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Abstract

Gliomas are central nervous system tumors with glial origin. A subset of aggressive, high-
grade gliomas, which includes glioblastoma (GBM) and several pediatric gliomas, is characterized
by immunosuppressive tumor microenvironments (TMEs). These immunosuppressive TMEs
were recently associated with increased tumorigenicity and reduced effectiveness of
immunotherapies. The molecular crosstalk between cancer and non-cancer cells (e.g., microglia,
astrocytes) establishes and sustains the immunosuppressive TME. However, the molecular
mechanisms underlying immunosuppression in different glioma subtypes are not well described,
mainly due to the lack of adequate experimental models to address them. Most glioma cell models
fail to include the different cell types of the TME.

This master thesis aim was to select 3D culture methodologies for co-culture of glioma cells
and microglia. First, different human microglia-like cell (MLC) sources were considered:
monocytes (MLC-Mo), human induced pluripotent stem cells (MLC-hiPSCs), and microglia cell
lines (HMC3 and C20). MLC-Mos and MLC-hiPSCs expressed key microglia genes AlF1,
P2RY12/3, and CD68, negligibly detected in C20 and HMC3. MLC-Mo also responded to pro-
and anti-inflammatory stimuli, upregulating the response genes CD86, IL1B and TGFB1 and was
therefore selected as microglia cell source. Secondly, 3D culture methodologies were
implemented for a GBM cell line - neurospheres and agitation-based spheroids. Preliminary
analysis suggested that neurospheres were enriched in CD133- and SOX2-positive cancer stem
cells and immunosuppressive markers were upregulated, compared to spheroids. Finally, we
performed a preliminary experiment of co-culture of MLC-Mos with neurospheres, observing high
cell viability, MLC-Mo adhesion to the neurospheres, as well as the expression of microglia genes.

This work established methodologies to be employed in the development of more complex 3D
models of glioma immunosuppressive TME, incorporating the brain resident cell types. In the long
term, we expect it to be useful to discover immunosuppressive mechanisms and development of

novel therapies for high grade gliomas.

Key words: gliomas, microglia, tumor microenvironment, immunosuppression; 3D cell models
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Resumo

Gliomas sdo tumores do sistema nervoso central que provém da glia. O subconjunto de
gliomas de alto grau (GAG), onde inclui glioblastoma e outros gliomas pediatricos, séo
caracterizados por um microambiente tumoral (MAT) imunossupressivo. Este MAT
imunossupressivo esta associado a uma maior tumorigenicidade e baixa eficacia
imunoterapéutica. A interacdo estabelecida entre células tumorais e ndo-neoplasicas (microglia,
astrocitos, etc.) promovem este MAT imunossupressivo. Porém, os mecanismos moleculares
responsaveis pela imunossupressdo em diferentes subtipos de gliomas nédo estdo bem descritos,
por falta de modelos experimentais adequados. A maior parte dos modelos celulares néo incluem

componentes celulares relevantes para a recapitulacdo MAT.

Este trabalho tem como objetivo selecionar varias metodologias de culturas 3D para a
implementacao de co-culturas entre células de glioma e microglia. Inicialmente, diferentes fontes
miméticas de microglia humana foram utilizadas: mondécitos (MLC-Mo), células estaminais
pluripotentes induzidas (MLC-hiPSCs), e linhas celulares de microglia. MLC-Mos e MLC-hiPSC
expressaram genes de microglia AIF1, P2RY12/3 e CD68 os quais estavam ausentes nas linhas
celulares. Adicionalmente, MLC-Mo responderam a estimulos pro- e anti-inflamatoérios,
aumentando de expressdo de CD86, IL1B e TGFB1. Como resultado, MLC-Mo foi a fonte de
microglia escolhida. De seguida foram implementadas metodologias de culturas 3D para uma
linha celular de glioblastoma — neurosferas e esferéides gerados por agitagdo. Os resultados
sugerem que as neurosferas sdo enriquecidas em células estaminais com CD133 e SOX2
comparativamente aos esferdides. Por ultimo, foi realizada uma co-cultura entre MLC-Mo e
neurosferas onde se observou uma alta viabilidade celular, ades&o de MLC-Mos nas neurosferas

e expressao de genes provenientes de microglia.

Neste trabalho implementaram-se metedologias que irdo ser empregues para O
desenvolvimento de um modelo 3D onde se recapitula o MAT de gliomas, incorporando células
residentes do cérbero. A longo prazo, espera-se que este modelo seja vantajoso na descoberta

de novos mecanismos imunosupressivos e no desenvolvimento de novas terapias para GAG.

Palavras-chaves: Glioma, microglia, microambiente tumoral, imunossupressdo, modelos

celulares 3D
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Chapter 1. Introduction

1.1. Gliomas
Brain tumors (BT) are malignant cells that arise in the central nervous system (CNS). CNS

neoplastic cells are cancer cells that develop directly in the brain parenchyma (primary BT) or
cancer cells that metastasize into the brain, deriving from peripheral tumors like skin, breast, or
lung cancer (secondary or metastatic BT) [1-4]. Common symptoms of BT include persistent
headaches, seizures, nausea, vomiting, neurocognitive symptoms, and personality changes [5].
BT are classified into two main groups: glial/glioneuronal tumors and non-glial tumors [1-4]. Non-
glial tumors are composed of neoplastic cells that do not have a glial or neuronal origin. They
include a diversity of tumors like meningioma, primary CNS lymphoma, medulloblastoma, and
craniopharyngioma[3]. Neuronal tumors are a group of CNS tumors derived from cells with
neuronal differentiation. These tumors may arise from neuronal origin or have mixed neuronal

and glial components that comprise the glioneuronal subset [6].

Glial tumors are called gliomas and include the astrocytomas - tumors derived from astrocytes,
the oligodendrogliomas - tumors derived from oligodendrocytes, the ependymomas - tumors
derived from ependymal cells, and the brain stem gliomas - derived from glial cells in the brain
stem [3]. Gliomas can be further classified based on the location of the tumor, characteristic
differentiation patterns, mitotic activity, necrosis, microvascular proliferation, and anaplasia.
Anaplasia is the cytologic term that describes features of cells that are considered characteristic
of malignant neoplasms such as: high nuclear to cytoplasmic ratios, hyperchromatic nuclei,
abnormal nuclear contours, nuclear pleiomorphism, and loss of normal polarity [7]. These
anaplasia characteristics are used by the world health organization (WHO) to classify the
malignancy grade of gliomas. The classification includes grades | to 1V, where IV has the highest

degree of malignancy and is identified as glioblastoma (GBM) [3,8].

1.1.1. Epidemiology
In 2020 an estimated 19.3 million individuals were diagnosed with cancer worldwide [5], and

every year, 100 000 individuals are diagnosed with gliomas (accounting for around 0.5% of all
cancer cases) [6]. Although this comprises a small number of individuals, substantial mortality
and morbidity are associated with this type of tumor. Additionally, a regional variation was
observed, the occurrence in Japan being less than half that in Northern Europe and the United
States. The underlying reasons for this are currently unknown [2]. Around 75-80% of the gliomas

are classified as glioblastomas, with overall survival of 14-17 months [9].

This work will focus on GBM, the most common type of glioma, and the one with the most well-
characterized immunosuppression mechanisms. It will also focus on diffuse midline glioma
(DMG), a rare and deadly pediatric brain tumor, whose immunosuppression mechanisms differ

from GBM, and is not so well described in the literature.

1.2. Glioblastoma
GBM is one of the most common, malignant, and aggressive forms of glioma. Patients

generally have a poor prognosis, with an overall 4-5% 5-year patient survival rate. During the last



20 years, no significant improvements in overall survival were observed [10]. Diagnosis and

molecular biology of GBM will be discussed in the following chapters.

1.2.1. Diagnosis
Magnetic resonance imaging (MRI) has been the standard tool for over 20 years in GBM

detection, location, and overall anatomical characterization. Despite its usefulness, MRI cannot

analyze the underlying cellular alterations [11,12].

Another technique used for GBM diagnosis is positron emission tomography (PET), which is
considered a minimally invasive tool, that can quantify cerebral blood flow, metabolism, and

receptor binding [11].

Overall, PET presents advantages over MRI, but cannot provide information about the tumor’s
histological features, which only a biopsy can reveal. Unfortunately, in some GBM cases, a biopsy
may not be possible because of the high risk associated with damaging the healthy surrounding
nervous tissue [12]. Because of this, it is imperative to establish and validate new non/minimally
invasive diagnostic tools which can give molecular insights important for the diagnosis and
treatment of GBM.

In recent years, microvesicles secreted by GBM cells have been explored as a potential
biomarker source, since they are detected in blood samples. Microvesicles are plasma
membrane-enclosed structures released by cells through membrane fission. Those microvesicles
carry a cargo composed of RNA, miRNA, proteins, and metabolites between cells [12].
Microvesicles are found in the peripheral blood, being easy to detect in plasma samples,
potentially giving tumor molecular insights while being less invasive and accessible compared to
a biopsy. Two examples of GBM-related molecules that are present in those microvesicles are
the mutated form of the epidermal growth factor receptor (EGFR), EGFRVIII, and the U6 small
non-coding nuclear RNA (RNU-6-1), both found to be related with a malignant GBM phenotype
[13,14].

1.2.2. GBM mutations
A large panel of mutations has been reported in GBM tumor cells, influencing cancer cell

behavior through the inhibition of apoptosis, uncontrolled proliferation, and survival [15-18].
Among the numerous mutations that alter the phenotype of glioblastoma cells, the most common
are in the genes coding for: epidermal growth factor receptor (EGFR), cellular tumor antigen p53
(p53), phosphatase and tensin homolog deleted on chromosome 10 (PTEN) and isocitrate
dehydrogenase (IDH) [2,3,8].

1.2.2.1. Epidermal growth factor receptor (EGFR)
EGFR belongs to a large family of erythroblastic leukemia viral oncogene homologue (ErbB)

receptors with tyrosine kinase activity. Upon the binding of its natural ligand, EGF, the receptor

dimerizes, auto-phosphorylates and activates downstream signaling cascades (Figure 1.1) [19].
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Figure 1.1 — The epidermal growth factor receptor (EGRF) pathway. EGFR is activated by epidermal growth
Factor (EGF), which leads to autophosphorylation (P) of the receptor and activation of several proteins. EGFR
signaling leads to inhibition of apoptosis by B-cell lymphoma-extralarge (Bcl-xL), increased proliferation by
activation of protein kinase B (AKT) and inhibition of cyclin-dependent kinase inhibitor 1B (p27) nuclear
translocation, and increased invasion by nuclear translocation of extracellular signal-regulated kinase 1/2
(ERK1/2), due to the rat sarcoma virus protein (RAS)-mediated phosphorylation cascade. Adapted from [15] and
created in biorender.com.

The EGFR downstream signals involve protein kinase B (AKT), activated by phosphoinositide
3-kinase (PI3K), that phosphorylates BCL2 associated agonist of cell death (BAD), a pro-
apoptotic protein. When BAD is phosphorylated, it fails to inhibit B-cell ymphoma-extra large (Bcl-
xL), a protein with an anti-apoptotic effect [20,21]. Additionally, activation of AKT induces cell
proliferation and prevents the nuclear translocation of cyclin-dependent kinase inhibitor 1B (p27).
This prevents p27 from binding to cyclin E/CDK, activating transcription of genes required for the
S phase [22,23]. Moreover, EGFR phosphorylation promotes rat sarcoma virus (RAS) protein
activation, leading to extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation and
nuclear translocation, which induces cyclin D1 gene expression, promoting G1/S phase transition,
and finally boosting the proliferation and invasion potential of GBM cells [24—26]. In nearly 40%
of all GBM cases, EGFR gene amplification (EGFR gene copy number duplication) is observed
[27] in which all cases are accompanied with EGFR overexpression (enhanced transcription and
EGFR protein levels) [28].

Mutations are also observed in GBM patients [28]. A common mutation in GBM is EGFRuvIII,
found in 26% of all patients [12]. EGFRvIII mutation is characterized by a deletion in the EGFR
N-terminal ligand-binding region between amino acids 6 and 273. This leads to the constitutive

activation of EGFR downstream signaling, without the requirement of EGF binding [29].



1.2.2.2. Cellular tumor antigen p53 (p53)
The p53 protein is a well-known tumor suppressor. It is responsible for apoptotic induction,

limiting tumor cell expansion. One of the particular features of p53 is the complexity of stimuli to
which it responds, and a wide variety of downstream functions induced (Figure 1.2). Upon P53
activation caused by various cellular stress mechanisms (e.g., DNA damage, oxidative stress,
hypoxia, etc.), specific pathways will be induced and lead to p53 phosphorylation. These
phosphorylation events triggered by cell stress are initiated by numerous protein kinases such as
ataxia-telangiectasia mutated (ATM) and ataxia telangiectasia, Rad3-related (ATR). Moreover,
P53 can be negatively regulated by E3 ubiquitin-protein ligase Mdm2 protein (MDM2), activated
due to hyperproliferative signals [30,31].
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Figure 1.2- Cellular tumor antigen p53 (p53) activation pathway. In response to acute DNA damage,
the ataxia-telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) protein kinases
will phosphorylate the checkpoint protein kinase 1 or 2 (CHK1/2). CHK1/2 will phosphorylate p53 in serine
15 and 20, respectively, leading to p53 stabilization and oligomerization and binding to p53 response
elements, responsible for cell cycle arrest, DNA repair apoptosis and senescence. The E3 ubiquitin-protein
ligase Mdm2 protein (MDM2) is the main regulator of p53. MDM2 is transcriptionally regulated by p53, and
promotes p53 ubiquitination and proteasome-mediated degradation, in a regulatory feedback loop. In
response to hyperproliferative signals, the tumor suppressor protein p14 alternative reading frame (p14ARF)
activates p53 by blocking the access of MDM2 to p53. Adapted from “p53 regulation and signaling” template,
by biorender.com and [30, 31].

In GBM, the p53-ARF-MDM2 regulatory pathway is affected in 84% of patients and 94% of
the cell lines. These pathway components impact GBM cell invasion, migration, proliferation, and
evasion of apoptosis [32]. Moreover, a positive correlation between long-term GBM patient
survival and nuclear localization of p53 has been reported: in 85% of long-term survivors (= 3
years after initial surgical diagnosis), tumors had high levels of nuclear p53, whereas in short-
term survivors (< 1.5 years after initial surgical diagnosis) 56% of the tumors showed high nuclear
p53 [33].

1.2.2.3. Phosphatase and tensin homolog deleted on chromosome 10
(PTEN)
PTENis a tumor suppressor protein that acts as a phosphatase converting

phosphatidylinositol-3,4,5-trisphosphate  (PIP3) into phosphatidylinositol-4,5-bisphosphate



(PIP2). This impedes the activation of the (PI3K)/Akt/mammalian target of rapamycin (NTOR)
pathway. In the latter, two complexes are activated, mTOR complex 1 and 2
(mTORC1/2)[34]. The mTORC1 activates ribosomal protein S6 kinase beta-1 (P70S6K), which
regulates cell growth by inducing protein synthesis components [35,36]. The mTORC2 complex
activates the AKT protein, which promotes proliferation and inhibits apoptosis, as described
above (EGFR subsection). Additionally, mTORC2 activates serum/glucocorticoid regulated
kinase 1 (SGK), an oncoprotein that promotes cell survival [35,37]. Distinct PTEN mutations are
found in 5 to 40% of GBM cases [38]. Moreover, PTEN mutation is associated with a poorer

prognosis in various types of gliomas, including GBM [39].

1.2.2.4. Isocitrate dehydrogenase (IDH-1)
Isocitrate dehydrogenase 1 (IDH-1) plays an important role in basal cell metabolism converting

isocitrate into alpha-ketoglutarate (a-KG) in the tricarboxylic acid (TCA) cycle [40]. In 90% of GBM
cases with IDH-1 mutation, in codon 132, the replacement of an arginine by a histidine is reported.
This is a gain of function mutations, resulting in the ability of the enzyme to convert a-KG into 2-
hydroxyglutarate (2-HG). Mutant IDH-1 takes advantage of the a-KG produced by the IDH
codified by the wildtype allele to produce 2-HG (Figure 1.3) [41]. The 2-HG oncometabolite
prevents DNA repair by hampering signals that recruit crucial DNA-repair factors, through
competitively inhibiting the binding of a-KG to the active site of lysine demethylase 4B (KDM4B)
[42].

The IDH-1R132H gain of function mutation is found in approximately 83% of all secondary GBM

cases but it is rare in primary GBM (present in around 5% of the tumors) [43].
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mutation is in a single allele, IDH-1 wildtype converts isocitrate into a-ketoglutarate, which is then converted to 2-
HG by IDH-1R132H, B — In healthy conditions, lysine demethylase 4B (KDM4B) removes methyl groups from lysine
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acetyltransferase tat-interactive protein, 60 kD (Tip60). C — The IDH-1 mutation leads to the accumulation of the
oncometabolite 2-HG which inhibits the KDM4B enzyme. The global hypermethylation will impair the recruitment
of repair factors to DNA damage sites. Adapted from [12, 41, 42]. Panel A created in biorender.com.
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1.3. Diffuse midline glioma (DMG)

Diffuse midline glioma (DMG), previously named diffuse intrinsic pontine glioma (DIPG) [8], is
a rare and aggressive subtype of glial tumors that occurs in the brainstem. DMG accounts for
75% of the brainstem tumors in children, with an occurrence of 1/18000 to 1/15000 newborns in

both genders, and a 5-year survival rate of 1% [38].

1.3.1. The H3K27M mutation
DMG is characterized by the presence of a mutation in histone 3 - a substitution of lysine at

position 27 by methionine (H3K27M) [44,45]. Interestingly, this mutation has been identified also
in up to 22% of non-brainstem pediatric GBM [46—48].

H3K27M mutant inhibits the activity of the enhancer of zeste homolog 2 (EZH2) protein, a
histone methyltransferase involved in cell cycle, proliferation, and differentiation [49]. This
inhibition reduces global methylation, resulting in a hypo-methylated DNA and leading to a
subsequent loss of the transcriptional repression of H3K27M loci [50]. Loss of transcriptional
repression leads, for example, to the overexpression of known oncogenes, such as
oligodendrocyte transcription factor 2 (OLIG2), which has been implicated in gliomagenesis
through p53 inactivation [46,51].

1.4. Gliomatherapies

1.4.1. Standard of care therapies
Current treatments for GBM are surgical resection of the tumor, followed by radiotherapy,

chemotherapy, or a combination of both [12]. Maximal tumor resection is case-specific, based on
the size and shape of the tumor, its location, and the presence of blood vessels. In the case of
DMG, tumor resection is not feasible when there is diffuse infiltration within the midbrain
parenchyma and/or involvement of a sensitive brain region. In these cases, the only possible

treatment is radiotherapy [52].

Temozolomide (TMZ), first described in 1997, is the standard-of-care drug used against GBM.
TMZ is a brain-penetrant alkylating agent that methylates purines (adenine or guanine) in DNA,
inducing apoptosis [53,54]. Upon TMZ treatment in combination with radiotherapy, the median
progression-free survival (PFS) increased for those who were only treated with radiotherapy (9.4
vs. 3.0 months, log-rank P = 0.0001) [55].

However, 35-50% of GBM cases express O6-methylguanine-DNA methyltransferase
(MGMT). MGMT is a mediator of DNA mismatch repair that corrects TMZ-induced damage,
leading to TMZ resistance [56,57]. It has been found that MGMT expression was significantly
associated with shorter median PFS of patients upon TMZ treatment (5.6 vs. 9.9 months, log-
rank P = 0.0032) ) [55]. Nonetheless, even in patients that do not express MGMT, the overall

long-term survival of GBM cases under TMZ and radiotherapy treatment is still low.

1.4.2. Novel therapeutic modalities
The overall survival of glioma patients did not improve over the past 20 years, claiming for the

development and discovery of novel and more effective therapeutic modalities against this deadly



cancer [7,12,58]. Monoclonal antibodies, oncolytic viruses, and dendritic cell therapies are

examples of novel therapies under development for which clinical trials are ongoing [12].

1.4.2.1. Monoclonal antibodies
Therapeutic anti-cancer monoclonal antibodies recognize and block relevant cancer cell

surface receptors and/or their ligands, preventing oncogenic downstream receptor signaling
activation [59]. An example is bevacizumab, an antibody that binds to the vascular endothelial
growth factor (VEGF). This growth factor is secreted by GBM cells and promotes
neoangiogenesis [12]. Upon binding to VEGF, bevacizumab prevents the interaction of the factor
to the VEGF receptor, inhibiting neovascularization of the tumor (Figure 1.4A) and ultimately

consequent reduction of the cancer mass in nude mice [60].
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Figure 1.4 — Potential monoclonal antibody therapies for glioma. A — Vascular endothelial growth Factor
(VEGF) binds to its receptor (VEGF receptor, VEGFR), eliciting downstream signals responsible for
angiogenesis. Bevacizumab binds VEGF inhibiting the interaction of VEGF to its receptor and consequently
inhibiting angiogenesis. B — The antibody-drug conjugate AMG595 is composed of an antibody specific for
EGFR vlilI, bound to the cytotoxic agent mertansine (DM1 compound) through a linker - maleimidomethyl
cyclohexane-1-carboxylate (MCC). Figure A adopted from “Bevacizumab: Potential” template in
biorender.com and [60, 62].

Although it appeared as a valuable treatment option, results from a randomized trial for the
treatment of newly diagnosed GBM patients showed no significant difference between the overall

survival of the bevacizumab and the placebo group [61].

Another potential treatment for gliomas is AMG595, an antibody-drug conjugated (ADC) that
specifically targets the EGFRvIIl. When receptor-mediated internalization of the ADC into the
endo-lysosomal pathway occurs, the DM1 cytotoxic compound induces cancer cell death through
mitotic arrest [62]. Nonetheless, the usage of this treatment is limited by the fact that only 26% of
GBM cases present the EGFRvIII mutation (Figure 1.4B), and the blood-brain barrier may impair
antibody diffusion to the brain [63].

1.4.2.2. Oncolytic viruses
Another promising class of new therapeutics against gliomas is the oncolytic viruses (OVs).

These are engineered viral vectors that cannot replicate except in the tumor cells (Figure 1.5A).
This tumor cell-specificity of OVs is achieved by vector specificity to tumor receptors or

transcriptional targeting of tumor-specific promoters and abnormal signaling pathways present in


https://www.creative-biolabs.com/immuno-oncology/chimeric-antigen-receptor-car-t-cell-therapy.htm

cancer cells (e.g., Ras/Akt/IFN). In the latter, OVs can enter healthy cells, although replication

does not occur [64].

OVs present advantages over previous therapies mentioned besides tumor cell specificity [65].
OVs have immunostimulatory properties since, upon lysis of cancer cells, tumor antigens are
released and can be uptaken by surrounding antigen-presenting cells (APC), like dendritic cells
(DCs). This leads to the induction of tumor- and virus-specific T cells that will act exclusively on
cancer cells, enhancing the anti-tumorigenic effect of OVs (Figure 1.5B) [66,67]. Furthermore,
OVs can be used as platforms for intratumoral delivery of immunostimulatory cytokines and

chemokines, enhancing antitumor responses [68].
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Figure 1.5 - Biological effects and properties of oncolytic viruses (OVs). A — One of the main properties
of OVs is the ability to replicate only in malignant cells. B — Upon OV infection and oncoviral-mediated cancer
cell lysis there is a massive release of tumor and virus antigens, besides pathogen-associated molecular
patterns (PAMPSs) and damage-associated molecular patterns (DAMPSs) that will be uptaken by dendritic
cells (DCs). Antigen presentation by DCs will elicit an adaptive immune response by generating CD8* cells
with anti-tumor and virus-specific activities. CD8* will release chemokines that promote infiltration of other
immune cells, enhancing the antitumor response. Adapted from [49].

Engineered OVs to target GBM are selectively tailored to bind to specific GBM receptors, like
EGFRuVIII, platelet-derived growth factor receptor (PDGFR), or the interleukin-13 receptor (IL-
13R) [12]. DNX-2401, previously known as delta-24-RGD-4C, is an oncolytic adenovirus currently
under development, showing promising results in clinical trials. In one of the studies, stabilization,
partial or complete regression were reported in 52% of the 24 GBM patients that received the OV
as first-line therapy [69]. DNX-240 was also employed in a dose escalation trial in patients
recently diagnosed with DMG. The results of the study have been recently reported, showing that
despite frequent adverse events, only two patients had a severe adverse effect. Promising results
on median overall patient survival were reported, suggesting improvements when compared to

historical data from DMG patients [70].



1.4.2.3. Dendritic cell (DC) therapy
DCs play a vital role in the innate and adaptive immune systems. DCs circulate in the

peripheral tissues capturing non-self-antigens that are internalized, processed into small
peptides, and exposed to naive T-cells in the lymphoid organs. This process will induce a cellular
immune response involving CD4+ T helper 1 (TH1) cells and cytolytic CD8+ T cells [71].
Altogether, this led to the belief that DCs could be used as immunotherapeutic treatments against
cancer. A common DC immunotherapeutic protocol involves the isolation of monocytes from
cancer patients’ blood and converting them into immature DCs (iDCs). Then, patient-derived iDCs
are pulsed with tumor- specific antigens or cancer cell lysates, and reintroduced into the patients,

eliciting anti-tumor immunity induction through mechanisms described in figure 1.6 [72].
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Figure 1.6 - Dendritic cell (DC) therapy. Immature DCs are differentiated from monocytes collected
through a blood sample of the cancer patient and matured by stimulation with tumor-specific antigens. These
mature DCs are then injected into the patient's blood stream and present these tumor antigens to CD8+
cells, eliciting an anti-tumor cellular response. T-cells educated by DCs specifically target tumor cells,
causing apoptosis through release perforin (PFN) and granzyme B (GzmB), and sustaining a pro-
inflammatory environment, through secretion of interferon gamma (IFN-y) and tumor necrosis factor alpha
(TNF-a). Created in biorender.com and adapted from [69, 70].

Immature-DCs

Currently, several DC therapies for GBM are currently in clinical trials: DCVax-L by Northwest
Biotherapeutics and Prophage G100 from Agenus [12,73,74]. In a DCVax-L phase I/1l trial, 33.0%
of patients reached or exceeded a median survival of 2 years and 27.0% reached or exceeded a
median survival of 3 years [74]. In DMG, DC therapies are also under phase | clinical trials.
Preliminary results demonstrate a DMG-specific immune response in peripheral blood

mononuclear cells (PBMC) and cerebrospinal fluid (CSF) [75].



