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CHAPTER 1

GENERAL INTRODUCTION



Tumors of the Central Nervous System

Central Nervous System (CNS) tumors are relatively rare, with the world
incidence of primary brain tumors affecting 7 individuals in 100,000 inhabitants per
year (Ostrom et al., 2015). They represent a vastly heterogeneous group of neoplasias
originating from intracranial tissues and meninges. They vary according to their tissue
of origin, location, dissemination pattern, clinical history, age of occurrence and
diagnosis (Chen et al,, 2016; Collins, 2004). CNS tumors are quite aggressive, and the
percentage of a 5 years’ overall survival after diagnosis can be as low as 6.0% (Ostrom
etal, 2015). The World Health Organization (WHO) recognizes over 120 forms of brain
tumors (Louis et al., 2007, 2016) of which gliomas are the most frequent.

Gliomas are a heterogeneous group of primary neuroectodermal tumors,
originating from glial cells - such as astrocytes and oligodendrocytes, or their
progenitor cells. Previous classifications (Louis et al., 2007) subdivided gliomas in
different grades of malignancy (grade I-IV) based mainly on histological and clinical
features, along with tumor growing pattern. The current classification associates
previous information with mutational data, specifically IDHI1/2 mutations, whose
alterations occur early in diffuse glioma tumorigenesis (both from astrocytic and
oligodendrocytic origins) (Louis et al.,, 2016; Parsons et al.,, 2008). As a consequence,
classification has become more complete, grouping prognostic markers and helping
guide the treatment for gliomas that are biologically and genetically similar. Figure 1

displays the new classification.

Histology Pilocytic Astrocytoma Oligoastrocytoma Oligodendroglioma  Glioblastoma
astrocytoma /J\ /I\
Status of IDH IDH IDH IDH IDH
mutated wild-type mutated wild-type
/K Glioblastoma, IDH mutation‘
Other parameters loss of ATRX Glioblastoma, IDH wild-type
TP53 mutation
8 |

Diffuse astrocytoma, IDH mutation

Diffuse astrocytoma, IDH wild-type
Oligodendroglioma, non specified



Figure 1: 2016 WHO grade classification of gliomas

Pilocytic astrocytoma

Grade I pilocytic astrocytomas (AGI) occur mainly in the cerebellum of children
(Collins, 2004). In contrast to other gliomas, AGI are slow growing, circumscribed
tumors. If surgical resection is possible, the prognosis is relatively good (Ichimura et
al.,, 2004).

The genetic association of the neurofibromatosis type I gene, NF1, and AGI is
well established (Reis and Tihan, 2015). NF1 is a transcriptional suppressor that
negatively regulates RAS oncogene expression. When constitutively activated, RAS
protein leads to the subsequent activation of the mTOR signaling pathway and of
associated cell proliferation transcription factors.

The fusion between KIAA1549 and BRAF genes and a copy number gain of
1.9MB in chromosome 7q34, are also involved in the pathology of AGI. This is the most
frequent genetic alteration in this type of tumor (Deshmukh et al., 2008; Pfister et al.,
2008). The consequence of such fusion is the loss of the amino terminal domain of
BRAF protein, constitutively activating its kinase activity and increasing cell

proliferation.

Diffuse gliomas

Diffuse gliomas (classified as grade 1I-IV by WHO (Louis et al., 2016)) are
infiltrative CNS tumors. Astrocytomas, oligodendrogliomas and glioblastomas (GBM)
are included in this classification. Due to their invasive nature, complete surgical
resection of these tumors is very difficult to achieve. The presence of residual tumor
cells results in recurrence and malignant progression, albeit at different intervals. Part
of lower grade tumors will either recur or progress to a GBM within months, while
others will remain stable for years; the same is true for GBMs, with recurrence

occurring at different rates (Cancer Genome Atlas Research Network et al, 2015;



Ceccarelli et al., 2016; Foote et al,, 2015; Kamoun et al., 2016). The determining factors

for one behavior or another are not yet completely understood.

Diffuse astrocytomas

Grades II and III of astrocytoma (AGII and AGII], respectively) occur mostly in
adults. Their main feature, invasiveness, is what makes their prognosis worse, as that
hampers complete surgical resection (Ichimura et al., 2015). Both tumors can progress
to higher grade malignancies(Furnari et al., 2007), a process of high clinical relevance,
since AGII patients present an overall survival (OS) of 7 years; this time is reduced by
50% in the case of AGIII and to less than 15 months in the case of grade IV tumors
(glioblastomas, GBMs) (Binder et al., 2016).

Diffuse astrocytomas present molecular particular features identified in high
performance genetic studies completed in the past few years (Cancer Genome Atlas
Research Network et al.,, 2015; Ceccarelli et al,, 2016). IDH1/2 mutations are present in
most of the cases, and were recently listed as crucial for the diagnosis of AGII by the
WHO (Louis et al, 2016). Mutations that inactivate the functions of both ATRX and
TP53 are also frequent, with the first being essential to differentiate between astrocytic
and oligodendrocytic tumors. Epigenetic alterations, such as methylation of CpG islands
(G-CIMP) are present in 55% of cases (Ceccarelli et al., 2016).

Oligodendrogliomas

Oligodendrogliomas (OD) constitute less than 10% of all gliomas(Ostrom et al.,
2015). ODs mainly occur in young adults and, although more delimited than
astrocytomas, ODs also can infiltrate the surrounding normal brain tissue. In
approximately 50% of the cases there is the presence of calcification, a feature that has
been useful for clinical diagnosis (Wesseling et al.,, 2015). High-throughput molecular
studies (Cancer Genome Atlas Research Network et al,, 2015; Ceccarelli et al., 2016)
identified the co-deletion of chromosomes 1p/9q arms and mutation in TERT and
FUBP1 genes as genetic markers of oligodendrogliomas.

OD patients have a better prognosis than astrocytoma patients, and their mean
OS ranges between 12-14 years. The tumor can remain silent for many years. However,

in a selected number of cases, the development of tumors with clinical and histological
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features of high malignancies (either grade III or even grade IV), occurs (Louis et al.,
2016).

Glioblastomas

Glioblastomas (GBM) are extremely aggressive, highly malignant, and the most
frequent of gliomas. Their main features include high mitotic and vascular proliferation
rates, necrosis and resistance to both chemotherapy and radiotherapy treatments
(Cloughesy et al, 2014). GBMs occur mainly in adults and can originate de novo
(primary), without any previous history of a lower grade tumor, or through the
malignant transformation of pre-existing tumors, which occurs in around 5% of the
cases(Ohgaki and Kleihues, 2013).

Recent advances in integrated large scale strategies allowed the identification
of genetic alterations singular to GBM’s genesis and progression (Brennan et al.,, 2013;

Cancer Genome Atlas Research Network et al.,, 2015; Ceccarelli et al., 2016; Phillips et

Figure 2: Main molecular alterations and signaling pathways in glioblastomas. Adapted
from (Brennan etal., 2013).
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Verhaak et al,, 2010) (Figure 2).

These genetic studies have identified four molecular subtypes of GBM:

Proneural, Classical, Neural and Mesenchymal. The proneural subtype is characterized
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by alterations in IDH1/2, TP53 and PDGFRA genes. The prognosis for patients with this
type of GBM is better, since it has been previously shown that alterations in IDH1/2
genes are an independent better prognosis factor (Yan et al, 2009). There are no
specific genetic alterations detected in the neural subtype. This subtype is mainly
defined by the overexpression of normal neural markers, such as GABRA1 and SYT1, as
well as MBP and SNCG (Verhaak et al., 2010). The other two subtypes, Classical and
Mesenchyal, present distinct molecular features, albeit similar clinical outcomes and
prognosis — and both have a worse prognosis than Proneural GMB. The identity of the
Classical subtype is defined by amplifications in chromosome 7 and deletions in
chromosome 10, corresponding to EGFR mutations/amplifications, such as the
oncogenic variant EGFRVIII (Thorne et al, 2016), and loss of the Ink4a/ARF locus,
respectively. The deletion of CDKN2A gene happens in around 95% of Classical GBM
cases (Verhaak et al, 2010). Finally, 57% of the Mesenchymal subtype carries
mutations in the NF1 gene, mutationsdeletion of RB1 gene in 13% of cases and
overexpression of CHI3L1 and MET, genes associated to epithelial-to-mesenchymal
transition and of a worse prognosis (Phillips et al., 2006; Verhaak et al., 2010).

Despite being prevalent in a specific subgroup, we can observe in Figure 3 that
the molecular alterations associated to each GBM subtype are not exclusive. It is also
worthwhile to remember that very few of these alterations happen in hotspots - regions
with an accumulation of mutations (Rogozin and Pavlov, 2003) - as is the case of IDH1
(R132H mutation) and the oncogenic variant EGFRVIIL. Therefore, to achieve precise
molecular classification of GBMs one would need a global analysis of its genetic

alterations.
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Figure 3: The molecular subtypes of glioblastomas. Adapted from (Brennan et al,
2013).

Despite further elucidating the biology of GBMs and their complex intrinsic
heterogeneity, these findings also hinder treatment options, given the plethora of

possible therapeutic targets.

Glioma microenvironment

Glioma tumorigenicity is not exclusively the result of its genetic alterations.
The crosstalk between tumor cells and the surrounding microenvironment plays a
crucial role in modulating glioma growth and aggressiveness. Cells that constitute this
microenvironment include cancer stem cells, endothelial cells, pericytes and normal
CNS cells, such as glial cells, neurons and microglia (Charles et al, 2011). The
distribution of such cells leads to the formation of specific niches, rendering the glioma
microenvironment vastly heterogeneous. The consequence is the maintenance of tumor
growth and resistance to immune system attacks and to treatment (Hambardzumyan
and Bergers, 2015). The most abundant, non-neoplastic cells in this microenvironment
belong to the myeloid lineage, comprising of CNS-resident microglia, and infiltrating
tumor associated monocytes/macrophages (further called iTAMs) originating in the
bone marrow (Hambardzumyan et al, 2015). A recent study showed that myeloid
immune cells are the first to respond during the early phases of gliomagenesis (Chen et
al.,, 2015).

Microglia, origin and development

Microglia the resident immune cells of the CNS with a unique ontogeny and are
crucially shaped by their local CNS environment (Salter and Beggs, 2014). They
represent around 10% of all brain cells (Ransohoff and El Khoury, 2016). Microglia
were first described by the work of Rio Ortega, early in the 20t century(Tremblay et al.,
2015), where he detailed microglia cell morphology: a small cell body highly branched
ramifications. During development, microglia are implicated in neuronal network

formation by synaptic pruning. This monitoring function continues into adulthood and
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is essential for the maintenance of homeostasis (Davalos et al., 2005; Nimmerjahn et al.,
2005).

Fate mapping studies showed that microglia have a different ontogeny than
other tissue macrophages (Hoeffel et al, 2015). Microglia originate from erythro-
myeloid progenitors in the yolk sac and exert an assortment of functions, like antigen-
presentation, phagocytosis, neural support and are implicated in shaping neural
networks, further described on the next topic (Hoeffel et al., 2015; Kierdorf et al., 2013;
Schulz et al, 2012). Genome-wide transcriptome and epigenome studies of mouse
microglia showed that microglia cluster very differently from other tissue macrophages
and other glial cells (Butovsky et al., 2014; Chiu et al., 2013; Hickman et al., 2013; Zhang
et al,, 2014). In mice, microglia develops from one progenitor cell, an erythro-myeloid
progenitor from the yolk sac, and migrate to the brain very early in development,
contrary to what happens with other tissue resident macrophages, that develop later
and go through to the fetal liver before migrate to their specific tissues (Ginhoux and
Guilliams, 2016; Ginhoux and Prinz, 2015; Kierdorf et al., 2013; Schulz et al,, 2012).
These studies also revealed that microglia genesis is dependent on the signaling of
colony stimulating factor 1 receptor (CSFIR) and transcription factors PU.1 and IRF8
(Kierdorfetal, 2013).

After infiltrating the brain, these cells develop, become self-sufficient and, in
homeostatic conditions, there is no infiltration from circulating
monocytes/macrophages (Perdiguero and Geissmann, 2016; Ransohoff, 2011). Recent
study (Elmore et al,, 2014), in which there was depletion of microglial cells from the
mouse brain using CSF1R inhibitors, this population was replaced by new microglia
within a week after inhibition was stopped. This study revealed the existence of a
Nestin-positive microglia population. Another study (Bruttger et al, 2015), using
genetic ablation of microglia, showed that these cells form clusters of proliferative cells
that express high levels of IL1R1, and that these cells are responsible for the

repopulation of the mouse brain.

Microglia function

The role of microglia in monitoring the brain during homeostasis is well
established, along with its function in the defense of CNS in the advent of bacterial and

viral infections, lesions, neurodegenerative and auto-immune diseases (Shemer et al,,

2015). During homeostasis, microglia have a small cell body and extended ramifications
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in order to monitor the surrounding environment and to connect itself to synaptic and
extra-synaptic regions (Tremblay et al., 2010). When activated by stimuli, whether they
are physiological or pathological, microglia retracts their ramifications and become
amoeboid. This process is quite fast and dynamic, and is reversible at any stage (Colton
etal, 2000; Karperien et al,, 2013).

Microglia express receptors on their membrane capable of measuring synaptic
activity, underlying a role for these cells in the removal of “weak” synapsis (synaptic
pruning) (Kettenmann et al,, 2011; Paolicelli et al,, 2011; Schafer et al.,, 2012). At the
same time, other studies suggested the participation of microglia in processes such as
the formations of synapses, neuronal survival and axonal growth (Parkhurst et al,
2013; Ueno etal., 2013; Wu et al., 2015).

As CNS phagocytes, microglial cells are responsible for the identification and
removal of apoptotic cells, as well as acting as the first line of defense against pathogens
(Ransohoff and El Khoury, 2016). Through the fractalkine receptor (CX3CR1), they are
able to respond to phagocytosis stimuli sent from cells entering apoptosis, in addition
to controlling the number of neurons, even being able to induce programed cell death
to those cells (Brown and Neher, 2014; Sokolowski et al., 2014). All of these
mechanisms maintain the homeostatic state in the brain and confer to microglia the
title of “guardian of the CNS” (Figure 4).

Fast
response to
stimuli/injury

Tissue
repair

Constant / \ \
surveillance : Y _< ) Synaptic
of its { f ) “pruning”

Phagocytosis
(clearance)

Figure 4: Microglia function as “guardians of the CNS”.
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Microglia under pathological conditions

The role of microglia in neurodegenerative diseases, such as Alzheimer’s
Disease (Heppner et al., 2015) and Parkinson’s Disease (Sanchez-Guajardo et al., 2015),
as well as in auto-immune diseases, such as multiple sclerosis (Mahad et al.,, 2015), has
been thoroughly studied. Upon the onset of glioma, microglia respond to its stimuli as it
does to any other injury. However, this interaction has raised controversy, as there is
no consensus whether microglia responses to glioma are always the same, beneficial to
tumor growth, or what are their variations. The focus of this work is how microglia
changes in the advent of glioma, and we will present current literature on the matter in

the next sections.

Infiltrated monocytes and macrophages

While the only myeloid cell in the normal brain is microglia, under neuro-
pathological conditions, blood brain barrier integrity is affected and allows infiltration
of myeloid cells from the periphery. Monocytes that infiltrate the brain originate from
hematopoietic stem-cells in the bone marrow (Shi and Pamer, 2011) and are, therefore,
ontogenetically different from microglia. However, to differentiate between these two
cell types in the diseased brain has always been arduous, since there is a lack of specific
markers and previous reports suggested that circulating monocytes can remain in the
CNS after inflammation is resolved, and acquire microglia-like features further
hampering distinction between resident microglia and infiltrated myeloid cells (Fligel
et al,, 2001; Hickey and Kimura, 1988; Massengale et al., 2005). This last hypothesis
was contradicted by murine parabiosis experiments, where it was demonstrated that
infiltrated cells disappear from the CNS when the disease enters remission (Ajami et al.,
2011). For mice, it is possible to identify infiltrated monocytes using the LY-6C marker.

For human, so far there is no reliable marker known to make the same differentiation.
Activation of microglia and iTAMs and their role in glioma
As mentioned before, innate immune cells such as microglia and iTAMs are
major components of the glioma microenvironment, constituting to up to 40% of the

tumor mass. There are conflicting studies regarding the role of such cells in tumor

progression. While some claim better outcomes for patients with high rates of immune
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cells, either by infiltration or from the resident tissue, many others have assessed the
same phenomena to be related to poorer prognosis (reviewed by Fridman et al
(Fridman et al., 2012)). Such divergence in results seems to arise from the different
functional and activation states innate immune cells can adopt within the same tumor
and at different time points. Considering their ability to respond readily to stimuli,
changes the microenvironment can lead both to anti or pro-tumoral responses.

Historically, microglia and iTAMs activation has been classified as classic (M1)
and alternative (M2) (Galdiero et al., 2013; Hao et al,, 2012; Mantovani et al., 2002).
Classical activation corresponds to a pro-inflammatory phenotype, and its features
include the production of iNOS, free radicals and inflammatory cytokines such as TNF-
alpha and IL1-beta. The anti-inflammatory phenotype (M2, alternative) is particular to
tissue repair, in which there is an increased production of arginase 1, of cell surface
receptor CD163, and the release of growth factors such as TGF-beta and the hepatocyte
growth factor. Gamma interferon and microbial products induce classic activation,
while interleukin 4 or even TGF-beta lead to a M2 phenotype. Due to the fast way both
microglia and iTAMs respond to stimuli, there is high controversy regarding the M1/M2
polarization. However, this classification still is broadly used and corresponds to
clinical alterations (Ellert-Miklaszewska et al, 2013; Gabrusiewicz et al, 2015;
Ghoochani et al,, 2016; Nakagawa and Chiba, 2014).

Studies have demonstrated that iTAMs promote tumor growth using
mechanisms that are solely immunological, but also non-immunological mechanisms;
and that in the majority of cases, they present an anti-inflammatory phenotype
(Mantovani et al.,, 2008; Pollard, 2009; Solinas et al,, 2009). The same is true for
microglia (Glass and Synowitz, 2014). The secreted factors in this activation phenotype
promote, for instance, increased tumor angiogenesis (Brandenburg et al, 2016;
Muramatsu et al,, 2010), increased glioma cell motility and invasion (Bettinger et al.,
2002), as well as interactions with cancer stem-cells, enhancing tumor proliferative
capacity and resistance to therapy (Sarkar et al., 2014; Ye et al.,, 2012; Zhou et al., 2015).

Immune evasion - characterized by the ability tumor cells have to manipulate
the immune system via secretion of cytokines and growth factors, and one of the
hallmarks of cancer (Hanahan, 2014) to promote tumor progression and escape
destruction -, is crucially dependent on the crosstalk between these two types of cells.
In the scope of glioma, with such high heterogeneity rates found in tumor cells,

targeting non-neoplastic cells, particularly microglia and iTAMs, seems to be a more
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effective gambit to understand and overcome the mechanisms associated with
recurrence and therapeutic resistance.

Despite all the evidence just cited, the great majority of the studies was done in
mice, where it is possible to differentiate between microglia and iTAMs. Another aspect
that hampers the extrapolation of murine results to humans is the fact that mice
gliomas are not very similar to human gliomas regarding their cell of origin and
molecular alterations (Szatmari et al., 2006). Different molecular subtypes of GBM have
varied clinical behavior (Li et al,, 2015; Natesh et al,, 2015; Steed et al.,, 2016), and
might interact differently with the microenvironment. Besides, the evaluation of
expression of microglia activation markers in human gliomas needs a control
population for comparison. In most cases, samples from epilepsy surgeries are used in
human studies. Microglia associated to epilepsy displays an intrinsic inflammatory
status that differs from normal, homeostatic microglia (Devinsky et al., 2013; Eyo et al,,
2016). The use of post-mortem brain tissue is a useful alternative, provided the

protocols and the characterization of the material is through.

Aims of this thesis

The main goal of this thesis is to study the status and phenotype of microglia in
human gliomas and to delineate the human microglia gene expression profile. Microglia
are essential for the homeostasis and protection of the CNS. Because of their plasticity,
microglia readily respond to stimuli and become activated, exerting their functional
roles. Gliomas, the most common of brain tumors, possess high percentages of those
cells, along with iTAMs. The intrinsic heterogeneity of gliomas results in different
responses to the microenvironment, depending on the type of tumor. Advances in large
scale genetic studies have enabled the identification and characterization of different
molecular subtypes of gliomas. However, there is little progress in treatment options so
far. Understanding the dynamics between tumor and myeloid cells and the correlation
between oncogenic molecular alterations in the tumor and the changes leading to pro-
tumorigenic activation of innate immunity cells would elucidate potential treatment

alternatives.

Outline of thesis

18



In this Chapter 1, we reviewed the current literature on glioma biology,
classification and molecular subtyping. We also explored the knowledge in the function
of cells belonging to glioma microenvironment innate immune compartment, namely
microglia and iTAMs.

In Chapter 2, we analyzed the expression and correlation of genes associated
with stemness and glioma stem cells (/D4, SOX4 and OCT-4), an association that imparts
shorter overall survival in primary GBM patients.

In Chapter 3, we applied NGS technology to classify a Brazilian cohort of GBM
samples. We assessed the correlation of our molecular findings using a more feasible
proteomic immunohistochemistry-based approach. Our results indicate the need for a
genetic approach to further classify GBMs, particularly the Mesenchymal subtype.

In Chapter 4, we explored the role of a family of transcription factors,
inhibitors of differentiation (IDs) in gliomas from different origins (astrocytic and
oligodendrocytic) and grades (I-IV), as well as the different GBM subtypes classified in
Chapter 3. We show an association between IDs and the proneural subtype of GBM, as
well as their usefulness in differentiating between astrocytomas and
oligodendrogliomas.

In Chapter 5, we describe a protocol for ex vivo isolation of pure populations
of microglia and myeloid infiltrates from the CNS, based on mechanical dissociation
followed by FACS-sorting.

In Chapter 6, we identified the human microglia transcriptome and assessed
how the aging process affects these cells. Aside from stipulating a core of genes
responsible for human microglia identity, we also demonstrated that genes related to
actin modulation are affected during aging, possibly hampering cell motility.

Finally, in Chapter 7, we report the differences found in the transcriptome of
glioma and normal human microglia, as well as the differences between microglia
derived from lower grade gliomas and glioblastomas. We propose a transcriptional
network of regulators responsible for the proliferative and motility changes we found,
as well as related the extracellular matrix genes overexpression to the most malignant
subtypes of GBMs (Mesenchymal).

In Chapter 8, a summary and discussion of the principal findings from this
thesis are presented, as well as an overview of possible future direction on experiments

involving the cells that play an important role in glioma progression.
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SUMMARY

Inhibitor of DNA Binding 4 (ID4) is a member of the helix-loop-helix ID family
of transcription factors, mostly present in the central nervous system during embryonic
development, that has been associated with TP53 mutation and activation of SOX2.
Along with other transcription factors, ID4 has been implicated in the tumorigenic
process of astrocytomas, contributing to cell dedifferentiation, proliferation and
chemoresistance. In this study, we aimed to characterize the ID4 expression pattern in
human diffusely infiltrative astrocytomas of World Health Organization (WHO) grades
II to IV of malignancy (AGII-AGIV); to correlate its expression level to that of SOXZ,
S0X4, OCT-4 and NANOG, along with TP53 mutational status; and to correlate the results
with the clinical end-point of overall survival among glioblastoma patients. Quantitative
real time PCR (qRT-PCR) was performed in 130 samples of astrocytomas for relative
expression, showing up-regulation of all transcription factors in tumor cases. Positive
correlation was found when comparing [D4 relative expression of infiltrative
astrocytomas with SOX2 (r=0.50; p<0.005), SOX4 (r=0.43; p<0.005) and OCT-4 (r=0.39;
p<0.05). The results from TP53 coding exon analysis allowed comparisons between
wild-type and mutated status only in AGII cases, demonstrating significantly higher
levels of ID4, SOX2 and SOX4 in mutated cases (p<0.05). This pattern was maintained in
secondary GBM and further confirmed by immunohistochemistry, suggesting a role for
ID4, SOX2 and SOX4 in early astrocytoma tumorigenesis. Combined hyperexpression of
ID4, SOX4 and OCT-4 conferred a much lower (6 months) median survival than did
hypoexpression (18 months). Because both ID4 alone and a complex of SOX4 and OCT-4
activate SOX2 transcription, it is possible that multiple activation of SOX2 impair the
prognosis of GBM patients. These observational results of associated expression of D4
with SOX4 and OCT-4 may be used as a predictive factor of prognosis upon further

confirmation in a larger GBM series.

30



INTRODUCTION

Inhibitor of DNA Binding (ID) proteins (ID1-4) belong to the helix-loop-helix
(HLH) superfamily of transcription factors and exert their functions through the highly
conserved HLH dimerization domain. Due to the lack of a DNA binding domain, IDs
sequester and inhibit the activity of their specific target proteins, playing important
roles in cell cycle control, growth, differentiation, angiogenesis and tumorigenesis
(Benezra et al, 1990a, 1990b; lavarone and Lasorella, 2004; Perk et al, 2005). In
healthy organisms, ID expression is up-regulated in stem and progenitor cells,
maintaining self-renewal capacity, pluripotency and an undifferentiated state.
However, ID expression declines to basal values when cells differentiate towards the
destined specific lineage (Iavarone and Lasorella, 2006; Norton, 2000). The expression
of ID1-3 proteins is widespread, while the ID4 expression pattern is restricted to the
developing brain, particularly in neural progenitor cells (Yun et al, 2004). The
overexpression of IDs in tumor cells has been suggested to induce reversion to an
embryonic-like state, with high rates of proliferation, migration and neo-angiogenesis
facilitating tumor formation (Perk et al., 2005).

Astrocytomas are the most common primary brain tumors. World Health
Organization (WHO) classifies the astrocytomas into four grades: grade I or pilocytic
astrocytoma, grade II, or low-grade astrocytoma (AGII), grade III, or anaplastic
astrocytoma (AGIII) and grade IV astrocytoma or glioblastoma (AGIV or GBM) (Louis et
al, 2007). Diffusely infiltrative astrocytomas (AGII-GBM) invade the surrounding
normal brain tissue, hampering tumor resection. GBM is the most malignant and
frequent brain tumor in adults and they can be divided into two subgroups: primary
GBM, which arise de novo, and secondary GBM, which results from the progression of a
lower grade astrocytoma (Ohgaki and Kleihues, 2011, 2012). The malignant
transformation of astrocytomas, is associated with augmented ID expression (lavarone
and Lasorella, 2004), particularly ID4 (Kuzontkoski et al, 2010; Zeng et al,, 2010).
Interestingly, the up-regulation of /D4 has been associated with TP53 mutation status
(Dell’Orso et al,, 2010; Fontemaggi et al., 2009), which is an early event in astrocytoma
progression; additionally, TP53 mutation is more related to secondary GBM (Ohgaki
and Kleihues, 2011). Moreover, hyperexpression of /D4 was found to be a key regulator
of malignant transformation of Ink4a/Arf /- (cyclin-dependent kinase inhibitor 2A,
isoform 4) murine astrocytes in in vivo experiments, resulting in formation of high

grade gliomas according to clinical and histological analysis (Jeon et al., 2008). These
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results may be consistent with astrocyte dedifferentiation to an immature progenitor-
like state. It has also been demonstrated that ID4 protein activates SRY (sex
determining region Y)-box 2 (SOX2) transcription in GBM and glioma stem cells (Jeon et
al., 2011). Similarly, SOX4 and POU class 5 homeobox 1 (OCT-4) proteins were also
shown to activate SOX2 transcription in glioma initiating cells (Ikushima et al,, 2011),
(Lin et al., 2010). Along with Nanog homeobox (NANOG), these transcription factors are
highly expressed in embryonic, progenitor, and tumor stem cells, in contrast to the low
levels of expression that are found in differentiated cells (Boiani and Schoéler, 2005;
Chambers and Tomlinson, 2009; Qu and Shi, 2009).

