(CARDIFF
UNIVERSITY

PRIFYSGOL

CAERDY® Wh [ 9 /!hCo hmaLL kb
aL/ whD[ LYt

Lat! /B Lthib. [ ! { ¢




Role of Caveolh in microglial phenotype:
Impact on Glioblastoma

A thesis submitted iaccordance with the conditions
governing candidates for the degree
of
Philosophiae Doctor in Cardiff University

by

Catia Neto

May 2021
Cardiff School of Pharmacy and Pharmaceutical Sciences
CardiffUniversity



. {¢w!/ ¢

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 abundanBNM@nd create an
immunosuppressivenicroenvironment that promotes tumour progression. Cavedlin
(Cavl) is the most important protein of caveolae ands involved in cell signalling
activity. Inthe GBM, Cavl promotes the tumour invasion &nid correlated witha poor
prognosis. In immuoes cells, its role is not well explored, howeiteran be involved in
immune response. Our hypothesis was that Cavl cbale anmpact inthe response

of human microglia to the environmeninfluenangtumour progression.

To test our hypothesjsa human microglia cell line and an iPSC cell Virge usedto
generate Cavl knockout clones using CRIS#R technology. The iPSC was used to

generated human microglia cells.

Primary human microglia expressed low levels of Cawiich could be regulated upon
activation. Theviralimmortalizedhuman microglia cells expressed strong Cavl protein
levels possiblycorrelated withthe immortalizationprocedurewith SV40 large T antigen.
This infection in combination with the culture conditions might lead to a tiutive
pro-inflammatory phenotype, impactinghe ability of microglia to react to other
stimulusandto do phagocytosis. A slightly modified protocol to generate microglia from
iIPSC allowed the differentiated cells to be polarized towarddgqfftammatory and anti

inflammatory phenotype antb perform phagocytosis.

In microglia, Cavivasinvolved inthe regulation of the inflammatory response, cell
migration, phagocytosis, and sensitivity to temozolomide. The microglia cell line did not
impact the tumourbehaviour likely due to the profile presented hlye cells. However,

the deletionof Cav1l in microglia derived from iPSC promoted the tumour invasion.
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Chapter 1¢ General Introduction

1.1 GlioblastomaClinical and Molecular Features

Tumours of the Central Nervous System (CNS) represent a distinct and heterogeneous
group of both benign and malignanharacteristicaffecting children as well as adults.
These tumours are relatively rare but associatechveithigh 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 guality

adjusted survival.

CNS tumours are considerpdmary 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), isabed on their cell of origin, primary location within the CNS,

their level of differentiation, as well as their molecular featufesuis et al. 2016)

1.1.1 Glioma

Gliomas are the most common form of primary malignant brain tumours, aed
classified into astrocytic tumours, oligodendroglial tumours amot otherwise
specified/NOSumours @roup of tumours that do not match into these two narrowly
defined entitieg. 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 oligodendroglionaasl are believed to originate

from the oligodendrocytes or from a glial precursor ¢etiuis et al. 2016)

TheWHO classiés gliomas into 4 distinct grades based on histopathological features,
nuclear morphology, mitotic activity or growth index, necrosis, margins, infiltration
ability and vascular proliferatiofD. M. Park and Rich 2009) higher histological grade
corresponds to a less differentiated phenpgyand toan increased malignanc{Chiu,

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

1 Grade It the tumour grows slowly (lovgrade), has cdlthat look like normal cells,
and rarely spreads into nearby tissues. Grade | brain tumours can usually be cured

by surgical resection and theare frequently associated with longerm survival.
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They constitute the most common gliomound in children, i.e. pilocytic
astrocytoma.

1 Grade It arealso lowgradetumourswith a slow growth rate but have a diffusely
infiltrative nature and spread into nearby tissuehich renders them incurable by
surgery. Recurrence after resection usually leads toward a highade tumour.

1 Grade lllt includes anaplastic gliomas, which usually arise from low grade diffuse
astrocytomas ode novowithout evidence of a less malignant precursbhis grade
is rapidly growingin malignant tumoursexhibiting increased anaplasia (loss of
morphology charactestic of the differentiated cell type) and proliferation over
grade Il tumoursand increased ability to spread into normal brain tissue. They
require aggressive adjuvant treatment with ratherapyand/or chemotherapy in
addition to surgery.

1 Grade IVt is a fastgrowing tumour that grows and spreads very quicklyows
features of malignancy including vascular proliferation and necrotic areas. It is
assigned to glioblastomas which ahe most common and most malignant type of
glioma inpatients over 5 years oldAround 70% of patients die within 12 months

despite multimodal aggressive treatmer{Brodbelt et al. 2015)

In general, grades | and Il tumours are considereddoade, while grades Ill and IV are

high-grade tumours.

1.1.2 GlioblastomaMultiforme (GBM)
GBM, or WHO Grade IV malignant glioma, accounts7f®75% ofall diffusegliomas

(Molinaro et al. 2019)They arehighly invasive, infiltratinghe surrounding brain
parenchyma, yet they are typically confined to the CNS and rarely metas{@siagro
and DeAngelis 2013)

In adults, its prevalence increases with age with the peak age range incidence after 55
years. GBM patients have a poaiognosis with a median survival of 15 months and
only 34% patients surviving more than five yeaiBrodbelt et al. 2015) Some
characteristics associated with a better prognosis inclaggat the time of diagnosis

(younger patients have better prognosistotal surgical resection of the tumour,
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tolerance to complete adjuvant treatmentan epithelioid, gianicell and gliosarcoma
subtype and oligodendroglial differentiation characteristi¢Srocetti et al. 2012
Thakkar et al. 2014; Louis et al. 20I8)e high morbidity and mortalitjre associated

with the invasive character and inability to undertake repeated surgical resections which
can include only limited normal margins. Moreoytdre chemotherapy iselatively
ineffective due toan inherent chemoresistance of the tumour and/or the presence of

the blood brain barrie(BBBpalso limiting access of agents to brgi@strom et al. 2019)

1.1.3 Molecular Clascation of GBMs

GBMs arecharacterized histologically by sagnificantcellularity and mitotic activity,
vascular proliferatiopand necrosis. Técells in these tumours are pleomorphic (varying

in shapeandsizé, thusthe basis of the tumours naming, glioblastomaltiforme.

GBMs can be classified into threabtypes: Primary GBM, dDbHwild type (90% of
cases) that develagpwithout the presence of any precursor neoplastic lesion; the
secondary GBM dDHmutant (10%0f cases) that develgdrom lower grade tumours
such as diffuse or anaplastic astrocytomas, and airsgounger patients (between 20
and 29 years); andlGBMNOS (i.e., not otherwise specified), where completeHD
evaluation cannot be performe(Louis et al. 2016 Histologically these subtypes are

indistinguishable but have different response to therapy and prognosis.

Usingglobal transcripbmic profile, in 2008 the Cancer Genome Atlas Project, Verhaak
et al. divided GBM into four distinct subtypeslassical mesenchymalproneural and
neural, as illustrated ifrigure 1.1 Microarray techniques on DNA, RlEnd protein level
allowed the establishment of new classifications that have shown the vast heterogeneity
of GBMs (Verhaak €& al. 2010) These types differ by gene expression, clinical
characteristics, response to therapy and outconf®keir et al. 2010; Maugesacca,
Martino, and Maria 203).

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 exi$thediversity of tumour characteristids the esult

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

normally includs the activation of the oncogeneand/or the silencing of tumour
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suppressor genesThese genetic alterations disrupt the cell cycle arrest pathways

and/or activate various signal transduction pathways.

Putative GBM
cells of origin: Primary GBM subtypes:
MNeural stem cell Classical
Transit
amplifying cell
. Mesenchymal
=
Meural/Glial
progenitor TIC BCPC
oy > > > 8 -
" >' @
” ',:E \: Sequential genetic Neural
alterations & clonal r——
evolution
Proneural
—
Oligodendrocyte
BCPC Secondary GBM
Grade Il

Astrocytoma > —_—

Figurel.1 ¢ Genetic classification of GBMLIC- tumourginitiating cells, BCP{brain cancegpropagating

cells, EGFR, epidermal growth factor receptor; PTEN, phosphatase and tensin homolog; CDKN2A, Cyclin
Dependent Kinase Inhibitor 2A; NES, Nestin; Shh, Sonic hedgehog; NF1, Neurofibropathsi$s3,
Tumour Protein P53; PTEN, Phosphatase And Tensin Homolog; MET, MEIh&sgeme, Receptor
Tyrosine Kinase; CHI3L1, Chitinase 3 Like 1; MERTK, MEBGrogene, Tyrosine Kinase; TNF, tumour
necrosis factor; NF . ¥ b dzOf -&appsJ B;CEGR, (iEpitiermal Growth Factor Receptor; NEFL,
Neurofilament, Light Polypeptide; GABRA1, Gamdmanobutyric Acid Type A Receptor Alphal Subunit;
SYT1, Synaptotagmin 1; SLC12A5, Solute Carrier Family 12 Member 5; PDGFRAeNatelgtowth

factor receptocA; IDH, isocitrate dehydrogenase; PIK3, phosphoinositoh&se; PIK3R1, PIK31-
receptor; SOX, Srglated HMG box; OLIG2, Oligodendrocyte Lineage Transcription Factor 2; TCF3,
Transcription Factor 3; NKx222NK2 Homeobox ; HIF, hypeixiducible facto (Meir et al. 2010)

Theclassicakubtype ha 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 theeceptor 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

(6]
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responsiveness to classical therapies (rauoapy and chemotherapy), mainly because

the p53 DNA damage response is intact in this giddgir et al. 2010)

The mesenchymalsubtype is characterized by frequent mutations or losses in the
neurofibromatosis type 1 gene (N, TP53, PTEN genes and high expression of CHI3L1,
MET, and genes involvauthe tumour necrosis factor (TNF) and nuclear fagh8r(NF

kB) pathways. These tumours demonstrate response to aggressive chemoradiotherapy,
phosphoinositide &inase (PI3K) inhibitors and angiogenesis inhibitors, because this

subtype is associated wiita high angiogenes{deir 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, plateleted

growth factor receptor" 0t 5DCw! 0 YR A&20AGNXGS RSK

IDH1/2 wereoriginally discovered in 2009 and patients that presemnttations in this
gene have a better outcome than those with wild type IDH genes. Furthermore IDH1/2
mutations hae been defined as a reliable genetic marker for secondary GBM, which
develops from lowegrade gliomas. Amplification of chromosome 7 and losses on
chromosome 10 are significariut less frequent than in the classical subtype. In terms
of prognosisproneural GBMs associated withn increased overall survival rate relative

to other molecular subtype@Veir et al. 2010)

Theneuralsubtype is less defined and has gexpression signatures that are most like
those found in normal brain tissues and neuronal marker expression. Many molecular
abnormalities and mutations overlap across thgher transcriptional subclassedike
EGFROmuro and DeAngelis 2013)

Teoet al.incorporating different databases, includi@aucasian, Korean and Chiaes
populations demonstrated that the original proneural and neural subgroups defined by

Verhaak formed a single cluster (proneural/neural subtypep et al. 2019)

R

N.
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1.1.4 Glioblastoma Therapy

Thecurrenttreatmentof GBMF 2 f £ 2 6 & ( K S whiGhiztllldis énaximblBafie2 O 2 f
surgical removal followed by radiation and chemotheréptupp 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

Generallythe first step in the treatment of GBM is surgery. The surgery improves the
patient's survival and life quality, by reducing the symptaragsed by the presence of
the tumour, like seizuresheadachenauseaor vomiting The resected tissue will also
assst the full molecular diagnosis and treatment planning. In the absence of complete
resection, partial surgical resection provides a temporary reduction in tumour volume
and pressurehowever the residual GBM cells will later contribute to tumour regrowth

unless they are effectively killed by adjunctive rddevapy and/orchemotherapy.

Radiotherapy

In adults, radiotherapy is the standard treatment after tumour resection or biopsy.
Different treatments of radiation may be given using various doses and glgsed
Conventional fractionated external beam radiation is the standard radiatpproach
usuallythe 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 pesgressiely preferred
because of better targeting capabilignd dose depositionBecaus&BMis a diffusely
infiltrative disease, there is currently no defined role for stereotactic radiosurgery
(highly precise radiation techniques that allow the use of ablat#ation doses to the
tumour while minimizing dose to the adjacent normal structyres brachytherapy
(radioactive seed implanted inside or near to the tumour) as part oflimsttreatment
(Omuro and DeAngelis 2013; Redmond and Mehta 2015)

Radiation sensitizing drugs, chemotherapy during radiation therapy and drugs that
increase oxygen levels in the brain d@ng studied asacticsof making tumour cells
more sensitive to radiation or enhancing the effects of radia{@alumbo 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 uséa treat GBM have certain
physicochemical properties considered important to cross the BBB, namely: low
molecular weight and hydrophobic charactefhe main two chemotherapeutic
compoundsmostlyused to treat GBMs, in combination with surgery and radicaips,

are carmustine (BCNU) and temozolomide (TNE)lch 1986) BCNU and TMZ are
examples of cytotoxic drugs that are toxic for cells, preventing cellular growth and
replication. In contrastcytostatic agents are used to alter the behaviour of a tumour,
for example, angiogenesis inhibitors (aWEGF therapies) that stop the growth of new
blood vessels. In some cases, cytotoxic and cytostatic chemotherapy drugs may be

combined to increase their effectivene€muro 2013)

BCNU and TMZ are alkylating agents that react with the nitrogen and oxiywes af

DNA bases to form covalent alkyl lesions causing DNA damage in the form of intrastrand
and interstrand crostinks. The resultant alkylated bases and mismatched bases will
trigger activation of the mismatch repair (MMR) system. Lesions caused thylaten

of the & position of Guanine (BmeG), which is considered the most toxic lesion
induced by these chemotherapeutic agents, cannot be repaired by MMR mechanisms.
The unrepaired ®meG lesion will eventually lead to DNA breaks and cell death as a
result of apoptosis or autophag{Ohgaki and Kleihues 2013jowever, the O-
methylguanineDNA methyltransferase (MGMT) is an important DNA repair enzyme
GKFG O2yGNARodziSa (2 NBaAradlyOS 2F D.a G2
to this therapy. MGMT reverses the alkylation caused by TMZ by removing the/Imet

group from guanine and transferring it to an internal cystine residue (Cysl145),

¢ a

preventing DNA damagey RdzOSR L2 LJiz2aAad abDa¢ Aa O2y3

A

LIN2EGSAYyé 0SOldzaS 2y0S abat¢ (GNIyaFSNBR (K
new MGMTmust be synthesized in order to continue DNA repBatients are often
screened for overexpression of this gene after tumour resection to determine the

likelihood of TMZ succefBiperi et al. 2010)

Methylation of cytosingohosphateguanine (CpG)egions is the epigenetic event that

is well characterized in these tumours. These regions are characterized by a high

S
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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 typicahmethylated, allowing the
transcription of the genes. The CpG regions that lie outside the promoter are commonly
methylated and are responsible for transcriptional repressi@ng., repetitive
sequences. MGMT gene activity can also be silenced by peonmethylation.
Epigenetic silencing of the MGMT gene by promoter methylation is associated with
reduced DNArepair activity favourable outcome in patients and lotgrm survival

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

1.2 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 tesueonment.
Tumour cells can adapt to the local environment and change it to their own advantage,
this mechanisnrequires complex multilevel communication and interaction between
themselves and with nomalignant cells in their microenvironme($hao et al. 2015)
Thetumour environment (Figurel.2), whichis composed by tumour cells, surrounding
stroma, blood vessels, immune ce(lmicroglia and macrophagesnd extracellular
matrix, has an important role in the neoplastic progression, proliferation, survival and
migration(Sotgia et al. 2012; Godlewski et al. 2016is the tumour microenvironment
that is lkely 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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Figurel.2 ¢ The microenvironment of GBM is composed by humerous specialized cell types, wl
contribute to tumour progression. Different cell types from the tumour microenvironment commi
via direct celcell contact and/or the release and uptake of soldbt#ors(Godlewski et al. 2015)

neurons

Tumour initiation and progression is a complex process involving genomic mutations,
epigenetic alteratios, microenvironmental factors and inflammatory mediators which
generate an inflammatory microenvironme(itandskron et al. 2014)n many cancers,
inflammation plays a major role in the pathogenesis. For examplédbacter pylori
infections are correlated with gastric camclepatitis B or C infections associated with
hepatocellular carcinoma and inflammatory bowel disease is connected with
colorectalcancer(Crusz and Balkwill 2015)hemainfunction of the immune system is

to recognize and protect the organism from infections and damage, contributing for the
homeostasis. However, the environment created byglioma associated
macrophages/microglia(GAM) can be responsible for cell proliferatip tumour
invasion, angiogenesis, metastasis and suppression of some immune fun€&ligms (

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

10
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Tumor cell

SEEDING AT
DISTANT SITES

Figurel.3 ¢ Impact of GAMs on tumour environment(adapted from Qian and Pollard 2010)

The mmune system should recognise the tumour cells asraat. However the
neoplastic cells can manipulate themmune cells, promotingmmunosuppressive
mechanisms that usually promote the sdlflerance This immunosuppressive
environmentdownregulatesmechanisms that werable tocombatthe tumour cells and
control the disease andpromotes the production of soluble factorsto the
microenvironment that will contribute to the tumour progression and therapy
resistance Immunotherapiesare an appealing treatment for GBM, not only because
they cancontrol thetumoral microenvironment but also becausé will allow tumour

specificity minimizing thedamage of normal brain tissue.

1.2.1 Microglia

Microgliaisthe name of theresident myeloid cells of the bragomprisng between10
to 12% of total brain populatiorihe microgligpopulation was first identified ithe late
My n sa@ddnamed asd N®B f f aNicola® @chcarro (Sierra, Paolicelli, and
Kettenmann 2019)However, in 1919,Pio delRioHortegadescribedt asdmesogli& or
G 0 KA NR , &knbwieSgihg the mestermalorigin of these cellsunlike theother

brain cellsHeused silver carbonate staining to visualibe ticroglia and hdrew it in

11
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under different pathological conditionsuggestingvaried functions as theactivation

andphagocytiacapacity(RieHortega 1919c, 1919d, 1919b, 1919a)

Microglia cells migrate into the CNSfrom the yolk saauring early embryogenesis
presenting a mesodermal origin. During the development, microglaitisal for the
maintenance of brain homeostasis doing phagocytosis of apoptotic cells, sujpptbe
neurogenesisiefining synaptic and axonal growth. Through the adulthood, micraglia
tightly regulated andacts as a sentinel, detecting nemealthy conditiors and
phagocytingpathogenic agents, damage tissy®otein agyregatesand even tumour
cells. In contrast, macrophages present in brain are originated from -brlitnating
bone marrowderived macrophages (BMDM) that have th® progenitor cell the
hematopoietic stem cell. Only under pathological conditions, the inflamnyato
response camodifythe BBB integrity and allow the BMDlinfiltrate 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 pridfildistinguish

microglia from macrophages is described on next table:

Tablel.1 ¢ Microglia and Macrophages characterizati@@uillemin 2003; Bennett et al. 2016;
Dubbelaar eal. 2018; A. M. Young et al. 2019)

Microglia Macrophage
CD68 + +
CD45 Low High
CD11b + +
CDl11c High High
MHC I + +
CD14 - High
TMEM119 + -
PARY12 + -

In the adult brain, microglia as well as macrophages can switch betweemtjar

states: restingor surveyingand activated. In the resting state they present a ramified

12
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morphology When there is brain damage or injutike viral or bacterial infections,
microgliacellsrapidly enlarge their bodies, a morphological change charestierof
activated microglia assuming an amoeboid morpholdggyre 1.4). With activation,
microglia show increased proliferation, migration, phagg activity and release of
soluble factorgCrews and Vetreno 2018Yloreover, the releasedoluble factors are

able to attractotherimmune cells to the inflammatory site

Ramified Hyper-ramified Bushy Amoeboid

Flgure1.4c Mlcrogha states in human brairRepresentative schematics and photomicrographs of human
brain microglia (Ibal immunohistochemistry) representing morphological stages of microglial activation
(Crews and Vetreno 2016)

Microglia and macrophages are mononuclear tgles characterized by considerable
diversity and plasticity. Their activation can represent different stages of activation

depending upon the stimulugigurel.5).

13
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Inactivated
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Figure 1.5 ¢ Microglia activation. Inactivated microglian the presence of GI@SG, LPS and/or I-FH
becomes activated into prmflammatory phenotype. On the other hand, in the presence-GfSh, 4
and/or IL-:13, the microglia assumes an aintflammatory phenotype(adapted fromWei et al. 2013)

The preinflammatoryM1, classical oé | YildAY 2 NI f ¢ | iSIKySicAlR Gcguidsl

after stimulation with tolllike receptor 4 (TLR4) ligands and 4FMBriefly, TLR4

stimulation leads to activation of nuclear factor. -0b€ FyR aA3ylrf NIy
transcription (STAT)1 signalling atige activated preinflammatory cells display: H

12ngh [1-23Mgh  |l-10°% phenotype and produce nitrogen intermediates and
inflammatory cytokines such asMJ X -h¢Xb G-/ With high receptor expression for

CD80, CD86, ff|amma receptors 1 and 2 (CD64 and CD32), CXCL10 and CCRY.

The antiinflammatory M2, alternative or & tati dzY 2 NI f ¢ | LidK tgpjcallyi & LIS
acquired after stimulation with #4, I:10 and/or IE13. 1L-4 can signal through either the
typel(Ikn wh k* OO0 2 N& v kul® wih avliS  LaRsigodB[excusively via the
type Il IL13 receptorandIL-10 sgnals via H1O0R(Junttila et al. 2008)The M2 activation

can be further subdivided into differémctivation states: M2a (Th2 responses, type Il
inflammation, killing of pathogens, allergy); M2b (Th2 activation, immunoregulation)

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

14
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subpopulations differ with respect to receptor mession, effector function, and
cytokine and chemokine productiofHambardzumyan, Gutmann, and Kettenmann
2015; Lisi et al. 2014)In contrast, I14R and H10R stimulatiorieads to activation of
STAT6 and STATS3 signalling, respectively,tledactivated antinflammatory cells
display: 1E12°%, 11-23°%, |1-10"9" phenotype and have high expression of several
receptors such as class A scavenger receptcA(SFD204), mamse receptor (CD206),
CD163, CD200R, transglutaminase 2 (TGM2), CCL22, SIGRCCD209Komohara

et al. 2008)

1.2.2 GAM and GBM
Between 3@50% of the cells in GBM are microglia or macropha@es possibility has

been raised that targeting microglia and macrophages megherge as an adjuvant
therapy for cancer treatmen{Ransohoff and Carda 2010) Several studies have
demonstrated significantinteraction between glioma cells and microglia and
macrophages. They are attractedd the tumour miliey and their activationand

modulationis enhanced by GBM secreted factors.

Studies performed Y Haoet al. (Hao et al. 2002about the expression of cytokines and

cytokine receptors in human gliomas and glioma cell lines indicate that a strongly
immunosuppressive cytokine response greatly predominates. Faanos, the

cytokines It6, leukemiainhibitory-factor (LIF), TGF I YR (G KSANJ NB A LISOG A ¢
were strongly expressed in approximately all GBM and cell lines tested, whereas pro
inflammatory cytokines IFN ~ -t B-Zanfl IL12 family members and thiereceptors

were virtually absent in both tumours and cell lines. Others have documented similar
expression patterns of immunosuppressive cytokines in gliomasi TBF F2 NJ SE | Y LJX
inhibits the proliferation of microglia and the production ofher cytokines in vitro,

whereas the cytokines #& and IE10 have been postulated to promote glioma cell

proliferation (Suzumura et al. 1993Yhe immunosuppressive cytokinell not only

promotes glioma cell proliferation, but alemhances their ability to migrate vitro(De

Vleeschouwer et al. 2007)

15
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On the other hand, components of extracellular matrix (ECM) are required during the
process of tissue morphogenssand 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 cance(Sahai 2005)Theimpact of microglia on GBM cell migration also
correlates to the production of membrane type-thatix metalloprotease (MTFMMP)
released by microglia in response to soluble factors secreteédrbgur cells. MTIMMP
promotes cell migration and invasion bygtading the ECMiche (Itoh 2006) Glioma
cells also release matrix metalloproteases 2 (MB)Rhat are fullyactivated by MT4
MMP released from microgliacomplementing the pathway The consequent
degradation of the ECM enhagsthe invasion of glioma cells into the brain parenchyma
(H. Lee and Tsygankov 201B0arkovicet al.usedmouse cell lineso show that,under
basalconditions microglia donot produce MTIMMP, but, when exposed to glioma
cells, they induce the upregulation of MMMP. In human glioma samples, MVIMP
expression positively correlates witin increagd glioma malignancy grad@arkovic

et al. 2009)

Inthe tumour microenvironmenthere areseverakexamples of productiveéAM - glioma

cell interactions ultimately promoting glioma proliferatiamjgration,and invasion.

Microglial cells:
1 release strestnducible protein 1 (STI1), a cellular prion protein ligéPd®) that
increases the proliferation and migration of gliokitawasin vitroandin vivg by
modulation of MMP9 (Carvalho da Fonseca et al. 2014)

1 release EGF, which also stimulates GBM cell invasion.

Glioma cells:

1 promote the activity of microglia via CSF which is constitutively released by
the tumour cells. CSFor M-CSHs a chemoattractant for microglia and, at the
same time, converts microglia into a pt@morigenic(M2) phenotype(Coniglio
et al. 2012)

1 CCL22 releaseddim human glioma cells acts on the CCL22 receptor (CCR4)
expressed on microgli@. Zhang et al. 2012y CL22 can trigger the release of IL
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6 from microglia, which in turn, promotes the invasiveness of glioma cells
(Hambardzumyan, Gutmann, and Kattnann 2015) G122 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 ablatdV, inhibit their tumourpromoting

functions, or enhance the antiumoral roles Pyontecket al. investigated CSER

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

volume in several xenograft modgByonteck et al. 20130n the other handTGHF

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

integrin expression and function. Wesolowskd# al. concluded that TGF Aa
predominantly released from microglia in -calture systems and blocking TGF

signaling impairs the proliferation, migration and invasion of GBM ¢®ssolowska

et al. 2008) In addition, TGF H Ay Rdz0S&8 G(KS SELINBaarzy 2F a
expression of tissue inbitor of metalloproteinases (TIMP), which together promote

the glioma invasior{Wick, Platten, and Weller 2001Antagonizing TGF Fdzy O A2y 4|
already consideredis a potential antitumour therapy, however it has severe side

effects. The systemic inhibitionf @GH aA3dyFEttAy3a NBadzZ G§a Ay | O

disruption ofthe immune system homeostasfg/esolowska et al. 2008)

In other tumoussthe T-cell populationcan beacrucialelementfor anadequateimmune
surveillanceand production of an anttumoral immune reponse However inGBM
contextthe absence ofanti-tumour response byl-cells is commonly observexhd for
the first time reported byBrookset al in 1976 (Brooks, Roszman, and Rogers 1976)
Together with the immunosuppressive environmethie low levels of Tellinfiltration

are characteristishared betweerGBM patients.

One mechanisnidentified and responsible for this lack ofcElls is correlated with the
loss of surface spingosifiephosphate receptor 1 (S1IRPBH1PInormally regulateg-cell
trafficking out of thebone marrow, spleen, thymus, and lymph nodeaused by
spingosinel-phosphate §1B activation The concentration of S1P is higheblood and
lymph, which establisbs a chemotactic gradient for thenigration of T-cellsfrom the

lymphoid organs into the circulationChongsattdkiet et al noticed that patients with
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brain tumoursshowed a low number of-gellsin the peripheral blood spleen and
thymus contrasting with the highnumber of thesecells in the bone marrow
(Chongsathidkiet et al. 201.8)his phenomeonwas noticel not only in brain tumours,
but in other tumour that metastasized into the braiitlow the brain triggers the
dysfunction of this receptoon T-cellis stillan unknown however, the stabilization of
S1PiS1P axis miceincreased the levels of-@ells into the bloodChongsathidkiet et

al. 2018)

The few cells thatreach the tumour milieuare dysfunctional showing exhaustion,
anergy senescence and/dolerance There isstill a longway aheado understandall
the mechanisms behinthis behaviour(K. I. Woroniecka et al028; K. Woroniecka et

al. 2018)

The activation of Tcellsis coordinated byantigens presenting cells (AR@hichare
mandatoryto the initiation phase in the lymphoid orgam@sdto the effector phase at
the site of action. APC should expre$dHCI] suchas dendritic cells (DC)B cells and
microglia.Due to the prileged immune environment of the braimeurological diseases
rely only onmicroglia cells tocoordinate the T-cell activation. However, since the
microgliacannot leave the braienvironmentto drain theantigens to the lymph nodes
it is believed thatnonocytederived DCs located atighbouringsites around the brain
can capture these antigersd present them to the naivedells for complete activteon
(Schetters et al. 2018)A better knowledgeabout microglia cells irthe tumour
environment will provide fundamental insighédout the Fcell activationfor further

therapies.

