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Glioblastoma
Glioblastomas remain one of the most aggressive malignancies, with no change 
in the standard of care for almost 20 years and a median lifespan from time of 
diagnosis to death of about 15 months (Stupp et al., 2009). This bleak outcome 
has stimulated ongoing eff orts to reveal new insights into these tumors and the 
surrounding cells to facilitate development of new treatment strategies. New 
studies and technologies have deepened our understanding of the factors that 
make these tumors so formidable but have highlighted two major challenges. 
First, a lack of models that can authentically reproduce the genetic and 
phenotypic properties of human glioblastoma, especially regarding the analysis 
of glioblastoma microenvironmental communication, is hampering progress 
into the development of new therapies for the condition. Second, as underlined 
by the 2016 WHO classifi cation system, evidence increasingly demonstrates 
that glioblastoma is genetically heterogeneous and thus will probably require 
combinatorial approaches for diff erent subtypes of tumor cells even within a single 
glioblastoma tumor. In addition to this deepening understanding of the genetic 
and phenotypic variability within glioblastoma, the fi eld has gained increasing 
awareness of the ability of these tumors to manipulate and exploit normal brain 
cells. Almost all cell types in the tumor environs are aff ected: the tumor is able 
to stimulate angiogenesis and co-opt existing vasculature(Jhaveri et al., 2016), 
disarm microglia and macrophages that should recognize and fi ght foreign 
elements in the brain(Roesch et al., 2018), coerce astrocytes into supporting 
tumor progression(Okolie et al., 2016) and even change the extracellular matrix 
(ECM) to facilitate invasion(Pencheva et al., 2017). Conversely, new insights into 
the presence of adaptive immune cells in the brain and the presence of a CNS 
lymphatic system(Aspelund et al., 2015; Louveau et al., 2015)  may give rise to 
therapeutic opportunities that manipulate this system to recognize tumor 
neoantigens(Boussiotis and Charest, 2018), similarly to the immune strategies 
currently being clinically applied for some melanoma and lung cancer patients 
(Fig. 1). 

Figure 1. Glioblastoma microenvironment. The glioblastoma environ consists of tumor 
cells, extracellular matrix (ECM), blood vessels, innate immune cells (monocytes, macro-
phages, mast cells, microglia and neutrophils), T cells and non-tumorous neurons, astrocytes 
and oligodendrocytes. +, protumor function; −, antitumor function; ±, mixed protumor and 
antitumor functions; SDF1, stromal cell-derived factor 1; WIF1, WNT inhibitory factor 1
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Innate immune system and glioblastoma

Interaction between glioblastoma and microglia, monocytes or 
macrophages.
The glioblastoma microenvironment contains brain-resident microglia and 
infi ltrating monocytes. Once monocytes have infi ltrated the tumor, they can 
diff erentiate into macrophages(Bowman et al., 2016; Chen et al., 2017). Although 
often grouped together under the term tumor-associated macrophages or myeloid 
cells (TAMs), these cells represent distinctly diff erent populations(Bowman et al., 
2016). Microglia are derived from immature yolk sac progenitors during early 
embryonic development and maintain themselves in the brain through self-
renewal(Ajami et al., 2007; Ginhoux et al., 2010). In non-pathological settings, 
microglia are the main innate immune cells in the brain and are important in the 
defence against pathogens and noxious stimuli(Hickman et al., 2013). Glioblastoma 
leads to some disruption of the blood–brain barrier (BBB), which enables bone 
marrow haematopoietic stem cell-derived monocytes and macrophages to 
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infi ltrate the tumor(Bowman et al., 2016; Chen et al., 2017; Müller et al., 2015). 
Studies have shown that in specifi c cases up to 50% of the glioblastoma mass can 
consist of TAMs(Hambardzumyan et al., 2016). Chimeric and cell lineage models 
have shown that the exact composition of the diff erent types of TAMs changes 
over time(Bowman et al., 2016; Müller et al., 2015). One study examined the 
infi ltration of peripheral immune cells in a syngeneic GL261 mouse glioma model 
that received head protected irradiation, in which BBB disruption due to irradiation 
is avoided. Fluorescently tagged myeloid-derived monocytes and macrophages 
transplanted by intravenous injections into these mice constituted up to 25% of 
TAMs in the glioblastoma tumor after 21 days, with lower percentages of myeloid-
derived TAMs observed at earlier time points(Müller et al., 2015). The infl ux of 
myeloid-derived monocytes in mouse glioblastoma tumors was confi rmed in a 
haematopoietic stem cell lineage tracing model, in which >35% of TAMs were 
myeloid-derived(Bowman et al., 2016). As such, the population of glioblastoma 
TAMs can progress from strictly microglial in early phases to a mixture of microglia 
and infi ltrating monocytes and macrophages in later phases of tumor progression. 
In mice, accurate separation of microglia and macrophages can be achieved by 
fl uorescence-activated cell sorting using αM integrin (also known as CD11b) and 
receptor-type tyrosine-protein phosphatase C (also known as CD45) markers, 
with microglia expressing CD11b to a high degree and CD45 to an intermediate 
level (Bowman et al., 2016). In humans, α4 integrin (also known as CD49D) can 
accurately separate these two cell types in tumors, as it is exclusively expressed in 
macrophages as compared to microglia(Bowman et al., 2016). Here, when studies 
used these specifi c markers for separation of microglia and myeloid-derived cells 
we refer to the cellular subpopulation studied, otherwise the generic term ‘TAMs’ 
is used to include both.

