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ABSTRACT
Exosomes are nano-sized vesicles of endosomal origin which are secreted from several different cell
types. Depending on their cellular source they have been suggested to have different functions, like
having a role in antigen delivery and T cell activation (antigen presenting cell-derived exosomes) or a
role in tolerance induction (epithelial cell-derived exosomes). In addition, exosomes have shown potential
to be used in immunotherapy both against infections and cancer. This thesis aimed at elucidating the
presence of exosomes in vivo, develop methods to asses their function as immune regulators and to
investigate if they may have a role in inflammatory responses such as allergies.
A lot of investigations have been published on exosomes derived from in vitro culture supernatants
but very few studies have been performed showing the presence of exosomes in vivo. Since the lung
contain many antigen presenting cells (APCs) and is a site of antigen entry we hypothesized that
bronchoalveolar lavage fluid (BALF) might contain exosomes. By flow cytometry analysis and immune
electron microscopy we describe the novel finding of exosomes in BALF. These exosomes expressed the
antigen presenting molecules MHC class I and II, the co-stimulatory molecule CD86 and the tetraspanin
protein CD63, suggesting them to be of APC origin, and to have a role in the immune defense of the lung.
Exosomes from APCs have been proposed to have a role in T cell activation. However, there are
contradictory data on how this activation is achieved; i.e. if exosomes can directly activate T cells or if
they exert their effect via APCs. We show that dendritic cell (DC)-derived exosomes loaded with viral
peptides can activate human autologous peripheral CD8+ T cells to produce IFN-γ and TNF-α without
the addition of APCs by using the sensitive enzyme-linked immunospot (ELISPOT) assay. This
stimulation was more efficient when using exosomes from mature DCs and was dependent of exosomal
MHC class I. These data suggest that DC-derived exosomes may have a role in T cell activation during
an immune response and show that the ELISPOT assay is a suitable method to use for evaluating
exosome induced immune responses.
Breast milk is a complex liquid with immune competent cells and soluble proteins that provide
immunity to the infant and affect the maturation of the infant’s immune system. We further demonstrate
the presence of exosomes in vivo with the finding that exosomes expressing molecules such as MHC,
CD63, CD81, CD86, MUC-1 and heat shock proteins are present in human breast milk. These exosomes
inhibited anti-CD3 induced cytokine production from peripheral blood mononuclear cells (PBMC).
Furthermore, PBMC incubated with milk-derived exosomes showed a higher number of
Foxp3+CD4+CD25+ T regulatory cells. Our results show that human breast milk contains exosomes with
the capacity to influence immune responses, and this suggests that they might influence the development
of the infant immune system.
Since both we and others have shown that exosomes from APCs can have a function in T cell
activation, we wanted to further investigate if APC-derived exosomes could have a role in activation of
allergen specific T cells. We demonstrate that B cell-derived exosomes loaded with peptides from the
major birch pollen allergen Bet v 1 can activate Bet v 1 specific T cells to both proliferate and produce
the Th2-like cytokines IL-5 and IL-13 in a dose-dependent manner. This finding suggests that APCderived exosomes may have a role in activation of T-cells during allergic immune responses.
In conclusion, the work presented in this thesis has increased our knowledge of the presence,
phenotype and function of exosomes found in vivo. Furthermore, it sheds light on the function of APCderived exosomes in T cell stimulations with the implication of a possible role in allergic responses.

Thesis summary in Swedish – Svensk sammanfattning av avhandlingen

Betydelsen av exosomer vid immunreglering och allergi
Exosomer är små blåsor, 30-100 nm i diameter, som bildas inuti celler och som sedan frisätts till den
omgivande miljön. Exosomer produceras av många olika typer av celler t ex av immunologiska celler
såsom antigenpresenterande dendritiska celler (DC) och B celler, men även av epitelceller och
blodplättar. Beroende på vilken typ av cell exosomerna har frisatts ifrån har man funnit att de kan ha olika
funktioner. Exosomer från DC och B celler har visat sig kunna inducera ett immunologiskt svar mot
främmande ämnen (antigen). Detta sker genom att de fungerar som transportörer av antigen mellan celler
eller genom att de presenterar antigen på sin yta för T celler som då aktiveras, vilket leder till ett specifikt
immunsvar mot antigenet. Exosomer från epitelceller verkar istället vara involverade i att inducera
tolerans mot antigen.
Det övergripande målet med min forskning har varit att öka kunskapen om exosomer och deras
betydelse i vårt immunförsvar. Detta gjordes genom att karakterisera exosomer i kliniska prover, genom
att studera exosomers förmåga att aktivera T celler, samt genom att undersöka om exosomer kan ha en
betydelse vid inflammatoriska reaktioner som allergier.
Våra lungor utgör en viktig barriär mot den yttre miljön och utsätts konstant för olika typer av
partiklar i luften som vi inandas. På grund av detta är det viktigt med ett kraftfullt immunförsvar i
lungorna som därför är rika på immunologiska celler. Ett sätt att studera celler och lösliga immunologiska
faktorer i luftvägarna är att skölja dem med en saltlösning. Genom att analysera sköljvätskan, som kallas
bronkoalveolärt lavage (BAL), får man en bild av den immunologiska situationen i luftvägarna. I min
första studie kunde vi som första forskargrupp påvisa exosomer i BAL, och dessutom visa att dessa
exosomer uttrycker molekyler som till stora delar är gemensamma med exosomer från B celler och DC.
Detta tyder på att exosomer kan ha betydelse i lungans immunförsvar.
Som nämnts ovan har man visat att exosomer från DC kan aktivera T celler. Hur detta sker är dock
omtvistat, då vissa studier tyder på en direkt interaktion mellan exosomer och T celler, medan andra
studier indikerar att exosomerna har sin effekt först efter interaktion med DC. I min andra studie kunde vi
visa att exosomer från DC direkt kan stimulera T celler utan närvaro av DC. Detta understryker
exosomers betydelse i aktivering av T celler. Den utvecklade metoden för att detektera exosomers
aktivering av T celler kan även användas för att utvärdera funktionen av exosomer som utvecklas för
kliniska applikationer.
Bröstmjölk är komplext sammansatt och innehåller bland annat immunologiska celler och lösliga
protein som både ger immunologiskt skydd för det nyfödda barnet samt kan påverka utvecklingen av
barnets egna immunsystem. Min tredje studie visar att exosomer också finns i bröstmjölk. Dessa
exosomer uttrycker både molekyler som finns på antigen-presenterand celler och på bröstepitelceller,
vilket indikerar att exosomer i bröstmjölk härstammar från flera olika celltyper. Exosomer i bröstmjölk
hämmar aktivering av T celler. Detta tyder på att de kan influera immunologiska reaktioner och skulle
kunna påverka immunsystemet hos det ammade barnet.
Allergier är inflammatoriska sjukdomar som ofta leder till kroniska besvär. I dessa sjukdomar
överreagerar immunförsvaret på vanligt förekommande ämnen i vår miljö, så kallade allergen. Aktivering
av T celler som specifikt känner igen allergen har en central roll vid allergiska reaktioner. I min fjärde
studie har vi funnit att exosomer från antigen-presenterande celler kan presentera allergen från
björkpollen på sin yta och aktivera björkpollen specifika T celler. Det är därför rimligt att tro att
exosomer är involverade i aktiveringen av T celler under en allergisk reaktion. För att exakt klargöra
denna interaktion krävs dock fler funktionella studier.
Denna avhandling har ökat kunskapen om exosomers förekomst, egenskaper och funktion ur ett
immunologiskt perspektiv och kan förhoppningsvis inspirera till fortsatta studier inom detta område.
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Exosomes in immune regulation and allergy

1 INTRODUCTION
1.1

THE IMMUNE SYSTEM

The immune system has developed to protect us from infectious agents, and this is
achieved by a combination of innate and adaptive immunity. The non-specific innate
immune system is an evolutionarily ancient form of host defense found in most
multicellular organisms and serves as a first line of defense against invading microbes.
The innate immune system is triggered upon pathogen recognition by a set of pattern
recognition receptors (PRRs), one example being the family of Toll-like receptors
(TLRs), recognizing conserved molecular patterns shared by large groups of
microorganisms. These patterns are called pathogen-associated molecular patterns
(PAMPs) [1] with one example being bacterial lipopolysaccharide (LPS) found in the
cell wall of gram negative bacteria [1]. One important role of the innate immune system
is the barrier function of the epithelial surfaces preventing entry of microbes into our
body. In addition, the surface epithelia constitutively produce anti-microbial peptides
[2]. If an infectious agent crosses the epithelial barrier and is further recognized by the
innate immune system it leads to elimination of the invading pathogen through various
mechanisms, one being phagocytosis by macrophages and neutrophils [3]. Another
important mechanism is activation of the complement system, which is important in
opsonizing pathogen for promoting the uptake by phagocytic cells, and in the formation
of the membrane-attack complex resulting in lysis of the pathogen. Phagocytic cells can
also release cytokines, which in turn can induce the mobilization of antigen-presenting
cells (APCs) which are important for the induction of the adaptive immune system [1].
Adaptive immunity is mediated by B cells and T cells through their highly specific
receptors. B cells have cell-surface immunoglobulin (Ig) molecules as receptors and
upon activation they secrete the immunoglobulin as soluble antibody that provides
defense against pathogens in the extracellular spaces of the body [1]. T-cells have
receptors that recognize peptide fragments of pathogens presented on the surface of
APCs on special molecules called major histocompatibility complexes (MHCs).
Depending on which type of T cells that are activated the effect could be killing of
infected cells (cytotoxic CD8+ T cells), activation of macrophages and B cells (CD4+ T
helper cells) or inhibition of an immune response (T regulatory cells) [1]. The adaptive
immune system is specific and develops during our life-time. In addition, it gives rise to
immunological memory that protects us from re-infection with the same pathogen.
1.2