This study aimed to characterize the ID4 expression pattern in human
astrocytomas of grades II to IV of malignancy; to correlate its expression level to that of
S0X2, SOX4, OCT-4 and NANOG, along with TP53 mutational status; and to correlate the
results with the clinical end-point of overall survival among GBM patients. In parallel,
expression of the neural and brain tumor stem cell marker CD133 was assessed to
better evaluate the progenitor cell condition (Holmberg et al.,, 2011; Ma et al., 2008;
Marie et al., 2008).
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MATERIALS AND METHODS

Tissue samples and ethical statement

One hundred and thirty diffusely infiltrative astrocytomas (grades II to IV)
were obtained during therapeutic surgery of patients treated by the Neurosurgery
Group of the Department of Neurology at Hospital das Clinicas at the School of Medicine
of the University of Sdo Paulo, in the period of 2000 to 2007. The cases were
categorized according to the WHO grading system (Louis et al, 2007) by
neuropathologists from the Division of Pathological Anatomy of the same institution.
The studied series consisted of 26 AGII, 18 AGIII, 86 GBM, and 22 non-neoplastic (NN)
brain anonymized cases from epilepsy patients subjected to temporal lobectomy.
Demographic data of the studied cases is presented in Table 1, and the clinical findings
are presented in Table S1. Samples were macrodissected and immediately snap-frozen
in liquid nitrogen upon surgical removal. A 4um-thick cryosection of each sample was
analyzed under a light microscope after hematoxylin-eosin staining for assessment of
necrotic, cellular debris and non-neoplastic areas (in tumor samples), followed by
removal from the frozen block by microdissection prior to DNA and RNA extractions
(Marie et al, 2008; Oba-Shinjo et al, 2005). Eighty-one GBM patients (94.2%)
presented with onset of clinical symptoms within 3 months prior to diagnostic surgical
intervention and were classified as presenting primary GBM. Five GBM patients (5.8%)
presented a tumor which was resected over one year after a lower grade astrocytoma
(grade II or III), and were designated as secondary GBM cases. Written informed
consent was obtained from all patients according to the ethical guidelines approved by
the Department of Neurology, School of Medicine, University of Sdo Paulo (0599/10).

Table 1. Demographic data from patients analyzed in this study

Total of Mean age at diagnosis
Morphology? Gender¢
cases (years)b
22 NN 38+7.6 12F, 10M
26 AGII 34+8.1 11F, 15M
18 AGIII 35+12.3 7F, 11M
86 GBM 54+13.9 28F, 58M

aNN, non-neoplastic; AGII, low-grade astrocytoma; AGIII, anaplastic
astrocytoma; GBM, glioblastoma

bAge at diagnosis was calculated from date of birth to date of surgery

M, male; F, female
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Sample preparation

Total RNA was extracted from frozen tissues (tumor and non-neoplastic) using
an RNeasy Mini Kit (Qiagen, Hilden, Germany). Evaluation of RNA concentration and
purity were carried out by measuring absorbance at 260 and 280 nm. Ratios of
260/280 measures ranging from 1.8 to 2.0 were considered satisfactory for purity
standards. Denaturing agarose gel electrophoresis was used to assess the quality of the
samples. A conventional reverse transcription reaction was performed to yield single-
stranded cDNA. The first strand of cDNA was synthesized from 1 pg of total RNA
previously treated with 1 unit of DNase I (FPLC-pure, GE Healthcare, Uppsala, Sweden)
using random and oligo (dT) primers, RNase inhibitor, and SuperScript III reverse
transcriptase according to the manufacturer’s recommendations (Life Technologies,
Carlsbad, USA). The resulting cDNA was subsequently treated with 1 unit of RNase H
(GE Healthcare, Uppsala, Sweden), diluted with TE buffer, and stored at -20°C until later

use.

Quantitative real time PCR (qRT-PCR)

The relative expression level of ID4, SOX2, SOX4, OCT-4, NANOG and CD133
were analyzed by qRT-PCR, using the SYBR Green approach. Quantitative data were
normalized in relation to the geometric mean of three housekeeping genes, suitable for
the analysis: hypoxanthine phosphoribosyltransferase (HPRT), glucuronidase beta
(GUSB) and TATA box binding protein (TBP), as previously demonstrated by our group
(Valente et al., 2009). The primers were designed to amplify 80-120 bp amplicons, with
a melting temperature of 60°C and were synthesized by IDT (Integrated DNA
Technologies, Coralville, USA) as follows (5’ to 3'): ID4 F: TGAACAAGCAGGGCGACAG,
ID4 R: CCCTCTCTAGTGCTCCTGGCT; SOX2 F: AAGAGAACACCAATCCCATCCA, SOX2 R:
AGTCCCCCAAAAAGAAGTCCA; S0X4 F: CAGAAGGGAGGGGGAAACATA, S0X4 R:
GAATCGGCACTAAGGAGTTGGT; NANOG F: GCAAGAACTCTCCAACATCCTGA, NANOG R:
CATTGCTATTCTTCGGCCAGTT; OCT-4 F: CGTGAAGCTGGAGAAGGAGA, OCT-4 R:
CTTGGCAAATTGCTCGAGTT; (€D133 F: TCGGAAACTGGCAGATAGCAA, (D133 R:
GTGAACGCCTTGTCCT; HPRT F:  TGAGGATTTGGAAAGGGTGT, HPRT R:
GAGCACACAGAGGGCTACAA; GUSB F: GAAAATACGTGGTTGGAGAGCTCATT, GUSB R:
CCGAGTGAAGATCCCCTTTTTA; TBP F: AGGATAAGAGAGCCACGAACCA, TBP R:
CTTGCTGCCAGTCTGGACTGT. The minimum primer concentrations necessary were
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determined to give the lowest threshold cycle (Ct) and maximum amplification
efficiency, while minimizing non-specific amplification. Primer concentrations used
were 150 nM for ID4, 200 nM for HPRT, TBP, SOX2, SOX4 and OCT-4, and 400 nM for
GUSB, NANOG and CD133. Standard curve was established to ensure amplification
efficiency and analysis of melting curves demonstrated a single peak for all PCR
products. Additionally, agarose gel electrophoresis was employed to check the size of
the PCR product amplified. SYBR Green I amplification mixtures (12 pl) contained 3 pl
of cDNA, 6 pl of 2X Power SYBR Green I Master Mix (Life Technologies, Carlsbad, USA)
and forward and reverse primers. PCR reactions were run on an ABI Prism 7500
sequence detector (Life Technologies, Carlsbad, USA) as follows: 2 min at 50°C, 10 min
of polymerase activation at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C. All the
reactions were performed in duplicate. The following equations were applied to
calculate gene relative expression according to primer efficiency (E) in tumor samples
versus the mean of non-neoplastic tissues: 2-**¢t (Livak and Schmittgen, 2001) for S0X2,
S0X4, OCT-4 and CD133; and 1+E-24ct (Pfaffl, 2001) for ID4 and NANOG, where ACt = Ct
specific gene- geometric mean Ct of housekeeping genes and AACt = ACt tumor - mean
ACt non-neoplastic. For statistical analysis, gene expression status was scored as high
or low expression in relation to the median relative expression value at each grade of

astrocytoma.
DNA extraction and TP53 mutational analyses

DNA extraction was performed from frozen tumor tissues using All Prep
DNA/RNA Mini Kit (Qiagen, Hilden, Germany), and peripheral leukocyte DNA was
extracted by a salting-out procedure (Miller et al., 1988).

Whole coding TP53 exons (2 to 11) analysis was performed using the
polymerase chain reaction single-strand conformation polymorphism (PCR-SSCP)

assay and DNA sequencing, as previously reported (Uno et al.,, 2005, 2006).
Immunohistochemistry
For immunohistochemical detection, tissue sections were routinely processed
and subjected to antigen retrieval. Briefly, slides were immersed in 10 mM citrate

buffer, pH 6.0 and incubated at 122°C for 3 min using an electric pressure cooker
(BioCare Medical, Walnut Creek, USA). Specimens were then blocked and further
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incubated with the following antibodies raised against human ID4 (rabbit polyclonal,
ab20988, Abcam, Cambridge, UK, 1:100), SOX2 (mouse clone 6, S1451, Sigma Aldrich,
St. Louis, USA, 1:100), SOX4 (rabbit polyclonal, S7318, Sigma Aldrich, St. Louis,
USA,1:800) at 16-20°C for 16 hours. Development of the reaction was performed with a
commercial kit (Novolink; Novocastra, Newcastle-upon-Tyne, UK) at room
temperature, using diaminobenzidine and Harris hematoxylin for nuclear staining.
Optimization using positive controls suggested by the manufacturer of each antibody
(breast carcinoma for ID4 and SOX4 antibodies, and normal esophagus for SOX2), was
performed in order to obtain optimal dilution. Staining intensity of tissue sections was
evaluated independently by two observers (SKNM and TFAG). A semi-quantitative
score system considering both intensity of staining and percentage of cells was applied
as follows: for intensity of staining, O=negative, 1=weak, 2=moderate and 3=strong; for
cell percentage, 0=no cells stained, 1=10-25%, 2 =26-50%, 3=51-75% and 4 = 76-
100%. Only cases with positive cell staining with scores = 2 were considered as
positive. Digital photomicrographs of representative fields were captured and
processed using PICASA 3 (Google, Mountain View, USA).

Statistical analysis

The statistical analysis of relative gene expression in different grades of
astrocytoma was assessed using the Kolmogorov-Smirnov normality test, and the non-
parametric Kruskal-Wallis and Dunn tests. Correlation between relative gene
expression values was assessed using the non-parametric Spearman-rho correlation
test and the parametric Pearson’s correlation test. The Mann-Whitney test was used to
compare TP53 mutational status and relative gene expression. The Kaplan-Meier
survival curve was analyzed using the log-rank (Mantel Cox) test and multivariate
analysis using the Cox proportional hazards model. The logistic regression model
included the following parameters: age at diagnosis, gender (female versus male),
degree of tumor surgical resection (gross total resection (GTR) versus partial resection
(PR) and gene expression status (hyper or hypoexpression). Differences were
considered statistically significant when p<0.05. Calculations were performed using
SPSS, version 15.0 (IBM, Armonk, USA).
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RESULTS

Relative expression levels in diffusely infiltrative astrocytomas

Gene expression analysis by qRT-PCR for ID4 showed higher median
expression levels in all diffusely infiltrative astrocytoma cases (AGII to GBM) relative to
the NN cases, and comparison among the groups was statistically significant (Figure 14,
p<0.0005, Kruskall-Wallis test). Although the ID4 median expression level in GBM cases
was lower than in AGII and AGII], there was a variability of these expression values,
with cases presenting both higher and lower values than the other grades. Similar
variability of ID4 expression was also observed in AGII and AGIIl (Figure 1A). A
multivariate Cox regression model (which considered age at diagnosis, gender, degree
of tumor surgical resection, and ID4 expression status) showed that /D4 expression
(hyper or hypoexpression) alone had no impact on patient’s prognosis. Only age at
diagnosis was an independent prognostic factor (hazard ratio=1.02, p=0.02). SOX2,
S0X4, OCT-4, NANOG, and CD133 also showed higher mRNA levels in AGII-GBM cases in
comparison to NN, as shown in Figure 1B-1F. SOX2 expression levels were compared to
ID4 levels to verify the degree of their co-expression in human diffusively infiltrative
astrocytomas. Interestingly, the correlation analysis of SOX2 showed mRNA levels
similar to ID4, with positive correlation found in AGII (r=0.731; p=0.00002), AGIII
(r=0.671; p=0.006) and GBM (r=0.334; p=0.0006). Next, SOX4, OCT-4, NANOG and
CD133 expression levels were also evaluated. SOX4 expression levels were similar to
those of ID4, although positive correlation was only found in AGII (r=0.568; p=0.002)
and GBM (r=0.414; p=0.00009). OCT-4 relative expression correlated positively with
ID4 in AGIII (r=0.551; p=0.02) and GBM (r=0.364; p=0.01). In contrast to the other
analyzed genes, several GBM cases exhibited very low expression levels of NANOG, and
no correlation was found between /D4 and NANOG expression levels. ID4 and CD133
expressions did neither not correlate. An overview of the results of analyzed

correlations is shown in Figure 2.
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Figure 1: Expression levels of genes in diffusely infiltrative astrocytomas (AGII to
GBM). Transcript levels of ID4 (A), SOX2 (B), SOX4 (C), OCT-4 (D), NANOG (E) and
CD133 (F) were determined in 26 low-grade astrocytomas (AGII), 18 anaplastic
astrocytomas (AGIII) and 86 GBM cases relative to 22 non-neoplastic (NN) by
quantitative real-time PCR. Relative expression values were calculated based on the
geometric mean of HPRT, GUSB and TBP expression levels of each sample and non-
neoplastic brain values. The following equations were applied to calculate gene relative
expression according to primer efficiency (E) in tumor samples versus the mean of non-
neoplastic tissues: 2-24ct (Livak and Schmittgen, 2001) for SOX2, SOX4, OCT-4 and CD133;
and 1+E-**Ct (Pfaffl, 2001) for ID4 and NANOG, where ACt = Ct specific gene - mean Ct of
housekeeping genes and AACt = ACt tumor - mean ACt non-neoplastic. Red dots
represent the secondary GBM cases. Horizontal bars show the median of each group
and the values are presented in Table 2. NANOG expression in 15 NN and 40 GBM cases
was very low and, as a result, the horizontal bar for NN does not appear in the graphic
(median=0). The difference of relative gene expressions among the groups were
statistically significant (p<0.0005 for ID4, SOX2, SOX4, OCT-4 and NANOG; and p<0.05
for CD133, Kruskal-Wallis test). A pair-based comparison was assessed using Dunn test.
The p value results are shown, where ***p<0.0005, **p<0.005 and *p<0.05.

Table 2. Median of relative expression levels of the analyzed genes in
astrocytomas, according to morphology

Morphology? ID4 S0X2 SO0X4 OCT-4 NANOG (D133
NN 1.15 1.06 1.09 0.51 0 0.87
AGII 8.12 3.32 9.12 2.92 1.77 1
AGIII 11.1 4.9 8.86 4 3.84 2.43
GBM 1.89 2.32 7.63 1.79 0.25 2.26

aNN, non-neoplastic; AGII, low-grade astrocytoma; AGIII, anaplastic astrocytoma; GBM, glioblastoma
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It is interesting to note that secondary GBM cases (red dots on Figure 1)
exhibited a higher median expression level for /D4 (2.78) than did primary GBM cases
(1.84). Similar results were obtained for SOX2 (3.96 for secondary and 2.26 for primary
GBM) and SOX4 (48.99 for secondary and 6.74 for primary). In contrast, the median of
OCT-4 expression was 0.47 in secondary GBM and 2.03 in primary GBM; the median of
NANOG expression level in secondary GBM was 0.13 while 0.35 in primary GBM, and
the median of CD133 expression level was 1.28 for secondary GBM and 2.26 for
primary GBM. To further investigate the factors contributing to these differences, the

expression values were analyzed according to TP53 mutation status.
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Figure 2: Correlation between ID4 and SOX2, SOX4, OCT-4, NANOG and CD133
expression levels in diffusely infiltrative astrocytomas. Correlation was assessed in
AGII (A, D, G, ], M), AGIII (B, E, H, K, N) and GBM (C, F, I, L, O) cases. ID4 expression level
was correlated to SOX2 (A-C), SOX4 (D-F), OCT-4 (G-1), NANOG (J-L) and CD133 (M-0)
expression levels. The significant correlations are shown in black and the non-
significant in grey. r correlation coefficient assessed by Spearman-rho test, and r* by
Pearson’s correlation test.

Association between ID4, SOX2, SOX4, and NANOG mRNA expressions and
TP53 mutation status

The frequency of TP53 mutation was 11.6% in GBM (10 out of 86), 16.6% in
AGIII (3 out of 18) and 50% in AGII (13 out of 26), as described in our previous studies
(Uno et al,, 2005, 2006) (Table S1). Our GBM series is composed mainly by primary
GBMs, which explains the low frequency of TP53 mutation and corroborates the
classification based on clinical presentation. The low frequency of TP53 mutations in
GBM and AGIII cases did not permit statistical analyses of the proposed parameters;
however, this analysis was feasible among AGII cases. Interestingly, TP53-mutated AGII
cases showed higher relative expression of /D4 when compared to AGII cases with wild-
type TP53 (p=0.048) (Figure 3A). Also, SOX2 (p=0.044), SOX4 (p=0.004) and NANOG
(p=0.025) relative expressions were higher in mutated than in wild-type TP53 in AGII
cases (Figure 3B, 3C and 3E respectively). No difference was found for OCT-4 relative
expression between wild-type and mutated TP53 cases (Figure 3D). Despite the fact
that TP53-mutated AGII cases displayed slightly higher relative expression of CD133,
the difference was not statistically significant (Figure 3F). No difference in expression
was found regarding the different types of TP53 mutations (whether missense,
nonsense or in splicing sites). Mann-Whitney test was applied for all the above
statistical analysis. Moreover, no significant impact was observed in the overall survival
time or in the progression free survival time in AGII cases, concerning either relative
expression levels of ID4, SOX2, SOX4, OCT4, NANOG, and CD133 or TP53 mutational
status (results presented Table S2). Although TP53 mutated AGII cases presented a
median of 40 months of overall survival time compared to a median of 51 months of
wild-type TP53 AGII cases, it did not reach statistical significance because of the small

number of cases in each group (Figure 3, white lozenges for deceased AGII patients).
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Figure 3: Comparison of gene expression levels between the wild-type TP53 (WT
TP53) and the mutated TP53 (Mutated TP53) in AGII cases. Higher expressions of
ID4 (A), SOX2 (B), SOX4 (C) and NANOG (E) were observed on the mutated TP53 AGII
cases. No difference was found for OCT-4 (D) and CD133 (F) relative expression
between the two groups. White lozenges represent the deceased patients. The p values
are: *p < 0.05 and ** p < 0.005, Mann-Whitney test.

Associated expression of ID4, SOX2 and SOX4 with TP53 mutational status was
further confirmed at the protein level by immunohistochemistry. The wild type TP53
AGII cases (Figure 4A-4C) showed weak or no staining for the three targets in
comparison to the TP53-mutated cases (Figure 4D-4F), as did the primary GBM cases
(Figure 4G-41) when compared to the secondary GBM (Figure 4]-4L) cases.
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Figure 4: ID4, SOX2 and SOX4 immunohistochemistry. Representative cases of
wild-type TP53 AGII (A-C), mutated TP53 AGIl (D-F), primary GBM (G-I) and
secondary GBM (J-L) stained for ID4, SOX2 and SOX4 are demonstrated. Both mutated
AGII and secondary GBM cases showed stronger and larger number of nuclear stained
cells (score 3 for intensity and = 75% of positive cells) for ID4, SOX2 and SOX4.
Comparatively, wild-type TP53 AGII and primary GBM presented score 1 for intensity
and < 25% of positive cells. The reaction was performed in paraffin embeded tissue
sections with a commercial polymer kit (Novolink; Novocastra, UK), using
diaminobenzidine as developer and Harris hematoxylin for nuclear counterstaining.
200x magnification for all images.
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The overview of TP53 mutation status, relative gene expression for AGII, and
expression differences among AGII, AGIII, primary and secondary GBM are displayed as

heat map in Figure 5.
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Figure 5: Heatmap displaying the relative gene expressions in low-grade
astrocytoma (AGII), anaplastic astrocytoma (AGIII) and GBM cases according to
TP53 mutation status. The TP53 mutated cases are represented by side dashes. The
mutated TP53 AGII cases showed more elevated expression levels of ID4, SOX2, SOX4
and NANOG. CD133 expressions were more heterogeneous among the cases. SOX2 and
S0X4 showed similar expression levels to ID4. Similarly, secondary GBM cases also
presented higher ID4, SOX2, SOX4 expression levels. OCT-4, NANOG and CD133
expression levels were heterogeneous among secondary GBM cases, and OCT-4
presented higher mRNA levels in primary GBM.

Impact of ID4, SOX4 and OCT-4 expression levels on clinical outcome for

GBM patients

Considering the variability of the relative expression values found in GBM
cases, we evaluated the impact of up-regulation of the analyzed genes on overall patient
survival. For the evaluation, conditions were determined for high and low gene
expression. Secondary GBM cases were excluded from this analysis due to the small
number of cases. None of the genes had an impact on overall survival, either on their
own or when grouped in pairs for the determined conditions (Figure S1). However,
there was a significant difference when comparing GBM cases with high ID4, SOX4 and
OCT-4 expressions (median survival of 6 months) with cases with low expressions for
the three genes (median survival of 18 months) (log-rank p=0.014), as shown on the

Kaplan-Meier survival curve in Figure 6.
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Figure 6: Survival curve of GBM patients. Twenty-five GBM cases out of 86 GBM
cases presented concomitant high or low /D4, SOX4 and OCT-4 relative expresssion
levels (12 GBM cases presenting high expressions and 13 low expressions for the three
genes). The survival time difference between the two groups was statistically
significant (log rank p-value=0.014), presenting median survival time of 6 months for
GBM cases presenting concomitant high expressions for the three genes compared to
18 months for GBM cases with low expressions.
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DISCUSSION

We have demonstrated a differential expression of ID4 in human diffusely
infiltrative astrocytoma cases demonstrating association with TP53 mutation status, as
well as to SOX2, SOX4 and OCT-4 mRNA expression levels.

ID4 mRNA levels are elevated in astrocytomas in comparison to non-
neoplastic brain tissue

Our study demonstrated significantly higher mRNA expression levels of ID4 in
astrocytomas when compared to non-neoplastic brain tissue. Similar results have also
been described for ID1-3 proteins in astrocytomas, with higher expression levels in
tumors than in non-neoplastic white-matter (Vandeputte et al, 2002). A previous
immunohistochemical report has shown stronger ID4 expression in GBM compared to
AGII, AGIII and normal brain tissue (Zeng et al, 2010). Such association was not
significant in our study, most probably due to a larger number of cases analyzed herein,
and also to the heterogeneity inherent to GBM, here corroborated by the widespread
ID4 mRNA expression among the studied GBM cases. Nevertheless, the increased /D4
expression level in diffusely infiltrative astrocytoma is in accord with the tumor re-
expression model of IDs (Perk et al., 2005), postulating /D4 as an additional marker of
astrocytoma progression in malignancy.

A recent report (Martini et al., 2012) has shown that /D4 promoter methylation
was an independent factor on patient’s prognosis, and that association of /D4 promoter
methylation and MGMT methylation status conferred significantly longer overall
survival to GBM patients. We assessed the correlation between /D4 hypoexpression and
the MGMT methylation status in GBM, previously reported by our group (Uno et al,
2011). The Cox regression model showed only MGMT status as an independent factor
for prognosis (hazard ratio = 4.684, p=0.014), differing from the previous report.

Further studies on /D4 promoter methylation are needed in the present GBM series.
ID4 hyperexpression is driven by mutated TP53 in AGII
Here we demonstrate a significant difference in /D4 expression between AGII

cases harboring TP53 mutation versus wild-type, mutated cases showing significant

increase in D4 expression. Other studies in breast cancer models have demonstrated in
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vitro ID4 up-regulation driven by the mutated p53 protein (Dell'Orso et al., 2010;
Fontemaggi et al., 2009). TP53 mutations, present in 50% of AGII cases, are considered
one of the earliest events in astrocytoma formation (Ohgaki and Kleihues, 2011). The
significant association shown here between TP53 mutation and /D4 expression could
possibly classify ID4 hyperexpression as an early event in astrocytoma formation. The
analysis of AGII patients OS time in TP53 mutated and wild-type cases showed that the
mutated cases had a shorter survival by eleven months in comparison to the wild-type
group. Considering the low number of cases, further studies are necessary to confirm
statistically this result. The great majority of TP53 mutations are missense, localized in
specific gene domains (“hot spots”) that do not inactivate protein function. On the
contrary, these alterations stabilize the mutated protein and enhance its oncogenic
activity by increasing the transcription of target genes, recruiting other transcription
factors and co-factors (recently reviewed in (Freed-Pastor and Prives, 2012)).
However, no difference of the analyzed gene expressions were found compared to the
different types of TP53 mutation in the current AGII series, and it remains to be
elucidated if the cases harboring inactivating nonsense mutations present alternative
activation for ID4, SOX2 and SOX4.

Associated expression of ID4 with SOX2 and SOX4 and with mutated TP53

S0X2 also proved to be significantly augmented and correlated to ID4 in TP53
mutated AGII cases. SOX2 overexpression driven by inactivation of p53 in mouse
embryonic fibroblasts has been demonstrated (Kawamura et al., 2009), although the
mechanism remains unknown. One possible explanation is that ID4 up-regulation
activates SOX2 through inhibition of a microRNA, mir-9* which is a direct negative
regulator of SOX2, as shown in glioma cell lines (Jeon et al., 2011). Our findings of ID4
up-regulation associated to TP53 mutated status and to SOX2 hyperexpression in
human astrocytoma specimens corroborate these previous observations in cell lines.
Taken together, these data suggest that /D4 and SOX2 act jointly post-TP53 mutation in
promoting astrocytoma tumorigenesis.

The association between SOX4 and p53 has also been reported (Hur et al,
2010; Pan et al,, 2009), with SOX4 stabilizing p53 protein and inhibiting its induction of
the apoptotic pathway. In our study, SOX4 expression was increased in TP53 mutated

cases, in a similar pattern to ID4. It remains to be elucidated what role the observed

46



association between SOX4 and mutated TP53 plays in the process of astrocytic tumor
formation.

Our results showed a significant increase in NANOG expression in TP53
mutated AGII cases. It is known that p53 is a direct negative regulator of NANOG (Lin et
al,, 2005) and that the absence of a functional p53 protein augments NANOG expression.
NANOG levels did not correlate to any of the other analyzed targets, and its expression
pattern in GBM cases was random, enabling us to speculate that NANOG works
differently to contribute to astrocytoma formation. CD133 levels were not significantly
different when TP53 mutated and wild-type AGII cases were compared, and GBM cases
also displayed a random pattern, suggesting that CD133 also works differently in the
tumorigenic process of astrocytomas.

OCT-4 relative expression was not influenced by TP53 mutational status and
did not correlate with /D4 expression in AGII cases. However, the expression pattern of
GBM cases was strikingly different: secondary GBM exhibited very low OCT-4 mRNA
levels in comparison to primary GBM. Together with the positive correlation between
OCT-4 and ID4 found in both AGIII and GBM cases, these data indicate a role for this
target in the most malignant grades of astrocytoma. These results prompted us to
further investigate the combined expression of ID4, SOX4 and OCT-4.

Impact of ID4, SOX4 and OCT-4 mutual hyperexpression on primary GBM
patients’ overall survival

The expression level variability among GBM cases was present for all analyzed
genes (Figure 1), with some cases exhibiting very high mRNA levels in contrast to low
levels found in others. Again, this phenomenon may be due to the extensive
heterogeneity found in GBM at both the cellular and molecular levels (Bonavia et al,,
2011), contributing to difficulties in eradicating these tumors. Thus, we believed it was
necessary to ascertain whether patients bearing tumors with higher mRNA levels of the
analyzed genes showed worse overall survival. When we grouped /D4, SOX4 and OCT-4
together, patients hyperexpressing these genes exhibited much lower survival time. In
bladder cancers, both [D4 and S0X4 were amplified and overexpressed
heterogeneously (Wu et al., 2005), similar to astrocytomas, and contributed to the
variable biological and clinical behavior of the tumors. As previously mentioned, OCT-4
and SOX4 proteins form a transcription complex and induce SOX2 expression,

increasing the tumorigenicity of glioma cells. Although decreased survival was
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demonstrated in mice inoculated with GBM cells hyperexpressing OCT-4, we observed
that OCT-4 alone had no impact on our patients’ overall survival (Figure S1D). Because
ID4 alone, as well as the SOX4 and OCT-4 complex, activates SOX2, and because
chemoresistance is associated with both SOX2 and ID4 augmented expression, it is
possible to speculate that multiple SOX2 activation events in GBM may impair patient
prognosis. SOX2 and OCT-4, are considered masters of pluripotency in embryonic stem
cells (Mallanna and Rizzino, 2012). This role is maintained in cancer stem cells (CSC), a
subset of tumor cells regarded as possessing traits such as therapeutic resistance,
tumor angiogenesis and recurrence (Sampieri and Fodde, 2012). ID4 has also shown to
play an important role in CSC biology, its expression being imperative to the formation
and maintenance of CSC population (Park et al,, 2011). In GBM stem cells (Galli et al.,
2004; Singh et al,, 2003, 2004; Yuan et al, 2004), ID4 has been postulated as an
important target in the dedifferentiation process, as shown in the in vitro reports (Jeon
et al, 2008, 2011). Moreover, the re-expression of embryonic stem cells genes in
tumors, including gliomas, has been associated with a more aggressive phenotype (Ben-
Porath et al., 2008; Guo et al., 2011; Holmberg et al., 2011). It is possible that this is the
cause for the worse clinical end-point of overall survival among GBM patients found in
our study. However, because of the low number of GBM cases (n=25) in which this
finding was demonstrated, the present result should be validated in an independent
study sample containing a higher number of GBM patients.

