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General Summary

Considerable progress has been made in recognizing microvesicles as important
mediators of intercellular communication rather than irrelevant cell debris.
Microvesicles released by budding directly from the cell membrane surface either
spontaneously or in response to various stimuli are called ectosomes. Of particular
interest is that ectosomes released by polymorphonuclear neutrophils (PMN-Ect)
down regulate the inflammatory potential of macrophages. This finding was a real
surprise since PMNs are known to be proinflammatory cells par excellence. Thus the
very same cells known for their destruction capacity have the property of releasing
ectosomes, which inhibit further macrophage activation, although various cytokines
released by PMNs are chemotactic for macrophages. This might be a powerful
regulatory mechanism responsible for the control of excess inflammation. In my

thesis I wanted to

(1) see whether the same ectosomes have also the property to down regulate
dendritic cells (DCs), so as to prevent the activation of the acquired

immune system (T cells), when it is not required (section 1).

(2) see whether ectosomes from other cells would have similar properties. For

this we investigated ectosomes released by erythrocytes (section 2).

(3) define the signaling pathways induced by ectosomes (section 3).



(1) PMN-Ect were recently shown to induce an anti-inflammatory response on human
monocyte-derived macrophages (HMDMs). I found that PMN-Ect also inhibited the
LPS-induced maturation of human monocyte-derived DCs (MoDCs). This effect was
evidenced by reduced expression of cell surface markers (CD40, CD80, CD83, CD86
and HLA-DP DQ DR), inhibition of cytokine release (IL-8, IL-10, IL-12, and TNFa),
and new morphological and functional characteristics (reduced phagocytic activity,
and increased TGF-f1 release). Importantly, the skewed MoDC differentiation
resulted in a reduced capacity to activate T-cells, suggesting an active role for PMN-

Ect in adaptive immunity as well.

(2) Microvesicles derived from erythrocytes during storage had all the properties of
ectosomes. E-ecto revealed an inhibitory potential on zymosan A and LPS activated
HMDMs as shown by down-regulation of IL-8 and TNFa release. However, different
from PMN-Ect, E-ecto did not enhance the release of TGF-f1. In addition, the effect
of E-ecto was found to be long lasting. Thus, E-ecto transfused with erythrocytes may

account for some of the immunosuppressive effects seen after blood transfusions

(3) The receptors and signaling pathways involved in ectosome-induced down-
modulation are unknown. I showed that the encounter of PMN-Ect with HMDMs
induced an immediate calcium flux. Mer receptor as well as the phosphatidylinositol
3-kinase (PI3K)/Akt pathway were activated, and NFzB translocation and
phosphorylation were blocked. Consequently, the transcription of many
proinflammatory genes in zymosan A activated HMDMs were reduced. Finally, my
data revealed that TGF-1 release induced by PMN-Ect was not related to a

modification in its transcription.



Taken together these results suggest that ectosomes have a profound effect on the
innate immune system, here macrophages, as well as on the induction of the adaptive
immune system, here DCs, globally reprogramming these cells toward an

immunosuppressive and possibly tolerogenic phenotype.



General Introduction

Various eukaryotic cell types release membrane-derived microvesicles under specific
physiologic conditions. Whereas this fact was relatively unknown, and was not
considered important until recent years, latest studies point toward a common
mechanism that involves these vesicles in intercellular cross-talk (1). Interestingly,
this phenomenon seems conserved during evolution, since even bacteria are described
to release microvesicles that are important components of biofilms, and a major signal

trafficking system (2, 3).

Vesiculation is a physiological mechanism that is used in cell growth, protection and
activation. For example, in the mechanism of mineral formation in cartilage, bone,
and predentin, calcification is initiated by matrix vesicles released by chondrocytes,
osteoblasts, and odontoblasts (4). Vesicle formation is also an important autodefense
mechanism protecting against complement attack, by allowing the removal of the
C5b-9 attack complex from the cell surface as shown for polymorphonuclear
neutrophils (PMNs), oligodendrocytes, platelets and erythrocytes (5-10). It is reported
that microvesicle-release increase upon pathological conditions like inflammation,

injury, vascular dysfunction, or cancer (1, 11-13).