ANTIGEN PRESENTING CELLS

Antigen presenting cells express PRRs and are among the first cells to respond to
invading pathogens. Triggering of PRRs leads to increased expression of costimulatory molecules on APCs which allow them to stimulate T cell responses [1].
There are three types of professional APCs: macrophages, B cells and dendritic cells
(DCs) [1].
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1.2.1 Dendritic cells
DCs are the main form of APC with an exceptional capacity to initiate both primary
and secondary immune responses [4] providing a link between the innate and adaptive
immune system. They develop from stem cells in the bone marrow giving rise to
circulating progenitors in the blood [5]. These DC progenitors home to a variety of
different tissues where they reside as immature DC with high capacity to take up
antigens [6]. In their immature state DC express low levels of costimulatory molecules
and surface MHC. After capturing of antigen and being triggered by proinflammatory
signals, the DC mature and migrate to lymphoid organs. The mature DC express higher
levels of surface MHC and costimulatory molecules and in the lymphoid organs they
can present antigen on their MHC to naïve T cells [6]. Ag-specific T cell activation
requires the engagement of the T cell receptor (TCR)/CD3 complex with the antigenic
peptide and the MHC molecule (signal 1), and further also the engagement of
costimulatory receptors on the T cell, like CD28, with costimulatory ligands on the DC
like CD80 and CD86 (also called B7-1 and B7-2, respectively) [7]. By providing
different signals to the CD4+ T cell the DC can influence the differentiation of the cells
into either T helper (Th) 1, Th2 or T regulatory cells depending on the expression of
costimulatory molecules and the type of cytokines that they produce [7].
There exist several different types of DCs. In human blood two major subsets have
been characterized based on their expression of the integrin CD11c [8]. One of these
two subsets belongs to the myeloid lineage and is called myeloid DC (mDCs). The
other subset belong to the lymphoid lineage and is called plasmacytoid DCs (pDCs)
[9]. These two subsets have different morphology and have both distinct and shared
molecular expression and functions. The mDCs are characterized by their irregular
shape and expression of myeloid markers like CD11c, CD13 and CD33 and their low
expression of the IL-3R α-chain CD123. mDCs can be generated from monocytes in
vitro by culturing with granulocyte-macrophage colony-stimulating factor (GM-CSF)
and interleukin (IL)-4 [10] and produce high levels of IL-12 in response to LPS. PDCs
have a morphology that resembles plasma cells and have low expression of myeloid
markers like CD11c [11] but high expression of CD123. PDCs produce low amounts of
IL-12 in response to LPS but instead produce high levels of interferon (IFN)-α in
response to viruses [11]. In mice additional subsets have also been identified such as
the CD8+ or CD8- splenic DCs [12].
1.2.2 B lymphocytes
The major role of B cells is to produce antibodies specific for invading pathogens.
These antibodies protect the extracellular spaces causing destruction of extracellular
microbes and prevent the spread of intracellular infections. The activation of B cells
and their differentiation to antibody-secreting plasma cells is triggered by antigen
binding to the B cell receptor (BCR) and usually requires T cell help through CD40CD40L interaction and through stimulation by cytokines produced by the T cell [1]. An
immature B cell express IgM as well as IgD on their surface, but activated B cells
subsequently undergo isotype switching where the B cells switch to secrete antibodies
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of a different isotype like IgG, IgA or IgE. The different isotypes have different effector
functions which are mediated by the Fc part of the antibody [1].
In addition to being antibody-secreting cells B cells can also function as antigen
presenting cells. When the BCRs are cross-linked by their specific antigen it leads to
presentation of antigen peptides on MHC class II molecules on the surface of the B cell
together with low expression of co-stimulatory molecules like CD86. The TCR of T
cells specific for the antigen peptide bind to the peptide/MHC complex on the B cell
and to CD86 by its receptor CD28. These signals induce expression of low levels of
CD40L on the T cell which bind CD40 on the B cell leading to higher expression of costimulatory molecules on the B cell. After continued signaling between the cells the end
result is complete activation of both cells [13].
1.2.3 Antigen processing and presentation
After encountering antigen APCs can internalize it in three different ways: by
phagocytosis, fluid-phase pinocytosis or receptor mediated endocytosis [14]. Examples
of receptors involved in receptor-mediated endocytosis are the mannose-receptor [15],
Fc receptors and for B-cells the BCR. After being captured and internalized the antigen
is proteolytically processed into peptide fragments and loaded onto MHC class II
molecules for presentation to CD4+ T cells [1]. The loading of MHC class II with
antigen peptides occur in special compartments called MHC class II enriched
compartments (MIICs).
MHC class I molecules are instead usually loaded with peptide in the endoplasmatic
reticulum (ER) and most of the peptides are derived from cytosolic proteins. The
degradation of cytosolic proteins for loading on MHC class I is a tightly regulated
process to prevent nonspecific destruction of essential self-proteins. Peptides presented
on MHC class I molecules are recognized by CD8+ T cells. In addition to these two
pathways exogenous antigens can be processed and loaded onto MHC class I, which is
called cross-presentation. One way by which this can occur is by loading exogenous
antigens on recycling MHC class I molecules present in the endosomal compartments
[16].
1.3

T LYMPHOCYTES

T cells are positively selected during their development in the thymus by interaction
with self-peptides bound to MHC class II for CD4 T cells and self-peptides bound to
MHC class I for CD8 T cells. The T cells are also subjected to negative selection by
which self-reactive T cells are removed from the lymphocyte repertoire [1]. After the
positive selected T cells leave the thymus they re-circulate through lymphoid organs
and are dependent on repeating contact with DCs for their survival [3]. After activation
by APCs presenting the specific antigen the T cells develop to effector cells with
different effector functions depending on the type of T cell.
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1.3.1 CD8+ T cells
CD8+ T cells (cytotoxic T cells) are selected in the thymus to recognize and respond to
foreign peptides presented by MHC class I on APCs. When activated they can kill their
target cells by releasing cytotoxic effector molecules like perforin and granzymes,
which form pores in the target cell plasma membrane destroying the membrane
integrity leading to cell death. They can also induce apoptosis via binding of FasL to
Fas on the target cell [1]. Cytotoxic T cells can in addition release cytokines like IFN-γ
and TNF-α, which can contribute to host defense by for example activating
macrophages and increase the expression of MHC class I [1].
1.3.2 T helper cells
CD4+ T cells have traditionally been divided into two distinct lineages based on their
cytokine production profile [17, 18]. Th1 cells, which evolved to enhance eradication
of intracellular pathogens, are characterized by their production of IFN-γ , which is a
potent activator of cell-mediated immunity. Th2 cells, which instead evolved to
enhance elimination of parasitic infections, are characterized by production of IL-4, IL5 and IL-13, which are potent activators of B-cell immunoglobulin production (mainly
of the IgE type) and eosinophil recruitment [1]. Recent studies have further led to the
characterization of a new type of Th cell called the Th17 cell, which produces the
cytokine IL-17 [19]. These cells seems to be highly proinflammatory and involved in
many autoimmune disorders [20, 21].
Th1 differentiation is initiated by signaling through the TCR and signal transducer and
activator of transcription (STAT)1 associated receptors like the IL-27 receptor together
with STAT4 associated receptors like the receptor for IL-12 [22]. STAT1 signaling
upregulates the transcription factor T-bet [23, 24], which potentiate the expression of
IFN-γ and upregulates the IL-12 receptor while suppressing Th2 associated factors.
Th2 differentiation is initiated by TCR signaling together with IL-4 receptor signaling
via STAT6. This leads to activation of the transcription factor GATA-3, which drives
epigenetic changes in the Th2 cytokine cluster while suppressing factors crucial for the
Th1 pathway like expression of the IL-12 receptor.
The differentiation of Th17 cells requires blockage of IL-4 and IFN-γ and is mediated
by tumor growth factor (TGF)-β1 together with IL-6 [25, 26]. After their differentiation
IL-23 is essential for Th17 cell expansion and survival [27]. (Fig. 1)
1.3.3 T regulatory cells
T regulatory cells (Tregs) can be divided into two types, the natural occurring Tregs
and the adaptive Tregs [28]. Natural occurring Tregs develop in the thymus and go to
the periphery with a functional suppressive phenotype where they make up around 510% of peripheral CD4+ T cells [29]. These naturally occurring Tregs have high
expression of the IL-2Rα chain (CD25) and express the transcription factor forkhead
box protein 3 (Foxp3) [30, 31]. Naturally occurring Tregs seem to mediate their
suppression in a contact dependent way. They need TCR interaction to become
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suppressive but once activated they suppress T cells independently of antigen
specificity [29].
Adaptive Tregs develop from naïve CD4+ T cells in the periphery as a result of specific
immune stimulations. They can be divided into T regulatory type 1(Tr1) and Th3 cells
[32]. Tr1 cells secrete high levels of IL-10 and low levels of TGF-β and IL-5. Th3 cells
secrete TGF-β together with IL-4 and IL-10 and seem to mediate its suppression via a
TGF-β dependent mechanism. Stimulation of naïve T cells can under certain conditions
also lead to the generation of Foxp3+ Tregs that seem indistinguishable from the natural
occurring Tregs [29] (Fig. 1).

