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Chapter 1

General Introduction

Multidimensional communication in the microenvirons 
of glioblastoma 

Marike L. Broekman, Sybren L.N. Maas, Erik R. Abels, Thorsten R. 
Mempel, Anna M. Krichevsky and Xandra O. Breakefi eld

Nature Reviews Neurology. 2018

AND

Introduction to extracellular vesicles: Biogenesis, RNA 
cargo selection, content, release and uptake

Erik R. Abels and Xandra O. Breakefi eld

Cellular and Molecular Neurobiology. 2016 
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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 

Monocytes and 
macrophages
•  Recruited to tumour by 

cytokine and chemokine 
gradient 

+ Support ECM 
remodelling and induce 
angiogenesis

Oligodendrocytes
– Inhibit tumour growth 

through paracrine 
signalling via WIF1

Blood vessels
+ Delivery of oxygen and 

nutrients
+ Support tumour cell 

dissemination
+ Provision of a barrier 

that results in 
compartmentalization 
within the brain 

Neutrophils
+ Source of cytokines to 

increase the infiltration 
of monocytes 

T cells
± Subpopulations with 

both protumour and 
antitumour potency 
depending on the 
complex array of 
immune-regulatory 
mechanisms

ECM
+ Sti�ness of ECM can 

a�ect glioma progression. 
+ Tenascin C in ECM 

modulates glioma 
secretome

Neurons
+ A�ect glioma growth 

and invasion by neuronal 
activity, including 
secretion of 
neurotransmitters

Microglia
+ Support tumour 

progression by ECM 
remodelling and 
induction of 
angiogenesis

Mast cells
• Recruited to tumour by SDF1 
• Activated by tumour-derived 

stimuli 
+ Produce growth-enhancing and 

angiogenic factors

Astrocytes
+ Transform into 

neoplastic glioma cells 

Thesis_211214.indd   9Thesis_211214.indd   9 12/16/21   4:07 PM12/16/21   4:07 PM



Chapter 1

10

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, 
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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).
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2) CD63, Tsg101, ALIX 

3) ALIX, synthenin, 
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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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Abstract 

To understand the ability of gliomas to manipulate their microenvironment, we 
visualized the transfer of vesicles and the eff ects of tumor-released extracellular 
RNA on the phenotype of microglia in culture and in vivo. Extracellular vesicles 
(EVs) released from primary human glioblastoma (GBM) cells were isolated and 
microRNAs (miRNAs) were analyzed. Primary mouse microglia were exposed to 
GBM-EVs and their uptake and eff ect on proliferation and levels of specifi c miRNAs, 
mRNAs, and proteins was analyzed. For in vivo analysis mouse glioma cells were 
implanted in the brains of mice and EV release and uptake by microglia and 
monocytes/macrophages was monitored by intravital two-photon microscopy, 
immunohistochemistry and FACS analysis, as well as RNA and protein levels. 
Microglia avidly took up GBM-EVs vesicles, leading to increased proliferation, 
and shifting of their cytokine profi le towards immune suppression. High levels 
of miR-451/miR-21 in GBM-EVs were transferred to microglia with a decrease in 
the miR-451/miR-21 target c-Myc mRNA. In in vivo analysis, we directly visualized 
release of EVs from glioma cells and their uptake by microglia and monocytes/
macrophages in brain. Dissociated microglia and monocytes/macrophages from 
tumor-bearing brains revealed increased levels of mi-R21 and reduced levels of 
c-Myc mRNA. Intravital microscopy confi rms the release of EVs from gliomas and 
their uptake into microglia and monocytes/macrophages within the brain.  Our 
studies also support functional eff ects of GBM-released EVs following uptake into 
microglia associated in part with increased miRNA levels, decreased target mRNAs 
and encoded proteins, presumably as a means for the tumor to manipulate its 
environs.

Introduction

Glioblastoma (GBM) account for 12-15% of intracranial tumors, with an incidence 
of 2-3 new cases per 100,000 people per year(Johnson and O’Neill, 2012). The 
standard-of-care, consisting of surgical resection combined with chemotherapy 
and radiotherapy, provides a median survival of about 14 months from 
diagnosis(Johnson and O’Neill, 2012). Extensive evidence indicates that cancer 
cells can subvert surrounding normal cells to promote tumor growth, angiogenesis, 
invasion and metastases(Coniglio and Segall, 2013; D’Asti et al., 2012). GBM tumors 
rarely metastasize, but they exert infl uence over endogenous cell types within the 
brain, including microglia, macrophages, astrocytes, oligodendrocytes, neurons, 
and endothelial cells(D’Asti et al., 2012). In addition, blood monocytes enter the 
tumor-bearing brain and diff erentiate into macrophages in association with 
GBMs(Kushchayev et al., 2014). GBM tumor cells attract microglia and monocytes/
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macrophages by secreting chemokines, cytokines and matrix proteins, and 
stimulate their proliferation resulting in their abundance within the tumor mass. 
Following interaction with tumor cells, microglia/macrophages show phenotypic 
activation changes that direct them towards an immunosuppressive state with 
increased release of cytokines, such as IL-10 and TGF-β, and up-regulation of 
arginase-1 (Arg-1) and matrix metalloprotease which support growth and invasion 
associated with tumor progression(Coniglio and Segall, 2013; Li and Graeber, 
2012; Wurdinger et al., 2014).
GBM tumors are known to mold their environment to their advantage by secretion 
of proteins and the display of cell surface ligands, and with increasing evidence 
supporting transfer of instructional extracellular RNA (exRNA) and proteins/lipids 
contained within extracellular vesicles (EVs – including exosomes, microvesicles, 
ectosomes), ribonucleoproteins (RNPs) and high-density lipoproteins (HDLs)
(Arroyo et al., 2011; Skog et al., 2008; Vickers et al., 2011). The important role 
of EVs in cancer progression has been well documented(D’Asti et al., 2012; 
Peinado et al., 2012). Once released, EVs can be internalized into “recipient cells”, 
potentially delivering genetic information to multiple cell types in the tumor 
microenvironment. This constitutes a new type of intercellular communication 
– the transfer of informative RNA between cells. Recent, studies support the 
functional transfer of microRNA (miRNA) and other non-coding RNAs from tumor 
cells to normal cells(Bronisz et al., 2014; Li et al., 2013a; Zhou et al., 2014).
We investigated the activity of exRNA released from glioma cells and taken up by 
microglia and macrophages as a means by which tumor cells manipulate normal 
cells in their microenvironment. We monitored phenotypic changes in microglia 
exposed to isolated human GBM EVs in culture, as well as the uptake of EVs and 
specifi c miRNAs and their eff ects on target mRNAs in an intracranial mouse glioma 
model. We focused on two miRNAs, miR-451 and miR-21, which naturally have 
very high levels in the EVs produced by primary GBM cells.  Exposure of microglia 
in culture to these GBM-EVs elevated levels of these miRNAs and decreased levels 
of a common mRNA target encoding c-Myc. Further, utilizing a syngeneic mouse 
glioma model expressing red fl uorescent protein (RFP) in tumor cells and their EVs, 
and green fl uorescent protein (GFP) in microglia and monocytes/macrophages, 
we found that infi ltration of tumors by these cells was associated with their 
uptake of labeled tumor EVs, as visualized with multi-photon in vivo microscopy. 
FACS sorting of brain cells revealed increased levels of miR-21, decreased levels of 
c-Myc mRNA and increases in the activation-related Arg-1 mRNA. Our results are 
consistent with functional transfer of miRNAs from glioma cells to surrounding 
microglia and macrophages via EVs, as a means of modulating their phenotype, 
albeit EVs contain many types of RNAs and proteins which, along with the 
secretome of glioma cells, probably exerts a combinatorial eff ect.
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Results

GBM-derived EVs are internalized by microglia
Two primary human GBM cell lines, GBM 11/5 (GBM1) and GBM 20/3 (GBM2) 
have been previously characterized for mRNA content in cells(Skog et al., 2008), 
with the most highly expressed mRNAs being consistent with the mesenchymal 
subtype(Verhaak et al., 2010). Both lines released large quantities of EVs (mg 
protein, Supplementary Fig. S1A, and number of particles, Supplementary Fig. 
S1C), the majority of which were 100-200 nm in diameter (Supplementary Fig. 
S1D) and contained the EV marker acetylcholinesterase (Supplementary Fig. 
S1B). Variations in the number of EVs released by diff erent GBM/glioma lines has 
been documented(de Vrij et al., 2015). GBM2 cells which released more EVs than 
GBM1 cell were used in most experiments. Vesicle internalization by microglia 
was assessed by exposing primary neonatal mouse microglia to isolated EVs 
from GBM2 cells expressing membrane-tagged GFP (palmGFP). After 24h most 
microglia had taken up many fl uorescently-tagged EVs (Fig. 1A).

Figure 1. Exposure of primary mouse microglia to GBM-EVs directs them towards 
a tumor-associated phenotype. (A) EVs isolated from GBM2 cells expressing palmGFP 
were incubated for 24h with primary mouse microglia, followed by confocal fl uorescent 
microscopy using a 20X objective and DAPI staining. (B) Microglia were exposed for 48h 
to GBM-EVs (black bars) and compared to untreated cells (white bars). Cytokines increasing 
over 50% are indicated by black arrowheads, those decreasing by over 50% by white 
arrowheads. (C) Microglia were exposed to GBM-EVs every 24h for 5 days. Viability was 
measured after 7 days and compared to untreated cells. (mean ± SEM * p < 0.05). (D) Arg-1
mRNA was quantitated in microglia after exposure to GBM-EVs for 24 and 48h (fold change 
presented (n=2)) (Scale bar, 20 μm in A)
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Uptake of GBM-derived EVs changes the phenotype of microglia
First, we tested whether uptake of EVs could change the cytokines produced 
by mouse microglia. To mimic the constant exposure of microglia to EVs in the 
tumor microenvironment, microglia were incubated with freshly isolated GBM-
EVs every 24h over 5 days. The relative levels of 40 diff erent cytokines and 
chemokines was compared in microglia exposed to EVs compared to unexposed 
cells using a Cytokine Antibody Array (R&D Systems).  Densitometric analysis 
showed six cytokines that were more than 50% up-regulated following GBM-
EV exposure, comprising TIMP-1, chemokines CXCL10, CXCL1, CCL2 and CCL5, 
and cytokine IL-6 (Fig. 1B). Of these up-regulated cytokines - TIMP-1 is involved 
in extracellular matrix degradation(Ries, 2014); and the chemokines CXCL10, 
CXCL1, CCL2 and CCL5 and the cytokine IL-6 all induce glioma growth(Coniglio 
and Segall, 2013). In contrast, three cytokines involved in induction of immune 
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responses were more than 50% down-regulated - IL-16 (orchestrates immune 
response)(Richmond et al., 2014), IL-23 (promotes infl ammation) and IL-27 
(together with IL-23 enhances immunologic functions)(Cocco et al., 2012). Thus, 
exposure/uptake of GBM-EVs changes the cytokine secretion profi le of microglia 
towards a phenotype that promotes growth and invasion of GBM cells, while 
decreasing the immune response. In addition, we found that GBM-EVs contain 
high levels of TGF-β (Supplementary Fig. S2A). Exposure of mouse microglia to 
GBM-EVs did not increase mouse Tgf-β1 mRNA (Supplementary Fig. S2B) but 
did increase intracellular levels of TGF-β presumably through uptake of GBM-EVs 
(Supplementary Fig. S2C).
Second, we found that the presence of GBM-EVs increased the proliferation 
of mouse microglia by about 40% over 7 days (Fig. 1C).  Further, exposure of 
microglia to GBM-EVs increased levels of Arg-1 (almost 10-fold) after 24 and 48h 
(Fig. 1D), consistent with an activated tumor-associated phenotype.

Specifi c miRNA content in GBM cells and EVs compared to microglia.
Micro-array analysis on 1146 diff erent miRNAs was performed on primary human 
GBM cell lines, GBM1 and GBM2, and on EVs isolated from conditioned medium 
from these cells (Fig. 2A). Many miRNAs were expressed at similar levels in cells 
and EVs, while some showed a distinct diff erence in levels (Fig. 2B). Two of the 
most abundant miRNAs in vesicles were miR-451, which was over 40-fold higher 
in EVs than cells (Fig. 2C), and miR-21, a known oncomir(Krichevsky and Gabriely, 
2009), which had similarly high levels in both cells and EVs (Fig. 2B). We verifi ed 
the expression levels of miR-21 and miR-451 in primary GBM1 and GBM2 cells 
and GBM-EVs by TaqMan® assays.  Relative levels of miR-21 were not signifi cantly 
diff erent between cells and EVs (Fig. 3A, Supplementary Fig. S3A), whereas miR-
451 levels were 1,000 to 10,000-fold higher in the vesicle fraction compared to 
cells (Fig. 3B, Supplementary Fig. S3B).

Figure 2. EVs secreted by GBM cells are enriched for many miRNAs. (A) miRNA array 
analyses on two human primary GBM cell lines and EVs secreted by them was performed 
and a heat map was created using CIMminer (Weinstein et al., 1997). (B) Ratio of intensity 
in EVs compared to cells is presented in log2 scale for all 1146 miRNAs. (C) Comparison of 
the 20 most highly enriched miRNAs in EVs from GBM1 and GBM2 cells.
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Microglia were chosen as the recipient normal brain cell based on their importance 
to tumor growth(Coniglio and Segall, 2013; Li and Graeber, 2012; Wurdinger et al., 
2014), relative ease of culture of primary cells from mouse and human sources,  
and the availability of transgenic mice with GFP+ microglia/macrophages(Jung 
et al., 2000). GBM cells are known to release abundant levels of small non-coding 
RNAs, such as miRNAs(Manterola et al., 2014). Given the ability of EVs to carry 
intact miRNAs we evaluated whether this extracellular miRNA could serve as a 
mechanism by which GBM cells could manipulate microglia. We hypothesized that 
the intercellular transfer of miRNAs from GBM cells to microglia might contribute 
to their phenotypic changes. 
Sucrose density gradient centrifugation was used to resolve components of the 
GBM-EV preparation on the basis of buoyant density (Fig. 3C). Density fractions 
were analyzed for the presence of the exosomal marker, ALIX(Bobrie et al., 2012), 
as well as for miRNA levels. ALIX was most prominent in the fractions with a 
density of 1.20, 1.25 and 1.30 mg/ml (Fig. 3C), typical of classical exosomes. miR-
21 and miR-451 co-localized with the exosome-marker ALIX but were also found 
in denser fractions which were negative for ALIX. These denser fractions might 
contain other types of EVs, RNPs or HDL particles. 
We also evaluated the endogenous levels of miR-451 and miR-21 in mouse 
primary microglia. miR-21 and miR-451 had higher Ct levels in mouse microglia 
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compared to GBM-EVs (Fig. 3, D & E). For miR-21 the Ct diff erence between GBM-
EVs and mouse microglia was 4.8 (equivalent to 32-fold), and for miR-451 this 
diff erential Ct was 11.2 (equivalent to about 2000-fold). Note the much higher 
levels of miR-21, as compared to miR-451, in both GBM cells and EVs. The high 
levels of these miRNAs in GBM-EVs compared to the low levels in microglia was 
exploited to monitor functional transfer of these miRNAs from GBM cells into 
microglia via exRNA.
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Figure 3. GBM cells release EVs enriched for miR-451 and miR-21 compared to 
microglia. (A, B) Levels of miR-21 (A) and miR-451 (B) in EVs and GBM2 cells were 
analyzed (mean ± SEM (n=2)). (C) Isolated GBM-EVs were separated on a sucrose density 
gradient. Levels of miR-21 and miR-451 in the different fractions were analyzed (mean ± 
SEM (n=2)). Protein levels of ALIX were analyzed by western blotting. (D, E): Levels of miR-
451(D) and miR-21 (E) in GBM cells, GBM-EVs and primary mouse microglia were analyzed 
(Ct values presented (n=2).

GBM-EV mediated transfer of miR-451/miR-21 to microglia and 
decrease in c-Myc mRNA
To investigate whether GBM-EVs were capable of transferring miRNAs between 
cells, miR-451 and miR-21 levels in mouse microglia were monitored 24 and 48h 
after exposure to GBM-EVs. Initially, analysis was carried out using the murine 
microglial cell line KW3 with a trend seen towards higher levels of miR-21 and 
miR-451 after uptake of GBM-EVs (Supplementary Fig. S3C & D). To more closely 
mimic the in vivo situation, we tested primary mouse microglia, in which case levels 
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of miR-21 signifi cantly increased 1.3- and 5-fold after 24 and 48h of exposure to 
GBM-EVs, respectively (Fig. 4A). Strikingly, levels of miR-451 in primary microglia 
increased up to 50-fold compared after 48h exposure (Fig. 4B).  

Figure 4. GBM-derived EVs increase miR-21 and miR-451 levels and decrease c-Myc
mRNA levels in primary mouse microglia. (A, B):  Primary microglia were exposed to 
GBM-EVs for 24 and 48h. Levels of miR-21 (A) and miR-451 (B) were quantitated (mean 
± SEM (n=5), *** p < 0.001). (C) mRNA levels of c-Myc were measured (mean ± SEM 
(n=6), * p < 0.05). (D) Schematic representation of 3’UTR of mouse c-Myc mRNA with miR-
451 and miR-21 binding sites predicted using computational microRNA target software (http://
www.microrna.org). (E, F): Levels of miR-21 (E) and miR-451 (F) in GL261 cells and EVs 
released from them were analyzed (fold change presented (n=2)).

In addition, human adult primary microglia exposed to labeled GBM-EVs rap-
idly took up the vesicles (Supplementary Fig. 6A) and also displayed notably 
increased levels of miR-21 (1.5-fold) and miR-451 (4-fold) (Supplementary Fig. 
S6B & C). The GBM-EV-mediated increase in miR-451 and miR-21 levels in mouse 
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microglia was partially blocked by heparin, which interferes with EV uptake (Sup-
plementary Fig. S4)(Atai et al., 2013). These fi ndings support our contention that 
the increase in miRNA levels seen in microglia after GBM-EV exposure are due, at 

least in part, to uptake of EVs containing these miRNA.

Next, we examined the ability of the transferred miRNAs to down-regulate target 
mRNAs. A number of targets are regulated by miR-451, including Cab39, Mif, and 
c-Myc (Meng et al., 2007; Pan et al., 2013). The levels of the miR-451 target-mRNAs 
- Cab39 and Mif and of the miR-21 target-mRNA - Pten did not change signifi cantly 
in primary mouse microglia upon exposure to GBM-EVs. Using target prediction 
software we found that the 3’UTR of the c-Myc mRNA contains binding sites for 
both miR-451 and miR-21 (http://www.microrna.org) (Betel et al., 2010),and levels 
of this common target-mRNA - c-Myc were signifi cantly down-regulated by about 
50% when microglia were incubated with GBM-EVs (Fig. 4D&C). This increased 
sensitivity of c-Myc mRNA in microglia to miRNA inhibition may refl ect both the 
low levels of this mRNA in these cells, as compared to the other target mRNAs 
tested (Supplementary Fig. S5E), as well as its being a target for both miR-451 
and miR-21 (Fig. 4D; Supplementary Fig. S5D). When we performed the same 
experiment using human microglia exposed to GBM-EVs, marked decreases in 
mRNA levels of c-MYC, MIF, and CAB39 were noted (Supplementary Fig. S6D-G). 
For mouse microglia we also evaluated the relative levels of proteins encoded in 
these target mRNAs by western blot analysis, with apparent decreases after GBM-
EV exposure for c-Myc, Pten and Mif, but not Cab39 (Supplementary Fig. S5F-I). 
Amounts of human microglia were insuffi  cient for western blot analysis.

In vivo assessment of uptake of glioma-derived EVs by brain microglia 
and monocytes/macrophages.
To investigate whether myeloid cells of the tumor brain stroma take up glioma-
derived EVs in vivo, we used the syngeneic GL261 model(Ausman et al., 1970). 
EVs derived from GL261 cells have elevated levels of miR-21 and miR-451, as 
compared to these tumor cells (Fig. 4E & F) and these GL261-EVs are taken up by 
mouse microglia in culture (Supplementary Fig. S2D).  GL261-Fluc-mC-palmtdT 
tumors releasing red fl uorescent EVs were established in the brains of C57BL/6 
wt and C57BL/6 CX3CR1GFP/+ mice, with the latter expressing GFP in microglia 
and monocyte-derived macrophages(Jung et al., 2000). Multiphoton intravital 
microscopy analysis of tumors was conducted using cortical brain windows, 
starting 1 week after tumor implantation. GL261-Fluc-mC-palmtdT tumors 
produced red fl uorescent punctae resembling vesicles or clusters of vesicles that 
were located directly adjacent to, as well as in the spaces between tumor cells 
and the stroma (Fig. 5A, B). Such vesicles were not present in tumors expressing 
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soluble fl uorescent proteins(Lai et al., 2015) and were therefore likely derived 
from tdTomato-labeled tumor cell membranes. The apparent sizes of vesicles and 
vesicle clusters ranged from several micrometers down to below 1 µm. However, 
detection by fl uorescence may, on the one hand, overestimate their actual 
physical size, and on the other hand, very small vesicles may escape detection by 
our imaging system. Therefore, visualized vesicles may represent only a fraction of 
EVs that are produced. As we have observed in other tumor models(Lai et al., 2015), 
vesicles in central areas of the tumors were mostly stationary (Supplementary 
Video S1), while vesicles in more peripheral areas that were densely populated by 
CX3CR1-GFP+ microglia and monocytes/macrophages, displayed more dynamic 
properties (Fig. 5B). Importantly, our recordings revealed that most of the 
detectable vesicles were located either on the surface or inside of GFP+ microglia/
monocyte-derived macrophages (Fig. 5C) that frequently made intimate 
contacts with individual tumor cells (Fig. 5B, subpanel 2), but were in some cases 
located at some distance from labeled tumor cells. In diff erent fi elds of view, the 
frequency of CX3CR1-GFP+ cells that contained red punctae ranged from 18 and 
74%, depending on the tumor area. In most CX3CR1-GFP+ cells one or two, but in 
some cases up to 10 individual fl uorescent punctae (single vesicles or clusters) 
could be identifi ed (Fig. 5D). Rotation and stacking of GFP+ cells confi rmed that 
many red vesicles were within cells.
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Figure 5.  In vivo visualization of glioma derived EVs and uptake by microglia/
macrophages. (A) MP-IVM images from a GL261-Fluc-mC-palmtdT in a C57BL/6 mouse 
implanted with a brain window. 150 kDa FITC-Dextran was injected i.v. to label the blood 
vasculature. (B) MP-IVM images from a GL261-Fluc-mC-palmtdT tumor in a CX3CR1GFP/+

mouse brain. Panels on right show magnifi ed subregions of panel on left (C) Individual 
sections highlighting intracellular localization of red punctae. (D) Frequency distribution 
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of number of discernable red punctae per cell. (E) Tumor size of GL261-Fluc-mC-palmtdT 
cells implanted intracranially into CX3CR1+/GFP mice monitored by bioluminescence in vivo
Fluc imaging. Cryosections were performed to visualize in vivo EV uptake. Released EV-like 
entities (palmtdT+) were readily observed around the tumor, as well as within GFP+ cells. 
Nuclei were visualized by DAPI. Arrows indicated red punctae within GFP+ cells. Bar = 
100,000 nm.

In parallel experiments following direct injection of these tumor cells into the 
cortex of CX3CR1GFP/+ mouse brains, tumor growth was monitored by in vivo
bioluminescence imaging (Fig. 5E). Mice were sacrifi ced after 18 days when 
tumors had formed and either analyzed by immunohistochemistry or used to 
isolate cells for FACS analyses. Immunohistochemistry of brains of tumor-bearing 
mice showed infl ux of GFP+ microglia/macrophages into the periphery of GL261-
Fluc-mC-palmtdT tumors (Fig. 5F), as well as uptake of “red” tdT-positive vesicles 
by GFP+ cells.
In parallel, brains of tumor-bearing and control animals were dissociated into 
single cells, which were resolved by FACS into fractions of tumor cells (red), 
microglia (high levels of GFP), and monocytes/macrophages (intermediate levels 
of GFP) (Fig. 6A). The numbers of monocytes/macrophages increased in the 
glioma-bearing brains of mice as compared to control mice. While there was no 
signifi cant change in the total number of microglia in the brain (Fig. 6B), there 
appeared to be a higher density of these cells associated with tumors (Fig. 5B). 
Interestingly, microglia (and to some extent macrophages) showed a signifi cant 
increase in red fl uorescence (PE-A), consistent with their uptake of mC/palm-
TdTomato+ EVs released by the GBM cells in vivo (Fig. 6C). Analysis of mRNA 
levels in isolated cell fractions from brains showed enrichment of the mRNA for 
the microglia marker, P2ry12(Hickman et al., 2013) in the microglia population 
and enrichment of the macrophage marker, Ccr2 in the monocyte/macrophage 
population (Fig. 6D), confi rming the validity of isolation based on GFP intensity. 
The levels of miR-451 and miR-21 were also measured in the isolated microglia 
and monocytes/macrophages. While the levels of miR-451 were below detection 
limits, the levels of miR-21 were 20-fold increased in microglia and 8-fold increased 
in monocytes/macrophages in tumor-bearing mice as compared to control brains 
(Fig. 6E). Increased levels of miR-21 in microglia and monocytes/macrophages 
from brains of tumor-bearing mice correlated with a marked decrease in levels 
of the target c-Myc mRNA as compared to controls (Fig. 6F), supporting EV-
mediated functional transfer of miRNA from glioma to microglia and monocytes/
macrophages in vivo.
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Figure 6. Microglia isolated from brains of mice with glioma show increased levels of 
miR-21 and decreased c-Myc mRNA. (A) Representative images of FACS sorted cells 
from brains of mice without and with gliomas; macrophages and microglia (GFP+; FITC) 
and tumor cells (mC/palmtdTomato+; PE-A). (B) The % living FAC sorted GFP+ cells from 
control brains and tumor-implanted brains were determined (mean ± SEM *** p < 0.001). 
(C) The PE-A mean fl uorescence of sorted microglia from tumor as compared to control 
brains. (** p < 0.01). (D) Cells sorted based on GFP+ intensity were analyzed for mRNA 
levels of P2ry12 and Ccr2. (* p < 0.05, ** p < 0.01), (E) miR-21 levels (* p < 0.05, ** p < 
0.01), and (F) c-Myc levels (*** p < 0.001). (B-F): All graphs include a total of 8 control 
mice and 9 mice implanted with GBM cells (mean± SEM; n=3).

Discussion

Tumors are known to change the phenotype of normal cells in their environs to 
promote tumor progression, and microglia and macrophages are key players 
in this process(Li and Graeber, 2012; Wurdinger et al., 2014). Many interactions 
between gliomas and microglia/macrophages are mediated via chemokines and 
cytokines in the secretome. The current study supports an additional form of 
communication in which multipotent miRNAs are transferred from tumor cells 
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into microglia and macrophages via EVs. Release of fl uorescently labeled EVs 
by glioma cells and uptake by microglia/macrophages within the brain tumor 
environs were documented in vivo in real time using intravital microscopy. 
Extracellular transfer of miR-451 and miR-21 in glioma-EVs resulted in elevated 
levels in microglia/macrophages and associated down-regulation of their target 
mRNAs and encoded proteins, albeit given other RNAs and proteins in these EVs, 
the eff ect may be combinatorial.
Here we demonstrate for the fi rst time to our knowledge, using dynamic intravital 
microscopy, as well as histological analyses, that EVs released from tumor cells are 
not only taken up by microglia in culture, but also by tumor-associated microglia 
and monocytes/macrophages in the glioma-bearing brain. Stacking and 
rotational analysis of intravital images confi rmed uptake of vesicles into microglia/
macrophages. Consistent with this, dissociation and FACS sorting of these cells 
from tumor-bearing brains demonstrated that many microglia and monocytes/
macrophages have marked levels of red fl uorescence, presumably refl ecting 
the uptake of tumor EVs. FACS-isolated microglia and monocytes/macrophages 
from tumor-bearing animals also showed both an increase in miR-21 levels and 
a decrease in c-Myc mRNA. These in vivo fi ndings are consistent with functional 
transfer of miRNAs from glioma cells to microglia and monocytes/macrophages 
via exRNA vehicles.
The role of exRNAs in communication between GBM and microglia/ monocytes/
macrophages was evaluated both in culture and in vivo, with these myeloid-derived 
cells known to infi ltrate brain tumors(Kushchayev et al., 2014) and their density 
being proportional to glioma grade(Li and Graeber, 2012). Primary GBM cells shed 
EVs in large numbers(Balaj et al., 2011), and resident brain microglia are very active 
in endocytosis(Kushchayev et al., 2014). EVs derived from GBM cells were avidly 
taken up by microglia and monocytes/macrophages in culture and in vivo as 
analyzed by confocal and intravital microscopy, visualizing the internalization of 
EVs into recipient cells using fl uorescent membrane labels(Lai et al., 2015). GBM-
EV uptake correlated with changes in microglia phenotype, including increased 
proliferation, diff erences in secretion of various cytokines, and increased levels of 
Arg-1 mRNA associated with activation. The GBM-EV fraction contained a unique 
repertoire of miRNAs as compared to GBM cells, with two miRNAs, miR-451 and 
miR-21 being inherently highly abundant in the EVs. We exploited the low levels 
of these miRNAs in microglia to demonstrate increases in cellular miR-451 and 
miR-21 levels conferred by exposure to GBM-EVs, consistent with, but not direct 
proof of, the transferred miRNAs being responsible for this increase. Exposure of 
mouse microglia/macrophages to GBM/glioma-EVs also decreased levels of c-Myc
mRNA both in culture and in vivo, presumably through binding of elevated miR-
451 and miR-21 to target sites in the 3’UTR of this mRNA. The down-regulation of 
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c-Myc mRNA in mouse microglia exposed to human GBM-EVs was unexpected as 
another study reported elevated levels of this message following exposure of rat 
microglia to conditioned medium from rat glioma cultures(Ellert-Miklaszewska et 
al., 2013). However, our fi ndings of decreased c-Myc mRNA levels in microglia and 
monocytes/macrophages in glioma-bearing mouse brain are similar to those of 
another group using the same mouse tumor model(Wei et al., 2013). This suggests 
that secreted proteins, such as cytokines, and particulate exRNA vehicles, two 
components of the secretome, have a combinatory eff ect and may even convey 
diff erent signals to microglia, which can have either tumor supportive or anti-
tumor properties(Gabrusiewicz et al., 2011).
We found a unique repertoire of miRNAs in GBM-EVs compared to GBM cells, 
supporting a selective loading of RNAs into EVs(Li et al., 2013a). miR-451 was 
the most highly enriched miRNA in GBM-EVs, as found for a number of other cell 
types(Guduric-Fuchs et al., 2012; Li et al., 2013a). Diff erent functions have been 
attributed to miR-451 including acting as a tumor suppressor(Nan et al., 2010)
and deregulating oncogenic pathways (Nan et al., 2010; Tian et al., 2012; Zhang 
et al., 2012). Thus, this miRNA may be selectively exported to enhance tumor 
cell growth(Palma et al., 2012). The next most abundant miRNA in GBM-EVs was 
miR-21, with known oncogenic properties(Krichevsky and Gabriely, 2009). The 
combined increase in miR-451 and miR-21 in microglia exposed to GBM-EVs 
in culture presumably contributes to the decrease in their shared target c-Myc
mRNA, while in vivo the decrease in c-Myc mRNA in microglia and monocytes/
macrophages in the glioma-bearing brain seems to be due primarily to elevation 
of miR-21. We were unable to detect increased levels of miR-15b, miR-146a and 
miR-223 in recipient microglia, although these were also high in GBM-EVs (data 
not shown). The functional activity of specifi c miRNAs transferred into recipient 
cells by EVs may depend on the type of particles/vesicles within the EV fraction 
with which they are associated, the mechanism of uptake of these particles/
vesicles by recipient cells, levels of miRNA transferred into the cytoplasm, and 
levels of the endogenous target mRNAs.
In this study down-regulation of the miR-21 and miR-451 target c-Myc mRNA 
in microglia exposed to GBM-EVs in culture and in microglia/macrophages in 
glioma-bearing brains supports the functional activity of EV transferred miRNAs, 
although given other factors transferred by EVs the eff ect could be indirect. 
c-MYC is a transcription factor regulating expression of many genes and has been 
implicated in many biological processes, including growth, energy metabolism, 
proliferation, diff erentiation and apoptosis(Conacci-Sorrell et al., 2014). c-MYC 
does not act as an on-off  switch in gene activation, but rather amplifi es expression 
of many genes(Nie et al., 2012). We hypothesize that down-regulation c-MYC 
expression in microglia and monocytes/macrophages might facilitate shifts in 
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gene expression patterns that accompany the activation of these cells towards a 
tumor supportive phenotype(Li and Graeber, 2012; Wei et al., 2013).
By monitoring the levels of specifi c miRNAs which are inherently the highest 
in GBM-EVs and their eff ects on target mRNAs following EV uptake, we have 
elucidated one of the mechanisms by which GBM cells can infl uence their 
microenvironment. Our results confi rm that EVs released by glioma cells are taken 
up by microglia and monocytes/macrophages in culture and within the brain 
environment in vivo. miRNAs which are high in the GBM-EV fraction appear to be 
transferred intact into recipient microglia and monocytes/macrophages resulting 
in elevated levels of these miRNAs and down-regulation of a target mRNA. This 
supports a means of intercellular communication via exRNA in which tumor cells 
can manipulate the transcriptome of normal cells, as has been described for other 
miRNAs and non-coding RNAs in glioma and other cancer models(Bronisz et al., 
2014; Li et al., 2013a; Zhou et al., 2014).

Materials and Methods

Cell culture

Primary human GBM cells from two patients, 11/5 (GBM1) and 20/3 (GBM2)(Skog 
et al., 2008), mouse glioma line GL261(Ausman et al., 1970), mouse microglial line 
KW3 (JEK), primary neonatal mouse microglia and adult human microglia were 
cultured under standard conditions. 
For stimulation experiments, EVs were isolated from 2, 150 mm plates of GBM1 or 
GBM2 cells (1-2 x 1011 EVs) and added to cultures of 0.5 x 105 microglia cells. 
GBM2 cells were stably transduced using a CSCW2 lentivector (from Dr. Sena-
Esteves) encoding palmitoylated GFP (palmGFP)(Lai et al., 2015). GL261 cells were 
stably transduced with lentivectors encoding fi refl y luciferase (Fluc), mCherry 
(mC) and palmtdTomato (palmdT)(Lai et al., 2015).
Primary mouse microglia were isolated by removal of the brain cortex and 
dissociating cells by using a 100 μm cell strainer followed by a 40 μm cell strainer. 
Cells were cultured in DMEM with 10% FBS, 1% P/S and 20 ng/ml M-CSF (Gibco). 
Primary microglia were harvested from confl uent monolayers by shaking off  
overnight (O/N) and culturing in the same medium.
Primary human microglia were cultured from an autopsy case of a 75-year-old male 
with de-identifi ed brain tissue collected ~8 h after death due to intraparenchymal 
brain hemorrhage under an IRB approved protocol. Microglia were isolated from 
25 grams of autopsy-derived human cortex using an adaptation of our published 
mouse protocol(Hickman et al., 2008). Meninges were removed, and tissue was 
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minced with a sterile razor blade and transferred to a fl ask containing digestion 
reagent (RPMI without dye, 20 U/ml collagenase type 3 and 2 U/ml Dispase; 
Worthington Biochemical Corp). The tissue was incubated for 30 min at 37oC 
followed by trituration with a 25 ml pipette in which the tip had been broken off  
leaving a wide bore shaft.  DNase I (Roche) was added to a concentration of 40 
U/ml and incubated for 20 min. The digested tissue was triturated sequentially 
with a 25 ml, 10 ml and 5.0 ml pipette and suspension was passed over 100 μm 
fi lters. Cells were centrifuged at 300xg for 10 min and the pellet was resuspended 
in 40 ml PBS/ 5 mM EDTA/10% bovine serum to block enzyme action. Cells were 
fi ltered over 70 μm fi lters, centrifuged 300xg for 10 min, then resuspended in 235 
ml 28% Percoll in PBS (Sigma Aldrich). This suspension was centrifuged at 850 
x g in a swinging bucket rotor for 40 min with brake set on the lowest setting. 
Supernatants were removed from all tubes and pellets rinsed twice in cold PBS 
and pooled. The fi nal pellet was resuspended in MACS buff er (PBS, 0.5% BSA, and 
2 mM EDTA) for selection of CD11b+ cells.
 CD11b-bearing cells were purifi ed using magnetic bead/column 
separation (Miltenyi Biotech), according to manufacturer’s instructions. Briefl y, 
the cell pellet was resuspended in MACS Buff er, followed by addition of CD11b-
Magnetic beads (Miltenyi Biotech) and incubation in the refrigerator for 20 min. 
Cells were then centrifuged 300 x g for 5 min and the pellet resuspended in 3 ml 
MACS buff er and passed over an LS column (Miltenyi Biotech) which retained the 
CD11b bead-bound cells, and eluted with 3 ml MACS buff er. To determine purity 
of microglia, an aliquot was removed and stained with Alexa-647 labeled rat 
antiCD11b (Clone M1/70) and Alexa-488 labelled anti-human CD45 (clone H130, 
both antibodies used at 2 μg/ml, Biolegend). Flow cytometry showed purity of 
CD11bHI / CD45mid/Low cells (characteristics of microglia) to be 95%. The purifi ed 
cells were plated on fi ve T75 fl asks in Microglia Medium (ScienCell) containing, 
penicillin, streptomycin and fungizone (100 IU/ml, 100 μg/ml and 25 μg/ml, 
respectively; Life Technologies), 5% FBS and 10 ng/ml human Macrophage colony 
stimulating factor (R&D Systems) and grown for 7 days prior to use.