1.3 Induced pluripotent stem cettderived microglia

The study of microglia has mainly relied 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 thatprimaryfresh isolated microgliawugckly loses their identity when cultured

in monao-culture in vitro, highlighting the importance of the brain environment for the
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microglial phenotypgButovsky et al. 2014)The humarimmortalizedmicroglial cells
usually present highly proliferative rate, and sitlbey arecultured in vitrowithout the
interference of the brain environmenperhapsthese cells are natepresentative of a
non-proliferating and a differentiated cell typ&here is therefore a need for a model
which can represent closely the human microglia. To overcome this djiprent
protocols to generate microglia cells from induced pluripotentnsteells (iPSC) were
publishedin 2016 and 201 {Muffat et al. 2016; Abud et a2017; Douvaras et al. 2017;
Haenseler et al. 2017; Pandya et al. 2017; Takata et al. 2017)

TheiPSC are cells that are reprogrammed to a stem phenotype from differentoated
adultcells and can be maintained in a sa&listaining pluripotent state egualent to the
embryonic stem cells (ESC). Like EBE]PSC are able to seknewal and, upon
appropriatestimulation, differentiate into three germ layers: endoderm, mesoderm and
ectoderm. Moreover, after being differentiated into the respective geayel,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 tyatrseri
factors using a retroviral approach. From a list of 24 transcription factors, Oct3/4, Sox2,
KLF4 and-myc (OSKM factors) were carefully selected showing the best results for the
reprograming process (Takahashi et al. 2006). One year later, the gaoup
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 @sheeal

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 thatmimicthe embryonic development. iPSferived microglia (iPSKG)is
similar by morphology, transcription, cytokine release and phagocytic capacity to the
human primary microglia. Furthermore, iRBIG is distinct from other macrophages
showing a differentranscriptional profile(Muffat et al. 2016; Haenseler et al. 2017;
Abud et al. 2017) Microglia derived from the mesodermal primitive yolk sac

progenitors, by Mykhndependent and RUNX1Pu.t and Irf8dependent pathways
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(Ginhoux et al. @10; Schulz et al. 2012; Kierdorf et al. 20T3)e RUNX1, Pu.1 and Irf8
are transcriptional factors involvedn haematopoiesisand myeloid differentiation.
However, the transcriptional factorMyb is critical for development of HSC, but
dispensable foyolk sac haematopoiesisonfirming the different origin ainonocytes
derivedmacrophages andicroglia(Schulz et al. 2012; Buchrieser, James, and Moore
2017) Furthermore, wlk saederived microglia, as well as other yolk shsrived
resident macophages seilfenew locally, independently of the hematopoietic stem cells

(HSCandcirculatingmonocytes in healthy conditions

The IPS®IG resembls the human foetal and adult microglia and preserd
transcriptomic profile distinct from macrophagesjonocytes and dendritic cells,
expressing microglial specific signature, i.e. P2RY12, GPR34, CABLES1, BHLHE41, TREM2,
OLFML3, APOE, among othdidaenseler et al. 2017; Abud et al. 2017he
differentiated cells ardunctional, able to migrate, do phagocytosis and increase the
pro-inflammatory genes, like TNF I-:8 and CCL4 in response to 1@NL-1 or LPS

(Abud et al. 2017)

1.4 Caveolae

Caveolae are ptana membrane 5100 nm invaginations that function as specialized
membrane microdomaingPalade 1953)which develop as a result of a localized
enrichment of cholesterol, glycosphingolipids, sphingomyelin, and the caveolin proteins

(Figurel.6) (Razani, Woodman, and Lisanti 2002)
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Caveolae

Caveolin

Figure 1.6 ¢ Caveolae and Cawlin-1. Electron micrographs showing the ultrastructure of caveol:
adipocytes 4 and b). c ¢ diagram showing how caveotihis inserted into the caveolar membrane, \
the C and N terminal facing theytoplasm and a putative hairpin intramembraeapted fromPartor
and Simons 2007)

Generallycaveolae emergds a variety of chapes, including flagsicularandU shape
Three small coat proteins have been identified in caveolae, cavédltat), caveolin

2 (Cav2) and caveolh(Cav3). Cavl and Cav2 are universatgxpoessed on epithelial

and endothelial cells, fibroblasts, smooth muscle cells, adipocytes and pneumocytes
Cav3 expression is mainly restricted to striated (skeletal and @rdisnooth muscle

and glia cells(Fridolfsson et al. 2034 In the human cerebral cortex, Cavl
immunoreactivity is detected on all the cortex microvessels and also on bodies of
astrocytelike cells that extend fine processes ending on the microvesse{Wajintino

et al. 2002) Using western blotRamirezet al. identified the Cavl in plasmatic
membrane of cortex and hippocampus as WBlamirez et al. 2009l three caveolins
show atopology with N and @erminal in the cytoplasm and a long putative hairpin
intramembrane domairembedded into the membraneThe scaffolding domain is a

highly conserved region of caveolthat might have a role in cholesterol interactions
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Cavl binds to cholesterol moleculé¢slurata et al. 1995and is also palmitoylated in the
Gterminus region (Dietzen, Hastings, and Lublin 199&holesterolis essential for

caveola formation, anthe depletiondisturbsits structure (Parton and Simons 20Q7)

Cavlgeneislocatedclose to Cavih the chromosome 7931 and is composed kiyiree
exons with respective sizes 080, 165 and342 bp spaced by two intronsvith
approximate size of.5 and 32 kbgRazani, Woodman, and Lisanti 2002; Engelman et
al. 1998) There arefour transcript variantsvhich encode the proteinCavl protein
occursin two isoforms Cavih and Cavl, 24 kDa and 21 kDeespectively These two
isoforms differ in their Nterminus truncated by 3 amino acids presenting an
overlappingout a slightly different distribution in mammalian cel&cherer et al. 1995;
Nohe et al. 2005)Cavl issynthesized in theendoplasmicreticulum in a signal
recognition particledependent manner(Monier et al. 1995)The newly synthesed
protein suffes a first stage obligomerizationand then is transportednto the Golgi
complex(Monier et al. 1996; Pol et al. 2009n the Golgi complex, Cavs further
oligomeized and associated with cholesterahd glycosphingolipidich lipid raft
domains to form a matureaveolalike configurationParton and Simons 20Q'Mlature
Cavl is thertransported tothe plasma membranemainly regulated by syntaxin 6

(Choudhury et al. 2006)

Caveolae regulate signal transduction within the cell, as well as numerous other cellular
processes including vesiculatransport (transcytosis, endocytosis), cholesterol
homeostasis to nitric oxide production, cell migratiand adhesionand cell cycle
(Senetta et al. 2013)

1.4.1 Cawolin-1 and Cancer

The capability of Cavl 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, drugsistance and
angiogenesig¢Senetta et al. 2013)he loss of Cavl was frequently observed in various
types of malignancieduringthe earlier stagessuch as breast and colon cancers and
ovarian carcinomas. However, other studies also indicate that Cavl isvphsiti

correlated with cancer drug resistance and metastasis, such as colon, breast and lung
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cancer(Z. Wang et al. 2015Moreover, cancer patients with high Cavl expression had
a worse chemotherapeutic response and progressiwhich translated irio a poor
prognosis(Senetta et al. 2013)Therefore, Cavl can have a dual role and may be a
tumour suppressor gene ortamour promotor gengFigurel.7), depending a tumour

microenvironment and temporal context.
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Figurel.7 ¢ Dual role of Cavl in CanceCavl can act as a tumour suppressor or as a tumour pror
depending on tumour context, stage of tumour development and progression. In some tumo
breast, lung, and colon, Cavl acts as a tumour suppressor, and in the early stages of cdiirtadios
and tumour development is correlated with Cav1l reduction (light grey dashed line). However, as
progresses and proliferates, some alterations like epitheledenchymal transition that leads to los:
E-cadherin is observed. Upone&pres®on of Cavl (black dashed line), for example, triggered by hy
the protein maycontribute to developnent of characteristics associated with enhanced malign:
(multidrug resistance and metastasigsually associated with phosphorylation of Cavlynsinel4. Ir
other tissues, where Cavl is not expressed, like prostate and pancreatic cancer or gliomas
associated with enhanced tumour cell malignancy and a more aggressive phenotype, represent
late event on the model aboy&. Quest et al. 2013)

Primary tumor Metastatic tumor

The contribution of Cav1l to tumour progression seems to be conffilegst, Gtierrez
Pajares, and Torres 2008) ¢ 2 SELX I AY /| dmQa NRf S RdzNAy 3
et al. proposed that the early stages of tumour formation and malignant transformation

may be promoted by Cavl loss and this would sensitize normal cells dacogenic
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event, suggesting Cavl as a tumour suppressor. On the other hand, Cavl is commonly
upregulatedin several advanced epithelial tumours, including prostate, kidbhmast,

and bladder carcinomas. Whereas, in cancer progression Cadetaeexpression will
contribute to tumour cell resistance and metastasis, suggesting Cavl as a tumour

promotor (Z. Wang et al. 2015)

The role of Cavin GBMis still poorly understood and controversial as wéf. vitro
studies of Cossedt al. with UB7MG, a GBM cell line, have demonstrated that Cavl acts
&4 F Gdzy2dzNJ adzLJLUINBaa2N) 68 R2gyNB3IdzA F GAy3
RSONBIFaS 27F ¢ D®hioch{neréase the @rdlkeatiod, dnxasion and
clonogenicity when Cdvwas downregulatedCosset et al. 2012; Martin et al. 2009)
Quann andcollaborators demonstrated that Cavl has a negative correlation with
tumour growth, and when Cavl was upregulated in U87 cells these sledwed a
decrease of proliferation and invasion, associated with an increase of chemosensitivity
and apoptosigQuann et al. 2013)n contrast other groups found a positive correlation
between Cavl expression and tumour grade with tumour sam(@assoni et al. 2007;
Barresi et al. 208, Pu et al. 2019; Moriconi 201#Annabiet al.demonstrated a positive
correlation of CD44 and Cavl, atitht CD44 was highly expressed in highly invasive
gliomas(Annabi et al. 2004 5tudies of Abulrobt al.proposes that low phosphorylation
states of EGR 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 gliodastoma cells and tumours, decreasing the tumoral aggressive fea(dtasdrob

et al. 2004)

1.4.2 Caveolial and immune cells

The role of Cavl in immune cells is not completely understood, however Cavl seems to
be expressed in all immune ce{ldarris et al. 2002)Regarding the Cavl expression in
microglia cells, this has not been thoroughly investigated. In 2013, Niesnah
detected the Cavl expression in murine micragB\/2 cells, and Cavl protein was
significantlyreducedin inactivated microglial, while the activaté state showed an
increase of Cavl expressi¢gdiesman et al. 2013PDn the other handPortugalet al.

showed that Cavl is involved the inflammatory phenotype bynternalization of the
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sodiumvitamin Ccatransporter2 (SVCTEIn human microglia cell line, CHM@Ertugal
et al. 2017)

In immune cellscaveolae have been suggested to play a roldglenregulation ofcell
activation in response to external stimuluselease ofsolublefactors, cell migration,
phagocytosigsind endocytosis of pathogens and necrotic ¢éitsvever, the function of
this protein might be dependent on the cell type studieahd their expression can
fluctuatereflectingthe activationand/or maturation stage of the celFeng et al. 2013)
The uptake olvirus as SV40and bacterig like Pseudomonas aeruginoss manly
coordinated by Cav{Norkin 1999; Gadjeva et al. 2010)oreover, the exacerbated
inflammatory responséading tochronic inflammation was observed in Cawibckout

(KO models,increasing the plasma levels of inflammatory mediatortL#s TNF' - L [
12p7Q CXCL13/BLC-CxF, H3, and CXCL10HARD (Codrici et al. 2018a)n sepsis
context, Cavl seem texert a protective function modulating the inflammatory
responseby inhibition of LPSLR4 signallingelieving the bacterial burdens, and
suppressingthymocyte apoptosis Cavl inhibitsthe LPSTLR4pathway by directly
binding to TLR4which preventsthe TLR4 association with MyD88 and TRIF, and by
suppressing the activation of ERKIVAPK, JNWMAPK, and PI3KFeng et al. 2010)

Cavl is involved in inflammation,adhesion, and phagocytosis of the
monocyte/macrophage Furthermore, higherexpression of phosphorylated Cavl
(pCavl) was found in activated macrophages and microglia in nesgp&giments(Shin
2007; Bucci et aR000) On the other hand, Tsat al. showedthat deletion of Cavl in
macrophages suppresses their phagocytic activity with downregulation of CD14 and
CD36 gnti-inflammatory related markeds They also reported that NF. | OG A @ GA2Y
inhibited in @Qv1KOmacrophages through downregulation of TLR4 and My([D88i et

al. 2011) showing contradictory results puldlied by Feng and collaboratofseng et al.
2010) This emphasiseagainthat the Cavl role is dependent of cell type and/or
pathologic environmentMoreover, Cavl is associated with the nuclear translocation of
transcription factors and integrin signals, thmajor regulators in monocyte
differentiation (Y. Fu et al. 2012phimatcet al. observed a significantly upregulated of
Cav1l in monocytem the presence of GBMs. They demonstrated that siRNA inhibition

of Cavl restores myeloid cell function, as measured by TNFA SONB G A2y Ay (GKS
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of GBMgShimato et al. 20135tudies of Wangt al.demonstrated that Cavl can have
a potent immunomodulatory effecter molecule in murine alveolar and peritoneal
macrophages. Theglsoshowed that Cavl has a protective role foflammation by
suppression of pranflammatory cytokine production (TNF | y6Rand ifcrease of

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

1.5 Aimsof the Project

Cavl inGBMcontributesto tumour invasion andt is associatedo a shorter survival
rate (Pu et al. 2019; Moriconi 2019 immune cells, particulgr in human microglia
cells, the function of Cavi$ notwell understood, but Portugadt al. suggests thathe
protein is involvedin the inflammatory responsgPortugal et al. 2017)On the other
hand, Shimato and collegeemonstrated thathe inhibition of Cavl couldestore the

myeloid function in human GB{Shimato et al. 2013)

Taking this ito considerationthe hypothesis of this work is that Cav1l is a modulator of
microgliaimmune response and regulates the tumouwmicrogliainteractionin order

to promote the developmenand prayression of GBM

To investigate howthe Cav1l statusn microgliamay modulatemmune response celt
cell communicationand cell invasion within the GBM microglial environmettte

projectwasdefined by4 objectives:

Objective 1: Create stald Cavl KO othree established GBMell lines one human

microgliacell lineandoneiPSCell line Design &£RISPRas9 systerto target the Cavl
gene Upon electroporation, clones prevenient from single celdse generated

characterized and deposited in a cell banfor further experimentsand projects
(Chapter 3).

Objective 2:Study how Cavl status in microgliafluencesits 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) usirtgro different human microgliaa stablishedcell line
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and iPS@lerived microgliataking irto consideration the Cav1l status (Cavl NT and Cavl
KO) Investigatethe impact inthe chemosensitivity to TMZ, migration and phagocytic

competencebased orthe Cavl status in microgl{&€hapter 4 and 6)

Objective 3: Investigate how the Cavl status in microgliampacts the microglia
responsiveness to GBM immune tumour environnterdpon co-culture with three
GBM cell lines,tady the impact onmicroglial proliferationmigration, transcriptome
and molecular mechanismeorrelated with human immune responseontemplating

the Cavl status imicroglia Investigate the expression of Cavl in myeloid cells using
online databases from single cell analysi®i@élthy donors and€sBM tumoursamples
(Chapter 5 and 7)

Objective 4:Explorehow tumour immune environmentscreated by microgliaCavl
NT and microglia &1 KOimpact the GBMbehaviour. Using a 2D ceoulture mode)
evaluate the impact of microglia (Cavl status dependemt}umour proliferation
invasion and ontranscriptomic profile of genes involved in tumour invasiStudy the
impact of microglia (Cavl status dependent) on tumour invasion egtablishment of

a 3D ceculture model(Chapter 5 and 7)
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2.1 Material
2.1.1 Cell lines
Name Type Source
U87MG GBM ECACC (#89081402)
UP007 GBM SEBTA
UP029 GBM SEBTA
CHME3 Microglia Brian Bigger, Manchester Universit
THP1 Monocytes ECACC (#88081201)
KOLF2 IPSGHPSI0114kolf 2) Nick Allen, Cardiff University
34D6* Astrocytes precursors cells Nick Allen, Cardiff University
HEKbIUe?2 Engineered HEK293-ceII.s to te InvivoGen (#regpt1)
mycoplasma contamination

*34D6 ¢ iPS@erived astrocytes progenitor cellaRC), fronfibroblasts of normal female (40 y

old; CRi2524;

2.1.2 Cell culture mediums
1 GBM and CHME3 media

ATCC)

Components

Concentration

Company (Cat#)

DMEM high glucose

FBS

Penicillin/Streptomycin

1 THP1 media

Components

10%
1%

Concentration

Gibco (42430025)
Gibco (10500064)
Gibco (15140122)

Company (Cat#)

RPMI 1640
FBS

Penicillin/Streptomycin

I iPSC media

Components

10%
1%

Concentration

Gibco (61870010)
Gibco (10500064)
Gibco (15140122)

Company (Cat#)

Essential 8 Flex basal medium
Essential 8 Flex supplement

1X

Gibco (A285881)
Gibco (A2858401)
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Concentration

Company (Cat#)

mTeSR 1 Basal Medium
mTeSR 1 5X Supplement
BMP4

Human VEGF 165
Human SCF

1 XVIVO Factory Media

Components

1X

50 ng/ml
50 ng/ml
20 ng/ml

Concentration

StemCell (85851)
StemCell (85852)
Peprotech (12@5ET)
Peprotech (10€0)
Miltenyi (130096-692)

Company (Cat#)

XVIVO 15
Penicillin/Streptomycin
Glutamax

2-ME

IL-3

M-CSF

1%

1X

S5uM

25 ng/ml
100 ng/ml

1 X-VIVO Microglia Differentiation Media

Components

Concentration

Lonza (LZBE@IBOF)
Gibco (15140122)
Gibco (35050038)
Gibco (21985023)
BioLegend (578006)
BioLegend (574806)

Company(Cat#)

XVIVO 15
Penicillin/Streptomycin
Glutamax

2-ME

IL-34

GM-CSF

1 Microglia Resting Media

Components

1%

1X

S5uM
100 ng/mi
10 ng/ml

Concentration

Lonza (LZBE@BOF)
Gibco (15140122)
Gibco (35050038)
Gibco (21985023)
BioLegend (577904)
BioLegend (572903)

Company (Cat#)

XVIVO 15
Penicillin/Streptomycin
Glutamax

2-ME

N2

1 EF20; APC media

Components

1%
1X

55 UM
1:100

Concentration

Lonza (LZBE@IBOF)
Gibco (15140122)
Gibco (35050038)
Gibco (21985023)
Gibco (17502048)

Company (Cat#)

Advance DMEM/F12
Penicillin/Streptomycin
Glutamax

N2

B27

Human EGF

1%

1X
1:100
1:1000
20 ng/ml

Gibco (12634010)
Gibco (15140122)
Gibco (35050038)
Gibco (17502048)
Gibco (17504044)
R&D Systems (23B6G)
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FGR2 20ng/ml Peprotech (453)
Heparin 20 ng/ml Sigma (H31490KU)
1 CNTF ADF media

Components Concentration Company (Cat#)
Neurobasal Gibco (21103049)

Penicillin/Streptomycin
NEAA

Glutamax

B27

CNTF

i HEKBIue-2 media

Components

1%

1X

1X
1:500

10 ng/ml

Concentration

Gibco (15140122)
Gibco (1140050
Gibco(35050038)
Gibco (17504044)
R&D Systems (25MT)

Company (Cat#)

DMEM high glucose
FBS
Penicillin/Streptomycin
HEKblue selection
Normocin

10%

1%

1X
100pg/ml

Gibco (42430025)
Gibco (10500064)
Gibco (15140122)
InvivoGen (hksel)

InvivoGen (antr-1)

2.1.3 Other Cytokines, Growth Factors, and Inhibitors

Components Concentration Company (Cat#)
LPS 1 pug/ml or 100 ng/ml Sigma (L2630)
IFNQ 20 ng/ml PeproTech (3002)
IL-4 20 ng/ml PeproTech (2004)
IL-13 20 ng/ml PeproTech (21Q3)
PMA 150puM Sigma (P8139)
Y-27632 Rho Kinase Inhibitor 10uM Abcam (ab120129)

2.1.4 Other Cell Culture Reagents

Components

Company (Cat#)

Alt-R S.p. Cas9 Nuclease 3NLS
NI ONWwb'! =

Alt-R® CRISPRI & ¢

'¢c¢h

Alt-R® Cas9 Electroporation Enhancer

StemCellBanker GMP Grade

IDT (1074181)
IDT (1075927)
IDT (1075915)
AMSBIO (11890)
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DMSO

VTN

FN

Geltrex

Matrigel- Growth factor reducec
StemPro Accutase
RelLeSR Enzinfiee
KnockOut DMEM medium
Cell Dissociation Buffer
PBS pH 7.4

Live Cellmaging Solution
Calcein AM

Pl

DAPI

Hoescht

2.1.5 Antibodies for FACs

Components

Chapter 2; General Material and Methods

Sigma (D2650)
Gibco (A14700)
Millipore (FC010)
Gibco (A1413301)
Corning (354230)
Gibco (A1110501)
StemCell (5873)
Gibco (10829018)
Gibco (11530456)
Gibco (10010023)
Gibco (A14291DJ)
Invitrogen (C1430)
Sigma (P4864)
Invitrogen (D1306)
Thermo Sci (62249)

Company (Cat#)

CDA45 (2D1) FITC

CD34 (4H119 PECyanine7

CD11b (ICRF44APC

CL¢/ a2dzaS L3IADmMZ
t 9k/ &1 a2dza$
't/ a2dzaS L3IADmMI ¢

2.1.6 Antibodies for Western Blot

LaDmz2

eBioscience (1:9459)

eBioscience (26349)

eBioscience (1:0118)
L & 2 ( & L Biolegend (400109)
¢ L a2 ( Biolegend (400109)
L & 2 ( & LIS Biolegend (400109)

Components Dilution Company (Cat#)
PhospheCavl (Tyrl4) 1:1000 Cell Signaling (3251)
Cavl 1:1000 Cell Signaling (3238)
PhospheSTAT1 (Tyr701) (58D6) 1:1000 Cell Signaling (9164)
STAT1 (D1K9Y) 1:1000 Cell Signalin(#994)
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PhospheNFmB p65(Ser536) (93H1) 1:1000 Cell Signaling (3033)
NFmB p65 (D14E12) 1:1000 Cell Signaling (8242)
PhospheSTAT3 (Tyr705) (D3A7) 1:1000 Cell Signaling (9145)
STAT3 1:1000 Cell Signaling (9132)
PhospheSTATG6 (Tyr641) 1:1000 CellSignaling (9361)
STAT6 1:1000 Cell Signaling (9362)
Anti-rabbit igG, HRinked 2° antibody 1:.10000 Cell Signaling (7074)

2.1.7 Antibodies for Immunofluorescence

Components Dilution Company (Cat#)
IBA1 1:100 Abcam (ab5076)
TMEM119 1:100 Abcam(ab185337)
Cavl 1:500 Cell Signaling (3238)
Goat antirabbit IgG Alexa Fluor 488 1:400 Invitrogen (A11034)
Donkey antigoat IgG Alexa Fluor 488 1:400 Invitrogen (A11055)
2.1.8 Kits
Name Company (Cat#)
SE Cell Line 48ucleofector X Kit S LonzaV4XE1l032)
P3 Primary Cell 4Nucleofector Kit S Lonza (V4xB032)
PureLinkGenomic 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 CellLabeling Kit Invitrogen (V22889)
Cell Proliferation Kit | (MTT) Roche (11465007001)
CyQUANT Direct Cell Proliferation Assay Kit Invitrogen (C35011)
t ASNOSu [/ 22YF&aairsS tfdza 6. 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)
TagMan Array, Human Tumor Metastasis AB (4418743)
TagMan Array, Human Immune AB (448718)

pHrodo Red E. coli BioParticles Conjugd&bagocytosis Invitrogen (P35361)
pHrodo Green E. coli BioParticles Conjug&bagocytosis 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)

bdzy Oux OStt OdzZ GdzNS G NS G ¢ Thermo Sci (178905)
bdzy O OSftft Odz GdzNBE (G NBI { € Thermo Sci (136196)

Cell culture notreated flasks T75 cfn Corning (431464)

Cell culture notreated flasks T25 cfn 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 SA{AB0350)
0.2 ml PCR tubes Fisherbrand (1423022¢
Filtered 125Qul tips SLS (SLS5160)
Filtered 30Qul tips SLS (SLS5156)
Filtered 20yl tips SLS (SLS5150)
Filtered 10ul 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 6well treated plates Costar (3516)

Flat bottom 12well treated plates Costar (3513)

Flat bottom 24well treated plates Costar (3524)

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

Round Bottom Ultra Low Attachment 9@ell plates
Transwell with 0.4 um Pore Polyester Membrane Insert
HTSTranswell@®6 with 8.0 um Pore Polyester Membran
HTS Transwel@®6 Receiver Plate

17 mm petri dish

Roundbottom polystyrene test tubes

Skim Milk Powder

96-Well SemiSkited PCR Plate for Roche Lightcycle
MicroAmp Fast Optical 9@/ell Reaction Plate, 0.1 ml
Clear Polypropylene Seal (PCR)

Mini-PROTEAN TGX Gels

Precision Plus Protelaleidoscope Standards

al 3A0alNJn -t 2SaiSNYy tNE
NuPAGE Sample Reducing Agent

bdzt ! D9n [5{ {IYLXS . dzZFFSH
Gel Loading Tip-200ul

PowerUp SYBR Green Master Mix

¢lhljalkyn Clad ! ROIYyOSR al
RNase Inhibitor

Hyclone RNase/DNase/ Protease free water

Ethidium Bromide Solution

UltraPure TBE 10x buffer

Agarose Genetic Analysis Grade

ProLong Glass Antifade Mountaitx 2 mL

Costar (3596)

Costar (7007)

Corning (3459)
Corning (3374)
Corning (3583)
Thermo Sci (150350)
Falcon (352058)
Serva (42590)

Starlab (14020909)
Thermo Sci (4346907)
Starlab (E2796793)
Bio Rad (4561046)
Bio Rad (150350)
Invitrogen (LC5602)
Invitrogen (NP0O004)
Invitrogen (NP0O08)
Fisherbrand (11937734
Applied Bio (A25918)
Applied Bio (4444556)
Applied Bio (N808011¢
GE (SH30538.03)
Invitrogen (15585)11)
Invitrogen (15584044)
Fisher BP1356)
Invitrogen (P36980)
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2.2 Cell culture maintenance

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

line (CHMES3) grow attached in a monolayer and were maintained in culture with GBM
and CHME3 media described in secttoh.2 in a humidified atmosphere with 5% &0

at 37°C. The cells were passaged when they reached tH&0%0 confluence. For
passaging, the growth medium was removed, and eedlee 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 mgecollected 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 Il FL Automated Cell €o(hnife
Technologies). Around 4,000 cellskmere added to 10 ml of prevarmed growth

media in a fresh 75 chireatedculture flask, and then returned to the incubator.

THP1 cells grow in suspension and were maintained in culture itrewted flasks wh

THP1 media described in sectidni.2 at the same cell culture conditions, a humidified
atmosphere with 5% CGQat 37°C. THP1 was seeded at 400,6ell/ml in nonrtreated
flasks and maintained in culture until it reached the maximum of 2x&0/ml. After
collecting the cells, they were centrifuged, the supernatant was discarded, and the cell

density was determined as the other cells.

For longterm storage, GBM and microglia cells were kept in freezing medium (FBS plus

M2 5a{h0 Ay fAljdZAR yAGNRISYyd ¢l tmQa FNBSIT
DMSO to prevent the monocytes differentiation into macrophages (high concentration

of DMSO is abletinduce the monocyte differentiatiofT aetle et al. 199)) Cells chosen

for storage were passaged as few times as possible. Cells were detached, collected, and
counted as described above. After the centrifugation, the pellas resuspended in

freezing medium at the density of 1 x8dklls/ml. The cell suspension was then added

G2 ONRB2OAIf&azT M Yt LISNI GAIfIZ | yBEGAMRNBR Ayl

24 hours, the cryovials with cells were transferred tagaid nitrogen storage unit.
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Since GBM cell lines were cultured in DMEM, THP1 cells were gradually cultured in
DMEM for future cecultures (CC). To avoid drastic alterations and to improve their
adaptation, THP1 cells were cultured in 100% RPMI, thetclsd 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.

THP1derived macrophages

Macrophages were obtained after THP1 treatment with 150 nM of phorboh{éstate
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 macropha@ésY. Fu et al. 2012; Lund et
al. 2016)

I 4G NB O8 G S acellkim@ Btigytedidifeidntation

Astrocytes were used as a control of slmmour cell for CC with microglia, invasion, and
confrontation studies. 34D6 astrocyte progenitor cells (APC) were derived from iPSC
34D6 cell line, a healthy 4@arold female, reprogrammed by retrovirus, a kind gift of

Prof. Nick Allen, Cardiff University.

