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hanno creduto in me ancor prima che io stesso lo facessi, dandomi tutto il supporto
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Abstract

Glioblastomas (GBMs) are primary brain tumors endowed with inter- and intra-patient

heterogeneity and extreme di↵usivity. As heterogeneity is studied with genomic and

transcriptomic analysis, little is known on how it is reflected on cell migration, mechano-

properties and motility modes. Generally, the tumor cells invade the brain moving on

brain vasculature or white matter tracks: Patient-Derived Xenograft (PDX) has been a

standard to reproduce them in order to study GBM invasion. However, PDX presents

many disadvantages, including time consumption, hard standardization, high cost and

ethical concerns.

The present PhD thesis report aims at summarizing the existing literature through

an historical journey that gradually walks the reader towards the state of the art in

the biological knowledge, therapeutic treatments, and bioengineering of GBM. It also

reports the results of this PhD work. They include novel bioengineering tools for

studying the mechanoproperties in GBM and the development of methods to dissect

their migration and motility modes. Finally, a stand-alone assay aims at fostering a

discussion on how the scientific mindset and science have evolved and are evolving to

drive technological innovation in nowadays’ world.

The main goal of this PhD work was to develop bioengineering tools to crack

mechanoproperties and GBM motility. Initially, by utilizing clones of patient-derived

GBM cells that were either highly proliferative or highly invasive, I co-studied their cel-

lular architecture, migratory, and biophysical properties. One of the milestones of this

PhD work consists in the link between that invasiveness and cellular fitness. The most

invasive cells were sti↵er, developed higher mechanical forces on the substrate, and

moved stochastically. The mechano-chemical-induced expression of the formin FMN1

supports the mechanical cohesion of the cytoskeleton and enhances cell’s mechanoprop-

erties, leading to a higher motility and invasive phenotype.

In order to scale up the motility screen to several GBM clones, I co-developed SP2G
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(SPheroid SPreading on Grids), the live imaging of GBM spheroids spreading on grid

micropatterns mimicking the brain vasculature. To counteract the issues in PDX and

rapidly identify the most invasive sub-populations hidden in heterogeneous GBMs, we

developed an in vivo mimicry platform named SP2G (SPheroid SPreading on Grids).

Live imaging of tumor-derived spheroids spreading on gridded micro patterns imitating

the brain vasculature mimicked 3D motility features observed in brain or 3D matrices.

Using patient-derived samples coupled with a semi-automated ImageJ/Fiji macro suite,

SP2G easily characterized and sorted di↵erences in cell migration and motility modes

through a set of 6 parameters (area expansion, di↵usivity, boundary speed, collec-

tive migration, directional persistence, hurdling). Moreover, SP2G exposed the hidden

intra-patient heterogeneity in cell motility that correlated molecularly to specific inte-

grins. Thus, SP2G is intended as a versatile and potentially pan-cancer workflow to

identify the invasive tumor sub-populations in patient-derived specimens. SP2G rep-

resents an integrative tool, available as open-source Fiji macro suite, for therapeutic

evaluations at single patient level.
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Chapter 1

Introduction

Glioblastoma is the most devastating form of brain tumor. A patient diagnosed with

Glioblastoma (GBM) has almost no chances of survival, despite numerous studies on

the topic. According to the 2021 World Health Organization (WHO) classification,

GBM is a grade IV glioma o�cially named as Glioblastoma, IDH-wildtype, which

"should be diagnosed in the setting of an IDH-wildtype diffuse and

astrocytic glioma in adults if there is microvascular proliferation or

necrosis or TERT promoter mutation or EGFR gene amplification or +7/-10

chromosome copy number changes" [1].

Nowadays, scientists are growingly being seduced by technology-driven and data-

driven approaches, which, in numerous type of cancers, pinpoint them as patient-

specific diseases. A glimpse into the history of science shows how GBM has been

considered individually unique at all times: in one of the earliest studies from 1926,

Percival Bailey and Harvey Cushing classified the “gliomata” in no less than 14 cat-

egories. Up to the year 2000, GBM was o�cially known as Glioblastoma Multiforme

due to the multiplicity of its facets: one of the most remarkable is its di↵usivity.

GBM cells aggressively invade the brain, leading to the patient’s death. The Intro-

duction of this PhD thesis report describes the known whys, hows, and the existing

tools to study the way GBM cells move. However, how GBM multiple forms are

reflected on its invasion is still poorly studied: the Results section includes a novel

approach describing part of the whys and the hows that endow glioblastoma with

multiple forms during the process of cell migration.
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This PhD project was carried out combining expertise from biology, bioengi-

neering and biophysics aiming to provide a tool for the careful dissection of GBM

migration within and between patient-derived samples.

21



CHAPTER 1. INTRODUCTION

1.1 Understanding glioma patophysiology through

an historical journey

I firmly believe that the careful understanding of any topic requires a dive into its

history. In the fascinating chronicles of GBM, Hans Joachim Scherer was the pioneer

who sharply summarized the work done until 1940 on cerebral gliomas and brought

forward key pathophysiological ideas that are still accepted nowadays and expanded

in the molecular biology and omics era.

1.1.1 Early discoveries in gliomas and the concept of GBM

Scherer’s review [2], a watershed in glioma literature, cites the works published on

British Scientific Reports by Berns in 1800 and by Abernety in 1804 as the first

recorded papers on Central Nervous System (CNS) tumors. During these years, the

authors provided gross morphological observations from autopsy materials, which de-

scribed CNS tumors as a disease having macroscopical resemblance to normal brain

tissue. Each school was coining its own jargon: the British used the term Medullary

Sarcoma, the French Encéphalöıde, and the German knew GBM as Fungus Medullare

[2, 3].

Rudolph Carl Virchow, one of the most towering scientists from the 19th century,

revolutionized the approach to biomedical research [4]. In his vision, medical doctors

had to look at pathophysiological states both at the macroscopic and the microscopic

level, believing that any disease could initiate at the cellular level. From his lectures,

held at Berlin University between 1858 and 1863 [5, 6], he identified the glial cells and

created the name “Glioma” to indicate their cancerous degeneration. Glia derives

from the Greek glia and gloia, “glue”: at that time scientists believed that it was

a homogeneous set of Extracellular Matrix (ECM)-secreting cells within the CNS.

Nowadays, we know that the glia not only supports tissue integrity in the brain,

but is composed of several cell lines (oligodendrocytes, Schwann cells, microglia, as-

trocytes) that are key in the maintenance of brain homeostasis and neural circuitry

(Fig. 1.1) [7]. As for the descripiton of gliomas, Virchow di↵erentiated between

“Glioma” (“enormous tumours of brain-like appearance, never showing a clear limita-

tion towards the normal brain tissue; microscopically they are formed by a proliferation

of glia cells and sometimes of glia fibres”) and “Sarcoma” (“tumors of spherical shape
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A B

Figure 1.1: Wiews of glia in 1860 and today. (A) Wood engraving reported in Vir-

chow’s book of lectures. The glia is seen as an homogeneous set of cells. Adapted from [5],

p. 275. (B) Glia–neuron interactions. Di↵erent types of glia interact with neurons and the

surrounding blood vessels. Oligodendrocytes wrap myelin around axons to speed up neu-

ronal transmission. Astrocytes extend processes that ensheath blood vessels and synapses.

Microglia keep the brain under surveillance for damage or infection. Adapted from [7].

and definite boundaries, high cellularity and much larger, often fusiform, shape of cell;

characterized by high vascularity and pronounced fatty degeneration”). Despite the

immaturity of histological procedures at his time, what Virchow named “Glioma”

strikingly matches the 2016 WHO classification of grade I,II CNS tumors, and what

he named “Sarcoma” matches grade III,IV CNS tumors [3, 8].

The groundbreaking tool for the exploration of brain structures was invented dur-

ing the next decade, by Camillo Golgi. In 1873, he published a novel histological

procedure, named “la reazione nera” - “the black reaction” [9], which allowed to stain

nerve cells in brain tissue samples with a black color at high contrast. After fixing

the tissue in 2.5% potassium dichromate (1 to 45 days), its prolonged immersion

in a 0.5-1% silver nitrate bath caused the precipitation of the salt silver chromate,

which ultimately filled the neuron bodies up to the thinnest dendrite. However,

the e�ciency of Golgi’s methodology was low (1 to 5% of neurons were successfully

stained) [10]. At that time, the scientific community was disputing over the organi-

zation of tissues and the role of cells within them. Despite his observations, Golgi

and the Reticularists believed the nervous system to be a continuous syncytium,

and its functions the result of a collective action of fused nerve processes. The neu-

23



CHAPTER 1. INTRODUCTION

Figure 1.2: Reticularists vs. Neuronists. (A) Otto Reiters and Joseph von Gerlach

initially proposed the “reticular theory”, and later Camillo Golgi became the most prominent

reticularist. (B) “Neuronism” was raised by Wilhelm His and August Forel as the “free

endings hypothesis”: the processes of each neuron could physically terminate and be in

contact with their surroundings, keeping their own syncytium, contrarily to the view of the

reticularists. Santiago Ramón y Cajal became the leader of the “neuron theory”. How Golgi

(left: drawing of the olfactory bulb) and Ramón y Cajal (right: pyramidal neurons from

the cerebral cortex) presented their findings clearly di↵ered, although both finally shared the

Nobel Prize 1906. Adapted from [11].

rologist Santiago Ramón y Cajal optimized Golgi’s black reaction in the ’80s: he

improved contrast and resolution of the images with a “double impregnation” step

and he proved that the reaction worked best on non-myelinated axons by staining

tissues from young/embryonic mammals, whose neurons are largely unmyelinated.

Ramón y Cajal was the paladin of the Neuronists : they followed Virchow’s ideas,

according to which “every animal appears as a sum of vital units, each of which bears

in itself the complete characteristics of life” [12, 13]. They thought that each neuron

is the anatomical and independently functional “atom” of the nervous system, yet

communicating with its neighbors (Fig. 1.2). Ultimately, the reticular theory turned

24



1.1. UNDERSTANDING GLIOMA PATOPHYSIOLOGY THROUGH AN HISTORICAL JOURNEY

out to be obsolete and, ironically, Golgi and Ramón y Cajal shared the 1906 Nobel

Prize for Physiology and Medicine “in recognition of their meritorious work on the

structure of the nervous system” [14, 11].

The discoveries of Golgi and Ramón y Cajal paved the way to the histological

era in GBM research. The first scientist who applied the newly-discovered methods

to describe histological features was Heinrich Stroebe who, in addition to confirming

Virchow’s findings, provided the first detailed microscopical description of gliomas

(1895) applying a multifocal, unbiased approach rather than confined to a single

region of the lesion [15]. While reviewing Stroebe’s work, in which the author de-

scribed for the first time the polymorphism of glioma cells (i.e. its intratumoral

heterogeneity) and detailed the microscopic di↵erences between “glioma” and “sar-

coma”, Scherer cleverly envisioned the mechanical influence of the microenvironment

on tumor cells, particularly on the cell shape, as they invade along pre-existing brain

structures:

"[...] the essentially infiltrative growth type of "gliomas", using the

pre-existent fasciculation of nerve fibres, which modifies the otherwise

round shape of the tumour cells to an elongated one. This important no-

tion that the cell form in gliomas may depend upon mechanical influences

exercised by the pre-existent brain tissue has been entirely forgotten by

most modern writers, who implicitly consider the forms of glioma cells as

an exclusively intrinsic factor of ’histogenetic’ significance." [2]

In addition to the detailed microscopic description of GBM histologies, other

landmark discoveries for the CNS anatomy and biology that finally supported the

“neuron theory” were: the presence of astrocytes (1893) by the hungarian histologist

Mihály Lenhossék [16], the di↵erence between grey and white matter (1893) [17],

and the existence of oligodendrocytes and microglial cells (1919) by Wilder Penfield

and Ṕıo Del Ŕıo-Hortega - a collaborator of Ramón y Cajal [18, 19, 20, 21]. As the

picture concerning the brain organization was clearly becoming more and more com-

plicated, all these findings led in 1926 to the first extensive classification of gliomas.

It was proposed by the American neuropathologist Percival Bailey and the father of

modern neurosurgery Harvey Cushing (Fig. 1.3)[22], who baptized the most clini-

cally malignant and histologically polymorphous form of glioma as “Spongioblastoma
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Multiforme”. They described this tumor has having no cells resembling neither glial

Figure 1.3: Classification scheme of primary brain tumors by Bailey and Cushing.

Tumors were expected to arise from cells with corresponding di↵erentiation. For example,

ependymoma would originate from the ependyma or astrocytoma would originate from as-

trocytes. Adapted from [23].

cells, nor even other glioma cells. Scherer described this work as bearing per se few

new facts (such as the discovery of oligodendrogliomas, cerebellar medulloblastomas)

and being just a doctrinal classification, however he was aware of dealing with a

milestone of glioma literature (and, nowadays, it is recognized so). In fact, their

work proved for the first time that patient survival could be correlated with the

histological properties of the lesion, probably aiming to facilitate clinicians in finding

the best solution when dealing with patients. Their work also boosted the interest of

the scientific community for brain tumors. Nevertheless, the term “spongioblastoma”

was phased out with time and replaced with “glioblastoma”.

In his works, H. J. Scherer postulated that astrocytomas and glioblastomas can

share the same cells of origin and that the former could degenerate in the latter

(secondary glioblastoma), understanding the di↵erence with primary glioblastomas

(originating de novo) [2, 24]. Most importantly, he extensively described GBM as

surrounding pre-existing brain structures, such as neural axons, the Virchow-Robin
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spaces (i.e. the abluminal side of blood vessels that, among the myriad of his contri-

butions, were described by Rudolph Virchow along with Charles-Philippe Robin, a

French scientist), and white matter tracts, which are thick bundles of several axons

(Fig. 1.4). These 3 structures were later named Secondary Structures of Scherer

- primary structures are independent from pre-existing structures and pertain the

biology of the tumor, such as rosettes, whorls, papillary structures, canalicular and

glandular formations, since he foresaw that this interaction was due to GBM cell

migration (see section 1.2) [24, 25].

A B C

Figure 1.4: Secondary structures of Scherer. (A) Histology of GBM cells positioned

along neuronal axons. (B) Histology of GBM cells populating the abluminal side of brain

blood vessels. (C) Histology of GBM cells infiltrating white matter tracts. Adapted from

[24].

1.1.2 Pheno- and genotypization, stem cells, inter- and intra-

patient heterogeneity: the modern understanding of GBM

After Scherer’s death in a bomb attack during the last stages of World War II

(WWII), in 1945, the most relevant progresses in glioma research until circa the

years 1990-2000 belonged to the clinical side and are discussed in the next sub-

section of the thesis. Beforehand, 2 main technological breakthroughs innovated

the field of glioma research: electron microscopy and Immunohistochemistry (IHC).

With the advent of electron microscopy, scientists analyzed (sub)cellular compart-

ments and organelles, discovering the synaptic structure and definitively killing the

“reticular theory”. However, immunohistochemistry replaced electron microscopy as

a tool to obtain a deeper clinical knowledge than provided by classical histological

procedures [3, 26]. Lineage-specific antibodies constitute one of the most power-

ful methodologies for glioma classification and characterization. For example, Glial

Fibrillary Acidic Protein (GFAP) IHC proved that pleomorphic xanthoastrocytoma
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and chordoid glioma of third ventricle were of glial nature [27, 28], which led to

their inclusion in 2016 WHO classification, demonstrating the IHC impact on CNS

tumor diagnosis [8] (GFAP is a class III intermediate cytoskeletal filament found in

all astrocytes). Other key glioma markers are, for instance, Vimentin (another class

III intermediate cytoskeletal filament found in all cells with a mesenchymal origin),

S-100B (a marker for astrocytes; S-100 is a family of 24 proteins involved in motility,

cell growth, di↵erentiation, cell cycle functions; the most common in glial cells and

GBM is S-100B), Cytokeratin AE1/AE3 (type I and type II intermediate cytoskeletal

flaments, respectively) and, for abnormal cell proliferation, Ki-67 (a nuclear protein

associated with cell proliferation) [29].

In the ’80s, with the inventions of Western Blotting [30] and Polymerase Chain

Reaction (PCR) [31], science entered the molecular biology era, which truly revealed

the multiple forms of GBM and allowed the identification of biomarkers. In this sense,

key findings consist in the O6-Methylguanine-DNA Methyltransferase (MGMT) pro-

moter methylation status and Isocitrate Dehydrogenase (IDH) mutations that allowed

to stratify patients and classify gliomas according to their molecular profiles. MGMT

is a DNA-repair enzyme that prevents alkylating agents (i.e. compounds that at-

taches alkyl groups - CnH2n+1 - to the Deoxyribonucleic Acid (DNA), thus preventing

its transcription into Ribonucleic Acid (RNA) and stopping protein synthesis) to kill

tumor cells. Methylation of MGMT promoter silences the gene, and cells produce no

more MGMT. A landmark clinical study showed correlation between patient survival

and MGMT promoter methylation status: when treated with the alkylating agent

1,3-Bis[2-chloroethyl]-l-nitrosourea (BCNU), patients with a methylated MGMT pro-

moter had a better survival, since the DNA of tumor cells was not repaired by

the enzyme and e�ciently damaged by the chemotherapy [32]. IDH1 and IDH2 are

enzymes that catalyze the oxidative decarboxylation of isocitrate to a-ketoglutarate

and reduce Nicotinamide Adenine Dinucleotide (NAD)+ and Nicotinamide Adenine

Dinucleotide Phosphate (NADP)+ to NADH and NADPH, respectively. They are in-

volved in the tricarboxylic acid cycle, as well as in protection against oxidative stress:

in low-grade gliomas and secondary GBM they are often mutated, while they are not

in primary GBMs [33]: this critical finding, along with co-deletion of chromosomes 1p

and 19q, constitutes the most striking example of how the combination of geno- and

phenotypization has powerfully characterized glioma biology and classification in the

last 25 years. As long as clinicians used to employ only histological techniques for
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diagnostic purposes, oligodendroglioma was indistinguishable from astrocytoma: both

were falling under the group “oligoastrocytoma”. With geno- and phenotypization,

IDH mutation and chromosomes 1p/19q codeletion were identified and catalogued

in the 2016 WHO classification as astrocytoma hallmarks, while oligodendroglioma

keeps a wild-type genotype for IDH and 1p/19q status [34, 8].

Thanks to the technologies introduced with the molecular biology breakthroughs,

other key signalling pathways involved in the oncogenetic potential of GBM were

identified along the years. Some of the most remarkable are related to tyrosine ki-

nase receptor-triggered pathways, such as Epidermal Growth Factor (EGF), Vascular-

Endothelial Growth Factor (VEGF), and Platelet-Derived Growth Factor (PDGF)

receptor associated mutations; others involve mutations in the Ras and PI3K/PTEN

pathways, the P53 tumor-suppressor protein and several microRNAs. Other muta-

tions are key in GBM pathophysiology and many papers had reviewed them [3, 35].

Their illustration, however, is out of the scope of this PhD thesis.

The increasing multiforms unveiled by this type of approach has led to another

landmark discovery in GBM field, namely that GBM cells are endowed with stem

features, i.e. that possesses a marked capacity for proliferation, self-renewal, di↵er-

entiation, and phenocopy the original tumor. In the early 2000s, various important

works were published in this regard. In 2002, Ignatova and collaborators from the

group of Dennis A. Steindler discovered that samples isolated from patients diag-

nosed with anaplastic astrocytoma and recurrent malignant GBM with abnormal

P53 status (indicative of tumorigenicity) were able to give rise to independent clonal

populations that expressed either neuronal (b-III tubulin) or glial (GFAP) cytoskele-

tal markers [36]. A year later, the group of Peter B. Dirks further confirmed that cells

from primary pediatric brain tumors (obtained from patients with medulloblastoma,

astrocytoma, ependymoma and ganglioglioma) were positive to stem cell markers

[37], such as CD133 [38] and nestin [39]. The next year, Galli et al. from the group

of Angelo Vescovi extended these findings to GBM [40]. They showed the multipo-

tency of early passage, patient-derived GBM cell lines. Upon undergoing terminal

di↵erentiation in vitro (obtained by growing cells on matrigel-coated glass coverslips

in the presence of 10 ng/ml leukemia inhibitory factor), GBM cell lines di↵erentiated

into GFAP-positive astrocyte-like cells, neuron-like cells that were immunoreactive

for b-III tubulin, and galactocerebroside-immunoreactive oligodendrocyte-like cells

(galactocerebroside, GalC, is a specific oligodendrocyte marker [41]). Conversely,

29



CHAPTER 1. INTRODUCTION

Figure 1.5: Di↵erentiation of GBM patient-derived cells. In this work, Galli et al.

analyzed the multipotency of the GBM patient-derived cell lines 0627 (representative of fast-

growing cells) and the slow-growing 0821. Immunofluorescence for neuronal (b-III tubulin

(Tuj1); red in A, C, E, and G), glial (GFAP; green in B, C, F, and G) and oligodendroglial

(GalC; red in D and H) markers are depicted. Cells indicated with arrows were co-labeled

with neural and glial markers. The table shows the percentage of cells with positive staining

for the indicated markers in several patient-derived glioma cell lines, plus human fetal neural

stem cells (HNSC) and glioma U87. This is intended as a proxy to generate cells of the three

major neural lineages. Adapted from [40].

U87 cells (a commercial glioma cell line established from decades) were never posi-

tive for any of these antigen, demonstrating that multipotency is a unique property

of patient-derived GBM cell lines highlighting thus the major relevance of this type

of material (Fig. 1.5). Moreover, the authors showed this type of cells as able to

form tumors when xenografted in mice, even when challenged through serial trans-

plantations. Soon after, Singh and Dirks demonstrated that only CD133+ cells were

capable of initiating tumors in mouse brains, while CD133- were not [42]. Alto-

gether, these papers clarified that the stem cell population confers tumorigenicity

to GBM tumors and, moreover, represents the cellular fraction that endows glioma
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with radioresistance: in in vitro cultures and transplants in immunocompromised

mice, CD133+ GBM patient-dedrived cells survive ionizing radiation in increased

proportions relative to most tumour cells [43].

This swift historical journey ends up in the omics era. Since the 2010s, with the

advent of new technologies for bulk and single-cell sequencing (i.e. next-generation

sequencing), a myriad of papers has flooded the scientific literature, providing the

community with a tremendous amount of genomic, epigenomic, transcriptomic, and

proteomic data that the world has never seen before. The most striking achievement

is the The Cancer Genome Atlas (TCGA), a reference cancer genomics program,

which molecularly characterized over 20,000 primary cancers. For glioblastoma, this

strategy allowed to initially describe a robust gene expression-based molecular clas-

sification into Proneural, Neural, Classical, and Mesenchymal subtypes [44]. Aber-

rations and gene expression of EGFR, Neurofibromin 1 (NF1), and PDGFRa/IDH1

each define the Classical, Mesenchymal, and Proneural subtypes, respectively (Fig.

1.6A). Under therapy, Classical or Mesenchymal subtypes had significantly delayed

mortality that was not observed in the Proneural subtype. Afterwards, the 2 most

important papers that utilized next-generation sequencing in the field of GBM were

published in 2013 and 2014. Brennan and colleagues from the TCGA Research Net-

work, in addition to confirming the 4 subtypes, highlighted the striking inter-patient

heterogeneity with an unbiased data analysis of more than 300 GBMs (Fig. 1.6B).

The only recurrent mutation is in the EGFR locus, which they deeply characterized

in a section of their work [45]. One year later, Patel and colleagues from A. Regev,

B. E. Bernstein groups profiled 430 cells from 5 primary GBMs, which, in brief,

heterogeneously fell within the 4 subgroups when a mathematical classifier catego-

rized each single expression profile [46]. In other words, this work has shown the

intra-patient heterogeneity of GBM: each cell is inherently variable in the expression

of transcriptional programs related to proliferation, oncogenic signaling, stemness,

hypoxia and immune response (Fig. 1.7). To expand these works, open source

glioblastoma biobanks are available and characterized in their molecular subtypes

[47].

These and other publications revealed the multiforms of GBM tumors in their

genomic [48, 49], epigenetic [50, 51] and transcriptomic [52] profiles, which are mu-

tating under therapy [53] and largely maintained when cultured in vitro [54]. I have

begun the Introduction chapter by providing the 2021 WHO definition of GBM. To
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A

B

Figure 1.6: Integrated view of gene expression and genomic alterations across

glioblastoma subtypes highlights inter-patient heterogeneity. (A) Gene expression

data (ge) for 116 patient-derived samples with both mutation and copy number data. Muta-

tions (mut) are indicated by a red cell, a white vertical line indicates loss of heterozygosity,

and a yellow cell indicates the presence of an EGFR variant III mutation. Copy number

events (cn) are illustrated by bright green for homozygous deletions, green for hemizygous

deletions, black for copy number neutral, red for low-level amplification, and bright red for

high-level amplifications. A black cell indicates no detected alteration. Adapted from [44].

(B) Genomic alterations and survival associated with five molecular subtypes of GBM - in

the proneural phenotype, the Cytosine-Phosphate-Guanine Island Methylator Phenotype (G-

CIMP) confers survival advantage. Expression and DNA methylation profiles were used to

classify 332 patient-derived GBMs with available (native DNA and whole-genome amplified

DNA) exome sequencing and DNA copy-number levels. Adapted from [45].
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Figure 1.7: Intra-patient heterogeneity in GBM tumors. (A) Heatmap shows average

expression of key genes involved in each subtype (rows) between cells grouped by the 5

patient-derived samples (columns). PN: proneural; CL: classical; MES: mesenchymal; N:

neural. (B) GBM tumors contain the spectrum of 4 glioblastoma subtypes, as well as hybrid

cellular states. Hexagonal plots depict classifier scores for all cells in each tumor. Each point

corresponds to a single cell and is positioned along three axes according to its relative scores

for the indicated subtype: the more radial its coordinate, the more it belong to the subtype

it is pointing to. Cells corresponding to each subtype are indicated by flat color, while two

colors represents hybrid cellular states. Adapted from [46].

square it up, two elements - unmentioned so far - require an explanation: Telom-

erase Reverse Transcriptase (TERT) promoter mutation and +7/-10 chromosome

copy number changes [55, 56]. TERT encodes the catalytic subunit of the telom-

erase complex, and its repression plays a role in cellular senescence by progressively

shortening the telomeres. In GBM, the TERT gene promoter is mutated, leading to

abnormal cell proliferation [57]. Since the late ’80s, the karyotypic analysis human

gliomas revealed statistically significant di↵erences in gains of chromosome 7 and

losses of chromosome 10 [58].

To sum up, all these results provide a classification far more accurate than Bailey

and Cushing for just a subset of brain tumors, yet the most lethal: these observations

uncovered a picture that is more and more complicated, branches out in numerous

directions and give hints for potential therapeutic solutions to GBM. As we get down

to the patient reality, which are the therapies currently used in clinics?
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1.1.3 A brief overview on surgery, therapies and survival from

the discovery of GBM: where is the state of the art?

The earliest characterizations of brain tumors from the XIX century were followed

by the first reported craniotomy in 1884, attempting to remove the tumor [59].

Unfortunately, the patient died after 1 month of meningitis and cerebral fungation.