In this scenario, ID4 seems to be a promising target for further studies in order

to better understand its role in tumorigenesis and its potential use in therapeutics.
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SUMMARY

Glioblastoma (GBM), the most common and lethal brain tumor, is one of the
most difficult forms of CAN malignancy to treat. Integrated genomic analysis to unravel
the molecular architecture of GBM, revealed a new sub classification and promising
precision in the care for patients with specific genetic alterations. Here, we present the
classification of a Brazilian GBM cohort into the main molecular subtypes; proneural,
classical and mesenchymal, using high-throughput DNA sequencing. We tested the
possible use of the overexpression of EGFR and CHI3L1 through immunohistochemistry
for the identification of the Classical and mesenchymal subtypes, respectively. Our
results show that genetic identification of GBM subtypes is not possible based on single
targeted mutations, particularly in the case of the mesenchymal subtype. Also, it is not
possible to single out mesenchymal cases through CHI3L1 expression. Our data indicate
that the mesenchymal subtype, the most malignant subtype of GBM, needs further
extensive research to allow for genetic identification/stratification.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common and most malignant brain
tumor in adults. GBMs are part of the glioma group of tumors. The World Health
Organization (WHO)(Louis et al, 2016) classifies gliomas according to their
resemblance to their cell of origin, along with histological and molecular features.
GBMs, the most prevalent of gliomas, are considered highly aggressive grade IV tumors,
exhibiting high mitotic rates, micro-vascular proliferation and necrosis. GBMs also
present the poorest prognosis, with a median survival of 15 months from the time of
diagnosis(Wen and Kesari, 2008). Due to their invasive nature, complete surgical
resection is very difficult to achieve. The presence of residual tumor cells results in
recurrence and malignant progression, albeit at different intervals.

GBMs can be further divided into two subgroups: primary GBM, which arise de
novo, and secondary GBM, which results from the progression of a lower grade
tumor(Ohgaki and Kleihues, 2013). These two clinical forms of GBM have different and
extensively characterized molecular features (reviewed by Ohgaki & Kleihues,
2013(Ohgaki and Kleihues, 2013)). The past decade has seen the rise of high-
throughput sequencing techniques, which has provided in-depth knowledge of
molecular alterations in tumor cells. GBM has been one of the most molecularly profiled
tumors by several groups, including The Cancer Genome Atlas (TCGA)
Networks(Brennan et al,, 2013; Cancer Genome Atlas Research Network et al., 2015;
Ceccarelli et al., 2016; Parsons et al., 2008; Phillips et al., 2006; Stieber et al., 2014;
Verhaak et al., 2010). These studies have singled out specific determinant mutations of
the newly identified subtypes: proneural, neural, classical and mesenchymal (Figure 2).
Proneural tumors present alterations in IDH1, PDGRFA and TP53; classical tumors
display mainly EGFR mutation/amplification and the presence of EGFRvIII oncogenic
variant; and mesenchymal tumors show RBI and NF1 mutations as the main feature.
The neural subtype presents overexpression of neural markers, not displaying any
specific genetic alteration. Overall patient survival was also correlated with GBM
molecular subtypes, with the mesenchymal subtype presenting the worst prognosis.
However, the reproducibility, clinical relevance, and functional basis of these subclasses
remain to be established.

In this study, we have developed a NGS-based gene panel to interrogate several
genes commonly mutated in GBM. We classified a series of Brazilian GBM cases based

on the somatic mutation signatures previously established for the three main subtypes:
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proneural, classical and mesenchymal. We validated our genetic findings with
orthogonal methods and immunohistochemistry. In this multi-institution cohort of
Brazilian patients, GBM subtype distribution and associated patient outcomes
corroborate previously published results and further validates the clinical relevance of
GBM subtyping. NGS-based approaches for GBM classification are fast, reliable, and
therefore, may have value as a diagnostic tool that may add in the clinical decision
making process.
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MATERIALS AND METHODS

GBM samples and ethical statement

One hundred and ten GBM samples were obtained during therapeutic surgery
of patients treated by the Neurosurgery Group of the Department of Neurology at
Hospital das Clinicas at the School of Medicine of the University of Sdo Paulo, in the
period of 2000 to 2014. GBM diagnosis was confirmed by neuropathologists from the
Division of Pathological Anatomy of the same institution, according to the WHO grading
system. Patient information and clinical findings are presented in Supplemental Table
1. Samples were macrodissected and immediately snap-frozen in liquid nitrogen upon
surgical removal. A 4um-thick cryosection of each sample was analyzed under a light
microscope after hematoxylin-eosin staining for assessment of necrotic, cellular debris
and non-neoplastic areas, followed by removal from the frozen block by
microdissection prior to DNA extractions. Written informed consent was obtained from
all patients according to the ethical guidelines approved by the Ethical Committee of
Hospital das Clinicas, School of Medicine, University of Sdo Paulo (0599/10).

Targeted gene panel sequencing

Based on previous literature assessing GBM molecular sub
classification(Brennan et al., 2013; Phillips et al., 2006; Verhaak et al,, 2010), 40 genes
were targeted for capture and deep sequencing. This customized panel included genes
such as NF1, RB1, EGFR, TP53, PTEN, IDH1 and PDGFRA, whose alterations have all been
previously associated with the three main GBM subtypes: proneural, classical and
mesenchymal. Using the SureDesign tool (Agilent Technologies Inc., USA), the targeted
RNA capture enrichment baits were designed to include coding exon regions and 50 bp
from both 3' end and 5' end of the flanking intronic sequence. The purpose was to
incorporate possible splicing site mutations in our analysis. A total of 973 regions from
the 40 genes were targeted for a final capture size of 2.79 Mb.

Target-enrichment DNA library was constructed using the Agilent SureSelect
XT Target Enrichment Kit (Agilent Technologies Inc.), following the recommended
protocol. Two hundred nanograms of tumor DNA was sheared using a E220 focused-
ultrasonicator (Covaris, USA) to generate DNA fragments with a mean peak around

150bp. Indexed and adaptor-ligated libraries were multiplexed and paired-end
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sequenced on [llumina NextSeq 500 platform (Illumina, USA). An additional library was

built from peripheral blood DNA from all the patients pooled in equal amounts.

Bioinformatics analysis

Sequencing data was generated as 150-bp paired-end reads using the Illumina
Next-Seq platform. Raw data was aligned to the hg38 assembly of the human genome
using bwa(Li and Durbin, 2009). Aligned reads were coordinate-sorted with the
bamsort tool from BiobambamZ2(Tischler and Leonard, 2014). Variant calling was
performed simultaneously in all the tumor samples with Platypus(2014), and in the
germline pool with freebayes, with the parameters properly set to call pooled data (--
pooled-discrete and ploidy parameter set to 132, which corresponds to the number of
alleles present in the pool). The resulting VCFs file were annotated with SnpEff and
SnpSIFT(Cingolani et al,, 2012).

Tissue microarray (TMA) construction and Immunohistochemistry

Two representative areas of each tumor were chosen by neuropathologists
and marked both on HE sections and on the original paraffin block. Each of the 0.6 mm-
diameter three cores of tumor tissue was extracted from the marked area of each donor
block using an arraying machine (MTA-1, Beecher Instruments Inc., USA). The cores
were inserted into a TMA recipient block in predetermined sites. Sections of 3um-
thickness were cut from the TMA block. A representative TMA section was initially
stained for HE to access the suitability of each core, and all other sections were paraffin
coated and stored at -20°C until use.

For immunohistochemical detection, serial TMA sections were deparaffinized,
rehydrated, treated for endogenous peroxidase blocking and subjected to antigen
retrieval. Briefly, slides were immersed in 10 mM citrate buffer, pH 6.0 and incubated at
122°C for 3 min using an electric pressure cooker (BioCare Medical, USA). Specimens
were then blocked and further incubated anti-human CHI3L1 (mouse monoclonal,
clone AT4A3; abcam, United Kingdom) and anti-human EGFR (mouse monoclonal,
clone 31G7; Thermo Fisher Scientific, USA) at 16-20°C for 16 hours. Development of the
reaction was performed with a commercial kit (Novolink; Novocastra, United Kingdom)
at room temperature, using diaminobenzidine and Harris hematoxylin for nuclear

staining. Optimization using positive controls suggested by the manufacturer of each
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antibody was performed in order to obtain optimal dilution. Two observers (SKNM and
TFAG) evaluated staining intensity of tissue sections independently. A semi-
quantitative score system considering both intensity of staining and percentage of cells
was applied as follows: for intensity of staining and cell percentage, 0=no cells stained,
1=10-25%, 2 =26-50%, 3=51-75% and 4=76-100%. Only cases with positive cell
staining with scores = 2 were considered as positive. Digital photomicrographs of

representative fields were captured and processed using PICASA 3 (Google, USA).
Statistical analysis
Survival data was assessed by comparing the Kaplan-Meier survival curves
using the log-rank (Mantel Cox) test. A p-value < 0.05 was considered statistically

significant. For this analysis, we included 77 cases with complete clinical follow-up.
Calculations were performed using SPSS, version 23.0 (IBM, USA).
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RESULTS

Molecular classification of GBM

We used the mutational profile derived from our targeted gene panel to
classify tumors into three major molecular subtypes: proneural, classical, and
mesenchymal. We defined the proneural subtype by the presence of IDH1, PDGFRA, and
TP53 mutations. The classical subtype was defined by EGFR alterations (amplification
and mutations), PTEN mutations, and the presence of the oncogenic variant EGFRVIII.
EGFR amplification results was based on a previous publication from our group
(Carvalho et al., 2014). Finally, for the definition of the mesenchymal subtype, we used
mutations in NF1 and RB1 as a mean for classification. For each patient, we used DNA
from blood leukocytes for germline alterations subtraction. None of the found
alterations were present in this germline controls. Aside from this control, we
considered in this analysis a) known pathogenic mutations, such as the IDH1 R132H, b)
variants that were not present in populational databases (1000kg/ExAC), c) variants
with predicted pathogenicity (nonsense or frameshift, or a missense mutation with high
SIFT and polyphen scores), d) variants not present in our germline pool. All the tumors
which did not carry a mutation in the genes described above and meet the defined
criteria were classified as “others”. Hence, given the lack of a specific genetic profile
that defines the neural subtype, we were not able to identify this subclass in our
dataset. The complete list of genetic alteration can be found in Supplemental Table 2.

The targeted NGS analysis was performed on 110 GBM samples (Supplemental
Table 1). A 20x coverage was achieved in ~97% of the targeted regions of the GBM
samples. The mean coverage of the germline pool was 6063.67x.

Following the proposed criteria, we were able to classify 90 of the 110
analyzed GBM samples within the three major subtypes. Corroborating data from
previous studies, genetic alteration singular to the classical subtype were more
prevalent, corresponding to 45.9% of the classified cases. Samples with alterations
inherent of the mesenchymal subtype corresponded to 19.3% of the cases; finally,

17.4% of the cases showed alterations particular to the proneural subtype (Figure 1).
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depicts patient overall survival, further explored in the Kaplan-Meir in Figure 2. The gray
squares represent the cases without a complete clinical follow-up. amp, amplification; mut,




We next evaluated the overall survival of GBM patients according to our
molecular classification. As shown if Figure 2, patients classified as mesenchymal GBM
had a slightly shorter overall survival in comparison to other subgroups (medians of 8,
9, and 13 months for the mesenchymal, classical, and proneural, respectively; log-rank
p < 0.05).
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Molecular classification of GBM does not correlate with
immunohistochemical markers to differentiate between classical and
mesenchymal subtypes

Concomitant with the molecular classification of GBMs, we also assessed the
protein expression level of CHI3L1 (YKL-40) and EGFR. CHI3L1 is associated with the
mesenchymal subtype of GBM, while EGFR overexpression is a known characteristic of
the classical subtype(Phillips et al., 2006; Verhaak et al,, 2010). Immunohistochemistry
staining was performed in a subset of our molecularly classified samples, comprising a
cohort of 40 cases (8 mesenchymal, 9 proneural, 20 classical and 3 other). Figure 3
shows the results and Figure 4 depicts examples of stained tissue microarray sections.

Figure 2: Survival curve of the molecularly classified GBM cases. Kaplan-Meier of 77
GBM cases detailing survival (log rank test) times according to our molecular classification.
Patients alive at the time of the last clinical follow-up were censored from this analysis. N,
number of cases; m, months.
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While in only one of the mesenchymal samples CHI3L1 was not detected, cases positive
for CHI3L1 (scoring above 2) were present in all three subtypes (6 mesenchymal, 6
proneural and 10 classical cases were positive for CHI3L1). For EGFR, all proneural and
6 mesenchymal cases prove to be negative for this marker (staining score < 1). Despite
presenting genetic characteristics of classical subtypes, 4 of these cases did not express
detectable levels of EGFR. A complete listing of immunohistochemistry scores is

provided in Supplemental Table 1.
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Figure 3: Scoring of immunohistochemical analysis of CHI3L1 and EGFR in GBM cases.
Each GBM sample, previously classified with the molecular approach, was scored for the
classical (EGFR, blue) and mesenchymal (CHI3L1, pink) immunohistochemical markers.
Scoring ranged from 0-4, in which 0=no cells stained, 1=10-25%, 2 =26-50%, 3=51-75%
and 4=76-100%. EGFR staining was prevalent in classical samples, although classical cases
did not present significant staining of the marker, while other mesenchymal samples
presented comparable levels of EGFR. CHI3L1 was present in high levels in cases from all
three GBM subtypes.
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DISCUSSION

The advent of next generation sequencing and large-scale molecular analysis in
the last decade revealed that molecular alterations predict GBM patients’ response to
treatment, overall survival and clinical outcome. A new light has been shed on the high

level of GBM heterogeneity and new sub classifications have been defined. For GBM,
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differentiate between mesenchymal and classical cases, with both groups showing positive
and negative cases. The reaction was performed in paraffin embeded tissue sections with a
commercial polymer kit (Novolink; Novocastra, UK), using diaminobenzidine as developer

and Harris hematoxylin for nuclear counterstaining. 400x magnification for all images.
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several studies have singled out specific determinant mutations of the main, newly
identified subtypes: proneural, classical and mesenchymal (Figure 1)(Brennan et al,,
2013; Cancer Genome Atlas Research Network et al, 2015; Ceccarelli et al.,, 2016;
Parsons et al.,, 2008; Phillips et al., 2006; Stieber et al., 2014; Verhaak et al., 2010). Their
potential to aid the choice of better treatment options is a step forward to precision
medicine.

We have performed a somatic mutation analysis in our GBM cohort using a

customized gene panel that contains all the coding and splicing regions of the genes
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most commonly mutated in GBM. Our NGS panel allowed us to classify ~85% of our
samples according to the molecular subtype using a single assay, which would be very
laborious and time-consuming with the traditional methods, such as Sanger
sequencing. The results we obtained, regarding the percentage of each GBM subtype, as
well as their association with overall patient survival, is in accordance with what has
been published in literature so far(Brennan et al., 2013; Ceccarelli et al., 2016; Phillips
etal, 2006; Stieber et al., 2014; Verhaak et al., 2010).

Since its first documentations, in the late 2000’s, molecular subclasses of GBMs
have proven to be fundamental for new discoveries that ultimately will lead to better
clinical approaches and precision medicine. For instance, Davis et al (Davis et al., 2016)
have used the classification to compare genetic alterations in cultured brain-tumor
initiating cells, important as a model system to study treatment options and GBM
biology, to their original tumors, validating such cells for future studies. Natash et
al(Natesh et al., 2015) explored the role of a cytokine present in the microenvironment
of GBM, oncostatin, and its signaling pathway, associated with poor prognosis, to be
related to the aggressive nature associated with features found in the mesenchymal
GBM subtype. Chen and Xu(Chen and Xu, 2016) have recently developed an algorithm
that matches FDA approved drugs to the molecular subtype of GBMs, based on the
genetic alterations of each subtype. Hence, it is important to specifically differentiate
mesenchymal and classical GBMs, as for the latter specific tyrosine kinase inhibitors
and adjuvant antibodies are available (reviewed by Padfield et al (Padfield et al,
2015)), while for the former currently only one drug is introduced in phase one clinical
trial (clinical trial identifier: NCT02272270). New practical proposals, more suitable for
big diagnostic centers, have been looked for. The exemplified studies highlight the
usefulness of GBM classification in improving current knowledge, biological
understanding and diagnosis and treatment options for this tumor.

However, since the basis for such classification is the genetic approach,
requiring the implementation of molecular biology techniques, other more feasible
methodologies have been searched. A recent study revealed that MRI derived
quantitative volumetric tumor phenotype features only moderately predict the
molecular GBM subtypes, suggesting that subtypes do not generally alter the size
composition of tumor areas(Grossmann et al, 2016). Therefore, the more feasible
proteomic IHC-based approach, still based on the reported molecular findings, has been

the preferred technique for GBM classification.
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Both proneural and classical GBM subtypes present genetic point mutations or
alterations (IDH1 R132H and EGFRuvlIl, respectively) have led to the development of
specific antibodies to achieve a cheaper and more suitable to large diagnostic centers
approach(Gupta et al., 2010; Kato, 2015). Nonetheless, EGFRvIII alterations were
detected in only 28.4% of our GBM cohort, while classical cases corresponded to 45.9%
of all cases. For those extra cases, EGFR protein overexpression still excluded 4 out of
23 samples with a classical genetic subtype.

The mesenchymal subtype presents a high heterogeneity of alterations within
the usually mutated genes of this subtype (NF1 and RBI1). CHI3L1, or YKL-40, is a
secreted lectin, related to the regulation of hypoxia-induced injury response and that
has been previously associated with the mesenchymal subtype of GBM (Phillips et al,,
2006; Verhaak et al.,, 2010). Previous studies have proposed CHI3L1 as an additional
marker to be used as a diagnostic tool using the immunohistochemical approach for the
sub classification of GBMs (Conroy et al.,, 2014; Joseph et al., 2015). Yet, our results
indicate that higher CHI3L1 expression is not an event exclusive of the mesenchymal
cases, with high percentages of both proneural and classical samples expressing such
high levels.

Our results indicate the need for a genetic approach to further classify GBMs,
so higher number of patients can profit from the precision such classifications provides

in treatment options.
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SUMMARY

Diffuse gliomas are primary brain tumors characterized by infiltrative growth
and high heterogeneity, which renders the disease mostly incurable. Glioblastoma
multiforme (GBM) is the most common and malignant form of glioma in adults. ID
proteins (ID1-4) are dominant negative transcription factors that belong to the basic
helix-loop-helix family (bHLH), a group of proteins that play crucial roles in cellular
process ranging from cell cycle control, differentiation and tumorigenesis.

We have previously assessed ID4 expression in diffuse astrocytomas. In the
current work, we expanded our study, further looking into the expression pattern of all
ID family members in astrocytomas ranging from grade I-1V. Furthermore, we used a
targeted gene panel for mutation and exome sequencing to subclassify GBM samples
and explore the distribution of ID1-4 along the three main subtypes of GBM with more
defined gene mutation profile: proneural, classical and mesenchymal. A correlation
with overall patient survival and a clinical endpoint for these GBM patients was also
determined. Finally, we compared IDs expression in low-grade gliomas from both
astrocytic and oligodendrocytic origin, evaluating how IDs expression varies between

the two types of gliomas.
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INTRODUCTION

Inhibitor of Differentiation (ID) proteins (ID1-4) are dominant negative
transcription factors that belong to the basic helix-loop-helix family (bHLH), a highly
evolutionarily conserved group of proteins that play crucial roles in cellular process
ranging from cell cycle control, differentiation and tumorigenesis (Benezra et al., 1990;
Lasorella et al., 2014). While other members of bHLH family retain a DNA binding
region in their structure, ID proteins lack such region and sequester target proteins,
forming inactive heterodimers and negatively regulating transcription. During
embryonic development, ID proteins increase cellular proliferation while maintaining
the undifferentiated state. After cellular differentiation is completed, ID levels decline to
basal. It is no surprise, then, that their overexpression in cancer is associated with
increased aggressiveness and a poorer prognosis (Lee et al., 2016; Weiler et al., 2015;
Xu et al,, 2016).

Diffuse gliomas are primary brain tumors characterized by infiltrative
growth and high heterogeneity, which renders the disease mostly incurable.
Glioblastoma multiforme (GBM) is the most common and most malignant form of
glioma in adults. World Health Organization (WHO) (Louis et al, 2016) classifies
gliomas according to their resemblance to their cell of origin, along with histological
and immunohistochemical features. GBMs are considered grade IV tumors, exhibiting
high mitotic rates, micro-vascular proliferation and necrosis. They can be further
divided into two subgroups: primary GBM, which arise de novo, and secondary GBM,
which results from the progression of a lower grade (Ohgaki and Kleihues, 2013). These
two clinical forms of GBM have different and extensively characterized molecular
features. The past decade has seen the rise of high-throughput sequencing techniques,
which has provided in-depth knowledge of molecular alterations in tumor cells. GBM
has been one of the most molecularly profiled tumors by several groups, including The
Cancer Genome Atlas (TCGA) Networks (Brennan et al., 2013a; Cancer Genome Atlas
Research Network et al., 2015; Ceccarelli et al., 2016; Parsons et al., 2008; Phillips et al,,
2006; Stieber et al., 2014; Verhaak et al,, 2010). Aside from the primary and secondary
clinical classification, there are currently three major molecular GBM subtypes:
proneural, with alterations in IDH1, PDGFRA and TP53; classic, displaying mainly EGFR
mutation/amplification and the presence of EGFRvIII oncogenic variant; and
mesenchymal, with RBI and NF1 mutations as the main feature. The neural subtype

does not present any specific genetic features and instead is classified by the
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overexpression of normal neural genes. Patient overall survival also correlate with GBM
molecular subtypes, with the mesenchymal subtype presenting the worst prognosis.

We have previously assessed ID4 expression in diffuse astrocytomas (Galatro
et al,, 2013), demonstrating its association with TP53 mutation and the impact of its co-
expression with SOX4 and OCT-4 has on GBM patient overall survival. In the current
work, we expanded our study, further looking into the expression pattern of all ID
family members in astrocytomas ranging from grade I-IV. Furthermore, we used a
targeted gene panel for mutation and exome sequencing to subclassify GBM samples
and explore the distribution of ID1-4 along the three main subtypes of GBM with more
defined gene mutation profile: proneural, classical and mesenchymal. A correlation
with overall patient survival and clinical endpoint for these GBM patients was also
made. Finally, we compared IDs expression in low-grade gliomas from both astrocytic
and oligodendrocytic origins, evaluating how IDs expression varies between the two

types of gliomas.
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MATERIALS AND METHODS

Tissue samples and ethical statement

One hundred and eighty gliomas (grades I to IV) were obtained during
therapeutic surgery of patients treated by the Neurosurgery Group of the Department
of Neurology at Hospital das Clinicas at the School of Medicine of the University of Sao
Paulo, in the period of 2000 to 2007. The cases were categorized according to the WHO
grading system (Louis et al., 2016) by neuropathologists from the same institution. The
studied series consisted of 153 astrocytomas (23 AGI, 26 AGII, 18 AGIII, 86 GBM), 27
low-grade oligodendrogliomas (OGII) and 22 non-neoplastic (NN) brain anonymized
cases from epilepsy patients subjected to temporal lobectomy. Further data
corresponding to patient clinical history is presented in Supplemental Table 1. Samples
were collected, macrodissected and immediately snap-frozen in liquid nitrogen upon
surgical removal. A 4um-thick cryosection of each sample was analyzed under a light
microscope after hematoxylin-eosin staining for assessment of necrotic, cellular debris
and non-neoplastic areas (in tumor samples), followed by removal from the frozen
block by microdissection prior to RNA extractions (Marie et al., 2008; Oba-Shinjo et al.,
2005). Written informed consent was obtained from all patients according to the
ethical guidelines approved by the Department of Neurology, School of Medicine,
University of Sdo Paulo (0599/10).

Sample preparation

Total DNA and RNA was extracted from frozen tissue (tumor and non-
neoplastic) using an AllPrep Mini Kit (Qiagen, Hilden, Germany). Evaluation of
concentration and purity were carried out by measuring absorbance at 260 and 280
nm. Ratios of 260/280 measures ranging from 1.8 to 2.0 were considered satisfactory
for purity standards. Denaturing agarose gel electrophoresis was used to assess the
quality of the samples. For RNA, a conventional reverse transcription reaction was
performed to yield single-stranded cDNA. The first strand of cDNA was synthesized
from 1 pg of total RNA previously treated with 1 unit of DNase I (FPLC-pure, GE
Healthcare, Uppsala, Sweden) using random and oligo (dT) primers, RNase inhibitor,
and SuperScript III reverse transcriptase according to the manufacturer’s
recommendations (Thermo Fischer Scientific, Carlsbad, CA, USA). The resulting cDNA
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was subsequently treated with 1 unit of RNase H (GE Healthcare), diluted with TE

buffer, and stored at -20°C until later use.
Quantitative real time PCR (qPCR)

Relative expression level of ID1, ID2, ID3 and ID4 was analyzed by qPCR, using
the SYBR Green approach. Quantitative data was normalized in relation to the
geometric mean of three housekeeping genes, suitable for the analysis: hypoxanthine
phosphoribosyltransferase (HPRT), glucuronidase beta (GUSB) and TATA box binding
protein (TBP), as previously demonstrated by our group (Valente et al., 2009). Primers
were designed to amplify 80-130 bp amplicons, with an anneling temperature of 60°C
and were synthesized by IDT (Integrated DNA Technologies, Coralville, USA) as follows
(5' to 3"): ID1 F: TCGCATCTTGTGTCGCTGA; ID1 R: ATCGGTCTTGTTCTCCCTCAGA; ID2
F:  CCACCCTCAACACGGATATCA, D2 R: AACACCGCTTATTCAGCCACA; ID3 F:
TACAGCGCGTCATCGACTACA, D3 R:  CTCGGCTGTCTGGATGGGA; ID4  F:
TGAACAAGCAGGGCGACAG, [D4 R: CCCTCTCTAGTGCTCCTGGCT; HPRT F:
TGAGGATTTGGAAAGGGTGT HPRT R: GAGCACACAGAGGGCTACAA; GUSB F:
GAAAATACGTGGTTGGAGAGCTCATT, GUSB R: CCGAGTGAAGATCCCCTTTTTA; TBP F:
AGGATAAGAGAGCCACGAACCA, TBP R: CTTGCTGCCAGTCTGGACTGT. The minimum
primer concentrations necessary to give the lowest threshold cycle (Ct) and maximum
amplification efficiency were determined, while minimizing non-specific amplification.
Primer concentrations used were 150 nM for ID4, 200 nM for HPRT, TBP, ID1, ID2 and
ID3, and 400 nM for GUSB. Standard curve was established to ensure amplification
efficiency and analysis of melting curves demonstrated a single peak for all PCR
products. Additionally, agarose gel electrophoresis was employed to check the size of
the PCR product amplified. SYBR Green I amplification mixtures (12 pl) contained 3 ul
of cDNA, 6 pl of 2X Power SYBR Green [ Master Mix (Thermo Fischer Scientific) and
forward and reverse primers. PCR reactions were run on an ABI Prism 7500 sequence
detector (Thermo Fischer Scientific) as follows: 2 min at 50°C, 10 min of polymerase
activation at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C. All the reactions
were performed in duplicate. The following equations were applied to calculate gene
relative expression according to primer efficiency (E) in tumor samples versus the mean
of non-neoplastic tissues: 2t (Livak and Schmittgen, 2001) for ID1; and 1+E-“Ct (Pfaffl,
2001) for ID2, ID3 and ID4, where ACt = Ct specific gene- geometric mean Ct of

housekeeping genes. For statistical analysis, gene expression status was scored as high
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or low expression in relation to the median relative expression value at each grade of

astrocytoma.

Targeted gene panel for GBM molecular classification

Based on previous literature assessing GBM molecular subclassification
(Brennan et al., 2013a; Phillips et al., 2006; Verhaak et al., 2010), 40 genes were
targeted for capture and deep sequencing. This customized panel included genes such
as NF1, RB1, EGFR, TP53, PTEN, IDH1 and PDGFRA, whose alterations have all been
previously associated with the three main GBM subtypes: proneural, classical and
mesenchymal. Using the SureDesign tool (Agilent Technologies Inc. Santa Clara, CA,
USA), the targeted RNA capture enrichment baits were designed to include coding exon
regions and 50 bp from both 3' end and 5' end of the flanking intronic sequence. The
purpose was to incorporate possible splicing site mutations in our analysis. A total of
973 regions from the 40 genes were targeted for a final capture size of 2.79 Mb.

Target-enrichment DNA library was constructed using the Agilent SureSelect
XT Target Enrichment Kit (Agilent Technologies Inc.), following the recommended
protocol. Two hundred ng of genomic DNA was sheared using a E220 focused-
ultrasonicator (Covaris, Woburn, MA, USA) to generate DNA fragments with a mean
peak around 150bp. Indexed and adaptor-ligated libraries were multiplexed and
paired-end sequenced on Illumina NextSeq 500 platform (Illumina, San Diego, CA, USA).
The full description of the analysis was presented in on our previous work Current
state-of-the-art in molecular stratification of GBM and characterization of a Brazilian
cohort (Galatro et al, submitted. Refer to Chapter 3).