TAM recruitment.
The recruitment of TAMs to glioma is mostly mediated by cytokine and chemokine 
gradients released by glioblastoma cells (Fig. 2). These factors have been 
extensively reviewed elsewhere and include CC-chemokine ligand 2 (CCL2; also 
known as MCP1) and CCL7 (also known as MCP3), glial-derived neurotrophic factor 
(GDNF), hepatocyte growth factor (HGF), SDF1, tumor necrosis factor (TNF), VEGF, 
ATP, macrophage colony-stimulating factor 1 (CSF1) and granulocyte–macrophage 
colony-stimulating factor (GM–CSF)(Hambardzumyan et al., 2016; Li and Graeber, 
2012). TAMs can also be recruited to a specifi c subset of glioblastoma cells, such 
as oligodendrocyte transcription factor 2 (OLIG2)-expressing and transcription 
factor SOX2-expressing tumor-initiating cells, which secrete periostin to recruit 
TAMs(Zhou et al., 2015). Medical interventions can also stimulate TAM recruitment; 
for example, intracranial biopsies can increase infi ltration of circulating monocytes 
into the tumor in a CCL2-dependent manner(Alieva et al., 2017). Microglia and 
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macrophages themselves also secrete CCL2 to increase infi ltration of CCR2+Ly6C+

monocytes, thus creating a positive feedback loop for the continued infi ltration of 
myeloid cells(Chang et al., 2016).

TAM activation state.
Interaction between glioblastoma cells and TAMs is multifactorial and occurs both 
in close proximity by direct cell–cell contact and distantly by the release of factors 
either as solubles or carried in extracellular vesicles (EVs). The secretome consists 
of a multitude of molecules, including soluble lipids, cytokines and chemokines(Li 
and Graeber, 2012; Wurdinger et al., 2014). Glioblastomas also release EVs that 
contain a cargo of many types of molecules that have been shown to infl uence 
TAM status in a combinatorial way in culture and in vivo(de Vrij et al., 2015; van 
der Vos et al., 2016). However, no techniques currently are available to specifi cally 
suppress extracellular vesicle release from glioblastomas; therefore, the overall 
relevance of the interaction between glioblastoma extracellular vesicles and 
TAMs remains to be elucidated. Ultimately, the combination and timing of all 
glioblastoma-released factors determine the activation state and function of 
TAMs.

