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Glioblastoma multiform (GBM) is a lethal brain tumour composed by many distinct cell 

types that are closely connected and dependent on their surrounding environment. 

Microglia are the brain immune cells, which are highly abundant in GBM and create an 

immunosuppressive microenvironment that promotes tumour progression. Caveolin-1 

(Cav1) is the most important protein of caveolae and it is involved in cell signalling 

activity. In the GBM, Cav1 promotes the tumour invasion and it is correlated with a poor 

prognosis. In immunes cells, its role is not well explored, however it can be involved in 

immune response. Our hypothesis was that Cav1 could have an impact in the response 

of human microglia to the environment, influencing tumour progression.  

To test our hypothesis, a human microglia cell line and an iPSC cell line were used to 

generate Cav1 knockout clones using CRISPR-Cas9 technology. The iPSC was used to 

generated human microglia cells.  

Primary human microglia expressed low levels of Cav1, which could be regulated upon 

activation. The viral immortalized human microglia cells expressed strong Cav1 protein 

levels, possibly correlated with the immortalization procedure with SV40 large T antigen. 

This infection in combination with the culture conditions might lead to a constitutive 

pro-inflammatory phenotype, impacting the ability of microglia to react to other 

stimulus and to do phagocytosis. A slightly modified protocol to generate microglia from 

iPSC allowed the differentiated cells to be polarized towards pro-inflammatory and anti-

inflammatory phenotype and to perform phagocytosis. 

In microglia, Cav1 was involved in the regulation of the inflammatory response, cell 

migration, phagocytosis, and sensitivity to temozolomide. The microglia cell line did not 

impact the tumour behaviour, likely due to the profile presented by the cells. However, 

the deletion of Cav1 in microglia derived from iPSC promoted the tumour invasion.  
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 Glioblastoma: Clinical and Molecular Features 

Tumours of the Central Nervous System (CNS) represent a distinct and heterogeneous 

group of both benign and malignant characteristics affecting children as well as adults. 

These tumours are relatively rare but associated with a high morbidity and death rate. 

Although in recent years there has been a substantial increase in the understanding of 

the molecular basis of the malignant phenotype, this is not translated in longer quality-

adjusted survival. 

CNS tumours are considered primary when the tumour initiates originally in the CNS and 

secondary when tumours begin elsewhere in the body and spread to the brain, i.e. brain 

metastasis. The classification of these tumours, according to the 2016 World Health 

Organization (WHO), is based on their cell of origin, primary location within the CNS, 

their level of differentiation, as well as their molecular features (Louis et al. 2016). 

1.1.1 Glioma 

Gliomas are the most common form of primary malignant brain tumours, and are 

classified into astrocytic tumours, oligodendroglial tumours and not otherwise 

specified/NOS tumours (group of tumours that do not match into these two narrowly 

defined entities). The histopathological classification of gliomas relies on morphological 

resemblance of tumour cells to normal cell types in the brain. Tumours with astrocytic 

features arising from astrocytes are classified as astrocytomas, while those with 

oligodendroglial features are termed oligodendrogliomas and are believed to originate 

from the oligodendrocytes or from a glial precursor cell (Louis et al. 2016).  

The WHO classifies gliomas into 4 distinct grades based on histopathological features, 

nuclear morphology, mitotic activity or growth index, necrosis, margins, infiltration 

ability and vascular proliferation (D. M. Park and Rich 2009). A higher histological grade 

corresponds to a less differentiated phenotype and to an increased malignancy (Chiu, 

Peng, and Wang 2011; Louis et al. 2016): 

¶ Grade I τ the tumour grows slowly (low-grade), has cells that look like normal cells, 

and rarely spreads into nearby tissues. Grade I brain tumours can usually be cured 

by surgical resection and they are frequently associated with long-term survival. 
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They constitute the most common glioma found in children, i.e. pilocytic 

astrocytoma. 

¶ Grade II τ are also low-grade tumours with a slow growth rate but have a diffusely 

infiltrative nature and spread into nearby tissue, which renders them incurable by 

surgery. Recurrence after resection usually leads toward a higher-grade tumour. 

¶ Grade III τ includes anaplastic gliomas, which usually arise from low grade diffuse 

astrocytomas or de novo without evidence of a less malignant precursor. This grade 

is rapidly growing in malignant tumours exhibiting increased anaplasia (loss of 

morphology characteristic of the differentiated cell type) and proliferation over 

grade II tumours, and increased ability to spread into normal brain tissue. They 

require aggressive adjuvant treatment with radiotherapy and/or chemotherapy in 

addition to surgery. 

¶ Grade IV τis a fast-growing tumour that grows and spreads very quickly, shows 

features of malignancy including vascular proliferation and necrotic areas. It is 

assigned to glioblastomas which are the most common and most malignant type of 

glioma in patients over 55 years old. Around 70% of patients die within 12 months 

despite multimodal aggressive treatments (Brodbelt et al. 2015). 

In general, grades I and II tumours are considered low-grade, while grades III and IV are 

high-grade tumours. 

 

1.1.2 Glioblastoma Multiforme (GBM)  

GBM, or WHO Grade IV malignant glioma, accounts for 70-75% of all diffuse gliomas 

(Molinaro et al. 2019). They are highly invasive, infiltrating the surrounding brain 

parenchyma, yet they are typically confined to the CNS and rarely metastasize (Omuro 

and DeAngelis 2013).  

In adults, its prevalence increases with age with the peak age range incidence after 55 

years. GBM patients have a poor prognosis with a median survival of 15 months and 

only 3.4% patients surviving more than five years (Brodbelt et al. 2015). Some 

characteristics associated with a better prognosis include: age at the time of diagnosis 

(younger patients have better prognosis), total surgical resection of the tumour, 
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tolerance to complete adjuvant treatments, an epithelioid, giant-cell and gliosarcoma 

subtype and oligodendroglial differentiation characteristics (Crocetti et al. 2012; 

Thakkar et al. 2014; Louis et al. 2016). The high morbidity and mortality are associated 

with the invasive character and inability to undertake repeated surgical resections which 

can include only limited normal margins. Moreover, the  chemotherapy is relatively 

ineffective due to an inherent chemoresistance of the tumour and/or the presence of 

the blood brain barrier (BBB) also limiting access of agents to brain  (Ostrom et al. 2019). 

1.1.3 Molecular Classification of GBMs 

GBMs are characterized histologically by a significant cellularity and mitotic activity, 

vascular proliferation, and necrosis. The cells in these tumours are pleomorphic (varying 

in shape and size), thus the basis of the tumours naming, glioblastoma multiforme.  

GBMs can be classified into three subtypes: Primary GBM, or IDH-wild type (90% of 

cases) that develops without the presence of any precursor neoplastic lesion; the 

secondary GBM or IDH-mutant (10% of cases) that develops from lower grade tumours,  

such as diffuse or anaplastic astrocytomas, and arises in younger patients (between 20 

and 29 years); and GBM-NOS (i.e., not otherwise specified), where complete IDH 

evaluation cannot be performed (Louis et al. 2016). Histologically these subtypes are 

indistinguishable but have different response to therapy and prognosis. 

Using global transcriptomic profile, in 2008 the Cancer Genome Atlas Project, Verhaak 

et al. divided GBM into four distinct subtypes: classical, mesenchymal, proneural and 

neural, as illustrated in Figure 1.1. Microarray techniques on DNA, RNA and protein level 

allowed the establishment of new classifications that have shown the vast heterogeneity 

of GBMs (Verhaak et al. 2010). These types differ by gene expression, clinical 

characteristics, response to therapy and outcomes (Meir et al. 2010; Maugeri-saccà, 

Martino, and Maria 2013). 

The existence of GBM subtypes and different molecular and biological mechanisms, 

suggests that each should be approached as a distinct disease and that a universal 

therapy for all GBMs does not exist. The diversity of tumour characteristics is the result 

of hereditary or somatic alterations that control critical biological processes. This 

normally includes the activation of the oncogenes and/or the silencing of tumour 
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suppressor genes. These genetic alterations disrupt the cell cycle arrest pathways 

and/or activate various signal transduction pathways. 

 

Figure 1.1 ς Genetic classification of GBM.  TIC - tumourςinitiating cells, BCPC -  brain cancerςpropagating 
cells, EGFR, epidermal growth factor receptor; PTEN, phosphatase and tensin homolog; CDKN2A, Cyclin 
Dependent Kinase Inhibitor 2A; NES, Nestin; Shh, Sonic hedgehog; NF1, Neurofibromatosis type I; TP53, 
Tumour Protein P53; PTEN, Phosphatase And Tensin Homolog; MET, MET Proto-Oncogene, Receptor 
Tyrosine Kinase; CHI3L1, Chitinase 3 Like 1; MERTK, MER Proto-Oncogene, Tyrosine Kinase; TNF, tumour 
necrosis factor; NF-ˁ.Σ bǳŎƭŜŀǊ CŀŎǘƻǊ-kappa B; EGDR, Epidermal Growth Factor Receptor; NEFL, 
Neurofilament, Light Polypeptide; GABRA1, Gamma-Aminobutyric Acid Type A Receptor Alpha1 Subunit; 
SYT1, Synaptotagmin 1; SLC12A5, Solute Carrier Family 12 Member 5;  PDGFRA, platelet-derived growth 
factor receptorςA; IDH, isocitrate dehydrogenase; PIK3, phosphoinositol 3ςkinase; PIK3R1, PIK3 ς 1-
receptor; SOX, Sry-related HMG box; OLIG2, Oligodendrocyte Lineage Transcription Factor 2; TCF3, 
Transcription Factor 3; NKX2-2, NK2 Homeobox ; HIF, hypoxia-inducible factor (Meir et al. 2010). 

 

The classical subtype has a characteristic profile of highly proliferative cells. These are 

characterized by frequent gains in chromosome 7 and losses in chromosome 10, that 

result in amplifications or mutations of the epidermal growth factor receptor (EGFR) 

gene that encodes the receptor for the epidermal growth factor (EGF), and loss or 

mutation in the phosphatase and tensin homolog (PTEN) tumour suppressor gene. 

Patients with tumours classified with classical GBM subtype demonstrate 
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responsiveness to classical therapies (radiotherapy and chemotherapy), mainly because 

the p53 DNA damage response is intact in this group (Meir et al. 2010).  

The mesenchymal subtype is characterized by frequent mutations or losses in the 

neurofibromatosis type 1 gene (NF-1), TP53, PTEN genes and high expression of CHI3L1, 

MET, and genes involved in the tumour necrosis factor (TNF) and nuclear factorςkB (NF-

kB) pathways. These tumours demonstrate response to aggressive chemoradiotherapy, 

phosphoinositide 3-kinase (PI3K) inhibitors and angiogenesis inhibitors, because this 

subtype is associated with a high angiogenesis (Meir et al. 2010).  

The proneural subtype has an expression profile reminiscent of gene activation in 

neuronal development, with high levels of expression of oligodendrocytic and proneural 

development genes. These tumours exhibit frequent mutations in p53, platelet-derived 

growth factor receptor-ʰ όt5DCw!ύ ŀƴŘ ƛǎƻŎƛǘǊŀǘŜ ŘŜƘȅŘǊƻƎŜƴŀǎŜ όL5Iύ м ƻǊ нΦ ¢ƘŜ 

IDH1/2 were originally discovered in 2009 and patients that present mutations in this 

gene have a better outcome than those with wild type IDH genes. Furthermore IDH1/2 

mutations have been defined as a reliable genetic marker for secondary GBM, which 

develops from lower-grade gliomas. Amplification of chromosome 7 and losses on 

chromosome 10 are significant, but less frequent than in the classical subtype. In terms 

of prognosis, proneural GBM is associated with an increased overall survival rate relative 

to other molecular subtypes (Meir et al. 2010). 

The neural subtype is less defined and has gene expression signatures that are most like 

those found in normal brain tissues and neuronal marker expression. Many molecular 

abnormalities and mutations overlap across the other transcriptional subclasses, like 

EGFR (Omuro and DeAngelis 2013). 

Teo et al. incorporating different databases, including Caucasian, Korean and Chinese 

populations, demonstrated that the original proneural and neural subgroups defined by 

Verhaak formed a single cluster (proneural/neural subtype) (Teo et al. 2019).  
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1.1.4 Glioblastoma Therapy 

The current treatment of GBM Ŧƻƭƭƻǿǎ ǘƘŜ {ǘǳǇǇΩǎ ǇǊƻǘƻŎƻƭ which includes maximal safe 

surgical removal followed by radiation and chemotherapy (Stupp 2005). These tumours 

rarely metastasize outside the brain, but infiltrate extensively into surrounding normal 

brain which makes for difficult surgical removal without damaging adjacent normal brain 

(Soeda et al. 2009; Province et al. 2010; Stupp 2005).  

Surgery 

Generally, the first step in the treatment of GBM is surgery. The surgery improves the 

patient's survival and life quality, by reducing the symptoms caused by the presence of 

the tumour, like seizures, headache, nausea, or vomiting. The resected tissue will also 

assist the full molecular diagnosis and treatment planning. In the absence of complete 

resection, partial surgical resection provides a temporary reduction in tumour volume 

and pressure, however the residual GBM cells will later contribute to tumour regrowth 

unless they are effectively killed by adjunctive radiotherapy and/or chemotherapy. 

Radiotherapy 

In adults, radiotherapy is the standard treatment after tumour resection or biopsy. 

Different treatments of radiation may be given using various doses and schedules. 

Conventional fractionated external beam radiation is the standard radiation approach, 

usually the radiotherapy dose is 60 Gy divided in 30 fractions, i.e. five days a week for 

six weeks. The use of intensity modulated radiotherapy has been progressively preferred 

because of better targeting capability and dose deposition. Because GBM is a diffusely 

infiltrative disease, there is currently no defined role for stereotactic radiosurgery 

(highly precise radiation techniques that allow the use of ablative radiation doses to the 

tumour while minimizing dose to the adjacent normal structures) or brachytherapy 

(radioactive seed implanted inside or near to the tumour) as part of first-line treatment 

(Omuro and DeAngelis 2013; Redmond and Mehta 2015). 

Radiation sensitizing drugs, chemotherapy during radiation therapy and drugs that 

increase oxygen levels in the brain are being studied as tactics of making tumour cells 

more sensitive to radiation or enhancing the effects of radiation (Palumbo et al. 2012; 

Van Nifterik et al. 2012). 
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Chemotherapy 

The actual role of the BBB in limiting access of chemotherapeutics to GBM is not fully 

determined, however, chemotherapeutic drugs used to treat GBM have certain 

physicochemical properties considered important to cross the BBB, namely: low 

molecular weight and hydrophobic character. The main two chemotherapeutic 

compounds mostly used to treat GBMs, in combination with surgery and radiotherapy, 

are carmustine (BCNU) and temozolomide (TMZ) (Zulch 1986). BCNU and TMZ are 

examples of cytotoxic drugs that are toxic for cells, preventing cellular growth and 

replication. In contrast, cytostatic agents are used to alter the behaviour of a tumour, 

for example, angiogenesis inhibitors (anti-VEGF therapies) that stop the growth of new 

blood vessels. In some cases, cytotoxic and cytostatic chemotherapy drugs may be 

combined to increase their effectiveness (Omuro 2013).  

BCNU and TMZ are alkylating agents that react with the nitrogen and oxygen atoms of 

DNA bases to form covalent alkyl lesions causing DNA damage in the form of intrastrand 

and interstrand cross-links. The resultant alkylated bases and mismatched bases will 

trigger activation of the mismatch repair (MMR) system. Lesions caused by methylation 

of the O6 position of Guanine (O6-meG), which is considered the most toxic lesion 

induced by these chemotherapeutic agents, cannot be repaired by MMR mechanisms. 

The unrepaired O6-meG lesion will eventually lead to DNA breaks and cell death as a 

result of apoptosis or autophagy (Ohgaki and Kleihues 2013). However, the O6-

methylguanine-DNA methyltransferase (MGMT) is an important DNA repair enzyme 

ǘƘŀǘ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǊŜǎƛǎǘŀƴŎŜ ƻŦ D.a ǘƻ ¢a½Σ ŀ ƳŀƧƻǊ ŘŜǘŜǊƳƛƴŀƴǘ ƛƴ ǇŀǘƛŜƴǘǎΩ ǊŜǎǇƻƴǎŜ 

to this therapy. MGMT reverses the alkylation caused by TMZ by removing the methyl 

group from guanine and transferring it to an internal cystine residue (Cys145), 

preventing DNA damage-ƛƴŘǳŎŜŘ ŀǇƻǇǘƻǎƛǎΦ aDa¢ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀ άǎǳƛŎƛŘŜ ǊŜǇŀƛǊ 

ǇǊƻǘŜƛƴέ ōŜŎŀǳǎŜ ƻƴŎŜ aDa¢ ǘǊŀƴǎŦŜǊǎ ǘƘŜ ƳŜǘƘȅƭ ƎǊƻǳǇ ǘƻ ƛǘǎŜƭŦΣ ƛǘ ƎŜǘǎ ŘŜƎǊŀŘŜŘ ŀƴŘ 

new MGMT must be synthesized in order to continue DNA repair. Patients are often 

screened for overexpression of this gene after tumour resection to determine the 

likelihood of  TMZ success (Piperi et al. 2010).  

Methylation of cytosine-phosphate-guanine (CpG) regions is the epigenetic event that 

is well characterized in these tumours. These regions are characterized by a high 
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percentage of guanine and cytosine, and they are typically located in the promoter 

regions of the genes, which in normal cells are typically unmethylated, allowing the 

transcription of the genes. The CpG regions that lie outside the promoter are commonly 

methylated and are responsible for transcriptional repression, e.g., repetitive 

sequences. MGMT gene activity can also be silenced by promoter methylation. 

Epigenetic silencing of the MGMT gene by promoter methylation is associated with 

reduced DNA-repair activity, favourable outcome in patients and long-term survival 

(Heddleston et al. 2013; Sze et al. 2013).  

 

 Tumour Microenvironment and Immune System 

The tumour is a complex system constituted by many distinct types of cell that are 

closely connected and dependent on their surrounding cellular and tissue environment. 

Tumour cells can adapt to the local environment and change it to their own advantage, 

this mechanism requires complex multilevel communication and interaction between 

themselves and with non-malignant cells in their microenvironment (Shao et al. 2015). 

The tumour environment (Figure 1.2), which is composed by tumour cells, surrounding 

stroma, blood vessels, immune cells (microglia and macrophages) and extracellular 

matrix, has an important role in the neoplastic progression, proliferation, survival and 

migration (Sotgia et al. 2012; Godlewski et al. 2015). It is the tumour microenvironment 

that is likely a major contributor to tumour heterogeneity, i.e. variation of cell 

morphology, gene expression, metabolism, motility, proliferation, invasion, drug 

resistance etc. (Wu, Zhuo, and Wang 2016).  
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Tumour initiation and progression is a complex process involving genomic mutations, 

epigenetic alterations, microenvironmental factors and inflammatory mediators which 

generate an inflammatory microenvironment (Landskron et al. 2014). In many cancers, 

inflammation plays a major role in the pathogenesis. For example, helicobacter pylori 

infections are correlated with gastric cancer, hepatitis B or C infections associated with 

hepatocellular carcinoma and inflammatory bowel disease is connected with 

colorectal cancer (Crusz and Balkwill 2015). The main function of the immune system is 

to recognize and protect the organism from infections and damage, contributing for the 

homeostasis. However, the environment created by glioma associated 

macrophages/microglia (GAM) can be responsible for cell proliferation, tumour 

invasion, angiogenesis, metastasis and suppression of some immune functions (Figure 

1.3) (Albulescu et al. 2013; Korkaya, Liu, and Wicha 2011; Filatova, Acker, and Garvalov 

2013). 

Figure 1.2 ς The microenvironment of GBM is composed by numerous specialized cell types, which may 
contribute to tumour progression. Different cell types from the tumour microenvironment communicate 
via direct cell-cell contact and/or the release and uptake of soluble factors (Godlewski et al. 2015). 
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Figure 1.3 ς Impact of GAMs on tumour environment  (adapted from Qian and Pollard 2010). 

 

The immune system should recognise the tumour cells as a threat. However, the 

neoplastic cells can manipulate the immune cells, promoting immunosuppressive 

mechanisms that usually promote the self-tolerance. This immunosuppressive 

environment downregulates mechanisms that were able to combat the tumour cells and 

control the disease and promotes the production of soluble factors to the 

microenvironment that will contribute to the tumour progression and therapy 

resistance. Immunotherapies are an appealing treatment for GBM, not only because 

they can control the tumoral microenvironment, but also because it will allow tumour 

specificity, minimizing the damage of normal brain tissue.  

1.2.1 Microglia 

Microglia is the name of the resident myeloid cells of the brain comprising between 10 

to 12% of total brain population. The microglia population was first identified in the late 

муллΩǎ and named as άǊƻŘ-ŎŜƭƭǎέ ōȅ Nicolás Achúcarro (Sierra, Paolicelli, and 

Kettenmann 2019). However, in 1919, Pio del Río-Hortega described it as άmesogliaέ or 

άǘƘƛǊŘ ŜƭŜƳŜƴǘέ, acknowledging the mesodermal origin of these cells, unlike the other 

brain cells. He used silver carbonate staining to visualize the microglia and he drew it in 
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under different pathological conditions, suggesting varied functions as the activation 

and phagocytic capacity (Río-Hortega 1919c, 1919d, 1919b, 1919a).   

Microglia cells migrate into the CNS from the yolk sac during early embryogenesis, 

presenting a mesodermal origin. During the development, microglia is critical for the 

maintenance of brain homeostasis doing phagocytosis of apoptotic cells, supporting the 

neurogenesis, refining synaptic and axonal growth. Through the adulthood, microglia is 

tightly regulated and acts as a sentinel, detecting non-healthy conditions and 

phagocyting pathogenic agents, damage tissue, protein aggregates and even tumour 

cells. In contrast, macrophages present in brain are originated from brain-infiltrating 

bone marrow-derived macrophages (BMDM) that have as the progenitor cell the 

hematopoietic stem cell. Only under pathological conditions, the inflammatory 

response can modify the BBB integrity and allow the BMDM to infiltrate the CNS  (Ajami 

et al. 2011; Ginhoux and Garel 2018).  

Both microglia and macrophages represent two distinct myeloid cell populations with 

similar immune regulatory functions. The consensus phenotypic profile to distinguish 

microglia from macrophages is described on next table: 

Table 1.1 ς Microglia and Macrophages characterization (Guillemin 2003; Bennett et al. 2016; 
Dubbelaar et al. 2018; A. M. Young et al. 2019) . 

 Microglia Macrophage 

CD68 + + 

CD45 Low High 

CD11b + + 

CD11c High High 

MHC II + + 

CD14 - High 

TMEM119 + - 

P2RY12 + - 

 

In the adult brain, microglia as well as macrophages can switch between two major 

states: resting, or surveying, and activated. In the resting state they present a ramified 
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morphology. When there is brain damage or injury, like viral or bacterial infections, 

microglia cells rapidly enlarge their bodies, a morphological change characteristic of 

activated microglia assuming an amoeboid morphology (Figure 1.4). With activation, 

microglia shows increased proliferation, migration, phagocytic activity and release of 

soluble factors (Crews and Vetreno 2016). Moreover, the released soluble factors are 

able to attract other immune cells to the inflammatory site. 

 

Figure 1.4 ς Microglia states in human brain. Representative schematics and photomicrographs of human 
brain microglia (Iba1 immunohistochemistry) representing morphological stages of microglial activation 
(Crews and Vetreno 2016). 

 

Microglia and macrophages are mononuclear cell types characterized by considerable 

diversity and plasticity. Their activation can represent different stages of activation 

depending upon the stimulus (Figure 1.5).  
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The pro-inflammatory M1, classical or άŀƴǘƛ-ǘǳƳƻǊŀƭέ ǇƘŜƴƻǘȅǇŜ, is typically acquired 

after stimulation with toll-like receptor 4 (TLR4) ligands and IFN-ʴΦ Briefly, TLR4 

stimulation leads to activation of nuclear factor-ˁ. όbC-ˁ.ύ ŀƴŘ ǎƛƎƴŀƭ ǘǊŀƴǎŘǳŎŜǊ ŀƴŘ 

transcription (STAT)1 signalling and the activated pro-inflammatory cells display: IL-

12high, IL-23high, IL-10low phenotype and produce nitrogen intermediates and 

inflammatory cytokines such as IL-мʲΣ ¢bC-ʰΣ ŀƴŘ L[-6, with high receptor expression for 

CD80, CD86, Fc-gamma receptors 1 and 2 (CD64 and CD32), CXCL10 and CCR7.  

The anti-inflammatory M2, alternative or άǇro-ǘǳƳƻǊŀƭέ ǇƘŜƴƻǘȅǇŜ, is typically 

acquired after stimulation with IL-4, IL-10 and/or IL-13. IL-4 can signal through either the 

type I (IL-пwʰκʴŎύ ƻǊ ǘƘŜ ǘȅǇŜ LL όL[-пwʰκ-моwʰмύΣ ǿƘŜǊŜŀǎ L[-13 signals exclusively via the 

type II IL-13 receptor and IL-10 signals via IL-10R (Junttila et al. 2008). The M2 activation 

can be further subdivided into different activation states: M2a (Th2 responses, type II 

inflammation, killing of pathogens, allergy); M2b (Th2 activation, immunoregulation) 

and M2c (immunoregulation, matrix deposition, tissue remodelling). These 

Figure 1.5 ς Microglia activation. Inactivated microglia in the presence of GM-CSG, LPS and/or IFN-╢ 
becomes activated into pro-inflammatory phenotype. On the other hand, in the presence of m-CSF, IL-4 
and/or IL-13, the microglia assumes an anti-inflammatory phenotype  (adapted from Wei et al. 2013). 
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subpopulations differ with respect to receptor expression, effector function, and 

cytokine and chemokine production (Hambardzumyan, Gutmann, and Kettenmann 

2015; Lisi et al. 2014).  In contrast, IL-4R and IL-10R stimulation leads to activation of 

STAT6 and STAT3 signalling, respectively, and the activated anti-inflammatory cells 

display: IL-12low, IL-23low, IL-10high phenotype and have high expression of several 

receptors such as class A scavenger receptor (SR-A, CD204), mannose receptor (CD206), 

CD163, CD200R, transglutaminase 2 (TGM2), CCL22, and DC-SIGN (CD209) (Komohara 

et al. 2008).  

 

1.2.2 GAM and GBM 

Between 30ς50% of the cells in GBM are microglia or macrophages. The possibility has 

been raised that targeting microglia and macrophages might emerge as an adjuvant 

therapy for cancer treatment (Ransohoff and Cardona 2010). Several studies have 

demonstrated significant interaction between glioma cells and microglia and 

macrophages. They are attracted to the tumour milieu, and their activation and 

modulation is enhanced by GBM secreted factors. 

Studies performed by Hao et al. (Hao et al. 2002) about the expression of cytokines and 

cytokine receptors in human gliomas and glioma cell lines indicate that a strongly 

immunosuppressive cytokine response greatly predominates. For instance, the 

cytokines IL-6, leukemia-inhibitory-factor (LIF), TGF-ʲ ŀƴŘ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ ǊŜŎŜǇǘƻǊǎ 

were strongly expressed in approximately all GBM and cell lines tested, whereas pro-

inflammatory cytokines IFN-ʴΣ ¢bC-ʰΣ L[-2 and IL-12 family members and their receptors 

were virtually absent in both tumours and cell lines. Others have documented similar 

expression patterns of immunosuppressive cytokines in gliomas. TGF-ʲΣ ŦƻǊ ŜȄŀƳǇƭŜΣ 

inhibits the proliferation of microglia and the production of other cytokines in vitro, 

whereas the cytokines IL-6 and IL-10 have been postulated to promote glioma cell 

proliferation (Suzumura et al. 1993). The immunosuppressive cytokine IL-10 not only 

promotes glioma cell proliferation, but also enhances their ability to migrate in vitro (De 

Vleeschouwer et al. 2007).  
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On the other hand, components of extracellular matrix (ECM) are required during the 

process of tissue morphogenesis and development and contribute to the normal 

homeostasis. Matrix metalloproteinases (MMP) contain endopeptidases that 

participate in the ECM degradation and are important for tumour invasion and 

metastasis of cancers (Sahai 2005). The impact of microglia on GBM cell migration also 

correlates to the production of membrane type 1-matix metalloprotease (MT1-MMP) 

released by microglia in response to soluble factors secreted by tumour cells. MT1-MMP 

promotes cell migration and invasion by degrading the ECM niche (Itoh 2006). Glioma 

cells also release matrix metalloproteases 2 (MMP-2) that are fully activated by MT1-

MMP released from microglia, complementing the pathway. The consequent 

degradation of the ECM enhances the invasion of glioma cells into the brain parenchyma 

(H. Lee and Tsygankov 2010). Markovic et al. used mouse cell lines to show that, under 

basal conditions, microglia do not produce MT1-MMP, but, when exposed to glioma 

cells, they induce the upregulation of MT1-MMP. In human glioma samples, MT1-MMP 

expression positively correlates with an increased glioma malignancy grade (Markovic 

et al. 2009). 

In the tumour microenvironment there are several examples of productive GAM - glioma 

cell interactions ultimately promoting glioma proliferation, migration, and invasion. 

Microglial cells: 

¶ release stress-inducible protein 1 (STI1), a cellular prion protein ligand (PrPC) that 

increases the proliferation and migration of glioblastomas in vitro and in vivo, by 

modulation of MMP-9 (Carvalho da Fonseca et al. 2014).  

¶ release EGF, which also stimulates GBM cell invasion.  

Glioma cells:  

¶ promote the activity of microglia via CSF-1, which is constitutively released by 

the tumour cells. CSF-1 or M-CSF is a chemoattractant for microglia and, at the 

same time, converts microglia into a pro-tumorigenic (M2) phenotype (Coniglio 

et al. 2012).  

¶ CCL22 released from human glioma cells acts on the CCL22 receptor (CCR4) 

expressed on microglia (J. Zhang et al. 2012). CCL22 can trigger the release of IL-



Chapter 1 ς General Introduction 

17 

6 from microglia, which in turn, promotes the invasiveness of glioma cells 

(Hambardzumyan, Gutmann, and Kettenmann 2015).  CCL22 can also facilitate 

the recruitment and retention of T regulatory cells (Tregs) in the tumour 

environment (Z. Chen and Hambardzumyan 2018). 

Several approaches have been used to ablate GAM, inhibit their tumour-promoting 

functions, or enhance the anti-tumoral roles. Pyonteck et al. investigated CSF-1R 

inhibition, which decreased the anti-inflammatory population and reduced tumour 

volume in several xenograft models (Pyonteck et al. 2013). On the other hand, TGF-ʲ 

increased the migration of glioma cells through processes that likely involve increased 

integrin expression and function. Wesolowska et al. concluded that TGF-ʲ ƛǎ 

predominantly released from microglia in co-culture systems and blocking TGF-ʲ 

signalling impairs the proliferation,  migration and invasion of GBM cells (Wesolowska 

et al. 2008). In addition, TGF-ʲн ƛƴŘǳŎŜǎ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ aatн ŀƴŘ ǎǳǇǇǊŜǎǎŜǎ ǘƘŜ 

expression of tissue inhibitor of metalloproteinases (TIMP)-2, which together promote 

the glioma invasion (Wick, Platten, and Weller 2001). Antagonizing TGF-ʲ ŦǳƴŎǘƛƻƴ ǿŀǎ 

already considered as a potential anti-tumour therapy, however it has severe side 

effects. The systemic inhibition of TGF-ʲ ǎƛƎƴŀƭƭƛƴƎ ǊŜǎǳƭǘǎ ƛƴ ŀŎǳǘŜ ƛƴŦƭŀƳƳŀǘƛƻƴ ŀƴŘ 

disruption of the immune system homeostasis (Wesolowska et al. 2008).  

In other tumours the T-cell population can be a crucial element for an adequate immune 

surveillance and production of an anti-tumoral immune response. However in GBM 

context the absence of anti-tumour response by T-cells is commonly observed and for 

the first time reported by Brooks et al in 1976 (Brooks, Roszman, and Rogers 1976). 

Together with the immunosuppressive environment, the low levels of T-cell infiltration 

are characteristic shared between GBM patients.  

One mechanism identified and responsible for this lack of T-cells is correlated with the 

loss of surface spingosine-1-phosphate receptor 1 (S1P1). S1P1 normally regulates T-cell 

trafficking out of the bone marrow, spleen, thymus, and lymph node, caused by 

spingosine-1-phosphate (S1P) activation. The concentration of S1P is higher in blood and 

lymph, which establishes a chemotactic gradient for the migration of T-cells from the 

lymphoid organs into the circulation. Chongsathidkiet et al noticed that patients with 
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brain tumours showed a low number of T-cells in the peripheral blood, spleen and 

thymus, contrasting with the high number of these cells in the bone marrow 

(Chongsathidkiet et al. 2018). This phenomenon was noticed not only in brain tumours, 

but in other tumour that metastasized into the brain. How the brain triggers the 

dysfunction of this receptor on T-cell is still an unknown, however, the stabilization of 

S1P1-S1P axis in mice increased the levels of T-cells into the blood (Chongsathidkiet et 

al. 2018). 

The few cells that reach the tumour milieu are dysfunctional, showing exhaustion, 

anergy, senescence and/or tolerance. There is still a long way ahead to understand all 

the mechanisms behind this behaviour (K. I. Woroniecka et al. 2018; K. Woroniecka et 

al. 2018).  

The activation of T-cells is coordinated by antigens presenting cells (APC), which are 

mandatory to the initiation phase in the lymphoid organs and to the effector phase at 

the site of action. APC should express MHCII, such as dendritic cells (DC), B cells and 

microglia. Due to the privileged immune environment of the brain, neurological diseases 

rely only on microglia cells to coordinate the T-cell activation. However, since the 

microglia cannot leave the brain environment to drain the antigens to the lymph nodes, 

it is believed that monocyte-derived DCs located at neighbouring sites around the brain 

can capture these antigens and present them to the naïve T-cells for complete activation 

(Schetters et al. 2018). A better knowledge about microglia cells in the tumour 

environment will provide fundamental insights about the T-cell activation for further 

therapies.  

 

 Induced pluripotent stem cells-derived microglia 

The study of microglia has mainly relied on non-human models or rodent models, due 

to the easy access to the source. Primary human microglia cannot be propagated and 

the availability to fresh tissue is very limited. Even more, studies of Butovsky et al. 

showed that primary fresh isolated microglia quickly loses their identity when cultured 

in mono-culture in vitro, highlighting the importance of the brain environment for the 
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microglial phenotype (Butovsky et al. 2014). The human immortalized microglial cells 

usually present highly proliferative rate, and since they are cultured in vitro without the 

interference of the brain environment, perhaps these cells are not representative of a 

non-proliferating and a differentiated cell type. There is therefore a need for a model 

which can represent closely the human microglia. To overcome this gap, different 

protocols to generate microglia cells from induced pluripotent stem cells (iPSC) were 

published in 2016 and 2017 (Muffat et al. 2016; Abud et al. 2017; Douvaras et al. 2017; 

Haenseler et al. 2017; Pandya et al. 2017; Takata et al. 2017).  

The iPSC are cells that are reprogrammed to a stem phenotype from differentiated or 

adult cells and can be maintained in a self-sustaining pluripotent state equivalent to the 

embryonic stem cells (ESC). Like ESC, the iPSC are able to self-renewal and, upon 

appropriate stimulation, differentiate into three germ layers: endoderm, mesoderm and 

ectoderm. Moreover, after being differentiated into the respective germ layer, these 

cells can be further fully differentiated in any cell type of the human body. In 2006, 

Takahashi and Yamanaka demonstrated for the first time that murine embryonic 

fibroblasts can be reprogramed into iPSC through overexpression of four transcription 

factors using a retroviral approach. From a list of 24 transcription factors, Oct3/4, Sox2, 

KLF4 and c-myc (OSKM factors) were carefully selected showing the best results for the 

reprograming process (Takahashi et al. 2006). One year later, the same group 

dedifferentiated human fibroblasts into iPSC using the same cocktail of transcription 

factors (Takahashi et al. 2007). Since then other groups are using the same concept to 

reprogram not only skin fibroblasts, but also other human somatic cells as peripheral 

blood mononuclear cells (PBMCs) (Chou et al. 2011), CD34+ cells (Mack et al. 2011) and 

renal epithelial cells from urine samples (Zhou et al. 2012). 

The current protocols to differentiate microglia from iPSC use chemically defined 

conditions that mimic the embryonic development. iPSC-derived microglia (iPSC-MG) is 

similar by morphology, transcription, cytokine release and phagocytic capacity to the 

human primary microglia. Furthermore, iPSC-MG is distinct from other macrophages 

showing a different transcriptional profile (Muffat et al. 2016; Haenseler et al. 2017; 

Abud et al. 2017). Microglia derived from the mesodermal primitive yolk sac 

progenitors, by Myb-independent and RUNX1-, Pu.1- and Irf8-dependent pathways 
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(Ginhoux et al. 2010; Schulz et al. 2012; Kierdorf et al. 2013). The RUNX1, Pu.1 and Irf8 

are transcriptional factors involved in haematopoiesis and myeloid differentiation. 

However, the transcriptional factor Myb is critical for development of HSC, but 

dispensable for yolk sac haematopoiesis, confirming the different origin of monocytes-

derived macrophages and microglia (Schulz et al. 2012; Buchrieser, James, and Moore 

2017). Furthermore, yolk sac-derived microglia, as well as other yolk sac-derived 

resident macrophages self-renew locally, independently of the hematopoietic stem cells 

(HSC) and circulating monocytes, in healthy conditions.  