The surgeon, Rickman Godlee, never performed other craniotomies, but he opened

up a large debate: were the high mortality associated with surgery, the di�culties in

localizing the tumor, and the lack of expertise making the surgery worthwhile [60]?

In fact, mortality caused by surgery laid between 33% and 43% up to 1900 - more

than 600 operations of putative intracranial tumors were performed by 1899: there

was no diagnostic tool at the time! So, even the clinicians favorable to surgery were

cautious: nevertheless, they had no doubt that the best treatment for brain tumors

was resection.

Harvey Cushing, the father of modern neurosurgery, laid out solid foundations

through his dedication to technical perfection and publishing his results. Thanks to

his work, the 30-day mortality decreased from 30-50% to 6% between 1901 and 1910

[60, 61]. His main contribution concerned intracranial pressure dynamics: he realized

that the removal of a small piece of bone in the subtemporal lobe (“subtemporal

decompression”) as a mean of relief for the patient allowed a safer debulking when

tumor resection was possible [62]. Howard Henry Tooth, from the National Hospital

in London, published in 1912 the first series describing the pathophysiology and

treatment of gliomas in his hospital. Tooth obtained detailed follow-up data from 177

patients over 10 years and reported an average survival of 10.1 months [63]. Notably,

he suggested a clinically relevant classification scheme for brain tumors that were

correlated with their average survival. This scheme laid the basis for the monograph

published in 1926 by Bailey and Cushing (described in section 1.1.1 of this thesis)

that, despite being qualitative and was not outlining an o�cial grading system for

brain tumors, finally helped surgeons in guiding their operations [22]. When Bailey

and Cushing’s published their monograph, the surgical community was fighting on

the benefits of aggressive operations: Bailey, for instance, was supporting conservative

treatments based on internal decompression, biopsy, and radiotherapy, believing that

aggressive approaches procrastinated patient’s survival “long after the time when

death would be a relief” [60]. On the other hand, surgeons advocating for aggressive
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treatments based on large resections believed that “simple decompression without

removal of the tumor is the worst possible thing to do for spongioblastoma” [60].

Meanwhile, the introduction of the first diagnostic techniques did not resolve this

debate. Ventriculography (an imaging technique based on the injection of contrast

media replacing the cavities filled by the Cerebrospinal Fluid (CSF) that determines

anomalies in the conformation of the CNS) [64] and angiography (X-ray, contrast-

media based imaging that visualizes blood vessels) [65] enhanced the localization of

tumors by visualizing the normal brain vasculature and the abnormal one caused by

tumors, and surgeons rapidly realized that these tools could help in clinical planning,

technique and outcome.

In 1935, Penfield, Elvidge, and Cone, surgeons from Montreal and New York,

published the first monograph correlating patient survival with surgery and radio-

therapy [66]. Average survival was 1 month without resection and 8.5 months with

resection. The addition of radiotherapy allowed 31.8% of patients to survive at least

a year and 13.6% beyond 15 months. In a period when other surgeons were perform-

ing the first brain hemispherectomies to treat malignant gliomas, this publication

raised an additional ethical angle to look at brain surgeries:

"Can the patient after radical removal of the tumor return to his occu-

pation or become an individual capable of taking care of himself, or does

he just survive? And if just surviving, [is] ... the operation ... after

all worthwhile except for the immediate effects of relieving intracranial

pressure? My impression is that we should stop speaking of survival of

whatever number of months but qualify it further by saying whether or not

the patient is able to return to his active duties or at least take care of

himself and not be a burden upon the family". [66]

After WWII the safety of surgical resection improved and became the fulcrum

of GBM therapies. Two important multimodality studies established the relevance

of the degree of resection and definitively introduced radiotherapy as a surgical ad-

juvant. In 1960, the results of the study by Roth and Elvidge [67] marked a clear

correlation between patient survival and post-surgery radiotherapy (Tab. 1.1), which

were confirmed in 1967 by Richard Jelsma and Paul Bucy [68]. Importantly, they

introduced dexamethasone (a synthetic glucocorticoid medication used to prevent in-
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flammation) as a pre- and postoperative supplement. From 1950 to 1961, operative

mortality was 21%, after its introduction mortality decreased to 2.9%.

Therapy N of patients Average survival (months)

Resection 144 9.8

Resection + radio 160 17.4

Partial resection 67 8.2

Partial resection + radio 48 17.3

Total resection 93 10.9

Total resection + radio 96 17.4

Inoperable 8 1.4

Table 1.1: Results from the clinical study by Roth and Elvidge (1960) underline

the importance of resection and radiotherapy for GBM.

Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) consti-

tuted the greatest leap forward in terms of diagnostic tools for treating glioblastoma.

After its development in the ’60s [69], CT entered widespread clinical use in the

’70s. The first time MRI was used to detect GBM was in 1981 [70], and it became

widely-available in clinics since the late ’80s [60]. In the meantime, during the late

’70/early ’80s, a series of studies showed positive results for chemoterapeutic com-

pounds (particularly the alkylating agent BCNU, see section 1.1.2) on mean survival

of patients with GBM (Fig. 1.8) [71, 72]. From the ’90s, the introduction of stereo-

tactic radiosurgery (the disruption of accurately selected portion of tissue utilizing

ionizing radiation) and the positioning of biodegradable wafers for controlled BCNU

release in the cavity formed upon tumor resection enabled more selective treatments

of brain tumors, thus diminishing side e↵ects on the patient [60]. Noteworthy is the

introduction of the oral alkylating agent temozolomide, due to its safety profile and

low systemic toxicity compared to BCNU: in 2005, Roger Stupp published the results

of a phase 3 trial involving 85 institutions and 573 patients that showed that ad-

juvant temozolomide significantly extended median survival from 12.1 months, with

radiation and surgery alone, to 14.6 months [73]. Because of this little achievement,

the combined use of surgery, temozolomide and radiotherapy (hence named Stupp

protocol) has become the gold standard for the treatment of glioblastoma. Temo-

zolomide, along with BCNU (1977), implantable BCNU wafers (1997), lomustine (an
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alkylating chemoterapeutic agent that, being liposoluble, crosses the Blood-Brain

Barrier (BBB) and hence can be utilized for brain tumors; 1976), bevacizumab (a

VEGF-A inhibitor hampering angiogenesis; 2009), is among the 5 pharmacologic

agents that gained Food and Drug Administration (FDA) approval [60].

Nowadays, clinicians are treating glioblastoma with molecular-targeted therapies

(whose greatest success is the correlation with a methylated MGMT promoter and

longer patient survival [32], see section 1.1.2) and immunotherapies (both passive

- involving the administration of ex vivo trained cytotoxic cells that target glioma-

specific antigens, and active - stimulating the patient immune system to target the

tumor) as complementary strategies to the chemo- or radiotherapies, aiming to find

an adjuvant/neoadjuvant that is steadily safe and e↵ective.

Many reviews, for example by McCutcheon and Preul [60], comprehensively illus-

trate the state of the art for GBM treatments. The discoveries in the XXI century

are opening up a gigantic amount of solutions that are potentially transferable to

clinics: some of them are nowadays granting the patient with circa 20 months of

post-surgery survival. Despite we might be a small step closer to the holy grail,

Figure 1.8: Kaplan–Meier survival plots for patients diagnosed with GBM. Curves

A,B,C are historical data (1967) from [68], no MRI scans were available at that time. Biopsy

only (A), extensive resection (B), and extensive resection followed by radiation therapy (C),

data from the M. D. Anderson Cancer Center on patients with 95% resection (by volumetric

MRI measurements) followed by both radiation therapy and chemotherapy (D). Adapted

from [74].
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major challenges remain for curing GBM: paramount is inter- and intra-tumoral het-

erogeneity (its multiformity), and recurrence is still on the podium: most of the

therapies fail because GBMs regrow within a 2-cm margin of the resection area [75].

Recurrence is related to the di↵usive nature of GBMs, which is fueled by a dominant

phenotype that has been neglected so far: cell migration. Among the factors playing

a key role in GBM recurrence, one of the most important is cell migration, which is

a hot topic of this PhD thesis.
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1.2 Importance of cell migration in GBM tumors

While discussing the histological results of his paper from 1938, H. J. Scherer brightly

laid out the possibility of GBM migration outside its primary site:

"We have already called attention to the resemblance of certain sec-

ondary structures in gliomas to corresponding glial reactions. [...] These

resemblances, however, do not indicate the cause or the genesis of these

secondary structures. At present, two possibilities suggest themselves.

Either there is a neoplastic transformation of the preësxisting glial cells

[...], or a selective migration of tumor cells toward these respective pre-

existing structures." [24]

At that time there was no possibility to visualize cellular dynamics and its evolu-

tion overtime, yet, years later, the second possibility turned out to be true. Clinicians

were indeed concerned about “multicentric gliomas” (i.e. tumors displaying intracra-

nial lesions at several distant locations) since many years [76] and, in light of the

frequent recurrences (Fig. 1.9), researchers shifted their interests towards GBM cell

migration.

GBM cells rely on a peculiar motility mode to spread. Unlike other solid cancers,

they do not intravasate in the lymphatic or blood stream to passively disseminate

across organs, but they actively migrate along the pre-existing Secondary Structures

of Scherer, which act as topographical cues providing guidance to cell motility [77].

(Fig. 1.4). In particular, GBM cells were found in the subarachnoid space underneath

the meninx, along white matter tracts (i.e. thick axon bundles, such as the corpus

callosum that connects the 2 hemispheres (Fig. 1.9E)), along the axonal neurons

and, most importantly, on the abluminal side of brain blood vessels. It is yet

unclear why intravasation events are so rare - it is estimated that less than 2% of

GBM metastasize in distant organs [78], but there are several speculations. Firstly,

GBM cells might find proper nutrients only within the brain, secondly, they might

be unable of breaking the cell-to-cell junctions of the vessell wall, thirdly, patients

might not survive enough to visualize GBM metastasis. Then, how do glioma cells

interact with their surroundings?
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Figure 1.9: MRI scans of a patient a↵ected by GBM illustrating the spread of

the disease. (A) Presurgical scan, the GBM tumor is highlighted by the arrow in the left

hemisphere. (B) MRI after surgery and radiation therapy showing “gross total resection”

and clear resection cavity. (C) 6 months later, MRI showed recurrence both at the resection

margin (bottom arrow) and a second GBM lesion (top arrow). (D) Post-resection MRI of the

2 recurrent tumors. (E) Scan 3 months later, showing the tumor recurring at the resection

margin (left) and crossing the corpus callosum to the right hemisphere (arrow). Adapted

from [74].

1.2.1 The brain parenchyma and its interaction with GBM

cells

The brain parenchyma is the functional brain tissue, constituted by neurons and glial

cells. These cells are surrounded by ECM: unlike other organs, the brain lacks the

sti↵ fibrillar collagen matrix that constitutes many other compartments in the human

body. Being constituted by proteoglycans of the lectican/hyalectan family (heavily

glycosylated proteins acting as “backbone”) that covalently bind to glycosammino-

glycan chains (“functional groups”, such as chondroitin sulfate and Hyaluronic Acid

(HA)) and other binding partners like tenascins, the brain has a soft, gelatinous con-

sistency [79, 80]. These molecules are secreted by glial cells, particularly by astrocytes

and oligodendrocytes, and tightly fill the space surrounding all the brain cells [81]:

many of them, like neurocan and brevican (both proteoglycans) and phosphocan (a

chondroitin sulfate) promote cell migration [82]. Interestingly, immunohistochem-
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istry of in vitro cultivated cells and ex vivo brain tumor specimens revealed how

glioma cells secrete their own ECM that mainly consist of brevican and tenascins,

particularly tenascin C [77, 83, 84].

In addition to exploiting the axons and white matter tracts as topographical

guidance, glioma cells invade the brain parenchyma through a complex process or-

chestrated by molecular players that remodel both the surrounding microenvironment

and the cell interior compartments. When cells interact with the outside, they at-

tach to the surroundings via integrins, cadherins and neural cell adhesion molecules

[77]. Integrins are cell-transmembrane, heterodimeric glycoproteins constituted by

2 subunits, a and b, which are non-covalently linked. 8 a and 18 b chains mix to

constitute 24 distinct heterodimers, each having its own specificity for ECM proteins

(e.g. laminins, fibronectin, collagen, vitronectin, fibrin) and cell receptors (NCAM,

Cell receptor ECM/cell ligand Expression in gliomas

a1b1 Type I and IV collagens, laminin n.e.

a2b1 Type I and IV collagens +-

a3b1 Laminins, type IV collagen +

a6b1 Laminins +-

a6b4 Laminins +

a9b1 Tenascins, fibronectin +

a5b1 Fibronectin +- / n.e.

avb3

Vitronectin, laminin,

thrombospondin, tenascins, type

IV collagen, osteopontin,

periostin

+

CD44 Hyaluronan, type IV collagen +

ICAM-1 Hyaluronan, LFA-1 +

NCAM NCAM, L1-CAM, neurocan -

L1-CAM L1-CAM, NCAM +

Table 1.2: Cell-matrix and cell-cell adhesion molecules expressed in glioma cells

compared with normal brain tissue. The third column indicates the expression in

histopathological samples compared with normal human tissue: +- not altered, n.e. not

expressed, + up-regulation, - down-regulation. Related references are indicated in [81]. The

top group illustrates key members of the integrin family.

41



CHAPTER 1. INTRODUCTION

ICAM-1, L1-CAM, and VCAM-1). The key integrins expressed in gliomas are re-

ported in 1.2. For example, the expression of av subunit negatively correlates with

motility, while b1 and a3 positively correlate, with b1 interacting with tenascin C

[85, 86]. Furthermore, the dense ECM matrix can be an obstacle to invasion and

bare cell adhesion is not enough for invasion purposes. To overcome this, glioma cells

express a large number of Matrix Metalloproteinase (MMP) molecules that digest the

ECM (for instance MMP1, MMP2 and MMP9) and other proteases like cathepsin-

B [77, 85]: in vitro, the pharmacological inhibition of MMPs reduced invasion by

glioma cell lines and human specimens with malignant gliomas in transwell assays

(see section 1.4.4 for the transwell assay) [85, 87]. On the other hand, the actin-

myosin complex is a motor that fuels migration from the inside of the cell, along with

RhoA/Rac1, CDC42, Arp2/3 and members of the formin family [88, 89, 90, 91, 92]:

their activity is coordinated with the aforementioned molecules to provide at the

leading edge Focal Adhesion (FA) and ECM anchoring and, lastly, detachment of

the cell trailing end [93]. For example, myosin II is essential for the migration of

glioma cells through the narrow spaces of the ECM [94], while CD44 (a HA receptor)

contributes to glioma invasion in the parenchymal space [95, 96].

1.2.2 The brain blood vessels and their interaction with GBM

cells

The brain blood vessels constitute the main partner of GBM cells as they di↵use

in the brain [97]. In particular, ex vivo studies demonstrated 2 key aspects of this

interaction: firstly, bradykinin acts as an haptotactic cue for attraction of glioma

cells towards blood vessels; secondly, when injected in situ, more than 85% of glioma

cells migrate in contact with blood vessels [77, 98]. In the brain, the vascular tree

is an incredibly dense network. It is estimated that it is more than 600 km long

and covering an area of 10-20 m2: no cells should be further than 25 µm from a

capillary [99]. It is therefore likely for invading glioma cells to meet a branch of

the vascular network: when this happens, they face a complex environment made of

2 basal laminae (Fig. 1.10A). The first one is formed by the endothelial cells and

the overlying pericytes (cells that directly associate with the abluminal side of vessel

tubes), while the second one (absent in capillaries) is constituted by the coupling

of astrocytic endfeet with a blood vessel [100]. These basal laminae are enriched of
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collagen I,III,IV,V, fibronectin and, most importantly, laminin [101, 102, 103]. Live

imaging experiments have shown how migrating gliomas interact with the the blood

vessels: as long as cells are in the parenchyma, they show a slow random migration

coupled to a multipolar morphology, while they switch to an e�cient linear motility

coupled to an unipolar elongated morphology as soon as they face an arm of the

vessel tree [94, 89, 105, 106]. During this process, glioma cells lift up the astrocytic

endfeet, distrupt the continuity of the endothelial wall and the BBB integrity [107],

displaying a remarkable plasticity [108] mostly reflected in their hydrodynamic mode

of invasion. Infact, in vivo imaging of Green Fluorescent Protein (GFP) trensfected

Figure 1.10: Basal laminae in brain blood vessels and schematic depiction of

the glymphatic pathway. (A) The cell associations at the Blood Brain Barrier. In blood

vessels, endothelial cells form tight junctions. Pericytes are distributed discontinuously along

the vasculature and partially surround it. Endothelial cells and pericytes contribute to the

local basement membrane which forms a distinct perivascular extracellular matrix (basal

lamina 1, BL1), di↵erent in composition from the extracellular matrix of the glial endfeet

bounding the brain parenchyma (BL2). Adapted from [100]. (B) In the glymphatic pathway,

the cerebrospinal fluid (CSF) enters the brain along para-arterial routes, whereas interstitial

fluid (ISF) is cleared from the brain along paravenous routes. From here, solutes and fluid

may be dispersed into the subarachnoid CSF, enter the bloodstream across the postcapillary

vasculature, or follow the walls of the draining veins to reach the cervical lymphatics. Adapted

from [104].
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cells transplanted in mice shows that they undergo periodic volume changes (as much

as ⇠ 33%) as their shape cycles between extensions and retractions [109].

Noteworthy is the putative interaction of glioma cells with the glymphatic system.

The glymphatic system is a recently discovered macroscopic waste clearance system

that utilizes a set of perivascular channels to promote e�cient elimination of soluble

proteins and metabolites from the CNS (Fig. 1.10B). According to this model,

cerebrospinal fluid enters the perivascular spaces surrounding brain arteries, mixes

with interstitial fluid and solutes in the parenchyma, and exits along perivascular

spaces of draining veins [104, 110, 111]. Given that this space provides little physical

resistance, the convection provided by this fluid movement might influence glioma

migration. However, these are just speculations and the interaction of gliomas with

the glymphatic system is yet to be elucitated [77].

1.2.3 GBM migration and stem cells: defining tumor niches

One of the most recent fields of the GBM literature is trying to integrate the impor-

tance of cell migration with the notion of GBM stem cells. As I have introduced in

section 1.1.2, there is a crosstalk between stemness, heterogeneity and resistance to

therapies. However, this crosstalk has to necessarily cope with migration, a hallmark

of GBM. To this extent, the concept of GBM niche has become widespread in the

scientific community. Niches are anatomically distinct regions fostering not only can-

cer cells, but also stem cells, feeding them with nutrients and providing shelter from

therapies and immune surveillance [112, 113, 114]. Despite some authors have defined

up to 5 GBM niches (perivascular, extracellular matrix, periarteriolar, perihypoxic,

periimmune) [115], it is more commonly accepted the notion of 3 main niches: the

perivascular niche, the invasive niche, and the hypoxic/perinecrotic niche (Fig. 1.11).

The perivascular niche (Fig. 1.11, middle) was the first to be conceptualized and,

altough it includes various interaction modalities between blood vessels and tumor

cells, its simplest form is depicted by glioma cells expressing nestin and CD133 that

are directly associated with CD34-expressing (a cell-to-cell adhesion marker for blood

vessel) endothelial cells [116]. The formation of this niche is a dynamic process that

could unroll as follows: tumor cells invade along the vasculature in the so called

co-option [97], lifting up astrocytic end-feet [107] and producing angiopoietin 1, 2

and VEGF [97, 117]. Finally, tumor cells that are expressing nestin and SOX2 (a
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transcription factor for stemness maintenance) transdi↵erentiate from an avascular to

a vascular state [118], also dissociating pericytes from the endothelium and degrading

the ECM and the basal laminae. Vessels are thus leaky, dilated and surrounded by

fibrin, typical of chronic hyperplasia. The BBB is therefore disrupted, and, being

the pericytes dissociated, endothelial cells proliferate abnormally; sprouts of CD34-

expressing endothelial cells grow from preexisting vessels: a distorted and irregular

vascular tree arises and forms structures that reminds liver glomeruli [112].

Conceptually, the immediate extension of the perivascular niche is the invasive

niche (Fig. 1.11, right), which is found in invasion areas showing tumor cell co-option

as main mechanism of invasion. In contrast to the perivascular niche, the invasive

niche displays a more functional vasculature and is associated with a di↵erent and

more varied set of host brain cells. A census of the possible cell components, besides

tumor cells, would include astrocytes, pericytes, microglia/macrophages, myeloid

cells, fibroblasts, and neural stem cells [112, 113, 115, 119]. It is like being at

Figure 1.11: GBM migration and stem cell niches. Top: cartoons depicting the

3 main GBM stem cell niches. Bottom: snapshot from time lapse movies of rat C6 glioma

(green) that, when overlaid ex vivo on murine brain slices (blood vessels are visible in magenta

color), form structures reminding the GBM stem cell niches. Top is adapted from [113].
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the frontline of an invasion, where tumor cells are not as integrated with the mi-

croenvironment as in the perivascular niche.

Finally, Li et al. were in 2009 the first to report the e↵ects of hypoxia and low

oxygen levels in GBM stem cells [120]. Exposure to a hypoxic environment induced

expression of stem cell markers like SOX2, OCT4 and CD133 in glioblastoma cells,

which indicate dedi↵erentiation of GBM cells into GBM stem cells. It was concluded

that a hypoxic niche (Fig. 1.11, left) increased the expression of stem cell markers

and of many Hypoxia-Inducible Factor (HIF). Functionally, the expression of HIFs

results in production of pro-angiogenic growth factors and therefore induces angio-

genesis [121]. HIF-1a and HIF-2a are particularly contributing to the stemness of

CD133-expressing GBM stem cells, which morphologically respond to this necrotic

environment by elongating their nuclei and aligning like palisades (it is hence com-

mon the notion of pseudopalisade as hallmark of GBM tumors [113]) in tidy rows

around centers of tumor necrosis. Hypoxia and HIFs are pro-angiogenic factors that,

ultimately, drive the transition and the formation of perivascular and invasive niches

[115].
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1.3 Importance of functional cellular networks in

GBM tumors

The last patophysiological trait of GBM that I would like to introduce is a field

that spinned-o↵ since 2015 in a landmark study by Osswald and collaborators [122].

It founded the notion that brain tumors, rather than being uncurbed single cells

abnormally proliferating or resembling organs that actively interact with their sur-

roundings to grow [123, 124], interconnect into functional and resistant networks

capable of extending ultra-long protrusions (up to circa half mm) that foster com-

munication, proliferation, and resistance to therapies (Fig. 1.12).

A brain tumour network is described as a set of glioma cells forming a continuous

syncytium that wires up all the members of the network via direct intercellular

communication routes. Cells are thus sharing the cytoplasm and directly exchange

soluble signals. As schematized in Figure 1.12A,B, during the last years, scientists

proposed 2 types of functional networks, namely tumor-tumor networks [122, 125,

126, 127, 128] and tumor-neuron networks [126, 129, 130, 131].

Two main type of cell-to-cell connections have been identified in tumor-tumor

networks (Fig. 1.12A): the Tumor Microtubes (TM) and the Tunnelling Nanotubes

(TNT). TM are close-ended tubes identified via intracranial 2-photon microscopy of

glioma stem cells transduced with fluorescent proteins [122]: they are utilized by the

tumor to probe its surroundings, invade them and connect with tumor cells or other

cell types such as neurons [126, 131]. On the other hand, TNTs are shorter-lived

than TMs, thinner and open-ended [132, 133, 134]. TMs resembles neurite growth

cones, which are processes expressed by neurons during development for pathfinding

and synapse formation [122, 132]. Growth-Associated Protein 43 (GAP43) is a

cytosolic protein expressed in axonal growth cones during neurodevelopment [135]

and, intriguingly, it is enriched at the tip of TMs and its knock-down inhibited

their formation [122]. When a TM successfully connect with a neighboring cell, this

type of junctions are defined as gap junctions and, along with adherens junction, they

mediate inter-cellular communication and network continuity [122, 128]. Connexin 43

(CX43) is the protein governing the stability of gap junctions and, when inhibited,

brain tumor networks were discontinuous and tumor size was reduced [122]. In

particular, the network continuity was assessed by labeling calcium ion and assessing

its spontaneous propagation [122, 128].
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Furthermore, functional and structural analysis characterized the nature of tumor-

neuron interconnections (Fig. 1.12B). They are mediated by glutamatergic synaptic

contacts on brain tumour cells that directly bridge glioma cells and neurons. These

connections were recorded in about 10–30% of all tumour cells in pediatric and adult

glioma types, particularly glioblastomas, both in animal models and in human tu-

mours [126, 131]. These links are always monodirectional: neurons on the presynap-

tic, and glioblastoma on the postsynaptic side [126, 131]. Links in the other direction

have never been reported. Patch clamp experiments revealed excitatory postsynaptic

(glioblastoma side) currents relying on the a-Amino-3-hydroxy-5-Methyl-4-isoxazole

Figure 1.12: GBM tumors form functional and resistant networks. (A) Tumour

microtubes (TM, top left) and tunnelling nanotubes (TNTs, top right) form connections

having di↵erent roles. For instance, organelle tra�cking has been recorded only in TNTs.

TMs are connected by gap junctions and only small molecules (molecular weight < 760)

pass through them. (B) Tumour–neuron junction: bona fide synapses can form between a

presynaptic neuron and a post synaptic tumour cell; these are located mostly in TMs, where

the neurotransmitter glutamate binds to the postsynaptic tumour cells and stimulates their

proliferation and invasion. A,B are adapted from [132]. (C) High magnification Di↵erential

Interference Contrast image of patient-derived GBM cells forming structures that remind

TNTs (arrowhead). (D) Low magnification Phase Contrast image of patient-derived GBM

cells forming structures that remind TMs (arrowheads).
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Propionic Acid Receptor (AMPAR). In addition, presynaptic-dependent (neuron side)

slow inward currents were detected, hinting plasticity in this type of connections. The

biological importance of the glutamatergic synaptic contact was proven with both

genetic and pharmacological inhibitions of AMPAR that reduced glioma proliferation

and invasion [126, 131].

Altogether, these works prove that GBMs are comparable to functional living

organs and that, perhaps, the reticular theory sustained many years ago by Golgi for

the CNS biology might be relevant, in some sense, to interpret GBM pathophysiology.

However, it is still unexplored how the capacity of gliomas to form networks relates

with their migration: is the capability to exchange intercellular signals correlated

with cell motility? This might be another angle to tackle this disease and new

experiments may shed some light on it.
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1.4 In vitro tools to mimic GBM migration

So far, I have introduced the main pathophysiological traits of GBM, how this tu-

mor integrates ECM and topographical cues provided by the Secondary Structures of

Scherer and its capability to thrive as a functional and resistant network. However,

how we comprehend the processing and integration of the extracellular stimuli by

glioma cells to enable e�cient migration strongly depends on the tools and method-

ologies that we develop. These tools permit us to dissect and replicate such stimuli

in controllable and fairly reductionist in vitro systems (Fig. 1.13, 1.14). “What we

observe is not nature in itself but nature exposed to our method of questioning”, wrote

German physicist Werner Heisenberg, who figured out the uncertainty related to

measurements in quantum physics [136]. Perhaps this concept can be applied in the

biology/bioengineering area, in which the field of mechanobiology has significantly

jumped in to build devices that mimic in vivo contexts. This is achieved by engi-

neering biomaterials and biomimetic devices to accurately research the way glioma

motility is a↵ected by specific parameters [137, 138, 139, 140, 141, 142, 143, 144]. In

the following section, I will describe which parameters can be tuned to study GBM

motility and which have been the tools/devices developed so far to tackle this disease

from a motility standpoint: experimental models vary from simple 2D cultures on

glass/plastic to orthotopic implants of patient-derived GBM cell lines in immuno-

compromised mice, and each one has its pros and cons. Broadly, these systems help

to tackle the four main extracellular interactions that impact cell migration: ECM

composition, mechanical properties, topography/interfaces, and parenchymal cells.