Foxp3+ CD4+ thymocyte
Naïve CD4+ T cells
IL-12

TGF-β/IL-10
IL-4 TGF-β+IL-6

Natural Treg, Foxp3+
Contact mediated suppression

Adaptive Treg
(Tr1, Th3)
Th1
IFN-γ

Th2
IL-4
IL-5

Th17
IL-17

IL-10
TGF-β

IL-13

Fig 1. Development of different CD4+ T cell subsets. (Modified from [29, 33])
1.4

EXOSOMES

1.4.1 Exosome formation
Exosomes are small, 30-100 nm, membrane vesicles of endocytic origin that are
secreted by a variety of cell types like B-cells [34], T-cells [35], mast cells [36], DCs
[37], platelets [38], neurons [39] and epithelial cells [40]. They were first described as
microvesicles containing 5´-nucleotidase activity secreted by neoplastic cell lines [41].
A few years later another group reported secretion of small vesicles of endocytic origin
by cultured reticulocytes. Using electron microscopy (EM) they observed these vesicles
in late endosomes, and the fusion of these late endosomes with the cell membrane
resulted in the release of the vesicles extracellularly [42, 43]. In addition to cultured
cells, exosomes have today further been isolated from a number of body fluids such as
plasma [44], urine [45], synovial fluid [46], malignant effusions [47], epididymal fluid
5
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[48] and from seminal plasma, in which the vesicles are derived from prostate cells and
called prostasomes [49]. Moreover, in this thesis we demonstrate the presence of
exosomes in bronchoalveolar lavage (Paper I) and breast milk (Paper II).
Exosomes are believed to originate from the intraluminal vesicles of late endosomal
compartments called multivesicular bodies (MVBs). These intraluminal vesicles are
formed by inward budding of the limiting endosomal membrane and contain cytosol
from the cell. MVBs are involved in transporting proteins for degradation in lysosomes.
Alternatively, the MVBs can fuse with the plasma membrane leading to the release of
the intraluminal vesicles extracellularly which are then called exosomes [34, 43].
Proteins and lipids are sorted at the limiting membrane of endosomes during the
formation of the intraluminal vesicles and as a consequence the released exosomes will
contain molecules reflecting their origin from late endosomes [50]. The mechanisms
leading to exosome release are unknown. However, the transmembrane protein TSAP6
has been suggested to be involved in regulating exosome production [51]. Furthermore,
Rab11, a member of the small GTPase family, together with calcium were shown to be
important for the docking and fusion of MVBs with the plasma membrane [52-54]. A
machinery responsible for sorting proteins in intraluminal vesicles has recently been
identified called ESCRT (Endosomal Sorting Complex Required for Transport) [55].
This complex is believed to recognize mono-ubiquitinated transmembrane proteins and
induce their inclusion into membrane domains that generate the intraluminal vesicles of
MVBs. Lipid rafts has also been suggested to be involved in protein sorting into
intraluminal vesicles [56] and typical raft components has been identified on exosomes
such as glycolipids, Src tyrosine kinases and cholesterol [56, 57]. How MVBs
discriminate between proteins that are destined for exosomal secretion or lysosomal
degradation remains to be determined.
In APC MHC class II are accumulated in MVBs which are called MIICs. These MIICs
are the major site for peptide loading, and subsequently exosomes from APC bear
peptide-loaded MHC on their surface (Fig. 2).

6

Exosomes in immune regulation and allergy

Fig 2. Schematic picture of the formation of exosomes in antigen presenting cells.
Antigen is taken up by the antigen presenting cell into early endosomes were the
antigen are degraded to peptides by proteases. In multiple vesicular bodies (MVB) or
MHC class II enriched compartments (MIIC) the antigen-derived peptides are loaded
onto MHC class I and II molecules. The MVB contains intraluminal vesicles formed by
inward budding of their limiting membrane. For the peptide-loaded MHC to reach the
surface of the cell the MVB fuse with the plasma membrane. This also leads to the
release of their intraluminal vesicles which are now called exosomes (modified from
[58]).

1.4.2 Exosome composition
The molecular composition of exosomes reflects the cell type from which they are
secreted and their endosomal origin. For example exosomes from APCs express costimulatory molecules like CD54 (also called ICAM-1), CD80 and CD86 [59-61],
exosomes from intestinal epithelial cells (IECs) express the IEC specific marker A33
[40], exosomes from T cells bear CD3 [35], exosomes from reticulocytes contain the
transferrin receptor [62], and subunits of the glutamate receptor are found on exosomes
from neurons [39]. In addition to cell-specific molecules exosomes also contain
common components. They are enriched in a family of proteins called tetraspanin
proteins which are cell-surface proteins that span the membrane four times [61].
Tetraspanin proteins are found on the surface of many cell types but also in endosomal
compartments. They have been suggested to be involved in cell adhesion, activation,
7
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proliferation and antigen presentation. They form complexes with other molecules, for
example MHC class II, and are thought to keep the proteins in an optimal conformation
[63]. Examples of tetraspanin proteins found on exosomes are among others CD9,
CD63 and CD81. Exosomes have also been demonstrated to contain heat shock
proteins (Hsps) like Hsp70, Hsc70, Hsc73 and Hsp90 [64, 65]. Heat shock proteins are
a family of proteins which act as chaperones to facilitate the folding of protein
intracellularly. Hsps can also be secreted and have extracellular functions such as being
immuno-regulating. Hsps can be both constitutively expressed and be induced by
cellular stress. Heat stressed cells have been shown to increase the expression of Hsps
on their released exosomes [64]. Moreover, exosomes contain cytoskeleton proteins
like actin and Moesin, ESCRT proteins like Tsg101 and alix and proteins involved in
transport and fusion like Rab and annexins [66, 67]. Furthermore, exosomes express
CD55 and CD59 which have been shown to protect them from complement lysis [68]
suggesting them to be stable in vivo (Fig. 3).

CD55
CD59
1) Hsc73
Hsp70
Tetraspanins:
CD9, CD63,
CD81, CD82
etc.