A major problem in microvesicle literature is the rather confusing nomenclature.
Various names have been used including particles, microparticles, vesicles,
microvesicles, nanovesicles, exosomes, dexosomes, argosomes and ectosomes.
Whereas their formation mechanisms, size and effects are different, one common

point between all is the fact that their protein and lipid compositions are similar to that



of the cell membrane from which they originate (1, 14). A more rigorous
differentiating nomenclature awaits to be established. In the meantime, the major
point in distinguishing them is the budding mechanism (budding into an intracellular

compartment vs. surface budding).

Exosomes are defined as small membrane vesicles formed by inward budding of
endosomal membranes, called multivesicular bodies. When multivesicular bodies fuse
with the plasma membrane, exosomes are released extracellularly (15, 16). Exosomes
that are between 30 to 100 nm in diameter, are secreted from various cell types,
including reticulocytes (17), mast cells (18), dendritic cells (DCs) (19), platelets (20),
B-lymphocytes (21), T-lymphocytes (22), epithelial cells (23), and tumor cells (24).
Dendritic cell-derived exosomes are also called dexosomes (25). The biological
functions of exosomes largely depend on their surface proteins and the cell types from
which they originate. The two prominent functions are to eliminate obsolete proteins
during cell maturation, and to mediate intercellular communication by transferring
material among cells (15, 26, 27). However, exosomes are best described in the
immune system, where they are capable to present specific antigens to
T-lymphocytes, and therefore have strong immunostimulatory activities (14-16, 26).
Indeed, exosomes were considered as potential candidates for cancer vaccines, and
several clinical trials have been established (28-30). In contrast with this theory,
recent studies show that exosomes could also exhibit immune suppressive effects (31-

33).

The other category of vesicles includes ectosomes and microvesicles that are released

by budding directly from the cell membrane surface (i.e. ectocytosis) (10, 34-36).



Many eukaryotic cells, including tumor cells, release ectosomes, either spontaneously
or in response to various stimuli (10, 34, 37-40). Commonly, ectosomes are rightside-
out vesicles with cytosolic content, and expose phosphatidylserine (PS) in the outer
leaflet of their membrane (10, 35). Depending on their cellular origin, ectosomes have
been associated with a broad spectrum of biological activities. However, the effects

observed were mainly procoagulant and proinflammatory (37, 39, 41-44).

Characteristics and molecular properties of human polymorphonuclear neutrophil-
derived ectosomes (PMN-Ect) have recently been described (34, 35). PMN-Ect have a
diameter of 50-200 nm, and express a specific set of receptors (complement receptor 1
(CD35), CDl1l1a, CD11b, CD-16, L-selectin (CD62L), HLA class I), enzymes
(myeloperoxidase, elastase, metalloproteinase-9, proteinase-3), complement proteins
(CD46, CD59), and a marker of the cells they originate (CD66b). The absence of
CD14, CD32, CD55, CD63 and CD87 was described as evidence of selection during
sorting (34, 35). Gasser et al. reported that PMN-Ect block inflammatory response of
human monocyte-derived macrophages (HMDMs) to zymosan A  and
lipopolysaccharide (LPS) by inhibiting the release of TNFa, and reducing the release
of IL-8 and IL-10 (45). PMNs having a major role in defense against pathogens and in
inflammatory process, these results were unexpected (46). PMNs phagocytose, and
eventually eliminate invading microorganisms by means of potent antimicrobial
agents released during the process of degranulation. This microbicidal weaponry,
because of the lack of specificity, can lead to severe tissue damage if not controlled
(46, 47). Early release of immunosuppressive PMN-Ect might have an essential role

in counterweighing these proinflammatory mechanisms (45).



Gout is a disease caused by the deposition of monosodium urate monohydrate (MSU)
crystals in articular and periarticular tissues. The acute inflammation manifests as
massive infiltration of PMNs into the joints, and inflammatory cell activation leading
to dramatic clinical signs and symptoms. However even in the absence of clinical
intervention, acute gouty arthritis undergoes self-resolution within a few days (48).
The underlying responsible for the resolution of the inflammation still remains
unknown. Recent observations imply that macrophages attracted by PMNss to the site
of inflammation might play a major role in its resolution (49-51). Indeed, Yagnik and
colleagues have demonstrated that macrophages do not release proinflammatory
cytokines like IL-18, IL-6 and TNFa, in contrast release the anti-inflammatory
cytokine TGF-f1, in presence of MSU crystals or in human cantharidin-induced skin
blisters (52). These results are similar with the ones obtained with macrophages that
have encountered PMN-Ect in presence of stimuli (45). Whether PMN-Ect are

involved in the resolution of inflammation in acute gout remain to be tested.