Isolation of EVs

GBM/glioma cells are cultured in EV-depleted FBS. After 48h, conditioned media 
was collected and centrifuged for 10 min at 300 xg, 10 min at 2000 xg and 
the supernatant fi ltered through 0.8 µm fi lter (Millipore). EVs were pelleted by 
centrifugation at 100,000 xg for 80 min in a type 70 Ti rotor (Beckman Coulter). 
Fractionation of EV pellets was achieved by sucrose density gradient centrifugation.
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Visualization of EV uptake in culture and in vivo

Primary mouse and human microglia were plated on coverslips coated with poly-
L-lysine and incubated with GBM2 palmGFP-EVs or GL261 palmGFP-EVs for 24h. 
Cells were fi xed with 4% paraformaldehyde for 10 min at RT. Coverslips were 
mounted on slides using prolong Gold antifade reagent with DAPI (Molecular 
Probes). Vesicle uptake into cells was analyzed by fl uorescent microscopy using a 
Carl Zeiss LSM 5 Pascal laser-scanning confocal microscope. Multiphoton intravital 
microscopy and immunohistochemistry were used for the direct visualization of 
EV uptake into cells in vivo.

Mouse cytokine array and TGF-β quantifi cation

Primary microglia were cultured with GBM-EVs for 48h, with Brefeldin A (Sigma-
Aldrich, 1 μg/ml) added during the last 8h. Cells were lysed and cytokine expression 
was determined using a Mouse Cytokine Array (R&D Systems). Membranes were 
scanned and analyzed for pixel intensity using ImageJ. TGF-β in GBM-EVs and 
microglia was measured by ELISA Human/Mouse TGF-β ELISA Ready-Set-Go kit 
(eBioscience).

Quantitative Real-Time PCR

Total cellular and EV RNA was isolated with miRNeasy Mini Kit (Qiagen). RNA 
was concentrated by ethanol precipitation. RNA yields were determined with 
Nanodrop (Thermo Fisher Scientifi c); size and quality with 2100 Bioanalyzer 
(Agilent).

For miRNA analysis of GBM cells and EVs a miRNA expression-profi ling panel 
(1146 miRNAs; Illumina) was used. Individual miRNA expression was analyzed 
using TaqMan® MicroRNA Assays (Life Technologies) and normalized to U6 RNA.

For quantitative real-time PCR (qRT-PCR) of mRNAs, 50 ng RNA was reverse 
transcribed using Sensiscript (Qiagen) with Oligo-dT (Roche) and random 
nanomers (Sigma-Aldrich).  qRT-PCR was performed using Power SYBR® Green 
PCR Master Mix (Invitrogen) (primer sequences in Supplementary Table 1). 
Relative levels of RNA were determined using the comparative ΔCt method. All Ct 
values were normalized to GAPDH mRNA. 

Syngeneic glioma mouse model

Animal experimentation was conducted under the oversight of the Massachusetts 
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General Hospital Institution Animal Care and Use Committee. CX3CR1-GFP/GFP

knock-in mice (JEK)(Jung et al., 2000) were bred with C57BL/6 mice (Charles River 
Laboratories) and the resulting heterozygous CX3CR1GFP/+ off spring were used for 
the intracranial injections of GL261 glioma cells. Brain tumors were generated 
by intracranial injection of GL261-Fluc-mC-palmtdT cells glioma cells using 
a stereotactic frame (Harvard Biosciences) into 8-10-week-old heterozygous 
CX3CR1GFP/+ mice anaesthetized by subcutaneous injection with ketamine/
xylazine. One × 105 tumor cells were injected into the left striatum using the 
following coordinates: X (lateral) = 0.5 mm, Y (caudal) = 2 mm, Z = 2 mm (deep) 
from the bregma. Tumor size was monitored by bioluminescence, as previously 
described. 

FACS/RNA analysis

Eighteen days post-tumor injections, the mice were anesthetized and sacrifi ced 
by transcardiac perfusion with PBS. Brains were removed and cells processed for 
FACS using a microglia isolation protocol(Hickman et al., 2008). RNA was isolated 
from sorted cell fractions for analysis. 

Immunoblot

Samples were lysed in RIPA buff er supplemented with a protease inhibitor 
cocktail (Roche). Total protein concentration was measured using the Biorad 
protein assay and 20 μg protein was loaded onto pre-cast 4-12% or 10% Bis-Tris 
Polyacrylamide gel (Invitrogen). Proteins were transferred onto polyvinylidene 
fl uoride membranes (EMD Millipore). Membranes were blocked in 5% non-fat dry 
milk in TBS-Tween and incubated with antibodies against ALIX (Santa Cruz: sc-
53538, 1:500), PTEN (Santa Cruz: sc-6818, 1:200), MIF (Santa Cruz: sc-20121, 1:100), 
c-MYC (Santa Cruz: sc19, 1:100), GAPDH (Millipore, 1:2000), TGF-β (Cell Signaling, 
1:500) and CAB39 (Cell signal, 1:500). Membranes were incubated with their 
relative horseradish peroxidase - conjugated antibody (1:5000) and imaged using 
a chemiluminescence detection kit (Thermo Fisher Scientifi c).

Viability assay

Cell viability was determined using CellTiter-Glo® Luminescent Assay (Promega). 
Luminescence was measured on a Microtiter Luminometer (Dynex Technologies).

Acetylcholinesterase assay

Isolated EVs were resuspended in PBS, absorbance was measured to establish 
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a baseline. Acetylthiocholine was added to 1.25 mM in combination with 
5,5’-dithiobis(2-nitrobenzoic acid) to 0.1 mM. Change in absorbance was 
measured at 450 nm every 5 min over 30 min using a MLX microtiter luminometer 
(Dynex Technologies).

Nanoparticle Tracking Analysis

Number of EVs in PBS was assayed using Nanoparticle Tracking Analysis (NTA) 
Version 2.2 Build 0375 instrument (NanoSight). Particles were measured for 60 s 
and number of particles (30 - 800 nm) was determined using NTA Software 2.2.

Isolation of EVs by differential ultracentrifugation 

To isolate the EV fraction released by tumor cells, they were cultured in 150 mm 
culture dishes (BD Falcon). At 50% confl uency, cells were washed with PBS and 
media was replaced by DMEM containing 1% P/S and 5% EV-depleted FBS. After 
48h, the conditioned media was collected and the EV fraction was collected by 
diff erential centrifugation. The pelleted “EV fraction” (EVs) was resuspended in 
PBS or DMEM, quantifi ed by Nanosight, analyzed by sucrose density gradient 
centrifugation, and lysed for RNA and protein determinations. One mg EV protein 
corresponds to about 1011 EV particles.

Isolation of EVs by sucrose gradient-ultracentrifugation 

EVs isolated by diff erential ultracentrifugation were resuspended in PBS and 
layered on top of a discontinuous sucrose gradient (5%, 10%, 15%, 20%, 25%, 
30%, 35%, 40% in PBS), as previously described.21 Pelleted EVs from diff erent 
fractions were lysed in Qiazol and both total RNA and protein were isolated.  
From the aqueous phase RNA was isolated using the miRNeasy Kit, according to 
manufacturer’s protocol. To isolate the protein fraction, 100% EtOH was added to 
the remaining 0.3 ml Qiazol-chloroform mixture to precipitate the DNA. Next, 1.5 
ml isopropanol was added to the supernatant to precipitate proteins and pelleted 
at 12,000 x g. Pellets were washed thrice with 0.3 M guanidine-hydrochloride in 
95% ethanol. Pellets were air-dried and resuspended in 50 µl 1X sample buff er 
(250 mM TrisHCl pH 6.8, 10% SDS, 30% glycerol, 5% β-mercaptoethanol, 0.02% 
bromophenol blue) and boiled at 95°C for 5 min.

Multiphoton intravital microscopy of intracranial glioma 

Briefl y, mice were anesthetized by intraperitoneal injection of ketamine/xylazine, 
immobilized on a custom-built stereotactic frame and the scalp was incised above 
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the sagittal suture. The periosteum was removed, and a craniotomy of 4 mm 
diameter was drilled in one parietal bone. 1 x 105 GL261-Fluc-mC-palmtdT were 
slowly injected intracranially in a 1 µl volume and the craniotomy was closed using 
a 5 mm coverslip. Mice were allowed to recover for one week before the initiation 
of imaging. Datasets were collected from 2 weeks after tumor implantation on 
an Ultima IV multiphoton microscope (Bruker Corporation/Prairie Technologies) 
using a 20 x 0.95 NA objective lens (Olympus) at 2x-4x optical zoom. Multiphoton 
excitation of GFP and tdTomato was obtained through a MaiTai DeepSee 
Ti:Sapphire laser (Newport/Spectra Physics) tuned to 920 nm and a MaiTai 
Ti:Sapphire laser tuned to 1000 nm. Emitted fl uorescence was collected every 15 s 
through 460/50, 525/50, 595/50, and 660/40 bandpass fi lters and non-descanned 
PMTs to create 4-color images. Images were processed into time-lapse movies 
using Imaris software (Bitplane). To label the blood vasculature, 150 kDa FITC-
Dextran (Sigma-Aldrich) was injected intravenously up to 2h prior to imaging.

Visualization of EV uptake in vivo using immunohistochemistry

Brains were removed from mice bearing GL261-Fluc-mC-palmtdT tumors and 
snap frozen in liquid nitrogen with optimal cutting temperature compound 
(OCT, Thermo Scientifi c). Embedded brains were cryosectioned (12 microns) and 
immunostained with rabbit anti-RFP (Cat # ab62341, Abcam) and Alexa Fluor 
647 goat anti-rabbit (Life Technologies) antibodies. Samples were imaged using 
an LSM 710 confocal microscope with a 63x Zeiss Plan-Apochromat SF25, NA1.4 
objective (Zeiss).

Buffer compositions 

RIPA buff er (20 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% SDS 0.5% sodium 
deoxycholine, 5 mM EDTA). EV depleted FBS, serum was ultracentrifuged at 
100,000 x g for 16h, and the supernatant sterilized by fi ltration through 0.2 µm 
fi lters.

Statistical analysis

The unpaired 2-sample t test was used to compare between 2 groups. One-way 
ANOVA, followed by Bonferroni’s test, was conducted to test for signifi cance 
among multiple groups, comparing all pairs of columns. 
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Supplementary Figure S1. GBM cells secrete large quantities of EVs. (A, B, C, D) EVs 
were isolated from 2 primary human GBM cell lines, GBM1 and GBM2 by differential 
ultracentrifugation and resuspended in PBS. (A) The protein concentration (mg/ml) was 
measured by Bradford assay. Data presented of 2 independent samples with technical 
quadruples. (B) Number of EVs released over time was measured using an acetylcholinesterase 
assay by absorbance at 450 nm. (C) The number of EVs released by the different cells was 
measured by nanotracking the particles with Nanosight as the average number of particles in 
2 independent samples isolated from the two cell lines. (D) The size distribution of particles 
was measured by Nanosight particle tracking.
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Supplementary Figure S2. TGF-β is present in vesicles and is transferred to primary 
mouse microglia. (A) GBM-EVs were added to wells containing no cells or wells containing 
primary mouse microglial cells. After 48h TGF-βlevels were quantifi ed using an ELISA assay. 
TGF-β levels in culture media without primary mouse microglial cells, without or with the 
addition of GBM-EVs for 48h, was determined with an ELISA assay. Protein concentration 
of TGF-β are presented in pg/ml. (B) Relative mRNA levels of Tgf-β were analyzed using 
quantitative RT-PCR and primers specifi c to the mouse message. Levels were normalized 
to Gapdh mRNA, and fold expression presented where 1.0-fold corresponds to 22.3 Ct. (C) 
Western blot analysis of TGF-β levels in primary mouse microglial cells after 48h with and 
without GBM-EVs. (D) EVs were isolated from GL261 cells expressing Fluc-mC-palmtdT 
by differential ultracentrifugation and incubated with primary human microglia. After 24h cells 
were fi xed, stained with DAPI and analyzed by confocal fl uorescent microscopy using a 20X 
objective.
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Supplementary Figure S3. GBM-derived EVs increase miR-21 and miR-451 levels in 
a mouse microglia cell line. (A, B): EVs released by primary human GBM cell lines were 
isolated by differential centrifugation, and total RNA was isolated from EVs as well from the 
donor cells. Relative levels of miR-21 (A) and miR-451 (B) were analyzed using TaqMan® 
assays. Data are represented as mean ± SEM normalized for U6 (n=2). Fold expression is 
presented where 1.0-fold corresponds to 18 Ct for miR-21 and 36 Ct for miR-451. (C, D): A 
microglia cell line was exposed to EVs isolated from two primary GBM cell lines. Relative 
levels of miR-21 (C) and miR-451 (D) were analyzed using TaqMan® assays. Data are 
represented as mean ± SEM normalized to U6 (n=5). * p < 0.05. Fold expression is presented 
where 1.0-fold corresponds to a normalized Ct value 19.8 for miR-21 and 35.5 for miR-451.
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Supplementary Figure S4. Heparin interferes with the uptake of GBM-EVs and 
reduces the transfer of miRNA. Based on published studies demonstrating that heparin can 
block uptake of EVs(Atai et al., 2013): (A) primary mouse microglial cells were exposed 
to EVs isolated from palmGFP-GBM2 cells with or without the addition of heparin (fi nal 
concentration 200 µg/ml). Cells are collected 0 and 6 h after exposure to vesicles. Percentage 
of cells made GFP+ through uptake of vesicles compared to the total living cells per condition 
(with or without heparin) was analyzed by FACS. (B, C): Total RNA was isolated and miRNA 
expression was determined with Taqman qPCR. Relative levels of miR-451 (B) and miR-21 
(C) in GFP+ cells were analyzed using TaqMan® assays and the data normalized to U6.
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FIGURE S5

BA

0.0

0.5

1.0

1.5

2.0

2.5

24h 48h

GBM EVs
0.0

0.5

1.0

1.5

2.0

24h 48h

GBM EVs
0.0

0.5

1.0

1.5

C

24h 48h

GBM EVs

0

5

10

15

20

25D ***E

C
ab

39
 m

R
N

A 
le

ve
ls

 (r
el

at
iv

e 
to

 c
on

tro
l)

M
if 

m
R

N
A 

le
ve

ls
 (r

el
at

iv
e 

to
 c

on
tro

l)

P
te

n 
m

R
N

A 
le

ve
ls

 (r
el

at
iv

e 
to

 c
on

tro
l)

miRNA Target Gene

c-M
yc Mif

Cab
39

Pten

C
t v

al
ue

s 
(c

or
re

ct
ed

 fo
r G

A
P

D
H

)

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

C
A

B
39

 p
ro

te
in

 le
ve

ls
 (r

el
at

iv
e 

to
 c

on
tro

l)

M
IF

 p
ro

te
in

 le
ve

ls
 (r

el
at

iv
e 

to
 c

on
tro

l)

P
TE

N
 p

ro
te

in
 le

ve
ls

 (r
el

at
iv

e 
to

 c
on

tro
l)

F G H

GBM EVs GBM EVs GBM EVs- +- + - +

PTENMIF CAB39

GAPDHGAPDH GAPDH

I

miR-451/miR-21

miR-451

miR-451

miR-21

Mif

c-Myc

Cab39

Pten

0.0

0.5

1.0

1.5

c-
M

Y
C

 p
ro

te
in

 le
ve

ls
 (r

el
at

iv
e 

to
 c

on
tro

l)

GBM EVs- +

GAPDH

c-MYC 67kDa

36 kDa 36 kDa

12.5 kDa 39 kDa

36 kDa

55 kDa

36 kDa

Supplementary Figure S5. GBM-derived EVs do not affect mRNA levels of Cab39, 
Mif and Pten. (A-C): Primary mouse microglia were exposed to GBM2 EVs. Relative 
mRNA levels of Cab39 (A), Mif (B), and Pten (C) were analyzed using quantitative RT-PCR. 
Data are represented as mean ± SEM normalized to Gapdh mRNA (n=3). (D) Table shows 
the validated targets of mi-R451 and/or miR-21, as described in the literature(Li et al., 2013b; 
Li et al., 2011). (E). Depicted are the Ct values for c-Myc, Cab39, Mif and Pten calculated 
in the mouse microglia (levels determined after 24h in culture without exposure to GBM 
vesicles). Data are represented as mean ± SEM normalized for Gapdh mRNA (n=2). * 
p < 0.05, *** p < 0.001. (F, G, H, I) Primary mouse microglia were exposed to GBM-EVs. 
After 48h cells were lysed and relative protein levels of c-Myc (F), Pten (F), Mif (G) and 
Cab39 (H) were analyzed using western blotting. The expression levels were quantifi ed by 
densitometric analysis using ImageJ. Data are normalized to Gapdh. 
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Supplementary Figure S6. Effect of GBM-derived EVs on miR-21 and miR-451 levels 
and target mRNA levels in primary human microglia. (A) EVs were isolated from GBM2 
cells expressing palmGFP by differential ultracentrifugation and incubated with primary human 
microglia at 60% confl uence. After 24h cells were fi xed, stained with DAPI and analyzed by 
confocal fl uorescent microscopy using a 20X objective. (B, C) Primary human microglia were 
exposed to GBM-EVs for 48h. Relative levels of miR-21 (B) and miR-451 (C) were analyzed 
using TaqMan® assays. Fold expression is presented where 1.0-fold corresponds to Ct values 
of 20.2 for miR-21 and 33.3 for miR-451 normalized to U6 RNA. (D-G) Primary human 
microglia were exposed to GBM-EVs isolated from human palmGFP-GBM2 cells for 48h. 
Relative mRNA levels of c-MYC (D), MIF (E), CAB39 (F) and PTEN (G) were analyzed 
using quantitative RT-PCR and normalized to GAPDH mRNA. Fold expression is presented 
where 1.0-fold corresponds to 27 for c-MYC, 21.8 for MIF, 24 for CAB39 and 25 for PTEN 
in normalized Ct values.
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Abstract

Gliomas are primary, diff usely infi ltrating brain tumors. Microglia are innate 
immune cells in the central nervous system and make up a substantial portion 
of the tumor mass. Glioma cells shape their microenvironment communicating 
with and reprogramming surrounding cells resulting in enhanced angiogenesis, 
immune suppression and remodeling of the extracellular matrix. Glioma cells 
communicate with microglia, in part by releasing extracellular vesicles (EVs). 
Mouse glioma cells, stably expressing a palmitoylated green fl uorescent protein 
(GFP) to label EVs were implanted intracranially into syngeneic miR-21-null 
mice. Here, we demonstrate functional delivery of miR-21, regulating specifi c 
downstream mRNA targets in microglia after uptake of tumor-derived EVs. These 
fi nding attest to EV dependent microRNA delivery as studied in an in vivo based 
model and provide insight into the reprograming of microglial cells by tumor cells 
to create a favorable microenvironment for cancer progression.

Introduction

 Gliomas, including glioblastomas (GBs) are the most common and lethal primary 
adult brain tumors(Ostrom et al., 2013; Ostrom et al., 2018; Weller et al., 2015). 
They are characterized and defi ned by their highly aggressive nature involving 
rapid tumor growth, diff use invasiveness and resistance to therapy(Stupp et al., 
2009). GBs are made up of a heterogeneous population of tumor cells and various 
types of stromal cells, which all contribute to tumor progression and resistance 
to treatment(Broekman et al., 2018; Hambardzumyan et al., 2016; Quail and 
Joyce, 2017). GB cells exert eff ects on endogenous central nervous system (CNS) 
cell types, such as microglia, astrocytes, oligodendrocytes, endothelial cells and 
neurons as well as infi ltrating monocytes/macrophages (MO/Mφ)(Broekman et 
al., 2018; Quail and Joyce, 2017). Amongst these diff erent cell types, microglia and 
MO/Mφ are the most prevalent cell types within the tumor(Morantz et al., 1979a, 
b). Microglia are the resident innate immune cells in the brain(Li and Barres, 
2018), whereas MO residing in a tumor have infi ltrated from the blood circulation 
and can subsequently diff erentiate to Mφ(Bowman et al., 2016). In response to 
tumor stimuli, these non-tumorigenic cells produce chemokines and cytokines, 
including growth and angiogenic factors, immunosuppressive molecules and 
extracellular matrix modifying enzymes, which make the environs favorable to 
tumor progression(Hambardzumyan et al., 2016; Li and Graeber, 2012).
In addition to soluble factors, GB cells communicate with surrounding cells by 
release of membrane-bound extracellular vesicles (EVs) containing proteins, 
lipids and RNA(Maas et al., 2017). Diff erent RNA species are found in their EVs, 
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including microRNA (miRNA), small nucleolar RNA, Y RNA, mitochondrial RNA, 
and vault RNA, as well as long non-coding RNA and mRNA(Nolte-’t Hoen et al., 
2012; Wei et al., 2017b). EVs are known to carry specifi c, RNA cargo from donor 
cells to recipient cells(Skog et al., 2008; Valadi et al., 2007). Since the lipid bilayer 
of the EVs protects the cargo from degradation, EV contents can be delivered to 
closely surrounding cells as well as distant recipient cells. Increasing evidence 
suggests that content can be loaded selectively into EVs, e.g. RNA(Mateescu et al., 
2017), and - once transferred - aff ect the phenotype of recipient cells as studied in 
vitro (de Vrij et al., 2015; Skog et al., 2008; Tkach and Théry, 2016; Valadi et al., 2007; 
van der Vos et al., 2016).
miRNAs are small RNAs, involved in the target cleavage, translational repression 
and deadenylation of mRNA(Winter et al., 2009). Among them, miRNA-21 (miR-21) 
is the most studied in the context of cancer generally, and in glioma specifi cally. 
The promoter and mature miRNA sequence for miR-21 is highly conserved 
across a number of vertebrate species(Krichevsky and Gabriely, 2009), with the 
transcription of miR-21 regulated through an independent promoter site located 
in the intron region of a protein-coding gene(Fujita et al., 2008). miR-21 has been 
shown to play a role in embryogenesis, self-renewal and development in normal 
cell physiology, but its expression is dysregulated in the context of oncogenic 
processes(Kumarswamy et al., 2011; Põlajeva et al., 2012). Furthermore, miR-21 
expression is associated with cell diff erentiation, and depending on the model 
system is shown to induce osteogenic diff erentiation and inhibit neural stem cell 
diff erentiation(Gao et al., 2016; Wei et al., 2017a). In GB it has been shown that 
miR-21 acts as an important oncogene(Chan et al., 2005; Krichevsky and Gabriely, 
2009) as high levels of miR-21 in GB lead to the downregulation of the tumor 
suppressor gene IGFBP3(Yang et al., 2014) and are associated with activation of 
metalloproteinases(Gabriely et al., 2008). The expression level of miR-21 is inversely 
correlated with the survival rate of GB patients(Yang et al., 2014). miR-21 has been 
identifi ed as a cerebrospinal fl uid (CSF) biomarker for monitoring glioma growth 
and therapy response(Teplyuk et al., 2012). In addition, studies evaluating GB-
derived EVs in CSF indicated that elevated miR-21 levels are associated with worse 
prognosis(Akers et al., 2013; Shi et al., 2015). Interference with miR-21 reduces the 
malignant potential as downregulation of miR-21 have been shown to inhibit cell 
proliferation and invasion in vitro and tumor progression in vivo(Belter et al., 2016; 
Corsten et al., 2007; Gabriely et al., 2008; Põlajeva et al., 2012). 
In this study we investigated the transfer of miRNA by glioma EVs between tumor 
and stromal cells using miR-21 as the model miRNA. Using a mouse glioma cell 
line, GL261, stably expressing a palmitoylated fl uorescent protein, we monitored 
the uptake of EVs by microglia and MO/Mφ in the brain(Lai et al., 2015; van der Vos 
et al., 2016). To avoid interference by endogenous recipient cell miR-21, GL261 
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cells were implanted in the brains of mice lacking expression of miR-21(Ma et al., 
2011). Using this reporter, we were able to study the uptake of naturally shed EV 
in an in vivo setting. This approach avoids many of the technical issues hampering 
EV research, such as mechanical manipulation, subselecting for specifi c EV 
populations during isolation and the injection or incubation with an arbitrary 
number of EVs are circumvented(Abels et al., 2019; Théry et al., 2018).
Here we demonstrate functional delivery of miR-21 from glioma cells to the 
surrounding innate immune cells subsequently leading to downregulation of 
specifi c miR-21 mRNA targets. Additionally, injection experiments using isolated 
glioma-derived EVs confi rm that the observed eff ects can be mediated by EVs, 
although we do not exclude additional involvement of other miR-21 carriers, 
such as large EV or non-fl oating non-EV components. Taken together this proves 
functional EV-mediated miRNA transfer in vivo using spontaneously released EVs 
resulting in reprogramming of microglia.

Results

GL261-derived EVs contain high levels of miR-21
To study the functional extracellular transfer of miRNAs from tumor to 
surrounding cells in vivo, we use syngeneic mouse glioma cells, GL261.palmGFP.
H2B.mRFP (GL261.pGHR) (Fig. 1A). GL261 cells expressing a palmitoylated 
form of green fl uorescent protein (GFP) facilitates tracking of the uptake of 
tumor-derived membrane fragments, including EVs, into stromal cells in the 
tumor microenvironment(Lai et al., 2015; van der Vos et al., 2016). In addition, 
the nuclear localized RFP fused to the H2B histone helps to discriminate EV 
uptake from phagocytosis of whole cells(Welm et al., 2008). Using diff erential 
ultracentrifugation (Fig. 1B), larger vesicles and cell fragments pelleted at 2000xg, 
EVs, including exosomes and microvesicles isolated from GL261 cell conditioned 
medium by centrifugation at 100,000xg. Heterogeneity of these diff erent fractions 
was confi rmed by probing for diff erent vesicular protein markers that are present 
in all types of EVs and larger vesicle fractions (Flotilin-1)(Kowal et al., 2016), those 
typically associated with exosomes and absent in 2000xg (ALIX and TSG101), and 
GAPDH found to be enriched in the 2000xg and cellular fraction(McNamara et al., 
2018). Importantly, GFP protein was detected in both cellular and extracellular 
fractions confi rming that this marker can be used to track the fate of all diff erent 
subtypes of EVs (Fig. 1C). Nanoparticle Tracking Analysis (NTA) of the EVs isolated 
by 100,000xg ultracentrifugation, revealed a broad size distribution of EVs ranging 
from 100 nm to 500 nm further confi rming their heterogeneity (Supplementary 
Fig. S1A). Importantly, miR-21 was present in GL261 cells, 2000xg fraction and 
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GL261-derived EVs with signifi cantly higher levels of miR-21 in the EVs compared 
to cellular levels (Fig. 1D-E). The level of miR-21 in cells, the 2000xg fraction and 
EVs was higher than the level of to the miR-10b, a miRNA uniquely expressed in 
glioma(El Fatimy et al., 2017), as compared to normal brain (Supplementary Fig. 
S1B-C)
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Figure 1. miR-21 is abundantly present in GL261 tumor cells and isolated EV. (A) GL261 
cells were transduced to stably express palmitoylated GFP (palmGFP; lower left panel) as 
membrane marker and the H2B.mRFP (upper right panel) as nuclear marker that colocalized 
with DAPI (lower right panel). Scale bar 50 µm. (B) Schematic overview of EV isolation 
using differential centrifugation. Pellets acquired after fi rst round of ultracentrifugation 
were concentrated by second round of ultracentrifugation to obtain purer population of EVs. 
(C) Western blot demonstrates vesicle markers (ALIX and Flottilin-1) excluding TSG101, 
enriched in EV lysates. GFP was detected in all lysates (equal protein amount loaded). (D) 
Expression level of miR-21 analyzed using RT-qPCR, as plotted in Ct value normalized 
to spike-in (UniSp6), shows similar levels of miR-21 in cells and 2000xg fraction (E) 
Expression level of miR-21 analyzed using RT-qPCR, as plotted in Ct value normalized to 
spike-in (UniSp6), shows higher levels of miR-21 in EVs compared to cells. Data represents 
3 independent experiments and is presented as the mean with SEM (error bars). P<0.05. 
Unpaired T-test. 
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To further confi rm the presence of miR-21 in EVs, we separated the diff erent sized 
vesicles collected at 100,000xg and performed an iodixanol gradient. The EVs 
were bottom loaded and the gradient was performed over 16 hours at 156,000xg 
(Supplementary Fig. S2A). In total, 12 fractions were collected and analyzed 
for GFP protein levels, as well as miR-21 levels. Overall, miR-21 was found to 
co-localize with GFP, but miR-21 was also present in the high-density fractions 
possibly associated with high-density lipoproteins (Supplementary Fig. S2B-C)
(Vickers et al., 2011). Taken together, the heterogeneous population of EVs shed 
by tumor cells is labeled with membrane-bound GFP and contains high levels of 
miR-21.

Tumor-derived EVs effectively deliver miR-21 to microglia 
Next, GL261.pGHR cells or carrier fl uids were injected in adult miR-21-null mouse 
brains. By using miR-21-null mice we were able to diff erentiate between 
endogenous upregulation of miRNAs following tumor implantation and the 
transfer of exogenous miR-21 from the tumor to stromal cells. In this model, 
endogenous miR-21 is not expressed in stromal cells, so the presence of miR-21 
should be exclusively derived from the implanted tumor cells. Three weeks after 
implantation, mice were euthanized, and brains were mechanically and 
enzymatically digested for subsequent fl uorescence activated cell sorting (FACS) 
(Fig. 2A). Microglial cells were sorted based on the absence of RFP (black gate) 
and levels of CD11b and CD45 (blue gate)(Bennett et al., 2016). A carrier fl uid 
injected (mock) brain was used to determine the GFP cut-off  (red and green gate) 
(Fig. 2B). From tumor-bearing brain, microglial cells were isolated with the control 
GFP cut-off  used to separate cells negative for GFP (red box; EV-GFPneg) and 
positive for GFP (green box; EV-GFPpos). The presence of GFP in microglia thus 
indicates tumor-derived EV uptake (Fig. 2C). The expression level of miR-21 was 
detected at signifi cantly higher levels in microglia, which had taken up tumor EVs 
as compared to GFP-negative cells (Fig. 2D). The diff erence detected between 
mock microglia and EV-GFPneg microglia could be due to uptake of high-density 
lipoproteins, which carry some miR-21 (Supplementary Fig. S2). 
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Figure 2. miR-21 is transferred to microglia after uptake of tumor-derived EVs. (A) 
Schematic illustration of experimental setup using C57BL/6.miR-21-null mice implanted 
with GL261.palmGFP.H2B.mRFP glioma cells that release palmGFP fl uorescent EVs. 
Brains were harvested 21 days after implantation. Tissue was dissociated using enzymatic 
and mechanic digestion and microglia sorted based on cell markers and EV-GFP uptake. (B) 
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Representative FACS plots showing gating strategy where RFP expression is used to exclude 
tumor cells in downstream analysis and subsequently microglia were identifi ed as CD11bhigh/
CD45med cells (blue gate). Microglia were then sorted based on the GFP signal detected as 
the upper limit in control (no tumor). (C) In mice implanted with GL261.palmGFP.H2B.
mRFP, similar analysis (as in B) revealed a population of GFP-positive microglia (green 
gate in the microglia plot). (D) Uptake of EV-GFP results in the elevated levels of miR-21 in 
microglia, as compared to control microglia (blue), with Ct>40 considered baseline. (E) EV-
GFP uptake visualized by imaging fl ow cytometry using ImageStream. Five representative 
cells presented showing EV-GFP co-localized with anti-GFP Alexa Fluor 647 within the 
contours of microglia as show by membrane marker CD11b and CD45. Scale bar 10 µm. 
Data represents 4 independent experiments and are presented as the mean with SEM (error 
bars). *P<0.05, **P<0.01. One-way ANOVA with Tukey’s multiple comparisons test.