2) Alix, Tsg 101
3) annexins, Rab
4) actin, cofilin,
tubulin

MHC class II
MHC class I
CD86

CD54
Fig 3. A simplified schematic presentation of the molecular composition of
exosomes. Exosomes bear molecules for antigen presentation like MHC class I and II
and co-stimulatory molecules like CD86, adhesion molecules like CD54 and
tetraspanin proteins, and regulators of complement activation like CD55 and CD59.
Exosomes contain cytosol from the cells including 1) heat shock proteins, 2) ESCRT
proteins, 3) membrane transport and fusion proteins, and 4) cytoskeleton associated
molecules (modified from [69, 70]).
1.4.3 Exosome function
The function of exosomes depends to large extent from which cell type they originate
and their protein expression. When exosomes were initially discovered from
reticulocytes, they were shown to be a way of removing unnecessary proteins such as
the transferrin receptor during the maturation of reticulocytes into erythrocytes [71].
Later this was also shown for the integrin α4β1 which was down regulated from the red
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blood cell surface and instead found on the surface of released exosomes, and in
addition this made the exosomes able to bind to fibrinonectin [72].
Exosomes from APCs have been demonstrated to be involved in T-cell stimulation
both in vitro [34, 73-75] and in vivo [76, 77]. How this stimulation occurs is debated,
with some studies showing that exosomes can stimulate T cells directly without the
presence of APC [34, 75] while other studies demonstrate that exosomes need APC to
exert their effect [73, 77]. These differences may be due to among other things the
phenotype of the exosomes and of the responder cells, the affinity for the antigen or the
doses of the exosomes used. CD54 and MHC class II was shown to be required for
exosomes to prime naïve T cells [76]. Moreover, another group demonstrated that
exosomes need to express CD54 and B7 together with MHC class I/peptide complexes
to be strongly immunogenic [75]. Several studies have demonstrated that exosomes
from mature DCs are more potent in inducing antigen-specific T-cell activation than
exosomes from immature DCs [74, 76], possibly due to their increased expression of
these molecules. In addition, it has been demonstrated that exosomes from monocytederived DCs (MDDCs) can support the survival of naïve T cells via activation of the
transcription factor NF-κB which was induced by interaction of human leukocyte
antigen (HLA-DR) and TCR [78].
Exosomes have also been suggested to have a role as transporters of molecules between
cells. Several studies show that exosomes can transfer MHC/antigen complexes
between DCs making the recipient DCs able to efficiently activate antigen specific T
cells [79, 80]. It was shown that exosomes can be internalized by DCs and sorted into
endocytic compartments for processing and loading of exosome-derived peptides in
MHC class II molecules for presentation to CD4+ T cells. The targeting of exosomes to
DCs were further discovered to be mediated via exosomal expression of milk fat
globule elongation factor 8 (MFG-E8), CD11a, CD54, phosphatidylserin and the
tetraspanins CD9 and CD81 [81]. Another example of exosomes as transporters is that
in situ analysis of follicular DCs show attachment of exosomes like vesicles expressing
MHC class II on the surface of the follicular DCs [82]. Since follicular DCs do not
express MHC class II themselves these exosomes are probably derived from other cell
types and may have a role in tuning the immune response [82]. In addition, a recent
study by Zakharova et al showed that exosomes released from PHA activated CD4+ T
cells can enhance cholesterol accumulation in cultured human monocytes by
internalization via the phosphatidylserine receptor, suggesting that T cell-derived
exosomes could have atherogenic properties [83]. Furthermore, exosomes from B cells
were demonstrated to bind to extracellular matrix components like collagen and
fibronectin and may be an indication that exosomes are able to deliver signals at
distances beyond that of direct cell-cell contact [84].
Mast cell-derived exosomes have also been shown to have immunological effects.
When incubating mast cell-derived exosomes with splenocytes, the exosomes induced
blast formation, proliferation and production of IL-2 and IFN-γ [85]. In addition, mast
cell-derived exosomes were demonstrated to induce maturation of DCs showing upregulation of MHC class II, CD40, CD80 and CD86 [86], which may be a way to
potentiate an immune response.
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In contrast to being immunostimulatory, exosomes from IECs have been shown to be
tolerogenic and have therefore been called tolerosomes [87]. Tolerosomes isolated from
ovalbumin (OVA) pulsed IEC lines and from serum after OVA antigen feeding were
capable of inducing antigen specific tolerance in naïve recipient rats [87]. The tolerance
induction was dependent on MHC class II expression of the IECs and is only
functioning in syngeneic recipients [88]. This may be an important mechanism for oral
tolerance induction. Contradictory results have, however, been reported by van Niel et
al who demonstrated that IEC derived exosomes induced more of an immunogenic
rather than tolerogenic response [89].
1.4.4 Exosomes in inflammation
The role of exosomes in different inflammatory disorders has not been extensively
studied. However, one very interesting finding by Zhang et al was that synovial
fibroblasts produce exosomes, and that these exosomes obtained from patients with
rheumatoid arthritis contained a membrane form of tumor necrosis factor (TNF)-α
which was cytotoxic to the TNF-α sensitive cell line L929 [90]. In addition, the
exosomes from rheumatoid arthritis patients were taken up by activated T cell making
these T cells resistant to apoptosis [90]. This suggests that synovial fibroblasts may
communicate with infiltrating T cells through the release of exosomes in the joint
making the infiltrating T cells resistant to activated-induced cell death.
Another example of that exosomes may have a role in inflammation is the finding that
exosomes released from platelets obtained from patients with sepsis had higher
NADPH oxidase activity compared with healthy controls, measured by the generation
of reactive oxygen species and the apoptosis inducing activity. This might be one way
with which platelet-derived exosomes contribute to vascular cell apoptosis and may
constitute a new pathway involved in the pathophysiology of sepsis [91].
1.4.5 Exosomes derived from tumor cells
The majority of the studies performed on exosomes have been in the context of tumor
biology and cancer therapy.
Wolfers et al showed in 2001 that both human and mouse tumor cell lines produce
exosomes which are 60-90 nm in size, that are positive for MHC class I, lysosomeassociated membrane protein (LAMP) 1 and Hsc 70 and negative for the ER marker
calnexin [92]. Later it was further demonstrated that tumor-derived exosomes positive
for MHC class I, Hsps, CD81 and tumor antigens like MART1 could be found in
malignant effusions from cancer patients [47]. In both studies it was also shown that
tumor-derived exosomes could deliver tumor antigen for loading on DCs allowing
activation of specific cytotoxic T cells [47, 92]. When injected in vivo into mice tumor
derived-exosomes were further demonstrated to protect against tumor establishment
[92].
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Since tumor-derived exosomes express tumor antigen they have been of interest for
their potential use in anti-tumor immunotherapy, however tumor-derived exosomes
have in several studies also been demonstrated to have immunosuppressant effects and
be part of tumor immune evasion. Tumor-derived exosomes have been found to be able
to inhibit CD8+ T cell cytotoxic killing [93] and to induce apoptosis of CD8+ T cells via
FasL-Fas interaction [94]. Tumor-derived exosomes can also have an effect on NK
cells by inhibiting their cytotoxic activity through the reduction of perforin release [95].
Tumor-derived exosomes have in addition been suggested to have a role in tumor
angiogenesis by the expression of the tetraspanin protein D6.1A/CO-029 [96]. This
tetraspanin protein has been associated with poor prognosis in patients with
gastrointestinal cancer and has been shown to be a strong inducer of angiogenesis [96].
The release of this molecule on exosomes may initiate angiogenesis that reaches organs
distant from that of the tumor site.
1.4.6 Exosomes in pregnancy
During a pregnancy the semi-allogenic fetus is tolerated by the mother’s immune
system. This is achieved by several suggested mechanisms one being the expression of
FasL of fetal trophoblasts which may induce apoptosis of maternal immune cells [97].
Abrahams et al showed that trophoblast cells isolated during the first trimester lacked
plasma membrane associated FasL, but expressed a cytoplasmic form of FasL in
association with the secretory lysosomal pathway. This intracellular FasL was secreted
by the trophoblast cells through the release of microvesicles [98]. In a study by
Mincheva-Nilsson et al they confirmed these findings and further showed that the
majority of intracellular FasL was concentrated in cytoplasmic granules on
microvesicles with the size of 60-100 nm [99]. These microvesicles were later found to
also be positive for MHC class I chain-related proteins A and B (MIC) [100]. Soluble
MIC can be immunosuppressive by competing with membrane-bound MIC, found on
the surface of stressed cells, for binding to the receptor NKG2D, which is expressed on
the surface of NK cells and cytotoxic T cells, blocking immune effector functions
[101]. The level of soluble MIC was elevated in the blood of pregnant women
compared with non-pregnant controls and soluble MIC was able to down regulate the
NKG2D receptor on peripheral blood mononuclear cells (PBMC) and inhibit their
cytotoxic activity [100]. Secretion of exosomes expressing FasL and MIC could be one
mechanism by which the fetus evades immune recognition.
Placenta-derived exosomes has been characterized in sera from pregnant women by the
expression of the placenta specific enzyme placental-type alkaline phosphatase (PLAP)
[102]. The levels of placental derived exosomes were shown to be elevated in sera from
mothers delivering at term compared to preterm and were shown to express higher
levels of FasL and HLA-DR. Exosomes from term-delivering mothers were further
able to inhibit phytohemagglutinin (PHA) induced IL-2 production by T cells which
were not seen for preterm exosomes [102], suggesting that exosomes could be a major
regulating factor for pregnancy maintenance.
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1.4.7 Exosomes and infectious agents
The Trojan exosome hypothesis was first proposed by Could et al which suggested that
retroviruses use the exosome release pathway for viron biogenesis and that they may
use an exosome uptake pathway as an alternative way of infecting cells [103]. It has
been demonstrated that macrophage-derived HIV have a host-derived protein
phenotype that matches that of macrophage-derived exosomes with expression of the
tetraspanin proteins CD63 and CD81, MHC class II and the lysosomal protein Lamp-1
[104]. Immuno EM studies of HIV infected macrophages showed co-localization of
tetraspanin proteins and HIV proteins in multivesicular bodies [105]. It was later
demonstrated that exocytosed HIV-particles in DC supernatants were associated with
vesicles that were around 100 nm in size and expressed HLA-DR and tetraspanin
proteins, suggesting to be exosomes. These exosome-associated HIV particles could
further infect CD4+ T cells and were shown to be more infectious than cell-free virus
particles [106]. This could suggest new strategies of interfering with virus production
for antiretroviral therapy. In addition to retroviruses, other studies have also found
association of infectious prion proteins with secreted exosomes indicating that prions
may also use exosomes as vehicles for infection [107, 108].
1.4.8 Exosomes in immunotherapy
1.4.8.1 Exosomes in immunotherapy against cancer
The first anti-tumor effect of exosomes was demonstrated by Zitvogel et al where
tumor peptide pulsed DCs-derived exosomes suppressed growth of established tumors
when injected into mice [37]. Since then a lot of studies have been made regarding the
potential use of exosomes in immunotherapy against cancer. Different strategies have
been applied, using either exosomes from tumor cells or exosomes from DCs loaded
with tumor peptides, to induce anti-tumor immune responses [92, 109-111]. Tumor
derived exosomes represents a natural source of tumor antigens but as mentioned above
there are also studies showing immuno-inhibitory effects of tumor-derived exosomes
[93-95]. In a study comparing DC-derived exosomes with tumor-derived exosomes it
was shown that DC-derived exosomes induced a more efficient anti-tumor immunity
than tumor-derived exosomes and may therefore represent a more effective type of
vaccine [112]. In several studies one has tried to improve exosome-based tumor
vaccines. For example, heat shocked lymphoma cells were demonstrated to release
exosomes with higher levels of Hsps and immunogenic molecules like MHC class II,
CD40 and CD86. It was further shown that these exosomes were more potent in
inducing T cell responses and anti-tumor immunity compared to control exosomes in a
lymphoma mouse model [113]. In addition, IL-2 genetically modified tumor cells were
demonstrated to release exosomes containing IL-2 which were more efficient in
inhibiting tumor growth [114]. Combining exosomes with adjuvants like CpG has also
shown promising effects [110]. The first phase 1 clinical trials using autologous DCderived exosomes loaded with tumor peptides for vaccination of melanoma and lung
cancer patients have now been published. These studies showed low toxicity of the
exosome treatment [115, 116] and a phase II clinical trial has know been designed
[117].
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1.4.8.2 Exosomes in other types of immunotherapies
Exosomes have not only shown potential use in cancer treatment but also in other
disorders like prophylactic therapy against pathogens. Aline et al demonstrated that
Toxoplasma gondii pulsed DC-derived exosomes can induce an efficient Th1 immune
response specific for T. gondii, which provides good protection against both acute and
chronic toxoplasmosis [118]. Furthermore, Peche et al demonstrated that exosomes
derived from donor DCs given before heart transplantation can induce prolonged
allograft survival with a decrease of graft-infiltrating leukocytes [119]. In two studies
by Kim et al it was further shown that exosomes may also be used for suppressing
inflammation. They found that exosomes produced by DCs treated with IL-10 or that
were genetically modified to express FasL could suppress delayed-type hypersensitivity
and reduce the severity of collagen-induced arthritis in a mouse model [120, 121]. The
exosome display technology, in which proteins by fusion with the Lactadherin C1C2
domain can be targeted to exosomes, makes it possible to manipulate the protein
expression of exosomes and tailor make them for different applications [122]. This may
be a useful tool when developing exosome-based therapies.
1.5