Considering that gliomas are characterized as “cold” tumors, presenting an immunosuppressive
tumor microenvironment (TME) [76-81], the development of immune-stimulating therapies could
be a milestone in the treatment of these cancer types. The characterization and understanding of

the TME are imperative for the development of immune-stimulating therapies.

1.5. The glioma microenvironment
The tumor microenvironment (TME) is the result of the heterotypic molecular and cellular

interactions that occur within solid tumors, among cancer cells and non-cancer cells, such as

immune cells, fibroblasts, and other cells in the tissue of origin, as represented in Figure 1.7 for

gliomas.
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Figure 1.7 - Simplified representation of the tumor microenvironment (TME) of gliomas. Besides the
presence of cancer cells and cancer stem cells, glioma TME is composed of a vast panel of non-neoplastic
cells, such as central nervous system cells (neurons, astrocytes, and oligodendrocytes), immune cells
(microglia and macrophages) and aberrant extracellular matrix and soluble proteins, as well as extracellular
vesicles secreted, by cancer cells and other cells of TME. Created in biorender.com and adapted from [76-
81].

The glioma TME it is characterized by normal brain resident cells, such as neurons, astrocytes,
oligodendrocytes, microglia, as well as the specific brain vasculature that is part of the blood-brain
barrier [76,82]. Additionally, there is typically high infiltration of blood-derived macrophages (M)
and low infiltration of T-cells, typical of a “cold” immune TME [78], which is detailed later (Section
1.5.2). Cancer cells are very heterogeneous. In fact, brain cancer cells show different degrees of
differentiation, the so-called glioma cancer stem cells (CSCs) being the less differentiated [83].
Glioma GSCs not only serve as a critical regulator of tumor progression and recurrence but are
also crucial players in the establishment of the immunosuppressive glioma TME [83]; they will be

further described in the following section.

The GBM TME is characterized by an aberrant ECM deposition. It differs from the healthy
brain since it contains collagen 1V, low molecular weight hyaluronic acid, matrix

metalloproteinases that enhance tumor cell invasion [84], and an overall high density and stiffness
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[85,86]. This increased stiffness has been associated with therapeutic resistance, since it reduces
the diffusion of drugs within the TME, as shown for therapeutical antibodies [87]. A plethora of
immunosuppressive cytokines, growth factors, and altered metabolite accumulation, as well as
hypoxia and acidic pH have also been reported. All components contribute to a typically
immunosuppressive TME, which can inhibit immune cell activation and cell death, ultimately

aiding tumor cells in escaping the immune surveillance [88—91].

1.5.1. Cancer stem cells
CSCs are a small cancer cell population that shares characteristics with normal stem cells,

such as the ability to self-renew and differentiate into multiple lineages. Moreover, CSCs are
oncogenic and give rise to a heterogeneous cell population [92]. CSCs are identified by a large
panel of surface markers (e.g., CD133, CD44, CD70), transcription factors (e.g., SOX2 and
NANOG), and intermediate filaments (e.g., NESTIN), among other molecular markers, and are

characterized by chemo and radio-resistance [14].

The presence of CD133+ has been positively correlated with worse patient survival,
highlighting the role of CSCs in patient outcomes [93]. Several studies reported that CD133* cells
secrete multiple immunosuppressive cytokines such as tumor growth factor-f1 (TGF-$1), colony
stimulating factor 1 (CSF-1), and macrophage inhibitory cytokine 1 (MIC-1). Furthermore, in
human Mg exposed to GBM CSC conditioned medium (CM), increased immunosuppressive
protein detection (IL-10, TGF-B, and IL-23) and decreased phagocytic ability were reported [94].
W. Zhou et al. found that GBM CSCs secrete perostin, a potent microglia/ Mg attractant, and by
silencing the perostin gene (postn) tumor growth and tumor-associated microglia/ M infiltration

could be reduced in mice xenograft models [95].

In addition, GBM CSCs secrete exosomes that contain the phosphorylated signal transducer
and activator of the transcription 3 (pSTAT3), which mediates an immunosuppressive switch [96].
These exosomes enter the peripheral blood and traverse the monocyte cytoplasm, transferring
pSTAT3 to monocytes. This contributes to the overexpression of programmed death-ligand 1
(PD-L1), which inhibits CD8+ and CD4+ T cell activation, enhancing tumor immunosuppression
[97,98].

1.5.2. The crosstalk of GBM cells with astrocytes, neurons, and

oligodendrocytes
Astrocytes are the most abundant glial cells of the CNS, exerting metabolic and scavenger

functions. They remove cell debris after injury, regulate ion concentration in the synaptic cleft, and

guide the migration of neurons and the outgrowth of axons during development [99].

Recently, distinct populations of reactive astrocytes started to be uncovered. Two opposing
phenotypes were identified, one in response to inflammatory stimuli, the other under ischemic
conditions. They were named Al and A2, respectively, to parallel the nomenclature of microglia
states [100]. Al astrocytes undergo upregulation of pathways related to antigen presentation,
complement activation, and increased neurotoxicity, and are characterized by increased

expression of GFAP and vimentin [101]. A2 astrocytes participate in scar formation and protect
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neurons and synapses by releasing neurotrophic factors like brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF) [102].

In the GBM context, data suggest that astrocytes contribute to GBM progression and are
classified as tumor-associated astrocytes (TAA) [103]. TAA secretes immunosuppressive
cytokines like TGF-B, and pro-tumorigenic growth factors, such as insulin growth factor 1 (IGF-
1), VEGF, fibroblast growth factor (FGF), hepatocyte growth factor (HGF) and EGF [104].
Additionally, Yu, T. et al. found that astrocytes deliver MGMT mRNA via exosomes to GBM cells,
conferring the resistance to standard of care treatment, TMZ [105].

Neurons are the brain cells that convey information through electric and chemical signals,
composed by a single axon and multiple dendrites [106]. In the glioma’s context, neurons release
soluble neuroligin-3 that is uptaken by glioma cells. Venkatesh, H. S et al. reported that neuroligin-
3 induces activation of the PI3SK-mTOR pathway resulting in glioma progression [107].
Additionally, in the synaptic cleft, glioma cells secrete glutamate and uptake cystine via the
cystine—glutamate transporter system. This results in excessive glutamate in the synaptic cleft

causing hyperexcitation and originating an epileptic discharge and excitotoxicity [108].

Oligodendrocytes are cells responsible for myelin sheath formation, which enhances the
conduction of electrical signals along the axons of neurons [99]. Although oligodendrocytes are
not deeply studied in GBM TME, Asslaber, M. et al. findings suggest that oligodendrocytes might
have a paracrine anti-tumor effect, inhibiting GBM growth via WNT inhibitory factor 1 [109]. On
the other hand, oligodendrocyte progenitor cells were found to promote angiogenesis due to the

enhanced expression of platelet-derived growth factor receptor-a (PDGFR-a) [110].

1.5.3. Immune cells in the TME
The glioma microenvironment contains a substantial portion of non-neoplastic cells, mainly

resident microglia, and peripheral blood-derived Mg, collectively known as glioma-associated
microglia/ M@ (GAMSs) [76]. These cells present enormous plasticity depending on the stimuli of
the surrounding microenvironment, and can polarize mainly towards the M1 inflammatory state,
in the presence of pathogen or cell damage, or towards the M2 anti-inflammatory phenotype,
during tissue healing and remodeling [76,111]. Although microglia/ Mg are present as M1 and M2
phenotypes in BT [78,112], in gliomas, tumor cells promote the M2 anti-inflammatory phenotype,
to escape the immune surveillance and promote cancer growth (figure 1.8) [76]. GAMSs are further

discussed in the next sections.

T-cell activity is also hijacked by glioma cells. TGF- and IL-10 secreted by GBM cells
induce differentiation of regulatory T- cells (Tregs) [113]. These are a subpopulation of T cells

that act to suppress the immune response [114].
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In the GBM TME, Tregs inhibit T-cell activation and cytokine production like IFN-y and IL-2. In
addition, Tregs interact with APC through CTLA-4 and with co-stimulatory molecules CD80/86,
causing inhibition of antigen presentation to T cells. These interactions cause lower T cell effector
proliferation and cytotoxicity towards cancer cells, which further inhibit APC induction, and
enhance Treg activation. These mechanisms, as represented in figure 1.8, are hijacked by

tumors, preventing an effective antitumor immune response [76,113].
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Figure 1.8 — Immunosuppressive mechanisms in the GBM microenvironment. Glioma cells secrete a
variety of cytokines that modulate immune cells such as macrophage and granulocyte macrophage colony
stimulating factor (M-CSF and GM-CSF respectively), C-C motif chemokine 2 (CCL2), C-C motif chemokine
11 (CCL11), and C-X3-C maitif ligand 1 (CX3CL10), leading to infiltration M@ and polarization of M2 tumor
associated microglia/ M@ (GAM). These M2 GAMs secrete multiple factors like transforming growth factor
beta (TGF-B), interleukin 10 (IL-10), epidermal growth factor (EGF), vascular endothelial growth factor
(VEGF) and matrix metalloproteinase 2 and 9 (MMP2-9) that elicitimmune evasion, cancer cell proliferation
and invasion, and angiogenesis. Additionally, GBM-secreted factors induce peripheral T cells into regulatory
T cells (Tregs), which have immunosuppressive properties. Tregs present programmed cell death-ligand 1 (PD-
L1) that binds to programmed cell death protein 1 (PD-1) on effector T cells (Teff) cells inducing apoptosis.
They also present cytotoxic T-lymphocyte—associated antigen 4 (CTLA4) that binds to the co-stimulatory
molecules T-lymphocyte activation antigen 80 and 86 (CD80/86) on antigen presenting cells (APCs),
inducing inhibitory signals. The inhibitory signals cause an increase in TGF-f and IL-10 levels and a
decrease in Interferon Gamma (IFN-y) and Interleukin 2 (IL-2) resulting in lower Terr Cytotoxicity and
proliferation, and higher antigen presenting cell (APC) inhibition and Treg induction. Adapted from [76, 113]
and created in biorender.com.

1.5.3.1. Microglia
Microglia are the resident innate immune cells of the CNS. Microglia cells have an origin

different from Me, which are developed from bone-marrow-derived monocytes [115]. Microglia
cells are originated from erythromyeloid progenitors in the yolk sac, migrating into the developing
CNS at an early embryonic stage and differentiating in the CNS [116]. Transcription factors (TF),
such as PU.1 and interferon regulatory factor 8 (IRF8), are required for the maturation of microglia
precursors. The key transcriptional regulators, spalt like transcription factor 1 (SALL1), and V-maf

musculoaponeurotic fiborosarcoma oncogene homolog B (MAFB), are essential for maintaining
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microglial homeostasis and identity [115]. This process accompanies a gradual acquisition of
microglia markers such as transmembrane protein 119 (TMEM119) and purinergic receptor 12
(P2RY12) [117]. Additionally, the survival, proliferation and differentiation of microglia are
sustained by a series of cytokines such as colony stimulating factor-1 (M-CSF), granulocyte-
macrophage colony-stimulating factor (GM-CSF), beta-nerve growth factor (B-NGF) as well as
interleukin-34 (IL-34) that bind to the M-CSF receptor (CSF1R) [115,118].

Microglia cells influence brain development and homeostasis of the neural environment by
phagocyting apoptotic cells and supporting neurogenesis, synaptic pruning, and axonal growth.
Moreover, microglia cells are involved in immune surveillance and are a critical component of the
first line of defense against CNS pathogens. In the absence of anti- or inflammatory stimulus,

microglia are termed microglia MO [119,120].

CNS infections by bacteria and viruses lead to the activation of inflammatory microglia, due to
the detection of bacterial and viral pathogen-associated molecular patterns (PAMPS), such as
lipopolysaccharides (LPS), viral DNA, or RNA. These PAMPs bind to pattern recognition
receptors (PRRs) such as toll-like receptors (TLRs). TLR-mediated signaling leads to a variety of
events, such as the induction of Mg infiltration through the microglia-derived secretion of chemo-
attractants (e.g., MCP-1/CCL2); an increase in redox molecules (NADPH oxidase, phagocytic
oxidase); and anti-bacterial nitric oxide (NO) production, to support the phagocytic process.
Additionally, upon inflammation, microglia upregulate T-lymphocyte activation antigen 80 and 86
(CD80 and CD86), and the antigen-presenting markers major histocompatibility complex (MHC)
Class I A, B and C and MHC class Il (MHCIl) DR that trigger adaptive immune
responses. Moreover, microglia secrete pro-inflammatory interleukins, such as IL-1 and IL-6, to
promote inflammatory reactions, crucial for pathogen clearance. The inflammatory phenotype of
microglia is termed M1 [76,121].

Although inflammation is essential for the pathogenic response, it is tightly regulated through
a subsequent polarity transition into an anti-inflammatory phenotype. This phenotype is commonly
termed M2 microglia, and it is associated with the downregulation of immune responses,
preventing tissue damage and supporting the tissue healing processes, by the secretion of anti-
inflammatory cytokines and immune regulators [76,122]. This anti-inflammatory phenotype is
characterized by different markers, such as the scavenger receptor cysteine-rich type 1 protein
M130 (CD163), responsible for clearing oxidative hemoglobin in tissues. The process involves
hemoglobin uptake by microglia/ M@ and subsequent heme degradation by heme oxygenase 1
in anti-inflammatory heme metabolites (e.g., bilirubin) [123]. Another M2 marker is the Mg
mannose receptor 1 (MRC1 that codes CD206), which is responsible for endocytosis,
phagocytosis, and scavenging high mannose N-linked glycoproteins [119]. Moreover, M2
microglia/ M@ secrete anti-inflammatory cytokines such as TGF-3, VEGF, IL-4, IL-10, and the
enzyme arginase-1, to further enhance the wound healing process, angiogenesis, and

downregulation of inflammatory response [76,121].
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1.53.1.1. Microglia markers
Microglia express a large panel of molecular markers that distinguish them from other cell

types and provide unique functions. Common microglia clusters of differentiation (CD) represent
a group of surface markers that identify a particular differentiation lineage of hematopoietic cells
[124]. Protein tyrosine phosphatase receptor type C (PTPRT), known as CD45 protein, integrin
subunit alpha M (ITGAM/ CD11B), and the scavenger receptor class D, member 1 (CD 68) are
the markers commonly used to identify human microglia, although they are not specific for this
cell type. CD45 is expressed on most hematopoietic lineages, being involved in the regulation of
numerous processes, including cell division and differentiation, as well as lymphocyte activation
[125,126]. CD11B is usually expressed in leukocytes, including monocytes, Mg, neutrophils,
natural killer cells and granulocytes, modulating biological functions key for innate immune cells,
including cell adhesion, migration, and phagocytosis [127]. CD68 is usually expressed in the
mononuclear phagocyte lineage, including M@, microglia, osteoclasts, and myeloid DCs. It is
preferentially located within late endosomes, cycling through the plasma membrane. Being
described as a scavenger receptor, recent data suggest a role in peptide transport/antigen

processing [128].

Apart from CDs, other microglia markers have been identified. Among those, it is important to
mention: the ionized calcium-binding adapter molecule 1 (IBAl), also known as the allograft
inflammatory factor 1 (AlIF1) gene product, triggering receptor-expressed on myeloid cells 2
(TREM2); the purinergic receptors P2RY12 and P2RY13; G-protein coupled receptor 34
(GPR34); TMEM119; and a variety of chemokine receptors such as chemokine receptor 1
(CX3CR1) [76,121].

IBAL is responsible for reorganization of the cytoskeleton, required for phagocytosis [129].
TREM 2 is a transmembrane protein, proposed to bind to a variety of ligands: lipids, lipoproteins,
and ligands associated with PAMPs, leading to downstream signals of cell proliferation and
differentiation, survival, phagocytosis, chemotaxis, and inflammation [130]. P2RY12 and P2RY 13
belong to the purinergic receptor family of plasma membrane molecules, responsible for the
detection of nucleotides that are released upon injury, promoting phagocytic clearance of dead
cells and tissue debris via oriented migration of microglia [131]. GPR34 is an orphan receptor
whose endogenous ligand has not been identified. GPR34 knockout in microglia has been
associated with altered cell morphology, motility, and phagocytosis, highlighting its relevance in

microglia function and identity [132].

TMEML119 is a transmembrane protein, with unknown function in microglia, although there are
data showing an important role in bone formation and normal bone mineralization, as well as in

promoting differentiation of myoblasts into osteoblasts [89,102].

Chemokine (C-X3-C maotif) receptor 1 (CX3CR1) has a unique ligand, the chemokine C-X3-C
motif ligand 1 (CX3CL1 or fractalkine), which can promote inflammation [133]. Microglia are
activated through CX3CL1/CX3CR1 signaling by neurons, which consequently activate

inflammatory transcription factors, like NF-kB and cyclic adenosine monophosphate (cAMP)
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[133,134]. Nevertheless, the administration of recombinant CX3CL1 in neurodegenerative mice
models attenuated inflammatory response by downregulating IL-18 and tumor necrosis factor
alpha (TNF-a). In addition, microglia secreted neuroprotective factors, like adenosine and

phagocyted amyloid beta peptides [135].

As most of these microglia markers are also expressed in M@, discriminating these two cell
populations and studying them independently becomes exceedingly difficult. Microglia cells are
traditionally defined by flow cytometry as CD11B*/CD45'%, whereas M¢ are CD11B"s"/CD45high,
However, upon inflammation, CD45 expression is upregulated in microglia [136,137]. Current
markers that are considered exclusively expressed by microglia within the brain parenchyma are
TMEM119 and P2RY12/13 [60].

1.5.3.2. Glioma-associated microglia/macrophages (GAMSs)
GAMs contribute to an immunosuppressive TME by secreting anti-inflammatory cytokines,

chemokines, and growth factors [76]. Moreover, GAMs trigger inhibitory immune checkpoint
blockage in T cells, such as PD-1 or CTLA4, augmenting the pro-tumorigenic milieu. GAMs can
comprise up to a third of the tumor mass and are positively correlated with disease progression
[76,138,139].

In GBM, tumor cells secrete several immune modulators such as the monocyte/ Mo
chemoattractants C-C Motif Chemokine Ligand 2 (CCL2), and 11 (CCL11); M-CSF and GM-CSF,
that promote GAM differentiation and proliferation. Additionally, GBM cells secrete TGF-£,
particularly the TGF-B1 isoform [140,141]. TGF-B is an immunosuppressive cytokine that induces
M2 microglia/M¢ polarization, by downregulating MHC class Il and co-stimulatory molecules, and
lowering microglia phagocytic ability. Additionally, TGF-B downregulates perforin, granzyme A,
granzyme B, and IFN-y expression, which is responsible for T lymphocyte (CTL)-mediated tumor
cytotoxicity [142]. Furthermore, it inhibits the differentiation of Th1/Th2 cells, which are
modulators of anti-tumor responses, promotes immunosuppressive Treg T-cell polarization, and
dampens the antigen presentation ability of DCs [143]. Knock-out in adult mice microglia of Tgfbr2
(the gene that codes for the TGF- receptor) led to the induction of genes responsible for microglia
activation like CD86, MHCII, CCL2, and CXCL10 [144]. These results could indicate that the TGF-
B signaling pathway is a promising target to revert microglia polarization in GBM. Additionally,

GBM cells secrete IL-10, which promotes a shift in phenotype towards M2-GAM [113].

1.5.3.3. GAMs sustain the immunosuppressive GBM and DMG
microenvironment.
Immunosuppressive GAMs are collectively indicated as M2-GAMs and secrete pro-

tumorigenic molecules reported to induce GBM tumorigenicity and progression. One example is
EGF, which promotes anti-apoptotic activity, proliferation, and growth [76,145]. Other factors
secreted by GAMs are VEGF [76,146,147], which induces neoangiogenesis; and TGF-3, which
promotes glioma cell stemness and invasion [76,93,141]. Additionally, GAMs secrete IL-10, a
pleiotropic cytokine that inhibits pro-inflammatory cytokine synthesis, and antigen presentation in

activated microglia/ M@ and dendritic cells. It also impairs T-cell activation and proliferation by
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activating the JAK1-TYK2-STATS3 pathway, leading to STAT3-mediated transcription genes that
limit the inflammatory response [76,148-152]. Additionally, GAMs secrete metalloprotein matrix
2 and 9 (MMP2/9), which are associated with GBM invasion due to their matrix-degrading function
[153].

GAMs can also modulate the immune TME through cell-to-cell interactions [149,154,155].
GAMs express the membrane-bound Fas ligand (FASL), a transmembrane protein that belongs
to the TNF family and binds to the Fas receptor (FAS) expressed in T cells, ultimately inducing
T-cell apoptosis [156]. This mechanism, along with the secretion of immunosuppressive cytokines
by GAMs, causes a low content of T cells within the TME [76]. In addition, these limited T cells
presented in the TME are dysfunctional due to the PD1 and CTLA4 immune checkpoint blockage,
mainly by the action of GAMSs, limiting the cytotoxic effect of T cell against GBM [97]. This outcome
contributes to the establishment of a highly immunosuppressive TME (named “cold”), with the
addition of a high content of M2 microglia/ Mg [76].

In pediatric high-grade gliomas, including DMG, very low levels of infiltrated T cells have also
been reported [78,157,158]. Lin et al. reported a negligible percentage of CD3+ cells in DMG
(1.72—-2.65% of the total CD45+ leukocytes), compared to 7.09-50.2% in adult GBM [78]. In fact,
the authors reported that 94.80% * 0.92% of the CD45+ cells in DMG were CD11B+ myeloid cells
(compared to 70.34% + 7.20% in adult GBM).

However, in DMG, the paradigm of immunosuppression may differ from adult GBM. The
secretome of cultured DMG cells (derived from DMG biopsy samples) was found to be very poor
in cytokines and chemokines, when compared to adult GBM [78] which was later confirmed by
Lieberman et al [159]. The only cytokine secreted by tumor cells that could be detected was TGF-
B. These results were corroborated in RNAseq data of freshly isolated DMG biopsies [78]. TGF-
B is known to contribute to the immunosuppressive TME, enhancing a pro-tumorigenic milieu as
previously mentioned (Section 1.5.3.2). In conclusion, DMG “cold” TME paradigm is characterized
by a low intrinsic inflammatory signature, a higher non-inflammatory Me¢, and a lower T-cell
infiltration, when compared to GBM [78,157,158], and reviewed by Casper J. et al. [160].

1.5.4. GAMs as a potential immunotherapeutic target
Since M2-like GAMs are one of the key players of immunosuppression in GBM, it was

hypothesized that re-polarizing them to a pro-inflammatory phenotype would present a
therapeutical benefit. By allowing the immune system to better recognize and attack tumor cells,
it could contribute to reduce GBM progression [161]. It has been shown that blocking CSF1R
through a chemical inhibitor (BLZ945) leads to a decrease in M2 M@ polarization in patient-

derived GBM xenografts, resulting in a significantly slower tumor growth rate [124].

Moreover, BLZ945 in combination with an anti-PDL1 antibody, is currently in phase | clinical

trials in advanced solid tumors, including GBM [162].

Another target for GAM modulation is STAT3. It has been shown that GL261 GBM murine

cells CM induced STAT3 activation in N9 microglia cells. This stimulated the expression of IL-10
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and IL-6, which are cytokines involved with GAM polarization toward the M2 phenotype. Upon
siRNA-mediated silencing of STAT3, N9 cells showed reduced M2 markers and increased M1
marker expression, such as TNF-a [163]. Currently, there are several STAT3 chemical inhibitors
in distinctive phases of clinical trials, for various cancer types, including GBM. However, none of
these inhibitors have been approved yet by the Food and Drug Administration for clinical use
[164].

Another potential therapeutical target against GAMs is P-selectin, a 140kDa glycoprotein
expressed in endothelial cells and platelets [165], recently found to be highly expressed in GBM
[166]. Through the inhibition of P-selectin with neutralizing antibodies, small compound inhibitors,
and shRNA, it was observed a decrease in M2 markers (ARGL1, IL10, TGFB1), an increase in M1
marker (iNOS) and phagocytic ability in GAMs [167].

Although GAMs are heavily studied, further research is required to discover novel
molecular mechanisms of immunosuppression and develop potential drug candidates to polarize
GAMs into an inflammatory state. Currently, known immunosuppressive mechanisms are
ineffective targets, since blocking a single pathway does not result in significant survival outcomes
in clinical trials [97]. This could be due to the existence of other active mechanisms that assist
TME immunosuppression, described in section 1.5.2. For example, anti-PD1 antibody
(nivolumab) did not improve significantly the median overall survival in phase Il clinical trials when
compared to patients treated with an Anti-VEGF antibody (bevacizumab) [168]. Also, it was

already stated in section 1.4.2.1, that GBM treatment with bevacizumab is not effective [61].

This claims for the usage and development of cell models that can properly sustain cell-to-cell
interactions between microglia and glioma cells. The models currently used will be the focus of

the next paragraphs.

1.6. Current models to study GBM tumor biology
The vast number of mutations involved, the broad heterogeneity, and the aggressiveness of GBM

render this type of cancer particularly difficult to investigate. Over the last few decades, in vitro
and in vivo preclinical models were generated, to study the mechanisms that lead to GBM onset
and progression (Figure 1.9). Nevertheless, it is important to point out that novel methodologies
are required, especially to better recapitulate heterotypic cell- to-cell interactions that occur in

vitro, and that are important for brain tumor biology, cancer progression, and response to therapy.
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Figure 1.9 - Schematic representation of different glioblastoma (GBM) models. GBM models can be
divided into two main groups: in vitro and in vivo. In vitro models are cancer cells lines in 2D cultures, 3D
cell cultures and organotypic tissue slices. In vivo models include genetically engineered mice, patient-
derived xenografts (PDXs), and PDXs in humanized mice. Adapted from [163-182] and created in
biorender.com.

1.6.1. Animal models (in vivo)

1.6.1.1. Genetically engineered mouse models (GEMMSs)
GEMMs are mice that undergo genetic alterations intending to induce a specific phenotype.