Astrospheres

s formation APC Astrocytes
- 3-4 weeks Day 0 Day 14
Differentiation from iPSC using ADMEM/F12 with: Neurobasal with: B27 and
SMAD inhibition protocol; N2, B27, 20ng/ml EGF and 10 ng/ml CNTF

Astrocytes derivation using 20ng/ml FGFb
FGF2 and LIF P SRR Ty
(Nick’s group)

Figure2.1 ¢ Astrocytes differentiation fomAP@G KS 't/ 6SNB LINBOA2daAfL 8
and maintained in culture in EF20 medium, supplemented with EGFb, N2 and B27. The astro«
were differentiated from APC in neurobasal medium supplemented with CNTF and B27 for 14 d:
bar: 200uM.

The monolayer APC cultures were propagate@H20 mediumsge section 2.1)2in

Matrigelcoated flasks (1:80) and passaged when confluent by using Stem Pro Accutase
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(Sigma) (split ratio 1¢A:3). Astrocyte populations were obtained by differentiating 8 x
10° APCs for 14 days with CNTF medisee(sction 2.1.2 in Matrigetcoated tissue
culture flasks(Serio et al. 2013; Bilican et al. 2012; Krencik and Zhang .20h#)

mediums were renewed every2days.

iPS&@lerived microglia

Prof Nick Allen, from Cardiff University, generously giftediticieiced pluripotent cell

(iPSC) cell line KOLF2 (HPSIGHdAi 2) that was used to generate the human microglia.

KOLF2 was established from a healthy white British male, age betweg®, S#here a
FAONROE I AG 61 & NBLINRBES\RepfdgBmirdgKidwhigh contains? ¢ dzy S u
four Sevbased 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, KOLFRAVSImCherry (generated by Prof. Nick Allgroup) were used in this

project.

IPSC cell maintenance

IPSC cells were cultured in feedeze conditions and maintained in Essential E8 Flex
medium (Gibco) on vitronectin (Gibco) coated plates (@yfcm?). The medium was
renewed every other day. To psage the cells, iPSC colonies were washed with PBS and
incubated with ReleSR (StemCell) af@7%or 2 minutes. ReleSR was aspirated, the
colonies with stem cell characteristics were detached withiDMIEEM medium (Gibco)

and centrifugated at 1,000 RPM fon8nutes at RT. The supernatant was aspirated, the
remaining pellet was resuspended in Essential E8 Flex medium and iPSC colonies were
plated on to vitronectircoated plates in a ratio of 1:4 to 1:6. To freeze down iPSC, the
colonies were resuspended inEBNFCELLBANKER (amsbio) medium and stored into Mr.
CNRailéen CNBSIT A8g°B. Afte? F4ihbuksy tBeNyovihlsi with cells were

transferred to liquid nitrogen storage unit.

Microgliaprogenitor cells differentiation

Microgliaprogenitor cells were dained by embryonic bodies (EB) formation, followed
by factory differentiation. iPSC colonies were previously treated withM®f ¥-27632
dihydrochloride a selective Rho kinase inhibitor {(Ribcam) for 1 hour. After the Ri

treatment to improve the celsurvival 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, kDMEM medium was used to stop the reaction and the iPSC
centrifugated at 1,000 RPM for 3 minutesRil. The supernatant was aspirated, and the
remaining pellet was resuspended in 5@0of KODMEM. Cell density was calculated
using Countess Il FL Automated Cell Counter. In order to form 20 EB, around 360,000
cells were resuspended in 440 of 4 mg/ml & Poly(Vinyl Alcohol) (PVé& Sigma)
dissolved in Essential E8 flex medium, previously filtrated, wifiM 0f Ri, and seeded

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

drop technique, in a humidified atmospherativ5% CQ at 37°C.

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

IANI gAGed ¢KS &dzLISNYIFGFYyd YSRAdZY 61 a NBY2@OS
(StemCell) supplemented with 50 ng/ml BMP(Miltenyi Biotec), 50 ng/mMVEGF

(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 Matogédd flask (1:80) with

5 ml of XVIVGL5 medium (Lonza), with 2 mM Glutamax, 100 U/ml penicillin and 100
pg/ml streptomycin, 0.055 mM-RIE, supplemented with 25 ng/ml of-8_(Biolegend)
and 100 ng/ml MCSF (Biolegend). Around 60% of the medium was renewed e¥ery 5

day, being careful not to disturb the progenitors.

Nonadherent 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 waspirated, 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 ustmyntess Il FL Automated Cell Counter
Cells were periodically tested for theurrface antigens by flow cytometry, to ensure the

correct lineage CD4ACD11bB/CD34.

Microglia differentiation
When the noradherent cells were confirmed to express markers for the microglia

lineage, they were harvested as mentioned above and counted. mfeoglia
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LINEPASYAG2NRQ OSffa &SNS -wekvitrdnécircdatdd plata n = nnn -
in XVIVO Microglia Differentiation Media (XVRAI® medium, with 2 mM Glutamax, 100

U/ml penicillin and 100 pg/ml streptomycin, 0.055 mMME, supplemented ith 100

ng/ml of 11-34 and 10 ng/ml GMCSF). The microglia was differentiated for 14 days and

the medium was renewed every 3 days.

Microglia resting stage

Once microglia was differentiated witkVIVO Microglia Differentiation Media, which
contains GMCSKpro-inflammatory cytokine), the differentiated cells were allowed to
rest for an additional 5 days iMicroglia Resting Mediasée section 2.1)2 in a

humidified atmosphere with 5% GGt 37°C.

23aAONBIf Al LINPISYAG2ND&E OKF NF OO

Nonadheent 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 iuR600.1% BSA/PBS

and 2.5ul of CD45 Monoclonal Antibody (2D1), FITC, CD34 Monoclonal Antibody (4H11),
PECyanine7, and CD11b Monoclonal Antibody (ICRF44), APC, (all from eBioscience)

were addel. In another tube was added 2ubof each isotype control, FITC Mouse IgG1,

¢ Laz2delIS /ONX oC/WwmEYiNtwR2Ra&2dad$2y3¥maht /L
Antibody [Clone: MOREMB X t 9k/ 8T a2dzaS L3IDmMI ¢ -L&az2delLls
21] (all fran 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 ipl 20Ghe same buffer. The

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

FlowJo (version v10.5).
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2.4 Immunofluorescence Staining

CHMES and differentiated iP$i€rived microglia was fixed with 4% paraformaldehyde
(PFA) for 10 minutes at RT. Fixed cells were washed 3 witte$BS for 5 minutes at

RT. In order to permeabilize the cells, the samples were incubated with 0.3%-Xriton
(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 ($igR&$ 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), Cavl
(Cell Signalling) (1:100 or 1:500 dilution in blocking buffegyrmght 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 desanted and washed 3 times

with PBS for 5 minutes at RT, protected from the light. The counter staining was
performed with DAPI (0.ag/ml) for 5 minutes, followed by an additional 3 washes with
PBS for 5 minutes. The coverslips were mounted with ProGag) (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 getmsmare created

using ImageJ.

2.5 Microglia and Macrophages polarization

Microglia (CHME3 and iP8€rived microglia) and macrophages (THietived
macrophages) were activated towards a classical-ipflammatory phenotype or
alternative anttinflammatory phenotype, following the protocols ifrigure 2.2 and

Figure2.3. Cells in standard conditions culture (inactivated) were used as control.
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CHMES3 and
iPS&erived
microglia

N\ Y

48h Polarization [ v v
Inactivated Pro-inflammatory Anti-inflammatory
Standard Medium 20ng/mLL Cb Q 20ng/ mLIL-4
(DMEM +10% FBS) 100 ng/mL LPS 20ng'mLIL-13
N Y
Figure2.2 ¢ CHME3 and iPSderived microglia polarization protodo
72h Differentiation 150nM PMA
v
. StandardMedium

24h Resting (DMEM + 10% FBS

L J

v v v
@ Inactivated & Pro-inflammatory @ Anti-inflammatory
48h Polarization Standard Medium 20ng/mlL Cb Q 20ng/mLIL-4
(DMEM +10% FBS) 100 ng/mL LPS 20ng/mLIL-13
U Y

Figure2.3 ¢ THP1 differentiation and macrophages polarization protocol.

Macrophages were previously differentiated from monocytes THP1 cells for 72 hours,
following the protocol described i8.2.1- THPderived macrophagesand let to rest

for 24 hours.iPS@lerived microglia was differentiated from KOFL2 cells for 40 days
following the protocoldescribed in 2.2.&, iPS@lerived microgliaCHME3, iPS@erived
microglia and THRderived macrophages were polarized towards a-pritammatory
phenotype with 20 ng/ml of IF@plus 100 ng/ml of LPS, or an aimflammatory
phenotype with 20 ng/ml of 4 and IE13, 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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2.6 Coculture System of GBM cell linesm@HME3

The coeculture (CC) of U887, UP007, UP029 or 34D6 cells with microglia CHME3 cells or
iPS@erived microglia was performed using avéll Transwell systerfCorning). 34D6
astrocytes were used as a control of asmmour cells. The system is composed by
inserts with microporous membranes of 0.4 um pore size that allow the exchange of

soluble factors released by the cells located in the upper and lower compattm

Figure2.4 - Transwell® system

Microglial cells (CHME3) were plated in the lower compartment at a density of 10,500
cells/cnt. iPS@lerived microglia was differentiated intov@ell plates previously to the

CC, following the same conditions described in section 2.Rlitroglia diferentiation.

GBM or astrocytes cells were seeded at the bottom of the insert at 10,500 celkl/cin
proportion) in separate wells, not containing microglial cells on the lower compartment.
After 24 hours of equilibration, the culture medium in both camjnents was
refreshed and the inserts containing GBM cells were transferred to the plates with
microglial cells. The erulture system was maintained in a 5%@0@ubator at 37°C for

an additional 48 hours.

2.7 qRFPCR

Gene expression of paaflammatory (L6, Il-:1 , TNF, H12p40 and CXCL12) and anti
inflammatory (IL10, TGH , CCL22, CD200R, CD206 and CD163) related markers, as well
as Cavl were analysed by réiale quantitative reverse transcriptiopolymerase chain

reaction (QRIPCR).

RNA isolation
Total RNA was isolated using a TRIzol reagent (Sigma). Cells willd60f confluent

were pelleted and then lyzed with 1 mL of TRIzol. The samples were incubated at RT for
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5 minutes and then 200 pl 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 pL of isopropanol. After
centrifugation, the pelleted RNA was washed with 500 pl of 75% ethanol and centrifuged
onceagain at 13,000 RPM at 4°C for 5 minutes. The supernatant was discarded, and the

pellet was dissolved in 460 pL of pure water.

RNA from iPS@erived microglia and from GBM cell lines was isolated using AllPrep
DNA/RNA/Protein Mini Kit (Qiagen) and RNeamsini Kit (Qiagen), respectively,
following the instructions on the respective kits. The RNA was eluted ipL306f
DNA/RNA free water.

The quantification and integrity of the extracted mRNA was performed by
spectrophotometry, by measuring the absorbarate260 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 pg of RNA by
reverse transcription using the Higbapacity cDNA Rerse Transcription Kit (ABI

I LILX ASR . A2aedaidsSvyao FOO2NRAYy3 (2 GKS YI ydzFl
of 20 yL. Obtained cDNA samples were store@@tC.

gRFPCR

All primers designed for reference and target genes were based on sequeriished

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 ihable2.1 and were purchased from Invitrogen.
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Gene Forward Reverse Size
Pro-inflammatory
IL-6 gg%ﬁATATTAGAGTCTCAACC GAAGGCGCTTGTGGAGAAGG 146
LM | gTCTTCGAGGCACAAGGCAC ATTTCACTGGCGAGCTCAGGT 112
TNF gAGGTCCTCTTCAAGGGCCA GGGGCTCTTGATGGCAGAGA 120
IL-12 p40 | CAAGACCTCAGCCACGGTCA | GCACAGATGCCCATTCGCTC 101
CXCL10 fAACCTCCAGTCTCAGCACC TGCTGATGCAGGTACAGCGT 123
Anti-inflammatory

IL-10 AAGGCGCATGTGAACTCCCT | CCACGGCCTTGCTCTTGTTTT 103
TGH CAGCATCTGCAAAGCTCCCG | CGAGGTCCTTGCGGAAGTCA 145
CCL22 | GAGATCTGTGCCGATCCCAG | AGGGAATGCAGAGAGTTGGC 178
CD200R1| GGTGCTGCTCAACCAAACAA | AGCCATCTTTACAGGCCATGA 156
CD206/ | ACACTCGGTCATCTAGTACCT | AAGGACAGACCAGTACAATTCAG | ¢
MRC1 CA TA

CD163 | GAGACAGCGGCTTGCAGTT ?TCAGCTGACTCATGGGAATTTTC 136
Agrl GGGTTGACTGACTGGAGAGC | CGTGGCTGTCCCTTTGAGAA 111

Macrophages differentiation
CD14 ACACAGAACCCTAGATGCCC | CCTCTGTGAACCCTGATCACC 141
CD68 gCTAGCTGGACTTTGGGTGA GAAGGATGGCAGCAAAGTAGC 140
Others
Cavl gAGCAGAACAAACCTTTGGC CGTGGCTGGATGAAAACTGTG 159
HKG

GAPDH | CGCTGAGTACGTCGTGGAGT | GGGGGCAGAGATGATGACCC 100
HPRT1 | AGCCCTGGCGTCGTGATTAG | TCGAGCAAGACGTTCAGTCCT 141

ThegR® / w ¢ a

LISNF2NXYSR Ay RdzLX AOI (S

dza A y 3

(AppliedBiosystems), using a LightCycler 96 system (RawmheQuantStudio 5
(ThermoFisher)ina final volume of 12 uL, containing 0.5 pL 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 bya 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 ofR{ER experiments. Water

and nontranscript template (MRNA) were used as a negative control. Target gene
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expression levelwere normalized to the HKG using tb€t method. After gRPCR, the

PCR products were analyseda 2% agarose gel, by electrophoresis.

2.8 Western Blot

Total protein and the phosphorylated protein levels of imlammatory (STAT1 and NF
¢ . LJc p O-inflaryinfratory §8TUAN6 and STAT3) related pathways, as well as the total
form of Cavl, were analysed by Western Blot (WB), following the cell lysis and protein

quantificationprotocol.

Cell lysis and protein quantification

The cells were harvested and centriiy 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 weretkeyp 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 &0°C until required.

The total protein in the cell lysates was quantified usirgpr@assie Plus Reagent
GCKSNXY2 {OASYGATAOUL F2ff2pAy3 GKS YIydzZFIl Odo
at 595 nm using a LT5000MS ELISA reader. Protein concentrations were calculated using

diluted albumin standards.

Gel Electrophoresis

Gel electrophoresis was performed with 12% Minwh ¢ 9! bt ¢ D- u t NSOl a i
Gels (BIORAD). 20 to 50 pg of protein wasrppeed 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 sepation 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 irite thamber in contact with the

gel. The blotting was performed at 100 V for 60 minut@s) 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, ris 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 blockd 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 Cav1l (Cell Signalling), at a dilution
of 1:1000, under rolle 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 antirabbit IgG secondary antibody (Cell Signalling), at a dilution of 1:10000 in
blocking buffer,ér 1 hour, at RT. After this step, the membrane was washed 3 times for
Mn YAydziSa SIFOK yR GKS aa3aylt RSGSOGSR
Duration Substrate (Life Technologies) on a ChemiDoc XRS+ (BIORAD, Hertfordshire,
UK). GAPDH (Cell Sigmagl)i has been used as housekeeping to normalize the protein

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

2.9 Phagocytosis assay

dz

aAONRIf ALIf LK 32080A0 I oAafAle olB cofB I f dzl ¢

A2t F NG AOE San /obged)dThis KitSneadures e celilild QHagocytic
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 phagdogis, the vesicles are processed in the phagosome,

where the pH decrease until 4, as demonstrateéigure2.5.
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Figure2.5 ¢ pHRodo phagocytosis Assal. Coli bioparticlesbdf SR & A § |
dye are added to cell§hephagocyte bioparticleare then processedand the pH
decreaseso 4 and the pHrod -labelledbioparticles fluoresce brightl

CHME3 and iPSferived microglial Cavl NT and Cavl KO were plated intovee®6

plate at 10,000 cells/well. Cells were stimulated towards aipflammatory or anti
inflammatory phenotype. Untreated cells were used as a control. The phagocytosis was
aiaSaaSR I OO2NRAY3 (2 GKS YI ydzZFl Ol dzZNENDRaA
resuspended in live imaging solution at 0.5 mg/ml and sonicated for 5 minutes. After
stimulation, media was exchanged by @0of live imaging solution and 1@ of the
resuspended bioparticles and incubating from 4 to 20 hours &C3Tells 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 In@uCyte

S3 Live Cell Analysis System (Essenbioscience).

2.10 Cytokine array

The cytokine profile of CHMES3 and iRf&@ived microglia Cavl NT and Cavl KO cells
were performed with a Human XL Cytokine Array kit (R&D Systems). CHME3 and iPSC
derived microglia Cavl Nh&KO were seeded into avéell plate and polarized towards
pro-inflammatory or antinflammatory status for 48 hours, using the protocol described

in section2.5. Microglia cells were coultured with different GBM cell lines using a
transwell system (described in secti@rg). Nontreated 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 respéctd S YSYO NI yS> F2ff26Ay13

48

Ay

0 F



Chapter 2; General Material and Methods

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 AppendixIV ¢ Human X Cytokine Array Coordinates.
2.11 Transwell migration and invasion assay

The singlecell migration and invasion assay was carried out using HTS 96 transwell
LISNYSFo6fS adzZlJll2NIa gAGK y >Y LI2NBa 0/ 2NYAY:
previously coatd with 21 pl 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. Th transwell system was incubated at 37°C and 5%d&C Q@6 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, caleeima 6p >aT {A3IYIl 0
diluted in a celbissociation 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 Transwell6 Receiver Plate Black (Corning) and fluorescence was measured in a
fluorescencemicroplate reader (Synerdy 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 celidinenvert
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.
2.12 Cellular ceculturesg VybrantMdyes

During the invasion assay with a mix ptgiion of cells, cellabel dyes were used to
distinguish different cell types. The lipophilic carbocyanines Dil, DiO and DiD (WWbrant
multicolour celllabelling kit¢ Molecular Probes) are weakly fluorescent in water but
highly fluorescent and photoside 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 cellfut not adjacent cells.

C2ft26Ay3a GKS YIydzZFlI OGdz2NENRa AyaidNdzOarzyas
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 washiteps The optimization of

labelling process is described in tAppendix \/ After the labelling procedure, cells were

seeded using a-#ell plate, and incubated overnight to prevent cragsmtamination

with dye from one cell line to the other, that coule lattached outside the cellular
membrane. After that, cells were collected and used for sphere formations to the

invasion assay.
2.13 Spheroid invasion assay

For the invasion assay and previous to the sphere formatagre 2.6), GBM, CHME3

and astrocytes cells were ptabelled with DiL, DiO or DID dyeéesgcribed ir2.12). The

labelled cells were mixed in a 1:1 ratio, GBM:Microglia or GBM:Astrocytes and seeded

in a 96well plate, roundbottomed with ultralow adherence conditions (ULA)

(COSTAR), at a concentration of 1,000 cells/well for thead@85,000 cells/well for the

UPO007 and UP029. For the-cdlture, 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 sleat 37°C with% of CQ After

the sphere formation, at day O of invasion, around half of the medium was replaced with

alk ONA3ISEtw (G2 YIS n Y3IkYE Ay + G2t 2F Hnan
the matrix was added, the plate was kept on foe an additional 30 minutes to allow

F2NJ Iy K2Y23SyS2dza YAEGAZNBE 2F al GNA3IStun 6A0
again at 37°C with% of CQ@to allow the polymerization of the matrix around the

spheres. After two hours, 100 pl of medium was adttethe wells and pictures were

taken immediately after and every 24 hours for the following 3 days. For the mix

cultures, the prdabelled GBM, and the microglial cells with different dyes, additional

pictures were taken in an epifluorescence or Evos Mi7ficroscope.
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Figure 2.6 ¢ Invasion assay diagramTested cells were seeded into a\éll plates, ULA and round
bottom, and left to adhere for 4 days in standard culture media and culture conditionsthftephere
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 macratauhmageJMoriconi et

al. 2017)
2.14 Statistics

Statigical 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 Shaplfitk test. KruskalWallis (non
LI NF YSGNR OO gAGK 5dzyyQda O2NNBOGAZ2Y 2NJ ! bhzx!
was performed for multiple comparisons. Avplue < 0.05 was set as statistically

significant.
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Chapter 3 Genetic Knockout of Caveolin

3.1 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 functiorof 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 ithsilt from

that. At first, RNA interference (RNAI) offered a technique to disrupt gene expression in
many organisms. However, new biotechnological tools, specifiChlistered Regularly
Interspaced Short Palindromic RepedGRISPRased technologies, dve 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 RNAIi cabe mediated through the introduction of chemically
synthetized small interfering RNAs (SiRNAs) or by vector basedtshigspin RNAS
(shRNAs). While siRNA is directly delivered into the cytosol (based on lipotransfection,
for example), shRNA is capablardégrating the DNA. The shRNA method uses plasmid
systems with DNA vectors, providing selectable markers for stable sShRNA expression,
which can be used to create stable knockdown or kriackell lines who express the
ShRNA for several generations. Or tither hand, silencing a gene with shRNA relies on
the concentration of cytoplasmic siRNA. High concentration of sSiRNA can increase the
off-target effects and transfection of high proliferative cells. However, when the siRNA
concentration becomes dilutedo much so that the desired target gene knockdown is

unachievabldKumar 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 preshRNA (Figure3.1). These initial precursors are processed by Drosha
and DGCRS, resulting in the shRNA that will be exported to the cytoplagixploytir

5. The shRNA is then cleaved by Dicer, removing the hairpin, and creating5an20
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 mRNAefor gen
silencing and downregulation of the target protein. In contrastRNA can be directly
transfected into the cell, joining the RNAI pathway when it assembles with RISC in the

cytoplasm(Boettcher and McManus 2015)

Cytoplasm
shRNA
Nucleus TITITIITTT
DICER SiRNA
shRNA
pre-shRNA transcription 77T siRNA
SNRVOVOR
DNA T T
siRNA assembles with
RISC and unwinds
shRNA Al L. Activated
plasmid RISC
lipofection l I l l I m
< 3 T =i

l I I l cleave of mRNA
o
following degradation siRNA-mediated target
RNA complementarity
shRNA
lentiviral

Figure3.1 ¢ siRNAand shRNAnechanisms for gene knockdown

3.1.2 CRISRRas9

The first available genetic complete lesflsfunction or knockout (KO) approaches
involved zindinger nucleases (ZFNs) followed by the transcription activédtereffector
nucleases (TALLENS). These techniques use customizablaridiwyy domains (DBDs)

that are designed and engineered to recognize a specific target in DNA sequences.

Associated with nucleases, DBDs are used to induce datraled breaks (DSBs) and
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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 experimentgBarrang@u and Doudna 2016)

Alternatively, over the last decade the CRIPSR approach usingyuiié8l CRISPR
associated protein 9 (Cas9) has emerged as a method of choice to study individual gene
function, perform genomevide screens, create disease models,d/an evaluate
experimental therapy strategies. Thoudjke the ZFNs and TALENSs approach, to achieve

a complete KO of the gene with CRISRRY, every functional copy of the target gene

needs to be edited and disrupted.

The genome editing toolbox CRISP#&9 is an efficient adaptive system that uses single
guide RNA (gRNA) to guide the toolbox and cleave target regions of (ODbhidg and
Zhang 2015)The Cas9 enzyme is actease that when guided by small RNA through
base paring with a target DNA, generates a dowtéed break (DSB) within the exact
target region.The DSB is repaired either by nrleamologous end joining (NHEJ) or
homologydirected repair (HDR). The erfprone 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 insertidrdonor DNA into the targeted sif@&an 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 iRigure3.2 (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 generatespiéeific DNA breaks.

The tracrRNA is an essential component of the Cas9 target recognition and cleavage
complex. ThesgRNA can be synthetically generated, producethlwtro transcription

(IVT)or in vivofrom 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 approachirf 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 sgRNAybridizes to form a complex with the Cas9 nuclease, which is guided to a
target DNA sequence by the protospacer portion of the crRNAufe 3.2 - 2-3).
Nevertheless the target DNA is only cleaved if the 20 bp target sequence is directly

I R2F OSyid (2 | &aK2NI LINE iNGs,Lhich3sNecdgized b Sy
the Cas9 protein itse(Deltcheva et al. 2011; Ran et al. 20I@)e generated DSB by the

Cas9 protein can be repaired by NHEJ recombination, which may disrupt the gene

function (Figure 3.2 - 4).

1-sgRNA 2 - sgRNA + Cas9 protein
T~ sgRNA PAM seguence
5-NGG-3’
/
SLLLLULULLULLULLL 111
- Target specific T tracrRNA < >
crRNA seguence Target gene

3 - Target specific cleavage 4 - Cellular error-prone repair KO gene

Figure3.2 - The principle of CRISREas9 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(fjobéims

to a recombinant form of Cas9 protein that has DNA endonuclease aiuifine reslting complex will
produce targetspecific doubletranded DNA cleavad8). The cleavage site will be repaired by the non
homologous end joining (NHEJ), an eprne process that may result in insertions and/or deletions and

may disrupt gene functio@).
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3.2 Aim

In order to understand the function of Cavl in GBM and microglia cells the aim of this
Chapter is to generate and characterize CRIG&$® Cavl KO clones and the respective
controls (CRISP®as9 Cavl NT) for all cell lines used in the project. First,RHePR
Cas9 system was designed usimgilicotools. Followed by the electroporation of the
targeted cell lines with the CRISEBRs9 system and clone isolation. the protein
expression on the generated clones was evaluated by WB, the cellular prolifenaton

investigated by MTT and the generated indels analysed by PCR.
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3.3 Methods

3.3.1 Cavl knockout by CRISP&59

crRNA design
Two crRNA guides were designed using the online DESKGEN Library

(https://iwww.deskgen.com/landing/disrupt.htmland 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 codifyMA regions (blue regions

- Figure3.3 andFigure3.4), localized in first exons of the target gene (Cavl), in order to
have a successful gene disruption, and next to a PAM region, to allow the DNA cut by
the Cas9 proteir{Ran et al. 2013; Hohget al. 2016; F. Zhang, Wen, and Guo 2014)
Moreover, the guides were chosen taking into consideration high predictethrget
(activity) and offtarget scores. As seen Higure 3.3 and Figure 3.4, both guides
presented a high offarget score, and should display low -tdfget effects, only

predicted for nonrcoding regions and when two or more mismatches occur.

+116,524,912

2 3
165bp 4 2231bp

Guide Details

Cutssite nr7 [+116,525,087 : -116,525,087]
GC %
Activity 71

Off-target 94

OFF-TARGET ANALYSIS:

Mismatches 0 1 2 3] Total
Coding 0 0 ] 0 0

Non-Coding 0 0 1 3 6

Figure3.3 ¢ crRNA guide 1 desig©DS; Coding DNA sequences.
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B 116,526,529

PROMOTER 1 2 3 TERMINATOR
250 bp 30B bp 165 bp 2231 bp 250 bp

Guide Details

Cut site chr7 [+116,526,678 : -116,526,678]
GC % 45

Activity 67

Off-target 100

OFF-TARGET ANALYSIS:

Mismatches 0 1 2 3 Total
Coding 0 0 0 0 0

Non-Coding 0 0 0 3 3]

Figure3.4 ¢ crRNA guide 2 desigrtDS, Coding DNA sequences.

The crRNA sequences designed are describd@ale3.1. The synthetic crRNA guides
were purchased together with tracrRNAltw 1/ wQa§9ttracrRNATT® 550) and
the Cas9 proteinXlt-w u  { @ LI® ) frdmdhé comimapy{IDT.

Table3.1 ¢ crRNA sequences.

Sequence

crRNA guide 1] GGGCAAATACGTAGACTCGG

crRNA guide 2| TAAACACCTCAACGATGACG

CRISRRas9 nucleofection

The CHME3, THP1, UP007, UP029, U87 and KaNSImCherry cell lines were
subculturedfor 2-3 days before the electroporation procedure to obtain optimal
confluency of 8880% at the time of the nucleofection. The media was replaced the day

before of the nucleofection procedure.

The crRNA:tracrRNAligle duplexes were formed @ O2 Yo Ay Ay 3 S| OK ONWwb
gA0K GNIY ONWwb! éuwnn >a0 Ay SldzZd t @2ftdzySa G2
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KSFGAYy3 GKS 2t A32a

to room temperature on théench top.

¢tKS NAO2YydzOf S2LINRPUISAY O6wbt 0 O2YLX
RdzLJX SE omnn s>naddc 6>[¢ 22 A dAIRB&E | yR
GKS TFAYLl f ord@detdNTs 2 F

complex, tracrRNA was complexed with Cas9 protein without crRNA guide. RNP complex

>[ 2F t.{X G2 NBB

was incubated at RT for 20 minutes.