The traditional model of the activation states of TAMs describes a binary system of 
either tumor-suppressive (M1) or tumor-supportive (M2) macrophages(Ransohoff , 
2016). This model was based on stimulation of cells in culture by IFNγ, 
lipopolysaccharide (LPS) or IL-4 and was later extended to include M2 subtypes 
activated by other types of stimulation, comprising M2a (IL-4 and IL-13), M2b 
(immune complexes, Toll-like receptor (TLR) or IL-1R) and M2c (IL-10) (Mantovani et 
al., 2002). However, RNA sequencing in response to diff erent stimuli has extended 
the number to a combination of 28 known factors and revealed that a wide 
spectrum of activation states can be induced. These fi ndings have demonstrated 
that macrophage diff erentiation is much more complex than the binary M1– M2 
model(Xue et al., 2014), even when stimulated in culture. This complexity became 
more apparent when microglia, monocytes and macrophages were isolated from 
glioblastoma in vivo and analyzed by RNA sequencing. The most upregulated 
genes were found to be shared between traditional M1, M2a, M2b and M2c 
transcriptomes, suggesting that the activation state in vivo is very diff erent from 
that in culture(Bowman et al., 2016; Gabrusiewicz et al., 2011; Szulzewsky et 
al., 2015). Single-cell sequencing confi rmed that activation of both M1 and M2 
signatures can be observed even in individual cells in an in vivo brain trauma 
model(Kim et al., 2016). Consequently, the M1 and M2 designations are being 
replaced by more precise situation-specifi c models(Ransohoff , 2016). Altogether, 
these fi ndings suggest that TAMs express gene sets in vivo that are associated 
with stimulation by diff erent factors and pathologic conditions, highlighting the 
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variety of information transfer in the tumor microenvironment.

TAMs contribute to tumor proliferation. 
The role of secreted molecules on TAM function and, subsequently, on tumor 
growth has been studied extensively(Hambardzumyan et al., 2016). This interplay 
between glioblastoma cells and TAMs is especially apparent in tissue remodeling 
and is necessary for glioblastoma cells to infi ltrate the brain (Fig. 2). One group of 
proteins that is crucial in tissue remodeling is matrix metalloproteinases (MMPs)
(Kessenbrock et al., 2010). In glioblastoma, MMP2 has an important role in ECM 
degradation, which facilitates glioblastoma cell migration and invasion(Du et al., 
2008). MMP2 is released in a precursor form (pro-MMP2) that is cleaved by MMP14 
to an active state(Hambardzumyan et al., 2016). However, glioblastoma cells secrete 
pro-MMP2, but not MMP14. Conversely, microglia in the tumor microenvironment 
are a major source of MMP14. Two diff erent glioblastoma-derived factors act to 
increase microglial MMP14 release(de Vrij et al., 2015; Hu et al., 2015). First, the 
ECM protein versican is released from glioma and induces MMP14 release by 
TAMs through its upstream receptor TLR2(Hu et al., 2015). Second, studies of cell-
culture models have shown that glioblastoma-derived extracellular vesicles can 
also induce microglial expression of MMP14 RNA, although the mechanism and 
in vivo relevance remain to be elucidated(de Vrij et al., 2015). Owing to their rapid 
growth, glioblastomas are in constant need of neovascularization and release 
angiogenic factors, such as EGF and VEGF(Li and Graeber, 2012). Additionally, in 
glioblastoma, microglia and macrophages accumulate around blood vessels and 
also produce the pro-angiogenic chemokines VEGF and CXC-chemokine ligand 2 
(CXCL2)(Brandenburg et al., 2016). Furthermore, glioblastoma cells may promote 
angiogenesis indirectly through microglial cells, as CSF1 secreted by glioblastoma 
cells in vitro induces microglia cells to release insulin-like growth factor-binding 
protein 1 (IGFBP1), which can induce angiogenesis(Nijaguna et al., 2015). RAGE 
(receptor for advanced glycation end products; also known as AGER) is thought to 
play a part in a number of diseases, including tumors. In tumor-bearing mice, RAGE 
ablation increases survival by reducing the levels of VEGFA secreted by infi ltrating 
TAMs, which results in leaky (rather than fully developed) vasculature and 
disturbed tumor perfusion(Chen et al., 2014). However, these eff ects were reported 
in syngeneic GL261 mouse tumors (a frequently used cellular model of glioma), 
which do not represent the invasive growth pattern observed in glioblastoma 
patients. Thus, TAMs have a crucial role in tumor angiogenesis through multiple 
signaling mechanisms. Overall, the interaction between glioblastoma and TAMs 
is bidirectional and multifactorial. This plethora of paracrine loops can determine 
the ultimate eff ects of TAMs on tumor growth and can diff er depending on local 
variables such as hypoxia, the extent of necrosis, TAM infi ltration density and/or 
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TAM activation state.