Among all the available models, GEMMs have been exploited to study the etiology of GBM, the
molecular basis and phenotypic aspects, in a spatial and temporal context [169]. Importantly,
GEMMs are used to assess tumor progression, in a microenvironment that resembles the
conditions for endogenous cancer onset. Generally, GEMMs do not require immunosuppressed
mice, therefore they are good models to study interactions between GBM and the immune
system. However, their applications are limited because GEMM establishment is very expensive
and time-consuming, and it cannot recapitulate human tumor heterogeneity. Differential features
between human and rodent GBM may lead to misleading data interpretation when investigating

genetic drivers and treatment responses [170].

1.6.1.2. Patient-derived xenografts (PDXs)
PDXs are based on transplantation of patient-derived cancer cells into immunodeficient mice.

These models became the gold standard for preclinical anti-cancer drug testing [171,172]
because they present numerous advantages: the heterogeneity of tumor cells is retained and
allows for analysis of human tumor cell response to a therapeutic regime. Although PDXs provide

additional advantages over previous models, mice are immunosuppressed to allow patient-
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derived cell engraftment, resulting in a less realistic tumor microenvironment. Additionally, human
tissues engrafted in mice show infiltration of mice stromal cells within the tumor, that gradually

substitute the original stromal components [173].

1.6.1.3. PDX in humanized mice
In recent years, humanized mouse models have been developed to overcome the major

downsides of PDXs. Humanized mice are engrafted with human cells and tissues, such as human
peripheral blood mononuclear cells (PBMCs), hematopoietic stem cells (HSCs) or even human
bone marrow, and human fetal tissues (thymus and liver). Adding the human components along
with the patient-derived tumor cells allows to mount a human immune response. With this model,
the use of patient-derived tumor tissue to feature the genetic and epigenetic abnormalities aids
the development of potential therapeutic approaches, that translate realistically to tumor
patients [174,175]. Although humanized mice models present a breakthrough in cancer research,
ethical issues are still a drawback, due to the high number of animals required. Additionally,
humanized mice still lack key elements of a complete human immune system. For example,
human T cells developing in these humanized mice do not recognize antigens in an MHC-
restricted manner, impeding the investigation of human T cell responses against therapeutic
proteins [176,177]. In addition, these models are expensive, and require a high level of technical

expertise and cost [173].

1.6.2. Cell models (in vitro)

1.6.2.1. 2D cultures of GBM cell lines
The culture of established cell lines on plastic surfaces is the most accessible, straightforward,

and easier model to study GBM. Several human GBM cell lines, including U87, U251, T98G, and
Al172, have been established in the past years to investigate the mechanisms underlying GBM
biology [178,179]. Cell lines cultured as 2D monolayers have contributed to the discovery and
characterization of cell signaling in cancer cells and represent a convenient model for high
throughput screening of drug candidates [170]. The major downfall of 2D culture of cell lines is
that a high number of passages leads to a high amount of genotypic and transcriptomic alterations
resulting often in little resemblance with the tumor of origin [180]. In addition, 2D cell cultures lack
cell-cell and cell-ECM interactions in three dimensions typical of the tissue. Additionally,
transplantation of GBM cell lines into nude mice showed tumor homogeneity, limited necrosis,

and microvascular alterations, that do not recapitulate in vivo GBM microenvironment [181].

1.6.2.2. 3D GBM cell models
3D cell cultures are based on cell aggregation and/or cell adhesion to a scaffold in three

dimensions (3D), promoting maximal cell-to-cell interactions that resemble the in vivo dynamics.
3D cell cultures are a very useful tool to study molecular mechanisms, cell-to-cell interactions,
and drug screening/development. When compared to in vivo models, 3D cell models present a
higher reproducibility and throughput potential, while better representing the in vivo cell-to-cell

and cell-ECM interactions than 2D cell cultures [182].
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Current 3D models can be divided into two major groups: scaffold-dependent, in which cells
are cultured in physical and mechanical supportive structures, and scaffold-independent, where

cells rely on self-aggregation capabilities [183].

1.6.2.3. Scaffold-free 3D cell cultures

1.6.2.3.1. Hanging drop, force floating, and agitation-based cell aggregation
Scaffold-free 3D cell cultures rely on the self-aggregation ability of cells. Cell-to-cell contacts

can be achieved using a variety of methods, such as the hanging drop method, the forced floating

method, and collision-based methods in agitation [183].

The hanging drop method is based on gravity. A small drop of culture medium with a
suspension of cells hangs on an inverted petri dish or is generated using specialized plates
developed in recent years [184]. Cells aggregate in the bottom of the drop, forming a spheroid.
Another possibility is the force floating method, which requires a low adhesion surface, to prevent
cells from attaching to the culture plate. Suspended cells are brought together by lower-speed

centrifugation, forming spheroids [183].

Agitation-based aggregation relies on cell collisions promoted by the orbital shaking or stirring
(in bioreactors or spinner flasks) The stirred-tank systems present numerous advantages, like
large-scale production of spheroids, improved mass transfer that results in homogeneous nutrient

and oxygen availability [182].

1.6.2.3.2. GBM neurospheres
The most used 3D cell culture approach for GBM modeling is the neurosphere method. It relies

on the capacity of CSCs to self-renew and proliferate. A single-cell suspension of GBM cells is
plated at a low cell density in ultra-low attach (ULA) plates, in serum-free medium conditions
supplemented with stem cell growth factors. These conditions favor CSCs survival and
proliferation in sphere-like structures, as these cells are more resistant to anoikis than
differentiated cancer cells, and respond to the stem cell growth factors added to the culture
medium (e.g., EGF, FGF) [185-187]. Anoikis is a form of programmed cell death induced by the
loss of cell adhesion to the ECM [188]. Various reports show GBM-derived neurospheres to
present stemness markers, such as NESTIN, MUSASHI-1, CD44, CD133, OCT4, and SOX2
[189-194]. The presence of CSCs features is crucial to recapitulate chemotherapeutic resistance,

and the heterogeneity of the GBM cell population [195].

1.6.2.4. Scaffold-dependent 3D cell models
Scaffold-based culture technologies provide physical and chemical support for cells to grow.

Scaffolds can have a biological or synthetic origin. The biological scaffold includes alginate,
collagen I, fibrin, and matrigel [183]. Some beneficial aspects are the high biocompatibility and
natural adhesive properties. Biological scaffolds can sustain physiological cell functions. These
include controlled proliferation and/or differentiation, cell phenotype and functionality. One of the
most used scaffolds in 3D cell cultures is Matrigel, a protein mixture secreted by Engelbreth-Holm-

Swarm (EHS) mouse sarcoma cells that resemble basement membrane composition: laminin,
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collagen 1V, heparan sulfate proteoglycans, entactin/nidogen, enzymes like matrix
metalloproteinases and several growth factors including EGF, basic fibroblast growth factor
(BFGF), NGF, PDGF, IGF-1, and TGF-$[196]. Although there are numerous successful 3D
cultures performed using matrigel, like the organoids described in the next section, there are
major disadvantages associated with this scaffold, such as: the animal origin, the complex
composition with numerous soluble factors with biological activity and the batch-to-batch
variability [197], which may negatively impact experimental reproductivity. Moreover, matrigel
cannot be manipulated biochemically or physically, making it difficult to fine-tune the matrix to

promote intended cell behaviors and achieve specific biological outcomes [198].

Examples of synthetic hydrogels used in 3D cell models are polyethylene glycol (PEG),
polylactic acid (PA), or polyglycolic acid (PGA). These scaffolds are relatively inert, inexpensive,
usually easy to tune through synthesis or crosslinking, and reproducible, supporting the
acquisition of consistent results [199-201]. On the other side, artificial polymers lack adhesive
moieties found in natural ECM and require previous biological knowledge to define the biological

peptides to be crosslinked, to improve scaffold functionality [183,202].

1.6.2.4.1. Organoids
Organoids are 3D cultures of stem cells within an ECM scaffold (typically matrigel) that

proliferate and undergo multi-lineage differentiation. The distinct cell populations self-organize,
mimicking structural features and functional properties of the organ of origin [203]. In the case of
GBM research, two main types of organoids have been employed — patient-derived organoids
(PDOs), generated from patient-derived tumor cells, and cerebral organoids (COs), derived from

pluripotent stem cells, and reviewed in [170].

PDOs rely on culturing GBM cells directly derived from patients. The main advantage of PDOs
is the expansion of GBM cells retaining tumor heterogeneity, which makes this a suitable model
for precision medicine and to study immunotherapeutic modalities and allows biobanking [204].
Recently, Jacob et al. developed a protocol for generation of scaffold-free GBM organoids (hamed
GBOs) from fresh tumor specimens, without single-cell dissociation. This method is scaffold-free,
and the culture medium has a defined composition. GBOs were cultured under agitation to
facilitate the organoid formation and to guarantee homogeneous diffusion of nutrients and
oxygen. Although less time-consuming than previous PDO methodologies (1-2 weeks versus 1-
2 months), there are still pitfalls to be overcome, such as the tendency to diverge genetically from

the primary tumor over very large numbers of passages [170].

COs recapitulate early stages of human brain development and comprise diverse brain cell
types, such as neural progenitors, neurons, astrocytes, and oligodendrocytes. Therefore, in these
models, the GBM microenvironment neural cell components are represented. COs engineered
using gene-editing tools have been employed to study GBM onset [170,205,206]. Amplification
of oncogenes and mutations in tumor suppressor genes were introduced into neuroepithelial
progenitors during CO differentiation. These included common GBM genetic alterations, such as
CDKN2A-, PTEN-, TP53", EGFRCE and EGFRUVIII®E, and their combinations typically presented
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in patients [170,205]. The resulting COs, named neoplastic cerebral organoids (NeoCORS),
recapitulated transcriptomics profiles and presented markers typically associated with GBM in the
clinic. In another study, mutant RAS and TP53 disruption were introduced in mature COs, leading
to oncogenic transformation, Tumor cells showed an invasive phenotype when co-cultured with

non-transformed COs and oncogenic potential when transplanted into mice [206].

Co-cultures of COs with GBM cells have also been proposed by other authors. Silva et al co-
cultured early-stage COs with GBM CSC spheroids. CSCs adhered and migrated into the COs;
Linkous et al. co-cultured COs with GSCs isolated from patient tumors, generating what the
authors termed the cerebral organoid glioma (GLICO) model [206,207]. GLICO organoids
generated with GSCs from different patients showed distinct invasive properties and sensitivities
to chemotherapy and radiation therapy [206]. Nonetheless, this methodology comes with two
main limitations: 1) the requirement for patient-derived GSCs, and 2) it is more time consuming

then previous models due to spheroids derivation [170].

1.6.2.5. Organotypic tissue slices

Organotypic tissue slices represent a physiologically relevant model for studying the tumor
microenvironment, since the methodology preserves the tumor histological architecture and
contains other cell types, such as immune cells and endothelial cells [208]. This model requires
a tumor resection from a patient/animal model, sliced into sections, and cultured in petri dishes.
Some studies have used this model to study glioma cell signaling [209], invasion [210], and GBM-
microglia interactions [211]. However, organotypic tissue slices have a short life span and it is
challenging to maintain the viability of the different cell populations [212]. In addition, most studies
are performed with mice organotypic slices due the low abundancy of human tissue samples
[209,210,212].

1.6.3. In vitro microglia models

To study interactions between CNS immune cells and GBM in vitro, co-cultures of these two
cell types appear as the best way to maximize heterotypic cell signaling, via soluble mediators
and cell-to-cell contacts. To attain such a model, a microglia model that retains phenotype and
functionality similar to the in vivo microglia is required. Currently, the cell sources available are
immortalized microglia cell lines, microglia-like cells derived from monocytes (MLC-Mo) or human
induced pluripotent stem cells (MLC-hiPSC), and primary cultures of freshly isolated human

microglia [213]. In this section, each of these microglia models will be described.

1.6.3.1. Microglia cell lines

Human microglia cell lines are immortalized by viral transduction with oncogenes and derive
from the brain or the spinal cord. One of the advantages of these in vitro models is the extensive
proliferative capacity, easy maintenance, and high availability [213]. The most common human
microglia cell lines used in CNS studies are HMC3 and C20. HMC3 (also reported as CHM3) is
derived from the human spinal cord and cortical cells of 8 to 12-week embryos, which were
transduced with a plasmid encoding for the large T antigen of SV40 (Figure 1.10) [214,215]. C20

originated from human cortical tissue, stably transduced with SV40 T antigen (SV40) and human
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telomerase reverse transcriptase, to bypass senescence [216]. Both cell lines were successfully
employed in multiple studies [216—220], and are reported to express some microglia markers
[221]. However, due to immortalization and long-term culture, alteration of the cell phenotype may
occur. Typically, higher cell passages lead to genomic and transcriptomic alterations. In addition,
cell lines in general show high lab-to-lab cell genetical and phenotypical variability [222]. A recent
transcriptomics study has in fact pointed out that microglia cell lines differ both genetically and

functionally from freshly isolated microglia and microglia cultured ex vivo [213].

1.6.3.2. Microglia-like cells derived from monocytes (MLC-Mo)

A method for differentiation of monocytes into microglia-like cells was recently established by
Etemad et al. Monocytes were isolated from PBMCs and cultured for 14 days in a serum-free
medium, in the presence of M-CSF, GM-CSF, B-NGF, and CCL2 (Figure 1.10). The initial
characterization of MLC-Mo showed that these cells presented low levels of CD45, CD14, MHCII,
CD11B, and CD11c; undetectable levels of CD40, CD80, and CD83, and a distinct pattern of
chemokine receptors (positive for CCR1, CCR2, CCR4, CCR5, CXCR1, CXCR3, CX3CR1;
negative for CCR6 and CCRY7). This resembles the profile of human microglia [118]. Variation on
the methodology has been shown, using a combination of GM-CSF, M-CSF and 1L-34 [223]. The
MLC-Mo method has the advantage of generating MLCs with a gene expression that resembles
human primary microglia. Additionally, easy access to PBMC makes this in vitro model very
appealing. However, differentiation into functional MLC-Mos takes 14 days [118]. MLC-Mos have
been employed in inflammatory response studies in schizophrenia [224], development of
Alzheimer's disease therapeutics under pre-clinical trials[225], human immunodeficiency virus

(HIV) infection replication and pathogenesis [221].

1.6.3.3. Microglia-like cells derived from human induced pluripotent stem
cells (MLC-hiPSCs)

Presently, there are multiple methods for differentiation of microglia-like cells from hiPSC, based

on the exposure to defined factors and/or viral transfection [213,226]. Additionally, there are

commercial kits available, such as the one from StemCell™ Technologies (Figure 1.10). The

major downfalls of these models are that they are time-consuming and require expensive

reagents for differentiation [213].
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Figure 1.10 - Main microglia cell models. A — Peripheral blood monocytic cells plated in primaria plates to
promote monocytes adherence. After 24 h, monocytes are cultured in serum free medium supplemented
with microglia growth factors (macrophage colony stimulating factor, M-CSF; human beta-nerve growth
factor, B-NGF; granulocyte macrophage colony stimulating factor, GM-CSF; C-C motif chemokine 2, CCL2)
and kept in culture for 14 days to attain MLC-Mo. B — Human induced pluripotent stem cells (hiPSC) are
firstly differentiated to hematopoietic progenitor cells (HPCs) and then to microglia-like cells (MLC-hiPSCs).
C — The HMC3 cell line is derived from spinal cord and cortical cells that were transfected with simian
vacuolating virus 40 (SV40) sequences. D — The HMC3 cell line is derived from cells from 8-12-week
embryos that were transfected with SV40 and telomerase reverse transcriptase (TERT) sequences. Panel
A adapted from [118]. Panel B adapted from [205], Panel C and D adapted from [206, 207] respectively. All
figures were created in biorender.com.

1.6.3.4. Primary cultures of human microglia
Human microglia cells are normally obtained from post-mortem fetal or adult brain tissue

(available from abortions and deceased donors, respectively). Primary cultures of human
microglia is the cell source that better reflects the phenotype and genetic variability of the human
population compared to cell line-derived microglia [227]. Limitations include the limited availability
of (healthy) adult brain tissue, lack of control over the ante-mortem conditions, and variable post-

mortem delay, which might affect the microglia phenotype [228,229].

1.7. Current GBM microenvironment in vitro models to study
brain cancer and potentially GBM-GAMs interactions

Several models have been established in the literature to study interactions between non-
neoplastic cells and GBM and/or to test the potential of novel pharmaceuticals. Recently, a
bioprinting-based model proposed by Tang et al. was established employing as scaffold gelatin
methacrylate (GelMA) and glycidyl methacrylate-HA (GMHA) hydrogels. Here, by using

sequential cell printing in the hydrogel, human astrocytes, PDX-derived GBM neurospheres, M@
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(derived from either hiPSC, PBMCs or THP1) and neural precursor cells (source of neurons) were
progressively deposited on the hydrogel scaffold. By using this “3D tetra-culture cell model”
authors observed recapitulation of patient transcriptional signatures similar to GBM tissues,
maintenance of stemness, invasion, and drug resistance [230]. Moreover, the tetra 3D cell culture
model showed increased expression of M2-related genes IL-10 and CD163 compared to 2D M,
which corroborates previous observations [76,139]. In addition, the authors observed that GBM

cells displayed increased migratory ability when in presence of Mg [230].

Although this model recapitulates several features of the GBM TME, it does not include
microglia that is known to represent a large portion of the GBM TME along with blood-derived Mg
[231], oligodendrocytes, and differentiated neurons that are essential components that interact
with GBM [76,107,109,110].

Leite et al. developed a co-culture GBM model with the microglia cell line HMC3. Here,
microglia promoted tumor cell proliferation, migration, and TMZ resistance [232]. The authors
showed a partial response of HMC3 microglia cells after inflammatory stimuli (LPS+IFN-y), yet
the effect of the presence of GBM cells toward microglia polarization was not investigated [232].
Chen et al. performed a similar 3D co-culture model approach by using patient derived GBM cells
to study their paracrine interactions with primary murine microglia. In this study, a methacrylamide
functionalized gelatin scaffold was employed to prevent GBM cells-microglia contact [233]. The
authors described that GBM cells showed increased cell proliferation and decreased cell invasion
when co-cultured with microglia, compared to 3D GBM monoculture. Although increased
proliferation in GBM cells co-cultured with microglia has been reported in other studies [232,234]
decreased GBM invasion capacity due to the presence of microglia is in contrast with other
studies [211,232,234]. This disagreement in the literature could be technical since reports tested
invasion in GBM co-cultures/organotypic slices in different scaffolds (matrigel, methacrylamide-
functionalized gelatin). Additionally, matrigel batch-to-batch variability may also have an impact
on the outcomes [197]. Another element is the diverse microglia sources used (e.g., mainly
human, primary murine, HMC3 cell line) or primary GBM cells that could influence the results.
Finally, secretome analysis in this model [233] showed CCL2 secretion, which is observed in
patient-derived cells[78] and GBM cell lines (U-105 MG and U-251 MG) [235].

Relative to the co-culture model systems described [233], they lack several of the TME GBM
components (e.g., astrocyte, neurons and oligodendrocytes). This limits the recapitulation of TME
complexity necessary to study in a more detailed manner GBM oncobiology. In addition, Chen et
al. [233] model studied only paracrine GBM-microglia interactions, without covering cell-to-cell

interaction analysis.

Another model to recapitulate GBM-TME complexity is a co-culture system of patient-derived
GBM cells, astrocytes, and murine microglia, assembled in a fibrin scaffold. In addition, the co-
culture is set in a vascular mimicry with brain pericytes and endothelial cells [236]. This system
presents a significant advantage over previously mentioned models [233,237,238], due to the

presence of blood vessel mimicry, which features angiogenesis, one of the cancer hallmarks
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[239]. This system, established by Neufeld et al., shows similar growth curves, drug response,
and genetic signature of this model platform compared to orthotopic cancer mouse models, as
opposed to 2D static cultures [236]. This result confirmed previous observations on the fact that
GBM cells cultured in 2D cell cultures are far from recapitulating GBM features [170]. However,
this latter model, similarly to the previous ones [233,237,238], does not include CNS cells such
as neurons and oligodendrocytes that interact with GBM cells [76,110]. Moreover, the use of a
fibrin scaffold does not recapitulate GBM ECM, which is composed mainly of collagen IV and low
molecular weight hyaluronic acid [85].

1.8. Aim and objectives
This thesis is integrated in a project that aims to decipher immunosuppressive events in rare

brain gliomas by developing and interrogating recapitulative 3D cell models of the brain cancer
microenvironment (Figure 1.11). To attain such models, the molecular crosstalk between tumor
cells, microglia cells and astrocytes must be recapitulated. Another important aspect is that the
system is amenable to challenge with advanced therapeutics. Such models can be instrumental
in the study of immunosuppressive mechanisms in distinct brain cancer types and to advance
immunotherapeutic approaches.

The strategy proposed for setting up of the 3D glioma microenvironment models is to establish
co-cultures of CNS neurospheroids (3D structures composed of neurons, astrocytes, and
oligodendrocytes) differentiated from hiPSC cultures, following a methodology established in the
host laboratory [240]. These neurospheroids will be co-cultured with microglia and 3D spheroids
of glioma cells, in stirred-tank bioreactors, in which environmental culture conditions can be tightly
controlled [241].

Aim
Decipher immunosuppressive mechanisms in gliomas
Main Objective

Develop a 3D cell culture strategy to model
immunosuppressive glioma microenvironments

Expected Outcomes

r N
i ' Co-culture "7"/ \ [ ®,
, ; L B/
) ¢ Glioma Cells o @o! 1AL 7
I Y ¢ Neurons . ,
oy A | ¢ As:trocytes Discover new Deliver a preclinical model for assessment
5 R « Oligodendrocytes - . . R .
immunossuppresive of immunotherapeutic modalities and
targets discovery of biomarkers for response
L J

Figure 1.11 - Scheme of the project in which this thesis is integrated, that aims to decipher
immunosuppressive events in rare brain gliomas.

In this thesis, the aim was to define methodologies for 3D co-culture of tumor and microglia
cells and set-up analytical assays for their characterization, all to be latter employed in the

development of the 3D models of immunosuppressive glioma microenvironments.
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As such, three main objectives were set for this thesis:

1. Selection of a microglia cell source
2. Selection of a 3D GBM cell culture methodology

3. Proof of concept: Initial co-culture assessment

1 — Selection of a microglial cell source to be used in the co-culture studies (to be
performed in the Objective 3), three microglia sources were evaluated: 1) microglia-like cells
derived from monocytes (MLC-Mo), 2) immortalized microglia cell lines (HMC3 and C20), and 3)
microglia-like cells derived from hiPSC (MLC-hiPSC) (Figure 1.12).

The microglial cells obtained from each of the cell sources were evaluated in terms of: 1)
microglial phenotype: expression of microglial genes by quantitative reverse transcription
polymerase chain reaction (RT-gPCR) and detection of microglia protein markers by
immunofluorescence (IF), western blot and flow cytometry (FC) (Task 1.1); 2 — microglial
functionality, through the evaluation of the ability to respond to prototypical pro- and anti-

inflammatory stimuli through modulation of cytokine expression (RT-qgPCR and IF) (Task 1.2).

2 - Selection of a 3D GBM cell culture methodology

To select a method for generation of 3D GBM cell cultures which resemble the in vivo
phenotype, the human A172 GBM cell line was employed. This cell line was chosen due to the
presence of the PTEN mutation which is one of the common alterations observed in GBM
[12,160]. Moreover, the A172 cell line is classified within the GBM mesenchymal subtype [178],
which is associated with worse prognosis and higher therapy resistance than other GBM subtypes
[242]. In addition, several studies employed this cell line to perform 3D cell culture [243-245],
which this task will rely on. Lastly, the A172 cell line was used among other cancer cell lines to

study microglia-induced cancer cell migration [246,247].

To attain the objective, two tasks were defined: Task 2.1 - Implementation of 3D cell cultures
employing two methodologies and their characterization in terms of cell viability and morphology;
Task 2.2- Evaluation of the expression of GSC marker genes and immunosuppressive cytokine
genes by RT-qPCR, and protein detection by WB and IF (Figure 1.12).

In Task 2.1, two scaffold-independent methodologies were tested for the generation of 3D
GBM cultures. One was the neurosphere formation assay, largely used in studies with GBM cell
lines (A172, U251, TG98 and U118), and primary GBM cells [243,248,249], in which survival and
aggregation of CSCs is favored by the culture conditions. Alternatively, an agitation-based
method widely used in the host laboratory and implemented for a large panel of cancer cell lines
[241,250,251] was also tested. Single cell suspensions of A172 cells were inoculated in spinner
flasks, so that the continuous agitation could promote cell-to-cell collision, therefore inducing
generalized cell aggregation and leading to spheroid formation. Despite being widely used in

cancer research, this last methodology has never been reported for glioma cells.
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3 - Proof of concept: Initial co-culture assessment

To attain this objective, two tasks were planned: Task 1. characterization of the phenotype of
the microglia cell source chosen in objective 1 when cultured in neurosphere CM; Task 2:
evaluate the feasibility for co-culture of microglia with GBM neurospheres generated by the
method selected in objective 2. Cell viability and microglia gene expression were characterized
in a preliminary assay (Figure 1.12).

Aim
To define methodologies of 3D co-culture of tumor and microglia cells and set-up
analytical assays for their characterization

0

1
Selection of a microglia cell source

> Objective 3

Proof of concept: Initial co-culture

Analysis of different microglia sources r—b assessment
Establishment of cell culture parameters
Derived from hiPSCs Objective 2 and microglia characterization
Derived from Monocytes 73
: s Selection of a 3D GBM cell s o
Cell lines (HMC3 & C20) "«— Microglia
culture methodology e )
Evaluate: > Implementation of two distinct 3D » e
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Figure 1.12 - Scheme representing the thesis aim, objectives and workplan. Three main
objectives were defined: to select an appropriate microglia cell source, by analysing microglia
derived from monocytes and microglia human cell lines, namely HMC3 and C20; to select the best
3D GBM cell culture strategy; and to develop a 3D co-culture of GBM cells and microglia cells that
recapitulates the interactions between these two cell types.
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Chapter 2. Materials and Methods
2.1. Cell culture
2.1.1. Cancer cell lines 2D cell culture

Established A172 GBM and C20 microglia cell lines were cultured with Dulbecco’s modified
eagle medium (DMEM) supplemented with 4.5 g/L of D-glucose, L-glutamine, and pyruvate
(Gibco™ #41966052), 10% (v/v) fetal bovine serum (FBS) (Gibco™ #A3160801).

THP1 and MDA-MB-231 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640
(Gibco™, #11875093) medium supplemented with 10% (v/v) FBS.