A similar trend between EV-GFPneg and EV-GFPpos microglia was seen in glioma-
specifi c miR-10b, where the expression level was higher than in EV-GFPneg

microglia (Supplementary Fig. S1D). Using a similar approach, MO/Mφ were 
identifi ed by their high expression of CD45 and CD11b (blue gate as indicated in 
the fi gure legend)(Bennett et al., 2016), separating GFP-positive cells from GFP-
negative cells (Fig. 3A-B). Similar to the microglial cells, an increased level of miR-
21 was detected in EV-GFPpos MO/Mφ in comparison to EV-GFPneg cells (Fig. 3C). 
Surprisingly the diff erence between EV-GFPneg and GFPpos in MO/Mφ was smaller 
and the relative levels in EV-GFPpos MO/Mφ were lower when compared to EV-
GFPpos microglia (Fig. 2D and 3C). To further validate that the GFP uptake is caused 
by EV-sized particles rather than phagocytosis of complete cells, ImageStream 
analysis was used to visualize the uptake of GFP in microglial cells and MO/Mφ 
(CD11b-PE, CD45-PE-Cy7 positive), using anti-GFP conjugated with Alexa Fluor 
647 to exclude auto-fl uorescence frequently encountered in myeloid cells and to 
confi rm the uptake of GFPpos vesicle-like structures (Fig. 2E and 3D). This analysis, 
as expected, did confi rm the presence of subcellular GFP positive particles in 
the microglial cells and MO/Mφ cells (Fig. 2E and 3D). To confi rm if the transfer 
of GFP is associated with functional miR-21 transfers into microglia, the miR-21 
levels in cells after EV uptake was examined (Fig. 2D). To further investigate to 
what extend EVs are taken up by other immune cells we quantifi ed GFP uptake 
by CD11blowCD45high lymphocytes (Supplementary Fig. S3A). In this population 
of non-phagocytic cells, we found a smaller percentage of cells that have taken 
up EV-GFP (Supplementary Fig. S3A-B). Moreover, the ImageStream and FACS 
analysis also allowed us to verify the expression of CD11b and CD45 on microglia 
and the absent of expression in tumor cells (Supplementary Fig. S4A-D). Taken 
together, this demonstrates that the combination of CD11b and CD45 can be 
used to isolate microglia and MO/Mφ cells and that GFP-positive EVs released by 
tumor cells in vivo can transfer miR-21 to microglia.
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Figure 3. miR-21 is transferred to monocytes/macrophages after uptake of tumor-de-
rived EVs.  (A) Monocytes/macrophages (MO/Mφ) from miR-21-null mice were identifi ed 
by FACS as CD11bhigh/CD45high cells (magenta gate). MO/Mφ were then sorted based on 
the GFP signal detected as the upper limit in control (no tumor). (B) In mice implanted with 
GL261.palmGFP.H2B.mRFP, a population of GFP-positive MO/Mφ was identifi ed (green 
gate in the GFP/RFP plot). (C) Uptake of EV-GFP resulted in the presence of miR-21 in MO/
Mφ. (D) EV-GFP uptake was visualized by imaging fl ow cytometry using ImageStream. 
Scale bar 10 µm. Data represents 3 independent experiments and are presented as the mean 
with SEM (error bars). One-way ANOVA with Tukey’s multiple comparisons test.
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EV-mediated transfer of miR-21 leads to downregulation of specifi c 
mRNA targets in microglia
One of the main functions of miR-21 is mRNA target cleavage, leading to reduction 
of levels of specifi c mRNAs. To study this, we analyzed the mRNA transcriptome of 
microglia, which were separated by FACS based on whether or not they contained 
EV-GFP. Unsupervised clustering of the top 750 most diff erentially expressed 
genes showed a clear distinction between microglia from control and tumor-
bearing EV-GFPneg and EV-GFPpos microglia (Fig. 4A). To focus on the eff ect of the 
miR-21 transfer from tumor cells to microglia, the transcripts in EV-GFPneg and EV-
GFPpos microglia were further analyzed. Four hundred and forty-one genes were 
signifi cantly upregulated, and 359 genes were downregulated in EV-GFPneg versus 
EV-GFPpos (Fig. 4B; signifi cantly changed genes in red). To further investigate 
miR-21 targets we derived a list of miR-21 targets by merging the results from 
two publicly available databases (miRTarBase and miRWalk)(Chou et al., 2018; 
Dweep and Gretz, 2015; Dweep et al., 2011), all references and evidence to miR-
21 targets listed in the database were manually curated. To focus on validated 
targets rather than predicted targets, only genes from references showing direct 
downregulation of target genes based on luciferase assays, qPCR analyses or 
western blots were included (Supplementary Table S1). Relative gene expression 
of the selected 59 target genes showed 25 genes with a lowest expression in EV-
GFPpos microglia (Fig. 4C). The genes with signifi cantly reduced expression in the 
EV-GFPpos compared to EV-GFPneg microglia (p-adjusted (p-adj) < 0.05) include 
Nfat5, Bmpr2, Btg2, Rhob and Kbtbd2 (Fig. 4C; signifi cantly changed genes in 
bold). Interestingly, two genes (FasL and Tgfbi) regulated by miR-21 are expressed 
at a signifi cantly higher level in EV-GFPpos compared to EV-GFPneg microglia (p-adj 
< 0.05) (Fig. 4C). Overall, these results demonstrate that the transfer of miR-21 by 
EVs in vivo results in downregulation of some of the miR-21 target mRNAs.

Figure 4. miR-21 downregulates target mRNAs in tumor-associated microglia. (A) In 
unsupervised clustering analysis, the top 750 most differentially expressed genes microglia 
clustered based on tumor status and EV-GFP uptake status. (B) MA-plot shows 441 
signifi cantly upregulated and 359 downregulated genes (plotted in red) when comparing EV-
GFPpos to EV-GFPneg microglia. (C) Heatmap shows relative gene expression for 59 validated 
miR-21 gene targets. Bold gene names indicate genes with p-adj<0.05 in differential 
expression analysis EV-GFPpos versus EV-GFPneg microglia.
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miR-21 downregulates genes involved in cell proliferation in 
microglia
While the selected mRNA targets (Fig. 4C), which are targets of miR-21 
(Supplementary Table S1), are found in a variety of cell types, we set out to 
validate these targets in microglia in vitro. Cultures of primary microglia isolated 
from neonatal miR-21-null mice were transfected with a miR-21 mimic and a 
scrambled control RNA. Subsequently, the levels of the mRNA targets identifi ed 
in the in vivo setting were tested by qRT-PCR. From the selected genes, expression 
level for Btg2 and Nfat5 as well as Pdcd4 were signifi cantly downregulated after 
EV uptake in vivo, were shown to be signifi cantly downregulated by the miR-21 
mimic (Fig. 5A). A control gene not targeted by miR-21, Gapdh, was not aff ected, 
as indication that mRNA target gene downregulation is miR-21 specifi c (Fig. 
5B). In order to evaluate the eff ects of transfer of miR-21 by tumor-derived EVs 
to microglia in vitro, EVs from conditioned media (EV) and unconditioned media 
(UcM) (from cultures with and without GL261 cells, respectively) were isolated 
using a diff erential centrifugation protocol (Fig. 5C). Primary neonatal miR-21-
null mouse microglia were then incubated with EVs and UcM. The microglia, 1 
x 105 cells, were exposed to a single dose of EVs, 2.43 x 1010 particles. Twenty-
four hours later, the expression level of miR-21 was signifi cantly increased in 
microglia exposed to GL261-derived EVs, as compared to UcM (Fig. 5D). We also 
observed a signifi cant downregulation of the in vivo EV downregulated miR-21 
targets Bmpr2, Btg2, Kbtbd2, Pdcd4, Pten, and Rhob transcripts, while the Gapdh
expression appeared unaff ected (Fig. 5E-F). Also, we tested whether microglia 
from wild type mice were also aff ected by the uptake of glioma derived EV in a 
similar way. We exposed primary neonatal wild type microglia to a single dose of 
EVs (2.43 x 1010 particles). 
Expression levels of the miR-21 targets were analyzed 24 hours after EV 
exposure. Here we found similar trends of downregulation of the mRNA targets 
(Supplementary Fig. S5A). Using a similar approach as shown in Figure 2 we 
isolated microglia from a tumor bearing brain of a miR-21 expressing mouse 
and investigated the levels of miR-21 targets. We found similar patterns of 
downregulation of miR-21 targets in the miR-21 wild type mice compared to 
miR-21-null mice (Supplementary Table S1, Supplementary Fig. S5B). Taken 
together, these data demonstrate that miR-21 either introduced by transfection 
or delivered through EVs can downregulate specifi c mRNAs in miR-21-null and 
wild type microglia that were downregulated in vitro and in vivo.
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Figure 5. miR-21 regulates selected target genes in vitro in primary neonatal microglia. 
(A) In comparison to scrambled control, transfection of miR-21-mimic in primary neonatal 
miR-21-null mice microglia result in signifi cant downregulation of miR-21 target genes 
(Btg2, Nfat5 and Pcdc4) normalized to β-Actin. (B) Transfection of miR-21-mimic in 
primary neonatal miR-21-null mice microglia, did not affect a control gene Gaphd, (not 
targeted by miR-21), was shown not to be affected (C) Schematic overview of EV isolation 
using differential centrifugation. EVs from conditioned media cultured with GL261 
cells (EV) and unconditioned media (UcM) were subjected to differential centrifugation. 
Collected EV pellet was resuspended in PBS and added to miR-21-null microglia. (D) EVs 
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from conditioned media (EV) and unconditioned media (UcM) were isolated and added to 
miR-21-null primary microglia followed by 24 hours incubation. Increased levels of miR-21 
were detected in microglia exposed to GL261-derived EV, as compared to control media, 
with Ct>40 considered baseline. (E) Fold expression of miR-21 target genes (Bmpr2, Btg2, 
Kbtbd2, Nfat5, Pdcd4, Pten, Rhob, Smad7 and Ski) and (F) Gapdh, a gene not targeted by 
miR-21, normalized to β-Actin in miR-21-null microglia exposed to GL261-derived EVs, as 
compared to UcM. Data represents 3 independent experiments and are presented as the mean 
with SEM (error bars). **P<0.01, ***P<0.001. Unpaired T-test and multiple T-test

Intracranial delivery of GL261-derived EVs results in effective 
transfer of miR-21 in endogenous cells 
Our in vitro experiment showed that EV-mediated miR-21 transfer downregulates 
a select number of target mRNAs in microglia, hence it is important to evaluate 
whether this eff ect also occurs in an in vivo setting. By using EVs isolated from 
GL261, grown in vitro, we can study the uptake and eff ect of these EVs without 
confounding action of other factors released by the tumor cells. Using the 
previously described 100,000xg EV isolation protocol (Fig. 1B), we resuspended 
the GL261-derived EVs in PBS. A total of 1.26 x 109 particles as measured by 
NTA were used. A carrier control (PBS) was used to set the cut-off  of the GFP 
within the microglial population (blue circle and green box) (Fig. 6A). Sixteen 
hours after injection of the EVs into the left striatum (using similar coordinates 
as tumor implantation) of miR-21-null mice, about 0.3% of all microglia in the 
brain (blue circle) that had taken up EVs (green box) were detected (Fig. 6B). 
Interestingly, miR-21 was detected in the EV-GFPpos microglia, compared to being 
at non-detectable levels in EV-GFPneg microglia, demonstrating that miR-21 was 
eff ectively transferred via EVs derived from in vitro cultured tumor cells and 
delivered to microglia in vivo (Fig. 6C). This EV-uptake occurs soon after injection, 
as the EV-GFP signal was no longer detectable 40 hours after injection of EVs (data 
not shown), indicating the degradation of EV-GFP. In vitro experiments showed 
that levels of Pdcd4 and Btg2 were regulated by miR-21 in microglia (Fig. 5A) and 
were shown to be downregulated after exposure to glioma EVs (Fig. 5D). In this 
experiment both transcript levels were reduced in microglia that took up EV-GFP, 
however, this reduction reached signifi cance only for the Btg2 replicates (Fig. 6D). 
Interestingly, of the two targets only Btg2 was among the initially downregulated 
miR-21 targets in vivo. The levels of miR-21 were lower in the microglia after EV-
GFP uptake (delivered intracranially), compared to the tumor samples or microglia 
transfected in vitro. The relatively low levels of miR-21 in the EV-GFP brain injection 
experiment may explain the incomplete downregulation of the Pdcd4 gene. 
However, these results suggest that in the absence of a tumor, microglia can take 
up tumor cell-derived EVs injected into the striatum leading to miR-21 dependent 
downregulation of Btg2. 

Thesis_211214.indd   74Thesis_211214.indd   74 12/16/21   4:07 PM12/16/21   4:07 PM



Extracellular transfer of miR-21

3

75

Pdc
d4

Btg2
0.0

0.5

1.0

1.5

Fo
ld

 c
ha

ng
e 

to
 E

V-
G

FP
ne

g  m
ic

ro
gl

ia
(n

or
m

al
iz

ed
 to

 
-A

ct
in
)

EV-GFPneg microglia

EV-GFPpos microglia
*

EV-G
FP

ne
g  m

icr
og

lia

EV-G
FP

po
s  m

icr
og

lia

20

30

40

50

m
iR

-2
1 

C
t v

al
ue

 
(n

or
m

ai
lz

ed
 to

 U
6)

n.d.

0 102 103 104 105
0

50K

100K

150K

200K

250K

0.2998.3

SS
C

-A

GFP
0 102 103 104 105

0

102

103

104

105

11.4

C
D

11
b-

Al
ex

a6
47

CD45-PE-Cy7

0 102 103 104 105
0

50K

100K

150K

200K

250K

0.05499.5

SS
C

-A
GFP

0 102 103 104 105

0

102

103

104

105

11.3
C

D
11

b-
Al

ex
64

7

CD45-PE-Cy7

PBS

GL261.palmGFP.H2B.mRFP EVs

A

B

C D

Figure 6

Figure 6. EV-GFP uptake after EV intracranial injection (A) PBS or (B) GL261.palmGFP.
H2B.mRFP EVs were injected intracranially, after 16 hours brains were dissociated, and 
microglia were sorted based on EV-GFP uptake. (C) Uptake of EV-GFP resulted in elevated 
levels of miR-21 in microglia, levels in EV-GFPneg microglia were not detectable (n.d.), 
with Ct>40 considered baseline (D) Gene expression analyzed using ddPCR showing that 
Pdcd4 and Btg2 expression is reduced after EV-GFP uptake. Data represents 3 independent 
experiments and are presented as the mean with SEM (error bars). *P<0.05. Multiple T-test.

Btg2 downregulation leads to increased microglia proliferation
A number of the downregulated genes, including Pdcd4 and Btg2, are involved in 
cellular proliferation. Pathway analysis of genes diff erentially expressed at higher 
levels in EV-GFPpos compared to EV-GFPneg microglia indeed showed that a 
number of pathways involved in cell cycle control were upregulated, indicating 
a higher degree of proliferation in microglia after EV uptake (Supplementary Fig.  
S6A). To test whether microglia have a higher degree of proliferation after EV 
uptake we analyzed the expression level of a number of genes that are described 
to be involved in microglial proliferation (Hammond et al., 2019). All of these 
genes are expressed at higher levels in microglia from tumor-bearing brains, with 
the highest expression in EV-GFPpos microglia (Fig. 7A). To further investigate 
the eff ect of miR-21 and Btg2 on microglial proliferation, we transfected miR-21 
KO microglia with miR-21 mimic or siRNA against Btg2. Thereafter, the number 
of Ki67 positive cells was quantifi ed comparing miR-21 mimic versus scrambled 
control and siRNA targeting Btg2 versus a siRNA control. Using a miR-21 mimic a 
higher number of microglia express the Ki67 proliferation marker after 24 hours of 
transfection (Fig. 7B-C). The downregulation of Btg2 after siRNA transfection also 
yielded a higher number of microglia expressing Ki67 (Fig. 7D-F). Overall, these 
results show that microglial proliferation is increased upon the delivery of miR-21 
and after the downregulation of Btg2.  
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Figure 7. Btg2 downregulation leads to increased microglia proliferation. (A) 
Normalized read count of genes involved in microglia proliferation (Hammond et al., 2019) 
(B) Representative images of in vitro culture miR-21-null microglia transfected with miR-21 
mimic and control showing DAPI and Ki67 staining 24 hours after transfection. Scale bar 
100 µm. (C) Quantifi cation of proliferation 24 hours after transfection with miR-21 mimic 
or control as measured by Ki67 positive cells per total number of DAPI positive cells. (D) 
Representative images of in vitro culture miR-21-null microglia transfected with siRNA 
against Btg2 and siRNA control showing DAPI and Ki67 staining 24 hours after transfection. 
Scale bar 100 µm (E) Quantifi cation of proliferation 24 hours after transfection with siRNA 
against Btg2 or control as measured by Ki67 positive cells per total number of DAPI positive 
cells. Data represents 3 independent experiments and are presented as the mean with SEM 
(error bars). ***P<0.001 multiple testing adjusted p-value differential expression in (A) and 
***P<0.001. Unpaired T-test in (C, E-F).

Discussion

EV-mediated miRNA transfer downregulates specifi c mRNAs in vivo. By using a 
palmitoylated fl uorescent protein stably expressed in tumor cells we were able to 
track the uptake of tumor EVs by other cells in the brain(Lai et al., 2015; van der 
Vos et al., 2016). This reporter is not specifi c to one type of vesicles (e.g. exosomes, 
ectosomes or microvesicles)(Cocucci and Meldolesi, 2015), but follows the uptake 
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of all naturally formed membrane-bound vesicles. Microglia are known to be 
highly infi ltrative into gliomas and we have shown that they avidly take up tumor-
derived fl uorescent EVs(van der Vos et al., 2016). Here we show that the cargo 
of the EVs is transferred into the microglia resulting in the delivery of functional 
miR-21.

In the current literature, EVs isolated after ultracentrifugation (100,000xg 
pellet) or smaller EVs isolated after size exclusion chromatography have been 
studied the most. We included the 2000xg pellet (mostly comprised of apoptotic 
bodies) in our analysis as well and even though we were able to detect miR-
21 in these particles, we could not detect upregulation of miR-21 compared to 
cellular levels, as were found for the 100,000xg pellet. Additionally, by injecting 
the 2000xg pellet into non-tumor bearing mice, we only detected incidental GFP 
uptake by microglia indicating that the EVs isolated after ultracentrifugation are 
taken up to a greater extent microglial cells in vivo. Moreover, we found that miR-
21 is also present in the high-density fractions by density gradient centrifugation 
(containing high-density lipoproteins), indicating that these may add to the EV 
mediated miR-21 transfer and could explain the presence of miR-21 in GFPneg

microglia(Vickers et al., 2011). Overall, the cargo of the glioma-derived EV subtypes 
is transferred into the microglia resulting in the delivery of functional miR-21. 
Although EV mediated miRNA transfer was previously either shown in vitro or 
after injection of arbitrary amounts of highly subselected EVs in vivo, this study 
demonstrates in vivo functional transfer of miRNA by spontaneously released EVs.
 Due to their high abundance in tumor tissue we focused in this study 
on the microglia and infi ltrating MO/Mφ. Analysis of the EV-GFP uptake and the 
subsequent miR-21 levels in miR-21-null mice showed that while the percentage 
of cells positive for EV-GFP uptake was highest in the MO/Mφ population, the 
miR-21 transfer was most effi  cient in microglia. This could be due to diff erential 
uptake mechanisms, for example microglia have been known to take up EV 
through macropinocytosis while MO/Mφ use phagocytosis possibly followed by 
degradation(Fitzner et al., 2011). These diff erential uptake mechanisms can result 
in the diff erence of miR-21 level detected. So far, it has been reported that EVs 
derived from oligodendrocytes, glioma cells and neural stem cells are taken up by 
microglia(Fitzner et al., 2011; Morton et al., 2018; van der Vos et al., 2016). Within 
the developing brain the role of EVs in the communication between neural stem 
cells and neighboring microglia has also been shown to change the transcriptional 
state of the latter(Morton et al., 2018). Here, we used fl ow cytometry and image 
fl ow cytometry to visualize the uptake of fl uorescently labeled EVs by microglia. 
By analyzing the transcriptome of the tumor associated miR-21-null microglia, 
we observed downregulation of miR-21 target mRNAs after uptake of tumor EVs. 
Overall, following uptake of the fl uorescent EVs, miR-21 needs to exit the vesicles 
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to become functional. Upon release of miR-21 and palmGFP into the cytosol, the 
palmGFP might associate with other membranes in the cells and would probably 
be diluted out so as to be lost visually. Alternatively, a fraction of miR-21 and 
palmGFP might be retained in endosomes and degraded in late endosomes/
lysosomes. Since the uptake of palmGFP EVs is most probably not a one-time 
but a continuous process, palmGFP and thus levels of miR-21 in cells may be 
in both the endosomes and cytosol/membranes. The downregulation of target 
mRNAs as we detected supports the notion that miR-21 is release into the cytosol 
after uptake of miR-21+ tumor EVs. While other EV components, such as diff erent 
small and large RNAs as well as proteins and lipids are also anticipated to aff ect 
microglia, we have, by making use of the miR-21-null mouse, been able to dissect 
the eff ects of the transfer of this single miRNA. Especially for Btg2 we were able to 
show EV miR-21 mediated knockdown in vivo and were able to validate the role of 
EVs in additional in vivo and in vitro studies.

Here, we have demonstrated a mechanism through which a tumor can 
change the molecular profi les of microglia. EV-mediated transfer of miRNA from 
tumor cells to microglia results in downregulation of specifi c target genes. The 
gene that was most strikingly altered by EV mediated miR-21 transfer was Btg2
(synonyms, Pc3 and Tis21). This gene belongs to the BTG/Tob protein family 
which is comprised of 6 genes (BTG1, BTG2/PC3/Tis21, BTG3/ANA, BTG4/PC3B, 
Tob1/Tob and Tob2) and all are involved in the control of cellular proliferation 
and diff erentiation(Matsuda et al., 2001). Btg2 negatively controls proliferation 
by reducing the activity of cyclin D1 which drives the cell cycle as shown in 
medulloblastoma cells(Farioli-Vecchioli et al., 2007) and by inhibiting cell cycle 
transition from G1 to S phase in fi broblasts(Guardavaccaro et al., 2000). Increased 
levels of proliferation in microglia have been reported in neuro-infl ammation and 
traumatic brain injury, indicating that disruption of the CNS homeostasis as is also 
occurring during tumor growth can result in proliferation of microglia(Febinger et 
al., 2015; Pepe et al., 2017). By downregulation of Btg2 through transfection with 
miR-21 mimic or siRNA specifi c to this message we showed an increased level of 
proliferation in microglia in culture. Within a tumor it is possible that by reducing 
the anti-proliferative eff ects of Btg2 in tumor-supporting microglia, these cells 
will increase proliferation resulting in an increased infl uence on shaping the 
tumor microenvironment. In addition, it has also been shown that glioma cells 
exchange extracellular material suggesting that EV mediated miR-21 transfer can 
also increase glioma cell proliferation(Al-Nedawi et al., 2008; Skog et al., 2008).

In conclusion, the results of this study demonstrate that glioma cells 
can reprogram microglia in part by transferring miR-21 through EVs. Using the 
fl uorescent palmitoylated EV reporter we have been able to study the uptake of 
naturally secreted EVs in vivo. Reviewing our data, we propose a model in which EVs 
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secreted by tumor cells function as miRNA carriers, which deliver molecules that 
change the transcriptome and subsequent proliferative capacities of microglia. 
This observation opens up new opportunities for therapy aimed at disrupting this 
form of communication between tumor cells and surrounding cells, including 
tumor-associated microglia. It is proof that miRNAs can be transferred by EVs to 
cells in the brain in vivo with functional consequences.

Material and Methods

Animals

All animal experiments were conducted under the oversight of the Massachusetts 
General Hospital Institution Animal Care and Use Committee. B6;129S6-MiR-
21atm1Yoli/J (miR-21-null) mice were maintained with unlimited access to water 
and food under a 12-hour light/dark cycle(Ma et al., 2011). Male and female mice 
ranging from 12 - 14 weeks in age were randomly assigned to experimental 
groups. For RNA sequencing 3 mice were assigned per group. Injection of EVs was 
also done with 3 animals per group.

Cell Culture 

Mouse glioma cell-line GL261 (NCI Tumor Repository) was cultured at 37°C in 
a 5% CO2 humidifi ed incubator. Culture media was comprised of Roswell Park 
Memorial Institute (RPMI) 1640 with L-glutamine (Corning) supplemented with 
penicillin (100 units/ml), streptomycin (100 μg/ml) (P/S) (Corning) and 10% fetal 
bovine serum (FBS) (Gemini Bioproducts). Cells were tested for mycoplasma 
contamination (Mycoplasma PCR Detection Kit, abm G238) and found negative. 
Cells grown for EV isolation were cultured in media supplemented with 5% EV-
depleted FBS. FBS was depleted from EVs by 16 hours of ultracentrifugation at 
160,000xg. 

Microglia Culture

Mixed glial cultures were isolated from cerebral cortices of P1 to P4 mouse pups. 
Meninges were removed, and cortical cells were dissociated using 0.05% Trypsin/
EDTA (Corning) followed by cell straining using 100 μm and 40 μm cell strainers. 
Cells were cultured in DMEM with 20% FBS, 1% P/S and 10 ng/ml M-CSF (Gibco) in 
poly-D-lysine (PDL; Sigma-Aldrich; 10 µg/ml) on pre-coated T-75 culture fl asks for 
10-15 days. Primary microglia were harvested from confl uent mixed glial culture 
by gentle shaking on an orbital shaker for 30-60 min at 180 rpm and cultured in 
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the same medium(Tamashiro et al., 2012).

Lentiviral Transduction Reporter 

GL261 cells were stably transduced using a CSCW2 lentiviral vector(Sena-Esteves 
et al., 2004) encoding palmitoylated GFP (palmGFP), resulting in membrane 
localized GFP expression in cells and EVs released by these cells(Lai et al., 2015; 
McCabe and Berthiaume, 1999). A second transduction was performed to stably 
express the H2B.mRFP reporter (Addgene #18982, acquired from Dr. Thorsten 
Mempel, MGH)(Welm et al., 2008). Following transduction, cells were sorted for 
single cell cloning on the expression of both GFP and RFP. A clone with stable 
expression of both reporters was used for all experiments. For imaging of the cells, 
they were seeded on PDL (Sigma-Aldrich) coated glass coverslips and incubated 
for 48 hours. Cells were then washed in PBS and fi xed using 4% paraformaldehyde 
(PFA; Electron Microscopy Sciences) in PBS. DAPI (1 μg/ml) (Thermo Fisher) staining 
was performed for 30 min at room temperature. Slides were washed for 10 min 
using PBS and mounted on microscopy slides using ProLong® Diamond Antifade 
Mountant (Thermo Fisher). Fluorescence microscopy images were acquired on 
the Zeiss Axio Imager M2 (Carl Zeiss).

Proliferation assay

miR-21-null primary microglia were seeded at the density of 70,000 cells/well on 
coverslips coated with poly-D-lysine (PDL; Sigma-Aldrich; 10 µg/ml). Microglia 
were transfected using DharmaFECT (Dharmacon) transfection reagent in Opti-
MEM (Gibco). miR-21 mimic and scrambled control were used at a concentration 
of 20 µM, siRNA against Btg2 and siRNA control at 5 µM. Transfection mixes 
were incubated for 30 min before adding to the cells, which were subsequently 
incubated for 24 hours at 37°C.  After incubation, microglia were washed in PBS 
for 5 min and fi xed in 100% ice-cold methanol for 10 min. After fi xation cells 
were washed two times in PBS for 5 min. Microglia were blocked in 5% BSA and 
0.1% Triton X-100 (USB) in PBS (PBS-T) for 4 hours. Microglia were then incubated 
with the primary antibody Ki67 anti-rabbit (Abcam, 1:4000) at 4°C overnight. 
Microglia were washed three times in PBS-T for 5 min. Secondary antibody goat 
anti-rabbit (Invitrogen, 1:400) was diluted in PBS-T and incubated for 1 hour in 
dark at RT. Microglia were stained for DAPI (Thermo Fisher, 1 μg/ml) diluted in 
PBST and incubated for 5 min. Coverslips were transferred to microscope slides 
(Fisherbrand) on a droplet of mounting medium (Vectashield, Vector Labs). 
Fluorescence microscopy images were acquired on the Zeiss Axio Imager M2 (Carl 
Zeiss). Quantifi cation of proliferation 24 hours was measured as Ki67 positive cells 
per total number of DAPI positive cells using Image J. 
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Vesicle Isolation Including Iodixanol Density Gradient

The diff erential ultracentrifugation protocol consisted of subsequent 
centrifugation at 300xg for 10 min and 2000xg 10 min. Two-thousand xg pellet 
was collected and resuspended in PBS or RIPA buff er respectively for injection 
or western blot analysis. Supernatants were fi ltered through 0.8µm fi lter 
(Sigma) and centrifuged for 100,000xg (k-factor of 220.1) 120 min in Quick-Seal® 
Polypropylene Tubes (Beckman) using Type 70 Ti in Optima XE ultracentrifuge 
(Beckman) to pellet EVs. For EV exposure experiments and western blot analysis, 
pellets were resuspended in remaining supernatant supplemented with OptiMEM 
and concentrated by centrifugation at 100,000xg (k-factor of 190.7) for 120 min 
in Thinwall Polypropylene Tubes (Beckman) using MLS-50 Swinging-Bucket Rotor 
(Beckman) in an Optima Max-XP Ultracentrifuge. Final EV pellet was resuspended 
in DPBS for exposure experiment or RIPA buff er for western blot analysis.

Prior to western blot analysis cells and EVs were lysed in RIPA buff er with protease 
inhibitors (Sigma). Protein concentration was determined using Pierce BCA 
protein assay (Thermo Fisher) and equal amounts were loaded and resolved on 
10% SDS-PAGE gel (Thermo Fisher). After transfer onto nitrocellulose membranes, 
samples were probed for GFP (Thermo Fisher, A-11120, 1:1000), GAPDH (Millipore, 
CB1001, 1:1000), TSG101 (Abcam, ab125011, 1:500), ALIX (Santa Cruz, sc-53538, 
1:200) and Flotillin-1 (Abcam, ab133497, 1:500). ECL Anti-Rabbit IgG (Sigma) and 
ECL Anti-mouse IgG (Thermo Fisher) corresponding to the primary antibody were 
used as a secondary antibody.

For iodixanol density gradient the 100,000xg EV pellet was resuspended in 300 
µl supernatant and mixed by adding 1 ml 60% cold iodixanol (OptiPrep Density 
Gradient Medium, Sigma D1556), the mixture was subsequently transferred to a 
Thinwall Polypropylene Tubes (Beckman). One layer of 500 µl of 40% and 30% 
iodixanol (diluted with 10x PBS and Milli-Q) were loaded on top of the 46% layer 
consisting EVs in the suspension of 60% iodixanol. The remaining volume was fi lled 
using 10% iodixanol. The density step-gradients were centrifuged at 156,000xg 
for 16 hours at 4°C in using an Optima Max-XP Ultracentrifuge. After 1 ml of the 
top layer was removed and 12 fractions of 250 µl were collected sequentially 
and numbered 1-12 from top to bottom. The diff erent fractions were weighted 
determine density and used for western blot analysis and miRNA quantifi cation. 

For western blot analysis, 30 µl of each fraction was lysed in RIPA buff er with 
protease inhibitors (Sigma Aldrich). Protein concentrations were determined using 
Pierce BCA protein assay (Thermo Fisher) and equal amounts were loaded and 
resolved on 10% SDS-PAGE gel (Thermo Fisher). After transfer onto nitrocellulose 
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membranes, samples were probed for GFP (Thermo Fisher, A-11122, 1:1000). ECL 
Anti-Rabbit IgG (Sigma) was used as secondary antibody corresponding to the 
primary antibody. The remaining volumes were used for RNA isolation and miRNA 
RT-qPCR quantifi cation.

Intracranial Tumor Injection

Adult miR-21-null mice were fi rst anesthetized using 2.5% isofl urane in 100% 
oxygen via a nose cone. The left striatum was then either injected with 1 x 105

cells of GL261.palmGFP.H2B.mRFP (GL261.pGHR) suspended in 2 μl OptiMEM 
or OptiMEM alone. Using a stereotactic frame, the cells were implanted at three 
coordinates from bregma: 0.5 mm left, 2 mm anterior and a depth of 2.5 mm 
from the skull. Three weeks after implantation, the mice were anesthetized with 
120 μl of a mixture of ketamine (17.5 mg/ml) and xylazine (2.5 mg/ml) followed 
by transcardial perfusion with 50 ml cold Dulbecco’s phosphate-buff ered saline 
(DPBS) without magnesium and calcium for subsequent FACS using a perfusion 
pump (Minipump Variable Flow, Fisher Scientifi c).

Tissue Digestion

Neural Tissue Dissociation Kit (P) (Miltenyi Biotec) was used to process the brain 
into a single cell suspension. Brains were placed into a GentleMacs™ C-tube 
(Miltenyi Biotec) with 1.9 ml Buff er X with 50 µl Neural Buff er P. Brain was 
dissociated using the gentleMACS Dissociator (Miltenyi Biotec) on the brain 
program settings, according to manufacturer’s protocol. Myelin removal was 
achieved using magnetic separation together with anti-myelin beads (Miltenyi 
Biotec). The fi nal cell suspension was re-suspended in 1X DPBS without calcium 
(Ca2+) or magnesium (Mg2+) (Corning) supplemented with 2 mM EDTA (Thermo 
Fisher) and 0.5% BSA (Sigma) following cell staining and FACS.

Flow Cytometry Preparation

Non-specifi c binding of the immunoglobulin to the Fc receptors was blocked by 
incubating cells 10 min on ice in 0.5% BSA in DPBS (without Ca2+ or Mg2+) with 
2 mM EDTA supplemented with TruStain fcX™ (anti-mouse Cd16/32, BioLegend, 
#101319, clone 93, 1:100). Cells were stained with anti-CD11B-Alexa647 (clone 
M1/70, 1:100) and anti-CD45-PE-Cy7 (clone 30-F11, 1:100) for 30 min on ice. 
Finally, cells were washed with 1 ml DPBS (without Ca2+ or Mg2+) with 0.5% BSA 
and 2 mM EDTA and were centrifuged at 300 × g for 10 min, resuspended in 0.5% 
BSA, 2 mM EDTA in DPBS (without Ca2+ or Mg2+) and passed through a 35 µm 
nylon mesh strainer (BD Falcon). DAPI was added to cells at fi nal concentration 
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of 1 µg/ml. Live cells were sorted using a BD FACSAria II SORP Cell Sorter. Sorted 
cells were directly lysed in RLT Plus buff er (Qiagen) and RNA was extracted using 
the RNeasy Plus RNA isolation kit (Qiagen) according to manufactures protocol 
following appendix D.

Image Stream Analysis

Following protocol described above to dissociate cells from the whole brain, cells 
were stained as listed above with anti-CD11B-PE (clone M1/70, 1:100) and anti-
CD45-PE-Cy7. After staining, cells were fi xed and permeabilized with BD Cytofi x/
Cytoperm™ following manufacturing protocol. After fi xation and permeabilization 
cells were stained with anti-GFP-Alexa Fluor 647 (clone FM264G, 1:100) and 
DAPI to a fi nal concentration of 1µg/ml. Flow imaging was done using Amnis 
ImageStream mkII Imaging Flow Cytometer.

Intracranial Injection of EVs

Isolation of EV was done from conditioned media after 48 hours of culturing 
GL261 in RPMI with 1% P/S and 5% EV-depleted FBS (see “Cell Culture”). The 
diff erential ultracentrifugation protocol consisted of subsequent centrifugation 
at 300xg for 10 min and 2000xg 10 min. Supernatants were fi ltered through 
0.8µm fi lter (Sigma) and centrifuged for 100,000xg (k-factor of 220.1) 120 min 
in Quick-Seal® Polypropylene Tubes (Beckman) using Type 70 Ti in Optima XE 
ultracentrifuge (Beckman) to pellet EVs. To wash and concentrate EVs, pellets 
were resuspended in remaining supernatant supplemented with OptiMEM and 
concentrated by centrifugation at 100,000xg (k-factor of 190.7) for 120 min in 
Thinwall Polypropylene Tubes (Beckman) using MLS-50 Swinging-Bucket Rotor 
(Beckman) in an Optima Max-XP Ultracentrifuge. Final EV pellet was resuspended 
in DPBS and characterization of EVs was performed by size distribution analysis 
using nanoparticle-tracking analysis (NTA 3.2; Malvern), with screen gain set at 3.0 
and camera level at 13.0. 

Following procedures as described in intracranial tumor implantation method 
section EVs or an equal volume of carrier fl uid (PBS) was injected intracranially. 
Microglia were isolated 16 and 40 hours after injection of EVs or DPBS following 
procedures, as previously described.

RT-qPCR

cDNAs for gene expression analysis with RT-qPCR were prepared using the 
SuperScript VILO cDNA Synthesis Kit (Invitrogen). qPCR mix was prepared 
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following manufacturing protocol of Power SYBR Green PCR Master Mix (Applied 
Biosystems). qPCR was performed using the QuantStudio 3 PCR system (Applied 
Biosystems). The cycling conditions used were 50°C for 2 min, 95°C for 10 min, and 
40 cycles of 95°C for 15 sec and 60°C for 1 min following dissociation analysis. All 
qPCR reactions were done in triplicate and normalized to ß-Actin mRNA levels.

miRNA expression analysis was performed using miRCURY LNA miRNA PCR kit 
following manufacturing’s protocol. miRNA expression was normalized to U6 or 
UniSP6 spike-in RNA as listed in fi gure legends.