The iPSC-MG resembles the human foetal and adult microglia and presents a 

transcriptomic profile distinct from macrophages, monocytes and  dendritic cells, 

expressing microglial specific signature, i.e. P2RY12, GPR34, CABLES1, BHLHE41, TREM2, 

OLFML3, APOE, among others (Haenseler et al. 2017; Abud et al. 2017). The 

differentiated cells are functional, able to migrate, do phagocytosis and increase the 

pro-inflammatory genes, like TNF- ,h IL-8 and CCL4 in response to IFN-Ω, IL-1  ̡or LPS 

(Abud et al. 2017). 

 

 Caveolae 

Caveolae are plasma membrane 50ς100 nm invaginations that function as specialized 

membrane microdomains (Palade 1953), which develop as a result of a localized 

enrichment of cholesterol, glycosphingolipids, sphingomyelin, and the caveolin proteins 

(Figure 1.6) (Razani, Woodman, and Lisanti 2002).  
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Generally, caveolae emerges in a variety of chapes, including flat, vesicular, and U shape. 

Three small coat proteins have been identified in caveolae, caveolin-1 (Cav1), caveolin-

2 (Cav2) and caveolin-3 (Cav3). Cav1 and Cav2 are universally co-expressed on epithelial 

and endothelial cells, fibroblasts, smooth muscle cells, adipocytes and pneumocytes. 

Cav3 expression is mainly restricted to striated (skeletal and cardiac), smooth muscle 

and glia cells (Fridolfsson et al. 2014). In the human cerebral cortex, Cav1 

immunoreactivity is detected on all the cortex microvessels and also on bodies of 

astrocyte-like cells that extend fine processes ending on the microvessel wall (Virgintino 

et al. 2002). Using western blot, Ramirez et al. identified the Cav1 in plasmatic 

membrane of cortex and hippocampus as well (Ramírez et al. 2009). All three caveolins 

show a topology with N and C terminal in the cytoplasm and a long putative hairpin 

intramembrane domain embedded into the membrane. The scaffolding domain is a 

highly conserved region of caveolin, that might have a role in cholesterol interactions. 

Figure 1.6 ς Caveolae and Caveolin-1. Electron micrographs showing the ultrastructure of caveolae in 
adipocytes (a and b). c ς diagram showing how caveolin-1 is inserted into the caveolar membrane, with 
the C and N terminal facing the cytoplasm and a putative hairpin intramembrane (adapted from Parton 
and Simons 2007).  
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Cav1 binds to cholesterol molecules (Murata et al. 1995) and is also palmitoylated in the 

C-terminus region (Dietzen, Hastings, and Lublin 1995). Cholesterol is essential for 

caveola formation, and the depletion disturbs its structure (Parton and Simons 2007). 

Cav1 gene is located close to Cav2 in the chromosome 7q31.1 and is composed by three 

exons, with respective sizes of 30, 165 and 342 bp, spaced by two introns with 

approximate size of 1.5  and 32 kbp (Razani, Woodman, and Lisanti 2002; Engelman et 

al. 1998). There are four transcript variants which encode the protein. Cav1 protein 

occurs in two isoforms: Cav1 h  and Cav1 ̡, 24 kDa and 21 kDa, respectively. These two 

isoforms differ in their N-terminus truncated by 31 amino acids, presenting an 

overlapping but a slightly different distribution in mammalian cells (Scherer et al. 1995; 

Nohe et al. 2005). Cav1 is synthesized in the endoplasmic reticulum in a signal 

recognition particle-dependent manner (Monier et al. 1995). The newly synthesized 

protein suffers a first stage of oligomerization and then is transported into the Golgi 

complex (Monier et al. 1996; Pol et al. 2005). In the Golgi complex, Cav1 is further 

oligomerized and associated with cholesterol and glycosphingolipid-rich lipid raft 

domains to form a mature caveola-like configuration (Parton and Simons 2007). Mature 

Cav1 is then transported to the plasma membrane mainly regulated by syntaxin 6 

(Choudhury et al. 2006). 

Caveolae regulate signal transduction within the cell, as well as numerous other cellular 

processes including vesicular transport (transcytosis, endocytosis), cholesterol 

homeostasis to nitric oxide production, cell migration and adhesion, and cell cycle 

(Senetta et al. 2013).  

1.4.1 Caveolin-1 and Cancer 

The capability of Cav1 to modulate intracellular signalling has important implications in 

biological and pathological conditions, including cancer processes, such as cell 

transformation, tumour growth, cell migration and invasion, drug resistance and 

angiogenesis (Senetta et al. 2013). The loss of Cav1 was frequently observed in various 

types of malignancies during the earlier stages, such as breast and colon cancers and 

ovarian carcinomas. However, other studies also indicate that Cav1 is positively 

correlated with cancer drug resistance and metastasis, such as colon, breast and lung 
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cancer (Z. Wang et al. 2015). Moreover, cancer patients with high Cav1 expression had 

a worse chemotherapeutic response and progression, which translated into a poor 

prognosis (Senetta et al. 2013). Therefore, Cav1 can have a dual role and may be a 

tumour suppressor gene or a tumour promotor gene (Figure 1.7), depending on tumour 

microenvironment and temporal context. 

 

 

The contribution of Cav1 to tumour progression seems to be complex (Quest, Gutierrez-

Pajares, and Torres 2008)Φ ¢ƻ ŜȄǇƭŀƛƴ /ŀǾмΩǎ ǊƻƭŜ ŘǳǊƛƴƎ ǘƘŜ ŎŀƴŎŜǊ ŘŜǾŜƭƻǇƳŜƴǘΣ ²ŀƴƎ 

et al. proposed that the early stages of tumour formation and malignant transformation 

may be promoted by Cav1 loss and this would sensitize normal cells to an oncogenic 

Figure 1.7 ς Dual role of Cav1 in Cancer. Cav1 can act as a tumour suppressor or as a tumour promotor, 
depending on tumour context, stage of tumour development and progression. In some tumours, like 
breast, lung, and colon, Cav1 acts as a tumour suppressor, and in the early stages of cell transformation 
and tumour development is correlated with Cav1 reduction (light grey dashed line). However, as tumour 
progresses and proliferates, some alterations like epithelial-mesenchymal transition that leads to loss of 
E-cadherin is observed. Upon re-expression of Cav1 (black dashed line), for example, triggered by hypoxia, 
the protein may contribute to development of characteristics associated with enhanced malignancy 
(multidrug resistance and metastasis), usually associated with phosphorylation of Cav1 on Tyrosine-14. In 
other tissues, where Cav1 is not expressed, like prostate and pancreatic cancer or gliomas, Cav1 is 
associated with enhanced tumour cell malignancy and a more aggressive phenotype, represented in the 
late event on the model above (G. Quest et al. 2013) 
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event, suggesting Cav1 as a tumour suppressor. On the other hand, Cav1 is commonly 

upregulated in several advanced epithelial tumours, including prostate, kidney, breast, 

and bladder carcinomas. Whereas, in cancer progression Cav1 re-/over-expression will 

contribute to tumour cell resistance and metastasis, suggesting Cav1 as a tumour 

promotor (Z. Wang et al. 2015).  

The role of Cav1 in GBM is still poorly understood and controversial as well. In vitro 

studies of Cosset et al. with U87MG, a GBM cell line, have demonstrated that Cav1 acts 

ŀǎ ŀ ǘǳƳƻǳǊ ǎǳǇǇǊŜǎǎƻǊ ōȅ ŘƻǿƴǊŜƎǳƭŀǘƛƴƎ ʰрʲм ƛƴǘŜƎǊƛƴ ŜȄǇǊŜǎǎƛƻƴΣ ŦƻƭƭƻǿƛƴƎ ǿƛǘƘ ǘƘŜ 

ŘŜŎǊŜŀǎŜ ƻŦ ¢DCʲκ{a!5 ŀŎǘƛǾƛǘȅΣ which increased the proliferation, invasion and 

clonogenicity when Cav1 was downregulated (Cosset et al. 2012; Martin et al. 2009). 

Quann and collaborators demonstrated that Cav1 has a negative correlation with 

tumour growth, and when Cav1 was upregulated in U87 cells these cells showed a 

decrease of proliferation and invasion, associated with an increase of chemosensitivity 

and apoptosis (Quann et al. 2013). In contrast other groups found a positive correlation 

between Cav1 expression and tumour grade with tumour samples (Cassoni et al. 2007; 

Barresi et al. 2009; Pu et al. 2019; Moriconi 2019). Annabi et al. demonstrated a positive 

correlation of CD44 and Cav1, and that CD44 was highly expressed in highly invasive 

gliomas (Annabi et al. 2004). Studies of Abulrob et al. proposes that low phosphorylation 

states of EGFR or EGFRVIII are accompanied by increased localization of the receptor in 

caveolae and attenuation of the transformed glioblastoma cell phenotype, suggesting 

that caveolae may be beneficial in suppressing aberrant signalling through the receptor 

in glioblastoma cells and tumours, decreasing the tumoral aggressive features  (Abulrob 

et al. 2004). 

1.4.2 Caveolin-1 and immune cells  

The role of Cav1 in immune cells is not completely understood, however Cav1 seems to 

be expressed in all immune cells (Harris et al. 2002). Regarding the Cav1 expression in 

microglia cells, this has not been thoroughly investigated. In 2013, Niesman et al. 

detected the Cav1 expression in murine microglial BV-2 cells, and Cav1 protein was 

significantly reduced in inactivated microglial, while the activated state showed an 

increase of Cav1 expression (Niesman et al. 2013). On the other hand, Portugal et al. 

showed that Cav1 is involved in the inflammatory phenotype by internalization of the 
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sodium-vitamin C cotransporter 2 (SVCT2) in human microglia cell line, CHME3 (Portugal 

et al. 2017). 

In immune cells, caveolae have been suggested to play a role on the regulation of cell 

activation in response to external stimulus, release of soluble factors, cell migration, 

phagocytosis and endocytosis of pathogens and necrotic cells, however, the function of 

this protein might be dependent on the cell type studied, and their expression can 

fluctuate reflecting the activation and/or maturation stage of the cell (Feng et al. 2013). 

The uptake of virus, as SV40, and bacteria, like Pseudomonas aeruginosa, is mainly 

coordinated by Cav1 (Norkin 1999; Gadjeva et al. 2010). Moreover, the exacerbated 

inflammatory response leading to chronic inflammation was observed in Cav1 knockout 

(KO) models, increasing the plasma levels of inflammatory mediators as IL-6, TNF-ʰΣ L[-

12p70, CXCL13/BLC, G-CSF, IL-3, and CXCL10/IP-10 (Codrici et al. 2018a). In sepsis 

context, Cav1 seem to exert a protective function, modulating the inflammatory 

response by inhibition of LPS-TLR4 signalling, relieving the bacterial burdens, and 

suppressing thymocyte apoptosis. Cav1 inhibits the LPS-TLR4 pathway by directly 

binding to TLR4, which prevents the TLR4 association with MyD88 and TRIF, and by 

suppressing the activation of ERK1/2/MAPK, JNK/MAPK, and PI3K  (Feng et al. 2010). 

Cav1 is involved in inflammation, adhesion, and phagocytosis of the 

monocyte/macrophage. Furthermore, higher expression of phosphorylated Cav1 

(pCav1) was found in activated macrophages and microglia in mouse experiments (Shin 

2007; Bucci et al. 2000). On the other hand, Tsai et al. showed that deletion of Cav1 in 

macrophages suppresses their phagocytic activity with downregulation of CD14 and 

CD36 (anti-inflammatory related markers). They also reported that NF-ˁ. ŀŎǘƛǾŀǘƛƻƴ ƛǎ 

inhibited in Cav1 KO macrophages through  downregulation of TLR4 and MyD88 (Tsai et 

al. 2011), showing contradictory results published by Feng and collaborators (Feng et al. 

2010). This emphasises again that the Cav1 role is dependent of cell type and/or 

pathologic environment. Moreover, Cav1 is associated with the nuclear translocation of 

transcription factors and integrin signals, the major regulators in monocyte 

differentiation (Y. Fu et al. 2012). Shimato et al.  observed a significantly upregulated of 

Cav1 in monocytes in the presence of GBMs. They demonstrated that siRNA inhibition 

of Cav-1 restores myeloid cell function, as measured by TNF-ʰ ǎŜŎǊŜǘƛƻƴ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ 
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of GBMs (Shimato et al. 2013). Studies of Wang et al. demonstrated that Cav1 can have 

a potent immunomodulatory effecter molecule in murine alveolar and peritoneal 

macrophages. They also showed that Cav1 has a protective role for inflammation by 

suppression of pro-inflammatory cytokine production (TNF-ʰ ŀƴŘ L[-6) and increase of 

the IL-10 production, related with a M2 phenotype (X. M. Wang et al. 2006).  

 

 Aims of the Project 

Cav1 in GBM contributes to tumour invasion and it is associated to a shorter survival 

rate (Pu et al. 2019; Moriconi 2019). In immune cells, particularly in human microglia 

cells, the function of Cav1 is not well understood, but Portugal et al. suggests that the 

protein is involved in the inflammatory response (Portugal et al. 2017). On the other 

hand, Shimato and colleges demonstrated that the inhibition of Cav1 could restore the 

myeloid function in human GBM (Shimato et al. 2013). 

Taking this into consideration, the hypothesis of this work is that Cav1 is a modulator of 

microglia immune response and it regulates the tumour-microglia interaction in order 

to promote the development and progression of GBM.   

To investigate how the Cav1 status in microglia may modulate immune response, cell-

cell communication, and cell invasion within the GBM microglial environment, the 

project was defined by 4 objectives: 

Objective 1: Create stable Cav1 KO of three established GBM cell lines, one human 

microglia cell line and one iPSC cell line. Design a CRISPR-Cas9 system to target the Cav1 

gene. Upon electroporation, clones prevenient from single cells are generated, 

characterized, and deposited in a cell bank for further experiments and projects 

(Chapter 3).  

Objective 2: Study how Cav1 status in microglia influences its pro-inflammatory and 

anti-inflammatory biochemical and functional phenotype. Study the microglial 

biochemical phenotype with regards to responsiveness to standard microglia activation 

treatments (e.g. cytokines) using two different human microglia, a stablished cell line 
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and iPSC-derived microglia, taking into consideration the Cav1 status (Cav1 NT and Cav1 

KO). Investigate the impact in the chemosensitivity to TMZ, migration and phagocytic 

competence based on the Cav1 status in microglia (Chapter 4 and 6).  

Objective 3: Investigate how the Cav1 status in microglia impacts the microglia 

responsiveness to GBM immune tumour environment. Upon co-culture with three 

GBM cell lines, study the impact on microglial proliferation, migration, transcriptome, 

and molecular mechanisms correlated with human immune response, contemplating 

the Cav1 status in microglia. Investigate the expression of Cav1 in myeloid cells using 

online databases from single cell analysis of healthy donors and GBM tumour samples 

(Chapter 5 and 7). 

Objective 4: Explore how tumour immune environments created by microglia Cav1 

NT and microglia Cav1 KO impact the GBM behaviour. Using a 2D co-culture model, 

evaluate the impact of microglia (Cav1 status dependent) on tumour proliferation, 

invasion, and on transcriptomic profile of genes involved in tumour invasion. Study the 

impact of microglia (Cav1 status dependent) on tumour invasion upon establishment of 

a 3D co-culture model (Chapter 5 and 7).  
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 Material 

2.1.1 Cell lines 

Name Type Source 

U87MG GBM ECACC (#89081402) 

UP007 GBM SEBTA 

UP029 GBM SEBTA 

CHME3 Microglia Brian Bigger, Manchester University 

THP1 Monocytes ECACC (#88081201) 

KOLF2 iPSC (HPSI0114i-kolf_2) Nick Allen, Cardiff University 

34D6* Astrocytes precursors cells Nick Allen, Cardiff University 

HEK-blue2 
Engineered HEK293 cells to test 
mycoplasma contamination 

InvivoGen (#rep-pt1) 

*34D6 ς iPSC-derived astrocytes progenitor cells (APC), from fibroblasts of normal female (40 y 

old; CRL-2524; ATCC) 

2.1.2 Cell culture mediums  

¶ GBM and CHME3 media 

Components Concentration Company (Cat#) 

DMEM high glucose  Gibco (42430025) 
FBS 10% Gibco (10500064) 
Penicillin/Streptomycin 1% Gibco (15140122) 

 

¶ THP1 media 

Components Concentration Company (Cat#) 

RPMI 1640  Gibco (61870010) 
FBS 10% Gibco (10500064) 
Penicillin/Streptomycin 1% Gibco (15140122) 

 

¶ iPSC media 

Components Concentration Company (Cat#) 

Essential 8 Flex basal medium   Gibco (A28583-01) 
Essential 8 Flex supplement 1X Gibco (A28584-01) 
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¶ EB 3G media 

Components Concentration Company (Cat#) 

mTeSR 1 Basal Medium  StemCell (85851) 
mTeSR 1 5X Supplement 1X StemCell (85852) 
BMP-4 50 ng/ml Peprotech (120-05ET) 
Human VEGF 165 50 ng/ml Peprotech (100-20) 
Human SCF 20 ng/ml Miltenyi (130-096-692) 

 

¶ X-VIVO Factory Media 

Components Concentration Company (Cat#) 

X-VIVO 15   Lonza (LZBE02-060F) 
Penicillin/Streptomycin 1% Gibco (15140122) 
Glutamax 1X Gibco (35050038) 
2-ME 55 µM Gibco (21985023) 
IL-3 25 ng/ml BioLegend (578006) 
M-CSF 100 ng/ml BioLegend (574806) 

 

¶ X-VIVO Microglia Differentiation Media 

Components Concentration Company (Cat#) 

X-VIVO 15   Lonza (LZBE02-060F) 
Penicillin/Streptomycin 1% Gibco (15140122) 
Glutamax 1X Gibco (35050038) 
2-ME 55 µM Gibco (21985023) 
IL-34 100 ng/ml BioLegend (577904) 
GM-CSF 10 ng/ml BioLegend (572903) 

 

¶ Microglia Resting Media 

Components Concentration Company (Cat#) 

X-VIVO 15   Lonza (LZBE02-060F) 
Penicillin/Streptomycin 1% Gibco (15140122) 
Glutamax 1X Gibco (35050038) 
2-ME 55 µM Gibco (21985023) 
N2 1:100 Gibco (17502048) 

 

¶ EF20 ς APC media 

Components Concentration Company (Cat#) 

Advance DMEM/F12  Gibco (12634010) 
Penicillin/Streptomycin 1% Gibco (15140122) 
Glutamax 1X Gibco (35050038) 
N2 1:100 Gibco (17502048) 
B27 1:1000 Gibco (17504044) 
Human EGF 20 ng/ml R&D Systems (236-EG) 
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FGF-2 20 ng/ml Peprotech (450-33) 
Heparin 20 ng/ml Sigma (H3149-10KU) 

 

¶ CNTF ς ADF media 

Components Concentration Company (Cat#) 

Neurobasal  Gibco (21103049) 
Penicillin/Streptomycin 1% Gibco (15140122) 
NEAA 1X Gibco (11140050) 
Glutamax 1X Gibco (35050038) 
B27 1:500 Gibco (17504044) 
CNTF 10 ng/ml R&D Systems (257-NT) 

 

¶ HEK-Blue-2 media 

Components Concentration Company (Cat#) 

DMEM high glucose  Gibco (42430025) 
FBS 10% Gibco (10500064) 
Penicillin/Streptomycin 1% Gibco (15140122) 
HEK-blue selection 1X InvivoGen (hb-sel) 
Normocin 100 µg/ml InvivoGen (ant-nr-1) 

 

2.1.3 Other Cytokines, Growth Factors, and Inhibitors 

Components Concentration Company (Cat#) 

LPS 1 µg/ml or 100 ng/ml Sigma (L2630) 

IFN-Ω 20 ng/ml PeproTech (300-02) 

IL-4 20 ng/ml PeproTech (200-04) 

IL-13 20 ng/ml PeproTech (210-13) 

PMA 150 µM Sigma (P8139) 

Y-27632 Rho Kinase Inhibitor 10 µM Abcam (ab120129) 

 

2.1.4 Other Cell Culture Reagents 

Components  Company (Cat#) 

Alt-R S.p. Cas9 Nuclease 3NLS  IDT (1074181) 

Alt-R® CRISPR-/ŀǎф ǘǊŀŎǊwb!Σ !¢¢hϰ ррл IDT (1075927) 

Alt-R® Cas9 Electroporation Enhancer IDT (1075915) 

Stem-CellBanker - GMP Grade  AMSBIO (11890) 
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DMSO  Sigma (D2650) 

VTN  Gibco (A14700) 

FN  Millipore (FC010) 

Geltrex  Gibco (A1413301) 

Matrigel - Growth factor reduced  Corning (354230) 

StemPro Accutase   Gibco (A1110501) 

ReLeSR Enzime-free  StemCell (5873) 

KnockOut DMEM medium  Gibco (10829018) 

Cell Dissociation Buffer  Gibco (11530456) 

PBS pH 7.4  Gibco (10010023) 

Live Cell Imaging Solution  Gibco (A14291DJ) 

Calcein AM  Invitrogen (C1430) 

PI  Sigma (P4864) 

DAPI  Invitrogen (D1306) 

Hoescht  Thermo Sci (62249) 

   

2.1.5 Antibodies for FACs  

Components  Company (Cat#) 

CD45 (2D1) ς FITC eBioscience (11-9459) 

CD34 (4H11) ς PE-Cyanine7 eBioscience (25-0349) 

CD11b (ICRF44) ς APC eBioscience (17-0118) 

CL¢/ aƻǳǎŜ LƎDмΣ ˁ LǎƻǘȅǇŜ /ǘǊƭ Biolegend (400109) 

t9κ/ȅт aƻǳǎŜ LƎDмΣ ˁ LǎƻǘȅǇŜ /ǘǊƭ Biolegend (400109) 

!t/ aƻǳǎŜ LƎDмΣ ˁ LǎƻǘȅǇŜ /ǘǊƭ Biolegend (400109) 
 

2.1.6 Antibodies for Western Blot  

Components Dilution  Company (Cat#) 

Phospho-Cav1 (Tyr14) 1:1000 Cell Signaling (3251) 

Cav1 1:1000 Cell Signaling (3238) 

Phospho-STAT1 (Tyr701) (58D6) 1:1000 Cell Signaling (9164) 

STAT1 (D1K9Y) 1:1000 Cell Signaling (4994) 
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Phospho-NF-■B p65 (Ser536) (93H1) 1:1000 Cell Signaling (3033) 

NF-■B p65 (D14E12) 1:1000 Cell Signaling (8242) 

Phospho-STAT3 (Tyr705) (D3A7) 1:1000 Cell Signaling (9145) 

STAT3  1:1000 Cell Signaling (9132) 

Phospho-STAT6 (Tyr641) 1:1000 Cell Signaling (9361) 

STAT6  1:1000 Cell Signaling (9362) 

Anti-rabbit igG, HRP-linked 2º antibody 1:10000 Cell Signaling (7074) 

 

2.1.7 Antibodies for Immunofluorescence   

Components Dilution  Company (Cat#) 

IBA-1 1:100 Abcam (ab5076) 

TMEM119 1:100 Abcam (ab185337) 

Cav1 1:500 Cell Signaling (3238) 

Goat anti-rabbit IgG Alexa Fluor 488 1:400 Invitrogen (A11034) 

Donkey anti-goat IgG Alexa Fluor 488 1:400 Invitrogen (A11055) 

 

2.1.8 Kits 

Name  Company (Cat#) 

SE Cell Line 4D-Nucleofector X Kit S Lonza (V4XC-1032) 

P3 Primary Cell 4D-Nucleofector Kit S Lonza (V4XP-3032) 

PureLink Genomic DNA Kit Invitrogen (K182001) 

RNeasy Mini Kit Qiagen (74104) 

AllPrep RNA/Protein Mini Kit Qiagen (80404) 

High-Capacity cDNA Reverse Transcription Kit AB (4368814) 

Vybrant Multicolor Cell-Labeling Kit Invitrogen (V22889)  

Cell Proliferation Kit I (MTT) Roche (11465007001) 

CyQUANT Direct Cell Proliferation Assay Kit Invitrogen (C35011) 

tƛŜǊŎŜϰ /ƻƻƳŀǎǎƛŜ tƭǳǎ ό.ǊŀŘŦƻǊŘύ !ǎǎŀȅ Yƛǘ Thermo Sci (23236) 

SuperSignal West Dura substrate  Thermo Sci (34075) 

SuperSignal West Femto substrate  Thermo Sci (34094) 
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Proteome Profiler Human XL Cytokine Array Kit R&D Sys (ARY022B) 

TaqMan Array, Human Tumor Metastasis AB (4418743) 

TaqMan Array, Human Immune AB (4418718) 

pHrodo Red E. coli BioParticles Conjugate - Phagocytosis Invitrogen (P35361) 

pHrodo Green E. coli BioParticles Conjugate - Phagocytosis Invitrogen (P35366) 

2.1.9 Plastics and others  

Name  Company (Cat#) 

Countess chamber slides Invitrogen (C10312) 

Slide glasstic 10 Kova (U87144E) 

ecoSHIELD Gloves PF 250 Shield Sci (625122) 

bǳƴŎϰ ŎŜƭƭ ŎǳƭǘǳǊŜ ǘǊŜŀǘŜŘ Ŧƭŀǎƪǎ ¢ул ŎƳ2 Thermo Sci (178905) 

bǳƴŎϰ ŎŜƭƭ ŎǳƭǘǳǊŜ ǘǊŜŀǘŜŘ Ŧƭŀǎƪǎ ¢нр ŎƳ2 Thermo Sci (136196) 

Cell culture not-treated flasks T75 cm2 Corning (431464) 

Cell culture not-treated flasks T25 cm2 Corning (431463) 

Cryogenic tubes Thermo Sci (363401) 

50 ml tubes Fisherbrand (431176) 

15 ml tubes Fisherbrand (430885) 

1.5 ml tubes Fisherbrand (FB74031) 

0.5 ml tubes Thermo Sci (AB0350) 

0.2 ml PCR tubes  Fisherbrand (14230225) 

Filtered 1250 µl tips SLS (SLS5160) 

Filtered 300 µl tips SLS (SLS5156) 

Filtered 20 µl tips SLS (SLS5150) 

Filtered 10 µl tips SLS (SLS5148) 

5 ml Stripette Serological pipets Costar (4487) 

10 ml Stripette Serological pipets  Costar (4488) 

25 ml Stripette Serological pipets  Costar (4489) 

Flat bottom 6-well treated plates Costar (3516) 

Flat bottom 12-well treated plates Costar (3513) 

Flat bottom 24-well treated plates Costar (3524) 

Flat bottom 48-well treated plates Costar (3548) 
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Flat bottom 96-well treated plates Costar (3596) 

Round Bottom Ultra Low Attachment 96-well plates Costar (7007) 

Transwell with 0.4 µm Pore Polyester Membrane Insert Corning (3459) 

HTS Transwell®-96 with 8.0 µm Pore Polyester Membrane Corning (3374) 

HTS Transwell®-96 Receiver Plate Corning (3583) 

17 mm petri dish Thermo Sci (150350) 

Round-bottom polystyrene test tubes  Falcon (352058) 

Skim Milk Powder Serva (42590) 

96-Well Semi-Skirted PCR Plate for Roche Lightcycle Starlab (1402-9909) 

MicroAmp Fast Optical 96-Well Reaction Plate, 0.1 ml Thermo Sci (4346907) 

Clear Polypropylene Seal (PCR) Starlab (E2796-0793) 

Mini-PROTEAN TGX Gels Bio Rad (4561046) 

Precision Plus Protein Kaleidoscope Standards Bio Rad (150350) 

aŀƎƛŎaŀǊƪϰ ·t ²ŜǎǘŜǊƴ tǊƻǘŜƛƴ {ǘŀƴŘŀǊŘ Invitrogen (LC5602) 

NuPAGE Sample Reducing Agent Invitrogen (NP0004) 

bǳt!D9ϰ [5{ {ŀƳǇƭŜ .ǳŦŦŜǊ Invitrogen (NP008) 

Gel Loading Tip 1-200µl Fisherbrand (11937734) 

PowerUp SYBR Green Master Mix Applied Bio (A25918) 

¢ŀǉaŀƴϰ Cŀǎǘ !ŘǾŀƴŎŜŘ aŀǎǘŜǊ aƛȄ Applied Bio (4444556) 

RNase Inhibitor Applied Bio (N8080119) 

Hyclone RNase/DNase/ Protease free water GE (SH30538.03) 

Ethidium Bromide Solution  Invitrogen (15585-011) 

UltraPure TBE 10x buffer Invitrogen (15581-044) 

Agarose Genetic Analysis Grade Fisher (BP1356) 

ProLong Glass Antifade Mountant-5 x 2 mL Invitrogen (P36980) 
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 Cell culture maintenance 

2.2.1 Standard culture and freezing 

Three human GBM cell lines (U87MG, UP007 and UP029) and the human microglia cell 

line (CHME3) grow attached in a monolayer and were maintained in culture with GBM 

and CHME3 media described in section 2.1.2, in a humidified atmosphere with 5% CO2, 

at 37°C. The cells were passaged when they reached the 70-80% confluence. For 

passaging, the growth medium was removed, and cells were gently washed in PBS. In 

order to detach the cells, 1 ml of trypsin solution was added, and the flask was returned 

to the incubator for 3 to 5 minutes, then 5 ml of standard culture media was added in 

order to inactivate the trypsin activity. Cells were collected and centrifuged at 1200 

RPM, for 5 minutes. The supernatant was discarded, and cellular pellet was re-

suspended in fresh media. Cell density was first measured using a discarded 

haemocytometer (KOVA) or with Countess II FL Automated Cell Counter (Life 

Technologies). Around 4,000 cells/cm2 were added to 10 ml of pre-warmed growth 

media in a fresh 75 cm2 treated culture flask, and then returned to the incubator. 

THP1 cells grow in suspension and were maintained in culture in not-treated flasks with 

THP1 media described in section 2.1.2, at the same cell culture conditions, a humidified 

atmosphere with 5% CO2, at 37°C. THP1 was seeded at 400,000 cell/ml in non-treated 

flasks and maintained in culture until it reached the maximum of 2x106 cell/ml. After 

collecting the cells, they were centrifuged, the supernatant was discarded, and the cell 

density was determined as the other cells. 

For long-term storage, GBM and microglia cells were kept in freezing medium (FBS plus 

мл҈ 5a{hύ ƛƴ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴΦ ¢ItмΩǎ ŦǊŜŜȊƛƴƎ ƳŜŘƛǳƳ ǿŀǎ ŎƻƴǎǘƛǘǳǘŜŘ ǿƛǘƘ ƻƴƭȅ р҈ 

DMSO to prevent the monocytes differentiation into macrophages (high concentration 

of DMSO is able to induce the monocyte differentiation (Taetle et al. 1991)). Cells chosen 

for storage were passaged as few times as possible. Cells were detached, collected, and 

counted as described above.  After the centrifugation, the pellet was re-suspended in 

freezing medium at the density of 1 x 106 cells/ml. The cell suspension was then added 

ǘƻ ŎǊȅƻǾƛŀƭǎΣ м Ƴƭ ǇŜǊ ǾƛŀƭΣ ŀƴŘ ǎǘƻǊŜŘ ƛƴǘƻ aǊΦ CǊƻǎǘȅϰ CǊŜŜȊƛƴƎ /ƻƴǘŀƛƴŜǊΣ ŀǘ -80°C. After 

24 hours, the cryovials with cells were transferred to a liquid nitrogen storage unit. 
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Since GBM cell lines were cultured in DMEM, THP1 cells were gradually cultured in 

DMEM for future co-cultures (CC). To avoid drastic alterations and to improve their 

adaptation, THP1 cells were cultured in 100% RPMI, then switched every two days to 

75% RPMI:25%DMEM, 50% RPMI:50% DMEM, 25% RPMI:75% DMEM and finally to 

100% DMEM. Monocytes cells were maintained in culture in DMEM one week to create 

new freezing stocks and for phenotype characterization. 

THP1-derived macrophages 

Macrophages were obtained after THP1 treatment with 150 nM of phorbol 12-myristate 

13-acetate (PMA) for 72 hours, followed by a recovery period of 24 hours in culture in 

the absence of PMA. After PMA treatment, monocytes (that grow in suspension) 

differentiate into macrophages and become adherent resembling the phenotype and 

functional characteristics of primary human macrophages (Y. Y. Fu et al. 2012; Lund et 

al. 2016).  

!ǎǘǊƻŎȅǘŜǎ ǇǊƻƎŜƴƛǘƻǊǎΩ cells and astrocytes differentiation 

Astrocytes were used as a control of non-tumour cell for CC with microglia, invasion, and 

confrontation studies. 34D6 astrocyte progenitor cells (APC) were derived from iPSC 

34D6 cell line, a healthy 40-year-old female, reprogrammed by retrovirus, a kind gift of 

Prof. Nick Allen, Cardiff University. 

The monolayer APC cultures were propagated in EF20 medium (see section 2.1.2), in 

Matrigel-coated flasks (1:80) and passaged when confluent by using Stem Pro Accutase 

Figure 2.1 ς Astrocytes differentiation from APC. ¢ƘŜ !t/ ǿŜǊŜ ǇǊŜǾƛƻǳǎƭȅ ǇǊƻŘǳŎŜŘ ōȅ bƛŎƪ !ƭƭŜƴΩǎ ƎǊƻǳǇ 
and maintained in culture in EF20 medium, supplemented with EGF, FGFb, N2 and B27. The astrocytes 
were differentiated from APC in neurobasal medium supplemented with CNTF and B27 for 14 days. Scale 
bar: 200 µM. 
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(Sigma) (split ratio 1:2ς1:3). Astrocyte populations were obtained by differentiating 8 x 

106 APCs for 14 days with CNTF medium (see section 2.1.2) in Matrigel-coated tissue 

culture flasks (Serio et al. 2013; Bilican et al. 2012; Krencik and Zhang 2011). The 

mediums were renewed every 2-3 days.  

iPSC-derived microglia 

Prof Nick Allen, from Cardiff University, generously gifted the induced pluripotent cell 

(iPSC) cell line KOLF2 (HPSI0114i-kolf_2) that was used to generate the human microglia. 

KOLF2 was established from a healthy white British male, age between 55-59, where a 

ŦƛōǊƻōƭŀǎǘ ǿŀǎ ǊŜǇǊƻƎǊŀƳŜŘ ǳǎƛƴƎ /ȅǘƻ¢ǳƴŜϰ м-iPS Reprogramming Kit which contains 

four SeV-based reprogramming vectors or Yamanaka factors (i.e., Oct4, Sox2, Klf4, and 

c-Myc). The wild type (WT), as well as, mCherry tag inserted into the safe harbour AAVS1 

locus, KOLF2-AAVS1-mCherry (generated by Prof. Nick Allen group) were used in this 

project.  

iPSC cell maintenance 

iPSC cells were cultured in feeder-free conditions and maintained in Essential E8 Flex 

medium (Gibco) on vitronectin (Gibco) coated plates (0.5 µg/cm2). The medium was 

renewed every other day. To passage the cells, iPSC colonies were washed with PBS and 

incubated with ReleSR (StemCell) at 37oC for 2 minutes. ReleSR was aspirated, the 

colonies with stem cell characteristics were detached with KO-DMEM medium (Gibco) 

and centrifugated at 1,000 RPM for 3 minutes at RT. The supernatant was aspirated, the 

remaining pellet was resuspended in Essential E8 Flex medium and iPSC colonies were 

plated on to vitronectin-coated plates in a ratio of 1:4 to 1:6. To freeze down iPSC, the 

colonies were resuspended in STEM-CELLBANKER (amsbio) medium and stored into Mr. 

CǊƻǎǘȅϰ CǊŜŜȊƛƴƎ /ƻƴǘŀƛƴŜǊΣ ŀǘ -80°C. After 24 hours, the cryovials with cells were 

transferred to liquid nitrogen storage unit. 

Microglia-progenitor cells differentiation 

Microglia-progenitor cells were obtained by embryonic bodies (EB) formation, followed 

by factory differentiation. iPSC colonies were previously treated with 10 µM of Y-27632 

dihydrochloride a selective Rho kinase inhibitor (Ri ς abcam) for 1 hour. After the Ri 

treatment to improve the cell survival as a single cell, the colonies were washed with 
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PBS and detached with StemPro Accutase Cell Dissociation Reagent (Gibco) for 5 

minutes at 37 °C, KO-DMEM medium was used to stop the reaction and the iPSC 

centrifugated at 1,000 RPM for 3 minutes at RT. The supernatant was aspirated, and the 

remaining pellet was resuspended in 500 µl of KO-DMEM. Cell density was calculated 

using Countess II FL Automated Cell Counter. In order to form 20 EB, around 360,000 

cells were resuspended in 400 µl of 4 mg/ml of Poly(Vinyl Alcohol) (PVA ς Sigma) 

dissolved in Essential E8 flex medium, previously filtrated, with 10 µM of Ri, and seeded 

as 20 µl drop on a petri dish where the EBs were left to form for 24 hours by hanging 

drop technique, in a humidified atmosphere with 5% CO2, at 37°C.  

