokine that had previously been shown to be important for the 

regulation of leukotriene production [397]. The leukotriene producing enzyme LTC4S was 

present in similar levels in all four cell types, while LTA4H exhibited stronger expression 

in macrophages than in DCs both on protein and mRNA level. The presence of TGF-β 

during differentiation increased LTA4H expression both in DCs and macrophages while 

expression of LTC4S remained unchanged. Macrophages and DCs differed also when 

adding exogenous LTA4. Here, macrophages mainly produced LTB4 while DCs mainly 

produced LTC4. Our results demonstrate that APCs are potent producers of leukotrienes 

and produce amounts comparable to those of neutrophils [398]. 

 

4.2.1.2 Exosomes contribute to leukotriene metabolism 

Surprisingly, we detected both LTC4S and LTA4H in exosome preparations from all four 

cell types using Western blot analysis. The expression pattern for both enzymes 

corresponded to that seen in the parental cells. We confirmed the presence of LTC4S and 

LTA4H, but also 5-LO and FLAP, in exosomes using sucrose gradient centrifugation and 

immune electron microscopy for LTC4S (Fig. 7A). Both enzymes were functional since 

incubation with LTA4 resulted in production of LTC4 in exosomes from all cell types and 

LTB4 in macrophage-derived exosomes (Fig. 7B). Interestingly, exosomes produced more 

LTC4 per µg protein than their parent cells indicating an enrichment of LTC4S in 

exosomes. Next, we asked whether exosomes could convert LTA4, coming from a 

physiologically relevant source, into leukotrienes. Co-incubations of exosomes with 

activated PMN, known to produce high amounts of LTA4, resulted in increased 

leukotriene production indicating a possible role of exosomes in transcellular metabolism 

(Fig. 7C). 

This discovery suggests that exosomes are dynamic rather than static entities; their 

function depends on the presence of enzyme substrates in the environment. During steady 

state conditions, exosomes will not produce lipid mediators due to lack of substrate. But 

during an inflammatory situation, where LTA4 is released from activated neutrophils, 

exosomes can produce pro-inflammatory LTB4 and LTC4 (Fig. 8). This phenomenon is 

known as transcellular metabolism and has previously been described for platelets and 

erythrocytes [399, 400]. Cells that do not express 5-LO, but downstream enzymes, can 

contribute to leukotriene production. Exosomes might have a similar role since co-

incubation of exosomes and PMN increased leukotriene production. It remains to be 

determined whether this increase is due to an exosomal enzyme transfer to neutrophils or 

due to extracellular conversion of neutrophil LTA4 by exosomes.  
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4.2.1.3 Exosomes contribute to neutrophil chemotaxis 

Since we found 5-LO on APC exosomes, we asked whether exosomes could convert AA 

into chemotactic eicosanoids. We found low levels of 5-, 12- and 15-LO metabolites after 

incubating exosomes with AA and ionophore. When using supernatants of these 

incubations for chemotaxis assays, exosomes induced migration of PMN, which was 

enhanced after AA and ionophore incubations (Fig. 7D).  

The finding that APC-derived exosomes contribute to chemotaxis of PMN is intriguing 

and has not been reported before. However, other studies have found chemoattractive 

compounds such as chemokines or the DEK nuclear autoantigen in exosomes [241, 344]. 

PMN transmigration in vitro was increased after incubation of exosomes with AA and 

ionomycin. We detected low levels of 5-/12- and 15-LO products in incubation 

supernatants, and it is known that some of these compounds have chemotactic properties 

(e.g. 5-KETE and LTB4). The presence of these compounds indicates that 5-, 12- and 15-

LO enzymes are present in exosomes. Our preliminary data on murine BMDC exosomes 

suggest that exosomes also carry COX-enzymes and possibly contribute to extracellular 

Fig. 7 (A) LTC4S is present in exosomes from human MDDC as shown by Western blot analysis of 

sucrose gradient fractions. (B) Macrophage and dendritic cell-derived exosomes produce leukotriene B4 

and C4 after incubation with exogenous LTA4. Leukotrienes were measured in incubation supernatants 

using HPLC (n= 3 pools of 3 donors each). (C) Macrophage exosomes, PMN or PMN + exosomes 

were incubated with arachidonic acid and ionophore for 30 min at 37°C. Leukotrienes were measured 

in incubation supernatants using HPLC (n=7). (D) Exosomes induce migration of PMN. PMN migrated 

to exosomes alone, while migration was slightly increased after incubation with AA and ionophore. 

Migration was measured using supernatants from exosomes or exosome with AA, ionophore 

incubations in a transwell-chamber migration system. In (C, D) Mann-Whitney-U test was used to test 

for statistical significance. 
*
 p<0.05 
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prostaglandin production (Lundström, Gehrmann, Esser et al., unpublished data). In line 

with this, a recent study reported the presence of prostaglandins in exosomes [281, 401]. 

Intriguingly, exosomes from reticulocytes can also contain phospholipases that cleave 

phospholipids into AA [401]. This allows for the speculation that exosomes generate their 

own substrates for leukotriene and prostaglandin biosynthesis by cleaving exosomal 

phospholipids. 

 

4.2.1.4 Exosomes from plasma and BAL fluid also produce leukotrienes 

Finally, we demonstrate that LTC4S and LTA4H are present in plasma exosome 

preparations from healthy blood donors and can convert exogenous LTA4 into LTB4 and 

LTC4. These results underline the physiological relevance of our findings. In the 

circulation, these exosomal enzymes might not produce sufficient amounts of leukotrienes 

to initiate an inflammatory response. However, during inflammation, they might 

accumulate on cells and thus contribute to leukotriene production. Also, leukotriene-

producing enzymes have been found in exosomes from human BAL fluid of healthy 

controls and patients with sarcoidosis [302] and mild asthma (Torregrosa Paredes et al., 

submitted). Here we find that BAL fluid exosomes from asthmatics and sarcoidosis 

patients stimulate release of IL-8 from an epithelial cell line, an effect that can be reduced 

by inhibiting leukotriene formation. These results suggest a proinflammatory role of BALf 

exosomes that might be partially dependent on exosomal leukotriene formation.  

 

  

Fig. 8: Possible contribution of exosomal leukotriene production to inflammation 

(A) In the steady state, pathogens are on the surface of an epithelial lining, e.g. the lung. Mucosal 

macrophages and DCs are in an immature state and produce non-stimulatory exosomes, 

while neutrophils are confined to the blood stream. 