I OK

G2 dpc/
SE é6Fa F2N
mMmdtr > 27

The cells were trypsinized, collected and washed twice in PBS to remove the remaining

trypsin, media and FBS, which maytzon RNase activity and can quickly degrade the
critical CRISPR RNA components. Per reaction, 100,000 to 200,000 cells were

resuspended into 2Ql of Nucleofection Solution SE (LonzalP8rPrimary Cell Solution

(Lonza iPSChogether with 5 pL of RNP ogplex and 1 pL of Al n

Enhancer (100 uM, IDT). The cells were electroporated using a Nucleofection Module

into the Amaxa 4ENucleofector X unit, using the respective protoctélfle3.2). The

electroporation protocols are cetype dependent. Protocols for THP1, U87 and iPSC are

available in the Lonza nucleofection library, however, the optimization (transfected

efficiency ad viability) was performed for CHME3 and UP029 with GFP, positive control

provided with the kit APPENDIX HCRISP®&as9 RNP approach optimizatiprsince

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.

Table3.2 ¢ Nucleofection program and condins.
Cell line Program Cell Number
CHME3 FF100 200 000
THP1 FF100 200 000
UP029 DS126 100 000
UP007 DS126 100 000
us87 DS126 100 000
KOLF2 AAVSaCherry DG100 200 000
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The electroporated cells were transferred into -avéll plate withpre-warmed medium
and incubated, using standard conditions (37°C, 5% CO2), for 24 hours before FACs

sorting.

Since RNP complex is composed by trackRIWRO 550, the successfully transfected
cells can be selected by FACs sorting. ATTO 550 displayedtatioexof 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 conditioosdn additional 48 hours.

ATTO 550 iPSibsitive cells were seeded at low density (100 cell/dish) in a vitronectin
coated 60 mm petri dish in essential E8 flex medium withuDof Ri. The Ri was
removed when cell divisions were observed under the mimops. 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/96well plate) for clone isolation and expansion. The remaining cells were kept
in culture in order to determine the editing efficiency and to create a fnozte@ck 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 discarddse 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 C#al and GADH(b.) expression
(Figure3.5), as described by Estep al. (Estep et al. 20160nly clones with the Cavl

negative protein expression were expanded for further analysis by WB.

a. Cavl b. GAPDH
J O J
®

Figure3.5 ¢ Example of a dot blot.
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3.3.2 Genomic Cleavage Detectigkditing Efficiency Analysis

The detection of locus specific cleavage was performed using the GeneArt® Genomic

[ £t SIFE@F3AS 5SGSO0GA2Yy YAG O[AFTS ¢SOKy2ft23ASa0
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 cleavagéabted.3).

The pair of primes 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 | (T7EI), that
recognizes nematches 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 T7El, it is predicted other two additional
brands (366 bp plus 173 bp). Guide 1 is localized 1,600 bp in distance fron2 ghidee,

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 primasgesigned 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 Dh& was cut.
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Table3.3 ¢ PCR primers for PCR amplification to DNA cleavage study.

Potential
Product

cleavage Forward Reverse :

. Slze

Site
Region | - A GCAGAACAAACCTTTG GGGAGCATCCTAGACC] | 212
Guidel (190+322)
Region | +orccTeTaeaAGATCCT GeTeccacacaTeAAAC] | 239
Guide 2 (366+173)
Region 3| GTGGATTGTTTCTGCCGO gg%TGTTGCTGAGGTCA ;

The DNA extraction was performed 72 hours after the nucleofection process, using
GeneAr® Genomic Cleavage Detection Kit (Life Technologies), following the
YIydzZFl OGdzZNBENDR&a AyaidNHzOiGA2yad . NASTFfes F2NI S
200,000 cells were collected and-saspended in 25 uL of cell lysis buffer with 1 pL 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 PIW Programmable Thermal Controller
thermocycler (MJ Research). Each region was amplified using AmpliTa@360ld

master mixin afinal volume of 50 pyL containing 2 pL 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 &72°C for 7 minutes.

After PCR amplification, PCR products were analysed in 2% agarose gel by
electrophoresis to confirm the amplification. Subsequently, aroupdl 2f PCR product

was run in a rennealing reaction, where PCR fragments were randomly @edeawith

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 finighing w
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

63



Chapter 3 Genetic Knockout of Caveolin

for 1 hour. The final product was analysed in 2% agarose gel, by electrophoresig and

efficiency of cleavage was calculated using the following equation:
6 & Qo UaXXIINW QQE Oy QA GooRDHT QQ

where, fraction cleaved = sum of cleaved band intensities/(sum of the cleaved and

parental bandntensities).

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 | (Roe) 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 1x&l/ml, into 96well plates (100
pl/well) and allowed to adhereof 24 hours. The cell viability was assessed daily for 10
days by adding 10 pl of MTT, followed by a 4 hours of incubation period@ngith 36

of CQ. After the formation of the purple formazan crystals, they were dissolved using
100 pl of solubilizatio solution and incubated at 3 with 36 of C@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 absorbangg {#Aso nn).

3.3.4 Screening CRISPRS9 clones forpdicted 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 occU¥igure3.6 and Table3.4).

The sets of primers for regidnhand 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 shoulde taken into consideration that small indels (around 1 bp) can be

amplified.

The pair of primers internal to the sequence to be deleted (deletion band (ND)ed
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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GRSt SGA2Y oO0lFYyRé A& G22 fFNHS G2 06S STFFAOASES
amplified(Bauer, Canver, and Orkin 2015; Canvexl e2014)

SgRNA 1 SgRNA 2

Promotor Terminator

1,6 kbp
v
—p v —) <
pRDDD/ ! 1 ¢! /I DEACHXIXXEKXXDXDX XX XXX XXX XKXDXPXYXXXD ! [ [|¢/ NG/ D

Figure 3.6 ¢ Schematic representation of sgRNA 1 and 2 deletioBlie arrows indicate primers
detect the deletion band amplicdD), and the red arrows indicate the primers to detect nondele
(ND)band amplicon.

Table3.4 ¢ Primers for screening the predicted deletion zonsi®: Nordeletion; DDeletion.

Potential
Product

cleavage Forward Reverse :

. size

site
Region
Guidel CAAATACGTAGACTCGG| CTAGAACTCAGTCTCACCT( 749
Region
Guide 2 ACACCTCAACGATGACEH CCTCAGCACAAGACCTGACI 460

ND TGGGGACTTTCGGGATT| CTTCACCTGTTTCGCGTTC( 247

D GTGGATTGTTTCTGCCG| GTCTGTTGCTGAGGTCAAT{ 2400

The genomic DNA was extracted using Pur@@dnomic DNA Kit (Life Technologies).
Each region was amplified separately using Taq DNA polymerase kit (Qiagen), combined
with dNTPs (10 mM, Thermoscientific), forward and reverse primersufdp and
genomic DNA (3), in a total volume of 2Qul, 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 arthiys2% agarose gel, by

electrophoresis.
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3.4 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 AAM&Ly

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 ifable3.5, all sorted cell lines displayed a high transfection efficiency

of more than 90%. Transfections of tracrREAs9 protein (NT) compared with crRNA
tracrRNACas9 protein (KO) were slightly less efficient.

Table3.5 ¢ Editing Efficiency according with each cell line.

CHME3| THP1 | UPOO7 | UP029 u87

Cavl NT| 92% 92% 95% 90% 99%

Cavl KQ 95% 93% 96% 94% 99%

Regarding the editing efficiency, this wasculated 48 hours after the FACs sorting and

72 hours after the CRISPR RNP transfection, in the sorted populations, using the
commercial kit GeneABGenomic Cleavage Detection Assay. The kit has an internal
control for the reaction- Control PCR templas, where after enzymatic treatment it
shows a less intense primary band when compared with-ermrymatic digestion, and

two cleaved band, as seen &igure3.10. 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 beteen two guides).
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Figure3.7 ¢ Gel image fronU87 sorted cells, 72 hours after transfection. CTR: positive control, NT: Non
target, KO: knockout, DE: Digestion enzyme treatment.

CTR NTgl NTg2 KOgl KOg2 KOg3
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Figure3.8 - Gel image frontyPO07sorted cells, 72 hours after transfecti@il R: positive control, NT: Non
target, KO: knockout, DE: Digestion enzyme treatment.
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Figure3.9 ¢ Gel image frontyP02%orted cells, 72 hours after transfection. CTR: positive control, NT: Non
target, KO knockout, DE: Digestion enzyme treatment.
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Figure3.10 ¢ Gel image frorCHME3sorted cells, 72 hours after transfection. CTR: positive control, NT:
Nonttarget, KO: knockout, DE: Digestion enzyme treatment

CTR NTgl NTg2 KOgl KOg2 KOg3

DE - - + =+ - &

- 4 = + - -4
300-
100-

Figure3.11¢ Gel image fronTHP1sorted cells, 72 hours after transfection. CTR: positive control, NT: Non
target, KO: knockout, DE: Digestion enzyme treatment.

The figures above and thEable 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.

Table3.6 ¢ Summary of editing efficiency of 5 cell lines.

CHME3 THP1 UP007 UP029 usg7
Cavl NT G} 0% 0% 0% 0% 0%
Cavl NT G4 0% 0% 0% 0% 0%
Cavl KO G] 19.8% 1.3% 4.1% 4.0% 23%
Cavl KO G] 14.7% 2.5% 4.8% 6.3% 21%
Cavl KO G] 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, meaniva 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 CRISRPRas9 clone characterization

All clones wee expanded from one single cell that did not show Cavl protein expression
by dot blot. The respective clones for controls (NT) were also expanded. After reaching
a T25 flask, Cavl expression was confirmed by WB, proliferation was followed by 10 days
usingthe MTT assay and the genomic DNA was amplified following the procedures

described by Canver and colleg€anver et al. 2014)

Cavl 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. 2016h order to do an earlier selection of clones (Cavl KO) using a
small amount of protein (1/3 of one well from &9vell plate) and to not expand clones

that are expressing Cavl.

Table3.7 ¢ Number of transfected clones analysed by Dot Blot and WB, per cell tfcenfirmed by PCR

Number of clones
Dot Blot wB
Total of clones Cav1 negative Cavl negative
analyzed

CHME3 17 4 2
THP1 3 i A
UP007 11 4 2
UP029 10 2 2
us7 9 3 3
KOLF2 AAVS1 83 10 10
mCherry
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Not all single cells generated clones after seeding them at low density. It was observed
that somecells did not survived as a single cell. Nevertheless, at least two clones for
each cell line were successfully generat€dh]e3.7). Since the objective of the dot blot

was to preselect clones that do not express Cavl protein, the technique was only
performed in clones that were isolated from the population Cavl KOnatdom the

Cavl NT. All clones generated from the Cavl NT population were expanded, analysed by
WB and frozen as described@napter 2- 2.1.2 Fa all cell lines, except THP1, it was

possible to include or exclude clones for the Cavl protein expression by WB.

Representative WB are categorisedFigure3.12 from cell lines U87, UP007, UP029,
CHME3 and KOLF2, showing a KO of Cavl at protein level.

a) b) c)
us7 us7 Us7 Us7 UP007 UP007 UP007 UPO007 UP029 UP029 UP029 UP029

NTC1 KOC6 KOC8 KOCO WT NTC1 KOC3 KOCS WT NTC1 KOC5 KOC7
Cavi- i Cavi— - Cavl- - -
GAPDH-. - - . carDH- W B0 e GAPDH- . -
d) e)

CHME3 CHME3 CHME3 CHME3 CHME3 CHME3 KOLF2 KOLF2 KOLF2 KOLF2 KOLF2 KOLF2KOLF2 KOLF2

NTC1 NTC2 NTC3 KOC4 KOC6 KOC9 NTC1 NTC2 NTC3 NTC4 KOC1 KOC2KOC6 KOC8
Cavl- - - -

i~ s &4
caror- T D B Bl W 0 caror— e bt Al N S s N N

Figure3.12 ¢ Representative Cavl protein levels of NT and KO clones from U87 (a), UP007 (b), UP029 (c),
CHMES3 (d) and KOLF2 (e) cell lines. GAPDH was used as a control.

The THP1 cell line expresses low Cav1l protein levels as monocyte and should increase
its levels &er differentiation into macrophagegr. Y. Fu et al. 2012)o analyse this cell

line, the obtaned clones were differentiated into macrophages with PMA and the Cavl
expression was performed by measuring the mRNA levels by PCR, since the protein
levels were not good enough to classify the clones as a Cavl KO. The PCR products were
run into 2% agarosgel Figure3.13). Clones 1, 2 and 3 did not express Cavl mRNA levels

after macrophages differentiation.
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- THP1Cavli THP1Cavl THP1Cavl  THP1Cavl
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Figure3.13 ¢ PCR products of THP1 clomas into 2% agarose gel:-GAPDH, 2Cavl.

Screening CRISERs9 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 fBection3.3.4. 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 waesformed.

The predicted deletion of U87 clones is representelligure3.14. The control clones,

U87 Cavl NT C1 and C2, showed an amplification of regions from G1, G2 and ND zones.
Both U87 Cavl 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

—

e T T U87 Cavl KOC8 U87 Cavl NT C1
U87 Cavl KO C6 U87 Cavl NT C2
—_— = ———— Gl G2 D ND G1 G2 D ND
2072-4 Gl1G2 ND D G1G2 ND D %%S -
1500- s -
N~
600- w
600- .
- ' - : =] =
2 300-
300- w= .
= - - -
100-
100-

Figure3.14 - PCR amplification products of U87 Cavl NT C1 and C2, U87 Cavl KO C6 anc
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amplified by PCR), showing that the cells did not suffer any genomic alteratiorsin thi

zone.

With regards to the UPOO7 clone&idure 3.15), Cavl NT analysis showed an
amplification of the region from G1, G2 and ND. Cavl KO C1 did not displayed any
mutation detectable by PCR, however, the protein levels are disrupted, as confirmed by
WB. All other cloes (Cavl 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 Cavl KO C5 regions of G1
and G2 are efficiently deleted. Cavl KO clone 3 and 11 have G1 deleted, however, G2 is

conserved.

~ UP007Cavl NTC1 UP007Cavl KOCl UPOO7 Cavl KO C5 UP007 Cavl KO C3. ""&;@uk
G1G2 D ND G1G2D ND G1 G2 DND GgiG2 D ND GL 2 D ND

207249 e
15004 P -

E -

v . - g -

600-:-“ i ' - -

- - -
300- '

= o (=)

100- . : .

J -
- - . R

Figure3.15- PCR amplification products of UP0O07 Cavl NT C1 and Cavl KO C1, C5, KO
C11. Note: UP007 Cavl KO C3 and C11 were run in different gels.

Clones obtained from the UP029 cell line are representédgare3.16. UP029 Cavl NT
C1 showed an amplification of the region from G1, G2 and ND.9Jea21 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.

UP029 Cavl NT C1 UP029 Cav1 KO C5 UP029 Cav1 KO C7
N R T T e oy . _;i,_'o —om - P
61 & o " Np = G Gz D ND G1* »G2 ¥D IND
2072-!
1500- .
= ¥,
-
600-
- . g ¥
— .
300- e
- - : - 1 . e

100- =

Figure3.16.- PCR amplification products of UP029 Cavl NT C1, UP029 Cavl K
KO C7.
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TheFigure3.17 shows the PCR products from the analysed clones of CHMES3 cell line. As
expected, Cavl NT C1 presented amplification of G1, G2, and ND zone. For the Cavl KO
clones, C6 and C9 showed an indel event in the zone of crRNA gl. C4 hadiarttedel

zone of crRNA g2, since no PCR product was amplified using the set of primers to target
these regions. For the Cavl KO C17, both regions G1 and G2 were efficiently amplified,
however, a product of around 800 bp was amplified for the D zone asAvedlletion of

roughly 1.6 kbp is expected for this clone, between the region cut by crRNA g1 and crRNA
g2.

CHME3 CavI NTC1 CHME3 CavlKOC4 CHME3 CavlKOC6 CHME3 CavlKOC9 CHME3 Cavl KO C17

2072- gy G1 G2. D ND G1 G2 DND G1 G2 D ND Gl G2 D ND G1G2 D ND
1500- w
= ' ¢
o @ 3 _
600- w. . 2 ' . . e
- . " |
300- = : i " CA |
- ®? = -
. ’ -.. »
100- - .
. .
o
- - . - . .
.. < - - — -

P b B

Figure3.17 ¢ PCR amplification products of CHME3 Cavl NT C1, CHME3 Cavl KO C4, KO C6, K
C17. Note: C17 was run in a different gel.

Regarding the THPEigure3.18), only Cavl KO C1 showed a genetic mutation target by
G1 (cut done by crRNA gl). For Cavl KO C2 and C3, Cavl expression seems to be

disrupted (analysis by PCR), however, the genomic alterations should be minimal and

not possible to detect wth this method.
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* THP1 Cavl NT C1 * THP1Cav1 KO C1 THP1 Cav1 KO C2 i THP1 Cavl KO C3

2072- 00 Gl G2 D ND GI G2 D ND .61 G2 D ND ._'G1‘ _Gz b ND
1500- E - R & T
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-— .
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Figure3.18 - PCR amplification products of THP1 Cavl NT C1, THP1 Cavl KO C1, KO C2 and K

For the iPSC line used, the Kolf2 cells, all Cavl NT clones (C1, C2, C3 and C4) showed a
PCR amplification product of the regions for the G1, G2 and-igDré3.19). The Cavl

KO C1 and C2 did not reveal an amplification for the region correspondent to the G1.
Also, Cavl KO C6 and C8 did not amplify thgiore correspondent to the G2.

Amplifications of the region D were not observed in any of the clones analysed.

iPSC Cavl KO C1 iPSC Cavl NTC1 iPSC Cavl NT C2 iPSC Cavl KO C2
20724y G1 G2 D ND Gl G2 D ND G1 G2 D ND Gl G2 D ND
1500-
14
ﬁ e [
600- ¥V
- - = - -
300- % = - =
e .- .
100-
iPSC Cavl NT C3 iPSC Cavl NT C4 iPSC Cavl KO C6 iPSC Cavl KO C8
2072- W Gl G2 D ND G1G2 D ND Gl1 G2 D ND Gl G2 D ND
1500- \f\j
vy -
600- ¥V
v - .-
300-
-
100-

Figure3.19 - PCR amplification products of iP&@f2 Cavl NT C1, C2, C3, C4 and Kolf2 C
C1, C2,C6 and C8.
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Cellular proliferation

The cellular proliferation of U87, UP007, UP029, CHAME3THP1 was studied in order
to exclude clones that showed alterations in terms of proliferation, compared with the
WT cell lineKigure3.20).
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Figure3.20 ¢ Proliferation of U87 (a), UP007 (b), UP029 (c), CHME3 (d) and THHliffejyent clone:
as well as WT, were seeded into av@8ll plate and fallowed for 10 days, using the MTT prolifer:
assay.

Clones of CHME3 Cavl NT C7, CHME3 Cavl KO C7 and THP1 Cavl KO C1 showed a
slowdown in their proliferation rate. The remaining clones analysed revealed similar

proliferation patterns.
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3.5 Discussion

There are three main formats of the CRISRR9 system: DNvector, IVT of the Cas9
MRNA and gRNA, and the conjugation of Cas9 protein with synthetic sgRNA to form the
ribonucleoprotein (RNP) complex previously to transfecfloang et al. 20157 he DNA

vector approach, Cas9 mRNA and gRNA delivered into the cells are transcribed in the
nucleus, then traslated 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-SgR8IA
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 ang ome¢ds 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 DM&tor and RR technologies, DNA
vectors take about-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 DNAwvithe need to be
transcribed or translated, reducing the chances of sgRNA degradation atatgets
effects(Liang et al. 2015; Kouranova et al. 20¥g])ditionally, these RNP complexes can
be chemically modified in order to protect againsellkmediated degradation and

immunological response and thereby increase the editing efficiency.

Another way to improve the CRISERS9 efficiency is to choose the optimal delivery
system. Mainly, the CRISPR system delivery can be undertaken uspid-tmdied
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 thewabrs used
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to generatein vitromodels, however the latter can elicit immune respon@dgo et al.

2018) Lipotransfection can be used in almost all taks, however the approach can

be less efficient in some cell lines, particularly, c#ilt grown in suspension or in
primary cell cultures. Furthermore, the lipofection reagents are toxic for cells, and the
guantity of DNA that is transfected is rasted 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 nuclswvith 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 timansfect(Hendel et al. 2015)

The first approach this project adopted to KO Cavl in the cell lines was thedahth
method described IPAPPENDIX-ICRISPRas9 ector 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 CHMES cell
lines, one clone Cavl KO for U87 cells was gener&aob(ementary figure ¥ - U87
sequence 46, clone 3). For the remaining cell lines, all clones that survived and
proliferated had some level of Cavl expression by WB analysis, showing disappointing
results. After this unsuccessful approach, the RNP complex method waseabksigd
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,iefity to deliver the

system, less prone to gRNA degradation and fewetao{fet effects.

The comparison of transfection efficiencies of both techniques showed a considerable
difference, with the RNPs method achieving outstanding results. As seen in
Supplementary tabld.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_Cavl NT), as sEdneid.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 Cavl, after studying the editing efficiency
by DNA cleavage analysis, no bands or faint bands were obtaineall foell lines
transfected, resulting on the low efficiency and justifying the only clone obtained for
Cavl KO (as seenSupplementary figure 6 and Supplementary figure ). 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 igehgfgenetic editing

of some cells with dual sgRNA (described as alne3.6). Hendekt aldemonstrated

an increase of editing efficiency when aatiguide system is used, compared with a
singleguide systenfHendel et al. 2015)The cell lines UP007, UP029 and THP1 showed
a higher efficiency, and CHME3 got a similar efficiency compared with gatide 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 Cavl protein.

Theefficiency of editing was not investigal 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
Cavl function in this cell line juss &fficiently. For this reason, we started the clone

selection immediately after the nucleofection.

ConsideringTable 3.7, all clones preselected bydot blot, also showed no Cavl
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 CRISKFas9 that can lead to incomplete target ablation and-non
control of the NHEJ recombination, this technique requires individual clone isolation.
However, the singleell clone isolation will sacrifice some important charactesstit

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 ioleth 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 af ptoliferation assay. As

shown inFigure3.20, clones UP007 Cavl KO C11, CHME3 Cavl NT C7, CHME3 Cavl KO
C6 and THP1 Cavl KO C1 were excluded due to the abnormal decrease of proliferation
probably due to the indels created. Particularly for the clone CHME3 Cavl NT C7, the
loss in proliferation was rioexpected 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 foroliferate 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.

Tosummarise Cavl was succefslly deleted in all cell lines using the CRISB8O RNP
approach. The DNRlasmid 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 Cav1l gene.
The dotblot pre-selecton was shown to be an efficient method to select the edited

clones, saving precious time and reagents.

79



CQHAPTEHR C

at! / ¢! maehmtbth/ YHt hb
/' 1 a9 ®bhe¢ to9

80



Chapter 4 Impact of Caveolii Knockout upon CHME3 phenotype

4.1 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 asutation of the synapse architecture

and neurogenesiéParkhurst et al. 2013; Zhou et al.12) 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 becomactivated 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 raiseége importance of studies on the regulatory

mechanisms of microglia activation.

In the exploration of microglia function a variety iaf vivoand 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(Bédls et

al. 1990) However, Seok and colleagues showed animal models of acute inflammatory
stresses can be a poor reflection of human disease, explainddfbyent evolutionary

paths, complexity of disease and distinct molecular mechanisms invQlvuatiee 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
haschallenges not least the availability of primary sources with obtained from aborted

foetal tissue, biopsies from epileptic or tumour patients, and posttem brain tissue.

Nevertheless, human microglia cell lines have been established such as the dMOG6 c
line and the recently commercial available HMC3 or CHi&8ai et al. 2001; Janabi et

al. 1995) It isbelieved that HMC3 and CHME3 are the same cell line sharing the same
original reference of Janibe and collaborat@@®llo Russo et al. 2018)he cell line was
established in France by the laboratory of PrefasMark 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 piiaflammatory related stimuli, suchas LPSINE L Cbh, X ¢ b C
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beta amyloid proteins and viruseslated infection(Janabi et al. 1995; Ambrosius et al.
2017; Heatn et al. 2010; Dello Russo et al. 2018; Lindberg et al. 20886)direct effect

of antrinflammatory stimuli is less well studied.

The function of Cavl in immune cells, particularly in human microglia, has been little
studied. Studies with murine nceophages and microglia suggest that Cavl is involved

in pro-inflammatory response, important for the increase in proinflammatory response

after spinal cord injury or microbial conta@hin 2007; X. M. Wang et al. 2006; Tsai et

al. 2011; Niesman et al. 2013 Cavl role in the aAmflammatory response hashown

that induction of Cavl in HK cells leads tdhe suppression of TGF aA Iyl f £ Ay 3
fibrosis context, in a renal cell fibrosis cont€kb et al. 2004) On the other hand,
Shivshankar and colleagues demonstrated upon Cavl KO an accumulation of arginase 1
postive macrophages after mice myocardium infarction by promotion of an-anti

inflammatory phenotypd&Shivshankar et al. 2014)

4.2 Aim

The work deschbied in this chapter aimed to understand the immune regulatory role of
Cavl in CHME3 microglia cells to form a basis for future-Gd&ddd studies. CHME3

Cavl NT and CHME3 Cavl KO cells were used to study the impact of Cavl in cellular
migration, phagocytosi response to TMZ, and pnaflammatory and antinflammatory

phenotype after the treatment with webstablished stimulus.
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4.3 Methods

4.3.1 General methods
CHMES3 Cavl NT and CHME3 Cavl KO cells were used during this Chapter. These cells

were cultured following the protocols described@napter 2 section2.2 - Cell culture

maintenance At least three different clones for each Cavl NT and KO usae during

the experiments. The microglia markers IBA1 and TMEM119 were analysed by IF as
described in sectior2.4 - Immunofluorescence StainingThe protocols described in

2.11- Transwell migration and invasion assayd?2.9- Phagocytosis assayasused to

study cell migration and phagocytosis, respectively. CHMES3 cells were polarized towards
pro-inflammatory or antinflammatory phenotypes following the stimulation protocols

in 2.5 - Microglia and Macrophages parization. Nonstimulated cells were used as a

control. To examine the role of Cavl upon activation of CHMES3 cells: (i) a panel of
immuneNB f I § SR  WNB L2 NI S NI -PBR27S GRTFRCR i) plioteitzR A SR 0 &
levelsof STAT1, NF. Lk pZX { ¢! ¢o F YR { ¢28¢WesterSBME SE LJ 2 N
and (iii) soluble products secreted into the media by these cells were examined by

cytokine array Z.10- Cytokine array.

4.3.2 TMZ chemosensitivity

In the context of GBM, the chemosensitivity of microglia to TMZ was accessed
incubating CHME3 Cavl NT and CHME3 Cavl KO cells with different concentrations of

TMZ for 72 hours. Microglia cells weseeded at a density of 5,000 cells/&imto a 96

well plate. Cells were allowed to adhere overnight, at 37°C in a 5%h@0dified

atmosphere. On the following day the media was renewed, and the cells treated with 0

>aX MnAn >aX HpAa > aNkof PMZ andyeubheditoyfiR incuBatorfor >

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

YI ydzFl OG dzZNBND & muya iNHzOR 2/y&vd | INR SNB RISy G 4|
O2y Gl AyAy3a wmnann >t 2F YSRAIFI YR AyOdmltiGdSR ¥
CO2. After the incubation, the fluorescence at an excitation of 508nm and emission of

527nm was measured with a FLUOstaif (A plate reader (BMG LABTECH Ltd).
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4.4 Results

4.4.1 CHMES cells expressed paictroglial markers after Cavl KO

In 1995, upon CHMES3 establishment, Jarshal demonstrated these microglial cells
expressed CD68 and CD11b marKdenabi et al. 1995) ater, in 2012, Etemaet al,

using HMC3howed the expression of IBA1 by these ciiemad et al. 2012)Jsing
CHMES cells, this thesis used the expression of the IBA1 marker and also the TMEM119

marker, recently identified to distinguish microglia from macrophages.

A.CHME3 Cavl NT B. CHME3 CawlO

‘ TMEM119 x gl - N e
;
i ]

Hoechst Hoechst merged

Figure4.1 ¢ Microglial TMEM119 and IBA1 markers and Cavl expresdR@presentative images of t
immunofluorescence staining of TMEM119, IBA1 and Cavl of CHME3 Qaév)laNd CHME3 Cavl
cells(B.). Cells were grown for 48 hours before fixing, labelling vagipective antibody, and imaging
confocal microscopy. Scale bar: 8.

CHMES microglia cells expressed the microglial markers TMEM11BAhdas seen on

the left panelFigure4.1. This microglia cell line expresses Cavl which was suppressed
after CRISRRas9 Cavl KO (right pai®l The loss of Cavl did not affect the expression
of TMEM119 and IBA1.
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4.4.2 CHMES cells lagihagocytic ability irrespective of status

The impact of Cav1 status and cellular activation statusi(ffammatorycWa mQ -2 NJ | y (i A

inflammatory-Wa H Q0 dzLJ)2y YA ONR I Al EdBoPaRlesa A &

illustrated inFigure4.2. Particles without cells were used as a negative control and

particles intubated in live imaging solution pH 4 were used as a positive control.