Immunohistochemistry

For immunohistochemical detection, tissue sections were routinely processed
and subjected to antigen retrieval. Briefly, slides were immersed in 10 mM citrate
buffer, pH 6.0 and incubated at 122°C for 3 min using an electric pressure cooker
(BioCare Medical, Walnut Creek, CA, USA). Specimens were then blocked and further
incubated with the following antibodies raised against human ID1 (mouse monoclonal,
Clone 2456C1a, ab66495, Abcam, Cambridge, UK, 1:25) , ID2 (mouse monoclonal, Clone
10C3, ab90055, Abcam, 1:400), ID3 (rabbit polyclonal, ab41834, Abcam, 1:200) ID4
(rabbit polyclonal, ab20988, Abcam, 1:100) at 16-20°C for 16 hours. Development of
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the reaction was performed with a commercial kit (Novolink; Novocastra, Newcastle-
upon-Tyne, UK) at room temperature, using diaminobenzidine and Harris hematoxylin
for nuclear staining. Optimization using positive controls suggested by the
manufacturer of each antibody (breast carcinoma for ID1, ID3 and ID4 antibodies, and
normal testis for ID2), was performed in order to obtain optimal dilution. Staining
intensity of tissue sections was evaluated independently by two observers (SKNM and
TFAG). A semi-quantitative score system considering both intensity of staining and
percentage of cells was applied as follows: for intensity of staining, O=negative, 1=weak,
2=moderate and 3=strong; for cell percentage, 0=no cells stained, 1=10-25%, 2 =26-
50%, 3=51-75% and 4 = 76-100%. Only cases with positive cell staining with scores =
2 were considered as positive. Digital photomicrographs of representative fields were
captured and processed using PICASA 3 (Google, Mountain View, CA,USA).

Statistical analysis

The statistical analyses of relative gene expression in different grades of
astrocytoma were assessed using the Kolmogorov-Smirnov normality test, and the non-
parametric Kruskal-Wallis and Dunn tests. Correlation between relative gene
expression values was assessed using the non-parametric Spearman-rho correlation
test and the parametric Pearson’s correlation test. The Kaplan-Meier survival curve was
analyzed using the log-rank (Mantel Cox) test. Differences were considered statistically
significant when p<0.05. Calculations were performed using SPSS, version 23.0 (IBM,
Armonk, NY, USA).
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RESULTS
Relative expression levels of IDs in human astrocytoma

Gene expression analysis by qPCR for ID1, ID3 and ID4 showed higher median
expression levels in all astrocytoma cases (AGI to GBM) relative to the NN cases, and
comparison among the groups was statistically significant (Figure 1, p<0.05, Kruskall-
Wallis test). Although the median expression level in GBM cases was lower than in AGII
and AGIII, there was a clear variability of these expression values, with cases presenting
both higher and lower expression than other grades. Similar variability of expression
was also observed in AGII and AGIII, which further confirms the heterogeneity of the
tumors. Despite showing a similar pattern in expression, ID2 relative expression only
showed statistical significant difference when comparing NN and AGIII samples (Figure
1B, p<0.05, Kruskall Wallis test).

A 1000 * B 100
Fkk *
...
e . P
100 . ‘..
[ ]
® [
° o, ‘.
c [ ] < L] '@,
S ° oo k) . %600  afea 0
[ 10 o000 ° @ 101 o400 8 )
< L) %0 ". N 2 -m.- v ¢
2 . %00® g . -#- .-Q ®e
i U AT ] °® e Ve ...o °
: {ag D& W A -
2 [ ®0ge® e® 2 ..' e
(] ]
5 o ¢ o N1 N o
¢ [ ]
0.01 °
0.001 0.1
NN AGI AGI  AGII  GBM NN AGI AGI  AGHI  GBM
c 1000 Kk D 1000 *
Fkk Kk
- ak
- 100 = ° o
1 L]
5" oo & “ S
2 = o
2 LI o, o¥% e .
o 0 00 o 00 r.-' L ]
g 'Y e 5 10 o0
X ° :". [ X o0 P
w » 'a’ oe® ] o® ®e00 °
g 10 .1.. . 2 2 s ®ee K
=] o o £ °
3 - e o FE QT T
[ a0 %, - G0 00

Figure 1: Expression levels of ID genes in astrocytomas (AGI to GBM). Transcript levels of
ID1 (A), ID2 (B), ID3 (C) and ID4 (D) were determined in 22 non-neoplastic (NN) cases, 23
pilocytic astrocytoma (AGI), 26 low-grade astrocytomas (AGII), 18 anaplastic astrocytomas
(AGIII) and 86 GBM cases by quantitative real-time PCR. Relative expression values were
calculated based on the geometric mean of HPRT, GUSB and TBP expression levels of each sample.
The equation 2-“Ct was applied to calculate gene relative expression according to primer
efficiency (E) in tumor samples (Livak and Schmittgen, 2001), where ACt = Ct specific gene -
mean Ct of housekeeping genes. Horizontal bars show the median of each group. The difference
of relative gene expressions among the groups were statistically significant (p<0.05, Kruskal-
Wallis test) for ID1-4. A pair-based comparison was assessed using Dunn test. The p value results

are shown, where ***p<0.0005, **p<0.005 and *p<0.05.



IDs relative expression levels were compared among themselves to assess the
degree of their co-expression in human astrocytoma samples. The results are displayed
in Figure 2. All members of ID family were highly correlated (p<0.0005, Spearman’s

correlation test) in tumor samples.
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Figure 2: Correlation between ID1, ID2, ID3 and ID4 expression levels in astrocytomas.
Correlation was assessed in all 153 astrocytoma samples. We compared the expression levels of
ID1 and ID2 (A), ID1 and ID3 (B), ID1 and ID4 (C), ID2 and ID3 (D), ID2 and ID4 (E) and ID3 and
ID4 (F). All members of ID family were highly correlated (p<0.0005, Spearman-rho correlation
test) in tumor samples. r, correlation coefficient assessed by Spearman-rho test.

Five samples of each astrocytoma grade and five samples of the NN samples
were stained for ID1-4 through immunohistochemistry to assess protein subcellular
localization. ID1 staining was only present in the nuclei of GBM samples. ID2 presented
a more homogeneous staining pattern, present in both cytoplasm and nucleus of NN
and tumor samples. ID3 showed positive staining in NN samples (mostly cytoplasm)
and was strongly positive in the nucleus of tumor cells in AGII-IV samples. ID4 showed

similar staining pattern as ID3 (Figure 3).
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Figure 3: ID1-4 immunohistochemistry in non-neoplastic brain tissues and astrocytoma
cases. Representative cases of each NN cases (A-D) and each astrocytoma grade - AGI (E-H), AGII
(I-L), AGIII (M-P) and GBM (Q-T) - were stained for ID1 (A, E, I, M, Q), ID2 (B, F, ], N, R), ID3 (C, G,
K, O, S) and ID4 (D, H, L, P, T). GBM cases showed stronger and larger number of nuclear stained
cells (score 3 for intensity and = 75% of positive cells) for ID1, ID3 and ID4, while ID2 staining
was restricted to the cytoplasm. For lower grade tumor cases, ID3 and ID4 showed higher levels
of stained cells (= 75% of positive cells). The reaction was performed in paraffin embedded tissue
sections with a commercial polymer kit (Novolink; Novocastra, UK), using diaminobenzidine as
developer and Harris hematoxylin for nuclear counterstaining. 400x magnification for all images.
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GBM sub classification and IDs differential gene expression

Given the high heterogeneity levels found in IDs expression in GBM and the
genetic studies that further identified subclasses of GBM (Brennan et al., 2013b; Phillips
et al,, 2006; Verhaak et al,, 2010), we performed exome sequencing of a targeted gene
panel comprising the hallmark genes related to the subclassification of GBMs. For the
proneural subtype, we used IDH1 and TP53 mutation and PDGFRA mutation for
classification. For classical subtype, we used EGFR alterations (amplification and
mutations), PTEN mutation and the presence of the oncogenic variant EGFRvIIl. EGFR
amplification results was based on a previous publication from our group (Carvalho et
al,, 2014). For the mesenchymal subtype, we used mutations in NF1 and RBI as a mean
for classification. Given the lack of a specific genetic profile that defines the neural
subtype, this subclass was not included in our analysis and, instead, was included in the
“others” category. The complete gene panel and results can be found in Supplemental
Table 2.
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Figure 4: IDs expression distribution among GBM subclasses. GBM samples were
subclassified as proneural, classical and mesenchymal using a customized gene panel and deep
sequencing (see text and Supplemental Table 2 for details). Next, we evaluated IDs gene
expression distribution among GBM subclasses. The mesenchymal subtype had the lowest
expression of ID genes, while proneural had the highest. Only ID4 gene expression (dark blue),
diminishing from proneural to mesenchymal, was statistically different (p<0.05, Kruskall Wallis
test)
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Figure 4 depicts IDs expression distribution among GBM molecular subclasses.
The mesenchymal subtype had the lowest expression of ID genes, while proneural had
the highest. The differential expression of I[D4, diminishing from proneural to
mesenchymal, was statistically different (p<0.05, Kruskall Wallis test). ID3 expression
showed a similar pattern, albeit with no statistical difference. ID2 expression was
similar in proneural and classical subtypes, but declined in mesenchymal. Although
higher in proneural subtype, ID1 expression was the lowest among ID genes in GBM
subtypes.

Next, we evaluated the impact of up-regulation of the analyzed genes on GBM
patients’ overall survival. For this analysis, conditions were determined for high and
low gene expression. Recurrent GBM cases were excluded from this analysis. Given the
low number of proneural and mesenchymal subtypes, it was not possible to analyze
survival according to GBM sub-classification. Although no significant statistical
difference was found when comparing the high ID expression group versus the low ID
expression group (log rank p=0.214), the survival rate was of 20.8 +6.05 months in /Dow

cases and of 11.3 £3.2 months in ID"gh GBM cases.

IDs expression in Astro x Oligo low-grade tumors

Proneural GBMs are characterized by molecular alterations also shared by
low-grade diffuse gliomas, both of astrocytic and oligodendrocytic origin. Considering
this, along with the high levels of ID3-4 expression found in this GBM subtype, we
evaluated IDs mRNA levels in a set of low-grade oligodendrioglioma samples and
compared them to our low-grade astrocytoma cohort. Whereas [D1 expression
remained similar between the two groups, ID2-4 expression showed significant
statistical differences. IDZ2 levels were surprisingly higher in oligodendroglioma
(p<0.0005, t-test), while ID3-4 expression analysis showed opposite results, with higher
levels in low-grade astrocytoma (p<0.0005, Mann-Whitney test). Figure 5 summarizes
the results found. Immunohistochemical staining corroborated mRNA findings, with
higher levels of ID2 in oligodendroglioma samples compared to astrocytic ones, and

ID3-4 higher levels in astrocytoma cases, as demonstrated by Figure 6.
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Figure 5: Expression levels of ID genes in low-grade gliomas. Relative expression of /Ds was
assessed in 27 cases of low-grade oligodendrogliomas (ODII) cases, and compared to the
previously analyzed 26 low-grade astrocytomas (AGII) cases. ID2 levels were higher in ODII
cases (p<0.0005, t-test), while ID3-4 expression analysis showed opposite results, with higher
levels in AGII samples (p<0.0005, Mann-Whitney test). Horizontal bars show the median of each
group. ***p<0,0005.
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Figure 6: Inmunohistochemistry of ID2-4 in low-grade glioma cases. ODII (A, C and E) and
AGII (B, D and E) representative sections were stained for ID2 (A, B), ID3 (C, D) and ID4 (E, F).
ODII cases showed high levels of ID2 staining (= 75% of positive cells) and very little cells
positive for ID3-4, while AGII samples showed opposite results. The reaction was performed in
paraffin embedded tissue sections with a commercial polymer kit (Novolink; Novocastra, UK),
using diaminobenzidine as developer and Harris hematoxylin for nuclear counterstaining. 400x
magnification for all images.
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DISCUSSION

In this study, we have evaluated the distribution of ID1-4 gene expression in
human gliomas ranging from grade I-IV. ID proteins mainly act to inhibit cell
differentiation and promote stemness, as it happens in the early phases of the
developing brain, where IDs are important to prevent premature cell fate
determination (Lyden et al., 1999; Niola et al., 2012). In cancer, IDs overexpression has
been associated with disease aggressiveness and poorer prognosis. Previous studies
have shown high levels of IDs in glioma cases, particularly in GBM (Jeon et al,, 2011; Lee
et al, 2016; Soroceanu et al., 2013; Vandeputte et al, 2002). Our study, however,
revealed that the IDs expression levels were quite variable among GBMs, and the
highest levels of IDs were among the proneural subtype, an association that has been
made only in mice studies (Havrda et al., 2014; Rahme et al., 2016).

We and others previously showed an association between IDs and SOX genes
(Galatro et al.,, 2013; Jung et al,, 2010; Phi et al., 2010). Studies that characterized GBMs
subtypes have classified SOX genes as hallmarks of the proneural cases (Phillips et al,,
2006; Verhaak et al.,, 2010). Our findings of higher expression levels of IDs, particularly
ID2-4, in the proneural subtype are in accordance with the previous works showing co-
expression between these genes. Among ID genes, ID1 showed the lowest expression
amid GBM cases. Previous report (Barrett et al.,, 2012) has identified /D1 as a marker to
single-out stem-like glioma cells in a murine model. Glioma initiating cells represent a
small population within tumors, which might explain the low levels of ID1 found in our
cohort.

Next, we observed differential expression of IDs comparing astrocytic and
oligodendrocytic gliomas. While /D1 levels remained similar between them, /D2 levels
were surprisingly higher in oligodendroglioma cases, whereas ID3 and ID4 showed
opposite results, with much higher levels in grade Il astrocytoma cases. /D2 has been
previously associated with the inhibition of OLIG2, a transcription factor responsible
for the maturation of oligodendrocytes (Samanta and Kessler, 2004; Wang et al., 2001).
A previous immunohistochemical study, performed in rats, associated ID2 presence
with the oligodendrocytic lineage and markers (Chen et al, 2007), proposing this
protein was involved in oligodendrocyte terminal maturation. However, Havrda and
colleagues (Havrda et al., 2014), while assessing the tumorigenicity of ID2, have shown
that ID2 first enhances OLIG2 expression, leading neural progenitor cells (NPC) to an

oligodendroglial precursor cells phenotype, and then inhibit OLIG2 activity, hampering
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maturation and, when re-expressed in mature cells, gives rise to gliomas. Our
observations of higher levels of ID2 in oligodendroglioma cases corroborate these
findings. ID3-4 have been previously deemed important for astrocyte lineage
commitment (Bohrer et al, 2015; Samanta and Kessler, 2004) and glioma formation
(Jin et al,, 2011; Kuzontkoski et al., 2010). Recent study has shown that ID3 is necessary
for adult neural stem/precursor cells differentiation into astrocytes, highlighting its
importance in the adult brain (Bohrer et al., 2015). We have previously postulated 1D4
as being associated with glioma progression (Galatro et al., 2013) and, in the current
study, demonstrate the role of ID3-4 as markers that differentiate low-grade gliomas of
astrocytic origins from those of oligodendrocytic ones. It is noteworthy that tumors
with oligodendroglial features have historically been associated with more sensitivity
to treatment and a better prognosis than astrocytic ones (recently reviewed by Otani
and collaborators (Otani et al., 2016). n this sense, we can propose ID2-4 as markers to
assist in the diagnosis and differentiation between these two types of gliomas and
possibly aid the future treatment decision.

Our findings further stratify the distribution of IDs expression pattern in
gliomas, pointing out the new association of these targets with the proneural GBM
subtype, and as potential markers to differentiate tumors of astrocytoma and

oligodendroglioma origin.
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SUMMARY

Microglia are the innate immune cells of the central nervous system (CNS) and
play an important role in the maintenance of tissue homeostasis, providing neural
support and neuroprotection. Microglia constantly survey their environment and
quickly respond to homeostatic perturbations. Microglia are increasingly implicated in
neuropathological and neurodegenerative conditions, such as Alzheimer's disease,
Parkinson’s disease and glioma progression. Here, we describe a detailed isolation
protocol for microglia and immune infiltrates, optimized for large amounts of post
mortem tissue from human and rhesus macaque, as well as smaller tissue amounts from
mouse brain and spinal cord, that yield a highly purified microglia population (up to
98% purity). This acute isolation protocol is based on mechanical dissociation and a
two-step density gradient purification, followed by fluorescence-activated cell sorting

(FACS) to obtain pure microglia and immune infiltrate populations.
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INTRODUCTION

Microglia are the macrophages of the central nervous system (CNS),
originating from erythro-myeloid progenitors in the yolk sac (Hoeffel et al., 2015).
Microglia are highly specialized and adapted to their CNS environment, involved in CNS
development and homeostasis (Aloisi, 2001; Prinz et al., 2014; Ransohoff and Perry,
2009). Although microglia and other tissue macrophages, like liver Kupffer cells and
skin Langerhans cells, arise from erythro-myeloid progenitors, they differ in their
developmental programs and their respective tissue environment plays a major role in
determining their unique gene expression profiles and functions (Gosselin et al.,, 2014;
Hoeffel et al., 2015; Lavin et al., 2014).

Under healthy conditions, microglia are the only immune cells present in the
CNS parenchyma. However, under neuropathological and neurodegenerative
conditions, various other immune and antigen-presenting (AP) cells, such as
macrophages and dendritic cells, infiltrate the CNS tissues (Brendecke and Prinz, 2015;
Chinnery et al., 2010; McMenamin et al., 2003), where they modulate further immune
cell infiltration and phenotypes. To elucidate the role of such immune cells in both
normal conditions and disease, it is crucial to obtain sizable cell numbers and purity.
Here, we present a fluorescence-activated cell sorting (FACS)-based protocol yielding
highly pure immune cell populations from the CNS of mammals. The flexibility of this
procedure allows diversity in sample origin (mouse, human and non-human primates)
and tissue type (brain or spinal cord).

Contrary to enzymatic dissociation protocols, mechanical dissociation does not
require a 37°C incubation, hence maintaining the cell surface markers integrity and
allowing for phenotype investigation (Olah et al, 2012). The isolation procedure
described here consists of 3 main steps: 1) mechanical dissociation of the tissue to
obtain a single-cell suspension; 2) separation of cells from debris and myelin using
Percoll gradient centrifugation; and 3) purification of immune cell types based on cell

surface marker expression using FACS sorting (Figure 1).
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Figure 1: Isolation protocol for microglia and immune infiltrates of the CNS.
Step 1: mince brain tissue and dissociate with a glass tissue homogenizer until a
homogeneous suspension is obtained. Step 2: myelin and cell debris are removed
by Percoll gradient centrifugation. For small amounts of starting tissue, a single
Percoll gradient is used (22%) and the resulting pellet is used for the next step. For
larger amounts and myelin-rich starting tissue, a second Percoll gradient
separation is applied (60-30%). In that case, the interphase between the two
Percoll layers is used. Step 3: resulting cell suspension is blocked to reduce non-
specific antibody binding, then stained for the desired membrane markers. The cell
suspension is then filtered in a FACS tube and FACS sorted (Beckman Coulter MoFlo
Astrios/XDP). * Optional: for functional assays perform the 60-30% Percoll
gradient separation and continue from there.

SAMPLES

The origin and condition of the tissue sample is crucial for the end result of the

isolation protocol. We have applied this optimized protocol to the following:

Mouse
Preferably, mice are perfused with 0.9% physiological saline solution prior to
removal of CNS tissue to avoid contamination of CNS-immune cells with blood immune

cells. Microglia have been successfully isolated from brain and spinal cord of several
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experimental conditions and molecular backgrounds, such as aged mice (Holtman et al,,
2015) and aging models (mTerc/-; Ercc14/?) (Raj et al., 2014, 2015), EAE (experimental
autoimmune encephalomyelitis) (Vainchtein et al., 2014), GL261 glioma injected brains
and Alzheimer’s disease models (APP23, 5xFAD).

Human and non-human primate samples

Human and non-human primate (Rhesus macaque; Macaca mulatta) brain
samples have been collected under the course of full body autopsies. Donor age
(increased cell-death and auto fluorescence with age), neuropathological condition
(Alzheimer, Parkinson, and multiple sclerosis), CSF pH (pH<6.5 results in poor RNA
quality) and post mortem interval (up to 24 h) varied between these samples, which
affected cell yields. Microglia have also been successfully isolated from surgical biopsies

collected after tumor resection (glioma) or temporal lobectomy of epilepsy surgeries.
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MATERIALS AND SOLUTIONS

Materials

1 50 and 15 mL tubes

2 5,10, and 25 mL pipettes

3 1 mL, 200 pL, 20 pL and 10 pL pipettes and tips

4. 800 mL beaker glass with 106 and 300 um sieve on top

5 70 um cell-strainer

6 round bottom 96-wells microplate

7 5 mL polystyrene round-bottom tube with cell-strainer cap 12 x 75
mm style, referred to as “FACS tube”

8. 1.7 mL siliconized Eppendorf tubes

9. 5 cm3 or 15 cm3 glass homogenizers

10. centrifuge with controllable acceleration and brake

Solutions:

1. Isolation medium with phenol red (iMed+) (this medium is not

suitable for FACS, due to phenol red interference): 500 mL of HBSS (1x) with phenol
red; 7.5 mL HEPES 1 M (f.c. 15 mM); 6.5 mL glucose 45% (f.c. 0.6%).

2. Isolation medium without phenol red (iMed-): 50 ml of HBSS (1x)
without phenol red; 750 uL. HEPES 1 M (f.c. 15 mM); 650 pL glucose 45% (f.c. 0.6%);
100 pL 0.5 M EDTA pH=8.0 (f.c. 1 mM).

3. Myelin gradient buffer: prepare 1.5 L of NaH,P04-H,0 (0.78 g/L; f.c.
5.6 mM), solution 1. Prepare 1.5 L of Na;HPO4 2H,0 (3.56 g/L; f.c. 20 mM), solution 2.
Adjust solution 1 to pH 7.4 with solution 2. Measure the final volume and add: 8 g/L
NaCl (f.c. 140 mM); 0.4 g/L KCl (f.c. 5.4 mM); 2 g/L glucose (f.c. 11 mM). Autoclave and
keep sterile at 4 °C.

4, 22% Percoll gradient solution: 110 mL Percoll; 12 mL NaCl 1,5 M;
378 mL myelin gradient buffer.

5. 30%/60% Percoll solution: prepare 100% Percoll solution by mixing
27 ml Percoll with 3 ml 10x HBSS. For 60% Percoll solution take 18 ml and add 12 ml
PBS, or for 30% Percoll solution take 9 ml and add 21 ml PBS.

6. Virkon®S

7. DAPI (200 pg/ml)
8. RNAlater

9 RLT plus
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METHODS

The whole procedure is conducted on ice and all centrifugation steps are
performed at 4 °C. When dealing with primate samples, steps 1-5 are carried out in a
laminar flow due to potential biohazard risk. Waste is collected in 1% Virkon®S

solution, stored for 24 h and autoclaved.

Preparation of a single-cell brain tissue homogenate

1. Weigh tissue, place it in a petri dish with iMed+ and cut it into 2 mm3
pieces with a scalpel.

2. Transfer the minced tissue to a glass tissue homogenizer with iMed+
and homogenize until a uniform solution is obtained. When using a 5 cm3 glass tissue
homogenizer, transfer up to 1 gram of tissue each time, if a 15 cm3 glass tissue
homogenizer is used, portions of 4 grams can be transferred. Repeat the procedure
until all tissue is homogenized (see Note 1).

3. For small amounts of tissue, use a pre-wetted (with 1 mL of iMed+) 70
pum cell-strainer on top of a 50 mL tube and filter the tissue homogenate. For larger
amounts of tissue, put 106 um and 300 um sieves on top of an 800 mL beaker glass and
filter the solution.

4, For large (primate) samples, divide the tissue homogenate over several
50 mL tubes, no more than 1.5 g starting material per 50 mL tube (for example: 7.5 g of
tissue results in 5 tubes).

5. Rinse glass homogenizer and beaker glass with extra iMed+ and add to

the tissue homogenate after passing it through the sieve.

6. Centrifuge at 220 g, 10 min (brake and acceleration: 9).
7. Carefully remove supernatant by pipetting.
8. Resuspend the cell pellet in 1 mL of 22% Percoll solution. Add 19 mL

22% Percoll solution to the 50 mL tube and mix well (or add 10 mL when using 15 mL
tubes).

9. Carefully (without mixing) place 3 mL of PBS on top of the 22% Percoll
solution.

10. Separate cells and myelin by centrifugation: 20 min, 950 g

(acceleration 4; brake 0).
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11. Carefully remove the myelin layer by pouring it off (or pipetting).
Leave the cell pellet undisturbed. For functional assays with vital mouse cells (i.e.
chemotaxis and phagocytosis), continue with step 12, otherwise continue with step 20.

12. Resuspend the cell pellet in 1 mL 60% Percoll using 1 mL pipette tip.

13. Add 14 mL of 60% Percoll solution (per 50 mL tube) to the suspension
and homogenize.

14. Carefully place 14 mL of 30% Percoll on top of the 60% Percoll layer.

15. Carefully layer 3 mL PBS on top of the 30% Percoll. Centrifuge for 25
min, 800 g (acceleration 4; brake 0)

16. Collect the 60%-30% interphase with a pre-wetted (with 1 mL iMed+)
glass pipette and transfer to a 50 mL tube containing iMed+.

17. Add two volumes of iMed+ equivalent to the collected cell-rich
interphase.

18. Pellet cells by centrifugation: 600 g, 10 min (brake and acceleration: 9).

19. Remove as much medium as possible (optional: place tube upside
down).

20. Resuspend cell pellet in 100 pL iMed- (the cells can be used for
functional assays).

21. To prevent aspecific binding of antibodies perform a blocking step.

Incubate samples for 15 min on ice with the following blocking solution (Table 1):

Table 1: Blocking reagents

Sample origin ‘ Blocking reagent ‘ Supplier Amount

human / ) o 10 pL / 100 pL cell
FcR-blocking eBioscience )

macaque suspension
anti-mouse . 1 uL / 100 pL cell

mouse eBioscience
CD16/CD32 suspension

Settings of FACS sorting machine:

In order to facilitate fluorochrome compensation and settings of the FACS

machine, unstained and single stained reference samples should be made. A small

volume of the sample(s) can be used for such purpose (further referred to as FACS
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setting solution), but keep in mind some of the markers are only lowly expressed in the
brain. Preferably, beads can be used, or in case of mouse samples, splenocytes can be
used for the settings (see Note 2). If a FACS setting solution is used, continue with step
22.

22. Transfer 5 pL of the sample to a separate tube for the settings. In case
of multiple samples, take 5 pL of each sample and pool.

23. For primate samples fill the tube up to 300 pL with iMed-, mouse
samples up to 600 pL with

iMed-.

24, In a 96-well microplate, pipet 3x100 pL of FACS setting solution in 3
wells (unstained, CD11b PE single stain, CD45 FITC single stain) in case of primate
samples; or 6x100 pL of FACS setting solution in 6 wells (unstained, CD11b PE single
stain, CD45 FITC single stain; Ly-6C APC single stain, Ly-6G APC/Cy7 single stain, CD3
PE/Cy7 single stain) for mouse samples.

Antibody incubation procedure:

25. Add antibodies to the single stains in the 96-well microplate as
indicated in Table 2 below, keep on ice for 20-30 min, in the dark.

26. Prepare and add antibody mix to the samples (human: 1,2; macaque:
1,3; mouse: 4-8) in the falcon tubes as indicated in Table 2 below, keep on ice for 20-30

min, in the dark.

Table 2: Antibody dilution

L . Isotyp . Dilutio
Sample origin Antibody Clone Supplier
e n
1. Human / ICRF4 | Mouse :
CD11b PE Biolegend 1:25
Macaque 4 IgG1,
Mouse
2.  Human CD45 FITC HI30 Biolegend 1:25
IgG1
MB4- Mouse | Miltenyi
3. Macaque CD45 FITC : 1:25
6D6 IgG1 Biotec
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Rat
4, Mouse CD11b PE M1/70 | IgG2b, | eBioscience 1:170

Rat
30-

5. Mouse CD45 FITC o IgG2b, | eBioscience 1:250

Rat
6. Mouse Ly-6C APC HK1.4 | IgG2c, | Biolegend 1:130

Rat
Ly-6G  APC- :
7. Mouse 1A8 IgG2a, | Biolegend 1:100
Cy7
Rat
8. Mouse CD3 PE/Cy7 17A2 IgG2b, | Biolegend 1:100

27. After incubation, divide the sample solution over several wells (100 pL
in each well of a 96 well microplate). Wash the tube with an extra 100 pL of iMed- and
pipet in a separate well. Add 100 uL of iMed- to all wells (single stains and samples).