Figure 2. Interactions between glioma and TAMs. Recruitment of tumor-associated 
macrophages or myeloid cells (TAMs), including blood monocytes and brain-resident 
microglia, is based on the gradient of chemokines and cytokines released by the glioblastoma 
cells. Once recruited, TAMs can be activated and differentiated under the infl uence of the 
secretome and extracellular vesicles (EVs) released by the tumor. The various recruited 
and activated TAMs can affect tumor growth by promoting angiogenesis through secretion 
of epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), CXC-
chemokine ligand 2 (CXCL2) and insulin-like growth factor-binding protein 1 (IGFBP1). 
This process is further promoted by the release of tumor-derived VEGF and EGF. Invasion 
and growth of the tumor are accomplished by remodeling the extracellular matrix (ECM) 
surrounding the tumor. For example, versican and EVs from the tumor induce the release of 
matrix metalloproteinase 14 (MMP14) by microglia. The release will facilitate the cleavage 
of tumor-derived pro-MMP2 following extracellular degradation by the active enzyme 
MMP2. CCL2, CC-chemokine ligand 2 (also known as MCP1); CSF1, macrophage colony-
stimulating factor 1; GDNF, glial cell line-derived neurotrophic factor; HGF, hepatocyte 
growth factor; SDF1, stromal cell-derived factor 1; TNF, tumor necrosis factor.

This glioblastoma ‘takeover’ of the brain involves multiple types of communication 
and directive exchanged between tumor cells and surrounding cells. Cell-secreted 
soluble factors, including transforming growth factor-β (TGFβ), IL-6, Notch, 

Brain-resident microglia

Recruitment of TAMs

CD11bhigh/CD45 high/CD49d – CD11bhigh/CD45 high/CD49d +

Cytokine and
chemokine 
gradient:
CCL2
CCL7
GDNF
HGF/SF
SDF1
TNF
VEGF
ATP
CSF1
GM–CSF

Activation and di�erentiation

Interaction between tumour and TAMs

ECM remodelling

TAM-mediated angiogenesis

Secretome
EVs

CSF1
EVs

EGF
VEGF(A)
CXCL2
IGFBP1

VEGF
EGF

Versican
EVs

Cleavage

ECM degradation

MMP2

MMP14

pro-MMP2

Circulating monocytes

Mixture of activation and 
di�erentiation states within 
tumour environment

Thesis_211214.indd   13Thesis_211214.indd   13 12/16/21   4:07 PM12/16/21   4:07 PM



Chapter 1

14

platelet-derived growth factor (PDGF), epidermal growth factor (EGF), vascular 
endothelial growth factor (VEGF) and stromal cell-derived factor 1 (SDF1; also 
known as CXCL12), are well known to serve as signaling molecules by binding to 
receptors on target cells, but the importance of other routes of communication 
— such as gap junctions, extracellular vesicles and nanotubes — are now being 
recognized. A distinguishing feature of glioblastomas is their ability to form a 
virtual nuclear and cytoplasmic continuum with neighboring cells, whereby 
they can introduce not only inorganic elements but also genetic elements and 
proteins into normal cells to change their phenotype and rescue fellow tumor 
cells that are in trouble, for example, as a result of radiotherapy or chemotherapy. 
These newly recognized transit routes can transmit non-secretable molecules, 
including transcription factors, directive RNAs and DNA and even mitochondria 
and nuclei. Small molecules such as Ca2+, ATP, metabolites and microRNAs 
(miRNAs) can be transferred between adjacent cells through gap junctions(Hong 
et al., 2015; Thuringer et al., 2016). Connexins, which form a structural component 
of these junctions, are upregulated in tumor-initiating cells(Balça-Silva et al., 
2017) and are associated with increased invasiveness of gliomas(Hong et al., 
2015). Non-secretable proteins (including transcription factors), RNA, DNA, lipids 
and metabolites can be transferred through tumor-derived extracellular vesicles 
released from cells via fusion of multivesicular bodies with the cell membrane 
(which yields exosomes), budding from the plasma membrane (giving rise to 
microvesicles and large oncosomes)(Maas et al., 2017; Minciacchi et al., 2015; 
Tkach and Théry, 2016) or budding off  of the tips of nanotubes that extend out 
from the cells(Lai et al., 2014; Rilla et al., 2013). These tumor-derived extracellular 
vesicles can change the phenotype of normal cells to promote angiogenesis, 
immune suppression, tumor cell invasion and metabolic regulation(D’Asti et al., 
2016; Fonseca et al., 2016; Redzic et al., 2014). Tumor cells can also be linked by 
‘tunneling’ nanotubes and microtubes that form gap junctions or a cytoplasmic 
continuum between cells to enable transport of molecules and organelles(Osswald 
et al., 2015; Vignais et al., 2017; Wang et al., 2010). The involvement of microtubes 
has been indicated in the regrowth of tumors after surgery and in conferring 
resistance to chemotherapy(Weil et al., 2017), although they are not apparent in 
some glioma models(van der Vos et al., 2016).These diff erent modes of physical 
support among tumor cells, and the two-way crosstalk between tumor cells 
and normal cells in their vicinity, together with the epigenetic fl exibility of cells, 
enable the tumor to create a pluripotent environment that can adapt to changes 
and thus give the tumor many options to survive therapeutic assault. Here, 
we focused on the intercellular communication between tumor cells and their 
microenvironment through EVs.  
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Extracellular vesicles 