Notably, regardless the in vitro system, the biological material utilized influences

the relevance of the results. On one side, glioma cell lines (human or murine)

established long ago and grown with serum constitutes a benchmarking material

that is well-accepted in literature. On the other, they might have lost peculiar traits

of native GBM tumors. Therefore, cell lines derived from patient samples and grown

as spheroids with no serum are the best biological tool to study the biology of GBM

tumors [145].

These cells can be utilized as tumor-spheres or as homogeneously dispersed sin-

gle cells. Spheroids recapitulate the soluble cue gradients present in tumours, and

spheroids with large diameters (> 500 µm) exhibit a hypoxic and sometimes necrotic

core [146]. Glioma stem cells should be grown as tumor-spheres and, when the aim is
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to use them in this form, this aspect is largely facilitating their manipulation. Adher-

ent cells can be grown as tumor-spheres using microwells or the hanging drop method

to aggregate cells into spheroids. Homogeneous dispersion of single cells, which are

typically encapsulated during matrix gelation, enables evaluation of single-cell mor-

phology, proliferation and colony growth [137]. Conversely, the use of tumor-spheres

keeps a näıve microenvironment, useful to unveil the e↵ects of external biochemical

cues and helps in keeping GBM stemness [147].

1.4.1 Bioengineering the extracellular matrix: the role of chem-

ical composition

ECM cues from the brain parenchyma are mostly related to its composition, which I

described in subsection 1.2.1. Being the interplay between chemical and mechanical

ECM cues two sides on the same coin, in this subsection I will briefly illustrate the

former, while in the next one the latter.

The simplest system to study the e↵ect of ECM chemical composition on GBM

migration is 2D plastic/glass dishes functionalized with ligands normally found in

the brain. It is then easy to coat such dishes with laminin, fibronectin or collagen

that are daily used in biological laboratories. Despite this configuration is scalable,

amenable to imaging, and can be used to explore cell proliferation, morphology, and

motility, it is considered rudimental as it fails to recapitulate the brain architecture

[137, 138]. By shifting to a 3D configuration, cells can be embedded in soft hydrogels

(Fig. 1.13B), which require them to squeeze or degrade their surroundings. Materials

used for 2D, such as collagen (usually isolated and purified from rat tails) [148, 149],

matrigel (solubilized after being produced by mouse sarcoma cells) [116, 92] and HA

(extracted and dehydrated from bovine vitreous humor) [150], can be employed in 3D

setups. Collagen and matrigel are simple to use relative to materials requiring com-

plex synthesis and contain various adhesive sites; however, their composition and the

fibrillar nature of collagen do not recapitulate the nanoporous brain matrix rich in

proteoglycans and glycosamminoglicans like HA. Additionally, matrigel composition

is poorly defined chemically and exhibits batch-to-batch variability [137]. Di↵erently,

functionalization and crosslinking of Polyethylene Glycol (PEG) gels with respec-

tively adhesive peptides and cleavable linkers and HA or gelatin-based biomaterials

enable precise control over matrix composition [151, 137, 152]: similar studies in this
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field showed that porous sca↵olds either fabricated with Polycaprolactone (PCL) dec-

orated with HA or with chitosan-alginate maintain stemness in GBM cells [153, 154].

Further studies could evaluate the yet unexplored e↵ects of matrix viscoelasticity

on GBM invasion [155, 156]. Other approaches utilize decellularized matrixes from

porcine or human patients aiming to be as faithful as possible with respect to the

in vivo ECM composition [157, 158]. However, protein structure is unavoidably

denaturated and the availability of this type of samples is limited.

1.4.2 Bioengineering the extracellular matrix: the role of me-

chanics and mechanical gradients

The brain parenchyma is a major hindrance for invading glioma cells. In fact,

its chemical composition arranges the material in nanopores 38-64 nm wide [159]

that cells need to remodel [77, 85] and where they adapt their shape to squeeze

through them [94, 109]. In this sense, Magnetic Resonance Elastography (MRE) (a

subset of MRI that non-invasively extrapolates mechanical properties from tissues)

measurements pinpointed the brain as a viscoelastic material [160] with a young’s

modulus ranging from hundreds of Pa to circa 10 kPa, with an average of 3 kPa

[161]. Interestingly, atomic force microscopy data from inner limiting membranes

(located at the retinal-vitreal junction and utilized in vitro as a CNS vasculature

model) suggested that sti↵ness is higher at the perivascular region compared to the

parenchymal side, hinting that a durotactic cue might guide glioma migration towards

it [162]. Indeed, glioma migrate faster on sti↵er fibronectin-coated polyacrylamide

and 3D HA gels than on soft ones when seeded on flat surfaces with a precisely

defined Young’s modulus [152, 163]. Moreover, tumors remodel their surrounding

environment and they generally increase its sti↵ness [140, 137] and, as the tumor

grows, the area around it is confined and the intracranial pressure increases [140, 164].

The simplest system to bioengineer some of these mechanoproperties is the tran-

swell (Fig. 1.13C). It consists of a porous membrane inserted in a multiwell plate

that allow to study the capacity of cells to squeeze through it, mimicking the narrow

pores in the brain parenchyma. In the case of GBM, it was utilized to validate

how myosin II is necessary to successfully cross the membrane [94]. Other tools are

the fabrication of surfaces made of synthetic Polyacrylamide (PA) gels [165, 166],

silicone rubber [167] or Polydimethylsiloxane (PDMS) [168] featuring di↵erent physi-
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ologically relevant sti↵ness (Fig. 1.13A). These materials can be coated with proteins

contained in the brain, like laminin, collagen, or fibronectin. Cells can also be em-

bedded in collagen or HA-based hydrogels whose sti↵ness is tunable by diluting the

initial solution in known ranges (Fig. 1.13B). Certainly, these approaches can be

elaborated with the functionalization or cross-linking of di↵erent peptides, as illus-

trated in the previous subsection, and engineered to reproduce sti↵ness gradients

both in 2D and 3D [137, 169]. For example, microfluidic mixing of HA and gelatin

precursor solutions at di↵erent concentrations results in 3D gelatin–HA gels with

gradients of crosslinking density, in HA content (that ultimately modulated MMP9

expression) and, subsequently, in cell density [170]. 3D gels are usually attached to

a glass surface, which causes a sti↵ness gradient along the Z axis: cells closer to

the coverslip (tens of µm) navigate in a sti↵er environment than those at the top of

the gel (fractions of mm) [171]. This approach may also generate soluble chemical

gradients, since an elevated hydrogel thickness exposes the cells to a low-nutrient,

hypoxic environment, triggering the expression of VEGF, HIF-1 and a pro-angiogenic

phenotype [172]. Therefore, these bioengineering platforms can be applied to study

how GBM progression is a↵ected by ECM composition, mechanics and soluble cues.

1.4.3 Bioengineering interfaces and topographical cues: the

role of blood vessels and white matter tracts

As illustrated in section 1.2, glioma cells invade the brain along the Secondary

Structures of Scherer that provide topographical guidance [2, 89, 97, 105, 106]. In

particular, white matter tracts are arranged as tens-of-microns long fibers with diam-

eters in the range of few microns/fractions of micron, while brain blood vessels are

tubes whose diameter roughly spans between 5 and 50 µm [99, 100]. These structures

are embedded within an ECM, thus forming an interface between 2 composite layers

[80, 77, 137].

The concept of 2.5D materials is a peculiarity that characterizes the way this type

of interfaces are engineered. 2.5D materials are formed by a 3D topology that is the

result of interfacing multiple 2D topologies. In other words, a 2D pattern is initially

fabricated and then some 3D-like constraints are applied. For example, Gritsenko

and collaborators engineered an interface where glioma spheroids were spreading on

an astrocyte monolayer that was confined in a soft hydrogel [173]. This setup
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Figure 1.13: Overview of di↵erent mechanobiology techniques used to study

mechanochemical and topographical cues for glioma motility. (A) 2D hydrogels to

study the e↵ect of substrate rigidity: cells are plated on top. (B) 3D hydrogels to study the

e↵ects of substrate rigidity and chemical composition: cells are embedded. (C) Transwell

system to study chemoattraction and motility through a 3D matrix with known pore sizes.

(D) Linear grooves to mimic white matter tracts. (E) Microchannels are obtained with

soft litography and used to mimic blood vessels and white matter tracts upon confinement.

(F) Microcontact printing to mimic blood vessels and white matter tracts. (G) Nanofibers

obtained with electrospinning are used to mimic white matter tracts. They can be suspended

or leant on a substrate. (H) Nanofibers in a device are coated with laminin and used to build

up a glioma trap: when the device is implanted through the mouse skull, nanofibers attract

glioma cells in a sink loaded with a cytotoxic drug. Adapted from [138].

simulated intraparenchymal invasion. A similar configuration can be obtained by

sandwiching tumor cells between 2 hydrogel layers [174]. Engineering models of

anatomical tracks typically include a linear, topographical feature on a 2D surface or

encapsulated in a 3D matrix. Microchannels can confine the cells in narrow spaces
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that model how they invade squeezing along a Scherer structure. In particular,

microchannels were molded in a PA gel of a known sti↵ness to show how it synergizes

with confinement to promote rapid movement of GBM cells (Fig. 1.13E) [175].

Alternatively, nanofibres can be used to study how aligned topographical guidance

resembling the cues provided by white-matter tracts impacts of GBM migration

(Fig. 1.13G). Interestingly, aligned fibres strongly promote rapid, linear migration

[176, 177, 178, 92]. Nanofibers can be multilayered, with a core whose composition

can be tuned to reproduce di↵erent mechanical properties, and the shell that provides

a peculiar surface chemistry [177]. They can be also embedded in 3D gels: in

Matrigel, when tumor cells encounter a fiber, they switch migration mode towards

a faster and invasive phenotype [179]. Notably, nanofibers were used to build up

a trap to kill U87 glioma cells in vivo (Fig. 1.13H). A conduit containing aligned,

laminin-coated nanofibers was inserted inside the brain of glioma-bearing animals.

The fibers were leading to an external sink filled with a collagen gel loaded with a

cytotoxic compound: U87 cells were attracted by the fibers and migrated from the

tumor core towards the external sink that successfully killed them [180].

To mimic topographical cues, one of the most straightforward techniques is micro-

contact printing [168]. It allows to imprint proteins with a desired spatial geometry

that, in GBM case, reproduce vessels of di↵erent diameters (Fig. 1.13F). We utilized

this technique to show how cell density triggered antiparallel streams dependent on

the formin FHOD3 in rat C6 cells seeded on stripes with various widths [91] and

to show invasive behaviors dependent on the formin FMN1 in discrete populations

of patient derived GBM seeded on gridded micropatterns. [92]. Linear grooves can

be also utilized to study the influence of topographical linear guidance (Fig. 1.14D):

in some studies, glioma cells (C6, U87, primary GBM) aligned and moved along

the axis of the grooves, a phenomenon called contact guidance [181, 182, 183]. This

technique has been proposed as clinical prognostic platform [181]. In another work,

backside lithography was used to fabricate a tapered geometry that closely reminds

the three-dimensionality, curvature and tubular structure of blood vessels [184].

Several methodologies combined the modeling of the BBB interface and the topo-

graphical linear cues provided by blood vessels. Hollow fiber tubes (Fig. 1.14B) allow

to study the impact of shear stress on endothelial cells, monocyte extravasation in

the brain, or drug screening [185, 186, 187]. Other techniques, relying on sacrificial

layers, can be utilized to accurately bioengineer blood vessel (Fig. 1.14E-H): the idea
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is that, once a hollow cavity is formed - typically within a soft gel - by sacrificing a

removable material, endothelial cells are seeded to form an in vivo-like lumen. With

single vessel patterning in soft matrices (by just removing a micro-rod once the hy-

drogel polymerized, Figure 1.14E) scientists studied invasion, intravasation of cancer

cells and brain microvasculature disruption [188, 189, 190, 191]; viscous fingering

(Fig. 1.14F) allowed live cell studies with a geometry really close to in vivo vessels

[192, 193, 194]; thanks to micromolded vessel networks (hollow microchannel networks

are patterned between two collagen layers, Figure 1.14G) angiogenic and thrombotic

phenomena were studied [195]; a 3D printed carbohydrate glass that is dissolved

via the chemical interaction with cell culture medium permitted to customize vessel

geometry as a 3D network of hollow cavities inside a soft gel (Fig. 1.14H), which

was lately seeded with endothelial cells [196]. In addition to techniques based on

sacrificial layers, blood vessels can be 3D printed [197], or organotypic microvascu-

lar networks can be formed by Human Umbilical Vein Endothelial Cells (HUVEC)

seeded in fibrin gels using microfluidic platforms (Fig. 1.14I) [198, 196] that included

a functional BBB model as well [199].

In conclusion, several works showed that (non-)sophisticated techniques permit to

decipher several chemo-mechanical interactions between GBM and Scherer’s Struc-

tures and, in particular, that topographical cues intensely drive invasion and motility

modes in GBM cells, which can be enhanced by other environmental signals, such as

ECM composition and mechanics.

1.4.4 Bioengineering co-culture systems: the role of parenchy-

mal cells

The most easy-to-use system to study the influence of parenchymal cells on GBM

migration is the already mentioned transwell system (Fig. 1.14A). It can be used to

study the chemotaxis of glioma cells toward a given attractant: for example, murine

glioma initiating cells and patient-derived GBM stem cells were attracted towards

endothelial cells or endothelial cell conditioned medium seeded on the bottom side

of the insert [200, 201].

Gritsenko and collaborators from the group of P. Friedl showed how GBM

spheroids spread at di↵erent paces onto monolayers of astrocytes cultured for dif-

ferent times, which may influence ECM accumulation or changes in astrocyte pheno-
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Figure 1.14: Overview of di↵erent mechanobiology techniques used to study

how interfaces and co-culture systems a↵ect glioma motility. Full caption in the

next page.

type [173]. Co-culture settings similar to the transwell system can be engineered with

microfluidics, which allow a tight control on mechanical, biophysical and chemical

parameters: the influence of parenchymal cells such as astrocytes, pericytes, neurons

and endothelial cells on GBM migration can be studied either by inserting membra-
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Figure 1.14 Overview of di↵erent mechanobiology techniques used to study how

interfaces and co-culture systems a↵ect glioma motility. (A) Modified transwell sys-

tem for co-cultures and chemoattraction: endothelial cells are below the insert, glioma on

top and need to cross it. (B) Dynamic in vitro model utilizing hollow fiber tubes seeded

with endothelial cells to recreate a blood vessel structure. (C) vessel-like microfluidic chan-

nels. The presence of a polymeric membrane mimics the vessel-parenchyma interface. (D)

Compartmentalized microfluidic devices. (E) Patterning single vessels in an hydrogel matrix

utilizing a removable microrod: the hollow cavity can be filled with endothelial cells. (F)

Patterning single vessels in an hydrogel matrix utilizing viscous fingering. (G) Micromolded

vessel networks. The cubic device is filled with an hydrogel that, once polymerized, leaves

cavities as the disposable PDMS feature is peeled o↵ from the bottom and replaced with

a substrate. (H) 3D printed vessel networks. The 3D printed sacrificial layer is made of a

bioengineered glass that dissolves in acqaueous media, leaving cavities in the hydrogel. (I)

Organotypic microvascular networks. HUVECs self assemble into 3D microvascular nwtworks

when embedded in functionalized fibrin gels. Adapted from [138].

nes that mimic vessel-to-parenchyma interface (Fig. 1.14C) [202], or by creating

several compartments in the microfluidic chip (Fig. 1.14D) [199, 200] that can be

scaled up in multiplexed devices [203]. Truong and collaborators showed that, in a

compartmentalized microfluidic devices having 3 radial channels, GBM invasion from

the inner channel is increased when endothelial cells were seeded in the outermost

channel [204]. Similarly, a device with three parallel channels was conceived to

study what happens to GBM cell in the presence of a vaso-occlusive event. The

outside channels contained flowing medium and the centre channel contained a 3D

matrix with homogeneously embedded GBM cells. As the flow was interrupted in a

side channel to simulate vaso-occlusion, the resulting hypoxic gradient forced GBM

tumour cells to migrate away from the occluded channel and form pseudopalisades

[205]. Other co-culture systems that study the e↵ect of necrosis and GBM migration

in the presence of endothelial cells can be obtained with bioprinted, decellularized

ECM containing embedded cells [158].

Eventually, glioma stem cells can be stimulated to grow as organoids that inte-

grate several cell populations, recapitulating the original microenvironment. This is

an approach opposite to the tight control that microfabrication techniques permit,

since every cell population is free to spontaneously grow. Millimetres-sized, tumor-
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like aggregates are thus obtained over the coarse of few months [147]. These methods

permit to keep the original heterogeneity and the proportions of GBM cells versus

the parenchymal ones and recapitulate well hypoxic gradients and the complexity of

the native microenvironment. However, they fail in modeling GBM migration. It is

indeed tough to get structures such as blood vessels and white matter tracts, other

than being time-consuming and hard to scale up.
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1.5 Hypotesis and goal

Since the late ’90s/mid ’00s microfabrication and mechanobiology techniques allowed

scientists to fabricate a multitude of devices [141, 168]. With these devices the influ-

ence on GBM of many mechanical, chemical, topographical, cytological parameters

was studied in great detail [137, 138].

During the course of this PhD thesis introduction, I have illustrated how cell

migration [77, 140] and population heterogeneity [45, 46] play a crucial role on the

recurrence of GBM tumors [43, 76] and why, therefore, it is important to tackle

migration with biologically relevant samples that resembles as much as possible the

original tumor [145, 147]. While migrating, GBM cells interact with topographical

cues that serve as linear guidance, namely the Secondary Structures of Scherer [2].

Among these, the largest interaction seems to appear with the blood vessels: their

abluminal side is exploited as invasive highway to colonize the whole brain [97, 98,

105].

However, how the interplay between di↵usion and heterogeneity impacts on GBM

migration is unclear: the holistic dissection of GBM migration with a fairly reduction-

ist device that might be scalable and comprehend an imaging and analysis workflow

that delivers quantitative outputs on cellular migration (i.e. the directed movement

of a single cell or a group of cells in response to chemical and/or mechanical signals)

and motility modes (i.e. the biophysical features that single cells and/or pools of

cells adopt while migrating: shape, polarity, persistence, cell-to-cell interactions...)

is the gap of knowledge that this PhD work aimed to fill. Indeed, integrating the

pre-existing brain structures in a reproducible and 3D-like system often precludes

optical accessibility, time profitability and analytical workflows. With the help of all

the other members of Gauthier and Maiuri labs I developed SP2G, an easy, time-

profitable method that integrates live cell imaging with a dedicated analysis workflow

for comprehensively characterizing GBM migration and motility modes. This work

has spinned o↵ from the last publication of our lab, “Adaptive mechanoproperties

mediated by the formin FMN1 characterize glioblastoma fitness for invasion”, which

was accepted during the course of my PhD [92]. The imaging section of SPheroid

SPreading on Grids (SP2G) indeed combines the gridded micropattern we proposed

in [92], which resembles the network of topographical linear cues provided by the

vasculature, with patient-derived spheroids that maintain GBM stemness and het-
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erogeneity. The cells in the spheroid progressively spread out onto a näıve substrate

allowing the study of cell-to-cell interconnections and GBM networks, which is an-

other crucial feature of this tumor [122, 132]. SP2G analytical toolbox quantitatively

describes GBM migration through area expansion, di↵usivity, and boundary speed;

and motility modes through collective migration, directional persistence, and hur-

dling. In this work I have kept the heterogeneity of the original tumors utilizing

patient-derived samples maintained as GBM stem cells and, surprisingly, I found

how heterogeneity in GBMs is reflected in cell migration and motility modes and I

deeply characterized them using SP2G.
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Chapter 2

Results

2.1 Spinning o↵ from “Adaptive mechanoproper-

ties mediated by the formin FMN1 character-

ize glioblastoma fitness for invasion”

This section includes results obtained in the first part of my PhD that were published

in the paper “Adaptive mechanoproperties mediated by the formin FMN1 characterize

glioblastoma fitness for invasion” [92]. In this work, I have contributed as second

author and, among others, I brought expertise in 3D spheroid embedding assay

and brain slice overlay assay which, despite having their own relevance, they were

quite complicated and low-throughput in vitro setups for studying cell motility and

invasion. Thus, they made us think on a spin-o↵ work that could e�ciently and

systematically tackle GBM migration alone.

Most importantly, in this work we introduced the gridded micropattern as a

mimicry of the brain blood vessel network (Fig. 2.1). Given that the vasculature

represents the main topographical stimulus for glioma migration, the rationale that

was followed in designing the grid was to reproduce the capillary network (width of

the grid segment is 7 µm, similar to small capillaries; length is 75 µm) with a fairly

reductionist pattern that could give decipherable cues for cell migration. In the lab,

micropatterning techniques were well established and the use of linear stripes was

utilized to study migration of rat C6 glioma cells [91]: the next move has been to

superimpose 2 perpendicular sets of lines to create a grid.

In [92] we have introduced 3 GBM cell lines (namely NNI-11, NNI-21, and NNI-
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Figure 2.1: Gridded micropatterns mimic the brain blood vessel network. Pic-

tures highlighting similarities between the laminin gridded micropattern (left, fluorescence is

given by BSA-647 mixed with the laminin solution) and crisscross features in murine brain

vasculature from ex vivo organotypic brain slices (Dil dye, intracardial injection). Each grid

segment is 75 µm long and 7 µm wide.

24) isolated from patients and selected for their di↵erent invasive and proliferative

behaviors, which were previously shown to be IDH-1/2 wild type [206, 207]. In

xenografts, the NNI-11 developed tumors that were circumscribed and fast growing.

In contrast, the 2 other cell lines, NNI-21 and NNI-24, were more di↵usive: on

microprinted lines they adopted a similar behavior, while on the grid the di↵erence

was striking: as the NNI-24 migrated persistently (i.e. with no changes in directional

movement) and smoothly stuck to the micropattern, the NNI-21 adopted a stochastic

and jumpy motion and frequently cut grid corners. The NNI-24 were hence named

gliders, the NNI-21 hurdlers (Fig. 2.2A). Importantly, these cell lines were then used

as a benchmark when validating SP2G.

Figure 2.2: Motility on grids of patient-derived GBM cell lines. (A) Up: typical

snapshot of NNI cell lines migrating on grids; down: time projections. (B) Summary of the

findings in [92].

Briefly, the main findings of this work are summarized in Figure 2.2B: in the

64



2.1. SPINNING OFF FROM “ADAPTIVE MECHANOPROPERTIES MEDIATED BY THE FORMIN

FMN1 CHARACTERIZE GLIOBLASTOMA FITNESS FOR INVASION”

most-motile cell line NNI-21, an increasing concentration of the laminin substrate

induced an increasing expression in the formin FMN1 that, by regulating GBM me-

chanics from the microtubule lattice, enhanced the cell mechanoproperties (higher

traction forces and cell’s Young modulus, more higher number of focal adhesions).

The enhanced mechanoproperties finally led to invasive motility and boosted cell

migration, thus making the NNI-21 more fit for invasion. Conversely, the cell lines

NNI-11 and NNI-24 developed lower mechanical forces on the substrate and were

softer. In this paper, the phenotype caused by the formin FMN1 was studied with

Figure 2.3: Spheroid embedding as validation of motility phenotypes. Analysis

of movies of control and FMN1 knockdown spheroids invading matrigel: Z-projection of the

GFP signal at time 0 (left, up) and 25 h 25 min (left, down). Quantification of area invaded

by the cells (n = 23, 8, 7, and 15 spheroids). Error bars are Standard Error of the Mean

(S.E.M.).

various migration/invasion assays, among which the spheroid embedding in 3D ma-

trigel (Fig. 2.3) and the brain slice overlay assay (Fig. 2.4: here, spheroids were

loaded on top of a brain slice that was cut ex vivo from a murine brain). We acquired

time-lapse movies of control and spheroids knocked down with 3 Short Hairpin RNA

(shRNA) embedded in matrigel over 25 h by confocal microscopy. In matrigel, con-

trol cells were moving rapidly, escaping of the spheroids, whereas FMN1-knockdown

cells were trapped in the spheroids, protruding and retracting cell processes (Fig.

2.3). To further nail that FMN1 potentiated single-glioma-cell motility along blood

vessels in the brain, spheroids were loaded on murine brain slices (Fig. 2.4A). As

previously observed with other glioma cells [105], control single cells were moving in

the brain tissue following linear tracks that were identified as blood vessels by im-

munofluorescence (Fig. 2.4B). At the opposite, knockdown cells were moving poorly

(Fig. 2.4A), confirming that FMN1 promoted glioblastoma migration along brain
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blood vessels. Altogether, these assays were meaningful for studying glioblastoma

migration and they helped us to decipher the phenotype dictated by the formin

FMN1. However, they lack some key aspects that led us to develop SP2G a simplest

and more comprehensive methodology.

Figure 2.4: Brain slice overlay assay as validation of motility phenotypes. Analysis

of movies of control and FMN1 knockdown spheroids invading brain slices. (A) Overlay of

the manual tracks and the last image of the movie (left). Average of mean speeds (n = 95,

56, 56, and 55 tracks). Error bars are S.E.M. (B) Confocal images of ex vivo murine brain

slices invaded by glioma cells (green, GFP) fixed and stained for tomato lectin (magenta) to

label the blood vessels.
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2.2 SP2G mimics glioblastoma invasion on brain

blood vessels

The 3D spheroid embedding assay and brain slice overlay assay were poorly e�cient

in some aspects:

8 3D hydrogels lack anatomical cues essential for migration of gliomas;

8 both the approaches are hard to scale up, reproduce, and are time-consuming;

8 in both systems, optical accessibility and, in turn, quantification of biophysical

parameters are often flawed;

8 there are ethical issues when utilizing mice.

To tackle these cons and build up SP2G as a novel methodology, we decided to

combine the grid micropattern with spheroids. As introduced in section 1.4, the use

of spheroids leads to many advantages:

3 bridges the gap between 2D and in vivo conditions;

3 permit to study transitions from an aggregate to invasive cells;

3 permit to study collective cell interaction;

3 keeps stemness of GBM cell line;

3 minimize manipulation for GBM stem cells as they are routinely kept in culture

as suspended spheroids.