A Cavl NT Cavl KO Negative control Positive control

Positive control
Negative control

CHME3 Cavl NT MO

CHME3 Cavl NT M1
CHMES3 Cavl NT M2

CHME3 Cavl KO MO

CHME3 Cavl KO M1

be bbbt

CHME3 Cavl KO M2

Integrated red intensity (RCU)

Hours

Figure4.2 ¢ CHMES phagocytosis assay.Representative pictures of phagocytdSBME3 Cavl NT, CH!
Cavl KO, negative and positive conetbtime points Oh, B and 20hB. Integrated red intensity for ea
condition.CHME3 Cavl NT and CHME3 Cav1 KO were seeded ivtelafiate and left overnight to adhe
On the following day, cells were treated with LPS and||i@iNvith I1-4 and 113 for 48 hours, to divate the
cells towards a pranflammatory M1 or antinflammatory M2 phenotype. Untreated cells were used
control (MO). After the activation, media was exchanged byl98f live imaging solution and 14 of the
resuspended pHrodo-d®li bioparticks (50ug/ml) and incubated from an additional 20 hours and im:
taken every 20 minutes, using the Incucyte. Cells without particles were used to calculate the bac
particles without cells were used as a negative control and particles intubalied imaging solution pH
were used as a positive control. MeaSEM. N:3 independent experimeR&CUred calibrated unitsScali
bar: 200um.

(o]

5
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As seen ifrigure4.2, CHME3 cells were not phagocytically active toward pHEodoli
BioParticles. Even after ploy F& | YYI G2 NBAYyPad MY YR N2 NB G WaHnQ
activation, independently of the Cavlatis, 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 Cavl important for microglial CHME3 Transwell migration
The impact of Cavl upon microglia single cell migration was studied uSiramswell

system with 8 um pores.

15000+

10000+

Cellnumber

5000+

CavlNT Cavl KO

Figure4.3 ¢ Impact of Cavl upoiiranswell CHME3 migratiorMicroglia cells CHME3 Cavl NT and Ct
Cavl KO were seeded into the upper chamber in media without FBS. Medium with FBS was
chemoattractant in he lower chamber. The cells were allowed to migrate for 16 hours. Mean of 3 d
clones NT and KOSEM. ***p<0.001 when compared to Cavl NT cells, using an unpaésd t

The single cell migration was in response to FBS, with CHME3 cells which expressed Cavl
showing a migration over 16 hrs of 13,114594 cells. Upon Cavl KO, the cellular

migration decreased significantly to 4,463127 ells, as observed iRigure4.3.
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4.4.4 Cavl promotes microglia CHME3 sensitivity to TMZ

Within the context of GBM, microglia cells are subjected to TMZ within the tumour
environment. Hre the effect of TMZ on this immune cell population was studied in
CHME3 Cavl NT and CHME3 Cav1 KO treated with concenteatgmof TMZ for three

days. The drug sensitivity was assessed using CyQuant assay.

A.

=] s TMZ| CHME3 CHME3

Sooldadm L 2 seonn (UM) Cavl NT Cavl KO

E i 0 100.0£8.4 | 100.0+ 3.6

s peo00o 1100 | 92.1+ 3.4 106.0+ 3.4

zso{ BB @l 250 [51.4+1.97 |94.0%4.2

i 500 [30.7+ 1.7** | 79.6+ 4.8

: I i 1000 [19.0% 127 |51.0+ 3.4
o

0 100 250 500 1000

TMZ concentration (uM)

Bl CHME3 Cavli NT [ CHME3 Ccavl KO

Figure4.4 ¢ Impact of Cavl in microglia sensitivity to TMZHME3 Cavl NT and CHME3 Cavl Kt
were seeded into 9&ell plates and incubated overnight to let the cells adhere. On the following d;
medium was renewed, microglieells were treated with different concentrations of TMZ and return
the incubator for an additional 3 dayA. Cell viability graph of microglial Cavl positive (NT) and Ca
cells.B.Cell viability table, representing the cellular viability mé@aSEM. N: 3 independent experime
** n).01, **** p)K).0001 compared with respective untreated cellsg0d = { A Rl {1 Q& Y
test.

After the three days treatment with TMZ, CHME3 Cavl NT were significantly more
sensitive, showing an IC50 close to 384@, compared to CHME3 Cavl KO, which
showed a resistance three times higher of roughly 1,000 as seen ifrigure4.4. At

low concentrations of TMZ (10QM) there was a trend for increased cellular

proliferation on CHME3 Cav1l KO cells, increasing around 6% the cell viability.
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4.4.5 Impact of Cavl upon CHMIpBenotype in response to pvanti-

inflammatory stimuli
In response to an inflammatory stimulus microglia coordinate a global activation or
repression of gene expression, posttranscriptional regulation, and epigenetic
alterations. Thisspect of the work first investigated the role of Cavl upon the microglia
activation, by examining the protein expression of STAT1, STAT3, STAT6and NEJc p =
the wellestablished regulators of inflammatory pathways. CHME3 Cavl NT and CHME3
Cavl KO weregtarized towards pranflammatory (LPS and IFDlor anttinflammatory

(I-4 and 1E13) phenotype, for 48 hours. Unstimulated cells were used as control.

LPS L4 LPS |L-4
CTRL IFNy 1L-13 CTRL IFNy |L-13
pSTAT1 pNF-xB
Covl | . - - o
pSTAT1 - - 15 20

»

=3

STATL | W55 5 yo | | ™ 9 »n

PNF-kB p65 | " gl s | | B

o

Protein Expression
(normalized to untreated cells)

o

Protein Expression
(normalized to untreated cells)
3

NF-kB P65 | % e s | | et o .
PSTATS i g | | o o o
STAT3 |t iy Bl | o Do
pSTAT6 L] o
STATG | fy el Sl " u &~
GAPDH | "k s g | | % 8 0

CHMES3 Cavl NT CHMES3 Cavl KO

N
»
-
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o
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-
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°
S

e
o

Protein Expression
(normalized to untreated cells)
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s 3 B

d

Bl CaviNT [ CaviKO

Figure4.5 ¢ Role of Cavl in protein expressiofl. Representative membranes for protein expressic
Cavl, Statl, Stat3, Stat6, KB p65 and GARD of unstimulated (CTRL), prdlammatory phonotype (LI
+ INF]) and antiinflammatory phenotype (# + IE13) of CHME3 NT and CHME3 Cav1 KOR:&Nesterr
blot quantification. Protein expression was normalized against the respective untreated Bagt
represent meax SEM. N=3 independent experiments. MaMitney test.

As seen irFigure45x (G KS W/ 1l a9o /+F@m be¢Q OStta aKz2sS
unstimulated (CTRL), pinoflammatory (LPS + IFlY and antiinflammatory (Ik4 + IL13)
LIKSy2Ge L3S | & SELISOIsSilRmot edpressaCava, evern afterprey h Q O S
inflammatory and antinflammatory stimulus. The pSTAT1 and pSTAT6, well
characterized pranflammatory and antinflammatory markers, respectively, showed a

significant activation after LPS plus 1&pro-inflammatory stimuli) and H4 plus IE13
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(anti-inflammatory stimuli), respectively. Importantly these responses were evident
independently of the Cav1l status (+ve NT arelKO). The pNEB p65 can be induced
by viral and bacterial infections (LPS), necrotic meltiucts, oxidative stress and pro
inflammatory cytokines(Taniguchi and Karin 208) ¢ KS W/ 1l a9o0o /I @m b
presented a slightly greater pNdB p65 under a pranflammatory phenotype compared

02 dzy NBF ISR OSftftaszs ¢gKSNBlIa Ay GKS /I Owm

much weaker. TheSTAT3 is correlated with the amiflammatory status, however no

0«
w»
—

real differences in expression of this protein was seen upon any of the activation stimuli

or with respect to Cavl status.

Next we studied the downstream signalling involved in immune activation, with
examination of mMRNA by qRPCR of prénflammatory (Ikm | X6, Il-1P, CXCL10 and
TNFh 0 | y-iRflammétonk (TGF 3-10L. ¢CL22, CD200R, CD206 and CD163) genes
in the CHMES3 cells.

Unstimulated CHMES3

0.020 9

0.015 1 Pro-inflammatory Anti-inflammatory

0.010 -

0.005 . Il cavl NT
L 3 cavi ko

0.0003 T

0.0002 A

0.0001 A

normalized to GAPDH

DCt (mRNA expression)

**
0.0000 T T = Y T

AT} 1
\\/\’ A\ \\,A
O*

N CPAY) o v & © >
oM et \onogéo””@ooiooo‘fﬁ

Figure4.6 ¢ Basal expression of the primflammatory and antiinflammatory related genes by CHMI
Cavl NT{(black) and CHME3 Cavl K@rey) cells Bars represent the meah SEM of 3 independe
SELISNAYSy(Gad Y LFkndam 6KSYy O2YLI NBR (G2 [/

Figure4.6 shows mRNA in basahstimulated cells with the gene products segregated
by pro or antrinflammatory pathways. At this basal level, microglia cells that were
cultured in standard culture conditions, without interference of any external stimulus,
presented noticeable levelsf dl-1i , 16, CXCL10, TNFand TGF =~ A Y RSLISY RSy (i f |
the Cavl status; noting TMF ¢ KSNBE 42 YS RA-RHepOdesti & 4SS
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were almost not perceptible, as well as the ainflammatory genes, HLO, CCL22,
CD200R, CD206 and CD163. Témsahstrates a picture wher€éHME3 even undéasal

conditions show a more primflammatory phenotype.

IL-1b IL-6 IL-12
0.00025 0.0020- 0.00015
tx Tx p<0.001 Tx
| |
> £ 0.00020] w9 20 p<0.05 p<0.05
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59 L0 £ @ 0.00010
2 & 0.000154 25 25
® 5 @ = 0.0010- o =
< 9 <3 23
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Figure4.7 ¢ Proinflammatory related markeranalysisby gqRTPCRIL-1i , IL-6, 11-12, CXCL10 and ™
expression byCHME3 Cavl NT (black) or CHME3 Cavl KO (grey). Cells lagredotowards pre
inflammatory (LPS and IF-H}I or antiinflammatory (Ik4 and 1E13), for 48 hours. Unstimulated cells w
used as control (CTRL). The expression was normalized to HKG (GAPDH). Bars represSiimés:
AYRSLISYRSYy(G SELISNAYSyiGaod {ARI1Qa YdzZ G§ALIX S C

Figure4.7 shows the impact of external priaflammatory or antinflammatory stimuli

upon pio-inflammatory markers:

¢KS W/ 1 a9o0 [/ blakbal} ex@res€ng fCavd shdwed under LPSOFN
stimulation a significantly increased production of mMRNA compared to control-&r IL
I-12, CXCL10and TRFP h Ty 2 { -BiflammizyoRy StisbilugN 4i11A13) in these

cells did not change the gene expression of these markers.

The loss Cavhiey barg generated a statistically significant decrease dfdland TNF
h O02YLI NBR gAGK GKS [/ I-@m=6aB05CXCLE réndaiding¢ K S
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similar between Cavl +ve anek cells. TNEF A& 2F y20S veyelditk F & Ay

expression is repressed compared to the respective Cavl+ve cells even in the control

untreated cell populations.
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Figure 4.8 ¢ Anti-inflammatory related markersanalysisby qRFPCR.TGH , 11-:10, CCL22, CD20
CD2006 and CD1@&Xpression bfHME3 Cavl NT (black) or CHME3 Cavl KO (grey). Cells were
towards preinflammatory (LPS and IF-H}I or antiinflammatory (Ik4 and IE13), for 48 hour
Unstimulated cells were used as control (CTRL). The expression was normalized to HKG E&#
representmeat{ 9a® blo AYyRSLISYRSyid SELSNAYSyilGao {.

Figure4.8 shows the impact of external priaflammatory or antinflammatory stimuli

upon anttinflammatory markers:

W/ I a90 [/ | Ohiacktbarshow&itmbied I1-401-13 stimulationtrends only in

particular increase levels of CCL22 in the Cavl +veldedlgproinflammatory treatment

did not interfere with the levels ofGH X / 5unnw YR [/ 5HncI K26S¢
trend to stimulate the expression of-ll0, CCL22 and CD163.

91



Chapter 4 Impact of Caveolii Knockout upon CHME3 phenotype

W/ 1 a9o [/ I Coweybalry showedundedanidflammatory stimulation (H4/IL-
13) a similar pattern observed in Cavl +ve cells, excepting CCL22 which levels trended

to be lower compared to microglia expressing Cavl.

Overall,the CHMES cells appear to show a more-jpftammatory phenotype. Upon
pro-inflammatory activation, these cells showed an activation of pSTAT1 and an
upregulation of 16, [1-12, CXCL10 and TRFD | vy Riflaidmiatyiyi akctivation it was
observed an activion of pSTATS6, but no significantly changes at the gene expression of
the studied markers. The loss of Cavl in microglia, did not affect the pSTAT1 under the
pro-inflammatory phenotype, however leaded to a decrease of the levels-t? knd

TNFh @&

4.4.6 Impact of activation and Cav1l status upon CHME3 secretome

Here the impact of Cavl status on secreted products is explored by Cytokine Array. As

AY LINBOA2dza SELISNAYSyi(ias W la9o /&M b¢Q 0,
cells were stimulated for 48 houtewards a preinflammatory phenotype (LPS/IF|

or an antiinflammatory phenotype (H4/IL-13). Culture supernatants were collected to

evaluate the respective content using a membrdresed array, assessing 105 different

cytokines, chemokines, and grdwffactors. A summary of the entire secretome is

illustrated inSupplementary figure VI2 - Appendix VI
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The secreted products with foichange high then 1.5 compared to unstimulated
YAONR It AL NBfSIFaSR o6& W/ I a9o -inflam@atory b ¢ Q

stimulation are represented iRigure4.9-Band in part grey bar3 of Figure4.9-C.
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Figure4.9 ¢ Cytokine arrayof CHME3 Cav1 Ninder a preinflammatory phenotype CHMES cells we
stimulated with LPS and IFNB)or with Il-4 and IE13, for 48 hours. Untreated cells were used as a c¢
(A). G Mean pixel densitgraph of theanalytewith fold-changexl.5 times.

Under preinflammatory stimuli it was possible to identify an increase in @RIQ6, I1-

8, IL:18 BPa, HR0/CXCL10, RANTES and uPAR. The apparent increaseQinsleiN
course compronsed by the use of this cytokine to stimulate the cells to achieve the pro
inflammatory phenotype. Stimulation using4llL-13 did not influence these cytokines,
except UPAR, where treatment caused a release comparable to that of the pro
inflammatory stimdus. It was observed an elevated level of Serpin E1 in the basal level,

on nonstimulated cells, that was constant on both activations.
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The critical secreted products (fetdhange >1.5 compared to unstimulated microglia)
NEf SFaSR o0& W/ 1 a9o0 [/ I @winflamimatory stirdulatio®@&e OSft f &
represented inFigure4.10-Band in part black bar$ of Figure 4.16C.
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Figure4.10 ¢ Cytokine arrayof CHMES3 Cavl Ninhder an antiinflammatory phenotype CHMES cel
were stimulated with LPS and I-FHNr with 14 and IE13 (B), for 48 hours. Untreated cells were used
control (A). G Mean pixel density graph of the analyte with faldangexl.5 times.

Under antiinflammatory stimuli, an upregulation in the secretion of BEXKkMIF and
UPAR were appareérmompared with untreated cells. A slight increase in MIF and uPAR,
was also observed under pinflammatory stimuli. The apparent increase irdland IE

13 is compromised by the use of these cytokines to stimulate the cells to achieve the
anti-inflammatay state. The pranflammatory environment did not affect the secretion

of Dkk1, Il-4, and IE13.
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After loss Cavl in CHMES3 cells, the cytokine profile was evalusied the same
conditions. The secreted products released by microglia cells-awihder pre
inflammatory environment with fol&change high than 1.5 compared to untreated cells

are summarized ifrigure4.11-Band in the part of the grey bars in thagure4.11-C
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Figure4.11 ¢ Cytokine arrayof CHME3 CavKO under a pranflammatory phenotype CHME3 cells we
stimulated with LPS and IH{B)or with I1-4 and IE13, for 48 hours. Untreated cells were used as a c«
(A). G Mean pixel density graph of the analyte with faldangexl.5 times.

Compare to untreated cells, under pnaflammatory stimuli (LPENQ it was possible
to identify an increase in GI@SF, GRO, IL-6, I1-8, 11-:18 BPa, R0/CXCL10;TAC, MIG,
MIP-1h/i =t §38 GndRANXBS. The anflammatory environment (H4/1L-13) did
not induce the production of thse analytesThese microglia cells continued to secrete

high levels of Serpin E1, independently of Cav1l status.

The released products by microglia cells GavLinder preinflammatory environment

with fold-change high than 1.5 compared to untreated calls summarized ifrigure
4.12-B.
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Figure4.12 ¢ Cytokine arrayof CHME3 CavKO under an antinflammatory phenotype CHMES3 cel
were stimulated with H4 and IE13 (B), for 48 hours. Untreated cells were used as a co(pl

Under antiinflammatory phenotype, microglia cells with loss of Cavl increased the
release of UPAR Ltfimes compared to untreated cells (higst 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 irMlis compromised by the use of this cytokine

to stimulate the cells to achieve the amtiflammatory state.

To better show the comparative impact of Cavl status upon microglial behaviour, the
cytokine profile was compared between each condition, untreated/inactivated; pro
inflammatory and antinflammatory phenotype. The results are shown as thelyra
which presented a foldhangeequal or superior to 1%old compared with CHME3
Cavl+ve (NT), and presentedrigure4.13.
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CHME3 Cavl NT VS CHME3 Cavl KO
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Figure4.13 ¢ Comparison of CHME3 Cavl NT &dME3 CavkQ CHME3 Cavl NT (full colour)
CHME3 Cavl KO (colour with transvdisas) cells were stimulated with LPS and—]||€||ight grey) or witl
IL-4 and IE13 (dark grey), for 48 hours. Untreated cells were used as a control (Wiet). pixel densil
of the analyte with folechangexl.5 times compared to control.

The presencef Cavl in resulted in different secretion behaviours depending on the

analyte in consideration.
With respect to:

 pro-inflammatory markers, GACSF-TAC, uPARand MIP/i ¥ (G KS SELINB & &
of Cavl was associated with reduced secreted levels of these markers under both
basal and pranflammatory state, and for UPAR aMiP-1h/i | £ a2 dzy RSNJ i

anti-inflammatory state.
With respect to:

1 pro-inflammatory markers, GR® X -8 anfl 1-6: the expression of Cavl 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

With respect to:

1 anti-inflammatory marker H4 and the preinflammatory factor VEGF: the

expression of Cavl was associated with a higher secreted levels in basal,
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proinfammatory and antinflammatory states (no data for -4 with antr

inflammatory stimulation).
With respect to:

1 IL-18BPa, which is an inhibitor of the pirtflammatory cytokine H18 by binding
to its receptor: the expression of Cavl was associated with reduced secreted
levels under basal conditions but increased levels in thamftammatory state.

Under antiinflammatory phenotype, independently of Cavl status, microglia

released similar levels.
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4.5 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 ureddthy
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, Bcells, dendritic cells, and neutrophils, which can easily and rapidgssdbe

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 céAdbbott et al. 201Q)
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 ungr physiological conditions, this is the main immune cell population

in the brain(Daneman et al. 2010)

Under physiological conditionsjicroglia have a long lifespan, represented by a slow

renewal rate compared to other monocyteerived macrophages, 28% per yéRéu

et al. 2017) however, under stress conditions, the microglia increase their proliferation

(Lawson, Perry, and Gordon 1998% a response to brain umy, autcimmune 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 microg(idbbott et al. 2010;

Daneman et al. 2010)

Although microglia and macrophages have different origins and distinct markers, their

function and phenotype are considered relaté@uillemin 2003; Bennett et al. 2016;

Dubbelaar et al. 2018; A. M. Young et al. 200arly 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
GAaaddzS YI ONRLKIFIASazx dzyRSNJ ol alf + WKSIFfOKea
downregulated phenotypéPerry and Teeling 2018)ith the local environment critical

to microdial regulation. Microglia establish cekll contact with other neuronal cells,

as neurons and astrocytes, via CD2@IPR00, CX3CKRIX3CL1, CD1#/D47 and
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CD11BC3, which attenuate the microglial activatiofPerry and Teeling 2013;
Deczkowska, Amit, and Schwartz 2018preover, cells of the brain release soluble
regulators such as CX3CL1 or TGespmsible for dampening microglia responses
(Szepesi et al. 2018)The neuronal environment which regulates the microglial
phenotype is unique and probably as important as anyinsic distinction between
microglia and macrophage cells. Moreover, many studies of microglia function have
used norhuman species, e.g rodent cell lines, which will undoubtedly show some
digress from human biology, particularly when studying disease e$tablishment 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 irthis project. Not surprisingly, this cell line has been used mainly to study
pro-inflammatory related conditionslike HIV infection(Chai et al. 2017)Zika virus
(Vanwalscappel, Tada, and Landau 20&8patitis C, Japanese encephalitis v(taspta

et al. 2017)and inflammatory stimulation via SVCT2 w&rcCavl signalling complex
(Portugal et al. 2017Neurodegenerative disease studievbalso used this cell line to
study the role of microgliéHjorth et al. 2013; Zhu et al. 201&ome studies have now

also focused on the tumour immune environment investigating the role of microglia on
the support of the glioma stem celfK. Yu 2015xumour angiogenesi@Nijaguna et al.

2015) and tumour progressiofShen et al. 2016; Z. Li et al. 201&yd which have

suggested a tumousupportive phenotype for microglia.

The characterization of CHME3 cells has used markehseuCD68, CD11b and IBA1 to
prove the microglial identityfJanabi et al. 1995; Etemiaet al. 2012) Later on, Dello
Russo and colleagues, using HMC3 cells, certified by ATCC (AT83D@Ranfirmed
expression of IBAl, as well as that of other microgkslociated markers such as
CX3CR1, CG&FP2PY12 and TMEM119 at mRNA Iéello Russo et al. 2018) 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 TMEM1109.

Regarding Cav1l 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 Cavl, triggers a
proinflammatory respons¢Portugal et al. 2017)Studies using mouse cells, BV2 cells,
showed a upregulation of Cavl upon microglactivation, suggesting the
downregulation of Cav1l to control the microglial inflammatidiesman et al. 2013)
Aiming to explore the role of Cavl in human microglia responsiveness, our study
examined microglial phagocytosis, cell migration, response to TMZeapdnse to pre
/anti-inflammatory stimuli. After deleting Cavl expression, the CHMES3 cells retained
expression of IBA1 and TMEM119 markers, showing no impact upon the expression of

pan-microglial markers.

Phagocytosis by microglia cells is essentialingurthe brain development and
homeostasis. It is involved not only in combating miarganisms but also the clearance

of apoptotic or necrotic cells, protein removal (inc. amyloid beta or neuromelanin etc.)
and remodelling of neuronal connectivity by effguent of synapses, axonal and myelin
debris(Q. Li and Barres 201 Hhagocytosis is a complex process, where the uptake of
particles into cells occurs by an actin dependent mechar{idderem and Underhill
1999) Cells must rearrange their cytoskeletal and membrane components to adhere
and perform the phagocytosis, and Cavl might be involved. Caveola have been
suggested to play a role in immunity, and nieyinvolved in pathogexell interaction

and consecutive internalizatidifreng et al. 2013For example, the SV40 enters the cell
mainly via Cavi{Norkin 1999)and the bacteria uptake is coordinated by Cavl as well

(Gadjeva et al. 2010)

In our studies on phagocytosis in CHME3 cells using pHEodwlibioparticles, we
showed them to have a very poor phagocytic ability of these Te# CHME3 cells were
studied not only under basal status,talso upon activation towards proflammatory

and anttinflammatory 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 wases, 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 phagrytosis investigation with GA®. smegmatisacteria and with

fl GSE 6SIFR&a O21 SR 6A0GK Tfd2NBaoOSyite fLo6St
Kit (IgG FITCYthese further approaches similarly showed the same poor phagocytic
outcome (data not shen). Our own work therefore has shown CHME3 cells are poor
phagocytes irrespective of Cavl status and external stimulation withnflemmatory
factors. Consistent with this Janabi and colleagues showed that immortalized microglia
cells display a very lowhagocytic activity in comparison with the primary cultures
(Janabi et al. 1995T he cellular immortalization with SMwaslikelyto affect microglial

cell behaviour and responsiveness to the environment. Infection with SV40 virus
potentially resulting in alterations in the transcriptidrectivity of the host cells, eg. in
IFNstimulated genegRathi et al. 2010)To the best of our knowledge, the effect of-SV

40 infection upon phagocytosis has not been studied, however,-irifid¢ted
macrophages can present a reduced phagosig(L&Bury and Niedergang 2018hd
polymorphonuclear leukocytes infected with influenza virus present a reduction of 45%
in the ingestion of zymosan particlé3ebetsOssenkopp et al. 1982\ evertheless, one
aidzRe A 0 KiudagiegatesSshovdd thtiCHMES cells are able to undertake
phagocytosisn respon® to IFNQalone or IFNQIL-mi O 2 Y o(Mjofth ét Al.2§1Q)
Again, in our own experiments microglial treatment with 48N combination with LPS,

did not affect the phagocytosis &. colibioparticles, latex beads nor indeed GHP

smegmatisacteria

Cellular migration is another important feature of immune response. Microglia need to
migrate towards an inflammation site in response to chemokineg a process that

again depends upon @ NRA Yl GSR Ay iGSNI OGAz2ya gAGK (GKS
celkcell) and involving microglia cytoskeletal rearrangement. The presence of Cavl
clearly facilitates the migration of microglia CHMES3 cells, witli Qaletion significantly

impairing migration. Niesman armbllaboratorsshoweda similar effect, using BV2 cells

and siRNA technology. They showed a decrease of overall migration with the
suppression of CayNiesman et al. 2013 ontroversially, Fet al shoved the opposite

results using THPL1 cells, where the Cavl overexpression inhibited the transmigration of
these cells (Y. Y. Fu et al. 2012uggesting thaCavl role in migration should be

associated with cell type and environment. Although the exgoression approach itself
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can lead to oftarget pathwayswhich can impact phenotype outcome. In cancell
models thereis increasing evidence that Cavl 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. Merg al. investigating alterations of the glicantumour
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 DORg¢ad
overexpression of MDK (midkine) mediated by p53, and which was involved in a glioma
immunosuppressive environment through promoting the anflammatory phenotype

in microglia(Meng et al. 2019)Given TMZ can affect DDR pathw@ysshimoto et al.
2012) but with a focus strictly on phenotype in relation to Cavl, we investigated if Cavl
has an impact on mioglia response to TMZ with respect to cell viability. We found
Cavl promotes microglia CHMES sensitivity to TMZ, suggesting that the loss of Cavl in

microglia protects the cells from TMZ treatment.

When CNS homeostasis is disrupted, microglia cellsduiptea 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 fg€bisy 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
macrophagegButovsky et al. 2014; Hickman et al. 201B)ese specific genes allow
microglia cells to be regulated in a sigspkecific manner, developing functional
programmes. Continuous analysis of neuroinflammat@igted signalling pathways

and transcription factors has identified NB/Rel, APL, interferon responsive factors
(IRF) and STATs as master regulators of inflammatory gene expression under neuro

inflammatory conditions in microglia ce(lsaminska, Mota, and Pizzi 2016)

Taking into consideration the most important signalling pathways and transcription
factors and aiming to understand the activation phenotype of CHME3 micrellg
the analysis of protein levels of STAT1;NF Llcp>X {¢! ¢o FYyR {¢! ¢cxX

MRNA levels of some inflammatergiated genes upregulated under pnoflammatory

103



Chapter 4 Impact of Caveolii Knockout upon CHME3 phenotype

or antrinflammatory phenotype and a cytokine arrayitentify the secreted prodcts

was conducted.

Under a basal status, in both CHME3wv1 NTand CHME3avl KQeellsshowed an
upregulationof pNF . Llcp YR LY ¢! ¢ o LINEieSadymMRNE ISt a3
levels of ILL , 16, CXCL10, TNFand TGF , suggesting that, olependently of Cavl
status, these cells under standard cultured conditions are already shoavibgsal

activation correlated with prenflammation.

Niesmaret al., using B2 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 expressigiiesman et al. 2013)0n the other hand, Janabi

and collaborators, dung the CHMES cell line establishment, showed that immortalized
human microglia presented different phenotype and abilities compared to primary cells
(Janabi et al. 19955uggesting that the viral infection with &0 could also modify the

microglial phenotype.

It is accepted that the inféion 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 populatiaere cells are
responsibleto identify and act against pathogens, the immunological reaction can be
even more dramati¢Chai et al. 2017; Vanwalscappel, Tada Landau 2018; Gupta et

al. 2017) A stu¢y with mouse embryo fibroblasts (MEFs) showed that the SV40
transformation activated the interferon pathways and pSTAT1, and upregutated
immune responseelated genes(Rathi et al. 2010)Asamitsu and collaborators in
human fibroblasts demmstrated a constitutive upregulation of NF. A0 { +
transformed cell{Asamitsu eal. 1999) In other studies, STAT3 was evaluated after
cellular transformation by oncogenes, not only-8Y but also RAS;Src and EGFR,
showing STAT3 constitutively activaté@arcia et al. 1997; Looyenga et al. 2012
Comparing with the protein levels presented by THielived macrophages, a cell line
established independently of oncovirus transformation, the phosphorylated protein
levels of all proteins studied were almost undetected under basal condABRENDIX

Il ¢ THPderived macrophages These studies and the CHMES3 obtained data suggest
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that S\V40 cellular immortalization together with culture condii® seems to promote

the activation of CHMES3 in basal status.