EVs are a heterogeneous family of membrane-limited vesicles originating from the 
endosome or plasma membrane. Pan and Johnstone (1983) were among the fi rst 
to describe EVs(Pan and Johnstone, 1983). Initially, it was shown that the release 
of EVs was part of a disposal mechanism to discard unwanted materials from 
cells. Subsequent research has shown that the release of EVs is also an important 
mediator of intercellular communication that is involved in normal physiological 
process as well as in pathological progression(Barteneva et al., 2013; Fruhbeis et 
al., 2012; Fruhbeis et al., 2013; Luga et al., 2012; Marcilla et al., 2012; Regev-Rudzki 
et al., 2013). 
EVs are currently classifi ed based on their mode of release or size. EVs can be 
released by “donor” cells either through the outward budding of the plasma 
membrane, termed shedding microvesicles (MVs) or ectosomes(Minciacchi et al., 
2015). Another release process involves the inward budding of the endosomal 
membrane, resulting in the formation of multivesicular bodies (MVBs), with 
exosomes released by fusion of the outer MVB membrane to the plasma 
membrane (Denzer et al., 2000; Thery et al., 2009). Vesicles may also be released 
from nanotubular structures extending from the plasma membrane(Rilla et al., 
2013; Rilla et al., 2014). In addition to the diff erences in the mode of release, the size 
of the vesicles is also used for characterization. Although diff erent scales are used, 
MVs range from 50 nm to 10,000 nm, and exosomes are smaller with a diameter 
of 30 to 150 nm(Baietti et al., 2012; Colombo et al., 2013; Gyorgy et al., 2011). 
Overall EVs are comprised of a wide variety of diff erent type of vesicles ranging 
from 30 nm to 1000 nm in size with a variety of cargos, and the diff erent types of 
vesicles overlap in their size distribution. It must be emphasized that there is some 
controversy on nomenclature and sizes of the diff erent types of vesicles(Gould 
and Raposo, 2013; Witwer et al., 2013), however basic requirements of criteria 
for EVs have been established(Lotvall et al., 2014; Mathieu et al., 2018). So far, 
no real standards have been set to classify the diff erent types of vesicles, so one 
should be careful with the use of size alone in defi ning diff erent types of vesicles. 
In the future, the mode of biogenesis, means of isolation, lipid components and 
cargo may turn out to be far more important criteria. Given how the diff erent 
isolation methods may infl uence the nature of EVs, methods should be compared 
in order to develop a gold standard for the diff erent protocols and measurements 
(Momen-Heravi et al., 2012). To be able to compare results it must be stressed 
that publications on EVs need to clarify their isolation methods in detail, and the 
general term, EVs should be used unless there are specifi c markers defi ned to 
classify the diff erent types of vesicles(Théry et al., 2018). 
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So far, extensive evidence on all these diff erent types of vesicles indicates that 
EVs are a key player in the intercellular communication between cells, along 
with secretion of small soluble molecules (the secretome) and cell-cell contact 
(Cocucci et al., 2009; Raposo and Stoorvogel, 2013). Once released the EVs can 
be internalized via endocytosis or membrane fusion, releasing their contents into 
“recipient” cells (Mulcahy et al., 2014). Recent studies have shown that these EVs 
contain various proteins, sugars, lipids and a wide variety of genetic materials, 
such as DNA, mRNA and non-coding (nc)RNAs with the content protected from 
proteases and nucleases in the extracellular space by the limiting membrane 
(Henderson and Azorsa, 2012; Thery et al., 2002). EVs have the potential to deliver 
combinatorial information to multiple cells in their tissue microenvironment and 
throughout the body (Baj-Krzyworzeka et al., 2006; Ratajczak et al., 2006; Skog et 
al., 2008).