Cells were kept in a humified incubator at 37 °C and 5% CO2. All cell lines were subcultured
twice a week, at a seeding density of 0.8x10* cell/lcm? (A172) and 1 x10* cell/cm? (MDA-MB-231),
and a seeding concentration of 2 x105 cell/mL for THP1. For subculture, adherent cells were
washed with Dulbecco's phosphate-buffered saline without Ca?* and Mg?* (DPBS (-/-), Gibco™,
#141190144) followed by incubation with 0.05% (v/v) trypsin-ethylenediamine tetraacetic acid
(EDTA) (Gibco™, #25300062) for cell detachment. Afterward, trypsin was inhibited by the addition
of complete medium containing FBS. THP1 cells were sub-cultured twice a week; eventual

adherent cells were trypsinized and maintained in culture, along with cells growing in suspension.

2.1.2. Microglia cell lines
The HMC3 microglia cell line was cultured in eagle’s minimum essential medium (EMEM)

supplemented with 10% (v/v) of FBS. The C20 microglia cell line was cultured with DMEM
containing 4.5 g/L of D-glucose, 42.0 mg/L of L-glutamine, 110 mg/L of sodium pyruvate, 15 mg/L
of phenol red and supplemented with 10% (v/v) FBS. Cells were kept in a humified incubator at
37 °C and 5% CO.. Microglia cell lines were subcultured twice a week, at a seeding density of 5
000 cell/cm? (HMC-3 and C20). For subculture, adherent cells were washed with DPBS (-/-),
followed by incubation with 0.05% (v/v) trypsin-EDTA for cell detachment. Afterward, trypsin was
inhibited by the addition of complete medium (containing 10% (v/v) FBS).

Cancer and microglia cell lines were maintained in culture for up to two months after thawing
and regularly tested for Mycoplasma contamination. For the mycoplasma test, the culture
supernatant was incubated at 95 °C for 10 min, spun down at 13 000 rpm and transferred into a
new labeled microtube. Subsequently, the sample was sent to GATC biotech, the company

providing the Mycoplasma test.

2.2. 3D GBM culture

2.2.1. A172 neurosphere cultures
A172 cells were dissociated by trypsinization and plated at a seeding density of 20 000 cell/mL

in T25 ultra-low attachment (ULA) culture flasks (Corning, #4616) in a serum-free medium
composed by DMEM containing 4.5 g/L of D-glucose, 42.0 mg/L of L-glutamine, 110 mg/L of
sodium pyruvate, 15 mg/L of phenol red and supplemented with 20 ng/mL of BFGF and EGF, 2%
(v/v) of B27, 1% (v/v) of N2 and 5 pg/mL of heparin, as described in Table 1. Neurospheres were

kept in a humified incubator at 37 °C and 5% COg, for up to 2 weeks, with addition of fresh medium
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(same volume as inoculated cells) after the first week (Figure 2.1). The condition for the

establishment of the neurosphere cultures were implemented in the host Lab according to a

previous publication [252].

Table 1 - Composition of the medium for culture of A172 neurospheres.

Medium components Concentration Brand
DMEM
[+] 4.5 g/L D-glucose
[+] 42.0 mg/L L-
glutamine
[+] 110 mg/L Pyruvate

mg/L Phenol red
Basic fibroblast growth
factor
Epidermal growth
factor

[1X] Gibco™

20 ng/mL PeproTech

20 ng/mL_ PeproTech

i ™
206 (VIv) Gibco

i ™
1% (VIv) Gibco

5 pg/mL

Neurosphere Formation

Protocol
(14 days, Serum Free Medium)

B-NGF 20 ng/mL
e _ ° EGF20ng/mL
%% e 827 2% (v/v)

® g0 © N21% (v/v)
( Heparin 5 pg/mL
e 7 days

Ultra-Low Add fresh medium

Attach Plate *
Growth Factors

—

2D A172 Cell culture

II\

60 RPM | 80 RPM
100 RPM

200 000 Cells per mL

Add Serum

Test Agitati
| containing Medium o est Agitation

Conditions 4days o

Cell Spinner
Strainer flask

Spheroid Formation

Protocol
(4 days, Serum Containing Medium)

Stem cell technologies

Catalogue number

#11965092

#100-18B
#AF-100-15
#17504044

#17502048
#07980

Neurospheres

Spheroids

Figure 2.1 - Schematic representation of the implemented A172 3D cell culture strategies.

Scale bar: 50 um

2.2.2. Spheroid formation in agitation-based culture systems

2.2.2.1. Spinner flask preparation

The spinner vessels were silanized to reduce surface hydrophobicity, and consequently,

reduce cell adherence to the glass. Silanization procedure required first a cleaning step with 1
M of potassium hydroxide (KOH) (Merck, #105033) in ddH»0 overnight. Afterward, spinner
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vessels were submitted to dicloromethysilane (Merck, #803452) coating and excess solution
removal with toluene (Merck, #108325).

The impeller of the spinner vessel was coated with polydimethylsiloxane (PDMS) to avoid cell
infiltration into the impeller fenestrations, during culture. First, a two-component mixture of
elastosil RT601 A (Wacker, #124690) and B (Wacker, #124691) was prepared at a ratio of 9:1.
The mixture was applied to fill the interior and lateral fenestrations. Subsequently, the impeller
was placed at 37 °C to solidify. Later, the spinner flask was sent to the autoclave and was ready

to use.

2.2.2.2. Spheroid formation assay
Adherent A172 cells were washed with DPBS (-/-) and detached using 0.05% (v/v) trypsin-

EDTA (Gibco, #25200056). Subsequently, trypsin was inactivated with a complete A172 culture
medium with 10% (v/v) of FBS, counted with trypan blue solution 0.1% (v/v) (Gibco, #15250-061)
in a fuchs-rosenthal counting chamber (Karl Hetch #4049712). Afterward, cells were centrifuged
at 300 x g for 5 min using a 5810R centrifuge equipped with an A-4-81 rotor (Eppendorf) and the
supernatant was discarded. The cell pellet was suspended in fresh A172 medium, supplemented
with serum. Subsequently, the cell suspension was filtered through a 70 um cell strainer (Falcon,

#352350) to ensure a single-cell suspension.

Then, A172 cells were inoculated into 125 mL glass spinner vessels with 70 mm flat center
cap, two 32 mm angled side arms, and three side baffles (Corning, #4500-125) at a concentration
of 2x10° cell/mL. A172 cells were cultured up to four days at 37 °C and 5% CO:2 under different
stirring rates (60 rpm, 80 rpm, and 100 rpm), set by a bioMIXdrive 1 single point stirring drive
(2mag AG) with bioMIX control 4MS external control unit (2mag AG) set.

Cell viability was assessed by fluorescein diacetate (FDA)/TO-PRO™-3 staining as described
below using the DMI6000B fluorescence microscope (Leica) with the Las X Life Science Software,
every day during the culture. On day 4, cell morphology parameters (area, max feret diameter,

and roundness) were determined using the icy bioimaging analysis software [253].

2.3. Neurosphere/Spheroid differentiation assay

Neurospheres and spheroids suspension cultures were plated under a plastic surface. After
24 h, 3D structures adhered to a plastic surface, and the medium was replaced with A172 medium
supplemented with 10% (v/v) FBS. Cells were incubated for 2-3 days at 37 °C and 5% CO2 until
cells reached full 2D adherence. Subsequently, cells were subjected to RNA extraction and RT-
gPCR analysis, as described below. Gene expression levels of POU5F1, NANOG, SOX2, NES,
IL10, CCL2, CSF1, and TGFBL1 in the 3D cell cultures (before plating in 2D) and after adherence
in 2D cultures were analyzed by RT-qPCR analysis, comparing the gene expression levels with
the ones detected in the original 2D cell culture, used to establish neurospheres and spheroid
cultures. Results are shown as fold change in gene expression compared to the original 2D cell

culture, which was set to 1.
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2.4. Microglia and macrophage differentiation

2.4.1. Microglia differentiation from monocytes
Induction of MLC-Mo was performed according to the protocol described by S. Etemad et al.

[118]. In brief, peripheral blood mononuclear cells (PBMCs) were plated in primaria™ 6-well
plates (Corning #353846), at a seeding density of 9x108 cell/ well, in RPMI 1640 medium (Gibco,
#11875093), in serum-free conditions, and kept in a humified incubator at 37 °C and 5% COo..
The following day, non-adherent cells (mostly T and NK cells) were removed through three
washes with DPBS (-/-). The adherent monocytes were cultured in RPMI supplemented with 10
ng/mL of M-CSF, 10 ng/mL GM-CSF, 100 ng/mL CCL2, 10 ng/mL of human 3-nerve growth factor
(B -NGF) and 1% (v/v) of penicillin-streptomycin (PenStrep), as described in table 2. Half of the
culture supernatant was exchanged by fresh medium every 3 to 4 days, up to 14 days, providing
fresh medium and factors (Figure 2.2).

Table 2 - Culture media composition for differentiation of microglia like cells derived from
monocytes (MLC-Mo).

Medium components Concentration Brand CRrElEEIE
number

Roswell Park Memorial

Institute 1640 (RPMI [1X] Gibco™ #11875085

1640

Macrophage Colony

Stimulating Factor (M- 10 ng/mL PeproTech #300-25
Granulocyte
AR 16 ©0. 0y 10 ng/mL PeproTech #300-03

Stimulating Factor (GM-

C-C Motif Chemokine 2 100 ng/mL PeproTech 43004
CCL2
Human B-Nerve Growth
Factor (B-NGF 10 ng/mL PeproTech #450-01

PRl - S Bl 1% (viv) PeproTech #15140-11

PenStrep

2.4.2. Macrophage differentiation from monocytes
PBMCs were thawed and plated in primaria™ 6-well cell plate (Corning #353846) at a seeding

density of 9x10° cell/well, in RPMI supplemented with 10% (v/v) FBS, and 50 ng/mL M-CSF
(Peprotech). Cells were kept in a humified incubator at 37 °C and 5% CO: for seven days. At day
seven, cells were washed three times with DPBS (-/-) to remove non-adherent cells and fresh

medium was added to maintain macrophages (M) in culture with a MO phenotype (Figure 2.2).
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Figure 2.2- Microglia like cells and macrophages (Me) differentiation protocol derived from
peripherical blood mononuclear cells (PBMCs).

2.5. Co-cultures of microglial and GBM cells

For co-culture assays, PBMCs were thawed and differentiated into MLC-Mo, for 14 days
(Figure 2.3). For the GBM component, A172 neurosphere formation was initiated on the 7" day
of microglia differentiation. After seven days of neurosphere formation, cells were dissociated with
TrypLE™ express enzyme (without phenol red, GibcoTM, #126050010), and resuspended in

DPBS (-/-) to determine the cell concentration.

For detachment of MLC-Mo, cells were incubated in 10 mM EDTA, pH 8.0 (diluted from a 0.5
M stock, Invitrogen, #15575020), at 37 °C, for 10 min. MLC-Mo was then labeled with CellTrace™
Yellow (Invitrogen, #34567), to distinguish the cell population in the co-cultures and to track single
cell infiltration within the neurospheres. MLC-Mo collected in DPBS (-/-) were centrifuged at 400
x g for 10 min and suspended in 2.5 uM of CellTrace™ Yellow (diluted in DPBS (-/-) with 2% (v/v)
FBS), and incubated under agitation, for 20 min, at 37 °C. Then, cells were incubated with RPMI
1640 medium supplemented with 1% (v/v) FBS, for 5 min, at 37 °C, to remove unbound dye.
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Figure 2.3 - Schematic representation of the co-culture experiment haboring glioblastoma (GBM)
neurospheres and microglia-like cells derived from monocytes (MLC-Mo).
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Cells were then centrifuged 400 x g for 10 min and resuspended in RPMI 1640 medium
supplemented with the growth factors used in microglia differentiation and in neurosphere
formation, as described above (Section 2.4.1 and 2.2.1 respectively). MLC-Mos labelled with
CellTrace™ Yellow were added to 7t-day A172 neurosphere cultures, in 24 ULA culture flasks
(Corning, #CLS3473), to obtain co-cultures of MLC-Mo: GBM cells at a 1:1, co-cultures were
cultured under agitation (80 rpm), overnight, to promote MLC-Mo adherence to the neurospheres.
After this period, the co-cultures were kept in static conditions for four days, at 37 °C. On days
two and four, cell viabilty and MLC-Mo adherence to neurospheres were assessed by
fluorescence microscopy. Cells were collected for RNA extraction, to characterize expression of
M1 and M2 marker genes. MLC-Mo challenged with prototypical pro- and anti-inflammatory
stimuli were used as positive controls and Al172 neurospheres as the negative control. The

analytical procedures are described below (Section 2.8).

2.6. Challenge of microglial cells

In order to polarize M@/microglial cells to an inflammatory (M1) state, cells were incubated
with 10 ng/mL lipopolysaccharide (LPS, #L4391, Sigma-Aldrich) and 50 ng/mL interferon-y (IFN-
Y, #300-02-100, PeproTech EC Ltd.); to polarize cell to an anti-inflammatory (M2) state, 20 ng/mL
interleukin-4 (IL-4) and 20 ng/mL interleukin-13 (IL-13, #AF-200-04 and #AF-200-10, respectively,
from PeproTech EC Ltd) were used.

To assess the effect of GBM neurosphere-derived factors on the phenotype of MLC-Mo, cells
were exposed to CM from A172 neurosphere cultures, diluted 1:1 in fresh microglia medium. As
control, cells were incubated with fresh neurosphere medium (NF) diluted 1:1 in microglia medium

or fresh microglia medium only.

During the 48 h of challenge, cells were kept in a humified incubator with 5% CO: at 37 °C.
Afterwards, cells were either fixed for immunofluorescence (IF) analysis or subjected to RNA
extraction for gene expression analysis (Section 2.8.3-5).

2.7. Cell assays
2.7.1. Cell viability assay

For viability assessment, cells were incubated with 10 ug/mL FDA, (Sigma-Aldrich, #F7378),
a cell permeating substrate of cytoplasmic esterases, which is transformed into a fluorescent
product. For labeling of dead cells, 1 yM TO-PRO™-3 iodine (Invitrogen, #T3605), a cell-
impermeant DNA probe, was used. Both reagents were diluted in DPBS (-/-). After exposing cells
to FDA/TO-PRO™-3, cells were observed under a fluorescence inverted microscope (DMI6000B

Leica Microsystems), and analyzed with FIJI software [254].

2.7.2. Cell morphology

For the characterization of spheroid and neurospheres, area, max ferret diameter and

roundness was determined using icy bioimaging software [253].

36



2.8. Analytical methods

2.8.1. Protein extraction

2D cell cultures were washed once with cold DPBS (-/-) and lysed with RIPA buffer (diluted
from a 10X stock, #20-188, Millipore) containing protease inhibitor (PI, Roche, #4906837001) [1X]
and phosphatase inhibitor Phosphostop (Roche, #4693132001) [1X]. In the case of
neurospheres, cells were centrifuged at 400 x g for 5 min to discard the medium before being
washed with DPBS (-/-). Subsequently, a second centrifugation was performed. RIPA buffer

supplemented with protease and phosphatase inhibitors was then added to the 3D cell culture.

Lysates were incubated for 20 min on ice before the centrifugation at 13 000 rpm at 4 °C for
10 min. The supernatant was retrieved into new eppendorf tubes and stored at -80 °C until further

use.

Protein concentration was quantified with the BCA protein assay kit (Thermo

Scientific™ Pierce™ # 23227), according to the manufacturer instructions.

2.8.2. Western blot
2.8.2.1. Sample Preparation

To prepare the protein samples for gel loading, they were mixed with NUPAGE™ LDS sample
buffer [6X] (ThermoFisher Scientific™, #NP0007) and NUPAGE™ reducing agent [10X]
(ThermoFisher Scientific™, #NP0004), until reaching the final concentration [1X]. Protein samples
were incubated at 70 °C for 10 min and then sonicated for 2 min in Branson 5800 ultrasonic

cleaner before the gel loading.

2.8.2.2. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Xcell surelock mini-cell electrophoresis system (Thermo Fisher) was assembled using a
NUPAGE™ 4-12% (w/v) bis-tris gel (Invitrogen, #NP0321), and chambers were filled with a
NuPAGE MES SDS running buffer [20X] (Invitrogen, #NP0002) in ddH20. 500 pyL of NuPage™
antioxidant (Invitrogen, #NP0005) was added to the inner chamber. For SDS-PAGE, 11-30 pg
protein, depending on the samples, was loaded in each lane and Seeblue™ plus 2 pre-strained

protein standards (Invitrogen, #LC5925) were used as a ladder.

The gel supply power was set at 150 V using the Powerpac universal power supply (Bio-Rad)

for 30-60 min depending on the size of the protein of interest.

2.8.2.3. Membrane transfer

For western blot, proteins separated with SDS-PAGE gel were electrically transferred to the
PVDF membrane (GE Healthcare, RPN1416F). PVDF membranes were previously activated in
methanol for 1 min and washed in ddH20 until no water droplets were visible on the membrane
surface. Gel-membrane protein transfer procedure was performed by using the mini blot wet
transfer modules (Invitrogen), at 20 V for 1 h, using the Powerpac universal power supply (Bio-

Rad). After protein transfer, SDS-PAGE was stained for 30 min with Instablue™ coomassie based
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staining solution (Expedeon #ISB1L) to verify the efficiency of protein transfer into the PVDF

membrane.

2.8.2.4. Immunoblot

PVDF membranes were blocked with 5% (w/v) low-fat milk (panReac AppliChem, #A0383)
diluted with tris buffered saline tween (TBST) buffer for 1 h to prevent unspecific antibody binding.
To prepare TBST for this procedure, 0.1% (v/v) tween 20 and prepacked tris buffered saline, pH
8.0 were dissolved in 0.5 L of ddH20. Subsequently, membranes were washed with TBST
followed by the incubation of the primary antibody (table 3) in the blocking solution plus 0.1% (v/v)
sodium azide. After the primary antibody incubation, membranes were washed with TBST and
incubated with the secondary antibody (Table 4) diluted with a blocking solution at a ratio of
1:5000, 1 h at room temperature (RT).

To reveal the western blot, membranes were washed with TBST after antibody incubation,
followed by exposure to Amersham ECL select western blotting detection buffer for 1 min inside
a plastic cover. Afterwards, excess liquid was removed and revealed in an iBright™ FL1500

Imaging System (Invitrogen #A44241). For analysis purposes, image J software was used [254].

Table 3 - Primary Antibodies used for western blot

Primary o Incubation

Antibody Brand Reference Host Dilution Conditions

Anti-Glial

Fibrillary

Acidic Sigma-Aldrich #C9205 B S 1:1000  Overnight at 4 °C
(Monoclonal)

Protein

lonized-
calcium . . .

s Cell Signalling Rabbit-IgG . . o
binding Technology #17198 (Monoclonal) 1:1000 Overnight at 4 °C
adapter

molecule
Sigma-Aldrich #ABA41 (mgﬁjglgﬂg) 1:5000 1hatRT
INRen il Cell Signalling #DABIC Relololt 7[E 1:1000  Overnight at 4 °C
Technology (Monoclonal)
Triggering
receptor on Goat-lgG . . o
myeloid R&D Systems #AF1828 (Polyclonal) 1:500 Overnight at 4 °C
cells 2
TREM2
. Cell Signalling Mouse-1gG . . o
Anti-CD44 Technology #8E2 (Monoclonal) 1:1000 Overnight at 4 °C
ol Merck Millipore  #MAB353 (mgﬁgglgﬂgl) 1:1000  Overnight at 4 °C
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Table 4 - Secondary antibodies used for western blot

Secondary Antibody Brand RS Host Dilution Incub_a_tlon
ce Conditions

ECL Anti-Mouse HRP- GE Sheep-lgG .
eatheare  FNASSL (P90, 18000 inaiRT

ECL Anti-Rabbit HRP- GE Sheep-lgG .
eatheare  #NASS4 (LoC9G)  1S000 LnatRT
Anti-Goat HRP-Link Invitrogen ~ #81-1620  R2pbitlgG 1:5000 1hatRT

(Polyclonal)

2.8.3. RNA extraction
For RNA extraction, the high pure RNA isolation kit (Roche #11828665001) was used,

following the supplier protocol. Prior to cell lysis, 2D cell cultures were washed with DPBS (-/-),
while 3D cell cultures were centrifuged at 400 x g for 5 min to remove the culture medium. The
procedure was then repeated with DPBS (-/-). After the extraction, RNA samples were stored at
-80 °C immediately. When direct RNA extraction could not be performed due to the lack of time,

samples were stored in RNA later solution -80 °C (Invitrogen, AM7021) until use.

2.8.4. Reverse transcription

The reverse transcription reactions were performed using the Sensiscript® reverse
transcription kit (Qiagen #205213) following the supplier’s protocol. The reaction was carried over
2 h incubation at 37 °C in a SimpliAMP™ thermal cycler (Applied Biosystems). Resulting cDNA
from the reactions were either stored at -20 °C or used immediately. Resulting cDNAs were diluted

at least 3 times with DNAse/RNAse free water prior use in RT-qPCR procedures.

2.8.5. Reverse transcription quantitative polymerase chain reaction (RT-
gPCR)

PCR reactions were performed in PCR 384 well plates (Thermo Fisher #AB1384) using the
LightCycler 480 SYBR green | master (Roche, #04887352001), supplemented with 2.5 pul of Ultra-
Pure DNase/Rna-Free, 1 pL of forward and reverse primer (final concentration: 500 nM each),
and 4.5 pyL of SYBR Green solution (Roche, [1X] final concentration). PCR reactions were
performed in triplicates for each condition and to ensure the lack of contamination in the PCR
mixes, a non-template control (NTC) with only PCR mix was added as a negative control for each
gene mix preparation. PCR reactions were carried out in a LightCycler 480 Il (Roche). The
sequence primers used in this project are listed in Table 5. The specificity of each sequence was
assessed by PRIMER blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) analysis. Prior to
usage, each primer couple was analyzed to assess primer efficiency and ensure the absence of
dimers.

Cycle threshold (Ct) and melting curves were determined by LightCycler 480 software version 1.5
(Roche). All data analyses were based on the relative gene expression, using the 2-22Ct method
[255]. First, the geometric mean of housekeeping genes (RPL22 and 36B4) is determined. Then,
the mean of the Ct sample gene is subtracted by the housekeeping genes of the same condition

(ACt). Fold change of Ct was assessed relative to the control group (AACt) and normalized to the
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control set as 1 (222CY), The determination of relative transcript abundance was calculated with
ACt by the power of two (2-2€), The representation of error propagation of the standard deviation
was calculated with formula 1. The representation of error propagation of the standard deviation

in relative transcript abundance analysis was calculated with formula 2.

2

2
_ . . 2 2 2 2
(1) SD = relative gene expression * In2 = \/JSDcondition + SDhousekeeping genes + JSDcuntrul condition + SDcuntrul housekeeping genes

(2) SD = relative transcript abundance * In2 * \/SDcand,-n-onz + SDpousekeeping ggngsz

2.8.6. Agarose gel

RT-qPCR amplification products generated by co-cultures between A172 GBM neurospheres
and MLC-Mo, were separated by electrophoresis. First, 2% (w/v) agarose was prepared by mixing
in Tris-acetate-EDTA (TAE) buffer [1X] (Thermo Scientific™, B49) with agarose (Nzytech,
#MBO027). This mixture was homogenized through heating and agitation. Then, RedSafe nucleic
acid staining solution (Intron Biotechnology, #21141) was added to visualize the amplicons after
the electrophoresis. Afterwards, agarose was poured into the support and let polymerize. After
polymerization, the support was embedded in ddH20 with a TAE buffer [1X]. Relative to sample
preparation, RT-gPCR amplicons were loaded into the agarose after mixing with a DNA gel-
loading dye (BioLabs, #B7024A).

Subsequently, samples and 100bp DNA ladder (BioLabs, #N0467S) were added to the
agarose gel, and run for 60 min at 150 V using a Biometra P25T electrophoresis power supply.

Electrophoresis results were visualized in Gel Doc XR imaging system (Biorad).
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Table 5 - List of primers used in RT-qPCR. Description of gene name, the protein encoded, and
primer sequence. The primer sequence column displays the 5-3'nucleotide sequence of the
forward primer (top) and reverses primer (bottom).