The next day, EBs were carefully transferred to a 1.5 ml tube and allowed to settle by 

ƎǊŀǾƛǘȅΦ ¢ƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ƳŜŘƛǳƳ ǿŀǎ ǊŜƳƻǾŜŘ ŀƴŘ ǊŜǇƭŀŎŜŘ ǿƛǘƘ Ƴ¢Ŝ{wϰм ƳŜŘƛǳƳ 

(StemCell) supplemented with 50 ng/ml BMP-4 (Miltenyi Biotec), 50 ng/ml VEGF 

(Peprotech) and 20 ng/ml SCF (Miltenyi Biotec). EBs were cultured for 7 days, with a 50% 

media change every 2 days. 

Factory Differentiation 

7 days post EB formation, the EBs were plated in a T25 Matrigel-coated flask (1:80) with 

5 ml of XVIVO-15 medium (Lonza), with 2 mM Glutamax, 100 U/ml penicillin and 100 

µg/ml streptomycin, 0.055 mM 2-ME, supplemented with 25 ng/ml of IL-3 (Biolegend) 

and 100 ng/ml M-CSF (Biolegend). Around 60% of the medium was renewed every 5th 

day, being careful not to disturb the progenitors.  

Non-adherent microglia progenitors began to appear from 2 weeks onwards. During 

media renewals, around 60% of the media was collected and centrifuged at 1,000 RPM 

for 3 minutes at RT. The supernatant was aspirated, and the progenitors were re-

suspended in 1 ml of medium. 10 ul of cell suspension was mixed with 10 ul of trypan 

blue exclusion dye to carry out a cell count using Countess II FL Automated Cell Counter. 

Cells were periodically tested for their surface antigens by flow cytometry, to ensure the 

correct lineage CD45+/CD11b+/CD34-. 

Microglia differentiation 

When the non-adherent cells were confirmed to express markers for the microglia 

lineage, they were harvested as mentioned above and counted. The microglia 
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ǇǊƻƎŜƴƛǘƻǊǎΩ ŎŜƭƭǎ ǿŜǊŜ ǇƭŀǘŜŘ ŀǘ нллΣллл ŎŜƭƭκǿŜƭƭ ƻŦ ŀ с-well vitronectin-coated plate 

in X-VIVO Microglia Differentiation Media (XVIVO-15 medium, with 2 mM Glutamax, 100 

U/ml penicillin and 100 µg/ml streptomycin, 0.055 mM 2-ME, supplemented with 100 

ng/ml of IL-34 and 10 ng/ml GM-CSF). The microglia was differentiated for 14 days and 

the medium was renewed every 3 days.  

Microglia resting stage 

Once microglia was differentiated with X-VIVO Microglia Differentiation Media, which 

contains GM-CSF (pro-inflammatory cytokine), the differentiated cells were allowed to 

rest for an additional 5 days in Microglia Resting Media (see section 2.1.2), in a 

humidified atmosphere with 5% CO2, at 37°C.  

 

 aƛŎǊƻƎƭƛŀ ǇǊƻƎŜƴƛǘƻǊΩǎ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ōȅ C!/ǎ 

Non-adherent microglia progenitors were collected after 14 days of differentiation and 

centrifuged at 1,500 RPM for 5 minutes. The supernatant was discarded, the pellet was 

washed in 0.1% BSA/PBS and split into 3 FACs tubes for another cycle of centrifugation 

using the same parameters. Pelleted cells were resuspended in 200 µl of 0.1% BSA/PBS 

and 2.5 µl of CD45 Monoclonal Antibody (2D1), FITC, CD34 Monoclonal Antibody (4H11), 

PE-Cyanine7, and CD11b Monoclonal Antibody (ICRF44), APC, (all from eBioscience) 

were added. In another tube was added 2.5 µl of each isotype control, FITC Mouse IgG1, 

ˁ LǎƻǘȅǇŜ /ǘǊƭ όC/ύ !ƴǘƛōƻŘȅ ώ/ƭƻƴŜΥ aht/-нмϐΣ !t/ aƻǳǎŜ LƎDмΣ ˁ LǎƻǘȅǇŜ /ǘǊƭ όC/ύ 

Antibody [Clone: MOPC-нмϐΣ t9κ/ȅт aƻǳǎŜ LƎDмΣ ˁ LǎƻǘȅǇŜ /ǘǊƭ !ƴǘƛōƻŘȅ ώ/ƭƻƴŜΥ aht/-

21] (all from Biolegend). Unlabelled samples were used as a negative control. The 

antibodies were incubated at RT in the dark for 1 hour. After incubation cells were 

washed 3 times in 0.1% BSA/PBS and resuspended in 200 µl of the same buffer. The 

samples were then run using a BD Bioscience FACS Verse machine and analysed using 

FlowJo (version v10.5). 
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 Immunofluorescence Staining 

CHME3 and differentiated iPSC-derived microglia was fixed with 4% paraformaldehyde 

(PFA) for 10 minutes at RT. Fixed cells were washed 3 times with PBS for 5 minutes at 

RT. In order to permeabilize the cells, the samples were incubated with 0.3% Triton-X 

(Promega) in PBS for 10 minutes at RT. Permeabilized cells were washed 3 times with 

PBS for 5 minutes at RT and then blocked with 1% BSA (Sigma) in PBS plus 0.1% Tween 

20 (Fisher Scientific), for an additional 60 minutes at RT. After blocking, cells were 

incubated with an adequate primary antibody, TMEM119 (abcam), IBA1 (abcam), Cav1 

(Cell Signalling) (1:100 or 1:500 dilution in blocking buffer) overnight at 4°C. After that, 

primary antibodies were washed 3 times with PBS for 5 minutes at RT. The respective 

secondary antibody was diluted (1:400) in blocking buffer and incubated protected from 

the light, at RT for 1 hour. The secondary antibody was decanted and washed 3 times 

with PBS for 5 minutes at RT, protected from the light. The counter staining was 

performed with DAPI (0.5 µg/ml) for 5 minutes, followed by an additional 3 washes with 

PBS for 5 minutes. The coverslips were mounted with ProLong Gold (Life Technologies) 

mounting medium. The mounted samples were allowed to cure for 24 hours on a flat 

and dry surface, at RT and protected from the light. On the following day, the samples 

were imaged using the Confocal Leica TCS SP5 microscope and imagens were created 

using ImageJ. 

 

 Microglia and Macrophages polarization 

Microglia (CHME3 and iPSC-derived microglia) and macrophages (THP1-derived 

macrophages) were activated towards a classical pro-inflammatory phenotype or 

alternative anti-inflammatory phenotype, following the protocols in Figure 2.2 and 

Figure 2.3. Cells in standard conditions culture (inactivated) were used as control.  
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Figure 2.2 ς CHME3 and iPSC-derived microglia polarization protocol. 

 

 
Figure 2.3 ς THP1 differentiation and macrophages polarization protocol. 

 

Macrophages were previously differentiated from monocytes THP1 cells for 72 hours, 

following the protocol described in 2.2.1 - THP1-derived macrophages, and let to rest 

for 24 hours. iPSC-derived microglia was differentiated from KOFL2 cells for 40 days 

following the protocol described in 2.2.1 ς iPSC-derived microglia. CHME3, iPSC-derived 

microglia and THP1-derived macrophages were polarized towards a pro-inflammatory 

phenotype with 20 ng/ml of IFN-Ω plus 100 ng/ml of LPS, or an anti-inflammatory 

phenotype with 20 ng/ml of IL-4 and IL-13, for 48 hours. Inactivated cells were cultured 

in standard culture conditions for the same period and were used as a control.  
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 Co-culture System of GBM cell lines with CHME3  

The co-culture (CC) of U87, UP007, UP029 or 34D6 cells with microglia CHME3 cells or 

iPSC-derived microglia was performed using a 6-well Transwell system (Corning). 34D6 

astrocytes were used as a control of non-tumour cells. The system is composed by 

inserts with microporous membranes of 0.4 µm pore size that allow the exchange of 

soluble factors released by the cells located in the upper and lower compartment. 

Microglial cells (CHME3) were plated in the lower compartment at a density of 10,500 

cells/cm2. iPSC-derived microglia was differentiated into 6-well plates previously to the 

CC, following the same conditions described in section 2.2.1 ς Microglia differentiation. 

GBM or astrocytes cells were seeded at the bottom of the insert at 10,500 cells/cm2 (1:1 

proportion) in separate wells, not containing microglial cells on the lower compartment. 

After 24 hours of equilibration, the culture medium in both compartments was 

refreshed and the inserts containing GBM cells were transferred to the plates with 

microglial cells. The co-culture system was maintained in a 5% CO2 incubator at 37°C for 

an additional 48 hours.  

 qRT-PCR 

Gene expression of pro-inflammatory (IL-6, IL-1 ,̡ TNF, IL-12p40 and CXCL12) and anti-

inflammatory (IL-10, TGF- ,̡ CCL22, CD200R, CD206 and CD163) related markers, as well 

as Cav1 were analysed by real-time quantitative reverse transcription-polymerase chain 

reaction (qRT-PCR).  

RNA isolation  

Total RNA was isolated using a TRIzol reagent (Sigma). Cells with 60-70% of confluent 

were pelleted and then lyzed with 1 mL of TRIzol. The samples were incubated at RT for 

Figure 2.4 - Transwell® system. 
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5 minutes and then 200 µl chloroform was added and mixed vigorously for 15 seconds. 

The cells were then centrifuged at 13,000 RPM at 4°C for 10 minutes. The upper aqueous 

phase was transferred to a clean tube containing 500 µL of isopropanol. After 

centrifugation, the pelleted RNA was washed with 500 µl of 75% ethanol and centrifuged 

once again at 13,000 RPM at 4°C for 5 minutes. The supernatant was discarded, and the 

pellet was dissolved in 40-60 µL of pure water. 

RNA from iPSC-derived microglia and from GBM cell lines was isolated using AllPrep 

DNA/RNA/Protein Mini Kit (Qiagen) and RNeasy mini Kit (Qiagen), respectively, 

following the instructions on the respective kits. The RNA was eluted in 30 µL of 

DNA/RNA free water.  

The quantification and integrity of the extracted mRNA was performed by 

spectrophotometry, by measuring the absorbance at 260 and 280 nm wavelengths in 

NanoDrop One Spectrophotometer (Thermo Fisher). 

Synthesis of complementary DNA (cDNA)  

The first strand of complementary DNA (cDNA) was synthesized using 1 µg of RNA by 

reverse transcription using the High-Capacity cDNA Reverse Transcription Kit (ABI 

!ǇǇƭƛŜŘ .ƛƻǎȅǎǘŜƳǎύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ ƛƴ ŀ ǊŜŀŎǘƛƻƴ ǾƻƭǳƳŜ 

of 20 µL. Obtained cDNA samples were stored at -20°C. 

qRT-PCR 

All primers designed for reference and target genes were based on sequences published 

on National Centre for Biotechnology Information (NCBI). BLAST® searches were 

performed to confirm the total gene specificity of the primer sequences. Primer 

sequences are listed in Table 2.1 and were purchased from Invitrogen. 
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Table 2.1 ς Primers for qRT-PCR. Size: bp 

 

The qRT-t/w ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƛƴ ŘǳǇƭƛŎŀǘŜ ǳǎƛƴƎ tƻǿŜǊ¦tϰ {¸.wϰ DǊŜŜƴ ƳŀǎǘŜǊ ƳƛȄ 

(AppliedBiosystems), using a LightCycler 96 system (Roche) or QuantStudio 5 

(ThermoFisher), in a final volume of 12 µL, containing 0.5 µL of cDNA, according to the 

following protocol: initial incubation at 50°C for 2 minutes plus 95°C for 2 minutes,  

followed by 45 cycles of 15 seconds at 95°C, 15 seconds at 60°C and 60 seconds at 72°C, 

followed by a melting curve increasing from 55°C to 95°C. 

One gene with stable expression in both cell lines (GAPDH) was selected as 

housekeeping gene (HKG) for a reliable normalization of qRT-PCR experiments. Water 

and non-transcript template (mRNA) were used as a negative control.  Target gene 

Gene Forward Reverse Size 

Pro-inflammatory 

IL-6 
CTCAATATTAGAGTCTCAACC
CCCA 

GAAGGCGCTTGTGGAGAAGG 146 

IL-м  ̡
CTCTTCGAGGCACAAGGCAC
A 

ATTTCACTGGCGAGCTCAGGT 112 

TNF 
CAGGTCCTCTTCAAGGGCCA
A 

GGGGCTCTTGATGGCAGAGA 120 

IL-12 p40 CAAGACCTCAGCCACGGTCA GCACAGATGCCCATTCGCTC 101 

CXCL10 
GAACCTCCAGTCTCAGCACC
A 

TGCTGATGCAGGTACAGCGT 123 

Anti-inflammatory 

IL-10 AAGGCGCATGTGAACTCCCT CCACGGCCTTGCTCTTGTTTT 103 

TGF-  ̡ CAGCATCTGCAAAGCTCCCG CGAGGTCCTTGCGGAAGTCA 145 

CCL22 GAGATCTGTGCCGATCCCAG AGGGAATGCAGAGAGTTGGC 178 

CD200R1 GGTGCTGCTCAACCAAACAA AGCCATCTTTACAGGCCATGA 156 

CD206/ 
MRC1 

ACACTCGGTCATCTAGTACCT
CA 

AAGGACAGACCAGTACAATTCAG
TA 

135 

CD163 GAGACAGCGGCTTGCAGTT 
ATCAGCTGACTCATGGGAATTTTC
T 

136 

Agr1 GGGTTGACTGACTGGAGAGC CGTGGCTGTCCCTTTGAGAA 111 

Macrophages differentiation 

CD14 ACACAGAACCCTAGATGCCC CCTCTGTGAACCCTGATCACC 141 

CD68 
CCTAGCTGGACTTTGGGTGA
G 

GAAGGATGGCAGCAAAGTAGC 140 

Others 

Cav1 
GAGCAGAACAAACCTTTGGC
G 

CGTGGCTGGATGAAAACTGTG 159 

HKG 

GAPDH CGCTGAGTACGTCGTGGAGT GGGGGCAGAGATGATGACCC 100 

HPRT1 AGCCCTGGCGTCGTGATTAG TCGAGCAAGACGTTCAGTCCT 141 
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expression levels were normalized to the HKG using the DCt method. After qRT-PCR, the 

PCR products were analysed in a 2% agarose gel, by electrophoresis.  

 Western Blot 

Total protein and the phosphorylated protein levels of pro-inflammatory (STAT1 and NF-

ˁ. Ǉсрύ ŀƴŘ ŀƴǘƛ-inflammatory (STAT6 and STAT3) related pathways, as well as the total 

form of Cav1, were analysed by Western Blot (WB), following the cell lysis and protein 

quantification protocol. 

Cell lysis and protein quantification 

The cells were harvested and centrifuged, the pellet was transferred to the centrifuge 

tubes and lysed in RIPA buffer (RIPA, Radioimmunoprecipitation assay, Thermo 

Scientific) with 1% of protease inhibitors cocktail (Thermo Scientific) and 1% 0.5M EDTA 

(Thermo Scientific). The samples were kept on ice for 30 minutes, and vortexed every 5 

minutes. The lysed cells were then centrifuged at 13,000 RPM at 4°C for 7 minutes, and 

the supernatant collected and stored at -20°C until required.  

The total protein in the cell lysates was quantified using Coomassie Plus Reagent 

ό¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ  !ƭƭ ǎŀƳǇƭŜǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ 

at 595 nm using a LT5000MS ELISA reader. Protein concentrations were calculated using 

diluted albumin standards. 

Gel Electrophoresis 

Gel electrophoresis was performed with 12% Mini-twh¢9!bϯ ¢D·ϰ tǊŜŎŀǎǘ tǊƻǘŜƛƴ 

Gels (BIORAD). 20 to 50 µg of protein was pre-mixed with LDS Sample Buffer (4x, Life 

Technologies) plus Sample Reducing Agent (10x, Life Technologies), warmed at 95°C for 

5 minutes. Gel was placed in the apparatus submerged in running buffer (0.025M Tris 

base, 0.192 M Glycine, pH 8.3) and samples were loaded, as well as the marker. 

Electrophorese was performed at 80V for 15 minutes and then at 150V for 2 hours or 

until a good separation between bands.  
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Blotting 

The blotting was done using a wet blotting approach (BioRad Blotting system). The filters 

and nitrocellulose membrane were submerged in blotting buffer (0.025 M Tris base, 

0.192 M Glycine, 20% Methanol) and positioned into the chamber in contact with the 

gel. The blotting was performed at 100 V for 60 minutes, with an ice pack in the cassette 

to prevent overheating.  

Immunodetection 

The nitrocellulose membrane was removed and washed in a washing buffer (pH 7.5, 

NaCl 100 mM, Tris 100 mM, 0.1% Tween 20), and the proteins were stained with 0.1% 

(w/v) Ponceau S (Sigma) in 5% acetic acid to confirm the consistent transfer of protein 

across the membrane. Membranes were washed 3 times for 10 minutes in a washing 

buffer and then blocked in blocking buffer (5% milk in wash buffer), on a rocking 

platform for 1 hour at RT. The membrane was then washed 3 times for 10 minutes in a 

washing buffer and incubated with primary antibody Cav1 (Cell Signalling), at a dilution 

of 1:1000, under roller, overnight, at 4°C.  After incubation with primary antibody, the 

membrane was washed 3 times for 10 minutes at RT, and then incubated with the HRP-

linked anti-rabbit IgG secondary antibody (Cell Signalling), at a dilution of 1:10000 in 

blocking buffer, for 1 hour, at RT. After this step, the membrane was washed 3 times for 

мл ƳƛƴǳǘŜǎ ŜŀŎƘ ŀƴŘ ǘƘŜ ǎƛƎƴŀƭ ŘŜǘŜŎǘŜŘ ǳǎƛƴƎ {ǳǇŜǊ{ƛƎƴŀƭϰ ²Ŝǎǘ 5ǳǊŀ 9ȄǘŜƴŘŜŘ 

Duration Substrate (Life Technologies) on a ChemiDoc XRS+ (BIORAD, Hertfordshire, 

UK). GAPDH (Cell Signalling) has been used as housekeeping to normalize the protein 

expression. The density of the bands was measured using ImageJ. 

 Phagocytosis assay 

aƛŎǊƻƎƭƛŀƭ ǇƘŀƎƻŎȅǘƛŎ ŀōƛƭƛǘȅ ǿŀǎ ŜǾŀƭǳŀǘŜŘ ǳǎƛƴƎ ǇIǊƻŘƻϰ wŜŘ ƻǊ DǊŜŜƴ E. coli 

.ƛƻtŀǊǘƛŎƭŜǎϰ /ƻƴƧǳƎŀǘŜ όƭƛŦŜ ǘŜŎƘƴologies). This kit measures the cellular phagocytic 

activity relying on acidification of the particles as they are ingested. At pH 7.4 the 

particles that are not florescent start to increase the fluorescence level with the pH 

decreasing. During the phagocytosis, the vesicles are processed in the phagosome, 

where the pH decrease until 4, as demonstrated in Figure 2.5.  
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CHME3 and iPSC-derived microglial Cav1 NT and Cav1 KO were plated into a 96-well 

plate at 10,000 cells/well. Cells were stimulated towards a pro-inflammatory or anti-

inflammatory phenotype. Untreated cells were used as a control. The phagocytosis was 

aǎǎŜǎǎŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ǇIǊƻŘƻ ōƛƻǇŀǊǘƛŎƭŜǎ ǿŜǊŜ 

resuspended in live imaging solution at 0.5 mg/ml and sonicated for 5 minutes. After 

stimulation, media was exchanged by 90 µl of live imaging solution and 10 µl of the 

resuspended bioparticles and incubating from 4 to 20 hours at 37oC. Cells without 

bioparticles and bioparticles treated with a pH 4 solution were used and a negative and 

positive control, respectively. Images every 15 minutes were taken using the IncuCyte® 

S3 Live Cell Analysis System (Essenbioscience). 

  Cytokine array 

The cytokine profile of CHME3 and iPSC-derived microglia Cav1 NT and Cav1 KO cells 

were performed with a Human XL Cytokine Array kit (R&D Systems). CHME3 and iPSC-

derived microglia Cav1 NT and KO were seeded into a 6-well plate and polarized towards 

pro-inflammatory or anti-inflammatory status for 48 hours, using the protocol described 

in section 2.5. Microglia cells were co-cultured with different GBM cell lines using a 

transwell system (described in section 2.6). Non-treated cells and cells cultured without 

interference of cytokines or GBM were used as a control. After 48 hours of incubation, 

for each condition the supernatant was collected, centrifugated at 1,500 RPM for 5 

minutes and incubated with the respectƛǾŜ ƳŜƳōǊŀƴŜΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

Figure 2.5 ς pHRodo phagocytosis Assay. E. Coli bioparticles labelƭŜŘ ǿƛǘƘ ǇIǊƻŘƻϰ 
dye are added to cells. The phagocyte bioparticles are then processed, and the pH 
decreases to 4 and the pHrodo -labelled bioparticles fluoresce brightly. 
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instructions. Final membrane images were taken with ChemiDoc XRS+ with the same 

exposer time. The analysis was performed using ImageJ. The Human XL Cytokine Array 

Coordinates are described in Appendix IV ς Human XL Cytokine Array Coordinates. 

  Transwell migration and invasion assay 

The single-cell migration and invasion assay was carried out using HTS 96 transwell 

ǇŜǊƳŜŀōƭŜ ǎǳǇǇƻǊǘǎ ǿƛǘƘ у ˃Ƴ ǇƻǊŜǎ ό/ƻǊƴƛƴƎύΦ CƻǊ ǘƘŜ ƛƴǾŀǎƛƻƴ ŀǎǎŀȅΣ ǘǊŀƴǎǿŜƭƭǎ ǿŜǊŜ 

previously coated with 21 µl of Matrigel at a concentration of 0.4 mg/ml. After CC, the 

cells were plated in the transwell (upper chamber) with a concentration of 600,000 

cells/ml, in FBS free medium. DMEM with 20% FBS was added in the lower chamber as 

chemoattractant. The transwell system was incubated at 37°C and 5% CO2 for 16 hours. 

At least one well per experiment was used as a blank (no cells) and other as an internal 

control without FBS on the bottom. After this period, calcein-!a όр ˃aΤ {ƛƎƳŀύ ǿŀǎ 

diluted in a cell dissociation buffer (Gibco) and added to the lower chamber to stain and 

detach the migrated or invaded cells, at 37°C for 1 hour. Samples were transferred into 

HTS Transwell-96 Receiver Plate Black (Corning) and fluorescence was measured in a 

fluorescence microplate reader (SynergyTM HT, Biotek Instruments) with an excitation 

wavelength of 485 nm and an emission wavelength of 528 nm and expressed as relative 

fluorescence units (RFU). 

A standard curve with known cell numbers was performed for each cell line to convert 

the RFU to cell number. The total number of cells that passed through the membrane of 

each well was expressed as percentage of the initial number of cells seeded.  

  Cellular co-cultures ς VybrantTM dyes  

During the invasion assay with a mix population of cells, cell-label dyes were used to 

distinguish different cell types.  The lipophilic carbocyanines DiI, DiO and DiD (VybrantTM 

multicolour cell-labelling kit ς Molecular Probes) are weakly fluorescent in water but 

highly fluorescent and photostable when incorporated into membranes. The dyes 

diffuse laterally within plasma membranes, resulting in staining of the entire cell. They 
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are low cytotoxic dyes, which are retained in living cells through several generations, 

transferred to daughter cells, but not adjacent cells.  

CƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ мΣлллΣллл ŎŜƭƭǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ р ˃ƭκƳƭ 

of DIO or DID dye cell solution for 15 minutes, protected from light, at 37°C in a 5% CO2-

humidified atmosphere, followed by three PBS washing steps. The optimization of 

labelling process is described in the Appendix V. After the labelling procedure, cells were 

seeded using a 6-well plate, and incubated overnight to prevent cross-contamination 

with dye from one cell line to the other, that could be attached outside the cellular 

membrane. After that, cells were collected and used for sphere formations to the 

invasion assay. 

  Spheroid invasion assay 

For the invasion assay and previous to the sphere formation (Figure 2.6), GBM, CHME3 

and astrocytes cells were pre-labelled with DiL, DiO or DID dyes (described in 2.12). The 

labelled cells were mixed in a 1:1 ratio, GBM:Microglia or GBM:Astrocytes and seeded 

in a 96-well plate, round-bottomed with ultra-low adherence conditions (ULA) 

(COSTAR), at a concentration of 1,000 cells/well for the U87 and 5,000 cells/well for the 

UP007 and UP029. For the co-culture, half the number of cells were seed in order to 

keep the same total number of cells and sphere size. After seeding, cells were gently 

centrifuged (300 g, for 1 min) and incubated for four days, at 37°C with 5% of CO2. After 

the sphere formation, at day 0 of invasion, around half of the medium was replaced with 

aŀǘǊƛƎŜƭϰ ǘƻ ƳŀƪŜ п ƳƎκƳƭ ƛƴ ŀ ǘƻǘŀƭ ƻŦ нлл ҡƭ όƎǊƻǿǘƘ ŦŀŎǘƻǊǎ ǊŜŘǳŎŜŘΣ /ƻǊƴƛƴƎύΦ !ŦǘŜǊ 

the matrix was added, the plate was kept on ice for an additional 30 minutes to allow 

ŦƻǊ ŀƴ ƘƻƳƻƎŜƴŜƻǳǎ ƳƛȄǘǳǊŜ ƻŦ aŀǘǊƛƎŜƭϰ ǿƛǘƘ ǘƘŜ ǊŜƳƛƴƛǎŎŜƴǘ ƳŜŘƛǳƳΣ ŀƴŘ ƛƴŎǳōŀǘŜŘ 

again at 37°C with 5% of CO2 to allow the polymerization of the matrix around the 

spheres. After two hours, 100 µl of medium was added to the wells and pictures were 

taken immediately after and every 24 hours for the following 3 days. For the mix 

cultures, the pre-labelled GBM, and the microglial cells with different dyes, additional 

pictures were taken in an epifluorescence or Evos M7000 microscope.  
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Figure 2.6 ς Invasion assay diagram. Tested cells were seeded into a 96-well plates, ULA and round 
bottom, and left to adhere for 4 days in standard culture media and culture conditions. After the sphere 
formation, half of the media was removed and Matrigel was added to produce a final concentration of 4 
mg/ml, returned to the incubator, and left to invade for an additional 3 days.  

 

The spheroid analysis was performed using INSIDIA macro run into ImageJ (Moriconi et 

al. 2017). 

  Statistics 

Statistical analysis was performed using GraphPad Prism 6.0 software. Data was 

presented as the mean ± standard error of the mean (SEM) of the indicated number of 

independent experiments (n).  

The normality of data was tested using the Shapiro-Wilk test. Kruskal-Wallis (non-

ǇŀǊŀƳŜǘǊƛŎύ ǿƛǘƘ 5ǳƴƴΩǎ ŎƻǊǊŜŎǘƛƻƴ ƻǊ !bh±! όǇŀǊŀƳŜǘǊƛŎύ ǘŜǎǘ ǿƛǘƘ ¢ǳƪŜȅ ŎƻǊǊŜŎǘƛƻƴ 

was performed for multiple comparisons. A p-value < 0.05 was set as statistically 

significant. 
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 Introduction 

The Human Genome Project sequencing, carried on by Lander and colleges in 2001 

(Lander et al. 2001), offered new horizons to understand human biology and disease, 

including cancer. During more than 15 years of research, they have found thousands of 

genes with unknown functions. Based on their work, other researchers are trying to 

understand the function of each gene and how genes work together, in a balanced 

environment or during pathological conditions.  

The most widely used approach for deciphering the gene function is to reduce or 

completely disrupt its normal expression and study the phenotypes that result from 

that. At first, RNA interference (RNAi) offered a technique to disrupt gene expression in 

many organisms. However, new biotechnological tools, specifically Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR)-based technologies, have become 

available and dominant into mammalian cell studies. 

3.1.1 RNAi 

The RNAi method involves the introduction of small synthetic RNAs into the cells that 

are complementary to the desired mRNA, degrading the target sequence. The gene 

suppression by RNAi can be mediated through the introduction of chemically 

synthetized small interfering RNAs (siRNAs) or by vector based short-hairpin RNAs 

(shRNAs). While siRNA is directly delivered into the cytosol (based on lipotransfection, 

for example), shRNA is capable of integrating the DNA. The shRNA method uses plasmid 

systems with DNA vectors, providing selectable markers for stable shRNA expression, 

which can be used to create stable knockdown or knock-in cell lines who express the 

shRNA for several generations. On the other hand, silencing a gene with shRNA relies on 

the concentration of cytoplasmic siRNA. High concentration of siRNA can increase the 

off-target effects and transfection of high proliferative cells. However, when the siRNA 

concentration becomes diluted, so much so that the desired target gene knockdown is 

unachievable (Kumar and Clarke 2007; D. D. Rao et al. 2009). 

After transfection with shRNA plasmids or shRNA lentiviral particles for transient or 

stable gene silencing, the transcription of the shRNAs is undertaken into the nucleus, 
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originating a pre-shRNAs (Figure 3.1). These initial precursors are processed by Drosha 

and DGCR8, resulting in the shRNA that will be exported to the cytoplasm by Exportin-

5. The shRNA is then cleaved by Dicer, removing the hairpin, and creating a 20-25 nt 

double-stranded siRNA. This active siRNA is then loaded onto the RISC complex. The 

siRNA is recognized by RISC, which mediates cleavage of the target mRNA for gene 

silencing and downregulation of the target protein. In contrast,  siRNA can be directly 

transfected into the cell, joining the RNAi pathway when it assembles with RISC in the 

cytoplasm (Boettcher and McManus 2015).  

 

 

3.1.2 CRISPR-Cas9 

The first available genetic complete loss-of-function or knockout (KO) approaches 

involved zinc-finger nucleases (ZFNs) followed by the transcription activator-like effector 

nucleases (TALLENs). These techniques use customizable DNA-binding domains (DBDs) 

that are designed and engineered to recognize a specific target in DNA sequences. 

Associated with nucleases, DBDs are used to induce double-strand breaks (DSBs) and 

Figure 3.1 ς siRNA and shRNA mechanisms for gene knockdown. 
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consequent frameshift mutations into the genes, leading to a transcriptional repression 

or KO (Gaj et al. 2013). However, these technologies require new protein designs and 

validations for each experiment, restricting their wide adoption and requiring a long-

term experiments (Barrangou and Doudna 2016).  

Alternatively, over the last decade the CRIPSR approach using RNA-guided CRISPR-

associated protein 9 (Cas9) has emerged as a method of choice to study individual gene 

function, perform genome-wide screens, create disease models, and/or evaluate 

experimental therapy strategies. Though, like the ZFNs and TALENs approach, to achieve 

a complete KO of the gene with CRISPR-Cas9, every functional copy of the target gene 

needs to be edited and disrupted. 

The genome editing toolbox CRISPR-Cas9 is an efficient adaptive system that uses single 

guide RNA (gRNA) to guide the toolbox and cleave target regions of DNA  (Cong and 

Zhang 2015). The Cas9 enzyme is a nuclease that when guided by small RNA through 

base paring with a target DNA, generates a double-stand break (DSB) within the exact 

target region. The DSB is repaired either by non-homologous end joining (NHEJ) or 

homology-directed repair (HDR). The error-prone NHEJ pathway typically generates 

small insertions or deletions (indels) that are unpredictable, however, it frequently 

causes mutations in the targeted sequence that are usually inactivating mutations. The 

HDR pathway is useful for precise insertion of donor DNA into the targeted site (Ran et 

al. 2013). The use of donor DNA allows the creation of a precise type of mutation or 

gene correction is the objective.  

Briefly, as described in Figure 3.2 (1), the single guide RNA (sgRNA) is composed by  a 

guide RNA (gRNA), also known by crispr RNA (crRNA), connected by an artificial 

tetraloop to the transactivate crRNA (tracrRNA) promoter site. The crRNA is a fragment 

with 19-20 base pairs (bp), designed specifically to generate site-specific DNA breaks. 

The tracrRNA is an essential component of the Cas9 target recognition and cleavage 

complex. The sgRNA can be synthetically generated, produced by in vitro transcription 

(IVT) or in vivo from a DNA template that is inserted into a vector for synthesis by the 

organism. The sgRNA can be synthetically generated by chemical processes or generated 

by IVT, requiring a DNA template that is transcribed using commercial kits. As for the 

plasmid approach (in vivo), the protospacer (complementary to crRNA) is cloned into a 
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plasmid vector which is then introduced into the bacterial or cell genome, transcribed 

and processed to produce the target crRNA. The IVT and plasmid techniques require 

additional purification steps before they can be used in CRISPR experiments.  

The sgRNA hybridizes to form a complex with the Cas9 nuclease, which is guided to a 

target DNA sequence by the protospacer portion of the crRNA (Figure 3.2 - 2-3). 

Nevertheless the target DNA is only cleaved if the 20 bp target sequence is directly 

ŀŘƧŀŎŜƴǘ ǘƻ ŀ ǎƘƻǊǘ ǇǊƻǘƻǎǇŀŎŜǊ ŀŘƧŀŎŜƴǘ ƳƻǘƛŦ όt!aύΣ рΩ-NGG, which is recognized by 

the Cas9 protein itself (Deltcheva et al. 2011; Ran et al. 2013). The generated DSB by the 

Cas9 protein can be repaired by NHEJ recombination, which may disrupt the gene 

function (Figure 3.2 - 4). 

 

Figure 3.2 - The principle of CRISPR-Cas9. A single guide RNA (sgRNA), consisting of a crRNA sequence, 
that is specific to the DNA target, and a tracrRNA sequence, that interacts with the Cas9 protein (1), binds 
to a recombinant form of Cas9 protein that has DNA endonuclease activity (2). The resulting complex will 
produce target-specific double-stranded DNA cleavage (3). The cleavage site will be repaired by the non-
homologous end joining (NHEJ), an error-prone process that may result in insertions and/or deletions and 
may disrupt gene function (4). 
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 Aim 

In order to understand the function of Cav1 in GBM and microglia cells the aim of this 

Chapter is to generate and characterize CRISPR-Cas9 Cav1 KO clones and the respective 

controls (CRISPR-Cas9 Cav1 NT) for all cell lines used in the project. First, the CRISPR-

Cas9 system was designed using in silico tools. Followed by the electroporation of the 

targeted cell lines with the CRISPR-Cas9 system and clone isolation. the protein 

expression on the generated clones was evaluated by WB, the cellular proliferation was 

investigated by MTT and the generated indels analysed by PCR.  
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 Methods  

3.3.1 Cav1 knockout by CRISPR-Cas9  

 crRNA design  

Two crRNA guides were designed using the online DESKGEN Library 

(https://www.deskgen.com/landing/disrupt.html) and confirmed using MIT programme 

(http://crispr.mit.edu/). Throughout the design it was taken into consideration that 

crRNA guides should target the genomic DNA in the codifying DNA regions (blue regions 

- Figure 3.3 and Figure 3.4),  localized in first exons of the target gene (Cav1), in order to 

have a successful gene disruption, and next to a PAM region, to allow the DNA cut by 

the Cas9 protein (Ran et al. 2013; Hough et al. 2016; F. Zhang, Wen, and Guo 2014). 

Moreover, the guides were chosen taking into consideration high predicted on-target 

(activity) and off-target scores. As seen in Figure 3.3 and Figure 3.4, both guides 

presented a high off-target score, and should display low off-target effects, only 

predicted for non-coding regions and when two or more mismatches occur. 

 
Figure 3.3 ς crRNA guide 1 design. CDS ς Coding DNA sequences. 

https://www.deskgen.com/landing/disrupt.html
http://crispr.mit.edu/
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The crRNA sequences designed are described in Table 3.1. The synthetic crRNA guides 

were purchased together with tracrRNA (Alt-wϰ /wL{tw-Cas9 tracrRNA, ATTOϰ 550) and 

the Cas9 protein (Alt-wϰ {ΦǇΦ /ŀǎф оb[{) from the company IDT. 

                   Table 3.1 ς crRNA sequences. 

 Sequence 

crRNA guide 1 GGGCAAATACGTAGACTCGG 

crRNA guide 2 TAAACACCTCAACGATGACG 

 

CRISPR-Cas9 nucleofection 

The CHME3, THP1, UP007, UP029, U87 and Kolf2 AAVS1-mCherry cell lines were 

subcultured for 2-3 days before the electroporation procedure to obtain optimal 

confluency of 80-90% at the time of the nucleofection. The media was replaced the day 

before of the nucleofection procedure.  

The crRNA:tracrRNA guide duplexes were formed ōȅ ŎƻƳōƛƴƛƴƎ ŜŀŎƘ ŎǊwb! όнлл ˃aύ 

ǿƛǘƘ ǘǊŀŎǊwb! όнлл ˃aύ ƛƴ Ŝǉǳŀƭ ǾƻƭǳƳŜǎ ǘƻ ŦƻǊƳ ŀ Ŧƛƴŀƭ ŘǳǇƭŜȄ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ млл 

Figure 3.4 ς crRNA guide 2 design. CDS ς Coding DNA sequences. 
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˃aΣ ŦƻƭƭƻǿŜŘ ōȅ ƘŜŀǘƛƴƎ ǘƘŜ ƻƭƛƎƻǎ ǘƻ фрϲ/ ŦƻǊ р ƳƛƴǳǘŜǎ ŀƴŘ ǎƭƻǿƭȅ ŎƻƻƭƛƴƎ ǘƘŜƳ Řƻǿƴ 

to room temperature on the bench top. 