The preinflammatory state is the best phenotype characterized in microglia. Most of
the studies are related with situations where prdlammation is the key environment

for microglia cells, aseurodegenerative diseases, strokes, viruses, or bacterial
infections. The stimulation of CHMES3 microglia cells with LPS ar@ Wch impulses

cells for a preinflammatory phenotype, inducedhe protein expression of STAT1 and
NFS ; the mRNAexpres#on of IL-6, 1-:12, CXCL10, TNF I V1R arid [the secreted
products GR@", 1L-6, 11-8, I:18 BPa, HR0/CXCL10, RANTES and uR&ikh the
exception of |10 and IE18 BPa, the remaining factors are related with pro
inflammation). All thepro-inflammatory markers analysed by PCR were represented in
the cytokine array. Interestingly, only levels oflland CXCL10 were identified in the
supernatants. mMRNA levels ofliL, I1-:12 and TN# expressed were relatively low,
justifying the low levks present in the supernatant, likely bellow to the sensitivity of the
cytokine array. Moreover, the levels of6Land TNF were identified by Janatst al.

upon microglia challenge with LPS. However, it was described that all clones
immortalized, incluthg CHME3, were less responsive to LPS in comparison to primary
cultures (Janabi et al. 1995)0bserving the mRNA levels obtained in Tdéxlved
macrophages Supplementary figure 111.3), levels of Il X -12Lgnd TN 5 SNB
considerably higher upon 48 hour treatment with LPS BidQ suggesting again the
poor responsiveness to stimuli @HME3nicroglia cells. Once more, one possibility to
explain this phenomenon is the SV40 infectidratt may modulate the signalling
pathways (Butinisraeli, Drayman, and Oppenheim 2010jhe remaining factors
identified by PCR and cytokine array were already identified upon microglial activation,
being key elements to promote cytotoxicity i -6, I-§, 11-12 and TNFh 0 X
chemoattraction and differentiation of other immune cells-fil 6, I-§, 1L12,
CXCL10, RANTESandBROE (2 AYLINRGYS YAONBIEf Al YAINI GA
pro-inflammation (IL10 and IE18 BPajChhor et al. 2013; Washington et al. 1996; Q. Yu
et al. 2018; Filipovic, Jakovcevski, and Zecevic 2003)

The antiinflammatory phenotype is the st explored in microglia. Since microglia is

tightly regulated under basal state, they present a stronger -enfilammatory
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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 antiinflammatory factors, to resolve the inflammatione-establish the
homeostasis and restore the healthy environmédttrihuela, McPherson, and Harry
2016) In the brain tumour environment, parti@rly in malignant gliomas, microglia
present an antinflammatory phenotype that contributes to supress the activation of

other immune cells, and promote the tumour progress(®in et al. 2017)

Intending to study how CHME3 cells behave under aniafidimmatory phenotype, the
microglia were stimulated with 4 and IE13. After thechallenge, cells increased more
than 30times the levels of STAT6, howeuey failed to upregulate the mRNA
expression of the aninflammatory markers analysed. Regarding the secreted products,
a slight increase of DKK MIF and uPARasidentified andthe 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 byllRR by K10 stimulation. Since the
activation was performed with 1L4 and1B, which inteacts only with t4R and IL13R,
this may justify the absence of STAT3 activatioserved. Nevertheless, THBérived
macrophages, were able to upregulate the pSTAT3 with dind IE13 stimulation
(Supplementary figue l1ll. 2), most likely by positive feedback of-1Q production
triggered by the original stimulation. CHME3 failed to produegOlLwhich was not
detected on the cytokine array, and theRNA were relatively low. Another explanation
for unsuccessful activation of STAT3 in CHMES cells is once again4farfacttion.
SV40 infection carper siupregulate their levels, however, since the STATs analysis was
not performed in the primary cellsised for the immortalization, it is hard to correlate
the upregulation of STAT3 with a viral infection. Once again, comparing with- THP1
derived macrophages, the antiffammatory challenge that was not able to induce an
increase of the mRNA levels of amflammatory related marker in microglia, did
increase the levels of T&FX -10l. CCL22, CD200R and CD206 in macrophages
(Supplementary figure 114), suggesting a lack of astilammatory response by CHME3

cells.
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The direct effect of amninflammatory cytokines was not analysed in CHME3 (e##io
Russo et al. 2018However, levels of 410 (by Elisa), CD206, CD200R and CD163 (by IF)
were detected in CHME3, but the increase was not obsewseh Hjorth and colleges
activated microglia cells with Aoprotein (Hjorth et al. 2013)Analysing all the secreted
products idatified (low levels), theDKK1 is a potent inhibitor of canonical Wnt
signalling, that in neurodegeneration reinforces the beneficial effect of this pathway
(Caricasole et al. 2004and is associated with tumour growth, angiogenesis and poor
prognosis in gliomagMostofa et al. 2017) MIF and uPAR are related with pro
inflammatory events, however they have been related with tumour progression in

cancer as wellMostofa et al. 2017)

The impact of Cav1l in microglial phenotype was not thoroughly investightedever,

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
Cavl were more susceptible to polymicrobial septic death than wild typse,mi
suggesting Cavl as a negative regulator of eNOS via direct internalization and posterior
inhibition of NFsB (Feng et al. 2010, 2013)ctually, upon Cav1 deletion in CHME3 cells,

it was possible to notice a slight decrease of gBFRupon LPS and IFfdchallenge (no
differences were observed in pSTATL1), together with a downregulatidaldf, [TNF

and I:6. Codrici and colleges showed that mice Gaviad a reduction of pro
inflammation (Codrici et al. 2018b)On the other handMedinaet al., using another
mouse model, and Shimatet al., using monocytes, demonstrated that inhibiting the
Cavl protein could restore the myeloid cell function, upregulating the levels efINF
TNFh | yBRMedirja et al. 2006; Shimato et al. 201Bpoking at the secreted levels,

the suppression of Cavl leaded to increasedipfmammatory related markers GMISF,
I-TACMIP-1h/i S-6hArd Ity 3 O2NNBO2NI GAYyI2Q@3BREZFNDaADI ¥R
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 Cavl on amflammatory micrglial phenotype, if CHME3
Cavl NT already presented problems to achieve this status, for CHME3 Cavl KO cells the

behaviour was similar. The protein levels of pSTAT3 increased marginally-dvidémdiL
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IL-13 treatment. However, the levels of pSTAT6 (whichewgpregulated with stimuli),

were slightly downregulated compared with cells that were expressing Cavl. The mRNA
analysis showed that Cavl KO cells had a comparable performance contrasted to Cavl
positive cells, with slightly lower levels of CCL22 andd@R2Finally, from the secreted
products, only uPAR showed a marginally increased. Similar results, using
glucocorticoids in mouse models, showed that Cavl can interact withrdlaimmatory
receptors, but it was dispensable for the aimflammatory respnse in lung

inflammation(Caratti et al. 2019)

Independently of Cavl status, it was observed that CHME3 cells secreted elevated levels
of SerpinrE1 or plasminogen activator inhibitor type 1 (RAlwhich plays a role on the
regulation of fibrinolysis, remoduiimn of the ECM, cell migration, and invasion of
tumour cells. PAL is upregulated under inflammation, promoting the migration of
microglia cells and inhibiting microglial phagocytosis of zymosan parfides et al.

2012) By studying the effect of different influenza virus into immune cells, it was
observed an upregulation of RAlwith the viral infection, suggesting an important
mechanism of the antiviral respongBittmann et al. 2015)Regarding the SX¥0 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-8¥large T antigen

YIe KI@S I FFSOGSR YAONRITAIQa o0SKIFGA2dzNI | YR
Cavl in this cell line. Because Cavl was not studied on primary cells to generate CHME3

cell ine, we do not know if the upregulation of this protein was present in the primary

population or if the overexpression was a result of48Marge T antigen infection, as

observed in other cell lines by Stergiou and collaboragStergiou et al. 2013CHMES3

cells, independetty of Cavl status, presented poor phagocytosis ability, some degree

of activation under basal status and struggled to upregulate the-iaflammatory

markers in response to an astiflammatory stimulus. The presence of Cavl in these

cells seems to promnie the migration, sensitivity to TMZ and upregulation of the-pro

inflammatoryresponse.
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5.1 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 remaingery poor. GBM presents a tremaous heterogenicity

and is constituted by tumour and negnmour cells that contribute to the formation of
tumour-specialized nichegShao et al. 2015)These niches together with the intra
tumour heterogeneity are a significant reason for the lack of success of targeted
therapies. Atempts to downregulate a pathway in a distinct tumour gelgion seem to
permit another pro-tumour signalling to predominate, leading to recurring drug
resistance. Understanding the specialized-cell communication within the tumour
environment will prowde 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 durs, and can
contribute up to 50% of the tumour magRansohoff and Cardona 2010)icroglia 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 witlte tumour cells during the

first steps of the tumour development. As the tumour progresses, other immune cells,
mostly macrophages;ross the BBB and infiltrate the tumour. The role of microglia
versus macrophages in brain tumours is still unclear, butanee 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 Cavl in tumours has been studied for several years, and the expression
pattern is controversial depending on the tumour type. In GBM, Cavl is associated with
tumour progression and poorer progno$iRu et al. 2019; Moriconi 203,9)f note- the
inhibition of Cavl in microglia seems testore the myeloid function in the GBM

(Shimato et al. 2013)
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5.2 Aim

The aim of this chapter is to study the role of CHME® eelan iavitro GBM tumour
environment, specifically exploring the impact that Cav1l in the microglia cells may have.
To explore the GBM cathicroglia cell interaction studies were performed focusing on
the gene and protein expression for key genes inraglia activation, and secretome

profiling for products associated with cellular proliferation, migration, and invasion.

5.3 Methods

5.3.1 General Methods

The microglia cells CHME3 Cavl NT and CHMES3 Cavl1 KO, the GBM cell lines U87, UP007
and UP029, and the ARC34D6 were used in this chapter. These cells were cultured

following the protocols described i@hapter 2, section 2.2Cell culture maintenance

Human a&trocytes were differentiated from APC following the protocol described in

221-1 GNP O GSa LINPIASYAON2NREQ OBheédstiocytesmierel a i N2 O

used as a control as a neamour cell for ceculture experiments.

CHMES CavllT (Cavl +yeaand CHMES3 CaKIO (Cavive) were cecultured with GBM
or astrocytes cells using Transwell systeth6 ¢ Coculture System of GBM cell lines
with CHME3J or prelabelled with Vybrant dyes2(12 ¢ Cellular cecultures ¢

VybrantTM dye$ and cecultured as a spheroid. Astrocytes were used asrarol.

To explore the impact of the GBM -calture environment on microglia cellgene
expression was undertaken by gRTRZ.7 ¢ gRFPCR, proteinexpression undertaken

by Western BlotZ.8 ¢ Western Blo) and secretome profilingy cytokine array4.10¢
Cytokne array).For the influence of Cavl status on GBM behaviour, the migration was
accessed by Transwefl.{1 ¢ Transwell migration and invasion assgyroliferation

was performed after the coulture in Transwell system by cell counting, &BBM
invasionassessed using a 3D spheroid invasion assay describ2d3rg Spheroid

invasion assayand by using a confrontation assay.
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Spheroid Confrontation a&gs

In order to investigate cell interactions, spheres were formed with GBM and Astrocytes
or CHME3 (Cavl+ve or Caxg) cells (500:500) with the different cell populations
labelled with DIiD, DiL or DiO, respectively, and following the protocol previously
described in2.12 Additional spheres of 20,000 cells were formed, composed of
astrocytes only. After 4 days of sphere formation, one sphere cotetitty GBM plus
astrocytes or microglia was placed together with one astrocyte sphere and tracked with
epifluorescence microscop@nmediately upon the start of the experiment and

thereafter every 24 hourfor 3 days.

LightSheet microscopy

Upon invasion ath 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 (0.5ug/ml) for 15 minutes, followed by 3 additional washes with PBS for 5
minutes. Forthe 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 confrontationassay 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.im(water immersion) detection objectives in Zeiss
Lightsheet Z.1. Data was acquired with activated pivot scan;sided! illumination, and
online fusion. Properties of the acquired data: 0.7x zoom, 16bit, 1920x1920px image size
and minimum zstack interva (approximately 0.33 x 0.33 x 0.5 um). Green, orange, and
red fluorophores were excited using 488 nm, 561nm and 638 nm laser, respectively.
Filters were used in sequential dual tracks for madtiour images with GFered (beam
splitter SBS LP 560; emdss filters BP 50545 and LP 660) and Daporange (beam
splitter SBS LP 490, emission filters BR4ZDand BP 52565). All image processing

was executed using Arivis Vision4D software.
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5.4 Results

5.4.1 Coculture of CHME3 cells with GBM: impact on micrbglia

proliferation and migration
To investigate the impact of the GBM cells on microglia cell proliferation, microglia cells
were cocultured with three dfferent GBM cell lines (rati600:500), U887, UP0O07 or
UP029, for 48 hours, using a Transwelljgmsystem, which allows for cell crosstalk by
paracrine signal/soluble factors that were released into the medium; there was no direct

cellcellcontact

CHMES3 Cav1 NT

600000 -
-~ CHME3 CC CHME3
-= CHME3 CC U87
S 400000 . 4+ CHME3 CC UPQ07
£ o — CHME3 CC UP029
2
§ 200000-
0 :
0 1 2
Day
CHME3 Cav1 KO
260000 -
-~ CHME3 CC CHME3
240000+ = CHME3 CC U87
E 220000 -+ CHME3 CC UP007
£ - CHME3 CC UP029
S 200000
|
g 180000+
160000 4
140000 , ,
0 1 2
Day

Figureb.1 ¢ Impact of GBM CC on microglial proliferatioh50,000 cells of CHME3 Cavl NT or CHME:
KO were seeded in avéell plate, and 150,000 cells of CHME3 Cavl NT or CHME3 Cavl KO (Bl
(red), UP0OO7 (green) or UP029 (blue) were seeded into the insert and left to adhere for 24 hou
following day, the insert was placed together with the microglia cells and allowed to beciritared fo
an additional 48 hours. After that, the cells were detached and counted usihgzhdzy G S& a u L
Cell CounterValues represent the mean ofirtlividual experiments SEM *: p<0.05; **: p>0.01 wh
compared to CHME3 CC CHME3, Krildlis,Dunn's multiple comparisons test
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Theco-culture (CC) of CHME3 CeNT (Cavl+ve) cells with each of the different GBM
cells trend to reducethe 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 WithCavl KO (Cawid)microglia cells, the proliferation rate of the CHMES
was profoundly reduced by the knockit alone compared to CHME3 Cavl NT cells.
Perhaps not surprising therefore, the impact of GBM CC on CHMEXOawhs less

clear, with no meaningful significant differences observedrFigure5.1.
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Figure5.2 ¢ Impact of GBM CC on microglia cell migratidbHHME3 Cavl NT and CHME3 Cavl KO w
cultured with U87, UP007 and UP029 for 48 hours, using a transwell systepm(0.After that, usin
another transwell system (@n), microglia cells were seeded into the upper chamber in media withol
Mediumwith FBS was used as a chemoattractant in the lower chamber. The cells were allowed tc
for 16 hours and then were counted. Mean of number of cells from 4 independent experinSid
**p<0.01 when compared to respective Cavl NT cells, using -Ménitmey test.

Theimpact ofGBMCC on the migration ability of the microglia cells was accessed after
the microglia had beem CC with the GBM cell lines for 48 hours. After this, microglia
were collected for a single cell migration assay using a separate Transwell sygiam (8
16 hours).
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Firstly, CHME3 Cavl KO cells (6ajlshowed approximately half the migration

capacity & the corresponding CHME3 Cavl NT cells (Cavl+ve) across all of the

treatments, Figure 5.2. Similar results, CHME3 Cavl NT vs CHME3 Cavl KO, were

obtained and discussed in the Chapter 4. The GBMitself did not affect the migration

of microglial cells whether the CHME3 expressed Cav1l or not.

5.4.2 Coculture of CHMES3 cells with GBM: impact on microglial phenotype
To study the effect of GBM CC on microglia phenety@HME3 CawdlT and CHMES3

CaviKO cells were coultured with GBM cells at a ratio of 1:1, using a Transwell system

(0.4pm pore). Astrocytes were used as a ramour cell control. Following 48 hours of

co-culture CHMES cells were harvested and assefsethe phosphorylated forms of

proteins widely recognised as involved in microglia activation anthtomRNA levels

of pro-inflammatory and antinflammatory related genes.
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Figure5.3 ¢ Relative protein expression after CCHME3 Cavl NT and CHME3 Cavl KO cells w»
cultured with microglia, astrocytes or GBM cells in transwell systems, for 48 AOWB. membranes fi
protein expression of Cavl, STAT1, STAT3, STAKB P85 and GAPDB. Western blot quantificatio
of CavlB), STATIQ), NFkB p65 D), STATH and STATE). Bars represent meaf integrated intensit
normalized to nofphosphorylated form, then to GAPDH and respective CHME3/CHMER=(
experiment.

115



Chapter 5¢ GBM Enviroment and CHME3 Cakhockout

TheCC of CHME3 CaChv1 NT cells (Cavl+ve) with U87, UP007 and UP029d¢dis le

an overall downregulation of pSTAT1, pe and pSTATG6 in the microglia cells when

comparing to the control of the corresponding CHME3 cells alone. pSTAT3 showed a

slight increase when CHMES3 Cavl NT cells weceltared with UP007 and UP029 cells

(Figureb.3). Regarding Cavtompared to the CHME3 control alonewas noted that

D.aQa // sl a | aaz2O0Al (S RCav lelels expressetNByyiie T2 NJ

microglial cells even when GAPDH wastainto account.

For CHME3 Cavl KO cells (8a)lagairageneral downregulation of pSTAT1, pm&

and pSTAT6 was observed. Not dissimilar to the CH¥EMB8ells, the pSTAT3 in the
CHEM3Cavl KO (Cawk) showed either no change or a slight upregulatimder the

GBM CC conditions. The CEBBCavl KO cells appeartedoresent lower levels of these
proteins (even with GAPDH as the reference) compared to the CHMES cells that
expressing Cavl, suggesting that Cavl has some role in responsiveness in a GBM
environment. To notecontrol astrocytes also downregulated the levels of pSTAT3 and

pSTAT6 in CHME3 Cavl NT (Cavl+ ve) and CHME3 Cavl K6 (edisl
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Figure5.4 ¢ Impact of GBM environment on CHMES3 se]lPro-inflammatory-related genesIL-1i , IL-6,
IL-12, CXCL10 and TNF S E LINBCHBBE3£5v1 MT&black) or CHME3 Cavl KO (grey) analyses
PCR. Microglia cells were-coaltured with U87, UP007 and UP029 in a transwell systemu(f)4for 4¢
hours. Cells without interference of GBM were used as control. Bars representtnigfai 6 2
independent experiments. #: p<0.05 compared to CHME3 Cavl KO cells;XKtugkdél A a ~* 5 ¢
comparison test.
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We next examined the prmflammatory responsiveness of CHME3 cells when in a GBM
CC environment through gFACR analysis of the moglia Figure5.4). We observed

that CHME3 Cavl NT (Cavl+ve) cells, CC with each of the GBM cell lines retained a
consistent basal mMRNA expression fatil, Il-6 and IE12, with none of the GBM liens
therefore able to stimulate the expression of the genes. However, with respect to
microglia Figure5.4), the CC with U87 and UP0O07 led to a significant upregulation in
the CHME3 Cavl NT (Cavl+ve) cellsCR@L10 the CC with U87 and UP007 led to a

significant downregulation; UP029 elicited ateration compared to baseline control.

For CHME3 Cavl KO (Gse) microglia Figure5.4), mRNA levels of {1 , 1l-:12 and

TNF" were 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 Witgmd)8
UPO007, andL-6 which increased substantially upon CC with UP029 stifeigsirés.4)

Most profound was the near complete downregulation of NI CHME3 cells lacking

Cavl expression (CHME3 G&l).
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Figure5.5 ¢ Impact of GBM environment on CHMES3 cellanti-inflammatory-related genesTGH , L=
10, CCL22, CD200R and CDexBession b€ HME3 Cavl NT (black) or CHME3 Cavl KO (grey) a
by gqRTPCR. Microglia cells were-caltured with U87, UP007 and UP029 in a transwell systenu();
for 48 hours. Cells without interference of GBM were used as control. Bars represent 8iesho 2
independent experiments. *: p<0.05, **: p<0.01 compared to CHME3 Cavl NT cells;?Ktugkdl A &
multiple comparison test.

117



Chapter 5¢ GBM Enviroment and CHME3 Cakhockout

With respect to the antinflammatory panel Figure 5.5) the most significant
observation is the induction of T&Rn the CHME3 Cavl NT (Cavl+ve) celld tiyraé

GBM cell lines, an outcome not replicated in the corresponding -€awklls despite
similar basal levels of T&GEFThe levels of CCL22 appeared suppressed by the stress of
GBM CC. Thereafter varying changes were seen dependent upon the GBiMecalhli
increase of H10 was seen with UPO02thd a decrease in CD200R under U87 and UP029
CC. CD163 remained unchangedler the GBM environment.

In CHMES3 Cavl KO cells (Gaa/) little change was seen except for a slight increase of
IL-10 that was stroger for the UP029 cells.

5.4.3 Coculture of CHMES3 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 Cavl+ve and Gavdells) we ceultured the CHMERSells

with the GBM cell lines U87 cells for 48 hours using the Transwell system previously
described, andassessed the secretome using ®stokine ANNI € @ / | a90 W/ I Owm
/'1a90 W/ I &m YhQ OStta GKIFIG ¢SNB Odz G§dZNER 4
After the completion of the caulture, 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 seretome is illustrated irBupplementary figure VI2- Appendix VI

A secretome example frome0 dzf G dzZNBFa 6 KSNBE YAONRIAE AL OSt
b ¢ @&X3hown inFigure5.6-B and the secreted products with folchange (FC) higher

than 1.5 compared with microglia alone are represented in grey barg of Figure5.6-

C
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Figureb.6 ¢ Secretome oCHME3 CaviliTunder GBM ceculture. CHME3 Cavl NT wereadtured witt
U87 cells for 48 hours, using a Transwell system. Supernatant collected from cells without interfi
the GBM was used as a control (Untreated). The supernatants were collected for downstream
Mean pixel dasity graph of the analyteisible on the membrane andth fold-O K | y B55timas N= 1
experiment.

Compared to CHME3 cells that were cultured without interference of GBM cells
(Untreated), the CHME3 CalIl' / U87 cecultured model showed a decrease in
angiogenin, BDNF and uPAR and with an increase in CHI3L-15GDB§, 1l-:17A and
OPN. The elevated presence of Serpin E1 (shown on the membrane spuy 9) was
previously identified in Chapter 4 and it continoio show elevated levels in this
expetiment (Figureb.6 ¢ 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 alterationsultare
conditions vs CHME 3 alorgreater than 1.&imes, however, they are described in the

Supplementary figure VI2-, in Appendix VI

The products released upon in-calture of CHME CaviKO (Cawle) and U8Zells are
illustrated inFigure5.7-B and the analytes with FC higher than 1.5 are represented in
Figure5.7-C
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Figureb.7 ¢ Secretome oCHME3 Cavl KO under GBMotdture. CHME3 Cavl KO wereadtured witt
uU87 cells for 48 hours, using a transwell system. Supernatant collected from cells without interfe
the GBM was used as a control (Untreated). The supernatants were collected for downstream
Mean pixel dasity graph of the analyteisible on the membrane arwith fold-O K I y B.5timas N=1
experiment.

[ 2YLI NBR (2 /1 a9o -W thaOwere ¥uitded Gidhé (Udtreated) O m
gAUK2dzO Ay FtdzSyOS 2F D.a @ftré with USigke8 /1 a9o
presented lower levels of Angionenin, BNDF,-DkK-6, LIF, Pentraxi, TfR, TNF X
PDGFAA/BB, uPAR and VE@H the other hand, the eoulture upregulated the levels

of CHI3L1, GBE,, 11-:8 and OPN. Additional factor not reaching a FC or &.p@sented

in the Supplementary figure VI2- Appendix VI

The impact of Cavl within the GBM environment was accessed by direct comparison

0S06SSYy GUKS LINRPRdzOGA& A RSY G-6uufeSRgurd58-AY | a90 W
YR /1 a9o0 W/ | Huture¥ Figure8-B). Yhe malk2ules with FC higher
than 1.5 are represented iRigure5.8-C.
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A CHME3 Cavl NT CC U87 B CHME3 Cavl KO CC u8g7
R i R R 1 R
- 2 3 . L 2 3 LR ]
e Y L 4
> 5
6 7 6 7
8 8
9 9
10 11 20 11
12 *8 11 # 8
- ° s
" L
R R
Legend:
1- Angiogenin  2-CHI3L1  3-CystatinC 4-Flt-3ligand  5-IGFBP-2 6-1L-4 7-1L-17A 8-1L-22 9-MIF

10-PDGF-AA 11-SDF-1a  12-Serpin E1 R- ref spot
C

35000 -
30000

2 _
2 25000+
(]
© |
< 200001
X 75000
S 40004
c
S 3000
1000-
gl EH [EE FETS m—. W[ H_ N[ |:| l,EI_
& N ‘ » o
&« 0 Q;{" N «\’ & \§< Q, &
O R x® O L \V ) Q
& (¢ ) Y & Q )
W ) & 3

Hl CHME3 Cav1l NT CC U87 =3 CHME3 Cav1 KO CC U87

Figure5.8 ¢ Comparison of CHME3 Cavl NT and CHME3 Cavl KO under @RiNic CHME3av.
NT and CHME3 Cavl KO werecwtured with U87 cells for 48 hours, using a transwell systerr
supernatant was collected for downstream analysisan pixel density graph of the analytisible on th
membrane andvith fold-O K | y BStimas N= lexperiment.

Where significant differences were seen, introduction of the Cavl deletion (CHME3
Cav1KO) was in the main associated with reduced factors in the medium with reduced
levels of angiogenin, cystatin C,-8tligand, IGFBP, Il-4, I-17A, IE22, MIF, PDGRA

and SDHM. The only significant change in when Gae 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 Cavl depletion caalé hesulted 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 cellchanged.A summary of all secretome is illusteat in the Supplementary

figure VI.2- Appendix VI
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5.4.4 Effect of CHME3 Cav1l phenotype on GBM proliferation.

¢CKS AYLI OGO 2F /I @m 6A0GKAY GKS D.a OSftf Aidas
previously been studied in our lab using shRNA techniques and CRISPR cell lines created
during the project the work showed Cavl promotes the GBM cell invgMaomiconi

2019) The aim of this part of the chapter is to investigate the role of Cavl in microglial

cells and the impact upo tumour progression, addressing features as tumour

proliferation, migration, and invasion.

In order to investigate the impact of the Cavl status in GBM cell proliferation, GBM cells
werecoOdzf G dzZNSR gAGK /1 a9o0 W/ | Om bavive)uding Om b oS
the Transwell system (044m pores; 48 hours) that allows paracrine signals from both
populations to regulate each other; again no direct -cell contact. After the

incubation, GBM cells and microglia cells were trypsinized and counted.
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Figure5.9 ¢ Impact of CHME3CC ortumour proliferation. 150,000 cells of CHME3 Cavl NT (re
CHME3 Cav1l KO (green), or each GBM cell line (black) were seededvirtib @dge, each GBM cell i
tested was seeded into an insert, left to adhere for 24 hours. On the following day, the insert wa
together with microglia and tumour cells, allowing to be in CC for an additional 48 hours. After t|
cells were detached and counted usingth& dzy 6 Saaxn LL C[ |\t ¥epréséni
meanx SEMof 4 individual experiments. *: p<®&0**: p>0.01 when compared to GBM CC GBM, Knrt
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 Figure590 Ly !yt OSfftasx /1a9o0 W I @m be¢Q 6
LINEE AFSNI GA2Y 3 ¢ KS NS I-&) déckessed UB7aptoliferatioh.IF@@m Y h Q
the UPOOY cells, eoulture stimulated the poliferation, independently of microglia Cavl

status although the Cavl+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 Cavl status but with the RIH3 Cavl+ve cells resulting in a greater the

decrease in GBM proliferation (p<0.05).

5.4.5 Effect of CHME3 Cav1l phenotype on GBM migration.

Themigration was assessed using the Transwell system (pore sizg @&ithin which

the migration of GBM cells, U87, UP007 and UP029 was examined. These GBM cells
having prewausly been by caultured in a separate Transwell system (@ pores; 48

hours) with the CHME3 cells, either Cavl+ve or @avlFollowing completion of the

latter incubation, the GBM cells were detached and used directly for the migration

assay.
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Figure5.10¢ Impact of CHMEZICC ortumour migration. 150,000 cellsf CHME3 Cavl NT (red) or CH
Cavl KO (green), or GBM cell line (black) was seeded irteeh Blate, each GBM cell line tested
seeded into an insert and left to adhere for 24 hours. On the following day, the insert was placed
with microgla and tumour cells and allowed to be in CC for an additional 48 hours. After that, tl
were collected and used into another Transwell system and left to migrate for an additional 16 t
the end, the number of cells that crossed the membrang veanted. Values represent the mean of
+ SEM of 4 individual experiments.
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Figue 5.10 shows the results, with little to no differences in GBM migration observed
between the GBM cells alone and the respective GBM line whecultared with

CHMES3, either Cavl+ve or Ca¥lphenotypes

5.4.6 Effect of CHME3 Cav1l phenotype on GBM invasion

While the focus on was determining the role of microglial Cavl status upon GBM cell
invasion some initial pilot studies were undertaken comparihg impact of Cavl
knockout within the GBM cell itself. This pilot work was part of a collaboration within

the laboratory (C,. Netq CRISPRas9 technology).