As spheroids are loaded on the gridded micropattern, the way they spread

(SPheroid SPreading (SP2)) can be utilized as a proxy to study GBM migration

and motility modes. To validate our SP2G assay, we surveyed 3D and 2D tech-

niques where vessel-like topographical cues were present or not (Fig. 2.5). For this

survey, we used rat C6 glioma since these cells migrate e�ciently on host brain

vasculature and, in literature, are a well-accepted benchmarking glioma cell line for

validation purposes [105, 208]. We imaged SP2 in 5 di↵erent settings: mouse brain

slices (Fig. 2.5A) [209], 3D hydrogels (6 mg/ml collagen I and 10 mg/ml Matrigel,

Figure 2.5B,C respectively) [148], 2D flat substrates (coated dishes, Figure 2.5D) and

gridded micropatterns (SP2-G, Figure 2.5E). Both, 2D flat substrates and gridded

micropatterns were coated with laminin (10 and 50 µg/ml, respectively). As observed

in Figure 2.5A-E, spheroids spread faster on 2D flat and gridded micropatterns (circa

8h for complete dissolution of the spheres) compared to 3D gels (> 24 h) and brain
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Figure 2.5: Comparison between in vitro setups hints at SP2G e�ciently mim-

icking glioblastoma invasion on brain blood vessels. (A) SPheroid SPreading (SP2)

of glioma rat C6 (green, DiOC6 dye) loaded on an ex vivo brain slice at 0 h and 48 h. The

dashed oval roughly represents the initial area of the spheroid. The blood vessels are in ma-

genta colour (Dil dye, intracardial injection). The time projection (maximum intensity firstly

in Z, then in time) of C6 SP2 (green) is overlaid to the skeletonized blood vessels (magenta).

(B) SP2 of glioma rat C6 embedded in 6 mg/ml collagen at 0 h and 24 h. The time projection

(minimum intensity firstly in Z, then in time) is obtained from phase contrast. (C) SPheroid

SPreading (SP2) of glioma rat C6 embedded in 10 mg/ml matrigel at 0 h and 24 h. The time

projection (minimum intensity firstly in Z, then in time) is obtained from phase contrast.

(D) SPheroid SPreading (SP2) of glioma rat C6 on 10 µg/ml laminin at 0h and 8 h (2D

flat). The time projection (maximum intensity in time) is obtained from phase contrast. (E)

SPheroid SPreading (SP2) of glioma rat C6 on 50 µg/ml laminin grid at 0h and 8 h. The

time projection (green, maximum intensity in time from phase contrast) is overlaid to the

skeletonized gridded micropattern (magenta). Bars in are 100 µm.

slices (> 48 h). More importantly, time projections revealed that C6 cells aligned

along the blood vessels in brain slices, while in 3D gels they invaded isotropically

(Fig. 2.5A-C). Similarly, C6 cells aligned along the laminin grids when migrating on

the micropatterns while on 2D-flat they spread out isotropically (Fig. 2.5D,E).

Spheroid spreading was quantified by measuring the areas of the spheroids at

various time points relative to the area at the initial time point (24 h for 3D gels
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Figure 2.6: SP2G quantification and substrate. (A) Quantification of spheroid spread-

ing in the in vitro systems tested in Figure 2.5 (n = 14, 15, 35, 35 spheroids). For the brain

slice, results are not applicable, due to tissue opacity that scatters the signal at 0 h. Two-

tailed unpaired t-test (****, p<0.0001). (B) SP2 of glioma rat C6 on coated 2D flat substrates

at 0 h and 8 h. From left to right: Laminin (LN) at 50 and 10 µg/ml, fibronectin Fibronectin

(FN) at 50 and 10 µg/ml, poly-L-lysine (PLL) at 1000 and 10 µg/ml, Collagen (CN) at 50

and 10 µg/ml. The dashed square is zoomed in the bottom panel. (C) Bar plot quantifying

SP2 of the conditions depicted in (A). Data are reported as the area occupied by the maxi-

mum intensity projection at 8 h over the initial area. Bars are SD. n = 10, 7, 8, 6, 8, 8, 8,

8, 12 spheroids. One-way ANOVA, p<0.0001. Multiple comparisons: Grid vs LN50 / LN10

n.s.; Grid vs FN50 p=0.0133 (*); others p<0.0001 (****).

and 8 h for 2D and micropatterns, Figure 2.6A). Spheroid spreading in brain slices

was not quantifiable due to tissue opacity and scattering of the GFP signal (Fig.

2.5A) that often blurred the spheroid profile. As observed in Figure 2.6A, spheroid

spreading was higher in matrigel than in collagen (10.58 ± 0.75 and 4.76 ± 1.31, re-

spectively; mean ± s.d.) and higher on grids than on 2D flat (19.73 ± 3.81 and 14.82

± 2.70, respectively; mean ± s.d.). Moreover, on 2D flat, spheroid spreading was

Figure 2.7: SP2G vs brain slice assay. (A) Organotypic brain slices immunostained

for cell nuclei (DAPI, blue), blood vessels (tomato lectin, magenta), anti-rat (green, for rat

C6 glioma) shows colocalization between the vasculature and glioma cells. Bar is 50 µm. (B)

Comparison between SP2G and SP2 on brain slices, bar is 100 µm.
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higher on Laminin (LN) than on Fibronectin (FN), Collagen (CN) or poly-L-lysine

(PLL) (Fig. 2.6B,C), confirming laminin as the best matrix protein to study glioma

motility [91, 92]. The staining of the blood vessels in brain slices and the gridded

micropatterns revealed that the size of the linear tracks, the distances between the

tracks and the junctions were similar, confirming our gridded micropatterns as an

Figure 2.8: Single cell behavior in SP2G. (A) Cell trajectories in brain slice, 3D

collagen, 3D Matrigel, 2D flat, and SP2G. (B) Mean Squared Displacement (MSD) plots

obtained from single cell tracks in the in vitro systems tested in Figure 2.5 (n = 80, 95, 90,

216, 216 tracks; 5 to 7 tracks per spheroid. n = 2, 2, 2, 6, 6 independent experiments).

Friedman test for Brain slice-Collagen-Matrigel (p<0.0001 in all the multiple comparisons),

Mann-Whitney test for 2D-grid (p=0.0001). (C) Mean velocities of single cells. n = 80, 95,

90, 215, 215 tracks; 5 to 7 tracks per spheroid, each dot is a cell. One-way ANOVA. (D)

Representative behavior of rat C6 single cells in the in vitro systems tested in Figure 2.5. For

the brain slice, the cell is green (DiOC6 dye) and the blood vessels are in magenta (Dil dye).

For the grid, the dashed magenta overlay corresponds to the contours of the micropattern.

Bar is 20 µm. (E) Panel summarizing cell shapes for rat C6 cell motility in the in vitro

systems tested in 2.5. Time is color-coded as indicated in the panel. ** is for the 2D setups

(2D flat and Grid), *** is for the 3D setups (Brain Slice, Collagen, Matrigel). Bar is 50 µm.
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excellent proxy to mimic brain blood vessel tracks (Fig. 2.1, 2.7).

We then compared single cell motility in the 5 settings (Fig. 2.8). We tracked

single cells to evaluate their migration e�ciency (Fig. 2.8A), represented as Mean

Squared Displacement (MSD) in Figure 2.8B, mean velocity (Fig. 2.8C) and cell

shape (Fig. 2.8D,E). When the experimental setup provided vessel-like topographical

cues (Brain slices and grids, Figure 2.7B), cells migrated faster and further than

the other experimental setups (collagen, Matrigel and 2D flat, Figure 2.8A-C) and

showed comparable elongated shapes with “stick-slip” motility features (Fig. 2.8D,E)

[210, 211]. At the opposite, in 3D hydrogels cells protruded multiple finger-like

structures, likely due to the tangled complexity of the environmental cues (Fig.

Figure 2.9: SP2G is independent from spheroid size, both considering area

ratio and Mean Squared Displacement (MSD). (A) Linear regression plots shows no

correlation between the spheroid area at the initial time point and its expansion, which is

calculated as the ratio between the final area (obtained from maximum intensity projection)

and the initial area. Each dot is a spheroid (n = 14, 15, 35, 35). For each graph, the line

slope (m), the coe�cient of determination (R2) and the p-value (P) of the linear regression are

reported. Pearson’s r correlation coe�cients, from left to right: -0.16, -0.36, -0.13, 0.01. (B)

Linear regression fits show no correlation between the spheroid area at the initial time point

and its expansion, which is calculated as the Mean Squared Displacement (MSD) sampled

at 12 h (3D collagen and 3D matrigel) or at 4 h (2D flat and grid). Each dot is a spheroid

(n = 14, 15, 35, 35) and MSD is calculated as the mean MSD of all the tracks belonging to

a spheroid (5 to 7 tracks per spheroid). For each graph, the line slope (m), the coe�cient

of determination (R2) and the p-value (P) of the linear regression are reported. Pearson’s r

correlation coe�cients, from left to right: -0.01, 0.38, 0.17, 0.20. For this analysis, brain slice

is omitted due to tissue opacity that scatters glioma GFP signal at the initial time points.
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2.8D, arrowheads). On flat surfaces cells adopted a fan-like shape as previously

described on homogeneous substrates [91, 94].

We then tested whether spheroid spreading and single cell motility were dependent

on the original spheroid size. We plotted spheroid area ratio and MSD in function

of the original spheroid area and, as indicated by the almost null slopes (m), the low

coe�cients of determination (R2), the non-statistically significant p-values (P), and

the low Pearson’s correlation coe�cients no correlation was found (Fig. 2.9).

Finally, we analyzed the performance of each technique with radar plots using

an indexing system from 1 to 5 (poorest to best performance) for 7 key parame-

ters in GBM motility analysis: time profitability, presence of linear topographic cues

allowing stick-slip motility, experimental reproducibility, optical accessibility, 3D con-

finement, possibility to implement semi-automated analysis and in vivo mimicry (Fig.

2.10). As planned, SP2G system covered more requirements than all other systems,

marking the highest score in 4 out of 7 parameters.

Figure 2.10: SP2G is independent from spheroid size, both considering area

ratio and MSD. Radar plots summarizing experimental scores (1 to 5) of time profitabil-

ity, presence of linear cues, experimental reproducibility, optical accessibility, possibility to

develop analytical tools, three-dimensionality (3D) and in vivo mimicry for in the in vitro

systems tested in Figure 2.5.
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2.3 SP2G experimental setup and image analysis

workflow

In light of the advantages emerged while proposing SP2G, we optimized the experi-

mental protocol and tailored to it a semi-automated analysis workflow, which aimed

to quantitatively describe cell migration and motility modes (Fig. 2.11). It is com-

posed of 7 open-source ImageJ/Fiji macros, which ultimately delivers 6 outputs, 3

for evaluating cell migration:

1. migration area;

2. di↵usivity;

3. boundary speed;

and 3 for characterizing the motility modes:

4. collective migration;

5. directional persistence;

6. hurdling.

In order to obtain a better cell segmentation and a stable readout in the analytical

workflow, grids and spheroids, in the experimental part, were stained with fluorescent

dyes and spreading was imaged by fluorescence and phase contrast microscopy (Fig.

2.11A). Briefly, as spheroids reached circa 100 µm in diameter (most often in 5

days after passaging), we functionalized Petri dishes with the grid micropattern and

spheroids with the fluorescent dye (Dil stain). The same day the time-lapse movies

was acquired. Spheroids were loaded in the Petri dishes and after 15 min we began

with the imaging. For the image analysis, we divided our SP2G workflow (Fig.

2.11B) in 2 main steps: one for characterizing cell migration (outputs 1 to 3), one

for characterizing cell motility modes (outputs 4 to 6).

2.3.1 Characterization of cell migration with SP2G

The first step processes the raw data semi-automatically and characterizes cell mi-

gration with the outputs #1 (migration area, A(t)), #2 (di↵usivity, D(t)) and #3

(boundary speed, v(t)). This is achieved by combining the binarized images of the

grids and the spreading spheroids in order to construct a polygon that connects the

grid nodes traveled by the spheroid invasive front at each time point. A time-lapse
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Figure 2.11: SP2G experimental setup and image analysis workflow. (A) Exper-

imental setup at a glance. The spheroids and gridded micropattern are both fluorescent to

facilitate tracking. Finally, the spheroids are leant on the grid and a time-lapse movie is

acquired. (B) Image analysis workflow. SP2G segments the spheroid and grid in binary im-

ages that are multiplicated to isolate the grid nodes covered by the invasive boundary. Thus,

SP2G reconstruct a polygon tracking the SP2 in time and several polygons are then averaged.

To visualize migration area A(t) (output #1), the time trend is projected and color-coded.

SP2G then obtains spheroid di↵usivity D(t) by di↵erentiating A(t), and from D(t) it gets the

spheroid boundary speed v(t) (outputs #2 and #3, see Supplementary Appendix). When

SP2G characterizes the motility modes of multiple conditions, it needs a normalized A(t) and

v(t). To normalize over A(t), a time step t has to be identified, where A(t) / A(0) is equal
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(Continued caption) to the minimum A(end) / A(0), which corresponds to the cell line C2.

Therefore, each condition has its t, such that A(t) / A(0) is constant among all the condi-

tions. In the slowest-motile cells ⌧ = end and all the movies are then cut at t. Furthermore,

� normalizes over the boundary speed and corresponds to the time window to complete 100

µm. � is calculated in the interval 1:t, so each condition is endowed with its own D, which is

larger as cells are slower. SP2G creates Running Average (RA) movies by shifting � in the

interval 1:t. Each movie is ⌧ – � frames long, covers the same area on average and each frame

embeds information on the cell’s footprint in the last � frames taken to complete 100 µm.

SP2G characterizes the cell motility modes by extrapolating features from the RA movies:

it thresholds the area (outlined in green) of pixels belonging to the last bin of the histogram

to obtain collective migration (output #4), it evaluates the image orientation for directional

persistence (output #5), and samples the intensities of the grid squares (passivated areas,

highlighted in green) for hurdling (output #6).

of a growing polygon representing the leading edge of the invading cells is then

automatically generated for each spheroid. Outputs #1-3 for cell migration are

extrapolated as follows:

• an average migration area A(t) per cell line (> 10 spheres per cell line) is

represented by firstly aligning the baricenters of the polygons, and subsequently

by extrapolating the mean radial coordinates of all the polygons at each time

point (Fig. 2.11B, output #1: it is a graphical display item, it quickly shows

how the area occupied by the cells has evolved overtime and the time is color-

coded as shown).

• The corresponding numerical values (1 trend per spheroid) are smoothed and

then di↵erentiated in time to obtain values for di↵usivity D(t) (Fig. 2.11B,

output #2: the trends are the rate at which cells occupy their surrounding

area, and always expressed in µm2/min and calculated at each time point).

• Then, boundary speed v(t) (Fig. 2.11B, output #3) is derived from the follow-

ing formula

v(t) =
D(t)

2
p
A(t)

(2.1)
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that expresses how quickly the invasive boundary of the spreading spheroid

advances in its surrounding area. It is expressed as a monodimensional rate

(µm/min), which facilitates the interpretation of the results for the cell migra-

tion community and can be intended as measurement of “average single-cell

speed” (see “Materials and methods” chapter and Supplementary Appendix for

computational details and derivation of the formula).

Finally, all D(t) and v(t) trends are mediated in order to obtain average time trends

D(t) and v(t).

2.3.2 Characterization of cell motility modes with SP2G

The second step of SP2G analysis works on the binarized images of spheroids and

grids. It provides 3 additional numerical outputs that characterize cell motility

modes (Fig. 2.11B, red box in the left): collective migration (output #4: the higher

the values, the more cells migrate as collective strands; vice-versa if the spheroid

expands as singlets), directional persistence (output #5: the higher the values, the

more cell stay on the same direction; vice-versa if cells turn frequently) and hurdling

(output #6: the higher value the more cells are cutting angles. This is a concept

we introduced in [92] and quantifies how cells hurdle over the grid angles: it can

be interpreted as an hallmark of invasivity). Importantly, only motile cells are

considered for motility modes analysis. To categorize motile and non-motile cells, we

imposed a threshold that is based on the average boundary speed: if higher than

100 µm / 8 h (0.231 µm/min) cells are categorized as motile, if lower as non-motile.

The characterization of motility modes is based on RA movies obtained from the

binary masks of the spreading spheroids. We defined the time window to complete

100 µm as �, which is calculated as 100 µm / v̄, being v̄ the mean v(t) in time.

When studying a stand-alone condition, RA movies are generated by shifting � and

are long 96 – � frames (8 hours sampled every 5 min returns 96 frames: this is the

conditions we applied in acquiring all the time-lapse movies throughout this work).

However, when comparing the motility modes of conditions with specific A(t), D(t)

and v(t), SP2G requires normalization over migration area and boundary speed in

order to avoid results biased by di↵erent cell speeds. To normalize over migration

area, a time step ⌧ has to be identified, where A(⌧) / A(0) is equal to the minimum

A(end) / A(0). Thus, each condition has its own ⌧ , such that A(⌧) / A(0) is constant
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among all the conditions. Furthermore, � normalizes over the boundary speed and

is calculated in the interval 1:⌧ . Each condition is endowed with its own �, which

is larger as cells are slower. Each movie is ⌧ – � frames long, covers the same area

on average and each frame embeds information on the cell’s footprint in the last �

frames. These steps are highlighted in the lower part of Figure 2.11B.

The analysis of image features in the RA movies provides numerical outputs for

cell motility modes (Fig. 2.11B, red box in the bottom right).

• SP2G extrapolates collective migration by thresholding the region belonging to

the last bin of the RA histogram (Fig. 2.11, output #4, green area). Cells

migrating collectively forms long strands that protrude from the spheroid, thus

giving rise to higher values when averaged in the RA (Fig. 2.12A). The larger

this area, the higher the ratio with the total area occupied by the cells (values

are between 0 and 1). Strikingly, the numerical outputs of SP2G reflect the

collective migration in simulated data of moving particles in which we imposed

3 collective-migration regimes (continuous, pseudo-continuous, and di↵usive)

and 3 speed regimes (Fig. 2.12B-D).

• SP2G computes directional persistence by evaluating the image orientation

(Fig. 2.11, output #5). Due to its orientation, the grid provides 2 prefer-

ential directions for the cell path: 0°, 90°. Therefore, cells that are capable of

turning necessarily leave their footprint along 45° and 135° (the least-preferred

directions), thus increasing orientation values along these directions. Given that

there are 180 orientation values (1 per direction, sampled every 1°) that thus

constitute an Orientation Field (OF), we reasonably assumed that the spheroid

spreading is isotropic: if the center of the spheroid is placed at the origin of an

xy reference system its spreading is uniform over the 4 quadrants. Therefore

SP2G averages the values 0-90, 1-91, 2-92, etc. and gets 90 values. SP2G then

calculates directional persistence (DP in equation 2.2) as the ratio between

orientation values in the neighborhoods of preferential (0° and 90° after the

averaging) and least-preferred (45° after the averaging) directions:

DP =
OF [0�] +OF [1�] +OF [2�] +OF [3�] +OF [87�] +OF [88�] +OF [89�]

OF [42�] +OF [43�] +OF [44�] +OF [45�] +OF [46�] +OF [47�] +OF [48�]
(2.2)
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Figure 2.12: SP2G: validation for collective migration algorithm. (A) Schematic

representation of the rationale behind the calculation of collective migrations. As cells mi-

grate as strands, they give rise to higher values in the average images that, when thresholded,

form an higher area. (B) Simulated data of 100 round particles (radius=5 pixels) di↵using

with constraint (Continuous, 100% probability of being attached to a neighbor), partial con-

straint (Pseudo-continuous, 90% probability of being attached to a neighbor), or no constraint

(Di↵usive, simple di↵usion). Data were generated over 300 time frames at 3 speed regimes,

with mean 2, 2.5, 3 pixels per frame and standard deviation 2, 2.5, 3 pixels, respectively (9

conditions overall). The example depicts the example with speed=3±3 pixels per frame. (C)

Collective migration for data simulated as in (B). (D) The table summarizes the selected ⌧

and �. � was chosen so as to its product with speed equals 30. One-way ANOVA, n=30

simulations per condition.

• Finally, SP2G calculates hurdling by sampling the intensity of the grid squares

(Fig. 2.11, output #6; see Supplementary Appendix). The rationale behind

this analysis is that the cells more capable of cutting corners leave high intensity

values in the grid squares, while those sticking to the micropatterned grid do

not.

SP2G computes time trends for outputs #4-5-6, but, for the sake of simplicity, we
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reported in all the results that will follow the values averaged across spheroids from

the last frame of RA movies.

Table 2.1: Table summarizing SP2G quantitative outputs and how to obtain

them.

Table 2.1 summarizes quickly which ImageJ/Fiji macro returns which output, the

key passages to perform and what inputs they need. A brief introduction on the 7

ImageJ/Fiji macros follows.

0. Make ROI Grid. It is not strictly necessary for the completion of the analysis

workflow, though is strongly advised. It is a semi-automated process and re-

quires as input a fluorescent image of the grid micropattern, then returns to the

user a Region Of Interest (ROI) outlining the grid micropattern (ROI GRID).

ROI GRID is going to be useful to mask the grid micropattern in case, when

running the other codes, its segmentation fails, or when analyzing images de-

void of fluorescence.

1. Main. Polygon tracking and segmentation. It is the main piece of analysis.

It is a semi-automated process and requires as input the raw data (either in

.tif format or any BioFormat, which are microscope proprietary formats, e.g.

.lif from Leica). It returns as many folders as the fields of view contained in
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the raw data, that is 1 field of view per spreading spheroid. Each folder has

the name of the series/.tif and contains 6 files:

• a binarized image of the spreading spheroid (.tif);

• a binarized image of the grid (.tif);

• a binarized stack of the grid nodes (.tif);

• a binarized image of the tracking polygon (.tif);

• a representative movie of the tracking (.avi);

• a .txt file (for debugging).

All the folders are contained in a main folder dedicated to the results (1 main

folder per raw data file), which is created by SP2G in the same location of the

raw data files.

2. Average polygon. With this fully-automated code SP2G browses all the main

folders containing the single-spheroid subfolders and returns 3 outputs:

• 1 temporal stack visualizing the average polygon (.tif file);

• 1 temporal stack visualizing the average polygon standard deviation (.tif

file);

• 1 image where the average temporal stack is color-coded (.tif file).

3. Di↵usivity and Boundary speed. This is the first macro that lets the

user have numerical outputs and extrapolates 1 .csv file per cell line/condition

containing the following time trends, 1 time trend per spheroid:

• Raw area;

• Area ratio, normalized over the first value;

• Smoothed area;

• Di↵usivity;

• Boundary speed.

4. Collective migration and Directional persistence. This code is fully auto-

mated and it calculates collective migration and directional persistence. Their

values are saved in a .csv file, and are time trends, 1 time trend per spheroid
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(the top row is the initial time). Briefly, the RA movie is generated from

the spheroid binary mask and utilized to extrapolate collective migration and

directional persistence. Each frame of the RA movie is calculated by averaging

� frames, and the movie is capped at the ⌧
th frame (the final movie is ⌧ - �

frames long).

Directional persistence is calculated through the function “OrientationJ dis-

tribution” of the OrientationJ plugin, which returns the OF. As explained

previously, it performs the ratio between the direction of least resistance to

cell migration (i.e. the ones provided by the grid segments) and the direction

of most resistance (the one a cell has necessarily to face when undergoing a

directional change).

Collective migration (CM in equation 2.3) values are obtained by thresholding

each frame of the RA within the last histogram bin, that necessarily spans up

to 255 (the maximum value of an 8-bit image). The ratio

CM =
#Counts[Lastbin]

#TotalCounts
(2.3)

returns numerical values for collective migration. Background pixels are set to

NaN.

The values for both the parameters are saved in a .csv file (1 time trend per

spreading spheroid).

5. Hurdling. This macro is semi-automated and returns values for hurdling in a

.csv file. Upon generating the RA movie, SP2G samples the mean intensity of

each square of the grid micropattern. At the end of the analysis SP2G saves a

.csv file that contains:

• The mean intensity values from all the squares in all the images, normal-

ized over the maximum value of the dataset. These values are meant to be

plotted as a cumulative distribution: the lower its initial slope, the higher

the hurdling.

• The average intensity value at each time point. These values are obtained

by averaging the mean intensity values of all the squares over the total

number of squares, and this process is iterated in time.
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All the details and step-by-step instruction can be found in the supplementary ap-

pendix.
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2.4 SP2G quantifies migratory tactics adopted by

glioblastoma cells

In order to test how faithfully our SP2G in vitro protocol and the dedicated analytical

tools could characterize cell migration and cell motility modes, we had to necessarily

utilize as biological background some patient-derived, glioblastoma cell lines whose

behavior was known. This could permit to define a benchmark for the performance of

SP2G. Therefore, we examined the spreading of 3 GBM cell lines known to migrate

with di↵erent modes on grids from our previous work “Adaptive mechanoproperties

mediated by the formin FMN1 characterize glioblastoma fitness for invasion” [92]: the

NNI-11 (high proliferative, non-motile), NNI-21 (most-motile, hurdlers) and NNI-24

(motile, gliders).

As observed in Figure 2.13, we confirmed their migratory behavior with initial

experiments based on SP2G: within the same time window (4h) the most motile

NNI-21 migrated out further away than the NNI-24 and NNI-11. Time projections

quickly revealed how the NNI-21 had the most aggressive motility mode in light of

how frequently they cut angles. However, no precise quantification is permitted just

by adopting this simple approach and the profound dissection of motility modes still

remain elusive.

In order to visualize the key points of the representative time-lapse movies, we

created colored micrographs that highlight the cell edge at 4 time points (Fig. 2.14,

Right): 0 h (purple), 2.5 h (blue), 5 h (green), 7.5 h (red). Furthermore, in the phase-

contrast picture (middle) a representative ROI is meant to visualize cell migration in

the same 4 time points (the grid micropattern is superimposed in magenta colour),

while the left section displays the RA movie from the same image for the motility

modes (Fig. 2.14, Middle and Left).

When quantifying cell migration, SP2G created a bigger average polygon for the

Figure 2.13: SP2G at 0 h, 4 h, and time projections (maximum intensity, phase

contrast) of patient-derived glioblastoma cells from NNI-21, NNI-24, NNI-11

GBM cell lines. Bars are 100 µm.
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Figure 2.14: Benchmarking SP2G with NNI-21, NNI-24, NNI-11 GBM cell

lines. (Left) Micrograph highlighting cellular edges at 4 time points (0h, 2.5h, 5h, 7.5h)

as the spheroid spreads. Time is color-coded as indicated. Here 3 cell lines are tested and

ranked from most to least invasive: NNI-21, NNI-24, NNI-11 (n = 10, 11, 13 spheroids. n

= 2, 2, 2 independent experiments). (Middle) Insets displaying cellular morphology at 0h,

2.5h, 5h, 7.5h. (Right) Insets displaying the RA of the same ROI than (Middle). Image

intensity is color-coded as indicated. The 4 insets are regularly spaced within the length of

the RA movie. The time window � constituting the corresponding RA frame is indicated

at the bottom of each inset: for the non-motile cells is by default in grey colour and created

with ⌧ = 94, � = 24.