Digital Droplet PCR (ddPCR)

To evaluate gene expression of from cells isolated after intracranial injection of EVs, 
cDNA was prepared using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). 
Gene expression was analyzed using ddPCR following PrimePCR ddPCR Gene 
Expression Probe Assay. Using protocol as listed by manufacturer droplets were 
generated with DG8 Cartridge using QX200 droplet generator (Bio-Rad) and PCR 
performed with thermal cycling conditions as described. QX200 Droplet Reader 
and QuantaSoft Software (Bio-Rad) were used to analyze the gene expression.

RNA Sequencing

The RNA concentration and integrity (RIN score) were determined using the Agilent 
2100 Bioanalyzer Pico-chips (Agilent Technologies) following manufacturing 
protocol. RNA libraries were prepared with poly(A) selection using 3’-SMART 
CDS Primer II A within the SMARTer Ultra Low Input RNA Kit for Sequencing–v3 
(Clontech Takara) following manufacturer’s protocol including ERCC RNA Spike-In 
Mix (Life Technologies). Following fi rst strand synthesis, cDNA was purifi ed with 
1x Agencourt AMPure XP beads (Beckman Coulter), as described in SMARTer 
protocol. Nextera® XT DNA Library Preparation kit (Illumina) was used for sample 
barcoding and fragmentation according to the manufacturer’s protocol. Library 
amplifi cation and library barcoding were achieved within 12 cycles of PCR. 
Subsequent PCR products were purifi ed with 1.8x Agencourt AMPure XP beads 
according Nextera XT protocol. Library quantifi cation was done using the SYBR® 
FAST Universal qPCR Kit (KAPA Biosystems). Equal molar individual libraries were 
pooled, and the pool concentration was determined using the KAPA SYBR® FAST 
Universal qPCR Kit. Finally, libraries were diluted and denatured with the addition 
of 1% PhiX Sequencing Control V3 (Illumina). 75-bp paired-end reads were 
generated using NextSeq 500/550 High Output v2 kit (150 cycles) on an Illumina 
NextSeq (Illumina).
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Data Processing and Analysis

Raw sequencing data were processed by aligning to the mm10 genome using 
the STAR v2.4.0h aligner, and removing duplicate using the MarkDuplicates 
(picard-tools-1.8.4). Read counts were generated with Gencode’s GRCm38.p3 GTF 
annotations as reference using htseq-count.

After aligning and read counting, the downstream analysis was performed 
using the DESeq2 (version 1.10)(Love et al., 2014) in R (version 3.2.3). Diff erential 
expression analysis as performed in DESeq2 was subjected to statistical 
signifi cance using Benjamini and Hochberg multiple testing adjusted p-values. 
The regularized logarithm (rlog) values were used for unsupervised clustering of 
top 750 most diff erential expressed genes between samples and to plot heatmaps 
using the gplots (version 2.17) heatmap.2 function in R.

Pathway analysis was performed in MetaCore using diff erential expression values 
between EV-GFPpos versus EV-GFPneg as generated in DESeq2. A cut-off  value 
of signifi cance of multiple testing adjusted p-value <0.05 was used to include 
diff erentially expressed genes. 

Bar graph and MA plots were generated in GraphPad Prism (version 7.0c). Error 
bars display mean ±standard error of the mean (SEM). Signifi cance was calculated 
using unpaired T-test, multiple T-tests and One-way ANOVA with Tukey’s multiple 
comparisons test, with statistical signifi cance defi ned as p<0.05. 

Data and Software Availability

Raw and processed transcriptomic data described in this manuscript are deposited 
in NCBI’s Gene Expression Omnibus (GEO) and are accessible using GEO Series 
accession number GSE12607 at https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE126073. 
All R scripts written for data processing are available online in a git repository. 
The fi les and information can be accessed at: https://github.com/slnmaas/miR21-
Project.
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Supplementary Figure S1. Glioma-specifi c miR-10b is present in tumor-derived 
EVs and is transferred to microglia. Related to Figure 1 and 2 (A) Size distribution of 
isolated EVs analyzed using NTA showing heterogeneity of the vesicles present in the EV 
preparation. (B) miR-10b expression in cells and 2000xg fraction, as plotted in Ct normalized 
to spike-in (UniSp6). (C) miR-10b is present in cells and EV at signifi cant different levels. 
(D) Uptake of EV-GFP results in signifi cant elevated levels of miR-10b in microglia, with 
Ct>40 considered baseline. Data represents 3 independent experiments and are presented as 
the mean with SEM (error bars). *P<0.05, **P<0.01. Unpaired T-test.
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*

Supplementary Figure S2. Iodixanol gradient shows co-localization of miR-21 with 
GFP and high-density particles. Related to Figure 1 (A) Schematic overview of iodixanol 
gradient isolation to separate different vesicles and proteins based on density. (B) Presence of 
GFP was analyzed on different density fractions. (C) Fold expression of miR-21 in different 
fraction compared to the fi rst fraction shows co-localization of GFP with miR-21 and miR-
21 present in high-density fractions. Data represents 2 independent experiments and are 
presented as the mean with SEM (error bars).
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Figure S3

Supplementary Figure S3. Tumor-derived EVs are taken up by CD11blow CD45high lym-
phocytes. Related to Figure 2 and 3 (A) Representative FACS plots showing gating strat-
egy where RFP expression was used to exclude tumor cells in downstream analysis and 
subsequently lymphocytes were identifi ed as CD11blow/CD45high cells (yellow). Uptake of 
tumor derived EVs was examined based on GFP signal. (B) EV-GFP uptake was visualized 
by imaging fl ow cytometry using ImageStream. Scale bar 10µm.
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Figure S4. GL261 cells do not express the marker used to isolate microglia, monocytes/
macrophages. Related to Figure 2 and 3 (A) Dissociated brain cells were stained with 
CD11b and CD45 to identify microglia and set limits for CD11b and CD45 expression. (B) 
The distribution of unstained GL261 cells used as negative control is shown within set gat-
ing. (C) GL261 cells stained with CD11b and CD45 showed that these cells do not express 
these markers. (D) Using imaging fl ow cytometry, GL261.palmGFP cells isolated from tu-
mor-bearing mouse brain were imaged for anti-GFP-Alexa647. Scale bar 10 µm.
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Figure S5

Supplementary Figure S5. miR-21 regulates selected target genes in vitro and in vivo wild 
type microglia. Related to Figure 5 (A) EVs from conditioned media (EV) were isolated 
and added to wild type primary microglia followed by 24 hours incubation. Fold expression 
of miR-21 target genes (Bmpr2, Btg2, Kbtbd2, Nfat5, Pdcd4, Pten, Rhob, Smad7 and Ski) 
and Gapdh, a gene not targeted by miR-21, normalized to β-Actin in wild type microglia 
exposed to GL261-derived EVs, as compared to PBS control. Data represents 3 independent 
experiments and are presented as the mean with SEM (error bars). (B) Heatmap showing 
relative gene expression for 59 validated miR-21 gene targets in microglia isolated from 
tumor bearing mice and control isolated from miR-21 wild type mice in a similar method as 
displayed in Figure 2B. **P<0.01. Unpaired T-test and multiple T-test.
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A

Supplementary Figure S6. Pathway analysis of differentially expressed genes between 
EV-GFPpos and EV-GFPneg shows an overrepresentation of increased cell cycle 
control pathways. Related to Figure 7 (A) Metacore pathway analysis on signifi cantly 
differential expressed genes between EV-GFPpos and EV-GFPneg tumor microglia showed 
an overrepresentation of genes upregulated involved in cell cycle control (in bold). Genes 
upregulated (black) in the total pathway (grey) and p-value (circle) as associated with the 
pathway. 

Supplementary Table S1. miR-21 targets with method of evidence and reference. 
Related to Figure 4. Mouse miR-21 target genes acquired from publically available databases 
(miRTarBase and miRWalk) were manually curated. Only miR-21 target genes with strong 
evidence (based on reporter assay, western blot and qPCR) are included.
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 Evidence  

Gene Reporter assay Western blot qPCR Reference 

Adgrg2    ✔ (Ma et al., 2011) 

Apaf1 ✔   (Hatley et al., 2010) 

Atpaf1   ✔ (Ma et al., 2011)  

Bcl2 ✔   (Wu et al., 2012) 

Bcl7a ✔   (Hatley et al., 2010) 

Bmpr2   ✔ (McDonald et al., 2013)  

Btg2 ✔ ✔ ✔ (Hatley et al., 2010; Song et al., 2010; 

Yang et al., 2011) 

Cd44   ✔ (Ma et al., 2011) 

Cdc25a  ✔ ✔ (Kölling et al., 2017; Ma et al., 2011) 

Cdk2ap1 ✔ ✔ ✔ (Afonso et al., 2018) 

Cdk6  ✔  (Kölling et al., 2017) 

Cntfr

  

  ✔ (Ma et al., 2011) 

Cxcl10   ✔ (Ma et al., 2011) 

Dnajc16

  

  ✔ (Ma et al., 2011) 

Dusp8   ✔ (Ma et al., 2011) 

Eif4e3 ✔   (Soares et al., 2014) 

FasL ✔ ✔  (Hatley et al., 2010; Sayed et al., 2010) 

Fnip1   ✔ (Ma et al., 2011) 

Gramd3   ✔ (Ma et al., 2011) 

Gsk3b ✔   (Hu et al., 2017) 

Il12a  ✔   (Lu et al., 2009; Wu et al., 2012) 

Kbtbd2   ✔ (Ma et al., 2011) 

Kbtbd7 ✔   (Yang et al., 2018) 

Klf3   ✔ (Ma et al., 2011) 

Krit1   ✔ (Ma et al., 2011) 

Lemd3   ✔ (Ma et al., 2011) 

Lrrc57   ✔ (Ma et al., 2011) 
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Map2k3 ✔   (Hatley et al., 2010; Xie et al., 2016) 

Marcks   ✔ (Johnston et al., 2017) 

Mmp9  ✔  (Wang et al., 2013) 

Nfat5   ✔ (Ma et al., 2011) 

Nfib ✔   (Hatley et al., 2010) 

Pcsk6   ✔ (Ma et al., 2011) 

Pdcd10 ✔   (Soares et al., 2014) 

Pdcd4 ✔ ✔ ✔ (Ahmed et al., 2011; Hatley et al., 2010; Lu 

et al., 2008; Luo et al., 2014; Sugatani et 

al., 2011; Yang et al., 2011) 

Peli1 ✔  ✔ (Marquez et al., 2010) 

Prpf4b   ✔ (Ma et al., 2011) 

Pten ✔ ✔ ✔ (Ahmed et al., 2011; Chen et al., 2016; 

Lorenzen et al., 2015; Roy et al., 2009; 

Sayed et al., 2010; Wu et al., 2012; Yang 

et al., 2011) 

Rbpj    ✔ (Ma et al., 2011) 

Reck   ✔ (Hu et al., 2008) 

Reck ✔   (Hatley et al., 2010) 

Rhob ✔  ✔ (Hatley et al., 2010; Ng et al., 2012; Shi et 

al., 2013) 

Rmnd5a   ✔ (Ma et al., 2011) 

Ski ✔   (Hatley et al., 2010) 

Smad7 ✔ ✔ ✔ (Hatley et al., 2010; He et al., 2016; Li et 

al., 2013; Lorenzen et al., 2015) 

Sox2  ✔  (Põlajeva et al., 2012; Singh et al., 2015) 

Sox5 ✔ ✔ ✔ (Wang et al., 2016) 

Sox7   ✔ (Ma et al., 2011) 

Spry1 ✔  ✔ (Sawant et al., 2013; Thum et al., 2008) 

Spry2 ✔ ✔  (Hatley et al., 2010; Sayed et al., 2008) 

Stat3 ✔   (Wang et al., 2015) 

Tgfbi ✔ ✔  (Liu et al., 2011) 
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Tgfbr3 ✔ ✔ ✔ (Liang et al., 2012) 

Thrb   ✔ (Ma et al., 2011) 

Timp3   ✔ (Ahmed et al., 2011; Fiorentino et al., 

2013) 

Tnfaip8l2   ✔ (Ruan et al., 2014) 

Tpm1   ✔ (Ahmed et al., 2011) 

Ube2d3   ✔ (Ma et al., 2011) 

Wwp1   ✔ (Ma et al., 2011) 

Yod1 ✔  ✔ (Ma et al., 2011; Ye et al., 2014) 

Yy1 ✔   (Soares et al., 2014) 

Zadh2   ✔ (Ma et al., 2011) 
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Abstract

Glioblastomas are the most common and lethal primary brain tumors. Microglia, 
the resident immune cells of the brain survey their environment and respond 
to pathogens, toxins, and tumors. Glioblastoma cells communicate with 
microglia, in part by releasing extracellular vesicles (EVs). Despite the presence 
of large numbers of microglia in glioblastoma, the tumors continue to grow, and 
these neuroimmune cells appear incapable of keeping the tumor in check. To 
understand this process, we analyzed gene expression in microglia interacting 
with glioblastoma cells. We used RNASeq to analyze the expression patterns of 
genes involved in key microglial function of microglia in mice with glioblastoma. 
We focused on microglia that had taken up tumor-derived EVs and therefore were 
within and immediately adjacent to the tumor. We show that these microglia 
have downregulated expression of genes involved in sensing tumor cells and 
tumor-derived danger signals, as well as genes used for tumor killing. In contrast, 
expression of genes involved in facilitating tumor spread was upregulated. These 
changes appear to be in part EV-mediated, since intracranial injection of EVs in 
normal mice led to similar transcriptional changes in microglia. We observed a 
similar microglial transcriptomic signature when we analyzed datasets from 
human patients with glioblastoma. Our data defi ne a MicrogliaGlioblastoma specifi c 
phenotype, whereby glioblastomas have hijacked gene expression in the 
neuroimmune system to favor avoiding tumor sensing, suppressing the immune 
response, clearing a path for invasion and enhancing tumor propagation. For 
further exploration we developed an interactive online tool at www.glioma-
microglia.com with all expression data and additional functional and pathway 
information for each gene.

Introduction

Harnessing the power of the immune system to treat cancer has gained 
signifi cant momentum in recent years. Glioblastomas are diff usely infi ltrating 
tumors of the brain. Because of their invasive nature, total neurosurgical resection 
of glioblastomas is not possible, resulting in tumor recurrence even following 
chemo- and radiotherapy (Stupp et al., 2009). Therefore, new eff ective treatment 
strategies for glioblastomas are desperately needed, including therapies utilizing 
the patients’ own immune system(Reardon et al., 2014). Understanding how 
glioblastoma cells interact with the immune system is key to developing immune-
based treatments for this tumor(Reardon et al., 2014). 
Glioblastomas recruit neighboring resident microglia through the secretion of 
various chemokines and cytokines(Hambardzumyan et al., 2016; Li and Graeber, 
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2012). These microglia together with infi ltrating monocytes and macrophages can 
make up to 44% of the glioblastoma mass (Morantz et al., 1979a, b). However, in 
spite of the presence of large numbers of microglia, monocytes and macrophages 
in glioblastoma, the tumors continue to grow, and immune cells appear incapable 
of controlling such growth. It is accepted that glioblastoma-associated microglia, 
monocytes, and macrophages play a role in promoting tumor growth (Broekman 
et al., 2018; Poon et al., 2017). Indeed, depletion of these cells results in reduced 
glioblastoma invasion and growth in organotypic brain slices and in vivo(Markovic 
et al., 2005; Markovic et al., 2009). While the evidence that supports this assertion 
is growing, the exact pathways involved in this tumor-supportive process have 
not been characterized. Furthermore, the eff ect(s) of microglia, monocytes and 
macrophages that are within the tumor environs versus those in other areas of 
the tumor-bearing brain but distant from the tumor have not been investigated.
Tumor cells can alter their milieu in part by releasing extracellular vesicles (EVs), 
including exosomes and microvesicles(Abels et al., 2019a; D’Asti et al., 2016; Maas 
et al., 2017). EVs are a heterogeneous collection of membrane-bound carriers 
with complex cargoes, including proteins, lipids and nucleic acids(Abels and 
Breakefi eld, 2016; Cocucci and Meldolesi, 2015; Maas et al., 2017; Tkach and Théry, 
2016). Tumor-derived EV uptake by microglia leads to changes in expression of 
some genes in these cells as established in vitro(de Vrij et al., 2015; van der Vos et 
al., 2016).  We have previously visualized such interactions both in vitro and in vivo
using a syngeneic mouse glioblastoma model expressing palmitoylated green or 
red fl uorescent proteins (palmGFP and palmtdTomato, respectively)(Abels et al., 
2019b; Lai et al., 2015; van der Vos et al., 2016). These palmitoylated fl uorescent 
proteins label membranes of tumor cells as well as EVs produced by them (e.g. 
EV-GFP)(Lai et al., 2015). This model allowed us to visualize and isolate microglia, 
monocytes and macrophages that had taken up tumor-derived EVs in vivo and 
are therefore closely interacting with glioblastoma cells. In the work presented 
here, we isolated these microglia, monocytes and macrophages by fl uorescence 
activated cell sorting (FACS) and analyzed their transcriptomes using bulk RNAseq. 
To facilitate future analysis of these transcriptomes, we developed an interactive 
online tool with additional functional and pathway information linked to each 
gene. To illustrate the usefulness of our dataset and online tool, we performed 
a focused analysis of microglia. We found that EV-GFPpos microglia (i.e. present 
within the tumor) have dysregulated expression of genes in the homeostatic TGF-β 
pathway suggesting a disease specifi c non-homeostatic phenotype in glioma 
microglia. Furthermore, genes involved in sensing tumor cells, host defense and 
those involved in tumor killing were downregulated whereas those involved in 
facilitating tumor spread were upregulated. The evoked role of tumor-derived 
EVs in this microglial transformation was supported by fi nding similar changes 

Thesis_211214.indd   105Thesis_211214.indd   105 12/16/21   4:07 PM12/16/21   4:07 PM



Chapter 4

106

in microglia isolated after uptake of glioma-derived EVs injected intracranially 
into the brain. Our results were further validated when we analyzed existing bulk 
and single cell sequencing datasets of human glioblastoma-associated microglia 
and found that these microglia displayed similar alterations as observed in the 
mice. Taken together, these data identify specifi c changes in the transcriptome of 
microglia in the presence of glioblastoma that support tumor growth.

Results

Diffuse microglia, monocytes and macrophage infi ltration in 
glioblastoma
To identify immune cells that had taken up tumor-derived GFP and thus interacted 
with the tumor (Fig. 1A), we implanted syngeneic mouse glioblastoma cells, 
GL261.BpalmGFP or carrier medium in adult C57BL6.CCR2RFP/WT mice that express 
red fl uorescent protein (RFP) under the CCR2 promoter in peripheral blood 
monocytes and monocyte-derived macrophages, but not in microglia(Saederup 
et al., 2010). Four weeks following implantation, the mice were euthanized, and 
the brains used either for immunofl uorescent staining of brain sections or for FACS 
of brain cells. Using this model, tumor cells express GFP, microglia are labeled with 
antibodies to IBA-1, and recruited monocytes and macrophages express RFP (Fig. 
1B, C). Microglia and monocytes and macrophages that are closely interacting 
with glioblastoma cells are positive for IBA-1 and RFP respectively (Fig. 1B). 
Confocal microscopy and 3-dimensional reconstruction confi rmed that GFP is 
found inside these IBA-1pos microglia (Fig. 1C). 
For FACS, we generated highly enriched microglia, monocyte and macrophage 
populations from the brains of tumor-bearing and control mice using an 
established protocol for cell dissociation, isolation and analysis(Hickman et al., 
2008; Hickman and El Khoury, 2019; Hickman et al., 2013). Microglia were sorted 
based on levels of CD11b and CD45 (Fig. 1D). Monocytes and macrophages were 
separated by additional staining for F4/80 and LY6C, as well as by expression of 
CCR2-RFP (not shown)(Ginhoux and Jung, 2014; Greter et al., 2015; Saederup et al., 
2010). The cells were isolated from brains injected with only carrier fl uid (control), 
GL261 or GL261.BpalmGFP tumor cells. Microglia, monocytes and macrophages 
were then sorted based on their level of GFP fl uorescence to separate cells that had 
taken up tumor-derived membranous material from those that had not (Fig. 1D). 
The GFP cut-off  was determined by comparing the relative GFP intensity detected 
in our target cell subsets isolated from brains injected with GL261 wildtype (no 
GFP) to brains injected with GL261.BpalmGFP (Fig. 1D). By separately analyzing 
the tumor area, as well as the remaining ipsilateral and contralateral sides of the 
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brain (Fig. 1E), we found that EV-GFP positive (GFPpos) microglia, monocytes and 
macrophages were only present  within and immediately adjacent to the tumor, 
confi rming that the GFPpos cells are closely associated with tumor cells (Fig. 1F). 
Total RNA was isolated and sequencing libraries were made using SMARTer 
Ultra Low Input RNA Kit. Sequencing was done using an Illumina NextSeq and 
bioinformatic analysis was performed using DESeq2 in R(Love et al., 2014). 
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Figure 1. Glioblastoma-interacting microglia internalized tumor-derived GFP (A) 
A schematic illustrating our model of C57BL6.CCR2RFP/WT mice implanted with GL261.
BpalmGFP glioblastoma cells. Four weeks after tumor implantation, brains were harvested 
and microglia, monocytes and macrophages were sorted based on cell specifi c antigens 
and GFP uptake. (B) IBA-1 positive microglia were present throughout the brain (1) and 
infi ltrated the GFP-positive tumor (2-5). CCR2-positive (RFP-labeled) myeloid-derived cells 
infi ltrated the tumor, but were mostly absent in other parts of the brain (1). (C) Confocal 
microscopy images show that GFP was taken up by IBA-1 positive microglia (refer to Suppl. 
Video S1 for a 3D projection). (D) Microglia were identifi ed as CD11bhigh/CD45med cells 
(dark blue gate). Microglia were then sorted based on the GFP signal detected as the upper 
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limit in the control (no tumor) and GL261 wildtype (no GFP) implanted mice. Only in mice 
implanted with GL261.BpalmGFP, a population of GFP-positive microglia was identifi ed 
(green gate in the GFP/CCR2 plot). (E) Delineation of brain areas separated for microglial 
isolation in F. (F) Only microglia isolated from the tumor contained GFP. Results from a 
representative experiment shown. (G) MAplot shows 384 signifi cantly up- or downregulated 
genes plotted in red when comparing GFPpos (Glioblastoma-Interacting microglia-GIM) to 
GFPneg microglia. Scale bars: (B) 1000µm, 1-2;200μm, 3-5;100µm (C) 5μm. 

An interactive online tool for analysis of gene expression in microglia, 
monocytes and macrophages in glioblastoma
Using this approach, we generated a comprehensive dataset with comparative 
transcriptomes of control microglia (carrier-injected mice), GFPpos glioblastoma-
interacting microglia (EV-GFPpos microglia), and glioblastoma GFPneg microglia. 
To facilitate analysis of these datasets, we developed an interactive online tool 
with additional functional and pathway information linked to every gene.  The 
microglia dataset is  accessible at http://www.glioma-microglia.com/.  
To illustrate the usefulness of our dataset we performed an in-depth analysis of 
the microglia data and include it in this manuscript. Normalized expression counts 
and diff erential expression data available for all genes passing quality metrics are 
available in Supplementary Table S1a. When analyzing the highest expressed 
genes in the control, GFPneg microglia and EV-GFPpos microglia, multiple established 
microglia genes such as Cx3cr1, HexB and P2ry12 were among the most highly 
expressed(Hickman and El Khoury, 2019; Hickman et al., 2013). To determine if 
diff erential RNAseq expression correlated with diff erential protein levels, we 
performed immunofl uorescent staining for IBA-1, CD74 and ARG1 comparing the 
level in microglia from control brains versus tumor-bearing brains and the gene 
expression level of these genes in the diff erently sorted microglia populations. 
Similar levels of IBA-1 protein and RNA levels were detected comparing control 
versus tumor microglia (Supplementary Fig. 1A-C). In parallel, elevated levels of 
Cd74 and Arg1 RNA in tumor microglia was also detected at the protein expression 
level of CD74 and ARG1 protein (Supplementary Fig. 1A-C). Overall these results 
showed a strong correlation between RNA and protein levels.

EV-GFPpos microglia represent the most infl uenced tumor-associated 
microglia
Unsupervised clustering of the top 750 most diff erentially changed genes showed 
a clear separation of microglia from control versus tumor-bearing mice, as well 
as a separation based on GFP status of microglia in tumor-bearing mice (Fig. 
2A). When plotting levels of expression for all genes, comparing expression of 
GFPneg microglia and EV-GFPpos microglia versus control microglia, we found that 
for most genes diff erential expression was stronger for EV-GFPpos microglia than 
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GFPneg versus control microglia (Fig. 2B). Expression of 380 genes was signifi cantly 
changed in both  GFPneg microglia and EV-GFPpos microglia compared to control 
microglia. In contrast, 2242 genes were signifi cantly changed only in EV-GFPpos

microglia (but not in GFPneg microglia) compared to control (Fig. 2B). Comparison 
of diff erential expression between EV-GFPpos microglia versus GFPneg or control 
microglia showed that most genes that are signifi cantly altered in GFPpos versus 
GFPneg microglia are also signifi cantly changed in EV-GFPpos microglia versus 
control microglia (Fig. 2C). Comparing GFPneg microglia to either EV-GFPpos

microglia or control microglia confi rmed these results (Fig. 2D). Evaluation of 
overlap between the top 750 genes expressed by the three sets of microglia 
showed most uniquely expressed genes in either control or EV-GFPpos microglia, 
with GFPneg microglia being in-between (Fig. 2E). This analysis indicates that EV-
GFPpos microglia represent a subset of microglial cells that are the most infl uenced 
by the tumor. 
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Figure 2. RNA Expression changes are most pronounced in EV-GFPpos microglia 
compared to GFPneg microglia. (A) In unsupervised clustering of the top 750 most 
variable genes, microglia cluster together based on tumor status and GFP uptake status. (B) 
Comparative analysis of differential expression levels of EV-GFPpos microglia and GFPneg

microglia compared to control microglia showed 380 shared signifi cantly upregulated genes 
(green). Overall, the differential expression was higher for EV-GFPpos microglia. These 
microglia expressed 1426 signifi cantly upregulated and 1196 downregulated genes (red). (C) 
Most genes signifi cantly changed between EV-GFPpos microglia and GFPneg microglia were 
also signifi cantly altered in EV-GFPpos microglia compared to control. (D) These patterns 
were confi rmed in the comparisons of GFPneg to either GFPpos or control. (E) Venn diagram 
showed overlap between top 750 expressed genes. GFPneg tumor microglia shared most genes 
with control microglia and EV-GFPpos microglia. This confi rmed that EV-GFPpos microglia 
represent the most altered tumor-associated phenotype.
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Cytokine pathways
The concept that microglia are activated to either an “M1” (INFγ stimulated) 
or “M2” (IL4 stimulated) state is actively debated in the current literature 
(Hickman et al., 2018; Ransohoff , 2016). We analyzed our dataset to determine 
if glioblastoma aff ects microglial cytokine pathways in vivo. We focused on the 
four pathways regulated by IL4, IL10, IL6/STAT3 and INFγ (Supplementary Fig. 
S2). Overall, analysis of the cytokine signatures in our dataset shows that several 
tumor-supportive genes belonging to multiple cytokine-related pathways are 
upregulated in glioblastoma-associated microglia in vivo indicating a more 
complicated profi le than the binary M1/M2 classifi cation. Correlation between 
gene expression, protein levels and microglial functions should therefore be 
performed to determine the in vivo MicrogliaGlioblastoma specifi c phenotype.

Effect of glioblastoma cells on genes involved in key microglial 
functions. 
Microglia are involved in brain development, aging, response to injury, and various 
pathological conditions(Hickman et al., 2018; Jassam et al., 2017; Ransohoff  and El 
Khoury, 2015). Microglia have three major functions. First, they continuously survey 
their milieu to sense changes in their environment. Second, they help protect the 
brain from invading pathogens and noxious stimuli(Mariani and Kielian, 2009). 
Third, they promote homeostasis and synaptic remodeling in development and 
learning(Hickman et al., 2018; Salter and Stevens, 2017). Microglia express clusters 
of genes that allow them to perform their diff erent functions and have a number 
of distinct transcriptomic signatures, which vary with the physiological and/
or pathological state of the brain(Hickman and El Khoury, 2019; Hickman et al., 
2013). The homeostatic functions of microglia and expression of genes involved 
in these functions are regulated by TGF-β(Bialas and Stevens, 2013; Butovsky et 
al., 2014). To determine the eff ects of glioblastoma cells on the three essential 
microglial functions we mined our dataset for genes and pathways involved in 
each of these functions. 

Homeostasis
TGF-β regulates the microglial homeostatic phenotype(Butovsky et al., 2014; 
Krasemann et al., 2017). We found that only in GFPpos microglia both Tgf-β1 and 
the Tfg-β receptor 1 (Tgf-βr1) are signifi cantly downregulated compared to 
control microglia (log2 fold-change -1.00 and -2.11, respectively). A global view 
of the TGF-β pathway revealed that 64.2% of TGF-β genes are downregulated 
when comparing EV-GFPpos microglia to control microglia (Fig. 3A). Smad3, 
one of the key downstream eff ectors in the TGF-β pathway, is also signifi cantly 
downregulated in EV-GFPpos microglia (log2 fold-change -2.10) (Fig. 3A). Overall, 
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these data imply that TGF-β signaling is downregulated in EV-GFPpos microglia 
suggesting a disruption in microglial homeostasis.

Host defense
The third important microglial function is host defense against viral, bacterial, 
fungal and parasitic infections, but also against tumor cells(Chao et al., 2010). We 
mined our dataset for microglial genes involved in this function. Interactions of 
the programmed cell death 1 receptor (PD1) on activated T-cells with its ligands 
programmed death ligand 1 and 2 (PD-L1 and 2) maintain immunologic tolerance 
through the suppression of auto-reactive T-cells(Fife et al., 2009). PD-L1 and PD-
L2 are expressed on antigen-presenting cells, as well as on tumor cells including 
glioblastoma(Heiland et al., 2017; Schachtele et al., 2014). As expected very little 
Pd1 RNA was expressed in microglia as it is usually expressed on T cells(Bardhan et 
al., 2016). However, increased expression of Pd-l1 and Pd-l2 transcripts was higher in 
EV-GFPpos microglia as compared to GFPneg microglia with both being signifi cantly 
higher than for control microglia (Fig. 3G). These data identify another pathway by 
which glioblastoma can possibly evade the immune system, by altering microglia 
to suppress T cell activation through modulation of T cell immune checkpoints. 
This fi nding gains added importance as PD1/PD-L1 directed immune checkpoint 
therapy is being used against a number of peripheral tumors(Brahmer et al., 2012).

Sensing
The ability to sense changes in the cellular environment in the brain is a major 
microglial function that allows these cells to adapt to and infl uence the changing 
milieu(Davalos et al., 2005; Nimmerjahn et al., 2005). The armamentarium 
of 100 genes that allow microglia to perform such functions is termed the 
sensome(Hickman et al., 2013). These include pattern recognition receptors (25%), 
receptors involved in cell-cell interaction (10%), chemoattractant and chemokine 
receptors (10%), cytokine receptors (10%), Fc receptors (7%), purinergic receptors 
(8%), receptors for extracellular matrix (ECM) proteins (6%), other receptors or 
transporters (13%) and potential sensome proteins with no known ligands (11%)
(Hickman et al., 2013). When analyzing expression levels of genes involved in 
microglial sensing, we identifi ed overall downregulation of the sensing capacity 
in glioblastoma-interacting microglia (Fig. 3B).
Sensome transcripts that were downregulated in EV-GFPpos microglia compared to 
GFPneg and control microglia can be divided into three groups. Group one includes 
transcripts encoding proteins that directly mediate microglia-glioblastoma cellular 
interactions. Indeed, Sialic-acid-binding immunoglobulin-like lectin-H (Siglech) is 
a CD33-related Siglec that is a microglial sensor of glioblastoma cells(Kopatz et al., 
2013). Siglech is signifi cantly downregulated in EV-GFPpos microglia compared to 
GFPneg and control microglia (log2 fold-change -1.84 and -1.97, respectively) (Fig. 
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3C). Interestingly, Cd33 is also signifi cantly downregulated in GFPpos compared to 
GFPneg and control microglia (log2 fold-change -1.62 and -1.72, respectively) (Fig. 
3C). It is not known if CD33, like SIGLECH is also a sensor of glioblastoma cells. 
Another microglial receptor that is capable of sensing lysophosphatidylserine 
exposed on glioblastoma cells is GPR34(Kitamura et al., 2012; Riedl et al., 2011). 
Similar to Siglech, Gpr34 a gene known to directly sense ligands expressed in 
glioblastoma cells is downregulated in EV-GFPpos microglia compared to GFPneg

and control microglia (log2 fold-change -1.96 and -2.37, respectively). These data 
indicate that EV-GFPpos microglia, but not other microglia in the same tumor-
bearing brain, have reduced expression of at least two transcripts, encoding 
the proteins SIGLECH and GPR34, known to directly sense ligands expressed on 
glioblastoma cells. 
A second group of transcripts that is downregulated in EV-GFPpos microglia, but 
not in GFPneg microglia includes those encoding proteins that sense metabolic 
products potentially released by glioblastoma cells. These transcripts include 
Gpr183, Adora3, Il6Ra, Cx3cr1, P2ry12, P2ry13, Csf1r and Csf3r (Fig. 3D). GPR183 
is a sensor for oxysterols, which are released by glioblastoma cells and play a 
role in recruitment of immune cells(Eibinger et al., 2013). ADORA3 is a sensor for 
adenosine that is released by glioblastoma cell ectonucleotidases. Adenosine 
promotes tumor growth, can activate toll-like receptors (TLRs) and induces 
microglial responses via an ADORA3-dependent mechanism(van der Putten et 
al., 2009). IL6Ra is a receptor for IL6, with elevated levels of IL6 in glioblastomas 
associated with poor survival in patients(Cheng et al., 2016). The expression of 
CX3CR1, the receptor for fractalkine was also decreased and loss of CX3CR1 has 
been shown to promote glioblastomagenesis(Feng et al., 2015). P2RY12 and 
P2RY13 - purinergic receptors for ATP, which is an important signaling molecule 
in the CNS, are both down (Fig. 3D). This could promote tumor growth by two 
diff erent pathways. First, necrosis, one of the hallmarks of glioblastoma, liberates 
nucleotides into the extracellular milieu. These nucleotides are hydrolyzed 
very slowly by glioblastomas and induce neuronal cell death and glioblastoma 
proliferation(Morrone et al., 2006). Second, extracellular ATP activates microglial 
P2RY12 receptors that are utilized to trigger an acute infl ammatory response 
in microglia via rapid CCL3 induction after ADP stimulation(Tozaki-Saitoh et al., 
2017). Therefore, downregulating microglial receptors for ATP could preserve the 
ability of the nucleotides to promote tumor growth, while reducing the ability 
of microglia to respond to the tumor, thereby further enhancing the tumor’s 
advantage. 
Of note, the overall expression pattern of all 100 sensome pathway genes showed 
diff erential gene expression in only 4% of sensome genes when comparing 
GFPneg to control microglia (Fig. 3B). These genes (e.g. Cd74, Clec7a, Cxcl16 and 
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Fcgr4) were all upregulated compared to control microglia. In contrast, we found 
signifi cant changes in gene expression between EV-GFPpos microglia versus GFPneg

and control microglia in 57% of sensome transcripts. Remarkably 48% of sensome 
genes were downregulated in GFPpos microglia and only 9% upregulated (Fig. 
3B). This could indicate that the microglia infi ltrated into glioblastoma are not 
able to sense the tumor. Overall, while further research is required to validate the 
exact impact of individual sensome genes on tumor growth, our results show that 
microglia dramatically change their expression profi le in the presence of a tumor, 
reducing their capacity to sense changes in the (tumor) microenvironment.