Gene

ITGAM

P2RY12

P2RY13

AlF1

GPR34

CD68

TMEM119

CX3CR1

PTPRC

CD80

CD86

CD163

MRC1

=]
(o]

IL1B

TGFB1

SOX2

POU5F1

NANOG

IN[=S3

IL10

CCL2

CSF1

RPL22

36B4

Protein Encoded

Integrin Subunit Alpha M
(CD11B)

Purinergic Receptor P2Y12

Purinergic Receptor P2Y13

lonized Calcium-Binding Adapter
Molecule 1 (IBA1)

G Protein-Coupled Receptor 34
CD68 Molecule

Transmembrane Protein 119

C-X3-C Motif Chemokine
Receptor 1
Protein Tyrosine Phosphatase
Receptor Type C (CD45)

CD80 Molecule

CD86 Molecule

CD163 Molecule

Mannose Receptor C-Type 1
(CD206)

Interleukin 6

Interleukin 18

Transforming Growth Factor
Beta 1

SRY-Box Transcription Factor 2

POU Class 5 Homeobox 1

Nanog Homeobox 1

Nestin
Interleukin 10
C-C Motif Chemokine Ligand 2
Colony Stimulating Factor 1

Ribosomal Protein L22

60S Ribosomal Phosphoprotein
PO

Primer Sequence 5’-3’

TTG TGG TTC CTC AGT GGT GC
GGT CAT TGC GTT TTC AGT GTCC
ACTCTCTCTTCCAGCCCAGGT
CCAGGACCAGTTCCTTGGCGTA
GCCGACTTGATAATGACACTCATG
CCTAACAGCACGATGCCCACAT
TCATGTCCCTGAAACGAATG
CCAGCATCATCCTGAGAAAG
CTGGTTGGGAACATAATCGCCC
GGCAGAAGATGAGTAGGAGGTC
CTTCTCTCATTCCCCTATGGACA
GAAGGACACATTGTACTCCACC
TCCAGGGTCAGATTACAAGAGCAC
ACTGTTGATTCTGGAGGGTTTGA
GTGGTGCTGACAAAGCTTGGAA
TCACTGGGTGCCATCGTAAGAA
ACCACAAGTTTACTAACGCAAGT
TTTGAGGGGGATTCCAGGTAAT
CTCAGAAGTGGAGTCTTACCC
AGA GAT TGG AGG GTG TTC CTG
TGGAGAGGGAAGAGAGTGAACA
AAAACACGCTGGGCTTCATC
TTTGTCAACTTGAGTCCCTTCAC
TCCCGCTACACTTGTTTTCAC

GGGTTGCTATCACTCTCTATGC
TTTCTTGTCTGTTGCCGTAGTT
GCAGAAAAAGGCAAAGAATC
CTACATTTGCCGAAGAGC
CTC AAG TGT CTG AAG CAG CC
AGT GGT GGT CGG AGA TTC GT
CATGGGGGCTGTATTTAAGG
GAGGGAGAGAGAGGGAGTGG
GCGGAAAACCAAGACGCT
ATGTGCGCGTAACTGTCCAT
GACAACAATGAAAATCTTCAGGAG
CTGGCGCCGGTTACAGAACCA
CAGCTGTGTGTACTCAATGATAGA
TTT
ACACCATTGCTATTCTTCGGCCAG
TTG
TAAGGTGAAAAGGGGTGTGG
GCAAGAGATTCCCTTTGCAG
GCC TAA CAT GCT TCG AGATC
TGATGT CTG GGT CTT GGT TC
CCAAGCAGAAGTGGGTTCAG
TAAAACAGGGTGTCTGGGGA
AGCAGGAGTATCACCGAGGA
TTGGCACGAGGTCTCCATCT
CACGAAGGAGGAGTGACTGG
TGTGGCACACCACTGACATT
GTGTTCGACAATGGCAGCAT
GACACCCTCCAGGAAGCGA
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2.8.7. Immunofluorescence

For immunofluorescence, cell lines HMC-3 C20 and A172 were plated in 13 mm cover slips
(VWR, #631-1578) in a 24-well culture plate (Falcon, #353047) and kept in a humified
environment at 37 °C and 5% CO2for 2 days before being fixed. MLC-Mo was cultured in a 8-well
chamber (IBIDI, #80841) coated with poly-D-lysine (Gibco # A3890401) after the differentiation
step.

2.8.7.1. Fixation

The first step of the fixation procedure was to remove the cell culture medium, wash with DPBS
(+/+), and fixed with a solution of 4% (v/v) paraformaldehyde (PFA, Fluka, #762470) + 4% (v/v)
sucrose (Sigma-Aldrich, #59378) in DPBS (+/+), for 10 min, at RT. Fixed cells were washed twice
with PBS(+/+) and stored at 4 °C in DPBS (+/+), in 24-well plates or IBIDI chambers sealed with

parafilm.

2.8.7.2. Permeabilization and blocking

Fixed cells were permeabilized and blocked with 0.1% TX-100 (Sigma-Aldrich, #T-8787) +
0.2% (v/v) fish skin gelatin (FSG) (Sigma-Aldrich, #S4521) for 10 min, at RT.

2.8.7.3. Antibody incubation

Antibody incubations were performed in a dark moisture chamber to prevent drying of the
coverslips, or 8-well IBIDI chamber in the case of MLC-Mo. Primary antibodies were diluted in
0.2% (v/v) FSG + 0.1% TX-100 (table 6), and incubated for 2 h, at RT. For 3D cultures, primary
antibodies were incubated overnight at 4 °C. After incubation, coverslips were washed with DPBS
(+/+) twice and incubated with the fluorescent-conjugated secondary antibody diluted at 1:500, in
0.2% (v/v) FSG + 0.1% TX-100 (table 7), for 1 h at RT. After two washes with DPBS (+/+), 4',6-
diamidino-2-phenylindole (DAPI, Invitrogen, #D1306) was diluted into 1:1000 with DPBS (-/-) from

a 5 mg/mL stock solution.
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Table 6 - Primary antibodies used for immunofluorescence.

Primary S
Antibody Brand Reference Host Dilution
. - Rabbit IgG .
Anti-GFAP Merk Millipore AB5894 (Polyclonal) 1:700
Merk Millipore AB5922 RENIDTE [ 1:200
(Polyclonal)
. . : Rabbit IgG ;
Anti-CD133 Cell Signalling D4W4N (Polyclonal) 1:200
. - Rabbit IgG .
Merk Millipore AB5603 (Polyclonal) 1:200
R&D Systems Cat#AF1828 Clorlilefe 1:200
(Monoclonal)
. . Rabbit IgG .
Anti-P2Y12 Sigma HPA014518 (Polyclonal) 1:200
. . . Rabbit IgG .
Anti-IBA1 Cell Signalling E404W (Monoclonal) 1:200
Anti-CD45 BioLegend ==L MIEUES [G(S 1:200
(Monoclonal)
. Cell Signaling Rabbit IgG .
AL AR Technology PAIEIS (Monoclonal) HE0
. Rabbit IgG .
Anti-TMEM119 Abcam ab185333 (Polyclonal) 1:200
Anti-CD163 Invitrogen MA5-17716 RETDIDE 6 1:500
(Monoclonal)
Anti-CD206 Invitrogen MAS-32498 MEUES (G 1:300
(Monoclonal)
Table 7 — Secondary antibodies for immunofluorescence.
Secondary Antibody Brand Reference Host
Anti-Rabbit Alexa . Goat-lgG
Fluor 488 Invitrogen ALY (Polyclonal)
. Donkey-1gG
Fluor 488 L ELEfEn ALY (Polyclonal)
Anti-Mouse Alexa . Donkey-1gG
Fluor 647 et e HIAZESI, (Polyclonal)
Anti-Mouse Alexa . Donkey-1gG
Fluor 488 Invitrogen #AB150105 (Polycional)

2.8.8.

Flow Cytometry

For flow cytometry (FC), M@ and MLC-Mo were recovered with 10 mM of UltraPure™ 0.5 M
EDTA, pH 8.0 (Thermo ScientificTM, #15575020). A172 and MDA-MB-231 2D cell culture
recovery, as well as dissociation of 3D cell culture spheroids and neurospheres, were performed
by incubating TrypLE™ Express Enzyme (1X) (Thermo Scientific™, # 12604013). Afterward, cells
were centrifuged at 400 x g for 10 min and resuspended in DPBS (-/-) supplemented with 2%

(v/v) FBS (referred to as FC buffer). Subsequently, cells were incubated with the antibodies listed
in Table 8 for 45 min on ice. After the antibody incubation, cells were washed twice in FC buffer
to remove unbound antibodies. Cells were stained with DAPI diluted 1:1000 with DPBS (-/-) from
a 5 mg/mL stock solution to exclude dead cells from the analysis. Samples were analyzed in a

flow cytometer (BD Celesta), and result analysis was performed in the FlowJo software.
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Table 8 - Conjugted antibodies used for flow cytometry.

Reference Host Final

Dilution
CD11B PE Miltenyi Biotec #130-110-611 Mouse

1:20
CD45 APC BD #368512 Mouse 1:20
Biosciences
TREM2 Alexa Fluor® R&D Systems #FAB17291G-100UG  Mouse 1:100
488

CD44 PE Invitrogen #12-0441-82 Rat 1:100

2.9. Statistical Analysis

Protein Conjugate Brand

Data from independent biological sample experiments or technical replicates are expressed

as the mean = standard deviation.

The nonparametric Kruskal-Wallis test was applied to analyze the potential significance of the
statistical hypothesis of experiments harboring a minimum of three biological replicates (except
spheroid morphology characterization experiments). The parametric ANOVA was applied to
analyze the potential significance of the statistical hypothesis of experiments that characterized
spheroid morphology. Significances are depicted as: ns — non-significant, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. Levene test was used to assess the equality of variances between

spheroid populations. Significances are depicted as: #p < 0.05.
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Chapter 3. Results & Discussion
3.1. Selection of a microglia source
3.1.1. Phenotypical analysis of different human microglia sources

In the first task we aimed to characterize the phenotype of different human microglial cell
sources, namely immortalized microglia cell lines (HMC3 and C20), microglia-like cells derived
from monocytes (MLC-Mo) and hiPSC (MLC-hiPSC). MLC-Mo and microglia cell lines were
derived and cultured as described in the Materials & Methods section (Section 2.1.2 and 2.4).
Representative images are shown in (Figure 3.1). MLC-hiPSC were generated within the scope
of another project ongoing in the host laboratory, as described in supplementary information, and
included here for comparison (Figure S.1).

Immortalized microglia cell lines presented morphological characteristics typically observed in
microglia, like small cell bodies and single or multiple elongated ramifications under healthy
conditions [256,257]. These ramified structures allow microglia to surveil the CNS, and screen for
pathogens and cell damage. In addition, morphological heterogeneity was observed, with varying
lengths and number of ramifications among the population, as also described for bona fide
microglia [258].

The MO MLC-Mo, and monocyte-derived MO macrophages (M@), that we generated for
comparison from the same donors, presented amoeboid morphology with one to two ramifications
on opposing sides of the cells. This morphology has also been described in human/murine
microglia and macrophages cell culture and freshly isolated murine microglia [259-262].
Moreover, a fraction of the MLC-Mos were rounded, especially in the cells derived from PBMCs
of donor #1. M@ presented population heterogeneity and morphologies similar to MLC-Mo with
rounded cells and 1 or 2 ramifications.

In summary, all microglial cell sources displayed a microglia-like morphology, but each differed
in the number, length of ramifications, and heterogeneity among the population (Figure 3.1). The
immortalized microglia cell lines C20 and HMC3 showed a more homogeneous population with a
higher number of ramifications than MLC-Mo, which was in accordance with a previous report
[221]. M@ and microglia-like cells (MLC-Mo and MLC-hiPSC) had a similar morphology with MLC-
hiPSC presenting a higher heterogeneity than any of the other cell sources, with more elongated

ramifications (Figure S.1).
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Figure 3.1 - Phase contrast images of different microglial cell sources. Monocyte-derived MO microglia-
like cells (MLC-Mo) and monocyte-derived MO macrophages (M) were derived from cells of three different
PBMC donors, Immortalized microglia cell lines (HMC3 and C20) were cultured according to published
protocols (See Materials and Methods, 2.1.2 and 2.4). Representative images from an N=3 experiment.
Scale bar: 50 ym.

To better characterize the microglial cell sources, gene expression analysis of human
microglia markers was performed. The genes that we selected were chosen according to recent
literature reports [76,121], as described in the introduction (Section 1.5.2.1.1). These genes
included: ITGAM (codes for CD11B), P2RY12/3, AlF1 (codes for IBA1), GPR34, CD68, CX3CR1
and PTPRC (codes for CD45).

Figure 3.2A presents the gene expression analysis, represented as fold change relative to
MLC-hiPSC. Immortalized cell lines showed the lowest level of expression of all the genes
assessed. For the genes coding for CX3CR1 and PTPRC, no gene expression was detected.
Furthermore, when comparing the relative transcript abundance (Figure 3.2B), normalized by the
housekeeping genes RPL22 and 36B4, it was within the range of 102 to 10-%, further indicating
that the HMC3 and C20 cell lines poorly express all microglia genes tested. The low detection of
microglia markers in HMC3 and C20 cell lines, compared to MLC-hiPSC and MLC-Mo, has
already been reported relative in the literature through protein-based assays such as flow

cytometry (FC) and immunofluorescence (IF) [221].
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For MLC-Mo (Figure 3.2A), cells generated from monocytes of two PBMC donors were
evaluated (PBMC donor #1 and #2). MLC-Mo presented a 4.7-, 8.3-, and 1.6-fold increase in the
expression of ITGAM, CD68, and PTPRC, respectively, when compared with MLC-hiPSC.
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Figure 3.2 - Microglia marker gene expression in different microglial cell sources assessed by RT-
gPCR. A — Fold change of gene expression in microglia-like cells derived from monocytes (MLC-Mo), with
monocytes isolated from PBMCs of donors #1 and #2; HMC3 and C20 cell lines determined by the 2-24Ct
method. Values were normalized to the expression of the housekeeping genes 36B4 and RPL22. Data are
represented as fold change relative to microglia-like cells derived from human induced pluripotent stem cells
(MLC-hiPSC). Error bars represent the SD of the 2 independent experiments. B — Relative transcript
abundance (2-2°t) in MLC-hiPSC, MLC-Mo, HMC3, and C20 cell lines relative to plot A. Error bars represent
the mean of SD of the 2 biological triplicates. A-B -Representative plot of N=2 independent experiments. n/a
indicates no gene expression (cycle threshold values above 35). Microglia genes: ITGAM (CD11B) — Integrin
Subunit Alpha M; P2RY12/13 — Purinergic Receptor 12/13; AIF (IBA1) — Allograft Inflammatory Factor 1;
GPR34 - G-protein coupled receptor 34; CD68 — Cluster Differentiation 68; CX3CR1 - CX3C chemokine
receptor 1; PTPRC (CD45) - Protein Tyrosine Phosphatase Receptor Type C. Housekeeping genes: 36B4
— 60S Ribosomal Phosphoprotein PO and RPL22 — Ribosomal protein L22.
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Additionally, the P2RY12 expression in MLC-Mo was similar to MLC-hiPSC, although with a
high standard deviation (SD). Moreover, the expression of AIF1 and CX3CR1 in MLC-Mo was
lower than in MLC-hiPSC, in accordance with a previous report, where the transcriptional profile
among microglia sources were evaluated [221]. The genes observed to be upregulated in MLC-
hiPSC compared to MLC-Mo (AIF1, GPR34, and CX3CR1) are associated with inflammatory
response [129,132-134]. AIF1 and GPR34 are reported to be associated with phagocytosis
[129,132], whereas CX3CR1 activation regulates genes associated with inflammatory response
[133,134]. Additionally, AIF1 up regulation is associated with an inflammatory macrophage (M)
phenotype (M1) [263].

Still, the overall gene expression of microglia markers was higher in MLC-Mo compared to the
C20 and HMCS3 cell lines. These data are concordant with a previous report on the
characterization of the different microglia sources [221]. In this study, Rai et al. reported that
MLC-hiPSC and MLC-Mo were transcriptionally similar to adult microglia, while established cell
lines were completely divergent in terms of gene expression, casting doubt on the usage of
immortalized cell lines as bona fide microglia cell sources [221]. Nevertheless, microglia
immortalized cell lines have been widely used as an in vitro microglia human cell model to assess
HIV infection [216]. In addition, these cells retain the ability to respond to inflammatory stimuli. In
fact, it has been shown that C20 cells responded to exposure to the pro-inflammatory cytokine IL-
1B, by activating Nf-kB signalling, secreting CXCL10, IL-6 and CCL2 [264]. Similarly, HMC3 cells
have been shown to respond to LPS and IFN-y, releasing IL-6 and CXCL10 [232]. This can be
explained by the fact that, even if the transcriptional profile of immortalized microglia cell lines is
not similar to the adult microglia, they may still retain the ability to respond to inflammation, which
is one of the main functions of the microglia in the CNS [265].

Microglia and bone marrow derived Mg express a series of common markers that reflect their
myeloid origin, such as CD11B (ITGAM), IBAL (AIF1), CD68, and CD45 (PTPRC). Some other
markers are more specific for microglia, namely P2RY12, P2RY13 and GPR34 [266]. Therefore,
we assessed the differences in gene expression of MLC-Mo and M¢ derived from the same donor.
After differentiation, RNA was extracted from MLC-Mo and M¢ and the gene expression was
analyzed by RT-gPCR, using the Mg from each donor as control. Relative gene expression levels,

using RPL22 and 36B4 as housekeeping controls, were calculated (Figure 3.3).

In a first stage, data from each donor was analyzed independently, as variability among
immune cells from different donors is expected [267—-269]. A high variability among donors was
indeed observed for the genes ITGAM, P2YR12, P2YR13, GPR34, and CX3CR1 (Figure 3.3).
For AIF1, CD68, and PTPRC genes, downregulation in MLC-Mo relative to M@ was observed for
all donors. Regarding P2YR12, P2YR13, and GPR34 were reported to be more highly expressed
in microglia than Mg [270-273], but in Figure 3.3, it is observed that upregulation was donor-
dependent. These results indicated a high inconsistency in expression of specific microglia

markers in MLC-Mo. Nevertheless, the requirement of additional replicates is mandatory since
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this variation could be technical and not biological. Regarding CD45 (PTPRC), a higher detection
in Mg than in MLC-Mo was consistent among donors and has been previously reported by FC
[274]. As for AIF1 and CD68, they have both been indicated as being expressed in microglia and
Mo [121]. Since mRNA expression does not always represent the cell phenotype [275], the
protein levels were assessed by FC, IF and western blot (WB).
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PBMC Donor #1 #2 #4 #1 #2 #4  #1 #2 #4 #1 #2 #4 #1 #2 #4  #1 #2 #4  #1 #2 #4 #1 #2 #4

Fold change mRNA expression
(relative to M)

ITGAM P2RY12  P2RY13 AlF1 GPR34 CD68 CX3CR1 PTPRC

Figure 3.3 - Microglia marker gene expression in microglia-like cells derived from monocytes (MLC-
mo) of different peripheral blood mononuclear cells (PBMC) donors assessed by RT-qPCR. A — Fold
change in gene expression, in MLC-Mo established from monocytes isolated from PBMC donors #1, #2, and
#4, determined by the 222Ct method. Target gene expression was normalized to the expression of
housekeeping genes 36B4 and RPL22. Data are represented as fold change relative to Mg derived from
circulating monocytes gene expression, set as 1 (dashed line). Error bars are shown as a mean of SD of
technical triplicates. Microglia genes: ITGAM (CD11B) — Integrin Subunit Alpha M; P2RY12/13 — Purinergic
Receptor 12/13; AlF (IBA1) — Allograft Inflammatory Factor 1; GPR34 - G-protein coupled receptor 34; CD68
— Cluster Differentiation 68; CX3CR1 - CX3C chemokine receptor 1; PTPRC (CD45) Protein Tyrosine
Phosphatase Receptor Type C. Housekeeping genes: 36B4 — 60S Ribosomal Phosphoprotein PO and
RPL22 — Ribosomal protein L22.

MLC-Mo and Mg, both obtained from monocytes derived from three different donors, as well
as established microglia cell lines HMC3 and C20 were analysed by FC, to assess CD45, CD11B
and TREM2 levels. HMC3 and C20 cell lines showed a negligible CD45*/CD11B* population,
lower than 0.04% as shown in figure 3.4A. Moreover, within each donor, both CD45 and CD11B
MFI and ratio of CD45*/CD11B* were higher in Mg than in MLC-Mo (Donor #6: 80% vs 54.5%;
Donor #8: 32% vs 17%; Donor #9: 14.5 vs 10%; M¢ vs MLC-Mo, respectively, Figure 3.4A-C).
Additionally, there is an increase in CD45 and CD11B detection levels in M@ compared to MLC-
Mo (Figure 3.4D). The reduced CD45 detection in MLC-Mo agrees with the reduced PTPRC
(codes CD45) gene expression, reported in figure 3.3.
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Figure 3.4 - CD45 and CD11B flow cytometry analysis of monocytes derived microglia-like cells
(MLC-Mo) and macrophages (M) from peripheral blood mononuclear cells (PBMCs). A — Double dot
plot, indicating CD45*/CD11B* population in MLC-Mo, Mg derived from monocytes of three PBMC donors
(#6, #8, #9), and HMC and C20 cell lines (represented in black). The X-axis represents CD45(APC), and Y-
axis the CD11B (PE). Unstained cells are represented in red. B — CD45 and CD11B mean fluorescence
index (MFI) plot of MLC-Mo and M¢ of different PBMC donors (#6, #8, #9). C — Fold change of MFI of Mg
relative to MLC-Mo. Representative plot of N=3 independent experiments. D — Plot representing percentage
of CD45M9"/CD11BHi9" cells in MLC-Mo and Mo of three PBMC donors (#6, #8, #9. Representative plot of
N=3 independent experiments. E — Double dot plot indicating TREM2*/CD11B* positive population of MLC-
Mo two PBMC donors (#5, #6) and HMC and C20 cell lines. The X-axis represents TREM2-488, and Y-axis
the CD11B-PE. Red cells indicated unstained sample.

However, the results were not statistically significant, and additional biological replicates are
required, since PBMC donors and primary macrophages present a high variability in response to
pro- and anti-inflammatory stimuli [267—269]. The identification of CD45*/CD11B* as M¢ and
CD45ow/CD11B* as microglia has been reported from studies performed in mouse models
[276,277]. In addition, a study performed in human brain-derived post-mortem microglia showed
that it is possible to distinguish choroid plexus Mg from white matter microglia according to the
differential detection of CD11B and CD45 expression (higher CD45/CD11B MFI in Mo than in
microglia) [229]. In general, the usage of differential levels of CD45 to distinguish microglia from
macrophages has, nevertheless, being debated, since CD45 increases in microglia upon
inflammation [136,137].

Interestingly, MLC-Mo and microglia cell lines showed a cell subpopulation positive for
TREMZ2, although with low detection levels (Figure 3.4E). It is observed that TREM2* population
differs between the two donors analyzed, therefore it is necessary to have more biological
replicates to assess whether this variability is donor dependent or technical. Nevertheless,

TREMZ2 was additionally assessed by WB and IF along with other microglia markers.

By WB analysis, CD68 and IBA1 were detected in MLC-Mo and Mg from all donors (Figure
3.5A-B). For CD68, the relative intensity compared to B-actin (using a low exposure detection)
was higher in MLC-Mo than in Mg from donors #3 and #5 (Figure 3.5B). For cells of donor #4, a
higher CDG68 relative intensity was detected in Mg, also in accordance with the RT-qPCR results
(Figure 3.3).

Interestingly, we observed a different band pattern for CD68 in MLC-Mo and M¢. Specifically,
the migration rate of CD68 from M¢ was accelerated compared to MLC-Mo in the three donors
analysed (Figure 3.5A). This suggests an alteration in the glycosylation pattern of CD68 between
MLC-Mo and M@-Mo. In fact, CD68 is a heavily glycosylated protein [128]. Differential CD68
electrophoretic patterns have already been reported in mice derived M@. A study showed altered
CD68 WB band migration, caused by exposure to receptor activator of NF-kB ligand (RANKL) in
bone marrow-derived and RAW264.7 macrophages [278]. The authors suggested that the
altered CD68 band migration pattern was explainable due to a differential CD68 glycosylation
status. Interestingly, differential CD68 glycosylation has been reported in response to

phagocytosis in Mg [279]. Further studies and specific techniques such as mass spectrometry
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are required to confirm the potential differential CD68 glycosylation pattern between MLC-Mo and
Me [280].

Semi-quantitative analysis of the myeloid marker detection intensity relative to B-actin showed
enrichment of IBA1 in Mg compared to MLC-Mo (Figure 3.5B) for two of the three donors. CD68
and IBA1 are markers that are commonly detected in cells of myeloid origin, as mentioned before
(e.g., macrophages, microglia, kupffer cells), so our WB data agree with such observations [121].
CD68 and IBA1 have been detected also in the human brain, indicating that they are relevant
microglia markers in vivo [281].
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Figure 3.5 - Western blot (WB) analysis of microglia markers in microglia like cells (MLC-Mo) and
macrophages (Mg) derived from monocytes. A-MLC-Mo and M¢ from three peripheral blood
mononuclear cells (PBMC) donors (#3, #4 and #5). The THP1 cell line was used as positive control. CD68,
TREM2 and IBA1 were detected by western blot, employing different exposures times. p-actin was used as
a loading control. M represents the molecular weight ladder. B — Semi-quantitative analysis of microglia
markers normalized by B-actin, performed using ImageJ software [256] using the low exposure WB. A-B —
Scans and plots from N=3 independent experiments. Microglia markers: CD68 — Cluster Differentiation 68;
TREM2 — Triggering Receptor Expressed on Myeloid cells; AIF (IBA1) — Allograft Inflammatory Factor 1.
Uncropped scans of western blots are shown annex (Figure S.2-5).

TREM2 relative intensity was higher in MLC-Mo from #3 and #5 than in their Mg counterparts,
and similar between cell types (MLC-Mo and M¢) for the #4 donor. TREMZ2 has been detected in
human microglia and its implication in microglia normal brain physiology and in Alzheimer’s
disease have been reported [282]. We observed a relatively low TREM2 expression in Mo,
compared to MLC-Mo as mentioned before, in two out of three samples. Even though TREM2 is
reported to be expressed in M@ [283], its levels increase substantially in tumor-associated
macrophages (TAM), where TREM2*TAM exert a immunosuppressive and pro-tumorigenic
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function in the TME [284]. In general, both cell types presented microglia markers, and relative

abundance values seemed to be donor-dependent, both at gene and protein level.

In addition, CD45, IBA1, TMEM119 and P2RY12 were detected by IF in MLC-Mo from three
PBMC donors (#1, #2 and #9). TREM2-positive cells were observed in MLC-Mo from the two
donors evaluated. The detection of CD45, IBA1, TMEM119, and P2RY12 was observed in MLC-
Mo but not in microglia cell lines by IF (Figure 3.6), in agreement with the RT-gPCR data (Figure
3.2). In supplementary Figure S.6, MLC-hiPSC showed positive staining for IBA1 and TREM2
which confirmed previous RT-qPCR data and reports from the literature although employing a

different microglia differentiation strategy (via embryonic bodies) [285,286].

In summary, HMC3 and C20 cell lines did not show gene expression and protein detection of
all microglia markers tested, except for TREM2 that was detected by FC in a reduced percentage
of the cell population (20.2% and 14.2% respectively). In a study from Rai and colleagues [221],
it has been shown by FC analysis that CD45 and CD11B were not detected in HMC3 or C20, as
well as TMEM119 analysed by IF, confirming our analysis (Figure 3.6 and 3.4E). Nevertheless,
they showed that HMC3 and C20 both expressed IBAL. IBA1 detection in HMC3 cells was also
reported by other studies, by Dello Russo [215], and Etemad et al [118]. In contrast, our RT-gPCR

and IF analysis showed that IBA1 was barely detected in both immortalized cell lines.