NNI-21, then NNI-24 and NNI-11 (Fig. 2.15). This graphical output was reflected in

a greater di↵usivity (Fig. 2.16A; DNNI-21(3h 30’) = 1585 ± 282 µm2/min, DNNI-24(3h

30’) = 324 ± 204 µm2/min, DNNI-11(3h 30’) = 91 ± 103 µm2/min; mean ± s.d.) and

a greater boundary speed (Fig. 2.16B; vNNI-21(0 : 3h 30’) = 1.54 ± 0.3 µm/min,

vNNI-24(0 : 3h 30’) = 0.72 ± 0.2 µm/min, vNNI-11(0 : 3h 30’) = 0.19 ± 0.07 µm/min;

mean ± s.d.). Only the NNI-21 and the NNI-24 passed the threshold for motile cell

lines (Fig. 2.16C), then the next step was to characterize their motility modes.

In accordance with our previous observation [92], the NNI-21 cells were migrating

in a stochastic and jumpy motion that was reflected in a low directional persistence
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Figure 2.15: Average polygon visualizing migration area for NNI-21, NNI-24,

NNI-11. Its expansion in time is color-coded as indicated. Bar is 100 µm.

(3.6 ± 0.7, NNI24: 8.5 ± 2.6, Fig. 2.17B) and in high hurdling (Fig. 2.17C). Hurdling

was visualized with a Cumulative Distribution Function (CDF): lower slopes indicate

more hurdling (i.e. more cutting-corner behavior and bridging over the passivated

areas). In order to render hurdling in numbers, we divided the average square

intensity of the NNI-21 by the one of the NNI-24, returning a relative value of

2.08. In general, the average square intensity of the most hurdling is divided by the

others so as to have numbers > 1. Moreover, the NNI-24 displayed higher collective

migration than NNI-21 (0.33 ± 0.07 and 0.22 ± 0.04, respectively; Fig. 2.17A).

As next step we studied how SP2G could be sensitive to external perturbations.

Figure 2.16: Di↵usivity and boundary speed for NNI-21, NNI-24, NNI-11. (A)

Di↵usivity over 3 h 30’ (p<0.0001, Kruskal-Wallis test). Dashed lines are the standard de-

viation. Dunn’s multiple comparison test: p<0.0001 for all. (B) Mean boundary speed over

3h 30’. Each dot represents a time-point and is color-coded as in Figure 2.15 (p<0.0001,

Kruskal-Wallis test). Dunn’s multiple comparison test: p<0.0001 for all. (C) Table high-

lighting motile cell lines (faster than 100 µm / 8 h = 0.21 µm/min), their corresponding �

(number of frames needed to travel 100 µm) and ⌧ - � (number of frames in the RA movie).
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Figure 2.17: Motility modes for NNI-21 and NNI-24. (A) Collective migration for

the motile NNI-21 and NNI-24. It is visualized as the ratio between the area covered by the

pixels belonging to the last bin of the histogram and the total number of pixels covered by

the cells (ALastBin / ACells). Each dot represents a spheroid. p=0.0004, two-tailed unpaired

t-test. (B) Directional persistence for the motile NNI-21 and NNI-24. It is visualized as the

ratio between the orientation along 0° and along 45° (Or(0°) / Or(45°)). Each dot represents

a spheroid. p<0.0001, two-tailed unpaired t-test. (C) Hurdling is visualized as the CDF of

the normalized mean intensity of the grid squares (image intensity is sampled in each square).

p=0.0032 (**), Kolmogorov-Smirnov test. The ratio indicates the relationship between the

average mean intensities (the sum of the mean intensity from all the squares divided by the

total number of squares) of the 2 cell lines. All the bars are 100 µm. In all the boxplots, the

middle horizontal line represents the median and the black dot is the mean value.

Given that the NNI-21 were the most migratory and the most aggressive cell line

among the 3 tested so far, we focused on NNI-21 spheroids while applying a set

of cytoskeleton-perturbing drugs. We recorded the e↵ects for the Arp2/3 inhibitor

CK666, the myosin II inhibitor blebbistatin, the microtubule poison nocodazole, and

the actin poison latrunculin-A, each at 2 di↵erent concentrations (Tab. 2.2).

For the sake of simplicity, I reported in Figure 2.18 only the milder treated

Drug Conditions tested

CK666 Control 100 µM 200 µM

Blebbistatin Control 10 µM 20 µM

Nocodazole Control 0.1 µM 1 µM

Latrunculin-A Control 0.3 µM 1 µM

Table 2.2: Summary of the conditions tested with cytoskeleton-perturbing drugs

(NNI-21). Each experiment has its own independent control.
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condition, ranked from the least to the most e↵ective (i.e. NNI-21 are ranked from

the most to the least motile condition). From the pictures, it emerged how CK666

poorly inhibited migration and the hurdling motility mode of the NNI-21, while

under Blebbistatin and Latrunculin-A treatments cells seemed more compacted (i.e.

Figure 2.18: Testing SP2G with cytoskeleton-perturbing drugs. (Left) Micrograph

highlighting cellular edges at 4 time points (0h, 2.5h, 5h, 7.5h) as the spheroid spreads. Time

is color-coded as indicated. Here 12 conditions are tested with the cell line NNI-21 (CK666

100 and 200 µM (n= 16, 14 spheroids), blebbistatin 10 and 20 µM (n = 16, 14), Nocodazole

0.1 and 1 µM (n = 20, 12), latrunculin-A 0.3 and 1 µM (n = 26, 16), plus their respective

control conditions (n = 25, 12, 16, 21)). n = 2 independent experiments per condition.

The 4 conditions under milder treatments are visualized. They are ranked from most to

least invasive: CK666 100 µM, blebbistatin 10 µM, nocodazole 0.1 µM, latrunculin-A 0.3

µM. (Middle) Insets displaying cellular morphology at 0h, 2.5h, 5h, 7.5h. (Right) Insets

displaying the RA of the same ROI in (Middle). Image intensity is color-coded as indicated.

The 4 insets are regularly spaced within the length of the RA movie. The time window �

constituting the corresponding RA frame is indicated at the bottom of each inset.
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more collectively migrating) and with thin, elongated cell bodies.

Graphical and numerical outputs helps to describe NNI-21 migration in all the

conditions (Fig. 2.19): while CK666 100 µM did not significantly decrease di↵usivity

with respect to the control condition, all the other drugs were inhibiting migra-

tion and a dose-dependent response was clearly visible (Fig. 2.19B), particularly

Figure 2.19: SP2G detects the di↵erent migratory tactics upon inhibition of

Arp2/3, myosin II, microtubules and f-Actin.. (A) Average polygon visualizing migra-

tion area. Its expansion in time is color-coded as indicated. Bar is 100 µm. (B) Di↵usivity

over 3 h 30’ (from left to right: p=0.0003, p<0.0001, p<0.0001, p<0.0001 Kruskal-Wallis

test). Dashed lines are the standard deviation. Dunn’s multiple comparison test: CK666:

CTRL vs 100 and 100 vs 200 n.s, CTRL vs 200 p=0.0002; others: p<0.0001 for all, except

CTRL vs lat-A 0.1 µM p=0.0007. (C) Mean boundary speed over 3h 30’. Each dot represents

a time-point and is color-coded as in (A) (p<0.0001, Kruskal-Wallis test for all). Dunn’s mul-

tiple comparison test. The middle horizontal line represents the median and the black dot

is the mean value. The stars above each treated condition compare it against the control,

the stars in middle-top compare the 2 treated conditions. *** means p<0.001, **** means

p<0.0001. (D) Table highlighting motile cell lines (faster than 100 µm / 8 h = 0.21 µm/min),

their corresponding � (number of frames needed to travel 100 µm) and ⌧ - � (number of

frames in the RA movie).

88



2.4. SP2G QUANTIFIES MIGRATORY TACTICS ADOPTED BY GLIOBLASTOMA CELLS

when looking at boundary speed (Fig. 2.19C). Under blebbistatin, nocodazole and

latrunculin-A spheroid spreading was decreased by at least a factor 2 (Fig. 2.19B).

CK666 didn’t alter any of the 3 motility modes (Fig. 2.20), while blebbistatin and

Figure 2.20: SP2G detects the di↵erent motility modes upon inhibition of

Arp2/3, myosin II, microtubules and f-Actin.. (A) Collective migration for the motile

conditions. It is visualized as the ratio between the area covered by the pixels belonging to

the last bin of the histogram and the total number of pixels covered by the cells (ALastBin

/ ACells). Each dot represents a spheroid. One-way ANOVA for CK666 (n.s.) and blebbis-

tatin (****) with Dunn’s multiple comparison test. t-test for nocodazole and latrunculin-A.

(B) Directional persistence for the motile conditions. It is visualized as the ratio between

the orientation along 0° and along 45° (Or(0°) / Or(45°)). Each dot represents a spheroid.

One-way ANOVA for CK666 (n.s.) and blebbistatin (****) with Dunn’s multiple compar-

ison test. t-test for nocodazole and latrunculin-A. (C) Hurdling is visualized as the CDF

of the normalized mean intensity of the grid squares (image intensity is sampled in each

square). The ratio indicates the relationship between the average mean intensities (the sum

of the mean intensity from all the squares divided by the total number of squares) of the

most hurdling against the others, in parenthesis the results of Kolmogorov-Smirnov tests:

CK666-CTRL vs CK666-100 p=0.9926 (n.s.), CK666-CTRL vs CK666-200 p=0.6828 (n.s.),

BB-CTRL vs BB10 p=5.3505e-05 (****), BB-CTRL vs BB-20 p=0.0019 (**) , Noco-CTRL

vs Noco-0.1 p=0.3499 (n.s.), LatA-CTRL vs LatA-0.3 p=0.0087 (**). In (A) and (B), the

middle horizontal line represents the median and the black dot is the mean value. The stars

above each treated condition compare it against the control, the stars in middle-top compare

the 2 treated conditions. *** means p<0.001, **** means p<0.0001.
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latrunculin-A increased collective migration (Fig. 2.20A) and persistence (Fig. 2.20B)

and decreased hurdling (Fig. 2.20C). Nocodazole didn’t a↵ect collective migration

and directional persistence but slightly decreased hurdling (Fig. 2.20).

We then exposed SP2G to finer perturbations by stamping the gridded mi-

cropatterns coated with various laminin concentrations (400, 200, 100, 50, 25, 12.5,

6.25 µg/ml) and a blank condition (no laminin, only fluorescent dye) (Fig. 2.21).

Spheroids didn’t adhere in the blank and at lowest laminin concentration (6.25

µg/ml). Although a detailed look at phase contrast pictures is insu�cient to detect

di↵erences (Fig. 2.21A-C), SP2G strikingly detected 3 regimes in NNI-21 migra-

tion: 400-200 µg/ml, 100-50 µg/ml, 25-12.5 µg/ml, which were the only 3 couples

non-statistically significant (Kruskal-Wallis test) when performing Dunn’s multiple

comparison tests of di↵usivity and boundary speed (Fig. 2.21E,F). SP2G measured

no di↵erences when analyzing the motility modes, except when comparing hurdling

at 400 µg/ml and 12.5 µg/ml, probably because the same cell line is not a↵ected

by this subtle perturbation (Fig. 2.21H-J). Altogether, these results showed SP2G

as capable of characterizing inter-patient heterogeneity in cell migration and under

fine biochemical perturbations. Therefore, we were wondering whether we could also

utilize SP2G as a tool for describing intra-patient heterogeneity in cell migration and

motility modes starting from patient-derived, low passage samples.
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Figure 2.21: SP2G detects the di↵erent migratory tactics upon changes in

laminin concentration on the substrate. (A) Micrograph highlighting cellular edges at

4 time points (0h, 2.5h, 5h, 7.5h) as the spheroid spreads. Time is color-coded as indicated.

Here 6 conditions are tested: the gridded micropattern was printed with LN at 400, 200,

100, 50, 25, 12.5 µg/ml (n = 17, 20, 16, 17, 13, 6 spheroids). They are ranked from most to

least LN concentrated. n = 3 independent experiments per condition. (B) Insets displaying

cellular morphology at 0h, 2.5h, 5h, 7.5h. (C) Insets displaying the RA of the same ROI in

(B). Image intensity is color-coded as indicated. The 4 insets are regularly spaced within

the length of the RA movie. The time window � constituting the corresponding RA frame

is indicated at the bottom of each inset. (D) Average polygon visualizing migration area.

Its expansion in time is color-coded as indicated. (E) Di↵usivity over 3 h 30’ (p<0.0001,
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Kruskal-Wallis test). Dashed lines are the standard deviation. Dunn’s multiple comparison

test: 400 vs 25 / 12.5, 200 vs 25 / 12.5 and 100 / 50 vs 12.5 p<0.0001; 100 / 50 vs

25 and 25 vs 12.5 p<0.05; others n.s. (F) Mean boundary speed over 3h 30’. Each dot

represents a time-point and is color-coded as in (D) (p<0.0001, Kruskal-Wallis test for all).

Dunn’s multiple comparison test: 400 vs 25 / 12.5, 200 vs 25 / 12.5 and 100 / 50 vs

12.5 p<0.0001; 100 vs 25 p=0.0001; 200 vs 100 p=0.0086; 400 vs 100 / 50 and 200 vs 50

p<0.05; others n.s. (G) Table highlighting motile cell lines (faster than 100 µm / 8 h =

0.21 µm/min), their corresponding � (number of frames needed to travel 100 µm) and ⌧ -

� (number of frames in the RA movie). (H) Collective migration for the motile conditions.

It is visualized as the ratio between the area covered by the pixels belonging to the last

bin of the histogram and the total number of pixels covered by the cells (ALastBin / ACells).

Each dot represents a spheroid. One-way ANOVA (n.s.) with Dunn’s multiple comparison

test (all n.s.). (I) Directional persistence for the motile conditions. It is visualized as

the ratio between the orientation along 0° and along 45° (Or(0°) / Or(45°)). Each dot

represents a spheroid. One-way ANOVA (n.s.) with Dunn’s multiple comparison test (all

n.s.). (J) Hurdling is visualized as the CDF of the normalized mean intensity of the

grid squares (image intensity is sampled in each square). Kolmogorov-Smirnov test. The

ratio indicates the relationship between the average mean intensities (the sum of the mean

intensity from all the squares divided by the total number of squares) of the most hurdling

(LN400) against the others, in parenthesis the results of Kolmogorov-Smirnov tests: LN400

vs LN200 p=0.4496 (n.s.), LN400 vs LN100 p=0.1976 (n.s.), LN400 vs LN50 p=0.4496

(n.s.), LN400 vs LN25 p=0.2659 (n.s.), LN400 vs LN12.5 p=0.0054 (**). All the bars are

100 µm. In all the boxplots, the middle horizontal line represents the median and the black

dot is the mean value.
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2.5 SP2G reveals heterogeneity in the migratory

tactics adopted by glioblastoma sub-populations

isolated from patient-derived cell lines

Heterogeneity in GBM has been characterized both inter- [45] and intra-patient [46].

As introduced in section 1.2 of this PhD thesis, these 2 landmark papers pinpointed

how GBM tumors are diseases with intrinsic properties that di↵er not only from pa-

tient to patient, but from cell to cell within the same tumor. Apart from correlation

between patient survival in the Cytosine-Phosphate-Guanine Island Methylator Phe-

notype (G-CIMP) in the proneural subtype and between MGMT DNA methylation

status and response to radio/chemotherapeutic treatments in the classical subtype,

GBM tumors never share a universal biomarker or mutation, despite EGF-Receptor

is the only gene locus often displaying focal amplification across patients. Similarly,

cells in the same tumor express diverse transcriptional programs related to oncogenic

signaling, proliferation, complement/immune response, and hypoxia, sharing only a

continuum of stemness-related expression states that endows GBM with resistance

to therapies by repairing DNA damages caused thereof [43]. Furthermore, hetero-

geneous GBM displayed di↵erence in their genomic [48, 49], epigenetic [50, 51] and

transcriptomic [52] profiles, which are mutating under therapy [53] and largely main-

tained when cultured in vitro [54]. This literature confirmed how sub-populations

do exist in GBM tumors and possess di↵erent molecular signatures: whether this

heterogeneity is reflected in cell migration and motility modes is still unknown.

Using SP2G, we de novo characterized 2 patient-derived GBM cell lines (the

GBM7; and GBM22). Intriguingly, we were able to respectively test 5 and 6 of their

sub-populations, which we isolated from the original heterogeneous bulk. We initially

tested the GBM7 bulk and we observed a pool of motile cells tearing apart the initial

spheroid into 3 daughter spheroids, as if motile cells were carrying “hitchhiking” non-

Figure 2.22: SP2G at the indicated time-points of the patient-derived cell line

GBM7 heterogeneous bulk.
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motile cells (Fig. 2.22). This observation suggested that the GBM7 cell line might

be composed of di↵erent cell populations.

To test this hypothesis, we performed serial dilutions of the heterogeneous GBM7

bulk in 96-well plates such that in the last row we had 1 cell, in the last-last row 2

cells, then 4 cells, 8, 16, 32, 64, and 128 (12 replicate-wells per density). Given that

we maintained GBM cells in stem, non-adherent conditions as spheroid aggregates,

we assumed that the presence of 1 spheroid was originated from a single mother

cell that gave rise to a clonal sub-population. Conversely, the presence of 2 or more

spheroids entailed that originally there were 2 or more cells, potentially diverse. In

this case the content of that well was discarded. With this method we then isolated

several sub-populations and analyzed their phenotype with SP2G. From the GBM7

cell line, we analyzed 3 motile sub-populations (from most to least motile: #09, #01,

#07) and 2 non-motile (#03, #02) (Fig. 2.23).

Figure 2.23: SP2G at the indicated time-points of the patient-derived cell line

GBM7 sub-populations. (A), Phase-contrast pictures of the GBM7 sub-populations

#09, #01, #07, #03, #02 cultured in petri-dishes (top, bar is 50 µm). SP2G at 8 hours

(bottom, bar is 100 µm). (B) Table highlighting the motile sub-populations (faster than

100 µm / 8 h = 0.21 µm/min) upon testing with SP2G, their corresponding � (number of

frames needed to travel 100 µm) and ⌧ - � (number of frames in the RA movie).

In the motile clones, the easiest-to-spot di↵erences can be seen just by looking

at cell morphologies (Fig. 2.23A). Cells from #09 and #07 had small cell bodies

that rounded up in correspondence of the nucleus and two thin long processes.

Di↵erently, cells from #01 had a bulkier morphology, they looked flatter and more

evenly spread, being their lamellipodia much larger than #09 and #07. The non-

motile clones clustered in islands, with #03 aggregating in adherent spheroids. In

particular, #03 had a bulky shape and larger processes than #02, which seemed able

to extend longer and thinner lamellipodia.
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Figure 2.24: SP2G reveals heterogeneity in the migratory tactics adopted by

glioblastoma sub-populations isolated from the GBM7 patient-derived cell line.

(Left) Micrograph highlighting cellular edges at 4 time points (0h, 2.5h, 5h, 7.5h) as the

spheroid spreads. Time is color-coded as indicated. Here 5 cell lines are tested and ranked

from most to least invasive: #09, #01, #07, #03, #02 (n = 22, 23, 20, 22, 22 spheroids.

n = 3 independent experiments each). (Middle) Insets displaying cellular morphology at

0h, 2.5h, 5h, 7.5h. (Right) Insets displaying the RA of the same ROI in (Middle). Image

intensity is color-coded as indicated. The 4 insets are regularly spaced within the length of

the RA movie. The time window � constituting the corresponding RA frame is indicated

at the bottom of each inset: for the non-motile cells is by default in grey colour and created

with ⌧ = 94, � = 24.
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When tested with SP2G, the 5 sub-populations exhibited di↵erent behaviors,

particularly in the motile ones (Fig. 2.24). As highlighted by the micrographs

in Figure 2.24-Left, #09 migrated out of the spheroid as small single cells that

homogeneously covered its surroundings, while #01 and #07 formed hundreds-of-

microns long strands that were directly in contact with the spheroid. This feature is

clearly evident when visualizing the RA movie (Fig. 2.24, Right) Among these, #01

displayed a more epithelial phenotype capable of bridging the gaps of the grid, in line

with the flatter and bulkier single-cell morphology (Fig. 2.23A), while the strands in

#07 were irregular buds in which the single cells seemed more rounded-up.

As a further validation of this migration behavior, we then tested the 5 popu-

lations in the brain slice assay and, strikingly, the motility behavior reflected the

results obtained with SP2G (Fig. 2.25). Spheroids from #09, #01, #07 invaded the

brain slice, with #01 forming collective strands as in SP2G in vitro setup. Due to

tissue opacity, it is hard to deduce conclusions about the motility modes from #09

and #07. Nevertheless, #03 and #02 were poorly motile, similarly to the results

obtained from SP2G.

Figure 2.25: Speroid Spreading of GBM7 sub-populations (green, DiOC6 dye)

lent against an ex-vivo brain slices. The blood vessels are in magenta colour (Dil dye,

intracardial injection). 2 time points per sub-population are shown, 0 h and 40 h. From

left to right, top: #09, #01, #07. From left to right, bottom: #03, #02. Bar is 100 µm.

The graphical and numerical outputs by SP2G for characterizing cell migration

are summarized in Table 2.3 and in Figure 2.26.
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#09 #01 #07 #03 #02

D(3h 30’) [µm2/min] 363 ± 245 273 ± 197 178 ± 128 36 ± 64 34 ± 41

v(0 : 3h 30’) [µm/min] 0.58 ± 0.15 0.38 ± 0.12 0.35 ± 0.08 0.12 ± 0.03 0.17 ± 0.04

Table 2.3: Summary of the numerical outputs provided by SP2G for cell migra-

tion of the GBM7 sub-populations. D(3h 30’) is the value of di↵usivity sampled at

3h 30’, v(0 : 3h 30’) is the boundary speed averaged in the interval 0 : 3h 30’. Data are

expressed as mean ± s.d.

Figure 2.26: SP2G detects di↵erences in the migration of GBM7 sub-

populations. (A) Average polygon visualizing migration area. Its expansion in time

is color-coded as indicated. Bar is 100 µm. (B) Di↵usivity over 3 h 30’ (p<0.0001,

Kruskal-Wallis test). Dashed lines are the standard deviation. Dunn’s multiple comparison

test: #09 vs #03 / #02, #01 vs #03 / #02, #07 vs #03 / #02 p< 0.0001; others n.s.

(C) Mean boundary speed over 3h 30’. Each dot represents a time-point and is color-coded

as in (A) (p<0.0001, Kruskal-Wallis test). Dunn’s multiple comparison test: #09 vs #03

/ #02, #01 vs #03 / #02, #07 vs #03 / #02 p<0.0001; #09 vs #01 p=0.0054; #09 vs

#07 p=0.0013; others n.s. The middle horizontal line represents the median and the black

dot is the mean value.

When analyzing the motility modes, SP2G detected lower collective migration

values in clone #09 compared to the other sub-populations, in line with the con-

siderations made when describing the micrographs in Figure 2.24-Left. Similarly,

clone #01 was the most hurdler. SP2G detected no significant changes in directional

persistence between the 3 motile clones (Fig. 2.27).
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Figure 2.27: SP2G detects di↵erences in the motility modes of GBM7 sub-

populations. (A) Collective migration for the motile #09, #01 and #07. It is visualized

as the ratio between the area covered by the pixels belonging to the last bin of the

histogram and the total number of pixels covered by the cells (ALastBin / ACells). Each

dot represents a spheroid. p=0.0458, ordinary one-way ANOVA. Multiple comparisons all

n.s. (#09 vs #01 p=0.0696; #09 vs #07 p=0.0903). (B) Directional persistence for the

motile #09, #01 and #07. It is visualized as the ratio between the orientation along

0° and along 45° (Or(0°) / Or(45°)). Each dot represents a spheroid. n.s, ordinary one-

way ANOVA. Multiple comparisons all n.s. (C) Hurdling is visualized as the CDF of the

normalized mean intensity of the grid squares (image intensity is sampled in each square).

The ratio indicates the relationship between the average mean intensities (the sum of the

mean intensity from all the squares divided by the total number of squares) of the most

hurdling (#01) against the others. The results of Kolmogorov-Smirnov tests between #01

vs #07 p=0.7992 (n.s.), #01 vs #09 p=0.0087 (**) are indicated in parenthesis. In all the

boxplots, the middle horizontal line represents the median and the black dot is the mean

value.

With the same technique described at the beginning of this section we isolated

4 motile and 2 non-motile sub-populations from the GBM22 heterogeneous bulk.

The GBM22 heterogeneous bulk, when tested with SP2G, did not break apart into

various small spheroids as the GBM7 case. However, the pictures in Figures 2.28

highlights how smaller cells are at the invasive front, while other bulkier and flatter

Figure 2.28: SP2G at the indicated time-points of the patient-derived cell line

GBM22 heterogeneous bulk.
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remained closer to the spheroid.

When we isolated the sub-populations with serial dilutions in 96-well plates and

plated them on 2D flat substrates, we recorded how cells from #14-#19-#01 had

small cell bodies and thin long processes, while cells from #08 formed several cell-

to-cell interconnections. Cells from #16 and #07 grew as islands, and #07 clumped

in spheroids and from #16 cells looked flatter and more spread than the other

sub-populations (Fig. 2.29).

Figure 2.29: SP2G at the indicated time-points of the patient-derived cell line

GBM22 sub-populations. (A), Phase-contrast pictures of the GBM22 sub-populations

#14, #19, #01, #08, #16, #07 cultured in petri-dishes (top, bar is 50 µm). SP2G at 8

hours (bottom, bar is 100 µm).

We then proceeded at testing with SP2G the batch of sub-populations isolated

from the GBM22.

A quick look at the micrographs (Fig. 2.30,Left) readily shows how #14 is the

most motile sub-population, evenly covering the surroundings of the spheroid as a

set of small and stochastically moving cells. #19 seem to be similar in morphology

and motility modes, its migration rate looks smaller though. As pointed by RA

pictures (Fig. 2.30,Right), #01 and #08 look like forming collective strands, with

#08 capable of protruding long cell-to-cell interconnections that, in #01, are more

irregular as cells grows as disorganized bunches. #16 and #07 did not move in SP2G

conditions.

As SP2G provided numerical outputs, it detected a clear trend from the most

motile until the non-motile population when quantifying di↵usivity and boundary

speed (Fig. 2.31). The numerical outputs are summarized in Table 2.4.
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Figure 2.30: SP2G reveals heterogeneity in the migratory tactics adopted by

glioblastoma sub-populations isolated from the GBM22 patient-derived cell line.

Full caption is displayed in the next page.

100



2.5. SP2G REVEALS HETEROGENEITY IN THE MIGRATORY TACTICS ADOPTED BY

GLIOBLASTOMA SUB-POPULATIONS ISOLATED FROM PATIENT-DERIVED CELL LINES

Figure 2.30: SP2G reveals heterogeneity in the migratory tactics adopted by

glioblastoma sub-populations isolated from the GBM22 patient-derived cell line

(continued). (Left) Micrograph highlighting cellular edges at 4 time points (0h, 2.5h, 5h,

7.5h) as the spheroid spreads. Time is color-coded as indicated. Here 6 cell lines are

tested and ranked from most to least invasive: #14, #19, #01, #08, #16, #07 (n =

15, 15, 14, 15, 13, 11 spheroids. n = 2 independent experiments each). (Middle) Insets

displaying cellular morphology at 0h, 2.5h, 5h, 7.5h. (Right) Insets displaying the RA of

the same ROI in (Left). Image intensity is color-coded as indicated. The 4 insets are

regularly spaced within the length of the RA movie. The time window � constituting the

corresponding RA frame is indicated at the bottom of each inset: for the non-motile cells

is by default in grey colour and created with ⌧ = 94, � = 24.