Pathways involved in tumor growth
Since the expression of genes involved in the maintenance of homeostasis within 
EV-GFPpos microglia are disrupted, we investigated the eff ects of this disruption 
on three pathways that maintain brain homeostasis and aff ect tumor growth. The 
role of microglia in maintaining brain homeostasis includes debris breakdown and 
removal by matrix metalloproteases (MMPs)(Hickman et al., 2013). MMP enzymes 
could also play an important role in promoting tumor growth by making space 
for tumor cells to migrate, invade and proliferate(Hambardzumyan et al., 2016; 
Markovic et al., 2005; Markovic et al., 2009). In glioblastoma MMP2 serves as an 
important MMP to degrade the extracellular matrix (ECM) subsequently enabling 
the invasive properties of glioblastoma(Lin et al., 2009). MMP2 is secreted by 
glioblastoma cells in a pro-form (pro-MMP2) which needs to be cleaved by 
Mmp14 (MT1-MMP) to be active(Markovic et al., 2005; Markovic et al., 2009). 
Tumor microglial cells are an important source of MMP14(Markovic et al., 2005; 
Markovic et al., 2009). Previously we showed that Mmp14 levels are increased in 
glioblastoma-associated microglia in vitro(de Vrij et al., 2015). Mmp14 was among 
the three Mmps (Mmp12, Mmp13 and Mmp14) that were signifi cantly upregulated 
in EV-GFPpos microglia and to a lesser extent in GFPneg microglia (Fig. 3E). These 
data indicate that glioblastoma alters microglial gene expression patterns in 
a manner that could favor tumor spread and migration by clearing debris and 
digesting the ECM in the tumor microenvironment. 
In addition to changes in Mmps, we also found that glioblastoma was associated 
with an increased expression of mRNAs encoding microglial phagocytic receptors 
- Cd93, Msr1, Cd36, Olr1, Megf10, Clec7a, and Scarf1 (Fig. 3F). The roles of these 
phagocytic receptors in promoting debris clearance and subsequent tumor 
growth have not yet been investigated. However, since these receptors promote 
clearance of apoptotic cells(PrabhuDas et al.), it is plausible that these receptors, 
in conjunction with MMPs, promote the phagocytic clearance of debris in the 
tumor environment further facilitating tumor spread.
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Figure 3. Glioblastoma microglia have a downregulated homeostatic TGF-β pathway, 
tumor-derived danger signal sensing capacity and disrupted host defense (A) TGF-β 
is the key regulator for microglial homeostasis. In GIM, Tgfb1 and downstream signaling 
genes including Smad3 are signifi cantly downregulated, indicating a disruption of 
homeostatic functions. (B) EV-GFPpos microglia showed signifi cantly reduced levels of 57% 
of microglial sensome genes compared to GFPneg, indicating reduced capability of sensing 
of tumor cells and tumor-derived danger signals in EV-GFPpos microglia. (C) Normalized 
read counts of Siglecs, involved in direct glioblastoma-microglial cellular interactions, 
showed signifi cant downregulation of Cd33, Siglece and Siglech in (GFPpos) GIM whereas 
only Siglec1 was upregulated. (D) Seven out of eight sensome genes involved in the sensing 
of metabolic signals, were signifi cantly downregulated in EV-GFPpos microglia. (E) Matrix 
metalloproteinase (MMPs) were upregulated in GIM. Mmp12, Mmp13 and Mmp14 were 
signifi cantly upregulated tumor supportive genes. (F) Genes involved in phagocytic activity 
in microglial cells were upregulated. Cd93 and Clec7a were signifi cantly higher in EV-GFPpos

microglia than GFPneg microglia (G) Programmed death ligand 1 and 2 (Pd-l1 and Pd-l2) were 
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signifi cantly upregulated in tumor-associated microglia. Asterisk (*) indicates signifi cant 
(multiple testing adjusted p-value <0.05) differential expression. Error bar represents the 
SEM, bar represents the mean and dots display individual measurements (C-G: n=3).

Microglial uptake of EVs is associated with decreased sensome 
expression
To explore the relationship between microglial uptake of glioblastoma derived EVs 
and the expression of sensome genes, we evaluated RNA expression by microglia 
isolated from control (non-tumor bearing) C57BL6.CCR2RFP/WT mice injected with 
carrier fl uid or with EVs isolated from GL261.BpalmGFP cells. EVs were isolated 
using standard step-wise (ultra)centrifugation (Fig. 4A) and as expected the 
isolated EVs were within the 80-400 nm size range (Fig. 4B) expressing the EV 
associated proteins ALIX, TSG101 and Flotillin-1 as well as GFP (Fig. 4C). Sixteen 
hours after EV injection, microglia were isolated based on EV-uptake and their 
transcriptomes analysed by RNASeq (Fig. 4D). Similar to the results from EV-
GFPpos microglia isolated from tumor bearing brains, overall downregulation 
of the microglia sensome genes was observed in microglia that took GFP-EVs 
injected into the brain (Fig. 4E). It is possible that some of the changes observed 
in EV-GFPpos microglia did not reach signifi cance because the number of EVs 
added and timepoint of analyses may bias the result. These data show parallels 
between tumor microglia and microglia isolated after EV-injection and open the 
door for further investigation of specifi c EV contents that may induce the changes 
observed.
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Figure 4. Uptake of intracranial injected glioma-derived fl uorescent EVs is associated 
with a decrease in sensing capability. (A) Schematic overview of EV isolation from glioma 
cells in culture using differential centrifugation. (B) Size distribution analysis using NTA of 
isolated EVs shows small and larger vesicles present in the EV preparation. (C) Western blot 
analysis shows GFP present in cells and EV, extracellular vesicles markers (ALIX, TSG101 
and Flotillin-1) enriched in vesicles lysate and GAPDH is detected in cellular lysate only. 
(D) Microglia were identifi ed as CD11bhigh/CD45med cells (blue gate). Microglia were then 
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sorted based on the GFP signal detected as the upper limit in control. In mice injected with 
GL261.BpalmGFP EVs, a population of GFP-positive microglia was identifi ed (green gate 
in the GFP/RFP plot). (E) Heatmap of sensome genes ordered top to bottom by highest up- 
to downregulated for mouse EV-GFPpos tumor microglia compared to wildtype (same order 
as Fig. 3B). Similar patterns are observed for genes up- and downregulated compared to 
the mouse tumor derived profi le. Asterisk (*) indicates signifi cant (multiple testing adjusted 
p-value <0.05) differential expression. Error bar represents the SEM, bar represents the mean 
and dots display individual measurements (n=3).

Human glioblastoma associated microglia have a reduced sensing 
capacity
To determine if changes in gene expression in human glioblastoma-associated 
microglia are similar to those observed in mouse microglia, we analyzed two 
existing published datasets of human microglia. These datasets contain bulk 
RNA sequencing results comparing post-mortem brains (controls) to CD11bpos 

macrophage/microglia isolated from glioblastoma samples (GEO Accession 
GSE80338)(Szulzewsky et al., 2016) and single-cell RNA sequencing data 
comparing microglia isolated from either the core or the periphery of the 
glioblastoma tumor mass (data from http://www.gbmseq.org/) described and 
published by Darmanis et al.(Darmanis et al., 2017). As expected, the control and 
glioblastoma-associated cells cluster separately with some heterogeneity within 
the glioblastoma samples (Fig. 5A). Similar to our mouse samples, 32% of human 
microglial sensome genes were downregulated and only 12% were upregulated 
in human glioblastoma microglial cells compared to control, paralleling our data 
obtained from mice (Fig. 5B). 
We then assessed if these results could be confi rmed using published single-
cell microglia data from human patients with glioblastoma. These data were 
obtained from microglia isolated either from the core of a glioblastoma tumor or 
the periphery(Darmanis et al., 2017). Since microglia within the tumor mass are 
more likely to interact directly with tumor cells than microglia from the periphery 
of the tumor, we hypothesized that microglia from the human tumor core will 
most likely resemble mouse GIM and will have similar glioblastoma-induced RNA 
expression to mouse GFPpos microglia. To separate microglia from macrophages in 
the dataset, we used the expression levels of TMEM119, P2RY12, GPR34, OLFML3, 
SCL2A5, SALL1 and ADORA3 as microglial markers and CRIP1, S100A8, S100A9, 
ANXA1 and CD14 as macrophage markers(Hickman et al., 2013). By focusing on 
the identifi ed microglia only, we could see clear separation of microglial cells 
isolated from the core or periphery of the tumor (Fig. 5C). Similar to our results from 
mice, the microglia isolated from the core of human glioblastoma, have a reduced 
sensing capacity with signifi cantly reduced expression of 48% of sensome genes 
versus only 15% upregulation (Fig. 5D). 
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Taken together, these data identify reduced expression of microglia sensing 
genes in glioblastoma microglia suggesting reduced sensing capacity in these 
cells (Fig. 5E).
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Figure 5. The Sensome is downregulated in human microglia from glioblastoma patients. 
(A) Analysis of published bulk RNAseq data from CD11Bpos microglia harvested from 
postmortem human brains (control) or glioblastoma patients identifi es differences based on 
sample group as well as heterogeneity between glioblastoma derived cells. (B) Glioblastoma 
microglia showed signifi cantly reduced levels in 32% of genes, versus 12% upregulation 
indicating reduced overall capability of sensing of tumor cells and tumor-derived danger 
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signals in human glioblastoma microglia. Further analysis of published human glioblastoma 
single cell microglia data identifi ed similar results. (C) Expression levels of TMEM119, 
P2RY12, GPR34, OLFML3, SCL2A5, SALL1 and ADORA3 for microglia and CRIP1, 
S100A8, S100A9, ANXA1 and CD14 for macrophages were used to identify individual 
microglia and macrophages cells isolated at either the core or periphery of the glioblastoma 
mass. (D) At a single cell level, 15% of genes are signifi cantly upregulated (genes in red) 
and 48% of the human sensome genes are signifi cantly downregulated (genes in blue) when 
comparing microglia at the core to microglia in the periphery of the glioblastoma mass again 
indicating reduced capability of sensing of tumor cells and tumor-derived danger signals 
in human glioblastoma microglia. (E) Schematic illustration showing the anti-tumor ability 
of microglia after EV uptake by simultaneous reduction of the sensing capacity and host 
defense as well as an increased homeostatic function. This pathway is ultimately required 
for glioblastoma growth. Asterisk (*) indicates signifi cant (multiple testing adjusted p-value 
<0.05) differential expression. Error bar represents the SEM, bar represents the mean and 
dots display individual measurements (A-B: control n=5, glioblastoma n=8, C-D microglia 
core n=365, microglia periphery n=574). 

Discussion  

Glioblastomas are the most aggressive malignant brain tumors leading invariably 
to death. To date, no eff ective therapy has been found for this devastating disease. 
These tumors are heavily infi ltrated with innate immune cells including resident 
brain microglia. Yet, despite such a large immune cell presence, glioblastomas 
continue to grow and are thought to co-opt the innate immune system of the 
host to promote tumor spread(Hambardzumyan et al., 2016). To determine how 
glioblastoma aff ects the innate immune system, we analyzed the gene expression 
profi le of microglia in a mouse model of this tumor using RNA sequencing. By 
using glioblastoma cells with fl uorescently labeled membranes, we could identify 
and separate microglial cells closely associated with the tumor by their uptake 
of tumor-derived fl uorescent membranes/membrane particles including EVs (EV-
GFPpos) from those EV-GFPneg microglia that were further away from the tumor. We 
compared EV-GFPpos and EV-GFPneg microglia with each other and with microglia 
isolated from normal brains. Our data show that EV-GFPpos glioblastoma microglia 
have a unique gene expression profi le that distinguishes them from other microglia 
and that this glioblastoma-associated expression profi le is more complex than the 
prior classifi cation of M1 versus M2 states. Instead we identifi ed a disease-specifi c 
MicrogliaGlioblastoma state that is characterized by markers found in both M1 and 
M2 polarization states. This glioblastoma-associated expression profi le defi nes a 
disease-specifi c MicrogliaGlioblastoma state that could be further subclassifi ed based 
on proximity of the microglia to the tumor. In these MicrogliaGlioblastoma, genes that 
promote tumor killing are downregulated, whereas genes that promote tumor 
growth, invasion and immune suppression are upregulated. 
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We identifi ed at least three pathways by which EV-GFPpos microglia became less 
eff ective in combating the tumor and more geared towards promoting tumor 
growth. First, and most dramatically, we found that EV-GFPpos microglia had 
reduced expression of genes involved in sensing tumor cells and tumor-derived 
cellular byproducts. A decreased ability to sense and recognize tumor cells makes 
these cells “hidden” from the immune system and therefore protected from anti-
tumor immune activities. A second group of microglial transcripts altered by 
interaction with glioblastoma cells refl ects a disarming of their usual anti-tumor 
functions. These include upregulation of PD-L1 and PD-L2 which help maintain 
immunologic tolerance by causing T cell exhaustion and ultimately reducing the 
tumor killing capacity of T cells(Mirzaei et al., 2017). We also found that microglial 
genes that suppress cytotoxic T cell activation and those in direct tumor killing, 
such as antimicrobial peptides are also suppressed(Chen et al., 2017; Ren et al., 
2012). 
In contrast to reducing microglial tumor sensing and anti-tumor abilities, 
glioma cells enhance the capacity of microglia to promote tumor spread, by 
aff ecting genes that alter the extracellular milieu surrounding tumor cells. One 
of the hallmarks of glioblastoma is the presence of excessive debris and necrotic 
tissue, and clearing such necrotic material is important for tumor cell invasion 
and growth(Raza et al., 2002). We found that microglia in the microenvirons of 
tumors have increased expression of several phagocytic receptors, while either 
maintaining or increasing expression of extracellular matrix degrading enzymes. 
Clearing debris and necrotic tissue from the tumor milieu would boost the 
migratory capacity of tumor cells, one of the key characteristics of glioblastoma. 
These data indicate that glioblastoma-interacting microglia may help promote 
tumor growth and migration by clearing debris in the tumor microenvironment. 
Our novel method of identifying microglia that have taken up tumor-derived 
EVs in vivo allows us to select microglia with which the tumor appears to have 
interacted directly with a physical exchange of membrane and cytoplasmic factors. 
Simultaneously, this could suggest that some of the gene expression changes 
observed are related to the uptake of EVs. In fact, when comparing microglia 
that took up glioma EVs in a non-tumor bearing brain to control microglia we 
could detect similar gene expression changes as observed in EV-GFPpos tumor 
microglia. However, in the in vivo tumor model described here, all tumor lipid 
bilayers are GFP-positive and thus it is not clear whether all GFPpos microglia have 
taken up EVs per se or may possibly have taken up tumor cell membrane debris. 
Other intercellular communication modes such as secreted molecules(Okawa 
et al., 2017), exchange of molecules through gap junctions between cells(Sin et 
al., 2016) and cell connecting nano/microtubes may contribute to the observed 
eff ects as well. Glioma secreted cytokines (e.g. CSF-1, MCP-3, CX3CL1, SDF-1 and 
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GM-CSF) are especially known to be involved in the recruitment of microglial cells 
and could be responsible (in part) for the observed changes in gene expression, 
with EV-GFP uptake being a mere side-eff ect (Hambardzumyan et al., 2016)
Glioblastomas are heterogeneous tumors at the inter- and intratumor level and 
they express gene patterns associated with mesenchymal, proneural and classical 
subtypes(Verhaak et al., 2010). We recognize that a single, highly clonal, murine 
glioma line may not recapitulate this heterogeneity. To address this issue, we 
analyzed existing datasets obtained from human patients with glioblastoma 
and found that these data support the conclusions obtained with our mouse 
model and refl ect the true heterogeneity of human glioblastoma tumors, further 
asserting the validity of our analysis and its applicability to human disease.
For the sake of exploratory analysis and to increase the impact of our dataset, we 
established an online tool accessible at http://www.glioma-microglia.com/  that 
includes the microglia dataset. This webtool will facilitate the identifi cation of 
additional genes associated with these tumors and are a useful tool for discovery.
Overall, our data open the door for future investigations to specifi cally identify 
how glioblastoma hijack the microglial immune response to promote tumor 
growth and will possibly help identify novel microglia-specifi c targets for therapy 
of this highly aggressive and so far, untreatable lethal disease. Our fi ndings 
indicate that glioblastoma-associated microglia suppress the adaptive immune 
response to the tumor, have a reduced capacity to directly kill tumor cells, and 
promote tumor cell invasion and proliferation. 

Materials and Methods

Mice

Animal experimentation was approved by the Massachusetts General Hospital 
Institution Animal Care and Use Committee. C57BL/6 mice (Charles River 
Laboratories) were crossed with homozygous C57/BL6.CCR2RFP/RFP knock-in 
mice(Saederup et al., 2010) to generate heterozygous C57BL6.CCR2RFP/WT knock-
in mice. Mice were maintained under a 12 hours light/dark cycle with access to 
water and food. Adult mice ranging from 12 - 18 weeks were used in this study. 
Male and female mice were randomly assigned to experimental groups. Mice had 
similar tumor sizes. RNAseq of microglia from male and female animals showed 
no diff erences in expression between males and females (data not shown). The 
four-week time point was chosen as this is the time point at which mice implanted 
with GL261 cells fi rst start to develop physical signs and, have to be sacrifi ced per 
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animal welfare guidelines. 

Cell culture 

Mouse glioblastoma cell-line GL261 wildtype (NCI Tumor Repository) was 
cultured in Dulbecco’s modifi ed Eagle’s medium (DMEM) (Corning) supplemented 
with 10% fetal bovine serum (FBS) (Gemini Bioproducts), penicillin (100 units.
ml-1) and streptomycin (100 μg.ml-1) (Corning). Cells were cultured at 37°C in a 
5% CO2 humidifi ed incubator. Cells were periodically tested for mycoplasma 
contamination and found negative. 

Stable transduction reporter 

To introduce reporter molecules, the mouse glioblastoma cell-line GL261 
wildtype (NCI Tumor Repository) was stably transduced using a CSCW2 lentiviral 
vector(Sena-Esteves et al., 2004) encoding a Gaussia luciferase trans-membrane 
biotin acceptor domain fusion protein (GlucB) and GFP separated by an internal 
ribosome entry site (IRES) domain(Lai et al., 2014). A second transduction was 
performed using a CSCW2 lentiviral vector encoding palmitoylated GFP for pan 
membrane associated GFP expression, including in membrane particles released 
by these tumor cells(Lai et al., 2015; McCabe and Berthiaume, 1999). Selection 
and validation of viral transduction and reporter expression, resulting in the 
generation of GL261.GlucB-IRES-GFP.palmGFP (GL261.BpalmGFP) cells was done 
based on GFP expression using FACS (BD FACSAria II SORP Cell Sorter). 

Intracranial tumor implantation 

After anesthetizing the animals using 70μl of a mixture of ketamine (Bioniche 
Pharma) (17.5mg.ml-1) and xylazine (Santa Cruz Biotechnology) (2.5mg.ml-1), 
C57BL6.CCR2RFP/wt adult mice (12 - 18 weeks old) were implanted in the striatum 
with 1 x 105 GL261.BpalmGFP or GL261 wildtype cells in 2 μl plain DMEM using 
a stereotactic frame. Cells were implanted using the coordinates from lambda: 
2 mm anterior, 0.5 mm left and a depth of 2.5 mm from the skull. Four weeks 
after implantation, the mice were deeply anesthetized with 120μl of a mixture 
of ketamine (17.5 mg.ml-1) and xylazine (2.5 mg.ml-1) followed by transcardial 
perfusion with 50ml PBS for FACS or 4% PFA (VWR) for immunohistochemistry 
using a perfusion pump (Minipump Variable Flow, Fisher Scientifi c).

EV isolation and intracranial injection

EVs were isolated from supernatant of GL261.BpalmGFP cultured for 48 
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hours in DMEM with penicillin (100 units.ml-1) and streptomycin (100 μg.ml-1) 
(Corning) and EV-depleted FBS. FBS was depleted of EVs by overnight (16 
hours) ultra-centrifugation at 200.000 × g (k-factor 110.5). EV isolation was done 
using diff erential ultracentrifugation protocol consistent of centrifugation of 
supernatant at 300 × g for 10 minutes, 2000 × g 10 minutes, fi ltering through 
0.8µm fi lter (Sigma) and 100.000 × g (k-factor of 220.1) 120 minutes in Quick-Seal® 
Polypropylene Tubes (Beckman) using Type 70 Ti in OptimaTM XE ultracentrifuge 
(Beckman) to pellet EVs. EV pellets were concentrated by centrifugation at 100.000 
× g (k-factor of 190.7) for 120 minutes in Thinwall Polypropylene Tubes (Beckman) 
using MLS-50 Swinging-Bucket Rotor (Beckman) in an OptimaTM MAX-XP 
Ultracentrifuge (Beckman). Pelleted EVs were resuspended in PBS and subsequent 
characterization of EV pellet was performed by size distribution analysis using 
nanoparticle tracking analysis (Malvern) and western blot analysis. For western 
bolt analysis EV pellets and cells were resuspended in RIPA buff er. Equal amount 
of protein as measured by Pierce BCA protein assay (Thermo Fisher) were loaded 
and ran on 10% SDS-PAGE gel (Thermo Fisher). Proteins were transferred onto 
nitrocellulose membrane and probed for ALIX (Santa Cruz, sc-53538, 1:200), 
TSG101 (Abcam, ab125011, 1:500), Flotillin-1 (Abcam, ab133497, 1:500), GAPDH 
(Millipore, CB1001, 1:1000) and GFP (Thermo Fisher, A-11120, 1:1000). 
EV or carrier fl uid (PBS) was injected intracranial following identical procedures 
as described in intracranial tumor implantation method section. Using NTA 2.2 
with shutter set at 1000 and gain at 400, a 1 to 500 dilution of EV concentrate 
was measured with >1000 completed tracks(Maas et al., 2015). A total of 3 µl with 
a concentration of 1.4e12 particles.ml-1 was injected. Microglia were isolated 16 
hours after injection of EV or DPBS following procedures as described in methods 
sections harvesting of brains and preparation of single-cell suspensions and cell 
staining and FACS. 

Immunohistochemistry

Brains were collected and placed in 4% PFA for 24h and subsequently placed in 
25% sucrose for 48h. The brains were then frozen in optimal cutting temperature 
compound (OCT) media (Sakura) in a dry ice bath containing 2-methyl butanol. 
Twelve μ cryosections were prepared, placed on glass slides and stored at -80°C. 
For processing, sections were washed for 10 min in PBS and permeabilized 
with 0.5% Triton-X PBS for 1h at room temperature. Sections were blocked for 
1h at room temperature using 5% Normal Goat Serum (NGS) (Abcam) in PBS. 
Subsequently, the sections were labeled with a primary goat antibody and 
blocked using 5% Bovine Serum Albumin (BSA; Sigma-Aldrich) in PBS. Primary 
antibodies were diluted in 1.5% NGS or 1.5% BSA. Slides were then incubated 
with primary antibody solution overnight at 4°C. After incubation, slides were 
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washed 3 x 10 min in PBS. The secondary antibodies were diluted in 1.5% NGS or 
1.5% BSA. Sections were then incubated with secondary antibody solution for 1h 
at room temperature and subsequently washed 3 x 10 min using PBS. DAPI (0.1 
μg.ml-1, Thermo Fisher) staining was performed for 30 min at room temperature. 
Next, the slides were washed for 10 min using PBS. Sections were mounted using 
ProLong Diamond Antifade Mountant (Thermo Fisher). Primary antibodies used 
were goat-anti-mouse ARG1 (Santa Cruz Biotechnology, sc18354, 1:200), goat-
anti-mouse CD74 (Santa Cruz Biotechnology, sc5438, 1:200), rabbit-anti-mouse 
IBA1 (Wako, 019-19741, 1:1000) and mouse-anti-GFP tag antibody (Thermo 
Fisher, A-11120, 1:200). Secondary antibodies were donkey-anti-goat IgG Alexa 
Fluor 647 (Thermo Fisher, A21447, 1:500), donkey-anti-rabbit IgG Alexa Fluor 405 
(Thermo Fisher, A31556, 1:500) and goat-anti-mouse IgG Alexa Fluor 488 (Thermo 
Fisher, A31560, 1:500). 

Microscopy 

Fluorescence microscopy images were acquired on the Zeiss Axio Imager M2 (Carl 
Zeiss). Confocal images were obtained using the Zeiss LSM 710 inverted confocal 
microscope. 

Harvesting of brains and preparation of single-cell suspensions

After anesthetizing and perfusing with PBS, brains were removed and processed 
into single cell suspension as described(Hickman et al., 2013). Briefl y, brains 
were cut into small pieces and placed into a GentleMacs™ C-tube (Miltenyi 
Biotech, San Diego, CA, USA) with Roswell Park Memorial Institute (RPMI) 1640 
with L-glutamine (no phenol red) medium (Fisher Scientifi c) containing Dispase 
(2U.ml-1) (Corning) and Collagenase Type 3 at a fi nal concentration of 200U.
ml-1 (Worthington Biochemicals). The resulting mixtures were processed using 
the gentleMACS Dissociator (Miltenyi Biotech) on the brain program settings 
according to manufacturer’s directions. Thus, the brains were subjected to three 
rounds of dissociation each followed by a period of incubation at 37°C for 10 
min. DNase I grade II (Roche Applied Science) was added to a fi nal concentration 
of 40 U.ml-1 and incubated for an additional 10 min before the fi nal round of 
dissociation. After dissociation steps, PBS/EDTA containing 5% FBS was added 
to inactivate the enzyme mixture and brain pieces were gently triturated gently, 
passed through a 100 μm fi lter (Fisher Scientifi c) and centrifuged at 400 × g for 
10 min. Cell pellets were resuspended in 10.5 ml RPMI/L-glutamine, mixed gently 
with 4.5 ml physiologic Percoll® (Sigma Aldrich) and centrifuged at 850 × g without 
brake for 40 min. The subsequent pellets were then rinsed in PBS and centrifuged 
again at 400 × g for 10 minutes. Red blood cells in the pellets were lysed using 
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RBC lysis buff er (Boston BioProducts) for 2 min at room temperature followed by 
a washing step using RPMI/L-glutamine medium. The fi nal cell suspensions were 
then re-suspended in PBS with 0.2% FBS or in DPBS, 1X without calcium (Ca2+) and 
magnesium (Mg2+) (Corning) supplemented with 2mM EDTA (Thermo Fisher) and 
0.5% BSA (Sigma Aldrich), followed by staining and FACS. The interval between 
perfusion to FACS was approximately 5 hours.

Cell staining and FACS

To block non-specifi c binding of immunoglobulin to the Fc receptors, cells in 
suspension were incubated for 10 min on ice with TruStain fcX™ (anti-mouse 
CD16/32, BioLegend, #101319, clone 93, 1:100). Cells identifi cation was based 
on levels of expression of CD45 and CD11b (microglia), CD45, CD11b, F4/80, 
Ly6C and CCR2 (monocytes/macrophages). For microglia, anti-CD45-pacifi cBlue 
(BioLegend, #103125, clone 30-F11, 1:100), and anti-CD11b-Alexa647 (BioLegend, 
#101220, clone M1/70, 1:100) for tumor bearing mice. For the monocytes/
macrophages, anti-CD45-pacifi cBlue (BioLegend, #103125, clone 30-F11, 1:100), 
anti-CD11b-PE-Cy7 (BioLegend, #101215, clone M1/70, 1:100), anti-Ly6C-BV605 
(BioLegend, #128035, clone HK1.4, 1:500) and anti-F4/80-APC (BioLegend, 
#123115, clone BM8, 1:75) were used. Cells were stained for 30 min on ice with 
gentle mixing every 10 min by pipetting the mixture up and down. To remove 
unbound antibodies, cells were centrifuged at 400 × g for 8 min, resuspended 
in 0.2% FBS in PBS and passed through a 35 µm nylon mesh strainer (BD Falcon). 
Cells were than sorted using a BD FACSAria II SORP Cell Sorter. 

RNA isolation and preparation for RNA-sequencing

Cells isolated from brains in all experiments were directly sorted into 1.5 ml 
Eppendorf (Hauppauge) tubes containing 350 μl RLT Plus lysis buff er (Qiagen) 
at 4°C. After FACS was completed, the tubes were weighed and additional RLT 
Plus was added to the 1.5 ml Eppendorf if the sorted volume was larger than 
50 μl at a ratio of a maximum of 50 μl 0.2% FBS PBS to 350 μl RLT Plus buff er. 
2-mercaptoethanol (Sigma) was added to the tubes at a ratio of 10 μl per 
1 ml of RLT buff er and RNA was than isolated using the RNeasy Plus Micro kit 
(Qiagen) using the total RNA isolation protocol. Eluted RNA was aliquoted and 
stored at -80°C. Before preparation of cDNA fragments for RNA-sequencing, RNA 
concentrations and quality were determined using the Agilent 2100 Bioanalyzer 
(Agilent Technologies) Pico-chips. cDNA for RNA-sequencing was synthesized 
from RNA aliquots using the SMARTer Ultra Low Input RNA Kit for Sequencing – v3 
(Clontech Takara) according to the manufacturer’s protocol. A total of 500 pg RNA 
was used for subsequent library generation. One μl of a 1:50,000 dilution of ERCC 
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RNA Spike-In Mix (Life Technologies) was added to each sample. Then, fi rst-strand 
synthesis and tailing of RNA molecules was performed using 3’-SMART CDS primer 
II A (selecting for poly-A-tails) followed by extension and template switching by 
reverse transcriptase. Amplifi ed cDNA was purifi ed with 1x Agencourt AMPure XP 
beads (Beckman Coulter), in accordance with the SMARTer protocol. The eluted 
cDNA was stored at -20 °C. The Nextera® XT DNA Library Preparation kit (Illumina) 
was used for sample barcoding and fragmentation according to the manufacturer’s 
protocol. cDNA samples were thawed and a total of 1 ng of amplifi ed cDNA was 
used for the enzymatic tagmentation followed by 12 cycles of amplifi cation and 
unique dual-index barcoding of individual libraries. PCR product was purifi ed 
with 1.8x Agencourt AMPure XP beads as detailed in the Nextera XT protocol, 
omitting the bead-based library normalization step. Library validation and 
quantifi cation was performed by quantitative PCR using the SYBR® FAST Universal 
qPCR Kit (KAPA Biosystems). The individual libraries were pooled with equal 
concentrations, and the pool concentration was re-determined using the KAPA 
SYBR® FAST Universal qPCR Kit. The pool of libraries was subsequently diluted, 
denatured, and loaded onto the NextSeq 500 sequencer (Illumina) according to 
the manufacturer’s guidelines with the addition of 1% PhiX Sequencing Control 
V3 (Illumina). A NextSeq 500/550 High Output v2 kit (150 cycles) was used to run 
75-bp paired-end sequencing.

Immunofl uorescent quantifi cation

Zen Pro 2012 (Carl Zeiss) and ImageJ 1.49v (NIH) software packages were 
used to process the images. For immunofl uorescence quantifi cation, the 
fl uorescence intensity of the microscopic pictures was analyzed using ImageJ for 
immunofl uorescence quantifi cation. Four microscopic pictures were taken per 
section. The average background intensity of 3 measurements was subtracted 
from each image. A total of 15 cells per section were selected using the freehand 
drawing tool and the area and integrated density were measured. The following 
formula was used to obtain the fl uorescence intensity: fl uorescence per pixel = 
total integrated density / total area. 

Data processing and statistical analysis

The raw sequencing data was aligned to the mm10 genome using the STAR 
v2.4.0h aligner with the default settings. Duplicate reads were marked using the 
MarkDuplicates tool in picard-tools-1.8.4 and removed. The uniquely aligned 
reads were then counted against Gencode’s GRCm38.p3 GTF annotations 
using htseq-count in the intersection-strict mode. Final readcount fi les were 
generated with HTSeq-count version 0.6.1p1. Data analysis of mapped counts 
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was performed in R 3.2.3 using the DESeq2 package (version 1.10)(Love et al., 
2014). Samples with less than 6000 genes with at least 5 mapped reads were 
excluded from analysis (n=0). For unsupervised clustering, sample read counts 
were normalized using the regularized logarithm transformation method, which 
is similar to log2 transformation for genes with high counts and shrinks together 
the values for low count genes(Love et al., 2014). The regularized logarithm (rlog) 
values were used to plot heatmaps using the gplots (version 2.17) heatmap.2 
function in R. Unsupervised clustering was performed based on the top-750 most 
variable genes between samples. Diff erential expression analysis was performed 
in DESeq2 and only two-sided Benjamini and Hochberg multiple testing adjusted 
p-values are reported in this manuscript. The level of signifi cance used is <0.05 
Benjamini and Hochberg multiple testing adjusted p-value. Error bars display 
mean ±standard error of the mean (SEM). The “n” represents three individual mice 
for the EV-GFPpos microglia and GFPneg tumor and control microglia experiments.
For analysis of specifi c gene sets, the microglial sensome was extracted from 
Hickman et al.8 The human sensome was derived in a similar manner as the mouse 
sensome (manuscript in preparation). The IL6/STAT3 and TGF-β sets were extracted 
from the Gene set enrichment analysis (GSEA) hallmarks collection(Liberzon et 
al., 2015). The IL4, IL10 and IFNγ sets were calculated from the Xue et al. (Xue 
et al., 2014) study by extracting the 150 highest upregulated genes compared 
to baseline. For the IL6/STAT3, TGF-β, IL4, IL10 and IFNγ sets, human to mouse 
homolog conversions were performed using The Jackson Laboratory Human 
and Mouse Homology Report (accessed February 18th 2016) supplemented 
by manual curation. Venn diagrams were generated using the VennDiagram R 
package (version 1.6.16)(Chen and Boutros, 2011). Principal component analysis 
(PCA) was performed by utilization of the DESeq2’s built-in PCA function using 
the default settings. Final bar graph, dotplots, PCA and MA plots were generated 
in GraphPad Prism (version 5.0c and 7.02).

Statistical analysis of human glioblastoma macrophage/microglia data

Data on bulk human glioblastoma macrophages/microglia was downloaded from 
the NCBI Gene Expression Omnibus (GSE80338) as deposited by Szulzewsky et 
al.(Szulzewsky et al., 2016). For comparative expression analysis, only samples 
from glioblastoma patients (n=8) and postmortem controls (n=5) were used. 
Samples with less than 6000 genes with at least 5 mapped reads were excluded 
from analysis (n=0). The sample-to-sample heatmap was generated using the 
Pheatmap R package version 1.08 using the Eucladian distance between samples. 
Single cell glioblastoma microglia data was extracted from http://www.gbmseq.
org/ described and published by Darmanis et al.(Darmanis et al., 2017). Similar 
to the original publication, every cell in the myeloid clusters were allocated to 
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the subgroup of either macrophage or microglial origin, based on the mean 
expression of macrophage (CRIP1, S100A8, S100A9, ANXA1 and CD14) or 
microglia (TMEM119, P2RY12, GPR34, OLFML3, SCL2A5, SALL1 and ADORA3) 
markers(Darmanis et al., 2017). For every microglia cell, t-distributed stochastic 
neighbor embedding (tSNE) mapping was performed based on the published 
coordinates for every cell in the dataset using ggplot2 version 2.2.1. The normalized 
read counts and diff erential expression data were extracted for every microglial 
cell comparing glioblastoma core cells to peripheral cells using DESeq2 similar as 
described above. 

Data availability

Raw and processed transcriptomic data described in this manuscript are deposited 
in NCBI’s Gene Expression Omnibus (GEO) and are accessible using GEO Series 
accession number GSE106775 at https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE106775. 