An important property of PMN-Ect is the PS exposed on the outer membrane leaflet
(35). Similarly, cells undergoing apoptosis start to loose their membrane asymmetry,
and PS appears on the surface (53). Apoptotic cells (ACs) and the exposure of PS are
the subject of numerous studies. The clearance of ACs by phagocytes like
macrophages and DCs occurs in a non-inflammatory manner, and there is growing
evidence that their phagocytosis results in powerful anti-inflammatory or even
immunosuppressive effects (54). Interestingly, PMN-Ect and ACs not only share PS
exposure on their surface, but also their anti-inflammatory effects on macrophages

(45,55).
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Thus, we were interested to investigate the effects of PMN-Ect on human monocyte-
derived DCs (MoDCs), and this is the subject of the first section. For this purpose, we
analyzed the morphology, maturation and function of non-stimulated and

LPS-stimulated MoDCs in presence of PMN-Ect.

In the meantime, we were also interested in ectosomes released by other cells than
PMNs. The essential cells to be transfused are erythrocytes, and during blood storage
erythrocyte-derived ectosomes (E-ecto) are formed in large quantities. Moreover,
although generally not accepted, clinical studies suggest that transfusions might be
immunosuppressive (56-58). A recent study reported that transfusions of erythrocytes
might be responsible for a diminished survival in cancer patients (59). The properties

of E-ecto, and their effects on HMDMs are the topics of the second section.

Having the results of the effects of PMN-Ect on HMDMs and MoDCs, and E-ecto on
HMDMs, we started to study the receptors and signaling pathways involved in
ectosome-induced immunosuppression. In the third section, we report the inhibitory

mechanisms used by PMN-Ect in HMDMs.
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Section 1:

Polymorphonuclear Neutrophil-Derived Ectosomes Interfere

with the Maturation of Monocyte-Derived Dendritic Cells

Abstract

Polymorphonuclear neutrophils (PMNs) are a key component of the innate immune
system. Their activation leads to the release of potent antimicrobial agents through
degranulation. Simultaneously, PMNs release cell surface-derived microvesicles,
so-called ectosomes (PMN-Ect). PMN-Ect are rightside-out vesicles with a diameter
of 50200 nm. They expose phosphatidylserine in the outer leaflet of their membrane
and down-modulate monocyte/macrophage-activation in vitro. In this study, we
analyzed the effects of PMN-Ect on maturation of human monocyte-derived dendritic
cells (MoDCs). Intriguingly, exposing immature MoDCs to PMN-Ect modified their
morphology, reduced their phagocytic activity, and increased the release of TGF-f31.
When immature MoDCs were incubated with PMN-Ect and stimulated with the TLR4
ligand LPS, the maturation process was partially inhibited as evidenced by reduced
expression of cell surface markers (CD40, CD80, CD83, CD86, and HLA-DP DQ
DR), inhibition of cytokine-release (IL-8, IL-10, IL-12, and TNFa), and a reduced
capacity to induce T cell proliferation. Together these data provide evidence that
PMN-Ect have the ability to modify MoDC maturation and function. PMN-Ect may
thus represent an as yet unidentified host-factor influencing MoDC maturation at the

site of injury, thereby possibly impacting on downstream MoDC-dependent immunity.
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Introduction

Many eukaryotic cells release small vesicles by ectocytosis (i.e., ectosomes), either
spontaneously or in response to various stimuli (1, 2). Data on the function(s) of
ectosomes have accumulated recently. Depending on their cellular origin, ectosomes
have been associated with a broad spectrum of biological activities. Ectosomes
derived from endothelial cells have been described to bind monocytic cells and to
induce procoagulant activity (3), whereas ectosomes derived from platelets and
monocytes were shown to directly promote hemostasis and induce inflammation by
activating endothelial cells (4, 5). As for monocyte-derived ectosomes, their
proinflammatory potential has been linked to their potential to mediate the rapid

secretion of IL-1[ and to express tissue factor (6,7, 8).