28. Spin the cells down for 3 min at 300 g.

29. Remove supernatant and add 100 pL of iMed- to each well.

30. Transfer each single stain to an individual FACS tube by filtering it
through the pre-wetted (50-100 pL of iMed-) filter.

31. Combine each divided sample into an individual pre-wetted (50-100
uL of iMed-) FACS tube.

32. Collect the remaining cells with iMed- (100 - 150 pL) from the 96 well
microplate and add it to the corresponding FACS tubes.

FACS isolation myeloid cells

33. 1-2 min before starting the FACS procedure add 0.5 pL of DAPI.

34. First, gate on all the events/cells (SSCheight ys FSCheight; to gate out cell
debris), second gate on singlets (first gate in SSCwidth ys FSCheight followed by FSCwidth ys
FSCheight) (single cells 1 and 2; Fig. 2).

35. Select the live, single cells by gating against DAPI (DAPI vs FSCheight),
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36. For primate samples, plot for SSCheight ys a fluorochrome that is not in
the panel (for example PE/Cy7 for primate samples) and gate for non-autofluorescent
cells.

37. Then plot for CD11b vs CD45, the CD11bros CD45int cells are the
microglia. In case mouse samples are used, the microglia gate 1 can be plotted for
SSCheight ys Ly-6C, as microglia are Ly-6Cres. A pure microglia population can be sorted
(CD11bres CD45int Ly-6Creg; Fig, 2).

38. In the CD11b vs CD45 plot, the CD11bhighCD45inthigh cells (myeloid
gate) are the infiltrates, consisting of macrophages and neutrophils that can be
separated in mouse samples by gating for Ly-6G and Ly-6C (macrophages are Ly-6Cros
Ly-6Greg and neutrophils are Ly-6Cint Ly-6Gros).

39. In mouse samples, the CD45high CD11bres fraction (lymphoid gate) in
the CD11b vs CD45 plot can be plotted for SSCheight yvs CD3 and a T-lymphocyte
population can be sorted.

40. During sorting, cells should be collected in siliconized tubes filled with
the following, depending on desired downstream application:

] 350 pL RNAlater, in case of RNA/DNA isolation for gene expression
profiling.

= 350 pL iMed-, for other applications such as protein isolation and
chromatin immunoprecipitation.

41. Collection of cells by centrifugation will depend on downstream
application. Le., for RNA/DNA isolation purposes, centrifuge 10 min, 5000 RCF;
carefully remove RNAlater and lyse (invisible) cell pellet in 350 pL RLTplus and store at
-80°C.

42. If cells are collected in iMed-, centrifuge for 10 min at 500 RCF, remove

supernatant and resuspend pellet in the appropriate buffer.
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Notes

Fig. 2: FACS sorting strategy. To isolate pure populations of microglia and
different immune infiltrates (macrophages, neutrophils and T-lymphocytes), cells
are first separated from cell debris and the remaining myelin by a gate in the
SSCheight yg FSCheight, Single cells are selected in the SSCwidth ys FSCheight followed by
FSCwidth yg FSCheight gates (single cells 1 and 2 gate). To obtain high quality RNA/DNA
samples, live cells can be gated as DAPIreg (DAPI vs FSCheight), Depending on the
experimental condition in mice, three well identifiable cell populations can be
distinguished using CD11b vs CD45 plotting. From the microglia gate 1, microglia
can be identified as Ly-6Cres when plotting for SSCheight vs Ly-6C. The myeloid gate
contains two main populations when plotting for Ly-6G vs Ly-6C; macrophages are
Ly-6Cros Ly-6Greg and neutrophils Ly-6Cint Ly-6Gros. T-lymphocytes (CD3+) can be
sorted when gating for SSCheight ys CD3 in the lymphoid gate. For the primate
samples, after the live cells gate, the autofluorescent cells should be removed by
gating on the non-autofluorescent (AFS) cells (SSCheight vs a fluorochrome that is not
used, preferably APC or PE/Cy7). This has to be performed for human samples, but
is not obligatory for macaque due to less autofluorescence. In the CD11b vs CD45
plot, microglia can be identified as CD11bpros CD45int,

1. It is advised to use a 5 cm3 glass tissue homogenizer for low myelin
content samples (i.e. mouse brain, spinal cord, glioma tissue) and a 15 cm3 glass tissue
homogenizer for higher amounts of starting material or samples with high myelin
content (primates).

2. Mouse splenocyte isolation: conduct steps 1-7 as described above.
Resuspend the pellet in 1 mL of lysis buffer (ammonium chloride 155 mmol/L,
potassium bicarbonate 10 mmol/L, sodium edetate 0.1 mmol/L) to remove red blood
cells and incubate on ice for 5 min. Fill to 15 mL with iMed+ and perform step 7 again.
Carefully pour off (or pipet) supernatant and resuspend pellet in 1 mL of iMed-. Use this
cell suspension for the calibration and settings of FACS sorting machine and continue
with step 24.
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SUMMARY

Microglia are essential for central nervous system (CNS) homeostasis and
innate neuroimmune function, and play important roles in neurodegeneration and
brain aging. Their CNS-tailored functions and ontogeny distinguish microglia from
other tissue-resident macrophages in mice. Here, we present the gene expression
profile of pure cortical human microglia and corresponding unsorted cortical tissue
samples. Microglia were isolated from the parietal cortex of 39 autopsy samples of
humans with intact cognition and RNA sequenced. Overall, genes expressed by human
microglia are similar to mouse microglia, such as established microglia genes CX3CR1,
P2YR12, and ITGAM/CD11b. Interestingly, a number of immune genes, not identified as
mouse microglia signature genes, were abundantly expressed in human microglia.
These included TLR, Fc-y and SIGLEC receptors as well as TAL1 and [FI16, regulators of
proliferation and cell cycle. Age-associated changes in human microglia were enriched
for genes involved in cell adhesion, axonal guidance, cell surface receptor expression
and actin (dis)assembly, suggesting these functions alter during aging. A very limited
overlap was observed in genes with an age-associated change in expression between
mice and humans, suggesting that human and mouse microglia age differently. The
effect of post-mortem delay on human microglia gene expression was very limited, an
observation further supported by gene expression profiles generated using biopsy
samples obtained during epilepsy surgery. This data is the first comprehensive pure
human microglia gene expression profile; human microglia clearly differ from mouse

microglia, especially with respect to age-induced changes in gene expression.
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INTRODUCTION

Microglia are highly specialized cells with a unique ontogeny and are crucially
shaped by their local central nervous system (CNS) environment (Salter and Beggs,
2014). Fate mapping studies showed that microglia have a different ontogeny than
other tissue macrophages (Hoeffel et al, 2015). Microglia originate from erythro-
myeloid progenitors in the yolk sac via Csflr-, Pu.1/Spi-1- and Irf8-dependent
pathways (Hoeffel et al., 2015; Kierdorf et al., 2013a; Schulz et al., 2012). Genome-wide
transcriptome and epigenome studies of mouse microglia showed that microglia are
very different from other tissue macrophages and other glial cell types (Butovsky et al.,
2014; Buttgereit et al, 2016; Chiu et al., 2013; Gosselin et al.,, 2014; Hickman et al,,
2013; Lavin et al., 2014; Zhang et al,, 2014). These studies identified Cx3cr1, TremZ,
Tyrobp, Cd33, Salll, and P2ry12 as genes specifically expressed in mouse microglia. This
microglia gene expression profile is regulated by factors like Tgf-a in the CNS
microenvironment and is likely also partially determined by their ontogeny (Butovsky
etal, 2014; Gosselin et al., 2014).

Microglia are plastic cells that adopt different phenotypes under varying
circumstances in the CNS, such as aging and neurodegeneration (Hanisch and
Kettenmann, 2007). An increased inflammatory signature characterizes the aging and
neurodegenerative mouse brain in which microglia obtain a sensitized, primed
phenotype (Cribbs et al., 2012; Loerch et al., 2008; Perry and Holmes, 2014). Several
studies report isolation of microglia from mouse models for these diseases and
described age- and neurodegeneration-associated microglia expression profiles (Chiu
et al, 2013; Hickman et al,, 2008; Orre et al., 2014b, 2014a). In a recent meta-analysis,
we identified a core expression profile of primed microglia that was preserved in
different mouse models with neurodegenerative and aging conditions. This consensus
profile was enriched for general immune gene ontology categories and more specific
phagosome and lysosome KEGG pathways. In aging mice, microglia gene expression
was also enriched for an Interferon Type-I and a ribosome signature (Holtman et al.,
2015).

There is considerable debate on the similarity of microglia in different species
(Smith and Dragunow, 2014). So far, pure microglia gene expression profiles were
almost exclusively generated using murine microglia. It is unclear to what degree these
findings can be extrapolated to human microglia and several arguments have been

raised that suggest divergence between species. First, differences in the CNS
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microenvironment between species have been identified with respect to CNS gene
expression (Hawrylycz et al, 2015; Konopka et al, 2012; Miller et al, 2010), the
lipidome (Bozek et al., 2015) and the proteome (Bayés et al., 2012). Second, it has been
proposed that the immune system is an evolutionary hotspot with considerable cross-
species divergence in microglia function®. Third, the validity of mouse models for
neurodegenerative diseases has recently been re-examined (Burns et al,, 2015). Mouse
neurodegeneration models rarely mimic the expression profiles of corresponding
human neurodegenerative conditions. Therefore, identification of the (dis)similarities
between human and mouse microglia expression profiles and associated biological
properties in physiological, aging and neurodegenerative conditions is important in
view of the potential clinical or therapeutic implications of these differences.

To address these issues, human microglia samples from the right parietal
cortex were collected and RNA-sequenced. We report a human microglia core gene
expression profile, validated at the protein level, that contains many previously
identified mouse microglia regulators and markers, as well as genes that were not
identified in any of the previously identified mouse signatures. During aging, human
microglia gene expression is characterized by changes in cell adhesion molecules; cell
surface receptors and genes involved in Actin cytoskeleton dynamics, suggesting
diminished cell motility during aging. This signature shared very little overlap with

previously generated gene expression profiles of aging cortical mouse microglia.
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MATERIALS AND METHODS

Human Brain Tissue

Human brain tissue was collected from the right parietal cortex during the
course of full body autopsy. Samples were acquired from both the Human Brain Bank of
the Department of Pathology, School of Medicine of Sdo Paulo University and The
Netherlands Brain Bank. Written informed consent for research purposes was obtained
and ethical committees from the University of Sdo Paulo, Brazil, the Netherlands Brain
Bank and the University Medical Center Groningen, The Netherlands approved the
procedure. Detailed data of the autopsy samples, such as age, gender, post mortem
interval, cause of death, the number of sorted viable cells and RNA quality are listed in
suppl. table 1.

Brain tissue biopsies were obtained from epilepsy patients subjected to
temporal lobectomy by the Neurosurgery Group of the Department of Neurology at

Hospital das Clinicas at the School of Medicine of the University of Sdo Paulo, Brazil.

Microglia isolation

The procedure was carried out as described with a few modifications (Galatro
et al, 2017). Samples from the right parietal cortex were collected in ice-cold HBBS
(Lonza, Switzerland) supplemented with 15 mM HEPES (Lonza) and 0.6% glucose
(Sigma-Aldrich, USA). The brain tissue was dissociated in a glass tissue homogenizer
and filtered using a 300 um sieve, followed by a 106 pum sieve to obtain a single cell
suspension. Cells were pelleted by centrifugation at 220 rcf for 10 min (acc: 9, brake: 9,
4°C). The pellet was resuspended in 22% Percoll (GE Healthcare, UK), 40 mM NaCl and
77% myelin gradient buffer (5.6 mM NaH;P04-H,0, 20 mM Na;HPO4:2H;0, 140 mM
NaCl, 5.4 mM KCl, 11 mM Glucose, pH 7.4). A layer of PBS was added on top, and this
gradient was centrifuged at 950 rcf for 20 min (acc: 4, brake: 0, 4°C). The myelin layer
and the remaining supernatant were carefully removed and the pellet resuspended in a
solution of 60% Percoll, which was overlaid with 30% Percoll and PBS respectively, and
centrifuged at 800 rcf for 25 min (acc: 4, brake: 0, 4°C). The cell layer at the 60-30%
Percoll interface was collected with a pre-wetted Pasteur pipette, washed and
centrifuged at 600 rcf for 10 min (acc: 9, brake: 9, 4°C). The final pellet was
resuspended in HBBS without phenol red (Lonza) supplemented with 15 mM HEPES

113



(Lonza) and 0.6% glucose (Sigma-Aldrich, USA). Fc receptors were blocked with human
Fc receptor binding inhibitor (eBioscience, #14-9161-73, USA) for 10 min on ice. For
sorting, cells were incubated for 20 min on ice with anti-human CD11b-PE (Biolegend,
#301306, USA) and anti-human CD45-FITC (Biolegend, #304006) and subsequently
washed with HBBS without phenol red. The cells were passed through a 35 pm nylon
mesh and collected in round bottom tubes (Corning, USA) and sorted using either a BD
Biosciences FACSAria II cell sorter (Brazilian samples) or a Beckman Coulter
MoFloAstrio cell sorter (Dutch samples). Cells were sorted based on CD11bhigh/CD45int
expression and negative staining for DAPI, and collected in RNAlater (Qiagen,
Germany). Sorted cells were centrifuged 5,000 rcf for 10 min and pellets were lysed in
RLT-Plus buffer (Qiagen) for RNA extraction.

RNA extraction and RNA-Sequencing

Total RNA was extracted from flow cytometry-sorted cells using an RNeasy
and AllPrep Micro Kit (Qiagen) and from whole brain tissue using RNeasy Lipid Tissue
Mini kit (Qiagen), according to the manufacturer's protocol. RNA quality was checked
with the Experion RNA HighSens Analysis Kit (Bio-Rad, USA) and RNA Screen Tape
(Agilent Technologies, USA). RNA-Seq of all samples was performed at the next
generation sequencing facility core (SELA - Sequenciamento em Larga Escala) at the
University of Sdo Paulo. TruSeq Stranded total RNA (Illumina, USA) cDNA libraries of 23
samples were prepared starting from 60 ng of total RNA. rRNAs were depleted with
Ribo-zero Gold magnetic beads. SMARTer Stranded Total RNA-Seq Kit - Pico Input
(Takara Bio, Japan) cDNA libraries were prepared for 16 samples starting with 500 pg
of total RNA. rRNA fragments were captured and degraded with RiboGone probes and
enzyme. For both protocols, remaining RNAs were fragmented by heat in the presence
of divalent cations. The transcript for the first strand cDNA was prepared with reverse
transcriptase and random primers. The second strand cDNA was synthetized by
reverse transcriptase. Adaptors and index of unique sequence were added to cDNA
fragments. The remaining library fragments were enriched by PCR. Final libraries were
quantified by qPCR (Kappa Library Quantification Kit, Kappa Biosystems, USA), and the
median size of the libraries determined by TapeStation 2200 (Agilent Technologies,),
using the High Sensitivity D1000 ScreenTape assay. Sequencing was performed as a
125 bp paired-end, dual index run, on a HiSeq 2500 (Illumina, USA) with V4 reagents.
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RNA-Sequencing, data analysis and statistics

Human RNA samples generated in The Netherlands and Brazil were prepared
and sequenced using similar protocols. Paired-end, 100 bp read length [llumina RNA
sequencing was performed at the University of Sao Paulo. FAST-QC([CSL STYLE ERROR:
reference with no printed form.]) quality checks were done to determine high quality

base pairs, and bbduk (https://sourceforge.net/projects/bbmap/) was applied to trim

low quality reads and adapters. Data was aligned using the STAR aligner Version 2.5
(Dobin et al.,, 2013) to the ensemble hg38 reference templates obtained from Ensembl
and quantified with featureCounts (Liao et al., 2014). Quality check of aligned data was
done with RNA-SEQC (DeLuca et al., 2012) and showed high quality alignment and data.
Per sample, on average 17.6 million uniquely mapped reads were generated ranging
between 6 and 61.1 million. Mouse cortex RNA samples were prepared with a Quantseq
3’'mRNA-Seq kit (Lexogen, USA) and sequenced according to the manufacture’s
protocols. Non-expressed genes were flagged with DAFS(George and Chang, 2014) and
removed from downstream analysis.

Data was loaded in R, annotated using BioMart (Durinck et al, 2009) and
analyzed using the limma package from Bioconductor (Ritchie et al, 2015).
Unwanted/hidden sources of variation, such as the use of different library preps
(Clontech and Illumina) and different batches were removed using the sva package
(Leek et al,, 2012). To explore the spatial projection of the different types of samples
and possible sources of batch effects such as age, gender, and country of origin, we
performed principal component analysis and displayed the overlap of each variable as
biplots (Figure 1). The expression values were adjusted according to the surrogate
variables identified by sva using the function removeBatchEffect from the limma
package. Next, three different types of supervised analyses were performed using
limma: 1) microglia vs. cortex; 2) microglia: aging, gender and PMD analysis; and 3)
microglia vs. monocytes and macrophages. For the first comparison two significance
criteria were applied to determine the extended microglia signature (FDR-adjusted p
values <0.001 and logFC>3) and core microglia signature (top 10% of the genes
according to the adjusted p values). The defined microglia signature from humans was
plotted in a volcano plot (Figure 2). We then compared this gene signature with
different mouse studies. We used our own human and mouse datasets to calculate the
average expression percentiles for each gene. In addition to our own data, mouse

microglia signatures were obtained from previously published papers from (Grabert et
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al, 2016; Matcovitch-Natan et al., 2016; Zhang et al, 2016). Two of these datasets
consisted of RNA-Seq experiments. We downloaded the FASTQ files from SRA and
performed the same procedures as we did with our own datasets to generate the
expression data and calculate the average gene percentiles. The data by Grabert et al.
was generated with Affymetrix arrays. We downloaded the raw CEL files and
performed RMA normalization using the affy package from Bioconductor (Gautier et al.,
2004). Expression percentiles were calculated similarly to our own mouse dataset. The
percentiles the human genes and the other datasets were pairwise compared using the
formula 1-absolute (human percentile-mouse percentile; supplemental tables). The
absolute differences between the overlapping genes of the human microglia signature
and the different mouse datasets were plotted as individual volcano plots. The second
comparison was performed as a multivariate linear model that included gender as a
binary variable, while age, post mortem delay and the surrogate variables calculated
with sva were used as quantitative variables. In the different analyses and comparisons
slightly different criteria were used to determine significance. For the quantitative
variables only an FDR-adjusted p-value criteria was applied (<0.05), since the logFC
values corresponded to estimate increase of the gene per year (for age) or per hr (for
PMD). For the third comparison, differential gene expression analysis was performed
for microglia vs macrophages, microglia vs monocytes, and monocytes vs macrophages.
Raw data (FASTQ files) from a previous RNA-Seq study (Saeed et al., 2014) comparing
macrophage and monocyte transcriptomes were downloaded and normalized following
the same Bioinformatics approaches as described previously. Pairwise comparisons
between microglia, macrophage, and monocytes were performed using limma after
unknown sources of variance were removed with sva. The criteria for differential
expression was set to FDR-adjusted p value <0.001 and |logFC|>3).

Enrichment for gene ontology (GO) terms for individual comparisons was
performed by hypergeometric tests using the GOstats package from Bioconductor
(Falcon and Gentleman, 2007). Finally, we used the Bioconductor CoRegNet
package(Nicolle et al., 2015) to identify the most influential regulatory elements
(transcription factors) on the microglia transcriptome and to reconstruct the regulatory
subnetwork. We selected the top 1000 must variable genes as inputs for the algorithm.
The most influential transcription factors, their interactions, and their putative target

genes are shown in Figure 2.
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Heatmaps were made with CRAN package pheatmap (https://CRAN.R-
project.org/package=pheatmap). Data is uploaded to GEO, RNA-Seq datasets published
by Saeed et al.(Saeed et al.,, 2014) were obtained from GEO.

Immunohistochemistry

For immunohistochemical staining, snap-frozen brain tissue was cut on a
cryostat and 6 um thick sections were fixed for 10 min in acetone and rinsed with PBS.
Sections were incubated for 24 hr at 4°C with primary antibodies diluted in
BrightDiluent (09-500, ImmunoLogic, The Netherlands). The following antibodies were
used: IBA1 (WAKO 019-19741, 1:750), CD32 (303201, 1:200, BioLegend), CD16
(302001, 1:200, BioLegend), HLA-DR (14-9956, 1:500, eBioscience), TMEM119
(HPA051870, 1:500, Atlas Antibodies, Sweden). On the next day, sections were
incubated for 2 hr with the appropriate biotinylated secondary antibodies (anti-mouse
or anti-rabbit 1:400 in PBS, both Vector Laboratories), rinsed and then immersed in
ABC solution (Vectostain® Elite kit PK-6100, Vector Laboratories). The staining was
visualized with 3,3 diaminobenzidine-tetrahydrochloride (Sigma-Aldrich) with H,O0..
Finally, sections were dehydrated, embedded in DePeX (Merck, Germany) and images
were acquired by the NanoZoomer 2.0-HT slide scanner (Hamamatsu, Japan).

In case of double immunofluorescence staining, above mentioned antibodies
were used in various combinations and after the primary incubation, washed with PBS
and incubated for 2 hr with horse anti-mouse-biotin (BA-2001, 1:400 in PBS; Vector
Laboratories). After washing, sections were incubated for 1 hr in a mixture of donkey
anti-rabbit-AF488 (A21202, 1:300 in PBS; Molecular Probes Thermo Fisher Scientific,
USA) and streptavidin-AF594 (016-580-084, 1:400 in PBS; Jackson ImmunoResearch,
USA). A Hoechst staining (14530, Sigma-Aldrich) was performed, followed by a 15 min
incubation in 0.3% Sudan Black B (S-0393. Sigma-Aldrich) in 70% ethanol to reduce
autofluorescence. Finally, sections were washed with demi-water and embedded in
Mowiol (Sigma-Aldrich). Imaging was performed on a Zeiss LSM 780 confocal laser
scanning microscope using a 20x Plan Apochromat NA=0,8 air objective or an 40x Plan-
Neofluar NA 1.3 oil-immersion objective using 405 nm, 488nm and 594 nm lasers and
appropriate filters (Carl Zeiss B.V., Sliedrecht, The Netherlands).
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Western blotting

Cortex and sorted microglia was lysed in lysis buffer (CST#9803) and
separated by SDS-PAGE and transferred to Immobilon®-FL membranes (IPFL00010,
Millipore, Germany). The antibodies used were: -actin (ab6276, 1:5000, Abcam, USA),
Iba-1 (019-19741, 1:3000, WAKO, Japan), Vimentin (M0725, 1:1000, DAKO), B-III-
tubulin (ab18207, 1:2000, Abcam), GFAP (20334, 1:3000, DAKO), and CNPase (C5922,
1:500, Sigma-Aldrich). Membranes were incubated with secondary antibodies: goat
anti-rabbit IgG (H+L) IRDey800 CW and donkey anti-mouse IRDey680. Membranes
were scanned and quantified on a LI-COR Odyssey® (LI-COR Biosciences, USA).

Proteome Profiler Array of FACS sorted microglia

FACS sorted microglia (200.000 - 400.000/donor; 4 donors/sample) were
collected in lysis buffer with protein inhibitors. The proteins in these lysates were
analyzed using the Human Soluble Receptor Array Kit (Catalog # ARY011, R&D
Systems Inc., USA) according manufacturer’s instructions. Membranes were imaged
using an Imagequant LAS 4000 (GE Healthcare Life Sciences, USA). Quantification of the
detected spots was performed using the Protein Array Analyzer plugin in Image].

Vimentin was used as in internal standard for membrane normalization.
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RESULTS

Acute isolation of pure microglia from human post-mortem tissue

samples

Human microglia samples were collected during the course of full body
autopsy, by dissection of parietal cortex brain tissue, tissue processing and acute
isolation of viable microglia by FACS sorting. Microglia isolations were performed
within a 6 to 24 hr post-mortem delay (PMD) from donors without diagnosed brain
diseases. 74 rapid microglia isolations were performed (33 in The Netherlands and 41
in Brazil). Ultimately, 39 samples from donors with a history of normal cognitive
function and no apparent neuropathological abnormalities with sufficient levels of high
quality RNA were selected for RNA-Sequencing. For donor information: sample ID,
tissue type, sample origin, gender, age, PMD and cause of death see Suppl. Table 1.

Paired-end Illumina high quality deep sequencing was performed on 39
microglia, 16 corresponding superior parietal cortex tissue (further referred to as
cortex) and 10 epilepsy surgery samples (referred to as biopsy). RNA-Seq data was pre-
processed, quantified and differentially expressed genes were determined. The initial
analysis focused on the expression of cell type-specific markers from microglia and
other CNS cells to determine the purity of the samples and possible differences in gene
expression between tissue with varying PMD and surgery tissue (Figure 1A). Human
microglia highly expressed known microglia genes such as CX3CR1, ITGAM, P2ZRY12, and
TYROBP. Genes characteristic for neurons, astrocytes, and oligodendrocytes were
equally expressed in cortex and epilepsy biopsy samples but were low or not expressed
in microglia. The monocyte marker CCR2 was lowly expressed in microglia. These
findings confirm that a highly pure population of microglia was collected and that PMD
had little effect on gene expression. This is in agreement with various reports showing
that PMD does not correlate with CNS tissue morphology, RNA quality or integrity
(Chevyreva et al., 2008; Durrenberger et al., 2010; Ervin et al., 2007).
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Figure 1: Comparison of human microglia and parietal cortex expression profiles. A)
RNA-Sequencing of ex-vivo isolated microglia, corresponding parietal cortex tissue
and epilepsy surgery biopsy samples revealed high and consistent expression of
known genes in microglia, with low expression of genes for neurons, astrocytes,
oligodendrocytes and potential immune infiltrates. As expected, expression of neural
genes was detected in total parietal cortex tissue and epilepsy biopsy samples. This
indicated that a highly pure microglia population was sorted from our cohort of
human post-mortem brain samples. B) Principal component analysis of RNA-Seq
samples showed that microglia were highly similar and very different from the
unsorted superior parietal lobule (cortex) samples. Microglia samples did not
segregate according to age, gender, country of sampling, or post mortem delay (PMD).
The % variation in the data explained by the respective principal components is

Identification of the core human microglia gene signature

A principal component analysis (PCA) of RNA-Seq expression data of pure
microglia and cortex samples with tissue of origin as a variable was performed.
Microglia and cortex samples clearly segregated and were highly similar within each
tissue group, indicating that microglia expression profiles are very different from
unsorted parietal cortex tissue expression data. PCA of pure microglia samples with
country of origin of the samples (The Netherlands and Brazil) as variables revealed no
obvious segregation due to country of sampling or gender. For microglia isolations, the
same reagents were used in both countries, and all samples were sequenced on the
same sequencing platform to minimize variation. PCA based on age also did not indicate
a clear age-associated effect on microglia gene expression. In case of human autopsy
samples, post-mortem delay (PMD) is an inevitable factor. When the microglia
expression data were analyzed using PMD as a variable, no effect of PMD was observed.
This further corroborates the observation depicted in Figure 1A, where epilepsy
surgery material was compared to parietal cortex tissue obtained during autopsy.

Extensive differences in gene expression between microglia and cortex tissue
were detected and are visualized in a volcano plot (Figure 2A). A core human microglia
signature of 1,297 genes, indicated by red dots, was generated with logFC >3 and p <
10E-3 as criteria (Figure 2A). In Suppl. Table 2, detailed gene expression data are
provided; genes with no Entrez annotation were filtered out.
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Gene ontology analysis was used to determine functional properties associated
with the 1,297 genes of the human microglia core signature. As expected, many
significantly enriched terms associated with the innate immune activity of microglia,
like ‘immune response’, ‘defense response’, cytokine production’. The profile was also
enriched for ‘phagocytosis ‘, ‘cell migration’, ‘cell motility’. This data confirms that
human microglia are the immunocompetent and phagocytic cells of the CNS that
express a wide range of immune receptors and ligands, equipped to respond to a wide
variety of pathogen- and damage-associated molecules. A full list of GO terms and p
values is depicted in Suppl. Table 3.

Predicted protein-protein interactions in the core profile were analyzed using
STRING. A network involved in cell motility and inflammation containment was
detected with intracellular tyrosine kinase SYK, a gene involved in cell adhesion and
cytoskeletal rearrangements. The human microglia core profile contains several
members of this signaling pathway, such as CD11B (a-Integrin), CD18 (B-Integrin),
FCGR and TYROBP (ITAM motif containing proteins). As microglia are highly motile
cells that rapidly respond to stimuli and injury, it is only plausible that chemotaxis and
cell motility signaling pathways are detected in these cells. Integrin-SYK signaling is
also responsible for negatively regulating TLR signaling and the NF-«kf pathway by
promoting the degradation of MYD88 (Kondo et al., 2012).