Code availability

R scripts written for data processing and the generation of fi gures included in this 
manuscript are available online in a git repository. This includes the R sessionInfo() 
data for compatibility information. The fi les and information can be accessed at: 
https://github.com/slnmaas/Glioblastoma-Microglia-Project
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Supplementary Figure S1. RNA levels correlated with protein levels in control and 
tumor-bearing brains. (A) The microglial marker Iba1 was equally expressed in control 
and tumor-associated microglia, whereas Cd74 and Arg1 expression was increased in 
tumor-associated microglia as measured by RNAseq. (B) Immunofl uorescence staining of 
IBA1, CD74 and ARG1 in control and tumor-bearing mouse brains. (C) Quantifi cation of 
immunofl uorescent staining seen in (B) Fluorescent intensity was quantifi ed per pixel within 
all identifi ed cells. Tumor and control tissues were individually compared for each marker. 
IBA1, CD74 and ARG1 fl uorescence quantifi cation correlated with RNA data whereas Scale 
bars 100μm, asterisk indicates multiple testing adjusted p-value <0.05, error bar represents 
SEM.
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Supplementary Figure S2. IL4, IL10, IL6 and IFNγ pathways genes were upregulated 
in tumor-associated microglia. (A) The IL4 associated genes were mostly upregulated 
in tumor-associated microglia with increased expression in EV-GFPpos microglia. The 
signifi cantly upregulated genes in EV-GFPpos versus EV-GFPneg microglia included known 
tumor supportive genes such as Mmp12, Adam19 and Wnt5a. (B) IL10 related genes were 
upregulated in tumor microglia. Sod2, a tumor supportive gene, was among the genes 
signifi cantly upregulated in EV-GFPpos microglia. (C) IL6 related genes were upregulated in 
tumor-associated microglia. Among the signifi cantly upregulated IL6 genes is Ccl7 (MCP-
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3), a secreted chemokine involved in the attraction of microglia and macrophages to the 
tumor suggesting a tumor supportive infi ltration loop. (D) Overall, increased expression 
of IFNγ related genes was observed with the strongest expression in EV-GFPpos microglia. 
Among the signifi cantly upregulated genes in EV-GFPpos microglia was Irf7, a key regulator 
of pro-infl ammatory to anti-infl ammatory switching in microglia.
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Abstract

Monocytes, macrophages and microglia make up a large part of the glioma 
environment and have an important role in maintaining and propagating glioma 
progression. Targeting these cells to inhibit their tumor-promoting eff ect and 
reprogramming them into an anti-tumor phenotype is a potential therapeutic 
approach for glioma. In this study we analyzed the transcriptomes of eight 
diff erent monocyte subgroups derived from the brain and the blood of glioma-
bearing mice. We compared the expression profi le of blood-derived monocytes 
versus tumor-infi ltrating monocytes and found increased expression of both 
pro- and anti-infl ammatory pathways in tumor infi ltrating monocytes.  To help 
disseminate these datasets, we created a user-friendly web-based tool accessible 
at www.glioma-monocytes.com. This tool can be used for validation purposes 
and to elucidate gene expression profi les of tumor-interacting monocytes and 
macrophages as well as blood-derived circulating monocytes. This tool can also 
be used to identify new markers and targets for therapy in these diff erent cell 
populations.

Introduction 

 Glioblastomas (GBs) are the most common and lethal primary brain tumors and 
are characterized by their highly aggressive nature including rapid tumor growth, 
diff use invasiveness and resistance to therapy(Ostrom et al., 2019; Stupp et al., 2009). 
GBs consist of a heterogeneous population of malignant cells and various types of 
stromal cells, which all contribute to tumor formation, progression and response 
to treatment(Broekman et al., 2018; Chen and Hambardzumyan, 2018; Quail and 
Joyce, 2017). GB cells have been shown to aff ect endogenous central nervous 
system (CNS) cells, such as microglia, astrocytes, oligodendrocytes, endothelial 
cells and neurons as well as infi ltrating monocytes/macrophages(Broekman et 
al., 2018). Tumor-cell production and secretion of chemokines and cytokines—
including growth and angiogenic factors and extracellular matrix modifying 
enzymes, as well as RNA and proteins within extracellular vesicles—create a 
favorable tumor microenvironment(Broekman et al., 2018; Hambardzumyan et 
al., 2016). 
In glioma, the microenvironment, including the blood-brain barrier, is severely 
disrupted resulting in the infi ltration of myeloid-derived innate immune 
cells(Hambardzumyan et al., 2016). In established glioma tumors, a large 
proportion of the immune cells are microglia supplemented with infi ltrating 
monocytes recruited from the blood circulation that subsequently can diff erentiate 
into macrophages(Bowman et al., 2016). In the circulating blood, two subtypes 
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of monocytes exist that can be diff erentiated based on the expression level of 
Ly6C. Ly6Clow monocytes are characterized as “patrolling monocytes” and remain 
in the bloodstream(Yona et al., 2013). The main function of these monocytes is 
to monitor the blood vessel walls and initiate vessel repair(Auff ray et al., 2007). 
Ly6Chigh monocytes have the capacity to sense and extravasate into tissue sites of 
infl ammation and injury, including tumors(Franklin et al., 2014; Ginhoux and Jung, 
2014; Movahedi et al., 2010). Once within a glioma tumor, the Ly6Chigh monocytes 
are activated and due to diff erent factors secreted from tumors, a portion of 
infi ltrating cells diff erentiate into macrophages(Franklin et al., 2014). Recently it 
has been shown that some infi ltrating monocytes can also remain as monocytes 
within the tissue, where they acquire antigen-presenting functions(Jakubzick et 
al., 2017). 
The infl ux of blood-derived monocytes and recruitment of microglia into a 
tumor tends to support tumor progression to more malignant grades(Komohara 
et al., 2008). Due to the overlap in cellular markers in human tissue, these two 
cell types are commonly grouped together as tumor associated myeloid cells 
(TAMs)(Bowman et al., 2016; Broekman et al., 2018; Quail and Joyce, 2017). 
TAMs are recruited to the tumor site through tumor secretion of cytokines and 
chemokines, including ATP, CSF-1, CCL2, GDNF, GM-CSF HGF/SF, MCF-3, SDF-1, 
TNF and VEGF(Hambardzumyan et al., 2016; Li and Graeber, 2012). To support 
tumor growth, TAMs secrete angiogenic factors such as CXCL2, EGF and VEGF, 
to induce neovascularization which is required to keep the tumor supplied with 
nutrients during its expansive growth(Brandenburg et al., 2016; Li and Graeber, 
2012). GBs are characterized by a high level of tumor cell invasiveness, which is 
supported by extensive tissue remodeling. TAMs contribute to this process by 
the secretion of matrix metalloproteases (MMPs). For example, MMP2 degrades 
the brain extracellular matrix facilitating tumor cell migration(Du et al., 2008). 
In addition, TAMs have been shown to produce low levels of pro-infl ammatory 
factors, but do not express T-cell co-stimulatory molecules, such as CD80 and 
CD86, indicating an inability to induce an immune response(Hussain et al., 
2006). To better understand the underlining mechanisms of diff erentiation, 
immunosuppression, angiogenesis and tumor support by TAMs we profi led 
the RNA expression of diff erent infi ltrating monocytes and macrophages and 
compared them to circulating monocytes.
Understanding these types of cells is important since the focus of glioma therapy 
is shifted towards targeting the microenvironment as well as the tumor cells. 
Since the TAMs play a crucial role in maintaining the tumor, in the form of immune 
suppression and angiogenesis, inhibiting these features can yield a successful 
(adjuvant) therapy. Finding a suitable target in these cells can be achieved by 
studying the transcriptome. With the costs of RNA sequencing going down over 
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the recent years, whole transcriptome analysis has become more accessible. 
While data submission into GEO database is becoming mandatory, retrieving 
data and accessing it is not user-friendly. Online resources, such as http://www.
brainrnaseq.org/ or https://www.proteinatlas.org/, are examples of user-friendly, 
freely available datasets(Uhlén et al., 2015; Zhang et al., 2014; Zhang et al., 2016). 
These can be used to analyze expression of specifi c genes in diff erent tissues or 
CNS cell types. While these databases supply a baseline for gene expression levels 
in normal physiological setting, we have supplemented this by studying the RNA 
expression profi le of the diff erent monocyte subpopulations in a pathological 
setting.   
We analyzed the RNA expression profi le of diff erent cell populations, including 
circulating Ly6Chigh and Ly6Clow blood-derived monocytes, glioma monocytes 
and glioma macrophages divided into CCR2high and CCR2low subtypes. For the 
populations localized in the brain we further divided these populations into 
subpopulations based on the uptake of tumor-derived cell-membrane particles. 
This results in eight diff erent populations of which drastic changes in RNA 
expression are observed once the cells had entered the glioma environment. 
Further analysis of specifi c cytokine pathways indicated a high level of activation 
of diff erent cytokine-associated gene sets in the glioma-infi ltrating cells. All 
these transcriptomic data have been compiled in a user-friendly web-based tool 
accessible at www.glioma-monocytes.com (temporary password “MM2MM2”), 
making this data publicly available. This tool can be used for validation purposes 
and to elucidate gene expression profi les of tumor interacting-monocytes and 
macrophages as well as blood-circulating monocytes. 

Results

Isolation of blood and brain infi ltrated monocytes and macrophages 
in a glioma mouse model
To study the eff ect of glioma on the infi ltrating innate immune cells, we implanted 
a syngeneic glioma cell line, GL261, into C57BL6.CCR2RFP/WT mouse brains (Fig. 
1A). These cells express a palmitoylated form of GFP, which results in anchoring 
of GFP into the inner leafl et of all cellular membranes(Lai et al., 2015) (Fig. 1B). 
We used the cellular uptake of membrane (particle) associated GFP as a marker 
for interaction between the glioma and monocytes/macrophages. The tumor was 
grown for 30 days after which the brain and the blood of the mice were harvested. 
Blood-derived monocytes were isolated based on the expression of CD45, CD115, 
absence of CD11c and level of Ly6C to separate Ly6Clow patrolling monocytes 
and Ly6Chigh infi ltrating monocytes (Fig. 1C)(Jakubzick et al., 2017). Focusing on 
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the infi ltrating myeloid cells, we isolated monocytes and macrophages using 
antibodies to CD11b, CD45, Ly6C and F4/80(Ginhoux and Jung, 2014; Greter et al., 
2015) and fl uorescence activated cell sorting (FACS), with subsequent separation 
based on the presence of glioma-derived GFP (Fig. 1D). Infi ltrating cells were 
separated from microglia based on high CD11b and CD45 expression. In control 
brains, lacking a tumor, this CD45high Cd11bhigh population of infi ltrating myeloid-
derived cells was absent (Supplementary Fig. S1). Taken together, FACS using a 
panel of myeloid cell surface markers defi ned 8 diff erent populations of blood-
circulating and tumor-infi ltrating cells subdivided based on the uptake of glioma-
derived membrane-bound GFP.

0 102 103 104 105

0

102

103

104

105

C
D

11
b-

PE
-C

y7

Ly6C-BV605

83.28.78

0 102 103 104 105
0

50K

100K

150K

200K

250K

SS
C

-A

CD11c-APC-Cy7

47.3

0 102 103 104 105

0

102

103

104

105

C
D

11
b-

PE
-C

y7

CD115-Alexa647

3.22

0 102 103 104 105
0

50K

100K

150K

200K

250K

SS
C

-A

CD45-PacBlue

99.5

Blood

Blood monocytes 
(CD45pos/CD115pos/CD11cneg)

Blood monocytes 

CD45pos/CD115pos

CD45pos/CD115pos

Ly6Clow Ly6ChighCD45pos

CD45pos

0 102 103 104 105

0

102

103

104

105

C
C

R
2-

R
FP

GFP

85.1 2.64

0 102 103 104 105

0

102

103

104

105

C
C

R
2-

R
FP

GFP

63.3 7.75

8.06 0.53

0 102 103 104 105

0

102

103

104

105

F4
/8

0-
A

le
xa

64
7

Ly6C-BV605

53.2
17.6

0 102 103 104 105

0

102

103

104

105

C
D

11
b-

PE
-C

y7

CD45-PacBlue

19.3

Brain

Macrophages

Monocytes GFPneg GFPpos

CCR2high

CCR2low

GFPposGFPneg

CD45high/CD11bhigh Glioma macrophagesGlioma monocytes
CD45high/CD11bhigh

Ly6Clow blood monocytes

Ly6Chigh blood monocytes

GFPneg glioma monocytes

GFPpos glioma monocytes

GFPneg glioma macrophages CCR2low

GFPpos glioma macrophages CCR2low

GFPneg glioma macrophages CCR2high

GFPpos glioma macrophages CCR2high

C57BL/6.CCR2RFP/wt 

Day 0
Intracranial implantation 

GL261.GlucB.IRES.GFP.palmGFP

Day 30 
Harvest brain and 

whole blood
Single cell protocol brain: 

Percoll (Dispase)

Hour 0 Hour 6

Flow cytometry sort 
in RNA lysis buffer

From lambda: 
X: 2.0mm Y: 0.5mm Z:-2.5mm

GFP DAPI

d

c

ba

Figure 1. Isolation of blood and brain infi ltrated monocytes and macrophages from 
glioma mouse model. (A) Schematic overview of experiment shows timeline and methods 
used. (B) Glioma cell line GL261.BpalmGFP was injected intracranially into syngeneic mouse 
to establish brain tumor model. Scale bar 50 µm (C) Glioma monocytes and macrophages 
were separated from microglia by FACS based on the expression level of CD45 and CD11b. 
Monocytes were isolated based on the presence of F4/80 and high expression of Ly6C, 
macrophages were further divided into CCR2 high and low. (D) Blood from tumor-bearing 
mice was harvested using cardiac puncture. Infl ammatory monocytes (CD45high, CD115high, 
CD11clow and Ly6chigh) and patrolling monocytes (CD45high, CD115high, CD11clow, Ly6clow) 
were isolated from whole blood by FACS.
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Global analysis of gene expression
To analyze the diff erence in gene expression between the 8 diff erent groups, the 
top 250 most diff erentially expressed genes showed a large variation between 
blood and brain-derived populations (Fig. 2A). This was further confi rmed by 
plotting the sample using a principle components analysis (PCA). Here we show 
large variations between blood and brain cells, while the diff erence within the 
brain samples is less prominent (Fig. 2B). To analyze the eff ect of tumor interaction 
by presence of GFP membranes within glioma monocytes, we compared the 
overall gene expression of GFPpos and GFPneg brain monocytes. Interestingly, only 
11 genes were expressed at signifi cantly diff erent levels between the groups, 
indicating that the uptake of glioma-derived membrane-bound GFP does not 
notably change the transcriptome of these cells (Fig. 2C). Comparison of the 
transcriptome of the blood Ly6Chigh and Ly6Clow monocytes revealed a total of 1292 
signifi cantly diff erentially expressed genes (Fig. 2D). Even more prominent were 
the changes between monocytes in the blood compared to those in the brain, 
as the diff erences between GFPneg glioma monocytes and Ly6Chigh blood-derived 
monocytes showed 1621 signifi cantly upregulated genes and 398 signifi cantly 
downregulated genes (Fig. 2E). These results indicate that upon exiting the blood 
circulation, Ly6Chigh classical infi ltrating monocytes change their gene expression 
profi le dramatically. Since the uptake of membrane-bound GFP resulted in very 
similar RNA expression patterns in CCR2high and CCR2low glioma macrophages, we 
decided to focus subsequent analyses on the GFPneg subpopulations only. 

Figure 2. Global analyses of gene expression. (A) Top 250 most differentially expressed 
genes among 8 cell subtypes isolated from blood and brain. (B) PCA plot illustrates difference 
in principle components between brain and blood samples. (C) MA plot reveals the number 
of genes with a signifi cant change in expression in comparison between GFPpos and GFPneg

brain monocytes. (D) Signifi cantly differentiated gene expression shown in MA plot between 
blood-derived classical infi ltrating monocytes (Ly6Chigh) and patrolling monocytes (Ly6Clow). 
(E) Signifi cantly differentiated gene expression shown in MA plot between blood-derived 
monocytes and glioma monocytes.
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Expression of specifi c innate immune cell markers
To validate whether the populations of cells we isolated express specifi c innate 
immune cell markers, we plotted the normalized read count of these selected 
markers. First, to make sure the gene expression patterns refl ected the corresponding 
protein levels, we analyzed the correlation between mean fl uorescent intensity as 
measured by FACS and the normalized RNA read count. Plotting the LY6C protein 
expression in mean fl uorescent intensity (MFI) compared to RNA expression of 
the Ly6c2 gene, we found a Spearman’s rank correlation coeffi  cient of 0.7177 
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(Supplementary Fig. S2). F4/80 is the second marker for which suffi  cient data 
was available and this marker showed a Spearman’s rank correlation coeffi  cient 
of 0.7527 between protein and mRNA levels (Supplementary Fig. S2). Together 
this supports the concept that diff erences in RNA expression are, in general, 
representative of the corresponding protein levels. 
Next, we analyzed specifi c markers present in the blood-derived monocyte 
populations. Both the Ly6Chigh and Ly6Clow monocytes are CSFR1high and can be 
further characterized by the expression of the markers CX3CR1, CCR2, CD62L, 
CD43 and TREML4. Specifi cally the two populations are either LY6Chigh CX3CR1mid

CCR2high CD62Lhigh CD43low TREML4high infl ammatory monocytes or LY6Clow

CX3CR1high CCR2low CD62Llow CD43high TREML4low patrolling monocytes(Jakubzick 
et al., 2017). Comparing the RNA expression of these markers confi rmed that the 
two populations analyzed represent these monocyte populations as isolated 
using FACS (Fig. 3A). Moreover, glioma monocytes and macrophages can be 
identifi ed based on the expression of Ly6c, Ccr2, Cx3cr1, Cd64, Mertk, Cd45, 
F4/80, Ccr7 and transcription factor Nr4a1(Jakubzick et al., 2017). Again, the 
expression profi les of the diff erent cell types match the expression trends among 
the diff erent populations, as described in the literature (Fig. 3B). To investigate 
the function of these diff erent cell groups we plotted the expression of specifi c 
activation markers. Markers associated with an anti-infl ammatory response, such 
as Arg1, Mrc1 and Il4ra (Gordon and Martinez, 2010), are expressed at a higher 
level in glioma-infi ltrating cells, as compared to blood-derived cells (Fig. 3D-E). 
Similarly, MHC molecules including H2-Aa, H2-Eb1 and H2-DMb1, showed a higher 
normalized read count in glioma-infi ltrating cells, as compared to blood-derived 
cells (Fig. 3C-D). Interestingly, the gene expression of markers connected to a 
pro-infl ammatory response, Il1b and Nos2, were also detected at high levels in 
glioma-infi ltrating cells(Gaidt et al., 2016; Jablonski et al., 2015) (Fig. 3C-D). Lastly, 
T-cell co-stimulatory molecules Cd80 and Cd86 were expressed at low levels in 
all these diff erent cell populations (Fig. 3E)(Linsley et al., 1994). Diff erential 
expression analysis comparing all groups of all markers with log2fold change, 
SEM and adjusted p-values are listed in Supplementary Table S1. Taken together, 
the diff erent cell types expressed cell-specifi c markers at expected levels while 
the glioma-infi ltrating cells were found to be in an activated state compared to 
blood-derived cells, as shown by the higher expression of individual activation 
markers. These types of markers are used to predict the function of the cells, in 
which monocytes are known to be activated by IL10 inducing a more regulatory 
(or anti-infl ammatory) role whereas stimuli by IFNy results in pro-infl ammatory 
phenotype. The expression of pro- and anti-infl ammatory genes in glioma-
infi ltrating cells illustrates the complexity of the cell polarization, and the inability 
to characterize these cells according to binary M1/M2 models, which have been 
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mostly studied in vitro(Jablonski et al., 2015; Szulzewsky et al., 2015). 
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Figure 3. Different cell populations show expression of specifi c markers. (A) Gene 
expression of markers specifi c to infl ammatory Ly6Chigh (Cx3cr1mid Ccr2+ Cd62l+ Cd43low

Treml4+) and patrolling Ly6clow (Cx3cr1high Ccr2- Cd62l- Cd43high Treml4-) monocytes (B) 
Normalized read counts of cell markers used to identify and differentiate monocytes from 
macrophages (CCR2high and CCR2low), including Ly6C, Ccr2, Cx3cr1, Fcgr1, Mertk, Itgax, 
Ptprc, Adgre1, Mrc1, Ccr7 and Nr4a1. (C) Expression of activation markers Cd74, H2-Aa, 
H2-Eb1, IL1b (D) Arg1, H2-DMb1, Il4ra, Tnf (E) Mrc1, Cd80, Cd86 and Nos2 shows that 
after infi ltration into the glioma monocytes and macrophages are in an activated state. Data 
represents 3 independent experiments and are presented as the mean with SEM (error bars). 

Analysis of various cytokine pathways in infi ltrating monocytes 
indicates upregulation of both pro- and anti-infl ammatory pathways
To further confi rm that in vivo glioma monocytes and macrophages express a 
phenotype including expression of both pro- and anti-infl ammatory genes, we 
looked at cytokine-associated gene sets. Here, we focused on the expression 
of IFNγ, IL10, IL6/STAT3 and IL4 associated gene sets. In line with the pattern of 
individual markers, we found upregulation of both pro- and anti-infl ammatory 
pathways. IFNγ associated genes, a pro-infl ammatory pathway, were upregulated 
in brain monocytes and macrophages compared to monocytes in the blood (Fig. 
4A). Additionally, IL4 and IL10 (anti-infl ammatory) and IL6/STAT3 (pro- and anti-
infl ammatory) associated genes were also signifi cantly upregulated in monocytes 
and macrophages in a glioma-bearing brain (Fig. 4B-D & Supplementary Fig. S3)
(Niemand et al., 2003). This confi rms published data that in vivo monocytes and 
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macrophages have a much more complex phenotype than the initially proposed 
binary M1/M2 model(Szulzewsky et al., 2015).

Enrichment plot: IL10
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Figure 4. Analysis of various cytokine pathways in glioma monocytes and macrophages 
indicated upregulation of both pro- and anti-infl ammatory pathways. (A) Relative 
expression of IFNγ related genes in the pro-infl ammatory pathway, showing an overall 
upregulation in glioma-infi ltrating cells of the IFNγ pathway. (B) IL10 pathway, which 
is anti-infl ammatory, is upregulated as shown by the high relative expression in glioma-
infi ltrating cell groups. (C and D) Gene set enrichment analysis (GSEA) for the ranked genes 
based on the differential expression of genes comparing GFPneg glioma monocytes to Ly6Chigh

blood monocytes, identifi ed signifi cant upregulation (FDR p-value <0.05) of the IFNγ and 
IL10 pathways.

Web-based tool for analyzing circulating and glioma-infi ltrating 
monocytes and macrophages in glioma model
To combine the extensive datasets gathered in sequencing the transcriptome 
of the above-described monocyte and macrophage populations we set up a 
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web-based tool at www.glioma-monocytes.com. This user-friendly platform 
allows users to browse individual genes (Fig. 5A). Here, the expression level of all 
individual genes within the diff erent populations are displayed, supplemented 
with diff erential expression data among the populations (Fig. 5B). Additional 
information has been extracted from the AllianceGenome API to display 
functional data about the gene of interest as well as links to external databases. 
This website will help researchers investigate properties of circulating monocytes, 
glioma-infi ltrating monocytes and diff erentiated macrophages in an orthotopic 
mouse glioma model. 
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Figure 5. Web-based tool for studying circulating and glioma monocytes and macrophages 
in glioma model. (A) On the homepage of website (www.glioma-monocytes.com) the 
experimental setup is summarized as a schematic and in text. Expression of individual genes 
in various cell populations can be consulted using the search bar. (B) Example of output 
of inquiry focusing on Ccr2, showing normalized read count and differential expression 
between all cell groups.

Discussion

In this study we have analyzed the transcriptome of diff erent monocyte subtypes 
derived from blood and tumor tissue. We found that by using a set of specifi c 
cell surface markers, we were able to separate blood monocytes, tumor-localized 
monocytes and macrophages in a glioma mouse model. Here, we have developed 
a user-friendly, freely available online tool to study the gene expression of diff erent 
tumor-infi ltrating and blood-derived monocyte cell populations.
Overall, a high level of diff erential gene expression was observed between 
these diff erent cell subtypes, most notably between blood-derived and glioma-
infi ltrating cells. Although the global gene expression of the two diff erent 
monocyte subtypes isolated from blood was similar as compared to all the 
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other subtypes, the diff erence between these monocyte subpopulations was 
distinguished by analyzing specifi c cell markers, such as Cx3cr1, Cd64, Cd43 and 
Treml4, as previously reported(Jakubzick et al., 2017). Similarly, the subtypes 
isolated from tumor tissue showed expression patterns of Ly6C, Ccr2, Fcgr1, F4/80
and Nr4a1 which was characteristic of infi ltrating monocytes and macrophages 
shown in previous reports(Jakubzick et al., 2017). Both the glioma-infi ltrating 
monocytes and macrophages had pro- (Arg1) and anti-infl ammatory (Nos1) 
markers, which is in line with the global upregulation expression of IFNγ, IL10, 
IL4 and IL6/STAT3 cytokine pathway genes, albeit it is not clear if individual cells 
express both pro- and anti-infl ammatory marker. Thus, glioma monocytes and 
macrophages in vivo cannot be characterized as either M1 or M2, but collectively 
express a more complex phenotype that shares characteristics of both these two 
diff erentiation states. This was also shown using single cell RNAseq of CD11b+

TAMs from human glioma biopsy samples, where both M1 and M2 markers were 
found to be co-expressed on individual TAMs(Müller et al., 2017). 
We have sought to use the GFP-membrane markers expressed by tumor cells to 
identify glioma monocytes and macrophages with a high level of interaction with 
the glioma. However, diff erential expression analysis did not show substantial 
variation between the subtypes of monocytes and macrophages, which were 
positive or negative for GFP. A possible explanation is that tumors secrete a 
plethora of cytokines and chemokines. These factors may be the dominant 
determinants in the activation and diff erentiation of infi ltrating monocytes and 
macrophages regardless of whether they took up tumor-derived material or not. 
Increasing evidence indicates that TAMs play a crucial role in brain tumor 
development. Understanding how monocytes diff erentiate into macrophages 
and identifi cation of new specifi c markers is needed to give insight into how 
these cells support or inhibit cancer progression. So far, targeting of TAMs has 
only had limited success. Two properties of TAMs have been exploited in therapy: 
the recruitment and reprogramming. CSF1R has been shown to target both 
venues(Pyonteck et al., 2013; Quail et al., 2016). For example, depletion of TAMs 
by blocking colony stimulating factor 1 receptor (CSF1R), has been shown to 
increase survival by 64.3% in a mouse pro-neural GB model(Pyonteck et al., 2013). 
However, subsequent studies found development of resistance to the CSF1R 
blockage through IGF1 secretion by TAMs resulting in resumed PI3K dependent 
tumor growth(Quail et al., 2016). While a number of studies targeting CSF1R are 
still in progress (Clinical Trial Identifi er: NCT02829723 and NCT01790503), in a 
phase II clinical trial using an inhibitor for CSF1R, PLX3397, it was shown that the 
drug was tolerated and can cross the blood-brain barrier, but did not show any 
effi  cacy(Butowski et al., 2016). The lack of effi  cacy underlines the need for a better 
understanding of TAMs. 

Thesis_211214.indd   148Thesis_211214.indd   148 12/16/21   4:08 PM12/16/21   4:08 PM



GlioM&M: Web-based Tool for Studying Glioma-Associated Myeloid Cells

5

149

Here we have used the mouse glioma cell line GL261 in a syngeneic model to 
investigate the changes in the transcriptome of infi ltration monocytes as well 
as circulating monocytes. While this model is widely used, is has the limitations 
that most mouse models have. First, the growth pattern of GL261 is not diff use 
infi ltrative, as observed in human gliomas. Secondly, while GL261 harbors a TP53 
mutation often detected in glioblastomas, it lacks the classical IDH wildtype 
glioblastoma molecular associated alterations such as PTEN, PI3K and TERT 
promotor mutations, EGFR alterations as well as chromosomal alterations such 
as gain of chromosome 7, loss of chromosome 10 and homozygous deletion 
of CDKN2A/CDKN2B(Louis et al., 2016; Szatmari et al., 2006). To counter these 
issues, one could add additional murine glioma cell lines such as CT2A, however 
also these alternative lines do not recapitulate human GB in multiple aspects. 
Moreover, the use of a xenograft model would completely alter the immune 
response to the tumor, a component of which (monocytes and macrophages) we 
are focusing on. Therefore, this study provides an exploratory tool based on the 
data acquired from one murine cell line, with the limitations outlined above, that 
can help to fi nd targets of interest that require additional validation in other cell 
lines or preferable human glioblastoma data. 
Glioma is a complex disease and the composition of the tumor environment, 
including glioma-infi ltrating monocytes and macrophages, as well as microglia 
(Maas, Abels et al. submitted) has a substantial eff ect on tumor growth and 
response to therapy. To elucidate the role of these cells in glioma we have aimed 
to decipher the molecular profi le of these stromal cells. While this can give insight 
into potential targets and markers for these monocyte subtypes, our incomplete 
understanding still hinders the development of stromal-targeted therapeutics 
and thus future research will be needed to address the relationship between and 
the function of these diff erent cell types. 

Methods

Cell culture 

GL261 cells (NCI Tumor Repository) were cultured in Dulbecco’s modifi ed Eagle’s 
medium (DMEM) (Corning) with penicillin (100 units/ml) and streptomycin (100 
μg/ml) (P/S) (Corning) and 10% fetal bovine serum (FBS) (Gemini Bioproducts). 
Cells were cultured in a 5% CO2 humidifi ed incubator at 37°C. Cells were periodically 
tested for mycoplasma contamination and found negative. Reporter genes 
(palmGFP and GlucB-GFP) were introduced in GL261 by lentiviral transduction 
creating GL261.BpalmGFP cells(Lai et al., 2015; Lai et al., 2014). 
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Mice

Animal experiments were conducted under the oversight of the Massachusetts 
General Hospital Institution Animal Care and Use Committee. Animal protocols 
were approved by the Institutional Animal Care and Use Committee (IACUC) 
for the Massachusetts General Hospital (MGH) following the guidelines of the 
National Institutes of Health for the Care and Use of Laboratory Animals. To 
generate heterozygous C57BL6.CCR2RFP/WT knock-in mice, C57BL/6 mice (Charles 
River Laboratories) were crossed with homozygous C57/BL6.CCR2RFP/RFP knock-in 
mice(Saederup et al., 2010). Adult mice ranging from 12 - 18 weeks were used in 
this study. Mice were maintained under a 12-hour light/dark cycle with free access 
to water and food. Total of four animals, two male and two female mice were 
randomly assigned to experimental groups. After quality control of the sequence 
data we excluded samples not meeting the required quality (sample cut-off  <6000 
genes with <5 read/gene). This resulted in n=3 per isolated cell type. 

Immunofl uorescence

Cells were plated on coverslip pre-coated with poly-D-lysine (PDL) (100 µg/ml, 
Thermo Fisher). Fixation of cells was done using 4% paraformaldehyde (PFA) for 
20 min at room temperature (R/T). Cells were washed using PBS following DAPI 
(1 μg/ml, Thermo Fisher) staining performed for 30 min at R/T. Coverslips were 
washed for 10 min using PBS and mounted on microscope slides using ProLong 
Diamond Antifade Mountant (Thermo Fisher). Zeiss Axio Imager M2 (Carl Zeiss, 
Oberkochen, Germany) was used to acquire fl uorescence microscopy images. 

Intracranial tumor implantation 

Mice were anesthetized using 70 μl ketamine (Bioniche Pharma) (17.5 mg/ml) 
and xylazine (Santa Cruz Biotechnology) (2.5 mg/ml). GL261.BpalmGFP (1 x 105

cells in 2 µl DMEM) were implanted in the striatum using a stereotactic frame. 
Implantation was done at the coordinates from lambda: 2 mm anterior, 0.5 mm left 
and a depth of 2.5 mm. Four weeks after implantation, the mice were euthanized 
using a 120 μl ketamine (17.5 mg/ml) and xylazine (2.5 mg/ml). This was followed 
by cardiac puncture to collect blood using a syringe containing 100 μl of 5M 
EDTA. After blood collection, 50 ml PBS was used for transcardial perfusion with a 
perfusion pump (Minipump Variable Flow, Fisher Scientifi c) after which the brains 
were collected for further processing.
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Harvesting of brains and blood and preparation of single-cell suspensions

Collected brains were fi rst manually separated into smaller fragments and 
transferred to GentleMacs™ C-tube (Miltenyi Biotech, San Diego, CA, USA) 
containing Roswell Park Memorial Institute (RPMI) 1640 with L-glutamine (no 
phenol red) medium (Fisher Scientifi c) supplemented with Dispase (2 U/ml) 
(Corning) and Collagenase Type 3 at a fi nal concentration of 200 U/ml (Worthington 
Biochemicals). The brains were mechanically dissociated using the gentleMACS 
Dissociator (Miltenyi Biotech) pre-set brain program 1 and 2 with intervals of 
10 min incubation at 37°C for 10 min. Finally, DNase I grade II (Roche Applied 
Science) was added to a concentration of 40 U/ml incubated at 37°C for 10 min 
following brain program 3. Brain suspension was fi ltered and transferred using 
100 µm cell strainer into 50 ml Falcon tube and centrifuged at 400 x g for 10 min. 
Cell pellets were resuspended in 10.5 ml RPMI/L-glutamine, mixed gently with 4.5 
ml physiologic Percoll® (Sigma Aldrich) and centrifuged at 850 × g without brake 
for 40 min. Pellet was washed using PBS and centrifuged at 400 x g for 10 min. Red 
blood cells in fi nal pellet were lysed using RBC lysis (Boston BioProducts) for 2 min 
at R/T. Cells were washed twice with PBS.
Blood was subjected to red blood cell lysis using RBC lysis (Boston BioProducts) for 
2 min at R/T. Cells were washed twice with PBS without Mg2+ and Ca2+ (Corning). 
Remaining cells were washed twice with DMEM (Corning) supplemented with 5 
mM EDTA and 0.5% BSA and fi nally pelleted by centrifugation at 250 × g for 10 
min.
The fi nal brain and blood cell suspensions were resuspended in 300 µl PBS with 
0.2% FBS, followed by staining for FACS. 

Cell staining and FACS

Prior to antibody staining, cells were incubated for 10 min on ice with TruStain fcX 
(anti-mouse CD16/32, BioLegend #101319, clone 93, 1:100). To identify infi ltrating 
monocytes/macrophages from the brain, anti-CD11b-PE-Cy7 (BioLegend, 
M1/70, 1:100), anti-CD45-pacifi cBlue (BioLegend, 30-F11, 1:100), anti-F4/80-APC 
(BioLegend, BM8, 1:75) and anti-Ly6C-BV605 (BioLegend, HK1.4, 1:500) were 
used. Blood-derived monocytes were identifi ed using anti-CD45-pacifi cBlue 
(BioLegend, 30-F11), anti-Ly6C-BV605 (BioLegend, HK1.4, 1:100), anti-Cd115-APC 
(BioLegend AFS98, 1:100) and anti-Cd11c-APC-Cy7 (BioLegend, N418, 1:100). 
Cells were stained by incubation with antibodies for 30 min on ice. Finally, cells 
were washed using 1 ml PBS and centrifuged at 400 × g for 8 min. Cell pellets were 
resuspended in 300 µl PBS supplemented with 0.2% FBS and fi ltered through a 
35 µm cell strainer (BD Falcon). Cell subpopulations were fi nally sorted into RLT 
buff er (Qiagen) using a BD FACSAria II SORP Cell Sorter.
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RNA isolation and preparation for RNA-sequencing

Cells were sorted into 350 μl RLT Plus lysis buff er (Qiagen) at 4°C for direct cell lysis. 
RNA isolation was carried out using the RNeasy Plus Micro kit (Qiagen) following 
the total RNA isolation protocol (appendix D). RNA concentrations and quality 
(RIN) were analyzed on pico-chips using the Agilent 2100 Bioanalyzer (Agilent 
Technologies). Library preparation was done with SMARTer cDNA protocol in 
addition to Nextera® XT DNA Library Preparation kit. First, reverse transcription 
of 500 pg RNA into cDNA was done with the SMARTer Ultra Low Input RNA Kit for 
Sequencing – v3 (Clontech Takara) using 3’-SMART CDS primer II A (selecting for 
poly-A transcripts), according to the manufacturer’s protocol. ERCC RNA Spike-
In Mix (Life Technologies) was added prior to reverse transcription. cDNA was 
purifi ed with 1x Agencourt AMPure XP beads (Beckman Coulter), following the 
SMARTer protocol. Subsequently barcoding and fragmentation of cDNA was done 
using Nextera® XT DNA Library Preparation kit (Illumina). cDNA (1 ng) was used 
as input for the enzymatic tagmentation and PCR amplifi cation (12 cycles). Final 
PCR product was purifi ed with 1.8x Agencourt AMPure XP beads as described 
in the Nextera XT protocol, without the bead-based library normalization step. 
Library validation and quantifi cation was done using the SYBR® FAST Universal 
qPCR Kit (KAPA Biosystems). The individual libraries were pooled in equal molar 
concentrations, and the pool concentration was determined again using the 
KAPA SYBR® FAST Universal qPCR Kit. The library pool was subsequently diluted, 
denatured, and loaded onto the NextSeq 500 sequencer (Illumina) with the 
addition of 1% PhiX Sequencing Control V3 (Illumina). Sequencing was done 
using NextSeq 500/550 High Output v2 kit (150 cycles) with 75-bp paired-end 
sequencing.