The ins and outs of EVs

Vesicle biogenesis 
As EVs have traditionally been classifi ed based on diff erences in biogenesis, we 
will focus on the diff erent molecular mechanisms resulting in either the release 
of vesicles upon the fusion of the MVBs with the plasma membrane or the release 
via the outward budding and fi ssion of the plasma membrane(Akers et al., 2013).

Exosome biogenesis 
Exosomes are derived from the endosomal system and are formed as intraluminal 
vesicles (ILVs) in the MVBs. This network of ILVs is used to degrade, recycle or 
exocytose proteins, lipids and nucleic acids. Within the endosomal system or 
endocytic pathway, the endosomes are divided into diff erent compartments - early 
endosomes, late endosomes and recycling endosomes(Grant and Donaldson, 
2009). Endosomes form by invagination of the plasma membrane. The early 
endosomes can fuse with endocytic vesicles in the cytoplasm, at which point 
the content is destined for degradation, recycling or secretion. Contents to be 
recycled are sorted into recycling endosomes(Morelli et al., 2004). The remaining 
early endosomes transform into late endosomes(Stoorvogel et al., 1991). The 
late endosomes accumulate ILVs formed by inward budding of the endosomal 
membrane. During this process cytosolic proteins, nucleic acids and lipids are 
sorted into these small vesicles. Late endosomes containing a multitude of small 
vesicles are termed MVBs. These MVBs can either fuse with the lysosome if the 
content is fated for degradation or fuse with the cellular membrane releasing the 
ILVs as exosomes into the extracellular space(Grant and Donaldson, 2009).
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 The formation of the ILVs within MVBs is the start of the biogenesis of 
exosomes. ILV formation can be achieved through two diff erent mechanisms. 
First, the endosomal sorting complexes required for transport (ESCRT) dependent 
formation of ILV which requires a combination of ESCRT protein working in 
sequence together with ESCRT associated proteins ALIX, TSG101, CHMP4 and 
SKD1(Babst et al., 2002; Bache et al., 2003; Baietti et al., 2012; Colombo et al., 2013; 
Fernandez-Borja et al., 1999; Henne et al., 2011; Henne et al., 2013; Katzmann 
et al., 2001; Matsuo et al., 2004; McCullough et al., 2008; Raiborg and Stenmark, 
2009; Razi and Futter, 2006; Shields et al., 2009; Tamai et al., 2010; Wollert and 
Hurley, 2010)(Fig. 3A). Second, the alternative ESCRT pathway, or syndecan-
syntenin-ALIX pathway, is dependent on heparanase, syndecan heparan sulphate 
proteoglycans, ADP ribosylation factor 6 (ARF6), phospholipase D2 (PLD2) and 
syntenin to mediate exosome biogenesis, including vesicle formation and loading 
of proteins is outlined in Figure 3B(Baietti et al., 2012)(Fig. 3B). 

ESCRT independent biogenesis and cargo 

ESCRT 0, I, 
II, III 

Alix, Tsg101, 
Chmp4, 
SKD1 

1) Heparanase, 
ARF6/PLD2 

2) nSMase

Cytosol Cytosol MVB MVB 

CD63, MHC II, 
ubiquatinated

proteins, KFERQ-
containing 
proteins 

2) PLP, CD63, 
CD81, TSG101 

1) Syntenin-1, 
syndecan and 
CD63  

A B ESCRT dependent biogenesis and cargo 

Figure 3. Molecular mechanisms of ESCRT dependent and independent MVB 
biogenesis. Multiple biogenesis machineries have been described for generating ILVs in 
MVBs. (A) ESCRT dependent MVB biogenesis requires the ESCRT protein and ESCRT 
associated proteins (ALIX, TSG101, CHMP4 and SKD1) to form MVBs containing 
CD63, MHC II, ubiquitinated proteins and KFERQ-containing proteins. (B) Two ESCRT 
independent pathways are controlled by different proteins: 1) heparanase and ARF6/PLD2, 
associated with the presence of syntenin-1, syndecan and CD63 in exosomes; 2) nSMase, in 
which the exosomes are enriched with PLP, CD63, CD81 and TSG101.