¢ƘŜ ǊƛōƻƴǳŎƭŜƻǇǊƻǘŜƛƴ όwbtύ ŎƻƳǇƭŜȄ ǿŀǎ ŦƻǊƳŜŘ ōȅ Řƛƭǳǘƛƻƴ ƻŦ мΦн ˃[ ŎǊwb!ΥǘǊŀŎǊwb! 

ŘǳǇƭŜȄ όмлл ˃aύ όǘǿƻ ƎǳƛŘŜǎ - лΦс ˃[ ƻŦ ŜŀŎƘύ ŀƴŘ мΦт ˃[ ƻŦ /ŀǎф ǇǊƻǘŜƛƴ όсм ˃aύ ƛƴ нΦм 

˃[ ƻŦ t.{Σ ǘƻ ǊŜŀŎƘ ǘƘŜ Ŧƛƴŀƭ ǾƻƭǳƳŜ ƻŦ р ˃[Σ ǇŜǊ ǊŜŀŎǘƛƻƴΦ !ǎ ŎƻƴǘǊƻƭΣ ƴon-target (NT) 

complex, tracrRNA was complexed with Cas9 protein without crRNA guide. RNP complex 

was incubated at RT for 20 minutes. 

The cells were trypsinized, collected and washed twice in PBS to remove the remaining 

trypsin, media and FBS, which may contain RNase activity and can quickly degrade the 

critical CRISPR RNA components. Per reaction, 100,000 to 200,000 cells were 

resuspended into 20 µl of Nucleofection Solution SE (Lonza) or P3 Primary Cell Solution 

(Lonza - iPSC) together with 5 µL of RNP complex and 1 µL of Alt-wϰ /ŀǎф 9ƭŜŎǘǊƻǇƻǊŀǘƛƻƴ 

Enhancer (100 µM, IDT). The cells were electroporated using a Nucleofection Module 

into the Amaxa 4D-Nucleofector X unit, using the respective protocol (Table 3.2). The 

electroporation protocols are cell-type dependent. Protocols for THP1, U87 and iPSC are 

available in the Lonza nucleofection library, however, the optimization (transfected 

efficiency and viability) was performed for CHME3 and UP029 with GFP, positive control 

provided with the kit (APPENDIX II - CRISPR-Cas9 RNP approach optimization). Since 

UP029 and U87 were sharing the same optimal conditions to perform the transfection, 

the same protocol was used to electroporate the UP007 cell line as well.  

Table 3.2 ς Nucleofection program and conditions. 

Cell line Program Cell Number 

CHME3 FF-100 200 000 

THP1 FF-100 200 000 

UP029 DS-126 100 000 

UP007 DS-126 100 000 

U87 DS-126 100 000 

KOLF2 AAVS1-mCherry DC-100 200 000 
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The electroporated cells were transferred into a 6-well plate with pre-warmed medium 

and incubated, using standard conditions (37°C, 5% CO2), for 24 hours before FACs 

sorting. 

Since RNP complex is composed by tracrRNA-ATTO 550, the successfully transfected 

cells can be selected by FACs sorting.  ATTO 550 displayed an excitation of 554 nm and 

emission of 575 nm. The cells were collected and sorted 24 hours after the transfection, 

and the transfection efficiency was calculated by FACs. The positive ATTO 550 cells were 

sorted and allowed to recuperate in standard conditions for an additional 48 hours. 

 ATTO 550 iPSC-positive cells were seeded at low density (100 cell/dish) in a vitronectin-

coated 60 mm petri dish in essential E8 flex medium with 10 µM of Ri. The Ri was 

removed when cell divisions were observed under the microscope. After a few days, 

colonies were formed, picked under a dissecting microscope, and plated for further 

expansion and analysis. 

For the other cell lines, the positive transfected cells were then seeded at low density 

(30 cells/96-well plate) for clone isolation and expansion. The remaining cells were kept 

in culture in order to determine the editing efficiency and to create a frozen stock to re-

seed in case of any viable KO was obtained from the first clone selection. 24 hours after 

the cells were seeded, the plates were inspected using a microscope to identify wells 

with a single cell. Wells with more than one cell were discarded. The medium was 

renewed twice a week. When a well reached the confluency, one third of the total cells 

were lysed and used to perform a dot blot. The remaining cells were kept in culture. The 

dot blot was performed in duplicate to check the Cav1 (a.) and GAPDH (b.) expression 

(Figure 3.5), as described by Estep et al. (Estep et al. 2016). Only clones with the Cav1 

negative protein expression were expanded for further analysis by WB.  

 

 

 

 

 Figure 3.5 ς Example of a dot blot. 

GAPDH  b. Cav1  a. 
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3.3.2 Genomic Cleavage Detection ς Editing Efficiency Analysis 

The detection of locus specific cleavage was performed using the GeneArt® Genomic 

/ƭŜŀǾŀƎŜ 5ŜǘŜŎǘƛƻƴ Yƛǘ ό[ƛŦŜ ¢ŜŎƘƴƻƭƻƎƛŜǎύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

Briefly, the first step involves cellular lysis and DNA extraction, subsequently a PCR 

amplification, followed by enzyme digestion.   

The primers for PCR were designed according to the potential cleavage site (Table 3.3). 

The pair of primers for the region of guide 1 was designed to amplify the region were 

Cas9 will potentially cut the DNA guided by crRNA guide 1. After the amplification, it is 

expected a product size with 512 bp. Using an enzyme T7 Endonuclease I (T7EI), that 

recognizes mismatches from 1 bp, cutting the amplified DNA will produce two additional 

brands (190 bp plus 322 bp) corresponding to DNA from edited cells. The pair of primers 

for region 2 was designed following the same rules, amplifying the region where Cas9 

will potentially cut the DNA guided by crRNA guide 2. In this case, it is expected a product 

with 539 bp, and after enzymatic digestion with T7EI, it is predicted other two additional 

brands (366 bp plus 173 bp). Guide 1 is localized 1,600 bp in distance from guide 2. Since, 

both guides were transfected simultaneously, there is the possibility that both sgRNA 

guides are cutting the DNA in the same cell, creating the opportunity to produce cells 

with deletion around 1,600 bp. For this specific case, a pair of primers was designed that 

will amplify the region before guide 1 until the region after guide 2. Since it is a large 

region (2,400 bp), it will only be efficiently amplified if the 1,600 bp deletion happens, 

creating a product size dependent on the piece of DNA that was cut. 
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Table 3.3 ς PCR primers for PCR amplification to DNA cleavage study. 

Potential 
cleavage 

site 
Forward Reverse 

Product 
size 

Region 
Guide1 

GAGCAGAACAAACCTTTGGC GGGAGCATCCTAGACCCATC 
512 

(190+322) 

Region 
Guide 2 

TGTCCTCTGCGAGATCCTCTTA GCTCCCACACATCAAACCC 
539 

(366+173) 

Region 3 GTGGATTGTTTCTGCCGCC 
GTCTGTTGCTGAGGTCAATA
GGC 

- 

 

The DNA extraction was performed 72 hours after the nucleofection process, using 

GeneArt® Genomic Cleavage Detection Kit (Life Technologies), following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ŦƻǊ ŜŀŎƘ ŎŜƭƭ ƭƛƴŜ ŀƴŘ ŎƻƴŘƛǘƛƻƴ όb¢ ŀƴŘ YhύΣ ŀǊƻǳƴŘ 

200,000 cells were collected and re-suspended in 25 µL of cell lysis buffer with 1 µL of 

protein degradation in a PCR tube, and incubated at 68°C for 15 minutes followed by an 

additional 10 minutes at 96°C, in a PTC-100 Programmable Thermal Controller 

thermocycler (MJ Research). Each region was amplified using AmpliTaq Gold®360 

master mix in a final volume of 50 µL containing 2 µL of genomic DNA, according to the 

following protocol: initial incubation at 95°C for 10 minutes, followed by 42 cycles of 30 

seconds at 95°C, 30 seconds at 55°C and 30 seconds at 72°C, finishing with a final 

extension at 72°C for 7 minutes. 

After PCR amplification, PCR products were analysed in 2% agarose gel by 

electrophoresis to confirm the amplification. Subsequently, around 2 µL of PCR product 

was run in a re-annealing reaction, where PCR fragments were randomly annealed with 

and without indels to form heterogeneous DNA duplexes containing the deletion, 

following the protocol: initial incubation at 95°C for 5 minutes followed by a ramp from 

95°C to 85°C, were the temperature decreases 2°C every second, and finishing with 

another ramp from 55°C to 25°C, were the temperature decreases 0.1°C every second. 

Later, the detection enzyme was added in order to cleave the DNA, incubating at 37°C 
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for 1 hour. The final product was analysed in 2% agarose gel, by electrophoresis and the 

efficiency of cleavage was calculated using the following equation: 

ὅὰὩὥὺὥὫὩ ὉὪὪὭὧὭὩὲὧώρ ρ ὪὶὥὧὸὭέὲ ὧὰὩὥὺὩὨȾ , 

where, fraction cleaved = sum of cleaved band intensities/(sum of the cleaved and 

parental band intensities). 

3.3.3 Cellular proliferation by MTT Assay  

Growth curves were determined to ensure that the clones obtained display a similar 

proliferation behaviour compared to wild type (WT) cells. Cell proliferation was assessed 

by Cell Proliferation Kit I (Roche) that monitors the conversion of MTT to formazan by 

mitochondrial dehydrogenase enzymes. Briefly, WT cell lines and generated clones, NT 

and KO, were seeded at seeding densities of 1x105 cell/ml, into 96-well plates (100 

µl/well) and allowed to adhere for 24 hours. The cell viability was assessed daily for 10 

days by adding 10 µl of MTT, followed by a 4 hours of incubation period at 37°C with 5% 

of CO2. After the formation of the purple formazan crystals, they were dissolved using 

100 µl of solubilization solution and incubated at 37°C with 5% of CO2 overnight. The 

absorbance at 550 nm and 690 nm was measured with a plate reader (BMG LABTECH 

Ltd). The growth curve was constructed by plotting absorbance (A550 nm-A690 nm). 

3.3.4 Screening CRISPR-Cas9 clones for predicted deletions 

For each successful generated clone, deletion by sgRNA 1 and sgRNA 2, or combination 

of both, was screened by PCR. Four pairs of primers were designed in order to cover the 

three different events that were likely to occur (Figure 3.6 and Table 3.4).  

The sets of primers for region 1 and 2 were designed to cover each region, respectively, 

and the forward or reverse primer is complementary to the predicted cut size. If any 

indel mutation is present in these regions, the set of primer will not amplify efficiently 

the region. It should be taken into consideration that small indels (around 1 bp) can be 

amplified.  

The pair of primers internal to the sequence to be deleted (non-deletion band (ND)- red 

arrows) and another pair of primers upstream and downstream of the sgRNA cleavage 

sites (deletion band (D) - blue arrows) were designed. In the absence of deletion, the 
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άŘŜƭŜǘƛƻƴ ōŀƴŘέ ƛǎ ǘƻƻ ƭŀǊƎŜ ǘƻ ōŜ ŜŦŦƛŎƛŜƴǘƭȅ ŀƳǇƭƛŦƛŜŘ ŀƴŘ ǘƘŜ ƴƻƴŘŜƭŜǘƛƻƴ ōŀƴŘ ƛǎ 

amplified (Bauer, Canver, and Orkin 2015; Canver et al. 2014). 

 

Table 3.4 ς Primers for screening the predicted deletion zones. ND: Non-deletion; D-Deletion. 

 

The genomic DNA was extracted using PureLink® Genomic DNA Kit (Life Technologies). 

Each region was amplified separately using Taq DNA polymerase kit (Qiagen), combined 

with dNTPs (10 mM, Thermoscientific), forward and reverse primers (10 µM) and 

genomic DNA (2 µl), in a total volume of 20 µl, following the PCR condition: initial 

incubation at 95°C for 10 minutes, followed by 42 cycles of 30 seconds at 94°C, 30 

seconds at 55°C and 90 seconds at 72°C, followed by a final extension at 72°C for 10 

minutes. After PCR amplification, PCR products were analysed in 2% agarose gel, by 

electrophoresis.  

Potential 
cleavage 

site 
Forward Reverse 

Product 
size 

Region 
Guide1 

CAAATACGTAGACTCGGAGG CTAGAACTCAGTCTCACCTGC 749 

Region 
Guide 2 

ACACCTCAACGATGACGTGG CCTCAGCACAAGACCTGACA 460 

ND TGGGGACTTTCGGGATTGTG CTTCACCTGTTTCGCGTTCC 247 

D GTGGATTGTTTCTGCCGCC GTCTGTTGCTGAGGTCAATAGGC 2400 

Promotor Exon 1 Exon 2 Exon 3 Terminator 

sgRNA 1 sgRNA 2 

рΩ ΧDDD/!!!¢!/D¢!D!/¢ /DDAGGΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ.ΧΦΦ¢!!!/!//¢/!!/D!¢D !/DTGG 

  

1,6 kbp 

Figure 3.6 ς Schematic representation of sgRNA 1 and 2 deletions. Blue arrows indicate primers to 
detect the deletion band amplicon (D), and the red arrows indicate the primers to detect nondeletions 
(ND) band amplicon. 
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 Results 

3.4.1 Efficiency of transfection and editing 

The efficiency of transfections was assessed 24 hours after the transfections by FACs 

sorting, using the 10% fluorescent top of ATTO 550 positive cells. Kolf2 AAVS1-mCherry 

were not sorted due the overlap of absorbance and emission from the tracrRNA and 

mCherry. For this cell line, cells were directly seeded at low density to pick single 

colonies. As seen in Table 3.5, all sorted cell lines displayed a high transfection efficiency 

of more than 90%. Transfections of tracrRNA-Cas9 protein (NT) compared with crRNA-

tracrRNA-Cas9 protein (KO) were slightly less efficient.  

Table 3.5 ς Editing Efficiency according with each cell line. 

 CHME3 THP1 UP007 UP029 U87 

Cav1 NT 92% 92% 95% 90% 99% 

Cav1 KO 95% 93% 96% 94% 99% 

 

Regarding the editing efficiency, this was calculated 48 hours after the FACs sorting and 

72 hours after the CRISPR RNP transfection, in the sorted populations, using the 

commercial kit GeneArt® Genomic Cleavage Detection Assay. The kit has an internal 

control for the reaction - Control PCR templates, where after enzymatic treatment it 

shows a less intense primary band when compared with non-enzymatic digestion, and 

two cleaved band, as seen on Figure 3.10. The set of primers for guide 1 (g1) and guide 

2 (g2) were designed to amplify regions crRNA guide 1 and guide 2, respectively. Guide 

3 (g3) is only amplified when both guides cut the DNA in the same cell and delete around 

1,600 bp (distance between two guides). 
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Figure 3.7 ς Gel image from U87 sorted cells, 72 hours after transfection. CTR: positive control, NT: Non-
target, KO: knockout, DE: Digestion enzyme treatment. 

 

 

Figure 3.8 - Gel image from UP007 sorted cells, 72 hours after transfection. CTR: positive control, NT: Non-
target, KO: knockout, DE: Digestion enzyme treatment.  

 

 

Figure 3.9 ς Gel image from UP029 sorted cells, 72 hours after transfection. CTR: positive control, NT: Non-
target, KO: knockout, DE: Digestion enzyme treatment. 
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Figure 3.10 ς Gel image from CHME3 sorted cells, 72 hours after transfection. CTR: positive control, NT: 
Non-target, KO: knockout, DE: Digestion enzyme treatment.  

 

 
Figure 3.11 ς Gel image from THP1 sorted cells, 72 hours after transfection. CTR: positive control, NT: Non-
target, KO: knockout, DE: Digestion enzyme treatment.  

 

The figures above and the Table 3.6 show the editing efficiency according to each cell 

line. NT population was amplified, showing that no genome editing was performed in 

this region.  

Table 3.6 ς Summary of editing efficiency of 5 cell lines. 

 CHME3 THP1 UP007 UP029 U87 

Cav1 NT G1 0% 0% 0% 0% 0% 

Cav1 NT G2 0% 0% 0% 0% 0% 

Cav1 KO G1 19.8% 1.3% 4.1% 4.0% 23% 

Cav1 KO G2 14.7% 2.5% 4.8% 6.3% 21% 

Cav1 KO G3 19.7% 11.1% 15.9% 20.1% 0% 
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THP1 is the hardest cell line to be genetically modified, displaying lower values of genetic 

editing efficiency, 1.3%, 2.5% and 11.1% (g1, g2 and g3, respectively). The U87 was the 

only cell line that did not display any edition with g3, meaning that each cell was cut only 

with one of the guides and not with both guides simultaneously. Nevertheless, the U87 

together with CHME3 were the cell lines that obtained the highest genomic editing 

efficiency. 

3.4.2 CRISPR-Cas9 clone characterization 

All clones were expanded from one single cell that did not show Cav1 protein expression 

by dot blot. The respective clones for controls (NT) were also expanded. After reaching 

a T25 flask, Cav1 expression was confirmed by WB, proliferation was followed by 10 days 

using the MTT assay and the genomic DNA was amplified following the procedures 

described by Canver and colleges (Canver et al. 2014). 

Cav1 protein expression by WB 

Even after the Cas9 cut the DNA guided by the crRNA, the indels or mutations may not 

have efficiently disrupted the protein. A dot blot was performed as described by Estep 

et al. (Estep et al. 2016) in order to do an earlier selection of clones (Cav1 KO) using a 

small amount of protein (1/3 of one well from a 96-well plate) and to not expand clones 

that are expressing Cav1.   

Table 3.7 ς Number of transfected clones analysed by Dot Blot and WB, per cell line. *confirmed by PCR 

Number of clones 

 Dot Blot WB 

 
Total of clones 

analyzed 
Cav1 negative Cav1 negative 

CHME3 17 4 4 

THP1 3 3* 3* 

UP007 11 4 4 

UP029 10 2 2 

U87 9 3 3 

KOLF2 AAVS1 
mCherry 

83 10 10 

 



Chapter 3 ς Genetic Knockout of Caveolin-1 

70 

Not all single cells generated clones after seeding them at low density. It was observed 

that some cells did not survived as a single cell. Nevertheless, at least two clones for 

each cell line were successfully generated (Table 3.7). Since the objective of the dot blot 

was to pre-select clones that do not express Cav1 protein, the technique was only 

performed in clones that were isolated from the population Cav1 KO and not from the 

Cav1 NT. All clones generated from the Cav1 NT population were expanded, analysed by 

WB and frozen as described in Chapter 2 - 2.1.2.  For all cell lines, except THP1, it was 

possible to include or exclude clones for the Cav1 protein expression by WB.  

Representative WB are categorised in Figure 3.12 from cell lines U87, UP007, UP029, 

CHME3 and KOLF2, showing a KO of Cav1 at protein level.  

 

Figure 3.12 ς Representative Cav1 protein levels of NT and KO clones from U87 (a), UP007 (b), UP029 (c), 
CHME3 (d) and KOLF2 (e) cell lines. GAPDH was used as a control.  

 

The THP1 cell line expresses low Cav1 protein levels as monocyte and should increase 

its levels after differentiation into macrophages (Y. Y. Fu et al. 2012). To analyse this cell 

line, the obtained clones were differentiated into macrophages with PMA and the Cav1 

expression was performed by measuring the mRNA levels by PCR, since the protein 

levels were not good enough to classify the clones as a Cav1 KO. The PCR products were 

run into 2% agarose gel (Figure 3.13). Clones 1, 2 and 3 did not express Cav1 mRNA levels 

after macrophages differentiation.  
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Figure 3.13 ς PCR products of THP1 clones run into 2% agarose gel. 1-GAPDH, 2- Cav1. 

 

Screening CRISPR-Cas9 clones for predicted deletions 

Four set of primers were designed to target three different genome editing events in 

each clone. A PCR reaction was performed using different pairs of primers targeting four 

regions, as described in Section 3.3.4. After amplification the PCR products were run 

into 2% gel agarose. The amplification of the regions G1 of 749 bp, G2 of 460 bp and ND 

of 247 bp, indicates that no genetic editing was performed.  

The predicted deletion of U87 clones is represented in Figure 3.14. The control clones, 

U87 Cav1 NT C1 and C2, showed an amplification of regions from G1, G2 and ND zones. 

Both U87 Cav1 KO clones analysed (C6 an C8) did not present a PCR product 

correspondent to the G1 region but generated the expected PCR product correspondent 

to the G2. No alterations were observed for zone D (2.4 kbp is too large to be efficiently 

Figure 3.14 - PCR amplification products of U87 Cav1 NT C1 and C2, U87 Cav1 KO C6 and KO C8. 
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amplified by PCR), showing that the cells did not suffer any genomic alteration in this 

zone.  

With regards to the UP007 clones (Figure 3.15), Cav1 NT analysis showed an 

amplification of the region from G1, G2 and ND. Cav1 KO C1 did not displayed any 

mutation detectable by PCR, however, the protein levels are disrupted, as confirmed by 

WB. All other clones (Cav1 KO C3, C5 and C11) showed an amplified band in the D zone, 

indicating that they suffered a cut between exon 1 and 2. In Cav1 KO C5 regions of G1 

and G2 are efficiently deleted. Cav1 KO clone 3 and 11 have G1 deleted, however, G2 is 

conserved. 

Clones obtained from the UP029 cell line are represented in Figure 3.16. UP029 Cav1 NT 

C1 showed an amplification of the region from G1, G2 and ND. UP029 Cav1 KO C5 and 

C7 contain both G1 and G2 deleted. The region between G1 and G2 seems to be 

conserved since D amplicon was not efficiently amplified.  

Figure 3.15 - PCR amplification products of UP007 Cav1 NT C1 and Cav1 KO C1, C5, KO C3 and KO 
C11. Note: UP007 Cav1 KO C3 and C11 were run in different gels. 

Figure 3.16 - PCR amplification products of UP029 Cav1 NT C1, UP029 Cav1 KO C5 and 
KO C7. 
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The Figure 3.17 shows the PCR products from the analysed clones of CHME3 cell line. As 

expected, Cav1 NT C1 presented amplification of G1, G2, and ND zone. For the Cav1 KO 

clones, C6 and C9 showed an indel event in the zone of crRNA g1. C4 had an indel in the 

zone of crRNA g2, since no PCR product was amplified using the set of primers to target 

these regions. For the Cav1 KO C17, both regions G1 and G2 were efficiently amplified, 

however, a product of around 800 bp was amplified for the D zone as well. A deletion of 

roughly 1.6 kbp is expected for this clone, between the region cut by crRNA g1 and crRNA 

g2.    

 

Regarding the THP1 (Figure 3.18), only Cav1 KO C1 showed a genetic mutation target by 

G1 (cut done by crRNA g1). For Cav1 KO C2 and C3, Cav1 expression seems to be 

disrupted (analysis by PCR), however, the genomic alterations should be minimal and 

not possible to detect with this method.  

 

Figure 3.17 ς PCR amplification products of CHME3 Cav1 NT C1, CHME3 Cav1 KO C4, KO C6, KO C9 and KO 
C17. Note: C17 was run in a different gel. 
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For the iPSC line used, the Kolf2 cells, all Cav1 NT clones (C1, C2, C3 and C4) showed a 

PCR amplification product of the regions for the G1, G2 and ND (Figure 3.19). The Cav1 

KO C1 and C2 did not reveal an amplification for the region correspondent to the G1. 

Also, Cav1 KO C6 and C8 did not amplify the region correspondent to the G2. 

Amplifications of the region D were not observed in any of the clones analysed.  

Figure 3.18 - PCR amplification products of THP1 Cav1 NT C1, THP1 Cav1 KO C1, KO C2 and KO C3. 

Figure 3.19 - PCR amplification products of iPSC-Kolf2 Cav1 NT C1, C2, C3, C4 and Kolf2 Cav1 KO 
C1, C2, C6 and C8. 
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Cellular proliferation 

The cellular proliferation of U87, UP007, UP029, CHME3 and THP1 was studied in order 

to exclude clones that showed alterations in terms of proliferation, compared with the 

WT cell line (Figure 3.20).  

  

Clones of CHME3 Cav1 NT C7, CHME3 Cav1 KO C7 and THP1 Cav1 KO C1 showed a 

slowdown in their proliferation rate. The remaining clones analysed revealed similar 

proliferation patterns. 
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Figure 3.20 ς Proliferation of U87 (a), UP007 (b), UP029 (c),  CHME3 (d) and THP1 (e). Different clones, 
as well as WT, were seeded into a 96-well plate and fallowed for 10 days, using the MTT proliferation 
assay. 
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 Discussion 

There are three main formats of the CRISPR-Cas9 system: DNA-vector, IVT of the Cas9 

mRNA and gRNA, and the conjugation of Cas9 protein with synthetic sgRNA to form the 

ribonucleoprotein (RNP) complex previously to transfection (Liang et al. 2015). The DNA-

vector approach, Cas9 mRNA and gRNA delivered into the cells are transcribed in the 

nucleus, then translated in the cytoplasm, where the RNP complex will form to return 

to the nucleus for gene editing. On the other hand, transfection of Cas9 mRNA and gRNA 

starts with the translation of the Cas9 protein to form the RNP complex in the cytoplasm, 

entering then into the nucleus to engineer the genome. Both DNA and RNA approaches 

use cellular transcription and translation machinery to generate functional Cas9-sgRNA 

complexes within the cell before any genome editing occurs. In these cases, the Cas9 

protein expression needs more time to occur (peak >12 hours) which results in a 

significant delay before the editing takes place. 

New technologies have become available in the market, for instance, Cas9 protein and 

sgRNA format can be purchased already prepared and only needs ca. 1 hour to be 

complexed prior to transfection, presenting more consistency and less variability once 

this technique does not rely on cellular transcription and translation machinery to 

generate functional systems. Comparing the DNA-vector and RNP technologies, DNA- 

vectors take about 7-14 days for the preparation of plasmid and DNA purification while 

the RNP approach is less time consuming requiring ca. 1 hour. Furthermore after 

delivery, the RNP complex is available to cleave the target DNA without the need to be 

transcribed or translated, reducing the chances of sgRNA degradation and off-targets 

effects (Liang et al. 2015; Kouranova et al. 2016). Additionally, these RNP complexes can 

be chemically modified in order to protect against cell-mediated degradation and 

immunological response and thereby increase the editing efficiency.  

Another way to improve the CRISPR-Cas9 efficiency is to choose the optimal delivery 

system. Mainly, the CRISPR system delivery can be undertaken using a lipid-based 

transfection or electroporation. Other techniques, such as microinjection or viral 

vectors, can be used as well, however they require specialised equipment and practices. 

Microinjection is mostly used for generation of animal models and the viral vectors used 
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to generate in vitro models, however the latter can elicit immune responses (Lino et al. 

2018). Lipotransfection can be used in almost all cell lines, however the approach can 

be less efficient in some cell lines, particularly, cells that grown in suspension or in 

primary cell cultures. Furthermore, the lipofection reagents are toxic for cells, and the 

quantity of DNA that is transfected is restricted by the amount of reagent that the cell 

can tolerate. The second delivery approach, electroporation, together with specialized 

solutions (e.g. nucleofection solution) and using the correct voltage, allows the CRISPR 

system to rapidly reach the nucleus with low toxicity for cells. Additionally, the amount 

of RNA to be transfected is independent of the transfection solution. This system can be 

used in all types of cells, showing excellent results even with cells are that generally 

recognised as hard to transfect (Hendel et al. 2015).  

The first approach this project adopted to KO Cav1 in the cell lines was the DNA-vector 

method described in APPENDIX I - CRISPR-Cas9 vector approach. Our laboratory has 

some experience in gene editing with this approach achieving good results to target 

other genes in other cell lines. Based on this, three different gRNAs were selected for 

use with this method. After testing all gRNAs in U87, UP007, UP029 and CHME3 cell 

lines, one clone Cav1 KO for U87 cells was generated (Supplementary figure I.7 - U87 

sequence 46, clone 3). For the remaining cell lines, all clones that survived and 

proliferated had some level of Cav1 expression by WB analysis, showing disappointing 

results. After this unsuccessful approach, the RNP complex method was designed and 

delivered by electroporation using a nucleofection solution. In adoption of this approach 

we considered all of its characteristics such as the high efficiency even for cell lines hard 

to edit, more control of the sgRNA and Cas9 concentration, efficiency to deliver the 

system, less prone to gRNA degradation and fewer off-target effects.  

The comparison of transfection efficiencies of both techniques showed a considerable 

difference, with the RNPs method achieving outstanding results. As seen in 

Supplementary table I.3, 4.4% was the highest transfection efficiency achieved with the 

plasmid methodology (CHME3_sq46), compared to the lowest transfection efficiency of 

90% registered with the RNP methodology (UP029_Cav1 NT), as seen in Table 3.5. A 

transfection efficiency of 99% was registered with the U87 cell line. Based on these 

results, it was possible to deduct which of the techniques would have a better editing 
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efficiency. During the first attempt to delete Cav1, after studying the editing efficiency 

by DNA cleavage analysis, no bands or faint bands were obtained for all cell lines 

transfected, resulting on the low efficiency and justifying the only clone obtained for 

Cav1 KO (as seen in Supplementary figure I.6 and Supplementary figure I.7). Using the 

RNPs, it was possible to increase the editing efficiency and it was possible to identify 

cleavage products for the two gRNA used, across all cell lines analysed. Furthermore, 

since both sgRNA were delivered together, it was possible to identify the genetic editing 

of some cells with dual sgRNA (described as g3 in Table 3.6). Hendel et al demonstrated 

an increase of editing efficiency when a dual-guide system is used, compared with a 

single-guide system (Hendel et al. 2015). The cell lines UP007, UP029 and THP1 showed 

a higher efficiency, and CHME3 got a similar efficiency compared with g1. To notice that 

for the U87 cell line, the dual guide did not produce genomic edition. Nevertheless, DNA 

disruptions with one of the guides was enough to create efficient disturbs in the levels 

of the Cav1 protein.  

The efficiency of editing was not investigated for iPSC because it was the last cell line to 

be genetically manipulated. Since the RNP system used was the same as the one 

previously applied to the remaining cell lines, it was expected to be able to disrupt the 

Cav1 function in this cell line just as efficiently. For this reason, we started the clone 

selection immediately after the nucleofection.   

Considering Table 3.7, all clones pre-selected by dot blot, also showed no Cav1 

expression by WB. Taking into consideration these results, it is possible to conclude that 

the dot blot shows enough sensitivity and specificity to select clones that were efficiently 

edited with loss of protein expression. 

Due to the nature of CRISPR-Cas9 that can lead to incomplete target ablation and non-

control of the NHEJ recombination, this technique requires individual clone isolation. 

However, the single-cell clone isolation will sacrifice some important characteristics of 

the main cell line, such as the cell line heterogeneity, so it will capture only a subset of 

the diversity present within the starting cell population, and may select certain genetic 

alterations that the cell can carry. To ensure that the results obtained were not an 

outcome of the clonal artefact, the experiments described in the next chapters include 

at least two different clones, except for microglia, which include three clones. In order 
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to select the clones, the proliferation was accessed via an MTT proliferation assay. As 

shown in Figure 3.20, clones UP007 Cav1 KO C11, CHME3 Cav1 NT C7, CHME3 Cav1 KO 

C6 and THP1 Cav1 KO C1 were excluded due to the abnormal decrease of proliferation 

probably due to the indels created. Particularly for the clone CHME3 Cav1 NT C7, the 

loss in proliferation was not expected because no genomic editing was performed. 

Nevertheless, the cell which originated this clone could have a different proliferative 

rate compared with the main population. Another explanation for this behaviour is that 

challenging a single cell to proliferate to form a clonal population constituted with 

millions of cells can represent a significant selective pressure, which could enrich specific 

genetic or epigenetic alterations that can affect the proliferation rate.  

To summarise, Cav1 was successfully deleted in all cell lines using the CRISPR-Cas9 RNP 

approach. The DNA-Plasmid approach was not able to edit this gene for the cell lines 

tested. The sgRNA, which targeted the first or the second exon, disrupted the Cav1 gene. 

The dot-blot pre-selection was shown to be an efficient method to select the edited 

clones, saving precious time and reagents.  
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 Introduction 

Microglia are the main myeloid cells in the brain, representing the first line of immune 

defence in the CNS. These cells are highly dynamic and in addition to immune functions, 

microglia serve other crucial functions, such as regulation of the synapse architecture 

and neurogenesis (Parkhurst et al. 2013;  Zhou et al. 2019). These cells present a high 

plasticity, responding promptly to environmental alterations. Under healthy conditions, 

microglia cells are in a resting stage and present a highly ramified structure. In pathologic 

conditions microglia become activated to deal with pathogens or other structures that 

may endanger the CNS, changing their form and becoming rounded or amoeboid in 

morphology. Chronic and/or inappropriate microglia activation is common to several 

neurological disorders, which raises the importance of studies on the regulatory 

mechanisms of microglia activation. 

In the exploration of microglia function a variety of in vivo and in vitro experimental 

models have been used. Due to ease of access, microglia have been extensively explored 

using rodent primary cell lines or murine immortalized cell lines, like BV2 cells (Blasi et 

al. 1990). However, Seok and colleagues showed animal models of acute inflammatory 

stresses can be a poor reflection of human disease, explained by different evolutionary 

paths, complexity of disease and distinct molecular mechanisms involved (Junhee Seok 

et al. 2013). It is not surprising that human cell based models are considered the 

standard to study human neurological diseases. However, using human microglial cells 

has challenges not least the availability of primary sources with obtained from aborted 

foetal tissue, biopsies from epileptic or tumour patients, and post-mortem brain tissue.  

Nevertheless, human microglia cell lines have been established such as the HMO6 cell 

line and the recently commercial available HMC3 or CHME3 (Nagai et al. 2001; Janabi et 

al. 1995). It is believed that HMC3 and CHME3 are the same cell line sharing the same 

original reference of Janibe and collaborators (Dello Russo et al. 2018). The cell line was 

established in France by the laboratory of Professor Mark Tardieu in 1995, using SV40-

dependent immortalization of human microglial cells. 

To the best of our knowledge, the published studies with CHME3 cells are almost 

exclusively based on pro-inflammatory related stimuli, such as LPS, IL-1 Σh LCbʴΣ ¢bC- ,h 
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beta amyloid proteins and viruses-related infection (Janabi et al. 1995; Ambrosius et al. 

2017; Heaton et al. 2010; Dello Russo et al. 2018; Lindberg et al. 2005). The direct effect 

of anti-inflammatory stimuli is less well studied.   

The function of Cav1 in immune cells, particularly in human microglia, has been little 

studied. Studies with murine macrophages and microglia suggest that Cav1 is involved 

in pro-inflammatory response, important for the increase in proinflammatory response 

after spinal cord injury or microbial contact (Shin 2007; X. M. Wang et al. 2006; Tsai et 

al. 2011; Niesman et al. 2013). A Cav1 role in the anti-inflammatory response has shown 

that induction of Cav1 in HK-2 cells leads to the suppression of TGF-ʲ ǎƛƎƴŀƭƭƛƴƎ ƛƴ ŀ 

fibrosis context, in a renal cell fibrosis context (Ito et al. 2004). On the other hand, 

Shivshankar and colleagues demonstrated upon Cav1 KO an accumulation of arginase 1-

positive macrophages after mice myocardium infarction by promotion of an anti-

inflammatory phenotype (Shivshankar et al. 2014). 

  

 Aim 

The work described in this chapter aimed to understand the immune regulatory role of 

Cav1 in CHME3 microglia cells to form a basis for future GBM-based studies. CHME3 

Cav1 NT and CHME3 Cav1 KO cells were used to study the impact of Cav1 in cellular 

migration, phagocytosis, response to TMZ, and pro-inflammatory and anti-inflammatory 

phenotype after the treatment with well established stimulus.  
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 Methods 

4.3.1 General methods 

CHME3 Cav1 NT and CHME3 Cav1 KO cells were used during this Chapter. These cells 

were cultured following the protocols described in Chapter 2, section 2.2 - Cell culture 

maintenance. At least three different clones for each Cav1 NT and KO were used during 

the experiments. The microglia markers IBA1 and TMEM119 were analysed by IF as 

described in section 2.4 - Immunofluorescence Staining. The protocols described in 

2.11- Transwell migration and invasion assay and 2.9 - Phagocytosis assay was used to 

study cell migration and phagocytosis, respectively. CHME3 cells were polarized towards 

pro-inflammatory or anti-inflammatory phenotypes following the stimulation protocols 

in 2.5 - Microglia and Macrophages polarization. Non-stimulated cells were used as a 

control. To examine the role of Cav1 upon activation of CHME3 cells: (i) a panel of 

immune-ǊŜƭŀǘŜŘ ΨǊŜǇƻǊǘŜǊΩ ƎŜƴŜǎ ǿŀǎ ǎǘǳŘƛŜŘ ōȅ ǉw¢-PCR (2.7 - qRT-PCR); (ii) protein 

levels of STAT1,  NF-ˁ. ǇсрΣ {¢!¢о ŀƴŘ {¢!¢с ǿŜǊŜ ŜȄǇƭƻǊŜŘ ōȅ ². ό2.8 - Western Blot), 

and (iii) soluble products secreted into the media by these cells were examined by 

cytokine array (2.10 - Cytokine array). 