A protein-protein network involved in cell proliferation was also detected.
CD74, highly expressed by human microglia, prevents MHC class II molecules from
binding non-processed peptide and self-antigens (Stockinger et al.,, 1989). Its ligand,
CXCR2/4 was also highly expressed by human microglia (Bernhagen et al., 2007). In
monocytes, CXCR2/4-CD74 heterodimers induce PI3K/AKT signaling and P53
inhibition, leading to increased survival, proliferation and apoptosis evasion (Lue et al.,
2007; Mitchell et al, 2002). CXCR2-CD74 leads to chemotactic signaling, which is
activated by MIF (macrophage migration inhibitory factor), a gene expressed in cortical
tissue.

Our human microglia expression profile was compared to a human CD45+ cell
population, isolated using immunopanning from temporal lobe cortex tissue obtained
during tumor or epilepsy surgery (Zhang et al.,, 2016). Genes were ranked based on
their relative expression level in the respective data set. For the 1,297 human core
genes, the respective percentiles of each gene in our human and the CD45+ data set
were subtracted (A percentile). Genes similarly expressed in both datasets, a A

percentile <20, are represented with bright blue dots, where genes much less

122



abundantly expressed in CD45+ cells are represented by black dots (A percentile >80;
Figure 2B). Overall, a very extensive overlap in gene expression between these datasets
was observed, the median A percentile was 10.065 indicating most genes are similarly
expressed in both data sets.

To determine the overlap in gene expression between human and mouse
microglia, a cortical mouse microglia gene expression profile was generated. The
human transcriptome was compared to this data set as well as to recently published
cortical microglia expression data sets (Grabert et al., 2016; Matcovitch-Natan et al,,
2016) using the strategy explain above. An extensive overlap was observed between
human and these three independent mouse microglia gene expression data sets. The
median A percentiles were 14.31, 20.43, and 9.34 for our own expression data set,
Grabert et al., and Matcovich-Natan et al., respectively. Despite the fact these mouse
expression data were generated using very different technologies (Lexogen 3’ Quant
Seq, Affymetrix arrays and RNA-Seq respectively), an extensive overlap with human
microglia was observed. The A percentiles of all four datasets are depicted in the box
plots (Figure 2D) and in supplemental Table 4.

Notably, several human microglia genes were much less abundant expressed in
mouse microglia. Examples of human microglia-enriched genes are CD58, an adhesion
molecule that plays a central part in the clustering of mature dendritic cells and T
lymphocyte activation (Leitner et al., 2015). ERAP2, along with the closely related
ERAP1, are peptide editing enzymes responsible for the trimming of N-terminal
residues of MHC class I molecules (Chen et al., 2016). Granulysin (GNLY) is a cytolytic
and proinflammatory molecule, largely cytolytic against tumors and microorganisms,
including gram-positive and gram-negative bacteria (Krensky and Clayberger, 2005).
GNLY acts also a chemoattractant for T lymphocytes, monocytes and other
inflammatory cells, activating expression of several of cytokines, such as CCL5, MCP-1,
and IL-10, IL-1, IL-6 and IFN-a. S100A12 has shown to be important for antimicrobial
activity, its proinflammatory action involves recruitment of leukocytes, production of
cytokines and chemokines, and regulation of leukocyte adhesion and migration. It also
acts as an alarmin or a danger-associated molecular pattern (DAMP) molecule,
stimulating innate immune cells. A recent study showed that S100A12 is sufficient to
directly kill Mycobacterium tuberculosis and Mycobacterium leprae (Realegeno et al,,
2016).
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In short, an extensive overlap between human microglia gene expression and
human CD45+ CNS cells and mouse cortical microglia was detected with some notable

differences between human and mouse microglia.
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Figure 2: Comparison of the human microglia expression profile to cortex, human and
mouse microglia signatures. A) Volcano plot illustrating differential expression of genes
in microglia versus cortex samples. Genes with logFC>3 are depicted as red dots and
comprise the human microglia core profile of 1285 genes. B) Volcano plots illustrating
the overlap in gene expression of the human microglia core to CD45+* cells in the CNS
(Zhang). Genes expressed to similar levels in both datasets are depicted as bright blue
dots (A percentile <20), where genes much more abundantly expressed in microglia
than in CD45+ cells are depicted by black dots (A percentile >80). The distribution of all
detected human microglia core genes over the A percentile intervals (<20/20-40/40-
60/60-80/>80) is shown in the box plot. C) Volcano plots illustrating the overlap in
gene expression of the human microglia core to mouse cortex microglia. Genes
expressed to similar levels in both datasets are depicted as bright blue dots (A
percentile <20), where genes much more abundantly expressed in microglia then in
mouse microglia cells are depicted by black dots (A percentile >80). Three independent
mouse data sets are depicted: our own generated by 3’Quant seq, a RNA-Seq data set
(Matcovitch-Natan et al., 2016)) and Affymetrix arrays (Grabert et al., 2016). The
distribution of all detected human microglia core genes over the A percentile intervals
(<20/20-40/40-60/60-80/>80) is shown in the box plot.

Under certain neuropathological conditions, i.e. glioma progression

(Hambardzumyan et al., 2015) and multiple sclerosis (Dendrou et al., 2015), immune
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cells, such as macrophages and dendritic cells, infiltrate the CNS and contribute to
disease progression. Microglia are often identified using [BA1/AIF1, P2RY12 and
CX3CR1 as markers and differentiated from infiltrating immune cells based on CCRZ2
(Mizutani et al., 2012). The expression levels of (some of) these markers are altered by
microglia activation, priming and aging. PCA of our human microglia and published
monocyte and macrophage data3! expression data indicated that these three datasets
segregated, and that microglia were most distinct (Figure S1A). To determine
differences in gene expression between microglia, monocytes and macrophages, three
pair-wise comparisons were carried out. Differentially expressed genes were selected
with a logFC of >3 and a p value <0.001 as depicted in suppl. Figure 1B, and suppl. Table
5.

In comparison to monocytes, microglia were enriched for GO terms synapse
organization, neuron projection morphogenesis and cell projection morphogenesis; and
hemophilic cell interactions, purine nucleotide metabolic process and sphingolipid
metabolic process when compared to macrophages. This indicates that microglia, in

comparison to monocytes, express many genes related to their CNS functions.

Transcription factors associated with the human microglia core gene

expression

With the Bioconductor package CoRegNet, 12 microglia-specific transcriptional
regulators of the human core genes were identified (Figure 3A). Two of these
transcription factors are essential for microglia ontogeny: SPI-1 (or PU.1) and IRF8
(Kierdorf et al.,, 2013a). Additional transcriptional regulators identified were: CIITA, a
positive regulator of MHC-II gene transcription; TRIM22, a transcription activator
induced by interferon; MNDA, an interferon target gene; IRF5, a factor modulating
inflammatory responses; TAL1, a transcription factor associated with microglia
aging(Wehrspaun et al,, 2015); IFI16, an interferon y inducible gene; HCLS1, and ZPF36
with paralogs ZPF36L1 and ZPF36L2 were also detected. Genes that have been
reported to be regulated by these proteins are indicated by red dots in the volcano plots
in Figure 3B. The number and list of targets for each transcriptional regulator is
provided in suppl. Table 6 and contains many established microglia genes, such as
CX3CR1, AIF-1/IBA1, P2ZRY12 and P2RY13.
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Figure 3: Predicted transcriptional regulators of the human microglia core genes. A)
Using BioConductor package CoRegNet, transcriptional regulators of the 1,297 human
microglia core genes were identified. B) Volcano plots depicting the genes of the
human microglia core genes associated with the transcriptional regulators identified.

Microglia protein expression

To confirm the RNA expression data at the protein level, human microglia were
FACS isolated from parietal cortex and together with unsorted cortex tissue analyzed
using western blot analysis, antibody arrays and immunohistochemistry. Microglia and
cortex protein samples were separated using PAGE and detected with the indicated
antibodies. IBA1 and vimentin were only detected in microglia protein lysates where &-
[1I-tubulin, CNPase and GFAP, markers for neurons, oligodendrocytes and astrocytes,
respectively, were only detected in cortex protein lysates. Next, arrays with antibodies
against human hematopoietic proteins were incubated with microglia protein lysates.
Parietal cortex microglia were isolated from autopsy tissue samples using FACS and
pooled from 2x4 donors. Spot intensities on the membranes were normalized to
vimentin and quantified. Expression of known microglia proteins, such as ITGAM
(CD11B), SPP1 (Osteopontin), multiple TNF-a, SIGLEC, chemokine and TLR receptors
was detected, confirming the RNA expression data.

Finally, human parietal cortex tissues were stained with antibodies against
Ibal, HLA-DR, CD16, CD32 and TMEM119 either using immunohistochemistry and
double immunofluorescence. Cells with clear microglia morphology were detected with
the indicated antibodies and extensive co-localization with established microglia

marker Ibal was observed.
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Figure 4: Protein validation microglia gene expression. A) Western blot analysis of
sorted microglia and parietal cortex samples with the antibodies indicated. IBA1 was
only detected in pure microglia, whereas proteins expressed by other CNS cells were
only detected in unsorted parietal cortex protein samples. ACTB: B-actin, VIM:
vimentin, TUBB: (-IlI-tubulin, CNP: CNPase. B) Proteome profiler antibody arrays
directed against human hematopoietic proteins were incubated with pure parietal
microglia protein samples. Spot intensities were quantified and normalized to
vimentin. C) Microglia expressing Ibal, HLA-DR, CD16, CD32 and TMEM119 visualized
by DAB staining and immunofluorescence. Extensive co-localization of these markers is
observed. Scale bars are 25 pm. Representative images of two independent
experiments are shown.

Age-associated changes in microglia gene expression

Age-associated changes in gene expression are reported to occur in mouse
microglia (Hickman et al., 2013; Ma et al.,, 2013). How these finding translate to human
microglia aging is unknown. The age of our donors ranged between 34 and 102 years,
allowing us to determine changes in microglia gene expression that occurred during
aging. Using age as a quantitative variable, 212 genes increased and 360 genes
decreased in expression (p < 0.05). In Figure 5A, a relative expression heatmap depicts
the top 100 genes most significantly affected by age (p < 0.01). Hierarchical clustering
of these genes resulted in two separate clusters, containing relatively younger and
older samples, respectively. Noteworthy genes with reduced expression during aging
included many actin cytoskeleton-associated genes like TLN1, PFN1, EVL, ARPCI,
CORO1A, CAP1, CTNNAZ2, and VASP, sensome cell surface receptors P2RY12, IL6R and
TLR10, and cell adhesion molecules and cell surface receptors as ICAM3, ROBO2,
SEMA3C, SEMA7A. A comprehensive illustration of these genes is depicted in Figure 6B.
Genes with relatively higher expression during aging included integrin modulators
DOCK1/5, receptors CXCR4, CD163 and IGF2R, growth factor VEGFA and transcription
factor RUNX3. GO categories associated with the genes differentially expressed during
aging (Figure 5B) were enriched for CNS development, with associated changes in

cytoskeleton, immune response and motility (cell adhesion).
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Figure 5: Aging affects CNS-associated function and motility of human microglia. A)
Hierarchically clustered Z-score expression heat map of the 100 most affected genes by
age showed a clear clustering separating older and younger samples. B) GO analysis
showed enrichment for CNS development, immune response and motility of aging-
associated genes. C) A predicted protein-protein interaction network of age-associated
genes in microglia.

Comparison of the human microglia aging profile with a previously published
mouse microglia aging study profiles (Grabert et al., 2016) revealed a small number of
significantly overlapping genes. 14 genes were increased in both human and mouse
microglia with aging, of which CXCR4, VEGFA, TNFAIPZ and GP2 have been previously
identified by other aging or priming studies (Hickman et al., 2013; Holtman et al., 2015;
Raj et al,, 2015). The main biological pathway associated with these genes was “positive
regulation of cell-matrix adhesion”. Nine genes with reduced expression in aging were
overlapping between human and mouse cortical microglia, and included previously
identified ETS1, along with SEMA7A, MRC2, PSTPIP1 and EMP2, with no associated GO
category. A Venn diagram depicting the overlap between aging cortical human and
mouse (Grabert et al,, 2016) microglia is depicted in suppl. Figure 2. The overlap in
genes differentially expressed during aging between human and mouse is very limited,
suggesting that the microglia of physiologically aged mice do not recapitulate the effect
of aging on human microglia. The aging human microglia signature we have identified
can be used as a benchmark to evaluate other model systems that intend to study the

role of microglia in age-related neuroinflammation.
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Figure 6: Human microglia and the effect of aging. A) Graphical summary of the human
microglia core genes. Biological functions with associated gene families and
representative gene names are depicted. B) Aging of microglia is associated with
reduced expression of many genes involved in Actin dynamics. All genes with reduced
expression in aged microglia are depicted in blue. Changes in genes involved in cell
adhesion and axonal guidance as well as the sensome (cell surface receptors) are listed.
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DISCUSSION

In this manuscript we present an extensive collection of human microglia
transcriptome profiles and systematically compare them to previously published
human and mouse profiles. Mice are frequently used for neuroscience research
purposes but there is extensive debate about the validity of these mouse models to
study microglia in aging and neurodegenerative conditions(Smith and Dragunow,
2014). We addressed two main questions: 1) what is the expression profile of human
microglia and how does it relate to mouse microglia profiles?; 2) what age-related
changes occur in aging human microglia and to what degree do they overlap with
mouse microglia aging signatures?

To approximate the physiological human in vivo microglia expression profile,
donors with overt CNS pathologies were excluded, viable microglia were FACS-sorted
(DAPI-negative), and only high quality RNA samples were sequenced. Nonetheless, all
donors suffered from a range of pathologies ultimately leading to their demise,
potentially affecting the microglia gene expression profile. The effect of various
parameters on gene expression, such PMD, age, and gender was estimated. Our data
indicate that a post-mortem delay between 4 and 24 hr had very little influence on the
microglia gene expression profile. Numerous other studies already reported a poor
correlation between PMD and CNS tissue morphology, RNA quality or integrity
(Chevyreva et al,, 2008; Durrenberger et al.,, 2010; Ervin et al,, 2007).

The first aim of this study was to determine the similarities and differences
between human and mouse microglia expression profiles. Considerable overlap
between human and murine microglia gene expression was observed but interesting
dissimilarities were also present. These dissimilarities could be caused by a range of
factors, such as intrinsic differences between species, differences in environment,
medical condition and differences in study design. For example, laboratory mice are, to
a certain degree, kept under specified pathogen-free conditions and typically not
exposed to a wide range of pathogens, which is in striking contrast to humans who are
exposed to a range of pathogens during the course of their lives. In addition, mouse
microglia were isolated from healthy animals, whereas the human microglia samples
were obtained during the course of autopsies of donors that suffered from various
pathologies. To minimize the reported effect of brain region on microglia gene
expression (Grabert et al.,, 2016; Matcovitch-Natan et al,, 2016; Zhang et al.,, 2016), only

cortical microglia were included in our comparisons

135



A substantial number of the human microglia-specific genes are implicated in
immune pathways, and could reflect functional characteristics of human microglia.
Interesting examples are Granulysin, a protein present in cytotoxic granules and
Apobec3c, a deaminase that inhibits retrovirus replication and retrotransposon
mobility via deaminase-dependent and -independent mechanisms (Stenglein et al.,
2010). Furthermore, immune response genes, such as Clecll, a T-cell costimulatory
molecule that enhances interleukin-4 production (Ryan et al., 2002), FCAR/CD89, a Fc-
Yy receptor mediator of cytokine production (Shimokawa and Ra, 2005), and
inflammasome component Card8, were also observed in humans solely. It seems that
human microglia-exclusive genes, despite not belonging to any specific biological
pathway, are primarily implicated in host defense and the modulation of immune
responses.

SIGLECs have an important role in immunosuppression and neuroprotection.
SIGLECs regulate the effects of activation, phagocytosis and inflammasome formation
via their immunoreceptor tyrosine-based inhibition motif (ITIM) (Macauley et al,
2014). CD33 (SIGLEC3), a known microglia marker, is associated with the accumulation
of amyloid beta plaques in mouse AD models due to diminished phagocytic capacity of
microglial cells up-regulating this gene (Griciuc et al,, 2013). Our finding that human
microglia express many SIGLECs highlights their importance and the specialization of
microglia for the maintenance of a homeostatic microenvironment.

NLRC5 and CIITA are the respective master regulators of MHC class I and II
gene expression (Meissner et al,, 2010). While CIITA expression is restricted to antigen
presenting cells (APCs), NLRC5 is constitutively expressed in various tissues, most
highly in cells from the hematopoietic lineage (CD4+ T cells, CD8* T cells, CD19* B cells,
natural killer (NK) cells and natural killer T cells). NLRC5 expression levels are
intermediate in monocytic CD14+* cells and CD11b* splenic myeloid cells (Kobayashi
and van den Elsen, 2012). This data corroborates the notion that human microglia are
potent APC and are able to interact with CD4 and CD8 T-helper cell subsets.

Using CoRegNet, regulators of the human core microglia genes were identified.
Well-established microglia factors such as SPI-1, CIITA, IRF8 were singled-out. IRF8 is
necessary for microglia genesis, along with SPI-1 (Kierdorf et al.,, 2013b), and recent
reports on the induction of human pluripotent stem cell-derived microglia-like cells
demonstrated high levels of this transcription factor in such cells (Muffat et al., 2016).
In addition to IRF8, human microglia expressed high levels of IRF1, IRF5 and IRF7.

TAL1/SLC, a basic helix-loop-helix transcription factor, is a master regulator of normal
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and abnormal hematopoiesis and controls the expansion of primary monocyte
progenitors (Dey et al,, 2010). In adults, TAL1 is expressed in hematopoietic cells but
also in specific regions of the midbrain, hindbrain, and spinal cord (van Eekelen et al.,
2003; Sinclair et al,, 1999). Chip-Seq analysis previously indicated that TAL1 forms a
complex with RUNX1 and LYL1 (Wilson et al, 2009, 2010), and these transcription
factors are abundantly expressed in the human microglia core. RUNX1 activates the
transcription of SPI-1 (Huang et al., 2008), a bona fide microglia transcription factor.

[F116 (p204), is associated with viral infection and the response to cytosolic
double-stranded DNA (Giirtler and Bowie, 2013), performing an important role in
regulating cell proliferation and transcription through different interactions with p53
(Liao et al, 2011) and STAT3. IFI16 is also involved in overcoming inhibitors of
differentiation proteins (IDs) blocking of terminal cell differentiation (Luan et al,
2008), as exemplified by the down-regulation of ID4 in microglia. Interestingly,
although human microglia seem to possess a highly activated pathway for proliferation
(the aforementioned CXCR-CD74 axis), this pathway is dependent on extracellular
signals, while genes involved in cell cycle are also highly expressed. IF116 is possibly
involved in regulating the relative microglia quiescence, which is observed under
normal conditions.

The second aim of this study was to compare the human and mouse aging
microglia expression profiles. Strikingly, no extensive overlap between the human and
mouse aging signatures was detected. A small number of genes with
increased/decreased expression during aging overlapped between human and mouse
microgia. However, an almost equal number of genes displayed opposite
directionalities in expression during aging, e.g. up in mouse and down in human or vice
versa. Overall, the overlap in genes affected by aging in human and mouse microglia is
relatively low, suggesting that microglia from both species age differently. A recent
publication indicated that the microglia population in the brain is replaced
approximately every 100 days in both mice and humans (Askew et al., 2017). This
implies that the microglia population is replaced many more times in humans than in
mice during their respective life spans, with possible ramifications for aging-induced
alterations in gene expression of microglia function.

Age-induced changes in human microglia are enriched for a variety of genes
involved in actin assembly and all these genes are less abundant in microglia during
aging. For instance Talinl (TLN1), a protein involved in actin remodeling and cell

motility, Profilin (PFN1), a protein directly involved in actin binding and
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polymerization, and VASP, a protein involved in actin filaments elongation are less
abundant in microglia isolated from older donors (Siddiqui et al.,, 2012; Vincent et al,,
2012). As actin (dis)assembly is essential for cellular motility and migration, this
suggests that these functions might decrease during aging in microglia. Interestingly, a
reduction of microglia process motility directed toward site of damage was significantly
impaired in mice with AB plaques (Krabbe et al., 2013). Possibly, the observed changes
in Actin assembly in human microglia during aging might be important in aging as such
or in neurodegenerative conditions like Alzheimer’s disease.

In addition, age-associated changes in genes involved in axonal guidance, cell
adhesion and the sensome were observed. These receptors and their downstream
signaling are implicated in chemotaxis and part of the microglia sensome (Ferrari et al.,
2016; Hickman et al,, 2013). Binding of chemoattractant ligands to their respective
receptors on myeloid cells induces these cells to move towards injury sites, apoptotic
cells or invading microorganisms. Movement of the fine microglial processes to sense
the environment and initiate chemotaxis is primarily governed through these receptors
and P2RY12, an established microglia marker (Butovsky et al., 2014; Hickman et al,,
2013), is downregulated in our aging cohort, further highlighting the altered microglia
sensing/motility with aging.

Little is known about microglia gender differences, but a few studies have
identified a gender-specific role for microglia in the rat brain (Chen et al,, 2014; Lenz et
al,, 2013). Sex differences in microglia function in the developing brain are associated
with neurodevelopmental and psychiatric conditions (Lenz and McCarthy, 2015). We
found that gender differences in humans were restricted to X and Y-chromosome genes.
Since our donor population contained 7 females versus 32 males, more female donors
would be required to identify possible gender-specific traits in human microglia.

In conclusion, here we present the first extensive human microglia gene
expression profile. Critical differences with mouse microglia, especially in the context of
aging, were observed which highlight the necessity to independently study human
microglia. These data and analyses serve as a starting point to address human-specific

microglia genes and functions under physiological and neuropathological conditions.
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SUMMARY

Diffuse gliomas are primary brain tumors characterized by infiltrative growth
and high heterogeneity, rendering the disease mostly incurable. Advances in genetic
analysis have characterized molecular alterations affecting patients’ overall survival
and clinical outcome, particularly in glioblastoma (GBM). However, glioma
tumorigenicity is not exclusively controlled by its genetic alterations. The crosstalk
between tumor cells and the surrounding microenvironment plays a pivotal role in
modulating glioma growth and aggressiveness. Resident microglia, with central
nervous system (CNS)-tailored functions, and infiltrating tumor-associated
monocytes/macrophages (iTAMs) from the bone marrow, comprise the most abundant
non-neoplastic cells in this microenvironment. Recently, we have identified the human
microglia molecular signature in homeostatic conditions. Here, we propose to
determine the global changes microglia underwent during glioma progression,
correlating them to the oncogenic molecular alterations in the tumor, particularly GBM.
Fresh microglia were isolated from human lower grade gliomas (astrocytoma and
oligodendroglioma, LGG) and GBMs and RNA sequenced. Our data suggests not only an
immune-suppressive profile for tumor microglia, but also alterations largely related to
a highly proliferative and mobile phenotype for microglia, that increases with disease
progression. In agreement with this, we observed overexpression of genes coding for
extracellular matrix proteins, which were shown to correlate to the mesenchymal GBM
subtype. Further exploring the characteristics and dynamics of microglia within
different grades and subtypes of glioma is crucial for a better understanding of the role

of the microenvironment in disease etiology.
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INTRODUCTION

Gliomas are a heterogeneous group of primary neuroectodermal tumors,
originating from glial cells - such as astrocytes and oligodendrocytes, or their
progenitors. The current classification of the World Health Organization (WHO)
associates clinical and histological information with mutational data, classifying diffuse
astrocytomas, oligodendrogliomas and glioblastomas (Louis et al., 2016; Parsons et al.,
2008). Glioblastomas are extremely aggressive, highly malignant, and the most frequent
of gliomas. Their main features include high mitotic and vascular proliferation rates,
necrosis and resistance to both chemotherapy and radiotherapy treatments (Cloughesy
et al,, 2014). Advances in integrated large scale strategies, as exome and transcriptome
approaches, allowed the identification of genetic alterations singular to GBM’s genesis
and progression (Brennan et al., 2013a; Phillips et al, 2006; Stieber et al., 2014;
Verhaak et al,, 2010). These genetic studies have identified four molecular subtypes of
GBM: proneural, classical, neural and mesenchymal; this last subtype has the worst
prognosis.

Glioma tumorigenicity is not exclusively the result of its genetic alterations.
The crosstalk between tumor cells and their surrounding microenvironment plays a
crucial role in modulating glioma growth and aggressiveness. This microenvironment
includes cancer stem cells, endothelial cells, pericytes and normal CNS cells, such as
glial cells, neurons and microglia (Charles et al., 2011). The most abundant, non-
neoplastic cells in this microenvironment belong to the myeloid lineage, comprising of
resident microglia, and infiltrating tumor-associated monocytes/macrophages (further
called iTAMs) originating in the bone marrow (Hambardzumyan et al., 2015). There are
conflicting studies regarding the role of such cells in tumor progression. While some
claim better outcomes for patients with high levels of immune cells, either infiltrates or
CNS resident cells, many others have assessed the same phenomena and related it to
poorer prognosis (reviewed by Fridman et al (Fridman et al., 2012)). Such divergence
in results seems to originate from the different functional and activation states innate
immune cells can adopt within a tumor and at different time points. Historically,
microglia and iTAM activation has been classified as classic (M1) and alternative (M2)
(Galdiero et al,, 2013; Hao et al., 2012; Mantovani et al., 2002). However, considering
their ability to respond readily to stimuli, changes the microenvironment can lead both

to anti or pro-tumoral responses.
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In this study, we aim to characterize the gene expression profile of microglia
isolated from human gliomas (glioblastoma and lower grade gliomas) and to compare it
to a normal microglia set from post-mortem cortical tissue. We observed that changes in
microglial cells exceed the M1/M2 polarization, and display gene expression alterations
in signaling pathways of proliferation, migration and invasiveness. We also analyzed
the expression of the selected targets in the tumor-microglia transcriptome in a RNA-
Seq database of TCGA cohort of GBM cases with molecular stratification, and
demonstrated that these overexpressed tumor-microglia targets associated to the most
invasive mesenchymal subtype with the worst prognosis. Taken together, our data
provides a set of targets involved in the crosstalk between the tumor cell and
microenvironment cell that might determine tumor aggressiveness, and potential

drugable targets.
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METHODOLOGY

Human Brain Tissue and Ethical Statement

Six glioma samples were obtained during therapeutic surgery of patients
treated by the Neurosurgery Group of the Department of Neurology at Hospital das
Clinicas at the School of Medicine of the University of Sdo Paulo, in the period of 2000 to
2015. Diagnosis were confirmed by neuropathologists from the Division of Pathological
Anatomy of the same institution, according to the WHO grading system. Patient
information and clinical findings are presented in Supplemental Table 1. Samples were
macrodissected and immediately snap-frozen in liquid nitrogen upon surgical removal.
A 4pm-thick cryosection of each sample was analyzed under a light microscope after
hematoxylin-eosin staining for assessment of necrotic, cellular debris and non-
neoplastic areas, followed by removal from the frozen block by macrodissection prior
to RNA extractions. Written informed consent was obtained from all patients according
to the ethical guidelines approved by the Department of Neurology, School of Medicine,
University of Sdo Paulo (0599/10).

Human brain tissue was collected from the right parietal cortex during the
course of full body autopsy. This cohort is part of our previous study The human
microglia transcriptome and age-associated changes in actin dynamics and cell function
(Galatro et al, submitted. Refer to Chapter 6).