#14 #19 #01 #08 #16 #07

D(3h 30’) [µm2/min] 985±315 440±222 220±128 108±67 34±49 26±32

v(0 : 3h 30’) [µm/min] 0.98±0.31 0.65±0.20 0.41±0.15 0.27±0.03 0.13±0.03 0.11±0.02

Table 2.4: Summary of the numerical outputs provided by SP2G for cell migra-

tion of the GBM22 sub-populations. D(3h 30’) is the value of di↵usivity sampled at

3h 30’, v(0 : 3h 30’) is the boundary speed averaged in the interval 0 : 3h 30’. Data are

expressed as mean ± s.d.

For motility modes, SP2G classified #08 as the most collectively migrating pop-

ulation (Fig. 2.32A), coherently with the RA pictures in Figure 2.30-Right. As

illustrated while describing the micrographs of Figure 2.30-Left, #14 was quantified

as as the most hurdling (Fig. 2.32C). Finally, SP2G detected #01 as the most per-

sistent (Fig. 2.32B), in line with the long strands that forms as the spheroid spreads

(Fig. 2.30).

In conclusion, these results showed that sub-populations hidden in patient-derived

samples spanned a range of motility comparable to those from di↵erent patients (Fig.

2.16) and that we developed a tool capable of detecting di↵erences in cell migration

and motility modes as several samples are tested with it.

Next, we hypothesized whether these di↵erences in intra-patient cell motility

and motility modes could be reflected in their transcriptional profile and hence we

investigated their bulk RNA expression.
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Figure 2.31: SP2G detects di↵erences in the migration of GBM22 sub-

populations. (A) Average polygon visualizing migration area. Its expansion in time

is color-coded as indicated. Bar is 100 µm. (B) Di↵usivity over 3 h 30’ (p<0.0001,

Kruskal-Wallis test). Dashed lines are the standard deviation. Dunn’s multiple comparison

test: #14 vs #01 / #08 / #16 / #07, #19 vs #16 / #07, #01 vs #16 / #07, #08 vs

#16 / #07 p<0.0001; #19 vs #08 p=0.0051; others n.s. (C) Mean boundary speed over

3h 30’. Each dot represents a time-point and is color-coded as in (A) (p<0.0001, Kruskal-

Wallis test). Dunn’s multiple comparison test: #14 vs #01 / #08 / #16 / #07, #19 vs

#16 / #07, #01 vs #16 / #07, #08 vs #07 p<0.0001; #19 vs #08 p=0.0001; #08 vs

#16 p=0.0017; others n.s. (D) Table highlighting the motile sub-populations (faster than

100 µm / 8 h = 0.21 µm/min), their corresponding � (number of frames needed to travel

100 µm) and ⌧ - � (number of frames in the RA movie). In all the boxplots, the middle

horizontal line represents the median and the black dot is the mean value.
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Figure 2.32: SP2G detects di↵erences in the motility modes of GBM22 sub-

populations. (A) Collective migration for the motile #14, #19, #01 and #08. It is

visualized as the ratio between the area covered by the pixels belonging to the last bin of

the histogram and the total number of pixels covered by the cells (ALastBin / ACells). Each

dot represents a spheroid. p<0.0001, ordinary one-way ANOVA. Multiple comparisons:

#08 vs #14 / #19 / #01 p<0.0001; #01 vs #14 p=0.0085; others n.s. (B) Directional

persistence for the motile #14, #19, #01 and #08. It is visualized as the ratio between

the orientation along 0° and along 45° (Or(0°) / Or(45°)). Each dot represents a spheroid.

p=0.0134, ordinary one-way ANOVA. Multiple comparisons: #01 vs #08 / #14 p<0.05;

others n.s. (C) Hurdling is visualized as the CDF of the normalized mean intensity of

the grid squares (image intensity is sampled in each square). Kolmogorov-Smirnov tests:

#14 vs #19 p=0.0715 (n.s.), #14 vs #01 p=0.0019 (**), #14 vs #08 p=0.0011. The

ratio indicates the relationship between the average mean intensities (the sum of the mean

intensity from all the squares divided by the total number of squares) of the most hurdling

(#14) against the others. In all the boxplots, the middle horizontal line represents the

median and the black dot is the mean value.

103



CHAPTER 2. RESULTS

2.6 Transcriptomic analysis of GBM7 sub-populations

validates intra-patient heterogeneity highlighted

with SP2G

To further characterize the sub-populations from our glioblastoma patient-derived

samples and gain insights in the molecular players that might di↵erentiate the clones

that composed the original heterogeneous bulk, we extracted the RNA from the

5 sub-population isolated from the cell line GBM7. We hence profiled their tran-

scriptional landscape using RNA-sequencing (RNA-seq), having as ultimate goal to

correlate their transcriptional profile with their motile phenotype.

When working with RNA-seq data, it is challenging to simultaneously visualize

tens of millions of reads in a single graph on a single graph. Therefore, we adopted a

dimension reduction approach, Principal Component Analysis (PCA), and each sub-

population was projected in the resulting feature space. Interestingly, we found that

the motile group (clones #01, #07 and #09) and the non-motile one (clones #02,

#03) occupied distinct regions in the feature space (Fig. 2.33), suggesting that the

2 groups might have di↵erent molecular signatures that correlated with their motile

behavior.

Figure 2.33: PCA showing segregation of the 5 GBM7 sub-population in motile

(red) and non-motile (blue) groups.

To further investigate this aspect, we performed Gene Set Enrichment Analy-

104



2.6. TRANSCRIPTOMIC ANALYSIS OF GBM7 SUB-POPULATIONS VALIDATES

INTRA-PATIENT HETEROGENEITY HIGHLIGHTED WITH SP2G

Figure 2.34: GSEA of di↵erentially expressed genes in the motile group (#09,

#01, #07) vs non-motile ones (#03, #02). GSEA was performed using the Kyoto

Encyclopedia of Genes and Genomes (KEGG) gene set in the GSEA molecular signatures

database. Moderated t-statistic was used to rank the genes. Reported are Normalized

Enrichment Scores of enriched pathways.

sis (GSEA) of di↵erentially expressed genes in motile versus non-motile conditions,

which, among others, showed enrichment in the ECM-receptor interaction and FA

pathways (Fig. 2.34). Both of these pathways are related with cell motility that, in

general, is driven by interactions with ECM and FA expression [77, 140].

Therefore, we hypothesized that the expression of key integrins could di↵erentiate

between motile and non-motile sub-populations. To this extent, z-score of expression

levels of integrin genes extrapolated from RNA-seq data indicated that the laminin-

binding integrins (particularly ITGA1, ITGA3, ITGA6) were enriched in the motile

clones compared to the non-motile. Conversely, the fibronectin-binding integrins were

either poorly expressed or uncorrelated to the motility behavior of the cells (Fig.

2.35). These results were confirmed by quantitative PCR (qPCR) analysis, showing
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Figure 2.35: Heatmap representing z-score of expression levels of integrins.

Laminin-binding integrins (ITGA1,2,3,6,7,10) are enriched in the motile clones.

that the laminin-binding integrins ITGA3 and ITGA6 were highly enriched in the

motile clones while the fibronectin-binding integrin ITGAV was not (Fig. 2.36).

To gain insights at the protein level, we confirmed the results from the RNA

level by western blot (Fig. 2.37): the protein level of the laminin-binding integrin

ITGA6 were much higher in the motile #09, #01, #07 than in the non-motile #03,

#02, whereas the fibronectin-binding integrin ITGAV were constant throughout the

5 clones.

Taken together, these results validate the motile versus non-motile classification

made with SP2G and provide insights on the molecular determinants that character-

Figure 2.36: Bar plot of mRNA expression levels of ITGA1, ITGA2, ITGA3,

ITGA5, ITGA6, ITGA7, ITGA10, ITGAV, and CD44 determined by qRT-PCR

in the 5 GBM7 sub-populations. The data are normalized over the expression in clone

#03. n=3 independent experiments each.
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ize GBM intra-patient heterogeneity in cell motility.

Figure 2.37: Integrin alpha6 is upregulated in motile clones compare to non-

motile. Expression of ITGA6, ITGAV and tubulin in total extracts of the indicated cell

lines growing as adherent monolayers on laminin-coated plates.
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2.7 Preliminary studies of functional cellular net-

works validate the motility modes detected by

SP2G

As introduced in section 1.3, glioblastoma cells can form large functional networks

via long connecting bridges that help cells to protect themselves from damages such

as radiation [122, 125]. These networks allow communications among neighboring

cells via sub-cellular structures, namely the TM and the TNT [132]. Key molecular

players identified throughout the years are GAP43, which is enriched at the tips of

TMs, and CX43, responsible for the stability of the gap junctions, which are the

junction formed when TMs successfully bridge neighboring cells. Moreover, p120-

catenin, a protein involved in the stability of adherens junctions, has been identified

as a central hub enabling dynamic cell–cell interactions and network infiltration into

brain parenchyma [128].

Calcium signaling waves can be observed propagating within this type of net-

works [122, 128] and constitute a powerful readout to prove whether in a cell line

intercellular communications do exist and, if it does, how e�cient it can be. Using

Figure 2.38: Intercellular communication and calcium waves propagation. (A)

Snapshot of the cells before the 2-photon pulse (left), just after the pulse (250 ms long)

that triggers photolysis (middle) and 30 s after the photolysis (right). The magenta circle

corresponds to the point where the 2-photon pulse was induced. Color-bar corresponds to

the intensity of the calcium signal. (B) Signal intensity of the calcium dye Rhod-2-AM

overtime normalized over the mean intensity of all the pre-pulse frames.
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MOTILITY MODES DETECTED BY SP2G

our gridded micropattern, we indeed analyzed the ability of our NNI-21, NNI-24,

NNI-11 patient-derived GBM cell lines to form this type of functional networks and

gave preliminary hints on the molecular players involved.

We induced calcium waves through a 2-photon excitation system. Briefly, when

cells reach confluency on the grid, the samples were loaded with the calcium dye

Rhod-2-AM and the calcium chelator DMNP-EDTA. The former stained the calcium

ion for fluorescent readout, the latter sequestered a fraction of the calcium present in

the cell medium. When excited with a pulse from a 2-photon laser, the sequestered

calcium is promptly released by photolysis, being the EDTA sensitive to ultraviolet

wavelenghts. The localized, sudden spike in calcium concentration should propagate

through the cell network depending on the presence of the cell-cell communication

bridges: in this context, the grid system ensures a robust readout on how far calcium

waves could potentially propagate.

With this assay, we have been able to record calcium waves within networks

formed by our motile cells NNI-21 and NNI-24 while our non-motile NNI-11 were

Figure 2.39: Intercellular communication and expression of related proteins.

(A) 10 fields of view from an independent experiment are reported. The success rate is

indicated on the left, pooling 2 independent experiments (10 fields of view per cell line

per experiment). (B) Protein expression of the cell-cell adhesion markers p120-catenin,

connexin-43 and GAP43 in total cell extracts from the NNI cells.
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not able to transmit any signal (Fig. 2.38A, 2.39A). In addition to a correlation

between the motile/non-motile phenotype and the presence/absence of propagating

calcium waves, the paramount strength of how the waves propagate in the NNI-

24 (Fig. 2.38B) is in close relationship with their higher collective migration (Fig.

2.17A). In accordance, molecules that have been involved in these networks such as

connexin 43, Gap43 and P120-catenin were upregulated in NNI-21 and NNI-24 (Fig.

2.39B).
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Chapter 3

Discussion

In heterogeneous tumors such as glioblastoma, some cells can be highly aggressive

migrating long distances from the tumor core by following Scherer’s structures, while

other cells can be less motile and maybe more proliferative likely remaining in the

tumor core. Our goal is to develop a method to rapidly define the various motility

modes present in single patients and to identify which ones are the most e�cient at

invading mammalian brains. In previous studies, we and others, demonstrated that

linear patterns were excellent proxy to mimic the brain blood vessel tracks, allowing

high resolution imaging and analysis [180, 177, 183, 181, 91]. In particular, gridded

micropatterns allowed to easily di↵erentiate various motility modes [92]. Here, we

improved our grid system by using spheroid spreading assays (SP2G for SPheroid

SPreading on Grids, Fig. 2.11). Besides allowing a faster, semi-automated analysis

of the cell migration by tracking the spreading area of the spheres, this assay allows

the analysis of the cell motility on a näıve, clean substrate which has never seen a

glioma cell, similarly to the surface of brain blood vessels before being invaded by

glioblastoma.

3.1 Comparison of SP2G with other in vitro sys-

tems

We have developed SP2G as a comprehensive in vitro method for the holistic char-

acterization of GBM migration and motility modes. In particular, SP2G relies on

a gridded micropattern [92] that reproduce the tangled topography given by the

Scherer’s structures. In vivo, GBM exploits these structures as an invasive highway
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[77]. Being no cells in the brain further than 25 µm from a capillary [100], the

choice of 75 µm as grid edge is a good proxy to mimic the density of the vessel

network (Fig. 2.1) [184]. Moreover, the topography imposed by the grid provides

linear cues exploited by cells in ex vivo brain slice assays and, likewise, it induces the

formation of invasive strands (Fig. 2.7) [105, 212]. Conversely, invasion is isotropic

in 3D hydrogels devoid of topographical cues (Fig. 2.5) [148, 213]. Our gridded

micropattern triggers motility modes that recapitulate the ones seen in 3D environ-

ments (Fig. 2.8) [210, 214]: strikingly, Doyle and collaborators [214] showed how

mono-dimensional patterns triggers cell migration mechanisms similar to the ones

adopted in three-dimensional configurations. Here, we propose a set of monodimen-

sional patterns that form a network via several criss-crosses. Importantly, this setup

keeps the advantages of simpler in vitro systems, such as experimental reproducibil-

ity, time profitability and amenability to high-resolution imaging techniques (Fig.

2.10). However, SP2G might be inadequate for co-cultures between GBM and other

cell lines, whereas mechanical confinement or chemical perturbations can be easily

applied. In the brain slice and 3D hydrogel assays, despite they recapitulate well the

cues of the in vivo 3D environment, imaging can be troublesome because of opacity

that, in turn, prevents the development of analytical tools.

3.2 Advantages introduced by SP2G analytical tool-

box

In fact, SP2G combines the experimental section with an ImageJ/Fiji toolbox tailored

on it. The toolbox relies on 7 macros that deliver 3 outputs for cell migration

(area, di↵usivity, boundary speed) and 3 outputs for the motility modes (collective

migration, directional persistence, hurdling). The short duration of our experiments

(8 hours) reasonably ensures the independence from cell proliferation. We utilized

the patient-derived cell lines NNI-11, NNI-21 and NNI-24 as a benchmark to assess

the performance of SP2G analytical toolbox (Fig. 2.14). In our previous work [92],

we extensively studied the migration and the motility modes of these 3 cell lines. The

NNI-11 were non-motile and highly proliferative, while the NNI-21 and NNI-24 were

both di↵usive, endowed with a stochastic, jumpy motion (hurdlers) and following the

same track with high persistence (gliders), respectively. When tested with SP2G, the
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motile NNI-21 and NNI-24 mirrored their known migration trend (90 and 60 µm/h

for the NNI-21, SP2G and single cells on grid, respectively; 40 and 30 µm/h for

the NNI-24) and, strikingly, SP2G enhanced their motility modes, confirming the

high directional persistence of NNI-24 and hurdling of NNI-21. Furthermore, SP2G

highlighted the formation of collective strands in the NNI-24, which is boosted as

the spheroid acts as a reservoir for the cells to di↵usively spread, a feature that we

could not observe in our previous study [92].

3.3 Advantages introduced by utilizing spheroids

Indeed, for migration and invasion studies, spheroids are the sine-qua-non to dissect

the motility modes behind the transition from a clustering niche towards a di↵usive

entity. Spheroids also allow to study 2D migration, 3D invasion, motility modes, the

influence of biomaterials, microenvironmental cues, and drugs [137, 148, 173, 213].

Our results using a panel of cytoskeleton-perturbing drugs illustrate the suitability

of SP2G as a sensitive drug screening platform (Fig. 2.18), unveiling dependency of

SP2 on myosin II, microtubule, and f-actin for migration and motility modes. SP2

was independent from arp2/3, similarly to previous findings in glioblastoma [91].

This confirmed the suitability of SP2G as a motility platform to tackle glioblastoma

invasion and showed its sensitivity, as di↵erences at low dose of drugs were visible,

particularly for microtubule perturbations (Fig. 2.19). These e↵ects are usually

hard to detect at low concentrations with other methods. Future experiments could

investigate the e↵ects of chemoterapeutic agents such as temozolomide.

The use of spheroids underlined other key aspects of GBM migration. For ex-

ample, they keep a näıve microenvironment, useful to unveil the e↵ects of external

biochemical cues. In our case it revealed a striking dose-dependency on the laminin

concentration of the gridded micropattern (Fig. 2.21): by modifying the density of

laminin of the grid, we showed how SP2G fits in tackling micro-environmental cues

like fine di↵erences in the biochemical composition of the substrate. Interestingly,

the migration velocity of PtK1 cells on fibronectin substrates from 2.5 to 100 µg/ml

peaked at 10 µg/ml, forming a gaussian-like trend [215]. When we tested the NNI-21

with SP2G, their migration monotonically increased up to the highest concentrations

(200 and 400 µg/ml): whether this is due to an addiction of the NNI-21 to laminin

or to flaws in microcontact printing (it is unclear how much protein is transferred
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from the PDMS stamp to the substrate) is still unclear.

3.4 SP2G added value in studying glioblastoma

heterogeneity

SP2G underlined other key aspects of GBM migration. For example, it revealed

the hitch-hiking motility mode in one of our patient-derived samples. In fact, in

our best example a GBM7 spheroid is torn apart into 3 daughter spheroids (Fig.

2.24), leading us to hypothesize the presence of hidden sub-populations within a

heterogeneous tumor. In fact, spheroids maintain intra-heterogeneity and stemness

of the native cancer while forming a clustering niche. On one hand, the presence

of glioma stem cell niches endows the cancer with plasticity that relies on stemness

and heterogeneity [45, 46, 53, 54], but on the other, recent avenues propose to

leverage this GBM plasticity to induce an indolent di↵erentiation state (i.e. lacking

di↵erentiation and tumor initiation capacity) potentially targetable with existing

therapies [216].

Intra-heterogeneity in glioblastomas is deeply studied with genomic and tran-

scriptomic tools [48, 49, 50, 51, 52]. However, how this heterogeneity is reflected

in motility was poorly understood. Here we have reported how 11 sub-populations

derived from 2 patient-derived samples behave di↵erently in terms of migration,

hurdling, persistence and collective migration (Fig. 2.26, 2.27, 2.31, 2.32). The

sub-populations have di↵erent cell shapes, some aggregate spontaneously in islands

or spheroids when cultured in 2D, others are prone to form several cell-to-cell in-

terconnections (Fig. 2.23, 2.29). Furthermore, our transcriptomic analysis showed

clustering of the motile versus non-motile groups (Fig. 2.33) and, while looking for

enrichment in gene sets key pathways, ECM-receptor interaction and focal adhesion

emerged (Fig. 2.34). We confirmed this result by qPCR (Fig. 2.36) and western

blot (Fig. 2.37), showing a higher expression in the laminin binding integrins, in

agreement with glioma preference for laminin and with the large presence of laminin

on brain blood vessels [91, 92, 217, 86, 102]. Interestingly, we found a higher pro-

tein expression in the motile GBM7 sub-populations for the integrin Alpha 6 (Fig.

5e), which is known to regulate glioblastoma stem cells [217]. At this stage, we do

not know whether the di↵erences in sub-population motility and their combination
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in the hitch-hiking mode might be present in vivo. Tracing the history of patients

by correlating with in vivo data is likely to help on how heterogeneity and GBM

di↵usivity mutually drive GBM invasion in patients.

3.5 Discussion of preliminary results obtained in

the study of glioblastoma functional networks

Another feature I co-studied utilizing the gridded micropattern is the formation of

cellular networks in the glioblastoma cell lines NNI-11, NNI-21, NNI-24 (Fig. 2.38).

Despite the setting is slightly di↵erent than SP2G (no spheroid is utilized), the

principle is similar: the central point of the field of view is the starting point of

a propagating calcium wave, which is triggered by an external a 2-photon pulse.

Interestingly, the calcium wave strength (Fig. 2.38B) and the expression of key

molecules involved in multicellular networks as connexin 43, Gap43 and P120-catenin

(Fig. 2.39B) correlates with motility and collective migration values quantified by

SP2G (Fig. 2.16,2.17). These results are in line with the milestone study by Osswald

and collaborators in Winkler lab [122], where the increased expression of GAP43 is

linked to higher tumor proliferation, area and volume in a PDX murine model.

In the latest work from the same lab [218], Venkataramani and colleagues showed

how heterogeneity is linked to brain invasion in the context of TM an functional

network formation. Neural-like GBM cells who are disconnected from others drive

GBM invasion and form neurogliomal synapses. This causes the de novo formation

of TMs and increased cell’s invasion speed. These results show how GBM invasion

and heterogeneity are closely interlinked: with respect to this PhD work, it would

be interesting to study how our sub-populations propagate calcium waves and form

functional networks, and correlate these results with their capacity to drive GBM

invasion. Assuming that the most-motile sub-populations drive the invasion of the

others [218], it would be interesting to study whether the most motile cells are

the more disconnected, and, when re-pooled with the less-motile sub-populations,

investigate the way they cooperate.
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3.6 Expanding SP2G towards a pan-cancer screen-

ing method

SP2G can be potentially expanded as a pan-cancer, motility screening device. Out-

side of glioblastoma, in which cells were studied with tapered grooves aiming to

screen anti-motile drugs [181] or with electrospun fibers to attract the most-migratory

cells in an implantable trap filled with citotoxic drugs [180], motility screening de-

vices were developed for instance in breast cancer, ovarian cancer, and carcinoma

[219, 220, 221, 222]. Together, these works revolve around the spontaneous migra-

tion characteristics of the selected cell pools in order to retrieve them for downstream

analysis. For example, Chen et al. [220] developed a microfluidic chip to profile the

chemotactic heterogeneity in the metastatic breast cancer cell line MDA-MB-231: the

chemotactic cells were more migratory and sparsely growing. Similarly, the work of

Yankaskas and collaborators exploits constrictions in a microfluidic device to predict

the metastatic and proliferative properties of a panel of breast cancer cell lines [222].

Wang and collaborators utilized needles filled with Matrigel to retrieve carcinoma

cells from primary mammary tumors in rats [219]. This approach was utilized to

study gene expression in motile and non motile cells, showing that the genes involved

in cell division, survival, and cell motility were upregulated in the migratory cells.

Arora et al. developed 3D methods for sorting motile and non-motile cells [221]. One

of them relies in peeling o↵ the top layer of a 3D laminated device, assuming the

migration of breast and ovarian cancer cell lines from the bottom substrate towards

the top one, which is coated with fibronectin. All these methods allow molecular

post-characterization of the sorted cell lines, while SP2G tracks and deeply describes

the motility based on live cell imaging. The 2 approaches may be complementary, as

these works do not permit to track cell motility and might be quicker for cell sorting.

Conversely, for this PhD work, cells are sorted independently of the SP2G workflow,

which is meant to screen the motility properties of any cell lines interacting with the

gridded micropattern: this aspect is not considered in any of these works. In this

sense, the versatility of our system will be proved with experiments involving a panel

of cancer cell lines other than brain.
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3.7 Limitations of this study

The last aspect worth discussing concerns the bottlenecks hidden in SP2G. They

span aspects such as microfabrication, in vivo mimicry, and the lack of biochemical

pathways that could be targeted with therapies.

Microcontact printing presents hidden flaws in the concentration that is actually

stamped on the substrate. In this work, we coated the PDMS stamps at 50 µg/ml.

However, as the stamp is leant onto the substrate to transfer the protein, we do

not know how much of it transfers to the petri dish. This may depend on several

variables, such as the material of the substrate (we stamped both glass and plastic),

for how long the stamp is blown to dry the excess of laminin, and the pressure

utilized to lean the stamp. This might have impacted the results when we fine-

tuned the concentration of the laminin grid (Fig. 2.21). To rise awareness in the

limitations of microcontact printing, we recently published a protocol where the step-

by-step methods of this procedure are explained and the critical steps are highlighted

[223]. To tackle the fine-tuning of laminin concentration, microcontact printing could

be potentially replaced with deep UV patterning: briefly, a glass coverslip is coated

with PEG-PLL (to prevent cell adhesion) that, by utilizing chromium masks, can

be selectively burnt to obtain PEG-free zones [223]. The PEG-free zones - e.g. our

grid micropattern - can then be coated with laminin solutions prepared at selected

concentrations.

SP2G mimics only the topography of brain blood vessels, and the grid setup is a

reductionist - yet decipherable - system to do so. As we print adhesive stripes, there

is no curvature as in brain blood vessels. An interesting method to reproduce the

3D arrangement of blood vessels was published by the lab of Charlot in Bordeaux

[184]. It relies on backside litography, which is useful to obtain geometries extruded

from a substrate that imitated the vascular tree. Such geometries could be selectively

coated with laminin and exploited for our migration studies. Furthermore, atomic

force microscopy data from [162] suggested that a durotactic cue might attract glioma

cells towards the brain blood vessels. This means that there is a gradient of sti↵ness

from the parenchyma (the brain is a viscoelastic material with an average sti↵ness of

3 kPa [161]) to the vascular tree, which had a sti↵ness of circa 3 MPa [162]. In SP2G,

the substrate sti↵ness is in the order of GPa (glass, plastic), and there is no sti↵ness

gradient at all. Reproducing the physiological sti↵ness gradient in vitro might be
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challenging, but the sti↵ness of brain blood vessels could be reproduced by patterning

PA gels at values measured in vivo. Briefly, the combination of deep UV litography

and PA gel fabrication returns patterned adhesive substrated on the PA gel [224] and

this procedure could be exploited to get physiological sti↵ness values on a substrate

for SP2G. Despite these approaches fail in tackling the creation of a vessel-to-brain-

parenchyma interface, they might be useful for a more accurate physiological mimicry

of the setup. To mimic the vessel-to-brain-parenchyma interface, the current SP2G

setup or its potential extensions could be combined with the deposition of a hydrogel

on top of the patterned surface. This approach was implemented by Gritsenko and

collaborators in Friedl lab [173], where Matrigel was deposited on top of spheroids

migrating on a substrate. Matrigel could be replaced with a more relevent HA gel

[152].

In light of the discussed potential increments for SP2G, we do not know whether

the hitch-hiking motility mnode identified in the GBM7 heterogeneous cell line would

be reproduced in these setups. We do not even know if it might be present in vivo:

interestingly, we hypothesized that this may be behind the dissemination of hetero-

geneous recurrent tumors. Reconstituting the heterogeneous bulk with fluorescent

markers for each population and its stereotactic implant in mouse brains combined

with in vivo imaging could give clues on this aspect. In vitro, the presence in SP2G

of a solid biomaterial that three-dimensionally confined the cells might lead to dif-

ferent motility modes, and we do not even know whether cells would anymore stick

to the printed pattern.