4.3.2 TMZ chemosensitivity  

In the context of GBM, the chemosensitivity of microglia to TMZ was accessed 

incubating CHME3 Cav1 NT and CHME3 Cav1 KO cells with different concentrations of 

TMZ for 72 hours. Microglia cells were seeded at a density of 5,000 cells/cm2 into a 96-

well plate. Cells were allowed to adhere overnight, at 37°C in a 5% CO2-humidified 

atmosphere. On the following day the media was renewed, and the cells treated with 0 

˃aΣ млл ˃aΣ нрл ˃aΣ рлл ˃aΣ ŀƴŘ мΣллл ˃M of TMZ, and returned to the incubator for 

an additional 72 hours. Media without cells was used to calculate the background.  The 

viability was accessed using CyQUANT Direct Cell Proliferation Assay Kit, following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ млл ˃ƭ ƻŦ /ȅv¦!b¢ ǊŜŀƎŜƴǘ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǿŜƭƭ 

ŎƻƴǘŀƛƴƛƴƎ млл ˃ƭ ƻŦ ƳŜŘƛŀ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŦƻǊ м ƘƻǳǊ ŀƴŘ ол ƳƛƴǳǘŜǎ ŀǘ отϲ/ ǿƛǘƘ р҈ 

CO2. After the incubation, the fluorescence at an excitation of 508nm and emission of 

527nm was measured with a FLUOstar OPTIMA plate reader (BMG LABTECH Ltd).  
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 Results 

4.4.1 CHME3 cells expressed pan-microglial markers after Cav1 KO 

In 1995, upon CHME3 establishment, Janabi et al demonstrated these microglial cells 

expressed CD68 and CD11b markers (Janabi et al. 1995). Later, in 2012, Etemad et al, 

using HMC3 showed the expression of IBA1 by these cells (Etemad et al. 2012). Using 

CHME3 cells, this thesis used the expression of the IBA1 marker and also the TMEM119 

marker, recently identified to distinguish microglia from macrophages.  

 

CHME3 microglia cells expressed the microglial markers TMEM119 and IBA1, as seen on 

the left panel Figure 4.1. This microglia cell line expresses Cav1 which was suppressed 

after CRISPR-Cas9 Cav1 KO (right panel-B). The loss of Cav1 did not affect the expression 

of TMEM119 and IBA1.   

 

Figure 4.1 ς Microglial TMEM119 and IBA1 markers and Cav1 expression. Representative images of the 
immunofluorescence staining of TMEM119, IBA1 and Cav1 of CHME3 Cav1 NT (A.) and CHME3 Cav1 KO 
cells (B.). Cells were grown for 48 hours before fixing, labelling with respective antibody, and imaging by 
confocal microscopy. Scale bar: 10 µm. 

A. CHME3 Cav1 NT B. CHME3 Cav1 KO 
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4.4.2 CHME3 cells lack phagocytic ability irrespective of status 

The impact of Cav1 status and cellular activation status (pro-inflammatory ς ΨaмΩ ƻǊ ŀƴǘƛ-

inflammatory - ΨaнΩύ ǳǇƻƴ ƳƛŎǊƻƎƭƛŀ ǇƘŀƎƻŎȅǘƻǎƛǎ ƻŦ ǇIǊƻŘƻϰ wŜŘ E. coli BioParticles is 

illustrated in Figure 4.2. Particles without cells were used as a negative control and 

particles intubated in live imaging solution pH 4 were used as a positive control. 
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Figure 4.2 ς CHME3 phagocytosis assay. A. Representative pictures of phagocytosis CHME3 Cav1 NT, CHME3 
Cav1 KO, negative and positive control at time points 0h, 4h and 20h. B. Integrated red intensity for each 
condition. CHME3 Cav1 NT and CHME3 Cav1 KO were seeded into a 96-well plate and left overnight to adhere. 
On the following day, cells were treated with LPS and IFN-╢ or with IL-4 and IL-13 for 48 hours, to activate the 
cells towards a pro-inflammatory M1 or anti-inflammatory M2 phenotype. Untreated cells were used as a 
control (M0). After the activation, media was exchanged by 90 µl of live imaging solution and 10 µl of the 
resuspended pHrodo E-coli bioparticles (50 µg/ml) and incubated from an additional 20 hours and images 
taken every 20 minutes, using the Incucyte. Cells without particles were used to calculate the background, 
particles without cells were used as a negative control and particles intubated in live imaging solution pH 4 
were used as a positive control. Mean ± SEM. N:3 independent experiments. RCU: red calibrated units. Scale 
bar: 200 µm. 
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As seen in Figure 4.2, CHME3 cells were not phagocytically active toward pHRodo E. coli 

BioParticles. Even after pro-ƛƴŦƭŀƳƳŀǘƻǊȅ ΨaмΩ ƻǊ ŀƴǘƛ-ƛƴŦƭŀƳƳŀǘƻǊȅ ΨaнΩ ƳƛŎǊƻƎƭƛŀƭ 

activation, independently of the Cav1 status, these cells did not increase the 

phagocytosis of these particles, showing an integrated intensity lower than the negative 

control and close to the background (blue line).  

4.4.3 Cav1 important for microglial CHME3 Transwell migration 

The impact of Cav1 upon microglia single cell migration was studied using a Transwell 

system with 8 µm pores.  

 

The single cell migration was in response to FBS, with CHME3 cells which expressed Cav1 

showing a migration over 16 hrs of 13,114 ± 594 cells. Upon Cav1 KO, the cellular 

migration decreased significantly to 4,465 ± 427 cells, as observed in Figure 4.3.  
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Figure 4.3 ς Impact of Cav1 upon Transwell CHME3 migration. Microglia cells CHME3 Cav1 NT and CHME3 
Cav1 KO were seeded into the upper chamber in media without FBS. Medium with FBS was used as a 
chemoattractant in the lower chamber. The cells were allowed to migrate for 16 hours. Mean of 3 different 
clones NT and KO ± SEM. ***p<0.001 when compared to Cav1 NT cells, using an unpaired t-test. 
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4.4.4 Cav1 promotes microglia CHME3 sensitivity to TMZ 

Within the context of GBM, microglia cells are subjected to TMZ within the tumour 

environment. Here the effect of TMZ on this immune cell population was studied in 

CHME3 Cav1 NT and CHME3 Cav1 KO treated with concentration-range of TMZ for three 

days. The drug sensitivity was assessed using CyQuant assay. 

 

 

After the three days treatment with TMZ, CHME3 Cav1 NT were significantly more 

sensitive, showing an IC50 close to 250 µM, compared to CHME3 Cav1 KO, which 

showed a resistance three times higher of roughly 1,000 µM, as seen in Figure 4.4. At 

low concentrations of TMZ (100 µM) there was a trend for increased cellular 

proliferation on CHME3 Cav1 KO cells, increasing around 6% the cell viability. 
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Figure 4.4 ς Impact of Cav1 in microglia sensitivity to TMZ. CHME3 Cav1 NT and CHME3 Cav1 KO cells 
were seeded into 96-well plates and incubated overnight to let the cells adhere. On the following day, the 
medium was renewed, microglial cells were treated with different concentrations of TMZ and returned to 
the incubator for an additional 3 days. A. Cell viability graph of microglial Cav1 positive (NT) and Cav1 KO 
cells. B. Cell viability table, representing the cellular viability mean % ± SEM. N: 3 independent experiments. 
** pҖ0.01, **** pҖ0.0001 compared with respective untreated cells (0 µaύΣ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ 
test. 
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4.4.5 Impact of Cav1 upon CHME3 phenotype in response to pro-/anti-

inflammatory stimuli  

In response to an inflammatory stimulus microglia coordinate a global activation or 

repression of gene expression, posttranscriptional regulation, and epigenetic 

alterations. This aspect of the work first investigated the role of Cav1 upon the microglia 

activation, by examining the protein expression of STAT1, STAT3, STAT6 and NF-ˁ. ǇсрΣ 

the well-established regulators of inflammatory pathways. CHME3 Cav1 NT and CHME3 

Cav1 KO were polarized towards pro-inflammatory (LPS and IFN-Ω) or anti-inflammatory 

(IL-4 and IL-13) phenotype, for 48 hours. Unstimulated cells were used as control. 

 

As seen in Figure 4.5Σ ǘƘŜ Ψ/Ia9о /ŀǾм b¢Ω ŎŜƭƭǎ ǎƘƻǿŜŘ ǎƛƳƛƭŀǊ /ŀǾм ŜȄǇǊŜǎǎƛƻƴ ƛƴ 

unstimulated (CTRL), pro-inflammatory (LPS + IFN-Ω) and anti-inflammatory (IL-4 + IL13) 

ǇƘŜƴƻǘȅǇŜΦ !ǎ ŜȄǇŜŎǘŜŘΣ Ψ/Ia9о /ŀǾм YhΩ ŎŜƭls did not express Cav1, even after pro-

inflammatory and anti-inflammatory stimulus. The pSTAT1 and pSTAT6, well 

characterized pro-inflammatory and anti-inflammatory markers, respectively, showed a 

significant activation after LPS plus IFN-Ω (pro-inflammatory stimuli) and IL-4 plus IL-13 

Figure 4.5 ς Role of Cav1 in protein expression. A. Representative membranes for protein expression of 
Cav1, Stat1, Stat3, Stat6, NF-kB p65 and GAPDH, of unstimulated (CTRL), pro-inflammatory phonotype (LPS 
+ INF-╢) and anti-inflammatory phenotype (IL-4 + IL-13) of CHME3 NT and CHME3 Cav1 KO cells. B. Western 
blot quantification. Protein expression was normalized against the respective untreated cells. Bars 
represent mean ± SEM. N=3 independent experiments. Mann-Witney test. 
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(anti-inflammatory stimuli), respectively. Importantly these responses were evident 

independently of the Cav1 status (+ve NT and -ve KO). The pNF-kB p65 can be induced 

by viral and bacterial infections (LPS), necrotic cell products, oxidative stress and pro-

inflammatory cytokines (Taniguchi and Karin 2018)Φ ¢ƘŜ Ψ/Ia9о /ŀǾм b¢Ω ŎŜƭƭǎ 

presented a slightly greater pNF-kB p65 under a pro-inflammatory phenotype compared 

ǘƻ ǳƴǘǊŜŀǘŜŘ ŎŜƭƭǎΣ ǿƘŜǊŜŀǎ ƛƴ ǘƘŜ /ŀǾм ŘŜǇƭŜǘŜ ŎŜƭƭǎ Ψ/Ia9о /ŀǾм YhΩ ǘƘƛǎ ǊŜǎǇƻƴǎŜ ǿŀǎ 

much weaker. The pSTAT3 is correlated with the anti-inflammatory status, however no 

real differences in expression of this protein was seen upon any of the activation stimuli 

or with respect to Cav1 status.  

Next we studied the  downstream signalling involved in immune activation, with 

examination of mRNA by qRT-PCR of pro-inflammatory (IL-мʲΣ L[-6, IL-12, CXCL10 and 

TNF-ʰύ ŀƴŘ ŀƴǘƛ-inflammatory (TGF-ʲΣ L[-10, CCL22, CD200R, CD206 and CD163) genes 

in the CHME3 cells.  

 

Figure 4.6 shows mRNA in basal unstimulated cells with the gene products segregated 

by pro- or anti-inflammatory pathways. At this basal level, microglia cells that were 

cultured in standard culture conditions, without interference of any external stimulus, 

presented noticeable levels of IL-1 ,̡ IL-6, CXCL10, TNF-  hand TGF-ʲΣ ƛƴŘŜǇŜƴŘŜƴǘƭȅ ƻŦ 

the Cav1 status; noting TNF-ʰ ǿƘŜǊŜ ǎƻƳŜ ŘƛŦŦŜǊŜƴŎŜ ƛǎ ǎŜŜƴΦ L[-12 expression levels 

Figure 4.6 ς Basal expression of the pro-inflammatory and anti-inflammatory related genes by CHME3 
Cav1 NT (black) and CHME3 Cav1 KO (grey) cells. Bars represent the mean ± SEM of 3 independent 
ŜȄǇŜǊƛƳŜƴǘǎΦ ϝϝΥ ǇғлΦлм ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ /ŀǾм b¢ ŎŜƭƭǎΦ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΦ 
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were almost not perceptible, as well as the anti-inflammatory genes, IL-10, CCL22, 

CD200R, CD206 and CD163. This demonstrates a picture where CHME3 even under basal 

conditions show a more pro-inflammatory phenotype.  

 

Figure 4.7 shows the impact of external pro-inflammatory or anti-inflammatory stimuli 

upon pro-inflammatory markers:  

¢ƘŜ Ψ/Ia9о /ŀǾм b¢Ω ŎŜƭƭǎ όblack bars) expressing Cav1 showed under LPS/IFN-Ω 

stimulation a significantly increased production of mRNA compared to control for IL-6, 

IL-12, CXCL10 and TNF-ʰΦ hŦ ƴƻǘŜΣ ǳƴŘŜǊ ŀƴǘƛ-inflammatory stimulus (IL-4/IL-13) in these 

cells did not change the gene expression of these markers.  

The loss Cav1 (grey bars) generated a statistically significant decrease of IL-12 and TNF-

ʰ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ /ŀǾм ҌǾŜ ŎŜƭƭǎΦ ¢ƘŜ ƭŜǾŜƭǎ ƻŦ L[-мʲΣ L[-6 and CXCL10 remaining 

Figure 4.7 ς Pro-inflammatory related marker analysis by qRT-PCR. IL-1 ,̡ IL-6, IL-12, CXCL10 and TNF-ʰ 
expression by CHME3 Cav1 NT (black) or CHME3 Cav1 KO (grey). Cells were polarized towards pro-
inflammatory (LPS and IFN-╢) or anti-inflammatory (IL-4 and IL-13), for 48 hours. Unstimulated cells were 
used as control (CTRL). The expression was normalized to HKG (GAPDH). Bars represent mean ± SEM. N=3 
ƛƴŘŜǇŜƴŘŜƴǘ ŜȄǇŜǊƛƳŜƴǘǎΦ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΦ 
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similar between Cav1 +ve and -ve cells. TNF-ʰ ƛǎ ƻŦ ƴƻǘŜ ƛƴ ǘƘŀǘ ƛƴ ǘƘŜ /ŀǾм -ve cells its 

expression is repressed compared to the respective Cav1+ve cells even in the control 

untreated cell populations. 

 

 

Figure 4.8 shows the impact of external pro-inflammatory or anti-inflammatory stimuli 

upon anti-inflammatory markers:  

Ψ/Ia9о /ŀǾм b¢Ω ŎŜƭƭǎ όblack bars) showed under IL-4/IL-13 stimulation trends only in 

particular increase levels of CCL22 in the Cav1 +ve cells. The pro-inflammatory treatment 

did not interfere with the levels of TGF-ʲΣ /5нллw ŀƴŘ /5нлсΣ ƘƻǿŜǾŜǊΣ ƛǘ ǎƘƻǿŜŘ ŀ 

trend to stimulate the expression of IL-10, CCL22 and CD163.  

Figure 4.8 ς Anti-inflammatory related markers analysis by qRT-PCR. TGF- ,̡ IL-10, CCL22, CD200R, 
CD2006 and CD163 expression by CHME3 Cav1 NT (black) or CHME3 Cav1 KO (grey). Cells were polarized 
towards pro-inflammatory (LPS and IFN-╢) or anti-inflammatory (IL-4 and IL-13), for 48 hours. 
Unstimulated cells were used as control (CTRL). The expression was normalized to HKG (GAPDH). Bars 
represent mean ± {9aΦ bҐо ƛƴŘŜǇŜƴŘŜƴǘ ŜȄǇŜǊƛƳŜƴǘǎΦ {ƛŘŀƪΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΦ 
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Ψ/Ia9о /ŀǾм YhΩ ŎŜƭƭǎ όgrey bars) showed under anti-inflammatory stimulation (IL-4/IL-

13) a similar pattern observed in Cav1 +ve cells, excepting CCL22 which levels trended 

to be lower compared to microglia expressing Cav1. 

Overall, the CHME3 cells appear to show a more pro-inflammatory phenotype. Upon 

pro-inflammatory activation, these cells showed an activation of pSTAT1 and an 

upregulation of IL-6, IL-12, CXCL10 and TNF-ʰΦ ¦ƴŘŜǊ ŀƴǘƛ-inflammatory activation it was 

observed an activation of pSTAT6, but no significantly changes at the gene expression of 

the studied markers. The loss of Cav1 in microglia, did not affect the pSTAT1 under the 

pro-inflammatory phenotype, however leaded to a decrease of the levels of IL-12 and 

TNF-ʰΦ  

  

4.4.6 Impact of activation and Cav1 status upon CHME3 secretome 

Here the impact of Cav1 status on secreted products is explored by Cytokine Array. As 

ƛƴ ǇǊŜǾƛƻǳǎ ŜȄǇŜǊƛƳŜƴǘǎΣ Ψ/Ia9о /ŀǾм b¢Ω ό/ŀǾмҌǾŜύ ŀƴŘ Ψ/Ia9о /ŀǾм YhΩ ό/ŀǾм-ve) 

cells were stimulated for 48 hours towards a pro-inflammatory phenotype (LPS/IFN-Ω), 

or an anti-inflammatory phenotype (IL-4/IL-13). Culture supernatants were collected to 

evaluate the respective content using a membrane-based array, assessing 105 different 

cytokines, chemokines, and growth factors. A summary of the entire secretome is 

illustrated in Supplementary figure VI. 2 - Appendix VI. 
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The secreted products with fold-change high then 1.5 compared to unstimulated 

ƳƛŎǊƻƎƭƛŀ ǊŜƭŜŀǎŜŘ ōȅ Ψ/Ia9о /ŀǾм b¢Ω /ŀǾмҌǾŜ ŎŜƭƭǎ ǳǇƻƴ ǇǊƻ-inflammatory 

stimulation are represented in Figure 4.9-B and in part (grey bars) of  Figure 4.9-C. 

 

Under pro-inflammatory stimuli it was possible to identify an increase in GRO- ,h IL-6, IL-

8, IL-18 BPa, IP-10/CXCL10, RANTES and uPAR. The apparent increase in IFN-Ω, is of 

course compromised by the use of this cytokine to stimulate the cells to achieve the pro-

inflammatory phenotype. Stimulation using IL-4/IL-13 did not influence these cytokines, 

except UPAR, where treatment caused a release comparable to that of the pro-

inflammatory stimulus. It was observed an elevated level of Serpin E1 in the basal level, 

on non-stimulated cells, that was constant on both activations.  

Figure 4.9 ς Cytokine array of CHME3 Cav1 NT under a pro-inflammatory phenotype. CHME3 cells were 
stimulated with LPS and IFN-╢ (B) or with IL-4 and IL-13, for 48 hours. Untreated cells were used as a control 
(A). C- Mean pixel density graph of the analyte with fold-change җ1.5 times.   
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The critical secreted products (fold-change >1.5 compared to unstimulated microglia) 

ǊŜƭŜŀǎŜŘ ōȅ Ψ/Ia9о /ŀǾм b¢Ω /ŀǾмҌǾŜ ŎŜƭƭǎ ǳǇƻƴ ŀƴǘƛ-inflammatory stimulation are 

represented in Figure 4.10-B and in part (black bars) of Figure 4.10-C. 

Under anti-inflammatory stimuli, an upregulation in the secretion of Dkk-1, MIF and 

uPAR were apparent compared with untreated cells. A slight increase in MIF and uPAR, 

was also observed under pro-inflammatory stimuli. The apparent increase in IL-4 and IL-

13 is compromised by the use of these cytokines to stimulate the cells to achieve the 

anti-inflammatory state. The pro-inflammatory environment did not affect the secretion 

of Dkk-1, IL-4, and IL-13. 

Figure 4.10  ς Cytokine array of CHME3 Cav1 NT under an anti-inflammatory phenotype. CHME3 cells 
were stimulated with LPS and IFN-╢ or with IL-4 and IL-13 (B), for 48 hours. Untreated cells were used as a 
control (A). C- Mean pixel density graph of the analyte with fold-change җ1.5 times. 
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After loss Cav1 in CHME3 cells, the cytokine profile was evaluated using the same 

conditions. The secreted products released by microglia cells Cav1-ve under pro-

inflammatory environment with fold-change high than 1.5 compared to untreated cells 

are summarized in Figure 4.11-B and in the part of the grey bars in the Figure 4.11-C. 

Compare to untreated cells, under pro-inflammatory stimuli (LPS/IFN-Ω) it was possible 

to identify an increase in GM-CSF, GRO- ,h IL-6, IL-8, IL-18 BPa, IP-10/CXCL10, I-TAC, MIG, 

MIP-1 h /ʲΣ tŜƴǘǊŀȄƛƴ-3 and RANTES. The anti-inflammatory environment (IL-4/IL-13) did 

not induce the production of these analytes. These microglia cells continued to secrete 

high levels of Serpin E1, independently of Cav1 status.  

The released products by microglia cells Cav1-ve under pro-inflammatory environment 

with fold-change high than 1.5 compared to untreated cells are summarized in Figure 

4.12-B. 

Figure 4.11 ς Cytokine array of CHME3 Cav1 KO under a pro-inflammatory phenotype. CHME3 cells were 
stimulated with LPS and IFN-╢ (B) or with IL-4 and IL-13, for 48 hours. Untreated cells were used as a control 
(A). C- Mean pixel density graph of the analyte with fold-change җ1.5 times. 
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Under anti-inflammatory phenotype, microglia cells with loss of Cav1 increased the 

release of uPAR 1.4-times compared to untreated cells (highest increase registered). No 

other analyte was identified with a fold of change equal or superior to 1.5 times under 

this condition. The apparent increase in IL-4 is compromised by the use of this cytokine 

to stimulate the cells to achieve the anti-inflammatory state. 

To better show the comparative impact of Cav1 status upon microglial behaviour, the 

cytokine profile was compared between each condition, untreated/inactivated, pro-

inflammatory and anti-inflammatory phenotype. The results are shown as the analytes 

which presented a fold-change equal or superior to 1.5-fold compared with CHME3 

Cav1+ve (NT), and presented in Figure 4.13. 

 

 

 

 

 

 

 

 

Figure 4.12 ς Cytokine array of CHME3 Cav1 KO under an anti-inflammatory phenotype. CHME3 cells 
were stimulated with IL-4 and IL-13 (B), for 48 hours. Untreated cells were used as a control (A). 
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The presence of Cav1 in resulted in different secretion behaviours depending on the 

analyte in consideration.  

With respect to: 

¶ pro-inflammatory markers, GM-CSF, I-TAC, uPAR and MIP-1 h /ʲΥ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ 

of Cav1 was associated with reduced secreted levels of these markers under both 

basal and pro-inflammatory state, and for UPAR and MIP-1 /hʲ ŀƭǎƻ ǳƴŘŜǊ ǘƘŜ 

anti-inflammatory state.  

With respect to:  

¶ pro-inflammatory markers, GRO- ʰΣ L[-8 and IL-6: the expression of Cav1 was 

associated with increased secreted levels of these markers under basal state, but 

dampened to some extent the increased secreted levels of these markers upon 

stimulation of the cells with LPS/IFN-Ω.  

With respect to:  

¶ anti-inflammatory marker IL-4 and the pro-inflammatory factor VEGF: the 

expression of Cav1 was associated with a higher secreted levels in basal, 

Figure 4.13 ς Comparison of CHME3 Cav1 NT and CHME3 Cav1 KO. CHME3 Cav1 NT (full colour) and 
CHME3 Cav1 KO (colour with transversal lines) cells were stimulated with LPS and IFN-╢ (light grey) or with 
IL-4 and IL-13 (dark grey), for 48 hours. Untreated cells were used as a control (white). Mean pixel density 
of the analyte with fold-change җ1.5 times compared to control. 
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proinflammatory and anti-inflammatory states (no data for IL-4 with anti-

inflammatory stimulation).  

With respect to: 

¶  IL-18BPa, which is an inhibitor of the pro-inflammatory cytokine IL-18 by binding 

to its receptor: the expression of Cav1 was associated with reduced secreted 

levels under basal conditions but increased levels in the pro-inflammatory state. 

Under anti-inflammatory phenotype, independently of Cav1 status, microglia 

released similar levels.   
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 Discussion 

The immune system in the CNS presents unique features that distinguish it from the 

periphery. Microglia cells are the main immune regulators in the CNS under healthy 

status. The immune system of other organs can be populated not only by resident 

macrophages, but also by circulating macrophages and other immune cells, including T-

cells, B-cells, dendritic cells, and neutrophils, which can easily and rapidly access the 

tissues upon an inflammatory event.  

The BBB is a structure highly regulated and which maintains the homeostasis of the CNS, 

controlling the trafficking of substances, nutrients and cells (Abbott et al. 2010). 

Microglia arise from the yolk sac during the embryonic development, before the BBB 

formation, without any contribution from foetal liver or postnatal haematopoiesis. For 

this reason and under physiological conditions, this is the main immune cell population 

in the brain (Daneman et al. 2010). 

Under physiological conditions, microglia have a long lifespan, represented by a slow 

renewal rate compared to other monocytes-derived macrophages, 28% per year (Réu 

et al. 2017), however, under stress conditions, the microglia increase their proliferation 

(Lawson, Perry, and Gordon 1993). As a response to brain injury, auto-immune diseases 

or brain tumours, the BBB permeability can be modified and the presence of other 

immune cells, from peripheral blood migrate into the CNS to play complementary 

immune regulatory functions to that of the resident microglia (Abbott et al. 2010; 

Daneman et al. 2010).  

Although microglia and macrophages have different origins and distinct markers, their 

function and phenotype are considered related (Guillemin 2003; Bennett et al. 2016; 

Dubbelaar et al. 2018; A. M. Young et al. 2019). Clearly within the CNS microglia cells 

need to be efficiently regulated to prevent exacerbated inflammatory responses and 

irreparable destruction of the brain tissue. In this context, and in contrasting to other 

ǘƛǎǎǳŜ ƳŀŎǊƻǇƘŀƎŜǎΣ ǳƴŘŜǊ ōŀǎŀƭ ŀ ΨƘŜŀƭǘƘȅΩ ŜƴǾƛǊƻƴƳŜƴǘ ƳƛŎǊƻƎƭƛŀ ŘƛǎǇƭŀȅ ŀ ƳƻǊŜ 

downregulated phenotype (Perry and Teeling 2013) with the local environment critical 

to microglial regulation. Microglia establish cell-cell contact with other neuronal cells, 

as neurons and astrocytes, via CD200R-CD200, CX3CR1-CX3CL1, CD172a-CD47 and 
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CD11b-C3, which attenuate the microglial activation (Perry and Teeling 2013; 

Deczkowska, Amit, and Schwartz 2018). Moreover, cells of the brain release soluble 

regulators such as CX3CL1 or TGF-ʲΣ responsible for dampening microglia responses 

(Szepesi et al. 2018). The neuronal environment which regulates the microglial 

phenotype is unique and probably as important as any intrinsic distinction between 

microglia and macrophage cells. Moreover, many studies of microglia function have 

used non-human species, e.g rodent cell lines, which will undoubtedly show some 

digress from human biology, particularly when studying disease. The establishment of 

human microglia cell lines opened an avenue to explore this field, making possible the 

genetic manipulation to explore potential key genes.  

From the few human microglia cell lines available, the CHME3 (or HMC3) was selected 

to be used in this project. Not surprisingly, this cell line has been used mainly to study 

pro-inflammatory related conditions, like HIV infection (Chai et al. 2017), Zika virus 

(Vanwalscappel, Tada, and Landau 2018), hepatitis C, Japanese encephalitis virus (Gupta 

et al. 2017) and inflammatory stimulation via SVCT2 via c-Src-Cav1 signalling complex 

(Portugal et al. 2017). Neurodegenerative disease studies have also used this cell line to 

study the role of microglia (Hjorth et al. 2013; Zhu et al. 2016). Some studies have now 

also focused on the tumour immune environment investigating the role of microglia on 

the support of the glioma stem cells (K. Yu 2015), tumour angiogenesis (Nijaguna et al. 

2015), and tumour progression (Shen et al. 2016; Z. Li et al. 2019), and which have 

suggested a tumour-supportive phenotype for microglia. 

The characterization of CHME3 cells has used markers such as CD68, CD11b and IBA1 to 

prove the microglial identity (Janabi et al. 1995; Etemad et al. 2012). Later on, Dello 

Russo and colleagues, using HMC3 cells, certified by ATCC (ATCC®CRL-3304), confirmed 

expression of IBA1, as well as that of  other microglial-associated markers such as 

CX3CR1, CSF-1, P2PY12 and TMEM119 at mRNA level (Dello Russo et al. 2018). It is now 

accepted that HMC3 and CHME3 cells are the same cell line, presenting the same origin 

and characteristics. Corroborating these results, our CHME3 cells showed expression of 

both IBA1 and TMEM119.  

Regarding Cav1 expression by microglia cells, and to the best of our knowledge, Portugal 

et al. was the only group reporting this protein in CHME3 cells. This group showed 
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internalization of the vitamin C transporter SVCT2, mediated by Cav1, triggers a 

proinflammatory response (Portugal et al. 2017). Studies using mouse cells, BV2 cells, 

showed a upregulation of Cav1 upon microglia activation, suggesting the 

downregulation of Cav1 to control the microglial inflammation (Niesman et al. 2013). 

Aiming to explore the role of Cav1 in human microglia responsiveness, our study 

examined microglial phagocytosis, cell migration, response to TMZ and response to pro-

/anti-inflammatory stimuli. After deleting Cav1 expression, the CHME3 cells retained 

expression of IBA1 and TMEM119 markers, showing no impact upon the expression of 

pan-microglial markers.  

Phagocytosis by microglia cells is essential during the brain development and 

homeostasis. It is involved not only in combating micro-organisms but also the clearance 

of apoptotic or necrotic cells, protein removal (inc. amyloid beta or neuromelanin etc.) 

and remodelling of neuronal connectivity by engulfment of synapses, axonal and myelin 

debris (Q. Li and Barres 2017). Phagocytosis is a complex process, where the uptake of 

particles into cells occurs by an actin dependent mechanism (Aderem and Underhill 

1999). Cells must rearrange their cytoskeletal and membrane components to adhere 

and perform the phagocytosis, and Cav1 might be involved. Caveola have been 

suggested to play a role in immunity, and may be involved in pathogen-cell interaction 

and consecutive internalization (Feng et al. 2013). For example, the SV40 enters the cell 

mainly via Cav1 (Norkin 1999) and the bacteria uptake is coordinated by Cav1 as well 

(Gadjeva et al. 2010). 

In our studies on phagocytosis in CHME3 cells using pHrodo E. coli bioparticles, we 

showed them to have a very poor phagocytic ability of these cell. The CHME3 cells were 

studied not only under basal status, but also upon activation towards pro-inflammatory 

and anti-inflammatory phenotypes; the impact of this stimulation making no difference. 

The maximum recommended incubation time for this assay is 4 hours, however, since 

no meaningful phagocytic activity was seen, the incubation time was prolongated to 20 

hours. Even with this, any significant phagocytic activity by these cells was not observed. 

Using the same approach in iPSCs (Chapter 6) confirmed our approach was not 

technically flawed.  
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We extended the phagocytosis investigation with GFP M. smegmatis bacteria and with 

ƭŀǘŜȄ ōŜŀŘǎ ŎƻŀǘŜŘ ǿƛǘƘ ŦƭǳƻǊŜǎŎŜƴǘƭȅ ƭŀōŜƭƭŜŘ Ǌŀōōƛǘ LƎD ό/ŀȅƳŀƴΩǎ tƘŀƎƻŎȅǘƻǎƛǎ !ǎǎŀȅ 

Kit (IgG FITC)) ς these further approaches similarly showed the same poor phagocytic 

outcome (data not shown). Our own work therefore has shown CHME3 cells are poor 

phagocytes irrespective of Cav1 status and external stimulation with pro-inflammatory 

factors. Consistent with this Janabi and colleagues showed that immortalized microglia 

cells display a very low phagocytic activity in comparison with the primary cultures 

(Janabi et al. 1995). The cellular immortalization with SV-40 was likely to affect microglial 

cell behaviour and responsiveness to the environment. Infection with SV40 virus 

potentially resulting in alterations in the transcriptional activity of the host cells, eg. in 

IFN-stimulated genes (Rathi et al. 2010). To the best of our knowledge, the effect of SV-

40 infection upon phagocytosis has not been studied, however, HIV-infected 

macrophages can present a reduced phagocytosis (Lê-Bury and Niedergang 2018) and 

polymorphonuclear leukocytes infected with influenza virus present a reduction of 45% 

in the ingestion of zymosan particles (Debets-Ossenkopp et al. 1982). Nevertheless, one 

ǎǘǳŘȅ ǿƛǘƘ ǳǇǘŀƪŜ ƻŦ !ʲ1ς42 aggregates showed that CHME3 cells are able to undertake 

phagocytosis in response to IFN-Ω alone or IFN-Ω/IL-мʲ ŎƻƳōƛƴŀǘƛƻƴ (Hjorth et al. 2010). 

Again, in our own experiments microglial treatment with IFN-Ω in combination with LPS, 

did not affect the phagocytosis of E. coli bioparticles, latex beads nor indeed GFP M. 

smegmatis bacteria.  

Cellular migration is another important feature of immune response. Microglia need to 

migrate towards an inflammation site in response to chemokines. It is a process that 

again depends upon co-ƻǊŘƛƴŀǘŜŘ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ŎŜƭƭΩǎ ŜƴǾƛǊƻƴƳŜƴǘ ό9/a ŀƴŘ 

cell-cell) and involving microglia cytoskeletal rearrangement. The presence of Cav1 

clearly facilitates the migration of microglia CHME3 cells, with Cav1 deletion significantly 

impairing migration. Niesman and collaborators showed a similar effect, using BV2 cells 

and siRNA technology. They showed a decrease of overall migration with the 

suppression of Cav1 (Niesman et al. 2013). Controversially, Fu et al  showed the opposite 

results using THP1 cells, where the Cav1 overexpression inhibited the transmigration of 

these cells  (Y. Y. Fu et al. 2012), suggesting that Cav1 role in migration should be 

associated with cell type and environment. Although the over-expression approach itself 
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can lead to off-target pathways which can impact phenotype outcome. In cancer cell 

models there is increasing evidence that Cav1 promotes cancer cell migration and 

invasion (Annabi et al. 2004; Senetta et al. 2013).  

With microglia cells in the same environment of tumour cells and the role microglia may 

have in tumour survival, the direct effects of TMZ (first line treatment in GBM) on 

microglia cells was tested. Meng et al. investigating alterations of the glioma tumour 

microenvironment (TME) related to DDR (DNA damage repair) pathways (that regulate 

cell stress responses, tissue integrity and TME remodelling), described distinct immune 

phenotypes in tumours associated with DDR alterations. They reported DDR leading to 

overexpression of MDK (midkine) mediated by p53, and which was involved in a glioma 

immunosuppressive environment through promoting the anti-inflammatory phenotype 

in microglia (Meng et al. 2019). Given TMZ can affect DDR pathways (Yoshimoto et al. 

2012), but with a focus strictly on phenotype in relation to Cav1, we investigated if  Cav1 

has an impact on  microglia response to TMZ with respect to cell viability. We found 

Cav1 promotes microglia CHME3 sensitivity to TMZ, suggesting that the loss of Cav1 in 

microglia protects the cells from TMZ treatment.  

When CNS homeostasis is disrupted, microglia cells will adopt a modified phenotype to 

address the new functional need. This will involve morphological change and alterations 

in expression of cell surface receptors and release of soluble factors (Chhor et al. 2013). 

The analysis of transcriptomic data from human and murine microglia identified a set of 

activated genes that are specific to microglia and not shared with peripheral 

macrophages (Butovsky et al. 2014; Hickman et al. 2013). These specific genes allow 

microglia cells to be regulated in a signal-specific manner, developing functional 

programmes. Continuous analysis of neuroinflammatory-related signalling pathways 

and transcription factors has identified NF- B/Rel, AP-1, interferon responsive factors 

(IRF) and STATs as master regulators of inflammatory gene expression under neuro-

inflammatory conditions in microglia cells (Kaminska, Mota, and Pizzi 2016).  

Taking into consideration the most important signalling pathways and transcription 

factors and aiming to understand the activation phenotype of CHME3 microglia cells, 

the analysis of protein levels of STAT1, NF-ˁ. ǇсрΣ {¢!¢о ŀƴŘ {¢!¢сΣ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ 

mRNA levels of some inflammatory-related genes upregulated under pro-inflammatory 
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or anti-inflammatory phenotype and a cytokine array to identify the secreted products 

was conducted.  

Under a basal status, in both CHME3 ΨCav1 NTΩ and CHME3 ΨCav1 KOΩ cells showed an 

upregulation of pNF-ˁ. Ǉср ŀƴŘ Ǉ{¢!¢о ǇǊƻǘŜƛƴ ƭŜǾŜƭǎΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ increased of mRNA 

levels of IL-1 ,̡ IL-6, CXCL10, TNF-  hand TGF- ,̡ suggesting that, independently of Cav1 

status, these cells under standard cultured conditions are already showing a basal 

activation correlated with pro-inflammation.  

Niesman et al., using BV-2 mouse microglia cells, showed that the culture condition, free 

serum media vs 10% serum media, could activate the microglia cells, changing the 

morphology and protein expression (Niesman et al. 2013). On the other hand, Janabi 

and collaborators, during the CHME3 cell line establishment, showed that immortalized 

human microglia presented different phenotype and abilities compared to primary cells 

(Janabi et al. 1995), suggesting that the viral infection with SV-40 could also modify the 

microglial phenotype.  