Data processing and statistical analysis

Raw data was aligned, duplicates removed and counted. First alignment was done 
against mm10 genome using the STAR v2.4.0h aligner set at default. All duplicate 
reads were marked and removed using the MarkDuplicates tool in picard-
tools-1.8.4. Finally, aligned reads were counted against Gencode’s GRCm38.p3 
GTF annotations using htseq-count in the intersection-strict mode. Readcount 
fi les were generated with HTSeq-count version 0.6.1p1. 

Data analysis of mapped counts was performed in R 3.2.3 using the DESeq2 
package (version 1.10)(Love et al., 2014). For unsupervised clustering, sample 
read counts were normalized using the regularized logarithm transformation 
method(Love et al., 2014). The regularized logarithm (rlog) values were used to plot 
heatmaps using the gplots (version 2.17) heatmap.2 function in R. Unsupervised 
clustering was performed based on the top-250 most variable genes between 
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samples. Diff erential expression analysis was performed in DESeq2 and only two-
sided Benjamini and Hochberg multiple testing adjusted p-values are reported in 
this manuscript. The level of signifi cance used is <0.05 Benjamini and Hochberg 
multiple testing adjusted p-value. Error bars display mean ±standard error of the 
mean (SEM). The “n” represents three individual mice.
For analysis of specifi c gene sets, the microglial sensome was extracted 
from Hickman et al. 2013(Hickman et al., 2013). The IL6/STAT3 and TGF-β 
sets were extracted from the Gene set enrichment analysis (GSEA) hallmarks 
collection(Liberzon et al., 2015). The IL4, IL10 and IFNγ sets were calculated from 
the Xue et al.(Xue et al., 2014) study by extracting the 150 highest upregulated 
genes compared to baseline. For the IL6/STAT3, TGF-β, IL4, IL10 and IFNγ sets, 
human to mouse homolog conversions were performed using The Jackson 
Laboratory Human and Mouse Homology Report (accessed February 18th, 2016) 
supplemented by manual curation. Principal component analysis (PCA) was 
performed by utilization of the DESeq2’s built-in PCA function using the default 
settings. Final bar graph, dotplots, PCA and MA plots were generated in GraphPad 
Prism (version 7.02). GSEA was performed using the graphical user interface for 
Mac OSX version 4.0.3. build 23 using the GSEA pre-ranked module using the 
default settings. 

Data availability

Raw and processed data were deposited in NCBI’s Gene Expression Omnibus 
(GEO) and are accessible using GSE145506 at https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE145506. 

Code availability

All R scripts written for data processing and the generation of fi gures included in 
this manuscript are available online in a git repository. The fi les and information 
can be accessed at: https://github.com/slnmaas/MM2-Project. 
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Supplementary Figure S1. Monocytes infiltrate brain upon tumor implantation. (A) Expression of CD11b 
and CD45 in control brain shows one dominant population of cells with intermediate expression of CD45 charac-
terized as microglia. (B) Presence of tumor in brain results in the influx of CD11bhigh, CD45high glioma mono-
cytes/macrophages. 

Supplemental Figure S1. Monocytes infi ltrate brain upon tumor implantation. (A) 
Expression of CD11b and CD45 in control brain shows one dominant population of cells 
with intermediate expression of CD45 characterized as microglia. (B) Presence of tumor in 
brain results in the infl ux of CD11bhigh, CD45high glioma monocytes/macrophages. 
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Supplementary Figure S2. RNA expression is correlated with protein levels in isolated cells. (A) Normalized 
counts and median fluorescent intensity of Ly6C in all cell populations shows high level of nonparametric Spear-
man correlation (r: 0.7177). (B) Normalized counts and median fluorescent intensity of F4/80 in all cell popula-
tions is consistent with high level of  nonparametric Spearman correlation (r: 0.7527).

Supplementary Figure S2. RNA expression is correlated with protein levels in isolated 
cells. (A) Normalized counts and median fl uorescent intensity of Ly6C in all cell populations 
shows high level of nonparametric Spearman correlation (r: 0.7177). (B) Normalized counts 
and median fl uorescent intensity of F4/80 in all cell populations is consistent with high level 
of nonparametric Spearman correlation (r: 0.7527).
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Enrichment plot: IL4
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Supplementary Figure S3. Analysis of IL6/STAT3 and IL4 cytokine pathways in glioma monocytes and macrophages versus blood-derived mono-
cytes shows pro-and anti-inflammatory pathway activation. (A) IL6/STAT3 pathway, a pathway associated with pro- and anti-inflammatory properties, 
is upregulated as shown by the high relative expression in tumor infiltrating cell groups. (B) Genes associated with the anti-inflammatory IL4 pathway are 
expressed at higher level in monocytes and macrophages found in tumor compared to blood-derived monocytes. (C and D) Gene set enrichment analysis 
(GSEA) for the ranked genes based on the differential expression of genes comparing GFPneg glioma monocytes to Ly6Chigh blood monocytes, identified 
significant upregulation (FDR p-value <0.05) of the IL6/STAT3 and IL4 pathways.

Supplementary Figure S3. Analysis of IL6/STAT3 and IL4 cytokine pathways in glioma 
monocytes and macrophages versus blood-derived monocytes shows pro-and anti-
infl ammatory pathway activation. (A) IL6/STAT3 pathway, a pathway associated with pro- 
and anti-infl ammatory properties, is upregulated as shown by the high relative expression in 
tumor infi ltrating cell groups. (B) Genes associated with the anti-infl ammatory IL4 pathway 
are expressed at higher level in monocytes and macrophages found in tumor compared to 
blood-derived monocytes. (C and D) Gene set enrichment analysis (GSEA) for the ranked 
genes based on the differential expression of genes comparing GFPneg glioma monocytes to 
Ly6Chigh blood monocytes, identifi ed signifi cant upregulation (FDR p-value <0.05) of the 
IL6/STAT3 and IL4 pathways.
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Abstract

One of the essential functions of microglia is to continuously sense changes in 
their environment and adapt to those changes. For this purpose, they use a set of 
genes termed the sensome. This sensome is comprised of the most abundantly 
expressed receptors on the surface of microglia. In this study, we updated previously 
identifi ed mouse microglial sensome by incorporating an additional published 
RNAseq dataset into the data-analysis pipeline. We also identifi ed members of the 
human microglial sensome using two independent human microglia RNAseq data 
sources. Using both the mouse and human microglia sensomes, we identifi ed a 
key set of genes conserved between the mouse and human microglial sensomes 
as well as some diff erences between the species. We found a key set of 57 genes 
to be conserved in both mouse and human microglial sensomes. We defi ne these 
genes as the “microglia core sensome”. We then analyzed expression of genes in 
this core sensome in fi ve diff erent datasets from two neurodegenerative disease 
models at various stages of the diseases and found that, overall, changes in the 
level of expression of microglial sensome genes are specifi c to the disease or 
condition studied. Our results highlight the relevance of data generated in mice 
for understanding the biology of human microglia, but also stress the importance 
of species-specifi c gene sets for the investigation of diseases involving microglia. 
Defi ning this microglial specifi c core sensome may help identify pathological 
changes in microglia in humans and mouse models of human disease.

Introduction

Microglia are the primary innate immune cells of the central nervous system (CNS). 
In addition to their protective function, these cells are involved in maintaining 
homeostasis in the brain parenchyma. Microglia are the main cells defending the 
brain against infections and are the primary resident infl ammatory cells of the CNS 
(Li and Barres, 2018). Within a healthy brain, microglia have an important role in 
brain development and maintenance by clearing (cellular) debris. In pathological 
conditions, however, microglia can either limit disease progression or they can 
actually increase the burden of disease (Hickman et al., 2018; Keren-Shaul et al., 
2017; Maas et al., 2020). Recently, in addition to homeostatic microglia, a small 
subtype of microglia has been described based on their gene expression profi le 
and role in disease progression, termed disease associated microglia (DAM) 
(Keren-Shaul et al., 2017; Krasemann et al., 2017; Pimenova et al., 2017).
One of the main functions of microglia is to survey the environment to sense 
potential pathological conditions. In mice, the 100 most highly expressed genes 
responsible for sensing have previously been identifi ed. This set of genes is termed 
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the “sensome” and was fi rst described by Hickman et al. (Hickman and El Khoury, 
2019; Hickman et al., 2013). These 100 genes include purinergic receptors, cytokine 
receptors, chemokines, Fc receptors, pattern recognition receptors, extracellular 
matrix (ECM) receptors, endogenous ligands receptors, sensors, transporters, 
and proteins involved in cell–cell interactions. The expression of the murine 
sensome genes decreases during aging and has recently also been reported to 
be downregulated in the presence of a glioma (Maas et al., 2020). In addition, 
downregulation of the sensome genes is observed directly after traumatic brain 
injury (TBI), with expression being restored to baseline over time (Izzy et al., 2019). 
This indicates that aged microglia and microglia in the presence of a neoplasm, or 
after TBI, have a decreased capacity to sense their environment, possibly leading to 
reduced host defense response. Here, we have analyzed and discussed a number 
of microglia bulk and single cell RNAseq datasets from mouse and human disease 
models and found a number of sensome genes downregulated over time or over 
the course of disease (Chiu et al., 2013; Holtman et al., 2015; Keren-Shaul et al., 
2017; Olah et al., 2018; Tay et al., 2018). The decrease in sensome expression could 
result in accelerated neurodegeneration of the brain or in the case of an existing 
neoplasm in enhanced tumor progression (Hickman et al., 2013; Izzy et al., 2019; 
Maas et al., 2020).
So far, the microglial sensome has been defi ned by only one study in mice (Hickman 
et al., 2013). The aims of this study were to determine if analysis of diff erent 
datasets will result in similar sensomes and to identify similarities and diff erences 
between the mouse and human sensomes defi ned as a microglia specifi c set of 
genes encoding proteins that perceive extracellular signals. Examples of these 
extracellular signals include infectious pathogens, amyloid peptides, or tumor 
cells or their derivatives. In these pathological settings, the ability of microglia 
to sense changes in their environment may alter disease progression (Prinz et 
al., 2019). Because of inherent diffi  culties in comparing datasets generated from 
diff erent sources using diff erent methodologies and to facilitate our comparisons 
of the human and mouse transcriptomes, we re-analyzed the mouse and human 
transcriptomes generated by Gosselin et al. using the same approach fi rst used 
by Hickman et al. to generate the initial sensome data by including automated 
screening and manual curation of every candidate gene. We compared the 
Gosselin et al. dataset for similarities with the initial set of sensome genes and 
compared their mouse and human datasets. We then performed the same 
analysis on an additional human dataset (Galatro et al.). There was signifi cant 
overlap between the two mouse and human microglial sensing gene sets (Galatro 
et al., 2017; Gosselin et al., 2017). After identifying the sensome genes in both 
human and mouse microglia, we were able to identify a set of 57 genes that were 
present in at least three out of four extracted sensomes, which we termed the 
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“microglia core sensome”. We then tested the usefulness of this core sensome 
by examining the pattern of changes in these genes from fi ve diff erent single 
cell and bulk RNAseq datasets from various conditions and disease models 
including Alzheimer’s disease (AD), aging, and amyotrophic lateral sclerosis (ALS). 
Defi ning the microglial core sensome genes may help identify common as well 
as diff erential pathological changes in microglia in humans and mouse models of 
human disease and would allow for a more focused tracking of changes in these 
cells during disease progression.

Results

Identifi cation of Microglial Mouse Sensome Shows Major Overlap 
between Two Independent Datasets
The microglial sensome as described by Hickman et al. is a set of genes highly 
expressed in microglia that identifi es the top 100 genes used for sensing of their 
surrounding (Hickman et al., 2013). To investigate whether we could validate and 
update this set of genes, we used the same approach as Hickman et al. and applied 
it to another published microglia transcriptome dataset (Gosselin et al., 2017). 
Using this dataset, we set out to identify a number of genes that are potential 
candidate sensome genes. Microglial RNAseq data from Gosselin et al. provide 
transcriptome information from microglia as well other cells from the mouse 
cerebral cortex together, similar to Hickman et al. (Gosselin et al., 2017; Hickman et 
al., 2013) In Gosselin et al., mouse microglia were isolated after gentle mechanical 
dissociation following fl uorescence activated cell sorting (FACS) identifying 
microglia as live/DAPI–, CD11B+, and CD45low single cells, whereas Hickman et al. 
used a combination of mechanical and enzymatic dissociation following microglia 
isolation using FACS and the microglia were defi ned by FACS, collecting CD45mid

and CD11Bhigh microglial cells (Hickman et al., 2013). To select the sensome 
genes, we applied sequential criteria to fi lter the dataset. First, we performed 
a technical quality control of the samples and reads. Second, microglia specifi c 
genes were determined at a cutoff  of log2fold ratio >2 in microglia versus cortex 
(all cells in cortical brain tissue). This cutoff  was chosen to mimic the approach 
of the determination of the original sensome by Hickman et al. These criteria 
retrieved genes highly enriched in microglia. Only genes with an FDR-adjusted 
p-value <0.05 were included. Third, the microglia specifi c genes were annotated 
and mapped by fi ltering the genes based on associated GO terms. These included 
“plasma membrane”, “integral component of membrane”, “integral components 
of plasma membrane”, and “transmembrane signaling receptor activity”. We used 
these criteria to select genes that are translated into proteins only present on the 
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plasma membrane, because proteins involved in sensing can only be found on 
the plasma membrane, as originally described (Hickman et al., 2013). Finally, the 
top 25% highest ex-pressed genes in microglia were selected to create a set of 
candidate sensome genes (Fig. 1A). Using our criteria, true sensome genes are 
defi ned as microglia specifi c genes, transcribing plasma membrane localized 
proteins involved in the binding of extracellular ligands. By comparing the top 
100 (Fig. 1B) and all 576 candidate sensome genes extracted from the publication 
of Gosselin et al., it is clear that many of the original sensome genes defi ned by 
Hickman et al. are among the identifi ed candidate genes (Supplementary Fig. 
S1). However, our approach also yielded genes that may be associated with the 
plasma membrane as defi ned by the GO terms used, but that exert extracellular 
functions rather than the activation of intracellular pathways (e.g., Tnf). Therefore, 
we manually screened all candidate genes until a selection of 100 sensome genes 
were identifi ed by three independent manual screens and termed the “Gosselin 
mouse sensome”. By plotting the overlap between the genes found in our newly 
defi ned data selection, including the top 100 sensing genes from Gosselin et al. 
and the original sensome from Hickman et al., we found a 73% overlap between 
the two independent murine sensome ex-tractions (Fig. 1C). These overlapping 
genes were termed the “mouse core sensome” with another set of 127 genes that 
include the genes uniquely present in either one of the extractions termed the 
“mouse extended sensome”. To determine the function of the mouse sensome 
overlapping genes, we created a circ plot, where the genes were ordered by 
diff erential expression based on microglia versus cortex from the publication of 
Gosselin et al. (Gosselin et al., 2017). Every gene was categorized into eight diff erent 
groups. These include purinergic receptors, cytokine receptors, chemokine and 
related receptors, Fc receptors, pattern recognition and related receptors, ECM 
receptors, endogenous ligands receptors, sensors and transporters, proteins 
involved in cell–cell interactions, and potential sensors with no known ligands. We 
found that the majority of the genes are involved in pattern recognition, which is 
crucial to the innate immune response recognizing infectious organisms and other 
pathogenic ligands (Fig. 1D). The remaining genes were more evenly distributed 
among the other seven groups. As the publication of Gosselin et al. features RNA 
expression data on both human and mouse microglia, this publication includes 
a normalized expression profi le of each gene comparing the expression in mice 
to humans. Analysis of the expression of the mouse sensome overlapping genes 
in this dataset found a distribution of genes that are higher expressed in mice 
compared with humans (Fig. 1E).
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Figure 1. Identifi cation of microglial mouse sensome shows major overlap between two 
independent datasets. (A) Flow chart showing selection of genes from the Gosselin et al. 
mouse datasets to identify the n = 576 candidate sensome genes. First, technical quality 
control was performed and genes with a low number of reads per sample were excluded. 
Second, differential expression analysis with a cut-off of log2fold >2 and p-adjusted value 
<0.05 was used to select genes signifi cantly expressed by microglia. Third, using gene 
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ontology (GO) annotation, we selected genes with association to “plasma mem-brane”, 
“integral component of membrane”, “integral component of plasma membrane”, and “trans-
membrane signaling receptor activity” (genes not mapped were manually curated). Fourth, 
the top 25% expressed genes were selected as candidate sensome genes. Finally, from the 
candidate sensome genes, the top 100 were manually verifi ed using the criteria that these 
should express genes that translate in proteins that are present in the cell membrane and 
have a receptor-like function. In summary, these genes are highly expressed and specifi c to 
microglia and their respective proteins are located in the plasma membrane, where it has a 
receptor-like function. (B) Heatmap showing the fi rst 100 sensome candidate genes (left to 
right) ordered by differential expression between cortex and microglia (low to high), with the 
upper row showing if the gene is present in “Hickman et. al.”. (C) Venn diagram showing the 
overlap between the top 100 Gosselin and Hickman mouse sensome genes (Supplementary 
Table S2). This total set is termed the “mouse sensome extended” and the shared set is 
called the “mouse core sensome”. (D) Circ plot showing the components of the 73 mouse 
overlapping sensome genes including the distribution of genes over the assigned subgroups. 
The genes are ordered based on log2fold differential expression (DE) extracted from the 
Gosselin dataset (microglia to cortex). (E) Scatterplot displaying the genes of the extended 
and overlapping mouse sensome, illustrating a minor enrichment of genes that are higher 
expressed in mice compared with humans. ECM, extracellular matrix.

Identifi cation of the Human Microglial Sensome
To defi ne the human microglial sensome, we used two independent published 
datasets (Gosselin et al. and Galatro et al.), where RNA expression levels from 
both human microglia and cortex were included (Galatro et al., 2017; Gosselin 
et al., 2017). Gosselin et al. isolated microglia from brain samples removed from 
19 patients with epilepsy, serving as control, brain tumors, and acute ischemia. 
Here, mechanical dissociation was followed by microglia isolation using FACS 
and microglia were defi ned by live/DAPI-, CD11B+, CD45low, CD64+, and CX3CR1high

cells. Within these samples, no strong patterns related to diagnosis or age were 
detected. Galatro et al. collected microglial samples and corresponding parietal 
cortex tissue from autopsy specimen 6–24 h post-mortem from donors without 
any diagnosed brain diseases. Here, tissue was also mechanically dissociated 
following microglia isolation using FACS, where microglia were defi ned by live/
DAPI−, CD11Bhigh, and CD45int single cells. In total, 39 microglial and 16 parietal 
cortex samples were collected. With the published human microglia data, we 
used an approach similar to the one used in mice; (1) the results were fi ltered for 
technical quality control, (2) followed by diff erential expression, (3) mapping to 
GO terms, and (4) fi ltering of the top 25% genes in microglia. This screen resulted 
in 506 candidate sensome genes from the Gosselin dataset and 525 candidate 
sensome genes from the Galatro dataset (Fig. 2A). Similar to our approach in the 
murine datasets, all candidate genes were manually checked and fi ltered until 100 
sensome genes were selected. From these sensome sets, we detected an overlap 
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of 75% between the two sensomes identifi ed from the independent datasets (Fig. 
2B). The 75 overlapping genes were termed the “human core sensome” and the 
combined set of 125 overlapping and non-overlapping genes were termed the 
“human extended sensome”. To get an insight into the function of these genes, 
we assigned the genes according to the various groups used to distinguish the 
gene functions of the mouse sensome (Fig. 2C). Interestingly, in the human 
sensome, a relatively higher number of genes were part of the ECM receptors 
and endogenous ligands receptors, sensors, and transporters genes groups 
compared to what we found in mice. Overall, however, we found that the genes 
were equally distributed over the diff erent groups between mouse and human 
(Supplementary Fig. S2). The distribution of the genes in the human sensome 
was evenly distributed between human- and mouse-enriched genes (Fig. 2D).
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Figure 2. Identifi cation of microglial human sensome. (A) Flow chart showing the 
selection of candidate genes using the Gosselin et. al. human and Galatro et al. human 
microglial RNAseq datasets. A similar approach as in the mouse sensome selection was 
applied to fi nally select genes with translated proteins located in the cell membrane and that 
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have a receptor function that are highly and specifi cally expressed by microglia. (B) Overlap 
between the Gosselin and Galatro mouse sensomes displayed in a Venn diagram, showing 
majority of genes from dataset overlap as candidate sensome genes. The total set is termed 
the “human sensome extended” and the shared set is called the “human core sensome”. (C) 
Human overlapping genes and assigned subgroups shown using Circ plot. (D) Distribution 
of human sensome genes showing a more evenly distributed over preferentially human and 
mouse expressed genes.

Mouse and Human Microglia Express a Core Set of Sensing Genes
We then determined the overlap between the mouse and human sensome genes 
by comparing the mouse sensome to the murine orthologs of the human sensome. 
To identify a core set of microglial sensing genes, present in both humans and 
mice, we selected the genes that were present in at least three out of four extracted 
sensomes. A total of 57 genes matched these criteria (Fig. 3A). The identifi cation 
of the 57 overlapping genes between the mouse and human sensomes shows 
that microglia from human and mice use a common set of 57 core genes to sense 
their environment (Fig. 3A). These microglia core sensome genes can be divided 
into diff erent groups and include genes of all eight functional domains, including 
purinergic receptors, cytokine receptors, chemokine and related receptors, Fc 
receptors, pattern recognition receptors, ECM protein receptors, proteins involved 
in cell–cell interactions, and sensors or transporters (Fig. 3B).
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Figure 3. Overlap between mouse and human sensome reveals microglia core sensome.
(A) Overlap between human and mouse sensome genes. We defi ned the microglia core 
sensome as genes present in three out of four sensome datasets (in bold). (B) Circ plot 
illustrating the functional subgroups of the microglia core sensome genes as identifi ed by the 
shared expressed sensing genes in human and mouse microglia.
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Next, we set out to analyze what specifi c ligands were recognized by the 
identifi ed sensome genes. This was achieved by manually curating which ligands 
were recognized per receptor using the database Uniprot (https://www.uniprot.
org/). First, we analyzed the overlap between the human and mouse ligands 
recognized by the human and mouse sensome genes. We performed this analysis 
to probe if the diff erent genes expressed by human and mice recognize similar 
ligands. Here, we did fi nd an overlap between the human and mouse ligands 
recognized (Supplementary Fig. S3A). Second, to further generalize the ligands 
recognized by the receptors, we categorized all ligands in specifi c ligand groups, 
including glycoproteins, cytokines, immunoglobulin, amino acids, carbohydrates, 
electrolytes, lipopeptides, chemokines, neuraminic acids, nucleic acids, receptors, 
lipids, fatty acids, leukotrienes, hormones, steroids, and phospholipids. Again, 
we found that the mouse and human microglia can sense, in general, the same 
groups of ligands (Supplementary Fig. S3B).
In conclusion, by comparing diff erent datasets from both human and mouse, 
we identify a core set of sensome genes (Fig. 3). These genes include microglial 
marker genes, such as TMEM119 (Bennett et al., 2016; Bonham et al., 2019; Satoh 
et al., 2016) and several genes involved in the pathogenesis of CNS disorders such 
as AD (CD33, CX3CR1, and TREM2) and hereditary diff use leukoencephalopathy 
(CSF1R) (Griciuc et al., 2019; Guedes et al., 2018; Hickman et al., 2019; Keren-Shaul 
et al., 2017; Konno et al., 2018; Litvinchuk et al., 2018). Overall, we defi ne a set of 
genes important in sensing by microglial cells in both human and mouse, which 
we term the “microglia core sensome” (Fig. 4).

Microglia Core Sensome

ADORA3 ADRB2 C3AR1 C5AR1 CCR5 CD14 CD180 CD300A CD33 CD37
CD53 CD68 CD84 CD86 CLEC5A CLEC7A CMKLR1 CSF1R CSF2RB CSF3R
CX3CR1 FCGR1A FCGR2A FCGR3A GPR183 GPR34 HAVCR2 IFNGR1 IL10RA IL21R
IL6R ITGAM ITGB2 LAIR1 LPAR5 MPEG1 P2RY12 P2RY13 PARVG PTAFR
PTPRC SELPLG SLC11A1 SLC16A3 SLC2A5 SLCO2B1 STAB1 TGFBR1 TLR1 TLR2
TLR5 TLR6 TLR7 TMEM119 TNFRSF1B TREM2

Figure 4

Figure 4. The mouse sensome and human sensome share similarities and differences.
Overview of the microglia core sensome genes as identifi ed by the overlap of human and 
mouse microglial sensomes.
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Changes of Sensome in Different Models
As we established a core sensome in this study, we extended our analysis to 
investigate if the sensome is changed during the course of disease or during 
aging. We analyzed diff erent existing datasets that included data on AD, aging, 
and ALS (Supplementary Fig. S4 and S5). We found various changes in the 
microglia core sensome identifi ed in AD (Fig. 5), aging (Supplementary Fig. S4), 
and ALS (Supplementary Fig. S5) in murine and human microglia. These datasets 
included diff erent mouse models used in AD datasets that examined the disease 
using diff erent mouse models (familial AD gene mutations (FAD)), calcium/
calmodulin-dependent protein kinase II α (CaMKII) promoter (CK-p25), amyloid 
precursor protein (APP), and AD-transgenic (Tg-AD) mouse models) (Holtman et 
al., 2015; Keren-Shaul et al., 2017; Tay et al., 2018). During AD, Trem2, Fcgr4, Itgam, 
Mpeg1, Slc11a1, and Slc16a3 were upregulated, while P2ry12, P2ry13, Parvg, 
Selplg, Slc2a5, Slco2b1, Tmem119, and Tnfrsf1b were found to be upregulated (Fig. 
5). We also analyzed gene expression data derived from mouse models used in 
aging studies (including the ERCC1 mouse model, where DNA repair is impaired) 
(Galatro et al., 2017; Holtman et al., 2015; Olah et al., 2018) and models simulating 
ALS (SOD1G93A mutant versus SOD1WT and SOD1 versus control) (Chiu et al., 
2013; Holtman et al., 2015). Interestingly, we found that Clec7a and Tlr2 were 
signifi cantly upregulated during aging, ALS disease progression, and AD. We also 
found dis-ease-specifi c gene changes. In ALS, P2ry12 and P2ry13 were found to 
be downregulated (Supplementary Fig. S5). We organized all the data extracted 
from the diff erent studies in the Supplementary Files (Supplementary Fig. S4
and S5). Overall, these data show that the capacity of microglia to sense changes 
in their surroundings changes in the course of neurodegenerative diseases and 
during aging.

Figure 5. Microglia core sensome expression in Alzheimer’s disease (AD). (A) Two-
log fold change of microglia core sensome genes in microglia in AD mouse model (APP) 
(Holtman et al., 2015). (B) Microglia core sensome gene expression in 5xFAD mouse model 
(Tay et al., 2018). (C) CK-p25 mouse model gene expression of microglia showing changes 
in microglia core sensome (Tay et al., 2018). (D) Differential gene expression analysis of 
single cell microglia data comparing homeostatic microglia versus disease-associated 
microglia (DAM) in an AD mouse model (Tg-AD) showing changes in microglia core 
sensome (Keren-Shaul et al., 2017). Red bars display gene signifi cantly upregulated, blue 
bars represent gene signifi cantly downregulated.
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Discussion

In this study, we sought to validate and extend the published mouse microglia 
sensome (Hickman et al., 2013), defi ne the human microglia sensome, and 
determine which sensing genes are highly expressed in both species. Using 
published datasets, we found a 73% overlap between the previously identifi ed 
mouse microglia sensome and an independently extracted mouse sensome set. 
This set of 73 genes was termed the “mouse core sensome”. We applied the same 
methodology to published human microglial RNAseq data to identify genes that 
make up the human microglial sensome. The mouse samples from the diff erent 
studies were freshly isolated using diff erent dissociation techniques and antibody 
panels to identify microglia. The human samples were isolated from post-
mortem CNS tissues from neurologically healthy donors (Galatro et al.) and from 
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neurosurgical brain tissue of neuropathological patients (Gosselin et al.), where 
microglia were defi ned using diff erent markers between the studies (Galatro et 
al., 2017; Gosselin et al., 2017). For both the mouse and human source datasets, 
diff erent RNA extraction and sequencing techniques were used, yet these 
datasets yielded a 73% and 75% overlap in sensome genes within each species, 
respectively. Importantly, we found overlap between human and mouse sensome 
sets. Based on our analysis of the four sensome sets, we identify a set of microglial 
sensing genes that are highly expressed in both species and termed this the 
“microglia core sensome”. Utilization of these microglia core sensome genes in 
subsequent research may help identify pathological changes in microglia in both 
humans and mice.
To test the usefulness of our core sensome in various CNS disorders, we extended 
our analysis to include fi ve additional datasets and compare the changes 
observed in sensome in these datasets. Interestingly, we found that similar 
changes occur in diff erent datasets of the same disease or condition (such as AD), 
but that diff erent changes occur when comparing diff erent diseases such as AD 
and ALS. Interestingly, Tlr2 was found to be upregulated in all disease models. This 
was previously reported in diff erent models studying Tlr2 expression of microglia 
during infl ammation and neurodegenerative diseases (Fiebich et al., 2018). In 
this analysis into the diff erent diseases, Parkinson’s disease was not included. 
This disease model has not been studied to such an extent compared with the 
other neurodegenerative disease analyzed here. Future studies into Parkinson’s 
disease and specifi cally into microglia can shed light onto the role of these cells 
and how they are aff ected during disease progression. Prior to our analyses, 
changes in the original sensome genes defi ned by Hickman et al. had already 
been described for diff erent models. For example, in an experimental model of 
TBI, it has been shown that the sensing capabilities of microglia change over time 
post TBI. From the 46 sensome genes analyzed, the majority were downregulated 
2 days post injury. The expression normalized over time, returning to baseline 
expression 14 days post TBI (Izzy et al., 2019). In another study in experimental 
autoimmune encephalomyelitis (EAE), a model for multiple sclerosis (MS), it 
was found that microglial sensing was dysregulated. This receptor binds tumor 
necrosis factor alpha (TNFα) and activates anti-infl ammatory and neuroprotective 
pathways (Veroni et al., 2010). Using a mouse model with a fl oxed Tnfrsf1b gene 
in combination with tamoxifen-inducible CRE expression driven by the microglial 
CX3CR1 promoter (Cx3cr1CreER:Tnfrsf1bfl /fl ), 46% of the sensome genes were 
downregulated after knock-out of the Tnfrsf1b gene. This was accompanied by a 
reduced capacity for phagocytosis (Gao et al., 2017). This shows that, in the case of 
neurological damage, the microglial sensome is dysregulated. However, in a model 
of progressive myoclonus epilepsy of Unverricht–Lundborg type, characterized 
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by the loss-of-function mutation of cysteine protease inhibitor cystatin B (CSTB), 
microglia were found to be in an activated state as measured by increased 
expression of interferon-regulated genes. When examining the gene expression 
of 81 sensome genes, no diff erence was found in gene expression compared with 
control. Most changes were found in genes regulated by interferon, suggesting 
that, in this disease model, the microglial sensing function is not aff ected (Korber 
et al., 2016). As opposed to other studies describing diff erences in sensome 
expression, this study (Korber et al., 2016) used in vitro cultured microglia instead 
of fresh ex vivo isolated microglia (Gao et al., 2017; Hickman et al., 2013; Izzy et 
al., 2019; Korber et al., 2016). Other models have been used to study microglia 
function in peripheral viral infection in piglets, where it was found that expression 
of sensome genes was induced (Ji et al., 2016). This supports the conclusion that, 
upon viral infection, microglia increase the expression of sensing genes in order 
to detect and combat the infection. In addition, it demonstrates that expression 
of various sensome transcripts changes in response to infection in additional 
species other than mice or human.
When we compared the mouse and human sensomes and found overlap 
between the gene sets, some technical diff erences between the studies may 
have infl uenced our fi ndings and reduced the level of overlap. Diff erences 
between the neurological status of the tissues used to comprise the human 
and murine sensome could have aff ected the selection of sensome genes, 
as murine tissue was collected from healthy mice and the human tissue was 
collected from neuropathological tissue or autopsy material. Moreover, diff erent 
studies use diff erent isolation methods (antibody panels and tissue dissociation 
techniques, which can potentially change microglia gene expression or select for 
subpopulations of microglia). While the studies used these diff erent techniques, 
we were able to fi nd a signifi cant overlap.
Our core sensome set was identifi ed from datasets that utilized bulk RNAseq 
of pooled microglia compared with bulk RNA Seq of whole brain to assess for 
cell enrichment, similar to the way in which the original microglia sensome was 
defi ned (Hickman et al., 2013). With single cell microglia datasets now available, 
we checked if similar results could be obtained from single cell microglial RNA. 
To do this, we identifi ed the top 100 expressed sensing genes from mouse 
homeostatic microglia as published by Keren-Shaul et al. (Keren-Shaul et al., 
2017). Even though this pipeline was unable to enrich for microglial expression 
by comparing to whole brain RNA, 49 out of the 100 genes were shared with the 
sensomes extracted by Hickman et al. and by us from the Gosselin et al. dataset 
(Supplementary Fig. S6A). Overall, 61% of core sensome genes were part of the 
single cell derived microglial sensome (Supplementary Fig. S6B) (Keren-Shaul et 
al., 2017).
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Even though a number of murine models are being used to study human 
neurological diseases, various diff erences in gene expression between mouse 
and human microglia have been found (Gerrits et al., 2020). A discrepancy in 
aging was previously described by Galatro et al., however, still using the murine 
dataset (Galatro et al., 2017). In this study, it was further described that a core 
microglia signature shows extensive overlap between mouse and human, but 
when studying this signature during aging, a species-specifi c age-related 
divergence appears (Galatro et al., 2017). Another example of the divergence 
between human and mouse microglia is present in the amyloid response during 
AD. Whereas in mice, during amyloid formation, homeostatic gene expression 
is downregulated, and a disease-associated microglia (DAM) gene signature is 
increased (Keren-Shaul et al., 2017), the opposite is found in homeostatic gene 
expression in human microglia in response to amyloid (Zhou et al., 2020). An 
increased insight into the diff erence between human and mouse microglia is 
found using single cell transcriptomics; this has advantages in understanding the 
diff erent subsets of microglia in both mouse and humans. Surprisingly, diff erent 
clusters of microglia were identifi ed in humans, characterized by the expression 
of CCL2, CCL4, EGR2, and EGR3. It has been hypothesized that these clusters 
resemble a more activated state of microglia. The discrepancy in the microglia 
clusters is possibly due to diff erences in environmental factors, such as the hyper-
hygienic animal facilities wherein mice are kept (Bottcher et al., 2019; Masuda et 
al., 2019; Prinz et al., 2019). In addition, the mice strains are similar in their (epi)
genetic composition, while the human donors are much more diverse both in 
their exposure to their environment as well as due to their (epi)genetics. This 
discrepancy between human and murine microglia is also shown in a cross-
species single-cell analysis, which revealed numerous diff erences between 
human and murine microglia. While microglial core genes (e.g., TMEM119 and 
P2RY12) were found to be conserved, diff erences between human and mouse 
microglial gene expression were apparent in genes responsible for phagocytosis, 
complement, and susceptibility to neurodegenerative diseases (Geirsdottir et al., 
2019; Stratoulias et al., 2019). Overall, these data indicate that diff erences between 
mouse model and humans need to be taken into account when translating the 
results acquired from murine models to humans.
Murine and human microglia can also respond in a similar way when confronted 
with pathological conditions. Recently, we showed that both the mouse and 
human microglial sensing potential is reduced in the context of glioma (Maas et 
al., 2020). This suggests that microglia in the context of a tumor have a reduced 
capability to sense danger and can thus not fully execute their host-versus-tumor 
response. We hypothesize that the tumor, owing to the altered expression of 
specifi c microglial genes, can thus further thrive. This fi nding underscores the 
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value of this set of genes in physiologic and pathological conditions.
 In conclusion, we confi rmed the robustness of the mouse sensome and 
identifi ed core and extended mouse and human sensomes that can now be 
applied to further study microglia in physiologic and pathologic settings. While 
we established a list of genes that are involved in sensing in both human and 
mice, this needs to be validated using diff erent techniques (such as immuno-
histochemistry, CyTOF, or CITEseq) targeting a number of these proteins (e.g., 
CD33, CX3CR1, P2RY12, and TMEM119) to see if the microglia also express the 
proteins encoded by these genes (Hickman and El Khoury, 2019). In addition, we 
identify a set of 57 genes that are important for specifi c microglial sensing in both 
human and mouse, which we termed the “microglia core sensome”. Understanding 
the dynamic and rapid changes microglia undergo in these diff erent settings can 
help fi nd therapeutic avenues in diseases where microglia play a key role, such 
as in cancer, TBI, and neurodegenerative diseases. Most importantly, with this 
shared set of sensing genes identifi ed, future studies can use this in-formation to 
study these genes in mice for alterations that are transferable to human microglia. 
This may help identify new druggable targets to reverse the changes observed to 
microglia sensome genes in diff erent neuropathological processes.