(B) Upon injury of the epithelial lining, pathogens can enter the tissue and are encountered by 

DCs and macrophages which in turn become activated, upregulate activation markers and 

release IL-1β and IL-8 and some LTB4 and LTC4. They also start to produce pro-

inflammatory exosomes that contain pathogen-derived antigens, increased levels of MHC 

and co-stimulatory molecules, as well as leukotriene-producing enzymes. IL-1β, IL-8 and 

LTB4 will induce neutrophil chemotaxis into the inflamed tissue. 

(C) Neutrophils are potent producers of LTA4, which is used by exosomes to produce LTB4 and 

LTC4. LTB4 enhances neutrophil chemotaxis into the inflamed tissue while LTC4 enhances 

DC maturation, smooth muscle contraction and contributes to chemotaxis and the 

inflammatory response. 
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4.3 EXOSOMES AND YEAST NANOVESICLES IN ATOPIC ECZEMA 

(STUDY IV) 

Although many studies have evaluated the immunostimulatory properties of nanovesicles 

in mice, little is known about their role in human inflammatory diseases. Here, we 

speculated that M. sympodialis releases nanovesicles and that these vesicles or exosomes 

from plasma or DC co-cultures with M. sympodialis can contribute to pro-inflammatory 

cytokine responses in PBMC of AE patients sensitized to M. sympodialis. 

 

4.3.1.1 A role for fungal nanovesicles during allergic sensitization? 

We discovered that the commensal yeast M. sympodialis releases nanovesicles that share 

characteristics such as shape, size and morphology with exosomes (Fig. 9A). They contain 

M. sympodialis antigens and float in sucrose gradient densities ranging from 1.10 to 1.20 

g/ml. Using serum from an AE patient we could detect an IgE-binding epitope in density 

fractions corresponding to nanovesicles. This indicates that M. sympodialis nanovesicles 

might have a role in the allergic response in AE patients. When adding M. sympodialis 

nanovesicles to mononuclear cells, depleted of CD14
+
 and CD34

+
 cells, from AE patients 

and healthy controls (HC), we observed dose-dependent IL-4 responses in AE patients that 

were significantly higher than in HC (Fig. 9C). In contrast, nanovesicles induced dose-

dependent TNF-α responses in all study participants with no differences between patients 

and controls. 

Similar findings have recently been made for other eukaryotic organisms, e.g. the 

pathogenic fungi Cryptococcus neoformans and Histoplasma capsulatum [385, 386] as 

well as for the parasite Leishmania donovani [402]. L. donovani vesicles were shown to 

inhibit pro-inflammatory cytokine production and T cell activation by DCs [403]. Vesicles 

from C. neoformans increased TNF-α secretion and microbicidal activity in murine 

macrophages [387]. Here, we report a pro-inflammatory role of M. sympodialis-derived 

nanovesicles. The observed increase in IL-4 production by PBMC in response to yeast 

nanovesicles is probably due to the increased numbers of M. sympodialis-specific IL-4 

producing T cells in M. sympodialis-sensitized AE patients compared to HC [404]. We 

also detect the presence of an allergen with a size of about 75 kDa on M. sympodialis-

derived nanovesicles using AE patient serum (Fig. 9B). These findings indicate that M. 

sympodialis-derived nanovesicles might contribute to allergic sensitization (Fig. 10). 

Alternatively, nanovesicles could cross-link FcεRI on mast cells, trigger the release of 

granules and thus contribute to AE symptoms. Due to their size, nanovesicles might have a 

different distribution pattern in the skin compared to M. sympodialis cells. They might 

penetrate the skin through nano-injuries and initiate an inflammatory response, especially 

in AE patients that often present with a defect skin barrier. 

 

4.3.1.2 DC-derived exosomes stimulate an immune response in AE patients and 

healthy controls 

Next, we asked whether exosomes from DC and M. sympodialis co-cultures could induce 

cytokine responses in autologous cells. DC-exosomes from co-cultures expressed M. 

sympodialis antigens as determined by immune electron microscopy and sucrose gradient 

centrifugation. When added to autologous CD14, CD34-depleted PBMC cultures, DC-

exosomes from co-cultures induced significantly higher IL-4 and TNF-α responses than 

exosomes from unstimulated DC, but without any difference between AE patients and 
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controls (Fig. 9D). TNF-α levels were reduced when HLA-DR
+
 vesicles were removed 

from exosome preparations indicating that HLA-DR
+
 exosomes carrying M. sympodialis 

antigen were partially responsible for the observed response. Interestingly, also plasma 

exosomes could induce dose-dependent TNF-α responses in PBMC of AE patients and 

HC.  

These results suggest that exosomes from human DCs are pro-inflammatory and can 

stimulate antigen-specific T cells (Fig. 10). In AE patients, this might lead to the 

exacerbation of inflammation and symptoms. In lesional skin, M. sympodialis cells are 

likely to come into contact with Langerhans cells or dermal DCs that phagocytose the 

yeast, process it and load antigens on their exosomes, which in turn can activate T cells. 

This supports a role for exosomes in atopic eczema. 

 

4.3.1.3 Activation of innate immune cells by cellular, fungal and bacterial 

nanovesicles - novel mechanisms for host-microbe interactions? 

The finding that we could not detect significant differences regarding nanovesicle-induced 

TNF-α production between the groups, suggests that this response is not dependent on 

allergen-specific T cells. Data from co-cultures of PBMC and M. sympodialis cells show 

increased levels of the activation marker CD69 on γδ T cells and NK cells (Gehrmann et 

al., unpublished data). Both cell types can produce TNF-α in response to activation via the 

γδ TCR, TLRs or NKG2D [405, 406]. It is possible that M. sympodialis stimulates TNF-α 

release from γδ T cells and NK cells through one of these receptors. Determining the 

ligand(s) for innate immune cell activation might be valuable since they could be used to 

further increase the immunogenicity of DC-derived exosomes.  

Two recent studies have shown that bacteria also secrete immunogenic vesicles that 

induce innate immune responses. Vesicles from Staphylococcus aureus induce production 

of IL-6, TSLP, MIP-1α and eotaxins in vitro, while Mycobacteria-derived vesicles 

stimulated cytokine and chemokine release in a TLR2-dependent manner [407, 408]. 

Microbe-derived nanovesicles are a new mechanism for host–microbe interactions with 

implications for the treatment of AE. On the one hand, finding ways to decrease microbial 

vesicle formation might ameliorate symptoms. On the other hand, vesicles could be used 

to induce a protective immune response before sensitization to M. sympodialis occurs.  
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Fig. 9 (A) Transmission electron microscopy picture of M. sympodialis-derived nanovesicles. 