BREAST MILK

Breast milk contains many components that provide immunological information and
may promote the development of neonatal immune competence and protect the neonate
from infections. These components include antibodies, mainly IgA which constitutes
over 90% of all immunoglobulins in milk [123], as well as cytokines and chemokines
like IL-4 [124], IL-6 [125], IL-8 [126], IL-10 [127], IL-12 [128], IL-18 [129], IFN-γ
[124, 125] and RANTES [126], and immunological cells including APC and
effector/memory T cells [123]. It has been demonstrated that human milk leukocytes
can adhere to the gut epithelium, cross the gut mucosa and go through the circulation to
the spleen and the liver, indicating that milk cells are able to influence not only the
local immune system of the gut but also the systemic immune response of the neonate
[130]. In addition, breast milk contain nonspecific protective factors like Lactoferrin
and Lysozyme which have been shown to inhibit bacterial growth [131, 132],
oligosaccharides and lipids that can inhibit binding of certain pathogens [133, 134] and
complement factors [135]. Fat is a major nutrient of milk and over 90% of the total
lipid content of milk is found in milk fat globules (MFG). MFG are fat droplets, 95%
being triacylglycerols, surrounded by cellular membrane and are secreted from
mammary epithelial cells [136]. The MFG membrane contains membrane proteins such
as the mucin MUC-1, Lactadherin (also called MFG-E8) CD36 [136] and HLA-DR
[137], several which have been shown to have anti-infectious functions [138]. Milk
does not only contain immunostimulatory but also immunosuppressive factors. In mice,
immunization of mothers can down regulate specific immune responses in the offspring
via the milk but not the placenta [139] suggesting an additional suppressive factor in
milk specific for the antigen. It has previously further been demonstrated that colostrum
proteins in high concentration can have an inhibitory effect on T cell growth [140]. In
addition, colostrum contain the anti-inflammatory cytokine TGF-β which was shown to
play a role in the immunosuppressive effect of colostrum on stimulated cord blood
mononuclear cells [141]. Breast milk has also been shown to have anti-tumor effects
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through the protein-lipid complex HAMLET (human alpha-lactalbumin made lethal to
tumor cells), which selectively enters tumor cells, accumulates in their nucleus and
induces apoptosis-like cell death [142].
Human colostrum is the first milk produced after birth and the secretion gradually
changes to mature milk. As compared with the composition of mature milk, colostrum
has a higher protein content, lower fat content, and is rich in immunoglobulins and
other important immune factors and mediators [143-145].
1.6

ALLERGY

Allergic diseases are chronic inflammatory disorders where the immune system is
reacting to innocuous antigens, allergens, in the environment. IgE-mediated allergic
diseases affect more than 25% of the children in industrialized countries [146].
Examples of clinical manifestations of allergies are allergic rhinitis, allergic asthma,
food allergy and atopic eczema, which act locally within the target organ, and
anaphylaxis which is systemic. The reasons why some develop allergies and others do
not are not fully known, but it seems that numerous different factors, both genetic and
environmental, are of importance. Several susceptibility genes have been reported [147,
148], and different life styles may also be of influence [149, 150]. In addition, “the
hygiene hypothesis” proposes that exposure to pathogens early in life may protect from
allergic diseases [151].
1.6.1 The allergic immune response
Sensitization to an allergen involves presentation of allergen and priming of allergenspecific T cells by APCs inducing a Th2 type of response with the production of
cytokines like IL-4 and IL-13, which are able to class switch the antibody production of
B cells to IgE. The IgE can then bind to the IgE high-affinity receptor (FcεRI) present
on the surface of mast cells and basophils. When IgE/FcεRI complexes are cross linked
by allergen the cells degranulate leading to the release of mediators that drives the
immediate response to the allergen. Examples of mediators are histamine, which causes
increase in local blood flow and vessel permeability, enzymes like tryptase and mastcell chymase that activated metalloproteinases which causes tissue destruction, and
cytokines like IL-4 and IL-13 which further promote a Th2 response. IgE can also bind
to FcεRI on DCs and monocytes, as well as to the low-affinity receptor for IgE,
FcεRII, at the surface of B cells. This facilitates the uptake of allergen by these APCs
and in this way increases the presentation of allergen-derived peptides to T cells which
drives the late phase of the allergic reaction. This late phase reaction is characterized by
recruitment of effector cells like Th2 cells, eosinophils and basophils to the site of
inflammation (Fig. 4).
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Fig 4. Illustration of an allergic immune response. (Modified from [152])
1.6.2 Bronchoalveolar lavage (BAL)
A great deal of information about the pathophysiology of asthma and other airway
diseases and its treatment have been obtained through the use of bronchoalveolar
lavage (BAL). BAL is a technique for sampling the epithelial lining fluid of the
respiratory tract. Saline is instilled into the airways and cells and soluble components
like cytokines can be analysed in the returned fluid, which will give valuable
information about the inflammatory status.
1.6.3 Breast feeding and allergy
There are conflicting results regarding the effect of breast feeding on allergy
development, with some studies showing that breast feeding increase the risk of
sensitization [153, 154], while several studies show a protective effect of breast feeding
against allergy development [155-157]. There are also studies showing that the effect of
breast feeding depends on the atopic heredity [158]. Most evidence is though pointing
towards a protective effect of breast feeding on allergic disease [159] and that breast
feeding should be recommended also for its overall beneficial effects. Some difference
in the composition of breast milk from allergic and non-allergic mothers have been
reported such as the concentrations of the cytokine IL-4 and the chemokines IL-8 and
RANTES which were higher in milk from allergic mothers compared to non-allergic
mothers [126, 160], and the immunosuppressive cytokine TGF-β2 which was lower in
breast milk from mothers with allergic disease [161]. If these difference has any impact
on the child’s immune system remains to be elucidated.
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2 AIMS OF THE THESIS
The overall aims of this thesis were to assess the presence of exosomes in vivo, develop
methods to elucidate their function as immune regulators and to investigate if they may
have a role in inflammatory diseases such as allergies. The more specific aims were to
investigate:
I: Whether exosomes are present in bronchoalveolar lavage fluid (BALF) and if so to
establish if these exosomes bear MHC and co-stimulatory molecules.
II: If DC-derived exosomes can stimulate antigen specific peripheral CD8+ T cells
without the presence of DCs using the enzymed-linked immunospot (ELISPOT) assay.
III: Whether human breast milk contains exosomes and if so to assess if exosomes in
milk can have immune modulatory features.
IV: The role of antigen presenting cell-derived exosomes in allergen presentation and
stimulation of allergen specific T cells.
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3 METHODOLOGY
Methods used for paper I-IV are described in detail in the respective “Materials and
methods” sections. The following methods were used in this thesis:
•

Bronchoscopy with BAL (paper I)

•

Cytometric bead array for cytokine analysis (paper III and IV)

•

Cytospins with May-Grünwald Giemsa staining (paper I)

•

Electron microscopy (paper I-III)

•

ELISPOT (paper II and III)

•

Enzyme-linked immunosorbent assay (ELISA) (paper IV)

•

Flow cytometry analysis (paper I-IV)

•

Generation of MDDCs (Paper I and II)

•

ImmunoCAP (paper IV)

•

In vitro stimulation of T cells (paper II-IV)

•

Mass spectrometry analysis (paper III)

•

Peptide synthesis and biotin-labeling (paper IV)

•

Preparation of exosomes with ultracentrifugations and anit-MHC class II beads
(paper I-IV)

•

Proliferation analysis using [³H]-thymidine incorporation (paper IV)

•

Separation of PBMC (Paper I-IV)

•

Skin prick test (paper IV)

•

Statistical analysis (paper III and IV)

•

Sucrose gradient fractionation (paper III)

•

Western blot analysis (paper III)
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4 RESULTS AND DISCUSSION
4.1

EXOSOMES ARE PRESENT IN HUMAN BRONCHOALVEOLAR
LAVAGE FLUID (PAPER I)

When we performed this study a lot of investigations had been published on exosomes
derived from in vitro culture supernatants but very few studies were done showing the
presence of exosomes in vivo. Denzer et al gave the first indications of exosomes in
vivo, when they by EM analysis showed that follicular DCs isolated from tonsils have
MHC class II positive exosomes attached to their surface [82]. In addition, Andre et al
later demonstrated that tumor-derived exosomes could be isolated from malignant
effusions [47]. Since the lung contain many APC and is a site for antigen entry we
hypothesized that BALF might contain exosomes. Therefore BALF from healthy
volunteers was subjected to exosome isolation methods using differential
centrifugations as previously described [34]. As a reference we in parallel isolated
exosomes from MDDC culture supernatants. Due to the small size of exosomes, only
30-100 nm, we needed to adhere them to larger particles for further analysis using flow
cytometry and EM. For this purpose we used 4.5 µm magnetic beads coated with antiMHC class II antibodies, which allowed attachment of the exosomes to the surface of
the beads [60] (Fig. 5). We were interested in APC derived exosomes why we used
beads coated with anti-MHC class II.
Anti-MHC class II
Exosome
Magnetic
bead

FITC-conjugated
antibody

Exosome

Gold-conjugated
antibody

FACS
EM

Fig 5. Isolation of exosomes on anti-MHC class II beads.
FACS: flow cytometer, EM: electron microscopy
EM analysis of the pelleted material from the BALF revealed the presence of vesicles
attached to the magnetic beads, which had similar shape and size, 30-100 nm, as the
DC-derived exosomes. In addition, using immune EM we could illustrate that these
vesicles were positive for HLA-DR and the tetraspanin protein CD63 (Fig. 6). Further
analysis using flow cytometry confirmed the presence of HLA-DR and CD63 on the
vesicles and additionally revealed the expression of MHC class I, CD54 and CD86
molecules, which was also found on the DC-derived exosomes. The morphology and
protein expression were in accordance with previous studies on exosomes [34, 60, 61],
indicating that these vesicles were true exosomes.
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Fig 6. EM picture of exosomes in BALF. Exosomes isolated from BALF (A) or
MDDC culture supernatant (B) were coated on anti-MHC class II beads, stained with
anti-HLA-DR (arrow 1) and anti-CD63 (arrow 2) monoclonal antibodies and analyzed
with immune EM. Scale bar = 200 nm.
Both flow cytometry analysis and immune EM analysis showed that exosomes from
BALF have higher expression of CD63 but lower expression of HLA-DR compared to
DC-derived exosomes suggesting that they may be derived from other cell types. Most
probably the exosomes found in BALF are derived from a mix of different cell types.
Since macrophages were the most abundant cell found in the BAL one would expect
that most of the exosomes were of macrophage origin. However, we here counted the
BAL cells by May-Grünwald Giemsa and with this method it is not possible to
distinguish between macrophages and dendritic cells, which are counted as one cell
type [162]. Furthermore, the dendritic nature of DCs, with long protrusions around
other cells, makes them less disposed to detach and be part of BALF. In this study we
analysed exosomes bound to anti-MHC class II coated beads and therefore did not
examine the possible existence of MHC class II negative exosomes in BALF. However,
MHC class II has also been detected on exosomes from both epithelial cells [40], mast
cells [85], B cells [60, 61] and T cells [35] and these exosomes should be able to bind
to the beads. The exosomes in BALF were negative for CD3 suggesting them not to be
of T cell origin, since T cell-derived exosomes previously have been shown to be
positive for this molecule [35].
To get an idea about the amount of exosomes in the preparations we measured the
protein content. When coating exosomes to the anti-MHC class II beads we needed
about 10 times more protein to saturate the beads when using BALF-derived exosomes
compared to DC-derived exosomes. This may be due to that other proteins in the BALF
were co-purified with the exosomes during the preparation, for example surfactant
proteins. Another possibility is that MHC class II negative exosomes are also present in
the preparation and these will not bind to the beads. In general, we saw higher
molecular expression in the flow cytometer with DC-derived exosomes compared to
BALF-derived exosomes. This is possibly due to that we had very restricted amounts of