Activated human polymorphonuclear neutrophils (PMNs) release ectosomes at the
time of degranulation. PMN-Ect have been well characterized (9, 10, 11). They are
rightside-out vesicles with cytosolic content and a diameter of 50—200 nm and expose
phosphatidylserine (PS) in the outer leaflet of their membrane. Contrasting other
ectosomes, PMN-Ect have recently been shown to inhibit the inflammatory properties
of human monocyte-derived macrophages in vitro. Induction of TGF-f1 secretion by
macrophages and the exposure of PS on the surface of PMN-Ect were shown to

contribute independently to this effect (11).

Dendritic cells (DCs) function as sentinels of the immune system, bridging innate and
acquired immunity. In their tissue of residence, immature DCs (iDCs) internalize and
proteolytically process self- and non-self antigens (Ags). When Ag uptake and
processing occurs under inflammatory conditions, for example, conditions

characterized by concomitant pattern recognition signals delivered to iDCs via
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pathogen-derived products, iDCs change their morphology, shut down phagocytosis,
and increase expression of costimulatory molecules and secretion of cytokines.
Simultaneously, DCs migrate into secondary lymphoid organs (i.e., spleen or lymph
nodes). DCs activated and induced to mature under inflammatory conditions are then
capable of priming and fully activating naive CD4" and CD8" T cells. By contrast,
partially and/or "inappropriately" activated iDCs are thought to induce immunological
tolerance to Ags presented on their surface (12, 13, 14, 15). The precise factors

determining immunogenic vs. tolerogenic DC-mediated priming remain to be defined.

PMN-Ect share important biological properties with apoptotic cells, including the
expression of PS (9, 10, 11, 16). Apoptotic cells have been identified as major
regulators of DC function both in vitro and in vivo (12, 13, 14, 15,17, 18, 19, 20).PS,
both on apoptotic cells as well as when incorporated into artificial liposomes, has been
identified as a major factor influencing monocyte-derived dendritic cell (MoDC)
maturation and function (21, 22, 23, 24). Furthermore, vesicles expressing PS released
by tumor cells have recently been shown to down-regulate the activation of DCs, thus

impairing the possible immune response against tumor Ags (25).

Although it is plausible that during the early phase of an immune response PMN-Ect
interact with DCs, no data characterizing such interactions exist. In this study, we
investigated the impact of PMN-Ect on MoDCs. Specifically, we examined the
maturation of MoDCs in the presence/absence of PMN-Ect and the functional activity

of MoDCs that were matured in the presence of PMN-Ect.
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Materials and Methods

Collection of PMN-Ect

To isolate PMNs, a fresh buffy coat was diluted 1/1 (v/v) with PBS-EDTA (2 mM),
mixed with 0.25 vol of 4% dextran T500 (GE Healthcare Bio-Sciences), and left for
30 min for erythrocyte sedimentation. Leukocyte-rich supernatant was aspirated and
centrifuged for 10 min at 200 x g. The pellet was resuspended in 9 ml of ultrapure
water to lyse erythrocytes. Isotonicity was restored by addition of 3 ml of KCI (0.6 M)
and 40 ml of NaCl (0.15 M). Cells were then centrifuged for 10 min at 350 x g and
resuspended in 20 ml of PBS-EDTA. This suspension was layered over 20 ml of
Histopaque-1077 (Sigma-Aldrich) and centrifuged for 30 min at 350 x g. The PMN-
rich pellet was recovered and washed twice in PBS-EDTA. All manipulations were

performed at4°C, thus minimizing PMN activation (10, 11).

For stimulation, pooled PMNs (1 x 10" cells/ml) from healthy blood donors were
diluted 1/1 (v/v) in prewarmed (37°C) RPMI 1640 (Invitrogen Life Technologies)
with 1 yM fMLP and incubated for 20 min at 37°C. PMNs were removed by
centrifugation (4000 x g for 15 min at 4°C), and PMN-Ect contained in the supernatant
were concentrated with Centriprep centrifugal filter devices (molecular mass 10,000

MW cut-off; Millipore) and stored in aliquots at —80°C until use (10, 11).