Scale bar 100 nm. (B) Western blot analysis of sucrose gradient fractions analysed using serum 

from an AE patient sensitized to M.sympodialis to detect IgE-binding epitopes. (C) M. 

sympodialis nanovesicles (MalaEx) induce significantly higher IL-4 responses in CD14, CD34 

depleted PBMC of AE patients than of HC, as determined by ELISPOT. (D) Exosomes from co-

cultures of DC and M. sympodialis (DCexo Mala) induce IL-4 responses in depleted PBMC of 

AE patients and HC, as measured by ELISPOT. In (B, C) Mann-Whitney-U test was used to test 

for statistical significance. 
*
 p<0.05 
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Fig. 10: Possible role for nanovesicles in cytokine responses in AE patients 

(A) In the steady state the epidermal skin barrier is intact and colonized by the 

commensal yeast M. sympodialis, which produces exosome-like vesicles (MalaEx). 

Langerhans cells or dermal DCs and mucosal lymphocytes sample the skin for the 

presence of pathogens 

(B) When the skin is damaged, M. sympodialis-derived vesicles can enter the skin 

through injuries only a few hundred nanometer in size while the yeast cell can enter 

through microinjuries. Once in the skin the pathogens are taken up by DCs which 

mature and present M. sympodialis-derived antigens on the surface and release 

antigenic exosomes (DCexo Mala). 

(C) The activated DCs and their exosomes induce a pro-inflammatory response involving 

CD4
+
, IL-4 producing Th2-type helper cells. Our preliminary data suggest that also 

NK cells and γδ T cells have a role in the M. sympodialis mediated immune response, 

possibly in the production of TNF-α and the initiation of the inflammatory response. 

B 
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5 CONCLUSIONS 

The efficacy of todays‟ vaccines is evaluated by their ability to induce T cell and antibody 

responses. It is generally accepted that a strong innate immune response is a prerequisite to 

achieve potent adaptive immunity, and subsequent development of antigen-specific 

memory. 

 

In study I we showed that even though directly loaded exosomes were more potent in 

stimulating T cell responses in vitro, only OVA-Exo induced potent T and B cell 

immunity in vivo. The induction of T cell immunity was dependent on a functional B cell 

compartment. This study shows that exosomal loading with whole antigen might induce 

more potent B and T cell responses than the currently used approach using antigenic T cell 

peptides. 

In study II we observed that loading exosomes with the CD1d ligand αGC can induce 

NKT cell activation in vitro and in vivo. Exosomal activation of NKT cells, in turn, 

activates cells of the innate immune system and amplifies antigen-specific B and T cell 

immunity. These properties of exosomes might be used in future therapeutic approaches. 

Study III revealed that TGF-β has a regulatory effect on leukotriene production of 

macrophages and DCs during their differentiation.  Exosomes from both cell types and 

plasma-derived exosomes can produce the leukotrienes LTB4 and LTC4 as well as other 

lipid mediators. Moreover, we can show that APC-derived exosomes can increase 

leukotriene production by PMN and induce chemotaxis on PMN through yet unknown 

mechanisms. These results indicate that exosomes could be used to recruit immune cells, a 

desirable property for future vaccines. 

In study IV we discovered that M. sympodialis releases exosome-like nanovesicles that 

carry allergen and induce IL-4 responses in AE patients and TNF-α in both AE patients 

and HC. DC-derived exosomes from co-cultures carry M. sympodialis epitopes and can 

elicit IL-4 and TNF-α responses in both AE patients and HC while plasma exosomes only 

induce TNF-α in autologous PBMC. These results show novel mechanisms for host–

microbe interactions and that nanovesicles can be used to induce immune responses in 

human. 

 

In summary, we have identified three new pathways that should be considered when 

designing future exosome-based vaccines. Including B cell epitopes and CD1d ligands, as 

well as exploiting the chemoattractant capacity of exosomes, might lead to a potent innate 

and adaptive immune response and to an increase in vaccination efficiency. The finding 

that immunogenic nanovesicles are produced by M. sympodialis, highlights the 

immunostimulatory potential of exosomes also in humans. It also supports the notion that 

membrane vesicles are a way of interaction with the extracellular environment that is 

conserved throughout the evolution. 
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6 FUTURE PERSPECTIVES 

6.1 EXOSOMES – VEHICLES FOR FUTURE VACCINE USE 

During infection, DCs will phagocytose the invading pathogen, degrade it into lipid and 

protein components and present these on CD1 or MHC molecules to NKT- and 

CD4
+
/CD8

+
 T cells. An activated NKT cell will, in turn, license its DC for antigen-

presentation and increase its expression of T cell-stimulating cytokines and chemokines, 

thus increasing the efficiency of antigen presentation [85, 86]. For vaccine design, this 

implies that protein and lipid antigens need to be taken up and presented by the same DC. 

Co-administrating soluble antigen and soluble αGC might thus be an inefficient way to 

induce antigen-specific immunity, since lipid and protein antigens might be presented by 

different DCs. In fact, it might be one explanation to why clinical trials using only αGC-

loaded DCs were unsuccessful [92]. Exosomes can deliver multiple signals to the same 

cell. Using exosomes as vaccine vehicle allows targeting of protein and lipid antigens to 

the same vesicle and thus delivery to the same APC. Also other immunostimulatory 

molecules can be loaded onto exosomes. They could be used as artificial viruses, which 

contain the immunostimulatory components but lack their pathogenicity. Complex 

exosomal vaccines could contain B-, T- and NKT-cell epitopes, TLR-ligands [226], heat 

shock proteins [198] and chemoattractive compounds (Fig. 11) [344, 409]. To target these 

molecules to the same exosome, DCs might need to be pulsed with a complexed version of 

the above-mentioned ligands or with genetically modified bacteria, expressing all 

molecules. Based on the literature and our findings, the resulting exosomes should be able 

to attract granulocytes and stimulate NK, NKT cells, γδ T cells, DCs, CD4
+
/CD8

+ 
T cells 

and B cells. It is theoretically possible that exosomes could be used to vaccinate against 

several pathogens simultaneously by including several antigens in the DC cultures. These 

are exciting speculations about possible future applications of DC-derived exosomes. 

 

 

 

 

  

Fig. 11 Schematic view of exosomes as 

vaccine vehicles. 

In order to stimulate a potent innate 

immune response exosomes could 

be loaded with (A) TLR-ligands. 