It is accepted that the infection of cells by virus often results in a powerful shift in the 

transcriptional activity of the host cellular genes, reflecting the survival strategies for 

both host and pathogen. Thinking about the immune population, where cells are 

responsible to identify and act against pathogens, the immunological reaction can be 

even more dramatic (Chai et al. 2017; Vanwalscappel, Tada, and Landau 2018; Gupta et 

al. 2017). A study with mouse embryo fibroblasts (MEFs) showed that the SV40 

transformation activated the interferon pathways and pSTAT1, and upregulated the 

immune response-related genes (Rathi et al. 2010). Asamitsu and collaborators in 

human fibroblasts demonstrated a constitutive upregulation of NF-ˁ. ƛƴ {±-40-

transformed cells (Asamitsu et al. 1999). In other studies, STAT3 was evaluated after 

cellular transformation by oncogenes, not only SV-40, but also RAS, v-Src and EGFR, 

showing STAT3 constitutively activated (Garcia et al. 1997; Looyenga et al. 2012). 

Comparing with the protein levels presented by THP1-derived macrophages, a cell line 

established independently of oncovirus transformation, the phosphorylated protein 

levels of all proteins studied were almost undetected under basal condition (APPENDIX 

III ς THP1-derived macrophages). These studies and the CHME3 obtained data suggest 
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that SV-40 cellular immortalization together with culture conditions seems to promote 

the activation of CHME3 in basal status.  

The pro-inflammatory state is the best phenotype characterized in microglia. Most of 

the studies are related with situations where pro-inflammation is the key environment 

for microglia cells, as neurodegenerative diseases, strokes, viruses, or bacterial 

infections. The stimulation of CHME3 microglia cells with LPS and IFN-Ω, which impulses 

cells for a pro-inflammatory phenotype, induced: the protein expression of STAT1 and 

NF-ˁ.; the mRNA expression of IL-6, IL-12, CXCL10, TNF-ʰ ŀƴŘ L[-10; and the secreted 

products GRO- ,h IL-6, IL-8, IL-18 BPa, IP-10/CXCL10, RANTES and uPAR (with the 

exception of IL-10 and IL-18 BPa, the remaining factors are related with pro-

inflammation). All the pro-inflammatory markers analysed by PCR were represented in 

the cytokine array. Interestingly, only levels of IL-6 and CXCL10 were identified in the 

supernatants. mRNA levels of IL-1 ,̡ IL-12 and TNF-  hexpressed were relatively low, 

justifying the low levels present in the supernatant, likely bellow to the sensitivity of the 

cytokine array. Moreover, the levels of IL-6 and TNF-  hwere identified by Janabi et al. 

upon microglia challenge with LPS. However, it was described that all clones 

immortalized, including CHME3, were less responsive to LPS in comparison to primary 

cultures (Janabi et al. 1995). Observing the mRNA levels obtained in THP1-derived 

macrophages (Supplementary figure III. 3), levels of IL-1ʲΣ L[-12 and TNF-ʰ ǿŜǊŜ 

considerably higher upon 48 hour treatment with LPS and IFN-Ω, suggesting again the 

poor responsiveness to stimuli of CHME3 microglia cells. Once more, one possibility to 

explain this phenomenon is the SV40 infection that may modulate the signalling 

pathways (Butin-Israeli, Drayman, and Oppenheim 2010). The remaining factors 

identified by PCR and cytokine array were already identified upon microglial activation, 

being key elements to promote cytotoxicity (IL-мʲΣ L[-6, IL-8, IL-12 and TNF-ʰύΣ 

chemoattraction and differentiation of other immune cells (IL-мʲΣ L[-6, IL-8, IL12, 

CXCL10, RANTES and GRO-ʰύΣ ǘƻ ƛƳǇǊƻǾŜ ƳƛŎǊƻƎƭƛŀ ƳƛƎǊŀǘƛƻƴ όǳt!wύ ŀƴŘ ǘƻ ōŀƭŀƴŎŜ ǘƘŜ 

pro-inflammation (IL-10 and IL-18 BPa) (Chhor et al. 2013; Washington et al. 1996; Q. Yu 

et al. 2018; Filipovic, Jakovcevski, and Zecevic 2003). 

The anti-inflammatory phenotype is the least explored in microglia. Since microglia is 

tightly regulated under basal state, they present a stronger anti-inflammatory 
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phenotype, because of the interaction with other brain cells that limits the reaction of 

microglia (Chhor et al. 2013). However, after infection, in order to balance pro-

inflammatory signalling pathways, cells utilize a variety of mechanisms, including 

concurrent anti-inflammatory factors, to resolve the inflammation, re-establish the 

homeostasis and restore the healthy environment (Orihuela, McPherson, and Harry 

2016). In the brain tumour environment, particularly in malignant gliomas, microglia 

present an anti-inflammatory phenotype that contributes to supress the activation of 

other immune cells, and promote the tumour progression (Yin et al. 2017).  

Intending to study how CHME3 cells behave under an anti-inflammatory phenotype, the 

microglia were stimulated with IL-4 and IL-13. After the challenge, cells increased more 

than 30-times the levels of STAT6, however they failed to upregulate the mRNA 

expression of the anti-inflammatory markers analysed. Regarding the secreted products, 

a slight increase of DKK-1, MIF and uPAR was identified and the remaining analytes were 

secreted at low levels or not secreted at all. The pSTAT3 is correlated with an anti-

inflammatory status, however it is activated by IL-10R by IL-10 stimulation. Since the 

activation was performed with IL4 and IL-13, which interacts only with IL-4R and IL13R, 

this may justify the absence of STAT3 activation observed. Nevertheless, THP1-derived 

macrophages, were able to upregulate the pSTAT3 with IL-4 and IL-13 stimulation 

(Supplementary figure III. 2), most likely by positive feedback of IL-10 production 

triggered by the original stimulation. CHME3 failed to produce IL-10, which was not 

detected on the cytokine array, and the mRNA were relatively low. Another explanation 

for unsuccessful activation of STAT3 in CHME3 cells is once again the SV-40 infection. 

SV-40 infection can per si upregulate their levels, however, since the STATs analysis was 

not performed in the primary cells, used for the immortalization, it is hard to correlate 

the upregulation of STAT3 with a viral infection. Once again, comparing with THP1-

derived macrophages, the anti-inflammatory challenge that was not able to induce an 

increase of the mRNA levels of anti-inflammatory related marker in microglia, did 

increase the levels of TGF-ʲΣ L[-10, CCL22, CD200R and CD206 in macrophages 

(Supplementary figure III. 4), suggesting a lack of anti-inflammatory response by CHME3 

cells.  
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The direct effect of anti-inflammatory cytokines was not analysed in CHME3 cells (Dello 

Russo et al. 2018). However, levels of IL-10 (by Elisa), CD206, CD200R and CD163 (by IF) 

were detected in CHME3, but the increase was not observed when Hjorth and colleges 

activated microglia cells with A̡42 protein (Hjorth et al. 2013). Analysing all the secreted 

products identified (low levels), the DKK-1 is a potent inhibitor of canonical Wnt 

signalling, that in neurodegeneration reinforces the beneficial effect of this pathway 

(Caricasole et al. 2004), and is associated with tumour growth, angiogenesis and poor 

prognosis in gliomas (Mostofa et al. 2017). MIF and uPAR are related with pro-

inflammatory events, however they have been related with tumour progression in 

cancer as well (Mostofa et al. 2017).  

The impact of Cav1 in microglial phenotype was not thoroughly investigated, however, 

since it can be involved in pathway signalling, we hypothesise its involvement in 

microglia response to stimuli. Some studies in sepsis demonstrate that mice deficient in 

Cav1 were more susceptible to polymicrobial septic death than wild type mice, 

suggesting Cav1 as a negative regulator of eNOS via direct internalization and posterior 

inhibition of NF-■B (Feng et al. 2010, 2013). Actually, upon Cav1 deletion in CHME3 cells, 

it was possible to notice a slight decrease of pNF-■B upon LPS and IFN-Ω challenge (no 

differences were observed in pSTAT1), together with a downregulation of IL-12, TNF-  h

and IL-6. Codrici and colleges showed that mice Cav1-/ - had a reduction of pro-

inflammation (Codrici et al. 2018b). On the other hand, Medina et al., using another 

mouse model, and Shimato et al., using monocytes, demonstrated that inhibiting the 

Cav1 protein could restore the myeloid cell function, upregulating the levels of INF-Ω, 

TNF-ʰ ŀƴŘ L[-6 (Medina et al. 2006; Shimato et al. 2013). Looking at the secreted levels, 

the suppression of Cav1 leaded to increased pro-inflammatory related markers GM-CSF, 

I-TAC, MIP-1 /hʲΣ L[-6 and IL-уΣ ŎƻǊǊƻōƻǊŀǘƛƴƎ aŜŘƛƴŀΩǎ ŀƴŘ {ƘƛƳŀǘƻΩǎ ǿƻǊƪǎΦ ¢Ƙƛǎ 

contradictory result may represent some variability, since the cytokine array was only 

performed once in CHME3 cells and may not represent all microglial clones generated 

and analysed. 

Regarding the impact of Cav1 on anti-inflammatory microglial phenotype, if CHME3 

Cav1 NT already presented problems to achieve this status, for CHME3 Cav1 KO cells the 

behaviour was similar. The protein levels of pSTAT3 increased marginally with IL-4 and 



Chapter 4 ς Impact of Caveolin-1 Knockout upon CHME3 phenotype 

108 

IL-13 treatment. However, the levels of pSTAT6 (which were upregulated with stimuli), 

were slightly downregulated compared with cells that were expressing Cav1. The mRNA 

analysis showed that Cav1 KO cells had a comparable performance contrasted to Cav1 

positive cells, with slightly lower levels of CCL22 and CD200R. Finally, from the secreted 

products, only uPAR showed a marginally increased. Similar results, using 

glucocorticoids in mouse models, showed that Cav1 can interact with anti-inflammatory 

receptors, but it was dispensable for the anti-inflammatory response in lung 

inflammation (Caratti et al. 2019). 

Independently of Cav1 status, it was observed that CHME3 cells secreted elevated levels 

of Serpin-E1 or plasminogen activator inhibitor type 1 (PAI-1), which plays a role on the 

regulation of fibrinolysis, remodulation of the ECM, cell migration, and invasion of 

tumour cells. PAI-1 is upregulated under inflammation, promoting the migration of 

microglia cells and inhibiting microglial phagocytosis of zymosan particles (Jeon et al. 

2012). By studying the effect of different influenza virus into immune cells, it was 

observed an upregulation of PAI-1 with the viral infection, suggesting an important 

mechanism of the antiviral response (Dittmann et al. 2015). Regarding the SV-40 large T 

antigen the same upregulation of the mechanism may be involved, however further 

experiments need to be conducted.  

In summary, the immortalization of primary microglia cells with SV-40 large T antigen 

Ƴŀȅ ƘŀǾŜ ŀŦŦŜŎǘŜŘ ƳƛŎǊƻƎƭƛŀΩǎ ōŜƘŀǾƛƻǳǊ ŀƴŘ ǇƘŜƴƻǘȅǇŜΣ ŀƴŘ ƭŜŘ ǘƻ ǘƘŜ ǳǇǊŜƎǳƭŀǘƛƻƴ ƻŦ 

Cav1 in this cell line. Because Cav1 was not studied on primary cells to generate CHME3 

cell line, we do not know if the upregulation of this protein was present in the primary 

population or if the overexpression was a result of SV-40 large T antigen infection, as 

observed in other cell lines by Stergiou and collaborators (Stergiou et al. 2013). CHME3 

cells, independently of Cav1 status, presented poor phagocytosis ability, some degree 

of activation under basal status and struggled to upregulate the anti-inflammatory 

markers in response to an anti-inflammatory stimulus. The presence of Cav1 in these 

cells seems to promote the migration, sensitivity to TMZ and upregulation of the pro-

inflammatory response.  
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 Introduction 

GBM is the most common malignant primary brain tumour, despite decades of research, 

the new treatments tested in clinical trials are failing, and as a result the overall survival 

rate for these patients remains very poor. GBM presents a tremendous heterogenicity 

and is constituted by tumour and non-tumour cells that contribute to the formation of 

tumour-specialized niches (Shao et al. 2015). These niches together with the intra-

tumour heterogeneity are a significant reason for the lack of success of targeted 

therapies. Attempts to downregulate a pathway in a distinct tumour sub-region seem to 

permit another pro-tumour signalling to predominate, leading to recurring drug 

resistance. Understanding the specialized cell-cell communication within the tumour 

environment will provide important mechanistic basis to identify other potential target 

mechanisms including those for combined therapeutics.  

GBM tumours are known to be extremely immunosuppressive. Microglia and 

macrophages, constitute the main immune population in these tumours, and can 

contribute up to 50% of the tumour mass (Ransohoff and Cardona 2010). Microglia cells 

are the exclusive myeloid cell population in the healthy CNS, and these cells are likely to 

be the predominant immune cell population to interact with the tumour cells during the 

first steps of the tumour development. As the tumour progresses, other immune cells, 

mostly macrophages, cross the BBB and infiltrate the tumour. The role of microglia 

versus macrophages in brain tumours is still unclear, but we are beginning to see 

discriminatory markers, as TMEM119, can distinguish both populations and help to 

address the key biological questions pertinent to their distinct roles.  

The role of Cav1 in tumours has been studied for several years, and the expression 

pattern is controversial depending on the tumour type. In GBM, Cav1 is associated with 

tumour progression and poorer prognosis (Pu et al. 2019; Moriconi 2019); of note - the 

inhibition of Cav1 in microglia seems to restore the myeloid function in the GBM 

(Shimato et al. 2013).  
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 Aim 

The aim of this chapter is to study the role of CHME3 cells in an in-vitro GBM tumour 

environment, specifically exploring the impact that Cav1 in the microglia cells may have. 

To explore the GBM cell-microglia cell interaction studies were performed focusing on 

the gene and protein expression for key genes in microglia activation, and secretome 

profiling for products associated with cellular proliferation, migration, and invasion. 

 

 Methods 

5.3.1 General Methods 

The microglia cells CHME3 Cav1 NT and CHME3 Cav1 KO, the GBM cell lines U87, UP007 

and UP029, and the APC ς 34D6 were used in this chapter. These cells were cultured 

following the protocols described in Chapter 2, section 2.2 - Cell culture maintenance. 

Human astrocytes were differentiated from APC following the protocol described in 

2.2.1 - !ǎǘǊƻŎȅǘŜǎ ǇǊƻƎŜƴƛǘƻǊǎΩ ŎŜƭƭǎ ŀƴŘ ŀǎǘǊƻŎȅǘŜǎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ. The astrocytes were 

used as a control as a non-tumour cell for co-culture experiments.  

CHME3 Cav1-NT (Cav1 +ve) and CHME3 Cav1-KO (Cav1 -ve) were co-cultured with GBM 

or astrocytes cells using Transwell systems (2.6 ς Co-culture System of GBM cell lines 

with CHME3) or pre-labelled with Vybrant dyes (2.12 ς Cellular co-cultures ς 

VybrantTM dyes) and co-cultured as a spheroid. Astrocytes were used as a control. 

To explore the impact of the GBM co-culture environment on microglia cells, gene 

expression was undertaken by qRT-PCR (2.7 ς qRT-PCR), protein expression undertaken 

by Western Blot (2.8 ς Western Blot) and secretome profiling by cytokine array (2.10 ς 

Cytokine array).For the influence of Cav1 status on GBM behaviour, the migration was 

accessed by Transwell (2.11 ς Transwell migration and invasion assay), proliferation 

was performed after the co-culture in Transwell system by cell counting, and GBM 

invasion assessed using a 3D spheroid invasion assay described in 2.13 ς Spheroid 

invasion assay, and by using a confrontation assay.  
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Spheroid Confrontation assay 

In order to investigate cell interactions, spheres were formed with GBM and Astrocytes 

or CHME3 (Cav1+ve or Cav1-ve) cells (500:500) with the different cell populations 

labelled with DiD, DiL or DiO, respectively, and following the protocol previously 

described in 2.12. Additional spheres of 20,000 cells were formed, composed of 

astrocytes only. After 4 days of sphere formation, one sphere constituted by GBM plus 

astrocytes or microglia was placed together with one astrocyte sphere and tracked with 

epifluorescence microscope immediately upon the start of the experiment and 

thereafter every 24 hours for 3 days.  

LightSheet microscopy 

Upon invasion and confrontation assay, some spheres were fixed in 4% PFA for 1 hour 

at RT in a rocking plate, washed 3 times with PBS for 5 minutes at RT and counter stained 

with DAPI (0.5 µg/ml) for 15 minutes, followed by 3 additional washes with PBS for 5 

minutes. For the invasion assay, the Matrigel was preserved as much as possible to 

conserve the invasive edge. Samples were embedded within 1% (w/w) agarose (low 

melting temperature) prepared in TAE buffer, in capillaries size 3 (~1.5 mm diameter) 

for the confrontation assay or in 1 ml syringes for the invasion assay. After sample 

preparation, the capillary or syringe was loaded, positioned in the centre of the 

microscope and imaged using water immersion chamber with 5x/0.1 illumination and 

10x/0.5 W Plan Apo; WD = 3.7mm (water immersion) detection objectives in Zeiss 

Lightsheet Z.1. Data was acquired with activated pivot scan, dual-sided illumination, and 

online fusion. Properties of the acquired data: 0.7x zoom, 16bit, 1920x1920px image size 

and minimum z-stack interval (approximately 0.33 x 0.33 x 0.5 µm). Green, orange, and 

red fluorophores were excited using 488 nm, 561nm and 638 nm laser, respectively. 

Filters were used in sequential dual tracks for multi-colour images with GFP ς red (beam 

splitter SBS LP 560; emission filters BP 505-545 and LP 660) and Dapi ς orange (beam 

splitter SBS LP 490, emission filters BP 420-470 and BP 525-565). All image processing 

was executed using Arivis Vision4D software.  
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 Results 

5.4.1 Co-culture of CHME3 cells with GBM: impact on microglial 

proliferation and migration 

To investigate the impact of the GBM cells on microglia cell proliferation, microglia cells 

were co-cultured with three different GBM cell lines (ratio 500:500), U87, UP007 or 

UP029, for 48 hours, using a Transwell 0.4 µm system, which allows for cell crosstalk by 

paracrine signal/soluble factors that were released into the medium; there was no direct 

cell-cell contact. 

 

Figure 5.1 ς Impact of GBM CC on microglial proliferation. 150,000 cells of CHME3 Cav1 NT or CHME3 Cav1 
KO were seeded in a 6-well plate, and 150,000 cells of CHME3 Cav1 NT or CHME3 Cav1 KO (Black), U87 
(red), UP007 (green) or UP029 (blue) were seeded into the insert and left to adhere for 24 hours. In the 
following day, the insert was placed together with the microglia cells and allowed to be in co-cultured for 
an additional 48 hours. After that, the cells were detached and counted using the /ƻǳƴǘŜǎǎϰ LL C[ !ǳǘƻƳŀǘŜŘ 
Cell Counter. Values represent the mean of 4 individual experiments ± SEM *: p<0.05; **: p>0.01 when 
compared to CHME3 CC CHME3, Kruskal-Wallis, Dunn's multiple comparisons test. 
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The co-culture (CC) of CHME3 Cav1-NT (Cav1+ve) cells with each of the different GBM 

cells trend to reduce the proliferation of CHME3 microglia cells. The decrease in 

proliferation was more pronounced upon CC with U87 and UP007, p<0.01 and p<0.05, 

respectively. With Cav1 KO (Cav1-ve) microglia cells, the proliferation rate of the CHME3 

was profoundly reduced by the knock-out alone compared to CHME3 Cav1 NT cells. 

Perhaps not surprising therefore, the impact of GBM CC on CHME3 Cav1-KO was less 

clear, with no meaningful significant differences observed in Figure 5.1.  

The impact of GBM CC on the migration ability of the microglia cells was accessed after 

the microglia had been in CC with the GBM cell lines for 48 hours. After this, microglia 

were collected for a single cell migration assay using a separate Transwell system (8 µm, 

16 hours). 

 

 

Figure 5.2 ς Impact of GBM CC on microglia cell migration. CHME3 Cav1 NT and CHME3 Cav1 KO were co-
cultured with U87, UP007 and UP029 for 48 hours, using a transwell system (0.4 µm). After that, using 
another transwell system (8 µm), microglia cells were seeded into the upper chamber in media without FBS. 
Medium with FBS was used as a chemoattractant in the lower chamber. The cells were allowed to migrate 
for 16 hours and then were counted. Mean of number of cells from 4 independent experiments ± SEM. 
**p<0.01 when compared to respective Cav1 NT cells, using Mann-Whitney test. 
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Firstly, CHME3 Cav1 KO cells (Cav1-ve) showed approximately half the migration 

capacity of the corresponding CHME3 Cav1 NT cells (Cav1+ve) across all of the 

treatments, Figure 5.2. Similar results, CHME3 Cav1 NT vs CHME3 Cav1 KO, were 

obtained and discussed in the Chapter 4. The GBM CC itself did not affect the migration 

of microglial cells whether the CHME3 expressed Cav1 or not.   

5.4.2 Co-culture of CHME3 cells with GBM: impact on microglial phenotype 

To study the effect of GBM CC on microglia phenotype, CHME3 Cav1 NT and CHME3 

Cav1 KO cells were co-cultured with GBM cells at a ratio of 1:1, using a Transwell system 

(0.4 µm pore). Astrocytes were used as a non-tumour cell control. Following 48 hours of 

co-culture CHME3 cells were harvested and assessed for the phosphorylated forms of 

proteins widely recognised as involved in microglia activation and for the mRNA levels 

of pro-inflammatory and anti-inflammatory related genes. 

 

Figure 5.3 ς Relative protein expression after CC. CHME3 Cav1 NT and CHME3 Cav1 KO cells were co-
cultured with microglia, astrocytes or GBM cells in transwell systems, for 48 hours. A. WB membranes for 
protein expression of Cav1, STAT1, STAT3, STAT6, NF-kB p65 and GAPDH. B. Western blot quantification 
of Cav1 (B), STAT1 (C), NF-kB p65 (D), STAT3 (E) and STAT6 (F). Bars represent mean of integrated intensity 
normalized to non-phosphorylated form, then to GAPDH and respective CHME3/CHME3 CC. N=1 
experiment. 
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The CC of CHME3 Cav1-Cav1 NT cells (Cav1+ve) with U87, UP007 and UP029 cells led to 

an overall downregulation of pSTAT1, pNF-■B and pSTAT6 in the microglia cells when 

comparing to the control of the corresponding CHME3 cells alone. pSTAT3 showed a 

slight increase when CHME3 Cav1 NT cells were co-cultured with UP007 and UP029 cells 

(Figure 5.3). Regarding Cav1, compared to the CHME3 control alone, it was noted that 

D.aΩǎ // ǿŀǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŀ ǘǊŜƴŘ ŦƻǊ ŘŜŎǊŜŀǎŜŘ Cav1 levels expressed by the 

microglial cells even when GAPDH was taken into account.  

For CHME3 Cav1 KO cells (Cav1-ve), again a general downregulation of pSTAT1, pNF- ■B 

and pSTAT6 was observed. Not dissimilar to the CHEM3-NT cells, the pSTAT3 in the 

CHEM3-Cav1 KO (Cav1-ve) showed either no change or a slight upregulation under the 

GBM CC conditions. The CHME3 Cav1 KO cells appeared to present lower levels of these 

proteins (even with GAPDH as the reference) compared to the CHME3 cells that 

expressing Cav1, suggesting that Cav1 has some role in responsiveness in a GBM 

environment. To note: control astrocytes also downregulated the levels of pSTAT3 and 

pSTAT6 in CHME3 Cav1 NT (Cav1+ ve) and CHME3 Cav1 KO (Cav1-ve) cells.  

 

Figure 5.4 ς Impact of GBM environment on CHME3 cells ς Pro-inflammatory-related genes. IL-1 ,̡ IL-6, 
IL-12, CXCL10 and TNF-ʰ ŜȄǇǊŜǎǎƛƻƴ ōȅ CHME3 Cav1 NT (black) or CHME3 Cav1 KO (grey) analysed by qRT-
PCR. Microglia cells were co-cultured with U87, UP007 and UP029 in a transwell system (0.4 µm), for 48 
hours. Cells without interference of GBM were used as control. Bars represent mean ± SEM of 2 
independent experiments. #: p<0.05 compared to CHME3 Cav1 KO cells, Kruskal-²ŀƭƭƛǎΣ 5ǳƴƴΩǎ ƳǳƭǘƛǇƭŜ 
comparison test. 
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We next examined the pro-inflammatory responsiveness of CHME3 cells when in a GBM 

CC environment through qRT-PCR analysis of the microglia (Figure 5.4). We observed 

that CHME3 Cav1 NT (Cav1+ve) cells, CC with each of the GBM cell lines retained a 

consistent basal mRNA expression for IL-1 ,̡ IL-6 and IL-12, with none of the GBM liens 

therefore able to stimulate the expression of the genes. However, with respect to 

microglia (Figure 5.4), the CC with U87 and UP007 led to a significant upregulation in 

the CHME3 Cav1 NT (Cav1+ve) cells. For CXCL10 the CC with U87 and UP007 led to a 

significant downregulation; UP029 elicited no alteration compared to baseline control.  

For CHME3 Cav1 KO (Cav1-ve) microglia (Figure 5.4), mRNA levels of IL-1 ,̡ IL-12 and 

TNF-  hwere not responsive to CC with any of the GBM cell lines. The only changes were 

CXCL10 which showed a slight decrease under pressure from the CC with U87 and 

UP007, and IL-6 which increased substantially upon CC with UP029 stress, (Figure 5.4) 

Most profound was the near complete downregulation of TNF-  hin CHME3 cells lacking 

Cav1 expression (CHME3 Cav1-KO). 

 

Figure 5.5 ς Impact of GBM environment on CHME3 cells ς Anti-inflammatory-related genes. TGF- ,̡ IL-
10, CCL22, CD200R and CD163 expression by CHME3 Cav1 NT (black) or CHME3 Cav1 KO (grey) analysed 
by qRT-PCR. Microglia cells were co-cultured with U87, UP007 and UP029 in a transwell system (0.4 µm), 
for 48 hours. Cells without interference of GBM were used as control. Bars represent mean ± SEM of 2 
independent experiments. *: p<0.05, **: p<0.01 compared to CHME3 Cav1 NT cells, Kruskal-²ŀƭƭƛǎΣ 5ǳƴƴΩǎ 
multiple comparison test. 
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With respect to the anti-inflammatory panel (Figure 5.5) the most significant 

observation is the induction of TGF-  ̡in the CHME3 Cav1 NT (Cav1+ve) cells by all three 

GBM cell lines, an outcome not replicated in the corresponding Cav1-ve cells despite 

similar basal levels of TGF- .̡ The levels of CCL22 appeared suppressed by the stress of 

GBM CC. Thereafter varying changes were seen dependent upon the GBM cell line. An 

increase of IL-10 was seen with UP029 and a decrease in CD200R under U87 and UP029 

CC. CD163 remained unchanged under the GBM environment.  

In CHME3 Cav1 KO cells (Cav1-ve), little change was seen except for a slight increase of 

IL-10 that was stronger for the UP029 cells.  

 

5.4.3 Co-culture of CHME3 cells with GBM: impact on secretome 

To study the impact of the GBM environment on the secreted products released by the 

CHME3 microglia (either the Cav1+ve and Cav1-ve cells) we co-cultured the CHME3 cells 

with the GBM cell lines U87 cells for 48 hours using the Transwell system previously 

described, and assessed the secretome using by Cytokine AǊǊŀȅΦ /Ia9о Ψ/ŀǾм b¢Ω ƻǊ 

/Ia9о Ψ/ŀǾм YhΩ ŎŜƭƭǎ ǘƘŀǘ ǿŜǊŜ ŎǳƭǘǳǊŜŘ ǿƛǘƘƻǳǘ ƛƴŦƭǳŜƴŎŜ ƻŦ D.a ǎŜǊǾŜŘ ŀǎ ŎƻƴǘǊƻƭ. 

After the completion of the co-culture, the media supernatants were collected to 

evaluate the respective content using a membrane based assay, evaluating 105 

cytokines, chemokines and growth factors involved in immune response. A summary of 

the entire secretome is illustrated in Supplementary figure VI. 2- Appendix VI. 

A secretome example from co-ŎǳƭǘǳǊŜǎ ǿƘŜǊŜ ƳƛŎǊƻƎƭƛŀƭ ŎŜƭƭǎ /ŀǾмҌǾŜ ƛǎΣ /Ia9о Ψ/ŀǾм-

b¢ΩΣ  is shown in Figure 5.6-B and the secreted products with fold-change (FC) higher 

than 1.5 compared with microglia alone are represented in the (grey bars) of  Figure 5.6-

C. 
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Compared to CHME3 cells that were cultured without interference of GBM cells 

(Untreated), the CHME3 Cav1-NT / U87 co-cultured model showed a decrease in 

angiogenin, BDNF and uPAR and with an increase in CHI3L1, GDF-15, IL-8, IL-17A and 

OPN. The elevated presence of Serpin E1 (shown on the membrane only ς spot 9) was 

previously identified in Chapter 4 and it continuous to show elevated levels in this 

experiment (Figure 5.6 ς A and B) suggesting that microglia cells is the major contributor 

for this molecule. These factors can be released for both microglia and/or U87 cells. 

Other factors beyond those shown in Figure 5.6 did not show alterations (co-culture 

conditions vs CHME 3 alone) greater than 1.5-times, however, they are described in the 

Supplementary figure VI. 2-, in Appendix VI. 

The products released upon in co-culture of CHME3 Cav1-KO (Cav1-ve) and U87 cells are 

illustrated in Figure 5.7-B and the analytes with FC higher than 1.5 are represented in 

Figure 5.7-C. 

Figure 5.6 ς Secretome of CHME3 Cav1 NT under GBM co-culture. CHME3 Cav1 NT were co-cultured with 
U87 cells for 48 hours, using a Transwell system. Supernatant collected from cells without interference of 
the GBM was used as a control (Untreated). The supernatants were collected for downstream analysis. 
Mean pixel density graph of the analyte visible on the membrane and with fold-ŎƘŀƴƎŜ җ 1.5 times. N= 1 
experiment. 
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/ƻƳǇŀǊŜŘ ǘƻ /Ia9о Ψ/ŀǾм YhΩ ŎŜƭƭǎ ό/ŀǾм-ve) that were cultured alone (Untreated) 

ǿƛǘƘƻǳǘ ƛƴŦƭǳŜƴŎŜ ƻŦ D.a ŎŜƭƭǎΣ ǘƘŜ /Ia9о Ψ/ŀǾм YhΩ ƛƴ Ŏƻ-culture with U87 cell 

presented lower levels of Angionenin, BNDF, Dkk-1, IL-6, LIF, Pentraxin-3, TfR, TNF-ʰΣ 

PDGF-AA/BB, uPAR and VEGF. On the other hand, the co-culture upregulated the levels 

of CHI3L1, GDF-15, IL-8 and OPN. Additional factor not reaching a FC or 1.5 are presented 

in the Supplementary figure VI. 2- Appendix VI. 

The impact of Cav1 within the GBM environment was accessed by direct comparison 

ōŜǘǿŜŜƴ ǘƘŜ ǇǊƻŘǳŎǘǎ ƛŘŜƴǘƛŦƛŜŘ ƛƴ /Ia9о Ψ/ŀǾм b¢Ω κ ¦ут Ŏƻ-cultures (Figure 5.8-A) 

ŀƴŘ /Ia9о Ψ/ŀǾм YhΩ κ ¦ут Ŏƻ-cultures (Figure 5.8-B). The molecules with FC higher 

than 1.5 are represented in Figure 5.8-C. 

Figure 5.7 ς Secretome of CHME3 Cav1 KO under GBM co-culture. CHME3 Cav1 KO were co-cultured with 
U87 cells for 48 hours, using a transwell system. Supernatant collected from cells without interference of 
the GBM was used as a control (Untreated). The supernatants were collected for downstream analysis. 
Mean pixel density graph of the analyte visible on the membrane and with fold-ŎƘŀƴƎŜ җ 1.5 times. N=1 
experiment. 
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Where significant differences were seen, introduction of the Cav1 deletion (CHME3 

Cav1-KO) was in the main associated with reduced factors in the medium with reduced 

levels of angiogenin, cystatin C, Ftl-3 ligand, IGFBP-2, IL-4, IL-17A, IL-22, MIF, PDGF-AA 

and SDF-1 .h The only significant change in when Cav1-ve CHEM3 cells were associated 

with increased factor presence was for CHI3L1. It is still nevertheless not easily possible 

to identify the basis of such changes, the Cav1 depletion could have resulted in direct 

effects on the microglial cell secretome, altered the microglial responsiveness to GBM 

cells, and/or altered the paracrine milieu of the medium such that the secretome of the 

GBM cells changed. A summary of all secretome is illustrated in the Supplementary 

figure VI. 2- Appendix VI. 

 

  

Figure 5.8 ς Comparison of CHME3 Cav1 NT and CHME3 Cav1 KO under GBM co-culture. CHME3 Cav1 
NT and CHME3 Cav1 KO were co-cultured with U87 cells for 48 hours, using a transwell system. The 
supernatant was collected for downstream analysis. Mean pixel density graph of the analyte visible on the 
membrane and with fold-ŎƘŀƴƎŜ җ 1.5 times. N= 1 experiment. 
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5.4.4 Effect of CHME3 Cav1 phenotype on GBM proliferation.  

¢ƘŜ ƛƳǇŀŎǘ ƻŦ /ŀǾм ǿƛǘƘƛƴ ǘƘŜ D.a ŎŜƭƭ ƛǘǎŜƭŦ ǳǇƻƴ ǘƘŜ ŎŜƭƭΩǎ ƛƴǾŀǎƛƻƴ ŀƴŘ ƳƛƎǊŀǘƛƻƴ Ƙŀǎ  

previously been studied in our lab using shRNA techniques and CRISPR cell lines created 

during the project the work showed Cav1 promotes the GBM cell invasion (Moriconi 

2019). The aim of this part of the chapter is to investigate the role of Cav1 in microglial 

cells and the impact upon tumour progression, addressing features as tumour 

proliferation, migration, and invasion.  

In order to investigate the impact of the Cav1 status in GBM cell proliferation, GBM cells 

were co-ŎǳƭǘǳǊŜŘ ǿƛǘƘ /Ia9о Ψ/ŀǾм b¢Ω ό/ŀǾм ҌǾŜύ ƻǊ /Ia9о Ψ/ŀǾм YhΩΣ ό/av1 -ve) using 

the Transwell system (0.4 µm pores; 48 hours) that allows paracrine signals from both 

populations to regulate each other; again no direct cell-cell contact. After the 

incubation, GBM cells and microglia cells were trypsinized and counted.  

Figure 5.9 ς Impact of CHME3 CC on tumour proliferation. 150,000 cells of CHME3 Cav1 NT (red) or 
CHME3 Cav1 KO (green), or each GBM cell line (black) were seeded into a 6-well plate, each GBM cell line 
tested was seeded into an insert, left to adhere for 24 hours. On the following day, the insert was placed 
together with microglia and tumour cells, allowing to be in CC for an additional 48 hours. After that, the 
cells were detached and counted using the /ƻǳƴǘŜǎǎϰ LL C[ !ǳǘƻƳŀǘŜŘ /Ŝƭƭ /ƻǳƴǘŜǊ. Values represent the 
mean ± SEM of 4 individual experiments. *: p<0.05; **: p>0.01 when compared to GBM CC GBM, Kruskal-
Wallis, Dunn's multiple comparisons test. 
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The impact of microglial cells on GBM proliferation was variable and GBM cell line 

dependent (Figure 5.9ύ Lƴ ¦ут ŎŜƭƭǎΣ /Ia9о Ψ/ŀǾм b¢Ω ό/ŀǾмҌǾŜύ ǎƭƛƎƘǘƭȅ ƛƴŘǳŎŜŘ ǘƘŜ 

ǇǊƻƭƛŦŜǊŀǘƛƻƴΣ ǿƘŜǊŜŀǎ ǘƘŜ /Ia9о Ψ/ŀǾм YhΩ ό/ŀǾм-ve) decreased U87 proliferation. For 

the UP007 cells, co-culture stimulated the proliferation, independently of microglia Cav1 

status although the Cav1+ve microglia showed more of an effect (p<0.01). In UP029 

cells, the presence of microglia cells slowed down the proliferation again irrespective of 

microglia Cav1 status but with the CHME3 Cav1+ve cells resulting in a greater the 

decrease in GBM proliferation (p<0.05).  

 

5.4.5 Effect of CHME3 Cav1 phenotype on GBM migration. 

The migration was assessed using the Transwell system (pore size 8 µm) within which 

the migration of GBM cells, U87, UP007 and UP029 was examined. These GBM cells 

having previously been by co-cultured in a separate Transwell system (0.4 µm pores; 48 

hours) with the CHME3 cells, either Cav1+ve or Cav1-ve.  Following completion of the 

latter incubation, the GBM cells were detached and used directly for the migration 

assay.  
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Figure 5.10 ς Impact of CHME3 CC on tumour migration. 150,000 cells of CHME3 Cav1 NT (red) or CHME3 
Cav1 KO (green), or GBM cell line (black) was seeded into a 6-well plate, each GBM cell line tested was 
seeded into an insert and left to adhere for 24 hours. On the following day, the insert was placed together 
with microglia and tumour cells and allowed to be in CC for an additional 48 hours. After that, the cells 
were collected and used into another Transwell system and left to migrate for an additional 16 hours. In 
the end, the number of cells that crossed the membrane was counted. Values represent the mean of cells 
± SEM of 4 individual experiments. 
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Figure 5.10 shows the results, with little to no differences in GBM migration observed 

between the GBM cells alone and the respective GBM line when co-cultured with 

CHME3, either Cav1+ve or Cav1-ve phenotypes  

 

5.4.6 Effect of CHME3 Cav1 phenotype on GBM invasion  

While the focus on was determining the role of microglial Cav1 status upon GBM cell 

invasion some initial pilot studies were undertaken comparing the impact of Cav1 

knockout within the GBM cell itself. This pilot work was part of a collaboration within 

the laboratory (C,. Neto ς CRISPR-Cas9 technology).  