Furthermore, in the case of HMC3, it has been reported that since its establishment in 1995,
this cell line has circulated in various laboratories. This may explain, in part, such phenotypic
diversity. Nevertheless, lab-to-lab cell line variability is a general drawback associated to the use
of cell lines [222]. In fact, clonal expansion (for example due to incomplete trypsinization),
differential medium composition among labs, high number of passages (which is associated to
genetic drift), different cell sources altogether contribute to this phenomenon. Additionally, cell
phenotype may be altered due to the presence of mycoplasma, and/or differential seeding
density. Still, for the development of immortalized cell lines, the transduction of genes to bypass
senescence in the cell lines potentially alters the original cell phenotype [287]. In addition, cell
immortalization by SV40 antigen has been associated with the acquisition of oncogenic
properties, which is an issue to be considered during immortalization procedures and cell line

characterization [288].

In conclusion, since all data pointed to the lack of expression of the majority of the microglia
markers evaluated in HMC3 and C20, no further experiments were carried out with the microglia
cell lines. On the other hand, MLC-Mo and MLC-hiPSC express a large panel of microglia
markers, with MLC-hiPSC expressing higher levels of microglia genes in general than MLC-Mo,
in concordance with a previous report [221]. Since MLC-Mo and MLC-hiPSC expressed microglia
markers, we further characterized these microglia cell sources in their ability to respond to pro-

and anti-inflammatory stimuli, as will be shown in the following section.

53



MLC-Mo Microglia Cell lines

PBMC Donor#1l PBMC Donor#2 PBMC Donor#9 Cc20 HMC3

CD45

P2RY12 TMEM-119 IBA1

TREM-2

Figure 3.6 - Microglia protein analysis by immunofluorescence microscopy in different in vitro
microglia models. A - CD45 labelled in green (APC) in microglia like cells derived from monocytes (MLC-
Mo) of three peripheral blood mononuclear cells (PBMC) donors, HMC3 and C20 cell lines. IBA1, TMEM-
119, TREM2, and P2RY12 labelled in green (AlexaFluor® 488) in MLC-Mo, and immortalized microglia cell
lines HMC3 and C20. Cells were counterstained with 4',6-diamidino-2- phenylindole (DAPI, blue) for nuclei
identification. Representative image from N=3 of independent experiments except for TREM (n=2). Scale
bar: 50 um. Microglia markers: TREM2 — Triggering Receptor Expressed on Myeloid Cells 2; IBA1 (AIF1) —
Allograft inflammatory factor 1, TMEM119 — Transmembrane Protein 119, P2RY12/3 — Purinergic Receptor
12/3 — Purinergic Receptor 12; CD45 (PTPRC) — Protein Tyrosine Phosphatase Receptor Type C.

3.1.2. Ability to respond to inflammatory and anti-inflammatory stimuli

To evaluate the MLC-Mo and MLC-hiPSC functionality, cells were challenged with prototypical
pro- and anti-inflammatory stimuli. As pro-inflammatory challenge, cells were cultured in their
respective medium (described in Material and Methods section 2.6) containing 10 ng/ml of LPS
and 50 ng/ml of IFN-y for 48 h, according to the standard protocol described in the literature to
replicate an inflammatory response to pathogens [289]. LPS is an endotoxin released by many
gram-negative bacteria during cell lysis, which binds to TLR-4, activating NF-kB and leading to
the expression of genes responsible for inflammation [290]. IFN-y is a cytokine that binds to the
IFN-y receptor that, in turn, activates STAT1, crucial for the expression of interferon-stimulated

genes, as observed during antiviral response, immune modulation, and cytotoxicity [181].
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As for the anti-inflammatory condition, cells were incubated with 20 ng/mL of IL-4 and IL-13
for 48 h and the gene modulation of anti-inflammatory genes typically associated with M2
phenotypes was assessed. IL-4 and IL-13 are anti-inflammatory cytokines that bind to the IL-4
receptor, leading to the activation and translocation of STAT6 into the nucleus, crucial for the

expression of M2-related genes [150].

The response of MLC-hiPSC and MLC-Mo from three PBMC donors was evaluated by
expression analysis (RT-qPCR) of AIF1, CD86, IL6 and IL1B or MRC1, CD163 and TGFB1,
genes described to be upregulated upon pro- and anti-inflammatory signals [121]. Figure 3.7A
shows RT-gPCR analysis of genes associated with pro-inflammatory M¢ phenotype (M1) and
anti-inflammatory M¢ phenotype (M2), in MLC-Mo and MLC-hiPSC relative to the respective
untreated controls, designed as MO microglia. Both microglia sources showed an upregulation
in IL6 expression compared to the unchallenged control, with a 5- and 23- fold increase in MLC-
hiPSC and MLC-MO, respectively. Moreover, there was a clear upregulation of IL1B in MLC-Mo,
from the three donors analyzed, which is not observed in MLG-hiPSC. For CD86 and AIF1, very
small or no differences in expression were detected upon the challenge of both cell types, except
for CD86 upregulation for MLC-Mo, which was statistically significant. The relative transcript
abundance analysis (using the housekeeping gene RPL22 for normalization), showed that
relative transcript abundance of AIF1, CD86 and IL1B were already high in the untreated controls
of the MLC-hiPSC, indicating that the MO state already had a high expression of these genes,
which may explain the poor response to the inflammatory stimulus (Figure 3.7B). Further
biological replicates of MLC-hiPSC are required to confirm this hypothesis. Comparing these
results with the literature, it has been reported that MLC-hiPSC treated with LPS showed a 1.5-
fold increase in IL1B which is in agreement with the obtained results [291]. Another report from
MLC-hiPSC reported an increase in cytokine secretion of IL-18 and IL-6 in response to LPS
stimuli. However, other cytokines/chemokines in microglia-like cells derived from embryonic cells
showed already had high secretion levels of inflammatory markers without LPS treatment (IL-8,
MIP1B, and Fractalkine). This suggests that a certain level of activation is already present in
microglia-like cells derived from embryonic/pluripotent stem cells, but which can be still further
stimulated by strong inflammatory stimuli such as LPS [292]. The results obtained along with
these reports could indicate that MLC-Mo may be a relevant in vitro model that responds to
inflammatory stimuli. Additional replicates are required to confirm this hypothesis, as well as to
expand the panel of inflammatory markers tested (e.g., IL8, CD40), and use other techniques
such as FC or ELISA to analyse protein detection and cytokine secretion respectively. Cells were
also challenged with an anti-inflammatory stimulus, resulting in no modulation or a tendency to

downregulation of the proinflammatory markers evaluated (Figure 3.7A-B).
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Figure 3.7 - Pro-inflammatory marker expression in microglia-like cells derived from hiPSC (MLC-
hiPSC) and monocytes (MLC-Mo) exposed to LPS + IFN-y (M1 condition) and IL-4 + IL-13 (M2
condition) assessed by RT-gPCR. A - Fold change AIF1, CD86, IL6 and IL1B gene expression in MLC-
hiPSC and MLC-Mo established from three peripheral blood PBMC donors (#2 #4, and #6) exposed to M1
and M2 stimuli and determined by the 2-22Ct method. Values were normalized to the expression of the
housekeeping gene RPL22 and are represented as fold change relative to the unchallenged condition (MO
microglia), set to 1 (dashed line). Error bars are shown as a mean of SD of biological triplicates.
Nonparametric Kruskal-Wallis Test was performed. Significances are depicted as: *p < 0.05, **p < 0.01, ***p
< 0.001, ***p < 0.0001. B — Relative transcript abundance (22 in MLC-hiPSC and MLC-Mo established
from monocytes isolated from PBMC donors (#2, #4, and #5) relative to Plot A. Error bars represent the
mean of SD of biological triplicates. Reference gene targets used were RPL22. A-B - MLC-Mo fold change
represents N=3 independent experiments. MLC-hiPSC fold change of AlF1, IL6, and IL1B represents N=2
independent experiments while CD86 fold change represents N=1 independent experiment. Microglia
Markers: AIF1(IBA1) — Allograft inflammatory factor 1; CD86 — T-Lymphocyte Activation Antigen CD86; IL6
— Interleukin 6; IL1B — Interleukin 1 beta. Housekeeping genes:RPL22 — Ribosomal protein L22.
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To better visualize inter-donor variability in MLC-Mos differentiated from PBMC-derived
monocytes, data are shown for each donor (Figure 3.8A). Inter-donor variability in response to
the inflammatory M1 stimuli was observed. IL6 up-regulation was observed for only donor #6,
with a fold increase of 74.2 compared to the unchallenged condition (Figure 3.8A). As mentioned
before, IL1B upregulation was observed in MLC-Mos from all donors, although values varied
greatly among donors (9.49-, 18.07-, and 7.74-fold increase in donor #2, #4 and #6 respectively).
IL-6 and IL-1B secretion in the medium of LPS-challenged MLC-Mo have also been reported by
another study, in agreement with our results [223]. In the case of CD86, up-regulation compared
to the untreated control was observed in two out of three donors (2.61-, 3.36-, and 2.71-fold
increase in donor #2, #4 and #6 respectively). In addition, data shown indicated that, as expected,
the anti-inflammatory M2 challenge does not increase the expression of the inflammatory genes
analyzed. In summary, while IL1B and CD86 were found upregulated despite each donor, IL6

expression was highly variable among donors.

For this task, Mo differentiated from monocytes of the same PBMC donors were also treated
with M1 or M2 stimuli, as a positive control. In Figure 3.8B shows the expression levels of pro-
inflammatory markers in response to stimuli (M1 and M2). In pro-inflammatory M¢ (described as
M1 in Figure 3.8B), it is only observed a 6.42-fold increase in CD86 expression in donor #4, with
a slight increase in the other two (1.34- and 1.55-fold increase in donor #2 and #6 respectively).
This observation may indicate that M@ did not respond to the inflammatory stimuli. Nevertheless,
other inflammatory markers will be required to validate this scenario, such as IL-8 and TNF-a, as
reported in the literature [293]. These markers should then be analyzed not only at the gene
expression level, but also at the protein level, using for example a cytokine array and ELISA
methodologies, as were applied in the past in the host lab [251,294].

In addition, flow cytometry detection of inflammatory cell surface markers such as CD80,
CD86, CCR7 and CD40 would certainly be necessary to complement and expand these
observations [295,296]. Another crucial factor to consider when discussing these results is the
exposure time applied. Our analysis was performed 48 h post-challenge with LPS and IFN-y, both
for Mp and MLC-Mo. A study performed in human Mg showed a time-dependent response on the
magnitude of induction of inflammatory genes upon LPS and IFN-y challenge. This study showed
that, in general, the maximal induction in gene expression of a series of inflammatory markers
(such as IL1B, CXCL9, CXCL10 and TNF-a) was maximal for shorter time-points post-exposure
(4-12 h) and tended to decrease at later time points (24-72 h) post-exposure [297]. This may
potentially explain the reduced up-regulation of pro-inflammatory genes that we observed (at 48
h post-exposure to M1 stimuli). Shorter exposure times and/or time-dependent stimulation are
then necessary to better define the inflammatory response kinetics in Mg, in comparison with
MLC-Mo established in parallel from the same donor. When comparing these results to MLC-Mo
and MLC-hiPSC (Figure 3.8A and 3.7A, respectively), it is clear that MLC-Mo and Mo responded
differently to the inflammation, at least in the experimental conditions that have been applied. In
addition and as expected, Mg treated with the M2 condition (IL-4 +IL-13) did not upregulate
inflammatory markers (Figure 3.8B) just like MLC-Mo and MLC-hiPSC (Figure 3.7A and 3.8A).
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Figure 3.8 - Pro-inflammatory marker expression in monocytes derived microglia-like cells (MLC-Mo)
and macrophages (M), established form three peripheral blood mononuclear cell (PBMC) donors (#2
#4, and #6) exposed to LPS + IFN-y (M1 condition) and IL-4 + IL-13 (M2 condition) assessed by RT-qPCR.
A - Fold change AIF1, CD86, IL6 and IL1B gene expression in MLC-Mo. Values were normalized to the
expression of the housekeeping genes RPL22 and 36B4, represented as fold change relative to unchallenged
condition (MO microglia), set as 1 (dashed line). B — Fold change AlF1, CD86, IL6 and IL1B gene expression
in Mo. Values were normalized to the expression of the housekeeping genes RPL22 and 36B4 represented as
fold change relative to unchallenged condition (MO macrophage), set as 1 (dashed line). A-B - Fold change
values determined by the 2-22¢t method. Error bars are shown as a mean of SD of technical triplicates. Microglia
markers: AIF1(IBA1) — Allograft inflammatory factor 1; CD86 — T-Lymphocyte Activation Antigen CD86; IL6 —
Interleukin 6; IL1B — Interleukin 1 beta. Housekeeping genes: 36B4 — 60S Ribosomal Phosphoprotein PO and
RPL22 — Ribosomal protein L22.
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The results obtained for the anti-inflammatory response genes are shown in figure 3.9A.
MRC1 was upregulated upon anti-inflammatory challenge relative to the untreated control
(designated as MO microglia), both in MLC-Mos and MLC-hiPSC. MRC1 up-regulation in MLC-
Mo upon IL-4 exposure (2.41 + 0.90 fold increase) has been also reported in a previous study
[298], confirming the relevance of MRC1 as marker of anti-inflammatory response in MLC-Mo.

In addition, MLC-Mo showed a statistically significant 3.13 + 1 fold increase in TGFB1 gene
expression upon IL-4 + IL-13 challenge (M2 stimuli). In the relative transcript abundance analysis
(Figure 3.9B), it was observed that MLC-Mo and MLC-hiPSC expressed significant levels of
TGFB1 in basal conditions (MO). Interestingly, it has been shown that TGF-f signaling is important
for maturation and functionality of microglia [299]. Furthermore, in transforming growth factor beta
receptor 2 (TGFBR2) knockout in mice are characterized by altered microglia homeostasis and
activation [144]. These results may explain the relatively high abundance on TGFBL1 transcript in
both microglia sources.

In MLC-hiPSC, CD163 expression was upregulated upon anti-inflammatory challenge (10.92-
fold increase), but also upon pro-inflammatory stimulus (3.71-fold increase). This result is
unexpected, since CD163 is a marker of the M2 phenotype, intensively described in the literature
[121]. Moreover, unpublished data from the host lab showed upregulation of CD163 upon
incubation of cells with anti-inflammatory stimuli, but not pro-inflammatory. Therefore, this was
probably the result of a technical issue.

Due to the high variability among primary cells, MLC-Mo gene expression is displayed for each
donor independently (Figure 3.10A). MRC1 and TGFB1 were upregulated in MLC-Mo from all
donors upon the anti-inflammatory challenge, with 1.7-to 7.9-and 2.5- to 4.5-fold increases in
expression (for MRC1 and TGFB1, respectively).

In addition, no changes in the gene expression of the M2 marker genes were observed when
MLC-Mo from the different donors were treated with M1 stimuli, as expected. To conclude, MRC1
expression was increased in MLC-hiPSC and MLC-Mo, and TGFB1 expression was upregulated
in all MLC-Mo donors.
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Figure 3.9 - Anti-inflammatory marker expression in microglia-like cells derived from hiPSC (MLC-
hiPSC) and monocytes (MLC-Mo) exposed to LPS + IFN-y (M1 condition) and IL-4 + IL-13 (M2
condition) assessed by RT-qPCR. A - Fold change for MRC1, CD163, TGFB gene expression in MLC-
hiPSC and MLC-Mo, established form three peripheral blood PBMC donors (#2 #4, and #6) exposed to M1
and M2 stimuli, determined by the 222Ct method. Values were normalized to the expression of the
housekeeping gene RPL22 and are represented as fold change relative to the unchallenged condition (MO
microglia), set as 1 (dashed line). Error bars are shown as a mean of SD of biological triplicates. The
Nonparametric Kruskal-Wallis Test was performed. Significances are depicted as: *p < 0.05, **p < 0.01, ***p
< 0.001, ***p < 0.0001. B — Relative transcript abundance (2-2¢!) in MLC-hiPSC and MLC-Mo established
from monocytes isolated from PBMC donors (#2 #4, and #6) relative to Plot A. Error bars represent the mean
of SD of biological triplicates. Reference gene targets used were RPL22. A-B - MLC-Mo fold change
represents N=3 independent experiments. MLC-hiPSC fold change of TGFB1 represents N=2 independent
experiments while MRC1 and CD163 fold change represents N=1 experiment. Microglia Markers: MRC1
(CD206) — Macrophage mannose receptor 1; CD163 — Haemoglobin Scavenger Receptor; TGFB1 —
Transforming growth factor beta 1. Housekeeping genes: RPL22 — Ribosomal protein L22.
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Expression of anti-inflammatory markers was also evaluated in Mg (Figure 3.10B) for each
donor independently. In M1-treated Mg, upregulation of anti-inflammatory markers was not
observed, as expected. In addition, an upregulation of CD163and an increase
of TGFB1 expression in donor #2 was observed compared to untreated M@. Comparing these
results to MLC-Mo, a trend in upregulation of anti-inflammatory markers in Mg upon M2 stimuli
challenge is observed, but it was in general not consistent with the relative Mg counterpart derived

from the same donor (Figure 3.10A and B)
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Figure 3.10 - Anti-inflammatory marker expression in monocytes derived microglia-like cells (MLC-
Mo) and macrophages (Meg), established form three peripheral blood mononuclear cell (PBMC)
donors (#2 #4, and #6) exposed to LPS + IFN-y (M1 condition) and IL4 + IL13 (M2 condition) assessed
by RT-gPCR. A - Fold change for CD163, MRC1, and TGFB1 gene expression in MLC-Mo. Values were
normalized to the expression of the housekeeping genes RPL22 and 36B4 and represented as fold change
relative to the unchallenged condition (MO microglia), set as 1 (dashed line). B — Fold change for AIF1,
CD163, MRC1, and TGFB1 gene expression in Mg. Values were normalized to the expression of the
housekeeping genes RPL22 and 36B4 and represented as fold change relative to the unchallenged
condition (MO macrophage), set as 1 (dashed line). A-B - Fold change values determined by the 2-24Ct
method. Error bars are shown as a mean of SD of technical triplicates. Microglia markers: MRC1 (CD206) —
Macrophage mannose receptor 1; CD163 — Haemoglobin Scavenger Receptor; TGFB1 — Transforming
growth factor beta. Housekeeping genes: 36B4 — 60S Ribosomal Phosphoprotein PO and RPL22 —
Ribosomal protein L22.

M2 stimuli effect was further characterized in MLC-Mo in four different donors (#2, #6, #7 and
#8) by IF, exposing MLC-Mo to IL-4 and IL-13 under the same condition used for the gene
expression analysis (Figure 3.11). The IF showed that, under this condition, neither CD163 nor
CD206 protein expression was upregulated, which in the case of CD163 corroborates the RT-
gPCR results (Figure 3.9).

Moreover, CD206 presented high detection levels in MLC-Mo without treatment. Recently,
single-cell mass cytometry data suggested that CD206 is detectable also in human microglia
[300]. Marzolo et al. also reported that CD206 is expressed by primary rat microglia [301],
indicating that it is already present in basal level in these cells without anti-inflammatory challenge.
In addition, the upregulation observed in MRC1 by RTg-PCR after M2 challenge (Figures 3.8 and
3.9A) is not confirmed by IF.

PBMC Donor #2 PBMC Donor #6
CD206 CD163 CD206 CD163
o
=
]
2
(=
=
o
=
Y
b=
o~
=
PBMC Donor #7 PBMC Donor #8
CD206 CD163 CD206 CcD163

MO MLC-Mo

62

M2 MLC-Mo



Figure 3.11 - CD206 and CD163 analysis by immunofluorescence in monocyte derived microglia-like
cells (MLC-Mo). MLC-Mo was established form 4 different donors (#2, #6, #7, and #8), exposed to anti-
inflammatory stimuli (IL4 and IL13) (M2 MLC-Mo) and compared to unchallenged condition (MO MLC-Mo).
CD206 was labelled in green (AlexaFluor® 488) and CD163 was labelled in red (AlexaFluor® 594). Cells
were counterstained with 4',6-diamidino-2-phenylindole (DAPI, blue) for nuclei identification. Scale bar: 50pum
Microglia markers: Scavenger Receptor Cysteine-Rich Type 1 Protein M130; CD206: Macrophage Mannose
Receptor 1-Like Protein 1.

However, this could be explained by the fact that the RNA and protein expression may not
correlate [275], and that longer exposure time is potentially required to observe a clear increase

in CD206 protein level.

In addition, only one technique (IF) was used to detect these M2 markers, so further analysis
by FC may help to further confirm or challenge these results. Still, it is difficult to define a “M2
status” using only a few markers, and extending the protein panel analysis of typical structural
M2/Immunosuppressive markers such as CSF1R, DC-SIGN, CD204 or secreted (IL-10, CCL22,
CCL24) will be much more informative and contribute to shed light on the ability of these cells to
respond to anti-inflammatory stimuli such as IL-4 and IL-13 [251,297]. Response to prototypical
inflammatory stimuli (LPS + IFN-y) appeared to be much more consistent and in the future could
be confirmed by ELISA analysis of secretion of pro-inflammatory cytokines (e.g., IL-6, IL-8, TNF-
a). In addition, considering the high variability among donors, already observed in the literature
[269], it is required to analyze additional replicates to confirm such data [302]. Moreover, other
functional assays, such as microglia/macrophage phagocytic activity, would be critical to
complement the data presented here. In fact, the ability to phagocytose dead cells [302], debris

and pathogens is one of the main function of microglia in the CNS [76].

3.2. Establishment and characterization of 3D Cell GBM culture
3.2.1. Implementation/establishment of two 3D cell culture strategies

In order to perform co-cultures of glioma cells with microglia, as an in vitro model to study
glioblastoma (GBM) immunosuppression, it was decided to employ a 3D glioma cell culture
approach, due to its ability to provide more realistically biochemical and biomechanical
microenvironments than 2D monolayer cell culture formats [303]. As such, two distinct methods
for generation of cell spheroids were implemented, the neurosphere formation assay and the
spheroid formation in stirred-tank culture systems.

The neurosphere formation is based on culturing cells at low densities, on ultra-low attach
(ULA) surfaces. This condition can activate anoikis, a form of programmed cell death activated
when cell adhesion to an extracellular matrix (ECM)/scaffold is absent [188]. As differentiated
epithelial cells are highly sensitive to anoikis and, on the other hand, cancer stem cells (CSC) are
typically resistant to this type of cell death, the culture conditions favor CSC enrichment from the
start. Additionally, the medium is supplemented with stem cell growth factors, to promote CSC
proliferation. Therefore, the neurosphere assay leads to the formation of GBM spheroids largely

enriched in CSCs-like cells [185]. The cells that compose the neurospheres proliferate and
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differentiate within the spheroids in suspension [194]. This methodology has gained enormous
importance in GBM and DMG research, since it has been instrumental to show the relevance of

CSCs in GBM tumor progression, chemoresistance and immunosuppression [304].

In this work, for the neurosphere formation assay, cells were plated at a low density (20 000
cell/mL, in ultra-low attachment T25 flasks, in serum-free medium containing the stem cell growth
factors, epidermal growth factor (EGF) and basic fibroblast growth factor (BFGF), the neurotrophic
supplements B27 and N2 and heparin, for up to 14 days. (Materials and Methods section 2.2.1)
[243].

In the second method, GBM cells were cultured in a spinner flask, under stirring conditions.
This approach has been established in the host lab and optimized for a wide range of cancer cell
lines [250]. This culture system requires a high cell density (2x10° cell/mL), compared to
neurospheres, to increase the chance of collision, which in turn promotes cell aggregation, as
described in the Introduction (section 1.6.4.1). The main differences from the neurosphere assay
are the dynamic culture conditions and the use of a serum-supplemented medium, which favors
cell adhesion after an initial collision. Serum has been described to favor differentiation and,
therefore, may affect the GSC population [305-307].

For aggregation of A172 cells in spinner vessels, we followed an empirical approach previously
established by the host lab to select the most favorable stirring conditions for individual cancer
cell lines [250]. This consists in testing aggregation in parallel at three different stirring rates (60,
80, and 100 rpm).

3.2.2.  Cell viability and morphological analysis of A172 cells in
neurospheres and spheroids

For neurospheres, we observed a population heterogenous in size (phase contrast
microscopy, Figure 3.12A). Viability assays were performed at the 7! and 14" days of culture.
Cell viability was always high, and no considerable or regionalized cell death could be detected
within the 3D structures. Neurospheres morphological analysis included determination of area,
maximal Feret diameter, and roundness of neurospheres, at days 7 and 14 of culture. All
parameters showed a high variance at both timepoints, which increased from day 7 to day 14 for
the area and the maximal Feret diameter. Roundness was constant throughout the culture time.
The mean of the maximal Feret diameter value obtained in the neurospheres (114 + 50.6 and 128
+91.01 um at day 7 and day 14 respectively) is relatively lower than for a primary CSC culture
protocol reported in the literature. This protocol states that around day 7 or 10 of culture, the
neurosphere size could reach 150 to 200 um [308]. However, in this article the authors plated 50
000 GBM cell/mL, which is higher than the seeding density we used for the neurosphere assay
(20 000 cell/mL). This increased cell density may provide an improved initial adherence between
cells in suspension. This effect potentially ensures cell survival in higher than in lower cell density,
which may then result in an increased final neurosphere diameter. Nevertheless, it is important

to refer that the initial neurosphere seeding density that is possible to find across the literature for
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A172 GBM cells is quite variable among reports, even if the same serum-free culture medium

was employed [243,248], which in the end may impact the final neurosphere diameter.

Regarding the spheroid aggregation under different stirring rates, cell viability remained very
high in all conditions (Figure 3.12A). On day 1, there was a high number of single cells in
suspension in all rates (Figure S.7), which decreased through the time of the experience, being
incorporated in spheroids. Spheroids formed under stirring rates of 80 rpm and 100 rpm showed
high compaction and were homogeneous in size, compared to the ones formed at 60 rpm, as
confirmed by morphological analysis (roundness, area, and diameter) (Figure 3.12B). Spheroids
obtained at stirring rates of 80 rpm and 100 rpm showed lower variation in all morphological
parameters within the same biological replicate compared to spheroids prepared at 60 rpm.
Relative to the spheroids at stirring rates of 80 rpm from different replicates, no statistically
significant differences were found between biological replicates, except for roundness in one of
the replicates (Figure 3.12B).
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Figure 3.12 - Morphological characterization of two different A172 glioblastoma (GBM) cell line 3D
cell culture strategies. A — Cell viability of neurospheres and spheroids analysed during and at the end of
the culture, assessed by fluorescence microscopy (FDA, shown in green) shows live cells, while ToPro™-3
(red) shows dead cells. Representative images are shown N=3 for neurospheres and spheroids under a
stirring rate of 80 rotations per minute (rpm); N=2 spheroids under a stirring rate of 80 rpm, and N=1
spheroids under a stirring rate of 60 rpm Scale bar: 50um. B- Morphological characterization of
neurospheres at day 7 and day 14 and at spheroids at the end of culture. For spheroids, the biological
replicates (designed as 1,2 and/or 3) are represented independently. Both 3D culture strategies were
characterized by Area (um), max Feret diameter (um?) and roundness (%). For each morphological
parameter, 55 neurospheres and 114 spheroids were analysed. Bars represent the mean of all
spheroids/neurospheres within each parameter. Analysis was performed using the ICY Software [255].
Parametric the one-way ANOVA was performed. Significances are depicted as: ns — non-significant, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Levene's test for comparison of spheroid diameter dispersion
(*p < 0.05) in different replicates and agitation rates.