19

Charlotte Admyre

BALF-exosomes and were not able to saturate the beads, giving rise to lower signals, or
this could reflect a true difference.
The role of exosomes in vivo in the lung remains to be investigated. Due to the
restricted amount of BALF-exosomes we were not able to perform any functional
experiments in this study. One can however speculate that exosomes expressing antigen
presenting molecules such as MHC class I and II and co-stimulatory molecules in the
lung might have a role in T cell stimulation after airway antigen exposure. Exosomes
have previously been shown to be able to stimulate T cells both directly [34, 75] or by
transporting antigen to DCs [73, 77]. This could be a way of transporting antigen to
other parts of the body. Exosomal expression of MHC, CD54 and CD86 were found to
essential for exosome induced T cell activation [75, 76], molecules which were all
found on the exosomes in BALF. Exosomes in the lung could possibly also be involved
in promoting tolerance. Airway pDCs have been suggested to be more tolerance
inducing compared to mDCs [163] and it could be that their exosomes are also more
tolerogenic, however, this has never been investigated. It would be interesting to study
the role of exosomes during an airway inflammation like sarkoidosis or asthma. Our
preliminary data show presence of exosomes in BALF from both sarkoidosis and
asthmatic allergic patients, but their exact function need to be further explored.
In conclusion, our data show for the first time that exosomes are present in the lung and
that these exosomes express MHC and co-stimulatory molecules, suggesting them to
have a role in the immune defense of the lung.
4.2

DC-DERIVED EXOSOMES CAN ACTIVATE PERIPHERAL HUMAN
CD8+ T CELLS (PAPER II)

Exosomes have been suggested to have a role in T cell activation. Raposo et al first
reported that B cell-derived exosomes can stimulate antigen specific T cells [34].
Several studies have later confirmed this, but there are contradictory data regarding the
mechanism behind this activation. Some studies show that exosomes can stimulate T
cells by their own [34, 75] while others have reported that exosomes exert their effect
by transferring antigen to DCs [73, 77]. Previous studies have used T cell lines [73, 80],
T cell hybridomas [74, 80] or T cell clones [34, 75, 77, 79] when investigating the
effect of exosomes on T cells. These cells have been cultured in vitro and might have
differed from their original state. Therefore, we investigated the capacity of DC-derived
exosomes to stimulate peripheral T cells ex vivo. To do this we needed a sensitive
method, why we took advantage of the ELISPOT assay, by which you can visualize
cytokine production at the single cell level. Exosomes prepared from MDDC culture
supernatants and loaded with a viral peptide mix containing 23 viral MHC class I
specific peptides from the three viruses Epstein-Barr virus, cytomegalovirus and
influenza virus could stimulate autologous CD8+ T cells to produce IFN-γ and TNF-α
in a dose-dependent manner without addition of DCs. The purity of the cell separations
was always high, around 99% T cells. In addition, no correlation between the purity of
the T cells and the degree of activation could be seen, indicating that possible
contaminating APC were not responsible for the stimulation seen. Exosomes not loaded
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with the peptide mix could not activate the T cells showing that the stimulation was
antigen-specific. The stimulation was further demonstrated to be dependent on
exosomal MHC class I, since blocking of MHC class I on the exosomes with antibodies
reduced the cytokine release from the T cells. This is in agreement with previous data
where both MHC class I, CD86 and CD54 were needed to be expressed by the
exosomes for them to be immunogenic [75]. Previous studies on mouse DC-derived
exosomes have illustrated that increased T cell activation is induced when using
exosomes from mature compared to immature DC [74, 76]. In line with these studies,
we wanted to investigate if we in our system could confirm these data using human
cells. Furthermore, we wanted to explore how sensitive our assay is. Therefore,
exosomes from immature and LPS-matured MDDCs loaded with the viral peptide mix
were compared for their capacity to induce cytokine production of autologous
peripheral CD8+ T cells. Exosomes from mature MDDCs gave a 4-13 fold increase in
the number of IFN-γ producing T cells compared with immature exosomes, showing
for the first time in humans that exosomes from mature MDDC are more efficient than
exosomes from immature MDDC in stimulating T cells. When comparing the
phenotype of exosomes from immature and mature MDDCs, we found that exosomes
from mature MDDCs hade higher levels of MHC class I and II, the co-stimulatory
molecules CD40, CD80 and CD86 and the adhesion molecule CD54, while no
difference were seen for the tetraspanin proteins CD63 and CD81. The presence of
higher levels of MHC and co-stimulatory molecules is probably one explanation to the
increased stimulation, since a higher density of these molecules would give a more
efficient activation. Higher levels of antigen presenting and co-stimulatory molecules
and higher T cell stimulatory capacity are well documented for mature DC compared to
immature DC, showing that the exosomes are mirroring the “mother” cells.
The contradictory results between different studies concerning the capacity of
exosomes to stimulate T cells may be due to differences in the phenotype of the
exosomes used, differences in the phenotype of the responder cells, what type of
antigen that was used or what detection method that was applied. We here could detect
activation of peripheral CD8+ T cells which contain a mix of cells with different
specificities. This was likely due to that we used the sensitive ELISPOT method instead
of ELISA or proliferation assays like [H3]-thymidine incorporation. This shows that the
ELISPOT method is very suitable to use for studying the effect of exosomes on T cell
responses, and that this assay may constitute a useful tool when evaluating the
stimulatory or immuno-modulatory capacity of exosomes for therapeutic purposes.
The mechanism how exosomes interact with T cells and which molecules that are of
importance needs further investigation. We have performed pilot confocal microscopy
studies using PKH67-labelled DC-derived exosomes showing binding of the exosomes
to the surface of the CD8+ T cells (Fig. 7), giving further proof of direct interaction
between exosomes and T cells. Exosomes have previously been reported to be able to
adhere to follicular DCs [82] and other DCs [81] indicating them to be part of
intercellular communication.
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A

B

Fig 7. Exosomes bind to CD8+ T-cells. CD8+ T cells stained with anti-CD3 Alexa
Fluor 546 (red) were incubated with LPS-matured MDDC-derived exosomes labeled
with the green fluorescent dye PKH67 (A) or with only free PKH67 (B). Binding of
exosomes to T-cells were studied with confocal laser-scanning microscopy (TCS SP2;
Leica Microsystems). The inserted scale bar represents 10 µm.
Taken together, our results demonstrate that DC-derived exosomes are able to activate
peripheral human CD8+ T cells in a dose-dependent and antigen-specific manner. The
stimulation was shown to be dependent on exosomal MHC class I and could be further
increased by using exosomes from mature DCs. This suggests that DC-derived
exosomes may have a role in T cell activation during an immune response. In addition,
we here show that the ELISPOT assay is a sensitive and suitable method to use for
evaluating exosome induced immune responses.
4.3