Isolation, culture, and maturation of MoDCs

MoDCs were derived from monocytes isolated from fresh buffy coats. A buffy coat
was diluted 1/1 (v/v) with HBSS (Invitrogen Life Technologies), layered over
Histopaque-1077, and centrifuged for 30 min at 350 x g. PBMCs were washed and

cultured in complete medium (RPMI 1640, 1% L-glutamine, 1%
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penicillin/streptomycin, and 10% FCS) for 1 h at 37°C in 6-well plates or in 75-ml
flasks. After incubation, nonadherent cells were removed by washing twice with
prewarmed RPMI 1640. The remaining adherent cells were then cultured in complete
medium supplemented with 50 ng/ml GM-CSF and 50 ng/ml IL-4 (ImmunoTools).
On days 2 and 5, the media including the supplements were replaced. On day 6,
nonadherent immature MoDCs (iMoDCs) were harvested, counted, and plated in 6- or
24-well plates (1 x 10° cells/ml) in fresh medium containing GM-CSF and IL-4 (50
ng/ml each) (26, 27). On day 6, LPS (10 ng/ml final concentration; Sigma-Aldrich)

and/or PMN-Ect was added. MoDCs and supernatants were collected 24 h later.

Flow cytometric analysis

Flow cytometric analyses of cell surface markers were performed using the following
mouse mAbs conjugated with FITC: CD14, CD40,CD80, CD83, CD86, and HLA-DP
DQ DR (Serotec) and with PE: CCR7 (BD Biosciences/BD Pharmingen). In each
experiment, parallel stainings with isotype-matched controls IgG1-FITC, IgG2a-FITC
(Serotec), and IgG2a-PE (BD Biosciences/BD Pharmingen) were performed. After
each incubation, cells were spun down, resuspended in PBS/1% BSA, and labeled for
30—45 min at 4°C with appropriate Abs. After labeling, cells were washed twice in
PBS/1% BSA and data were acquired with a FACSCalibur flow cytometer (BD
Biosciences) and analyzed using Summit software (DakoCytomation). A minimum of

10,000 events were collected per dataset.
Detection of apoptosis
Detection of apoptotic and/or necrotic cells was performed using FITC-conjugated

annexin V (AnV; BD Biosciences/BD Pharmingen) and Via-Probe (BD
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Biosciences/BD Pharmingen), a nucleic acid dye (7-aminoactinomycin D) used for the
exclusion of nonviable cells. MoDCs were washed twice with cold PBS and
resuspended in AnV-binding buffer (BD Biosciences/BD Pharmingen) at a
concentration of 1 x 10° cells/ml. Aliquots of 100 ul were stained with 5 ul of AnV-
FITC and 2 ul of Via-Probe and incubated for 15 min at room temperature in the dark.
Samples were then diluted in 400 gl of binding buffer and analyzed by flow

cytometry.

Endocytic activity

Endocytic activity of MoDCs was measured by assessing uptake of FITC-conjugated
dextran (molecular mass, 40,000 kDa; Molecular Probes) (27). To that end, cells were
incubated with 0.5 mg/ml FITC-conjugated dextran in complete medium for 15, 30, or
45 min at 37 and 4°C to measure specific uptake vs. nonspecific binding, respectively.

MoDCs were then washed three times and analyzed by flow cytometry.

Quantitation of cytokines by ELISA

Relevant supernatants were collected and spun for 10 min at 500 x g at 4°C to remove
cellular debris. The concentrations of IL-8, IL-10, IL-12p70, TNFa, and TGF-31 were
measured using OptEIA ELISA kits (BD Biosciences) according to the

manufacturer’s instructions. All samples were measured in duplicates.

T cell proliferation assay

iMoDCs incubated for 24 h with 1) medium alone, 2) medium and PMN-Ect, 3)
medium and LPS, and 4) medium and LPS and PMN-Ect were collected and washed

twice to remove excess PMN-Ect and LPS. CD3" T cells, obtained by positive
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magnetic selection with CD3" microbeads (Miltenyi Biotec), were labeled with 0.25
mM CFSE at room temperature for 10 min in the dark. The reaction was stopped by
adding cold complete medium. Cells were then washed twice with cold medium and
seeded at a 1:1 ratio (if not stated otherwise) with MoDCs. After 5 days of culture,

proliferation of CFSE-labeled T cells was assessed by flow cytometry.

PS blocking assay
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