Exosome release 
Release of exosomes into the extracellular space is facilitated by the fusion of 
the MVB limiting membrane with the plasma membrane. Similar to the diff erent 
mechanisms proposed for the biogenesis of exosomes, a variety of mechanisms 
have also been proposed for the release of exosomes. As is shown in fi gure 4A a 
number of Rab GTPases, including RAB11 and RAB35, or RAB27A and RAB27B, 
are recognized to play an important role (Hsu et al., 2010; Laulagnier et al., 2004; 
Savina et al., 2003). A summary of the diff erent proteins involved in exosome 
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release are shown in fi gure 4A (Alonso et al., 2007; Alonso et al., 2011; Fader et 
al., 2009; Logan et al., 2006; Ostrowski et al., 2010; Puri and Roche, 2008; Rao et 
al., 2004; Stenmark, 2009; Tiwari et al., 2008). Overall, exosomes can be generated 
and released from diff erent subtypes of endosomes by various mechanisms and 
harbor diff erent cargo as a function of cell type and probably physiologic state 
(Fig. 4A).

Microvesicle biogenesis and release 
The biogenesis of the MVs is far less defi ned as compared to exosomes. 
Biogenesis and release of MVs has been investigated in several cellular model 
systems. Diff erent mechanisms are found to be responsible for the shedding of 
MVs. In general, these types of vesicles appear to be formed though the outward 
budding and fi ssion of the plasma membrane. A combination of factors will result 
in the formation of MVs such as the redistribution of phospholipids, including 
the repositioning of phosphatidylserine to the outer leafl et, and contraction of 
the actin-myosin machinery(Akers et al., 2013). The detailed process is shown in 
fi gure 4B (Bucki et al., 1998; Muralidharan-Chari et al., 2009; Nabhan et al., 2012; 
Pasquet et al., 1996; Tauro et al., 2012; Wang et al., 2014). The diff erent mechanisms 
underlining the release of MV from the plasma membrane can be distinguished 
based on the content of the released MVs (Fig. 4B). Some of these mechanisms 
are similar to those described for extracellular budding of virus particles, such as 
retroviruses(Gould et al., 2003), and, in fact, a substantial portion of EVs released 
from cancer cells are retrovirus-like particles(Akers et al., 2013; Balaj et al., 2011).

1) RAB11/RAB35 

2) RAB27A/B 

3) RAB7 

1) PLP, Wnt, flotillin, TfR

2) CD63, Tsg101, ALIX 

3) ALIX, synthenin, 
syndecan 

3) ARF6, PLD, 
ERK, MLCK 

1) ARRDC1, 
Tsg101, VSP4 

Ca2+ influx 

MV release Exosome release 

50nm 500nm 

Cytosol 

Extracellular space 

2) TGM2 

5) VAMP7 
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Figure 4. Molecular machineries of EV release. (A) Proteins involved in controlling the 
fusion of MVBs with the outer membrane to the plasma membrane, resulting in release of 
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exosomes. Five different machineries have been described so far; 1) RAB11 and RAB35 
facilitate the fusion of MVBs to the plasma membrane, releasing exosomes containing 
PLP, Wnt, fl otillin and TfR; 2) RAB27A and RAB27B promote release of exosomes loaded 
with CD63, TSG101 and ALIX; 3) RAB7 dependent release yields release of exosomes 
harboring ALIX, synthenin and syndecan; 4) DGKα protein is implicated in release of 
exosomes carrying LAMP1, CD63 and Fas ligand; and 5) VAMP7 regulates the membrane 
fusion associated with release of  acetylcholinesterase-containing exosomes release. (B) 
EV released via the outward budding and fi ssion of the plasma membrane controlled by 
different proteins and extracellular signaling results in release of MVs with a distinct protein 
profi le. Three pathways have been described including markers found in released MVs: A) 
ARRDC1, TSG101 and VSP4 are responsible for the shedding of MVs containing TSG101 
and ARRDC1; B) hypoxia following expression of RAB22A via HIF, characterizes the 
secretion of EVs carrying TGM2; and C) the ARF6, PLD, ERK and MLCK cascade induces 
release of EVs containing gelatinases, ARF6, MHC-I, β1-integrin, VAMP3, and MT1MMP. 