 

Figure 5.11 ς Impact of Cav1 upon GBM spheroid invasion. Representative pictures of U87, UP007 and 
UP029 Cav1 NT and Cav1 KO invasion at Day 0 and 3. GBM cells were seeded into a 96-well plate, ULA and 
round bottom, and left to form a sphere for 4 days. After sphere formation, at day 0 in invasion, the formed 
spheres were embedded in Matrigel and left to invade for further 3 days. N=3 experiments. Scale bar: 200 
µM. 
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As can be seen from the Matrigel 3D spheroid invasion, the deletion of Cav1 in the GBM 

cell lines results in a uniform reduction in GBM cell invasion (Figure 5.11) indicative that 

Cav1 is a regulator of GBM cell invasion.  More relevant to the question under study, the 

three GBM cell lines presented different extents and patterns of invasion with U87 

showing the most profound and being most responsive the loss of Cav1. As a result, the 

cell line U87 was the main focus in the combined microglia ς GBM cell invasion assay. 

Indeed, attempts include UP007 and UP029 cells were undertaken however, the ability 

for these cells to mount a sustained and reproducible invasion response in the model 

was poor.   

CƻŎǳǎƛƴƎ ƻƴ ǘƘŜ ƛƳǇŀŎǘ ƻŦ /Ia9о Ψ/ŀǾм b¢Ω ŀƴŘ /Ia9о Ψ/ŀǾм YhΩΣ ǳǇƻƴ ¦ут ƛƴǾŀǎƛƻƴΣ 

the spheres were formed with a ratio of 500:500. (GBM to CHME3). Astrocytes were 

used as a control (in combination with the GBM cells). Prior to the sphere formation, 

cells were differentially labelled with Vybrant dyes (DiO-green-U87, DiI-orange/red-

astrocytes and DiD-red-CHME3) as described in 2.12 ς Cellular co-cultures ς VybrantTM 

dyes, to distinguish the different populations within the sphere. Thereafter, cells were 

cultured in close contact in suspension for 4 days during the sphere formation, then 

embedded into Matrigel (Day 0) and cultured within this matrix for a further 3 days to 

study the invasion. Pictures were taken in a brightfield microscope, as well as an 

epifluorescence microscope.  

 

 

 

 

 

 

 

 

 



Chapter 5 ς GBM Environment and CHME3 Cav1 knockout 

126 

 

Shown in Figure 5.12, is the day 0 (Matrigel) and Day 3 (Matrigel) bright-field and 

fluorescent images for spheroid invasion. When cultured together with the U87 cells, 

the astrocytes and microglia cells displayed different spatial patterns within the sphere: 

astrocytes within the spheres showed a much more uniformly distributed pattern (Day 

0, U87+Astrocyte), whereas CHME3 cells, independently of Cav1 status, displayed (day 

0) a much more localised pattern tending to group together in one section of the sphere.  

The extent of invasion was analysed using the macro, INSIDIA run in ImageJ and the 

results are illustrated in Figure 5.13. 

 

 

Figure 5.12 ς Impact of microglia upon U87 invasion. Representative pictures of U87 invasion in CC with 
CHME3 Cav1 NT and CHME3 Cav1 KO. U87 cells cultured alone or cultured with astrocytes were used as a 
control. Prior to the sphere formation, cells were labelled with different DiO (U87-green), DiI (astrocytes-
orange/red) and DID (CHME3-red). The spheres were formed in a ratio of 1:1, for 4 days. After sphere 
formation, around half of the media was replaced for Matrigel in a final concentration of 4 mg/ml and left 
to invade for an additional 3 days. N= 4 independent experiments. Scale bar: 500 µM. 
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The spheroid co-culture of CHME3 cell with U87, whether the CHME3 cells expressed 

Cav1 (CHME3-NT) or lacked expression (CHME3-KO) made no difference.   

Since microglia cells (CHME3 at least) under the conditions of this experiment did not 

attenuate or promote the invasion of U87 (irrespective of Cav1 status in the microglia) 

the distribution of CHME3 to have migrated throughout the U87 and astrocyte spheroids 

was assessed using lightsheet microscopy at the end of each invasion assay. Lightsheet 

microscopy allows high resolution image acquisition to much greater depths within large 

complex structures; the size of spheres was ca. 250 µm, at day 0 of invasion, and had 

increased ca. 1500 µm by the end of day 3.  
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Figure 5.13 ς Spheroid invasion analysis of U87 cell in CC with Astrocytes and CHME3. Area of invasion 
was calculated using the INSIDIA macro, and it was normalized based on the size of the core at day 0. Bars 
represent the mean ± SEM. N= 4 independent experiments.  
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Images from the lightsheet microscope (Figure 5.14), shows extensive U87 invasion 

(Green) when spheres comprised U87 cells alone. Spheres constructed from either 

¦утκŀǎǘǊƻŎȅǘŜǎΣ ¦утκ/Ia9о Ψ/ŀǾм b¢Ω ƻǊ ¦утκ/Ia9о Ψ/ŀǾм YhΩ ŀƭƭ ǎƘƻǿŜŘ ŀ ǎƭƛƎƘǘƭȅ 

reduced but similar GBM invasion amongst these three experimental arms. Significantly, 

ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ /Ia9о Ψ/ŀǾм b¢Ω ŎŜƭƭǎ ǿŜǊŜ ŘƛǎǇƭŀȅŜŘ ŀ ƳǳŎƘ ƳƻǊŜ ǳƴƛŦƻǊƳ ŘƛǎǘǊƛōǳǘŜŘ 

ŀƳƻƴƎǎǘ ǘƘŜ ¦ут ǎǇƘŜǊƻƛŘΣ ǿƘŜǊŜ ǎƻƳŜ ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ /Ia9о Ψ/ŀǾм b¢Ω ŎŜƭƭǎ ǿŜǊŜ 

invadiƴƎ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘǳƳƻǳǊ ŎŜƭƭǎΦ Lƴ ŎƻƴǘǊŀǎǘ ǘƘŜ /Ia9о Ψ/ŀǾм YhΩ ŎŜƭƭǎ ǎŜŜƳŜŘ less 

mobile with a significant proportion of the cells remaining after Day 3 at the initial 

location at day; this indicates Cav1 in the CHME3 cells has some role in their migration 

Figure 5.14 ς Impact of microglia upon U87 invasion at day 3. Representative pictures of lightsheet hyper 
stack of U87 invasion in CC with CHME3 Cav1 NT and CHME3 Cav1 KO and Day 3 of invasion. U87 cells 
alone and astrocytes were used as a control. Prior to the sphere formation, cells were labelled with 
different DiO (U87-green), DiI (astrocytes-orange/red) and DID (CHME3-red). The spheres were formed in 
a ratio 1:1, for 4 days. After sphere formation, around half of the media was replaced with Matrigel in a 
final concentration of 4 mg/ml and left to invade for an additional 3 days. After the third day of invasion, 
the spheres were collected, embedded in agarose, and imaged using Zeiss Lightsheet Z.1 microscope, 10X 
detection objective. 
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and invasion. Indeed this is in agreement with differential migration of these cells in 

earlier Transwell experiments (Figure 5.2ς this chapter).  

We next explored how the CHME3 cells interacting with U87 within a spheroid model 

impacted upon the U87 cells to invade into another spheroid composed entirely of non 

-ǘǳƳƻǳǊ ŀǎǘǊƻŎȅǘŜǎ ƛƴ ǿƘŀǘ ƛǎ ǎƻƳŜǘƛƳŜǎ ƪƴƻǿƴ ŀǎ ŀ ΨŎƻƴŦǊƻƴǘŀǘƛƻƴ ŀǎǎŀȅΩΦ /ƻƳōƛƴŀǘƛƻƴ 

spheroids were formed with; U87/astrocytes; U87/CHME3-NT; U87/CHME3-KO. 

Separate single lineage cell spheroids were formed from U87 and astrocytes. Various 

combinations of spheres were placed together under floating (suspension) conditions 

ŀƴŘ ŀƭƭƻǿŜŘ ǘƻ ŀǎǎƻŎƛŀǘŜΦ ¢ƻ ƳƛƳƛŎ ŀ ΨōǊŀƛƴ ǘƛǎǎǳŜΩ ς a simplistic model the single lineage 

cell astrocyte spheroid was labelled RED, and used in a confrontation assay with the 

other combinations. Spheres were formed for 4 days, placed together in pairs and left 

to interact for an additional 4 days. Images were taken by brightfield and 

epifluorescence microscopy at day 0 and at day 4. One pair of spheres for each 

combination was further investigated using lightsheet microscopy in order to access in 

some depth the spheroids.  

Figure 5.15 ς Impact of CHME3 upon U87 invasion. U87 (green), astrocytes (red), CHME3 Cav1 NT and 
CHME3 Cav1 KO (orange/red) were pre-labelled to form spheroids (ratio of 500:500) for 4 days. Spheroids 
composed by 20,000 astrocytes were made at the same time. At day 0, one tumoral spheroid and one non-
tumoral spheroid were placed together inside the same well and followed for an additional 4 days. Scale 
bar: 500 µm. N= 2 experiments. 
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As seen in the Figure 5.15, all sphere combinations (exclusively U87 alone, 

¦утκŀǎǘǊƻŎȅǘŜǎΣ ¦утκ/Ia9о Ψ/ŀǾм b¢Ω ŀƴŘ ¦утκ /Ia9о Ψ/ŀǾм YhΩ ǎƘƻǿŜŘ ƛƴǘŜǊŀŎǘƛƻƴ 

in this suspension-based confrontation assay. Additional images were collected using 

the lightsheet microscope. 

 

Looking into the spheres, it was possible to see that tumour cells (green) and astrocytes 

(red) were able to migrate into the opposite sphere, at the end of 4 days of incubation. 

It seems that the presence of immune cells did not affect the behaviour of the tumour 

cells, independently of Cav1 status.   

 

  

Figure 5.16 ς Impact of CHME3 upon U87 invasion (Green) into Astrocyte only spheroids (RED). Z-stack 
of spheroid interaction and invasion at day 4, fusing lightsheet microscopy technique.  
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 Discussion 

Tumours are composed by tumour and non-tumour cells that will be involved in co-

regulation. This creates a unique tumour immune microenvironment able to modify and 

control the tumour behaviour and modify the tumour response to therapy. Biopsies of 

GBM tumour show high infiltration of both microglial and macrophages populations. In 

brain tumours the number of immune cells increases with tumour grade and can 

comprise up to half of the GBM tumour mass (Ransohoff and Cardona 2010).  

Microglia and blood-derived macrophages can be distinguished via genetic lineage 

tracing since they arise from different populations during embryogenesis. How these 

two myeloid populations contribute to tumour progression is not well understood, but 

it seems likely that they have different functions in the tumour context since differences 

at chemokine and cytokine production, and in antigen presentation have been identified 

between microglia and macrophages (Rita et al. 2020). Microglial cells will be the first 

immune cells to interact with the brain tumour during the initial steps of development. 

Macrophages, as well as other immune cells, are attracted to the tumour during its 

progression when the BBB integrity is compromised. Understanding the role and key 

mechanisms that modulate the microglia and/or macrophage immune populations in a 

tumour environment may be crucial to discovering new targets and treatments for GBM.  

Microglia cells are a slowly proliferating population under homeostasis conditions, but 

upon activation, they are able to increase their rate of proliferation significantly (Réu et 

al. 2017; Askew et al. 2017; Graeber, Scheithauer, and Kreutzberg 2002). Microglia can 

arrive to the tumour environment through their capacity to respond to a stimulus, 

migrate and increase their proliferative capacity once activated. CHME3 microglial cells 

are a highly proliferative cell line due to the immortalization process (Janabi et al. 1995), 

which as discussed may have implications in relating the CHME3 phenotype to the 

primary in-vivo cell.  

In studying the impact of GBM upon microglia (CHME3) proliferation and migration we 

observed a reduction in microglial proliferative and migration rate, opposite to the initial 

ŜȄǇŜŎǘŀǘƛƻƴ ǿƘŜǊŜǳǇƻƴ ŀ ΨǘǳƳƻǳǊ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘΩ ƳƛƎƘǘ ŀŎǘƛǾŀǘŜ ǘƘŜǎŜ ŎŜƭƭǎΦ 

However, during the earlier stages of glioma tumorigenesis, high levels of TGF-ʲ ŀǊŜ 
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reported and are associated with downregulation of immune cell proliferation and 

migration via inhibition of cell-cycle progression and stimulation of apoptosis (Joseph et 

al. 2013), TGF-ʲ ǿŀǎ ǳǇǊŜƎǳƭŀǘŜŘ ƛƴ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘ ŎǊŜŀǘŜŘ ōȅ Ŏƻ-culture of CHME3 

with GBM cell lines.  

Literature evidence indicates that the factors released by microglia are able to promote 

glioma proliferation, migration and invasion (Platten et al. 2003; Watters et al. 2005; 

Charles et al. 2011). In our co-culture experiments we no consistent effect of the CHME3 

cells upon the proliferation of the GBM cell lines, with U87 and UP007 proliferation 

increased and UP029 reduced. This is perhaps not surprising given the genetic 

heterogeneity of GBM cell lines. Similarly, a consistent effect of CHME3 co-culture upon 

GBM cell migration response was not observed. Clearly the model was a simplistic one 

and comprised only a short duration (48 hours) of co-culture that may be insufficient 

ƎŜƴŜǊŀǘŜ ŀ ǊŜƭƛŀōƭŜ ΨǘǳƳƻǳǊ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘΩΦ 

Cav1 is involved in cellular proliferation, migration and invasion (Razani, Woodman, and 

Lisanti 2002; Goetz et al. 2008). In microglia cells, Cav1 is correlated with actin 

regulation, and the disruption on actin dynamics can disturb the proliferation (Moreno-

Vicente et al. 2018; Uhlemann et al. 2016). The role of Cav1 in proliferation in microglia 

has not previously been explored, however, it is likely to be cell line dependent. For 

example, the expression of Cav1 in HEK293T cells promotes the proliferation (Torres et 

al. 2006), and in fibroblasts, its loss accelerates the proliferation and cooperates in 

oncogenic transformation (Cerezo et al. 2009). CHME3 cells express high levels of Cav1, 

possibly due the SV40 large T antigen transformation (Stergiou et al. 2013). The deletion 

of Cav1 in these cells (CHME3-Cav1 KO) decreased their overall proliferation compared 

with Cav1+ve CHME3 cells (CHME3-Cav1 NT).  

Regarding the migration, Cav1 seems to promote the migration of the CHME3 microglia 

with the Cav1+ve CHME3 cells showing an almost 2-fold greater migration capacity 

(Transwell). The impact of the Cav1 phenotype in the CHME3 did not however, impact 

GBM cell migration during the con-culture experiments.   

Microglia and macrophages constitute a significant proportion of the GBM tumour. 

These immune cells in communication with the tumour cells and vice versa, will result 
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in variety of growth factors, chemokines and cytokines released into the cellular 

environment. Tumour cells can secrete cytokines as IL-6, IL-10, IL-4 and TGF-  ̡cytokines, 

whose immunosuppressive properties may favour the anti-tumour immune response of 

microglia to dominate and thereby favour a pro-tumoral environment (Constam et al. 

1992).  

The microglia phenotype is a balance between pro-inflammatory and anti-inflammatory 

status, and due to the plasticity of these cells, they can change their transcriptome and 

secretome depending on the pressure created by the environment. In studies that 

explored the factors release into the co-culture environments, we found the STAT1, 

STAT6 and NF-■B showed an overall decrease in the co-cultured GBM / microglial 

environment, indicative of a general downregulation of pro-inflammatory and anti-

inflammatory pathways. STAT3 analysis presented a decrease upon in the U87 

cocultures but a slight increase with UP007 and UP029 cells, suggesting that STAT3 

pathway has a role for microglia to react to tumour environment. Ellert-Miklaszewska 

and colleges showed that signals from glioma cells fail to activate pro-inflammatory 

STAT1 and NF-■B in rat microglia cells, inducing ERK and p38 MAPK signalling (Ellert-

Miklaszewska et al. 2013). In CHME3 co-culture with astrocytes we observed a  

downregulation in the anti-inflammatory pathways while maintaining similar levels of 

pro-inflammatory pathways, suggestive of the normal cell interactions between 

microglia and astrocytes, that tightly regulate the immune population (Chhor et al. 

2013).  

The upregulation of TNF-  hand TGF-ʲ are described in the literature in the GBM context, 

being associated with tumour progression (Lisi et al. 2014). Nijaguna et al. treated 

microglia cells with conditioned media from different GBM cell lines, for 24 hours, and 

showed a downregulation of CXCL10 and TNF-ʰΣ ŀƴŘ ŀƴ ǳǇǊŜƎǳƭŀǘƛƻƴ ƻŦ L[-1R and 

CD204, suggesting a pro-tumoral phenotype supported by microglia cells. However, 

many of the classical inflammatory-related genes and signalling pathways failed to be 

induced (Nijaguna et al. 2015).  

The cytokine array analysis provided information on the factors secreted by the 

combined co-cultures of microglia anŘ ǘǳƳƻǳǊ ŎŜƭƭǎΣ ƳƛƳƛŎƪƛƴƎ ŀ ǎƛƳǇƭŜ ΨΩǘǳƳƻǳǊ 

environment, and compared with an environment comprised only by microglia cells. 
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Missing is the environment created only by the GBM. Nevertheless, based on these 

preliminary results, ǘƘŜ ΨǘǳƳƻǳǊΩ ƳƛƭƛŜǳ ŎǊŜŀǘŜŘ ōy CHME3 and U87 cells in this system 

appeared to suppress angiogenin, BDNF, and uPAR, and promoted CHI3L1, GDF-15, IL-

8, IL-17A and OPN. The angiogenic protein, angiogenin is implicated in glioma 

angiogenesis and increased malignancy (Skog et al. 2008) and together with uPAR, is 

involved in migration and invasion, (Yamamoto et al. 1994; Veeravalli et al. 2010). The 

decrease in their levels, could be correlated with the initial response of microglia cells 

to the tumour environment. However, to explore this observation, longer periods of co-

culture should be performed. A reduction in the BDNF was observed, a protein is 

involved in neuroprotection in healthy brain (Branchi, Francia, and Alleva 2004) and in 

the reduction of intracranial glioma growth in brain tumour (Garofalo et al. 2015). The 

remaining analytes (CHI3L1, GDF-15, IL-8, IL-17A and OPN) oversecreted in the tumour 

immune environment are described in the literature and are connected with tumour 

proliferation, invasion and progression (Ku et al. 2011; Wurm et al. 2019; Roth et al. 

2010; De La Iglesia et al. 2008; Yeung et al. 2013; Khan et al. 2017; Wei et al. 2019). The 

environment created by CHME3 and U878 cells is suggestive to favour the tumour 

progression.  

Regarding the effect of Cav1 in microglia cells upon the tumour environment, to the best 

of our knowledge, this study was the first one conducted. The Cav1 levels in microglia 

cells slightly decreased in co-culture with GBM cells as well as in co-culture with 

astrocytes. If the environment created by astrocytes can immuno-regulate the microglia 

(Perry and Teeling 2013; Deczkowska, Amit, and Schwartz 2018), Cav1 may be involved 

in this process, suggesting that tumour cells may regulate the microglia via Cav1.  

The impact of Cav1 in GBM cells was previously thoroughly investigated in our lab by 

Chiara Moriconi (Moriconi 2019). Cav1 is involved in GBM cell invasion and is correlated 

with a poor prognosis (Pu et al. 2019; Moriconi 2019). During this project, clones of 

CRISPR-Cas9 Cav1 KO were created for all GBM and microglia cell lines presented in our 

laboratory. Using a 3D spheroid invasion assay, it was confirmed that Cav1 promotes the 

invasion of GBM cells. But focusing on the main objective of the project, the invasion 

studies targeted the impact of microglia in 3D tumour invasion, taking into consideration 

the microglial Cav1 status. The 3D invasion investigated the capacity to invade a matrix 
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and to invade a mass composed by normal cells (astrocytes). In both cases, microglia 

seem to have no impact on the invasion, independently of Cav1 status. It is important 

to highlight that microglia cells (CHME3) trended to position themselves in clusters 

inside the spheroid, not creating a homogeneous population with tumour cells as 

occurred with astrocytes cells. However, Cav1 in microglia cells seems to promote their 

movement inside the tumour, increasing the tendency to invade and/or migrate along 

with tumour cells.  

In summary, CHME3 microglia cells, independently of Cav1 status, failed to influence 

migration and 3D tumour invasion. The loss of Cav1 in CHME3, decreases the mobility 

of microglia in tumour spheroids. GBM cells supressed the activation of microglia. In 

CHME3, Cav1 promotes the response of TNF-  hand TGF-ʲ ǘƻ ǘƘŜ ǘǳƳƻǳǊ ŜƴǾƛǊƻƴƳŜƴǘ. 

.   
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 Introduction 

Technical advances over the last decade allowed the development of highly efficient 

protocols to derive human microglia from undifferentiated cells, like HSC, ESC, or iPSC. 

These protocols not only generate precious cells to study a diverse range of neurological 

diseases, which overcomes the problems related with difficulties to access the human 

material, but also provide a big platform to study several genes involved in cell 

development, differentiation and maturation. Moreover, these techniques make 

genetic engineering of genes feasible, perhaps in microglial cells, allowing to understand 

ǘƘŜƛǊ ŦǳƴŎǘƛƻƴ ƛƴ ƘǳƳŀƴ ƴŜǳǊƻŘŜƎŜƴŜǊŀǘƛǾŜ ŘƛǎŜŀǎŜǎΣ ƭƛƪŜ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ (Abud et 

al. 2017)Σ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜǎ (Haenseler et al. 2017), other 

neurological injuries, like stroke spinal and cord injuries (Nagoshi and Okano 2018), and 

brain cancer (Stricker et al. 2013).  

Cav1, which forms the caveolae, is involved in several cellular processes as vesicular 

transport, cell migration, cell proliferation, cell transformation and signal transduction 

(Niesman et al. 2013). These are important functions that can impact the normal 

microglia function, particularly regulating the activation and inactivation, controlling 

morphological and biochemical changes. Cav1 was previously identified in microglial 

cells from mouse cell lines in BV2 cells (Blasi et al. 1990), mouse models (Niesman et al. 

2013), and human cell lines in CHME3 cells (Portugal et al. 2017). The role of Cav1 on 

microglia development is an avenue to be explored. Nevertheless, Fu et al. highlighted 

the importance of this protein on monocyte to macrophages differentiation through the 

regulation of EGR-1 transcriptional activity (Y. Y. Fu et al. 2012). On the other hand, 

downregulation of Cav1 in monocytes/macrophages was correlated with psoriasis, a 

chronic immune-mediated inflammatory skin disease (Takamura et al. 2019) and 

associated with the restoration of pro-inflammatory phenotype in GBMs, increasing the 

levels of TNF-  h(Shimato et al. 2013). Niesman and colleagues studied the function of 

Cav1 and they observed an increase of the protein levels upon microglial activation 

(Niesman et al. 2013).  Understanding the role of Cav1 in a specific context or disease, 

namely in the tumour environment, requires knowledge about their function during 

homeostasis and their function under physiological and healthy conditions. 
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 Aim 

The aim of this chapter is to generate human microglia cells from iPSC and explore the 

role of Cav1 in these cells on differentiation, maturation, activation, and phagocytosis. 

Kolf2 Cav1 NT and Kolf2 Cav1 KO were used to differentiate microglial cells in order to 

study the impact of Cav1 on activation, secretome, transcriptomic profile and on 

phagocytosis. 

 

 Methods 

6.3.1 General methods 

The iPSC Kolf2 Cav1 NT and KOLF2 Cav1 KO were used in this chapter. These cells were 

cultured and differentiated following the protocols described in Chapter 2, section 2.2 - 

Cell culture maintenance and summarised in Figure 6.1. At least three different clones 

of Cav1 NT and KO were used during the experiments.  

Figure 6.1 ς Differentiation protocol of iPSC-derived microglia. iPSC cells were maintained in culture using 
E8 Flex medium. At day 0, EBs are forming using hanging-drop technique for 24 hours and kept in culture 
in mTeSR medium supplemented with 50 ng/ml of BMP4, 50 ng/ml of VEGF and 20 ng/ml of SCF for 7 days, 
for the mesodermal induction and differentiation. At day 7, the EBs are transferred into a matrigel-coated 
flask and cultured in X-VIVO 15 supplemented with 25 ng/ml of IL-3 and 100 ng/ml of M-CSF, for 14 days. 
At day 21, microglial progenitors were floating, and some cells were tested for CD45, CD11b and CD34 by 
FACs. The remaining cells were seeded into fibronectin-coated plates for further differentiation into 
microglial cells using X-VIVO 15 supplemented with 100 ng/ml of IL-34 and 10 ng/ml of GM-CSF, for an 
additional 14 days. At day 35 microglial cells were allowed to rest for 5 days in X-VIVO 15 media 
supplemented with N2. At day 40, IBA1 and TMEM119 microglial markers were evaluated by IF and the 
cells were used for further experiments. rh: recombinant human. 
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During the process of microglial differentiation, the microglial precursors were studied 

by FACs, using the protocol described in 2.3 - aƛŎǊƻƎƭƛŀ ǇǊƻƎŜƴƛǘƻǊΩǎ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ōȅ 

FACs. The microglia markers IBA1 and TMEM119, as well as Cav1 were analysed by IF as 

described in section 2.4 - Immunofluorescence Staining. Microglial cells were polarized 

towards a pro- or anti-inflammatory phenotype following the protocol of stimulation 2.5 

- Microglia and Macrophages polarization. Non-stimulated cells were used as a control. 

Cav1 protein levels were studied by WB and qRT-PCR, following the protocol 2.8 ς

Western Blot and 2.7 - qRT-PCR, respectively. To understand the role of Cav1 upon 

activation of iPSC-MG cells, after polarization, a panel of immune-related genes were 

studied by qRT-PCR (2.7 - qRT-PCR) and the soluble factors secreted into the media by 

these cells were examined by cytokine array (2.10 - Cytokine array). The transcriptomic 

profile was analysed by RNA-seq. Finally, to study the phagocytosis ability, the protocol 

described in 2.9 - Phagocytosis assay was used. 

6.3.2 RNA-seq 

For the RNA-Seq library construction, after differentiation, iPSC-MG Cav1 NT and iPSC-

Cav1 KO were stimulated towards a pro-inflammatory and anti-inflammatory 

phenotype. Unstimulated cells were used as a control. After 48 hours of stimulation, 

cells were washed three times with PBS, followed by RNA extraction using AllPrep 

5b!κwb!κtǊƻǘŜƛƴ aƛƴƛ YƛǘΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŜƭƛƴŜǎΦ wb! ǉǳŀƴǘƛǘȅ ǿŀǎ 

ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ vǳōƛǘϰ wb! I{ !ǎǎŀȅ YƛǘΣ ǿith Qubit 4 fluorometer, following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴΦ wb! ƛƴǘŜƎǊƛǘȅ ƴǳƳōŜǊ όwLbύ ǿŀǎ ƳŜŀǎǳǊŜŘ ŦƻǊ ŀƭƭ ǎŀƳǇƭŜǎ 

using the Bioanalzyer Agilent 2100 series.  

The library preparation, RNA-sequencing, alignment, quality controls and data 

processing was conducted by Wales Gene Park. All libraries analysed were generated 

from RNA samples with RIN score җ 9. 100 ng of isolated mRNA was used to construct 

RNA-seq libraries using NEB Ultra II directional RNA library prep kit. Libraries were 

sequenced on the Illumina HiSeq 4000 platform as paired-end 100 bp reads to obtain 20 

to 30 M of reads per sample following the workflow illustrated on Figure 6.2.  
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Sequenced reads were trimmed to remove adapter sequencer and poor-quality ends of 

reads. Trimming was performed using Trim Galore (version 0.6.4) with the default 

parameters in paired-end mode. The trimmed paired-end reads were aligned to the 

Figure 6.2 ς RNA-seq workflow.  
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GRCh38 no_alt_plus_hs38d1 analysis set reference using STAR (version 2.5.1b), an 

ultrafast universal RNA-seq aligner, following the 2-pass method (Dobin and Gingeras 

2015). STAR mapping was carried out using the MultimapNMax=1 flag, whereby reads 

that map to more than one genomic location are treated as being unmapped, in order 

to exclude them from downstream analysis. QC metrics were generated using FastQC 

(version 0.11.2), and the summary statistics were generated using Samtools (version 

0.1.19) flagstat.  

Raw counts were calculated for all samples for both exons and genes using Subread 

featureCounts (version 1.5.1) (Yang Liao, Smyth, and Shi 2014). The featureCounts was 

executed with the following parameters: 

¶ Gene-level: featureCounts -p -s 2 --donotsort -B -t "exon" -g "gene_id" -a 

GENCODE 

¶ Transcript-level: featureCounts -p -s 2 --donotsort -B -t "exon" -g "exon_id" -a 

GENCODE 

¶ Exon-level: featureCounts -p -s 2 --donotsort -B -t "exon" -g "transcript_id" -a 

GENCODE 

The counts were generated for paired-end read fragments summarized at the exon-level 

and then aggregated at the transcript-level. Read fragments overlapping more than one 

feature were excluded from the count summaries, in order to provide stringent, but 

robust count data. Transcript and exon locations used in the analysis derived from the 

GENCODE GRCh38.p10 comprehensive gene annotation. Differentially expressed genes 

(DE) were identified using a DEseq2 analysis (Love, Huber, and Anders 2014) on 

normalised count data. The resulting p-values were corrected for multiple testing and 

false discovery issues using the FDR method (Benjamini and Hochberg 1995). Gene 

Ontology (GO) over-representation analysis (ORA) was undertaken using the GOstats 

bioconductor library (Falcon, Falcon, and Gentleman 2007). The resultant data was 

corrected for multiple testing and false discovery using the FDR method. 

Further investigation using gene set enrichment analysis (GSEA) ς ORA, conducted in 

WebGestalt (WEB-based GEne SeT AnaLysis Toolkit), and Reactome was performed to 

explore and interpret the most relevant genes (Yuxing Liao et al. 2019; Jassal et al. 2020).   
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 Results 

6.4.1 Characterization of the microglial progenitors by FACs 

The microglial progenitors were differentiated from four individual clones of KOLF2 Cav1 

NT and four individual clones of KOLF2 Cav1 KO. The floating progenitors were collected 

from day 21 onwards, stained with CD34, CD45 and CD11b and analysed by FACs. 

Representative gates and histograms of iPSC-MG Cav1 NT and iPSC-MG Cav1 KO are 

shown in Figure 6.3. and Figure 6.4, respectively. 

Figure 6.3 ς CD34, CD45 and CD11b iPSC-derived microglial progenitors Cav1 NT population. 
Representative plots of FACs of iPSC-derived microglial progenitors Cav1 NT cells. Microglia progenitors 
were differentiated from 4 different clones of iPSC, where the floating cells were collected at day 21 or 
later and labelled with CD34 (PE-Cy7), CD45 (FITC) and CD11b (APC).  Isotypic controls (A, D, G) were used 
as negative control. The tested population is represented in B, E and H plots. The histograms for CD14, 
CD45 and CD11b are represented in C, F, and I, respectively. 

iPSC-MG Cav1 NT 

A B C 

D E F 

G H I
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As seen in Table 6.1, the deletion of Cav1 in KOLF2 cells did not impact the 

differentiation of microglial progenitors from iPSC. Both iPSC-MG Cav1 NT and iPSC-MG 

Cav1 KO presented a high enrichment of CD11b and CD45 markers. Gate B and 

histogram C, for both Figure 6.3. and Figure 6.4, show that, independently of Cav1 

status, these progenitors presented low levels of CD34, a HSC marker. Since it is possible 

to keep collecting microglial progenitors for differentiation from day 21 onwards in a 

Figure 6.4 ς CD34, CD45 and CD11b iPSC-derived microglial progenitors Cav1 KO population. 
Representative plots of FACs of iPSC-derived microglial progenitors Cav1 KO cells. Microglia progenitors 
were differentiated from 4 different clones of iPSC, where the floating cells were collected at day 21 or later 
and labelled with CD34 (PE-Cy7), CD45 (FITC) and CD11b (APC).  Isotypic controls (A, D, G) were used as 
negative control. The tested population is represented in B, E and H plots. The histograms for CD14, CD45 
and CD11b are represented on C, F, and I, respectively. 

iPSC-MG Cav1 KO 

A B C 

D E F 

G H I
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weekly basis, it was noticed that the number of CD45 and CD11b positive cells increased 

over time (data not shown), representing a more mature progenitor population in a 

longer period of time. Nevertheless, the first collected progenitors showed the lowest 

value of 84% of CD11b positive cells, which increased to 99.7% over time.  

Table 6.1 ς CD11b and CD45 positive population of iPSC-derived microglial progenitors of Cav1 NT and 
Cav1 KO cells. Results represent the mean ± SD % of the parental population. Results from the total of 8 
different clones (4 clones of Cav1 NT and 4 clones of Cav1 KO). N=3 independent experiments.  

 iPSC-MG Cav1 NT (%) iPSC-MG Cav1 KO (%) 

CD11b 93.53 ± 5.41 95.28 ± 4.15 

CD45 96.08 ± 4.74 96.18 ± 1.61 

CD11b and CD45 90.97 ± 8.16 93.17 ± 4.53 

 

6.4.2 Study of Cav1 in iPSC-derived microlgial cells  

The CRISPR-Cas9 Cav1 KO was performed on the KOLF2 level, which was investigated 

and discussed in Chapter 3. KOLF2 was previously engineered by the Nick Allen group in 

the safe harbour AAVS1 to express the mCherry tag. This cell line was used to perform 

the KO of Cav1 and respective controls. As expected, the differentiated cells are 

expressing mCherry, allowing to distinguish microglia cells from other cells in a co-

culture context.  

The study of Cav1 in differentiated microglial cells was futher investigated by WB, qRT-

PCR and IF. iPSC-MG Cav1 NT and iPCS-MG Cav1 KO were differentiated from the 

respective microglial progenitors for 14 days, with IL-34 and GM-CSF, and left to recover 

from the differentiation for an additional 5 days. To access the impact of the microglial 

activation on Cav1 expression, differentiated cells were activated towards a pro-

inflammatory phenotype with LPS and IFN-Ω or towards an anti-inflammatory 

phenotype with IL-4 and IL13, for 48 hours. The results obtained are summarized in 

Figure 6.5.  
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Initially the Cav1 expression was studied by WB. But due to the low expression of Cav1 

by microglia cells differentiated from KOLF2, the antibody was not sensitive enough to 

detect the protein expression (Figure 6.5 ς A). Even after pro-inflammatory or anti-

inflammatory activation, the Cav1 levels remained undetectable by WB. At mRNA levels, 

it was possible to identify low levels of Cav1 expression in iPSC-MG Cav1 NT cells in 

unstimulated cells, which trended to increase in pro-inflammatory phenotype and 

decrease in anti-inflammatory phenotype (Figure 6.5 ς B). By using IF, it was possible to 

detect Cav1 expression in Cav1 NT cells (Figure 6.5 ς C). Both iPSC-MG Cav1 NT and iPSC-

MG Cav1 KO cells expressed the mCherry tag. No Cav1 mRNA or protein was detected 

in iPSC-MG Cav1 KO cells. 

Figure 6.5 ς Cav1 expression in iPSC-derived microglia cells. Microglia cells were differentiated from 
microglial progenitors for 14 days, with IL-34 and GM-CSF, and allowed to rest for an additional 5, followed 
by stimulation with LPS and IFN-╢ or with IL-4 and IL-13 for further 48 hours. A ς Representative membranes 
from 2 clones of Cav1 NT and other 2 clones of Cav1 KO. GAPDH was used as an internal control. B ς Gene 
expression analysis by qRT-PCR. Bars represent the mean ± SEM of the total 8 clones analysed. C ς 
Representative images of the IF staining of Cav1. Cells were fixed, labelled with Cav1 antibody, and imaged 
by confocal microscopy. ND: not determined. Scale bar: 10 µm. 
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6.4.3 iPSC-MG expressed pan-microglial markers after Cav1 KO 

After collection of the microglial progenitors, iPSC Cav1 NT and iPSC Cav1 KO, the cells 

were further differentiated with IL-34 and GM-CSF for 14 days towards a final microglia 

phenotype. Cells were allowed to rest from the differentiation for an additional 5 days, 

fixed and stained with microglial markers IBA1 and TMEM119, as observed in Figure 6.6.  

 

Independently of Cav1 status, both iPSC-MG Cav1 NT and iPSC-MG Cav1 KO cells 

expressed the microglial markers IBA1 and TMEM119 by the end of the differentiation 

protocol. 