Expression of (B) heat shock 

proteins can be increased by heat-

treating cells. Exosomes could be 

administered together with 

substances that lead to LTA4 release 

from surrounding cells to harness 

the pro-inflammatory effects of (C) 

LTA4H and LTC4S. Loading 

exosomes with a (D) CD1d ligand 

will amplify innate immune 

responses as well as adaptive 

immunity. B and T cell responses 

will be initiated by loading 

exosomes with whole antigen that 

contains epitopes for (E) MHC class 

I, (F) MHC class II molecules as 

well as (G) B cell epitopes. These 

exosomes might be used in future 

clinical trials.  
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6.2 MECHANISTIC STUDIES ON THE EXOSOME-INDUCED IMMUNE 

RESPONSE 

Further studies need to determine mechanistical aspects of the exosomal immune 

response. To determine whether B cell dependency of T cell responses is due to MZB 

cells, CD19
-/-

 mice could be reconstituted with MZB cells from wt or CXCR5
-/-

 mice, 

lacking the chemokine receptor that mediates antigen shuttling into the follicle [127]. 

Intravenous injection of exosomes together with antagonists to the sphingosine 1-

phosphate receptor (S1P1), that mediates return of B cells to the marginal zone, could 

provide additional evidence. Reconstituting CD19
-/-

 mice with CD21
-/-

 MZB cells 

addresses the question whether exosomal complement is important for follicular MZB-

shuttling. Here, the role of complement factor 3 remains to be elucidated. It also needs to 

be tested whether the deposition of exosomes on follicular dendritic cells (FDCs) is 

needed to induce T cell immunity [410]. To determine whether B cell dependency is due 

to cognate B-/T cell interactions, a transgenic B cell mouse model system could be used. 

Injecting Exo-OVA into mice, transgenic for a BCR with different antigen-specificity 

might answer this question [411]. 

Similar experimental setups might be used to reveal the role of NKT cells in the ensuing 

innate and adaptive immune responses. Reconstituting CD1d
-/-

 mice with NKT cells that 

cannot produce certain cytokines will reveal their importance for NK cell and γδ T cell 

activation as well as the observed type I IgG2a antibody responses. Immunizing mice 

deficient in DAP10, the signaling adaptor protein for the NKG2D receptor, with Exo-

OVA or Exo(αGC-OVA), will answer whether NKG2D signaling is important in the 

activation of NKT, NK and γδ T cells. 

To determine the role of NK cells and γδ T cells in shaping the adaptive immune response, 

TCRδ
-/-

 and/or NK cell deficient mice need to be immunized and responses compared with 

those in wt mice. Interestingly, it has been reported that mice lacking NK cells develop 

Th1 immunity but lack an IgG2a response [412]. 

 

6.3 CHARACTERIZING EXOSOMAL LIPID MEDIATOR PRODUCTION 

We were the first to report that exosomes can contribute to leukotriene production (Study 

III) and others have shown that exosomes contain active phospholipases [401]. There is a 

need to characterize exosomal mediator production in more detail by using mass 

spectrometry-based approaches. We have performed preliminary studies on human and 

murine DC exosomes using a sensitive and quantitative LC-MS/MS approach. We 

detected the presence of the compounds 15-HETE, 15-oxo-ETE, 5-HETE, 12-oxo-ETE, 

12-HETE, 5-oxo-ETE and 11-HETE as well as PGD2 and PGE2 (Lundström, Gehrmann, 

Esser et al., unpublished data). The capacity of exosomes to produce PGE2 is interesting, 

since it has been implied in the generation of myeloid-derived suppressor cells (MDSC) 

[281]. Moreover, we have seen that adding AA to exosomes under reducing conditions 

changes the profile of lipid mediator production since we could detect more LTC4 in those 

incubations (Esser, Gehrmann et al., unpublished data). It will be important to analyse 

lipid mediator production of exosomes from different cell types or body fluids, from cells 

that have been treated in different ways (e.g. immature vs. LPS- or CpG-ODN-matured 

DCs) or cultured in different conditions (e.g. hypoxic vs. normoxic). Knowledge about 

these variables might enable us to regulate exosomal lipid mediator synthesis. When 

considering exosomes for future vaccines, this might increase granulocyte chemotaxis to 
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the site of injection and induce a more potent immune response possibly enhancing 

memory development. 

 

6.4 EXOSOMAL LIPID MEDIATORS IN THE IMMUNE RESPONSE 

The characteristic of exosomes to convert lipid AA or LTA4 into pro-inflammatory 

leukotrienes might be useful when designing exosomal vaccines, since leukotrienes could 

amplify exosomal immunogenicity. Exosomes might be administered together with AA or 

LTA4, or a substance that stimulates release of AA or LTA4 from surrounding cells. The 

resulting levels of LTB4 and LTC4 might lead to DC maturation [157] and an increased 

influx of neutrophils [147]. Interestingly, a recent study demonstrated that antibody 

responses were lower in mice lacking 5-LO, the first enzyme of the leukotriene generation 

pathway [413]. The study reports that 5-LO
-/-

 mice were deficient in normal Tfh-

development and germinal center reactions, indicating the importance of leukotrienes in 

the events leading up to an antibody response. It will be interesting to investigate whether 

exosomal leukotriene production contributes to the exosomal antibody response possibly 

through the induction of Tfh cells and germinal centers. Future studies should compare 

exosomes from 5-LO
-/-

, LTC4S
-/-

 or LTA4H
-/-

 mice with wt exosomes in their capacity to 

induce adaptive immune responses. Finally, comparing DC migration in response to wt or 

LTC4S
-/-

 exosomes might be interesting since LTC4 has been implied in the migration of 

DC from the skin to the lymph node [156]. 

 

6.5 CHARACTERISING M. SYMPODIALIS-DERIVED NANOVESICLES 

The first task at hand, is the in-depth characterization of yeast-derived nanovesicles using 

a proteomics and lipidomics approach. Lipidomic profiles have been generated for 

exosome-like vesicles from the fungus H. capsulatum and C. neoformans and revealed a 

lipid distribution typical for pathogenic yeasts. Proteomic profiles showed the presence of 

several enzymes important for nutrient degradation, rabGTPases, which have been implied 

in exosome biogenesis [194], heat shock proteins as well as virulence factors [385, 386]. 

Due to the presence of metabolic enzymes, it has been proposed that fungal vesicles serve 

as enzyme bags that contain enzymes necessary for complex nutrient degradation outside 

the organism. The single nutrient components can then be absorbed across the fungal cell 

wall [414]. M. sympodialis nanovesicles might have a similar role. In addition, it will be 

interesting to see whether yeast vesicles contain RNA molecules similar to mammalian 

exosomes and how these yeast RNAs interact with the immune system, one possibility 

being TLR-dependent recognition by plasmacytoid DCs. 