EXOSOMES

WITH

IMMUNE

MODULATORY

FEATURES

ARE

PRESENT IN HUMAN BREAST MILK (PAPER III)
Breast milk is a complex liquid containing a diverse set of components including
antibodies, cytokines, immune competent cells and MFG [123], which provides
protection against neonatal infections and are important for the development of the
neonatal immune system. Since we previously have shown that exosomes could be
found in BALF and that later studies had demonstrated that exosomes are present in
other body fluids like plasma [44] and urine [45], and since several studies have
established that exosomes can have a role in immune responses, we wanted to
investigate if exosomes were also present in human breast milk and if so if these
exosomes have immuno-modulatory features. We therefore subjected human
colostrum, which was collected within 4 days after delivery, and mature milk, which
was collected between 1 and 6 months after delivery, to exosome preparation
procedures by differential ultracentrifugations [34]. The pelleted material was further
analysed morphologically with immune EM, for density using sucrose gradient
fractionation and phenotypically with flow cytometry, Western blot and mass
spectrometry (MS). Immune EM revealed vesicles with shape and size, around 50 nm
in diameter, according to previous reports on exosomes [69]. In addition, these vesicles
had CD63 and HLA-DR on their surface. The presence of CD63 and HLA-DR was
further confirmed by flow cytometry by which we also could detect low levels of MHC
class I and the co-stimulatory molecule CD86, and high levels of the tetraspanin
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proteins CD63 and CD81 as well as MUC-1. MUC-1 is a glycoprotein expressed on the
surface of glandular and ductal epithelia of various organs such as mammary glands,
lung, pancreas and the gastrointestinal tract [164], and has also been found on MFG in
breast milk [165]. MUC-1 has been suggested to have a role in the protection of
epithelium by binding pathogens but also in cell adhesion. MUC-1 has for example
been shown to be able to bind to the adhesion molecule CD54 [166]. It has further been
demonstrated that MUC-1 is over expressed in several cancers and suggested to play a
role in the metastasis process [164]. To verify that our vesicles were not MFG we
isolated MFG from breast milk as previously described [167] and analysed them with
flow cytometry. As expected the MFG were positive for HLA-DR and MUC-1 but
negative for all the other markers found on our vesicles, indicating that our vesicles
were not MFG. Further phenotypic analysis of our isolated vesicles by Western blot
illustrated that they according to the characteristics of exosomes in addition were
positive for the heat shock protein Hsc70 and negative for the ER specific protein
calnexin, indicating that the exosomes were not of ER origin. As a last verification that
our vesicles were true exosomes, sucrose gradient fractionation revealed the vesicles to
have a density between 1.10 and 1.18 g/ml, which corresponds to the density
previously shown for exosomes [34]. MS analysis of the exosomes confirmed the
finding of several previously reported exosome-associated molecules such as MHC
class II, CD81 and heat shock proteins, and further confirmed our flow cytometry data
of the finding of MUC-1 in association with the exosomes. Furthermore, we detected
Lactadherin, also called MFG-E8, in the exosome preparation. This molecule have
previously been suggested to be involved in clearance of apoptotic cells [168] and has
previously been described on DC-derived exosomes [169]. MFG-E8 has in addition
been found to be released in association with vesicle-like structures from cultured
mammary epithelial cell lines in vitro [170]. Moreover, several proteins involved in
vesicle budding and endocytic membrane fusion were detected in the MS analysis,
supporting that the vesicles found are of endocytic origin.
The exosomes in milk were negative for the molecules CD40, CD54 and CD80, which
are present on exosomes from DCs and B cells [59-61], suggesting that the exosomes
might come from other cells. The presence of CD86 however proposes an APC origin,
while MUC-1 implies that they might be derived from breast epithelium. Most likely,
the exosomes in breast milk are derived from a mix of different cellular sources and
possibly exosomes from other parts of the body could home to the breast milk via the
blood, since plasma previously have been shown to contain exosomes [44]. We could
here demonstrate that the expression of HLA-DR were higher on exosomes in
colostrum compared to mature milk. This might be due to that the exosomes are
derived from different cellular sources during the first days of lactation or from cells in
another activation status, and suggests that the exosome composition of milk might
change over time.
The finding of exosomes in breast milk made us ask questions regarding if these
exosomes could have any immuno modulatory features. To test this we incubated
mature breast milk-derived exosomes with PBMC, after which the PBMC were
stimulated with anti-CD3. In this way we would detect both if the milk exosomes
would potentiate or suppress T cell activation. Since exosomes from the mother would
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be semi-autologous to the child we set up this assay using both autologous and
allogeneic PBMC. Unfortunately we had not the possibility to collect any cord blood
cells in this study. There was a significant reduction in IL-2 and IFN-γ production from
both anti-CD3 stimulated autologous and allogeneic PBMC when incubated with 500
µg/ml of milk exosomes. The suppression was not due to increased cell death, since
Annexin V/propidium iodide staining showed similar levels of viable cells in PBMC
incubated with or without milk derived-exosomes. The suppressive effect could be
partially blocked when reducing the levels of exosomes in the preparation by using
anti-MHC class II and anti-CD81 beads, showing that exosomes are contributing to the
suppression. The partial blocking effect seen might be due to that not all exosomes
were removed by the beads or that there are other factors co-purified with the milk
exosomes that also have suppressive effects. Examples of these other factors could be
immunosuppressive cytokines like IL-10 and TGF-β. TGF-β has previously been
shown to be present in colostrum and have immunosuppressive effects [141]. However,
neither IL-10 nor TGF-β was detected in the MS analysis of the exosome preparations.
Another possibility would be if the exosome preparations also contained soluble MUC1. Soluble MUC-1 secreted by epithelial cancer cells has previously been shown to be
able to inhibit T-cell proliferation [171]. It has also been demonstrated that a high
concentration of colostral milk protein can have an inhibitory effect on mitogen
induced T cell proliferation, while a low concentration of colostral milk protein can
enhance T cell proliferation. The inhibitory effect was not seen for late milk proteins,
and the inhibitory activity was suggested to be associated with glycoprotein [140]. The
functional test in our study was due to lack of material only performed with mature
milk-derived exosomes and it is possible that exosomes from colostrum might have
different effects. Taylor et al have previously demonstrated an inhibitory effect of
pregnancy associated exosomes on PHA induced IL-2 production in Jurkat T cells in
the same concentration range as we used here [102]. In addition, exosomes released
from IECs, tolerosomes, have been shown to be able to induce tolerance [87]. These
tolerosomes express the IEC specific marker A33 [172]. Our preliminary data show
that the milk derived-exosomes are negative for A33, indicating that exosomes have not
been homing to the milk from the intestine epithelium.
Tregs are present in the normal immune system for maintaining immunological selftolerance and immune homeostasis by immunosuppressive mechanisms. We therefore
were interested to investigate if the immunosuppressive effect seen for milk-derived
exosomes were in some way associated with Tregs. Interestingly, the number of CD4+
CD25+ Foxp3+ T cells was significantly increased in PBMC incubated with milkderived exosomes compared to PBMC not incubated with milk-derived exosomes.
How exosomes could influence Tregs remains to be investigated but it suggests that
Tregs might have a role in the suppression seen, however further studies on this are
needed.
If exosomes in breast milk could have a true effect on the neonate’s immune system
remains to be elucidated. The quantification of exosomes was here based on protein
measurements and 500 µg of protein/ml of culture medium might seem like a lot of
protein. However, the amount of exosomes used per stimulation corresponds to
exosome preparations from only approximately 2 ml of milk, indicating that the
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neonate would easily ingest the amount of exosomes used here during breast feeding.
In addition, exosomes are very stable structures and our preliminary data show that they
are stable to at least pH 4, suggesting that they would tolerate the gastric environment
of the neonate which has a pH of above 5 [173]. It is however, not known if the
exosomes would tolerate the digestive enzymes of the gastrointestinal tract. The fact
that human milk leukocytes can survive passage through the gastrointestinal tract, cross
the gut epithelium and enter the circulation [130], suggests that this might also be true
for exosomes. One could speculate that the suppressive effect of exosomes might have
a role in tolerance development to food and environmental antigens in the neonate, and
be a protective factor for the development of allergies.
To summarize, we here present the novel finding that exosomes are present in both
colostrum and mature human breast milk. We further show that these exosomes express
MHC class I and II, CD86, tetraspanin proteins, heat shock proteins and MUC-1, and
that these exosomes can suppress anti-CD3 stimulated cytokine production from
PBMC. This inhibition might be associated with the increased level of Tregs seen in
PBMC after incubation with milk-derived exosomes. This suggests that exosomes in
breast milk might be able to influence the immune system of the neonate although this
needs further investigation.
4.4

B CELL-DERIVED EXOSOMES CAN PRESENT ALLERGEN AND
STIMULATE ALLERGEN SPECIFIC T CELLS (PAPER IV)