In the case of spheroids at stirring rates of 100 rpm, we found a statistically significant
difference in the area and maximal Feret diameter from both biological replicates. In addition, by
applying the Levene’s test, we confirmed variance homogeneity (represented as # in figure 3.12B)
between spheroids under a stirring rate of 80 and 100 rpm. Spheroids at a stirring rate of 60 rpm
showed the highest variance among all spheroids within the same replicate as previously

mentioned. This goes in concordance with previous work from the lab when implementing
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spheroids from cancer cell lines using a stirring rate of 60 rpm [250]. Due to this high heterogeneity
of spheroids among the same biological replicate, no further experiments were performed using
a stirring rate of 60 rpm.

Moreover, in GBM spheroids generated at stirring rates of 80 and 100 rpm (Figure 3.12B), we
observed a similar diameter compared to other cancer cell line spheroids produced under the
same stirring rate (A172 - 80 rpm: 118+ 30; 100rpm 106+32.44; MCF7 - 80 rpm: 144+29; BT474
- 80 rpm: 107£29; H157 - 80/100 rpm141+21) [250]. Moreover, spheroids obtained at stirring rates
of 80 rpm and 100 rpm showed (Figures 3.15A and B) spherical characteristics (no surface
edges), which were observed in breast, lung, and colorectal cancer cell lines under a stirring rate
of 40-100 rpm [250].

Additionally, the spheroid concentration was determined on day 4 (Figure 3.13). Spheroids
prepared with a stirring rate of 80 and 100 rpm showed a similar spheroid concentration of 739
spheroid/mL + 110.3 and 830 spheroid/mL £ 174.7. Spheroids formed with a stirring rate of 60
rpm showed the lowest concentration registered from all spinners with a value of 177 + 30
spheroid/mL. This, together with the morphological analysis, suggests that cells did not die at this
agitation rate, just formed larger spheroids, with more cells per spheroid.
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Figure 3.13- Spheroid concentration under different stirring rates. Represented in dots is the spheroid
concentration in spheroid per mL in each biological replicate of spheroids formed at different stirring rates
(60, 80 and 100 rotations per minute (rpm)). Bars represent the mean spheroid concentration from the
biological replicates performed. Spheroids obtained at 60 rotations per minute (rpm) N=1 independent
experiment. Spheroids prepared at 80 rpm, N=3 independent experiments. Spheroids formed at 100 rpm,
N=2 independent experiments.

Gathering all these results, 80 rpm and 100 rpm appeared to be the stirring rates generating
Al172 spheroids with higher reproducibility than 60 rpm, with very similar results between
biological replicates. Therefore, spheroids formed at stirring rates of 80 and 100 rpm were further
characterized alongside 3D structures formed in the neurosphere formation assay, by detection

of CSC markers and immunosuppressive/chemoattractant cytokines.

Finally, comparing neurospheres with spheroids, we observed that the first were more
heterogeneous than spheroids, which appeared more spherical and compact. This can be

explained by the continuous stirring into spinner-vessels of the initial cell suspension. This
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guarantees a homogeneous cell suspension, in which cells progressively cluster to form the final
spheroids [309]. In addition, another important factor that can explain the better compaction of
spheroids compared to neurospheres could be the use of by fetal bovine serum (FBS). It has
been reported that serum supplementation (absent in neurosphere cultures) to generate
spheroids improves cell-to-cell adherence and compaction [310].

3.2.3.  Analysis of cancer stem cells markers expression in A172 2D
cultures, neurospheres and spheroids

With the successful implementation of two distinct 3D culture methods for A172 GBM cells,
we proceeded with an in-depth cellular characterization. As mentioned previously, one of the main
characteristics of neurosphere culture is the enrichment in CSCs [185-187]. In addition, by
analysis of expression data in GBM deposited in the GEPIA database (Figure 3.14), we observed
most of the CSC genes analyzed (SOX2, NESTIN, PROM1 (which codes for CD133), and CD44),
were more expressed in GBM tumor tissues compared to normal brain tissue (POU5F1, which
codes for OCT4, and NANOG were the exceptions) [311]. These factors have been reported to
be important in GBM tumorigenesis, progression and poor outcome [312-315].
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Figure 3.14 - In silico data on cancer stem cancer cell (CSC) markers in glioblastoma (GBM). RNA
bulk results from 163 healthy brain tissues (N) and 207 GBM tissues (T) of the expression of different CSC
markers. Data from GEPIA database (http://gepia.cancer-pku.cn/), based on the cancer genome atlas
(TCGA) tumors vs TCGA normal + Genotype-Tissue Expression (GTEx) normal datasets, accessed in July
2022 [313]. Results are displayed as log: of transcripts per million (TPM) +1. CSC markers: SOX2 - SRY-
Box Transcription Factor 2; POU5F1(OCT4) — POU Class 5 Homeobox 1; NANOG — Nanog Homeobox;
NES — Nestin; PROM1 (CD133) — Prominin 1; CD44 — CD44 molecule

In addition, these stemness markers have been already reported in other cancer types, such

as colorectal, gastric and ovarian [316—319].

Additionally, as described in the introduction section, high expression of PROM1 in GBM
patients correlates with a worse outcome [320]. Furthermore, CSCs have been proposed to have
a role in immunosuppression, by secreting multiple immunosuppression mediators, such as
cytokines (e.g., IL-10, TGF-B), ECM proteins (e.g., periostin) and exosomes [94,98,321].

SOX2, POUSF1, NES, and NANOG expression in Al72 cells cultured in 3D was then
assessed by RT-gPCR, by comparison with 2D culture conditions (Figure 3.15). We observed
that A172 neurospheres showed a trend for the higher fold increase in SOX2, POU5F1, and NES

compared to spheroids formed under stirring and a significant fold increase than 2D cultures.
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Figure 3.15- Cancer stem cell (CSC) marker identification in different 3D culture strategies. A — Fold
change gene expression in GSC markers in neurospheres and spheroids under stirring rate of 80 and 100
rotations per minute compared to A172 2D cell cultures, determined by the 2-22¢t method. Values were
normalized to the expression of housekeeping genes 36B4 and RPL22. Data are represented as fold change
relative to A172 2D culture, set as 1 (dashed line). Data show mean +SD of N= 3 independent biological
replicates. Nonparametric Kruskal-Wallis Test was performed. Significances are depicted as: *p < 0.05, **p
<0.01, ***p < 0.001, ***p < 0.0001. CSC markers: SOX2 - SRY-Box Transcription Factor 2; POU5F1 - POU
Class 5 Homeobox 1, NANOG — Nanog Homeobox; NES - Nestin
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In addition, an increased expression of NANOG was observed as well in neurospheres
compared to 2D cultures, even though it was not significant. NANOG was similarly expressed in
all the 3D cell cultures tested, compared to 2D cells (Figure 3.15). SOX2 fold increase in detection
compared to 2D cultures has also been observed in the U87-MG GBM cell line spheres by FC
[322]. Moreover, in GBM primary neurosphere generated by CD133* fluorescent activated cell
sorting (FACS), SOX2 and POU5F1 had a higher expression compared to CD133- neurospheres
[323]. This indicates that various stemness genes tend to be co-expressed in GBM CSCs [324].
Interestingly, it has been reported that the stem and reprograming factors SOX2, NANOG and
POUSF1 [325] form an interconnected regulatory circuit, in which each factor activates its own
promoter and those of each other [326]. This ultimately leads to the reinforcement and
maintenance of the stemness state in pluripotent stem cells. Interestingly, the transgenic co-
expression of POUF51 and SOX2 in A172 GBM cells has been reported to induce CSC
phenotype through the increase of CD133, OLIG-2 and NANOG, indicating that such positive
regulation between the stem and reprogramming factors may exist even in GBM [323]. Finally,
such positive autoregulatory loop has been shown also in the MCF-7 breast cancer cell line,
where the overexpression of NANOG, POU5F1 and SOX2 increased the expression of each of
the others [327]. These observations indicate that such regulatory loop exists in cancer cells and

not only in embryonic or pluripotent stem cells.

Additionally, we assessed the CSC markers CD133, SOX2 and NESTIN by IF (Figure 3.16A).
Neurospheres compared to spheroids formed under stirring showed higher staining for CD133,
widespread along the 3D structures; in A172 cells in 2D cultures, CD133 was not detected. The
detection of CD133 in neurospheres has already been shown in other GBM cell lines (U87-MG
and U251-MG) and neurospheres established from patient-derived GBM cells [193,328].

SOX2 showed a higher detection in neurospheres than in other culture formats. These results
confirm the RT-gPCR data previously observed (Figure 3.15). Interestingly, we observed
cytosolic SOX2 (Figure 3.16B), which is generally expected to be localized in the cell nucleus,
being a nuclear transcription factor [329]. Nevertheless, it has been reported that transcription
factors (TF) such as SOX2, SOX9 and OCT4 may have also cytoplasmatic localization even
though its biological relevance in cancer is not yet clear [330,331]. Interestingly, SOX9, another
TF involved in GBM tumorigenesis and stemness [332], has been reported to be in a cytosolic
state in pancreatic cancer, where it was associated with worse outcome in patients [331].
Additionally, cytosolic SOX2 has been observed in colon rectal cancer, tongue squamous cell
carcinoma, GBM [330,333] and primary pediatric brain tumor cultured as neurospheres [334]. It
is well established that nuclear or cytosolic SOX2 localization is governed by post-translational
modifications - SOX2 phosphorylation at Thr118 triggered by AKT protein kinase inducing nuclear

accumulation, while acetylation at Lys75 induces SOX2 nuclear export [335]. Nonetheless, there
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are no indications, to our knowledge, of the cytoplasmic SOX2 role in cancer. Interestingly, it has
been shown that cytosolic SOX2 exerts a functional role in human neutrophils, where it serves as
bacterial DNA sensor. Here, upon SOX2 high-mobility group binding to bacterial DNA, SOX2
dimerizes and create a complex with the Tat associated kinase 1/TGF-f activated kinase 1
binding proAtein 1 (TAK1/TAB2) to ultimately activate Nf-kB and induce inflammation [336].

Al172

3D Cell Culture

2D culture Spheroids under stirring condition (rpm) Neurospheres

100 rpm

CD133

SOX2
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Figure 3.16 - Cancer stem cell (CSC) marker identification in different 3D culture strategies. A —
Immunofluorescence of CSC markers CD133, SOX2, NESTIN, labelled in green (AlexaFluor® 488). Cells
were counterstained with 4',6-diamidino-2-phenylindole (DAPI, blue) for nuclei identification. Images
composed from a Z-Stack projection of 10 slices with 1 pym thickness. Representative images of 2
independent experiments (CD133, SOX2 and GFAP). B - Detection of cytosolic SOX2 indicated in arrows.
Image composed from a Z-Stack projection of 10 slices with 1 ym thickness. Representative images of 2
independent experiments. Scale bar: 50 um. CSC markers: SOX2 - SRY-Box Transcription Factor 2; NES
— Nestin; PROM1 (CD133) — Prominin 1.
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We further characterized A172 neurosphere cultures by FC, analysing the surface expression of
CD44. CD44 is a cell surface adhesion receptor expressed in multiple cancer types. It plays a
role in cell-cell interactions, cell adhesion and migration, promoting cancer cell invasion and
metastasis [337]. Furthermore, high CD44 expression has been reported to be positively
associated with poor prognosis and immunosuppression in gliomas [338]. We observed that A172
cells, both in neurospheres and in 2D cultures were characterized by high CD44 expression
(Figure 3.17A). As a positive control, we used the triple negative breast cancer cell line MDA-MB-
231, that displayed high CD44 level, as expected [339]. CD44 detection was also confirmed by
WB (Figure 3.17B), corroborating the FC data and previous reports in A172 cultures [178,340].
Furthermore, CD44 is a glycosylated protein, and differences in CD44 glycosylation between 2D
and neurosphere cultures may be present. In fact, we observed a differential CD44 WB migration
rate, as previously described for CD68 [341]. Finally, high CD44 expression has been associated
with an increased in glioma grade and it is especially elevated in the mesenchymal glioma
subtype, to which A172 belong [338].
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Figure 3.17 - CD44 marker detection in different in neurospheres. A - Double dot plot, indicating CD44
population (labelled in blue) of A172 in 2D culture and neurospheres. The X-axis represents CD44-PE, and
Y-axis the forward scatter area (FSC-A). MDA-MB-231 breast cancer cell line was used as positive control.
Plots represent n=1 independent experiments. Unlabelled samples represented in red. B - Western Blot of
the CD44, in A172 cells cultured in 2D and as neurospheres (NS). B-actin was used as a loading control.
Western blot represents N=3 independent experiments. Uncropped scans of western blots are shown in the
Supplementary Information (Figure S.8-9).

Overall, from the characterization of CSC markers in the different cell culture systems,
neurospheres displayed the highest content of several stem cell markers, as suggested by RT-
gPCR and protein detection. Neurospheres are cultured in serum free medium and in the
presence of stem growth factors, that promote an increase in CSC content [187,304—-307]. This

is a typical approach followed to generate in vitro floating colonies enriched in cancer stem cells
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even for other cancer types, such as breast (mammospheres) [342] and prostate (prostaspheres)
[343].

Still, by RT-gPCR spheroids generated in spinners showed a trend for an increase in
expression of the CSC markers tested compared to 2D cultures, and a slight increase in CD133
by IF. However, there is a need to repeat the experiments with more biological replicates and
increase the panel of tested CSC markers to confirm these results. We were not expecting these
findings, since spheroids are generated in the presence of FBS, which is shown to differentiate
stem cells in culture [344,345]. Nevertheless, it has been reported that non-small-cell lung cancer-
derived cell lines cultured in bioreactors showed a slight increase in aldehyde-dehydrogenase-
positive CSC (ALDH*) [346], compared to 2D cultures [347]. ALDH is a detoxifying enzyme
responsible for the oxidation of intracellular aldehydes, reported to be associated with CSC in
breast cancer [348] and GBM [349]. In addition, it has been shown that HT29 colorectal cell line
cultured in 3D showed an increase in ALDH* cells compared to 2D cultures [350]. Additionally, a
study from S. Kalkanis and colleagues showed that neurospheres generated with GBM cell lines
(LN229, T98G, U251n, and U87) expressed CSCs markers equally, regardless of serum
presence [194].

With those findings, it was hypothesized that the 3D structure itself promotes an increase in
the stem cell population, more pronounced in neurospheres than in spinner-derived spheroids.
Therefore, to further confirm that the increase in gene expression of CSC markers was due to the
3D growth regardless of the culture medium composition, spinner-derived spheroids and
neurospheres were re-cultured in petri dishes until a monolayer was formed, in presence of serum
(differentiation assay, Material and Methods section 2.3). Subsequently, CSC-related gene
expression was analyzed (Figure 3.18). The results showed a decrease in all CSC markers, both
from neurospheres and spinner-vessel derived cultures, showing that A172 3D cell culture by
itself promoted an increase in CSCs-related gene expression. This experimental strategy has
been already reported in the literature to induce differentiation of patient-derived neurosphere
cultures. Here, in agreement with our results, serum-induced differentiation induced a drastic
reduction in SOX2, NANOG and POU5F1 expression compared with the original 3D neurosphere
cultures [351]. Nonetheless, the preliminary results presented here were obtained from one
biological replicate; further biological replicates are then required to confirm such observations
and to be performed in other GBM cell lines. Altogether, these results showed that two different
3D cell culture strategies were successfully implemented, with an indication of CSC enrichment
confirmed by gene expression and protein detection of CSC-related markers.

73



A172 3D cell culture

Neurospheres Spheroids under stirring conditions

80 rpm 100 rpm

@
o
1

e
=3
1
rS
=]
1

w
=]
1
w
o
1

N
=]
1
N
o
1

-
o
1
=
o
1

=

o
L

o
Tl

Fold change mRNA expression
(Relative to 2D A172 cultures)
Fold change mRNA expression
(Relative to 2D A172 cultures)
Fold change mRNA expression
(Relative to 2D A172 cultures)

3D 2D 3D 2D 3D 2D 3D 2D

T T T T . . SRR [ NUS I ¥ o B
3D 2D 3aD 2D 3D 2D 3D 2D 3D 2D 3D 2D 3D 2D 3D 2D

SOX2 POUSF1  NANOG  NES Soxz  POUSF1  NANOG  NES SOX2  POUSF1 NANOG  NES

Cancer stem cell markers

Figure 3.18 - Cancer stem cell (CSC) gene expression of 3D cell culture generated from A172
glioblastoma cell line when replated into a 2D cell culture in serum-containing medium. Fold change
gene expression, of spheroids (80 and 100 rotations per minute (rpm)) and neurospheres replated in 2D
culture determined by the 2-22Ct method. Values were normalized to the expression of housekeeping genes
36B4 and RPL22 and represented as fold change relative to the starting A172 2D culture, set as 1 (dash
line). Data are represented as fold change relative to A172 2D culture, set as 1 (dashed line). Plots
representing N=1 independent experiment. Error bars are shown as a mean of SD of technical triplicates
GSC markers: SOX2 - SRY-Box Transcription Factor 2; POU5F1 - POU Class 5 Homeobox 1, NANOG —
Nanog Homeobox; NES — Nestin.

3.2.4. Analysis of Immunosuppressive and chemoattractant markers
expression in A172 2D cultures, neurospheres and spheroids

After confirming the expression of CSC markers in the implemented 3D cell cultures, especially
in neurospheres, we proceeded with the assessment of the potential differential expression of
genes associated with GBM immunosuppression, such as IL10, CSF-1/M-CSF and TGFB1 [113].
In addition, we evaluated CCL2 gene expression, a known macrophages and microglia

chemotactic factor [76].

We used again the GEPIA database (Figure 3.19) [311], to analyse the expression of these
markers in normal CNS tissues versus GBM samples. The analysis showed that these cytokines

are significantly more expressed in GBM than in normal brain samples
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Figure 3.19 - In silico data on immunosuppressive/chemoattractant markers in glioblastoma (GBM).
RNA bulk results from 163 healthy brain tissues (N) and 207 GBM tissues (T) of the expression of different
cancer stem cell markers. Data from GEPIA database (http://gepia.cancer-pku.cn/), based on the cancer
genome atlas (TCGA) tumors vs TCGA normal + Genotype-Tissue Expression (GTEx) normal datasets,
accessed in July 2022 [313]. Results are displayed as logz of transcripts per million (TPM) +1.
Immunosuppressive/chemoattractant cytokines: IL10 — Interleukin-10; CCL2 - C-C Motif Chemokine Ligand
2; CSF1 - Colony Stimulating Factor 1; TGFB1 — Transforming Growth Factor Beta 1.

We analyzed by RT-qPCR the expression of IL10, CSF1(M-CSF), CCL2, and TGFB1 in 2D
and 3D cell cultures (both neurospheres and spinner-vessel derived spheroids) (Figure 3.20).

In general, we observed variability among biological replicates for all the genes assessed.
Nevertheless, neurosphere cultures showed a significant fold increase in gene expression over
2D cell cultures, especially regarding CCL2 and TGFB1 (16.40 = 18.10 and 35.76 + 38.5 fold
increase respectively).
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Figure 3.20 — Immunosuppressive/chemoattractant cytokine expression in glioblastoma (GBM) 3D
cell culture strategies assessed by RT-gPCR. Fold change gene expression og
immunosuppressive/chemoattractant markers in neurospheres and spheroids under a stirring rate of 80 and
100 rotations per minute (rpm) compared to A172 2D cell cultures determined by the 2-22CT method. Values
were normalized to the expression of housekeeping genes 36B4 and RPL22. Data are represented as fold
change relative to A172 2D culture, set as 1 (dashed line). Error bars are shown as a mean of SD of biological
triplicates. Graph representing N= 3 independent biological replicates of neurospheres and spheroids
obtained under 80 rpm and N=2 of spheroids produced under 100 rpm. Immunosuppressive/chemoattractant
cytokines: IL10 — Interleukin-10; CCL2 - C-C Motif Chemokine Ligand 2; CSF1 — Colony Stimulating Factor
1; TGFB1 - Transforming Growth Factor Beta 1.

Spheroids showed a fold increase in gene expression in both CSF1 (5.20 + 0.94 and 4.82 +
0.39 fold) and TGFB1 (7.83 + 4.78 and 7.06 + 4.65 fold), under 80 and 100 rpm stirring rate,
respectively, compared to 2D cultures.

GBM cells secrete TGF-[3, as previously shown in patient-derived GBM cell cultures [352] and
GBM cell lines such as U87 [353,354]. Furthermore, CD133* patient-derived neurospheres
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secrete TGF- 3 as well as CSF-1 [94], suggesting that CSCs are contributing to the secretion of
these immunosuppressive cytokines within the GBM TME. Activation of TGF-f signalling in A172
neurospheres should be further characterized in the future, for example by assessing SMAD2/3
phosphorylation, which occur after exposure to TGF- [355]. TGF-f signalling in other GBM cell
lines cultured in 2D has already been demonstrated. Interestingly, U87 and LN229 GBM cell lines
displayed a clear SMAD2/3 activation, while A172 2D cultures showed negligible levels of
SMAD2/3 phosphorylation, suggesting that the basal level of TGF-B secretion varies among
different GBM cell lines, being lower in A172 compared to U87 and LN229 [356,357].

In the case of CCL2, it has been shown to be fundamental for Tregs and macrophages with
M2-like phenotype recruitment within the GBM TME [358]. Lastly, it has been shown that glioma
cell lines such as U-105 MG and U-251 MG can actively secrete CCL2 [235].

Regarding IL10 and CSF1, we did not observe significant changes in gene expression among
the conditions analyzed. Interestingly, neurospheres established from CSC isolated from GBM
patient-derived cells did not secreted IL-10, which suggests that IL-10 is not potentially secreted
by CSCs [94].

Altogether, these results indicate that A172 neurospheres express higher levels of CCL2 and
TGFB1 compared to 2D cultures, since they are enriched in CSCs. TGF-f is highly present in the
GBM TME to induce immunosuppression, as mentioned in the introduction, (section 1.5.1 and
figure 1.8). This will be important also for future and more representative complex 3D GBM culture
approaches, based on bioreactors and integrating CNS neurospheroids to recapitulate

immunosuppressive TME features.

Subsequently, we followed the same approach used before (neurosphere/spheroid
differentiation assay, figure 3.18), to assess whether the differentiation of A172 GBM 3D cell
cultures may have had an impact on the expression of IL10, CCL2, CSF1 and TGB1. As observed
previously for CSC markers expression, immunosuppressive/chemoattractant mRNA decreased
in 3D cell cultures re-plated in 2D, except for TGFB1 (Figure 3.21), suggesting that the 3D cell
culture by itself promotes a higher expression of immunosuppressive/chemoattractant cytokines.
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Figure 3.21 —Immunosuppressive/chemoattractant gene expression of A172 glioblastoma (GBM) cell
line when replated 3D culture strategies into a 2D culture in serum-containing medium experiment.
Fold change gene expression, of spheroids (80 and 100 rotations per minute (rpm)) and neurospheres
replated in 2D culture determined by the 2-22Ct method. Values were normalized to the expression of
housekeeping genes 36B4 and RPL22 and represented as fold change relative to the starting A172 2D
culture. Data are represented as fold change relative to A172 2D culture, set as 1 (dashed line). Plots
representing N=1 independent experiment. Error bars are shown as a mean of SD of technical triplicates.
Immunosuppressive/chemoattractant Cytokines: IL10 — Interleukin-10; CCL2 - C-C Motif Chemokine Ligand
2; CSF1 - Colony Stimulating Factor 1; TGFB1 — Transforming Growth Factor Beta 1.

However, these results need to be confirmed with additional replicates, and even by analyzing
a larger panel of immunosuppressive molecules (e.g., IL4, IL13) [359]. In addition, in the future,
pro-inflammatory markers should be analysed in parallel (e.g., TNF-qa, IL1B, IL8, CXCL10) [360],
both at gene expression and protein level (e.g., ELISA), to further characterize the secretory
milieu of such 3D A172 GBM cell cultures, to further confirm the immunosuppressive nature of

these cultures.

Altogether, the neurosphere methodology was the 3D culture system that showed the highest
content of CSC markers and expression of immunosuppressive cytokines and CCL2 compared
to other culture formats. Since we aim to recapitulate immunosuppressive events in a 3D GBM
cell culture model, we chose neurospheres for the first assessment of co-culture with microglia in

objective 3.

3.3. Proof of concept: Initial co-culture assessment

3.3.1. Characterization of microglia-like cells derived from monocytes
exposed to neurosphere conditioned medium

High-grade gliomas are generally characterized by a complex secretory milieu that altogether
supports the building of an immunosuppressive TME, which in turn promotes tumor proliferation
and growth [76]. Considering this, it was hypothesized that the conditioned medium (CM) derived
from neurosphere cultures, (in which we detected high expression of TGFB1 and detectable levels
of IL10, Figure 3.20) would be able to affect the microglia gene expression and phenotype,
polarizing them mostly towards an M2-like state (e.g., CD163*/CD206*) [121]. To test this
hypothesis, MLC-Mo derived from two different donors (#4 and #5) were cultured for 48 h in a

medium mixture composed of 50% neurosphere CM and 50% MLC-Mo medium. As basal
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condition, MLC-Mo was cultured in a ratio of 50:50 fresh neurosphere medium (NF): MLC-Mo

medium.

We observed by gene expression analysis both M1 (AIF1, CD86, IL6, and IL1B) and M2
(CD163, MRC1, and TGFB1) markers already tested before (Objective 1). In addition, IF analysis
of CD163 and CD206 was performed.