Microglia isolation from glioma surgical resected tissue and post mortem
parietal cortex

Pure human microglia population was isolated from glioma surgical resection
(n=6, of which: 3 GBMs, 1 AGII, 1 AGIII and 1 ODII; herein called lower-grades gliomas,
LGG), according to our recently published protocol (Galatro et al., 2017). Briefly,
samples were collected either during the course of brain surgery or full body autopsy
(right parietal cortex) and collected in ice-cold HBBS (Lonza, Switzerland)
supplemented with 15 mM HEPES (Lonza) and 0.6% glucose (Sigma-Aldrich, USA). The
brain tissue was dissociated in a glass tissue homogenizer and filtered using a 300 pm
sieve, followed by a 106 pm sieve to obtain a single cell suspension. Cells were pelleted
by centrifugation at 220 rcf for 10 min. (acc: 9, brake: 9, 4°C). The pellet was
resuspended in 22% Percoll (GE Healthcare, UK), 40 mM NaCl and 77% myelin gradient
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buffer (5.6 mM NaH;P04-H;0, 20 mM Na;HPO4-2H;0, 140 mM NaCl, 5.4 mM KCI, 11 mM
Glucose, pH 7.4). A layer of PBS was added on top, and this gradient was centrifuged at
950 rcf for 20 min. (acc: 4, brake: 0, 4°C). The myelin layer and the remaining
supernatant were carefully removed and the pellet resuspended in a solution of 60%
Percoll, which was overlaid with 30% Percoll and PBS respectively, and centrifuged at
800 rcf for 25 min (acc: 4, brake: 0, 4°C). The cell layer at the 60-30% Percoll interface
was collected with a pre-wetted Pasteur pipette, washed and centrifuged at 600 rcf for
10 min (acc:9, brake: 9, 4°C). The final pellet was resuspended in HBBS without phenol
red (Lonza) supplemented with 15 mM HEPES (Lonza) and 0.6% glucose (Sigma-
Aldrich). Fc receptors were blocked with human Fc receptor binding inhibitor
(eBioscience, Affymetrix, USA) for 10 min on ice. For sorting, cells were incubated for
20 min on ice with anti-human CD11b-PE (Biolegend, USA) and anti-human CD45-FITC
(Biolegend) and subsequently washed with HBBS without phenol red. The cells were
passed through a 35-pm nylon mesh and collected in round bottom tubes (Corning,
USA) and sorted using a BD Biosciences FACSAria II cell sorter. Cells were sorted based
on CD11bhigh/CD45nt expression and negative staining for DAPI and collected in
RNAlater (Qiagen). Cells with the profile of myeloid infiltrates were collected
separately. Sorted cells were centrifuged 5,000 rcf for 10 min and pellets were lysed in
RLT-Plus buffer (Qiagen) for RNA extraction.

RNA extraction and RNA sequencing (RNA-seq)

Total RNA was extracted from flow cytometry-sorted cells using an RNeasy
and AllPrep Micro Kit (Qiagen, Germany), according to the manufacturer's protocol.
RNA quality was checked with RNA Screen Tape (Agilent technologies, USA). RNA-Seq
were performed at the next generation sequencing facility core (SELA -
Sequenciamento em Larga Escala) at the University of Sdo Paulo. SMARTer Stranded
Total RNA-Seq Kit - Pico Input (Takara Bio, JP) cDNA libraries were prepared starting
from 500 pg of total RNA. RNAs were fragmented by heat in the presence of divalent
cations. The transcript for the first strand cDNA was prepared with reverse
transcriptase and random primers. The second strand cDNA was synthetized by
reverse transcriptase. Adaptors and index of unique sequence were added to cDNA
fragments by PCR. rRNA fragments were captured and degraded with RiboGone probes

and enzyme and the remaining library fragments were enriched by PCR. Final libraries
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were quantified by qPCR (Kappa Library Quantification Kit, Illumina, Kappa
Biosystems, USA), and the median size of the libraries determined by TapeStation 2200
(Agilent Technologies, USA), using the High Sensitivity D1000 ScreenTape assay.
Sequencing was performed as a 2x126 paired-end, dual index run, on a HiSeq 2500
(illumina, USA) with V4 reagents.

RNA-Seq data analysis

RNA-Seq data analysis of six tumor microglia samples was done using the
hereinafter described pipeline, developed in the SELA facility. Metrics for FASTQ files
were done using the FastQC program. All samples presented sufficient quality, with
>95% of reads presenting quality above Q30. Despite sufficient quality with .FASTQ
files, we decided to remove possible traces of adapter sequences. We also removed low
quality bases from extremities and excessive short reads. These procedures were
executed using the software bbduk (BBMap - Bushnell B. -
www.ourceforge.net/projects/bbmap/). FASTQ files post-processing were aligned to

hg38 version of human genome, acquired from the website www.ensembl.org. Reads

were aligned to the reference-genome using the STAR aligner (Dobin et al., 2013)
software. The resulting .BAM files (reads aligned to genomic coordinates) were
submitted to metric analysis through RNA-SEQC software(DeLuca et al., 2012).

All the following steps were done using R program, with the exception of the
generation of the raw counts spreadsheet. The .BAM files, aligned to the genomic
coordinates, were quantified by the RSEM software (Li and Dewey, 2011).
Quantification was done considering gene’s full extension. Genes that were not
expressed in at least 20% of samples were removed from the matrix. After this step,
22070 genes were considered as expressed.

Data normalization was done using the limma-voom pipeline, obtained
through the R-Bioconductor package (Ritchie et al,, 2015). Annotation of each gene was
done using the biomaRt (R-Bioconductor) software. Class comparison consisted of:
tumor microglia versus autopsy microglia. The Benjamini-Hochberg procedure was
used for false-positive controls. Using this pipeline, we identified 10462 differentially
expressed genes.

For gene set enrichment and pathway analysis, we used the ROAST (Wu et al,,
2010) tool from the limma package. Unsupervised analysis consisted of the

Independent Component Analysis (ICA) and the co-regulatory network analysis

155


http://www.ourceforge.net/projects/bbmap/
http://www.ensembl.org/

CoRegNet (Nicolle et al,, 2015). ICA was used to determine the differentially expressed
genes according to the molecular signature found in samples. CoRegNet analysis
provided a set of genes representing the active transcriptional programs in our

analyzed cohort.
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RESULTS

Isolation of pure microglia population from human glioma samples

Human glioma samples were collected during the course brain surgery,
followed by tissue processing and acute isolation of viable microglia by FACS sorting.
The sorting strategy followed was previously described (Galatro et al, 2017), with
particular care to avoid contamination of the microglia population with other myeloid
infiltrates. Figure 1A depicts the isolation workflow and in Figure 1B the expressions of
known microglia genes versus genes specific for other CNS cells are depicted, in order to
assess purity. For one GBM sample, it was possible to collect samples in the myeloid
infiltrates gates (further referred to as iTAM). RNAs were extracted and their quality
analyzed. In total, 6 samples of microglia were obtained from glioma surgery (3 GBMs
and 3 LGG) and one of iTAMs. Paired-end Illumina high quality deep sequencing was
performed and the generated data was analyzed conjointly with n=10 samples of
microglia isolated from autopsy cortical brain tissue. These samples are part of our
work, The human microglia transcriptome and age-associated changes in actin dynamics
and cell function (Galatro et al, submitted. Refer to Chapter 6). RNA-Seq data was pre-

processed, quantified and differentially expressed genes were determined.
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Genes differentially expressed between tumor and normal microglia

Gene expression analysis revealed major differences between tumor and
normal cortical microglia. Principal component analysis (PCA) plots (Figure 2A)
showed that iTAMs differed from both normal and tumor microglia samples; also,
normal microglia segregated from tumor microglia. Tumor microglia samples did not
segregate according to tumor subtype, possibly reflecting the intrinsic heterogeneity in
those samples. The pathways associated with genes expressed in tumor (GBM and LGG)
microglia were determined with GSEA enrichment analysis. GBM microglia gene
expression profile (Figure 2B) was enriched for general processes, such as proliferation
related pathways (“cell proliferation” and “cytoskeleton organization and biogenesis”);
and motility related pathways (“extracellular matrix”, “cell migration” and “locomotory
behavior”), but also for CNS specific pathways, like “synaptic transmission”, “brain
development” and “CNS development”. The oncogenic-related pathways were
represented by “angiogenesis”, “epithelial to mesenchymal transition”, “hypoxia” and
“myc targets”. In LGG microglia, inflammatory-specific pathway “TNF signaling via
NFKB”, “chromatin remodeling process” and transcription related “transcription factor
binding” and “regulation of transcription DNA dependent” (Figure 2C) were
significantly enriched. The most notable pathways when we compared the profile of
GBM and LGG microglia were “response to hypoxia”, “extracellular matrix”, “basement
membrane” and “positive regulation of response to stimulus” (Figure 2C). These results

point to a possible involvement of microglia in glioma progression.
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Figure 2: PCA analysis and biological pathways in glioma microglia. A) Principal
component analysis of RNA-Seq showed that normal microglia were highly similar
while tumor microglia segregated differentially and furtherly. iTAMs were the most
different sample. GO analysis for GBM (B), LGG (C) and the comparison between GBM
versus LGG (D) microglia showed biological pathways related to proliferation,
migration, and cell cycle control.

GBM and LGG microglia signature

We next established a representative gene set for both GBM and LGG microglia.
The differentially expressed genes between both tumors types and normal microglia
were filtered with the following criteria: logFC > 3 (for upregulated genes), logFC < -3
(for downregulated genes) and p < 0.001. With these stringent criteria, the GBM
microglia signature consisted of 332 genes, while the LGG microglia signature consisted
of 90 genes (Figure 3). 213 genes were upregulated in GBM microglia in comparison to
LGG microglia. In our previous work, we determined a core signature for human
microglia gene expression from cortical autopsy samples using stringent variables. We
compared the overlap between the core signatures of normal, GBM and LGG microglia

and, surprisingly, detected no overlap.
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UP 332 genes
GBM pglia versus Normal pglia

DOWN 84 genes

UP 90 genes
LGG pglia versus Normal pglia

DOWN 24 genes

UP 213 genes

GBM puglia versus LGG pglia
DOWN 36 genes

Figure 3: Core genes in glioma microglia. Differentially expressed genes from the
comparison between both tumors types to normal microglia were filtered with the
following criteria: logFC > 3 (for upregulation), logFC < -3 (for downregulation) and p <
0.001 for both cases. The GBM microglia signature contained 332 genes, the LGG
microglia signature consisted of 90 genes

Most genes in the LGG microglia core were also present in GBM microglia
signature, even at higher levels. We highlight FCMR, IERZ, and the AP-1 transcription
factor complex members FOS and JUND as genes exclusive for the LGG microglia
signature. GBM microglia core genes comprised inflammation-related gene families,
such as chemokines (CCL3, CCL4, CCL8, CXCL2, CXCL3, CXCL8, CXCL9, CCR7), interleukins
(IL15, IL2RA, IL7R), antigens (CD72, CD109 and CD209), and anti-inflammatory markers
(CD163 and ANXA1). Receptors of growth factors, like EGFR and PDGFRa,
developmental genes, like NES and POU3F2/3, extracellular matrix (ECM) genes - FN1,
TNC, THBS, BCAN, and members of the SRY (sex determining region Y) family of genes -
S0X1, S0X2,50X11, SOX21 were also present in GBM microglia core.

We were also able to collect one sample of iTAMs from a GBM case. Despite
being statistically underpowered, iTAMs was more similar to GBM/LGG microglia than
control microglia. However, major differences between iTAMs and GBM microglia
signature were also identified as differentially expressed surface receptors like ROBO1
and PDGFRA in GBM microglia, MARCO and MET in iTAMs.

We next aimed to evaluate the expressions of the human normal microglia core
genes in tumor microglia. Figure 4 depicts the expressions 30 genes from the core of

normal human microglia in the tumor microglia cohort. The majority of the analyzed
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genes was differentially expressed between the LGG and GBM microglia demonstrating

changes in the expression profile of the microglia in the tumor environment.
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Figure 4: Expression of human normal microglia core genes in glioma microglia. Genes
from the normal microglia core presented differentially expressed in tumor microglia,
and also when compared LGG to GBM microglia, demonstrating significant changes of
the normal microglia core gene expression profile in the tumor environment.

Independent Component Analysis and pathways in tumor microglia

In order to determine the set of genes presenting significant expression
alterations between the two groups, normal and tumor microglia, studied, we applied
Independent Component Analysis (ICA) to the RNA-Seq data distributed in 6
components. We then selected the best component that segregated normal from tumor
microglia, and the LGG from GBM microglia. Components 1 showed the best separation
between normal and tumor microglia, and component 6 for LGG and GBM microglia.
(Figure 5).
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Figure 5: Hierarchically clustered Z-score expression heatmap of the differentially
expressed genes of Components 1 and 6 from the Independent Component Analysis

(IcA).

In component 1, the upregulated genes in tumor microglia relative to normal
microglia included: chemokines CXCL2/8, CCL3/4/5 and receptor CCR7; genes related to
mitotic stimuli responses ASPM and EGR1-4; to development SOX2/10 and KLF2/4/10;
metalloproteinase MMP19 (Figure 6). GSEA analysis of the set of upregulated genes in
the component 1 revealed signaling pathways related to proliferation (“regulation of
cell proliferation”, “regulation of cell cycle), and to motility (“regulation of granulocyte
chemotaxis”, “positive regulation of leukocyte chemotaxis”). Additionally, were also
observed pathways associated to “response to hormone” and “regulation of apoptotic

process”. Downregulated genes in this component 1 included LTB, PPP1RC3 and CA13.
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Figure 6: Upregulated genes in tumor microglia in the Component 1 which segregated
normal from glioma microglia are presented, including chemokines CXCL2/8 and
CCL3/4/5; mitotic stimuli responses related genes ASPM, EGR1-4 and CDKI;
development related genes SOX2/10 and KLF2/4/10; metalloproteinase MMP19; and
LMNA. Despite separating tumor from normal microglia, no significant difference of
their expressions were detected between GBM and LGG microglia.

Component 6 of the ICA analysis separated GBM from LGG microglia. The
analysis of this component has also shown a very similar expression profile between
iTAMs and GBM microglia. The downregulated genes in GBM microglia compared to
LGG microglia in this component 6 fitted to any particular pathway, however, we
highlighted the significant differential expression of HISTZH2AA3, CXCL12, P2RY14,
TAL1 and FOXP2 between these two groups, LGG and GBM microglia. On the other hand,
the upregulated genes associated to pathways related to proliferation (such as
“regulation of transcription involved in G1/S transition of mitotic cell cycle”, “mitotic
spindle assembly” and “microtubule cytoskeleton organization involved in mitosis”),
and, also related to extracellular matrix organization and leukocyte migration. Among
those upregulated genes in GBM microglia compared to LGG microglia NES, MELK
(development), FOXM1 (cell cycle), CXCL3 (chemoattractant chemokines), ILZRA, IL7R
(interleukin receptors), FN1, THBS1, TNC and VCAN (ECM), ITGA4 (integrin) presented
interesting increment of their expression in parallel to the progression of malignancy
(Figure 7).
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Figure 7: Upregulated genes of Component 6 associated to pathways related to
proliferation, extracellular matrix organization and leukocyte migration. NES, MELK
(development related genes), FOXM1(cell cycle control), CXCL3 (chemoattractant
chemokine), ILZRA (interleukin receptors), FN1, THBS1, TNC, VCAN (ECM) and ITGA4
(integrin) present increase in their expressions according to the increment of
malignancy.
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Figure 8 shows the functional protein association network resulting from
upregulated genes in the Component 6 analysis, when compared LGG to GBM microglia

transcriptome.
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Figure 8: A predicted protein-protein interaction network of the upregulated genes of
Components 6 analysis, comparing LGG to GBM microglia expression profile.

Transcription network in tumor microglia

CoRegNet analysis provided a set of genes representing the co-operative
regulators and the active transcriptional programs in our analyzed cohort. Figure 9
displays the results from this analysis. It is interesting to notice that TALI1, ID1 and ID3,
three coding genes for bHLH proteins, MEIS1 and ZNF556 presented low regulation
activity in tumor-microglia compared to normal microglia. Active transcription factors
add up to 43, including the previously mentioned EGR1-3 and KLF2/4/6/10, histone
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acetylating CREBBP, along with FOS family (FOS, FOSB, FOSL1, FOSL2), VDR, RUNX3,
BCL6, NFKBIA, MAFF and MITF. The heat map on Figure 9 displays how these
transcription factors were distributed in our cohort.

A Color Key

® normal
@ tumor

Figure 9: CoRegNet analysis. Using BioConductor package CoRegNet, transcriptional
regulators of human glioma microglia were identified. A) A heat map displaying the
expression of these transcription factors in our cohort. B) The predicted glioma
microglia transcriptional network. In red the active transcription regulators, and in
blue the transcription factor with low activity.
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TCGA validation

A set of differentially expressed genes were detected within GBM microglia
samples. This led us to question whether these were related to the previously described
GBM subtypes (Brennan et al., 2013b; Cloughesy et al., 2014; Phillips et al., 2006;
Verhaak et al,, 2010). The genetic alterations within these tumors might influence the
surrounding microenvironment and influence the microglia transcriptome. We
previously assessed the genetic alterations of the corresponding bulk tumors of our
GBM microglia cases (refer to Chapter 3). In the present tumor-microglia series, two
samples were classified as classical GBM and one as mesenchymal. Our cohort is
underpowered to make any inference if GBM subtypes somehow impact on microglia
and iTAMs gene expression. Hence, we proceeded to investigate how this set of genes
was expressed in a TCGA cohort of GBM samples stratified by molecular alteration.

A TCGA-GBM analyzed cohort contained samples from whole-tissue RNA-Seq.
Our inquiry was to which GBM subtype (mesenchymal, classical, neural or proneural)
was enriched for microglia. For that, we evaluated a gene set of membrane associated
proteins from the normal microglia core signature previously mentioned (refer to
Chapter 6). Members of the FC-gamma receptor family, integrins and purinergic
receptors were selected (Figure 10). We observed a clear upregulation of these
markers in the mesenchymal subtype of GBM. This observation agrees with current
data reporting mesenchymal GBM enriched for myeloid activation/inflammation
markers (Engler et al.,, 2012; Rutledge et al., 2013; de Vrij et al., 2015; Zanotto-Filho et
al, 2016). Interestingly, the most notable genes with lower expression in the
Mesenchymal subtype were known microglial markers PZRY12, CX3CR1 and AIF1.
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subtype. Members of the FC-gamma receptor family, integrins, complement and

Figure 10

purinergic receptors were selected for this analysis. Noteworthy exceptions include

P2RY12 and CX3CR1. MES, mesenchymal; CLA, classical; NEU, neural, PRO, proneural

(+) IDHI mutated and (-) IDH1 wild-type.
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Genes that were upregulated in tumor-microglia from the above analysis did
not present any specific pattern and their expressions varied among GBM subtypes
(Supplemental Figure 1). However, we noticed that genes encoding ECM proteins from
Component 6 analysis, with the exception of VCAN, were significantly higher expressed
in the mesenchymal GBM subtype (Figure 11). This data indicates that the increased

expression of these genes in GBM might be related to a microglial source.
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Figure 11: ECM proteins coding genes are upregulated in the Mesenchymal GBM
subtype. Despite not present any specific pattern and their hyper-expression varying
among GBM subtypes, we observed higher levels of ECM proteins coding genes from
component 6 in mesenchymal GBMs. MES, mesenchymal; CLA, classical; NEU, neural,
PRO, proneural (+) IDH1 mutated and (-) IDH1 wild-type.
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DISCUSSION

In this study, we report differential gene expression profile between glioma-
derived and normal microglia, as well as the differences found between microglia
derived from lower grade gliomas and from glioblastomas. Most studies regarding
human microglia lack an appropriate control population for comparison, relying on
samples from epilepsy surgeries, which display inflammatory alterations intrinsic to
the disease (Devinsky et al,, 2013; Eyo et al., 2016). Our control population consists of
microglia isolated from cortical post-mortem tissue, whose transcriptome has been
extensively analyzed (refer to Chapter 6). Our tumor microglia analysis was based on
the comparison to a set of normal microglia samples from this study, allowing for a
comparison between tumor and normal microglia, and between LGG and GBM
microglia.

Isolation of pure human microglia in the presence of myeloid infiltrates is
difficult. Several protocols have been published, by our group and others (Olah et al,,
2012; Rustenhoven et al, 2016), aiming to diminish contamination with other
leucocytes or brain cells. Our latest protocol (Galatro et al,, 2017) (refer to Chapter 5)
focuses on high purity population (above 98% of microglial purity) and employs a
sorting strategy that clearly separates microglia cells from myeloid infiltrates. Further
transcriptome analysis corroborates this claim, as markers for neurons, astrocytes,
oligodendrocytes and immune infiltrate were low or not present at all in our data
(Figure 1).

Human tumor microglia display changes that go beyond an inflammatory
phenotype

Comparison of tumor versus normal microglia indicated that tumor microglia
samples are not as homogenous as normal microglia. Heterogeneity in gliomas, under
histological and molecular parameters, is a known fact (reviewed by (Filbin and Suva,
2016)). If and how these intrinsic differences affect the microenvironment and as a
consequence influence microglia gene expression is unclear. It is clear, however, that
both tumor grade (LGG and GBM) and molecular subtype (in the case of GBM subtypes)
have major influences on the myeloid cells in the microenvironment.

While assessing which biological pathways were associated with the

differentially expressed genes in tumor versus normal microglia, we observed that,
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while inflammation related pathways were altered, the most prominent changes were
related to other pathways. Proliferation, cell cycle control and motility (the last one
includes extracellular matrix-related changes) were most affected in tumor-microglia.
It also seems that, even if markers previously identified in non-neoplastic microglia are
still expressed, tumor-microglia undergo such drastic changes upon glioma stimuli, that
a different set of markers were hyperexpressed in tumor-microglia.

Despite the high levels of anti-inflammatory markers, such as CD163, CD209
and ANXA1, the set of chemokines and other secreted factors differentially expressed
that characterize a polarized M1 or M2 phenotype was difficult to recognize in tumor
microglia. A recent report where the transcriptome of a mixed population of microglia
and iTAMs from human GBMs was analyzed (Szulzewsky et al., 2016) also showed a
lack of an inflammatory profile for those cells. In that study, one possible explanation
raised was the fact that normal and tumor samples were not age-matched, as is the case
with our study. An intrinsic inflammation in normal (older) microglia samples would be
the cause for such result. As we demonstrated in Chapter 6, aging in human microglia
does not present an inflammatory profile, but is related to changes in actin dynamics. In
our tumor microglia analysis, we observed a plethora of genes, involved in unexpected

biological pathways, discussed below.

Transcriptome signature for glioma microglia

With stringent criteria, we could determine core genes for both GBM and LGG
microglia, and through ICA analysis, we were able to further identify differentially
expressed genes and to associate them to specific biological functions. Interestingly, we
identified a set of genes by both analysis: class comparison and independent
component analyses. A considerable number of genes selected as differentially
expressed in LGG microglia compared to normal microglia were also present in GBM
microglia, although at higher levels, suggesting the participation of these genes in the
malignant progression of the tumor. This finding corroborate a previous observation
(Hambardzumyan et al., 2016), that microglia play a crucial role in the progression of

gliomas.

Transcriptional regulators
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EGR1-4 genes were differentially expressed in both LGG and GBM microglia
and the lower expression in normal microglia suggest that they might also be important
for the shift from normal to tumor microglia. EGRs are zinc finger-containing
transcription factors first discovered in the search for genes whose expression was
induced by growth factors; they have been associated to both lymphoid and myeloid
hematopoiesis (Gashler and Sukhatme, 1995; Gomez-Martin et al., 2010). Further
studies postulated EGR1 as central for the regulation of mitotic processes, ensuring that
weak signals did not trigger cell proliferation (Zwang et al., 2011). EGR1 also mediates
responses to ischemia in mononuclear phagocytes (Bosco et al, 2008), has been
recently associated with tumor-specific education of microglial cells in mice (Bowman
et al,, 2016), and induces the expression of IL6, promoting protective effects in the CNS
upon stimuli with anti-inflammatory molecules (Casella et al., 2016) . Along with EGR1,
EGR2 promotes differentiation of monocytes into macrophage (Laslo et al., 2006) and is
essential for CSFR1 expression in the course of macrophage differentiation from
myeloid progenitors by forming an active enhancer complex with PU.1 and
RUNX1(Krysinska et al., 2007). Their roles myeloid specific and in proliferation/cell
cycle control as tracked by ICA components 1 and 6 analyses highlight EGRs as
regulators for the microglia response to glioma stimuli.

Kriippel-like transcription factors (KLFs) have been previously associated with
monocyte/macrophage differentiation or activation (Cao et al,, 2010). KLF4, a major
downstream target of IRF8 and PU.1, is critical for development of the monocyte
lineage (Terry and Miller, 2014), but not for microglia development (Kierdorf et al,,
2013). In addition, KLF4 has been associated with IL1[3 expression and the regulation of
neuro-inflammation and immunomodulatory activities in murine microglia cell line
(Kaushik et al,, 2010, 2013). KLF6 has been associated to macrophage polarization
towards a pro-inflammatory phenotype (Bi et al., 2016; Date et al., 2014), while KLF2
and KLF10 were proposed as promoters of a supportive and anti-inflammatory
phenotype (Das et al., 2012; Mahabeleshwar et al.,, 2011; Papadakis et al., 2015). In our
evaluation, KLF2/6 levels were upregulated in LGG microglia, and their expression
levels were also high in GBM microglia. Interestingly, KLF4/10 expression levels
increased with tumor grade.

Activator-protein 1 (AP-1 complex), encoded by genes from both the FOS and
JUN families, is also related to the activation of pro-inflammatory responses (Waetzig et

al,, 2005). In our cohort, their members showed a similar pattern to KLFs.
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Although a specific inflammatory phenotype was lacking in the tumor-
microglia expression profile in the present study, a disbalance in the regulatory
network of the inflammatory response of microglia along glioma progression was
detected. A single cell approach may clarify the major players of the tumor-microglia
during the progression from LGG to GBM.

Among the lower active transcription factors in tumor-microglia, we
highlighted genes coding for basic helix-loop-helix proteins (bHLH), TAL1 and ID1/3.
TAL1 is one of the transcriptional regulators in adult microglia, possibly forming a
complex with RUNX1 and LYL1 (Wilson et al, 2009, 2010), and activating the
transcription of many microglia specific genes. The loss of the “normal” microglia
identity in gliomas might be explained by the downregulation of a factor such as TALI.
ID proteins are dominant negative transcription factors, a highly evolutionarily
conserved group of proteins that play crucial roles in cellular process ranging from cell
cycle control, differentiation and tumorigenesis (Benezra et al.,, 1990; Lasorella et al,,
2014). We have recently characterized ID proteins expression in human glioma whole
tissue (refer to Chapter 3), assessing their differential expression according to tissue of
origin (astro or oligocytic) and GBM subtype. It now becomes clear that the differences
found in IDs expression in our previous work are not related to the inflammatory

microenvironment in gliomas, and are mostly related to tumor cells.

Extracellular matrix modulation and invasiveness

Our analysis revealed that tumor-microglia express high levels of genes related
to extracellular matrix remodeling, such as fibronectin (FN1), tenascin-C (TNC) and
thrombospondin-1 (THBS1), along with invasiveness related ANXA2. FN1 is known to
be highly expressed in GBM, in comparison to non-invasive pilocytic astrocytoma (AGI).
Functional studies in GBM cell lines have correlated this overexpression to increased
tumor cell proliferation, invasion, resistance to ionizing irradiation and enhanced in
vivo angiogenic potential (Blandin et al.,, 2016; Colin et al., 2006; Serres et al., 2014).
Tenascin-C has been shown to limit the pro-inflammatory response, as well as to
increase the invasive phenotype of iTAMs and to control the “go or grow” switch in
glioma in vivo (Brellier and Chiquet-Ehrismann, 2011; Van Obberghen-Schilling et al,,
2011; Xia et al,, 2016). The role of THBS1 in gliomas is unclear, as it has been associated
to tumor suppression given its anti-angiogenic properties(Kazerounian et al.,, 2008),

but also to increased invasiveness at the border of gliomas (Gritsenko et al.,, 2012).
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Recent studies have demonstrated that ANXA2, a calcium-binding cytoskeletal protein
expressed on the surface of several cell types, stands out as an epigenetically controlled
master regulator of mesenchymal transformation in glioma (Kling et al, 2016),
associated with patient survival. Also, it has been shown that GBM cell migration and
invasion are sustained by ANXA2 (Maule et al., 2016). While these previous studies
focused on tumor cells, we detected microglia as a major source for these proteins.

Among GBM subtypes, the above mentioned targets related to ECM modulation
were highest in mesenchymal subtype, presenting the highest invasive rate and the
worst prognosis (Balbous et al., 2014; Carro et al., 2010).

The present findings shed new light on the changes human microglia undergo
upon glioma stimuli and open questions about the regulatory processes between tumor
and microglia compartments. Addressing these questions in additional studies may lead

to potential new strategies to control gliomagenesis and malignant progression.
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CHAPTER 8

Summary and General Discussion



This doctoral thesis presents the analysis and tools for genomic exploration in
glioma cell compartments, particularly tumor and immune cells. This section
summarizes the findings in each chapter and further discuss them, focusing on future

perspectives.

Summary

Malignant brain tumors are highly aggressive cancers. Their diffuse forms are
infiltrative neoplasms, invading the surrounding normal tissue and hampering surgical
resection. Among gliomas, glioblastomas (GBMs) are the most frequent and aggressive
subtype (Ostrom et al., 2015).