Day 0 Day 3 Day 0 Day 3

U87 Cavl NT

U87 Cavl KO
UP007 Cavl KO UP007 Cavl NT

UP029 Cavl KO UP029 Cavl NT

Figure5.11 ¢ Impact of Cavl upon GBM spheroid invasiétepresentative pictures of U87, UP007
UP029 Cavl NT and Cavl KO invasion at Day 0 and 3. GBM cells were seedeédhiatigde®s, ULA ar
round bottom, and left to form a sphere for 4 days. After sphere formation, at day 0 in invasion, the
spheres were embedded in Matrigel and left to invade for further 3 days. N=3 experiments. Scale
UM.
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As can be seen from the Matrigel 3D spheroid invasion, the deletion of Cavl in the GBM
cell lines results in a uniform reduction in GBM cell invaskigyre5.11) indicative that

Cavl is aregulator of GBM cell invasion. More relevant to the iqueshder 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 Caviefsitthe

cell line U87 was the main focus in the combined micragl@EBMcell 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.

C20dzaAy3a 2y (KS AYLI Ol 2FQOm| ¥8 QI WdzLJDyi by K
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 (i@en-U87, DHorange/red

astrocytes and Diped-CHME3) as described2ril2¢ Cellular ceculturesg 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.

125



Chapter 5¢ GBM Enviroment and CHME3 Cakhockout

us7 U87 + Astrocytes U87 + CHME3 Cavl NT U87 + CHME3 Cavl KO

Day O

Day 3

Day O

Day 3

Legend: Green — GBM,; ge/red — Astrocytes; Red — Microglia

Figure5.12 ¢ Impact of microglia upon U87 invasioiRepresentative pictures of U87 invasion in CC
CHME3 Cavl NT and CHME3 Cavl KO. U87 cells cultured alone or cultured with astrocytes we!
control. Prior to the sphere formation, cells were labelleth @different DIO (U8green), Dil (astrocyte
orange/red) and DID (CHME&d). The spheres were formed in a ratio of 1:1, for 4 days. After ¢
formation, around half of the media was replaced for Matrigel in a final concentration of 4 mg/ml &
to invade for an additional 3 days. N= 4 independent experiments. Scale ba500

Shown inFigure5.12, is the day 0 (Matrigel) and Day 3 (Matrigef)ght-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 uniformlyritisted pattern (Day

0, U87+Astrocyte), whereas CHME3 cells, independently of Cavl 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, IN&lDIA ImageJ and the

results are illustrated ifrigure5.13.
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Figure5.13 ¢ Spheroid invasion analysis of U87 cell in CC with Astrocytes and CHME&S of invasic
was calculated using the INSIDIA macro, and it was normalized based on the size of the core at ¢
represent the meatt SEM. N= 4 independent experiments.

The spheroid caulture of CHME3 cell with U87, whether the CHME3 cells expressed
Cavl (CHMERT) or lacked expression (CHMK3) made no difference.

Since microglia cells (CHME3 at least) under the conditions of this experiment did not
attenuate or pomote the invasion of U87 (irrespective of Cav1l 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
microscopyallows high resolution image acquisition to much greater depths within large
complex structures; the size of spheres was ca. @80 at day 0 of invasion, and had

increased ca. 1500m by the end of day 3.
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us7 U87 + Astrocytes U87+ CHME3 Cavl NT U87 + CHME3 Cavl KO

Figureb.14 ¢ Impact of microglia upon U87 invasiaat day 3 Representative pictures of lightsheet hy
stack of U87 invasion in CC with CHME3 Cavl NT and CHME3 Cavl KO and Day 3 of invasic
alone and astrocytes were used as a controlorPio the sphere formation, cells were labelled \
different DiO (U89Qreen), Dil (astrocytesrange/red) and DID (CHMESd). The spheres were forme
a ratio 1:1, for 4 days. After sphere formation, around half of the media was replaced with Matrg
final concentration of 4 mg/ml and left to invade for an additional 3 days. After the third day of in
the spheres were collected, embedded in agarose, and imagedZeisgLightsheet Zmicroscope, 1C
detection objective.

Images from tle lightsheet microscopeF{gure5.14), shows extensive U87 invasion

(Green) when spheres comprised U87 cells alone. Spheres constructed from either
l'yrklFadNRrOeGSar 'yTtk/la9o W I Om beQ 2NJ ! yrT
reduced but similar GBM invasion amongst these three experimental arms. Significantly,
FAaGNROedSa IyR /1 a9o0o W/ I dm be¢Q OStfta oSNB F
' Y2y3ad GKS !'y1 &ALKSNRBARI gKSNB a2YS | adNe
invady 3 023SOGKSNJ gA 0K Gdzy2dzNJ OSftfad Less O2y (NI
mobile with a significant proportion of the cells remaining after Day 3 at the initial

location at day; this indicates Cavl in the CHMES cells has some rolé imidpation
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and invasion. Indeed this is in agreement with differential migration of these cells in

earlier Transwell experiment&igure5.2¢ this chapter).

We nextexplored how the CME3 cells interacting with U87 within a spheroid model

impacted upon the U87 cells to invade into another spheroid composed entirely of non
Gdzy2dzNJ A NRpO&dGSa Ay o6KIG Aa az2yYSdAaySa (y2¢
spheroids were formed with; URastrocytes; U87/CHMERT; U87/CHMEERKO.

Separate single lineage cell spheroids were formed from U87 and astrocytes. Various
combinations of spheres were placed together under floating (suspension) conditions

YR fft26SR (2 | aaza@igsdnplisticénddelYhe anglOlindageW o NI A Y
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.mbges were taken by brightfield and
epifluorescencemicroscopy at day O 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.

U87 + Astrocytes U87 + CHME3 Cavl NT U87 + CHME3 Cavl KO

e € % -

Day 0

Day 4

Day 4

Figure 5.15 ¢ Impact of CHME3 upon U87 invasidd87 (green), astrocytes (red), CHME3 Cavl N
CHME3 Cav1 KO (orange/red) werelpteelled to form spheroids (ratio of 500:500) for 4 days. Spht
composedy 20,000 astrocytes were made at the same time. At day 0, one tumoral spheroid and «
tumoral spheroid were placed together inside the same well and followed for an additional 4 day
bar: 500um. N= 2 experiments.
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As seen in theFigure 5.15, all sphere combinations (exclusively U87 alone,
yTklFadNRrO(GISar 'yT1k/ 1l a9o W I @m be¢Q FyR
in this suspensioaseal confrontation assay. Additional images were collected using

the lightsheet microscope.

us7 U87 + Astrocytes U87 + CHME3 Cavl NT U87 + CHME3 Cavl KO

Figure5.16 ¢ Impact of CHME3 upon U87 invasion (Green) into Astrocyte only spheroids (R&Bg}
of spheroid interaction and invasion at day 4, fusing lightsheet microscopy technique.

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 dayscabation.
It seems that the presence of immune cells did not affect the behaviour of the tumour

cells, independently of Cavl status.
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5.5 Discussion

Tumours are composed by tumour and asmmour cells that will be involved in €o
regulation. This creata 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 foimmune cells increases with tumour grade and can

comprise up to half of the GBM tumour mggsansohoff and Cardona 2010)

Microglia and blooetlerived 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 macrophaggRita et al. 2020)Microglialcells 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. Undedstanthe 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 homasist conditions, but
upon activation, they are able to increase their rate of proliferation significdRiiy et

al. 2017; Askew et al. 2017; Graeb®cheithauer, and Kreutzberg 200R)icroglia 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 cdlhe due to the immortalization proce¢3anabi et al. 1995)
which as discussed may have implications in relating the CHME3 phenotype to the

primary invivo cell.

In studying the impact of GBM upon microglia (CHMES3) proliferation and migration we
observed a reduction in microglial prolifénge and migration rate, opposite to the initial
SELISOGFGAZ2Y 6KSNBdzLI2Yy | Widzy2dz2NJ YAONR Sy OA |

However, during the earlier stages of glioma tumorigenesis, high levels of TGF NG
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reported and are associated with downregutat of immune cell proliferation and

migration via inhibition of celtycle progression and stimulation of apoptasisseph et

al. 2013)TGF g & dzLINB3AdzZ F G SR Ay (-6uBure SHCAMBNE vy Y Sy (i
with GBM cell lines.

Literature evidence indicates that the factors released by microglia are able to promote

glioma proliferation, migration and invasidPlatten et al. 2003; Watters et al. 2005;

Charles et al. 2011)n our ceculture experiments we no consistent effexftthe CHME3

cells upon the proliferation of the GBM cell lines, with U87 and UPQOO7 proliferation
increased and UPO029 reduced. This is perhaps not surprising given the genetic
heterogeneity of GBM cell lines. Similarly, a consistent effect of CHME&Btaee upon

GBM cell migration response was not observed. Clearly the model was a simplistic one

and comprised only a short duration (48 hours) ofcatture that may be insufficient
ASYSNIGS | NBfAIFIOGES Widzy2dzNJ YAONRSYQBANRYYSY

Cavl is involved in cellulproliferation, migration and invasiofiRazani, Woodman, and
Lisanti 2002; Goetz et al. 2008n microglia cellsCavl is correlated with actin
regulation, and the disruption on actin dynamics can disturb the prolifergtitoreno-
Vicente et al. 2018; Uamann et al. 2016)The role of Cavl in proliferation in microglia
has not previously been explored, however, it is likely to be cell line dependent. For
example, the expression of Cavl in HEK293T cells promotes the prolif¢redioes et

al. 2006) and in fibroblasts, its loss accelerates the proliferation and cooperates in
oncogenic transformatiofCerezo et al. 2009CHMES cells express high levels of Cavl,
possibly due the SV40 large T antigen transformgigiargiou et al. 2013The deletion

of Cavl in these cells (CHME&v1 KO) decreased their overall proliferation compared
with Cavl+ve CHME3 cells (CHMEE®1 NT).

Regarding the migration, Cavl seems to promote the migration of the CHME3 microglia
with the Cavl+ve CHMES3 ceflsowing an almost -Bold greater migration capacity
(Transwell). The impact of the Cavl phenotype in the CHME3 did not however, impact

GBM cell migration during the cenulture experiments.

Microglia and macrophages constitute a significant proportiorthef 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 4% Il:10, 14 ard TGP cytokines,
whose immunosuppressive properties may favour the-&umtiour immune response of
microglia to dominate and thereby favour a pumoral environment(Constam et al.
1992)

The microglia phenotype is a balance betweenimftammatory and antinflammatory
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 -colture environmats, we found the STATL,
STAT6 and N#B showed an overall decrease in the-adtured GBM / microglial
environment, indicative of a general downregulation of {imlammatory and anti
inflammatory pathways. STAT3 analysis presented a decrease upon it8he
cocultures but a slight increase with UP007 and UP029 cells, suggesting that STAT3
pathway has a role for microglia to react to tumour environment. EN&laszewska

and colleges showed that signals from glioma cells fail to activatenfieanmatory
STAT1 and N#B in rat microglia cells, inducing ERK and p38 MAPK sigr{&lieg
Miklaszewska et al. 2013)n CHME3 coulture with astrocytes we observed a
downregulation in the antinflammatory pathways while maintaining similar levels of
pro-inflammatory pathways, sugpstive of the normal cell interactions between
microglia and astrocytes, that tightly regulate the immune populati@mhor et al.
2013)

The upregulation of TNFFand TGHF are describedn the literature in the GBM context,

being associated with tumour progressidhisi et al. 2014)Nijagunaet al. treated

microglia cells with conditioned media from different GBM cell lines, for 24 hauc,

showed a downregulation of CXCL10 and-TNE | YR |y dzLINSaddizt | G A2y
CD204, suggesting a ptemoral phenotype supported by microglia cells. However,

many of the classical inflammaterglated 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 cecultures of microglia alR  { dzY2 dzNJ OSft 44X YAYAO]l AyS3

environment, and compared with an environment comprised only by microglia cells.
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Missing is the environment created only by the GBM. Neverthelessed on these
preliminary results{i K S W dzY 2 dzNX y CHME3 a8dik)8DaAeS In thiS &/stein
appeared to suppress angiogenin, BDNF, and uPAR, and po@bii8L1, GBI, Il

8, I:17A and OPN. The angiogenic protein, angiogenin is implicated in glioma
angiogenesis and increased malignaf8itog et al. 2(&) and together with uPAR, is
involved in migration and invasioflyamamoto et al. 1994; Veeravalli et al. 20I)e
decrease in their levels, ol 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 neuroprotectionn healthy brain(Branchi, Francia, and Alleva 20@4d in

the reduction of intracranial glioma growth in brain tumqg@arofalo et al. 2015)The
remaining analytes (CHI3L1, GI¥; I1-8, Il-:17A and OPN) oversecreted in the tumour
immune environment are described in the literature aace connected with tumour
proliferation, invasion and progressiqiu et al. 2011; Wurm et a2019; Roth et al.
2010; De La Iglesia et al. 2008; Yeung et al. 2013; Khan et al. 2017; Wei et all[2©19)
environment created by CHME3 and U878 cells is suggestive to favour the tumour

progression.

Regarding the effect of Cav1l in microglia cggruthe tumour environment, to the best

of our knowledge, this study was the first one conducted. The Cavl levels in microglia
cells slightly decreased in -colture with GBM cells as well as in-calture with
astrocytes. If the environment created by axtytes can immunaoegulate the microglia
(Perry and Teeling 2013; Deczkowska, Amit, and Schwartz, ZDaAR) may be involved

in this process, suggesting that tumour cells may regulate the microglia via Cavl.

The impact of Cavl in GBM cells was previously thoroughly investigated in our lab by
Chiara Moricon{Moriconi 2019) Cav1 is involved in GBM cell invasion and is correlated
with a poor prognosigPu et al. 2019; Moriconi 2019puring this project, clones of
CRISPRas9 Cavl KO were created for all GBMnaietoglia cell lines presented in our
laboratory. Using a 3D spheroid invasion assay, it was confirmed that Cavl promotes the
invasion of GBM cells. But focusing on the main objective of the project, the invasion
studies targeted the impact of microglia3® tumour invasion, taking into consideration

the microglial Cav1l 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 invas, independently of Cav1l status. It is important

to highlight that microglia cells (CHMES3) trended to position themselves in clusters
inside the spheroid, not creating a homogeneous population with tumour cells as
occurred with astrocytes cells. Howev@avl 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, CHMES3 microglia cells, independently of Cavl status, failed to influence
migration and 3D turour invasion. The loss of Cavl in CHME3, decreases the mobility
of microglia in tumour spheroids. GBM cells supressed the activation of microglia. In

CHME3Cavilpromotesthe response of TNFand TGF (12 (G KS (dzy2dzNJ Sy @A
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6.1 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 ofogcabl

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

geneic engineering of genes feasible, perhaps in microglial cells, allowing to understand
GKSANI Fdzy QliA2y Ay KdzYly ySdzNERSIBhuSatl A S
al. 2017 t | NJRMyasS2 yasa | Yy R | dzHadnseRrieRay 20a7pthek 8 S a4 Sa
neurological injuries, like stroke spinal and cord inju(fdagoshi and Okano 201&nd

brain cance(Stricker et al. 2013)

Cavl, which forms the caveolae, is involved in several cellular processes as vesicular
transport, cell migration, cell proliferation, cell transformation angnsil 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. Cavl was previously identifiecciagiral

cells from mouse cell lines in BV2 c@fasi et al. 1990)mouse modelgNiesman et al.
2013) and human cell lines in CHME3 céfsrtugal et al. 2017)The role of Cavl on
microglia development is an avenue to be explored. Neverthelesst &uhighlighted

the importance of this protein on monocyte to macrophages differentiation through the
regulation of EGR transcriptional activitl(Y. Y. Fu et al. 2012pn the other hand,
downregulation of Cavl in monocytes/macrophages was correlated with psoriasis, a
chronic immunemediated inflammatory skin diseas@akamura et al. 2019%nd
associated with the restoration of piimflammatory phenotype in GBMs, increagithe
levels of TN (Shimato et al. 2013Niesman and colleagues studied the function of
Cavl and they observed an increasethe protein levels upon microglial activation
(Niesman et al. 2013)Understanding the role of Cavl in a specific context or disease,
namely in the tumour environment, requires knowledge about their function during

homeostasis and their function under phytsigical and healthy conditions.
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6.2 Aim

The aim of this chapter is to generate human microglia cells from iPSC and explore the
role of Cavl in these cells on differentiation, maturation, activation, and phagocytosis.
Kolf2 Cavl NT and Kolf2 Cavl KO were tesédferentiate microglial cells in order to
study the impact of Cavl on activation, secretome, transcriptomic profile and on

phagocytosis.

6.3 Methods

6.3.1 General methods

The iPSC Kolf2 Cavl NT and KOLF2 Cavl KO were used in this chapter. These cells were
cultured and differentiated following the protocols describedinapter 2, section 2.2

Cell culture maintenancand summarised ifrigure6.1. At least three different clones

of Cavl NT and KO were uskding the experiments.

iPSC EBs Factory differentiation Microglial progenitors Microglia cells
Day 0 Day 7 Day 21 Day 35 Day 40
i t } t t
E8 Flex medium mTeSR (rh bFGF and rh TGFp), X-VIVO 15 + 25 ng/ml IL-3 X-VIVO 15 + 100 ng/ml IL-34 +  X-VIVO 15 + N2
(insulin, FGF2, 50ng/ml BMP4, 50ng/ml VEGF and 100 ng/ml M-CSF 10 ng/ml GM-CSF

TGFb1) and 20 ng/ml SCF

CD45* IBA1*
CD11b* TMEM119*

Figure6.1 ¢ Differentiation protocol of iPS@erived microgliaiPSC cells were maintained in culture using

E8 Flex medium. At day 0, EBs are forming using hadgamtechniquedr 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 medaded

flask and cultued in XVIVO 15 supplemented with 25 ng/ml of3sland 100 ng/ml of MCSF, 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 fibrorestited pates for further differentiation into
microglial cells using-XIVO 15 supplemented with 100 ng/ml of8#.and 10 ng/ml of GMCSF, for an
additional 14 days. At day 35 microglial cells were allowed to rest for 5 dayd/IMOX 15 media
supplemented with R. 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 precursamewstudied

by FACs, using the pamtol described i2.3-a A ONR It A LINRPISY Al 2NDA
FACsThe microglia markers IBA1 and TMEMEKwellasCavl were analysed by IF as
described in sectio.4 - Immunofluorescence StainingMicroglial cells were polarized
towards a preor antrinflammatory phenotype following the protocol of stimulati@rb

- Microglia and Macrophages polarizatiomNonstimulated cells were used as a control.
Cavl protein levels were studied by WB and KR, following the protocd.8 ¢
Western Blotand 2.7 - gRFPCR respectively.To understand the role of Cavl upon
activation of iPS®G cells, after polarization, a panel of immuretated genes were
studied by gR'PCRZ.7 - gqRFPCR and the soluble factors secreted into the media by
these cells were examined by cytokine arrayl Q- Cytokine array. The transcriptomic
profile was analysed by RM&(g. Finally, to study the phagocytosis ability, the protocol

described ir2.9- Phagocytosis assayas used.

6.3.2 RNAseq

For the RNASeq library construction, after differentiation, iRSIG Cavl NT and iPSC
Cavl KO were stimulated towards a fndammatory and antinflammatory
phenotype. Unstimulated cells wergsed as a control. After 48 hours of stimulation,

cells were washed three times with PBS, followed by RNA extraction using AllPrep

OK

5b! kwb! kKt NEGSAY aAyA YAGZT F2ft26Ay3a GKS Yl

YSIFadz2NBR dza Ay 3 v dzo AithmQubiv B fuordmieter,! f@léwing theY A G =

YIydzZFl OGdzZNENR&a AyadNHzOGA2y d® wb! AyiSaNAGe

using the Bioanalzyer Agilent 2100 series.

The library preparation, RNgequencing, alignment, quality controls and data
processingvas conducted by Wales Gene Park. All libraries analysed were generated
from RNA samples with RIN scok®. 100 ng of isolated mMRNA was used to construct
RNAseq libraries using NEB Ultra Il directional RNA library prep kit. Libraries were
sequenced on ta lllumina HiSeq 4000 platform as paiedd 100 bp reads to obtain 20

to 30 M of reads per sample following the workflow illustratedragure6.2.
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- ¥ b
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RNA QC-RIN
Sample preparation —
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& Analysis )
llumina Y 7 ———
HiSeq 4000 RNA-seq data s Reads QC
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1 > Mapping QC
featureCoums[ Expreasion ] e A e
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Figure6.2 ¢ RNAseq workflow.

Sequenced reads were trimmed to remove adapter sequencer andguaality ends of
reads. Trimming was performed using Trim Galore (version 0.6.4) with the default

parametersin pairedend mode. The trimmed paireend reads were aligned to the
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GRCh38 no_alt_plus_hs38d1 analysis set reference using STAR (version 2.5.1b), an
ultrafast universal RN&eq aligner, following the-gass methodDobin 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.{Yang Liao, Smyth, and Shi 20I#)e featureCounts was
executed with the following parameters:
1 Genelevel: featureCounts-p -s 2 --donotsort -B -t "exon" -g "gene_id"-a
GENCODE
1 Transcriptlevel: featureCountsp -s 2--donotsort-B -t "exon"-g "exon_id"-a
GENCODE
1 Exonlevel. featureCountsp -s 2--donotsort-B -t "exon" -g "transcript_id"-a
GENCODE

The counts were generated for pairemd read fragments summarizetithe exonlevel

and then aggregated at the transcrifgvel. 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 analgsiged from the
GENCODE GRCh38.p10 comprehensive gene annotation. Differentially expressed genes
(DE) were identified using a DEseq2 analyseve, Huber, and Anders 201dj
normalised count data. The resultingvplues were corrected for multiple testing and

false discovery issues using the FDR metfiehjamini and Hochberg 1995pene
Ontology (GO) overepresentation analysi (ORA) was undertaken using the GOstats
bioconductor library(Falcon, Falcon, and Gentleman 200¥he resultant data was

corrected for multiple testing and false discovery using the FDR method.

Further investigation using gene set enrichment analysis (GSBRA, conducted in
WebGestalt (WEBased GEne SeT AnalLysis Toolkit), and Reactome was performed to

explore and interpret the most relevant gen@auxing Liao et al. 2019; Jassal et al. 2020)
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6.4 Results

6.4.1 Characterization of the microglial progenitors by FACs

The microglial progenitors were differentiated from four individual clones of KOLF2 Cavl
NT and four individual clones of KOLF2 Cavl KO. The floating progeeitersollected

from day 21 onwards, stained with CD34, CD45 and CD11b and analysed by FACs.
Representative gates and histograms of HRE& Cavl NT and iPMG Cavl KO are

shown inFigure 6.3. andFigure6.4, respectively.
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Figure 6.3 ¢ C34, CD45 and CD11b iR8€rived microglial progenitors Cavl NT populati
Representative plots of FACs of Hd8@ved microglial progenitors Cavl NT cells. Microglia proge
were differentiated from 4 different clones of iPSC, where the floating cells were collected at d
later and labelled with CD34 (®F7), CD46-ITC) and CD11b (APC). Isotypic contdl; G) were use
as negative control. The tested population is representd] Fhand H plots. The histograms for CD
CD45 and CD11b are represente@,iR,and|, respectively.
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iPSEMG Cavl KO
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Figure 6.4 ¢ CB4, CD45 and CD11b iR8&ived microglial progenitors CavKO population.
Representative plots of FACs of Hd8@ved microglial progenitors Cavl KO cells. Microglia proge
were differentiated from 4 different clones of iPSC, where the floating cells were collected at day 2
and labelled with CD34 (REy7), CD45 (FITC) and CD11b (APC). Isotypm<@® D, G) were used ¢
negative control. The tested population is representds] Band H plots. The histograms for CD14, C
and CD11b are represented @GrF,and|, respectively.

As seen inTable 6.1, the deletion of Cavl in KOLF2 cells did not impact the
differentiation of microglial progenitors from iPSC. Both HRELZCavl NT ahiPSEMG

Cavl KO presented a high enrichment of CD11b and CD45 markersB Gate
histogramC for both Figure6.3. and Figure 6.4, showthat, independently of Cavl
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
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weekly basis, it was noticed that the number ofdGand CD11b positive ceitereased
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 iaseel to 99.7% over time.

Table6.1 ¢ CD11b and CD45 positive population of iRf&@ived microglial progenitors of Cavl NT and
Cavl KO cellfkesults represent the meaSD % of the parental population. Results from the total of 8
different clones (4 clones of Cavl NT and 4 clones of@)vIN=3 independent experiments.

iPSGMG Cavl NT (%)

iPSGMG Cavl 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 Cavl in iP8€rived microlgial cells

The CRISP®Ras9 Cavl KO was performed on the KOLF2 level, which was investigated
and discussed i@hapter 3 KOLF2 was previously engineered by the Nick Allen group in
the safe harbour AAVSL1 to express the mCherry tag. This cell line was used to perform
the KO of Cavl 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 Cavl in differentiated microglial cells was futher invastigay WB, qRT
PCR and IF. iPMG Cavl NT and iP@& Cavl KO were differentiated from the
respective microglial progenitors for 14 days, witt3.and GMCSF, and left to recover
from the differentiation for an additional 5 days. To access the impattteomicroglial
activation on Cavl expression, differentiated cells were activated towards a pro
inflammatory phenotype with LPS and IENor towards an antinflammatory
phenotype with Ik4 and IL13, for 48 hours. The results obtained are summarized in

Figure6.5.
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Figure6.5 ¢ Cavl expression in iPS{érived microglia cellsMicroglia cells were differentiated frc
microglial progenitors for 14 days, with34 and GMCSF, and allowed to rest for an additional 5, follc
by stimulation with LPS and Iér with 11-4 and IEL3 for further 48 hoursA ¢ Representative membran
from 2 clones of Cavl NT and other 2 clones of Cavl KO. GAPDH was used as an interrii caein
expression analysis by ¢gRTR. Bars represent the mearSEM of the total 8 clones analysetig
Representative images of the IF staining of Cav1l. Cells were fixed, labelled with Cav1l antibody, al
by confocal microscopy. ND: not determined. Scale barml0

Initially the Cavl expression was studied by WB. But due to the low expressionlof Ca

by microglia cells differentiated from KOLF2, the antibody wasensiive enough to

detect the protein expressionF{gure6.5 ¢ A). Even after pranflammatory or ant
inflammatory activation, the Cavl levels remained undetectable by WB. At mRNA levels,
it was possible to identify low levels of Cavl expression iG-MRS Cavl NT cells in
unstimulated cells, which trended to increase in jimlammatory phenotype and
decrease in artinflammatory phenotypeKigure6.5 ¢ B). By using IF, it was possible to
detect Cavl expression in Cavl NT cElpufe6.5 ¢ O). Both iPSGIG Cavl NT and iPSC

MG Cavl KO cells expressed the mCherry tag. No Cavl mRNA or protein was detected
in iPSEMG Cav1l KO cells.
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6.4.3 IPSEMG expressed pamicroglial markers after Cavl KO

After collection of the microglial progenitors, iIPSC Cavl NT and iPSC Cavl KO, the cells
were further differentiated with 134 and GMCSF for 14 days towards a final microglia
phenotype. Cells were allowed to rest fnathe differentiation for an additional 5 days,

fixed and stained with microglial markers IBA1 and TMEM119, as obselivigaie6.6.

A.IPS@VG Cavl NT B.iPS@MG Cavl KO

§ TMEML19 “merged

Figure6.6 ¢ Microglial markers and Cavl expressidRepresentative images of the immunofluoresci
staining of TMEM119 and IBA1 of iF8G Cavl NTA.)and iPS@®1G Cavl KO celB.) Cells were fixe
labelled with diferent antibodies, and imaged by confocal microscopy. Scale bam10

Independently of Cavl status, both iPMG Cavl NT and iPMG Cavl 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 iF€G

Since GMCSF is a cytokine which is involved on theipflammatory cascade and-84

can lead to differentiation of immunosuppressive macrophagesicher et al. 2013)
after 14 days of differentiation, iPSMDG Cavl NT and iPMG Cavl KO cells were left
to rest from the differentiation procedure for an additional 5 days, without interference
of IL-34 and GMCSF. To study the possible effect of the differentiation on the microglial
phenotype, cells freshly differentiated wereagsas a comparison. After differentiation,
rested and norrested cells were further polarized towards a pndlammatory or ant

inflammatory phenotype and the gene expression was analysed by GRT
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iPSC-MG Cavl NT iPSC-MG Cav1 KO

After 14 of Differentiation

After 14 of differentiation
plus 5 days rest

Figure6.7 ¢ Effect of the resting period on microglial morphologiepresentative brightfield pictures
iIPSE@MG Cavl NT and iPMG Cavl KO immediately after 14 days of differentiation wi#land GM
CSF, following the same protd, plus an additional 5 days of resting without interference-8#lor GM
CSF factors. Microglia ramifications are signalized with white arrows. Scale baivM500

It was possible to observe that cells freshly differentiated showed an ameboid
morphology, with few and short ramified processes, independently of Cavl status. The
5 days of culture without the influence o84 or GMCSF, allows for a morphological
adjustment, decreasing the cellular body size and increasing the quantity and size of the

ramifications, as observed kKigure6.7 (white arrow).