Materials and Methods

Data Sources

For the extraction of the (overlapping) murine and human sensomes, published 
datasets were used from the publications of Hickman et al., Gosselin et al., and 
Galatro et al. (Galatro et al., 2017; Gosselin et al., 2017; Hickman et al., 2013). For 
the application of the microglia core sensome on (murine and human) microglial 
aging and disease data, the published (bulk and single cell) RNAseq data from 
multiple studies were used (Chiu et al., 2013; Galatro et al., 2017; Holtman et al., 
2015; Keren-Shaul et al., 2017; Olah et al., 2018). As a validation step using murine 
single-cell microglia, the published data from the Keren-Shaul et al. publication 
was used (Keren-Shaul et al., 2017).

Data Analysis and Pre-Processing

All data analysis was performed in R 3.3.3. Samples with less than 6000 genes with 
at least fi ve mapped reads were excluded from analysis (n = 0). For the generation 
of heatmaps, read counts were normalized using the regularized logarithm 
transformation method from the DESeq2 R package (Love et al., 2014). The 
ligands for all receptors were determined by datamining the Uniprot database 
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(https://www.uniprot.org/). Hereafter, the ligands were categorized into specifi c 
groups (glyco-proteins, cytokines, immunoglobulin, amino acids, carbohydrates, 
electrolytes, lipopeptides, chemokines, neuraminic acids, nucleic acids, receptors, 
lipids, fatty acids, leukotrienes, hormones and steroids, and phospholipids).

Extraction of Sensome Genes

All published datasets were downloaded from the published repositories or the 
supplementary data fi les. The raw datasets were loaded and analyzed using the 
DESeq2 R package (Love et al., 2014). To select for genes specifi cally expressed 
in microglia, candidate genes were identifi ed as log2fold enrichment of >2 and 
a false-discovery rate (FDR) adjusted p-value of <0.05 comparing microglia 
versus whole brain gene expression. To select for genes coding for proteins that 
are located at the plasma membrane and function in a receptor-like manner, we 
used a pre-screen by selecting gene ontology (GO) mapping for the microglia 
specifi c selected genes. This was performed by using the biomaRt R package 
using the hsapiens_gene_ensembl or mmusculus_gene_ensembl datasets 
(Durinck et al., 2009). All genes that included the GO terms “plasma membrane”, 
“integral component of membrane”, “integral component of plasma membrane”, 
or “transmembrane signaling receptor activity” were included. All genes that did 
not map to any GO terms were manually screened using the Uniprot database 
(https://www.uniprot.org/). Next, similar to the identifi cation of the original 
mouse microglial sensome by Hickman et al., the top 25% expressed microglial 
genes were deemed candidate sensome genes. All candidate sensome genes 
were independently checked by three investigators (E.R.A., L.N., and S.L.M.) for 
applicability (i.e., the capacity to detect extracellular signals and propagate 
this intra-cellularly) until 100 genes were selected by all three investigators. 
This manual curating of candidate genes was done using the Uniprot database 
supplemented with PubMed. The verifi cation of the sensome genes was defi ned 
as genes with translated proteins that are located in the cell membrane (not 
secreted) and function to sense extracellular signals. In summary, this approach 
resulted in the selection of genes coding for proteins that are expressed at the 
cell membrane with a receptor-like function that are highly and specifi cally 
expressed by microglia. To determine orthologs, we manually curated all genes 
using the mouse genome information (MGI), Ensemble, and National Center 
for Biotechnology Information (NCBI) databases and analyzed the similarities in 
function between orthologs using the GO function evidence codes (Bult et al., 
2019; Yates et al., 2020).
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Data Visualization

Heatmaps were generated using the gplots (version 3.01) heatmap.2 function in R 
based on the rlog values for each gene. Venn diagrams were generated using the 
draw.pairwise.venn function in the VennDiagram R package (version 1.6.18). The 
mouse to human expression data were extracted from the publication of Gosselin 
et al. and plotted using the ggplot2 (version 2.2.1) package (Gosselin et al., 2017). 
The circular layout plots were generated using the circlize R package (0.4.9) (Gu 
et al., 2014).
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Supplemental Figure S1. Distinct difference in expression of 576 sensome genes 
comparing cortex versus microglia. (A) This heatmap shows all 576 sensome candidate 
genes ordered by DE and with the left column shows if the gene is present in the “Hickman 
et al. sensome”
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Supplemental Figure S2. Mouse sensome and human sensome genes categorized by 
group. (A) Bar graph showing the number of mouse and human sensome genes per group 
(Cell-Cell Interactions, Chemokine and related receptors, Cytokine receptors, ECM receptors, 
Endogenous ligands receptors, sensors and transporters, Fc receptors, Pattern recognition 
and related receptors, Potential sensors but no known ligands and Purinergic and related 
receptors).
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Supplementary Figure S3. Overlap of ligands recognized by microglia sensome. (A) 
Overlap between the ligands of the receptors from respectively human and mouse core 
sensome was shown using Venn Diagrams. (B) Ligands of human and mouse receptors 
categorized in groups (Glycoproteins, Cytokines, Immunoglobulin, Amino acids, 
Carbohydrates, Electrolytes, Lipopeptides, Chemokines, Neuraminic acids, Nucleic acids, 
Receptors, Lipids, Fatty acids, Leukotrienes, Hormones, Steroids and Phospholipids) and 
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spread of different groups shown as parts of whole again highlighting that the distribution of 
ligands what the human and mouse sensome genes can sense.
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Supplementary Figure S4. Microglia core sensome expression during aging. (A) Two-
log fold change of microglia core sensome genes in aging mice derived from Holtman et al. 
(Holtman et al., 2015). (B) Accelerated aging model (ERCC1), with impaired DNA repair 
mechanism, shows changes of microglia core sensome expression (Holtman et al., 2015). (C) 
Microglia core sensome expression during aging in human derived from Olah et al. (Olah 
et al., 2018). (D) Gene expression data extracted from Galatro et al. showing the expression 
of microglia core sensome gene (Galatro et al., 2017). Red bars display showing gene 
signifi cantly upregulated, blue bars represent gene signifi cantly downregulated
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Amyotrophic lateral sclerosis (ALS)

B

C

D

Supplementary Figure S5. Microglia core sensome expression in ALS. (A) Microglia 
core sensome expression during ALS disease progression (A) 65 days, (B) 100 days and 
at the end of disease (C) (130 days) after onset as analyzed by Chiu et al. (Chiu et al., 
2013). (D) Microglia gene expression in control versus ALS mouse model (SOD1) derived 
from Holtman et al. (Holtman et al., 2015). Red bars display showing gene signifi cantly 
upregulated, blue bars represent gene signifi cantly downregulated
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Keren−Shaul Sensome
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Keren−Shaul Single Cell Sensome
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B

Supplemental Figure S6. Overlap of microglia core sensome in single cell microglia 
dataset. (A) Overlap between the microglia sensome extracted from bulk RNAseq data and 
a validation sensome extracted from single cell homeostatic microglia data. (B) Overlap 
between microglia core sensome and manually curated single cell sensome where genes were 
included as described in methods and material fi ltered from the highest average UMI from 
homeostatic (Keren-Shaul et al., 2017)
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Chapter 7

Summary and Discussion 

Discussion adapted from:

Glioma EVs Contribute to Immune Privilege in the Brain

Erik R. Abels, Marike L. D. Broekman, Xandra O. Breakefi eld, Sybren L. N. 
Maas

Trends in Cancer. 2019
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Summary

Glioblastomas (GBs) are the most common and lethal adult primary brain tumors. 
They are characterized and defi ned by their highly aggressive nature involving 
rapid tumor growth, diff use invasiveness and resistance to therapy. GBs are made 
up of a genetically and phenotypically heterogeneous population of tumor cells 
and various types of stromal cells, which all contribute to tumor progression 
and resistance to treatment. Chapter 1 gives an overview of the various cells 
that make up the tumor microenvironment. A detailed description is given of 
the innate immune cells, including microglia and infi ltrating monocytes and 
macrophages, and the ways they are recruited to the tumor. In addition, the 
diff erent modes of intercellular communication between tumor and innate 
immune cells are discussed. The focus is on the role of EVs in this interaction. 
To understand this interaction a detailed overview is given on EVs (including 
exosomes and microvesicles) and how they are be categorized. It captures the 
biogenesis, release and uptake of EVs in great detail.

In chapter 2, the eff ect of extracellular miRNA transfer is discussed together with 
the imaging of EV uptake in vitro and in vivo. A fl uorescent reporter that labels EVs 
that are continuously shed by glioma cells was achieved by stable expression of 
palmitoylated GFP. By using this reporter, we determined that microglia take up 
(large numbers of ) EVs in culture. This uptake resulted in increased proliferation 
and shifting of their cytokine profi le towards a more immune suppressive one. 
Moreover, miR451 and miR-21 in glioma EVs was transferred to microglia. The 
extracellular transfer of this miRNA resulted in a decrease in the miR-21 target 
c-Myc mRNA in both murine and human microglia in culture. In vivo analysis 
allowed direct visualization of release of EVs from glioma cells and their uptake 
by CX3CR1pos microglia and monocytes/macrophages in the brain. In addition, 
analysis of isolated microglia and monocytes/macrophages from tumor-bearing 
brains revealed increased levels of miR-451/miR-21 and reduced levels of c-Myc
mRNA. This chapter, supports functional eff ects of glioma EVs following uptake 
into microglia associated in part with increased miRNA levels, decreased target 
mRNA and encoded protein. We hypothesize that this could be a means for the 
tumor to manipulate its environs.

In chapter 3, we focus on the in vivo extracellular miRNA transfer of miR-21 from 
glioma to microglia. This consists 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. Mouse glioma cells, stably expressing a palmitoylated 
GFP to label EVs were implanted intracranially into syngeneic miR-21-null mice. 
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We demonstrate functional delivery of miR-21, regulating specifi c downstream 
mRNA targets in microglia after uptake of tumor-derived EVs. These fi ndings 
attest to EV-dependent miRNA delivery as studied in an in vivo based model and 
provide insight into the reprograming of microglial cells by tumor cells to create a 
favorable microenvironment for cancer progression. 

In chapter 4 we discuss the overall transcriptomic changes in microglia upon EV 
uptake in an intracranial murine glioma model. We show that these microglia have 
downregulated expression of genes involved in sensing tumor cells and tumor-
derived danger signals, as well as genes used for tumor killing and immune-
suppression. In contrast, expression of genes involved in facilitating tumor spread 
were upregulated. These changes appear to be mediated in part by tumor-
derived EVs, since intracranial injection of these EVs into normal mouse brain led 
to similar transcriptional changes in microglia. We observed a similar microglial 
transcriptomic signature when we analyzed datasets from human patients with 
glioblastoma. Our data defi ne a MicrogliaGlioblastoma specifi c phenotype, whereby 
glioblastomas have hijacked gene expression in the neuroimmune system to 
avoid tumor sensing, suppress the immune response, clear a path for invasion and 
enhance tumor propagation. For further exploration we developed an interactive 
online tool at www.glioma-microglia.com with all expression data and additional 
functional and pathway information for each gene.

The analysis of the microglial transcriptome in the presence of a tumor was 
extended to the changes in gene expression occurring in infi ltrating monocytes 
and macrophages in comparison to circulating monocytes, as discussed in 
chapter 5. In this study we analyzed the transcriptomes of eight diff erent 
monocyte subgroups derived from the brain and the blood of glioma-bearing 
mice. We compared the expression profi le of blood-derived monocytes versus 
tumor-infi ltrating monocytes and found increased expression of both pro- and 
anti-infl ammatory pathways in tumor infi ltrating monocytes.  To help disseminate 
these datasets, we created a user-friendly web-based tool accessible at www.
glioma-monocytes.com. This tool can be used for validation purposes and 
to elucidate gene expression profi les of tumor-interacting monocytes and 
macrophages, as well as blood-derived circulating monocytes. This tool can also 
be used to identify new markers and targets for therapy in these diff erent cell 
populations.

The microglial sensome was found to be important for the functioning of 
microglia and is disrupted in diff erent neuro-pathological settings. In chapter 6
we discuss the overlap of the murine and human sensome. We analyzed existing 
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transcriptome dataset from both human and mouse. Here we found an overlap 
of a number of genes that are share between these species, which we termed 
“microglial core sensome”. Defi ning these set of genes may help identify changes 
in microglia in humans and mouse models and can help fi nd therapeutic avenues 
in diseases where microglia play a key role.

Discussion

Glioblastomas are the most common and lethal intracranial primary malignancies 
in adults. They are composed of heterogeneous tumor cells and nonmalignant 
stromal cells(Broekman et al., 2018). The stromal population consists of resident 
brain glial cells, including oligodendrocytes, astrocytes, ependymal cells, and 
microglia; and infi ltrating immune cells, such as myeloid-derived monocytes/
macrophages and lymphocytes(Broekman et al., 2018). Together, the stromal and 
malignant cells form a microenvironment that in general enables the tumor cells 
to proliferate and infi ltrate(Broekman et al., 2018). Within this microenvironment, 
cells communicate through secretion of cytokines and other (soluble) proteins, 
direct cell–cell contact through gap junctions or nanotubes, and extracellular 
vesicles (EVs)(Broekman et al., 2018). EVs is the collective term for nanosized and 
microsized (~50– 10 000 nm) membrane-enclosed vesicles that are released by 
all cell types(Maas et al., 2017). As diff erent cellular pathways can result in the 
release of EVs, various terminology (e.g., exosomes, microvesicles, ectosomes) has 
been used for potential subpopulations of EVs (Fig. 1)(Maas et al., 2017; Théry 
et al., 2018). However, since clear markers for these subpopulations are lacking, 
current consensus is to use the umbrella term ‘EVs’(Théry et al., 2018). EVs have a 
similar membrane topology as their cells of origin, and thus cell type-specifi c and 
mutant extracellular domains of transmembrane proteins can be present on the 
surface of EVs. Simultaneously, donor cell cytosolic components, such as (mutant) 
proteins, m(i)RNA, and DNA molecules, are contained as cargo inside EVs and can 
be transferred from donor to recipient cells. This transfer of receptor and/or cargo 
molecules can induce intracellular signaling in EV recipient cells(Al-Nedawi et al., 
2008). During the past 50 years these concepts have been gradually laid bare, 
starting with the identifi cation of vesicle-like structures around mammalian cells, 
to the functional intercellular transfer of mRNAs in 2007(Maas et al., 2017; Valadi et 
al., 2007). In diff erent types of tumors, including gliomas, EVs transfer oncogenic 
messages between malignant cells that enhance their migratory capacities and 
proliferation, and dampen immunological responses(Maas et al., 2017). First, 
the role of glioma-derived EVs in the establishment of an immune privileged 
microenvironment will be discussed, followed by the technical challenges and 
future prospects for this fi eld of research.
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Figure 1. Extracellular Vesicles as a Mode of Intercellular Communication in Glioma 
Immunity. Extracellular vesicles (EVs) can be formed both by the budding of the plasma 
membrane or through the fusion of a multivesicular bodies (MVBs) with the plasma 
membrane. Cell–cell contact and the subsequent exchange of cellular components through 
nanotubes is an alternative method of (local) intercellular communication. EV uptake by a 
myeloid-derived innate immune cell can change its phenotype into an immune-suppressive, 
tumor-supportive effector cell, inhibiting T cell activation and supporting tumor growth by 
secretion of specifi c cytokines. Direct interaction between glioma EV surface programmed 
death-ligand 1 (PD-L1) and programmed cell death-1 (PD-1) expressed on T cells is an 
alternative direct method for glioma EVs to suppress the T cell response. Abbreviations: IL-
6, interleukin 6; IL-10, interleukin 10; MCP-1, monocyte chemoattractant protein-1; VEGF, 
vascular endothelial growth factor.

EVs and Glioma Immunity
One of the fi rst indications that brain tumor-derived EVs could infl uence the 
(systemic) immune response was the identifi cation of transforming growth factor 
(TGF)-β1 in EVs isolated from serum of high-grade glioma patients(Graner et al., 
2009). As TGF-β1 could not be detected in EVs from healthy controls, this fi nding 
suggested loading of TGF-β1 into circulating tumor EVs. EVs derived from high-
grade gliomas also contained mutant epidermal growth factor receptor (EGFR); 
(EGFRvIII). This indicates that at least some of the EVs in the serum from glioma 
patients are derived from the tumor. TGF-β1 has pleiotropic eff ects, including 
stimulation and activation of T cells and monocytes, but in malignancies the 
eff ect is mainly immune suppressive(Graner et al., 2009). To achieve immune 
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suppression, EV-associated TGF-β1 has to interact with innate and adaptive 
immune cells. This interaction of glioma EVs with immune cells was identifi ed 
in subsequent studies. First, proteomic profi ling of EVs isolated from glioma cell 
lines and glioma stem cell-like cultures identifi ed selective enrichment of proteins 
involved in recruitment of leukocytes (de Vrij et al., 2015). These pathways are 
required for proliferation, movement, and phagocytosis by monocytic leukocytes, 
and provide indirect evidence of interaction of glioma EVs with immune cells. 
Evidence for direct interaction, however, came from culture experiments where 
glioma EVs were added to peripheral blood mononuclear cells (PBMCs) or 
purifi ed monocytes. Compared with EVs from nonmalignant cells, addition of 
glioma EVs resulted in increased survival of PBMCs and purifi ed monocytes, as 
well as their increased secretion of multiple cytokines, including interleukin 6 (IL-
6), IL-10, monocyte chemoattractant protein-1 (MCP-1), and vascular endothelial 
growth factor (VEGF)(de Vrij et al., 2015). These soluble secreted cytokines have 
diff erent roles in the tumor microenvironment as IL-6 and IL-10 can both support 
and reduce tumor growth, MCP-1 attracts myeloid-derived monocytes, and VEGF 
induces angiogenesis, vital for continued tumor growth(Broekman et al., 2018). A 
separate study investigating cytokine release by microglia (brain resident innate 
immune cells) reported increased levels of cytokines after incubation of microglia 
with glioma EVs(van der Vos et al., 2016). These studies revealed the potential for 
direct interaction between glioma EVs and innate immune cells; however, since 
the spatiotemporal distribution and concentration of EVs in a glioma in the brain 
are unknown, it was unclear to what extent these in vitro results represented the 
true EV/innate immune cell interaction. This challenge was elegantly highlighted 
in a study that showed diff erent and even opposite (decreased versus increased) 
levels of cytokine production when two diff erent EV concentrations were added to 
PBMC cultures(Hellwinkel et al., 2015). However, as the studies discussed previously 
used diff erent donor cells and employed diff erent EV isolation techniques, direct 
comparisons between studies is not possible. In glioblastoma, the adaptive T cell 
response is dependent on the activation state and the composition of diff erent 
types of T cells(Broekman et al., 2018). Similar to cells of the innate immune system, 
glioma EVs can infl uence T cells both indirectly, through intermediate myeloid-
derived innate immune cells, or directly (Fig. 1). Factors associated with T-helper 
(Th)2 immunity (generally assumed to be a tumor- supportive T cell response) 
found in EVs in the peripheral blood of glioblastoma patients, led to the hypothesis 
that glioma-derived EVs can suppress the T cell-mediated adaptive immune 
response(Harshyne et al., 2016). Specifi cally, the presence of immunoglobulins 
IgG2 and IgG4 on patient-derived EVs, together with elevated levels of CD14/
CD163-positive monocytes, as well as high levels of colony-stimulating factor 2 
(CSF2), CSF3, IL-2, IL-4, and IL-13, were considered an indication of Th2 immunity. 
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In addition, it was shown that monocytes after incubation with glioma EVs 
suppress T cell activation(Domenis et al., 2017). Although the exact mechanism 
for the suppression of T cell activation by monocytes after incubation with 
glioma EV is unknown, it was suggested that glioma EVs induced upregulation 
of pathways controlled by arginase-1, increased IL-10 secretion, and decreased 
human leukocyte antigen-DR isotope (HLA-DR) expression(Domenis et al., 2017). 
Contrary to glioma EV induced eff ects requiring monocytes as intermediates, a 
direct eff ect of glioma EVs on T cells has recently been described(Ricklefs et al., 
2018). In this study, binding of programmed death-ligand 1 (PD-L1) present on 
the surface of glioblastoma-derived EVs to the programmed cell death-1 (PD-1) 
receptor on T cells resulted in inhibition of T cell function, a phenotype that was 
reversed with the addition of anti-PD-1 receptor blockers. PD-L1/PD-1 inhibition 
of T cells mediated by glioma EVs does not require intermediate monocytes, as 
another study failed to detect monocytic PD-L1 expression after incubation with 
glioma EVs(Iorgulescu et al., 2016).Together, these results describe capacities for 
glioma EVs to interfere with the adaptive immune response, however, similar to 
the fi ndings in innate immune cells, all evidence supporting EV-mediated T cell 
immune suppression is based on in vitro testing and lacks direct evidence from in 
vivo experiments.

Technical Challenges and Future Perspectives
As highlighted earlier, challenges in identifying the role of EVs in glioma 
immunity derive from the paucity of results from in vivo models and the inability 
to compare diff erent studies, as virtually every publication uses a diff erent EV 
isolation technique, yielding varying EV purity, concentration, and subpopulation 
composition (BOX 1). To address the lack of standardization, the EV research 
community has generated a ‘Minimal Information for Studies of Extracellular 
Vesicles (MISEV)’ guideline that includes strong recommendations and reporting 
requirements to improve reproducibility and transferability of published 
results(Théry et al., 2018).
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BOX 1. Guidelines for Studying Extracellular Vesicles
The interest and number of publications relating to EVs has signifi cantly 
grown in recent years. However, variability in experimental methods 
currently impacts progress in this fi eld. A number of factors are responsible 
for this variability. First, cell culture conditions, including methods to harvest 
EVs, can heavily impact composition and purity of EVs. For example, the 
presence of fetal calf/bovine serum in culture can introduce contamination 
with bovine-derived EVs. Additionally, selection of different centrifugation 
steps can result in isolation of specifi c EV subpopulations selected based on 
size and density. Different storage methods of EVs can affect their function 
and integrity. Another major obstacle is the lack of standardized methods to 
quantify EVs and robust markers for EV subtypes. An effort to standardize 
EV research has been made under the guidelines of ‘Minimal Information 
for Studies of EVs (MISEV)’, in which a number of recommendations are 
listed to guide and structure EV characterization, separation, isolation, and 
quantifi cation to improve the reproducibility of EV research(Théry et al., 
2018).

Since the immune response in the glioma microenvironment involves malignant 
and immune cells, including cells from both the innate and adaptive immune 
systems, ultimately the eff ect of EVs needs to be studied in vivo. Although 
diff erent models have been developed to address this situation, setting up proper 
conditions and controls remains an issue. For example, researchers attempted to 
investigate the eff ect of EVs in vivo by injecting isolated tumor-derived EVs into 
(tumor-bearing) mice (reviewed in (Maas et al., 2017)). Since the endogenous 
concentration and spatiotemporal distribution of EVs are unknowns, these 
attempts can only partially mimic the interactions between EVs and immune cells. 
Other in vivo strategies have also been developed. For example, optical reporters 
can be introduced into tumor cells generating EVs in vivo, thus avoiding the 
injection of EVs. One approach is the introduction of tetraspanin-based pH-sensitive 
CD63 protein reporters. These reporters are fl uorescent only after fusion of the 
multivesicular body with the plasma membrane, and thus generate fl uorescent 
glioma EVs(Verweij et al., 2018). Alternatively, palmitoylated-GFP/tdTomato 
reporters expressed in glioma cells label all cellular membranes, including all EVs 
released from those cells(Lai et al., 2015). In addition, a CRE–lox-based system was 
used to show that CRE is functionally transferred by EVs from tumor to innate 
immune cells, resulting in activation of reporters that can be used to track EV 
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uptake(Ridder et al., 2015). These reporters help to visualize the interaction of 
glioma EVs with immune cells in vivo and represent an important development 
for in vivo validation of EV eff ects observed in vitro. Although promising, these 
models still do not allow for non-EV eff ects, such as secreted cytokines that may 
dominate the glioma–immune interaction, making EVs a bystander rather than an 
instigator. To control for this, a model that allows for the selective and complete 
knockout of EV release by glioma cells in vivo would be invaluable in this research. 
However, since interference in many of the intracellular pathways involved in EV 
release aff ects the vitality of the cell, this may not be feasible(Maas et al., 2017).
Overall, current yet circumstantial evidence describes a role for glioma-derived 
EVs in the establishment of an immune privileged tumor microenvironment. This 
framework of evidence now needs to be built upon using novel reproducible 
in vivo models. In thesis, data is presented focusing on one specifi c mode of 
communication through EVs. The transfer of miRNA is thought to be a powerful 
tool used by tumor cells to infl uence their environment. The in vivo model 
and experimental setup used here provides direct evidence of this transfer 
and the subsequent functional consequence. In addition, uncovering of the 
transcriptomic changes of innate immune cells in the presence of a tumor using 
our in vivo model has provided the fi rst step to uncover the diff erent mechanisms 
and gene pathways responsible for establishing an immune privileged tumor 
microenvironment. 
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Nederlandse samenvatting

Glioblastomas (GBs) zijn de meest voorkomende en dodelijke hersentumoren 
in volwassen. Ze worden gekarakteriseerd door hun agressieve groei, hoge 
mate van invasie en resistentie tegen behandeling. De tumoren bestaan uit 
tumorcellen in combinatie met een verzameling van verschillende omliggende 
cellen. De opmaak van de tumor met deze verschillende soorten cellen zorgt voor 
een milieu waar de tumorgroei wordt gestimuleerd en waar de tumor resistent 
is tegen behandeling. In hoofdstuk 1 wordt een samenvatting gegeven van de 
verschillende cellen welke zich in de directe omgeving van de tumor bevinden. Dit 
hoofdstuk gaat in op de verschillende immuun cellen zoals microglia, monocyten 
en macrofagen. Meer uitgebreid wordt hier besproken hoe deze cellen naar de 
tumor worden gerekruteerd en op welke manieren gecommuniceerd wordt 
tussen de tumor en deze immuun cellen. Daarbij wordt de nadruk gelegd op de 
rol van EVs in deze interactie. Om de rol van de EVs beter te begrijpen gaat dit 
hoofdstuk daarnaast nog in detail in op de moleculaire mechanismes van hoe EVs 
worden uitgescheiden en opgenomen.

In hoofdstuk 2 wordt het eff ect van de overdracht van extracellulaire miRNA 
besproken. Dit wordt gedaan aan de hand van imaging technieken welke het 
mogelijk maken de opname van EVs te visualiseren in vitro als in vivo. Door 
gebruik te maken van een fl uorescente reporter welke de EVs kleurt kunnen we 
de EVs opname volgen welke continue worden uitgescheiden door glioma cellen. 
Nadat microglia werden blootgesteld met EVs geïsoleerd van deze glioma cellen 
zagen we een verhoogde mate van celdeling en secretie van cytokines welke 
geassocieerd zijn met een immune-suppressief fenotype. Met betrekking tot de 
overdracht van genetisch materiaal richtte we hier ons op miRNAs. In deze studie 
zagen we dat zowel miR-451 als miR-21 van glioma naar microglia konden worden 
getransporteerd via EVs. De opname van deze EVs en respectievelijke miRNA 
resulteerde in verlaging van c-Myc mRNA in zowel muis als humane culturen. In 
vivo analyse door middel van intravital microscopie gaf de mogelijkheid om de 
opname van tumor EVs door microglia te visualiseren. Daarnaast zagen we ook 
in deze setup dat de geselecteerd miRNAs van glioma naar microglia konden 
worden overgebracht, wat ook weer gepaard ging met gereduceerd c-Myc mRNA 
expressie. Dit hoofdstuk laat zien dat miRNAs kunnen worden overgebracht van 
glioma naar microglia waarbij deze miRNAs hun respectievelijk functie uitwerken 
nadat ze zijn opgenomen door microglia. 

Hoofdstuk 3 gaat dieper in op de in vivo extracellulaire miRNA transfer van een 
specifi eke miRNA (miR-21). Door gebruik te maken van een muismodel waar miR-
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21 niet tot expressie wordt gebracht samen met de injectie van glioma cellen welke 
zowel miR-21 tot expressie brengen als een fl uorescent eiwit welke alle EVs kleurt 
welke worden uitgescheiden kunnen we de miR-21 overdracht in detail volgen. 
Door middel van RNA-sequensen van microglia welke EV opnamen, geïsoleerd 
uit een muis met glioma, konden we achterhalen of miR-21 functioneel konden 
worden getransporteerd. Deze studie laat zien dat miR-21, welke alleen afkomstig 
kan zijn van de tumor, een eff ect heeft op de genexpressie van microglia in een 
in vivo model. 

In hoofdstuk 4 wordt de algehele verandering van het transcriptoom in microglia 
na opname van glioma EVs behandeld. Hier laten we zien dat specifi eke genen 
lager tot expressie komen, voornamelijk genen welke microglia gebruiken om 
bepaalde signalen te detecteren. Daarnaast zijn genen welke voor een immune-
suppressief milieu samen met genen welke de tumorgroei kan bevorderen zorgen 
verhoogd. Deze veranderingen worden deels veroorzaakt door de opname 
van EV omdat we eenzelfde patroon terugvonden na intracraniaal injectie van 
glioma EV. Na analyse van humane samples vonden we dat dezelfde genen waren 
veranderd in de aanwezigheid van een tumor. Met deze data omschrijven we een 
specifi eke microglia transcriptoom fenotype. Dit fenotype, MicrogliaGlioblastoma, 
wordt gekarakteriseerd door genexpressie welke ervoor zorgt dat microglia niet 
goed hun omgeving kunnen monitoren, immuunrespons wordt onderdruk en 
een milieu wordt gecreëerd waar tumoren goed in groeien. 

Om nog meer in detail te gaan in de verschillende cellen welke zich in en rond de 
tumor vinden wordt in hoofdstuk 5 gediscussieerd over de veranderingen welke 
plaatsvinden in monocyten en macrofagen in de context van een tumor. Deze 
studie richt zich op de analyse van acht subgroepen monocyten en macrofagen 
zowel geïsoleerd uit het brein met tumor als het bloed van muizen. Hier 
vergeleken we de genexpressie van cellen uit bloed versus brein waarbij we zowel 
een verhoogde expressie van pro- als anti-infl ammatie specifi eke genen zagen. 
Om deze data over te brengen naar een groter publiek hebben we een website 
gemaakt waar gebruikers genexpressie in de verschillende subgroepen cellen 
makkelijk kunnen onderzoeken. Wij stellen voor dat deze database gebruikt kan 
worden als een instrument om nieuwe doelwitten voor therapie als cel specifi eke 
genen te vinden. 

Omdat wij in een eerder hoofdstuk de focus hebben gelegd op het microglia 
sensome in deze thesis hebben wij als hoofdstuk 6 de overlap bepaald tussen 
genen die verantwoordelijk zijn voor deze functie van microglia tussen muis en 
mens. Hier hebben we gebruik gemaakt van eerder gepubliceerde data van het 

Thesis_211214.indd   203Thesis_211214.indd   203 12/16/21   4:08 PM12/16/21   4:08 PM



Addenda

204

transcriptoom van microglia geïsoleerd uit zowel muis als mens. In dit hoofdstuk 
hebben we een overlap gevonden van een aantal genen die belangrijk zijn voor 
het “sensing” van microglia in muis als mens. Deze groep van genen hebben we 
hier bestempeld “microglial core sensome”. Wij stellen voor dat het defi niëren van 
deze groep kan helpen in het identifi ceren en monitoren van veranderingen in 
microglia welke een grote rol spelen bij neuropathologische aandoeningen in de 
mens.
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Stellingen behorend bij het proefschrift getiteld: 
“Intercellular Communication Between Glioma and Innate Immune Cells”

1.	 Fluorescent membrane labeling combined with multiphoton microscopy 
enables to track and visualize the uptake glioma-derived extracellular vesicles 
by surrounding myeloid cells (including microglia) in vivo (this thesis).

2.	 Functional transfer of extracellular miR-21 from glioma to microglia in vivo 
results in a reduction of miR-21 target mRNA levels (this thesis).

3.	 Microglia are important regulators of glioma progression (this thesis)
4.	 The microglial sensome plays an important role in the progression of neuro-

oncological and neurodegenerative diseases (this thesis).
5.	 Developing combinational therapies targeting both tumor cells and the 

microenvironment will be crucial in reducing tumor burden in GBM patients.
6.	 Characterization of myeloid cells entering the tumor microenvironment is 

important to identify druggable targets.
7.	 The heterogeneous nature and subsequent inconsistency in nomenclature of 

extracellular vesicles hinders the progression of extracellular vesicle research.
8.	 New therapies should focus on reverting the tumor-promoting phenotype 

of myeloid cells in the glioma microenvironment into a tumor-suppressing 
phenotype.

9.	 In order to value large scale multivariate (single) cell characterizations, a 
follow-up needs to be performed to test newly identified druggable pathways 
and cell populations.

10.	 Creating a culture and atmosphere that enables and promotes collaborations 
should be one of the ten commandments in science.

11.	 Providing easily accessible experimental data furthers sciences.
12.	 Embrace the opportunities to broaden your horizon by interacting with 

different cultures and customs.
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