 

6.6 M. SYMPODIALIS NANOVESICLES IN AE PATHOGENESIS 

Since M. sympodialis nanovesicles contain IgE-binding epitopes it will be interesting to 

characterize their interactions with mast cells (Lunderius-Andersson et al., ongoing 

experiments). However, there are limitations in determining the role of M. sympodialis-

derived nanovesicles in AE disease pathogenesis. Although there are mouse models for 

atopic eczema, no in vivo model exists that allows sensitization to M. sympodialis. 

However, one could use models currently used for OVA or the house dust mite allergen 

Der p 2 and exchange allergen-containing skin patches with nanovesicle containing skin-

patches [415]. Fluorescent labeling of vesicles with lipid membrane dyes such as PKH67 

would allow the tracing of nanovesicles in the skin and determining their target cells in 
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vivo. Similar to the experimental setup in study II, mice can be fed BrdU to trace 

proliferating cells during the sensitization phase to monitor the nanovesicles-induced 

immune response. Interestingly, a recent study reported that vesicles from the bacterium 

Staphylococcus aureus induce atopic eczema-like skin inflammation using a similar 

approach as described above [407].  

 

6.7 EXOSOMES AND THE FUTURE OF VACCINATION – AN IDEA 

Given the results discussed above, what could an exosomal vaccine look like? It needs to 

be cost-efficient and available in large quantities to allow for vaccination in low income 

areas. Thus a cell-line based approach that can easily be upscaled is favourable. 

Monocyte-derived DCs can be prepared from a healthy blood donor and immortalized 

using a replication deficient retrovirus containing the v-myc gene [416, 417]. However, in 

the advent of personalized medicine, these exosomes need to be tailored to individual 

HLA genotypes to avoid possible alloreactivity. To overcome this, the HLA alleles of the 

generated DC cell line can be knocked out one-by-one, using homologous recombination, 

similar to the procedure used for embryonic stem cells in the generation of knock-out mice 

[418, 419]. In the last step, the DC cell line will be reconstituted with a plasmid containing 

a single HLA allele to generate a library of HLA mono-allelic DC cell lines. Depending on 

the genotype of the patient, the appropriate DC lines can be cultured and pulsed with a 

combination of antigens, CD1d ligands and TLR agonists to generate immunogenic, HLA-

tailored vaccines in high quantities. Exosomes can then be administered together with a 

substrate for lipid mediator production to initiate granulocyte influx and the early immune 

response. 

Establishing a library of DC cell lines will be time and cost-intensive, but maintenance and 

vaccine production need limited resources. To further reduce costs, it is theoretically 

possible to vaccinate against several diseases simultaneously by simply adding a mix of 

antigens to the DC cultures. This system could be an alternative to current vaccine 

regimens and can in theory be used for most diseases and that can easily be modified to 

new pathogens and/or diseases.  
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8 POPULAR SCIENTIFIC SUMMARY 

8.1 ENGLISH 

The immune system is our body‟s defense against infections that are caused by pathogens 

such as viruses or bacteria. Upon exposure to pathogens, the immune system needs to be able 

to respond quickly before the pathogen can cause disease. The first response, called 

inflammation, is mediated by the innate immune system, which is already present at birth. It is 

unspecific and recognizes “danger” signals that are associated with pathogens or dying cells. 

The second line of defense is termed the adaptive immune system. It consists of B cells and T 

cells which are recruited to the site of inflammation by the innate immune system. These cells 

recognize small fragments of a pathogen, so called epitopes, which are presented to them by 

dendritic cells. Adaptive immunity is characterized by a highly specific response that is either 

mediated by the cells themselves or by secreted factors, called antibodies. It is unique to the 

adaptive immune system that some of the activated cells will develop into memory cells, 

which will be activated upon a second exposure to the pathogen. In this way, memory cells 

can act immediately and do not need an innate immune response. This phenomenon is termed 

immunological memory and is considered the “holy grail” of immunology. It explains why we 

only get measles, mumps or rubella once in our life even though we are exposed to the 

pathogens more often than that. In theory, one could develop immunological memory to every 

infectious disease. 

 

Immunological memory is normally established against pathogens that the body encounters 

during the early years of life. However, modern-day inner city lifestyle and the use of 

antibiotics has reduced our natural exposure to those pathogens. To compensate for the lack of 

natural exposure, one can be exposed to harmless, inactivated or altered forms of the pathogen 

in a process called vaccination. Much of our understanding of the immune system is based on 

the effects of vaccinations. Smallpox and polio have been declared eradicated diseases by the 

World Health Organisation (WHO) as a result of intensive vaccination programs. 

 

However, vaccination has not solved all problems. There are still no vaccines against HIV or 

malaria mainly due to the lack of understanding how to generate effective immune responses 

against these pathogens. The recent swine flu epidemic highlighted that today‟s protocols for 

influenza vaccine production are insufficient due to resource limitations. The growth of 

harmless virus in chicken eggs also leads to cases of allergies against chicken egg white and 

some vaccines have been correlated to cases of narcolepsy. These are arguments that justify 

more immunological research that will lead to the development of better vaccines and 

immunotherapies. 

 

Exosomes are small vesicles, about 100 nm (0.0001 mm) in diameter, that are secreted by our 

body‟s cells. They are messengers that are used to exchange information between cells. 

Exosomes are interesting for immunologists because they can be loaded with foreign 

molecules that stimulate innate immunity as well as with pathogen epitopes that stimulate 

adaptive immunity. They could represent a natural alternative to vaccination with live virus 

and, theoretically they can be produced abundantly in cell culture. Initial studies in mice show 

that exosomes can confer protection to infectious diseases such as toxoplasmosis and 

leishmaniasis but most importantly they have been found to be effective against cancer in 

mice. The first clinical trials demonstrate that exosomes are a safe and well-tolerated treatment 
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alternative. However, so far, they failed to induce effective immune responses in cancer 

patients. 

 

In this thesis, I tried to find ways to increase the potential of exosomes to stimulate the 

immune system and to induce immunological memory. We describe three new ways through 

which exosomes contribute to an immune response, and finally we demonstrate that 

nanovesicles from a yeast present on the skin are effective in stimulating immune responses in 

patients suffering from a human inflammatory disease. 

 

In study I, we show that it is necessary to load exosomes with whole proteins rather than 

epitopes to stimulate the adaptive immune system. This shows that exosomes need to be 

produced in another way as previously thought.  