In order to understand the impact of the differentiation process on the basal gene
expression of the inflammatorselated markers, mRNA was extracted from cells
immediately after differentiation and from cells which were allowed to rest for 5 days
after differentiation. gRIPCR was used to study of the pndlammatory genes, L ,

IL-6, Il-:12, CXCL10 and T™NFand the antinflammatory genes TGF, I-:10, CCL22,
CD200R, CD206 and CD163. The results are represeriiegiin6.8.
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Figure6.8 ¢ Effect of the microglial differentiation process upon gene expressiorunstimulated cells
iPSEMG Cavl NT (green) and iR8G KO (pink) wemifferentiated from respective microglial precurs
for 14 days. Freshly differentiated cells are represented as a full colour. Rested cells (gridded k
allowed to settle for additional 5 days. N= 1 experiment.

Regarding the prinflammatory rehted genes, the resting period induced slightly the
increased of i > AYRSLISYRSyYy (f 2-12ahd TINF @M 2§ 0 R G dz¥ > / I DR
cells. No other noticeable differences were registered fe6 Hnd CXCL10. Concerning

the antrinflammatory profilealmost all the genes decreased their expression with the

5 days of resting. Independently of Cavl status-TGF / 5unnw YR [/ 5Hnc LI
major transcriptional decreased, together with-10 that was less notorious. CCL22

showed an increased in iPMG Cavl NT rested cells, however, lREZCavl KO rested

cells decreased substantial their expression. CD163 Cavl NT rested cells decreased the
expression to an unnoticeable level, but the absence of Cavl did not showed an impact

on this gene.

Studying theeffect of this resting period could have on the polarization state of microglia
cells, freshly differentiated and rested cells, Cavl NT and Cavl KO cells were further
stimulated for 48 hours towards a pi#oflammatory or an antinflammatory

phenotype, wih LPS and IFRor with 14 and IE13, respectivelyAfter stimulation the
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MRNA was extracted, the same genes panel was studied byPGRTand are

represented inFigure6.9.
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Figure6.9 ¢ Effect of the microglial differentiation ppcess upon gene expressiam stimulated cells
iPSEMG Cavl NTA| B and iPSMG Cavl KOC( D were differentiated from the respective microg
precursors for 14 days. Freshly differentiated cells (full colour bars) and Rested cells (gridded &
polarized towards a prinflammatory phenotype (pink bars) with LPS plus—-||l%m towards an ant
inflammatory phenotype (green bars) with4lplus IE13, for 48 hours. N= 1 experiment.

The differentiation and maturation process of microglia involves the use-34 &nd
GM-CSF. These cytokines can be involved with inflammatory pathways and
consequently interfere with thecapacity of these cells to respond to new stimulus.
Regarding the pranflammatory response represented in grapAgiPSE@G Cavl NT)
andC(iPSEMG Cavl KO) both populations, independently of Cavl status, were able to
increase the transcriptions of all @ginflammatory makers analysed, after 48 hours of

treatment with LPS and IFQ The resting period of 5 days led to a response less
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exacerbated compared to fresh stimulated cells. The treatment withdhd IE13, did
not impact the transcription of thesmarkers in iPS®IG Cavl NT cells, however, cells
where Cavl was delete@)(presented an induction of4i and CXCL10 with the anti

inflammatory treatment.

Focusing on the anthflammatory response, when iPS5 Cavl NTBj was stimulated

with 1L-4 ard 1L-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 an@I&blwell

For the cells were Cavl was deleted, specifically-NMSCavl KDY, the treatment

with IL-4 and 11:13 only proportionated the increase of CD163 on cells stimulated right
after the differentiation (green bars). However, similarly to Cavl NT microglia cells,
when iIPS@1G Cavl 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 antrinflammatory stress compared to cells that did not rest from the differentiation.
Regardig the LPS and IFreatments (pink bars), it was observed an increase of TGF

i and CCL22.

Taking these results into consideration, for further experiments the cells were allowed
to recoveradditional 5 days from the differentiation protocol, withoutdhinterference
of IL-34 and GMCSF, recognizing that the resting stage period allows thedB$ed
microglia to respond to prinflammatory as well as animflammatory stimulus,

representing more accurately the recognized plasticity of this population.
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6.4.5 Impact of Cavl on panflammatory and aninflammatory gene
expression by qRACR

After identifying a protocol that was able to differentiate microglia from iPSC and
allowed this population to respond to a pinflammatory and antinflammatory
stimulus, 4 clonesf KOLFAAVSIMCherryCavl NT and another 4 clones of KOLF2
AAVSImCherryCavl KO were used to fully understand the impact of Cavl deletion on
microglia cells upon treatment with LPS and-B&t IL-4 and IE13, for 48 hours. The

gene expression of theflammatoryrelated genes was performed by ¢RTR.
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Figure6.10 ¢ Basal expression of the primflammatory and anttinflammatory related genes by iPS
MG Cavl NTdark grey) and iPS®IG Cavl KO cells (light greyBoth populations were differentiat
from microglial progenitors, for 14 days withdh and GMCSF and allowed to rest for an addition
days in medium without interference of any soluble factor. Bgsesent the meas SEM of 4 clones
the two independent experiments.

As for the basal state, the inflammateggne levels expressed by iPBG Cavl NT and

IPSEMG Cavl are illustrated iigure6.10. The cells demonstrated similar expressions

of pro-inflammatory and antinflammatory markers, independently of Cav1l status, with

the exceptionof TNF = g KA OK &aK2gSR I RSONBIFasS 2F% GKS
Cavl wadost. Under basal conditions, iP®G almost does not express6l11-:12 and

CXCL10. Nevertheless, it is important to highlight the higher levels of all anti
inflammatory related genes, suggesting an intrinsic -axftammatory phenotype of

these cells.

151



Chapter & iPS>derived Microglia and the Impact of Cavl Knockout

TheFigure6.11 shows the expression of piaflammatory related genes at stimulus

with LPS and IFR(pro-inflammatory)as well as H4 and IE13 (antiinflammatory)
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Figure6.11 ¢ Proinflammatory related genes by iPS@G Cavl NT (dark grey) anBSEGMG Cavl K
cells (light grey) Both populations were differentiated from microglial progenitors, for 14 days wa#
and GMCSF and allowed to rest for an additional 5 days in medium without interference of any
factor, followed by stimulatin with LPS and IFHIor further 48 hours. Bars represent the mes8EM ¢
4 clones for two independent experiments. **: p<0.01, ***: p<0.001, ****: p<0.0@&idak's multipl
comparisons test

The preinflammatory activation, with LPS and HElfor 48 hours, significantly induced

the gene expression of all pinflammatory related markers analysed-Q , 1L-6, 11-:12,
CXCL22 and TNy in iPS@IG Cavl NT (dark grey bars) and in {R&CCavl KO (light
grey bars) populations. It is important to notice that the absence of Cav1l in these cells
led to an exacerbated increase of their response (p<0.01)ir€aement with 11-4 and

IL-13 did not change the expression of the studied genes in both populations.
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Regarding the aninflammatory profile, the gene expression@€L22, CD200R, TGF
CD206, CD163 and1D upon Ik4 and 1E13 (anttinflammatory) as well as LPS and-IFN

Q(pro-inflammatory) is illustrated ifrigure6.12.
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Figure6.12 ¢ Anti-inflammatory related genes by iPS@G Cavl NT (dark grey) and iRBIG Cavl K
cells (light grey) Both populations were differentiated from microglial progenitors, for 14 days wa4
and GMCSF and allowed to rest for an additional 5 days in medium without interference of any
factor, followed by stimulation with 4L andIL-13 for further 48 hours. Bars represent the me&8EM c
4 clones for two independent experiments. *: p<0.05, **; p<0.01, ***: p<0.001, ****: p<0.0BRIBK"
multiple comparisons test

The treatment with antinflammatory cytokines, 4 and IE13, induced significatively

the expression of CCL22, CD206, CD200R and CD163, trending to increasithe IL
expression as well, independently of Cavl status. However, the deleti@avbit@nded

to marginally decrease the mRNA levels of CCL22 and CD2@® ianckase of CD163
and 11-:10. No alterations were observed for the expressions of CD200R and WiEt

the same treatment in both Cavl NT and Cavl KO microglial populations.

Thestimulation of microglia with prénflammatory mediators LPS and HEXan impact
the expression of aninflammatory 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 Cavl. The expression of CD200R, CD206, CD16318n¢p+40.05)
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decreased in the prinflammatory phenotype but increased for CCL22 and-TGF
(p<0.01).

6.4.6 Impact of Cavl on microglia activation by cytokine array

In order to access which products can be released by-MRSGn the different
phenotypes, as well as the impact that Cavl cdwdge on this performance, it was
performed a cytokine array to evaluate 105 cytokines, growth factors or chemokines.
Microglia differentiated from KOLF2 Cavl NT and KOLF2 Cavl KO cells was stimulated
towards a preinflammatory state with LPS and HeMr towards an antinflammatory

state with I-4 and IE13, for a period of 48 hours. Untreated cells were used as a control.

A summary of the results for all secretome is illustratethenSupplementary figure VI.

2 ¢ Appendix VI
iPSC-MG Cavl NT iPSC-MG Cavl KO
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Figure6.13 ¢ Representative membranes from the human cytokine arrdSEMG Cavl NT and iP
MG Cavl KO was differentiated from KOLF2 cells, left to recover, and stimulated with LPS|andl
4 and 113, fa 48 hours. Non treated cells were used as control. The supernatants were cc
centrifuged, and incubated with membrane.
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TheFigure6.14represents the statistically significant products released by the-N*SC

Cavl NT cells, in response to a-pritammatory induction.

iPSC-MG Cavl NT
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Figure6.14 ¢ Secreted products upopro-inflammatory activation of iPSEMG Cavl NT cell?SEMG
Cavl NT waslifferentiated from KOLF2 cells and stimulated with LPS ang| ¢FMN-4 and IE13, for 4¢
hours. Norreated cells were used as control. The supernatants were collected, centrifuge
incubated with membrandBars represent the meatnSEM of 3 clones. p<0.05, **: p<0.01, ***: p<0.00
when compared to untreated cellaultiplet-test.

The LPS and IFBtreatment considerably induced the soluble forms of @8F, GRO

h 5 -6,ICKCL10;TIAC (CXCL11), MBPMIG (CXCL9), MiPh ki o/ / [ oW / [ N0 =
(CCL20), Rantes (CCL5),-TNFI YR dzt ! wX ¢ KA OK-inflardgatorfNB f | (1 SR
response of microglia and maphages. It was possible to notice an increase of the anti
inflammatory related factors # and TARC (CCL17), as well-2s Which has essential

roles on the differentiation of -Eells, and H18 BPa, which acts as a buffer for the

inflammatory activaibn via IFNQ

The antiinflammatory 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
ILl-4 witnessed under the antnflammatory phenotype could be m&ted with the L4

added to the media to stimulate these cells.

TheFigure6.15 shows the soluble factors that showed a significant alteration, orda fol

change higher than-Bmes, for the antinflammatory response by iPS@G Cavl NT.
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iPSC-MG Cavl NT
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Figure6.15 ¢ Secreted products upoanti-inflammatory activation of IPSEMG Cavl NT cellf?SEMG
Cavl NT was differtiated from KOLF2 cells, left to rest and stimulated with LPS arfidFNe4 and Ik
13, for 48 hours. Non treated cells were used as control. The supernatants were collected, centrifi
incubated with membranesecreted products which presented FC >2. Bars represent theti8&dm of
clones. *: p<0.05 when compared to untreated catisltiplet-test corrected.

Under an antinflammatory phenotype and compared to unstimulated cells, +Rt&C
boosted the antinflammatory related factors ®SF, HLRa, 1119 (p=0.04) and TARC
(CCL17), as well as the pndlammatory related factors Fas ligand (p=0.08I¢ (CXCL9)

and MIPm h K | 6/ I [ o k5 whighristinzolvédyinRmniurie cell maturation. It is
important to highlight that, except for the L9 response, the prinflammatory
treatment induced similar response of these factors or even higher (MIGMVIFX i I YR
TARC).

The impact of Cavl on secretome of iIlMBG under basal condition and upon pro
inflammatory aml antrinflammatory phenotype is resumed as a fold of changEahble
6.2.
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Table6.2 ¢ The impact ofCavl on secretome of iPSA5. iIPSE@VG Cavl NT and iP8MG Cavl KO was
differentiated from KOLF2 cells, left to rest and stimulated with LPS arfidiFN:4 and IE13, for 48

hours. Non treated cells were used as control. The supernatants were cobbectiefiuged, and incubated

with membrane. The values represent the fold of change oflGé® cells normalized against Cavl NT
cells. Secreted products that are downregulated or upregulated are identified in green to yellow/red scale,
respectively. Analgs with fold of difference greater than 2 or statistically significant are highlighted. *:
p<0.05 when compared to Cavl NT cells, multisttcorrected.

Analyte CTRL :‘FP[\fQJr 'I'L'j; Analyte CTRL :‘FP,\fQJ’ 'I'L'_i,;’
IP-10/CXCL10 -1.54 1.14 -3.84 GDF15 1.11 1.04 1.24
IL-31 -1.39 2.0§ 1.59 IL-1i 1.12 1.81 1.13
Growth Hormone | -1.34 1.1 1.44 MIG/CXCL9 112 -1.01] -2.01
Adiponectin -1.34 -1.0¢ 1.3 Chitinase dike 1 1.13 -1.09 1.19
LIF -1.39 -1.43 1.74 TR 1.13 1.2C 1.11
CReactive Proteir] -1.29 -1.0¢ 1.09 IL-3 1.1 1.1 1.3(
RANTES/CCL5 -1.24 10§ 1.1§1L-22 1.1 133 1.19
PF4 -1.21 -1.3§ 1.23 RBP4 1.1 -1.0q 1.30
EGF -1.17 1.19 144 MIP-oh k[ | | 1.16 1.44 1.04
BAFF -1.14 -1.1% 1.43 TFF3 1.17 1.51 1.24
TNFh -1.14 191 1.01 IGFBRB 1.1 1179 1.24
Apolipoprotein Al -1.14 1.11 1.79 BDNF 118 1.1 1.27
VEGF -1.13 -1.39 1.34 Thrombospondirl 1.19 -1.2§ 1.27%
IL-23 -1.13 -1.29 -1.04IL.-8 1.19 1.1 1.14
Leptin -1.10 1.34 -1.04§ EMMPRIN 121 114 1.47
IL-24 -1.09 -1.14 1.24 SerpinEl 1.2 1274 -1.10
CD30 -1.09 1.17 1.29 Lipocalin2 123 -1.04 1.13
Angiopoietin2 -1.04§ 1.0 1.44 Endoglin 125 1.0 1.04
IL-33 -1.04 169 1.60I-TAC/CXCL11 124§ 150 1.0
CFD/adipsin -1.04 -1.14 1.29 ICAM1 124§ 1274 1.1%
CD40 ligand -1.04 -1.20 1.111L-6 129 1574 -1.41
PDGFAA -1.09 1.1 -1.04 DPPIV 1.29 1.3% 1.14
PDGFAB/BB -1.05 1.2¢ 1.54 ENA78 1.31 1.15 1.34
SDFw h -1.04 -1.1§ 1.29 GRO 131 154 1.3§
IL-19 -1.04 -1.1§ 1.34 MMP-9 131 -1.13 1.17
IL-17A -1.04 1.2 1.30 GM-CSF 137 1.09 1.2§
TARC -1.04] 143 159113 133 22.1€¢ 1.37
IL-2 1.0 1.14 1.1 MIF 133 1174 1.03
Cripto-1 1.0 -144 1.141.10 134 143 1.79
RAGE 1.0 -1.54 1.2 IL-11 1.34 1.19 1.33
Osteopontin 1.0 -1.1¢ 1.09 Myeloperoxidase 1.37 -1.1f§ -1.06
IL-27 1.04 189 1.29 FIt-3 Ligand 140 194 1.23
ST2 1.03 -1.21 -1.04 MIP-mh K avl t 141 1.0 -1.42
CD14 1.0 1.68% 1.9 Pentraxin3 1.42 1.0 -1.09
IL-32 1.04 143 1.4 Vitamin D BP 143 15§ 1.56
IL-4 1.04 1.0 1.04q MCR3 149 113 1.33
MIP-3i 1.04 131 1.0] CD31 147 1.7 2.13
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Angiogenin 1.0 1.3 2.364 IGFBRP 144 124 1.37
Relaxinr2 1.0§ -1.39 1.74 uPAR 1.50 1.06 1.36
Resistin 1.04 -1.1¢ 1.11 FGF basic 1.5 -1.22 1.33
FGF19 1.04 -1.0Z 1.11 GCSF 153 -1.14 -1.0d
Cystatin C 1.04 -1.12 1.19 IL-1ra 154 134 1.20
VCAM1 1.07 1.94 1.94 1L-15 1.62 3.97 1.64
C5/Cha 1.04 -1.2C 1.59 IL-m h 164 13§ -1.11
SHBG 1.0 -1.4¢& 1.04 HGF 164 1.1 1.16
IL-34 1.07 1.73 1.79 IFNQ 1.7 1.0 -1.14
MCPR1 1.04 -1.01 1.24 1L-18 BPa 1.7q -1.0% 1.64
IL-16 1.04 1.5¢ 1.2 Kallikrein 3 1.74 1.14 1.09
Angiopoietinl 1.04 1.27 1.81 TIM-3 174 1.8 2.46
TGP 1.1q -1.0% 1.34 1L.-12 p70 184 179 1.53
M-CSF 1.10 1.5¢ 1.14 Fas Ligand 1.99 1.0 -1.34
Dklk1 1.11 1.1 -1.04 IL-5 2.13 -3.1§ -1.13
FGF 1.1 -1.94 1.45

Under basal phenotype, microglia cells where Cavl was deleted releaseiihies8ess
the pro-inflammatory cytokine CXCL10 and increased the levels of 14 other analytes
more than 1.5times, where It5 was the most upregulated (2.4Bnes). The remaining

analytes showed similar levels or variations lower than 1.5 times.

The preinflammatory phenotype allowed the microglia Cavl KO cells to decrease the
levels of IE5 (3.15times), FGH (1.94times) and RAGE (1-84nes) and to increase the
amounts of 21 aalytes more than 185imes. CD14 was enhanced 1-t®es (p=0.03)
compared to Cavl NT cells:3L (2.08times), IL15 (3.92times) and I£13 (22.16times)

were the most upregulated secreted products found in the supernatant.

As for the antinflammatoryphenotype, Cavl KO cells reported a decrease of CXCL
(3.86times) and MIG/CXCL9 (2-6ithes) and an increase of 20 soluble factors superior
to 1.5times, where CD13 (2.18nes), angiogenin (2.36mes, p=0.03) and T4 (2.46
times) showed the top imvements. The other products analysed presented similar

levels or fluctuations less than 1.5 times.

In summary, IPSMIG Cavl KO cells showed an overall increase of secretion of

inflammatory mediators, compared with cells that were able to express Cavéipro
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6.4.7 Transcriptomic profile of activated microgliaNAseq
RNAseq 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 diffenatiated from iPSC.

The first genes explored were the canonical genes related with microglial signature. This
gene list was previously used by Alrtdaland Haenseleet al.to validate the iIPS®IG

(Abud et al. 2017; Haenselet 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.

Canonical microglial genes
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Figure 6.16 ¢ Canonical microglial genes expressed by iMB& Cavl NTIPSE@G Cavl NT w
differentiated from KOLF2 cellBars representmicrogliatspecific or-enriched as [Log2 (FPKM -
presented as mean + SENE3 distinct clones.

TheFigure6.16 shows that, after differentiation, iPS@G Cavl 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, wih 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-B& with -4 and IE13, towards a pre
inflammatory or antiinflammatory phewtype, 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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by microglial activation were evaluated, and the most relevant were used for posterior

analysis.

B vostimoated [ 1402 [ ] res+Irny

Figure6.17 ¢ Heatmap demonstrating the differential clustering ofPSEMG Cavl NTIPS@VG Cavl N
were differentiated from KOLF2 cells, left to recover, and stimulated with LPS &l’l!@/HHNW) or |4
and I=:13(pink), for 48 hours. Unstimulated cells were used as a control (b&de)epresents upregulat
genes and green represents doegulated genes. Black represents unchanged expre&siffiselectes
genes with g0.001, multigroup comparisoii~test, ANDVA). N=3 distinct clones.

Based on normalized counts, the DE showed a gene signature associated with the
microglia status and their activation phenotypEidure6.17). Hierarchical clustering
based on DE genes with p<0.001 showed that unstimulated andndliatinmatory
microglia are more related, which were clustering together, compared with pro

inflammatory microglia, which clustered in a different arm.
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Proinflammaory profile of iPS®IG Cavl NT

Under pathological condition, microglia can be activated towards argl@ammatory
phenotype. This phenotype will allow microglia cells to fight against pathogens or other
cells that were identified as an enemy. Cells wahrallenged with LPS and HEM order

to understand how iPSMIG 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 ge(feDR<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 Figure6.18® ¢ KS o0A2f23A0Ff LINRPOSaasSa )\yQEf OSR ]
interferon-3 I Y Y I ¢ i | GIIARASLI A Ydeys NEaLRyaSé GOSft ¢
G8LS L AYGSNFSNRYyé¢s aLRaAGA@S NBIdAFdAz2zy 2°-
Gdzy2dz2NJ ySONRP&AAA FlLOU2NEZ AGAYGSNFSNRY 3l YY!
O8i21AyS LINPREDHEE 22 VYYRSOMBELRT oF OGSNRL ¢
activated (FDR<0.05).
I FOR < 0.05 FOR > 0.05
response to virus
response to interferon-gamma
adaptive immune response
cell chemotaxis
response fo type | interferon
positive regulation of response to external stimulus
response to tumor necrosis factor
interferon-gamma production
positive regulation of cytoking production
response to molecule of bacterial origin
skin development
regulation of postsynaptic membrane neurotransmitter receptor levels
cofactor transport
amyloid precursor protein metabolic process
adult behavior
coronary vasculature development
adaptation of signaling pathway
negative regulation of signaling receptor activity
isoprenoid metabolic process
bone development
-2‘0 -1‘5 -1‘0 -0‘5 0.0 0‘5 1‘0 1‘5 2‘0 2‘5 3‘0

MNormalized Enrichment Score

Figure6.18 ¢ GSEAiological procesf pro-inflammatory iPSEMG Cavl NTOverrepresentation ¢
biologicalprocesses from 3,491 differential expressed genes, compared to untreated cells usir
Gene Set Enrichment Analysis.
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The GOanalysis of biological processes the differential expressed genex iPSE
derived microglia under prmflammatory phenotpe compared tdbasal iPS@erived
microglia is represented Rigure6.19. Gene expression in iP8€rived microglia under
pro-inflammation was enriched in term&adaptive immune response”, "positive

regulation of immune system process"response to virus" "cytokinemediated

signallingpathway"and"response to interferorgamma’.

C20dzaAy3a 2yfteé 2y GKS Dh lylfeéara dzaAy3a aYAC
possible to identify an upregulation of TLR8, AlF1, 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 ¢ Functional analysis of the iPSterived microglia under prénflammatory phenotype.Gene ontology analysis of biological processes (BP) for
differentially expressed in iP8Erived microglia undepro-inflammatory phenotype (LPS + l-IH)\tompared to iPS@erived microglia unstimulated. Top 5 BP with FDR:

and FC>2.
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Anttinflammatory profile of iPS@G Cavl NT

Microglia can shift from pranflammatory to an antinflammatory phenotype in well
defined conditions, which is a crucial process for newmeostasis and
neuroprotection. Consequently, understanding the modulation of the microglial
phenotype and the kepathways involved could be important to develop therapies, not

only for neurodegenerative disorders, but also for brain tumours.

IPSEMG cells were challenged with-4Land IE13 in order to explore them under an
anti-inflammatory phenotype. Using untrézd 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, wherhese genesare involved, were analysed with a GSEA

biological process and are representedrigure6.20.

| FDR < 0.05 FDR > 0.05

ERK1 and ERK2 cascade
response to chemokinge
response to interleukin-1
response to interferon-gamma
cell chemotaxis
response to tumer necrosis factor |
regulation of GTPase activity |
leukocyte migrafion |
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regulation of G protein-coupled receptor signaling pathway |
muscle organ development
protein localization to nucleus
response to temperature stimulus
interleukin-8 production
response to transforming growth factor beta
positive chemotaxis
defense response to other organism
response to mechanical stimulus
nuclear transport
positive regulation of establishment of pretein localization
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Normalized Enrichment Score

-25 -2.0 -15 -1.0 -0

Figure 6.20 ¢ GSEAiological procesf anti-inflammatory iPSEMG Cavl NTOverrepresentation c
biological processes from 506 differential expressed genes, compared to untreated cells using G¢

Az A

A2t 23A0Ff LINRPOSadaasSa Ay d2NBESIRZ VAYS aio2w YK S Y§2R]
GNBaLR2yaS (¢ AYYIBNIRBARAFRASYEHE RKRMNBSHERINRFA
activated (FDR<0.05). The remaining biological processes involved presented an FDR

>0.05.
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The GO analysis of biological processes of the diffedeaxpressed genes of iRSC
derived microglia undethe anti-inflammatory phenotype compared to basal iPSC
derived microglia is represented iRigure 6.21. Gene expression in iP8€rived
microglia under antinflammation was enriched in term8ERK1 and ERK2 casdade
dregulation of ERK1 and ERK2 casgag®sitive regulation of ERK1 and ER&zadé,

and &G proteincoupled receptor signalling pathwayd

GUCA1A
® RAMP1
NTSR2
NXPH3 category
ERK1 and ERK2 cascade
G protein-coupled receptor signaling pathway
ccL22
positive regulation of ERK1 and ERK2 cascade
CCR7 HOMER2 regulation of ERK1 and ERK2 casca de
: g ; fold change
G protein-coupled.receptor signaling pathway B
SLC30A10 ces b
6
" y ceL7
positive regulation of ERK1 and.ERK2 casCGade AKAPS -8
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size
regulation-of ERK1 and ERK2 cascade CCL13 -, ® 10
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Figure6.21 ¢ Functional analysis of the iPSferived microglia undemanti-inflammatory phenotype
Gene ontology analysis of biological proessfor genes differentially expressed in #8@/ed microgli
under antiinflammatory phenotype (18 + [13) compared to iPSd&rived microglia unstimulated.
with FDR<0.05 and FC>1.5.

wS3IFNRAY3I (GKS Dh Fylfeaira dzaooya), icwas ONR I A

possible to identify an upregulation of JUN and TRPV1 and a downregulation of TLRS,
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
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Microglial key genes during homeostasis and activation

The CN$ 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
seltregulates its immunological components. Since it is a very delicate organ, the
microglia reed to be tightly regulated, otherwise an exacerbated and/or uncontrolled

immune response could be destructive to the tissue.

The overlap of upregulated and davegulated genes in prmflammatory and anti
inflammatory phenotypewas identified in order to understand the key genes and
biological processes involved in microglial activation and regulation/nomeostasis, as

observed irFigure6.22.
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Figure 6.22 ¢ Microglial key genes involved in activation and homeostasisrom the significant
(FDR<0.05 and FC>2) upregulated and downregulated genesinflanomatory (M1- LPS + IFPH) orir
anti-infammatory (M2- IL-4 + IL13) phenotype were identified the common genes) mpregulated in M
and M2, b) downregulated in M1 and M2¢) upregulated in M1 and downregulated in M2 an
downregulated in M1 and upregulated in M2.
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When the IPS®IG is activated in prinflammatory (M1) or antinflammatory (M2)
phenotype, 118 common genes were overexpress¢d) and 113 other genes were

downregulated(b).

Independently of the microglial status, 118 genes need to be upregulated and are
Ay@2t 3SR Ay o0A2f23A0Ft LINROSaasSa I a- aNBaLkR
JFYYlFET afeYLK2080GS YSRAIFIGSR AYYdzyande ¢ X Gl R
owYH OFaldlRSeér a0Stft-OBKEY2RKEBRALY ¢Xf Sdr| DSE
GLIR2aAdA DS NBIdz [FAgaresy’).2 F OStf | RKSAA2YyE 0O

Figure6.23 ¢ ORA of biological process of the common genes upregulated in pinflammatory anc
anti-inflammatory microglid phenotype.

Upon prainflammatory and antinflammatory microglial activation 113 genes were
R2gyNB3IdzA  iSR® ¢KSaS INB YIAyfte Ay@2f 3SR A
O2YLX SE¢2 GSEGSNYyIlIf &ARS 2F (G(KS LI &AYlF YSY
surfacé >~ | & Figuse6.34. TRefremaining biological processes presented an FDR

higher than 0.05.
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