For the gene expression analysis, we displayed the results for the two donors independently.
For positive control, MLC-Mos were treated with pro-inflammatory (M1) or anti-inflammatory (M2)
stimuli, and gene expression results were compared to untreated MLC-Mo (designed as MO MLC-
Mo).

In both donors analysed, no relevant changes in gene expression of the M1 markers analysed
(Figure 3.22), were observed, neither in MLC-Mo exposed to CM nor after exposure to NF. The
M1 stimuli (LPS+IFN-y) upregulated IL1B in both donors and IL6 in donor 6. Although CM does
not seem to promote MLC-Mo M1 polarization, these results were performed with only 2 donors,
and more donors will be required to draw a definitive conclusion. In addition, gene expression
analysis should be completed by FC analysis of inflammatory surface markers (e.g., CCRY7,
CD80, CD86, CD40) [295,296].
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Figure 3.22 — Pro-inflammatory markers expression in microglia-like cells derived from monocytes
(MLC-Mo) exposed to neurosphere medium (NF) and conditioned medium (CM), assessed by RT-
gPCR. Fold change of in gene expression of MLC-Mo from 2 different peripheral blood mononuclear cell
(PBMC) donors (#4 and #5) exposed to NF and CM, determined by the 224t method. Values were
normalized to the expression of the housekeeping genes RPL22 and 36B4 represented as fold change
relative to control MO MLC-Mo mRNA expression, set as 1 (dashed line). Error bars are shown as a mean
of SD of technical triplicates. Representative plot of N=2 independent experiments. Pro-inflammatory
markers: AIF1(IBA1) —Allograft inflammatory factor 1; CD86 — T-Lymphocyte Activation Antigen CD86; IL6
— Interleukin 6; IL1B — Interleukin 1 beta.

In the case of M2 polarization, we analysed CD163, MRC1, and TGFB1 markers to observe
any potential increase in MLC-Mo exposed to CM. Unfortunately, due to high technical variability,
it was not possible to draw any preliminary conclusion (Supplementary information, Figure
S.10). Also in this case, it is necessary to have more biological replicates to draw a clear

conclusion.
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To complement the results of gene expression, CD163 and CD206 immunofluorescence was
performed on MLC-Mo established from four donors (#2, #6, #7, and #8) (Figure 3.23), and
exposed to NF and CM derived from A172. We observed that, in the unchallenged condition, it
was possible to detect both CD206 and CD163 in MO MLC-Mo as previously observed (section
3.1.2) and reported [301]. Comparing the cells exposed to CM to the MLC-Mo untreated and
cultured with NF, it was observed a slightly higher detection of CD206 in #6 and #7 while no
changes were observed in #2 and #8. Regarding CD163, its levels in MLC-Mo cultured with CM
showed no changes compared to the untreated and NF in all the MLC-Mo analysed. More
replicates are necessary to confirm such observations, even employing FC. FC is certainly one
of the most powerful and used techniques to assess macrophage phenotypes [251], as shown in
a study where 3D U87-M@ co-cultures were established [361]. In the future, we aim to analyse by
FC the expression of various M@/Microglia surface markers (e.g., CD80, CD86, CD40, CD204,
DC-SIGN) in MLC-Mo exposed to GBM neurospheres CM [121,295,296,362]. This will be pivotal
to analyse not only the general marker expression, but also to assess the presence of discrete

microglia cell populations with differential expression levels of marker combinations.

We were expecting to observe a clear increase of both CD206 and CD163 M2 markers in
microglia exposed to A172 neurosphere CM. Nevertheless, apart from the expected donor
variability in response to the CM, there are some potential explanations to justify these results.
First of all, the CM exposure time may not be optimal to detect phenotypical changes in M2 MLC-
Mo; under this view, different CM exposure time points should be included in further studies.
Additionally, neurospheres are generated at a very low cell density. For this, even if we observed
an increase in gene expression of immunosuppressive factors, their concentration in the CM is
potentially extremely low to be able to skew MLC-Mo toward a M2-like phenotype. For future
work, it will be advisable to decrease the volume used to establish the neurosphere cultures
(without creating cell physiological stress), aiming to increase the concentration of neurosphere-
secreted factors. In this case, before proceeding to the MLC-Mo exposure to neurosphere CM, it
will also be important to assess the concentration of such immunosuppressive factors, to ensure
that they fall into the concentration range in which they are considered able to exert any biological
effect. For example, TGF-3 has been reported to induce in vitro the differentiation of Mg towards

an immunosuppressive M2-like state, at the concentration of 5 or 20 ng/mL [363,364].

79



MLC-Mo

MLC-Mo

M2 MLC-Mo treated with treated with MO MLC-Mo

MLC-Mo

MLC-Mo

treated with treated with MO MLC-Mo

M2 MLC-Mo

[TH
2

™M

PBMC Donor #2 PBMC Donor #6
CD206 CD163 CD206 CD163

/s
-

PBMC Donor #7 PBMC Donor #8
CD206 CD163 CD206 CD163

80

¢ e
o Ay




Figure 3.23 - CD206 and CD163 analysis in microglia-like cells derived from monocytes (MLC-Mo)
exposed to neurosphere medium (NF), conditioned medium (CM) and anti-inflammatory stimuli (M2,
IL4 +1L13) assessed by immunofluorescence. MLC-Mo were differentiated from four different peripheral
blood mononuclear cells (PBMC) donors (#2, #6, #7, #8). CD206 was labelled in green (AlexaFluor® 488)
and CD163 labelled in red (AlexaFluor® 594). Cells were counterstained with 4',6-diamidino-2-phenylindole
(DAPI, blue) for nuclei identification. Representative images of N=4 independent experiments. Scale bar: 50
pum. Anti-inflammatory markers: CD163: Scavenger Receptor Cysteine-Rich Type 1 Protein M130; CD206:
Macrophage Mannose Receptor 1-Like Protein 1.

3.3.2. Implementation of glioma/microglia co-cultures and
characterization of microglia-like cells gene expression

To set up a preliminary co-culture strategy between microglia and GBM cells, as first step
towards the development of a more complex 3D GBM TME model, we selected MLC-Mo, that
express microglia markers (e.g., IBA1, TMEM119), and A172 neurospheres, that presented CSC
enrichment (e.g., CD133, SOX2) and expression of immunosuppressive/chemoattractant genes
(TGFB1, CCL2).

For the co-cultures, the neurospheres were generated in 24-well ULA plates for seven days,
after which we added MLC-Mo. MLC-Mo established from the donor #9 was stained with a cell
tracker to observe potential infiltration in the neurosphere, which was analysed on days two and
four post-co-culture. At the beginning of the co-culture, neurospheres and MLC-Mo were kept
under agitation overnight to promote adherence between cell types and then remained in a static
condition at 37 °C afterward for up to four days. On days two and four post co-culture, high cell
viability was observed both in A172 neurospheres as well as in MLC-Mo. In addition, it was
possible to observe MLC-Mo adherence to the neurospheres (Figure 3.24). High cell viability of
both cell types has also been observed in a 3D cell model in which biopsy-derived UP-007 GBM

cell line and HMC3 cells were co-cultured in a hyaluronic acid hydrogel [232].

Day 2

Livegp MLC-Mo — Live

Figure 3.24 - Characterization of a 3D heterotypic co-culture between microglia-like cells derived
from monocytes (MLC-Mo) and A172 neurospheres at days two and four, assessed by
immunofluorescence. Cell viability of MLC-Mo and neurospheres analysed at the end of the culture,
assessed by fluorescence microscopy. Fluorescein diacetate (FDA, green) shows live cells, while ToPro™-
3 (red) shows dead cells and cell trace (Yellow) mark MLC-Mo. Representative images of N=2 experiments.
Scale bar: 10 ym.
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We further characterized this co-culture by gene expression analysis of microglia markers.
Agarose gel analysis of RT-gPCR products derived from neurospheres co-cultures (Figure 3.25A)
confirmed the presence of MLC-Mo. We detected CD68 and P2RY12 at both 2 and 4-days post
co-culture, being absent, in the A172 neurosphere monoculture as expected.

After having assessed that MLC-Mo were maintained in co-culture, we performed a preliminary
assessment of the phenotype of these cells by gene expression analysis. Figure 3.25B showed
the relative transcript abundance plot from co-cultures at days two and four of two inflammatory
markers (AIF1 and CD86) and two anti-inflammatory markers (MRC1 and CD163). MLC-Mo (2D
culture) of the same donor is shown for comparison. The anti-inflammatory marker CD163
showed no gene expression changes during the experiment, and it was barely expressed.

At day two of co-cultures, we observed higher transcript abundance of AlIF1 and CD86 and a
decrease in MRC1 expression in co-cultures compared to MLC-Mo.

After four days of co-culture, both M1 markers AIF1 and CD86 expression decreased
compared to day two, while MRC1 expression increased compared to MLC-Mo.

Nevertheless, inflammatory markers still showed higher transcript abundance in co-culture
compared to MLC-Mo. These observations could be explained by the fact that MLC-Mo in an
initial stage of the co-culture were activated (increased IBA-1 expression) [365], but after an initial
adaptation stage they may tend to skew toward an M2-like phenotype (MRC1*) [361]. At this point,
this is merely speculative and requires further biological replicates to support this hypothesis.

Interestingly, in a previous report, CD11B* microglia were isolated from glioma biopsies and
CD11B* monocytes were isolated from the blood of the same patients and differentiated to MLC-
Mo by culture with IL-34 and GM-CSF [366]. RT-gPCR analysis revealed a high expression of
MRC1 in both microglia cell sources, and immunohistochemistry showed a remarkable infiltration
of CD206* cells in GBM tissues. These findings support our preliminary results, indicating the
presence of MRCL1* in gliomas, including GBM, and the use of MLC-Mo as a microglia source in
GBM-microglia co-cultures.

In addition, these preliminary results are in agreement with previous works that showed that it
is not possible to define a complete M2-like GAMs phenotype in gliomas such as GBM and DMG.
They are rather represented by a continuum of expression of M1/M2 markers, as shown by the
in silico analysis performed using the GEPIA database (figure 3.25C), and reported in
[78,112,311].

Nevertheless, further studies with more PBMC donors will be required to confirm our
observations. In addition, it is necessary to employ a larger panel of GBM cell lines as well as
DMG cells, to extend these observations to other rare gliomas. Moreover, protein-based assays
like FC will be pivotal to observe potential discrete microglia sub-cell populations which arise

during co-culture.
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Figure 3.25 - Characterization of MLC-Mo co-cultured with neurospheres. A — Agarose gel on the
identification of microglia markers (P2RY12 and CD68) in the co-cultures. For positive control MLC-Mo in
2D cultures was used, and for negative control A172 neurospheres were used. No template control (NTC)
represents the PCR without cDNA. Agarose gel represents a N=1 independent experiment. B — Relative
transcript abundance in MLC-Mo exposed to anti and pro-inflammatory stimuli and co-culture at day 2 and
day 4 determined by the 2-2Ct, Error bars represent the mean of SD of technical triplicates. Reference gene
target used was CD68. Plot representing a N=1 independent experiment. C — In silico data on cancer stem
cancer cells markers in glioblastoma (GBM). RNA bulk results from 163 healthy brain tissue (N) and 207
GBM tissue (T) of the expression of different cancer stem cell markers. Data from GEPIA database
(http://gepia.cancer-pku.cn/), based on the cancer genome atlas (TCGA) tumors vs TCGA normal +
Genotype-Tissue Expression (GTEx) normal datasets, assessed in July 2022 [313]. Pro- and anti-
inflammatory markers: AIF1 (IBA1) — Allograft inflammatory factor 1; CD86 - T-Lymphocyte Activation
Antigen CD86; CD163: Scavenger Receptor Cysteine-Rich Type 1 Protein M130; MRC1 (CD206):
Macrophage Mannose Receptor 1-Like Protein 1.

One of the main issues present in this preliminary experiment was the low amount of biological
material obtained. Future assays should consider the generation of a higher amount of starting
material (MLC-Mo and neurospheres) to perform other analytical assays, such as IF and FC, to
characterize the immunosuppressive status and phenotype of GBM-co-cultured MLC-Mo. This
will be important to confirm this preliminary gene expression analysis at protein level. It is
important to point out that other research groups have already established methodologies to study
in vitro brain cancer cells/microglia crosstalk. A relevant one, which employs human cells, has
been established by Chen and colleagues. Here, patient-derived GBM cells and HMC3 microglia
cell lines were cultured in separated hydrogel disks, allowing soluble signalling without physical
contact [233]. The authors reported HMC3 activation, showed by increased CD68 detection level
by WB and ameboid phenotype (both associated with microglia activation [367,368]. Interestingly,
the authors showed, through transcriptomic analysis that GBM cells co-cultured with microglia,
even if physically separated, downregulated the expression of pathways associated with
inflammation such as tumor necrosis factor (TNF) signaling,and nuclear factor kappa-beta (NF-
kB) signaling, indicating that the soluble mediators were implicated in the establishment of such
phenotype. Taking this into account, further characterization of these microglia-neurosphere co-
cultures will involve the analysis of the downregulation of these inflammatory pathways in GBM
neurosphere/microglia co-culture versus neurospheres monocultures.

Although preliminary, these results suggest that it is possible to co-culture microglia-like cells
with GBM neurospheres enriched in CSC. We foresee the use of neurospheres from A172 and
other GBM cell lines (e.g., U87, that has been already proven to be an immunosuppressive GBM
cell line [159,356], secreting TGF- and promoting M2-like differentiation in M@) and DMG cells.
In the future, we aim to establish a more complex 3D glioma TME model, based on bioreactor
cultures of GBM/DMG neurospheres, neurospheroids (enriched in neurons, astrocytes and
oligodendrocytes, developed according to the methodology established by the host Lab [240])
and microglia. This will have as final aim to establish a relevant cell model that better recapitulates

the cellular crosstalk of the brain tumor TME and its immunosuppressive events.
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Chapter 4. Conclusion

GBM and DMG are known to have extremely low patient survival, and no current therapeutic
modality has been found to significantly improve patient overall survival and life quality.
Immunotherapies are one of the current therapeutic options that are being investigated in depth
and have shown promise for future cancer therapies. Their main aim is to boost the patient's
immune system to react against tumor cells. Cancers that are characterized by a “cold” TME,
such as brain cancer, are described as having a high infiltration of immune cells (mostly microglia
and blood-derived macrophages in brain tumors) that do not react against cancer cells, promote
its immune escape and enhance proliferation. It was hypothesized that reversing microglia and

macrophages' immunosuppressive phenotype would improve current patient survival.

These immunotherapies, on the other hand, are tested in vivo and in 2D in vitro models. These
models may not recapitulate brain tumor complexity and an immunosuppressive phenotype. The
absence of these features slows down the successful development rate of novel therapeutical
modalities. 3D models are potent tools to recapitulate TME characteristics and can be used as a

preclinical model as well as a research platform for the discovery of new biological targets.

This master thesis compiles a series of experimental approaches to seed the basis for a more
complex and ambitious project. Under this perspective, we aim to recapitulate in a more complete
manner the brain tumor TME, by co-culture of CNS neurospheroids-derived hiPSC, (enriched in
CNS resident cells), microglia and glioma neurospheres. Microglia cell models were
characterized, demonstrating that MLC-hiPSC and MLC-Mo express microglia markers and
tended to respond to pro-and anti-inflammatory stimuli, both being potentially useful in GBM/DMG
co-culture studies (although more biological replicates are required to confirm these results).
Subsquently, two A172 GBM cell line-derived 3D culture strategies were implemented and
compared (neurospheres and agitation-based spheroids). The results presented in the thesis
showed that the neurosphere model is enriched in CSCs and immunosuppressive markers TME
(e.g., SOX2, POU5SF1, NES, TGFB1) compared to 2D cell cultures and agitation-based spheroids.
This indicates that neurosphere cultures are a suitable brain cancer cell 3D culture model that

maximizes the expression of typical CSCs markers expressed within the GBM TME.

Finally, a preliminary co-culture assay was performed with MLC-Mo and A172-derived
neurospheres. In this preliminary assay, results show both pro- and anti-inflammatory gene
expression markers, while cell viability was maintained in both MLC-Mo and neurospheres during
co-cultures. Moreover, the implementation of 3D GBM cell cultures and characterization of
microglia models were successful and are important components for the development of a more

complex model.

Future work in this project will be to continue to characterize MLC-Mo and MLC-hiPSC for
future co-culture experiments, such as phagocytic assay and FC analysis of M1 and M2 markers
upon prototypical stimuli. Future experiments on the development of complex GBM/DMG co-

culture models will be required. Those will rely on preliminary shake-flask based agitation co-
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culture of CNS neurospheroids, microglia and brain cancer neurospheres, to fine-tune some
technical aspects such as cell ratio and culture medium composition to be employed in bioreactor
cultures in a later stage. This bioreactor-based complex model will serve as a potent platform for
the discovery of novel immunosuppressive brain cancer axes as well as a platform to assess the

potential of innovative immunotherapeutic modalities against brain tumors.
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Supplementary information

Microglia differentiation from hiPSC
Hematopoietic differentiation
Microglia differentiation from hiPSC was performed by Catarina Gomes, PhD student from the

Lab. The resulting biological material (cells, RNA) was then used as part of this thesis mostly for
microglia sources comparison purposes. For microglia differentiation, hiPSC IMR90-4 cells were
first differentiated into hematopoietic progenitor cells (HPCs) using STEMdiff™ hematopoietic kit
(Stem Cell Technologies, #05310). The differentiation started by coating a 12-well plate with 0.08
mg/mL of Corning® Matrigel® (Corning®, #CLS356238) diluted in cold DMEM-F12 (Gibco,
#11320033), filtered through a 40 um cell strainer (Falcon, #352340), and incubated at 37°C for
1 h. Afterwards, cells were detached with versene solution (Gibco, #15040066) resulting in small
aggregates. These aggregates were suspended with DMEM-F12 in a 1:9 ratio and in triplicates.
Subsequently, 60-152 colonies were plated in the 12-well plates, coated with Matrigel®, 1 mL of
mTeSR™1 (Stem Cell Technologies, #85851), incubated at 37°C and 5% CO:2 for 24 h. The
following day, conditioned medium was removed, and medium A provided by the Kit was added.
Differentiation into hematopoietic progenitor last 12 days in total. Differentiation into HPC was

assessed by CD43 analysis and by flow cytometry.

Microglia differentiation
After achieving HPC differentiation, STEMdiff™ microglia differentiation kit (Stem Cell

Technologies, #100-0019) and STEMdiff™ microglia maturation kit (Stem Cell Technologies,
#100-0020) was used and the entire process took additional 28 days to yield mature microglia-
like cells. First, cells in suspension were washed with DPBS (-/-), and 0.5 mL ACCUTASE™
(Stem Cell Technologies, #07920) was added to each well for 20 min at 37°C, to detach adherent
cells. Afterwards, single-cell suspension was collected, and cells were centrifuged at 300 x g for
5 min at RT using a 5810R Centrifuge equipped with an A-4-81 rotor (Eppendorf). Later, cells
were suspended with STEMdiff™ microglia differentiation medium (Stem Cell Technologies,
#100-0020).

Then, cells were counted with trypan blue solution 0,1% (v/v) (Gibco, #15250-061) in a Fuchs-
Rosenthal counting chamber (Karl Hetch #4049712) and inoculated in Matrigel®-coated 6-well
plate with a cell density of 1.1 x 104 - 2.2 x 10* cell/cm? and incubated at 37°C. Subsequent steps

followed the supplier protocol.

Microglia maturation
On day 24, microglia maturation preceded using the STEMdiff™ microglia maturation kit. Cells

were centrifuged at 300 x g for 5 min, resuspended at a lower volume, and counted with trypan
blue solution 0,1% (v/v) in a Fuchs-Rosenthal counting chamber. Cells were seeded at 1 x 106
cells per coated 6-well plate containing 1 mL fresh STEMdiff™ microglia maturation medium.
Every other day, half of the starting volume of STEMdiff™ microglia maturation medium was

added to the culture until day 40.
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Figure S.1 - Phase contrast images of different microglia-like cells derived from human induced pluripotent
stem cells. Representative image of N=3 independent experiments. Scale bar: 50 ym
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Figure S.2 - Uncropped scan of CD68 western blot of monocyte derived microglia-like cells
(MLC-Mo) and macrophages (Mg) from peripheral blood mononuclear cells (PBMC) and
THP1 cell line. Ladder (M) displayed in kilodalton (kDA) units. Primary antibody: anti-cd68 from
cell signalling (#D4B9C), IgG from Rabbit (Monoclonal) was used at 1:1000 dilution and incubated
overnightin agitation at 4°C. Secondary antibody: ECL Anti-Rabbit HRP-Link from GE Healthcare,
IgG from Donkey was used at 1:5000 dilution. Western blot membrane was detected using

Amersham ECL Select Western Blotting Detection buffer an iBright™ FL1500 Imaging System
from Invitrogen.
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Figure S.3 - Uncropped scan of TREM2 western blot of monocyte derived microglia-
like cells (MLC-Mo) and macrophages (M¢) from peripheral blood mononuclear
cells (PBMC) and THP1 cell line. Ladder (M) displayed in kilodalton (kDA) units. Primary
antibody: anti-TREM2 from R&D Systems (#AF1828), IgG from Goat (Polyclonal) was
used at 1:500 dilution and incubated overnight in agitation at 4°C. Secondary antibody:
ECL Anti-Goat HRP-Link from GE Invitrogen, IgG from Rabbit was used at 1:5000 dilution.
Western blot membrane was detected using Amersham ECL Select Western Blotting
Detection buffer an iBright™ FL1500 Imaging System from Invitrogen.
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Figure S.4 - Uncropped scan of IBA1 western blot of monocyte derived microglia-like cells (MLC-Mo)
and macrophages (Mg) from peripheral blood mononuclear cells (PBMC) and THP1 cell line. Ladder
(M) displayed in kilodalton (kDA) units. Primary antibody: anti-ibal from cell signalling (#17198), IgG from
Rabbit (Monoclonal) was used at 1:1000 dilution and incubated overnight in agitation at 4°C. Secondary
antibody: ECL Anti-Rabbit HRP-Link from GE Healthcare, 1gG from Donkey was used at 1:5000 dilution.
Western blot membrane was detected using Amersham ECL Select Western Blotting Detection buffer an
iBright™ FL1500 Imaging System from Invitrogen.
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Figure S.5 - Uncropped scan of B-actin western blot membrane of monocyte derived microglia-like cells (MLC-
Mo) and macrophages (M@) from peripheral blood mononuclear cells (PBMC) and THP1 cell line. Ladder ( M)
displayed in kilodalton (kDA) units. Primary antibody: anti-B-actin from Sigma Aldrich (#A5441), 1gG from Mouse
(Monoclonal) was used at 1:5000 dilution and incubated overnight in agitation at 4°C. Secondary antibody: ECL Anti-
Mouse HRP-Link from GE Healthcare, IgG from Sheep was used at 1:5000 dilution. Western blot membrane was
detected using Amersham ECL Select Western Blotting Detection buffer an iBright™ FL1500 Imaging System from
Invitrogen.

MLC-hiPSC

Figure S.6 - Microglia protein analysis by immunofluorescence microscopy in microglia-like cells derived from
human induced pluripotent stem cells (MLC-hiPSC). A —IBA1 labelled in green (Alexa fluor ® 488) in TREM2 labelled
in red (AlexaFluor® 594) in MLC-hiPSC. Cells were counterstained with 4',6-diamidino-2-phenylindole (DAPI, blue) for
nuclei identification. Representative image from N=3 of independent Scale bar: 10 ym. Microglia markers: TREM2 —
Triggering receptor expressed on myeloid cells 2; IBA1 (AlIF1) — Allograft inflammatory factor 1.
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Spheroids under agitation conditions
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Figure S.7 —Cell viability of glioblastoma (GBM) spheroids analysed during and at the end of the
culture, assessed by fluorescence microscopy. FDA, shown in green, shows live cells, while
ToPro™-3 (red) shows dead cells. Representative images are shown N=3 for neurospheres and spheroids
obtained under a stirring rate of 80 rotations per minute (rpm); N=2 spheroids under a stirring rate of 80 rpm,
and N=1 spheroids under a stirring rate of 60 rpm Scale bar: 50 pm.
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Figure S.8 - Uncropped scan of CD44 western blot membrane of A172 2D cell culture (2D),
neurospheres (NS) and HelLa cell line. Ladder (M) displayed in kilodalton (kDA) units. Primary antibody:
anti-B-actin from Cell Signalling (#8E2), IgG from Rabbit (Monoclonal) was used at 1:1000 dilution and
incubated overnight in agitation at 4°C. Secondary antibody: ECL Anti-Rabbit HRP-Link from GE Healthcare,
IgG from Donkey was used at 1:5000 dilution. Western blot membrane was detected using Amersham ECL
Select Western Blotting Detection buffer an iBright™ FL1500 Imaging System from Invitrogen.
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Figure S.9 - Uncropped scan of B-actin western blot membrane of A172 2D cell culture (2D), neurospheres
(NS) and HeLa cell line. Primary antibody: anti-B-actin from Sigma Aldrich (#A5441), 1gG from Mouse (Monoclonal)
was used at 1:5000 dilution and incubated overnight in agitation at 4°C. Secondary antibody: ECL Anti-Mouse HRP-
Link from GE Healthcare, 1gG from Sheep was used at 1:5000 dilution. Western blot membrane was detected using
Amersham ECL Select Western Blotting Detection buffer an iBright™ FL1500 Imaging System from Invitrogen.
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Figure S.10 - Anti-inflammatory marker expression in microglia-like cells derived from monocytes (MLC-Mo)
exposed to neurosphere medium (NF) and Conditioned Medium (CM), assessed by RT-qPCR. Fold change of
in gene expression of MLC-Mo from 2 different peripheral blood mononuclear cell (PBMC) donors (#4 and #5)
exposed to NF and CM, determined by the 2-24Ct method. Values were normalized to the expression of the
housekeeping genes RPL22 and 36B4 represented as fold change relative to control MO MLC-Mo mRNA expression,
set as 1 (dashed line). Error bars are shown as a mean of SD of technical triplicates. Representative plot of N=2
independent experiments; Anti-inflammatory markers: MRC1 (CD206) — Macrophage mannose receptor 1; CD163
— Hemoglobin Scavenger Receptor; TGFB1 — Transforming growth factor beta 1.
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