Both we (paper II) and others [34, 74, 75] have previously demonstrated that APCderived exosomes can have a role in T cell activation. In allergic diseases activation of
allergen-specific T cells releasing Th2 like cytokines such as IL-4, IL-5 and IL-13 play
a central role. We therefore further wanted to investigate if APC-derived exosomes
could have a role in activation of allergen specific T cells. Exosomes were prepared
from EBV-transformed B cells from birch pollen allergic individuals. Phenotypic
analyses of the exosomes showed expression of MHC class I and II, the co-stimulatory
molecules CD40, CD80 and CD86, and the adhesion molecule CD54, which are in
accordance with previous studies on exosomes from healthy individuals [60, 61]. We
could here in addition demonstrate the presence of the B cell-specific marker CD19 on
these exosomes. The B cell-derived exosomes were further loaded with peptides
derived from the major birch pollen allergen Bet v 1, Bet v 1 4-18 corresponding to the
amino acid residues 4-18 in the N-terminal region and Bet v 1 142-156 corresponding
to amino acid residues 142-156 in the C-terminal part of Bet v 1. Both peptides have
previously been shown to contain relevant T cell epitopes and Bet v 1 142-156 was
demonstrated to represent the immunodominant T-cell epitope of Bet v 1 [174]. By
using biotinylated Bet v 1-derived peptides we could detect the peptides in association
with the exosomes using ELISA, showing that the peptides were present on the surface
of the exosomes probably in association with MHC class II. The Bet v 1-loaded
exosomes could further activate Bet v 1 specific T cell clones to proliferate and to
produce the Th2 like cytokines IL-5 and IL-13 in a dose-dependent manner. No or very
low levels of IL-4, IFN-γ and TNF-α were detected. Stimulation with exosomes not
loaded with Bet v 1-derived peptides did induce neither proliferation nor cytokine
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production from the T cells, showing that the activation was antigen-specific. As a
positive control the Bet v 1-specific T cell clones were stimulated with Bet v 1-derived
peptide loaded B cells, which gave rise to similar responses with high levels of the Th2
cytokines IL-4, IL-5 and IL-13 and lower levels of the Th1 cytokines IFN-γ and TNFα, showing, as expected, that the T cells were mostly of the Th2 type. As pointed out
previously it is still under debate how exosomes stimulate T cells, whether it is done by
direct interaction of exosomes with the T cells or if the exosomes mediate its effect via
APCs. In this study we could detect T cell activation of exosomes without adding
APCs, which are in line with that the exosomes expressed high levels of MHC and costimulatory molecules.
The role of exosomes in an allergic response in vivo needs further investigations. Our
preliminary data show that exosomes are present in the lung of asthmatic patients,
indicating that exosomes are present in the target organ during allergic inflammation.
Publications from other groups show that exosomes are present also in other
compartments of the body [45, 46] and can travel via the blood [44] suggesting that
exosomes could also have effects in other parts of the body. Hypothetically, allergenloaded exosomes could be released from allergen-specific B cells upon allergen
encounter, which could contribute to the activation of allergen-specific T cells. A
previous study has demonstrated that B cell receptor triggering can lead to increased
release of exosomes from the B cell [175]. One could also speculate that exosomes
from DCs could have a role in stimulating allergen specific T cells since both our
previous studies (Paper II) and studies from other groups have shown that DC-derived
exosomes can activate T cells [74-77]. This could possibly be achieved by direct
interaction of the exosomes with the T cells or by transferring allergen between DCs. It
has been demonstrated that B cell-derived exosomes express functional integrins by
which the exosomes can bind to extracellular matrix components and to cell surface
adhesion molecules [84] suggesting that exosomes might be able to deliver signals
beyond that of direct cell to cell contact. The presence of CD55 and CD59 on the
exosomes further suggests them to be stable in vivo [68]. Other cells that are of
importance in an allergic immune response have also been shown to release exosomes
like mast cells [36, 85]. Mast cell-derived exosomes have been shown to be
immunostimulatory in that they can induce proliferation and cytokine production of
cultured splenocytes [85]. Furthermore, they have been demonstrated to be able to
induce maturation of DCs [86]. Degranulation of mast cells after allergen IgE crosslinking could possibly lead to the release of exosomes with the capacity to promote an
allergic immune response by for example delivering maturation signals to DCs (Fig. 8).
If exosomes are of importance in an allergic response, they may constitute a new
therapeutic target. Alternatively, exosomes could be used to manipulate the immune
response to induce more of a Treg response instead of the disease promoting Th2
response. Previous studies have demonstrated that exosomes from DCs which were
stimulated with IL-10 alternatively genetically modified to express FasL were able to
suppress delayed type hypersensitivity and collagen-induced arthritis in a mouse model
[120, 121]. One advantage of using exosomes in immunotherapy could be that
exosomes are unable to change their phenotype after they have been released, making
them stable and insensitive to in vivo stimuli, compared to cells.
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Fig 8. Hypothetical scheme over possible interaction of exosomes with cells during
an allergic response.
Taken together, we here demonstrate for the first time that B cell-derived exosomes are
able to present allergen-derived peptides and activate allergen-specific T cells to
proliferate and produce Th2 like cytokines. Further in vivo experiments will reveal if
allergen presenting exosomes released from APCs could have a role in T cell activation
during an allergic immune response, and if exosomes could constitute a new
therapeutic target, alternatively be used as a tool in allergy treatment.
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5 CONCLUSIONS
I: In this study we present the novel finding that exosomes are present in BALF from
healthy individuals, and that they are similar to DC-derived exosomes in that they
express MHC class I and II, CD54, CD63 as well as CD86. Since they contain costimulatory molecules it is likely that they are derived from APCs. These results
demonstrate that exosomes are present in the lung and suggest that they might have a
role in antigen delivery or immune regulation during airway antigen exposure.
II: In this study we show, for the first time, that DC-derived exosomes can directly
stimulate human ex vivo peripheral CD8+ T-cells to produce IFN-γ and TNF-α in an
antigen-specific manner. The stimulatory capacity of the exosomes was enhanced when
derived from LPS-matured DCs, compared to immature DCs, and was shown to be
dependent on exosomal MHC class I. Our data suggest a mechanism for exosome
interaction with T-cells independently of DCs. The results further demonstrate that
ELISPOT is a suitable method for detecting exosome-induced peripheral T-cell
responses. This method may provide a useful tool for monitoring exosomal immune
responses when developing exosomes as therapeutic agents, and when investigating the
immune response from differently generated or transformed exosomes.
III: Here we found nano vesicles in human breast milk from healthy mothers and they
had all characteristics of exosomes including shape and a size of around 50 nm, a
density between 1.10 and 1.18 g/ml, and the expression of exosome-associated
molecules like MHC, Hsps, and tetraspanin proteins. Functional analysis revealed that
the exosome preparation inhibited anti-CD3 induced IL-2 and IFN-γ production from
both allogeneic and autologous PBMC. This effect could be reduced by removing
vesicles with anti-MHC class II and anti-CD81 beads. In PBMC incubated with milk
exosome preparations an increased number of Foxp3+CD4+CD25+ T regulatory cells
were observed, which might have a role in the inhibition seen. These results illustrate
that human breast milk contains exosomes and that these exosomes have the capacity to
affect immune responses.
IV: In this study we demonstrate that B cell-derived exosomes can present Bet v 1derived peptides and activate Bet v 1 specific T cells in a dose-dependent manner. The
peptide-loaded exosomes stimulated the T cells to both proliferate and to produce Th2
like cytokines such as IL-5 and IL-13. These results illustrates for the first time that
exosomes can present allergen and activate allergen specific T cells, suggesting that
exosomes could be an immuno-stimulatory factor in an allergic immune response.
In summary, this thesis supports that exosomes play several roles in immune regulation
and defense. They are likely to have a role in both T cell activation and suppression
depending on their cellular source, and could possibly be part of allergic responses.
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6 FUTURE PERSPECTIVES
My studies have provided answer to some of the questions raised but have also led to
the generation of new questions. I will here briefly outline what I think would be
interesting to explore in the future.
Our finding that exosomes are present in BALF raises the questions from where these
exosomes are derived and what their functions are. It would be interesting to perform a
more thorough phenotypic analysis of the exosomes and the cells in BALF, and maybe
compare the phenotype of exosomes in BALF with exosomes derived from different
types of cells in culture, to see if this could give more knowledge about their origin. As
pointed out previously some exosomal molecules reflect the cell type from which they
are secreted at least in vitro, such as the presence of co-stimulatory molecules on APCderived exosomes [59-61], expression of CD3 on T cell-derived exosomes [35],
expression of A33 on IEC-derived exosomes[40] and the presence of the transferrin
receptor on exosomes from reticulocytes [62]. However, more studies on the
phenotypic differences of exosomes from different cell types are needed to be able to
distinguish their source in vivo. In our study we isolated exosomes on anti-MHC class
II beads for phenotypic analysis and one could argue that this might select for only
MHC class II highly expressing exosomes. It would therefore be interesting to isolate
exosomes by selection for other molecules for example a tetraspanin protein like CD63
or CD81, to see if other exosomes are also present in the BALF. In addition, we are
now testing the possibility to analyze exosomes directly in the flow cytometer. This
would give the advantage of analyzing exosomes without prior selection methods and
would give the possibility to investigate different populations of exosomes derived
from different cell types simultaneously. In this way one might also be able to sort out
different types of exosomes in regards to their phenotype and further analyze their
different functions. Our preliminary data show that exosomes are present in the BALF
from asthmatic patients. It would be interesting to further investigate if the phenotype
and amount of exosomes released during airway inflammation differs from a noninflammatory state by comparing exosomes in BALF between healthy and allergic
individuals. Furthermore, since we have demonstrated that APC-derived exosomes can
stimulate allergen specific T cells it would be interesting to analyze the effect of BALFderived exosomes in allergen stimulation of T cells both in vitro and in vivo. We are
currently looking into the effect of BALF-derived exosomes on airway inflammation
by transferring BALF-derived exosomes from allergic or healthy mice to mice during
airway allergy development. This will hopefully give more insight into the role of
exosomes in an allergic response and show if exosomes produced during and out of an
allergic reaction have different functions. It would further be interesting to explore if
modified exosomes could be used as tools in treatment of allergic diseases. Previous
studies have demonstrated that exosomes derived from DC stimulated with IL-10 or
that were genetically modified to express FasL could inhibit delayed type
hypersensitivity and collagen-induced arthritis [120, 121]. It would be exciting to study
the effect of these exosomes in a mouse model of allergic asthma to see if also allergic
inflammation and airway hyperreactivity can be suppressed.
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We have demonstrated that exosomes can activate both CD4+ and CD8+ T cells, and
we have preliminary data that visualizes the direct interaction of exosomes with T cells.
The preliminary data further show that the interaction of exosomes with T cells occurs
to a higher extent if the exosomes are loaded with antigen compare to unloaded
exosomes. Previous studies have illustrated that CD86 and CD54 are important factors
for exosome induced T cell activation [75, 76]. It would be interesting to further
investigate this interaction to see what additional molecules that are involved and to
analyze the kinetics of the interaction by following exosomes co-incubated with T cells
over time in vitro or in vivo by injecting fluorochrome labeled antigen-loaded exosomes
into sensitized mice. The distribution of radioactively labeled DC-derived exosomes
injected into mice have previously been investigate and the exosomes were found
mainly in the spleen, the intestine and the cervical lymph nodes [118]. Additional
studies on with which cells the exosomes interact when injected in vivo and if this
differs depending on the phenotype of the exosomes would be interesting to perform.
Our findings show that the effect of exosomes depends on their origin, since we
illustrate that DC-derived exosomes can activate T cells while exosomes in breast milk
seem to suppress T cell stimulation. It would be interesting to further investigate how
this suppression is mediated and what molecules that are involved. Blocking
experiments using antibodies against different candidate molecules may give some
clues. MUC-1 would be one interesting molecules to investigate since it has previously
been demonstrated to inhibit T cell proliferation [171]. Further investigation of if and
how the increased number of Tregs seen is responsible for the inhibition are needed.
One way to prove their effect could be to deplete the Tregs from the PBMC incubated
with milk to see if the suppressive effect is lost. In addition, it would be very exciting to
investigate how the exosomes are inducing the Tregs. In this study we have used
PBMC and it would be interesting to see if the suppressive effect is the same if using
cord blood mononuclear cells, which would more resemble the interaction of exosomes
with cells of the neonate. Moreover, one would like to investigate if milk-derived
exosomes could have an effect on tolerance development in the neonate. Giving milkderived exosomes to neonate mice and follow their tolerance development to a certain
antigen may give useful information. In addition, it would be intriguing to see if milkexosomes could have any impact on allergy development by giving allergen-loaded
milk-exosomes to neonate mice before allergen sensitization. A recent study using a
mouse model showed that breast milk from OVA sensitized mice contains factors that
are sufficient to increase susceptibility of the offspring to development of allergic
airway disease [176]. It would therefore be interesting to compare the phenotype and
suppressive effect of milk-derived exosomes from healthy and allergic mothers in vitro
and from healthy and allergic mice in vivo.
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