Studies on the heterogeneity - both intertumoral and intratumoral - of GBMs
showed that these brain tumors, although histologically similar, GBMs are a
heterogeneous diseases regarding both its cells and its genetic alterations (Dunn et al,,
2012; Filbin and Suva, 2016). This conclusion was only possible due to advances in
large-scale molecular analysis through next generation sequencing (NGS) over the last
decade. Molecular alterations predicting patients’ response to treatment, overall
survival and clinical outcome have been proposed and new GBM subtypes: proneural,
classical and mesenchymal were identified (Brennan et al.,, 2013; Cancer Genome Atlas
Research Network et al., 2015; Ceccarelli et al., 2016; Parsons et al., 2008; Phillips et al,,
2006; Stieber et al., 2014; Verhaak et al, 2010). In Chapter 2, we explored the
differential expression of genes associated with glioma stem cells (ID4, SOX4 and OCT-
4) and showed their association with a worsening on the overall survival of GBM
patients in the advent of conjoint hyper expression of these markers. In Chapter 3, we
applied NGS technology to classify a Brazilian cohort of GBM samples. We also aimed to
assess the correlation of our molecular findings using a more feasible proteomic
immunohistochemistry-based approach. Our results, however, indicate the need for a
genetic approach to further classify GBMs, particularly the mesenchymal subtype, as
the IHC approach failed to do so. In Chapter 4, we explored the role of a family of
transcription factors, inhibitors of differentiation (IDs) in gliomas from different origins
(astrocytic and oligodendrocytic) and grades (I-IV), as well as the different GBM
subtypes classified in Chapter 3. We showed an association between IDs and the
proneural subtype of GBM, as well as their usefulness in differentiating between
astrocytomas and oligodendrogliomas. The response to treatment between astro- and

oligodendrogliomas varies, with the latter proving to be more sensitive to the standard

186



of care and to present a better prognosis (recently reviewed by Otani et al., 2016),
highlighting the importance to differentiate both tumors. With the aim of analyzing the
different cell compartments of glioma, we investigated the immune myeloid cell
compartment, which comprises up to 30% of brain tumors (Roggendorf et al., 1996). In
Chapter 5, we describe a protocol for ex vivo isolation of pure populations of microglia
and myeloid infiltrates from the CNS, based on mechanical dissociation followed by
FACS-sorting. In Chapter 6, we describe the use of this methodology to isolate human
microglia from cortical post-mortem tissue. We then identified the human microglia
transcriptome and assessed how these cells are affected by aging. Aside from
stipulating a core of genes associated with human microglia identity, we demonstrated
that genes related to actin modulation are affected during aging, possibly hampering
cell motility. In Chapter 7, we reported the differences found in the transcriptome of
glioma and normal human microglia, as well as the differences between microglia
derived from lower grade gliomas and glioblastomas. We identified a transcriptional
network of regulators related to cell proliferation and motility processes, as well as
related to extracellular matrix, which genes presented overexpressed among the most
malignant subtype of GBM (mesenchymal subtype). Our findings propose a role for
microglia in GBM invasiveness and highlight their potential to be an optional

complementary treatment target as a step forward to a precision medicine.

General discussion and future perspectives

GBM sub classification and its applicability

Diffuse gliomas, which include astrocytomas, oligodendrogliomas and
glioblastomas, (Louis et al., 2016) are invasive CNS tumors. Complete surgical resection
of these tumors is hence very difficult to achieve. The presence of residual tumor cells
results in recurrence and malignant progression, albeit at different intervals. Some of
lower grade tumors will either recur or progress to a GBM within months, while others
will remain stable for years; the same is true for GBMs, with recurrence occurring at
different rates (Cancer Genome Atlas Research Network et al.,, 2015; Ceccarelli et al.,
2016; Foote et al,, 2015; Kamoun et al., 2016). The determinant factors for one behavior

or another are not yet completely understood. For GBMs, despite surgery, radiotherapy
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and temozolomide chemotherapy, patient median survival is of 14.6 months, where
only 10.7% of the patients is disease-free after two years (Stupp et al., 2005).

The advent of next generation sequencing and large-scale molecular analysis in
the last decade has revealed that molecular alterations predict patients’ response to
treatment, overall survival and clinical outcome. A new light was shed on the high level
of GBM heterogeneity and new subclassifications have emerged. For GBM, several
studies have singled out specific determinant mutations of the main, newly identified
subtypes: proneural, neural, classical and mesenchymal (Brennan et al, 2013;
Cloughesy et al., 2014; Parsons et al., 2008; Phillips et al., 2006; Stieber et al., 2014;
Verhaak et al,, 2010).

We have performed a somatic mutation analysis in a GBM cohort utilizing a
customized gene panel for next-generation sequencing (Chapter 3). This gene panel
included all coding regions of the target genes, as well as their splicing regions. The
analysis of our results made clear that the identification of GBM subtypes is not
possible by targeting point mutations alone, particularly in the case of the
mesenchymal subtype. The identification of mesenchymal subtype of GBM is important
because it demands an aggressive treatment to improve the poor prognosis (Phillips et
al,, 2006; Verhaak et al,, 2010). Although patients with classical and mesenchymal GBM
subtype display similar overall survival, the latter also present resistance to treatment.
By implementing the correct approaches to identify GBM subtypes, new discoveries
leading to better clinical approaches and precision medicine might be developed.

Studies on glioma progression could also benefit from GBM subclassification.
In Chapter 4, we analyzed a family of genes, inhibitors of differentiation (IDs),
associated to specific low-grade gliomas and to the proneural GBM subtype. As
prognostic markers, this family of genes could help guide treatment course in the long
run, as proneural GBMs were also shown to progress to a mesenchymal GBM profile
(Segerman et al, 2016). More recent studies have focused on the identification of
genetic profiles for low-grade gliomas (Cancer Genome Atlas Research Network et al.,
2015; Ceccarelli et al,, 2016), also concluding that genetic status was more reflective of
the disease subtypes than was histologic class. The genetic pathways leading to glioma
progression are progressively being unraveled, providing possible intervention targets.
Although still costly and sometimes laborious, genetic profiling has proven its value as

an overall survival predictor and to the understanding of glioma biology.
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Immune microenvironment in the treatment of gliomas

Innate immune cells, such as microglia are major components of the glioma
microenvironment. There are conflicting studies regarding the role of such cells in
tumor progression. While some claim better outcomes for patients with high levels of
immune cells, either by peripheral infiltration or from resident cells in the tissue, many
others have assessed the same phenomena to be related to a poorer prognosis
(reviewed by Fridman et al., 2012). Such divergence in results seems to arise from the
different functional and activation states that innate immune cells can adopt within the
same tumor at different time points. Considering their ability to respond readily to
stimuli, changes in microenvironment can lead to both anti- or pro-tumoral responses.
Immune evasion, one of the hallmarks of cancer (Hanahan, 2014), is characterized by
the ability tumor cells have to manipulate the immune system via secretion of cytokines
and growth factors. This process may promote tumor progression and escape from
destruction, and it is crucially dependent on the crosstalk between these two types of
cells. In the scope of glioma, in addition to target highly heterogeneous tumor cells, also
targeting non-neoplastic cells, particularly microglia and iTAMs, seems an attractive
gambit to overcome the mechanisms associated with recurrence and therapeutic
resistance. New insights on how the immune cells respond to tumor signals and which
molecules they release to support tumor growth and progression will prove valuable.

New perspectives for cancer treatment have risen with the onset of
immunotherapy-based treatments. For gliomas, however, there are several issues to be
resolved, the main of which is the blood-brain barrier (BBB) which prevents CNS entry
of certain macromolecules and hampers drug delivery (Preusser et al, 2015).
Nonetheless, there are immune checkpoints in the crosstalk between glioma cells and
leucocytes that can be approached. The first of which is the uptake of antigens released
by tumor cells by APCs (microglia and iTAMs), as well as the initial changes in
phenotype these cells undergo. The early interaction between APCs and tumor cells has
been particularly difficult to track in human gliomas so far. The process is followed by
migration of APCs to lymph nodes and presentation of antigens to T cells. When T cells
infiltrate the brain, their interaction with tumor cells and tumor supportive
microglia/iTAMs results in the release of immunosuppressive factors, leading to tumor
cell immune evasion instead of immune destruction.

The most successful immunotherapy drugs have targeted the mid to late

phases of immune checkpoints, namely the presentation of antigens to T cells and the
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interactions between activated T cells and tumor/myeloid cells. By further and
thoroughly exploring early immune checkpoints, such as the early interaction between

tumor cells and APCs, new potential complimentary targets may be revealed.

Paving the way for glioma-microenvironment interaction studies: human

microglia profile in homeostasis and glioma

The human CNS immune cells transcriptome is necessary to address their
functional changes upon stimuli from glioma cells. While there are several reports on
mouse microglia gene expression profiles, both under physiological and disease
conditions (recently reviewed by (Hambardzumyan et al., 2016; Prinz and Priller,
2017), reports on human microglia transcriptome data were still scarce due to several
reasons.

The first challenge was to achieve an isolation protocol preserving homeostatic
features of microglia and CNS infiltrative cells. In Chapter 5, we describe such protocol
with adapted improvements from previous publications (Becher and Antel, 1996;
Melief et al., 2012; Olah et al,, 2012). Subsequent flow cytometry and gene expression
analysis showed that isolated cells through our developed protocol retained their
steady state features.

The next challenge was related to what kind of brain sample to use as starting
point to profile microglia. Recent studies on human microglia have reported the
transcriptome findings in cells derived from either epilepsy or tumor surgery, and in a
restricted number of samples (Bennett et al,, 2016; Spaethling et al., 2017; Zhang et al,,
2016Db). In Chapter 6, we present the characterization of an extensive cohort of human
microglia derived from postmortem cortical brain tissue. We compared the human
microglia to a mouse microglia transcriptome profile generated in our groups and to
the previously reported human and mouse microglia datasets. The analysis of these
datasets using the same bioinformatics pipeline allowed to elucidate the
(dis)similarities between microglia profile between these species. Recent studies have
reexamined the validity of mouse models to study microglia in aging and
neurodegenerative conditions (Smith and Dragunow, 2014). As our cohort comprised
individuals with ages ranging from late thirties to over 100 years old, our dataset also
allowed to address what age-related changes occur in human microglia during aging

and to what degree they overlap with mouse microglia aging and priming signatures.
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We established a core human microglia gene signature and the functional
properties associated with these genes by gene ontology analysis. As expected, many
significantly enriched terms associated with the innate immune activity of microglia,
like ‘immune response’, ‘defense response’, cytokine production’” were present. The
profile was also enriched for ‘phagocytosis , ‘cell migration’, ‘cell motility’, confirming
that human microglia are the immunocompetent and phagocytic cells of the CNS that
express a wide range of immune receptors and ligands, equipped to respond to a wide
variety of pathogen- and damage-associated molecules. Interestingly, although human
microglia seem to possess a highly activated pathway for proliferation with genes
involved in cell cycle highly expressed, this pathway seems to be dependent on
extracellular signals. This data corroborates the recently reported findings regarding
the turnover rate of microglia in both mouse and humans (Askew et al.,, 2017), in which
the authors concluded that microglia cell levels are maintained throughout adult life in
a tightly regulated mechanism alternating between proliferation and apoptosis.

Microglia-specific transcriptional regulators were also identified in the human
microglia core genes. These include transcription factors required for microglia
ontogeny SPI-1 (or PU.1) and IRF8 (Kierdorf et al., 2013), along with CIITA, a positive
regulator of MHC-II gene transcription; TRIM22, a transcription activator induced by
interferon; MNDA, an interferon target gene; IRF5, a factor modulating inflammatory
responses; TAL1, a transcription factor associated with microglia aging (Wehrspaun et
al,, 2015); and IFI16, an interferon gamma inducible gene. A large number of members
of the core microglia signature were regulated by these transcription factors,
suggesting their critical role in human microglia identity.

An extensive overlap between the transcriptome of human and mouse
microglia was found, however, few genes were exclusively represented in human
microglia, without any mouse orthologues. Despite the absence of any specific
associated biological pathways, significant roles as host defense and modulation of
immune responses can be attributed to these human-exclusive genes. This might
indicate a possible evolutionary role for these genes in the immune development of the
brain.

Microglia are highly ramified and with motile processes that constantly survey
their immediate surroundings (Davalos et al., 2005; Nimmerjahn et al,, 2005). Gene
expression changes in these processes, like integrins and actin (de)polymerization and
remodeling were observed in the microglia profile when age was considered as a

variable. Purinergic receptors and their downstream signaling are implicated in
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chemotaxis and part of the microglia sensome (Ferrari et al, 2016; Hickman et al,,
2013). Movement of the fine microglial processes to sense the environment and initiate
chemotaxis is primarily governed through the activation of P2Y12 receptors. P2RY12, is
an established microglia marker (Butovsky et al., 2014; Hickman et al., 2013). This gene
was also downregulated with aging in our cohort, further highlighting the impairment
of microglia motility with aging.

Genes varying with age related to inflammation/priming as previously
reported in mouse aging models (Holtman et al, 2015; Raj et al,, 2015) were not
observed in the present study. Instead, important immune regulators participating in
cell adhesion were detected. In our analysis, human and mouse microglia transcriptome
similarities were mostly associated to a disequilibrium in cell adhesion and motility
related pathways.

Another noteworthy result from our analysis of human microglia was that
postmortem delay (PMD), ranging from 4-24h interval, had no effect on the
transcriptome, corroborating previous reports that PMD does not correlate with RNA
quality or integrity (Chevyreva et al, 2008; Durrenberger et al., 2010; Ervin et al,
2007). This confirmation is highly relevant allowing the use of this source of human
specimens for future studies.

In Chapter 7, we demonstrated the differences found between glioma and
normal microglia, as well as the comparison between microglia derived from lower
grade gliomas (LGG) and from glioblastomas (GBM). We compared our tumor microglia
to a set of normal microglia samples from the study in Chapter 6. The comparison to
post-mortem brain derived microglia permitted to avoid the already known bias of
comparisons to microglia derived from epilepsy cases.

Tumor microglia showed an expected heterogeneity in their gene expression,
just as heterogeneity is demonstrated in tumor tissue (Filbin and Suva, 2016). These
results led us to speculate that different activation signaling pathways occur within the
same tumor sample. Microglia are subject to a number of signals from different clones
of tumor cells, driving different responses along the progression of neoplasia,
increasing its tumorigenicity. One alternative to elucidate how human microglia
respond to stimuli from cells in each of glioma niches is to focus on single cell
sequencing analysis. Such studies have been conducted on glioma cells in recent works
(Meyer et al, 2015; Patel et al, 2014; Tirosh et al, 2016), revealing important

mechanisms of drug response, growth, and differentiation potential related to specific
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genetic alterations. Using the same approach to microglia would elucidate their
definitive role in tumorigenesis and progression.

The biological pathways associated with the differentially expressed genes in
tumor versus normal microglia were not restricted to inflammation related pathways,
neither to the M1/M2 paradigm (Glass and Synowitz, 2014). Prominent changes in
proliferation, cell cycle control and motility, including extracellular matrix related
pathways were also detected. It also seems that, even if markers previously identified
in non-neoplastic microglia are still expressed, tumor microglia undergo such drastic
changes upon glioma stimuli, that the “quiescence” markers are supplanted by others.

With stringent criteria, we determined the core genes for both GBM and LGG
microglia, and through independent component analysis, we were able to assess the
differentially expressed genes according to the molecular stratification of the analyzed
gliomas. A great portion of signature genes from LGG microglia were also present in
GBM microglia, but at higher levels. This increased expression might reflect the
progression in malignancy as previously described (Hambardzumyan et al, 2016),
reinforcing the hypothesis that microglia play a crucial role in the progression of
gliomas.

An explicitly inflammatory phenotype was not detected in tumor microglia.
Previous murine studies (a Dzaye et al., 2016; Sielska et al., 2013; Zhang et al., 2016a)
revealed that microglia display an inflammatory profile - either pro- or anti-
inflammatory - upon interaction with glioma cells, and speculation on how each of
these phenotypes promote or hamper tumor growth have been made. However, our
dataset depicted a balance in the expression of chemokines and secreted factors that
characterize both phenotypes, not permitting any determination of a specific
inflammatory profile for human microglia along glioma progression.

Our analysis revealed that tumor microglia express high levels of genes related
to extracellular matrix (ECM) remodeling, such as fibronectin (FN1), tenascin-C (TNC)
and thrombospondin-1 (THBS1), along with invasiveness-related genes as ANXAZ2. The
proteins encoded by these genes have been previously associated to glioma
tumorigenicity and invasiveness (Blandin et al., 2016; Colin et al.,, 2006; Kling et al,,
2016; Maule et al,, 2016; Serres et al., 2014; Van Obberghen-Schilling et al,, 2011; Xia et
al, 2016). However, these previous studies focused on tumor cells, while the present
analysis identified microglia as presenting high expression levels for these genes.

Among GBM subtypes, genes encoding ECM proteins were most abundant in

mesenchymal subtypes, associated to the highest invasive rate and the worst prognosis
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(Balbous et al., 2014; Carro et al.,, 2010). These genes highly expressed in microglia are
attractive targets for treatment options to prevent invasion of the surrounding CNS
parenchyma by tumor cells. Microglia are extremely mobile cells, needing to migrate to
exert their function, both in homeostatic and pathological conditions. It is interesting
then, that the main biological processes affected in microglia in both aging - a
physiological process — and by glioma were related to motility, migration and invasion.

Functional studies focusing on the early changes that human microglia
undergo upon interaction with glioma will further elucidate the results presented
herein. Recent reports have advanced in the culturing of human microglia, allowing for
newer approaches on the manipulation of these cells. It is now possible to derive
microglia-like cells from both iPS and embryonic stem cells, and culture them for longer
periods (Muffat et al,, 2016; Rustenhoven et al,, 2016), creating new opportunities for
assessing the crosstalk between tumor cells and microglia.

Final considerations

We explored the current genetic approaches for glioma studies, and
demonstrated the relevant role of molecular profiling. We had also expanded our study
to the innate immune compartment, first analyzing a pure population of non-neoplastic
cohort of microglia and further comparing them to glioma-derived cells. Our data sheds
new light on the transcriptome changes that human microglia undergoes upon both
aging and glioma stimuli towards tumor progression. These findings will guide the next
step studies to further deepen the knowledge on this domain.

Many aspects regarding the players in glioma progression remain to be
elucidated. We showed here that heterogeneity within the tumor is not restricted to
cancer cells, but also to microglia. Other cells from the tumor microenvironment, such
as endothelial cells, astrocytes and pericytes, could also present such intrinsic
populational differences. Single-cell sequencing analysis of diverse cell types could
further aid understanding how they affect / are affected by glioma cells. Recent report
on mass cytometry used for single cell analysis in solid tumors (including glioma)
demonstrated the possibility to isolate several populations from the same human
sample (Leelatian et al.,, 2017). Along with next generation sequencing analysis, these
would be elegant approaches to tumor heterogeneity.

A recent molecular study using a large cohort of human glioma samples

revealed discrete pathways in tumor progression to be associated with epigenetic
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mechanisms of control (Ceccarelli et al, 2016). Epigenetic changes, such as histone
modifications and chromatin-remodeling complexes, play a role in gene transcription
following stimuli, from either pathogens, injuries or tumor cells. This phenomenon
involves a series of proteins that “read”, “write” and “erase” epigenetic signals, either by
inherited characteristics or by stimuli response (Mehta and Jeffrey, 2015). These
changes have been included in glioma classification and are now considered crucial for
determining therapeutic strategies (recently reviewed by (Reifenberger et al.,, 2016). In
myeloid cells, these changes occur within hours and are tightly associated with the
microenvironment, as observed by studies using mouse microglia and tissue
macrophages (Gosselin et al, 2014; Lavin et al, 2014) and, more recently, human
macrophages differentiated from blood monocytes (Schmidt et al.,, 2016). Studies on
human microglia or iTAMs epigenetic changes upon stimuli are still lacking. Functional
co-culturing experiments with glioma and microglia cells would allow to assess these
early changes.

Another aspect to be assessed is whether microglia from different regions in
human brain display different transcriptional profiles. In mice, this has been previously
shown (Grabert et al., 2016), as well as for human total brain tissue (Hawrylycz et al,,
2012; Oldham et al.,, 2008). Considering different tumor can rise in different regions of
the brain, understanding what is the “quiescent” profile of the local immune cells would
help explore how these cells would respond to tumorigenesis.

The scientific field is experiencing an era in which the discoveries made today
can reach clinical application much faster than in previous times. Cancer biology
research has expanded its interest from just looking into tumor cells, but also focusing
on the microenvironment. The results of such approach will much benefit future and

innovative treatment options.
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Kwaadaardige hersentumoren zijn zeer agressief, ze dringen het omliggende
normale hersenweefsel binnen en zijn daardoor chirurgisch moeilijk te verwijderen.
Van de kwaadaardige hersentumoren is glioblastoma multiforme (GBM) de meest
voorkomende en het meest agressieve subtype (Ostrom et al., 2015).

Studies naar de diversiteit van GBM, - zowel binnen een tumor als tussen
verschillende tumoren- heeft aangetoond dat deze hersentumoren, terwijl ze
microscopisch erg op elkaar lijken, erg heterogeen zijn op moleculair niveau (Dunn et
al,, 2012; Filbin and Suva, 2016). Dit inzicht is gedurende het afgelopen decennium tot
stand gekomen door grootschalige moleculaire analyses van deze tumoren met behulp
van next generation sequencing (NGS). Deze moleculaire veranderingen hebben een
voorspellende waarde voor de werkzaamheid van bepaalde behandelingen, en de
overlevingskans en overlevingsduur van de patiént. Op grond van deze analyses zijn de
volgende GBM subtypes zijn vastgesteld: proneuraal, klassiek en mesenchymaal
(Brennan et al., 2013; Cancer Genome Atlas Research Network et al., 2015; Ceccarelli et
al., 2016; Parsons et al., 2008; Phillips et al., 2006; Stieber et al., 2014; Verhaak et al,,
2010).

In dit proefschrift hebben we NGS technologie toegepast om een Braziliaans
cohort van GBM tumoren te classificeren. Het doel was de moleculaire classificatie door
middel van gen sequensen te bevestigen met een eenvoudiger en handzamer methode,
namelijk door microscopische analyse van tumorweefsel, aangekleurd met specifieke
antilichamen. Onze data lieten echter zien, dat een moleculair genetische classificatie
momenteel noodzakelijk is, vooral voor het mesenchymale GBM subtype (Hoofdstuk 2).

Een familie van transcriptie factoren, inhibitors of differentiation (IDs), speelt
een rol in verschillende subtypen gliomen. Onderzoek is verricht naar IDs in
astrocytomen en oligodendrogliomas, van verschillende gradaties (I-1V). We lieten een
verband zien tussen IDs en het proneurale GBM subtype, en dat met IDs onderscheid
gemaakt kon worden tussen astrocytomen en oligodendrogliomas. Astrocytomen and
oligodendrogliomas reageren anders op behandelingen, waarbij oligodendrogliomas
gevoeliger zijn voor gebruikelijke therapieén en een betere prognose hebben (recent
beschreven in Otani et al., 2016), wat het belang onderschrijft van de mogelijkheid
onderscheid te kunnen maken tussen beide typen tumoren (Hoofdstuk 3).

Hersentumoren bestaan naast hersenweefsel ook uit witte bloedcellen, die

verantwoordelijk zijn voor soms wel 30% van de tumormassa (Roggendorf et al,
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1996). Deze cellen (myeloide infiltraten) lijken erg op microglia, cellen die al in de
hersenen aanwezig zijn. In dit proefschrift is een protocol beschreven om microglia en
geinfiltreerde myeloide cellen te isoleren en op te zuiveren tot pure cel populaties
(Hoofdstuk 4). Met behulp van deze methode is uit een groot cohort mensen, na
overlijden, de microglia geisoleerd. Van deze microglia is een gen expressie profiel
gegenereerd (Hoofdstuk 5). De expressie van microglia genen is in kaart gebracht door
middel van RNA sequencing. Humane microglia lijken erg op microglia van muizen,
maar hebben een zeer ander verouderingsprofiel. Menselijke microglia laten een
verandering zien in genen die betrokken zijn bij cel beweging. Mogelijk verminderd bij
menselijke microglia tijdens veroudering het vermogen te bewegen, naar bijvoorbeeld
gebieden met schade. In hersentumoren, worden behalve microglia ook witte
bloedcellen aangetroffen. Of en hoe deze cellen bijdragen aan de tumor is onduidelijk.
Met behulp van de in Hoofdstuk 4 beschreven methode zijn microglia en myeloide
infiltraten geisoleerd uit verschillende typen hersentumoren en hun gen expressie
profielen in kaart gebracht. De verschillen in genexpressie tussen gliomen humane
microglia zijn bepaald, evenals verschillen in gen expressie in microglia verkregen uit
laaggradige gliomen enerzijds en glioblastomen anderzijds. We hebben een netwerk
van transcriptie regulatoren geidentificeerd dat betrokken is bij cel proliferatie, cel
beweging, en bij extracellulaire matrix, in het meest kwaadaardige, mesenchymale,
GBM subtype. Onze bevindingen wijzen op een rol voor microglia in de invasieve
eigenschappen van GBM en belichten hun potentie als complementaire doelwitten in de
behandeling van GBM.

In dit proefschrift zijn de gangbare genetische methoden voor het bestuderen
van gliomen onderzocht, en de belangrijke rol van moleculair karakteriseren is
bevestigd. Daarnaast hebben we hebben onze studies uitgebreid naar microglia, door
eerst microglia uit menselijke hersenen zonder tumoren te bestuderen en later door
microglia te bestuderen die uit gliomen zijn verkregen. Onze data tonen aan dat gen
expressie profielen van humane microglia veranderen als gevolg van veroudering en in
hersentumoren.

Vele aspecten van de progressie van gliomen zijn nog onbekend. Wij hebben
hier aangetoond dat de heterogeniteit in deze tumoren niet beperkt is tot de tumor
cellen zelf maar dat ook andere cellen, zoals de microglia, in de tumor heterogeen zijn.
Het genereren van gen expressie profielen op individueel cel niveau zou leiden tot een

beter begrip hoe deze cellen beinvloedt zijn door de tumor cellen en hoe ze op hun
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beurt de tumor cellen beinvloeden. Recente proteomics (eiwit) data van individuele
cellen van solide tumoren, waaronder gliomen, toonden aan dat verschillende cel
populaties in een tumor aanwezig waren (Leelatian et al.,, 2017). Een combinatie van
next generation sequencing en proteomics zou een elegante en complementaire
strategie zijn om tumor heterogeniteit nader en preciezer in kaart te brengen.

In een recente moleculaire studie aan een groot cohort gliomen zijn specifieke
signaleringsroutes gevonden die aan epigenetische controle mechanismen gelinkt
lijken (Ceccarelli et al.,, 2016). Epigenetische veranderingen, zoals histon modificaties
en complexen die chromatine structuren moduleren, spelen een rol in gen expressie
regulatie. Bij dit mechanisme zijn eiwitten betrokken die epigenetische veranderingen
“lezen”, “schrijven” en “verwijderen” (Mehta and Jeffrey, 2015). Deze veranderingen
zijn relevant voor glioom classificatie en worden gezien als essentieel om
therapeutische strategieén te bepalen (Reifenberger et al, 2016). In myeloide cellen
zijn epigenetische veranderingen nauw gerelateerd met het micromilieu, zoals is
waargenomen bij microglia en andere weefselmacrofagen (Gosselin et al., 2014; Lavin
et al, 2014), en meer recent, bij humane macrofagen (Schmidt et al., 2016). Studies
naar epigenetische veranderingen in humane microglia of tumor-geassocieerde
macrofagen zijn nog niet uitgevoerd.

Een andere, nog niet geadresseerde vraag, is hoe verschillend microglia zijn in
verschillende menselijke hersengebieden. In de muis zijn regionale verschillen in
microglia vastgesteld (Grabert et al.,, 2016), en ook in de mens is hersenweefsel van
verschillende gebieden heterogeen (Hawrylycz et al., 2012; Oldham et al., 2008). Omdat
tumoren kunnen ontstaan in verschillende hersengebieden, zou een beter begrip van de
eigenschappen van microglia in verschillende hersengebieden kunnen bijdragen aan

inzicht in de wijze en mate waarin deze cellen bijdragen aan tumorvorming en groei.

Het wetenschappelijke veld is in een tijd aangekomen waarin bevindingen
sneller tot klinische toepassingen kunnen leiden. De focus in kankeronderzoek is nu
naast de tumorcellen zelf, ook gericht op de rol van het micromilieu. De resultaten van
deze aanpak zal ons fundamentele begrip van het ontstaan en groei van tumoren doen

toenemen met mogelijke nieuwe en innovatieve therapieén als gevolg.
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