 

6.4.4 Impact of the differentiation process on iPSC-MG  

Since GM-CSF is a cytokine which is involved on the pro-inflammatory cascade and IL-34 

can lead to differentiation of immunosuppressive macrophages (Foucher et al. 2013), 

after 14 days of differentiation, iPSC-MG Cav1 NT and iPSC-MG Cav1 KO cells were left 

to rest from the differentiation procedure for an additional 5 days, without interference 

of IL-34 and GM-CSF. To study the possible effect of the differentiation on the microglial 

phenotype, cells freshly differentiated were used as a comparison. After differentiation, 

rested and non-rested cells were further polarized towards a pro-inflammatory or anti-

inflammatory phenotype and the gene expression was analysed by qRT-PCR.  

A. iPSC-MG Cav1 NT B. iPSC-MG Cav1 KO 

Figure 6.6 ς Microglial markers and Cav1 expression. Representative images of the immunofluorescence 
staining of TMEM119 and IBA1 of iPSC-MG Cav1 NT (A.) and iPSC-MG Cav1 KO cells (B.). Cells were fixed, 
labelled with different antibodies, and imaged by confocal microscopy. Scale bar: 10 µm. 
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It was possible to observe that cells freshly differentiated showed an ameboid 

morphology, with few and short ramified processes, independently of Cav1 status. The 

5 days of culture without the influence of IL-34 or GM-CSF, allows for a morphological 

adjustment, decreasing the cellular body size and increasing the quantity and size of the 

ramifications, as observed in Figure 6.7 (white arrow). 

In order to understand the impact of the differentiation process on the basal gene 

expression of the inflammatory-related markers, mRNA was extracted from cells 

immediately after differentiation and from cells which were allowed to rest for 5 days 

after differentiation. qRT-PCR was used to study of the pro-inflammatory genes, IL-1 ,̡ 

IL-6, IL-12, CXCL10 and TNF- ,h and the anti-inflammatory genes TGF- ,̡ IL-10, CCL22, 

CD200R, CD206 and CD163. The results are represented in Figure 6.8.  

 

Figure 6.7 ς Effect of the resting period on microglial morphology. Representative brightfield pictures of 
iPSC-MG Cav1 NT and iPSC-MG Cav1 KO immediately after 14 days of differentiation with IL-34 and GM-
CSF, following the same protocol, plus an additional 5 days of resting without interference of IL-34 or GM-
CSF factors. Microglia ramifications are signalized with white arrows. Scale bar: 500 µM.  
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Regarding the pro-inflammatory related genes, the resting period induced slightly the 

increased of IL-1ʲΣ ƛƴŘŜǇŜƴŘŜƴǘƭȅ ƻŦ /ŀǾм ǎǘŀǘǳǎΣ ŀƴŘ L[-12 and TNF-ʰΣ ƻƴƭȅ ƛƴ /ŀǾм b¢ 

cells. No other noticeable differences were registered for IL-6 and CXCL10. Concerning 

the anti-inflammatory profile, almost all the genes decreased their expression with the 

5 days of resting. Independently of Cav1 status, TGF-ʲΣ /5нллw ŀƴŘ /5нлс ǇǊŜǎŜƴǘŜŘ ŀ 

major transcriptional decreased, together with IL-10 that was less notorious. CCL22 

showed an increased in iPSC-MG Cav1 NT rested cells, however, iPSC-MG Cav1 KO rested 

cells decreased substantial their expression. CD163 Cav1 NT rested cells decreased the 

expression to an unnoticeable level, but the absence of Cav1 did not showed an impact 

on this gene.  

Studying the effect of this resting period could have on the polarization state of microglia 

cells, freshly differentiated and rested cells, Cav1 NT and Cav1 KO cells were further 

stimulated for 48 hours towards a pro-inflammatory or an anti-inflammatory 

phenotype, with LPS and IFN-Ω or with IL-4 and IL-13, respectively. After stimulation the 

Figure 6.8 ς Effect of the microglial differentiation process upon gene expression on unstimulated cells. 
iPSC-MG Cav1 NT (green) and iPSC-MG KO (pink) were differentiated from respective microglial precursors 
for 14 days. Freshly differentiated cells are represented as a full colour. Rested cells (gridded bars) were 
allowed to settle for additional 5 days. N= 1 experiment.  
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mRNA was extracted, the same genes panel was studied by qRT-PCR and are 

represented in Figure 6.9.  

 

The differentiation and maturation process of microglia involves the use of IL-34 and 

GM-CSF. These cytokines can be involved with inflammatory pathways and 

consequently interfere with the capacity of these cells to respond to new stimulus. 

Regarding the pro-inflammatory response represented in graphs A (iPSC-MG Cav1 NT) 

and C (iPSC-MG Cav1 KO) both populations, independently of Cav1 status, were able to 

increase the transcriptions of all pro-inflammatory makers analysed, after 48 hours of 

treatment with LPS and IFN-Ω. The resting period of 5 days led to a response less 

Figure 6.9 ς Effect of the microglial differentiation process upon gene expression on stimulated cells. 
iPSC-MG Cav1 NT (A, B) and iPSC-MG Cav1 KO (C, D) were differentiated from the respective microglial 
precursors for 14 days. Freshly differentiated cells (full colour bars) and Rested cells (gridded bars) were 
polarized towards a pro-inflammatory phenotype (pink bars) with LPS plus IFN-╢ or towards an anti-
inflammatory phenotype (green bars) with IL-4 plus IL-13, for 48 hours. N= 1 experiment. 
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exacerbated compared to fresh stimulated cells. The treatment with IL-4 and IL-13, did 

not impact the transcription of these markers in iPSC-MG Cav1 NT cells, however, cells 

where Cav1 was deleted (C) presented an induction of IL-1  ̡and CXCL10 with the anti-

inflammatory treatment.   

Focusing on the anti-inflammatory response, when iPSC-MG Cav1 NT (B) was stimulated 

with IL-4 and IL-13 (green bars), immediately after the differentiation, exhibited only a 

slightly increase of CCL22 and CD200R. However, when these cells rested for 5 days from 

the differentiation (green gridded bars), the gene expression of all the analysed anti-

inflammatory related markers was increased with the stimulation. It was observed an 

increase of TGF- ,̡ CCL22 and CD163 with treatment with LPS and IFN-Ω, as well.  

For the cells were Cav1 was deleted, specifically iPSC-MG Cav1 KO (D), the treatment 

with IL-4 and IL-13 only proportionated the increase of CD163 on cells stimulated right 

after the differentiation (green bars). However, similarly to Cav1 NT microglia cells, 

when iPSC-MG Cav1 KO were allowed to rest for 5 days from the differentiation (green 

gridded bars), they were able to respond to the stimulation, increasing the gene 

expression levels of CCL22, CD200R, CD206 and CD163, showing a better response to 

the anti-inflammatory stress compared to cells that did not rest from the differentiation. 

Regarding the LPS and IFN-Ω treatments (pink bars), it was observed an increase of TGF- 

 ̡and CCL22.  

Taking these results into consideration, for further experiments the cells were allowed 

to recover additional 5 days from the differentiation protocol, without the interference 

of IL-34 and GM-CSF, recognizing that the resting stage period allows the iPSC-derived 

microglia to respond to pro-inflammatory as well as anti-inflammatory stimulus, 

representing more accurately the recognized plasticity of this population.  
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6.4.5 Impact of Cav1 on pro-inflammatory and anti-inflammatory gene 

expression by qRT-PCR 

After identifying a protocol that was able to differentiate microglia from iPSC and 

allowed this population to respond to a pro-inflammatory and anti-inflammatory 

stimulus, 4 clones of KOLF2-AAVS1-mCherry-Cav1 NT and another 4 clones of KOLF2-

AAVS1-mCherry-Cav1 KO were used to fully understand the impact of Cav1 deletion on 

microglia cells upon treatment with LPS and IFN-Ω or IL-4 and IL-13, for 48 hours. The 

gene expression of the inflammatory-related genes was performed by qRT-PCR.  

 

As for the basal state, the inflammatory-gene levels expressed by iPSC-MG Cav1 NT and 

iPSC-MG Cav1 are illustrated in Figure 6.10. The cells demonstrated similar expressions 

of pro-inflammatory and anti-inflammatory markers, independently of Cav1 status, with 

the exception of TNF-ʰΣ ǿƘƛŎƘ ǎƘƻǿŜŘ ŀ ŘŜŎǊŜŀǎŜ ƻŦ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ǊƻǳƎƘƭȅ ǘƻ ƘŀƭŦ ǿƘŜƴ 

Cav1 was lost. Under basal conditions, iPSC-MG almost does not express IL-6, IL-12 and 

CXCL10. Nevertheless, it is important to highlight the higher levels of all anti-

inflammatory related genes, suggesting an intrinsic anti-inflammatory phenotype of 

these cells.  

Figure 6.10 ς Basal expression of the pro-inflammatory and anti-inflammatory related genes by iPSC-
MG Cav1 NT (dark grey) and iPSC-MG Cav1 KO cells (light grey). Both populations were differentiated 
from microglial progenitors, for 14 days with IL-34 and GM-CSF and allowed to rest for an additional 5 
days in medium without interference of any soluble factor. Bars represent the mean ± SEM of 4 clones for 
the two independent experiments. 
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The Figure 6.11 shows the expression of pro-inflammatory related genes after stimulus 

with LPS and IFN-Ω (pro-inflammatory) as well as IL-4 and IL-13 (anti-inflammatory). 

 

The pro-inflammatory activation, with LPS and IFN-Ω for 48 hours, significantly induced 

the gene expression of all pro-inflammatory related markers analysed (IL-1 ,̡ IL-6, IL-12, 

CXCL22 and TNF- )h in iPSC-MG Cav1 NT (dark grey bars) and in iPSC-MG Cav1 KO (light 

grey bars) populations. It is important to notice that the absence of Cav1 in these cells 

led to an exacerbated increase of their response (p<0.01). The treatment with IL-4 and 

IL-13 did not change the expression of the studied genes in both populations. 

Figure 6.11 ς Pro-inflammatory related genes by iPSC-MG Cav1 NT (dark grey) and iPSC-MG Cav1 KO 
cells (light grey). Both populations were differentiated from microglial progenitors, for 14 days with IL-34 
and GM-CSF and allowed to rest for an additional 5 days in medium without interference of any soluble 
factor, followed by stimulation with LPS and IFN-╢ for further 48 hours. Bars represent the mean ± SEM of 
4 clones for two independent experiments. **: p<0.01, ***: p<0.001, ****: p<0.0001, Sidak's multiple 
comparisons test. 
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Regarding the anti-inflammatory profile, the gene expression of CCL22, CD200R, TGF- ̡ , 

CD206, CD163 and IL-10 upon IL-4 and IL-13 (anti-inflammatory) as well as LPS and IFN-

Ω (pro-inflammatory) is illustrated in Figure 6.12.  

 

The treatment with anti-inflammatory cytokines, IL-4 and IL-13, induced significatively 

the expression of CCL22, CD206, CD200R and CD163, trending to increase the IL-10 

expression as well, independently of Cav1 status. However, the deletion of Cav1 trended 

to marginally decrease the mRNA levels of CCL22 and CD206 and to increase of CD163 

and IL-10. No alterations were observed for the expressions of CD200R and TGF-  ̡with 

the same treatment in both Cav1 NT and Cav1 KO microglial populations.  

The stimulation of microglia with pro-inflammatory mediators LPS and IFN-Ω can impact 

the expression of anti-inflammatory related genes. It was observed that the decrease or 

increase of expression depended directly on the studied gene but were independent of 

the status of Cav1. The expression of CD200R, CD206, CD163 and IL-10 (p<0.05) 

Figure 6.12 ς Anti-inflammatory related genes by iPSC-MG Cav1 NT (dark grey) and iPSC-MG Cav1 KO 
cells (light grey). Both populations were differentiated from microglial progenitors, for 14 days with IL-34 
and GM-CSF and allowed to rest for an additional 5 days in medium without interference of any soluble 
factor, followed by stimulation with IL-4 and IL-13 for further 48 hours. Bars represent the mean ± SEM of 
4 clones for two independent experiments. *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001, Sidak's 
multiple comparisons test. 
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decreased in the pro-inflammatory phenotype but increased for CCL22 and TGF-  ̡

(p<0.01).  

 

6.4.6 Impact of Cav1 on microglia activation by cytokine array 

In order to access which products can be released by iPSC-MG in the different 

phenotypes, as well as the impact that Cav1 could have on this performance, it was 

performed a cytokine array to evaluate 105 cytokines, growth factors or chemokines. 

Microglia differentiated from KOLF2 Cav1 NT and KOLF2 Cav1 KO cells was stimulated 

towards a pro-inflammatory state with LPS and IFN-Ω or towards an anti-inflammatory 

state with IL-4 and IL-13, for a period of 48 hours. Untreated cells were used as a control. 

A summary of the results for all secretome is illustrated in the Supplementary figure VI. 

2 ς Appendix VI. 

 

Figure 6.13 ς Representative membranes from the human cytokine array. iPSC-MG Cav1 NT and iPSC-
MG Cav1 KO was differentiated from KOLF2 cells, left to recover, and stimulated with LPS and IFN ╢ or IL-
4 and IL-13, for 48 hours. Non treated cells were used as control. The supernatants were collected, 
centrifuged, and incubated with membrane.  
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The Figure 6.14 represents the statistically significant products released by the iPSC-MG 

Cav1 NT cells, in response to a pro-inflammatory induction. 

 

The LPS and IFN-Ω treatment considerably induced the soluble forms of GM-CSF, GRO-

ʰΣ L[-6, CXCL10, I-TAC (CXCL11), MCP-3, MIG (CXCL9), MIP-мʰκʲ ό//[оκ//[пύΣ aLt-оʰ 

(CCL20), Rantes (CCL5), TNF-ʰ ŀƴŘ ǳt!wΣ ǿƘƛŎƘ ŀǊŜ ǊŜƭŀǘŜŘ ǿƛǘƘ ǇǊƻ-inflammatory 

response of microglia and macrophages. It was possible to notice an increase of the anti-

inflammatory related factors IL-4 and TARC (CCL17), as well as IL-2, which has essential 

roles on the differentiation of T-cells, and IL-18 BPa, which acts as a buffer for the 

inflammatory activation via IFN-Ω.  

The anti-inflammatory activation had no effect, or caused a slight increase, on the 

release of the factors mentioned previously. It is important to mention that the levels of 

IL-4 witnessed under the anti-inflammatory phenotype could be related with the IL-4 

added to the media to stimulate these cells.  

The Figure 6.15 shows the soluble factors that showed a significant alteration, or a fold 

change higher than 2-times, for the anti-inflammatory response by iPSC-MG Cav1 NT. 

Figure 6.14 ς Secreted products upon pro-inflammatory activation of iPSC-MG Cav1 NT cells. iPSC-MG 
Cav1 NT was differentiated from KOLF2 cells and stimulated with LPS and IFN-╢ or IL-4 and IL-13, for 48 
hours. Non-treated cells were used as control. The supernatants were collected, centrifuged, and 
incubated with membrane. Bars represent the mean ± SEM of 3 clones. *: p<0.05, **: p<0.01, ***: p<0.001 
when compared to untreated cells, multiple t-test. 
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Under an anti-inflammatory phenotype and compared to unstimulated cells, iPSC-MG 

boosted the anti-inflammatory related factors G-CSF, IL-1Ra, IL-19 (p=0.04) and TARC 

(CCL17), as well as the pro-inflammatory related factors Fas ligand (p=0.03), MIG (CXCL9) 

and MIP-мʰκʲ ό//[оκ//[пύΣ ŀƴŘ L[-5 which is involved in immune cell maturation. It is 

important to highlight that, except for the IL-19 response, the pro-inflammatory 

treatment induced similar response of these factors or even higher (MIG, MIP-мʰκʲ ŀƴŘ 

TARC).  

The impact of Cav1 on secretome of iPSC-MG under basal condition and upon pro-

inflammatory and anti-inflammatory phenotype is resumed as a fold of change in Table 

6.2.  

 

 

 

 

Figure 6.15 ς Secreted products upon anti-inflammatory activation of iPSC-MG Cav1 NT cells. iPSC-MG 
Cav1 NT was differentiated from KOLF2 cells, left to rest and stimulated with LPS and IFN-╢ or IL-4 and IL-
13, for 48 hours. Non treated cells were used as control. The supernatants were collected, centrifuged, and 
incubated with membrane. Secreted products which presented FC >2. Bars represent the mean ± SEM of 3 
clones. *: p<0.05 when compared to untreated cells, multiple t-test corrected. 
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Table 6.2 ς The impact of Cav1 on secretome of iPSC-MG. iPSC-MG Cav1 NT and iPSC-MG Cav1 KO was 
differentiated from KOLF2 cells, left to rest and stimulated with LPS and IFN-╢ or IL-4 and IL-13, for 48 
hours. Non treated cells were used as control. The supernatants were collected, centrifuged, and incubated 
with membrane. The values represent the fold of change of Cav-1 KO cells normalized against Cav1 NT 
cells. Secreted products that are downregulated or upregulated are identified in green to yellow/red scale, 
respectively. Analytes with fold of difference greater than 2 or statistically significant are highlighted. *: 
p<0.05 when compared to Cav1 NT cells, multiple t-test corrected. 

Analyte CTRL 
LPS + 
IFN-Ω 

IL-4 + 
IL-13 

Analyte CTRL 
LPS + 
IFN-Ω 

IL-4 + 
IL-13 

IP-10/CXCL10 -1.58 1.14 -3.86 GDF-15 1.11 1.02 1.24 

IL-31 -1.39 2.08 1.55 IL-1  ̡ 1.12 1.81 1.13 

Growth Hormone -1.38 1.13 1.42 MIG/CXCL9 1.12 -1.01 -2.01 

Adiponectin -1.38 -1.03 1.35 Chitinase 3-like 1 1.13 -1.09 1.19 

LIF -1.35 -1.43 1.74 TfR 1.13 1.20 1.11 

C-Reactive Protein -1.29 -1.06 1.03 IL-3 1.13 1.15 1.30 

RANTES/CCL5 -1.22 1.03 1.18 IL-22 1.15 1.33 1.19 

PF4 -1.21 -1.35 1.23 RBP-4 1.16 -1.07 1.30 

EGF -1.17 1.19 1.44 MIP-оʰκ//[нл 1.16 1.44 1.00 

BAFF -1.16 -1.15 1.43 TFF3 1.17 1.51 1.26 

TNF-  h -1.14 1.91 1.01 IGFBP-3 1.18 1.17 1.26 

Apolipoprotein A-I -1.14 1.11 1.79 BDNF 1.18 1.18 1.22 

VEGF -1.13 -1.39 1.34 Thrombospondin-1 1.19 -1.25 1.27 

IL-23 -1.13 -1.29 -1.02 IL-8 1.19 1.18 1.14 

Leptin -1.10 1.34 -1.06 EMMPRIN 1.21 1.14 1.47 

IL-24 -1.09 -1.14 1.24 Serpin E1 1.22 1.27 -1.10 

CD30 -1.09 1.17 1.29 Lipocalin-2 1.23 -1.03 1.13 

Angiopoietin-2 -1.08 1.01 1.44 Endoglin 1.25 1.08 1.04 

IL-33 -1.08 1.69 1.60 I-TAC/CXCL11 1.28 1.50 1.07 

CFD/adipsin -1.07 -1.10 1.25 ICAM-1 1.28 1.27 1.17 

CD40 ligand -1.07 -1.20 1.11 IL-6 1.29 1.57 -1.41 

PDGF-AA -1.05 1.10 -1.01 DPPIV 1.29 1.32 1.16 

PDGF-AB/BB -1.05 1.20 1.54 ENA-78 1.31 1.15 1.36 

SDF-м  h -1.04 -1.15 1.29 GRO-  h 1.31 1.52 1.35 

IL-19 -1.02 -1.18 1.32 MMP-9 1.31 -1.13 1.12 

IL-17A -1.02 1.28 1.30 GM-CSF 1.32 1.09 1.25 

TARC -1.01 1.43 1.55 IL-13 1.33 22.16 1.37 

IL-2 1.00 1.12 1.10 MIF 1.33 1.17 1.03 

Cripto-1 1.01 -1.42 1.17 IL-10 1.34 1.43 1.79 

RAGE 1.01 -1.54 1.22 IL-11 1.34 1.19 1.33 

Osteopontin 1.01 -1.10 1.09 Myeloperoxidase 1.37 -1.18 -1.06 

IL-27 1.02 1.89 1.29 Flt-3 Ligand 1.40 1.94 1.23 

ST2 1.03 -1.21 -1.01 MIP-мʰκaLt-м ̡ 1.41 1.08 -1.42 

CD14 1.03 1.68* 1.95 Pentraxin-3 1.42 1.01 -1.09 

IL-32 1.04 1.43 1.41 Vitamin D BP 1.43 1.55 1.56 

IL-4 1.04 1.08 1.06 MCP-3 1.45 1.13 1.33 

MIP-3  ̡ 1.04 1.31 1.01 CD31 1.47 1.75 2.13 
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Angiogenin 1.05 1.36 2.36* IGFBP-2 1.48 1.22 1.32 

Relaxin-2 1.05 -1.33 1.76 uPAR 1.50 1.06 1.36 

Resistin 1.06 -1.19 1.11 FGF basic 1.50 -1.22 1.33 

FGF-19 1.07 -1.02 1.11 G-CSF 1.53 -1.14 -1.00 

Cystatin C 1.07 -1.12 1.17 IL-1ra 1.57 1.32 1.20 

VCAM-1 1.07 1.94 1.94 IL-15 1.62 3.92 1.64 

C5/C5a 1.07 -1.20 1.59 IL-м  h 1.64 1.38 -1.11 

SHBG 1.07 -1.48 1.04 HGF 1.67 1.13 1.16 

IL-34 1.07 1.73 1.79 IFN-Ω 1.70 1.08 -1.12 

MCP-1 1.07 -1.01 1.24 IL-18 BPa 1.70 -1.05 1.64 

IL-16 1.08 1.58 1.23 Kallikrein 3 1.72 1.16 1.03 

Angiopoietin-1 1.08 1.27 1.81 TIM-3 1.76 1.86 2.46 

TGF-  h 1.10 -1.05 1.32 IL-12 p70 1.82 1.79 1.53 

M-CSF 1.10 1.58 1.14 Fas Ligand 1.98 1.05 -1.36 

Dkk-1 1.11 1.15 -1.04 IL-5 2.13 -3.15 -1.13 

FGF-7 1.11 -1.94 1.45         

 

Under basal phenotype, microglia cells where Cav1 was deleted released 1.58-times less 

the pro-inflammatory cytokine CXCL10 and increased the levels of 14 other analytes 

more than 1.5-times, where IL-5 was the most upregulated (2.13-times). The remaining 

analytes showed similar levels or variations lower than 1.5 times.  

The pro-inflammatory phenotype allowed the microglia Cav1 KO cells to decrease the 

levels of IL-5 (3.15-times), FGF-7 (1.94-times) and RAGE (1.54-times) and to increase the 

amounts of 21 analytes more than 1.5-times. CD14 was enhanced 1.68-times (p=0.03) 

compared to Cav1 NT cells. IL-31 (2.08-times), IL-15 (3.92-times) and IL-13 (22.16-times) 

were the most upregulated secreted products found in the supernatant.   

As for the anti-inflammatory phenotype, Cav1 KO cells reported a decrease of CXCL-10 

(3.86-times) and MIG/CXCL9 (2.01-times) and an increase of 20 soluble factors superior 

to 1.5-times, where CD13 (2.13-times), angiogenin (2.36-times, p=0.03) and TIM-3 (2.46-

times) showed the top improvements. The other products analysed presented similar 

levels or fluctuations less than 1.5 times. 

In summary, iPSC-MG Cav1 KO cells showed an overall increase of secretion of 

inflammatory mediators, compared with cells that were able to express Cav1 protein. 
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6.4.7 Transcriptomic profile of activated microglia - RNA-seq 

RNA-seq analysis was performed, not only under basal/inactivated stage, but also under 

the two main activation status, in order to explore in detail, the transcriptome of 

microglia cells differentiated from iPSC.  

The first genes explored were the canonical genes related with microglial signature. This 

gene list was previously used by Abud et al and Haenseler et al. to validate the iPSC-MG 

(Abud et al. 2017; Haenseler et al. 2017). In independent studies, they showed an 

upregulation of these genes compared to macrophages and dendritic cells. Moreover, 

the expression of these genes was similar to foetal microglia and adult microglia.  

 

The Figure 6.16 shows that, after differentiation, iPSC-MG Cav1 NT expressed canonical 

microglial genes, such as ITGAM, TMEM119, P2RY12, MERTK, PTPRC, PROS1, GPR34, 

C1QA, CABLES1, BHLHE41, APOE, SLCO2B1, SLC7A8, PPARD, CRYBB1, TREM2 and 

OLFML3. These genes are upregulated in microglia cells compared to macrophages or 

dendritic cells, except for PRPRC that is expected to be upregulated in macrophages and 

microglia, with a higher expression in macrophages.  

Like in other experiments, microglia cells were differentiated from KOLF2 cells, left to 

recover, and further stimulated with LPS and IFN-Ω or with IL-4 and IL-13, towards a pro-

inflammatory or anti-inflammatory phenotype, respectively. Non stimulated cells were 

used as a control to access the basal state. Around 58,000 genes that could be affected 
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Figure 6.16 ς Canonical microglial genes expressed by iPSC-MG Cav1 NT. iPSC-MG Cav1 NT was 
differentiated from KOLF2 cells. Bars represent microglial-specific or -enriched as [Log2 (FPKM +1)] 
presented as mean ± SEM. N=3 distinct clones.  
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by microglial activation were evaluated, and the most relevant were used for posterior 

analysis. 

 

Based on normalized counts, the DE showed a gene signature associated with the 

microglia status and their activation phenotype (Figure 6.17). Hierarchical clustering 

based on DE genes with p<0.001 showed that unstimulated and anti-inflammatory 

microglia are more related, which were clustering together, compared with pro-

inflammatory microglia, which clustered in a different arm.  

Figure 6.17 ς Heatmap demonstrating the differential clustering of iPSC-MG Cav1 NT. iPSC-MG Cav1 NT 
were differentiated from KOLF2 cells, left to recover, and stimulated with LPS and IFN-╢ (yellow) or IL-4 
and IL-13 (pink), for 48 hours. Unstimulated cells were used as a control (blue). Red represents upregulated 
genes and green represents downregulated genes. Black represents unchanged expression. 5,000 selected 
genes with p<0.001, multi-group comparison (F-test, ANOVA). N=3 distinct clones. 
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Pro-inflammatory profile of iPSC-MG Cav1 NT 

Under pathological condition, microglia can be activated towards a pro-inflammatory 

phenotype. This phenotype will allow microglia cells to fight against pathogens or other 

cells that were identified as an enemy. Cells were challenged with LPS and IFN-Ω in order 

to understand how iPSC-MG behaves under this phenotype. Using untreated cells 

cultured under basal conditions as control cells for comparison, it was possible to 

identify 1,719 upregulated and 1,772 downregulated genes (FDR<0.05 and FC>2).  

The GSEA biological process analysis revealed that these genes are involved in the 

upregulation of 10 biological processes and in the downregulation of another 10 as seen 

in Figure 6.18Φ ¢ƘŜ ōƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ƛƴǾƻƭǾŜŘ ƛƴ άǊŜǎǇƻƴǎŜ ǘƻ ǾƛǊǳǎέΣ άǊŜǎǇƻƴǎŜ ǘƻ 

interferon-ƎŀƳƳŀέΣ άŀŘŀǇǘŀǘƛǾŜ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜέΣ άŎŜƭƭ ŎƘŜƳƻǘŀȄƛǎέΣ άǊŜǎǇƻƴǎŜ ǘƻ 

ǘȅǇŜ L ƛƴǘŜǊŦŜǊƻƴέΣ άǇƻǎƛǘƛǾŜ ǊŜƎǳƭŀǘƛƻƴ ƻŦ ǊŜǎǇƻƴǎŜ ǘƻ ŜȄǘŜǊƴŀƭ ǎǘƛƳǳƭǳǎέΣ άǊŜǎǇƻƴǎŜ ǘƻ 

ǘǳƳƻǳǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊέΣ άƛƴǘŜǊŦŜǊƻƴ ƎŀƳƳŀ ǇǊƻŘǳŎǘƛƻƴέΣ άǇƻǎƛǘƛǾŜ ǊŜƎǳƭŀǘƛƻƴ ƻŦ 

ŎȅǘƻƪƛƴŜ ǇǊƻŘǳŎǘƛƻƴέ ŀƴŘ άǊŜǎǇƻƴǎŜ ǘƻ ƳƻƭŜŎǳƭŜ ƻŦ ōŀŎǘŜǊƛŀƭ ƻǊƛƎƛƴέ ŀǊŜ ǎƛƎƴƛŦƛŎŀǘƛǾŜƭȅ 

activated (FDR<0.05).   

 

 

Figure 6.18 ς GSEA biological process of pro-inflammatory iPSC-MG Cav1 NT. Over-representation of 
biological processes from 3,491 differential expressed genes, compared to untreated cells using GSEA: 
Gene Set Enrichment Analysis.   
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The GO analysis of biological processes of the differential expressed genes of iPSC-

derived microglia under pro-inflammatory phenotype compared to basal iPSC-derived 

microglia is represented in Figure 6.19. Gene expression in iPSC-derived microglia under 

pro-inflammation was enriched in terms "adaptive immune response", "positive 

regulation of immune system process", "response to virus", "cytokine-mediated 

signalling pathway" and "response to interferon-gamma".  

CƻŎǳǎƛƴƎ ƻƴƭȅ ƻƴ ǘƘŜ Dh ŀƴŀƭȅǎƛǎ ǳǎƛƴƎ άƳƛŎǊƻƎƭƛŀƭ ŎŜƭƭ ŀŎǘƛǾŀǘƛƻƴέ όDhΥлллмттпύΣ ƛǘ ǿŀǎ 

possible to identify an upregulation of TLR8, AIF1, TLR2 and CLU and a downregulation 

of TLR7 and MAPT (FDR<0.05 and FC>2). These genes are involved in the change in 

morphology and behaviour of a microglial cell as a result of activation 
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Figure 6.19 ς Functional analysis of the iPSC-derived microglia under pro-inflammatory phenotype. Gene ontology analysis of biological processes (BP) for genes 
differentially expressed in iPSC-derived microglia under pro-inflammatory phenotype (LPS + IFN-╢) compared to iPSC-derived microglia unstimulated. Top 5 BP with FDR<0.05 
and FC>2. 
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 Anti-inflammatory profile of iPSC-MG Cav1 NT 

Microglia can shift from pro-inflammatory to an anti-inflammatory phenotype in well-

defined conditions, which is a crucial process for neuro-homeostasis and 

neuroprotection. Consequently, understanding the modulation of the microglial 

phenotype and the key pathways involved could be important to develop therapies, not 

only for neurodegenerative disorders, but also for brain tumours.  

iPSC-MG cells were challenged with IL-4 and IL-13 in order to explore them under an 

anti-inflammatory phenotype. Using untreated cells cultured under basal conditions as 

control cells for comparison, it was possible to identify 318 upregulated genes and 188 

downregulated genes (FDR<0.05 and FC>2). The top 10 upregulated and downregulated 

biological processes, where these genes are involved, were analysed with a GSEA 

biological process and are represented in Figure 6.20. 

 

.ƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ƛƴǾƻƭǾŜŘ ƛƴ ά9wYм ŀƴŘ 9wYн ŎŀǎŎŀŘŜέΣ άǊŜǎǇƻƴǎŜ ǘƻ ŎƘŜƳƻƪƛƴŜǎέΣ 

άǊŜǎǇƻƴǎŜ ǘƻ ƛƴǘŜǊƭŜǳƪƛƴŜ-мέ ŀƴŘ άǊŜǎǇƻƴǎŜ ǘƻ ƛƴǘŜǊŦŜǊƻƴ-ƎŀƳƳŀέ ŀǊŜ ǎƛƎƴƛŦƛŎŀǘƛǾŜƭȅ 

activated (FDR<0.05). The remaining biological processes involved presented an FDR 

>0.05.  

Figure 6.20 ς GSEA biological process of anti-inflammatory iPSC-MG Cav1 NT. Over-representation of 
biological processes from 506 differential expressed genes, compared to untreated cells using GSEA.   
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The GO analysis of biological processes of the differential expressed genes of iPSC-

derived microglia under the anti-inflammatory phenotype compared to basal iPSC-

derived microglia is represented in Figure 6.21. Gene expression in iPSC-derived 

microglia under anti-inflammation was enriched in terms άERK1 and ERK2 cascadeέ, 

άregulation of ERK1 and ERK2 cascadeέ, άpositive regulation of ERK1 and ERK2 cascadeέ, 

and άG protein-coupled receptor signalling pathwayέΦ 

 

wŜƎŀǊŘƛƴƎ ǘƘŜ Dh ŀƴŀƭȅǎƛǎ ǳǎƛƴƎ άƳƛŎǊƻƎƭƛŀƭ ŎŜƭƭ ŀŎǘƛǾŀǘƛƻƴέ όDh:0001774), it was 

possible to identify an upregulation of JUN and TRPV1 and a downregulation of TLR8, 

TLR7, TLR2 and TLR6 (FDR<0.05 and FC>2). These genes are involved in the change in 

morphology and behaviour of a microglial cell as a result of activation. 

 

 

    

Figure 6.21 ς Functional analysis of the iPSC-derived microglia under anti-inflammatory phenotype. 
Gene ontology analysis of biological processes for genes differentially expressed in iPSC-derived microglia 
under anti-inflammatory phenotype (IL-4 + IL-13) compared to iPSC-derived microglia unstimulated. BP 
with FDR<0.05 and FC>1.5. 
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Microglial key genes during homeostasis and activation 

The CNS is a highly vulnerable tissue which is protected with bone from the exterior and 

with the BBB from the interior. In addition, it is an organ with immune privileges that 

self-regulates its immunological components. Since it is a very delicate organ, the 

microglia need to be tightly regulated, otherwise an exacerbated and/or uncontrolled 

immune response could be destructive to the tissue.  

The overlap of upregulated and downregulated genes in pro-inflammatory and anti-

inflammatory phenotype was identified in order to understand the key genes and 

biological processes involved in microglial activation and regulation/homeostasis, as 

observed in Figure 6.22. 

 

 

Figure 6.22 ς Microglial key genes involved in activation and homeostasis. From the significantly 
(FDR<0.05 and FC>2) upregulated and downregulated genes in pro-inflammatory (M1 - LPS + IFN-╢) or in 
anti-inflammatory (M2 - IL-4 + IL-13) phenotype were identified the common genes in a) upregulated in M1 
and M2, b) downregulated in M1 and M2, c) upregulated in M1 and downregulated in M2 and d) 
downregulated in M1 and upregulated in M2.  



Chapter 6 ς iPSC-derived Microglia and the Impact of Cav1 Knockout 

167 

When the iPSC-MG is activated in pro-inflammatory (M1) or anti-inflammatory (M2) 

phenotype, 118 common genes were overexpressed (a) and 113 other genes were 

downregulated (b).  

Independently of the microglial status, 118 genes need to be upregulated and are 

ƛƴǾƻƭǾŜŘ ƛƴ ōƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ŀǎ άǊŜǎǇƻƴǎŜ ǘƻ ŎƘŜƳƻƪƛƴŜέΣ άǊŜǎǇƻƴǎŜ ǘƻ ƛƴǘŜǊŦŜǊƻƴ-

ƎŀƳƳŀέΣ άƭȅƳǇƘƻŎȅǘŜ ƳŜŘƛŀǘŜŘ ƛƳƳǳƴƛǘȅέΣ άŀŘŀǇǘŀǘƛǾŜ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜέΣ ά9wYм and 

9wYн ŎŀǎŎŀŘŜέΣ άŎŜƭƭ ŎƘŜƳƻǘŀȄƛǎέΣ άƭŜǳƪƻŎȅǘŜ ŎŜƭƭ-ŎŜƭƭ ŀŘƘŜǎƛƻƴέΣ ά¢ ŎŜƭƭ ŀŎǘƛǾŀǘƛƻƴέ ŀƴŘ 

άǇƻǎƛǘƛǾŜ ǊŜƎǳƭŀǘƛƻƴ ƻŦ ŎŜƭƭ ŀŘƘŜǎƛƻƴέ όFigure 6.23). 

 

 

Upon pro-inflammatory and anti-inflammatory microglial activation 113 genes were 

ŘƻǿƴǊŜƎǳƭŀǘŜŘΦ ¢ƘŜǎŜ ŀǊŜ Ƴŀƛƴƭȅ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎ ǎǳŎƘ ŀǎ άǊŜŎŜǇǘƻǊ 

ŎƻƳǇƭŜȄέΣ άŜȄǘŜǊƴŀƭ ǎƛŘŜ ƻŦ ǘƘŜ ǇƭŀǎƳŀ ƳŜƳōǊŀƴŜέΣ άŜȄǘǊŀŎŜƭƭǳƭŀǊ ƳŀǘǊƛȄέ ŀƴŘ άŎŜƭƭ 

surfaceέΣ ŀǎ ǎŜŜƴ ƛƴ Figure 6.24. The remaining biological processes presented an FDR 

higher than 0.05.  

 

 

Figure 6.23 ς ORA of biological processes of the common genes upregulated in pro-inflammatory and 
anti-inflammatory microglial phenotype.  














































































































































































































































