Uptake of EVs
So far, it has been proposed that the cells internalize EVs either by fusion with 
the plasma membrane or via endocytosis(Mulcahy et al., 2014). Uptake via 
endocytosis can be categorized into the diff erent types of endocytotic processes, 
including clathrin-mediated endocytosis, caveolin-mediated endocytosis, lipid 
raft-mediated endocytosis, macropinocytosis, and phagocytosis. The uptake 
mode of EVs may be dependent on the type of cell and its physiologic state, and 
whether ligands on the surface of the EV recognize receptors on the surface of the 
cell or vice-versa. Diff erent mechanisms of internalization have been described for 
diff erent cell types. For example, clathrin-dependent endocytosis or phagocytosis 
in neurons, macropinocytosis by microglia, phagocytosis or receptor-mediated 
endocytosis by dendritic cells, caveolin-mediated endocytosis in epithelial cells, 
and cholesterol- and lipid raft-dependent endocytosis in tumor cells(Barres et al., 
2010; Feng et al., 2010; Fitzner et al., 2011; Fruhbeis et al., 2013; Montecalvo et al., 
2012; Morelli et al., 2004; Nanbo et al., 2013; Svensson et al., 2013). 
 The mode of EV interaction with and/or entry into cells determines 
their functional eff ects. The EV membrane surface can trigger signaling through 
interaction with receptors/ligands on the cell surface without EV entry (Al-Nedawi 
et al., 2008; Cossetti et al., 2014; Patel et al., 2016). In many cases functionality 
of the EV contents depends on entry into the cytoplasm, and potentially even 
into the nucleus. Direct entry into the cytoplasm can be achieved by fusion of 
EVs to the plasma membrane of the recipient cells, but some form or endocytosis 
seems to be the most common mode of entry(Mulcahy et al., 2014). If the EVs 
enter by endocytosis, their cargo must exit that inherently degradative pathway, 
as endosomes mature into lysosomes, or be ejected out again through the MVB-
plasma membrane fusion pathway. There must be a way through this maze, 
as so far, the functional transfer of nucleic acids has been described both in 
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culture as well as in vivo (Lai et al., 2015; Pegtel et al., 2010; Ridder et al., 2014). 
The mechanism of eff ective transfer out of the endosomal compartment is still 
unclear. This process has been visualized using fl uorescent probes labeling EVs in 
tumor and dendritic cells(Montecalvo et al., 2012; Parolini et al., 2009). A diff erent 
approach utilized luciferin-loaded EVs internalization into cytosol containing 
luciferase which allowed monitoring of the fate of the cargo(Abrami et al., 2013). 
To conclude, diff erent cell types are able to take up EV using various mechanisms 
resulting in either functional transfer of cargo or degradation of the EV content. 
The fate may be determined by cell specifi c ligands/receptors that “direct the 
conversation”.

Outline of this thesis

This thesis will focus on the interaction between glioma and innate immune cells, 
including microglia and infi ltrating monocytes and macrophages. Here, the main 
focus is on the intercellular communication from tumor to innate immune cells 
through EVs. Various reports have shown that miRNA is one of the most abundant 
RNA species found in EVs. These RNA molecules are potent regulators and involved 
in maintaining cellular homeostasis and when dysregulated play a major role in 
pathology, such as oncogenesis. In chapter 2, the eff ect of extracellular miRNA 
transfer is determined together with the imaging of this exchange in vitro and in 
vivo. Here, a reporter to fl uorescently label EV continuously shed by tumor cells 
was used to show EV uptake by microglia in vivo. In chapter 3, the focus is on 
the in vivo extracellular miRNA transfer of miR-21 from glioma to microglia. This 
consist of examining the uptake of fl uorescently labeled glioma EVs by microglia 
in miR-21 null mice determined by FACS in combination with mRNA sequencing. 
A similar in vivo model is used to investigate the overall gene expression changes 
microglia undergo in the presence of a glioma. In chapter 4 these transcriptome 
changes occurring in microglia exposed to glioma and glioma EVs studied in 
a glioma murine model will be discussed. This is extended to the changes in 
gene expression upon exposure to a glioma and the subsequent EV uptake by 
infi ltrating monocytes and macrophages in comparison to circulating monocytes, 
as will be discussed in chapter 5. In chapter 6, a comprehensive analysis of 
publicly available microglia specifi c RNAseq data is used to identify a core set of 
gene in the microglia sensome which is shared between species. This fi nding is 
important to be able to translate the changes we have detected in murine models 
to humans. In conclusion, the limitation and future prospective for EV research 
will be presented in the discussion  
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