 

In study II, we demonstrate that exosomes can be loaded with a molecule that stimulates a 

specific cell of the innate immune system: NKT cells. Activation of NKT cells amplified 

innate and adaptive immune responses. Immune responses were about 5-10 times stronger 

than when using regular protein-loaded exosomes. Exosomal activation of NKT cells also 

changed the nature of the antibody response towards a type I response. This might be 

exploited in treatment for allergic diseases where antibody responses are predominantly of 

“the opposing” type II. 

 

In study III, we report that exosomes contain enzymes that can produce leukotrienes, lipid 

mediators that can amplify the immune response. We show that exosomes can function as 

small factories that produce leukotrienes from molecules released from surrounding cells. We 

also show that exosomes can contribute to the recruitment of immune cells to the site of 

inflammation, possibly through the production of leukotrienes.  

 

In study IV, we describe that the yeast M. sympodialis, which belongs to our normal skin flora, 

can release nanovesicles. These nanovesicles can induce an immune response in cells from 

atopic eczema patients, sensitized to allergens from the yeast, which is stronger than in cells 

from healthy controls. We also show that exosomes from co-cultures of dendritic cells and M. 

sympodialis can induce immune responses in both patients and controls. These results show 

novel mechanisms for host–microbe interactions and that nanovesicles can be used to induce 

immune responses in human. 

 

In conclusion, we argue that the capacity of exosomes to induce immune responses can be 

increased by combining different approaches: 1) optimizing the loading of pathogenic epitopes 

onto exosomes, 2) adding molecules that stimulate NKT cells and possibly other innate 

immune cells, and 3) harnessing the ability of exosomes to recruit immune cells. These 

findings should be taken into consideration when designing future exosomal vaccines. After 

careful testing in pre-clinical and clinical studies, exosomes could be an alternative approach 

to conventional vaccines against infectious diseases and possibly cancer. Moreover, exosomes 

might be used as a therapeutic treatment for established tumors or chronic diseases such as 

allergies. Recent findings have also examined the use of exosomes as a non-invasive 

diagnostic tool. They might be used to detect new biomarkers that help in the diagnosis of 

cancer. Even though much more needs to be learned about exosome biology, the perspective 

of using exosomes in clinical applications is a strong motivation for further research in this 

field. 
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8.2 SVENSKA 

Immunsystemet är kroppens försvar mot infektioner som orsakas av patogener som bakterier 

eller virus. När vi träffar på en sjukdomsalstrande mikroorganism måste immunsystemet 

kunna svara snabbt. Den första fasen i försvaret, också kallad “inflammation”, orsakas av det 

medfödda immunförsvaret, vilket finns redan vid födseln. Det känner igen molekyler som 

signalerar “fara”, dvs som kommer från patogener eller döende celler. Den andra 

försvarslinjen är det så kallade adaptiva immunförsvaret. Den består av B-celler och T-celler, 

vilka rekryteras av det medfödda immunsystemet till det inflammerade området. Dessa celler 

känner igen små bitar av ett patogen, så kallade epitoper, vilka presenteras av dendritiska 

celler. Adaptiv immunitet kännetecknas av ett väldigt specifikt svar vilket medieras antingen 

av B- och T-cellerna själva eller genom utsöndrade ämnen, så kallade antikroppar. En speciell 

egenskap hos det adaptiva immunsystemet är att vissa aktiverade celler utvecklas till 

minnesceller, vilka kan aktiveras när vi träffar på en patogen för andra gången. På det sättet 

kan minnescellerna agera direkt och behöver inte först vänta på ett medfött immunsvar. Detta 

fenomen kallas för “immunologiskt minne” och anses som “den heliga graalen” inom 

immunologi. Det förklarar varför vi får mässling, påssjuka och röda hund bara en gång i vårt 

liv, även om vi exponeras för sjukdomerna vid flera olika tillfällen. I teorin kan man utveckla 

ett immunologiskt minne mot varje infektionssjukdom. 

 

Ett immunologiskt minne är vanligtvis etablerat mot patogener som kroppen träffar på under 

de första levnadsåren. Vår moderna innerstadslivsstil och det ökade användandet av 

antibiotika har dock minskat vår naturliga exponering för dessa patogener. För att kompensera 

den minskade exponeringen kan man utsätta sig själv för ofarliga inaktiverade eller förändrade 

former av patogenen genom en process som kallas för ”vaccinering”. Mycket av vår kunskap 

om immunsystemet baseras på studier av effekterna av vacciner. Som ett resultat av stora 

vaccinationsprogram har sjukdomar som smittkoppor och polio förklarats “utrotade” av 

Världshälsoorganisationen (WHO). 

 

Vaccinering har dock inte löst alla problem. Det finns fortfarande inga vaccin mot HIV eller 

malaria, främst för att det saknas kunskap om hur man kan framställa effektiva vacciner mot 

dessa patogener. Den senaste svininfluensaepidemin visade också att metoderna och 

protokollen som finns idag för att framställa vaccin inte räcker till på grund av begränsade 

resurser. Odlingen av ofarligt virus i hönsägg kan även orsaka fall av allergi mot 

hönsäggsproteiner och vissa vacciner har förknippats med fall av narkolepsi. Dessa argument 

ger skäl till varför mer immunologisk forskning behövs som i sin tur leder till utvecklingen av 

bättre vacciner. 

 

Exosomer är små membranvesiklar, ungefär 100 nm (0.0001 mm) i diameter, vilka utsöndras 

av våra celler. De fungerar som budbärare och används för att utbyta information mellan 

cellerna. Exosomer är intressanta för immunologer eftersom man kan ladda dem med 

främmande molekyler som stimulerar vårt medfödda immunsystem. Samtidigt kan de laddas 

med epitoper från patogener som stimulerar det adaptiva immunsystemet. De skulle kunna 

vara ett naturligt alternativ till vaccinering med levande virus och kan i teorin produceras i 

stora mängder i cellkulturer. Inledande studier i möss visar att exosomer kan medföra skydd 

mot infektionssjukdomar som toxoplasmos eller leishmania. Det har också visat sig att 

exosomer är effektiva mot cancer hos möss. De första kliniska studierna demonstrerade att 
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exosomer är ett säkert behandlingsalternativ som tolereras väl. Hittills har de dock misslyckats 

med att skapa ett effektivt immunsvar i cancerpatienter. 

 

I denna avhandling försökte jag hitta vägar att förstärka förmågan hos exosomer att stimulera 

immunsystemet och att inducera immunologiskt minne. Jag beskriver tre nya vägar hur 

exosomer kan bidra till immunförsvaret och jag visar att nanovesiklar från en jästsvamp som 

finns naturligt på huden effektivt kan stimulera ett immunsvar i patienter som har eksem. 