One of the main bottlenecks of SP2G is the lack of correlation between migra-

tion/motility modes and biological pathways wich could be potentially targeted with

therapies. Through RNA sequencing analysis we identified upregulated pathways in

the GBM7 motile sub-population compared to the non-motile ones. These motility-

related pathways identified the upregulation of laminin-binding integrins (ITGA6,

ITGA3), but we do not know whether this is reproducible (results are obtained from

a single replicate, 1 sample per sub-population) and whether this is replicated as

the substrate changes. In fact, we plated cells onto laminin before extracting the

RNA, and this might constitute a bias. A di↵erent substrate (e.g. fibronectin, PLL)

is very likely to change integrin expression accordingly. Furthermore, we do not

know if laminin-binding integrins could be targets for therapies. Clinical trials for

the chemotherapeutic agent cilengitide that targets the fibronectin-binding integrin
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ITGAV showed no benefits in the group treated with Stupp protocol [73] plus cilen-

gitide with respect to the group treated with Stupp protocol only [225]. This is

in line with the enrichment of laminin around brain blood vessels that potentiate

motility in GBM [101, 102, 103, 91, 92] and with our western blot in Figure 2.37.

Despite integrins can be targeted for glioblastoma, we do not know whether our

results could potentially unfold into clinical trials for drugs targeting laminin-binding

integrins such as ITGA6 or ITGA3, and a successful drug development should be

performed beforehand.

Finally, our experiments with drug treatments (Fig. 2.18) aimed at validating

SP2G as a sensitive method for drug screening. These experiments did not help in

identifying a relevant biochemical pathway that selectively hampered cell migration

in GBM, neither relevant chemotherapeutic compounds were tested for cell motility.

Future experiments could validate SP2G as drug-screening method for compounds to

be tested in clinics.

In summary, we have presented a methodology that integrates the time-lapse

imaging of spheroid spreading on grids with an ImageJ/Fiji analytical toolbox that

quantitatively characterizes cell migration and motility modes. It is nicknamed SP2G,

and we hope it opens up a new standard for motility screenings, potentially extend-

able as a pan-spheroid approach that helps answering questions on how cell migration

impacts on cancer dissemination.
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3.8 Debatable: is science running out of (original)

ideas?

The final section of this PhD thesis is a stand-alone essay that lies outside its main

technical and scientific body concerning Glioblastoma. It includes a series of (per-

sonal?) considerations regarding the socio-economic status of science, which would

otherwise be lost in the meanders of my Google Chrome history and purposelessly

floating in my weak memory. This can be the chance to put them black on white

and trying to share them with my 2 or 3 readers.

The main article fueling these reflections is from the journalist Derek Thompson

[226], sta↵ writer at The Atlantic who, basing on a paper about stagnation and

scientific incentives [227] by Jay Bhattacharya and Mikko Packalen - medicine and

economics professors at Stanford and Waterloo university, respectively - made me

jump into the question: nowadays, what is the approach adopted by scientists to

drive scientific innovation? This debate might provocatively sustain that scientists

are running on fumes, just passively “standing on the shoulders of giants”. However,

this discussion needs to dig into economic, social and, of course, scientific considera-

tions. Initially, this piece of writing explores whether new ideas are actually harder

to find and how scientific works are rewarded. Then the discussion digs on how the

global markets have changed and adapted to make people comfortable in welcoming

novelties, how the scientific market has been laid out by institutions and how scien-

tists are mastering it, and its implication on the way this system is feeding economic

growth through scientific discoveries. Well, it may seem a bunch of ideas thrown

here and there, but I’ll try to smoothly walk my readers through them.

Let’s start with a catchy paradigm: in cinema, the movie industry is producing

less and less original blockbuster movies. Since 2018, when I started my PhD, the

number of sequels and remakes based on pre-existing cinematic material occupies the

largest portion of releases. Considering the top-10 grossing movies worldwide of each

year, in the years 2018-2021 28 movies out of 40 were either re-makes or sequels

(Tab. 3.1). Fast-backward 25 years in time: between 1993 and 1996, 8 movies

out of 40 were either re-makes or sequels (Tab. 3.2). One may argue that many
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of these releases were either based on older cartoons/tv-series or books, which are

not as viral as cinema in shaping the culture, the identity of masses (cinema was

invented to educate and spread propaganda!). Indeed, Toy Story, The Lion King, or

Pocahontas influenced the childhood of Millennials and Forrest Gump and Jurassic

Park became cultural milestones: people were keen on cinemas to see characters that

never appeared on the big screen. No doubts as well that Avengers, Spider-Man and

No Time to Die have been planetary successes, which are all coming from decade-

long franchises: nowadays, people are keen on cinema but absorbed with familiarity.

How does this example relate to science?

“New ideas no longer fuel economic growth the way they once did”, is the blunt

point by the economists Bhattacharya and Packalen in the abstract of their publica-

tion [227]. Despite we might seem on the cusp of a new scientific revolution, with

CRISPR enabling selective molecular treatments and telescopes able to reconstruct

the shape of a black hole, global economy might conversely be on the cusp of a

recession, or at least stagnating. “A popular explanation for stagnation is that good

ideas are harder to find, rendering slowdown inevitable”. There are roughly 25 years

of literature on the relationship between economic and intellectual stagnation: even

the idea that science is running out of ideas is not a new idea. Even this section of

my discussion is not a new idea. Is this true?

The main issue in the scientific system is the lack of rewards for ideas that can

potentially transform into landmark advances. No rewards are awarded for novel,

exploratory works, regardless their scientific impact and how popular they become.

Scientists then respond as everyone else would, that is following the path that brings

rewards: ideas are basing on works previously praised by the community, conceived

for being easily-accepted and, being science a peer-reviewed system, for appealing

reviewers and journal editors. Consequently, the disincentive towards exploratory

works has shifted the evaluation of scientists according to their popularity. The

more a scientist is able to generate publications that are in turn cited by other

scientists, the more it is considered influential (the so-called h-index ). The same

applies to their papers for becoming breakthroughs. The citation revolution has,

on the other hand, incentivized mee-too incremental science over exploration and

scientific play. This circle is finally reinforced by academic search engines such as

Google Scholar, which allows scientists to survive the harsh “publish-or-perish” law,

but its ultimate by-product is stagnating science. On the other side of the publishing
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2021 2020

Rank Release

1 Spider-Man: No Way Home The Eight Hundred

2 The Battle at Lake Changjin Demon Slayer the Movie: Mugen Train

3 Hi, Mom Bad Boys for Life

4 No Time to Die My People, My Homeland

5 F9: The Fast Saga Tenet

6 Detective Chinatown 3 Sonic the Hedgehog

7 Venom: Let There Be Carnage Dolittle

8 Godzilla vs. Kong Legend of Deification

9
Shang-Chi and the Legend of the Ten

Rings
A Little Red Flower

10 Sing 2 The Croods: A New Age

2019 2018

Rank Release

1 Avengers: Endgame Avengers: Infinity War

2 The Lion King Black Panther

3 Frozen II Jurassic World: Fallen Kingdom

4 Spider-Man: Far from Home Incredibles 2

5 Captain Marvel Aquaman

6 Joker Bohemian Rhapsody

7
Star Wars: Episode IX - The Rise of

Skywalker
Venom

8 Toy Story 4 Mission: Impossible - Fallout

9 Aladdin Deadpool 2

10 Jumanji: The Next Level
Fantastic Beasts: The Crimes of

Grindelwald

Table 3.1: Summary of top 10 highest-grossing movies during the years

2018-2021. Red color highlights movies that are re-makes or sequels. Source:

https://www.boxo�cemojo.com/year/world/.

industry, journal editors look for works that might generate a high number of citation,

being the main metrics for evaluating a journal, the impact factor, function of the

number of published papers and the citation gathered with such papers. Celebrating

breakthrough discoveries with a high number of citations is right, but evaluations

with monodimensional metrics relying on mere raw counts generate a distorted view
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1996 1995

Rank Release

1 Independence Day Toy Story

2 Twister Apollo 13

3 The Heat Batman Forever

4 Mission: Impossible Pocahontas

5 Jerry Maguire Ace Ventura: When Nature Calls

6 Ransom GoldenEye

7 101 Dalmatians Jumanji

8 The Rock Casper

9 The Nutty Professor Se7en

10 The Birdcage Die Hard with a Vengeance

1994 1993

Rank Release

1 The Lion King Jurassic Park

2 Forrest Gump Mrs. Doubtfire

3 True Lies The Fugitive

4 The Santa Clause The Firm

5 The Flintstones Sleepless in Seattle

6 Dumb and Dumber Indecent Proposal

7 Clear and Present Danger In the Line of Fire

8 Speed The Pelican Brief

9 The Mask Schindler’s List

10 Pulp Fiction Cli↵hanger

Table 3.2: Summary of top 10 highest-grossing movies during the years

1993-1996. Red color highlights movies that are re-makes or sequels. Source:

https://www.boxo�cemojo.com/year/world/.

of science [228], being such metrics incapable of distinguishing between incremental,

me-too science and scientific exploration and play.

Would Brock and Freeze have nowadays gone to Yellowstone Park to isolate the

bacterium Thermus aquaticus? In 1969, their work [229] about the heat-resistant

bacterium - harvested from waters hotter than 70 °C - gained few citations. Tem-

poral leap to 1976: the enzyme DNA polymerase was isolated by other scientists

and the discovery published [230]. Both of these works initially generated a mod-

est impact in the scientific community. Until the mid 80s, when Kary Mullis was
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dreaming of the PCR: its successful invention involved several cycles of heating and

cooling the sample to amplify a DNA strand through the e↵ect of DNA polymerase

[31]. Due to its thermosensitivity, the DNA polymerase was manually added back in

each cycle, rendering the procedure extremely time-consuming and thus impractical

for widespread use. After few years, Mullis refined the PCR protocol by discovering

the work by Brock and Freeze, which apparently had nothing to do with his. The

thermostable DNA polymerase of the Thermus aquaticus was hence isolated and the

PCR procedure fully automatized [231]. If today we are able to sequence zillions

of DNA/RNA strands and to process millions of COVID-19 tests is thanks to both

the explorative, playing around science of couple of scientists in the geysers of Yel-

lowstone Park, and the incremental science on a promising topic that has ultimately

revolutionized biochemistry. Either the scientific approaches are needed for 2 reasons:

firstly, breakthroughs rely on high-risk works. Secondly, it is excessively di�cult to

anticipate which field will become a breakthrough with slow, gradual advancements.

However, high-risk, explorative science needs rewards in order not to disappear.

Figure 3.1 is the first brick to understand how. It illustrates the lifetime of a

scientific idea in 3 phases. New ideas come to scientists as they carry out their work:

those in the embryonic form bring no evidence and the majority just dies out, while

others pave the way for the exploration phase, in which many scientist might be

involved. In this phase there is a huge e↵ort and little reward, as it implies several

negative experiments going under the carpet and few positive outcomes. Once the

results can be arranged in a publication, either it just makes the giant’s shoulder

stronger (in this case the authors gain a huge knowledge, but generate a low scientific

impact), or it is transformed in a fruitful line of experiments and applications. It then

goes in the breakthrough phase, spinning-o↵ scientific career(s). As it has convinced

the skepticism of the community, various other scientists apply the idea in their

own field: this is modeled by a sharp increase in the curve, as the scientific impact

is larger and larger with a smaller e↵ort, and these scientists will begin standing

on the shoulders of giants. Ultimately, in the incremental advance phase, there is

work to sharpen the details and have an high impact, despite a large e↵ort. What

the citation system rewards is those who jump on the idea and have the capability

to exploit it in the breakthrough/incremental advance phase, generating works that

physiologically cite only the latest papers: as a very early idea thoroughly permeates

scientific knowledge, what it is actually founding is implicitly taken for granted.
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Figure 3.1: The relationship between scientific e↵ort on an idea and the scientific

impact of the idea. In this model, the horizontal axis captures the three phases of

scientific idea lifetime: exploration, breakthrough, and incremental advance. The vertical

axis captures the influence of the idea on the scientific community. Work done during the

exploration phase has little observed impact but lays the necessary groundwork for the

later breakthroughs.

Furthermore, giants are not only those who work on the idea during the breakthrough

phase but also those who investigated and developed the idea during the exploration

phase. Importantly, the status of giant does not depend on whether the idea is ultimately

successful. Adapted from [227].

This is mirrored in the citation system, that indeed forgets the earliest works that

actually have brought the novelty and favors the latest ones, thus fostering scientific

stagnation [232]. For instance, in glioblastoma, the seminal works by Virchow [5, 6]

and Scherer [24, 2] gained much less citations than single-cell sequencing papers

within the TCGA project [45, 46].

The strategies adopted by funding agencies generate a positive feedback loop

over this cycle. As leading nation in biomedical research, the USA - through the

quantitative National Institute of Health (NIH) - established a system that was

mirrored in the EU - through the European Research Council (ERC) - that is prone

to give fundings to highly-cited scientists publishing the large number of papers,

failing to evaluate innovativeness in research proposals. The richest grants are hence
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Figure 3.2: The shift in scientists’ e↵ort away from exploration and toward in-

cremental science. Before citations came to dominate research evaluation, more scientists

were willing to engage in risky exploration that laid the groundwork for later breakthroughs

(left panel). The citation revolution led to a decline in exploration in favor of incremental

science. The decline in exploration eventually also decreased opportunities for breakthrough

science (right panel). Adapted from [227].

awarded to those who propose ideas that stand on giants’ shoulders, su↵ocating

novelty and creativity [233]. Here’s why scientists are less confident in taking the

ownership of risky projects and to propose ideas that rely on more or less familiar

foundations (Fig. 3.2).

Given that scientists, like all the people, respond to incentives, the constructive

way to untangle the stagnation is to provide rewards for explorative, novel works.

Providing such type of rewards implies that novelty has to be measured. To pro-

vide metrics for novelty, Bhattacharya and Packalen propose the textual analysis of

research publications, basing on the idea that the text of a scientific work builds

new ideas manifested as new words and new word sequences. This reminds me of

the work by Ludwig Wittgenstein, who deeply investigated the relationship between

language and reality. His early-20th-century work emerged in a season where philoso-

phers and thinkers were rebuilding the foundations of scientific knowledge, firmly

believing in the paradigmatic, exemplary validity of science for all the knowledge

that aims to be truthful and rigorous. Long story short: Wittgenstein assumed that

scientific knowledge is configured through a set of linguistic sentences. The gnosiolog-

ical (i.e. regarding the theory of knowledge: gnosiology aims to provide a definition
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Figure 3.3: The impact factor and the edge factor for four ideas. The impact factor

(citation counts at journal-, scientist-, or article-level) rewards only high-impact work on

ideas that succeed. The edge factor rewards early exploratory work on successful ideas (A

and B) and on ideas that ultimately fail (C and D). Increasing the tolerance for failure is

one key rationale for measuring and rewarding scientific novelty separately from scientific

impact. Adapted from [227].

for knowledge) analysis of reality is the analysis of knowledge intended as language:

reality per se is what factually happens and what can be expressed as language, and

the two are isomorphic. Furthermore, he believed that both language and reality are

assembled combinations that can be reduced to atomic determinations that are, in

turn, the foundation of a truthful and rigorous knowledge. In light of these premises,

the textual analysis of research papers through indexing and classification can de-

termine the vintage of the ideas within each publication. Novel versus conventional

sciences can thus be discriminated. The calculation of edge factors for scientists and

journals is similar to impact factors : the former recapitulates the tendency to pursue

and publish novel ideas, the latter to build a sound science (Fig. 3.3). Let’s consider

the 4 ideas in Figure 3.3: the 2 more-successful (A and B), despite being much more

impacting than the others, are rewarded as much as the 2 less-successful (C and

D) with an edge factor metrics. This could favour explorative science and increase

the tolerance for failure, making scientists more prone to explore several paths and

embarking the one that in the end looks more promising. In this model, novelty
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and impact are empirically di↵erent since, firstly, science that is built on solid ideas

does not always lead to influencing contributions: this underlines the importance of

incremental science, which has nothing to do with bad science. The bad thing is

having too much of it. Secondly, novel research often leads to failure rather than

success: only a small slice of the successes become breakthroughs.

The considerations by Bhattacharya and Packalen conclude by providing a proof-

of-concept model of the edge factor based on the existing literature. Its calculation,

however, is not clearly reported. The idea is to have software capable to ana-

lyze text in a Wittgensteinian manner: in the Artificial Intelligence (AI) field we

have works that lay solid basis to this regard. Not later than summer 2022 it

went viral on the news that Blake Lemoine, AI engineer at Google, believed that

the AI Language Models for Dialog Applications (LaMDA) [234] was sentient [235].

Google and most of the press reported it is not. Few people might think it is.

I am linking the suggestion by Bhattacharya and Packalen with the huge capabil-

ities that AIs such as LaMDA has shown to have: to get an idea how far this

AI has come in dialoguing with humans, I invite those who have a scarce half

an hour to read/listen at the transcript of a conversation between Lemoine and

LaMDA (link: https://cajundiscordian.medium.com/is-lamda-sentient-an-interview-

ea64d916d917). In the conversation, they talk about emotion, feelings, death and...

self-awareness. For those who do not have half an hour, just think on how powerful

the Google answer box is: in fraction of seconds Google AIs browse the web, asso-

ciate the user’s question with the most pertinent answer, links it in a dialog box,

and redirect to the very exact line of the source text. Would it be a dream to create

Language Models for Novelty Applications - LaMNA - that are trained with texts

from scientific papers and capable of providing novelty scores in the form of edge

factors?

So far, the main subject of this section has been the discussion of scientific

approach adopted by scientist to drive scientific innovation. Derek Thompson, in his

article, stretches the discussion to other fields, which I think are worth mentioning.

Are new ideas actually incapable of nurturing growth as in the past? Or is there a

short-circuit somewhere else in the western socio-economic system?
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In institutions, Europe is not creating elite universities since centuries, in the USA

the top-ranked schools are roughly 100-150 years old. I mentioned the NIH, founded

in the 19th century, and in Italy, since 1965, we have Fondazione AIRC per la Ricerca

sul Cancro (AIRC) as one of the main agencies funding cancer research. Despite the

ERC was established in 2007, rumors to build institutions that deal with 21st-century

issues (e.g. the pandemic) or today’s economic trends are far from being heard. In

science and technology, a famous paper in the American Economic Review states that

“everywhere we look we find that ideas, and the exponential growth they imply, are

getting harder to find” [236]. The authors examines how productivity, since 1970, has

dramatically decreased - e.g. 18 times to keep the pace of the famous Moore’s law -

in electronics, agriculture, biomedical sciences, and publicly-traded firms: the higher

number of researchers does not necessarily generate new technological advancements

or, the other way around, we need greater and greater e↵orts to keep a constant

growth.

Let’s imagine to be in 1780, going to sleep, and waking up in 1830: probably we

would be amazed by technological advancements from the first industrial revolution.

Cities would now be urbanized, open fields disappeared, burgoise rising and industries

booming in the cotton, textile, mining, hydraulics, metallurgic fields. Goods were

transported with the first steamboats and trains. In physics, we would be in the

golden age of electromagnetism: scientists as Coulomb, Ampere, Ohm, Faraday were

laying the basis of the discoveries of the early 20th century. Same process, 100

years later: cities were electrified and skyscrapers sprouting in the USA, a flooding

immigration towards America was promoting entrepreneurship and the current top-

world university were being founded. People could move by car and plane, listen to

radio and telephone communication, take pictures and go to watch soccer games at

the stadium or movies at the cinema. Thanks to anesthesia, the first attempts in

curing glioblastoma were possible through craniotomies. In physics, Einstein would

have postulated special and general relativity from the theories in electromagnetism.

Across the 21st century, the main invention is the widespread use of the internet,

that spinned-o↵ a set of incremental advances over the telephone that permit instant

communication and access to almost any service. If we were to wake up today after

50 years we would find barcodes, GPS and informatics to track what we buy, where

we are, what we did. As we approach 2030, cities have roughly the same aspect, we

did not build hyperloop trains, flying cars, or assistant robots obeying the Asimov’s

130



3.8. DEBATABLE: IS SCIENCE RUNNING OUT OF (ORIGINAL) IDEAS?

laws; neither urbanized cities to make them climatically sustainable, unified quantum

mechanics and general relativity or proved the string theory. How come we did not

realize the revolutionizing fancy dreams of the 1980s?

I do not believe and I do not want to believe that today’s scientists are running

out of ideas. There is plenty of brilliant people in the research institutes I have

been. Nor screenplay writers are innately unable to conceive original stories for their

movies. Where’s the fault then? It is hard to find an all-encompassing reason, but

some bricks might help in explaining how this complex phenomenon is standing.

First brick. Data dulling made cultural investments more statistically intelligent

and tended to ruin originality. When the application of inferential statistics revolu-

tionized baseball in the early 2000s - a.k.a. moneyball, the same models were applied

for decision making in culture and arts. For filmmakers, this corresponded in pour-

ing money in projects that were more likely to generate economic returns. Sneakily

innovative swirls on familiar stories turned out to be the most appealing blend for

moviegoers. Music producers, as these algorithms became capable of anticipating the

audience tastes, realized that the largest chunk of people likes to listen the same

thing over and over. Due to the Shazam e↵ect, songs are spending more time in the

ranking charts and radio stations are more repetitive. As producers became expert

in mastering markets, scientists did as well. Principal Investigators know what jour-

nal editors and their community most probably like and dislike. They know which

proposals are more likely to be funded, and they know that proposals have to like

as many peer-reviewers as possible [237]. Successful applications are most achievable

by showcasing a deeper expertise - typical of older scientists - rather then cross-

disciplinarity. This trend in the scientific market is exacerbated by the time spent

by scientists in asking for money and navigating the bureaucracy of science: 30 to

40 % [238]. Despite the peer-review system is virtuous in prioritizing applications, it

shows also the flaws of the scientific market [239, 240].

Second Brick. In 2020, the venture capitalist Marc Andreessen published a famous

article entitled IT’S TIME TO BUILD [241]. While deciphering the total failure in

responding to the coronavirus pandemic by modern democracies [242], he pinpointed

the escalating “smug complacency” of the western world as leading to stagnation

in city development, public health, education, transportation, which all still rely on

what was built in the past. He urged more entrepreneurship in all of these sectors.

Assuming that money - all the western states passed billion, or trillion coronavirus
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rescue packages - and capitalism - “capitalism is how we take care of people we don’t

know” - are not causing the stagnation, he is envisioning an attitudinal revolution

in all of us: we need to desire to build what we actually need. Ezra Klein, colum-

nist at the New York Times, faced the discussion opened by Andreessen [243]: the

lack of building does not necessarily mean lack of desire - governments are indeed

loaded with proposals in the aforementioned sectors. What is missing is an e�cient

institutional apparatus to make the proposals approved. They just don’t pass be-

cause western democracies have become dysfunctional vetocracies : everywhere, power

is too-widely distributed. As somebody wants to build, many people with vetoes

impede that building to happen. The result is a system based towards inaction and

incrementalism, rather than action and ambition. What has to be rebuild is the

institutions. I think truth may lie in the middle: in 2018, the “smug complacency”

towards the res publica caused the collapse of the “Morandi Bridge” in Genoa. Af-

ter the catastrophe, governmental institutions strove to quickly build a new bridge.

Desire and permissions ran hand by hand. Nobody thought of veto. The result? A

new bridge was built in less than 2 years and... all the crucial bridges/viaducts have

been thoroughly checked all over Italy.

Third brick. We are living in an age of gerontocracy, which is quite likely linked

to the bias towards inaction and incrementalism. In institutions, considering the last

4 elections of the italian head of state, the youngest elected president was the 74

years-old Sergio Mattarella in 2015. Joe Biden is the oldest President in US history.

In business and cinema, the average age of CEOs of S&P 500 companies increased of

more than 10 years over the last two decades, as well as the age of leading actors in

movies. In sport, the teams where LeBron James and Cristiano Ronaldo (both 37)

play are willing to o↵er them net salaries worth more than 30 Me. In science, Nobel

prize laureates and NIH grant awardees of are getting older [244]. As James Watson

and Albert Einstein were 25 and 26 when they published about the structure of DNA

and special relativity, correlating gerontocracy with the increased life expectancy is

reductive. Part of the explanation lies in the concept of “Burden of Knowledge”

[245]: it is becoming more complicated to learn something about the world because

nowadays we know a lot about the world. For youngsters, mastering the existing

knowledge to push its frontiers outwards has become burdening. No disrespect for

Gregor Mendel, but cross-breading strains of peas in the backyard - agriculture

was there since millennia! - and showing the results in an observational study it’s
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surely not a thing belonging to 21st century. Today’s experiments require notions

that academics typically gain over master, doctoral, and post-doctoral trainings that

may span over a decade. Today’s experiments require dedicated facilities. Today’s

experiments, in biology, involve material - cells - that are literally ecosystems made

of thousands of variable that interact with thousands of variables in their outside.

Drawing hypothesis, designing, carrying out and interpreting experiments has become

burdening compared to the past. Side e↵ects? The aging of science. Another part

of the explanation is on how work and workplaces has evolved: the Boomer elite

is clinging to the power and to the high positions gained decades ago. Due to

the “Boomer Blockade”, Gen Xers and Gen Yers are hence delayed or struggling to

get to the highest ranks [246, 247]. The rising “Workism”, the idea that work has

become the personal religion in an era of plunging religiosity, generated this blockade

and became the dominant mindset at the workplace. It has good sides - the shift

towards more brainy labors - and bad sides - workplaces are becoming religious

temples leading to spiritual emptiness. Contributions from the wise expertise of old

people must not be cast aside, but innovations, and above all revolutions, need a

näıve transversal plasticity that is more inherently common in young people.

Fourth brick. To this regard, we might have to accept that we are living in an age

of normal science, intended according to the consideration of the philosopher Thomas

Kuhn. He tried to answer the question: how are theories criticized and formulated?

He realized that the mere examination of the logical structure of theories is not

su�cient. It is necessary an historical approach on how and why they raised and,

when applicable, how and why they were abandoned. He crossed the epistemology

with the history of science: in his view, science is not growing through a linear

accumulation, but following “periodic revolutions” (i.e. “paradigm shifts”). These

revolutions definitively take over as “anomalies” are progressively seeded and proven

right within the previous paradigm (in which “normal science” is conducted) [248].

In a Kuhnian sense, scientific proofs about young-scientist driven advances come

from the paper “Does science advance one funeral at a time?” [249]. According to

this analysis, the premature death of a luminary opens up opportunities for the

opponents to grow the field and drive innovation, while the flow of publications by

the collaborators decreases. “A new scientific truth does not triumph by convincing its

opponents and making them see the light, but rather because its opponents eventually

die, and a new generation grows up that is familiar with it” (Max Planck) [250, 251].
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An example in a relatively small field: in the debate between Reticularists and

Neuronists (see section 1.1.1), I let my 2 or 3 readers guess who died first between

Camillo Golgi and Santiago Ramón y Cajal...