 

I delarbete I visar vi att det är nödvändigt att ladda exosomer med hela proteiner istället för 

med epitoper för att stimulera ett adaptivt immunsvar. Detta visar att exosomer behöver 

produceras på ett annat sätt än vad man tidigare trott. 

 

I delarbete II visar vi att exosomerna kan laddas med en molekyl som stimulerar en specific 

cell av det medfödda immunsystemet: NKT-celler. Aktiveringen av NKT celler förstärkte det 

medfödda och det adaptiva immunsvaret. Immunsvaret förstärktes 5-10 gånger jämfört med 

exosomer som bara laddats med ett vanligt protein. NKT-cellsaktiveringen förändrade också 

typen av antikroppssvar till ett typ I-svar. Denna effekt kan utnyttjas för att behandla allergier 

där antikroppssvaret oftast är det motsatta, ett så kallat typ II-svar.  

 

I delarbete III rapporterar vi att exosomer innehåller enzymer som kan leda till 

leukotrienproduktion. Leukotriener är ämnen som kan förstärka det medfödda immunsvaret. 

Vi visar att exosomer agerar som små fabriker som framställer leukotriener utifrån molekyler 

som utsöndras från närliggande celler. Vi visar också att exosomer bidrar till rekryteringen av 

immunceller till ett inflammationsområde, troligen via leukotriener.  

 

I delarbete IV beskriver vi hur jästcellen Malassezia sympodialis, som tillhör vår naturliga 

hudflora, utsöndrar nanovesiklar. Dessa nanovesiklar orsakar ett immunsvar i celler från 

patienter med atopiskt eksem, och som är allergiska mot jästsvampen. Detta svar är starkare än 

hos friska kontroller. Vi visar dessutom att exosomer från kulturer av dendritiska celler som 

odlats med M. sympodialis kan skapa ett immunsvar både hos patienter och friska kontroller. 

Dessa resultat demonstrerar ett nytt samspel mellan värdorganismen och mikrober samt att 

nanovesiklar kan användas för att skapa ett immunsvar även i människa.  

 

Sammanfattningsvis hävdar vi att exosomernas förmåga att skapa ett immunsvar kan 

förbättras genom att kombinera olika tillvägagångssätt: 1) optimera laddningen av patogena 

epitoper på exosomer, 2) tillsätta molekyler som stimulerar NKT-celler och möjligtvis andra 

celler hos det medfödda immunsystemet och 3) utnyttja förmågan hos exosomer att rekrytera 

immunceller. Dessa fynd borde man ta hänsyn till när man framställer framtida exosomala 

vacciner. Efter noggranna pre-kliniska och kliniska studier skulle exosomer kunna vara ett 

alternativ till konventionella vacciner mot infektionssjukdomar och cancer. Utöver det skulle 

man kunna använda exosomer som behandling för etablerade tumörer eller kroniska 

sjukdomar som allergier och autoimmunsjukdomar. Aktuell forskning har undersökt om man 

kan använda exosomer som ett diagnostiskt verktyg. De skulle kunna fungera som nya 

biomarkörer som hjälper till att diagnostisera cancer. Även om det behövs mycket mer 

kunskap om hur exosomer fungerar, är perspektivet att kunna använda exosomer i den kliniska 

vardagen ett starkt argument för fortsatt forskning i detta fält. 
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8.3 DEUTSCH 

Das Immunsystem ist unser körpereigenes Abwehrsystem gegen Infektionen, die durch 

Krankheitserreger wie Viren oder Bakterien verursacht werden. Bei einer Konfrontation mit 

Krankheitserregern, muss das Immunsystem in der Lage sein, schnell zu reagieren, bevor 

die Erreger Krankheiten verursachen können. Die erste Antwort des Immunsystems ist eine 

Entzündungsreaktion, die durch das angeborene Immunsystem ausgelöst wird, das bereits 

bei der Geburt vorhanden ist. Es ist unspezifisch und erkennt "Gefahrensignale", die von 

Krankheitserregern oder sterbenden Zellen stammen. Die zweite Verteidigungslinie des 

Immunsystems ist das adaptive Immunsystem. Es besteht aus B- und T-Zellen, die durch 

das angeborene Immunsystem an dem Ort der Entzündung rekrutiert werden. Diese Zellen 

erkennen kleine Bruchstücke eines Erregers, sogenannte Epitope, die ihnen durch 

dendritische Zellen präsentiert werden. Die adaptive Immunantwort ist hochspezifisch und 

wird entweder von den Zellen selbst oder durch ausgesonderte Moleküle, so genannten 

Antikörpern, vermittelt. Ein Alleinstellungsmerkmal des adaptiven Immunsystems ist es, 

dass einige der aktivierten B und T Zellen zu Gedächtniszellen werden und bei einer 

zweiten Konfrontation mit dem Erreger aktiviert werden. Auf diese Weise kann das 

adaptive Immunsystem sofort handeln und benötigt keine vorherige angeborene 

Immunantwort. Dieses Phänomen wird als immunologisches Gedächtnis bezeichnet und 

gilt als der "Heilige Gral" der Immunologie. Es erklärt, warum wir nur einmal in unserem 

Leben an Masern, Mumps oder Röteln erkranken, obwohl wir den Erregern häufiger 

ausgesetzt sind. Theoretisch könnte man ein immunologisches Gedächtnis für jede 

Infektionskrankheit entwickeln. 

 

Das immunologische Gedächtnis wird in der Regel für Krankheitserreger eingerichtet, 

denen das Immunsystem in den ersten Jahren des Lebens begegnet. Allerdings hat der 

moderne, städtische Lebensstil und der erhöhte Gebrauch von Antibiotika die natürliche 

Exposition gegenüber diesen Erregern reduziert. Um dies zu kompensieren, kann man sich 

inaktivierten oder veränderten Formen des Erregers aussetzen, der sogenannten 

Impfung. Ein Großteil des Wissens über unser Immunsystem beruht auf dem Verständnis 

von Impfstoffen  und deren Effekten. Als Folge intensiver Impfprogramme wurden 

Krankheiten wie Pocken und Kinderlähmung von der Weltgesundheitsorganisation (WHO) 

für ausgerottet erklärt. 