What can be the best way to untangle all these considerations? What do we

actually need to build? I agree with Ezra Klein in stating that we need to build

institutions striving for ambition and pragmatism [243]. Rather than changing old in-

stitutions conceived to manage 20th century issues, a new institutional course should

engage with arising businesses and nimbly reshape as changes occur. On the other

hand, businesses cannot elude the existence of institutions and governments, they

have to cope with them so as to synergistically rebuild the political power. Surely

this is a process that has to initiate from the roots: it is an educational challenge

that has to start in primary schools. The new generations should be educated as

men, not only as workers.

Fast Grants (https://fastgrants.org/) may give lessons on how to plan the future

of science. The assumption of this institution conceived to speed up COVID-19

research is that, in the world, several projects are blocked on

"[...] the willingness of funders (especially institutional funders) to

support something unusual simply on the basis of belief in the individuals

involved. Too often, the de facto goal of funders is to find established

things that look like everything else - it is typically easier to defend

a long-established institution. But, of course, the most valuable oppor-

tunities will often be those that look quite different, and a structural

bias towards familiarity can easily militate against innovation" [252].

Fast Grants supported short-term projects with application forms that could be

compiled in 30 min, and response on funding decision in less than 48 hours. Since

the large vaccine programs were not funded by Fast Grants, probably the fight

against the pandemic would not have unraveled di↵erently. This reveal the strength

of the current scientific market. However, Fast Grants revealed also its weaknesses: it

financed stu↵ like saliva tests, clinical trial, long-COVID research, with relatively easy

money that implicitly tolerated failure. Outcomes? Fast Grants was acknowledged
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in more than 350 papers. In surveys proposed to the applicants, more than half

of them pointed how they spend 1/4 of their time in research application and,

most importantly, circa the 80% would change their research focus “a lot” if they

were given the possibility to, and they would become more ambitious if the current

scientific funding body had an higher tolerance for failure. In conclusion, Fast Grants

reveal how science can be quick if the scientific marked would be di↵erent or, at least,

more diversified: alternative scientific funding methods can work. As the Scientific

Revolution pointed out the importance of the scientific method, we need a thorough

analysis of the social practices in the scientific market [226, 253, 254]. In other words,

we need more science of science that builds a new scientific market that, in turn,

drives innovation and paves the way towards a new scientific revolution.
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Chapter 4

Materials and Methods

4.1 FMN1 shRNA design and cloning

shRNAs against human FMN1 were designed to target 19 nucleotide sequences and

cloned into the BamH1 and HindIII cloning site of pRNAT-U6/Neo vector (GenScript

corporation) which also contains a GFP marker under a cytomegalovirus promoter

control. PAGE purified oligos (FMN1-KD#1 forward, 5’-GATCCC GTA TTA CGA

GAC ATC CAA ATT CAA GAG ATT TGG ATG TCT CGT AAT ACT TTT

TTC CAA A-3’ and reverse, 5’- AGC TTT TGG AAA AAA GTA TTA CGA GAC

ATC CAA ATC TCT TGA ATT TGG ATG TCT CGT AAT ACG G -3’; FMN1-

KD#2 forward, 5’- GAT CCC GGA GTC GCT AAG AGC TGT GTT CAA GAG

ACA CAG CTC TTA GCG ACT CCT TTT TTC CAA A-3’ and reverse, 5’-AGC

TTT TGG AAA AAA GGA GTC GCT AAG AGC TGT GTC TCT TGA ACA

CAG CTC TTA GCG ACT CCG G-3’; FMN1-KD#3 forward, 5’- GAT CCC GAC

AAC CAG AAG TAA TCA ATT CAA GAG ATT GAT TAC TTC TGG TTG

TCT TTT TTC CAA A-3’ and reverse, 5’- AGC TTT TGG AAA AAA GAC AAC

CAG AAG TAA TCA ATC TCT TGA ATT GAT TAC TTC TGG TTG TCG

G-3’) were obtained from Integrated DNA Technologies. 0.5 nmol of forward and

reverse oligonucleotides were diluted to 20 ml in water incubated for 4 min at 94 °C

and slowly cooled down to 4 °C. Annealed oligos were ligated into the BamH1 and

HindIII restriction sites of pRNAT-U6/Neo vector. Successful cloning was confirmed

by sequencing.
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4.2 Cell culture

Rat C6 cells were cultivated in high-glucose DMEM supplemented with glutamine

and 10% fetal bovine serum (FBS). To form spheroids, C6 cells were seeded in

untreated 6-cm petri dishes previously treated for 1h with 0.2% pluronic F127 in

DPBS at room temperature. After 1 day, spheroids between 75 and 150 µm in

diameter were obtained. Patient-derived GBM samples from the National Neuro-

science Institute (NNI-11, NNI-21 and NNI-24) were acquired with informed consent

and de-identified in accordance with the SingHealth Centralised Institutional Review

Board A. Patient-derived GBM samples (GBM-7, GBM-22) from the laboratory of

G. Pelicci (IEO, Milan, Italy) were acquired according to protocols approved by the

Institute Ethical Committee for animal use and in accordance with the Italian laws

(D.L.vo 116/92 and following additions), which enforce EU 86/609 Directive (Council

Directive 86/609/EEC of 24 November 1986 on the approximation of laws, regula-

tions and administrative provisions of the Member States regarding the protection

of animals used for experimental and other scientific purposes). Our patient-derived

GBM cell lines were kept as previously reported [223]. Briefly, GBM cell lines were

grown in non-adherent conditions utilizing DMEM/F-12 supplemented with sodium

pyruvate, non-essential amino acid, glutamine, penicillin/streptomycin, B27 supple-

ment, bFGF (20 ng/ml), EGF (20 ng/ml), and heparin (5 mg/ml). Patient-derived

GBM cell lines were passaged every 5 days. All the cell lines were maintained at 37

°C and 5% CO2.

4.3 Cell Transfection

For transfection and migration assays, NNI-21 were cultured as monolayers on

laminin (10 mg/ml) coated petri dishes for 3-5 days before transfection. Cell transfec-

tions were performed with a Neon electroporator (Invitrogen) as per manufacturer’s

recommendations as follow: 10 mg DNA for 1,000,000 cells were electroporated at

1600V, 20 ms, 1 choc in 100 ul bu↵er R. For grid migration, matrigel and animal

experiments, NNI-21 were transfected with control and FMN1 shRNAs and single

clones were selected in geneticin (50 mg/ml).
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4.4 Brain slice invasion assays and staining

Mouse brains from C57BL/6J mice (http://www.criver.com; Charles River, Wilm-

ington, MA) were isolated in the animal facility of IFOM, in accordance with the

Institutional Animal Care and Use Committee, and in compliance with the guidelines

established in the Principles of Laboratory Animal Care (directive 86/609/EEC);

they were also approved by the Italian Ministry of Health. The brain slice assay

was performed as reported in [255] and [209]. Prior to sacrifice, mice were anes-

thetized, their chest was cut and intra-cardiac injection was performed with 5 ml

solution of Dil stain (ThermoFisher D282) to label the luminal side of blood vessels.

The Dil stain was diluted 0.5 mg/ml in 100% ethanol and this solution was further

diluted 1:10 in a 30% w/v solution of sucrose-DPBS. Brains were then isolated in

ice-cold CaCl2+/MgCl2+ 1X HBSS (Euroclone ECB4006) supplemented with 2.5mM

HEPES (complete HBSS). Brains were sectioned in 150 or 100 µm thick slices us-

ing a Leica VT1200S vibratome and placed in a glass bottom 24-well, which was

previously coated at 37 °C overnight using a solution of 12.5 mg/ml laminin and

12.5 mg/ml Poly-L-lysine (1 slice/well). Slices were left 3h at 37 °C and 5% CO2

to consolidate on the substrate. Subsequently, glioma spheroids were gently added

and the co-culture was kept 4h at 37 °C and 5% CO2 prior to imaging. Movies

were recorded overweekend on a Leica confocal SP5 microscope equipped with tem-

perature, humidity, and CO2 control utilizing a 20X air objective (1 frame/15 min

for rat C6, 1 frame/30 min for GBM-7 sub-populations, 1 frame/25 min for NNI-21

FMN1-CTRL/KD). All the brain slice live experiments were performed with brain

slice culture medium (68% L-glutamine supplemented DMEM, 26% complete HBSS,

5% FBS, 1% Penicillin-Streptomycin). For immunofluorescence staining of C6 and

blood vessels, the co-culture was then fixed with 4% PFA for 20 min and incu-

bated for 1h at room temperature with a blocking solution made of 5% BSA, 5%

Normal-Donkey-Serum (NDS) and 0.3% Triton-X 100 in DPBS. The co-culture was

incubated overnight at 4 °C with 10 mg/ml of Tomato Lectin (Vector Laboratories,

DL-1178) in blocking solution. DAPI was put afterwards. Images were acquired with

a Leica SP8 microscope utilizing a 63X oil objective (1 µm Z step).

139



CHAPTER 4. MATERIALS AND METHODS

4.5 Collagen and Matrigel invasion assays

A previous protocol was adapted for collagen and matrigel assays [256]. Briefly, 20 ml

of polydimethylsiloxane (PDMS; Sylgard 184 Dow Corning) were casted at 1:10 ratio

by mixing curing agent and silicone elastomer base, respectively, in a 10-cm plate.

6-mm PDMS wells were obtained by punching holes with a biopsy puncher in 18x18

mm PDMS squares. The PDMS wells were bound on a 24 mm coverslip via plasma

treatment (90 s) followed by 5 min at 80 °C. Each 6-mm well was then treated with 1

mg/ml poly-d-lysine at 37 °C for 3h, rinsed in milliQ water, and cured overnight at 80

°C. Meanwhile, rat C6 spheroids were incubated in medium with 5 µM Dil stain for

3 h, then collected, centrifuged at 500 rpm for 2 minutes and re-suspended in 1 ml of

medium. 10 µl of spheroid suspension was then mixed with 80 µl of 6 mg/ml collagen

solution (Collagen I from rat tail, Corning #354249 diluted in cell culture medium,

10% v/v 1.2% NaHCO3, 5% 1M HEPES, 1.5% 1M NaOH) or 10 mg/ml Matrigel

(reconstituted basement membrane, rBM, Trevigen # 3445-005-01). The spheroids

embedded in unpolymerized solutions were placed in the 6-mm PDMS wells and left

at 37 °C for 1h to polymerize. With this method between 5 and 15 spheroids per

well were obtained. Afterwards, medium was added and movies of invading spheroids

were acquired on an IX83 inverted microscope (Olympus) equipped with a Confocal

Spinning Disk unit, temperature, humidity, and CO2 control. A 10X objective was

utilized, along with an IXON 897 Ultra camera (Andor) and OLYMPUS cellSens

Dimension software. Movies were obtained for > 24 hours (1 frame / 15 min for rat

C6, 1 frame / 25 min for NNI-21 FMN1-CTRL/KD) with 7.5 µm Z step for RFP

and DIC channels.

4.6 Quantification of SP2 with area ratio and MSD

For SP2 in collagen and matrigel assays, SP2 was obtained as the ratio between

the area occupied by spheroids at 24 and 0 hours. The area was calculated as the

maximum intensity projection firstly in Z, then in time, of the fluorescent channel.

For SP2 in 2D flat and grid, the ratio between the areas at 8 and 0 hours was

calculated, and the areas were obtained utilizing the maximum intensity projection

in time. For MSD calculation we utilized a published protocol [257]. To get XY

coordinates overtime, manual tracking was performed with the dedicated plugin in
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Fiji. For brain slice, collagen and Matrigel cells were followed for 14 h respectively

considering as initial time point 24 h, 10 h and 10 h to fully visualize single cells.

4.7 Generation of radar plots to assess in vitro

system performance

Radar plots were generated with a survey that included 4 wet-lab members from

Gauthier’s and Maiuri’s lab in IFOM Milan. The participants were blindly asked to

evaluate with scores (1 to 5) each experimental parameter in the 5 in vitro systems.

The final score was obtained by averaging the score of each participant.

4.8 Microcontact printing

Microcontact printing was performed as we extensively described [223]. Briefly, we

casted 1:10 PDMS from a dedicated silicon mold, cut it into 1x1 or 1x2 cm2 stamps,

and coated with 50 µg/ml laminin (ThermoFisherScientific, #23017015) in DPBS

for 20 min. Each stamp was then air-blow dried, leant on a 35-mm dish, then

gently removed. In case of a plastic dish, the surface was then passivated with 0.2%

pluronic F127 in DPBS at room temperature for 1 h, whereas for glass poly-l-lysine-

grafted polyethylene glycol (0.1 mg/ml, pLL-PEG, SuSoS) was utilized. Dishes were

then rinsed 4 times with DPBS and kept in medium until spheroids were seeded.

For printing laminin concentrations from 400 to 6.25 µg/ml, a sequence of 6 serial

dilutions (1:1 in DPBS) was carried out.

4.9 SP2G experimental and image analysis work-

flow

In SP2G experimental section, the laminin solution for the gridded micropattern was

mixed with 7 µg/ml BSA-conjugated-647 in order to visualize it. Similarly, 1-day old

or 5-days old spheroids (for rat C6 or human patient-derived glioma, respectively)

were incubated in medium with 5 µM Dil stain for 3 hours in 6-well plates previously

passivated with 0.2% pluronic F127. Spheroids were then deposited on the grid and

the samples were placed under the microscope and left 5 to 15 min to equilibrate.
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Afterwards, 8-hours time-lapse movies were recorded using a 10X objective mounted

on a Leica AM TIRF MC system or onto an Olympus ScanR inverted microscope (1

frame / 5 min). 3 channels per time point (phase contrast, Dil stain fluorescence for

the cells, BSA-647 fluorescence for the grid) were acquired in live cell imaging for the

experiments in Figure 2.14, 2.21. 2 channels per time point were acquired in Figure

2.26, 2.31, since the grid fluorescence was recorded for just 1 frame before and 1

frame after the time-lapse movie. For the experiments in Figure 2.18 cells were not

fluorescently labeled and Dil stain channel was not acquired, the drugs were injected

25 min after imaging onset.

For the characterization of cell migration, we utilized the SP2G analytical toolbox

that measured the polygonal area A(t). Briefly, as SP2G formed the polygon to track

the invasive boundary, the code initially multiplied the binarized grid nodes with the

binarized spreading spheroid in order to obtain only the node traveled by at least

1 cell. Then, SP2G iteratively checked whether a node has blinked for at least 3

consecutive time frames. If this condition is met, the node is added to the polygon.

Therefore, SP2G always stopped tracking 2 frames earlier than the total duration of

any movie. Afterwards, from A(t) we derived the di↵usivity D(t) = dA(t) / dt, where

dt was the time frame in the time-lapse movies (5 min) and dA(t) was the di↵erence

between 2 polygonal areas at subsequent time steps. For the calculation of single cell

velocity v(t) = D(t) / ( 2 ·
p
A(t)), being now L =

p
A(t) the edge of the square

having an area equivalent to the polygon, the following 2-equation system was solved:

8
><

>:

D(t) = �A(t)
�t

L(t) =
p

A(t)

that inferred

D(t) =
�L

2(t)

�t
= L · �L(t)

�t
+ L · �L(t)

�t
= 2L · �L(t)

�t

The following was then obtained
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�L(t)

�t
=

�A(t)

�t
· 1

2L
= D(t) · 1

2
p

A(t)

that corresponded to the value of the boundary speed. In this way a length gradient

was inferred from an area gradient.

For the characterization of the motility modes we extrapolated all the parameters

from RA movies and averaged data from several spheroids. Collective migration

values were obtained by thresholding each frame of the RA within the last histogram

bin, that necessarily spans up to 255 (the maximum value of an 8-bit image). The

ratio

#Counts[Last bin]

#Total Counts

returns the collective migration. The rationale behind this assumption was that

collective strands generated high intensity values when averaged, since many cells

travelled the same path. Therefore, in the RA movie there were zones of high

intensity. Vice versa, single entities generated low intensities when averaged, since

no cells other than the single one contributed to the final average value. Background

pixels were set to NaN (see Supplementary Appendix).

Directional persistence is calculated through the function “OrientationJ distribu-

tion” of the OrientationJ plugin [258], which returns the Orientation Field OF: it

consists in 180 values (1 per direction, sampled every 1°). Reasonably, we assumed

that the spheroid spreading is isotropic, and therefore SP2G averages the values 0-90,

1-91, etc. and gets 90 values. The following ratio

DP =
OF [0�] +OF [1�] +OF [2�] +OF [3�] +OF [87�] +OF [88�] +OF [89�]

OF [42�] +OF [43�] +OF [44�] +OF [45�] +OF [46�] +OF [47�] +OF [48�]

returns the directional persistence. It is the ratio between the direction of least

resistance to cell migration (i.e. the ones provided by the grid segments) and the

direction of most resistance (the one a cell has necessarily to face when undergoing

a directional change).
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4.10 Simulation of particle di↵usion

Simulated data were generated with a custom-written code in imageJ/Fiji. Briefly,

the function

Speed particle = speed · (1+random("gaussian"))

was applied at each time step to generate motion. “speed” was equal to 2, 2.5 or 3

and “random(\gaussian")” returned a Gaussian distributed pseudorandom number

with mean 0 and standard deviation 1. Continuity was set by imposing a 100%

overlap probability to moving particles, pseudo-continuity a 99% probability, pure

di↵usivity with no constraints.

4.11 RNA sequencing

For the RNA analysis, all the cell lines were plated on laminin at 10 µg/ml and

lysed at 70-90% confluency. Libraries for RNA sequencing were prepared following

the manufacturer protocols for transcriptome sequencing with the Illumina NextSeq

550DX sequencer (Illumina). For each experimental sample, RNA was extracted

using the RNAeasy Mini Kit (Qiagen), its abundance measured using Nanodrop

and its integrity assessed using Agilent Bioanalyzer 2100 with Nano Rna kit (RIN

> 8). mRNA-seq indexed library preparation was performed starting from 500 ng

of total RNA with the Illumina ligation stranded mRNA (Illumina) according to

the manufacturer’s instructions. Indexed libraries were quality controlled on Agilent

Bioanalyzer 2100 with High Sensitivity DNA kit, quantified with Qubit HS DNA,

normalized and pooled to perform a multiplexed sequencing run. 1% PhiX control

was added to the sequencing pool, to serve as a positive run control. Sequencing was

performed in PE mode (2x75nt) on an Illumina NextSeq550Dx platform, generating

on average 50 millions PE reads per sample.

4.12 RNA extraction and qPCR analysis

RNA was extracted with the RNAeasy Mini Kit (Qiagen) as per manufacturer spec-

ifications. Real-time PCR performed with a 7500 Real-Time PCR System (Thermo
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Fisher). The following parameters were utilized: pre-PCR step of 20 s at 95 °C,

followed by 40 cycles of 1 s at 95 °C and 20 s at 60 °C. Samples were amplified with

primers and probes for each target, and for all the targets, one NTC sample was

run. Raw data (Ct) were analyzed with Excel using the DDCT method to calculate

the relative fold gene expression. DCT was calculated using 2 housekeeping genes

and averaged. For the mRNA expression of selected integrins data were normalized

against the expression of the GBM7 sub-population #03.

4.13 Analysis of RNA sequencing data

Reads were aligned to the GRCh38/hg38 assembly human reference genome using the

STAR aligner (v 2.6.1d; [259]) and reads were quantified using Salmon (v1.4.0; [260]).

Di↵erential gene expression analysis was performed using the Bioconductor package

DESeq2 (v 1.30.0; [261]) that estimates variance-mean dependence in count data

from high-throughput sequencing data and tests for di↵erential expression exploit-

ing a negative binomial distribution-based model. Preranked GSEA for evaluating

pathway enrichment in transcriptional data was carried out using the Bioconduc-

tor package fgsea [262], taking advantage of the Kyoto Encyclopedia of Genes and

Genomes (KEGG) gene set available from the GSEA Molecular Signatures Database

(https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?collections).

4.14 Protein extraction and western blots

Total cell extracts were prepared in RIPA bu↵er (100 mM NaCl; 1 mM EGTA; 50

mM Tris pH7.4; 1% TX100) complemented with a cocktail of protease inhibitors

(Roche). Proteins were quantified using the Pierce BCA protein assay kit #23225

(ThermoScientific). Proteins were denatured with SDS and resolved by SDS-PAGE

using typically 8% acrylamide gels. Transfers were done on Polyvinylidene Fluoride

(PVDF) membranes in methanol-containing transfer bu↵er. Blocking was typically

done with milk diluted to 5% in PBS-0.1% tween for 1h at room temperature and

antibodies were blotted overnight at 4 °C. HRP-secondary antibodies were incubated

for 1-2 hours at room temperature in 5% milk and ECL were performed using

the Amersham ECL Western Blotting Detection Reagents (Cat.no. RPN2106 from

GE Healthcare). Detection was done using CL-Xposure films (Cat.no. 34089 from
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Thermoscientific).

The following antibodies were used: anti-CX43 Sigma C6219, recombinant anti-

GAP43 antibody [EP890Y] from Abcam (ab75810), anti p120 catenin from BD

Biosciences AB 397537, anti-integrin alpha V (Abcam ab179475, diluted 1:1000),

anti-integrin alpha 6 (Novus NBP1-85747, diluted 1:500).

4.15 Statistical analysis and data availability

All the statistical analysis was performed with Prism 9 (GraphPad). P-values were

calculated as indicated in figure legends, as well as number of samples and inde-

pendent experiments. The plots were generated with Prism 9 and ggplot2. Google

sheets was utilized for the radar plots in Figure 2.10. Kolmogorov-Smirnov tests were

performed on Matlab utilizing the function kstest2(groupA, groupB, ’Alpha’, 0.05).

All the ImageJ/Fiji macros developed for SP2G and the Supplementary Appendix

including instructions on how to run the codes are publicly available on the figshare

repository https://figshare.com/projects/SP2G/148246.

4.16 Calcium imaging and wave propagation

Upon microcontact printing, confluent cells were co-loaded with the Ca2+ indicator

Rhod-2-AM (5 µM, ThermoFisher R1244) and the Ca2+ chelator DMNP-EDTA-AM

(5 µM, ThermoFisher D6814) and incubated for 1 hour.

We performed imaging with a two-photon laser-scanning microscope (Leica SP5

microscope fitted with a 40X objective lens) directly coupled to a 2-photon laser.

For 2-photon photolysis we tuned the laser to 730 nm for maximum Ca2+ uncaging

of DMNP-EDTA and excitation of Rhod-2. Laser intensities were the lowest possible

for uncaging. Flash durations of 250 ms produced repeatable small transients. The

laser intensity was carefully increased beyond the point for the initial transient event

until a large Ca2+ transient characteristic of internal release occurred within the

glioma cells that then induced a Ca2+ wave that propagated throughout the cell

network. The pre-bleach window of time-lapse movies lasted 30 s, the post-bleach

180 s. Analysis was performed with ImageJ/Fiji.
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4.17 SP2G experimental protocol

4.17.1 Materials

• Glioma Stem Cell (GSC) medium (or the medium necessary if other cell types

are used)

• B27 mix (ThermoFisherScientific 17504044)

• 35mm glass-bottom/plastic dish

• 0.2% pluronic acid

• Cell culture 6-well

• Laminin

• DPBS

• Fluorescent BSA (ThermoFisherScientific A34785)

• Dil stain (ThermoFisherScientific D282)

4.17.2 DilC18 membrane dye preparation

MW = 933.88 g/mol. Stock prepared at 5 mM in DMSO: 933.88 g/mol * 0.005

mol/l = 4.665 g/l. Then, 4.665 mg of dye diluted in 1 ml DMSO. Aliquoted in 6ul

aliquots and stored at 4 °C in the dark.

4.17.3 Microcontact printing

Done as [223] on glass bottom dishes with 7 µm wide grid. Fluorescent BSA is mixed

in the solution at 1/7 ratio compared to laminin concentration. That is, given that

we print laminin at 50 ug/ml, the corresponding BSA concentration will be 50/7 =

7 µg/ml. BSA was aliquoted at 1 mg/ml and stored at 4 °C in the dark. Given that

volumes will be small, BSA volume is just added to the laminin solution.

4.17.4 Spheroid spreading

• Treat a 6-well with 0.2% pluronic acid for 30 min. 2 wells will be enough, 4 is

better to have an extra back-up.
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• Wash 4X in DPBS each well.

• Add 1.5ml GSC medium and B27 mix to each well.

• From a confluent dish (i.e. grown for 4-5 days) of glioma spheroids, gently

withdraw 400 µL of sphere suspension and transfer it to a well of the multi-

well. Do it for all the wells functionalized with pluronic acid.

Remarks:

– if the number of sphere is higher than usual withdraw 300 µL of sphere

suspension.

– Any other well could be used, but 6-well is preferable since it has the same

dimension of 35-mm dish that was functionalized via microcontact printing

before. Useful to evaluate spheroid confluency in a support having the same

dimension of the support that will be used for imaging.

– If spheroids are coming from a 6-well, then withdraw 800 ul of sphere sus-

pension and put 1ml upon DPBS washes.

• Equilibrate each well up to 2 ml with GSC medium + B27 mix solution.

• Dil stain: working concentration is 5 µM. Dilute 5ul Dil stain in 995 ul of GSC

medium + B27 mix.

• Add 500 µL of dye solution to half of the wells to stain cells.

• Add 500 µL of GSC medium + B27 mix to each well without dye.

Remark: half of the wells will be dye-free, so spheroids will not be stained. Dye-

free spheroids will be used on the dishes where microcontact printing solution was

BSA-free to create a fluorescent-free control condition.

• Leave spheroids (move well gently to avoid spheroid clumping) at 37 °C for 4h

for dye incubation.

• Take suspensions (1 with dye, 1 without dye) and transfer them in 2 15-ml

falcon tubes.

• Centrifuge 500 rpm for 2 min.

Remark: this centrifugation regime is enough to precipitate most of the spheres

and leaves the single cells floating. Important step to get a clean imaging.
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• Aspire solution as much as possible (to get rid of DMSO in the dye-containing

solution) and replace with 1 ml GSC medium + B27 mix.

• Give 5-7 gentle strokes to resuspend spheres.

• Take 200 µl of sphere suspension and inject it in the 35-mm dish functionalized

with microcontact printing.

Remarks:

– usually 1/5 of the suspension gives a good confluency. What is important

is to have sparse spheres on the grid such that they are not too close in an

imaging field of view. The trade-o↵ is between sphere number and sphere

distance: 2 spheres should not fall in the same region covered by the camera

size of the microscope.

– If uncertain about the sphere number to inject in the 35 mm dish, start with

a low volume and then increase upon checking. If too many spheres are

injected it may be troublesome to wash them away.

• Imaging: use any time-lapse microscope equipped with temperature, CO2 con-

trol and fluorescence lamps. 1 frame / 5 min. Further details in the Supple-

mentary Appendix.
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Teschl, José A López, et al. In vitro microvessels for the study of angiogenesis and

thrombosis. Proceedings of the national academy of sciences, 109(24):9342–9347, 2012.

[196] Jordan S Miller, Kelly R Stevens, Michael T Yang, Brendon M Baker, Duc-Huy T

Nguyen, Daniel M Cohen, Esteban Toro, Alice A Chen, Peter A Galie, Xiang Yu,

et al. Rapid casting of patterned vascular networks for perfusable engineered three-

dimensional tissues. Nature materials, 11(9):768–774, 2012.
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