 

Allerdings hat das Prinzip des Impfens nicht alle Probleme gelöst. Es gibt bis heute keine 

Impfstoffe gegen HIV oder Malaria. Dies liegt vor allen Dingen am mangelnden 

Verständnis daran, wie man eine effektive Immunantwort gegen diese Erreger 

hervorruft. Die jüngste Schweinegrippe-Epidemie hat deutlich gemacht, dass die heutigen 

Protokolle zur Produktion von Grippeimpfstoffen aufgrund mangelnder Ressourcen 

unzureichend sind. Die Herstellung des Impf-Virus in Hühnereiern hat zu Fällen von 

Allergien gegen Hühnereiweiß geführt und einige Impfstoffe werden mit Fällen von 

Narkolepsie in Verbindung gebracht. Dies sind Argumente, die mehr immunologische 

Forschung rechtfertigen, welche letztendlich zur Entwicklung besserer Impfstoffe beitragen 

wird. 

 

Exosomen sind kleine Membranvesikel, etwa 100 nm (0,0001 mm) im Durchmesser, die 

von unseren Körperzellen ausgesondert werden. Sie sind Boten, die Informationen 

zwischen Zellen vermitteln können. Exosomen haben das Interesse von Immunologen 

geweckt, da sie mit Molekülen beladen werden können, die die angeborene Immunität 

stimulieren. Man kann sie zudem mit Epitopen von Krankheitserregern versehen, die die 

adaptive Immunität anregen. Exosomen könnten theoretisch in großer Menge in 

Zellkulturen hergestellt werden und stellen daher eine natürliche Alternative zur Impfung 
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mit Viren dar. Erste Studien in Mäusen haben gezeigt, dass Exosomen Schutz gegen 

Infektionskrankheiten wie Toxoplasmose und Leishmaniose vermitteln. Zudem haben sie 

sich in Mausstudien als wirksame Therapie gegen Krebs herausgestellt. Die ersten 

klinischen Studien haben ergeben, dass Exosomen eine sichere und gut verträgliche 

Behandlungsalternative sind. Bisher konnten jedoch keine wirksamen Immunreaktionen bei 

Krebspatienten hervorgerufen werden. 

 

In dieser Arbeit habe wir versucht, neue Wege zu finden, um die Fähigkeit von Exosomen, 

das Immunsystem zu stimulieren, zu verstärken. Wir beschreiben drei Alternativen, die die 

Immunantwort durch Exosomen verstärken können. Abschließend zeigen wir, dass 

Nanovesikel von Hefezellen auf effektive Weise Immunreaktionen in Zellen von Patienten 

mit Ekzem hervorrufen können. 

 

In Studie I zeigen wir, dass es notwendig ist, Exosomen mit ganzen Proteinen statt nur mit 

Epitopen zu beladen, um das adaptive Immunsystem zu stimulieren. Dies zeigt, dass 

Exosomen auf andere Weise hergestellt werden müssen als bisher angenommen. 

 

In Studie II zeigen wir, dass Exosomen mit einem Molekül beladen werden können, um 

eine bestimmte Zelle des angeborenen Immunsystems zu stimulieren: die NKT-Zelle. Die 

Aktivierung der NKT-Zellen verstärkt die angeborene und adaptive Immunantwort. Die 

Immunantwort war etwa 5-10 mal stärker als bei der Verwendung von normalen Protein-

beladenen Exosomen. Die Aktivierung von NKT-Zellen durch Exosomen verändert auch 

die Art der Antikörper-Antwort hin zu einer so genannten Typ-I-Reaktion. Dies könnte bei 

der Behandlung von allergischen Erkrankungen genutzt werden, bei denen die Antikörper-

Reaktionen überwiegend vom "entgegengestezten" Typ II sind. 

 

In Studie III berichten wir, dass Exosomen Enzyme enthalten, die Leukotriene produzieren 

können. Leukotriene sind fettlösliche Substanzen, die die Immunantwort verstärken 

können. Wir zeigen, dass Exosomen als kleine Fabriken fungieren und Leukotriene aus 

Molekülen produzieren, welche von umliegenden Zellen während einer 

Entzündungsreaktion freigesetzt werden. Wir zeigen darüber hinaus, dass Exosomen auch 

zur Rekrutierung von Immunzellen an dem Ort der Entzündung beitragen, möglicherweise 

durch die Produktion von Leukotrienen. 

 

In Studie IV beschreiben wir, dass die Hefe M. sympodialis, die zu unserer normalen 

Hautflora gehört, Exosom-ähnliche Nanovesikel freisetzen kann. Diese Nanovesikel 

können eine Immunantwort in Zellen von Patienten mit atopischem Ekzem induzieren, die 

auf Allergene aus der Hefe reagieren. Diese Reaktion ist stärker als in Zellen von gesunden 

Kontrollpersonen. Wir zeigen darüber hinaus, dass Exosomen aus Kulturen von 

dendritischen Zellen und M. sympodialis isoliert werden können und diese eine 

Immunreaktion sowohl in Zellen von Patienten als auch von Kontrollpersonen 

hervorrufen. Diese Ergebnisse weisen auf neue Mechanismen in der Beziehung von 

Wirtszellen und Mikroben hin. Außerdem zeigen wir, dass Exosomen auch 

Immunreaktionen in menschlichen Zellen hervorrufen können. 

 

Zusammenfassend vertreten wir die Auffassung, dass die Fähigkeit von Exosomen, 

Immunantworten hervorzurufen durch die Kombination verschiedener Ansätze erhöht 

werden kann: 1) Optimierung der Beladung von pathogenen Proteinen auf Exosomen, 2) 

Zugabe von Molekülen, die NKT-Zellen und möglicherweise auch andere Zellen des 

angeborenen Immunsystems stimulieren, und 3 ) die Nutzung der Fähigkeit von Exosomen 

Immunzellen zu rekrutieren. Diese Erkenntnisse sollten bei der Gestaltung künftiger 

exosomaler Impfstoffe in Betracht gezogen werden. Nach sorgfältiger Prüfung in 
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vorklinischen und klinischen Studien könnten Exosomen eine Alternative zu 

herkömmlichen Impfstoffen gegen Infektionskrankheiten und möglicherweise Krebs 

darstellen. Darüber hinaus könnten Exosomen in der Behandlung von etablierten Tumoren 

oder chronischen Krankheiten wie Allergien eingesetzt werden. Neuere Erkenntnisse legen 

die Verwendung von Exosomen als nicht-invasive Diagnosemethode nahe. Sie könnten als 

Biomarker verwendet werden und in der Früherkennung von Krebs eine Rolle 

spielen. Auch wenn noch viel über die Biologie von Exosomen in Erfahrung gebracht 

werden muss, so ist die Perspektive, dass Exosomen klinische Anwendung haben, könnten 

ein starkes Argument für weitere Forschung auf diesem Gebiet. 
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